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Role of Rab GTPases in 
Membrane Traffic 

Vesa M. Olkkonen* and Harald Stenmarkt 
*National Public Health Institute, FIN-00300, Helsinki, Finland; and t The 
Norwegian Radium Hospital, N-0310, Oslo, Norway 

Small GTPases of the Rab subfamily have been known to be key regulators of 
intracellular membrane traffic since the late 1980s. Today this protein group amounts to 
more than 40 members in mammalian cells which localize to distinct membrane 
compartments and exert functions in different trafficking steps on the biosynthetic and 
endocytic pathways. Recent studies indicate that cycles of GTP binding and hydrolysis by 
the Rab proteins are linked to the recruitment of specific effector molecules on cellular 
membranes, which in turn impact on membrane dockinglfusion processes. Different Rabs 
may, nevertheless, have slightly different principles of action. Studies performed in yeast 
suggest that connections between the Rabs and the SNARE machinery play a central 
role in membrane docking/fusion. Further elucidation of this linkage is required in order to 
fully understand the functional mechanisms of Flab GTPases in membrane traffic. 

KEY WORDS: Rab, Ypt, Small GTPase, Membrane traffic, Vesicle transport. 

1. Introduction 

The eukaryotic cells have an elaborate network of membrane-bounded 
organelles with distinct protein and lipid compositions (Fig. 1). The unique 
characteristics of the organelles are maintained despite continuous inter- 
compartmental transport of membrane and soluble components. This ex- 
change of material is thought to take place mainly via vesicular carriers 
budding off one compartment and fusing with another one (Palade, 1975). 
Furthermore, the cell is capable of major membrane organelle rearrange- 
ments, such as mitotic fragmentation and subsequent reassembly of the 
nuclear membrane, the endoplasmic reticulum (ER), and the Golgi appara- 
tus (Denesvre and Malhotra, 1996; Warren and Wickner, 1996). The molec- 

Zntemational Review of Cytology, Vol. 176 
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2 VESA M. OLKKONEN AND HARALD STENMARK 

FIG. 1 A schematic view of a eukaryotic cell with the intracellular membrane transport 
pathways indicated. Secreted and membrane proteins are synthesized in the endoplasmic 
reticulum (ER) and routed to the ER-Golgi intermediate compartment (IC), which is responsi- 
ble for sorting ER resident proteins from those transported further to the Golgi apparatus. 
In the Golgi, maturation and sorting of proteins to their final destinations takes place. The 
distal sorting station of the Golgi is called the trans-Golgi network (TGN). Here, lysosomal 
constituent proteins are sorted to the endocytic route, and secreted as well as plasma membrane 
components are routed for transport to the cell surface. The cells take up material from the 
external milieu via endocytic processes, delivering the material first to early endosomes (EE). 
Recycling of endocytosed material to the cell surface can occur from the EE or via recycling 
endosomes (RE). Alternatively, molecules can be sorted to (or EE may “mature” into) late 
endosomes (LE). From LE, material is delivered to the TGN or to lysosomes, which form 
an apparatus responsible for degradation processes. 

ular machineries regulating the contact and fusion of biological membranes 
are among the most intensively studied areas of current cell biology. In the 
past few years spectacular progress has been made in the elucidation of 
the machineries involved, one of the key events being introduction of 
the soluble N-ethylmaleimide-sensitive fusion attachment protein receptor 
(SNARE) hypothesis of vesicle transport (Sollner et aL, 1993b; Rothman, 
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1994; see Section V,A). Data produced in several independent areas of cell 
biology have merged to form a picture in which the striking evolutionary 
conservation of the machineries responsible for the intracellular membrane 
dynamics has become evident (Bennett and Scheller, 1993; Ferro-Novick 
and Jahn, 1994) and a number of key principles governing vesicle traffic 
have started to crystallize (Rothman, 1996). We have gained insight into 
the mechanistic principles of transport vesicle formation with the aid of 
proteinaceous coats (Kreis er al., 1995; Schekman and Orci, 1996) and 
obtained clues regarding the cargo sorting events taking place upon vesicle 
formation (Pelham, 1995; Rothman and Wieland, 1996; Simons and Ikonen, 
1997). The molecular interactions leading to docking of vesicles on the 
correct target membranes and subsequent bilayer fusion are currently under 
debate. The SNARES and the general components involved, N- 
ethylmaleimide-sensitive fusion (NSF) and NSF attachment (SNAP) pro- 
teins (Whiteheart and Kubalek, 1995; Morgan and Burgoyne, 1995), un- 
questionably play central roles in these events, and a number of other 
classes of molecules involved in the communication of membranes are 
being characterized. With regard to this end of a vesicle’s “life cycle,” 
however, many questions remain unanswered. One of these is how the 
small Ras-related Rab GTPases, known for a decade to be key regulators 
of membrane trafficking, exert their function. 

Cycles of GTP binding and hydrolysis by specific proteins, together with 
kinase/phosphatase cycles, form a major mechanism by which diverse cellu- 
lar functions are regulated (Bourne et aL, 1990). The idea of Ras-related 
GTPases being involved in membrane trafficking was initially based on the 
findings that conditional lethal mutations in the Saccharomyces cerevisiae 
SEC4 and YPTl genes led to defects in the secretory process. The Sec4 
GTPase was localized on the cytoplasmic surface of secretory vesicles and 
the plasma membrane, and see4 mutations led to accumulation of post- 
Golgi vesicles (Salminen and Novick, 1987; Goud er al., 1988), whereas the 
related Yptlp was demonstrated to function in an earlier transport step 
between the ER and the Golgi apparatus (Schmitt et al., 1988; Segev et aL, 
1988). Furthermore, Melancon et al. (1987) had shown that a reconstituted 
in vitro intra-Golgi transport assay was inhibited by a nonhydrolyzable 
GTP analog, GTPyS (the same observation was later made in several 
other in vitro transport assays). Inspired by these findings, Bourne (1988) 
developed a model in which the GTPases, by a functional principle analo- 
gous to that of the protein synthesis elongation factor Tu, would act as 
molecular switches mediating the vectorial transport of vesicles between 
two membrane compartments. In this scheme the GTPase would bind to 
a hypothetical recognition protein on vesicles budding off a donor mem- 
brane, and this complex in turn would recognize a docking protein on the 
specific acceptor membrane, followed by GTP hydrolysis, fusion of the 
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membranes, and recycling of the GDP-bound form of the GTPase back to 
the donor membrane. The model has had a remarkably long life span and 
forms the core of schemes describing the functional cycle of Rab GTPases 
(Fig. 2), even though its detailed sequence of events cannot be taken as a 
general paradigm for Rab function. 

According to the model depicted previously, each distinct membrane 
fusion event in the eukaryotic cell should require a specific Rab GTPase, 
necessitating the presence of a remarkably high number of different Rab 
proteins with distinct localizations on the intracellular membrane compart- 
ments. The first mammalian homologs of the S. cerevisiae Sec4p and Yptlp, 
Rabl-4, were identified by the groups of Gallwitz and Tavitian (Haubruck 
et al., 1987; Touchot et al., 1987). Moreover, the Bourne (1988) hypothesis 
was supported by the first studies on the intracellular distribution of the 
mammalian Rab GTPases, which demonstrated specific localizations of 

Nucleotide exchange 
reaction t I 

reaction 

Cell response 
FIG. 2 The GTPase cycle of Rab proteins. Upon exchange of a bound GDP for GTP, the 
protein undergoes a conformational change. The GTP-bound form binds and activates specific 
effector molecules, which induce a cellular response (membrane docking/fusion). The effector 
dissociates upon GTP hydrolysis, and the Rab protein returns to its “inactive” GDP conforma- 
tion. By alternating between the GDP and GTP conformations, the Rab thus acts as a 
molecular switch regulating intracellular transport. 
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these proteins along the endocytic and biosynthetic transport pathways 
(Chavrier et al., 1990a; Goud et aL, 1990). Since then, the cloning efforts 
of these and other groups have revealed a large family of Rab GTPases in 
mammalian cells, consisting at the moment of more than 40 members 
(Table I). During the 1990s we have seen the identification and basic 
characterization of an increasing number of Rab proteins in a variety of 
organisms. The Rab proteins characterized are widely used as specific sub- 
cellular markers in morphological and biochemical studies. Assuming that 
one or more Rab GTPases are involved in each specific membrane fusion 
event, thorough characterization of an increasing number of these proteins 
can help us to form a more comprehensive picture of the organization of 
the intracellular transport pathways. However, the most important task at 
the moment is to elucidate the precise function(s) of the Rab GTPases in 
the communication of biological membranes. In this chapter we will create 
a synopsis of the data available on the localization and function of mamma- 
lian Rab proteins in the context of the other known components involved 
in membrane dynamics. We will also discuss in detail work on the yeast 
proteins (Table 11) that provides invaluable data on the function of this 
GTF'ase subfamily. 

II. General Characteristics of the 
Rab GTPase Subfamily 

A. Sequence Characteristics 

1. Motifs Involved in Nucleotide Binding and Hydrolysis 

The Rab proteins belong to the superfamily of small (21-25 kDa) Ras- 
related GTPases that consists of three major subfamilies, the Ras, Rho, 
and Rab proteins, as well as the smaller ARF, Sar, and Ran groups. The 
degree of amino acid identity between members of the different subfamilies 
is approximately 30% (Valencia et al., 1991; Sander and Valencia, 1995). 
The highest degree of sequence conservation is observed in regions that 
are directly involved in guanine nucleotide binding and hydrolysis (Fig. 3). 
These conserved sequence motifs are found in all Ras-related proteins, 
although subfamily specific features can be detected even in these regions; 
e.g., the presence of tryptophan (W) in the beginning of the third phosphate/ 
Mg2+-binding domain (PM3) is typical of the Rho and Rab subfami- 
lies. The Rab and Rho GTPases can be readily distinguished by the occur- 
rence of a 10- to 13-amino acid insertion in loop 8 of the latter proteins 
(Valencia et al., 1991). The conserved GTP-binding regions have been 



TABLE I 
Mammalian Rab Proteins 

Reference Function Name Expression pattern Localization 

Rabla 

Rablb 

Rab2 

Rab3a 

m 
RabJb 

Rab3c 

RabSd 
Rab16 

Rab4a 

Rab4b 
Rab5a 

Rab5b 

Rab5c 

U" 

U 

U 

Neurons, endo- and exocrine 
cells, adipocytes 

Epithelial cells, adipocytes, 
neurons and neuroendocrine 
cells, platelets 

Neurons and neuroendocrine 
cells, testis, heart, adipose 
tissue 

Several nonneuronal tissues, 
adipocytes, exocrine cells 

U 

ND 
U 

U 

U 

ER-Golgi intermediate 
compartment, cis-Golgi, 
ER? 

compartment, cis-Golgi, 
ER? 

compartment 

granules 

ER-Golgi intermediate 

ER-Golgi intermediate 

Synaptic vesicles, secretory 

Tight junction region of epith. 
cells 

Synaptic vesicles 

Pancreatic acinar cell secretory 
granules, gastric chief cell 
zymogen granules 

Early endosomes 

ND 
Plasma membrane, clathrin- 

coated vesicles, early 
endosomes, synaptic vesicles 

Early endosomes 

Early endosomes 

ER-Golgi transport 

ER-Golgi transport 

Retrograde transport from 
Golgi to ER? 

Docking/fusion in regulated 
secretory events, GTPase 
activity required for fusion? 

pituitary cells 
Regulated exocytosis in 

NDd 

ND 

Early endosome-plasma 
membrane recycling 

ND 
Plasma membrane-early 

endosome transport, 
homotypic fusion of early 
endosomes 

Plasma membrane-early 
endosome transport 

Plasma membrane-early 
endosome transport 

Sections II,D,l, III,B,l 

Sections II,D,l, III,B,l 

Sections II,D,1, III,B,l 

Sections II,C,2, II,D,l, III,B,4 

Sections II,C,2, II,D,l, III,B,4 

Sections II,C2, II,D,l, III,B,4 

Sections II,C2, II,D,l; Elferink et 
al. (1992) 

Sections II,D,2, III,B,6 

Chavrier et al. (1990b) 
Sections II,D,2, III,B,6 

Sections II,D,2,111,B,6; Wilson and 

Sections II,D,2, III,B,6 
Wilson (1992) 



Rab6 

Rab 7 

RabSa 

Rab8b 
Rab9 

RablO 
Rablla 

Rabllb 

Rabl2 

Rabl3 

Rabl4 
RablS 
Rabl7 

Rabl8 

Rabl9 

U 

U 

U 

U, abundant in the brain 
U 

U 
U 

U 

U 

U 

U 
Central nervous system 
Kidney, intestine, liver 

U 

Kidney, intestine, lung, spleen 

Medial Golgi-TGN, 
post-Golgi vesicles, platelet 
a-granules 

Late endosomes 

TGN, post-Golgi exocytic 
vesicles, tight junction region 
in epithelial cells, platelet 
a-granules 

Plasma membrane, vesicles 
Late endosomes, TGN 

Golgi complex, TGN? 
TGN, secretory vesicles/ 

granules, apical vesicle 
structures in epithelia, 
recycling endosomes 

Not distinguished from Rablla 
in localization studies 

Golgi complex, secretory 
granules in atrial myocytes 

Tight junction region in 
epithelia 

ND 
ND 
Apical dense tubules and 

basolateral plasma 
membrane in kidney 
epithelial cells 

Apical dense tubules in kidney 
epithelial cells, apical and 
basolateral domains of 
intestinal cells 

ND 

Intra-Golgi (retrograde?) 
transport 

Early to late endosome and/or 
late endosome-lysosome 
transport 

somatodendritic plasma 
membrane transport in 
epithelial cellslneurons 

Golgi-basolaterall 

ND 
Transport from late endosomes 

ND 
Recycling of proteins through 

to TGN 

the recycling endosome 

ND 

ND 

ND 

ND 
ND 
ND 

ND 

ND 

Sections II,D,l, III,B,2 

Sections II,D,2, III,B,S 

Sections II,D,l, III,B,S 

Sections II,D,l, III,B5 
Sections II,D,2, III,B,3 

Section II,D,l 
Sections II,D2, III,B,7 

Lai et al. (1994), Zhu et al. (1994) 

Section II,D,l 

Sections II,D,l, III,E 

Elferink et al. (1992) 
Elferink et al. (1992) 
Sections II,C,2, II,D,2, III,E 

Sections II,C,l, II,D2 

Section II,C2 

(continued ) 



TABLE I (continued) 

Reference Name Expression pattern Localization Function 

Rab20 

Rab21 

Rab22a 
Rab22b 
Rab23 
Rab24 

Rab25 

Rab26 

Rab27lRam 

Rab28 
Rab30 
H-ray 
Rahl 

s10 

U 

MDCK and BHK cells, tissue 

U 
U 
Brain, low levels in other tissues 
U 

distribution ND 

Kidney, lung gastrointestinal 

High level in kidney, also 

Eye retinal pigment epithelium 

mucosa 

detected in other tissues 

and choriocapillaries, 
intestine, lung, pancreas, 
and spleen 

U 
U 
U 
HT4 neural cell line, tissue 

Lymphoid cell lines, tissue 
distribution ND 

distribution ND 

Apical dense tubules in kidney ND 

ND ND 
epithelial cells 

Plasma membrane, endosomes ND 
ND ND 
ND ND 
ER, intermediate ND 

compartment, late 
endosomes? 

ND ND 

ND ND 

ND ND 

ND 
ND 
ND 
ND 

ND 
ND 
ND 
ND 

ND ND 

Sections II,CJ, II,D,2 

Chavrier (1995) 

Section II,D,2 
Chen et al. (1996) 
Olkkonen et al. (1994) 
Section II,D,l 

Section II,C2 

Wagner et al. (1995) 

Section IV,A,1; Nagataetal. (1990) 

Brauers et al. (1996) 
Chen et al. (1996) 
Zhu et al. (1994) 
Morimoto ef al. (1991) 

Koda and Kakinuma (1993) 

U, ubiquitous. 
ND, not determined. 
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exploited in the molecular cloning of a number of Ras-related proteins, 
including many of the Rab GTPases (Touchot et al., 1987; Chavrier et al., 
1990b, 1992; Ngsee et aL, 1991; Drivas et al., 1991; Yu et al., 1993; Koda 
and Kakinuma, 1993; Goldenring et al., 1993). 

One of the key approaches to Rab function has been the mutagenesis 
of specific amino acid residues essential for guanine nucleotide binding or 
GTP hydrolysis by the proteins (Table 111). The effects of expression of 
the mutant proteins have been determined morphologically and/or bio- 
chemically. The choice of amino acids to be mutagenized is based on 
well-characterized mutations described in other GTPases, mainly the Ras 
oncoproteins. Mutations equivalent to the Q61L (in the PM3 conserved 
motif) mutation in Ras decrease the GTPase activity 10- to 100-fold, which 
stabilizes the GTP-bound, “active” conformation of the protein (Der et al., 
1986; Adari et al., 1988; Stenmark et al., 1994b; Hoffenberg et al., 1995). The 
steady-state GTP hydrolysis rate by the mutant proteins may, however, be 
somewhat less affected because the mutation also slows down dissociation 
of GDP from the protein, which is the rate-limiting step in the GTPase cycle 
(Hoffenberg et al., 1995). Furthermore, cellular GTPase activating proteins 
may to some extent stimulate the GTPase activity of these mutant proteins 
(Walworth et al., 1992; Stenmark et al., 1994b). The defect in GTP hydrolysis 
leads to increased transforming activity of the Ras proteins (Der et al., 1986; 
Adari et al., 1988). Similarly, stimulation of endosomal membrane fusion was 
detected in studies on the corresponding mutant of Rab5 (Stenmark et al., 
1994b; Barbieri et al., 1996). Also, several other substitutions in this position 
have a similar effect (Der et al., 1986; T. Mayer, et al., 1996). 

In contrast, mutants equivalent to the S17N (in the PM1 conserved motif) 
mutation of Ras display lower affinity for GTP than for GDP, leading to 
a dominant inhibitory effect (Feig and Cooper, 1988; Ridley et al., 1992; 
Burstein et al., 1992; Medema et al., 1993). The GTPases bind nucleotides 
as their Mg2+ complexes, and the serine at position 17 is implicated in Mg2+ 
coordination in the active site (Pai et al., 1989, 1990). The affinity of the 
Ras S17A mutant for both GTP and GDP was found to be greatly decreased, 
the residual affinity for GDP, however, was 30-fold higher than that for 
GTP (John et al., 1993). Although the GDP off-rate of the wild-type 
GTPases shows a strong dependence on Mg2+ ion concentration, the GDP 
off-rate of the serine 17 mutants appears to be independent of the ions 
(John et al., 1993; Riederer et al., 1994). It seems that the dominant inhibi- 
tory effects of the serine 17 mutants may be due to the ability of the proteins 
to sequester upstream regulatory proteins, as shown for Rab3a T36N and 
the Rab3a guanine nucleotide exchange factor (Burstein et al., 1992). 

Other commonly used types of mutations are those corresponding to the 
transforming Ras mutation N116I in the second guanine base binding motif 
(G2) which lowers the affinity of the proteins for the guanine nucleotides 



TABLE II 
Yeast YptlRab Proteins 

Mammalian 
Reference 

Yptlp (S. cerevisiae) Rabl Lethal Fusion of post-ER vesicles with Sections II,A,l, V,B 

Yptlp (S. pombe) Rabl Lethal ER-Golgi transport Section III,A,3 

Name (species) homolog Effect of gene disruption Function 
A 

0 

the Golgi 

Sec4p (S. cerevisiue) Rab8 Lethal 

Ypt2p (S. pombe) Rab8 Lethal 

Fusion of post-Golgi vesicles with 

Fusion of post-golgi vesicles with the 

Sections III,A,l, V,B, V,C 

Section III,A,3 
the plasma membrane 

plasma membrane 
Ypt3lp (S. cerevisiue) Rabll  Deletion no phenotype, double Intra-Golgi andlor post-Golgi Section 111,AJ 

deletion ypt31ypt32 lethal transport 
Ypt32p (S. cerevisiue) Rabll  Deletion no phenotype, double Intra-Golgi andlor post-Golgi Section III,A,l 

deletion ypt31ypt32 lethal transport 
Ypt3p (S. pombe) Rabll  Lethal ND" Miyake and Yamamoto (1990) 
Ypt4p (S. pombe) ? Increased sizelreduced number of Trafficking to or from the vacuole? Armstrong et al. (1994) 

vacuoles 



Ypt5lpNps2lp RabS 
(S.  cerevisiae) 

Ypt52p (S. cerevisiae) RabS 

Ypt53p (S. cerevisiae) Rab5 

Ypt5p (S. pornbe) RabS 

- 4 Ypt6p (S. cerevisiae) Rab6 

Ryhlp (S. pornbe) Rab6 
Ypt7p (S. cerevisiae) Rab7 

y p d l  deletion and doubleltriple 
mutants (ypt51ypt52, ypt51ypt53, 
ypt51ypt52ypt53) ts, defective 
vacuolar protein sorting 

y p d l  deletion and double/triple 
mutants yptSlypt52, yptSlypt53, 
ypt51ypt52ypt53) ts, defective 
vacuolar protein sorting 

ypt5l deletion and doublehriple 
mutants ypt51ypt52, ypt51ypt53, 
ypt5lypt52ypt53) ts, defective 
vacuolar protein sorting 

in minimal media 
Accumulation of vesicles, no growth 

tS 

ts 
Fragmentation of vacuoles 

Transport from early to late Section III,A,2 
endocytic compartments and/or 
from Golgi to the prevacuolar 
compartment 

endocytic compartments and/or 
from Golgi to the prevacuolar 
compartment 

endocytic compartments and/or 
from Golgi to the prevacuolar 
compartment 

Transport from early to late Section III,A,2 

Transport from early to late Section III,A,2 

Endocytic transport Section III,A,3 

ER-Golgi and/or intra-Golgi Section III,A,l 

ND Hengst et al. (1990) 
Transport from endosomes to 

transport 

Sections 111,A,2, III,D, V,D 
vacuole, homotypic fusion of 
vacuoles 

a ND, not determined. 
ts, temperature sensitive. 
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A 

cc 
cxc 
ccxx 

PMlGlPM2 PM3 G2 G3 cxxx 
ccxxx 

FIG. 3 The structure of Rab GTPases. (A) Linear presentation. The conserved motifs involved 
in nucleotide binding and hydrolysis are indicated in black. PM1-3 represent the phosphate/ 
Mg2+-binding motifs and G1-3 the guanine base-binding motifs. The highly conserved amino 
acid residues (in one-letter code) in these motifs are shown above the diagram. The box 
marked E denotes the “effector” region. The five alternative C-terminal isoprenylation signals 
are indicated on the right: C, cysteine; X, any amino acid. (B) The three-dimensional fold of 
the GTPase domain of Ras with a bound GTP molecule (Reprinted with permission from 
Biochemistry, 1991, 30,4637-4648. Copyright 1991 American Chemical Society), which has 
been used as a framework in the molecular modeling of Rab structures. 

(Walter et al., 1986; Hoffenberg et al., 1995; Jones et al., 1995). The effects 
of this mutation in the Rab subfamily were first studied by Schmitt et al. 
(1986), who mutagenized the S.cerevisiae Yptlp, leading to a dominant 
lethal phenotype. Walworth et al. (1989) generated a similar mutation in 
Sec4p and found that the mutant allele induced a dominant secretory defect. 



TABLE 111 
Rab Mutations Affecting the GTPlGDP Cycle of the Proteins 

Corresponding Ras mutation Biochemical properties Ras phenotype Rab phenotype 

S17N 
Q61L 

N116I 
D119N 

Preferential binding of GDP Inhibitory Inhibitory 
Reduced GTPase activity 

Low affinity for GTP/GDP Weakly activating Inhibitory 
Low affinity for GTP/GDP, high affinity 

Strongly activating Stimulatory on vesicle docking, effect on fusion varies 
between the Rabs 

ND" Inhibitory in the absence of XTP 
for XTPIXDP~ 

ND, not determined. 
* XTPKDP, xanthosine 5'-trildiphosphate. 
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The mutant protein is predicted to display a very rapid nucleotide exchange 
rate, and because GTP is present in the cytosol in a much larger amount 
than GDP, a major proportion of the protein would at a given time be 
associated with GTP. This would explain the transforming activity of the 
mutant Ras protein; in the case of Rabs the normal GTPase cycle would 
be blocked, leading to nonproductive binding and sequestration of down- 
stream effector molecules (Hoffenberg et aZ., 1995). Alternatively, the mu- 
tant protein may sequester an upstream guanine nucleotide exchange factor 
(Jones et aL, 1995). Inhibitory effects of the corresponding mutations in 
different vesicle transport assay setups have been reported for numerous 
Rab proteins (see Section 111). 

New types of mutants used to delineate the Rab GTPase cycle are those 
that preferentially bind xanthosine 5’-triphosphate (XTP) and have a low 
affinity for guanine nucleotides. Rab5 D136N (Rybh et al., 1996) and Yptl 
D124N (Jones et al., 1995) were found to display inhibitory effects in the 
absence of XTP, whereas they acted in a stimulatory fashion in the presence 
of the nucleotide. These mutants may act in an inhibitory fashion analo- 
gously to the N116I-type mutants (see above), and binding and hydrolysis 
of XTP could release the block of the functional cycle (see Section IV). 

2. Effector Region 

A sequence domain clearly differing between the member groups of the 
Ras superfamily is the so-called effector region localizing to loop 2 and the 
beginning of &strand 2 around the PM2 conserved motif (Fig. 3). In the 
Rab group the consensus sequence TIG( I/V/A)(D/E)F(K/G/L) is found 
here. The structure is called the effector region in analogy with the corres- 
ponding stretch in the Ras proteins where it mediates interaction with 
GTPase activating proteins and functions in Ras downstream signaling 
(M.S. Marshall, 1993, 1995; C.J. Marshall, 1996). In the case of the Rab 
subfamily, the role of the effector region in the interaction with Rab GAPS 
(see Section IV,B,3) or other putative Rab downstream effector molecules 
(see Section IV,C) is not fully characterized. However, it is clear that this 
sequence feature is highly sensitive to alteration. The effector region is 
involved in determining the functional specificity of the different GTPases 
(Brennwald and Novick, 1993; Dunn et aL, 1993), and it has been reported 
to affect the interaction of the proteins with accessory factors regulating 
the GTP hydrolysis and GDP/GTP exchange (Becker et aL, 1991; Burstein 
et al., 1992). The work of Schalk et al. (1996) suggests that the effector 
region also plays a role in the interaction of Rabs with the GDP-dissociation 
inhibitor protein (see Section IV,B,l). Furthermore, Beranger et al. (1994b) 
reported that the Rab6 effector region is required for the specific Golgi 
localization of this GTF’ase. Whether the region is crucial for the C-terminal 
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isoprenyl modification of the proteins is under debate: Wilson and Maltese 
(1993) showed that mutations in the effector domain of Rablb impaired 
the efficiency of its isoprenyl modification. However, replacement of the 
entire Rab6 effector region with a totally different one originating from 
Ras did not affect the geranylgeranyl modification of the protein (Beranger 
et al., 1994a). Additionally, synthetic peptides corresponding to the Rab3a 
effector region are, in numerous investigations, reported to affect transport 
reactions in assays reconstituting constitutive (Plutner et al., 1990) or regu- 
lated secretory events (e.g., Oberhauser et al., 1992; Padfield et al., 1992; 
Senyshyn et al., 1992; Richmond and Haydon, 1993; Davidson et al., 1993). 
These results, however, must be interpreted with caution because the com- 
monly used 16-amino acid Rab3AL peptide (Plutner et al., 1990) differs in 
2 amino acids from the actual Rab3a effector domain sequence, and it 
seems that the peptide may affect membrane fusion by mechanisms not 
necessarily related to the function of Rab3 (Piiper et al., 1993, 1994; Law 
et al., 1993; MacLean et al., 1993). 

3. Variable N and C Termini 

The most divergent parts of the Rab amino acid sequence are the N- and 
C-terminal regions. The C termini of all subfamily members carry a cysteine- 
containing motif subject to hydrophobic isoprenyl (geranylgeranyl) modifi- 
cation, which is an absolute prerequisite for the membrane association of 
the proteins (see Section IV,A,l). The C-terminal hypervariable region 
contains information for the correct targeting of the Rab proteins to their 
specific locations within the cell, as shown for Rab2, RabSa, and Rab7 
(Chavrier et al., 1991) as well as the Xcerevisiae Yptlp and Sec4p (Brenn- 
wald and Novick, 1993). Targeting dictated by the C-terminal hypervariable 
region, however, is not sufficient to confer a chimeric protein functionality 
in the new location (Brennwald and Novick, 1993; Stenmark et al., 1994a). 
The functional significance of the C-terminal sequences is further corrobo- 
rated by studies in which synthetic peptides corresponding to Rab C termini 
are demonstrated to inhibit specific exocytic events (Perez et al., 1994; 
Shibata et al., 1996). The length of the C-terminal region (as calculated 
from the conserved phenylalanine located 10 amino acids after the G3 
motif; Fig. 3A) varies from 36 to 75 amino acid residues within the Rab 
subfamily, with the shortest known sequence being found in Rab9 (Chavrier 
et al., 1990b) and the longest in Rab23 (Olkkonen et al., 1994). 

The Rab subfamily GTPases display, on the average, longer N-terminal 
variable regions than the other Ras-related proteins. The longest N-terminal 
extension is found in Rab3c (31 amino acids before the conserved lysine 
at position -5 from the PM1 domain; Matsui et al., 1988). The functional 
role of the variable N terminus of the Rab GTPases has been addressed 
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in studies on RabSa, a regulator of early endocytic events (see Section 
III,B,6). In an in vitro early endosome fusion assay tryptic digestion remov- 
ing four amino acids from Rab5 N terminus abolished fusion. Addition of 
a synthetic peptide corresponding to the Rab5a N terminus had a similar 
effect (Steele-Mortimer et al., 1994). Stenmark et al. (1994a) showed that 
this region, together with the helix2Aoop5, helix3/loop7, and C-terminal 
domains, was required for the in vivo activity of Rab5/Rab6 chimeras as 
enhancers of endocytosis. One reason for the importance of the N-terminal 
sequence may be that it is involved in dictating the prenylation of the C- 
terminal cysteine motif of Rab5a (Sanford et aZ., 1995a). 

B. Structure of the Rab GTPases 

1. Molecular Switch Principle 
The structural models for the Rab GTPases are based on the crystal struc- 
tures determined for Ras (Pai et al., 1989, 1990; Milburn et aZ., 1990), 
bacterial elongation factor Tu (Jurnak, 1985; LaCour et al., 1985; Berchtold 
et al., 1993), and transducin-a (Noel et aZ., 1993). These studies revealed a 
highly conserved fold of the GTP-binding domain (Fig. 3B), where the 
nucleotide binding elements are located in five loops connecting P-strands 
and a-helices. The structure consists of two subdomains: The N-terminal has 
four P-strands and two a-helices and contains the loops with the phosphate/ 
Mg2+-binding motifs PM1, -2, and -3 as well as the guanine base-binding 
motif G1. The C-terminal subdomain consists of two P-strands, two a- 
helices, and loops containing the G2 and G3 guanine base binding regions. 
The conserved GTP-binding domain structure has been used as the basis 
for molecular modeling of other members of the Ras superfamily. 

The main regions in Ras undergoing nucleotide-dependent conforma- 
tional changes are loop2 in the effector region and loop4/helix2/loop5, also 
called the switch I and switch I1 regions, respectively (Milburn et al., 1990; 
Schlichting et al., 1990). In addition, the helix3/loop7 region is predicted 
to show marked flexibility (Dykes et al., 1993). The activity of the GTPases 
is controlled by local conformational differences between the GDP- and 
GTP-bound forms of the proteins, leading to different functional interac- 
tions with other cellular components. This principle is called the molecular 
switch mechanism (Milburn et al., 1990; Bourne et al., 1990; Stouten et aZ., 
1993; Fig. 2). The GTPase in its GDP-bound form is thought to be recruited 
on a donor membrane or a transport vesicle in a process linked to the 
exchange of bound GDP for GTP. On the transport vesicle the GTPase 
may be involved in modulating the activity of the SNARE proteins present 
(see Section V,B). On the vesicle the Rab may undergo futile cycles of 
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nucleotide binding and hydrolysis, functioning as a “molecular timer” regu- 
lating the subsequent docking/fusion event (see Section III,B,6). During a 
successful docking event, the GTP-bound Rab recruits a critical density of 
effector molecules. Proteins acting downstream of the GTPases are pre- 
dicted to recognize only one of their nucleotide-bound forms (see Section 
IV,C). After GTP hydrolysis by the Rab the GDP-bound protein can be 
detached from the acceptor membrane and recycled to the donor mem- 
brane. The cyclical molecular switch model is supported by numerous stud- 
ies on mutant Rab proteins with low affinity for GTP or with reduced 
GTPase activity, demonstrating inhibition of transport events both in vivo 
and in vitro (see Section 111). 

2. Structural Features Determining the Functional Specificity 

It is conceivable that the flexible regions in the GTP-binding domain struc- 
ture should contain elements essential for the functional specificity of the 
different Rab proteins. This question was first approached experimentally 
in two studies in which chimeras of the S. cerevisiae Yptl and Sec4 GTPases 
(see Section III,A,l) were generated and their function analyzed. Dunn er 
al. (1993) showed that a nine-residue segment of theYptlp loop7 region 
substituted for that of Sec4p allowed the chimeric protein to perform the 
minimal functions of both proteins. If a segment of the effector region was 
additionally substituted, the Sec4p was transformed into a fully functional 
Yptlp without residual Sec4p function. The simultaneous study of Brenn- 
wald and Novick (1993) confirmed the role of the effector region, the 100~7, 
and the C-terminal hypervariable region as key features determining the 
functional specificity of the yeast Rab proteins. These studies demonstrate 
(i) that the organelle specificity conferred by the Rab C termini is not 
absolute, and (ii) that Rab proteins by themselves do not act as “address 
tags” that specify correct vesicle delivery. 

In the mammalian system a similar approach was taken by Stenmark er 
al. (1994a) who substituted sequence domains of the endosomal RabSa 
(Chavrier et al., 1990a) for those of the Golgi complex GTPase Rab6 (Goud 
et al., 1990). The intracellular localization and the ability of the chimeric 
proteins to enhance the rate of endocytosis (see Section 111,B76) were 
determined. The C-terminal hypervariable region of Rab5a was sufficient 
to target Rab6 to the location of RabSa, the plasma membrane, and early 
endosomes, but did not confer Rab5-like stimulation of endocytosis. Further 
replacement of the N terminus, the helix2/loop5, and helix3/loop7 regions 
was required to functionally convert RabSa to Rab6. However, additional 
replacement of the effector loop2 impaired the RabS-like function of the 

of Rabs 
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chimera. This suggests that loop2 of Rab5a necessitates the presence of an 
additional unknown sequence element of the protein. 

In agreement with the studies discussed previously, Moore et al. (1995) 
identified in a sequence comparison study the loop2 and helix3/loop7 re- 
gions as the main portions where subclass-specific motifs are found within 
the Rab GTPase subfamily, indicating interactions with similar auxiliary 
molecules. To conclude, it is clear that several sequence elements contribute 
to distinguish the different Rab proteins functionally. This is not surprising 
when one considers the variety of proteins that are thought to interract 
with specific Rab GTPases (see Section IV). 

C. Tissue and Cell Type-Specific Expression Patterns 

1. The Ubiquitous Rab Proteins 

A majority of the Rab proteins (Table I) are expressed ubiquitously at the 
tissue level, as determined by Northern analysis or Western blotting. This 
is to be expected with regard to the Bourne (1988) hypothesis, due to the 
large number of intracellular membrane trafficking events common to all 
mammalian cells. Even though most Rabs appear ubiquitous, this does not 
mean that they are expressed at equal levels in the various cell types. When 
studied at a higher resolution by in situ hybridization or immunofluores- 
cence/electron microscopy, many of these mRNAs/proteins display marked 
cell type-specific differences in their expression levels, as exemplified by 
Rabl8 and Rab20 (Lutcke et al., 1994). Detailed analysis of these proteins, 
which appeared to be present ubiquitously, revealed distinct cell type- 
specific expression patterns in sections of mouse kidney and intestine. 
Therefore, it is dangerous to classify a protein as ubiquitous before its 
distribution has been scrutinized at a higher resolution. However, if one 
wants to list Rab GTPases that are present in all tissues inspected, this 
group will undoubtedly include both of the Rabl isoforms, Rab2, Rab4a, 
all three Rab5 isoforms, Rab6, Rab7, both Rab8 isoforms, Rab9, RablO, 
both Rabll  isoforms, Rabl2, Rabl3, Rabl4, Rabl8, Rab20, both Rab22 
isoforms, Rab24, Rab28, Rab30, and H-ray (see Table I). 

2. Rab Proteins with Distinct, Nonubiquitous 

Cell types with specialized transport functions, such as epithelial cells, 
neurons, as well as endo- and exocrine cells, are predicted to express specific 
membrane transport machineries entirely absent or present only at low 
levels in other cell types. More generally, the functional specialization of 

Expression Patterns 
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cell types leads to qualitative and quantitative differences in the transport 
machinery components present in the cells and thus also in the tissues with 
different cell type constitutions. The Rab3 subgroup members Rab3a, -b, -c, 
and -d (containing 7745% identical amino acid residues) are characteristic 
components of cells with regulated secretory functions. Rab3a originally 
cloned from rat (Touchot et aL, 1987) and bovine (Matsui et aZ., 1988) 
brain has been immunologically detected in endo- and exocrine cells of the 
pancreas, exocrine cells of the submaxillary gland, and adrenal chromaffin 
cells in addition to the central nervous system (Mizoguchi et al., 1989; 
Darchen et al., 1990). Rab3a was recently reported to be present in the 
insulin-secreting &cells of rat pancreatic islets (Regazzi et aZ., 1996). Fur- 
thermore, Rab3a is also reported to be present in mouse adipocytes and 
in the 3T3-Ll cell line, in which it is upregulated during differentiation 
into adipocytes (Baldini et al., 1995). The expression pattern of Rab3a 
in the different regions of the the brain has been addressed in detail by 
Moya et al. (1992). Like Rab3a, the Rab3b isoform can be detected in 
neuronal and neuroendocrine tissues (Matsui et al., 1988; Lledo et al., 
1993; Regazzi et al., 1996) but is predominantly expressed in epithelial cells 
(Weber et al., 1994) as well as in adipocytes (Cormont et aZ., 1993). It has 
also been detected in platelets (Karniguian et al., 1993). The Rab3a and 
-b mRNAs display overlapping but not identical distributions in the brain, 
indicating specialized functions in different neuronal and neuroendocrine 
cell populations (Lledo et al., 1993; Stettler et al., 1995). Also, the third 
isofor& Rab3c, is detected in neurons, where it colocalizes with Rab3a on 
synaptic vesicles (Fischer von Mollard et al., 1994a) and in neuroendocrine 
tissues, but also in several other tissues such as testis, heart, and adipose 
tissue (Su et al., 1994; Regazzi et al., 1996). In contrast to the first three 
isoforms, the Rab3d mRNA is present only at a low level in the brain. It 
is, however, prominent in a variety of nonneuronal tissues and is enriched in 
adipocytes (Baldini et al., 1992). Rab3d has also been detected in pancreatic 
acinar cells (Valentijn et aL, 1996) and &cells (Regazzi et aL, 1996), gastric 
chief cells (Raffaniello et al., 1996; Tang et al., 1996), enterochromaffin- 
like cells in the stomach, acinar cells in the lacrimal and parotid gland 
(Ohnishi et aL, 1996), and the AtT-20 neuroendocrine cell line (Martelli et 
al., 1995). Other less well-characterized Rab proteins expressed exclusively 
or predominantly in the central nervous system are Rabl5 (Elferink et al., 
1992) and Rab23 (Olkkonen et al., 1994). 

Epithelial cells represent another functionally polarized cell type having 
specialized transport functions (see Section 111,E). It has therefore been 
of interest to search for Rab GTPases predominantly expressed in such 
cells. Rabl7 was identified as the first epithelial-specific member of the 
GTPase subfamily (Lutcke et al., 1993). The Rabl7 mRNA was detected 
in the kidney, intestine, and liver-tissues with prominent epithelial struc- 
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tures. Furthermore, by in situ hybridization it was shown to be restricted 
to kidney epithelial cells and to be induced upon differentation of mouse 
metanephric mesenchyme into epithelium. Other predominantly epithelial 
GTPases are Rablla, detected in epithelia of the gastrointestinal tract, 
liver, exocrine pancreas, prostate, and kidney (Goldenring et al., 1996), 
Rab25, the mRNA of which is expressed throughout the gastrointestinal 
mucosa as well as in the lung and the kidney (Goldenring et al., 1993), and 
Rab3b, which is detected in several epithelial cell lines and a number of 
epithelial tissues, liver, small intestine, colon, and distal nephron, in addition 
to the central nervous system (Weber et al., 1994). Furthermore, according 
to Northern analysis Rabl9 (Lutcke et al., 1995) displays a highly tissue- 
specific expression pattern, the mRNA being detected in kidney, intestine, 
lung, and spleen, which may indicate predominant expression in epithelial 
cells and lymphocytes. 

D. lntracellular Localization of Rab GTPases 

One of the hallmark properties of the Rab GTPases is localization on 
distinct membrane compartments along the biosynthetic and endocytic 
pathways of eukaryotic cells. Most of the Rabs are detected not only on 
one compartment but also at two or more different locations, which is in 
agreement with the current models for Rab function. Moreover, several 
GTPases can typically be found on the same membrane compartments. 
This is explained by the existence of multiple trafficking routes that connect 
the intracellular organelles and by division of the organelles into functional 
subdomains. In addition, it is possible that several closely related isoforms 
of a given Rab may have redundant functions. 

1. Proteins Associated with the Biosynthetic Route 

a Endoplasmic Reticulum and Golgi Apparatus Mammalian cells con- 
tain two isoforms of Rabl, a functional counterpart of the Scerevisiae 
Yptlp (Touchot et al., 1987; Zahraoui et al., 1989; Haubruck et al., 1989; 
Vielh et al., 1989). Rablb was localized by immunofluorescence microscopy 
and subcellular fractionation to the smooth ER and Golgi complex in 
several cultured cell lines and in rat liver membrane fractions (Plutner et 
al., 1991). Additionally, low amounts of the protein were detected in the 
cytosolic, nuclear, and rough ER fractions. The localization of Rabl (an 
antibody detecting both isoforms was used) was studied further by Saraste 
et al. (1995), who detected the protein by immunoelectron microscopy 
on vacuolar and tubulovesicular membranes in the cis-Golgi region, also 
denoted as the ER-Golgi intermediate compartment (IC) (Hauri and 
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Schweizer, 1992; Saraste and Kuismanen, 1992), as well as on the first one 
or two cisternae of the Golgi. The immunostaining extensively colocalized 
with that of the IC marker p58, and labeling of the ER and the nuclear 
envelope in the cell types used was negligible. The Rab2 protein (Touchot 
et al., 1987; Zahraoui et al., 1989) was localized in several cell lines to the 
same membranes as Rabl, the tubulovesicular IC and the cis-most cis- 
ternum of the Golgi stack (Chavrier et al., 1990a). However, Rab2 appears 
to be more strictly limited to the IC than Rabl, whose localization seems 
to extend deeper into the Golgi stack than that of Rab2. On the other 
hand, Rab2 has been reported to localize on the tubulovesicle membranes of 
rabbit gastric parietal cells (Tang et al., 1992). These membranes represent a 
gastric acid storage organelle that fuses with the canalicular plasma mem- 
brane upon appropriate stimulus. The finding is somewhat puzzling because 
there is no obvious functional connection between the IC and the parietal 
cell tubulovesicle compartments. The fourth protein detected on the early 
secretory pathway membranes is Rab24 (Olkkonen et al., 1993), which was 
localized by an epitope tagging/overexpression approach to ER and cis- 
Golgi. However, some of the protein was also detected on late endoso- 
ma1 structures. 

Rab6 was the first small GTPase localized to the actual Golgi stack: Using 
immunofluorescence and immunoelectron microscopy, it was detected on 
the entire surface of the Golgi medial and trans cisternae (Goud et al., 
1990). Later, this localization was extended to the trans-Golgi network 
(TGN)(Antony et al., 1992), the sorting site of material exiting the Golgi 
complex (Griffiths and Simons, 1986; Mellman and Simons, 1992). Interest- 
ingly, aside from its Golgi localization, Rabb was reported to associate 
with regulated secretory organelles, the platelet a-granules, and the plasma 
membrane in this cell type (Karniguian et al., 1993). Moreover, a close 
homolog of Rab6 in Torpedo marmorata electrocytes was localized to post- 
Golgi vesicles located at the cytoplasmic face of the innervated membrane 
of the electrocyte (Jasmin et al., 1992). Olkkonen et al. (1993) reported 
localization of Rabl2 in the Golgi complex of baby hamster kidney (BHK) 
cells. Analogously with the situation of Rabb discussed previously, Rabl2 
is also reported to reside on secretory granules in atrial myocytes (Iida et 
al., 1996). 

b. Constitutive Post-Golgi Transport Intermediates Rab8 and RablO are 
closely related GTPases that show more homology to Sxerevisiae Sec4p 
than to any other mammalian proteins (Chavrier et al., 1990b). Using immu- 
nofluorescence and electron microscopy, Rab8 was localized to the Golgi 
region, cytoplasmic vesicular structures, and the plasma membrane of the 
Madin-Darby canine kidney (MDCK) epithelial cell line (Huber et al., 
1993b). In filter-grown fully polarized MDCK cells the protein was seen 
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on the basolateral plasma membranes, concentrated near the junctional 
complexes and structures at the basal bottom of the cells. Furthermore, 
the protein was found enriched in immuno-isolated basolateral post-Golgi 
transport vesicles. In cultured rat hippocampal neurons the protein was 
detected predominantly on the somatodendritic plasma membrane (Huber 
et aZ., 1993a), which seems to correspond to the basolateral membrane 
domain of epithelial cells (Simons et aL, 1992). The peripheral localization 
of Rab8a was independently reported by Chen et al. (1993), who used stably 
transfected Swiss 3T3 or Chinese hamster ovary (CHO) cells expressing 
an epitope-tagged version of the human Rab8a. The protein seemed to 
concentrate on membrane ruffles and blebs on the cell surface. With the 
same approach the authors studied the localization of rat RablO and found 
the protein at a perinuclear location, the staining overlapping with that 
of the Golgi marker /3-COP. The rat Rab8b isotype was identified by 
Armstrong et al. (1996) in a basophilic leukemia cell line, RBL.2H3. In 
RBL.2H3 and PC12 cells, transiently expressed epitope-tagged protein 
displayed a localization similar to that of the Rab8a isotype (see above). 
Like Rab6, Rab8a was also reported to be present on platelet a-granules 
and plasma membrane (Karniguian et al., 1993), and a protein with Rab8 
immunoreactivity was identified as one of the small GTPases present on the 
rhodopsin-containing post-Golgi membranes in frog retinal photoreceptor 
cells (Deretic et aL, 1995). 

Rabl3 (Elferink et al., 1992; Zahraoui et al., 1994) and Rab3b (Weber 
et aL, 1994) display a distribution reminiscent of that of Rab8a, localizing 
at the tight junction regions near the apical pole of polarized epithelial 
cells. In nonpolarized cells Rabl3 is distributed in cytoplasmic vesicles of 
unknown function. Concentration of several Rab GTPases at the junctional 
complexes of epithelia may indicate a central role of these regions in the 
polarized membrane trafficking occurring in these cells. On the other hand, 
the maintenance of these structures may require active transport coordi- 
nated by the GTPases. 

c Regulated Exocytic Vesicles The Rab3 GTPases form a protein group 
predominantly found on the secretory vesicles/granules fusing with the 
plasma membrane by a calcium-triggered mechanism (Burgess and Kelly, 
1987; De Camilli and Jahn, 1990; Sudhof et al., 1993). Rab3a was detected 
on synaptic vesicles that store and release neurotransmitters (Fischer von 
Mollard et al., 1990; Mizoguchi et aL, 1990). Moreover, the protein was 
found in the endocrine adrenal medulla chromaffin cells, on microvesicles 
with similarity to neuronal synaptic vesicles (Fischer von Mollard et al., 
1990), and on chromaffin granules responsible for catecholamine secretion 
(Darchen et aZ., 1990, 1995). In pancreatic &cells Rab3a was detected 
mainly in the cytosolic and secretory granule fractions but not in those 
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containing synaptic-like microvesicles (Regazzi et al., 1996). Weber et al. 
(1996) expressed the Rab3a and -b isoforms stably in the neuroendocrine 
PC12 cells. Both proteins were targeted to the norepinephrine-containing 
large dense core vesicles. The Rab3c isotype localizes together with Rab3a 
on synaptic vesicles (Fischer von Mollard et aL, 1994a), whereas Rab3d 
has been identified as a component of gastric chief cell zymogen granules 
(Tang et al., 1996) and secretory granules of pancreatic acinar cells (Valen- 
tijn et al., 1996; Ohnishi et al., 1996). Even though Rab3d was first identified 
in adipocytes (Baldini et al., 1992) it remains to be demonstrated whether 
the protein is present on the GLUT4 vesicles (containing the glucose trans- 
porter protein; James et al., 1994) in these cells. However, the endosomal 
GTPase Rab4 (see Sections II,D,2 and III,B,6) was reported to be present 
on the GLUT4 vesicles in rat adipocytes (Cormont et al., 1993), a finding 
supported by the recent functional data of Shibata et al. (1996). The results 
may imply an endosomal origin of these regulated secretory vesicles. Addi- 
tionally, in certain cases several other GTPases have been found in purified 
regulated secretory vesicle preparations, including Rab5 on synaptic vesicles 
(see Section 11,D,2), Rabll on PC12 cell secretory granules (Urbe et al., 
1993), its homolog Ora3 in marine ray cholinergic synaptic vesicles (Volk- 
nandt et al., 1993), as well as Rab6 and Rab8a on platelet a-granules 
(Karniguian et al., 1993). 

2. Rab Proteins Associated with Endocytic Compartments 

a. Early Endosomal Rab Proteins Chavrier et al. (1990a) localized Rab5a 
in BHK and MDCK cells on the plasma membrane, on a fine tubular 
network in cell periphery, and on small vesicular structures throughout the 
cytoplasm. By immunofluorescence and electron microscopy, the intracellu- 
lar structures were confirmed to represent early endosomes. Occasionally, 
labeling was also seen on coated pits. No label was seen on late endosomes 
or lysosomes. When the protein was overexpressed, increased labeling of 
the plasma membrane and early endosomes was observed. The other two 
Rab5 isoforms, RabSb and RabSc, display a localization similar to that of 
Rab5a (Bucci et aL, 1995). Interestingly, Rab5 is also detected on synaptic 
vesicles (Fischer von Mollard et al., 1994b; de Hoop et al., 1994), which is 
in agreement with the suggested recycling of these secretory structures 
through endocytic intermediates (De Camilli, 1995). Using cell fractionation 
techniques and specific antibodies, van der Sluijs et al. (1991) showed that 
a majority of the Rab4 protein in CHO cells localized on early endosomes 
and endocytic vesicles containing internalized 12sI-labeled transferrin. The 
localization was confirmed by expression studies in HeLa and CHO cells 
(van der Sluijs et al., 1991, 1992b). The distribution of Rab4a was further 
dissected in a recent study in which Daro et al. (1996) demonstrated that the 
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GTPase resides on the early endosomal population to which the internalized 
transferrin is initially delivered. The recycling endosomal structures close 
to the microtubule organizing center (Yamashiro et al., 1984; Hopkins et 
al., 1994) were devoid of Rab4a. These structures, however, were recently 
reported to contain Rablla (Ullrich et al., 1996), which was previously 
suggested to localize on the TGN and post-Golgi secretory vesicles (Urbe 
et al., 1993). Whether there is a discrepancy between these data cannot 
currently be stated because the detailed organization of the route from 
recycling endosomes to cell surface is still unclear. 

Recent cloning and characterization efforts have revealed several novel 
GTPases associating with early endosomes. Rabl7 was localized to the 
basolateral plasma membranes and tubular structures below the apical 
plasma membrane of kidney proximal tubule epithelial cells, indicating a 
possible role in transcytosis (Lutcke et aL, 1993). Also, Rabl8 and Rab20 
were detected on the apical dense tubules (Lutcke et al., 1994), endocytic 
structures underlying the apical plasma membrane of kidney tubule epithe- 
lial cells (Christensen and Nielsen, 1991; Cui and Christensen, 1993). Finally, 
using an epitope tagging approach Rab22 was localized mainly to large 
perinuclear vesicle-like structures, the size of which increased upon increas- 
ing expression time periods (Olkkonen et al., 1993). The Rab22-positive 
structures showed a significant overlap with transferrin internalized for 
5 min, thus representing at least partially an early endosomal compart- 
ment. The staining was clearly distinct from, but overlapping with, that of 
endogenous Rab7, a late endosomal marker. Additionally, the protein was 
detected on the plasma membrane. The number of Rab GTPases associating 
with early endosomal membranes is striking but not surprising if one consid- 
ers the complex sorting tasks these organelles perform (Hopkins, 1992; 
Gruenberg and M d e l d ,  1995). 

b. Proteins on Late Endocytic Compartments Antibodies against a C- 
terminal peptide of the Rab7 GTPase (Bucci et al., 1988) were shown to 
stain the endogenous protein on large perinuclear vesicular structures in 
several cultured cell lines (Chavrier et al., 1990a). The structures coincided 
with bovine serum albumin (BSA)-gold internalized under conditions in 
which late endosomes are labeled. Furthermore, Rab7 was shown to colocal- 
ize with the cation-independent mannose-6-phosphate receptor (CI-MPR). 
However, lysosomes were devoid of Rab7 immunostaining. In a recent 
study, Meresse et al. (1995) investigated the localization of endogenous 
Rab7 and an epitope-tagged version in HeLa cells. The protein was present 
on a vesicular-tubular compartment extending from the perinuclear region 
to the cell periphery and colocalized only partially with CI-MPR, which 
showed a more restricted perinuclear distribution. The localization of the 
Q67L mutant form of Rab7 was strikingly different from that of the wild- 
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type protein: In addition to the extensive reticular pattern the protein 
was detected on large vesicular structures throughout the cytoplasm, most 
probably representing lysosomes. Redistribution of Rab7 to lysosome-like 
structures was also seen upon disruption of microtubules by nocodazole. 
The implications of this finding in terms of the function of Rab7 are under 
debate (Feng et aL, 1995; see Section III,B,8). 

The second GTPase associated with late endosomes is Rab9 (Chavrier 
et aZ., 1990b), which was colocalized with the CI-MPR in the perinuclear 
region of BHK cells. Preliminary electron microscopic analysis revealed a 
minor fraction of the protein on the TGN (Lombardi et aL, 1993). Further- 
more, Rab9 was found to associate in vitro with CI-MPR-enriched late 
endosomal preparations (Soldati et aZ., 1994). Its function in the recycling 
of CI-MPR from late endosomes to the TGN is discussed in detail in 
Section III,B,3. 

111. Experimental Evidence for Rab Function in 
Membrane Trafficking 

A. Yeast GTPases 

1. The Function of Rab GTPases in the Secretory Pathway 

The concept of GTPases as regulators of vesicular transport is founded on 
the identification of the sec4 mutants, originally isolated in a screen for 
temperature-sensitive S. cerevisiae mutants defective in protein secretion 
(Novick et aZ., 1980). These mutants display a temperature-dependent block 
in transport from the Golgi apparatus to the plasma membrane, and se- 
quencing of the SEC4 gene revealed that it encodes a protein with 32% 
identity to Ras, a GTPase implicated in signal transduction (Salminen and 
Novick, 1987). Sec4p was found to reside in three pools: a small cytoplasmic 
pool, a pool associated with secretory vesicles, and a pool associated with 
the plasma membrane (Goud et al., 1988). At the restrictive temperature, 
a large amount of secretory vesicles was found to accumulate in the sec4- 
8 mutant (Salminen and Novick, 1987). This, together with the intracellular 
localization of Sec4p and its requirement for secretion, indicated a role 
for Sec4p in the docking or fusion of secretory vesicles with the plasma 
membrane. The finding that a GTPase-deficient mutant of Sec4p exhibited 
a loss-of-function phenotype (Walworth et aZ., 1992) provided a clue that 
a functional GTPase cycle is required for the biological activity of Sec4p, and 
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similar conclusions have thereafter been made for several other members of 
the Rab GTPase subfamily. 

The essential y p f l  gene was identified in 1983 as the open reading frame 
adjacent to the actin gene (Gallwitz et al., 1983), with similarity to the 
human Ras protooncogene. The function of Yptlp remained obscure until 
it was observed that the ypt l - l  mutant secretes an underglycosylated form 
of invertase (Segev et al., 1988). This particular form of invertase had 
previously been found in yeast mutants with a block in ER to Golgi transport 
(Novick et aZ., 1981), thus providing a hint that Yptlp might be involved 
in this transport step. Consistent with this, Yptlp has been localized to 
ER- and Golgi-derived vesicles (Segev, 1991; Segev ef  al., 1988). The first 
evidence for the direct involvement of Yptlp in intracellular traffic was 
the finding that ypfl mutant fractions were unable to support ER-Golgi 
transport in an in v i m  assay (Bacon et al., 1989). Subsequently, anti-Yptlp 
antibodies were found to block ER-Golgi transport in this assay (Baker 
et aZ., 1990), and under such conditions small vesicles accumulated that 
contained core-glycosylated a-factor (Segev, 1991). Because the oligosac- 
charides on a-factor transported to the Golgi would have been further 
processed, these vesicles appeared to be ER derived. Similar vesicles were 
also observed, but at lower abundance, when normal Yptlp function was 
allowed, indicating that they are not artefactual structures formed when 
Yptlp function is blocked. Consistent with these in vitro data, electron 
microscopy of yeast cells showed that the small vesicles were more abundant 
in yptl mutant cells than in wild-type cells (Schmitt et al., 1988; Segev et 
aZ., 1988). These results thus indicate that Yptlp, like Sec4p, is not required 
for vesicle formation but rather for a later step in vesicular traffic, such as 
vesicle docking or fusion. The early studies on yptl did not pinpoint exactly 
at which transport step Yptlp is required (ER to Golgi or cis to medial 
Golgi). This problem was addressed using a novel mutant, yptl-A136D, 
displaying a faster and tighter transport block at the restrictive temperature 
than the previously studied yptl mutants (Jedd et al., 1995). This mutant 
allowed pulse-chase studies of different secretory markers to dissect the 
transport step(s) requiring Yptlp. The studies indicated that Yptlp is re- 
quired both for ER to Golgi and cis to medial Golgi transport. This finding 
is in line with the current view that Rab GTPases can regulate several 
consecutive transport steps and do not function as primary specificity deter- 
minants in vesicular traffic. 

A mutant allele of YPT6 was identified in a screen for temperature- 
sensitive S. cerevisiae mutants defective for the transcription of ribosomal 
genes (Li and Warner, 1996). For reasons that are still not clear, ribosome 
biosynthesis requires a functional secretory pathway. At the restrictive 
temperature, the ypt6 mutant strain displayed a partial block in ER- 
Golgi or cis -to medial Golgi transport, as evidenced by the accumulation 
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of a core-glycosylated form of invertase and reduced maturation of the 
vacuolar protein carboxypeptidase Y. Ypt6p thus appears to be required 
at an early stage in the yeast secretory pathway. On the other hand, disrup- 
tion of YPT6 leads to the missorting of the vacuolar enzyme carboxypepti- 
dase Y, suggesting that Ypt6p may also play a role in transport between the 
Golgi and the prevacuolar endocytic compartment (Tsukada and Gallwitz, 
1996). Therefore, it cannot be excluded that Ypt6p, like Yptlp, regulates 
several consecutive transport steps in the secretory pathway. 

Recently, the group of Gallwitz (Benli et al., 1996) isolated and character- 
ized a pair of related GTPase genes, YPT31 and YPT32. Disruption of 
either one of these genes had no phenotypic effect, whereas the double 
disruption was lethal. In experiments in which Ypt3lp was depleted in a 
controlled manner in ypt32 background, accumulation of Golgi-like mem- 
branes, inhibition of invertase secretion, and defective processing of vacuo- 
lar hydrolases were observed. Both fully and underglycosylated forms of 
invertase accumulated in the cells under these conditions. In accordance 
with these results, by cell fractionation and immunofluorescence microscopy 
Ypt3lp was localized to Golgi-like structures. It thus seems likely that the 
Ypt31Npt32 proteins are involved in intra-Golgi transport or formation 
of transport vesicles at the most distal Golgi compartment of yeast cells. 

2. Rab GTPases Regulating Endocytosis and Vacuolar Protein 

The endocytic pathway in yeast is less well characterized than the secretory 
pathway, but during the past few years a number of yeast mutants with 
defects in endocytosis have been identified, and biochemical characteriza- 
tion of the yeast endocytic pathway has been initiated (Munn and Riezman, 
1994; Stack and Emr, 1993). Also, the isolation and characterization of vps 
mutants defective in sorting of proteins from the secretory pathway to the 
lysosome-like vacuole has contributed significantly to our understanding 
of the yeast endocytic pathway because such proteins appear to be sorted 
via endosome-like organelles (Horazdovsky et aL, 1995). Ypt7p was identi- 
fied in a PCR cloning approach for new Rab proteins in S. cerevisiae 
(Wichmann et aL, 1992). Its similarity (63% identity) to mammalian Rab7, 
which is associated with late endosomes (see Section II,D,2), suggested 
that Ypt7 might play a role in the endocytic pathway. Disruption of the 
YPVgene does not impair cell growth, even at elevated or reduced temper- 
atures; however, ypt7 null mutants do show phenotypic changes-they 
contain highly fragmented vacuoles, a defect also characteristic of certain 
classes of vps mutants. Furthermore, the degradation of endocytosed a- 
factor is reduced in the ypt7 null mutant cells, although the endocytosis 
step itself is not affected (Wichmann et aZ., 1992). Subcellular fractionation 
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suggested that the internalized a-factor accumulates in a late endocytic 
compartment in ypt7 null mutants, indicating that Ypt7p regulates transport 
from late endocytic compartments to the vacuole (Schimmoller and Riez- 
man, 1993). In a cell-free assay, Ypt7p has also been shown to be required 
for the homotypic fusion between vacuolar membranes (see Section 111,D). 

In mammalian cells, Rab5 regulates fusion events in the early endocytic 
pathway (see Section 1117B,6), and by PCR cloning two Rab5-like genes, 
YPT51 and YPT53, were identified in S. cerevisiae. In addition, a third 
gene, YPT52, was identified during the yeast genome sequencing project 
(Singer-Kruger et al., 1994). YptSlp, Ypt52p, and Ypt53p share 52-54% 
identity with mammalian Rab5, and the high degree of similarity with Rab5 
in their “switch” regions (see Section II,B) suggested that they may perform 
a function related to that of Rab5. The sequence of the entire S. cerevisiae 
genome is now available, and it is clear that YPT51, YPT52, and YPT53 
are the only Rab5-like genes present. Gene disruptions showed that none 
of the three Rab5-like genes is essential, and even a null mutant disrupted 
for all three genes is viable in rich medium. However, individual disruptions 
of the three Rab5-like genes resulted in impaired growth at 37OC, with 
ypt5l showing the strongest effect, and a triple disruption of all three genes 
resulted in an even stronger growth defect. Furthermore, degradation of 
a-factor was reduced in the individual mutants and further aggravated in 
the triple disruptant. Thus, the phenotype of ypt51/ypt52/ypt53 null mutants 
resembles that of ypt7, but cell fractionation experiments suggest that 
Ypt5lp regulates an earlier endocytic transport step than Ypt7p (Singer- 
Kriiger et al., 1995). Consistent with this, Ypt5lp expressed in mammalian 
cells appears to be associated with early endosomes, and Ypt5lp mutants 
affect endocytic traffic in mammalian cells in a similar way as the corre- 
sponding Rab5 mutants (see Section III,B,6). The Ypt5lp-containing com- 
partment in yeast has been visualized by confocal immunofluorescence 
microscopy (Singer-Kriiger et al., 1995). Ypt5lp is present on vesicular 
compartments that are expanded upon the expression of a GTPase-deficient 
mutant, an observation similar to that made in mammalian cells in the 
presence of the corresponding Rab5 mutant (see Section III,B,6). The 
vesicular structures are positive for an endocytic marker, the a-factor recep- 
tor, as well as for a protein sorted to the vacuole, carboxypeptidase Y. This 
provides evidence that the endocytic and vacuolar protein sorting pathways 
converge at (or prior to) the Ypt5lp-positive compartment. Indeed, YPTSl 
has been identified independently as VPS21 (Horazdovsky et al., 1994). 
Electron microscopy of cells with disrupted VPS21/YPTSl showed that they 
contain a single vacuole, in contrast to ypt7 cells, but that they accumulate a 
number of small (40-60 nm) vesicles of unknown origin. This suggests that 
Vps2lpNpt5lp, like Yptlp and Sedp, may function in vesicle docking or 
fusion (Singer-Kriiger et al., 1994; Horazdovsky et al., 1994). 
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The fission yeast S. pombe may in some respects offer a model closer to 
the mammalian system than does S. cerevisiae. Because S. pombe, like S. 
cerevisiue, is readily amenable to genetic manipulations, studies of Rab 
function is this organism provide an important complement to studies of 
Rab proteins in mammals and S. cerevisiue. Six different Rab GTPases 
have been identified in S. pombe to date: Yptlp, Ypt2p, Ypt3p, Ypt4p, 
Rhylp, and Ypt5p. Ypt3p and Rhylp are putative homologs of mammalian 
Rabll and Rab6, respectively, but limited functional data are available on 
these proteins. Schizosaccharomyces pombe Yptlp is 72% identical to S. 
cerevisiue Yptlp and 80% identical to mammalian Rabl. Like YPTl in S. 
cerevisiae, S. pombe yptl is essential for growth, and moderate expression 
of S. pombe Yptlp complements the lack of the homologous GTPase in 
S. cerevisiue yptl null mutants (Miyake and Yamamoto, 1990). Electron 
microscopy of a temperature-sensitive yptl mutant of S. pombe revealed 
that its Golgi complex is disassembled at the restrictive temperature (Arms- 
trong, 1995). This indicates that Yptlp is required for the maintenance of 
the Golgi complex in S. pombe, consistent with a function in ER to Golgi 
(or cis to medial Golgi) traffic, as found with its homologs in S. cerevisiue 
(see Section 111,AJ) and mammals (see Section 111,BJ). 

Ypt2p of S. pombe shares 55% sequence identity with S. cerevisiae Sec4p 
and 63% identity with canine Rab8 (Craighead et al., 1993). Like S. cerevisiue 
SEC4, S. pombe ypt2 is an essential gene, and it can functionally comple- 
ment a conditional-lethal sec4 mutation (Haubruck et ul., 1990). On the 
other hand, a temperature-sensitive ypt2 mutation can be complemented 
by Rab8 expression (Craighead et al., 1993), indicating that Ypt2p is a 
functional homolog of both S. cerevisiue Sec4p and mammalian Rab8. At 
the restrictive temperature, the temperature-sensitive ypt2 mutant accumu- 
lates a fully processed form of acid phosphatase, a normally secreted en- 
zyme. Furthermore, electron microscopy revealed the accumulation of vesi- 
cles between 130 and 170 nm in diameter. Thus, like S. cerevisiae Sec4p, 
S. pombe Ypt2p appears to regulate transport between the Golgi and the 
plasma membrane, presumably at the vesicle docking/fusion stage. 

Although three Rab5-like genes are present in S. cerevisiae, only one, 
ypt.5, has been found in S. pombe. Ypt5p is 63% identical to canine Rab5 
and 55% identical to S. cerevisiae YptSlp. Like the S. cerevisiae YPT51/ 
YPT52MPT53 genes, ypt5 is not essential for viability in rich medium 
(Armstrong et al., 1993). However, it is essential for growth in minimal 
media, and even in rich medium ypt5 null mutants grow slowly and accumu- 
late heterogeneous vesicles of 200-300 nm. Canine Rab5 can functionally 
substitute for Ypt5p and restore S. pombe growth and viability (Armstrong 
et al., 1993). Like S. cerevisiue YptSlp, S. pombe Ypt5p colocalizes with 
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the transferrin receptor when expressed in mammalian cells, indicative of 
a localization in early endosomes. All available data are thus consistent 
with the idea that YptSp is a functional homolog of RabS, involved in 
fusion events in the early endocytic pathway of S. pombe. 

6. Functional Studies on the Mammalian Rab Proteins 

1. Rabl and Rab2 Regulate the ER-Golgi Interface 

Rabl and Rab2 both localize in the ER-Golgi area (see Section 11,DJ) 
and function at an early stage of the secretory pathway. Two isoforms (92% 
identical) of Rabl have been identilied, Rabla (Touchot et al., 1987) and 
Rablb (Vielh et aZ., 1989). The fact that Rabla is 71% identical to S. 
cerevisiae Yptlp and can functionally complement the loss of Yptlp in 
yeast (Haubruck et aZ., 1989) initially suggested that Rabl might function 
in ER to Golgi and/or cis- to medial Golgi traffic, like its yeast counterpart. 
ER-Golgi transport in mammalian cells can be assayed by monitoring the 
trimming of the high mannose residues of a temperature-sensitive mutant 
of vesicular stomatitis virus G protein (VSV-G), an event that occurs in 
the Golgi apparatus. Furthermore, it is possible to distinguish between the 
cis- and medial Golgi forms of VSV-G because the oligosaccharide chains of 
the latter acquire endoglycosidase H resistance. The temperature-sensitive 
VSV-G mutant accumulates in the ER at the restrictive temperature, 
whereas it is efficiently transported through the Golgi at the permissive 
temperature, thus making it a useful probe for ER-Golgi traffic. When the 
traffic of VSV-G was reconstituted in semi-intact cells (Plutner et al., 1991), 
monoclonal antibodies against Rablb were observed to inhibit ER-Golgi 
and cis- to medial Golgi traffic, thus implying a role for Rablb in these 
processes. The data are consistent with the findings that the yeast homolog 
of Rabl, Yptlp, is required for both ER-Golgi and cis- to medial Golgi 
traffic (see Section 111,AJ). In intact transfected cells, a number of point 
mutants of Rabla and Rablb were investigated for their ability to inhibit 
ER-Golgi transport (Tisdale et al., 1992; Pind et al., 1994; Nuoffer et al., 
1994). Rablb S22N and Rabla S25N, mutants with higher affinity for GDP 
than for GTP, and Rablb N121I and Rabla N1241, which have a low 
affinity for both nucleotides, inhibited this transport step. In contrast, Rablb 
Q67L, which is predicted to have a reduced GTPase activity, did not. 
Furthermore, Rabla N124I appears to inhibit vesicle docking because this 
mutant protein caused accumulation of VSV-G in apparently undocked 
vesicles in permeabilized cells, as evidenced by immunoelectron microscopy 
(Pind et al., 1994). The accumulated vesicles and putative pre-Golgi interme- 
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diates contained Rabl and the coatomer component, p-COP. Surprisingly, 
however, fluorescence microscopy of transfected cells suggested that Rabla 
S25N could inhibit protein export from the ER and cis-Golgi (Nuoffer et 
al., 1994). This implied a role for Rabl not only in vesicle docking/fusion 
but also in vesicle budding, an issue that will be discussed in Section II1,C. 
Overexpression of Rabla S25N also led to the disassembly of the Golgi 
apparatus, indicating that Rabl function is required for the proper assembly 
of the Golgi apparatus (Wilson et al., 1994). The latter conclusion is consis- 
tent with the finding that a temperature-sensitive mutation in the S. pombe 
Rabl homolog, ypt l ,  led to the disappearance of the Golgi complex at the 
restrictive temperature (see Section III,A,3). 

Compared with Rabl, little is known about the function of Rab2. Recom- 
binant Rab2 loaded into cultured neurons was found to enhance neurite 
outgrowth and cell adhesion (Ayala et al., 1990), but the mechanism behind 
these effects is not known. Although the presumably GDP-bound Rab2 
S20N mutant did not inhibit ER-Golgi traffic, the putatively GTPase- 
deficient Rab2 Q65L did. These two Rab2 mutants thus behaved in an 
opposite manner to their Rabl counterparts (Tisdale et aL, 1992), suggesting 
that Rab2 may regulate a transport step(s) different from those regulated 
by Rabl, perhaps retrograde transport from the Golgi to the ER. 

2. Role of Rab6 in Intra-Golgi Transport 

The wide distribution of Rab6 in the Golgi and TGN (see Section II,D,l) 
suggests that, like Rabl, it regulates several transport steps. Its function 
has been studied both in intact cells and in cell-free assays. Rab6 was found 
in a complex with a 62-kDa protein and TGN38/41 (Jones et al., 1993). This 
complex has been implicated in vesicle budding from the TGN (Salamero et 
al., 1990), thus suggesting a role for Rab6 in this process, although direct 
evidence is lacking (see Section 111,C). The function of Rab6 was more 
directly addressed in a study with transiently transfected cells (Martinez et 
al., 1994). Overexpression of wild-type Rab6 as well as the GTPase-deficient 
Rab6 Q72L and the GDP-bound Rab6 T27N mutants was found to inhibit 
the transport between a-mannosidase I1 positive (cis-/medial Golgi) and 
sialyl transferase-positive (trans-Golgi) compartments. Transport from the 
ER to the Golgi was not affected and neither was transport from the TGN 
to the plasma membrane. Confocal microscopy showed that expression of 
Rab6 Q72L resulted in an apparent fragmentation of the Golgi apparatus 
and the TGN, whereas little change was observed when wild-type Rab6 
was overexpressed (Martinez et aL, 1994). On the other hand, expression 
of Rab6 T27N resulted in an apparent enlargement of the Golgi and the 
TGN. Because the latter mutant is likely to give a loss-of-function pheno- 
type (see Section II,A,l), Rab6 function, unlike that of Rabl, does not 
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appear to be required for the assembly or integrity of the Golgi apparatus. 
Together, these data indicate that Rab6 may either be a negative regulator 
of anterograde intra-Golgi traffic or a positive regulator of retrograde intra- 
Golgi transport (Martinez et al., 1994). 

An in vitro assay for measuring transport between the cis- and the medial 
cisternae of the Golgi has identified crucial components of the intracellular 
transport machinery, such as NSF and SNAPS (Rothman, 1994), although 
it is still debated how faithfully this assay reconstitutes vesicular trans- 
port from the cis to the medial Golgi cisternae (Mellman and Simons, 
1992). The assay is based on a donor Golgi fraction containing VSV-G but 
lacking the medial Golgi marker N-acetylglucosaminyl transferase, and an 
acceptor Golgi fraction lacking VSV-G but containing the enzyme. Trans- 
port from the donor to the acceptor Golgi fraction is detected as the N- 
acetylglucosamination of VSV-G when the two fractions are incubated 
together in the presence of ATP and cytosol. Recombinant Rab6 N1261, 
as well as antibodies against Rab6, potently inhibits transport of VSV-G 
in this assay, thus suggesting a role for Rab6 at this early step in intra- 
Golgi traffic. This result is not in direct disagreement with the previous 
results that implied a role for Rab6 in later intra-Golgi transport steps, but 
rather suggests that Rab6 may control several consecutive transport steps. 
The same Rab6 mutant was previously shown not to affect the transport 
of VSV-G from the ER to a compartment containing a-mannosidase IT 
(cis-Golgi) (Tisdale et al., 1992). In the intra-Golgi transport assay, uncou- 
pled (not involving vesicular transport) fusion between the two Golgi frac- 
tions can be observed when coat proteins are removed by incubation with % 

high salt. Such uncoupled fusion requires Rab6 (T. Mayer, et al., 1996), 
and this indicates that Rab6 serves to regulate membrane docking or fusion. 

3. Function of Rab9 in the Communication between 

The function of Rab9 was first addressed using a cell-free assay that reconsti- 
tutes the transport of the CI-MPR from late endosomes to the TGN, 
measured as the sialylation of endosome-derived CI-MPR in the presence 
of Golgi-enriched fractions. Antibodies against Rab9 inhibited the transport 
of CI-MPR in this assay by 50%, whereas antibodies against another late 
endosomal GTPase, Rab7, were without effect (Lombardi et al., 1993). 
Moreover, in vitro prenylated recombinant Rab9 stimulated the transport 
reaction 2.5-fold, whereas Rab4b and Rab7 showed no effect. Likewise, in 
intact cells stably transfected with a Rab9 mutant with preferential affinity 
for GDP, Rab9 S21N, recycling of CI-MPR from late endosomes to the 
TGN was inhibited (Riederer et aL, 1994), whereas fluid-phase endocytosis 
was unaffected. Consistent with a depletion of CI-MPR from the TGN 

Endosomes and the Golgi Complex 



ROLE OF flab GTPases IN MEMBRANE TRAFFIC 33 
in these cells, delivery of newly synthesized lysosomal enzymes to late 
endosomes/lysosomes was strongly inhibited. On the other hand, the trans- 
fected cells appeared to compensate for the inefficient delivery of lysosomal 
enzymes to lysosomes by upregulating their synthesis. Because confocal 
immunofluorescence microscopy indicated that the expression of Rab9 
S21N did not significantly change the localization of CI-MPR, it was con- 
cluded that this mutant inhibits the budding of TGN-destined transport 
vesicles from late endosomes (Pfeffer, 1994; Riederer et aZ., 1994), an inter- 
pretation similar to that made from the apparent inhibition of the formation 
of ER-derived vesicles upon expression of the equivalent Rabl mutant 
(see Sections III,B,l and II1,C). 

4. Rab3 Group GTPases Play a Central Role in 

The Rab3 group of small GTPases consists of four members (a-d) sharing 
77-85% amino acid sequence identity. Common to all four isoforms is that 
they are implicated in regulated secretion, although they operate in different 
cell types (see Section II,C,2). Functional studies have been carried out on 
Rab3a-c. In experiments with isolated nerve terminals (synaptosomes), 
Rab3a was shown to disappear from the synaptic vesicle membranes during 
Ca2+-stimulated exocytosis (Fischer von Mollard et al., 1991), unlike another 
GTPase found on synaptic vesicles, Rab5. When exocytosis was blocked 
with a clostridial neurotoxin that cleaves vesicle SNARE (v-SNARE) pro- 
teins, the dissociation of Rab3a from the membranes was inhibited (Stahl 
et al., 1996). This indicates that the release of Rab3a is strictly coupled to 
membrane fusion, although it is still not clear if it is a prerequisite for or 
a result of the fusion event. The most likely explanation for the disappear- 
ance of Rab3a from the synaptic vesicle membranes is that it is removed 
by Rab-GDI, the recycling factor for Rab GTPases (see Section IV,B,l). 
Because GDI binds Rab GTPases in their GDP-bound form only, this 
implies that Rab3a must have hydrolyzed its GTP accompanying membrane 
fusion. In agreement with this interpretation, in synaptosomes Rab3a 
was found predominantly in its GTP-bound form, and incubation with 
a-latrotoxin, which stimulates neurotransmitter release, converted the 
GTPase to the GDP-bound form (Stahl et al., 1994). 

Surprisingly, mice homozygous for a null mutation of Rab3a were re- 
ported to be perfectly viable and behave normally (Geppert ef  d., 1994). 
Moreover, most aspects of synaptic transmission were found to be normal 
in the Rab3a-deficient mice. The only anomality detected was a significant 
increase in synaptic depression after short pulses of repetitive nerve stimula- 
tion. The number of repeated stimuli after which the increased synaptic 
depression in the mutant mice becomes evident correlates with the point 
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when all the docked vesicles in resting nerve terminal have fused. Because 
the Rab3a-deficient phenotype is evident only after docked vesicles have 
been exhausted, Rab3a may thus play a role in the docking of synaptic 
vesicles on the plasma membrane. When the levels of synaptic proteins in 
the mutant mice were analyzed, it was observed that the level of the Rab3a 
effector, Rabphilin3a, was decreased by 70%, whereas the levels of 20 
other synaptic proteins were unchanged. Presumably, the lack of Rab3a 
leads to an increased degradation of Rabphilin3a. In contrast to the studies 
with null mutant mice, membrane capacitance measurements indicated that 
neuroendocrine PC12 cells microinjected with Rab3a antisense oligonucleo- 
tides exhibited an increased ability to exocytose in response to repetitive 
stimulation ( Johannes et al., 1994). The reason for the apparent discrepancy 
between the data obtained with hippocampal slices from the knockout mice 
and the PC12 cells is not clear, but both of these studies imply that Rab3a 
is not essential for exocytosis. 

In PC12 cells transiently transfected or microinjected with the GTPase- 
deficient Rab3a Q8lL mutant, nicotinic agonist-stimulated growth hormone 
release and Ca2+-dependent exocytosis were inhibited. In contrast, Rab3a 
T36N, which has a preferential affinity for GDP, was without effect (Johan- 
nes et al., 1994; Holz et al., 1994). Taken together with the data obtained 
with null mutant mice and antisense oligonucleotides, these results indicate 
that Rab3a in its GTP-bound form may inhibit exocytosis. Presumably, 
Rab3a-GTP functions as a fusion clamp that stabilizes a prefusion complex. 
Only upon GTP hydrolysis is the fusion reaction allowed to proceed. This 
model resembles that originally proposed for Rab function (Bourne, 1988), 
but differs from that proposed for certain other Rab GTPases, which are 
able to stimulate membrane fusion in the absence of GTP hydrolysis. 

One possible explanation for the lack of phenotype upon the elimination 
of Rab3a is that another protein may share some of its functions. In fact, 
the less abundant Rab3c isoform partially colocalizes with Rab3a in the 
brain, and, like Rab3a, Rab3c is removed from synaptosome membranes 
upon the stimulation of exocytosis (Fischer von Mollard et al., 1994a). 
Rab3a and Rab3c appear to be heterogeneously distributed between syn- 
apses, and analysis of Rab3a-deficient mice indicates that nerve terminals 
expressing Rab3c contain Rabphilin3a, whereas this protein is absent from 
nerve terminals lacking both Rab3a and Rab3c (C. Li, et al., 1994). Because 
Rabphilin3a is likely to transmit (some of) the functions of Rab3a in 
membrane dockinghsion, it is thus possible that Rab3c can substitute for 
Rab3a in some synapses. 

In contrast to Rab3a and Rab3c, Rab3b is mainly expressed in nonneu- 
ronal and nonneuroendocrine tissues and is particularly abundant in epithe- 
lial tissues, in which it localizes to the apical pole, close to tight junctions 
(see Sections II,C,2 and II,D,l). Thus, like its neuronal relatives, Rab3b 
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shows a polarized distribution, and it has been speculated that the epithelial 
junctional complex may share functional properties with nerve terminals 
(Weber et aL, 1994). When cell-cell contacts are disrupted by lowering the 
intracellular Ca2+ concentration, Rab3b redistributes from the cell periph- 
ery to a more cytoplasmic location. It is thus possible that Rab3b may 
function in the generation of epithelial cell polarity by targeting protein 
complexes to the junctional complex and the apical membrane domain (see 
Section 111,E). On the other hand, it is tempting to speculate that Rab3b, 
like its neuronal counterparts, may function in secretion, and in this regard 
it is interesting to note that pathways of Ca2+-regulated secretion have 
recently been identified even in fibroblasts (Coorssen et al., 1996). It should 
be noted, however, that the region near the junctional complex where 
Rab3b localizes is normally not very abundant with secretory vesicles. That 
Rab3b does serve to regulate secretion at least in some cases was suggested 
by studies on anterior pituitary gland cells, in which Rab3b is the dominating 
Rab3 isoform: Rab3b antisense oligonucleotides introduced into rat pitu- 
itary cells by whole cell patch clamping were found to inhibit Ca2+- 
dependent exocytosis (Lledo et aL, 1993). Thus, although Rab3a is dispens- 
able for exocytosis in neurons, Rab3b appears to be required for the secre- 
tion in pituitary gland cells. 

5. Rab8a Is Involved in Constitutive Exocytosis 

Although mammalian Rab8a does not complement the lack of Sec4p in S. 
cerevisiue, it does complement the lack of S. pornbe Ypt2p, which in turn 
is capable of substituting for Sec4p in S.cerevisiae (see Sections III,A,l and 
III,A,3). Rab8a is therefore the likely mammalian homolog of Sec4p, which 
is involved in transport between the Golgi and the plasma membrane. Its 
intracellular localization (see Section 11,DJ) is consistent with a role in 
TGN to plasma membrane transport. However, its preferential localization 
to the basolateral plasma membrane and basolateral transport vesicles 
indicates that, in polarized epithelial cells, Rab8a may be involved in the 
transport to this membrane domain only. This idea is supported by experi- 
ments employing permeabilized cell assays of polarized transport of the 
VSV-G and influenza HA glycoproteins. In these assays, a peptide derived 
from the hypervariable C terminus of Rab8a was found to inhibit transport 
of VSV-G to the basolateral plasma membrane but not that of HA to the 
apical side (Huber et al., 199313). In neurons, the axonal plasma membrane 
shows functional similarities with the apical membrane of epithelial cells, 
whereas the somatodendritic plasma membrane is regarded as an equivalent 
of the basolateral plasma membrane (Dotti and Simons, 1990). In accor- 
dance with this notion, Rab8a was found preferentially on the somatoden- 
dritic plasma membrane domain in polarized hippocampal neurons in cul- 
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ture, and antisense oligonucleotides against Rab8a inhibited the transport 
of a dendritically destined protein (Semliki Forest Virus glycoprotein E2) 
but not of an axonally targeted protein (HA) (Huber et aZ., 1993a). Further- 
more, the antisense oligonucleotides inhibited the in vitro maturation of 
neurons, and the number of vesicles undergoing anterograde transport was 
significantly reduced in the antisense-treated cells (Huber et aZ., 1995). 
Surprisingly, Northern blotting experiments indicate that Rab8a is found 
only at low abundance in the brain, whereas an isoform with a highly 
divergent C terminus, Rabsb, is abundant in this tissue (Armstrong et aZ., 
1996). Because the antisense oligonucleotides in the Huber et aZ. (1995) 
study were directed against regions in which the two Rab isoforms are 
highly similar, it is possible that (some of) the observed effects in the 
antisense studies were due to the downregulation of Rab8b. This, however, 
does not change the view that Rab8a is involved in transport from the TGN 
to the basolaterallsomatodendritic plasma membrane of polarized cells. 

Rab8a is expressed in nonpolarized cells as well as in polarized ones, 
and its overexpression (or expression of a GTPase-deficient mutant) in 
fibroblasts leads to a surprising change in cell morphology (Peranen et 
aZ., 1996): In the transfected cells, both actin filaments and microtubules 
reorganize to form plasma membrane processes that appear to contain 
Rab8a. VSV-G, a basolateral marker in polarized epithelial cells, is prefer- 
entially sorted to the actin-containing protrusions, whereas this is not the 
case with the apical marker, HA. These findings indicate that RabSa is 
involved not only in the regulation of polarized membrane traffic but also 
that of the cytoskeletal organization. In this respect RabSa may share 
functional similarity with members of the Rho subfamily of small GTPases. 
In fact, both Rab8a and Cdc42 (a Rho protein) have been shown to regulate 
neurite outgrowth during neuronal development (Huber et aZ., 1995; Luo 
et al., 1994). In this context, it is interesting to note that Rab8a, in its GTP- 
bound form, binds a protein kinase, Rab8ip (see Section IV,C,3); on the 
other hand, protein kinases have been implicated as effectors of the Rho 
GTPases (Leung et al., 1995; Manser et al., 1993, 1994). It is not known if 
Rab8a exerts its effects via Rab8ip or through, e.g., actin-binding proteins, 
but these functional studies clearly implicate Rab8a as a potential link 
between the basolateral trafficking machinery and the cytoskeleton. 

6. RabS and Rab4 Regulate Early Endocytic Events 

Several Rab proteins are localized to the early endocytic pathway (see 
Section II,D,2). Among these, the function of the ubiquitously expressed 
Rab4 and RabS proteins has been studied most extensively. Three Rab5 
isoforms (a-c), sharing >87% sequence identity, have been isolated. The 
first clue about the function of Rab5a came from a system that measures the 
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homotypic fusion between early endosomes. When one endosome fraction 
containing internalized avidin is mixed with another one containing biotinyl- 
ated horseradish peroxidase (HRP), fusion in this assay can be measured 
as the formation of avidin-biotin-HRP complexes. Such fusion requires 
ATP and cytosol and is strongly inhibited by antibodies against RabS 
(Gorvel et al., 1991). Similarly, cytosol containing the RabSa N133I mutant 
form (Gorvel et aZ., 1991), which has a low affinity for guanine nucleotides, 
or RabSa S34N (Stenmark et al., 1994b), which preferentially binds GDP, 
inhibits early endosome fusion. In contrast, the addition of cytosol from 
cells overexpressing wild-type RabSa (Gorvel et al., 1991) or the GTPase- 
deficient RabSa Q79L mutant (Stenmark et aZ., 1994b) stimulates early 
endosome fusion. These results implicate RabSa in the fusion between 
early endosomes, and the finding that a GTPase-deficient mutant stimulates 
fusion suggests that such fusion requires RabS-GTP rather than RabSa- 
catalyzed GTP hydrolysis. RabSa thus seems to regulate fusion in a different 
manner than Rab3a, which appears to allow membrane fusion only after 
GTP hydrolysis (see Section III,B,4). This interpretation is strongly sup- 
ported by elegant experiments employing RabSa D136N, a mutant that 
binds and hydrolyzses XTP instead of GTP (Rybin et al., 1996). XTP does 
not bind to endogenous cellular proteins, and the RabSa D136N mutant 
can therefore be specifically labeled in situ with [cP~~PIXTP. Thus, only 
membranes containing RabSa D136N bind [CZ-~~PIXTP in a time-dependent 
manner. RabSa D136N was found to stimulate early endosome fusion in 
vitro in an XTP-dependent fashion. Interestingly, the slowly hydrolyzable 
analog, XTP-yS, had an even stronger stimulatory effect than XTP, confirm- 
ing that fusion does not require XTP (GTP) hydrolysis. Surprisingly, the 
rate of XTP hydrolysis by RabSa D136N on the endosomal membranes is 
faster than that of early endosome fusion. This indicates that RabSa under- 
goes futile cycles of GTP (XTP) binding and hydrolysis, uncoupled from 
fusion. Conceivably, RabSa acts as a timer that sets the frequency of mem- 
brane docking/fusion events by promoting transient membrane interactions 
in its GTP-bound “active” form only. A high frequency of such contacts 
presumably results in fusion (Rybin et al., 1996). 

Even though cell-free assays of early endosome fusion have proved useful 
in identifying key molecular components of the endocytic pathway, it is 
not entirely clear how important homotypic early endosome fusion is in 
vivo. It is therefore important to also study the function of RabS in intact 
cells. Transfection experiments showed that overexpressed RabSa increases 
the rate of fluid-phase and receptor-mediated endocytosis (Bucci et al., 
1992). Conversely, RabSa N133I and RabSa S34N were found to inhibit 
endocytosis (Bucci et al., 1992; Stenmark et al., 1994b). RabSa Q79L stimu- 
lated endocytosis, like wild-type RabS, but this mutant also caused inhibi- 
tion of transferrin recycling from early endosomes, in contrast to the wild- 



38 VESA M. OLKKONEN AND HARALD STENMARK 

type protein (Stenmark et al., 1994b). Endocytosis starts with the budding 
of vesicles from the plasma membrane. Does the stimulatory effect of 
RabSa on endocytosis imply that Rab5a regulates such vesicle budding? 
Probably not, because the treatment of semi-intact cells with Rab-GDI, 
which extracts Rab GTPases from membranes, does not inhibit endocytosis 
(Lamaze et aL, 1996). The effect of RabSa overexpression on endocytosis 
is more likely to be a consequence of an increased fusion between endocytic 
vesicles and early endosomes: An increased rate of such fusion in the 
presence of excess RabSa may lead to the release of rate-limiting compo- 
nents needed for the formation of new endocytic vesicles (Bucci et al., 
1992). Involvement of RabSa in increased endocytic membrane fusion even 
in intact cells is indicated by the observation that overexpression of RabSa 
and, to an even greater extent, RabSa Q79L, causes expansion of early 
endosomes (Bucci et al., 1992; Stenmark et al., 1994b). Such endosome 
expansion depends on intact microtubules (D’Arrigo et al., 1997), and video 
microscopy shows that Rab5a Q79L overexpression leads to homotypic 
endosome fusion at the cell periphery and subsequent movement of endo- 
cytic structures toward the nucleus (Murphy et al., 1996). In contrast, RabSa 
S34N and Rab5a N133I cause an apparent fragmentation of early endo- 
somes into small vesicles and tubules. Thus, there is a good correlation 
between the properties of RabSa mutants in intact cells and in the early 
endosome fusion assay: Mutants that inhibit homotypic early endosome 
fusion in vitro induce the appearance of fragmented endosomes and an 
inhibition of endocytosis in intact cells, whereas RabS variants that stimulate 
endosome fusion cause an increased size of early endosomes and stimulate 
the rate of endocytosis. The function of the two other RabS isoforms, RabSb 
and RabSc, has not been studied in detail. However, the overexpression 
of wild-type or mutant versions of these molecules evokes morphological 
and biochemical effects similar to those of the equivalent forms of RabSa 
(Bucci et al., 1995). 

Two Rab4 isoforms, Rab4a and -b, have been identified, but only Rab4a 
has been studied in functional terms. Even though Rab4a localizes to early 
endosomes, as does RabSa (see Section II,D2), its overexpression in stable 
CHO transfectants has consequences highly different from that of RabSa: 
Fluid-phase endocytosis is decreased, and transferrin receptors are redis- 
tributed from endosomes to the plasma membrane. Furthermore, the dis- 
charge of iron from transfemn is prevented, apparently due to a mistar- 
geting of internalized transferrin to a population of nonacidic tubules and 
tubule clusters. Similar, although less striking, results are obtained upon 
expression of Rab4a N121I (van der Sluijs et al., 1992b). Therefore, although 
RabS regulates anterograde endocytic transport, Rab4a appears to regulate 
endocytic recycling. At least in some cell types (particularly well-defined 
in CHO cells), endocytic recycling occurs via a recycling endosome compart- 



ROLE OF Rab GTPases IN MEMBRANE TRAFFIC 39 

ment (RE) located close to the centriole (Fig. 1). It is possible that part 
of the recycling may occur directly from early (sorting) endosomes to the 
plasma membrane, whereas some occurs via the RE. Interestingly, Rab4a 
is not found on the RE, in contrast to Rabll  and the v-SNARE cellubrevin 
(Daro et al., 1996; Ullrich et al., 1996). It is still possible that Rab4a may 
regulate the transport to this compartment, without accumulating on it; 
more likely, however, it regulates transport occurring directly between the 
sorting early endosome and the plasma membrane (Daro et al., 1996). 

7. Rabll Is Involved in the Function of Recycling Endosomes 

The intracellular localization of Rabll  has been examined in several cell 
types (see Section II,D,l), but its function has so far been studied only in 
CHO and BHK cells (Ullrich et al., 1996). In these cells, Rabll  is mainly 
localized to the pericentriolar recycling endosome compartment, but it also 
partially colocalizes with the early endosomal GTPase Rab5. The expression 
of Rabll S25N does not affect endocytosis, but the transport of internalized 
transferrin from the RE to the plasma membrane is inhibited. Furthermore, 
the expression of this Rabll  mutant leads to a scattering of the RE into 
small vesicles and tubules. In contrast, expression of the GTPase-deficient 
Rabll  Q70L mutant leads to a compacting of the RE, but this mutant also 
inhibits transferrin recycling. These results are most consistent with a role 
of Rabll in the transport from (sorting) early endosomes to the RE. The 
phenotype of cells expressing Rabll  S25N might thus result from an ineffi- 
cient docking of early endosome-derived vesicles on the RE. It has been 
suggested that the moderate reduction in transferrin recycling observed in 
cells expressing Rabll  Q70L may be due to a shift in recycling from a 
short (early endosome to plasma membrane) to a long (early endosome 
to RE to plasma membrane) route (Ullrich et al., 1996). In support of this 
model, expression of Rab5 Q79L, which traps endocytosed transferrin in 
expanded (sorting) early endosomes, prevents transport of transferrin to 
the Rabll-positive compartment, showing that Rab5 acts before Rabll in 
the endocytic pathway. Altogether, this suggests the following sequential 
action of Rab GTPases in the endocytic pathway: RabS regulates transport 
from the plasma membrane to sorting early endosomes; Rab4 regulates 
the “short” recycling route from sorting early endosomes to the plasma 
membrane; Rabll regulates the “long” recycling route from early endo- 
somes to the plasma membrane via the RE; and conceivably, a fourth Rab 
may regulate the transport between the RE and the plasma membrane. 

8. Function of Rab7 in the Late Endocytic Pathway 
Like Rab9, Rab7 is specifically associated with late endosomes (see Sec- 
tion II,D,2). However, there is no evidence that Rab7 would regulate mem- 
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brane traffic between late endosomes and the TGN. Instead, this GTPase 
appears to regulate membrane traffic between early and late endosomes 
and/or between late endosomes and lysosomes (Feng et al., 1995; Meresse 
et al., 1995). In cells transfected with the inhibitory Rab7 N125I or Rab7 
T22N mutants, internalized VSV-G appeared to be trapped in early endo- 
cytic (transferrin receptor positive) compartments. Furthermore, overex- 
pression of these mutants partially inhibited the cleavage of paramyxovirus 
SV5 hemagglutinin neuraminidase, a process believed to take place in late 
endosomes (Feng et al., 1995). These experiments thus argue for a role for 
Rab7 in early to late endosomal trafficking. On the other hand, the yeast 
homolog of Rab7, Ypt7p, regulates the transport between endosomes and 
the lysosome-like vacuole, as well as the homotypic fusion between vacuoles 
(see Section III,A,2), and immunofluorescence microscopy and subcellular 
fractionation indicate that a GTPase-deficient Rab7 mutant, Rab7 Q67L, 
is partially localized to lysosomes (Meresse et aZ., 1995). Like Rabl and 
Rab6, Rab7 may thus regulate several distinct transport steps, one occurring 
between early and late endosomes and the other between late endosomes 
and lysosomes. 

C. Are Rab Proteins also Involved in the Formation of 
Transport Vesicles? 

Multiple evidence implicates Rab proteins as regulators of membrane dock- 
ing or fusion (see Sections III,A and III,B), whereas the small ARF and 
Sar GTPases are known to play central roles in the formation of transport 
vesicles (Donaldson and Klausner, 1994; Schekman and Orci, 1996; Roth- 
man, 1996). In general, the lack of a specific Rab function in yeast leads 
to the cytoplasmic accumulation of more or less well-defined vesicles, indi- 
cating that vesicle docking is inhibited. Furthermore, Ypti’p, Rab5, and 
Rab6 have been shown to be required for membrane fusion in cell-free 
assays, and the lack of Rab3a is associated with an inefficient recruitment 
of synaptic vesicles to the presynaptic terminal. On the other hand, the 
incubation of permeabilized cells with Rab-GDI, which efficiently removes 
Rab GTPases from membranes, does not affect the budding of clathrin- 
coated vesicles, indicating that Rabs are not involved in this process (La- 
maze et al., 1996). However, some reports do argue for an involvement of 
Rab proteins in vesicle budding. First, yeast cells lacking Ypt31pNpt32p 
function fail to accumulate vesicles, but instead accumulate enlarged Golgi- 
like cisternae (Benli et al., 1996). Howell and co-workers (Jones et al., 1993) 
have established an assay that reconstitutes vesicle budding from the Golgi. 
Here, a stacked Golgi fraction is immobilized on magnetic beads and the 
vesicles formed in the presence of cytosol are analyzed. In this assay, 
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an antiserum against Rab6 was found to reduce vesicle formation to the 
background level, thus implicating Rab6 in budding from the Golgi or the 
TGN (Jones et al., 1993). In two further studies, the GDP-bound Rab 
mutants, Rabla S25N and Rab9 S21N, were found to inhibit budding from 
the ER and late endosomes, respectively (Nuoffer et al., 1994; Riederer et al., 
1994), as evidenced by immunofluorescence microscopy of cargo proteins, 
which apparently became trapped in the donor compartment in the presence 
of the Rab mutants. The result with the Rabla mutant is perhaps most 
surprising because the yeast homolog of Rabla, Yptlp, does not seem 
to be required for budding. Antibodies against Yptlp inhibit ER-Golgi 
transport without inhibiting vesicle formation, and a temperature-sensitive 
yptl  mutant shows an accumulation of vesicles, indicating that vesicle bud- 
ding is allowed in the absence of Yptlp function (see Section 111,AJ). 
Moreover, Rabla is almost completely absent from the ER at least in some 
cell types (Saraste et al., 1995), suggesting that membrane recruitment of 
Rabl is a post-ER event. Altogether, the evidence for Rab function in 
vesicle budding is much more circumstantial than that implying a role in 
docking/fusion, but it is possible that some Rab proteins do function at this 
stage of the transport process. 

D. Rab Proteins and Homotypic Membrane Fusion 

Although the intracellular membrane transport events involve the fusion 
of two membranes with distinct compositions (heterotypic fusion), fusion 
between “like” membranes (homotypic fusion) does occur. For instance, 
endosomes are capable of fusing with similar endosomes and lysosomes 
with each other, and both ER and Golgi fragments undergo homotypic 
fusion as these organelles reassemble during the telophase of mitosis. Apart 
from the organelle reassembly after mitosis, homotypic fusion has been 
postulated to compensate for the loss of membrane upon vesicle budding 
(Rothman and Warren, 1994). With few exceptions, homotypic fusion is 
generally dependent on the SNARE and Rab proteins, and the mechanism 
of homotypic membrane fusion is probably similar to that occurring be- 
tween transport vesicles and their cognate target membranes (Rothman 
and Warren, 1994). In yeast, an in vitro assay that reconstitutes the homo- 
typic fusion between vacuoles has been established (Conradt et al., 1994). 
In intact yeast cells, such fusion occurs during the late stage of vacuole 
inheritance, when vesicles derived from the mother vacuole fuse in the bud 
tip. Vacuole fusion in vitro is dependent on ATP, cytosol, and the NSF/ 
SNAP homologs and is sensitive to GTPyS. The latter requirement indicates 
a role for a GTPase in this reaction. Indeed, removal of Ypt7p from vacuolar 
membranes with the yeast GDI homolog, Gdil, abolishes vacuole fusion, 
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and so does treatment with anti-Ypt7p antibodies (Haas et al., 1995). The 
requirement of Ypt7p for vacuole fusion in vitro is coherent with the fact 
that ypt7 null mutants contain highly fragmented vacuoles (Wichmann et 
al., 1992; Haas ef al., 1995). Importantly, vacuoles from ypt7 null mutant 
cells do not fuse with those of wild-type cells (Haas et al., 1995). This shows 
that Ypt7p is required on both membranes for homotypic fusion to occur, 
and the presence of the same Rab protein on both membranes may turn 
out to be a general requirement in Rab-dependent homotypic fusion. Fur- 
thermore, this result raises the possiblity that a given Rab GTPase could 
be required on both membranes even in heterotypic fusion events. 

In mammalian cells, the requirement of Rab5 for homotypic fusion be- 
tween early endosomes is well documented (Gorvel et d., 1991; G. Li, et 
al., 1994). Like other intracellular fusion events, homotypic early endosome 
fusion is ATP and cytosol dependent. It requires NSF, implying that the 
SNARE model of membrane fusion also applies to homotypic early endo- 
some fusion (Colombo et al., 1996). The fusion is strongly inhibited by anti- 
Rab5 antibodies and by dominant-negative Rab5 mutants, whereas it is 
stimulated by wild-type Rab5 and by a GTPase-deficient Rab5 mutant (see 
Section III,B,6). In agreement with this, cells expressing inhibitory Rab5 
mutants contain fragmented early endosomes, whereas cells overexpressing 
wild-type or GTPase-deficient Rab5 contain abnormally large early endo- 
somes. This effect is particularly prominent in cells expressing the GTPase- 
deficient Rab5 Q79L mutant, and by video microscopy it is possible to 
appreciate how this mutant protein enhances the fusion between endocytic 
structures of intact cells (Murphy et al., 1996). In the case of Rab5, a 
cytosolic downstream effector protein, Rabaptin-5, has been identified (see 
Section IV,C,2), and immunodepletion of Rabaptin-5 from cytosol strongly 
inhibits Rab5-dependent membrane fusion (Stenmark et al., 1995). With 
both the Rab and its effector at hand, it should now be possible to study 
in more detail the mechanism of homotypic early endosome fusion. One 
major task in the future is the identification of SNARES involved in this 
process and the linkage of Rab5 function with these proteins. 

E. Rab Proteins and Cell Polarity 

Many cell types in the body display a polarized organization. The plasma 
membrane of epithelial cells is divided into an apical (facing the exterior) 
and a basolateral (facing the basement membrane and the blood supply) 
domain. These two domains are separated by tight junctions, which also 
function to form an impermeable connection between neighboring cells in 
the epithelial cell sheet. Analogously to epithelial cells, neurons are also 
polarized. In many respects, their axonal plasma membrane resembles the 
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apical one of epithelial cells, whereas their somatodendritic plasma mem- 
brane corresponds to the basolateral one (Dotti and Simons, 1990). The 
existence of functionally distinct plasma membrane domains complicates 
the pattern of intracellular traffic: Polarized cells target membrane proteins 
and lipids to the distinct apical and basolateral plasma membrane domains, 
secrete proteins in a polarized manner, and transcytose material from one 
plasma membrane domain to the other (Rodriguez-Boulan and Powell, 
1992; Matter and Mellman, 1994; Mostov, 1995). Given their putative role in 
the specificity of intracellular trafficking, Rab proteins have been considered 
candidates for molecules that could distinguish between apical and basolat- 
era1 transport pathways (Simons and Zerial, 1993). For example, Rab3a 
functions in neurons in the axonal nerve terminals (see Section III,B,4). 
Moreover, Rab8a has been found to regulate transport between the TGN 
and the somatodendritic plasma membrane domain in neurons without 
affecting apical or axonal trafficking. In epithelial cells, this protein is in- 
volved in traffic between the TGN and the basolateral plasma membrane 
(see Section III,B,5). The ability to distinguish between the two membrane 
domains of polarized cells is, however, not universally shared among Rab 
GTPases. This is illustrated by the findings that RabSa regulates both apical 
and basolateral endocytosis in epithelial cells (Bucci et aL, 1994) and both 
axonal and somatodendritic endocytosis in neurons (de Hoop et al., 1994). 
When overexpressed in fibroblasts, Rab8 affects not only intracellular traffic 
in a “polarized” fashion but also alters the distribution of microtubules 
and actin filaments (see Section III,B,5). Rab8 could possibly regulate 
intracellular traffic to polarized domains of the plasma membrane by re- 
cruiting actin- or microtubule-binding proteins to the membrane in a GTP- 
dependent manner (Peranen et al., 1996). 

The only epithelial-specific Rab GTPase identified to date is Rabl7 
(Lutcke et al., 1993). The function of this GTPase is not known, but its 
localization in kidney tubule epithelia to the basolateral plasma membrane 
and apical dense tubules has suggested that it may play a role in transcytosis, 
the transport between the apical and basolateral membrane domains. In 
the developing kidney, Rabl7 is absent from the mesenchymal precursors, 
but its expression is induced during their differentiation into epithelial cells. 
Thus, it is possible that Rabl7 participates in the generation of epithelial 
polarity, although there may be other reasons for the temporal correlation 
between epithelialization and Rabl7 expression. Furthermore, Rab3b is 
predominantly found in epithelial cells, although this protein is also present 
in neurons, neuroendocrine cells, and platelets. In cultured epithelial cells, 
Rab3b is localized to the apical pole, close to tight junctions, and a reduction 
in the intracellular Ca2+ concentration leads to a redistribution of Rab3b. 
Its localization in polarized epithelial cells suggests that Rab3b may regulate 
apical or junctional protein traffic (Weber et al., 1994). It might play a role 
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in apical secretion because the inhibition of Rab3b expression inhibits the 
Ca2+-stimulated exocytosis in anterior pituitary cells (see Section III,B,4). 
Similarly to Rab3b, Rabl3 also localizes in the tight junction region of 
epithelia (Zahraoui etal., 1994). It colocalizes with the tight junction marker 
ZO-1 and, like Rab3b, is redistributed to cytoplasmic vesicles when tight 
junctions are disassembled at low Ca2+ concentrations. It has been specu- 
lated that Rabl3 may participate in formation of tight junctions by being 
involved in the targeting of integral membrane proteins to the junctional 
area (Zahraoui et al., 1994). 

To date, it has been puzzling that certain Rab proteins, such as RabSa, 
are found basolaterally in epithelial cells, whereas others, such as Rabll, 
Rabl8, and Rab20, show a mainly apical distribution in these cells, and 
yet all these Rabs are also expressed in nonpolarized cells (Liitcke et 
al., 1994; Goldenring et al., 1996). A possible explanation to this apparent 
paradox has emerged It was discovered that even bona fide nonpolarized 
cells, such as BHK and CHO cells, contain cognate “apical” and “basolat- 
eral” transport routes for proteins exported from the TGN (Yoshimori 
et al., 1996). This means that nonpolarized cells contain more complex 
patterns of intracellular transport routes than previously surmised and 
may explain why so many distinct Rab GTF’ases are expressed in even 
these cells. 

Iv. Membrane Association and GTPase Cycle of 
Rab Proteins 

A. Posttranslational Modifications and Membrane 
Association of the Rab GTPases 

1. Isoprenylation of Rab C Termini 

The reversible association of Rab GTPases with specific membranes is 
essential for their function. Thos, it has been shown that Rabs permanently 
attached to membranes by transmembrane anchors show reduced ability 
to support intracellular transport (Ossig et al., 1995). How is the reversible 
binding accomplished? All Rab proteins contain one or two cysteine 
residues near their C termini. Like the cysteine in the C-terminal “CAAX 
box” of Ras, these residues are subject to isoprenylation,which is required 
for the membrane association and function of Rab GTPases (Walworth 
et al., 1989; Chavrier et al., 1990a; Gorvel et al., 1991; Johnston et al., 
1991; Khosravi-Far et al., 1991; Peter et al., 1992; Kinsella and Maltese, 
1991). The C-terminal cysteine residue of Rab proteins terminating in 
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CXC is additionally carboxyl methylated, but this modification is not 
essential for their membrane association (Farnsworth et al., 1991; C. 
Newman, et al., 1992; Musha et al., 1992; Smeland et al., 1994). The enzyme 
responsible for the isoprenylation reaction is called Rab geranylgeranyl 
transferase (GGTase), and it attaches 20 carbon geranylgeranyl groups 
to C-terminal cysteines in a sequential manner (Shen and Seabra, 1996). 
The Rab GGTase consists of two tightly bound chains, (Y (60 kDa) and 
p (38 kDa), both of which are related to those of the farnesyl transferase 
that modifies Ras (Andres et al., 1993). However, whereas the C-terminal 
C A M  motif of Ras is sufficient to specify its prenylation by farnesyl 
transferase, the C-terminal cysteines of Rab proteins are not recognized 
as such by the Rab GGTase. Also, upstream regions are needed for 
Rab isoprenylation, and this process requires a 73-kDa accessory protein 
called Rab escort protein (REP; Seabra et al., 1992a,b; Andres et al., 
1993; Cremers et al., 1994) in addition to the GGTase. Two related 
REPS, REP-1 and REP-2, have been identified to date, and mutations 
in REP-1 have been found to give rise to choroideremia, a retinal 
degeneration disease (Seabra et al., 1993). In vitro, REP-2 can assist in 
the prenylation of most Rab proteins as efficiently as REP-1. An exception 
is Rab27, which is prenylated with a threefold higher efficiency in the 
presence of REP-1 than REP-2. Rab27 is expressed in the retinal cell 
layers that are first degenerated during choroideremia, and it is possibly 
the inefficient geranylgeranylation of this Rab (due to a malfunctioning 
of REP-1) that causes the disease (Seabra et al., 1995). 

What is the precise role of REP in the isoprenylation reaction? This 
protein shares sequence similarity with GDP dissociation inhibitor (GDI; 
see Section IV,B,l), a protein that binds preferentially to the GDP form 
of Rab GTPases and inhibits GDP release under low Mg2+ conditions. REP 
shares the ability of GDI to recognize the GDP-bound form and inhibit 
GDP release from Rab proteins (Alexandrov et al., 1994; Seabra, 1996). 
In contrast to GDI, REP can bind to unprenylated Rab proteins, and the 
prenylation of a Rab begins with formation of a complex with REP (Fig. 
4). This complex is subsequently recognized by the Rab GGTase, which 
attaches geranylgeranyl groups to the C-terminal cysteines via thioether 
bonds. Most Rabs contain two C-terminal cysteines and are double gera- 
nylgeranylated. Mutational studies indicate that the N-terminal cysteine is 
isoprenylated first, and the monogeranylgeranylated protein remains stably 
associated (resistant to removal by detergents or phospholipids) with REP, 
thus allowing a second round of geranylgeranylation by the GGTase (Shen 
and Seabra, 1996). It appears that the prenylation leads to a shift in the 
stoichiometry of the REP-Rab complex from 1 : 1 to 2 : 1 or 2 : 2 (Shen and 
Seabra, 1996). There does not appear to be a stable complex formed be- 
tween the REP-Rab and the GGTase, and prenylation also occurs effi- 
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FIG. 4 Isoprenylation of a Rab protein. The newly synthesized GTPase (in its GDP form) 
is bound by the Rab escort protein, REP, which introduces it to the Rab geranylgeranyl 
transferase (GGT). This enzyme attaches one or two geranylgeranyl groups on C-terminal 
cysteine residues of the GTF'ase. After isoprenylation, the Rab remains associated with REP. 

ciently when the GGTase is present at substoichiometric amounts. The 
double geranylgeranylated Rab protein also remains stably complexed to 
REP (Alexandrov et al., 1994; Seabra, 1996), and the REP-Rab complex 
is subsequently targeted to specific membranes (Alexandrov et al., 1994). 
Here, the complex is first bound to (unknown) receptor molecules, REP 
is then released, and the Rab protein becomes converted from its GDP- 
bound form to the GTP-bound form through the action of a guanine nucleo- 
tide exchange factor (GEF, see Section IV,B,2). The association of REP- 
Rab with membranes is very similar to that of GDI-Rab (see Section 
IV,B,l; Fig. 5A); it has been speculated that GDI may capture the Rab 
from the REP-Rab complex immediately after prenylation, and that it is 
actually GDI that serves to deliver newly prenylated Rab GTPases to 
membranes. In support of this view, GDI forms a complex with Rab5 
isoprenylated in a reticulocyte lysate system (Sanford et al., 1995b). How- 
ever, in such a system, plenty of time is allowed for GDI to capture the 
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FIG. 5 (A) The membrane association and activation of a Rab GTPase. In the cytosol, a 
GDP-bound Rab is found as a soluble complex with the GDP dissociation inhibitor, GDI 
(or in the case of a newly synthesized Rab, with REP). This protein is capable of presenting 
a Rab to a specific membrane. The Rab-GDI complex binds to a receptor (R), and GDI is 
subsequently released. Thereafter, the bound GDP is exchanged for GTP in a reaction cata- 
lyzed by a guanine nucleotide exchange factor (GEF). It is not known if the receptor and 
the GEF are identical. (B) Membrane recruitment of a cytosolic effector protein by the 
activated Rab. The GTP-bound form of a Rab recruits a cytosolic effector to the membrane, 
thus facilitating a downstream docking/fusion event. The effector remains bound until GTP 
is hydrolyzed in a reaction catalyzed by a GTPase activating protein. The resulting Rab-GDP 
is subsequently translocated to the cytosol by GDI and can now undergo a new round of 
membrane association (see A). 

Rab protein from the REP-Rab complex, whereas in cells, prenylated 
proteins rapidly associate with membranes (Ullrich et al., 1994; Soldati et 
al., 1994). Furthermore, a Rablb mutant incapable of interacting with GDI 
exhibits efficient isoprenylation and membrane association, indicating that 
GDI is not required for these processes (Wilson et al., 1996). REP is 
therefore most likely responsible for the first targeting of the newly isopren- 
ylated Rab to membranes, whereas GDI serves as a recycling factor that 
allows the Rab to perform multiple cycles between membranes and cytosol 
(see Section IV,B,l). 
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A number of Rab proteins, including Rabla, Rab4a, Rab3b, Rab6, and 
RabSa, are phosphorylated under specific conditions (Bailly et al., 1991; 
van der Sluijs et al., 1992a; Karniguian et al., 1993). Most strikingly, Rabla 
and Rab4a are phosphorylated during mitosis by ~ 3 4 " ~ "  kinase (Bailly et 
aL, 1991). The phosphorylation of these proteins occurs at serinelthreonine 
residues located in their hypervariable C termini, which are probably in- 
volved in their targeting to specific membranes (see Section II7A,3). Inter- 
estingly, the subcellular distribution of Rabla and Rab4a changes during 
mitosis: Rabla appears to translocate from the cytosol to membranes, 
whereas Rab4b redistributes from membranes to cytosol (Bailly et al., 1991). 
A mutation of Ser196 within the consensus recognition site for ~ 3 4 ~ "  kinase 
in Rab4a (Serl96-Pro-Arg-Arg) to glutamine prevented its phosphoryla- 
tion during mitosis and also its translocation to the cytosol (van der 
Sluijs et al., 1992a), demonstrating that the phosphorylation indeed reg- 
ulates the subcellular distribution of Rab4a. The exact mechanism of the 
phosphorylation-induced translocation of Rab4a during mitosis is not 
known, but neither geranylgeranylation nor C-terminal carboxymethylation 
is affected. Because geranylgeranylated Rab proteins can be removed from 
membranes by GDI (see Section IV,B,l), it is reasonable to assume that 
this protein is involved in the cytosolic translocation of Rab4a. One possibil- 
ity would be that phosphorylation of Rab4a by ~ 3 4 ~ " '  may contribute to 
its conversion to the GDP-bound state, which is preferentially recognized 
by GDI. Another alternative is that the phosphorylation may prevent bind- 
ing of Rab4a to membrane receptors. Apart from being redistributed to 
the cytosol during mitosis, Rab4a has also been found to translocate to the 
cytosol upon treatment of cells with okadaic acid (a phosphatase inhibitor) 
or insulin (Cormont et al., 1993, 1994). Insulin stimulation activates the 
protein kinase ERK1, which is able to phosphorylate Rab4a in vitro, proba- 
bly at the same serine residue as that phosphorylated by ~34'~'' kinase. Also, 
the membrane association of other Rab proteins appears to be regulated by 
phosphorylation: In neutrophils, treatment with PMA, a stimulator of pro- 
tein kinase C and an activator of this cell type, leads to the translocation 
of RabSa from cytosol to membranes (Vita et al., 1996). 

It is well established that both endocytic and biosynthetic membrane 
traffic ceases during mitosis (Warren, 1993). The phosphorylation of Rab 
proteins, such as Rabla and Rab4a, by ~ 3 4 ' ~ "  kinase could be one mecha- 
nism to modulate membrane traffic during cell division. During interphase, 
the phosphorylation of Rab proteins by ERKl and other growth factor- 
regulated kinases may provide a means of regulating intracellular mem- 
brane traffic as a response to external stimuli. Integrating membrane recep- 
tor signaling with intracellular traffic remains an important challenge to 
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current cell biology, and the study of Rab proteins in this context promises 
to yield clarifying results. 

6. Auxiliary Factors Regulating Rab Membrane Association 
and GTPase Cycle 

1. GDP Dissociation Inhibitors 

Rab GDP dissociation inhibitors constitute a small family consisting of at 
least three highly related proteins (Pfeffer et al., 1995). Functional differ- 
ences between the GDI isoforms have not yet been detected, but to date 
most studies have been carried out on GDI-a. This protein was originally 
isolated from bovine brain cytosol as a factor inhibiting the release of GDP 
from Rab3a (Sasaki et al., 1990). Subsequently, it was realized that 
GDI-a has the ability to regulate the membrane association of Rab3a 
(Araki et al., 1990) as well as that of all other Rab proteins tested (Ullrich 
et al., 1993). This is probably the most important biological function of 
GDI because the rate of GDP release from Rab proteins is slow at physio- 
logical Mg2' concentrations. GDI-a shows a strong preference for the GDP- 
bound form of Rab proteins, and its interactions with the GTPases require 
their C-terminal geranylgeranylation (Sasaki et al., 1990). The farnesyl 
group does not appear to be able to substitute for geranylgeranyl groups 
in Rab-GDI interactions (Ullrich et aZ., 1993). Addition of excess GDI-a 
leads to the removal of Rab proteins from internal membranes (Ullrich et 
al., 1993; Soldati et al., 1993), and in cytosol GDI can be found complexed 
to a number of Rab proteins (Regazzi et al., 1992). Although the KO for 
the complex of GDI-a and prenylated, GDP-bound Rab9 (Shapiro and 
Pfeffer, 1995) is in the low nanomolar range (increasing in the presence of 
detergent), the cytosolic concentration of GDI-a has been estimated to be 
1.2 pM in MDCK cells (Ullrich et al., 1993) and 0.17 p M  in CHO cells 
(Shapiro and Pfeffer, 1995). This explains why cytosolic, isoprenylated Rab 
proteins are found almost exclusively complexed with GDI (Regazzi et al., 
1992). According to the current view, GDI serves to remove GDP-bound 
Rabs from membranes and thereby acts as a recycling factor (Fig. 5B). In 
fact, in the absence of GDI, isoprenylated Rab GTPases are hydrophobic 
and tend to stick unspecifically to various surfaces (Araki et al., 1990). The 
essential role of GDI is illustrated by the fact that yeast cells lacking the 
GDI homolog Gdilp fail to grow and display multiple defects in intracellular 
transport. Moreover, GDZl is allelic to secl9-1, a temperature-sensitive 
mutant that exhibits a block in both biosynthetic and endocytic membrane 
traffic at the restrictive temperature (Garrett et al., 1994). 
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The crystal structure of GDI-a has been determined (Schalk et al., 1996). 
It shows a two-domain structure with a large complex multisheet domain 
I and a smaller a-helical domain 11. Together, these two major domains 
form a “V” structure. Unexpectedly, the organization of domain I is related 
to that of FAD-containing oxidases and monooxygenases. GDI-a does not, 
however, appear to bind FAD, and the significance of its similarity to FAD- 
containing enzymes remains enigmatic. The two most conserved regions, 
located at the apex of the V, are involved in Rab binding because mutations 
in critical residues here impair the binding (Schalk el al., 1996). These 
regions also show similarity with REP (see Section IV,A,l), a protein with 
many of the same properties as those of GDI, indicating that these proteins 
interact with Rab proteins in a similar fashion. The preferential binding of 
GDI to the GDP-bound form of Rab proteins implies that it must recognize 
regions involved in nucleotide-dependent conformational changes, and mu- 
tagenesis studies suggest that GDI-a interacts with the “effector” loop of 
Rab3a (Schalk et aZ., 1996). 

Because Rab proteins are found complexed with GDI in the cytosol, 
one might expect that they are also delivered to specific membranes as 
GDI complexes (Fig. 5A). Indeed, such membrane delivery has been dem- 
onstrated in the cases of RabS-GDI and Rab9-GDI (Ullrich et al., 1994; 
Soldati et al., 1994). These complexes are targeted to membranes enriched 
in early and late endosomes, respectively, and transiently associate with 
these membranes. Subsequently, GDI is released, and the Rab protein is 
converted from its GDP form to the GTP form through nucleotide exchange 
(Fig. 5A). Both the rate and the extent of the association of Rab proteins 
with membranes are saturable, indicating the presence of membrane recep- 
tors that recognize the Rab-GDI complex. The fact that different Rab 
GTPases are recruited to distinct membranes indicates the presence of 
specific receptors, and even two Rab proteins recruited to the same organ- 
elle appear to use distinct receptors (Soldati et al., 1995). The receptor 
could be identical to or associated with a guanine nucleotide exchange factor 
(GEF) that catalyzes nucleotide exchange (see Section IV,B,2). Based on 
kinetic differences in nucleotide exchange between membrane-associating 
and free Rab9 it has also been speculated that the membrane recruitment 
of Rabs may involve a GDI displacement factor that would accelerate the 
rate of GDI release upon membrane binding (Soldati et al., 1994). The 
membrane association of Rab5-GDI and Rab9-GDI occurs in the absence 
of cytosol, indicating that GDI is the only cytosolic factor required for 
the process. Which part of the Rab-GDI complex is recognized by the 
membrane receptor? Clearly, the Rab portion must be recognized in order 
to give specificity, but also GDI seems essential for the specific targeting: 
Delipidated albumin can substitute for GDI in the solubilization of iso- 
prenylated Rab proteins, but, unlike Rab-GDI complexes, Rab-albumin 
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complexes associate with membranes in a nonspecific manner (Dirac- 
Svejstrup et al., 1994). 

If GDI serves both in the delivery to and capture of Rab proteins from 
membranes, what prevents the immediate membrane reassociation of a 
Rab that has just been taken off the membrane by GDI? One clue may 
come from the observation that cytosolic GDI is phosphorylated, whereas 
the small pool of GDI that is membrane associated appears to be unphos- 
phorylated (Steele-Mortimer et al., 1993). Thus, it is possible that phosphor- 
ylation of GDI upon retrieval of the Rab from the membrane may keep the 
Rab-GDI complex cytosolic. The phosphorylation of Rho GDI stabilizes 
its association with RhoA (Bourmeyster and Vignais, 1996), and perhaps 
complexes between Rab GDI and Rab GTPases are stabilized in a similar 
manner. Because GDI release appears to precede the stable association of 
Rab proteins with membranes, a stabilization of the Rab-GDI complex 
by phosphorylation may contribute to keeping the proteins cytosolic. 

2. Guanine Nucleotide Exchange Factors 

As evident from Section 111, the GDP/GTP cycle is essential for the function 
of Rab GTPases in membrane traffic. At least in the cases of Rab5 and 
Rab9, membrane association of the Rab protein is accompanied by the 
exchange of GDP with GTP (see Section IV,B,l; Fig. 5A). Most Rab 
GTPases exchange bound GDP for GTP only very slowly in vitro, but the 
exchange rates are significantly accelerated by cellular proteins called GEFs. 
The following two functional mechanisms have been proposed for the 
GEFs: (i) They may function by stimulating GDP release, thus allowing 
binding of GTP, which is typically present in cytosol at a 20-fold excess 
over GDP; and (ii) GEFs may stabilize the intermediate nucleotide-free 
state, thus allowing GTP to enter (Quilliam et aZ., 1995). Three Rab GEFs 
have been molecularly identified to date. Dss4p was identified as a dominant 
suppressor of sec4-8 and was found to possess GEF activity on Sec4p (Moya 
et aZ., 1993). Subsequently, a mammalian suppressor of dss4, Mss4, was 
identified (Burton et aZ., 1993). Mss4 is a small cytosolic protein with local 
sequence similarities to Dss4p but not to the GEFs of other small GTPases. 
Like Dss4p, it aids Sec4p function when expressed in yeast. In gel overlay 
experiments, Mss4 was found to interact not only with Sec4p but also with 
Yptlp, Rabla, Rab3a, Rab8, and RablO. On the other hand, Mss4 did not 
interact with Rab2, Rab4a, Rab5, Rab6, Rab9, or Rabll  (Burton et al., 
1993, 1994; Miyazaki er al., 1994). It is interesting that all the Rab proteins 
interacting with Mss4 function in the exocytic pathway, and microinjection 
of the Mss4 protein into squid giant nerve terminals led to an enhancement 
of neurotransmitter release. Mss4 may thus play a role in the regulation 
of a specific subset of Rab proteins acting along the secretory pathway. It 
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binds a Zn2+ ion (Yu and Schreiber, 1995a), and its structure has been 
solved by multidimensional NMR (Yu and Schreiber, 1995b). Mutations 
in one of its Zn2+-binding loops inhibit the GEF activity. This region is 
conserved between Mss4 and Dss4 and may represent the Rab-interacting 
interface of Mss4 (Yu and Schreiber, 1995b). Mss4 stimulates GDP release 
of those proteins it interacts with in gel overlay experiments, but the stimula- 
tion is weak compared with that evoked by other GEFs on their substrate 
GTPases. Thus, at an 8-fold molar excess over Rab3a, Mss4 only stimulates 
GDP release 6-fold (Burton et al., 1993). Mss4 binds both isoprenylated 
and nonisoprenylated proteins, but its GEF activity has only been investi- 
gated with the latter. The stimulation of GDP/GTP exchange on Rab 
GTPases by Mss4 under physiological conditions remains to be determined. 

One of the largest proteins known to date, p619, contains a region with 
similarity to RCC1, a GEF for the small GTPase Ran. p619 is localized to 
the Golgi apparatus and cytosol, and its RCC1-like region possesses GEF 
activity on Arfl (Rosa et al., 1996). Surprisingly, it also stimulates the release 
of GDP (but not of Ran and TC21) from Rab3a and Rab5, suggesting that 
p619 may function as a GEF for a number of GTPases. However, its 
potential role in Rab function has not been investigated. 

Although the Rab GEFs that have been cloned show a limited specificity, 
seemingly more specific GEFs have been partially purified. Rab3a GEF 
(not active on Rab2, Rab5, Rabll, or Ras) is a cytosolic protein of approxi- 
mately 300 kDa (Burstein and Macara, 1992; Miyazaki et aL, 1994), whereas 
clathrin-coated vesicle membranes contain an exchange activity for Rab5, 
which does not act on Rab7 (Soldati et aL, 1994). The Rab3a GEF is most 
active on isoprenylated Rab3a, whereas the RabS GEF stimulates GDP 
release equally well from isoprenylated or nonisoprenylated Rab5. How- 
ever, maximal stimulation of GDP dissociation requires the presence of a 
low concentration of GDI, suggesting that the RabS GEF recognizes the 
RabS-GDI complex. This is consistent with the finding that RabS associates 
with membranes as a complex with GDI, and that this association is accom- 
panied by nucleotide exchange. 

In summary, a number of proteins with highly different properties possess 
Rab GEF activity. Their importance in Rab function will only become clear 
when the purified GEFs can be introduced into functional assays for specific 
Rab GTPases. 

3. GTPase Activating Proteins 

GTP hydrolysis probably occurs at two stages in the life cycle of a Rab 
protein. First, because GTP is in excess of GDP in cytosol, newly synthesized 
Rab proteins are likely to contain bound GTP. REP, which presents the 
newly synthesized Rab to the geranylgeranyl transferase, binds preferen- 
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tially to the GDP bound form (Seabra, 1996), implying that a GTP hydroly- 
sis step must occur before REP binding and isoprenylation. Second, in its 
membrane-bound form, the Rab protein hydrolyzes GTP, either to termi- 
nate vesicle/target interactions (e.g., Rab5) or to release a fusion clamp 
(e.g., Rab3a). Like the nucleotide exchange rate, the intrinsic GTPase 
activity of most Rab GTPases is low, and cellular GTPase activating proteins 
(GAPs) are required to stimulate this activity. The only Rab GAP cloned 
to date is GypGp, which activates the GTPase activity of S.cerevisiae Ypt6p 
more than 100-fold in vitro (Strom et al., 1993). Gyp6p is an -50-kDa 
cytosolic GAP specific for Ypt6p: It shows only weak activity on Ypt7p 
and no activity on Yptlp, Sec4p, Ypt3lp, Ras, or Rab2. Gyp6p has no 
sequence similarity to other GAPs. ypt6 deletion mutants exhibit tempera- 
ture sensitivity of growth, but neither the gene disruption nor the overex- 
pression of Gyp6p results in any scoreable phenotype. This means either 
that the intrinsic GTPase activity is sufficient for Ypt6p function or, 
more likely, that yeast cells contain additional GAPs that are active on 
Ypt6p. 

Several Rab GAPs have been partially purified. Two GAPs of -30 and 
-100 kDa were purified from porcine liver cytosol. They stimulate the 
GTPase activity of Yptlp and Rabl as well as (weakly) that of S. pombe 
Ypt6p, but not of Rab2 or Ras (Tan et al., 1991). From yeast, an -40-kDa 
cytosolic GAP was partially purified that stimulates the GTPase activity 
of Yptlp and Rabl, but not that of Ras nor that of Yptlp with a mutation 
in the effector domain (Tan et aZ., 1991). Similarly, an -300-kDa GAP 
active on Rab3a, but not on Ras or Rab2, has been partially purified from 
rat brain cytosol (Burstein and Macara, 1992). Thus, most Rab GAPs 
characterized to date are cytosolic, but a membrane associated GAP activity 
for Yptlp has also been described (Jena et al., 1992). To date, little is 
known about the biological function of the Rab GAPs, and it is not known 
whether they stimulate only one or both of the two GTPase steps de- 
scribed previously. 

C. Putative Rab Effector Proteins 

1. Rabphilin3a 
In order to understand how Rab proteins function, it is essential to identify 
the molecules (effectors) that are controlled by their GTPase cycle. 
Rabphilin3a (Shirataki et al., 1993), a 78-kDa protein purified from bovine 
brain membranes, was identified in cross-linking experiments as a protein 
binding to the GTP-bound form of Rab3a (Shirataki et al., 1992). In addition 
to binding Rab3a, Rabphilin3a also binds the structurally and functionally 
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related Rab3c isoform, but not a number of other Rab GTPases (C. Li et 
al., 1994; Shirataki et al., 1992). Even though its primary structure predicts 
a hydrophilic protein, Rabphilin3a is found almost exclusively localized 
to the membranes of synaptic vesicles and chromaffin granules (Mizoguchi 
et al., 1994; McKiernan et al., 1996). The Rab3a-binding domain of 
Rabphilin3a is located at the Zn2+-containing N terminus, whereas the C 
terminus contains two C2 domains similar to those found in synaptotagmin, 
protein kinase C, and phospholipase A2. These domains are known to 
bind phospholipids in a Ca2+-dependent manner (Yamaguchi et al., 1993; 
McKiernan et al., 1996). The colocalization of Rab3a and Rabphilin3a 
raises the question of whether one of the two proteins functions as a 
“receptor” for the other one on the vesicle membrane. Rabphilin3a 
does not appear to function as a membrane acceptor for Rab3a because 
(i) removal of Rabphilin3a from synaptic vesicles by salt wash does not 
lead to a reduction in the amount of Rab3a and (ii) a Rab3a mutant unable 
to bind Rabphilin3a colocalizes with a green fluorescent protein- 
Rabphilin3a fusion protein on the membrane of neuroendocrine secretory 
vesicles (Shirataki et al., 1994; McKiernan et al., 19%). On the other hand, 
conflicting results have emerged regarding the role of Rab3a in recruiting 
Rabphilin3a to membranes. Shirataki et al. (1994) found that the removal 
of Rab3a from synaptic vesicle membranes by GDI was not accompanied 
by a removal of Rabphilin3a, whereas Stahl et al. (1996) did find a reduced 
level of vesicle-associated Rabphilin3a under such conditions. Moreover, 
Rabphilin3a, like Rab3a, disappears from synaptosome membranes upon 
the stimulation of exocytosis, and Rabphilin3a is found mainly in the cell 
body of neurons devoid of both Rab3a and Rab3c. Consistent with this, 
mutations that interfere with zinc binding abolish the ability of Rabphilin- 
3a to bind Rab3a (C. Li, et aL, 1994). The latter result was confirmed by 
McKiernan et al. (1996), but these authors concluded that such mutations 
do not reduce the membrane association of Rabphilin3a. They also found 
that a deletion of the C2 domains of Rabphilin3a led to a strong decrease in 
the membrane association, although a fraction still appeared to be correctly 
localized to chromaffin secretory granules. Taken together, the data suggest 
that Rab3a may play a role in the correct targeting of Rabphilin3a to 
synaptic vesicleskhromaffin granules, but that additional molecules also 
contribute to its membrane association. 

What is the function of Rabphilin3a? Overexpresssion of Rabphilin3a 
enhances the induced secretion of growth hormone in chrornaffin cells, and 
Rabphilin3a antisense oligonucleotides inhibit such exocytosis. Moreover, 
the expression of the Rab3a-binding domain of Rabphilin3a, which should 
compete for Rab3a association with the endogenous, full-length Rabphilin- 
3a, inhibits exocytosis (Komuro et aZ., 1996; Chung et aL, 1995). These 
results implicate Rabphilin3A as a positive regulator of exocytosis. The 
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paradox is that the presumed upstream regulator of Rabphilin-3A, Rab3A, 
is regarded as a negative regulator of exocytosis (see Section III,B,4). It 
cannot be excluded that Rabphilin3a may serve as a regulatory factor 
rather than as an effector of Rab3a because it has been shown to display 
GEF activity on Rab3a as well as to inhibit the activity of Rab3a GAP 
(Fujita et aL, 1994; Kishida et al., 1993). Concerning the functional mecha- 
nism of Rabphilin3a, it is of interest that its C2 domains are similar to 
those of synaptotagmin, a synaptic membrane protein that binds target 
membrane SNAREs (t-SNARES) (Sudhof and Rho, 1996). To date, how- 
ever, no association between Rabphilin3a and SNAREs has been detected. 
Rabphilin3a binds to phospholipids in the presence of Ca2+, and this ability 
places Rabphilin3a as a candidate protein for a Ca2+ sensor in Ca2+- 
stimulated secretion (Yamaguchi et al., 1993). Its activity may be further 
modulated by phosphorylation because Rabphilin3a is a substrate for both 
cyclic AMP-dependent protein kinase and Ca2+/calmodulin-dependent ki- 
nase I1 (Fykse et al., 1995; Kato et d., 1994; Numata et d., 1994). 

2. Rabaptin-5 

In order to gain insight into the mechanisms by which RabS stimulates 
endocytic membrane fusion, the GTPase-deficient RabS Q79L mutant was 
used as a bait in a two-hybrid screen (Stenmark et al., 1995). This screening 
led to the identification of Rabaptin-5, a 100-kDa protein with putative 
coiled-coil regions at the N and C termini. The C-terminal part binds 
specifically to RabS but not to a number of other Rab GTPases. Like 
Rabphilin3a, Rabaptin-5 binds its Rab target preferentially in its GTP- 
bound form, but in contrast to Rabphilin-3a, Rabaptin-5 is found mainly 
in the cytosol. However, it is recruited to early endosome-enriched mem- 
branes in a Rab5- and GTP-dependent manner, reminiscent of the way the 
protein kinase Raf is recruited to the plasma membrane by Ras-GTP 
(Vojtek et al., 1993). Immunodepletion of Rabaptin-5 from cytosol strongly 
inhibits Rab5-dependent early endosome fusion in vitro, and its overexpres- 
sion leads to expanded early endosomes, reminiscent of the result of RabS 
overexpression (Stenmark et al., 1995). Although Rabaptin-5 weakly inhib- 
its the GTPase activity of Rab5, possibly by interfering with a GAP interac- 
tion (Rybin et al., 1996), it is unlikely that its action as a GTPase inhibitory 
protein is sufficient to explain its essential function in Rab5-dependent 
early endosome fusion. Most likely, Rabaptin-5 functions as an effector for 
Rab5, conveying RabS regulation to the membrane docking and fusion 
apparatus. How does this occur? Preliminary data indicate that Rabaptin- 
5 is complexed with at least one other protein in the cytosol and, conceiv- 
ably, this protein complex is recruited to endocytic membranes by Rab5- 
GTP. Here, the Rabaptin-5 complex may play an essential role in membrane 
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docking, possibly by interacting with other coiled-coil containing proteins 
such as SNARES (Chapman et al., 1994), TAP/pll5 (Barroso et al., 1995; 
Sapperstein et al., 1995), or mammalian homologs of Sec6 and Sec8 (Ter- 
Bush and Novick, 1995; Ting et al., 1995). The long coiled-coil regions of 
Rabaptin-5 are predicted to have a rod-like conformation, and one can 
envision that the protein could function as a spacer between two mem- 
branes. Membrane-bound Rab5 continously hydrolyzes GTP independently 
of membrane fusion, and it is conceivable that a transient membrane dock- 
ing induced by recruitment of the Rabaptin-5 complex may increase the 
probability of membrane fusion (Fig. 6). Further knowledge about this 
process requires identification of the proteins on the membrane (other than 
Rab5) that interact with Rabaptin-5. No Rabaptin-5 homologs have been 
identified in yeast, but Vps9p, which is involved in vacuolar protein sorting, 
has been proposed as a candidate for such a homolog. This protein contains 
a binding site for a small GTPase, possibly YptSlp, and, like Rabaptin-5, 
is a cytosolic coiled-coil protein (Burd et al., 1996). 

I 

FIG. 6 The GTPase cycle of a Rab protein regulates membrane docking and fusion. A 
cytosolic effector becomes membrane associated upon binding to a GTP-bound Rab. This 
results in docking of two membranes, which facilitates the fusion of the bilayers. After GTP 
hydrolysis the Rab and its effector can be recycled and used in a new round of membrane 
transport. The Rab may associate either with the donor compartment or directly with a 
transport vesicle. In some cases hydrolysis of GTP by the Rab appears to be a prerequisite 
for bilayer fusion. 
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3. Other Newly Identified Effector Candidates 

In addition to Rabaptin-5, to date two other putative Rab effectors have 
emerged from two-hybrid screens, and others are likely to follow. Rabin3, 
a 50-kDa cytosolic protein, interacts with Rab3a and Rab3d but not with 
Rab2 or Rab3c (Brondyk et al., 1995). It interacts with wild-type Rab3a as 
well as the putatively GDP-bound T36N mutant. In this respect, Rabin3 
differs from the other putative Rab3a effector, Rabphilin3a. Rabin3 does 
not influence regulated secretion when overexpressed, and it has no effect 
on the GTPase activity and nucleotide exchange rate of Rab3a. Currently, 
the significance of the binding between Rabin3 and Rab3a remains unclear, 
but some structural features of Rabin3 are interesting: It contains an N- 
terminal coiled-coil region, like Rabaptin-5, and two short segments that 
show similarity to Sec2p, a cytosolic yeast protein that interacts genetically 
with Sec4p (Nair et aL, 1990). Although Rabin3 is unable to complement 
the lack of Sec2p in yeast, the possibility still remains that these two proteins 
have related functions. 

Both Ras and Rho GTPases interact with specific protein kinases in their 
active forms, and the GTP-bound form of Rab8 has also now been found 
to bind to a kinase, Rab8ip (Ren et al., 1996). Rab8ip is 93% identical to 
GC kinase, a threonineherine kinase, and it has been shown to possess 
this type of kinase activity. According to cell fractionation and immunoflu- 
orescence microscopy studies, Rab8ip is present in the cytosol, on mem- 
branes in the Golgi area, and at the basolateral plasma membrane of 
polarized MDCK cells. The localization of Rab8ip is thus reminiscent of 
that of Rab8, consistent with the idea that Rab8ip could be an effector of 
Rab8. Although functional data to support this are still lacking, it is tempting 
to speculate that Rab8ip may be recruited to Golgi membranes or post- 
Golgi vesicles by Rab8-GTP and thereafter catalyze the phosphorylation of 
SNARE proteins or other molecules involved in vesicle docking and fusion. 

Apart from the putative Rab effectors identified biochemically or by 
two-hybrid screening, a number of possible Rab effectors have emerged 
from genetic studies in yeast, although biochemical evidence for their direct 
interaction with Rab proteins is lacking. Such molecules are discussed in 
the following section. 

57 

V. Linkages of Rab GTPases to Other Components of 
the Membrane Transport Machinery 

A. SNARE Hypothesis of Vesicle Transport 

Association of the NSF required for most of the intracellular membrane 
fusion events depends on the SNAPS (Whiteheart and Kubalek, 1995; 
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Rothman, 1996). The search for the integral membrane receptor proteins 
for SNAPs led to the identification of the brain SNARE proteins (Sollner 
et aZ., 1993b), which turned out to be previously known components of the 
nerve terminal: the synaptic vesicle VAMP/synaptobrevin 1 and 2 proteins, 
and syntaxin as well as the SNAP-25 protein (synaptosomal-associated 
protein of 25 kDa) mainly localizing to the presynaptic plasma membrane 
(Siidhof et al., 1993; Bajjalieh and Scheller, 1995). According to the hypothe- 
sis put forward by Rothman (1994, 1996), complex formation between 
specific pairs of V-SNARES and t-SNARES plays a key role in determining 
the specificity of membrane docking/fusion events; the complex then func- 
tions as a core on which the general fusion machinery (SNAPs and NSF) 
is assembled. As predicted by this hypothesis, homologs of the neuronal 
SNAREs have been identified in a variety of nonneuronal mammalian cells 
as well as in lower eukaryotes. Furthermore, they are found involved in 
the different transport steps of the yeast exocytic pathway and on different 
membrane compartments of mammalian cells (Bennett and Scheller, 1993; 
Ferro-Novick and Jahn, 1994; Sollner, 1995). Currently, however, it seems 
that the SNARE proteins are not the sole components responsible for 
docking of transport vesicles on the correct target membrane, but rather 
the dockinglfusion events may require several “layers” of protein-protein 
interactions (Broadie et al., 1995; Barroso et al., 1995; Galli et al., 1995; 
Sapperstein et al., 1995, 1996). It has been suggested that the SNARE 
complexes could actually exert their function in the bilayer fusion event 
(Hayashi et al., 1994). The simple idea of specificity and directionality of 
transport events being determined by nonsymmetrical distributions of v- 
and t-SNARES has been undermined to some extent by the findings that 
synaptic vesicles and secretory granules contain both types of SNAREs 
(Koh et al., 1993; Schulze et al., 1995; Walch-Solimena et al., 1995; Tagaya et 
al., 1995,1996). Also, there are findings suggesting that in specific transport 
events such as apical exocytosis in epithelial cells the SNARE/NSF/SNAP 
might be substituted by a totally unrelated protein machinery (Ikonen et 
al., 1995). Furthermore, the precise stage in which the NSF and SNAP 
proteins are acting is under debate (Morgan and Burgoyne, 1995; A. Mayer 
et al., 1996). Nevertheless, because an increasing mass of experimental 
evidence supports the basic outline of the SNARE hypothesis-the 
role of these proteins as core components of the vesicle docking/fusion 
machinery-several groups are attempting to experimentally link the 
function of the Rab GTPases to that of the SNAREs. One can see how 
this thinking parallels the original model for Rab function presented by 
Bourne (1988): the SNAREs correspond to the hypothetical recogni- 
tion molecules suggested to reside on the transport vesicle and target 
membranes. 
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B. Interactions of Rabs and the SNARE Machinery in 
S. cerevisiae 

1. Genetic Interactions 

A major advantage of the yeast system is the potential of classical genetic 
analysis this unicellular eukaryote offers (Pryer et al., 1992; Schekman, 
1992). Various screens and selection schemes have been devised for the 
isolation of mutants defective in intercompartmental transport. Null or 
conditional lethal mutants have been widely used to search for suppressors 
of the phenotypic alterations observed. Typically, this approach has been 
employed to screen for genes that, when present in multiple copies, can 
suppress the defect in a mutant strain. On the other hand, interactions of 
genedgene products have been approached by so-called synthetic lethality 
experiments. Here, a combination of two mutations, neither of which is 
lethal alone in given circumstances, may turn out lethal, which is usually 
considered to be stronger proof for relatedness of functions than suppres- 
sion in a multicopy situation. 

Suppressor screens of the lethal yeast ypt2 deletion (Dascher et al., 1991; 
Ossig et al., 1991) revealed a group of SLY (suppressor of loss of YPTl) 
genes, two of which (multicopy suppressors SLY2 and SLY22) were found 
to encode proteins sharing a similar domain structure and limited homology 
with the VAMPhynaptobrevin proteins. The gene products were shown to 
function in ER to Golgi transport. SLY2 is identical to SEC22 (Novick et 
al., 1980; A. P. Newman et al., 1992b) and SLY12 is the same as BET2 
(Newman and Ferro-Novick, 1987; A. P .  Newman et al., 1992a) encoding 
another SNARE-type membrane protein. Both Sec22p and Betlp have 
been demonstrated to be components of a tentative ER to Golgi transport 
vesicle docking/fusion complex (Sogaard et al., 1994). Moreover, a third 
ER-Golgi interface SNARE protein is linked to these genetic interactions. 
Although overexpression of the Sly2plSec22p yields only very weak sup- 
pression of Yptlp loss, it is potentiated by coexpression of Boslp (Lian et 
al., 1994), a further V-SNARE protein involved in ER to Golgi trafficking 
in yeast (Shim et al., 1991; Lian and Ferro-Novick, 1993). Furthermore, 
Dascher et al. (1990) isolated a mutant form of a gene, called SLYl, as a 
single copy suppressor of ypt2 deletion. SLYl encodes an essential protein 
belonging to the family of Secl-related proteins that bind to syntaxin-type 
t-SNARES and thereby regulate SNARE complex assembly (Aalto et al., 
1992; Halachmi and Lev, 1996). The gain-of-function mutant allele identi- 
fied, slyl-20, could possibly encode a protein that is permanently in an 
“active” conformation that is normally induced (directly or indirectly) by 
Yptlp, thus bypassing the requirement for the GTPase. 

In the late secretory step from the Golgi to the yeast plasma membrane, 
the SEC9 gene encoding a yeast homolog of the neuronal SNAP-25 



60 VESA M. OLKKONEN AND HARALD STENMARK 

t-SNARE protein was found to effectively suppress a cold-sensitive effector 
domain mutation in the late secretory Rab gene SEC4 (Brennwald et al., 
1994), indicating that Sec9p is situated downstream on the effector pathway 
of the small GTPase. The authors, however, were unable to detect direct 
physical interaction between Sec4p and Sec9p. As shown for YPTl and 
SLY1 in the ER to Golgi transport step (see above), a genetic interaction, 
although weak, was also reported between SEC4 and SECl: Twofold over- 
expression of Sec4p was found to partially suppress the secl-l mutation 
(Salminen and Novick, 1987). These genetic findings clearly indicate that 
the functions of Rab GTPases are at least indirectly linked to that of the 
SNARE complexes in vesicle docking/fusion. 

Data by Sapperstein et al. (1996) suggest that Yptlp functions in the 
SNARE regulatory pathway downstream of or in conjunction with Usolp 
(Nakajima et al., 1991), a S.cerevisiae homolog of the mammalian p115/ 
TAP protein demonstrated to be required for the docking stage of several 
membrane transport events (Waters et al., 1992; Sapperstein et al., 1995; 
Barroso et al., 1995). The nature of the relationship between Yptlp and 
Usolp, however, is not known. Whether Usolp might have GAP or GEF 
(see Section IV,B) activities on Yptlp has not been investigated; the interac- 
tion between the proteins could be indirect via an as yet undiscovered 
factor(s). Alternatively, the two proteins could act in a “parallel” fashion 
to facilitate v-SNARE/t-SNARE complex formation. Sapperstein et al. 
(1996) present two possible (not mutually exclusive) models for the Yptlp 
regulation of SNAREs (Fig. 7). The GTPase could either facilitate the 
assembly of the v-SNARE/t-SNARE complex directly by activating v- 
SNAREs (Lian et al., 1994) or impact on Slylp to relieve an inhibitory 
effect of this Secl homolog on the SNARE complex assembly (Pevsner et 
al., 1994; Schulze et al., 1994). The latter model depicts a stimulating scheme 
in which the effect of Rab GTPases on SNARE complex assembly would 
be mediated through displacement of a Secl-related protein from syntaxin, 
allowing binding of the other SNAREs and activation of the recognition/ 
fusion complex. 

2. Role of Yptlp as a Regulator of SNARE Complex 

In addition to the genetic interaction data summarized in the previous 
section, more direct biochemical evidence for functional linkages between 
Rabs and SNARE proteins has been reported during the past few years. 
These reports deal with the role of Sxerevisiae Yptlp in formation of a 
complex between the V-SNARES functioning in ER to Golgi transport 
(Lian et al., 1994) and with the assembly of a tentative multimeric docking 
complex on the Golgi membranes (Sflgaard et al., 1994). Lian et al. (1994) 

Formation in ER to Golgi Transport 
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FIG. 7 Potential modes of action for Yptlp in the assembly of ER to Golgi SNARE complexes 
(redrawn from The Journal of Cell Biology, 1996,l32,755-767, by copyright permission of 
The Rockefeller University Press). (A) Yptlp may activate v-SNARES by affecting their 
conformation or oligomeric status. Usolp may be an upstream regulator of Yptlp or act in 
parallel with the GTPase in this process. (B) Yptlp may relieve the inhibitory effect that the 
Secl-related Slylp imparts on formation of a v-SNARE/t-SNARE complex. 

convincingly demonstrated that a complex of the V-SNARES Boslp and 
Sec22p failed to form on the transport vesicles in a y p t P  mutant strain at 
the restrictive temperature, suggesting that Rabs may regulate the oligomer- 
ization of the V-SNARE on the vesicles, a process that could be necessary 
for the SNARE function. No direct interaction between Yptlp and the 
SNARES, however, was detected, indicating that the effect of the GTPase 
may be indirect or very transient. Sogaard et al. (1994) identified a multi- 
meric protein assembly that was suggested to represent a vesicle docking 
complex in yeast cells in which ER to Golgi vesicle transport was blocked 
by a secl8'" mutation (SEC18 encodes a yeast homolog of the mammalian 
NSF). This complex consisted of the V-SNARES Boslp, Sec22p, and Ykt6p, 
the Golgi t-SNARE SedSp, and five other proteins including the Secl 
homolog Slylp, and Secl7p, a yeast counterpart of the mammalian a- 
SNAP. The complex could not be detected in yptl" mutant strains incubated 
at the restrictive temperature, leading to the interpretation that Yptlp 
controls the multimeric interactions between SNARE proteins required 
for vesicle targeting. The conclusion, however, is somewhat blurred by the 
fact that the authors were unable to construct a secl8 ypt l  double mutant. 
Nevertheless, these studies support the idea that Yptlp functions as a 
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regulator of SNARE complex assembly in the yeast ER to Golgi vesicle traf- 
ficking. 

C. 19.5s Complex and the Rab GTPases 

A strong genetic interaction between the S. cerevisiae SEC4 and SECl5 
genes affecting the late secretory step was first observed by Salminen and 
Novick (1987). The SECl5 gene was found to encode a hydrophilic protein 
associated with a yeast microsomal fraction by ionic interactions (Salminen 
and Novick, 1989). Overproduction of the protein resulted in disturbance 
of the secretion process and accumulation of secretory vesicle clusters. This 
effect was inhibited in a sec4" strain, indicating that Secl5p lies downstream 
of S e 4 p  in the regulatory pathway or that Secl5p may even be the target 
or part of the target of the small GTPase. Later, Secl5p was found to be 
a component of a large (19.5s) multisubunit complex consisting of at least 
eight polypeptides including the SEC6 and SEC8 gene products (Bowser 
et al., 1992; TerBush and Novick, 1995). The complex was found to localize 
to small bud tips, the sites of exocytosis in yeast. In addition to the interac- 
tions with SEC4, the genes encoding its components display interactions 
with the yeast late secretory SNARE genes SSOl, S S 0 2  (Aalto et al., 1993), 
and SEC9 (Brennwald et al., 1994). This may indicate that the 19.5s complex 
lies in the docking/fusion pathway between the Sec4 GTPase and the 
SNARES. Furthermore, Salminen and Novick (1987) observed a genetic 
interaction between SEC4 and SEC2, another gene affecting the intracellu- 
lar localization of SeclSp. Additionally, sec4'" mutations were found to 
display synthetic lethality with mutant alleles of several genes encoding 
components of the 19.5s complex, further corroborating the notion that 
the functions of the GTPase and the multisubunit complex are intercon- 
nected. The sequence of Sec8p may offer a clue regarding a possible func- 
tional interaction between the complex and Sec4p. A 202-amino acid do- 
main near the Sec8p N terminus shares 25% identity with the yeast adenylate 
cyclase. This specific region of the adenylate cyclase is known as the Ras- 
responsive element and may represent a site of direct contact with the Ras 
GTPase. The N-terminal region of Sec8p could, by analogy, interact with 
Sec4p, which through this interaction could control the function of the 
19.5s complex (Bowser et al., 1992). 

Given the similarities observed between the docking/fusion machineries 
throughout the eukaryotic kingdom (Bennett and Scheller, 1993; Ferro- 
Novick and Jahn, 1994), an equivalent of the 19.5s complex should also 
be found in mammals. Indeed, this is the case: Ting et al. (1995) reported 
the identification of mammalian Sec6 and Sec8 (rSec6 and rSec8) homolog 
proteins expressed ubiquitously in rat tissues. rSec8 was found to be part 
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of a 17s complex in the brain and colocalized in transfected COS cells with 
Rab3a and syntaxin 1A at patches along the plasma membrane. However, 
it is not known whether the 17s complex interacts with the Rab GTPases. 
In yeast no counterpart of the 19.5s complex has been found to be involved 
in the other intracellular transport events besides the post-Golgi exocytic 
step. This may indicate that the 19.5S/17S complex could be confined to 
the late secretory function. 

D. Studies on Yeast Vacuole Fusion: New Ideas on the 
Sequence of Events during the Docking/Fusion Process 

As judged from the data reviewed earlier in this section, it seems that 
the Rab GTPases should have a function upstream of the SNAREs and, 
according to the original SNARE hypothesis, also the general fusion pro- 
teins, NSF and SNAPs. Kinetic studies on regulated secretory events indi- 
cate that the ATPase activity of NSF is required in a priming step necessary 
for maintenance of fusion competence but not for the actual Ca2+-triggered 
fusion event (Morgan and Burgoyne, 1995). On the other hand, the ability 
of NSF to dissociate the synaptic SNARE complexes in vitro in the presence 
of SNAPs and Mg2+-ATP is well established (Wilson et al., 1992; Sollner 
et al., 1993a; Hayashi et al., 1995; Schiavo et al., 1995). Wickner and co- 
workers (A. Mayer et al., 1996) using an S. cerevisiae vacuole in vitro fusion 
assay, have achieved results that imply a very early role for NSF and 
SNAPs in the dockinglfusion process, which significantly deviates from that 
postulated by the SNARE hypothesis: The actions of Secl7p (yeast a- 
SNAP) and Secl8p (yeast NSF) seem to precede the step requiring the 
Rab GTPase Ypt7p (A. Mayer et al., 1996). Release of Secl7p from the 
vacuole membranes driven by the Secl8p ATPase activity seems to be 
crucial for fusion in this assay, and this can even precede vacuole docking 
because it can occur prior to mixing of the vacuoles. This result could imply 
that NSF is required for dissociation of “used” SNARE complexes and 
thus reactivation of the SNAREs for the next functional cycle. In addition, 
the SNAPs, which are capable of binding individual, undocked t-SNARES 
(Sollner et al., 1993a; Hayashi et al., 1995), could shield the t-SNARES from 
binding of their cognate V-SNARES. In this case, the activity of NSF would 
be required for making the t-SNARES accessible again for docking complex 
formation. Furthermore, a third possible function of NSF and SNAPs could 
be to facilitate exchange of binding partners of the SNAREs, which are 
also known to bind several other protein classes (Edelmann et al., 1995; 
McMahon et al., 1995; Halachmi and Lev, 1996). A. Mayer et al. (1996) 
show that the Rab GTPase Ypt7p can function only in vacuole fusion after 
Secl7p and Secl8p have acted on the (unknown) SNAREs involved, leaving 
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them in a distinct conformation or oligomeric assembly. Ypt7p could then 
act either to enhance the specificity of the reaction or to set the stage for 
the assembly of other components. 

w. Perspectives 

Since their first appearance on the scene of intracellular trafficking in 1987, 
Rab GTPases have rapidly established themselves as principal actors in 
membrane docking and fusion processes. A multitude of different Rabs 
have been identified and localized to distinct compartments in yeast and 
mammals, and many of them have been demonstrated to regulate specific 
transport processes. However, a number of questions remain to be ad- 
dressed before we can fully appreciate the beauty of the Rab regulatory 
cycle. 

First, do all Rab GTPases function principally in the same way? The 
limited sequence identity between distinct Rab GTPases (typically 30- 
40 %) actually suggests that distinct members of the Rab family may function 
in different ways. This is substantiated by the fact that the putative Rab 
effectors identified to date are highly divergent: Rabphilin3a (interacting 
with Rab3a and Rab3c) is a Zn2+-binding protein with Ca’+/phospholipid- 
binding C2 domains, Rabaptin-5 (interacting with Rab5) contains long 
coiled-coil regions, whereas Rab8ip (interacting with Rab8a) is a protein 
b a s e .  Ras and Rho GTPases bind multiple putative effectors in their 
GTP-bound state, and further studies will probably reveal that this also 
applies to the Rab GTPases. Moreover, overexpression of Rab8 leads to 
alterations in both microtubules and the actin cytoskeleton, whereas such 
effects have not been observed with other Rab GTPases. The consensus 
for Rab function thus appears to be that they act to recruit effector proteins 
to specific membranes in a GTP-dependent manner, and that this recruit- 
ment plays a role in membrane docking and fusion. However, although 
Rab3a-GTP inhibits membrane fusion, Rab5-GTP stimulates the process. 
It has therefore been proposed that the Rab GTPase subfamily could be 
divided into “inhibitory” and “stimulatory” subgroups (Lledo et al., 1994). 
Nevertheless, Rab proteins might have a common functional principle of 
promoting membrane docking, a prerequisite for fusion. The difference 
may be that some Rabs, such as Rab5, may display the single property of 
promoting membrane docking in their GTP-bound form, whereas others, 
such as Rab3a, may possess a dual activity (i) to promote vesicle docking 
in their GTP-bound form and (ii) to function as fusion clamps until the 
bound GTP is hydrolyzed. The ongoing identification of new Rab effectors 
and regulators will contribute to the clarification of this issue. 
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Second, how is the Rab regulatory function on the membrane docking/ 
fusion apparatus implemented? Indirect evidence suggests that Rab pro- 
teins serve to regulate the pairing of v- and t-SNARES, thus perhaps acting 
to determine the directionality of vesicle delivery. One may speculate 
whether Rab effectors could serve as regulators of SNARE function. Evi- 
dence for a functional link between Rab3a and the SNARE complex has 
recently come from Aplysiu neurons: The preinjection of a GTPase-deficient 
Rab3a mutant protein into these cells was found to protect them against 
tetanus and botulinum A neurotoxins, which cleave uncomplexed SNAREs. 
This suggests that Rab3a-GTP may stabilize the synaptic SNARE complex 
(Johannes et ul., 1996). In theory, the three Rab effector candidates identi- 
fied to date could regulate SNAREs in three different ways: Rabphilin3a 
binds phospholipids in a Ca2+-dependent manner and displays similarity to 
the SNARE-interacting protein synaptotagmin. This protein could thus 
confer calcium regulation on the function of the SNAREs. Rabaptin-5 
contains N- and C-terminal coiled-coil regions. Such regions are also found 
in v- and t-SNARES (Rothman, 1996), and one can envision that Rabaptin- 
5 may function to bring the v- and t-SNARE together by interacting with 
their respective coiled-coil regions. RabSip is a protein kinase, and it is 
very possible that a membrane-targeted kinase could control the action of 
SNAREs by phosphorylating them or other components involved in 
SNARE regulation. However, one cannot exclude the possibility that Rab 
GTPases and their effectors may operate independently of the SNAREs. 
For instance, Rab proteins and their effectors may cause weak or transient 
membrane-membrane interactions. Such interactions may kinetically favor 
the formation of SNARE complexes, even if there is no contact between 
Rabs or their effectors and the SNARE proteins. The identification of 
molecules interacting with Rab effectors during membrane docking/fusion 
should contribute to clarify the current vague picture of the Rab- 
SNARE relationships. 

Third, which molecules are acting upstream of the Rab proteins? It is 
already evident that the membrane association and presumably the function 
of some of the Rab GTPases is modulated by cell cycle-specific kinases 
during mitosis and by growth factor activated kinases during interphase. 
Perhaps phosphorylation is a general way of modulating the activity of Rab 
GTPases according to the specific needs of the cell. Such phosphorylation 
might explain the occurrence of seemingly redundant Rab isoforms. For 
instance, Rab4a contains a phosphorylation site for ~ 3 2 ~ ~ ’  kinase, whereas 
its isoform Rab4b lacks this site. This opens the possibility for a differential 
regulation of the two proteins during the cell cycle, and differences in 
phosphorylation between Rab isoforms could offer a general means of fine- 
tuning Rab function at specific developmental or metabolic stages. In the 
case of Ras, it is well established that its GTPlGDP cycle and hence its 
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function can be modulated by external factors, such as growth factors and 
hormones. Could the same apply to Rab proteins? This is not unlikely 
because external factors do affect intracellular transport processes (Sato et 
al., 19%). Future studies will reveal if the GTPase activity or nucleotide 
exchange rates of Rabs are affected by the binding of external signaling 
molecules to their receptors and if there is indeed such a tie between signal 
transduction and the machinery of membrane traffic. 

Fourth, will the study of Rab GTPases lead to the discovery of even 
more intricate routes of intracellular traffic than those known to date? It 
has been amazing to see how the number of different mammalian Rabs 
has increased, currently amounting to more than 40 members. The high 
number of different Rabs most probably reflects the high number of intra- 
cellular trafficking events taking place in the cell. It is becoming evident 
that compartments such as the Golgi complex and the early endosome in 
fact consist of several functional subdomains (Rothman and Warren, 1994; 
Hopkins, 1992; Gruenberg and Maxfield, 1995), and multiple Rabs may 
be required to ensure specific vesicle delivery between such subdomains. 
Adding to the complexity of intracellular trafficking routes is the new 
discovery of cognate apical and basolateral pathways in even nonpolarized 
cells (Yoshimori et al., 1996). Therefore, although at first glance it may 
seem confusing that early endosomes contain several distinct Rabs, such 
as Rab4, RabS, Rab18, Rab20, and Rab22, their existence may give us a 
clue to a functional subcompartmentalization of this organelle. 

Fifth, what is the importance of Rab GTPases in development and physi- 
ology? To date, almost all functional studies on Rab proteins have been 
carried out on cells in culture. However, given the essential role of Rab 
GTPases in membrane traffic, and the crucial role of membrane traffic in 
cell shape, polarity, and migration (Eaton and Simons, 1995; Simons, 1993), 
one would expect Rab GTPases to be fundamental regulators of develop- 
mental and physiological processes. In order to study this, it is obviously 
necessary to extend from cell culture experiments to those involving multi- 
cellular organisms. The use of organisms readily amenable to genetic manip- 
ulation, such as Caenorhabditis elegans and Drosophila melanogaster, will 
undoubtedly shed light on Rab function in development. Unfortunately, 
the only mammalian Rab gene knockout, that of Rab3a, resulted in no 
striking phenotypic alterations (see Section III,B,4).This result, combined 
with the fact that many Rab GTPases have isoforms that may be function- 
ally redundant, may discourage researchers from initiating new labor- 
consuming gene knockout experiments. On the other hand, gene knockouts 
in yeast show that some, but not all, Rabs are essential, and with increased 
experience from cell culture experiments it should be possible to design 
knockout experiments that have a good chance of yielding a scoreable 
phenotype. Moreover, the expression of dominant interfering Rab mutants 
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in transgenic mice at specific developmental stages and the application of 
antisense technology should help us to further delineate the function of 
Rab GTPases in the living animal. 
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Lignification in Plant Cell Walls 

A. Ros Barcelo 
Department of Plant Biology, University of Murcia, E-30100 Murcia, Spain 

Cell wall lignification is a complex process occurring exclusively in higher plants; its 
main function is to strengthen the plant vascular body. This process involves the 
deposition of ill-defined phenolic polymers, the so-called lignins, on the extracellular 
polysaccharidic matrix. These polymers arise from the oxidative coupling of three 
cinnamyl alcohols in a nonrandom reaction, in which cell wall polysaccharides appear to 
influence the freedom of cinnamyl alcohol radicals, giving rise to a highly orchestrated 
process. This review is focused on the most recent advances in the chemical, 
biochemical, cytological, physiological, and evolutive aspects of cell wall lignification. As 
we shall see throughout this review, there are still some open questions to be answered 
which may serve as the basis of future endeavors. 

KEY WORDS: Cell walls, Lignins, Lignification, Gymnosperms, Angiosperms. 

1. Introduction 

Lignins (from the Latin lignum: wood) are complex cell wall phenolic 
heteropolymers covalently associated with both polysaccharides and pro- 
teins. Lignins have been identified in pteridophytes, widely considered to 
be the first vascular plants, and are likely to have played a key role in the 
colonization of the terrestrial landscape by plants in the early Devonian 
period, 400 to 450 million years ago (Lewis and Davin, 1994; Wallace and 
Fry, 1994). The deposition of lignins in the cell walls of higher terrestrial 
plants provides rigidity and structural support to the aerial axis. In xylem 
vessels, lignins contribute to resistance of the tensile forces of the water 
columns they contain, also imparting water impermeability. However, the 
impact of lignin quantity and quality on the chemical, physical, and mechani- 
cal properties of the cell wall remains to be evaluated. 
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The ability to synthesize lignins is also considered to be a mechanism of 
disease resistance (Vance et al., 1980) and has often been proposed as a 
possible initial selection pressure in favor of plants with lignified structures 
during the evolution of land flora. Likewise, it has also been suggested 
(Trenck and Sandermann, 1981) that the copolymerization of toxic xenobi- 
otics with lignins may be an effective form for inactivating (andor immobi- 
lizing) these dangerous metabolites. Thus, in all senses, the acquisition of 
lignified cell walls by land plants must be considered a major step in their 
evolution and adaptation to the earth. 

Lignins represent the second most abundant organic compound on the 
earth’s surface after cellulose and account for about 25% of the plant 
biomass (Higuchi, 1990). They occur in greatest quantity in the secondary 
cell walls of particular cells which form parts of woody tissues, such as 
fibers, xylem vessels, and tracheids. In smaller quantities, lignins are also 
located in the peridermaUendodermal cell layers, where they play a protec- 
tive role, forming part of the suberin. However, there is a strong contrast 
between the abundance of these phenolic polymers and what we really 
know about them. 

Lignins are amorphous and apparently optically inactive heteropolymers 
which result from the oxidative coupling of the three cinnamyl alcohols 
(Fig. l),  p-coumaryl, coniferyl, and sinapyl alcohol, giving rise within the 
lignin polymer to H (hydroxyphenyl), G (guaiacyl), and S (syringyl) units, 
respectively. Lignins exhibit a high degree of structural variability, which 
depends not only on the species and tissue but also on the cell type. This 
heterogeneity mainly concerns the relative proportion of the three constit- 
uent monomers, different types of interunit linkages, and the occurrence 
of nonconventional phenolic units within the polymer (Lapierre, 1993; 
Monties, 1985). 

There are several unanswered questions concerning the lignification pro- 
cess and the metabolic pathway which leads from primary metabolism to 
lignins. In fact, many of the uncertainties in the order and mechanisms of 

OH OH OH 

1 2 3 
FIG. 1 Structure of p-coumaryl alcohol (l), coniferyl alcohol (2), and sinapyl alcohol (3). 
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the pathway discussed by Neish (1968) still exist today. At this point, it is 
necessary to remember the observation made by Sederoff et al. (1994), who 
emphasized that there is no single tissue or single plant species in which 
the entire pathway of lignin biosynthesis has been completely characterized. 
Rather, our actual knowledge has been inferred from studies of specific 
steps in evolutionarily diverse plant species. 

Nevertheless, this knowledge has been sufficient to allow the characteriza- 
tion of several genes involved in the biosynthesis of lignins. This situation 
has stimulated several research programs aimed at modifying the lignin 
profiles of cultivated plants through genetic engineering, since lignins hinder 
efficient use of the plant biomass in the pulp and paper industry, and in 
animal husbandry, where crops are used as forage. Some of the correspond- 
ing strategies, which principally involve the down-regulation of specific 
genes which seem to control the quality or quantity of lignins, have been 
reviewed by Dean and Eriksson (1992), Boudet et al. (1996), and Boudet 
and Grima-Pettenati (1995). 

It is the intent of this review to summarize some of the most recent data 
and to revise some basic concepts to help understand the recent progress 
made in several areas of cell wall lignification. Since extensive reviews have 
recently been published on various aspects of cell wall lignification (Higuchi, 
1990; Lewis and Yamamoto, 1990; Whetten and Sederoff, 1995; Boudet et 
al., 1995; Douglas, 1996), this review will confine itself to highlighting some 
of the most up-to-date results which are particularly significant and which 
may represent the basis for future endeavors. 

II. Nature, Composition, and Distribution of Lignins 

One of the main problems in studying the nature of lignins is the difficulty 
derived from their chemical analysis. In contrast to other polymers found 
in plant cell walls, a complete analysis of lignin structure has not been 
carried out. This is due to the fact that there is no existing analytical method 
which can provide a complete picture of the structure and, as mentioned 
by Boudet et al. (1996), it is unlikely that such an analytical method will 
be available in the near future. Our actual knowledge of lignin structure 
comes from introspection using many methods based on very different 
principles, which will be briefly described below (see 111). 

Lignins occur in cell walls of true vascular plants, ferns, and probably in 
club mosses, although there is some controversy in the last case (Lewis and 
Yamamoto, 1990). However, they are absent in those mosses, algae, and 
microorganisms which have no tracheids (Wardrop, 1971; Lewis and Yama- 
moto, 1990). From the botanical standpoint, the phenomenon of lignifica- 
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tion is essentially associated with development of the vascular system in 
the plant body. 

Lignins are a complex hydrophobic network of phenylpropanoid units 
resulting from the oxidative coupling of one or more of the three types of 
cinnamyl alcohols (Fig. 1). Phenylpropane units are interconnected in lig- 
nins by a series of ether and carbon-carbon linkages, in various bonding 
patterns (Higuchi, 1990), leading to the following main substructures (Fig. 
2): guaiacylglycerol-p-aryl ether, phenylcoumaran, diarylpropane, resinol, 
biphenyl, and diphenyl ether, as well as others of minor importance. 

The most frequent inter-unit bonds, p-0-4, are present in guaiacylglyc- 
erol-a-aryl ether substructures and are the targets of most lignin depolymer- 
ization processes. In contrast, other bonds, such as p-5 (in phenylcoumaran), 
p-1 (in diarylpropane), p-p (in resinol), 5-5 (in biphenyl), and 5-0-4 (in 
diphenyl ether) interunit bonds, are very resistant toward degradation. 
Besides these main inter-unit linkages, there are minor ones, such as the 
p-6 bonds of phenylisochroman structures, or the noncyclic benzyl ether 
bonds, a-0-4 (Lapierre et al., 1995). It is noteworthy that controversy still 
exists as to whether 0-1 bonds and the noncyclic a-0-4 benzyl-aryl ethers 

HO HO 
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FIG. 2 Principal bonding patterns between the phenolic units in native lignins: 
guaiacylglycerol-0-aryl ether (a), phenylcoumaran (b), diarylpropane (c), resinol (d ), biphenyl 
(e), and diphenyl ether (f). The pino-, medio-, and syringa-resinol structures involve 2G, 1G/ 
lS, and 2s units. R H or OCH3. 
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are inter-unit linkages that are present in substantial or trace amounts in 
lignins. The prevailing idea is that both p-1 and a-0-4 substructures are 
mainly artifacts of isolation procedures (Ede and Brunow, 1990). 

On the other hand, the fact that the three-monomer constituents of 
lignins differ as to the extent of their methoxylation (Fig. 1) means that a 
variety of substructures may be formed during polymerization. Thus, at 
the chemical level, lignins are ill-defined polymers whose monomeric com- 
position is strongly variable as is the nature of their inter-unit linkages. 
This means that the expression “lignins” is preferable to the use of “lignin,” 
since a great diversity of chemical structures probably exists within natural 
lignins (Boudet et al., 1995). 

By far, the greatest proportion of lignins found in vascular plants is 
deposited in cell walls of a limited number of cell types, such as tracheids, 
vessel elements, xylem and phloem fibers, and sclereids, with the nature 
of lignins differing according to cell type. For example, guaiacyl lignins 
predominate in the xylem of Arabidopsis stems, while adjacent, heavily 
lignified sclerenchyma cells contain mainly syringyl lignins (Chapple et 
al., 1992). 

Lignins may also vary within a given cell wall. In fact, lignin heterogeneity 
is regulated during secondary cell wall deposition to form layers of lignins 
that can differ both in the amount and in the average monomer composition. 
Thus, in xylem cell walls from conifers (Donaldson, 1985b), the lignin 
concentration in the secondary thickening is 16-27% (v/v), while the cell 
corner and middle lamella have a lignin content of 3 8 4 8 %  (v/v). Further- 
more, lignins deposited in the middle lamella and the cell corners are rich 
in H units, while G lignins, which are the predominant type, are deposited 
in both the middle lamella and the secondary thickening (Terashima and 
Fukushima, 1989). 

A. Differences between Gymnosperms and Angiosperms 

The most distinctive variation in lignin content and lignin monomer compo- 
sition in vascular plants is that found between the two main subphyla of 
spermatophyta. Thus, in gymnosperms, lignins are typically composed of 
G units with a minor proportion of H units, while in angiosperms lignin is 
mainly composed of G-S units (Higuchi, 1990). However, caution should 
be exercised in defining lignin composition as a function of taxonomy. For 
example, there are some gymnosperms in which S moieties predominate 
and some angiosperms in which lignins are principally of the G type (Lewis 
and Yamamoto, 1990). 

In the case of Gramineae, Ralph etal. (1994a) have detected the presence 
of significant amounts of esterified p-coumaric acid in lignins. These data 
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suggesting the existence of possible ester and ether linkages of p-coumaric 
acid in gramineae lignins led Billa et al. (1996) to propose the occurrence 
of a G-S core in straw lignins, analogous to standard angiosperm lignins, 
onto which H derivative units are grafted in structures which are character- 
ized by their differing susceptibility to degradation. Thus, during the course 
of evolution the chemical complexity of lignins may have increased from 
pteridophyte and gymnosperm lignins to grasses, the most developed plants, 
whose lignins appear to show the most complex composition. 

Angiosperm and gymnosperm lignins not only differ in the relative 
amount of S/G units, but also in the abundance of the inter-unit bonds 
within the core lignin network. Thus, using thioacidolysis, Lapierre et al. 
(1995) have elegantly shown that lignins of woody angiosperms analyzed 
so far differ in the proportion of lineal lignin fragments linked through p- 
0-4  bonds from those found in woody gymnosperms and grass straws. Thus, 
whereas 60-65% of the C6C3 building blocks are essentially represented by 
p-0-4 bonds in woody angiosperm lignins, only 30% are so represented in 
gymnosperm lignins, and the percentage is even lower in grass lignins. 
Therefore, woody gymnosperm lignins are more highly branched through 
carbon-carbon inter-unit linkages than woody angiosperm lignins. 

The determination of lignin-derived dimers in conifer lignins revealed 
that they were representative of the 5-5, p-5,p-L and 4-0-5 bonds, whereas 
pinoresinol-derived dimers (p-p) were present in negligible amounts (La- 
pierre el d., 1991). In the case of angiosperm lignins, the dimers recovered 
were principally representative of the p-1 and syringaresinol (p-p) struc- 
tures (Nimz, 1974; Lapierre, 1993). Results obtained for native grass lignins 
have revealed (Lapierre, 1993) that the relative frequencies of the various 
recovered dimers are similar to the frequencies shown by angiosperm lig- 
nins, the most abundant dimers being representative of the 0-1 and syringa- 
resinol bonding patterns, followed by 0-5 dimers and those arising from 4- 
0-5 and 5-5 bonds. 

With regard to the terminal phenolic building blocks, it has been observed 
(Lapierre et al., 1995) that H, G, and S units are not evenly distributed 
at the periphery or inside the core lignin network. In fact, among the 
uncondensed lignin structures, it has been found that about 90% of the H 
units in grass and compression wood lignins are terminal units with free 
phenolic groups. These results are in accordance with those described by 
Nose et al. (1995), who demonstrated that the incorporation of H units 
into the growing lignin polymer in Pinus taeda suspension cell cultures 
occurs later. 

Finally, all these structural features of native lignins point to a highly 
controlled polymerization process. This process apparently gives rise to a 
structurally ordered polymer, predominantly composed of lineal p-0-4 
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linked fragments, and with a nonrandom distribution of the H, G, and S 
building blocks (Lapierre et al., 1995). 

B. Lignan and Other Lignin-like Compounds 

Lignans and neolignans [(neo)lignans] are products which result from the 
oxidative coupling of two cinnamyl alcohols (and/or cinnamic acids), al- 
though other oligomeric forms can also exist (Lewis and Davin, 1994). 
Typically, they are found inplunta as single enantiomeric forms, but racemic 
products are also encountered. Lignans are usually defined as phenylpropa- 
noid units interconnected via p-p carbon-carbon linkages and, in this bond- 
ing pattern, they differ from neolignans, which are interconnected via link- 
ages other than p-p (e.g., 0-3, p-1, p-0-4, p-5, 3-0-4, etc.). 

Some of the simplest and most abundant (neo)lignans (dehydrodic- 
oniferyl alcohol, pinoresinol, syringaresinol, and guaiacylglycerol-P-0- 
coniferyl alcohol ether; Fig. 3) have structures found as building blocks in 
natural lignins, and there is no clear line of demarcation, in terms of either 
molecular size or structure, between oligomeric (neo)lignans and lignins 
(Lewis and Davin, 1994). This situation is accentuated by the fact that 
certain lignans (e.g., pinoresinol), and neolignans (e.g., dehydrodiconiferyl 
alcohol), are formed by the action of either laccase or peroxidase on coni- 
feryl alcohol, although other uncharacterized cell wall oxidases (Davin et 
al., 1992; Savidge and Udagama-Randeniya, 1992; McDougall et al., 1994b) 
have also been reported as being involved in this process. It is worth noting 
that, in cases where the optical nature of products of the peroxidase (or 
laccase)-mediated reactions has been characterized, these products consti- 

OH 
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FIG. 3 Structures of the lignan guaiacylglycerol-/3-O-coniferyl alcohol ether (4) and of 
the neolignans dehydrodiconiferyl alcohol (5), pinoresinol (6; R H), and syringaresinol 
(6; R OCH3). 
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tute a mixture of 50% of each enantioisomer. In other words, they are ra- 
cemic. 

In spite of the fact that lignins are generally considered to be racemic, 
whereas (neo)lignans are generally optically active, (neo)lignans, such as 
pinoresinol, dehydrodiconiferyl alcohol, guaiacylglycerol-P-0-coniferyl al- 
cohol, and syringaresinol, are often viewed as intermediaries, coupling 
forms of cinnamyl (coniferyl and syringyl) alcohols, which may undergo 
further polymerization by peroxidases to give lignins. Thus, it is worth 
noting that in P. taedu suspension cell cultures (SCCs) (Nose et al., 1995), 
the scavenging of H202 blocks the formation of (neo)lignans (dehydrodi- 
coniferyl alcohol, guaiacylglycerol-p-0-coniferyl alcohol, and pinoresinol, 
among others), and the simultaneous deposition of cell wall lignins, without 
affecting laccase activities or the level of the precursor (i.e., coniferyl alco- 
hol). These results suggest that the formation of these (neo)lignans (and 
therefore of lignins) is exclusively mediated by a H202-consuming reaction 
and that these compounds may be used as building blocks for the synthesis 
of lignins. 

Other specific types of (neo)lignans are those derived from dehydrodifer- 
ulic acid, particularly those arising from p-5, p-0, 0-0-4, 4-0-5, and 5-5 
radical coupling. These have been identified in grasses (Ralph et al., 1994b) 
and conifers (Sanchez et al., 1996) and appear to be involved in the cross- 
linking of hemicelluloses and pectins through ester bonds. It is worth noting 
that these products, similar to those derived from cinnamyl alcohols, are 
products typical of peroxidase-catalyzed reactions (Frias et al., 1991; Wal- 
lace and Fry, 1994). It has been hypothesized (Lewis and Yammamoto, 
1990) that these dehydrodimers, together with ester-bound single cinnamic 
acids, may act as anchoring sites for lignins in the cell wall polysaccha- 
ride matrix. 

111. Lignin Detection and Analysis 

Lignin analysis is generally an arduous labor due to the size, insolubility, 
and multiplicity of the functional groups and bonding patterns occurring 
in natural lignins. This means that, in order to unravel lignin structure, 
several analytical techniques must be used in combination. Obviously, the 
lack of a single analytical tool providing a complete and unequivocal picture 
of lignins makes the synergistic combination of such methods the only 
realistic approach to detect and to unravel the complex and heterogeneous 
nature of the lignin network. 

On the other hand, because of the intractable nature of cell wall lignins, 
much of our actual knowledge of lignin structure comes from the character- 
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ization of lignin-derived monomeric, dimeric, and trimeric fragments re- 
leased during solubilization procedures. It must be admitted, therefore, 
that although various pieces of the puzzle are known, they do not yet make 
up a clear picture of cell wall lignins although, from the plethora of products 
identified, various tentative schemes for lignin structure(s) have been pro- 
posed (Lewis and Yamamoto, 1990). 

A. Histochemical and Cytochemical Probes in 
Lignin Detection 

Since lignins have an extraordinarily high number of chemical functional 
groups they react with many different histochemical reagents to produce 
a vast array of colored products. The most commonly used histochemical 
tests are the toluidine blue 0 test, Wiesner’s test (specific for cinnamalde- 
hyde groups), and Made’s reaction (specific for syringyl groups) (Strivas- 
tava, 1966). The most commonly used cytochemical probes for lignin detec- 
tion are the stain with KMn04 and Coppick and Fowler’s reaction 
(Czaninski, 1979). 

6. Lignin Determination 

Quantitative determinations of lignins may be achieved by various direct 
and indirect methods. The most widely used direct chemical methods in- 
clude the preparations of “Klason lignins” and “thioglycolate lignins” (Ef- 
fland, 1977). Spectrophotometric methods, such as the acetyl-bromide 
method (Johnson et al., 1961; Iiyama and Wallis, 1988), which consists of 
the solubilization of lignins with acetyl bromide in glacial acetic acid, are 
only valuable with lignified cell walls of tissues (such as those derived from 
legumes and brassicas) that do not contain significant amounts of ester- 
bound cinnamic acids. Nevertheless, some protocols designed to avoid this 
interference when using grasses have been described (Morrison and 
Stewart, 1995). 

The quantitative determination of lignins may also be made in sifu by 
microscopy. The techniques most commonly used include UV microscopy 
(Scott ef al., 1969), which is based on the blue autofluorescence of lignins 
when they are illuminated with UV light, interference microscopy (Donald- 
son, 1985a), and bromination in conjunction with energy-dispersive X-ray 
analysis (Saka et al., 1978). These techniques have the advantage over 
conventional microchemical methods in that not only the lignin content 
but also variations in lignin deposition may be studied through the primary 
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and through several layers of the secondary cell wall, something that can 
hardly be done by microchemical analysis. 

C. Determination of the Lignin Monomer Composition 

Methods to ascertain both the nature and the monomer composition of 
lignins include chemical and physical methods. The best method for ascer- 
taining the presence of lignins in isolated cell walls, and their monomer 
composition, is chemical degradation. This can be achieved by nitrobenzene 
oxidation (Iiyama and Lam, 1990), permanganate oxidation (Erikson et al., 
1973), acidolysis (Lundquist and Kirk, 1971), and thioacidolysis (Lapierre, 
1993) and provides a relatively easy and reliable procedure for qualitatively 
determining both the monomer composition and the inter-unit bonds. 
Chemical degradation of lignins results in products of low molecular weight, 
and from their amount and nature, one may obtain structural information 
about the units which make up the polymer. However, the main disadvan- 
tage of chemical degradation is that it only allows us to characterize the 
less condensed regions of lignins. 

Alkaline nitrobenzene oxidation was introduced by Freudenberg et 
al. (1940) and represents a reference method which is still one of the 
most frequently used for the characterization of the monomer composi- 
tion of lignins. It consists of treating lignified cell walls with nitroben- 
zene in a NaOH solution. H, G, and S units of lignins are released as p -  
hydroxybenzaldehyde, vanillin, and syringaldehyde, respectively. The 
production of these aldehydes is a good indicator that lignin is present, 
and they can be easily identified and quantified by HPLC (Billa et al., 
1996). The main problem associated with this method is that other cell wall 
phenolics, such as p-coumaric acid and ferulic acid, which are especially 
important in the cell walls of Gramineae, may interfere, since they are 
also oxidized to benzaldehydes. Likewise, alkaline nitrobenzene oxidation 
causes the shortening of lignin side chains and thus fails to provide informa- 
tion on their functionality and interconnections. 

The best method for determining lignin monomer composition and the 
nature of most C-C and C-0-C bonds is thiacidolysis (Lapierre, 1993). This 
method consists of solvolysis of lignins in dioxane/ethanethiol, the target 
being the H, G, and S lignin units bound by labile p-0-4 bonds. Thus, 
only lignin units of the arylglycerol-0-aryl ether type are susceptible to 
thioacidolysis cleavage, and they afford C6C3 phenylpropane monomers 
with thioethylated side chains. These units, which are the structures most 
typical of native lignins, give rise to thioethylated H, G, and S monomers, 
with a high reaction yield. 
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Compared to alkaline oxidation, thioacidolysis provides more informa- 
tion on the core lignin structure, without interference from other cell wall 
phenolics. However, the monomer yield from alkaline nitrobenzene oxida- 
tion is higher than that from thiacidolysis. In fact, in the former case, 
monomers originate not only from p-0-4 uncondensed C6C3 units, but also 
partly from those involved in p-5, p-1, and p-p inter-unit bonds (Iiyama 
and Lam, 1990). 

Recent developments of thioacidolysis involve methylation of lignin-free 
phenolic groups prior to thioacidolysis, which is performed to specifically 
characterize the terminal 0-0-4 linked units that contain free-phenolic 
groups (Lapierre, 1993), and a further desulfurization step after the depo- 
lymerization step (Lapierre, 1993), through which a series of lignin-derived 
dimers, representative of the main condensed bonding patterns of native 
lignins, may be recovered and identified. This monomer and dimer analysis 
enables about 50-70% of native lignins to be characterized (Lapierre, 1993). 
Thioacidolysis has often been successfully used to estimate H and G units 
in grass lignins in which, due to the interference of p-coumaric and ferulic 
acid units, other methods (such as 13C-NMR, analytical pyrolysis, and nitro- 
benzene oxidation) have failed. 

Physical methods, such as analytical pyrolysis (Py), for ascertaining the 
presence of lignins and their monomer composition in isolated cell walls, 
are based on the thermal flash degradation of nonvolatile lignin material 
into a volatile degradation mixture in which, after separation by gas chroma- 
tography (GC), the individual components may be identified by mass spec- 
trometry (MS) (Lapierre, 1993). The on-line Py-GC-MS profiles are molec- 
ular fingerprints of the lignin sample. To interpret these spectra, diagnostic 
ion markers of lignin units and components have been identified (Ralph 
and Hatfield, 1991). 

D. Probing Lignin Structure in Sku 

For most of the analytical techniques used to probe lignin structure, an 
indispensable preliminary step is the solubilization of lignins or of their 
fragments from cell walls. However, no method is capable of isolating 
lignins in their intact state. Most soluble lignin preparations, such as milled 
wood, dioxane, and kraft lignins, can only be obtained by vigorous cell wall 
treatment and, for this reason, they cannot be considered either qualitatively 
or quantitatively as representative of native lignins. 

To date, the only available nondisruptive methods for investigating lignin 
structure are those involving the use of spectroscopy: NMR and Raman 
spectroscopy. These techniques may be used with soluble lignins and, poten- 
tially, with native lignins, since information may also be recovered from 
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the solid state (i.e., native lignified cell walls). This is the case with Raman 
spectroscopy (Atalla and Agarwal, 1985). Nevertheless, although this tech- 
nique arose from the need to explore the molecular cell wall architecture, 
its usefulness for studying lignin structure in situ has lessened with time. 
This may be due to the fact that the main problem in using these techniques 
is that the information recovered from the spectra is restricted by the 
inherent broad signals and by the overlapping of a great number of peaks. 
In the case of NMR spectroscopy, the joint use of one-dimensional and 
two-dimensional multipulse techniques partly avoids the problem of peak 
overlap and simplifies spectral assignment (Ede and Brunow, 1990). 

MR spectroscopy, and particularly 13C-NMR spectroscopy, of lignins may 
be performed both in solution (Ludemann and Nimz, 1973) and in solid 
state (Maciel et al., 1985). 13C-NMR spectroscopy constitutes a valuable 
tool in determining the type and amount of monomer building lignin units, 
the type of key functional groups, as well as for tracing the main C-C (or 
C-0-C) bonds (Lapierre, 1993). 

One limitation of the technique is its low sensitivity, since it requires a 
large amount of sample, which in most cases hinders its solubility in NMR 
solvents. However, the rapid advances made in NMR instrumentation and 
sample preparation have permitted the creation of new NMR strategies 
for unraveling the complex spectra of lignins. This is the case in 31P-NMR 
spectroscopy, both in solution and in solid state (Argyropoulos, 1995), 
in which lignins are phosphitylated with 1,3,2-dioxaphospholanyl chloride 
before the 31P signal is analyzed. 

IV. Model Systems for Studying Cell Wall Lignification 

One of the most attractive models for studying cell wall lignification, as 
well as the metabolic and cytological changes associated with it, is to follow 
the pattern of vascular differentiation in stems and roots (Gahan, 1981). 
In these organs vascular development involves, in the first instance, the 
formation of procambium and, second, the overt cytodifferentiation of 
these procambial cells into lignifying xylem elements (vessels and fibers), 
and phloem elements (Fukuda, 1996). In axillary shoots, procambium and 
xylem elements are thought to differentiate acropetally, while the direction 
is basipetal in adventitious buds (Shininger, 1979). In the case of roots, the 
formation of lignifying tracheary elements (TEs) always follows a continu- 
ous acropetal sequence, and its advantage over the use of shoots is that 
there are no complications with terminal appendages. Therefore, roots 
are geometrically simple organs which show, in a true linear sequence, 
progressive stages of xylem element differentiation and lignin deposition, 
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so that TEs which differ as to the extent of cell wall lignification are arranged 
linearly from the meristem to the mature root region. 

The biosynthesis of lignins is developmentally activated in specific tissues 
and cell types, such as xylem elements during vascular development (see 
above), but can also be activated in response to many environmental factors 
such as pathogen infection of cells that normally do not accumulate lignins 
(Vance et al., 1980; Nicholson and Hammerschmidt, 1992). From this point 
of view, lignin genes which are transcriptionally silenced in certain cell 
types may be activated in response to fungal and bacterial elicitors, so that 
this system constitutes a special and valuable model for studying the nature 
of lignin-gene transcription regulating factors. 

To date, the role of lignins in defense mechanisms has been considered 
to be of less importance than the role that they play in mechanical support 
and conduction. However, the synthesis of lignin-like compounds in re- 
sponse to microbial attack in charophycean green algae (Delwiche et al., 
1989), the presumed predecessors of land plants, suggests that the original 
role of lignins may indeed have been a defense-type reaction. 

The chemical nature, regulation of spatial deposition, and the molecular 
mechanism involved in gene activation of disease-induced lignins are, at 
present, poorly understood. However, it appears evident that disease- 
induced lignins differ from constitutive lignins in their monomeric composi- 
tion, which is also dependent upon an individual plant/pathogen interaction. 
Thus, whereas resistance in cucurbit leaves is associated with the deposition 
of enriched H lignins (Hammerschmidt et al., 1985), resistance in wheat 
leaves is associated with the deposition of enriched S lignins (Southerton 
and Deverall, 1990). 

Suberization, whether induced or not, of certain plant tissues may also be 
considered a model system for studying some aspect of cell wall lignification. 
Thus, detailed morphological and histochemical studies (see Kolattukudy, 
1984) point to the existence of a lignin network within the suberin layer 
constitutive present in endodermal cells or formed in response either to 
mechanical wounding or to pathogen infection. 

Suberin is a complex heteropolymer composed of aromatic and aliphatic 
domains (Kolattukudy, 1984). Although the phenolic (aromatic) core in 
suberized tissues resembles lignins with regard to histochemical staining 
and oxidation products, the structure of the phenolic core has remained 
obscure until recently. In 1984, Kolattukudy proposed a tentative model 
for the aromatic moiety of suberin in which H, G, and S units were intercon- 
nected by typical p-0-4 bonds. However, recent results suggest that al- 
though G and S units in suberin are involved in 0-0-4 bonds, no H homolo- 
gous compounds may be detected (Borg-Olivier and Monties, 1993; 
Lapierre et al., 1996). Furthermore, when the nature of lignin-derived 
dimers involving G and S units was studied, it was concluded that the rel- 
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ative proportion was different from that observed in angiosperm lignins. 
Thus, the yield in the p-0-4 linked G and S units was about one-tenth 
of that obtained from xylem lignins (Lapierre et al., 1996), whereas the 
yield of 4-0-5 (G-G and G-S) and 5-5 (G-G) interlinkedunits was somewhat 
greater (Lapierre et al., 1996). These results suggest that the aromatic 
(lignin-like) domain of suberin shows a higher degree of cross-linking than 
that of wood lignins. 

Studies on inducible lignification in SCCs have provided new insights 
into our knowledge of lignin biosynthesis. Thus, SCCs can be induced by 
a variety of stimuli to proceed through temporally controlled metabolic 
and developmental programs that conclude in the formation of single-cell- 
derived vascular TEs. The best characterized cell culture system used to 
study lignification is that derived from isolated Zinnia mesophyll cells. 
Zinnia mesophyll cultured cells can be induced to differentiate into cells 
resembling TEs in a medium containing suitable auxin and cytokinin levels 
(Church, 1993). 

Cytological, ultrastructural, and biochemical changes associated with TE 
differentiation have recently been reviewed by Church (1993) and Fukuda 
(1996). In this system, the lignification of secondary cell wall thickening is 
a late event which occurs several hours after the initiation of cellulose 
deposition. Thus, during the course of TE differentiation, several enzymes 
of the lignin biosynthetic pathway are induced concomitantly with the 
lignification of the tracheary cell wall (Fukuda, 1996; Church, 1993; Taylor 
et al., 1992; Ye et al., 1994). 

TE differentiation in SCCs represents a unique and interesting model 
system, in which secondary cell wall deposition, lignin biosynthesis, and 
programmed cell death may be studied (Fukuda, 1996), and where the 
interrelationship among these unique cellular events may be explored. 

Lignification in certain SCCs may also be induced with no accompanying 
TE differentiation by lowering the levels of plant growth regulators. Lignins 
produced by these SCCs are either produced as an integral part of the cell 
wall or released into the nutrient medium. Analysis of the structure of 
these soluble (released) lignins has offered new insights into understanding 
the effect of the polysaccharidic matrix on lignin nature. 

Eberhardt et al. (1993) have recently characterized the structure of lignins 
in the cell walls of P. taeda SCCs. These authors found that the major 
linkages involving the side chains were p-0-4 linkages, immediately fol- 
lowed by p-p resinol bonds. In contrast, 0-5 and p-1 linkages seemed to 
participate to a lesser extent. 

On the other hand, analysis of the lignins released to the medium by 
SCCs of Picea abies (Brunow et al., 1990; Simola et al., 1992) showed that 
p-p (resinol) structures were more abundant than those in wood lignins, 
while p-1 substructures were found in significantly smaller proportions. 
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These results suggest that extracellular lignins from P. abies do not resemble 
lignins isolated so far from spruce wood. 

Thus, guaiacyl lignins which have been polymerized outside the cell wall 
matrix seem to be characterized by a high content of 0-p resinol structures 
and a low p-1 bond content, two features which are also common to 
peroxidase-mediated synthetic G lignins (Boudet et al., 1995). However, 
when SCC released lignins are compared with peroxidase-mediated syn- 
thetic G lignins (Boudet et al., 1995) differences remain as regards the 
quantity of p-5 inter-unit linkages, which are greater in synthetic G lignins, 
while 5-5 inter-unit linkages are more abundant in lignins released by SCCs. 

Lignification may also be induced in SCCs by fungal-derived elicitors, 
the induced-metabolic mechanisms resembling those observed in Zinnia 
cell cultures (Campbell and Ellis, 1992). Analysis of these lignins shows 
that, for example, elicitor-induced spruce cell culture lignins contain a 
higher level of H units (approximately 20-fold higher) than native spruce 
wood lignins (Lange et al., 1995). This is not surprising since a comparison 
of lignins from different gymnosperm SCCs indicated a high level of H 
units in both elicited and nonelicited cells (Lange et al., 1995). At this point, 
it is necessary to remember that high proportions of H units are also 
characteristic of the early lignification of the middle lamella (Fukushima 
and Terashima, 1990) and gymnosperm compression wood. These results 
suggest that the nonpredisposition to elaborate a secondary wall in the 
plant cell may precondition the nature of the deposited lignins and are 
only examples of the great heterogeneity that is found when exploring the 
nature and structural features of natural lignins. 

V. Lignin Biosynthetic Pathways 

The biosynthesis of lignins proceeds through a long sequence of reactions 
which involve (i) the shikimate pathway, which provides phenylalanine and 
tyrosine, (ii) the common phenylpropanoid pathway from phenylalanine 
(and/or tyrosine) to the cinnamoyl CoAs, and (iii) the lignin-specific path- 
way, which channels the cinnamoyl CoAs toward the synthesis of cinnamyl 
alcohols (Whetten and Sederoff, 1995). 

The entry point into the shikimate pathway from both the glycolytic 
(phosphoenol piruvate) and the pentose phosphate pathway (erythrose-4- 
phosphate) intermediates is catalyzed by the enzyme 3-deoxy-~-arabino- 
heptulosonate-7-phosphate synthase (DAHP synthase, EC 4.1.2.15). This 
pathway leads, via chrorismate, to the biosynthesis of the amino acids 
phenylalanine, tyrosine, and tryptophan (Herrmann, 1995). Plants are the 
only living organisms capable of channeling carbon from the primary metab- 
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olism toward lignin biosynthesis, with the evolutionary acquisition (gain) 
of the phenylpropanoid pathway having played a key role in the ability of 
plants to colonize land, not only because one of its products (lignin) serves 
to strengthen the aerial organs of the plant, but also because other products 
(flavonoids) act as protectors against dangerous UV radiation passing 
through the atmosphere. 

To integrate this novel evolutionary pathway and the general aromatic 
amino acid biosynthesis pathway in an efficient metabolic highway, the 
activities of the enzymes of the shikimate pathway are closely coordinated 
in vascular plants with the activities of the enzymes of the phenylpropanoid 
pathway (see VILA). 

A. The Common Phenylpropanoid Pathway 

The enzymes involved in the phenylpropanoid pathway are phenylalanine 
ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), p-coumarate-3- 
hydroxylase (C3H), 0-methyltransferase (OMT), ferulate-5-hydroxylae 
(F5H), and hydroxycinnamate CoA ligase (4CL). The end products of this 
pathway, the hydroxycinnamoyl CoAs, are the precursors of lignins but 
also of other phenolic compounds which accumulate in great amounts in 
plant tissues, such as flavonoids and tannins. 

The enzyme PAL (EC 4.3.1.5) catalyzes the first metabolic step from 
primary metabolism into phenylpropanoid metabolism, which is the deami- 
nation of phenylalanine to produce cinnamic acid. This enzyme is encoded 
in angiosperms by a multigene family and apparently by a single gene in 
gymnosperms (Boudet et al., 1995). Cinnamic acid is further modified by 
the consecutive action of the hydroxylases C4H, C3H, and F5H and OMTs 
to lead to p-coumaric acid ferulic acid, and sinapic acid (Fig. 4). Although 
C4H [trans-cinnamate, NADH: oxygen oxidoreductase (Chydroxylating), 
EC 1.14.13.111 and F5H are known plant cytochrome P-450 monooxygen- 
ases (Schuler, 1996), the precise nature of C3H is still unknown. Following 
these steps, the enzyme 4CL (p-coumarate: CoA ligase, EC 6.2.1.12) cata- 
lyzes the formation of hydroxycinnamic acid CoA esters, and these activated 
intermediates are then reduced to cinnamyl alcohols via the cinnamyl alde- 
hydes (Fig, 4). 4CL also represents the branching point within the general 
phenylpropanoid metabolism toward the synthesis of either flavonoids or 
lignins. 

This sequence of reactions, frequently known as the classical pathway, 
is subject to revision with new available data. A good example is what 
occurs in grasses, in which the enzyme tyrosine ammonia-lyase catalyzes 
the deamination of L-tyrosine to p-coumaric (Higuchi, 1990). Another ex- 
ample is C3H. Our present knowledge of this enzyme is very limited and, 
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FIG. 4 Possible pathways for the biosynthesis of p-coumaryl (l), coniferyl (2), and sinapyl 
(3) alcohols from p-coumaric acid (7),  caffeic acid (S), ferulic acid (9), 5-hydroxyferulic acid 
(lo), and sinapic acid (11) and their corresponding cinnamoyl-CoAs. Dashed arrows show 
steps in which evidence for the enzymatic activity is lacking although it has been inferred by 
feeding studies. 

to date, it is not known whether an unspecific phenoloxidase (EC 1.10.3.1 
and 1.14.18.1), or a specific p-coumaryl-CoA hydroxylase (Matern et al., 
1995), is the real enzyme which catalyzes 3-hydroxylation. If the latter was 
the case, feruloyl-CoA could arise from the hydroxylation of p-coumaryl- 
CoA into caffeoyl-CoA, with the subsequent methylation of the latter by 
a caffeoyl-CoA 3-O-methyltransferase (CCoAOMT; see Fig. 4) (Matern 
et al., 1995). 

Similarly, an alternative pathway for sinapyl alcohol synthesis has recently 
been proposed by Higuchi (1990), based on the low affinity of 4CL for 
sinapic acid in angiosperms and some gymnosperms. This pathway involves 
the hydroxylation of ferulate by F5H and subsequent activation of 5- 
hydroxyferulate to the corresponding CoA thioester (see Fig. 4). 
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Recently, it has also been reported that some of the lignin precursors 
may not be methylated at the level of cinnamic acids, but later at the level 
of activated cinnamoyl CoA esters (Fig. 4) (Ye et al., 1994) or even of 
cinnamyl alcohols or cinnamyl aldehydes (Matsui et aL, 1994). 

In the appraisal of these new insights, specific gene down-regulation has 
proved to be a useful tool both to corroborate/discriminate the individual 
enzymatic steps (as well as the order of the enzymatic steps) of the classical 
pathway and to investigate new control points in lignin metabolism, such 
as the extent of functional redundancy in the lignin biosynthetic pathway 
(Boudet and Grima-Pettenati, 1995). As an example of the benefits to be 
gained from the use of gene down-regulation in the clarification of the 
lignin biosynthetic pathway, we describe below the most revealing findings 
obtained from the use of OMT down-regulated transgenic plants. 

Until recently, it has been assumed that methylations in the phenylpropa- 
noid pathway are performed by OMTs (S-adenosyl-L-methionine: caffeic 
acid 3-O-methyltransferase, EC 2.1.1.6), which control the production of 
ferulic acid in gymnosperms and ferns or of both ferulic acid and sinapic 
acid in angiosperms. In fact, angiosperm OMTs have been reported 
to catalyze the methylation both of caffeic acid to ferulic acid and of 5- 
hydroxyferulic acid to sinapic acid. Gymnosperms, on the other hand, have 
monospecific OMT, which uses only caffeic acid as substrate (Higuchi et 
al., 1977). Owing to their specific enzymatic activity, OMTs have received 
special attention since they could potentially be responsible for the different 
monomeric compositions of angiosperm and gymnosperm lignins (Boudet 
et al., 1995). 

However, transformation of tobacco (Dwivedi et al., 1994; Atanassova 
et al., 1995) and poplar (Van Doorsselaere et al., 1995) with an antisense 
OMT construct revealed a decrease in the S/G ratio in transgenic plants 
in which OMT was dramatically depleted. Moreover, an unusual monomeric 
unit, the 5-hydroxyguaiacyl, was identified in lignins of both transformed 
plants (Atanassova ef al., 1995; Van Doorsselaere et al., 1995). The latter 
authors provided evidence that 5-hydroxyferulic acid may be channeled 
into the cinnamyl alcohol biosynthetic pathway, where it is converted to 
5-hydroxyconiferyl alcohol prior to its incorporation into lignins. 

These data are in apparent disagreement with previous data obtained 
from the biochemical characterization of angiosperm OMTs, which sug- 
gested that this enzyme can methylate both caffeic and 5-hydroxyferulic 
acid. Rather, the down-regulation of OMTs suggests that methylation at 
C5 of 5-hydroxyferulic acid is the preferential reaction performed by the 
enzyme in planta, since only levels of S moieties are affected by down- 
regulation of this supposedly bifunctional enzyme. 

These results, and those obtained by Varner’s group (Ye et al., 1994; Ye 
and Varner, 1995) using Zinnia single-cell cultures, have contributed 
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to the recent proposition of an alternative pathway for the methylation 
of caffeic acid (see Fig. 4). In this novel pathway, a likely candidate is 
the enzyme CCoAOMT (S-adenosyl-L-methionine: caffeoyl-CoA 3-0-  
methyltransferase, EC 2.1.1.104), which catalyzes the methylation of 
caffeoyl-CoA into feruloyl-CoA (Ye et al., 1994). This methylation pathway 
is dominant in Zinnia cell cultures (Ye et al., 1994) and apparently also in 
transgenic tobacco (Atanassova et al., 1995) and poplar (Van Doorsselaere 
et al., 1995). Suggestions have been made that CCoAOMT is specific (mono- 
functional) for the methylation of caffeoyl-CoA ester in both tobacco (Ata- 
nassova et al., 1995) and poplar (Van Doorsselaere et al., 1995). From the 
above-described results, one may conclude that the OMTs described as 
unspecific have, paradoxically, a preferential and perhaps exclusive role in 
the methylation of 5-hydroxyferulic acid in angiosperms. 

In the form of cinnamoyl-CoA, cinnamic acids may be channeled for 
further reduction to cinnamyl alcohols through the lignin-specific pathway 
or may be used for the synthesis of cinnamate esters, which are later mainly 
stored in vacuoles, probably until metabolic mobilization (Hahlbrock and 
Grisebach, 1979). A typical representative form of this class of storage 
compound is chlorogenic acid (an ester of caffeic acid and quinic acid). This 
ester is formed (Hahlbrock and Grisebach, 1979) by specific transferases 
(hydroxycinnamoyl-CoA: quinate hydroxycinnamoyl transferase), which 
catalyze reversible reactions and, consequently, the quinate esters of cin- 
namic acids may be considered to be storage forms of cinnamoyl-CoA, 
which can be channeled on demand for the biosynthesis of lignins (Aerts 
and Baumann, 1994). 

6. The LigninSpecific Pathway 

This pathway involves two reductive steps which convert the hydroxycinna- 
moyl-CoA esters into hydroxycinnamyl alcohols. These two consecutive 
steps are catalyzed by the enzymes cinnamoyl-CoA reductase (CCR) and 
cinnamyl alcohol dehydrogenase (CAD) and are often considered to be 
specific to the lignification pathway. 

CCR (EC 1.2.1.44) catalyzes the conversion of hydroxycinnamoyl-CoA 
esters to their corresponding aldehydes (Fig. 4), this being the first step in 
the lignin specific pathway. In this respect, CCR is thought to be an impor- 
tant control point regulating the flux of phenylpropanoid metabolites to- 
ward the biosynthesis of lignins, although data to support the nature and/ 
or extent of this control are not available. 

CAD (EC 1.1.1.195, hydroxycinnamyl aldehyde: NADPH oxidoreduc- 
tase) appears as a polymorphic enzyme in angiosperms and is apparently 
encoded by one single gene in gymnosperms. Available biochemical data 
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suggest that gymnosperm CADs exhibit a very low affinity for sinapalde- 
hyde, whereas angiosperm CADs use all three aldehydes with roughly 
identical affinities (Boudet and Grima-Pettenati, 1995). 

The first CAD down-regulated plants were obtained by Halpin et al. 
(1994), through ectopic expression in tobacco of a homologous CAD cDNA 
antisense construct. It is worth noting that these plants showed a red- 
brown pigmentation in the xylem, which recalls that observed in maize and 
sorghum brown-midrib mutants (Boudet et al., 1995). Analysis of the lignin 
monomeric composition of transformant plants with suppressed CAD activ- 
ity indicated an increase in both coniferyl and sinapyl aldehydes in the 
lignin polymer (Halpin et aL, 1994; Hibino et al., 1995), with the inclusion 
of the cinnamyl aldehydes in place of the corresponding alcohols resulting in 
a lignin polymer with altered intermolecular bonding and modified chemical 
reactivity. This is not surprising since Higuchi et al. (1994) have demon- 
strated that coniferyl aldehyde may be oxidized by peroxidase to a dark 
wine-red lignin-like polymer. These results strongly suggest that the red- 
brown coloration of transgenic plants with reduced CAD activity could be 
ascribed to abnormal lignins with increased cinnamaldehyde groups, and 
this is the other example, together with the inclusion of 5-hydroxyguaiacyl 
units in the case of OMT-suppressed plants, that illustrates the potential 
metabolic adaptation of plants and the chemical flexibility of lignins. 

1. Storage Forms of Cinnamyl Alcohols 
Once they are synthesized, cinnamyl alcohols may be glycosylate by specific 
transferases (UDP-glucose: coniferyl alcohol glucosyl transferase, EC 
2.4.1.111) to yield the P-D-glucosides of p-hydroxycinnamyl, coniferyl (co- 
niferin), and syringyl (syringin) alcohol. These glucosides are found in great 
amounts in gymnosperms but seem to be largely absent from angiosperms 
(Marcinowski and Grisebach, 1978). 

To cast light on the role which cinnamyl alcohol glucosides may play in 
lignification, we should recall the recent observation of Dharmawardhana 
et al. (1995), who suggested that these glucosides may function as storage 
forms of cinnamyl alcohols, at least in conifers. In this sense, these authors 
have demonstrated that coniferin P-glucosidase (EC 3.2.1.126) is located 
in differentiating xylem, the most active site for lignin biosynthesis in woody 
plant species, and where coniferin concentration is reported to be highest 
(Savidge, 1989), and that this /3-glucosidase shows a similar distribution to 
that shown by peroxidase and lignins (Dharmawardhana et aL, 1995). 

From these results, it can be speculated that cinnamyl alcohol glucosides 
are synthesized by tracheary elements during their early stages of differenti- 
ation and that these glucosides are targeted and stored in vacuoles of living 
tracheary elements. Upon lysis of the protoplast, which occurs at the later 
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stages of differentiation, cinnamyl alcohol glucosides are liberated, and 
once in contact with the cell wall, they are hydrolyzed to their corresponding 
aglycones by specific xylem element cell wall P-glucosidases. The subse- 
quent action of xylem cell wall oxidases on cinnamyl alcohols would allow 
polymerization in the cell wall of enucleated xylem elements. 

This hypothesis is supported by the observation that these glucosides are 
stored in vacuoles of xylem elements (Savidge, 1989) and by the fact that 
a continuous deposition of tritiated lignins in the secondary thickening of 
xylem vessels may be observed even after their enucleation and cell death 
(Pickett-Heaps, 1968), probably due to the existence of a peroxidase activity 
that remains active in primary cell walls and secondary thickenings (Ros 
Barcelb, 1995). Taken together, these results suggest that cell wall lignifica- 
tion may take place after tracheids have died and point to the existence of 
a residual but active peroxidase in these apparently inert cell wall structures, 
which may polymerize cinnamyl alcohols after the death of xylem vessels. 

2. Subcellular Localization of Enzymes 
The study of subcellular localization of enzymes of lignin biosynthesis is 
important if we wish to understand the regulation by compartmentalization 
of this pathway and how phenylpropanoid precursors may be modified 
along the transport pathway which finishes with the secretion of cinnamyl 
alcohols to the cell wall. Thus, while studies on reporter-gene expression can 
give considerable information concerning the control of the accumulation 
pattern of transcripts, complementary studies on enzyme localization are 
necessary to underline the subcellular fate of translation products. Thus, 
coupled with our knowledge of enzyme properties, the complexities of the 
factors governing the accumulation of phenylpropanoid skeletons will only 
be appreciated when we know all the details concerning the different levels 
of regulation. 

However, there have been very few conclusive studies on the subcellular 
localization of the enzymes of the phenylpropanoid pathway and of the 
lignin-specific pathway, and such studies mainly concern the localization 
of PAL and 4CH. Similar studies for other enzymes of the pathway, such 
as C3H, F5H, OMT, CCoAOMT, CCR, and CAD, have not been made. 
For other enzymes (e.g., P-glycosidase, laccase, and peroxidase), their local- 
ization in the cell wall is beyond doubt (Hose1 et al., 1982; Dharmawardhana 
et al., 1995; Driouich et al., 1992; Ros Barcelo et al., 1997). 

Studies on the subcellular localization of PAL in xylem parenchyma cells 
are consistent with a cytosolic localization (Smith et al., 1994), and little 
evidence is found for a major association of the enzyme with any membrane 
structure. Although a membrane localization for PAL has often been postu- 
lated (Hahlbrock and Grisebach, 1979), this may not be the case since 
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membranes are really permeable to cinnamic acid. In fact, the scavenging 
of cinnamic acid within the endomembrane secretory system would prevent 
it from functioning as a down-regulator of the phenylpropanoid pathway, 
either directly or as a metabolite (Bolwell, 1993). 

Unlike to the cytoplasmic soluble nature of PAL, C4H is clearly associ- 
ated with ER membranes in xylem parenchyma cells (Smith et aZ., 1994), 
which is in accordance with the subcellular localization of the plant cyto- 
chrome P-450 family. This may also be the case for FSH, although data for 
this enzyme are not available. Smith et aZ. (1994) also reported C4H in 
Golgi stacks, which is consistent not only with the glycosylated nature of 
plant C4H (Schuler, 1996), but also with its role in the synthesis and secre- 
tion of hydroxycinnamyl alcohols. In this sense, the localization of C4H in 
Golgi stacks could trace the route for a secretion coupled with metabolic 
maturation (hydroxylations and methylations) for the precursors of cinna- 
my1 alcohols. 

C. Cell-to-Cell Cooperation during Lignin Biosynthesis 

As early as 1965, Freudenberg proposed that cinnamyl alcohols, or their 
glycosides, might be exported from the sites where they are synthesized 
toward the site where they are polymerized. He introduced the idea of 
possible cell cooperation during lignin synthesis in which living xylem paren- 
chymatous cells would provide monomeric precursors which are then poly- 
merized in the cell walls of enucleated vessels and tracheids. However, due 
to the lack of hard experimental evidence, this hypothesis fell on barren 
ground, and the concept of cell autonomy for lignin biosynthesis was favored 
(Wardrop, 1971). 

Recently, based on several pieces of evidence obtained in different labo- 
ratories, the concept of cell-to-cell cooperation during lignin biosynthesis 
has reemerged. The first report that reclaimed Freudenberg’s hypothesis 
was that of Bevan et al. (1989), who showed a tissue and cell-specific activity 
of a PAL promoter in ray cells. These results were confirmed by Hauffe 
et al. (1991), who reported the localization of a reported gene under the 
control of the 4CL promoter in xylem parenchyma cells, and by Smith et al. 
(1994), who confirmed the accumulation of PAL and 4CL in cells adjacent to 
metaxylem. However, since PAL and 4CL are enzymes of the general 
phenylpropanoid pathway, the role of xylem parenchyma cells in providing 
cinnamyl glucosides to adjacent vessel elements for lignin biosynthesis has 
been questioned until very recently. 

This is not, however, the case for CAD, an enzyme specific for the lignin 
biosynthetic pathway. Feuillet et al. (1995) have recently reported, for the 
first time, that the transcriptional activity of a CAD gene takes place in 
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xylem parenchyma cells, providing firm evidence about the role played by 
these metabolically active cells in the lignification of adjacent enucleated 
vessels. Thus, it seems likely that ray cells could provide precursors for 
lignin biosynthesis to the adjacent xylem vessels. 

As suggested by Feuillet et al. (1995), several pieces of evidence support 
the role of ray cells in contributing to the supply of cinnamoyl alcohol 
precursors, and of other cell wall components, for the lignification of the 
adjacent xylem elements. First, Ryser and Keller (1992) presented evidence 
that a structural glycine-rich protein was mainly synthesized in xylem paren- 
chyma cells and then exported to the cell walls of adjacent mature protoxy- 
lem after the death of protoxylem cells. Second, Leinhos and Savidge 
(1993) reported that xylem ray cells are able to synthesize coniferin, a well- 
established lignin precursor in conifers. And third, it is also interesting to 
note that differentiating suspension cultures of Zinnia elegans have not 
been able to induce more than 70% of the living cells to differentiate in 
TEs (Roberts et al., 1992), so that it is therefore possible that the whole 
culture is involved in differentiating and that the undifferentiated cells have 
the special task of providing lignin precursors for the lignification of the 
enucleated cells which have differentiated to TEs. 

However, as has been pointed out by Boudet et al. (1996), it should be 
kept in mind that the lack of gene expression in mature xylem elements is 
to be expected since these cells contain no living protoplasts. In addition, 
parenchyma (ray) cells are themselves partially lignified, so that it cannot 
be determined, at the present time, to what extent mature xylem elements 
provide their own precursors while they remain metabolically active or 
receive them from living neighboring cells after lysis. 

VI. The Polymerization Step 

The last step in the process of lignin biosynthesis from cinnamyl alcohols 
involves their oxidation to 4-0-phenoxy radicals, which spontaneously poly- 
merize to give oligomers and, in subsequent steps, a growing lignin polymer 
(Higuchi, 1990; and Hapiot et al., 1994). These 4 -0  radicals are in equilib- 
rium with at least two mesomeric forms, which may couple among them- 
selves and that determine the different bonding patterns found in natural 
lignins (Fig. 5). 

Until very recently, peroxidase had been considered to be the principal 
enzyme responsible for this reaction, since it appeared to play a key role 
in the timing and extent of cell wall lignification. However, during the last 
5 years, several observations have resurrected a potential role for laccase in 
the polymerization process (O’Malley et al., 1993; Dean and Eriksson, 1994). 
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FIG. 5 Phenoxy radical formed by oxidation of coniferyl alcohol (2) by peroxidasesflaccases 
and formation of the dimers guaiacylglycerol-P-0-coniferyl alcohol ether (4), dehydrodiconi- 
feryl alcohol (S), and pinoresinol(6) via quinone methides. This figure also shows how quinone 
methides may react with the hydroxyl groups of polysaccharides (ROH) to lead to anchoring 
points for lignins in the cell wall polysaccharide matrix (12). 
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Lewis and Yamamoto (1990) established four criteria to establish whether 
an enzyme was really involved in lignification: substrate specificity, primary 
structure, subcellular localization, and a temporal correlation with active 
lignification. To these four criteria, we take the liberty of adding two new 
criteria: a widespread distribution throughout vascular (lignified) plant spe- 
cies, and a special affinity for oxidizing cinnamyl alcohols to highly poly- 
meric lignin-like compounds. 

It is worth noting that neither of the above-described enzymes satisfies 
all these criteria: laccase, because of its low affinity for cinnamyl alcohols, 
its inability to form highly polymeric lignin-like compounds, its distribution 
being restricted to a few plant species, and the absence of quantitative 
correlations between laccase levels and lignification (Alba et al., 1996); and 
peroxidase, because it is difficult to imagine that one single peroxidase 
isoenzyme may be exclusively involved in the complex and orchestrated 
process of cell wall lignification. However, peroxidase has the following in 
its favor: (i) it has a high affinity for oxidizing cinnamyl alcohols to highly 
polymeric lignin-like compounds, (ii) its levels are quantitatively correlated 
with cell wall lignification, and (iii) it is found in high levels in all the 
vascular tissues, as are lignins. 

A. Laccases 

Laccase (p-diphenol: O2 oxidoreductase, EC 1.10.3.2) is a copper- 
containing protein which catalyzes the oxidation of phenolics at the ex- 
penses of 02. It was the first enzyme shown to be involved in the polymeriza- 
tion of cinnamyl alcohols (Freudenberg et al., 1958) although, after these 
initial studies, its role in lignification was partially discredited since, on one 
hand, conflicting results were obtained for the ability of purified plant 
laccase to form synthetic lignins (Nakamura, 1967) and, on the other hand, 
because evidence was presented in favor of an exclusive participation of 
peroxidase in this process (Harkin and Obst, 1973). This situation was 
apparently aggravated by the intrinsic difficulty involved in solubilizing cell 
wall-bound H202-independent phenoloxidases (McDougall et aL, 1994a) 
and due to the vast excess of peroxidase compared to phenoloxidases 
present in the cell walls of lignifying tissues. Likewise, the sensitivity of 
laccase to freezing (Dean and Eriksson, 1994) may explain why in some 
cases (Harkin and Obst, 1973) laccase-like activities have not been detected 
in some plant materials, making the actual picture on laccase research 
rather confusing. 

Plant laccases belong to the blue copper oxidase (BCO) group, in which L- 
ascorbate oxidase (EC 1.10.3.3) is also included. Both laccases and ascorbate 
oxidases are cell wall associated glycosylated enzymes (Lin and Varner, 
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1991; O’Malley et aL, 1993), similar in size and in copper content, and 
capable of indistinctly oxidizing ascorbic acid and phenolics (Bao et al., 
1993). Thus, the physical and catalytic properties of laccase and ascorbate 
oxidase do not appear to provide a reliable basis for distinguishing among 
these BCOs. This situation is further complicated by the observation that 
three different BCO cDNA sequences, which have been isolated from a 
loblolly pine xylem cDNa library, in which a laccase involved in lignification 
has been documented (Bao et aL, 1993), show an identity percentage be- 
tween 51.8 and 53.5 with Cucumis ascorbate oxidase (O’Malley et aL, 1993). 

Another problem when working with plant laccases is that they are 
easily confused with other phenoloxidases. Thus, true laccases may be 
differentiated from catecholase (o-diphenol: O2 oxidoreductase, EC 
1.10.3.1) on the basis of their substrate specificity and specific inhibitors 
(Mayer, 1987), although in some cases the difference between both enzymes 
is not clear. In this sense, Chabanet et al. (1994) have recently reported 
the localization by immunolabeling of a phenoloxidase in the secondary 
thickening of xylem vessels from mung bean hypocotyls that, like o- 
diphenoloxidases, was unable to oxidize p-diphenols, but which showed 
cross-reactivity with an anti-laccase antiserum, and whose activity, like that 
of laccase, was inhibited by cationic detergents but not by ferulic acid. 

Nevertheless, that laccase plays a role of greater or lesser importance in 
lignin biosynthesis in vascular plants is hardly questionable. Thus, laccase 
has been detected by immunocytochemical methods in the secondary thick- 
ening of lignifying xylem vessels of sycamore maple (Driouich et aL, 1992), 
and by direct histochemical methods in lignifying vascular tissues of both 
Zinnia stems (Liu et aZ., 1994) and loblolly pine (Bao et aZ., 1993). Further- 
more, it is now apparent that purified plant laccases retain the ability to 
oxidize cinnamyl alcohols (Sterjiades et aL, 1992, 1993; Bao et aL, 1993) 
and that the down-regulation of laccase using antisense laccase constructs 
results in a 10% loss of lignin (see Carpita et al., 1996), although there are 
contradictory results concerning the ability of purified laccases to produce 
dehydrogenation polymers (DHPs) in vitro (Bao et aZ., 1993; Okusa et 
al., 1996). 

However, some direct histochemical methods have possibly overevalu- 
ated the importance of laccase in lignifying tissues (De Pinto and Ros 
Barcelb, 1997). Furthermore, there is apparent disagreement between data 
reporting the presence of laccase in the vascular body of certain plants 
(Bao et al., 1993; Liu et al., 1994) and those found in their respective 
lignifying cell cultures (Nose et al., 1995; Sat0 et al., 1995). 

To circumvent these apparent difficulties in defining a clear role for 
laccase in lignification, Sterjiades et al. (1993) have recently suggested that 
laccases may be primarily responsible for the initial polymerization of 
cinnamyl alcohols into dimers and trimers, while peroxidases are more 
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likely required to catalyze the reactions leading from these compounds to 
highly condensed polymerization products. This proposal is in agreement 
with the recent report of Okusa et al. (1996), which showed that although 
laccase is capable of forming coniferyl alcohol dimers, it is unable to form 
DHPs. However, Sterjiades et al. (1992,1993), do not report K, values in 
order to know the affinity of laccases for cinnamyl alcohols. To the best 
of our knowledge, the only K,  available for a plant laccase is that reported 
by Bao et al. (1993), who gave K, values for coniferyl alcohol and sinapyl 
alcohols of 12 and 25 mM, respectively. With these high K,  values, it is 
difficult to imagine what concentration of cinnamyl alcohol it would be 
necessary to reach in lignifying cell walls to saturate laccase during the 
oxidation of cinnamyl alcohols to lignin-like compounds. 

At the present, various research groups are known to have obtained 
partial or complete cDNA sequences for plant laccases (Boudet et aZ., 1995; 
LaFayette et al., 1995). However, it is interesting to observe that sycamore 
and poplar laccase cDNA coding sequences do not cross-hybridize with 
RNA or DNA from other plant species (Boudet et aZ., 1995). This is not 
surprising since laccase-like activities are not significantly detectable in 
lignifying cells of P. contom (Dharmawardhana et al., 1995), P. tueda (Nose 
et al., 1995). Lupinus albus (Ros Barcel6, 1995), or Z. elegans (Sato et al., 
1995). It should be remembered here that as long ago as 1959 Higuchi 
argued that the limited distribution of laccases in higher plants made it an 
unlikely candidate to be the agent of cinnamyl alcohol polymerization in 
lignifying vascular tissues. 

In fact, laccases are considered to be largely absent from monocotyledons 
(Lewis and Davin, 1994), which are considered the most evolved plants. 
This observation would suggest that the presence of laccase in gymnosperms 
and dicotyledon angiosperms is the result of a reminiscent and/or recalci- 
trant evolutive residue. At this point, it is interesting to remember that, 
first, laccases are widely distributed in fungi (Mayer, 1987) and that their 
importance decreases from gymnosperms to monocotyledons, from which 
they are considered absent. Second, in fungi, laccases appear to play a key 
role in the synthesis of melanins (Mayer, 1987), a polymer that plays a role 
in fungi similar to that performed by lignins in higher plants. Third, these 
fungal melanins are especially abundant in rhizomorphs (Dean and Eriks- 
son, 1994), which are specialized organs whose function is to translocate 
water and nutrients to distal portions of the fungus, and which probably 
constitute the primitive model from which the vascular structure of land 
plants evolved. 

Thus, it can be speculated that during the course of evolution of land 
flora, the acquisition of the lignin biosynthesis pathway preceded the acqui- 
sition of secretory peroxidases and that laccases, which were probably 
largely present in the predecessors of higher vascular plants, from which 
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secretory peroxidases were absent, originally played a key role in the oxida- 
tion of cinnamyl alcohols to low-molecular-weight lignin-like compounds. 
However, during the evolution of vascular plants, laccases were probably 
displaced from performing their original function by the evolutionary ad- 
vance of the more efficient lignin-synthesizing enzymes, the secretory perox- 
idases, which are capable of forming highly condensed lignin structures, 
and which could contribute to vigorously strengthening the aerial parts of 
primitive water-emerging plants. 

Following this argument, laccases in their present form might be consid- 
ered to be representing an evolutive residue, which have probably degener- 
ated into intermediate enzyme forms, which maintain only some of their 
original properties. This hypothesis concerning the degenerative evolution 
of plant laccases is supported by the identification in higher plants of several 
cell wall phenoloxidases (Savidge and Udagama-Randeniya, 1992; McDou- 
gall et al., 1994a; Chabanet et al., 1994), which retain some of the original 
properties of laccases, although they cannot be considered true laccases in 
sensu stricto. 

B. Peroxidases 

1. General Properties 

Peroxidases (EC 1.11.1.7, hydrogen donor: H202 oxidoreductase) are well- 
defined plant enzymes which contain Fe( 111)-protoporphyrin IX as the 
prosthetic group and which are capable of oxidizing phenolics at the expense 
of H202. Unlike laccase, peroxidases have been detected in all vascular 
(lignifymg) plants so far studied. 

Secretory (vacuolar and cell wall located) plant peroxidases are easily 
distinguishable from other heme-containing enzymes by their subcellular 
localization, antigenic properties, and substrate specificity. Secretory plant 
peroxidases are glycoproteins that may be classified into two main groups 
according to their PI (Ros Barcelo et al., 1997): acidic and basic. While 
basic peroxidases are simultaneously located in the cell wall and vacuoles, 
acidic peroxidases are normally restricted to the cell wall. Acidic peroxi- 
dases have a greater affinity and reactivity for cinnamyl alcohols than basic 
peroxidases (Ros Barcel6 et al., 1997). 

That peroxidases may play a certain role in the polymerization of cinna- 
my1 alcohols is supported by the following observations. Peroxidase gene 
promotors and peroxidase transcripts are expressed in lignifying tissues of 
tobacco (Lagrimini et al., 1987), tomato (Mohan et aL, 1993), and Populus 
kitakamiensis (Osakabe et aL, 1994). Besides, histochemical (Ferrer and 
Ros Barcelo, 1994), cytochemical (Hepler et al., 1972; Czaninski, 1978; Ros 
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Barcel6, 1995), and immunocytochemical (Kim et aL, 1988; Smith et aL, 
1994) studies have revealed that peroxidase is located in lignifying cell walls 
mainly at the level of cell corners and middle lamella, and, in the case of 
xylem elements, at the level of secondary thickening. 

Peroxidases oxidize the three cinnamyl alcohols (Sterjiades et al., 1993; 
Dean et aL, 1994; Takahama, 1995) to give highly cross-linked DHPs (Wey- 
mouth et al., 1993; Okusa et al., 1996; Saake et al., 1996). Furthermore, 
when the complexity of the polymerization conditions is increased in order 
to mimic more closely the process in mum, it has been found that the 
DHPs take on a greater resemblance to natural lignins (Tollier et aZ., 1991; 
Terashima et al., 1995, 1996; Grabber et al., 1996). This is not surprising 
since there are several physico-chemical parameters, such as pH, the supply 
of substrata, the relative concentration of phenolic monomers and oligo- 
mers, the occurrence of radical scavengers, and the nature of the carbohy- 
drate matrix, among others, which may control the polymerization of pheno- 
lic radicals and their channeling to specific lignin substructures (Terashima, 
1990). This is probably the reason why synthetic lignins, prepared by peroxi- 
dative polymerization of cinnamyl alcohols, only approximate the structure 
of native lignins (Terashima, 1990). 

Furthermore, the affinities (K,) for cinnamyl alcohols (e.g., coniferyl 
alcohol) shown by several peroxidases isolated from lignifying tissues 
are in the order of 10-400 p M  (Takahama, 1993; Ros Barcel6 et al., 
1997), always below the values shown by plant laccases (12,000 p M )  (Bao 
et al., 1993), but in the same order (5-500 p M )  of those shown by their 
preceding enzymes in the lignin biosynthetic pathway, i.e., CCR, CAD, 
and P-glucosidases (Grisebach, 1981; Dharmawardhana et al., 1995). It must 
not be forgotten at this stage that peroxidase K ,  values for coniferyl alcohol 
vary greatly with Hz02 concentration and that they are proportionally lower 
at low H202 concentrations (Ros Barcelo et al., 1997). On the other hand, 
the H202 concentration in lignifying vessels cannot be expected to be very 
high (Schopfer, 1994). Indeed, the K ,  values for H202 shown by most 
peroxidases when using coniferyl alcohol range between 30 and 160 FM 
(Takahama, 1993; Ros Barcel6 et al., 1997), suggesting that they are well 
adapted to working at low HzOz concentrations. 

Nevertheless, for peroxidases to really participate in cell wall lignification, 
they must not only be located in the specific areas of the cell wall which 
lignify, but also remain active. For this, it is preferable, although not indis- 
pensable (Ferrer et aL, 1990), that these lignifying areas show H20z produc- 
tion. However, the results arising from the study of the cyto/histochemical 
localization of H202 cannot easily be interpreted. This difficulty and vari- 
ability was shown by Schopfer (1994), who studied H202 localization in 
several plant tissues using a tissue-printing assay. In spite of this, it is worth 
noting that direct cytochemical (Czaninski et aL, 1993) or histochemical 
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(Olson and Varner, 1993) methods have revealed high levels of H202 in 
lignifying xylem tissues, supporting the previous conclusion that peroxidase, 
H202, and lignification are closely correlated (Catesson et al., 1978). At 
this point, it is necessary to mention a recent report by Nose et al. (1995), 
which described how H202 scavengers abolish lignification of P. taeda SCCs, 
lignin deposition being totally dependent on H202 production, and strongly 
implied, therefore, a regulatory role for H202. 

However, the observations made with several transgenic tobacco lines 
that show a significant down-regulation of the acidic peroxidase isoenzyme 
(Lagrimini, 1991) cast some doubts on the exclusive participation of peroxi- 
dase in the polymerization process. Indeed, some transformed plants with 
up to 20 times less acidic peroxidase do not have smaller amounts of lignins 
than wild-type plants (Chabbert et al., 1992). Similarly, when antisense 
experiments were performed to eliminate the expression of an acidic peroxi- 
dase isoenzyme involved in suberin biosynthesis, no corresponding changes 
were detected in the phenolic domain of suberin (Sherf et al., 1993). 

Quantitative correlations between peroxidase activity and lignification 
have frequently been reported in the literature. Suffice it to mention such 
different model systems as lignifying peach fruit endocarp (Abeles and 
Biles, 1991), lignifying flax fibers (McDougall, 1992), lignifying poplar tis- 
sues (Baier et al., 1993), lignifying needles from Norway spruce (Polle et 
al., 1994), lignifying lupin hypocotyls (Ros Barcelo et al., 1994), or lignifying 
Zinnia tracheary elements (Sato et al., 1993, 1995), in all of which a close 
correlation between peroxidase activity and lignification has been observed. 
However, in no case was a specific peroxidase, basic or acidic, exclusively 
involved in these correlations. From all these studies emerged the idea 
that more than one individual peroxidase isoenzyme may participate in 
lignification. This observation, perhaps, may explain why specific down- 
regulation of a particular peroxidase isoenzyme is not accompanied by a 
specific reduction in cell wall lignification. 

Moreover, this apparent redundancy in their biological function found 
for peroxidase isoenzymes could be one of the causes of lignin microhetero- 
geneity between the different areas of a lignifying cell wall, since it is well 
known that peroxidase isoenzymes may show a certain specificity and strong 
differences in their reactivity toward cinnamyl alcohols (Ros Barcelo et al., 
1997), as well as a specific cell wall localization, either in primary cell walls 
or in secondary thickening (see Ros Barcel6 et al., 1997). Thus, among the 
factors which may affect this specific localization of different peroxidase 
isoenzymes in the several cell wall domains, one may point to pectins (Ros 
Barcelo et al., 1988). In fact, while secreted basic peroxidases may be 
retained by electrostatic interactions with pectins (Ferrer et al., 1992) and 
thus concentrated in cell corners and middle lamella, acidic peroxidases 
may diffuse through the different (primary and secondary) cell wall layers, 
and even move freely in the xylem sap. In this sense, the exclusive presence 
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of acidic peroxidases in the xylem sap reported by some authors (Biles and 
Abeles, 1991; Polle and Glavac, 1993) supports this unrestricted diffusion 
of acidic peroxidases through the primary and the secondary cell wall of 
xylem vessels. 

Finally, all these results suggest that, as our knowledge of cell wall peroxi- 
dases increases, several fascinating questions concerning cell wall lignifica- 
tion may be answered, such as the reasons why lignins are not uniformly 
deposited through the cell wall and, possibly, why lignin structure is intrinsi- 
cally so heterogeneous. 

2. The Origin of Hydrogen Peroxide 

If there is an enigma in our knowledge of cell wall lignification, it is that 
of the origin of Hz02, which is necessary for activating peroxidases during 
oxidation of cinnamyl alcohols. The existence of several H20z-generating 
systems has been proposed at the cell wall level as well as at the plasma 
membrane level. However, direct evidence that they may be functional in 
lignifying cells is to date lacking. 

The first hypothesis as regards the existence of an HzOz-generating system 
in the cell wall was put forward by Elstner and Heupel in 1976. These 
authors suggested that cell wall peroxidases could generate H202 during the 
oxidation of NADH and that this H202 could be later used by peroxidases 
to oxidize cinnamyl alcohols. Although this hypothesis received further 
experimental support (Halliwell, 1978; Mader et al., 1980; Goldberg et al., 
1985), the very low amounts, if any, of NADH which may be expected in 
cell walls mean that caution must be exercised. Similar arguments may be 
put forward for other proposed H20z-generating systems, such as those 
which involve di(po1y)amine oxidases (Angelini and Federico, 1989) and 
oxalate oxidases (Zhang et al., 1995), enzymatic systems which, in some 
cases (see Liu et al., 1995), show little, if any, association with lignifying 
vascular tissues. 

Recently, the idea that a HZO2-generating system may be located at the 
level of the plasma membrane has been reinforced (Bolwell et al., 1995). 
This H202-generating system would involve a NAD(P)H oxidase similar 
to that in animal blood neutrophils, which utilizes cytoplasmic NADPH, 
and which appears to be responsible for producing HzOz during plant 
defense responses (Auh and Murphy, 1995; Desikan et al., 1996). However, 
further research is necessary to elucidate whether this mechanism of HzOz 
production is associated with cell wall lignification in elicited SCCs and 
whether it is present in lignifying vascular tissues. 

C. Some Aspects of Lignin Deposition in the Cell Wall 

The process of lignin deposition in the plant cell wall is a highly organized 
process in which cell wall phenolics, cell wall polysaccharides, and cell 
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wall proteins appear to play a role as scaffolding or template for lignin 
polymerization. The first direct evidence to support this was obtained by 
Atalla and Agarwal(l985) who, by means of Raman spectrometry, showed 
that the aromatic rings of lignins are parallel to the surface of the cell wall, 
suggesting that polysaccharides may act as matrices for the orientation of 
newly synthesized lignins. Furthermore, Houtman and Atalla (1995) have 
recently reported that cellulose microfibrils appear to have a net attractive 
interaction with lignin models, this interaction being sufficient to restrict 
the motion of coniferyl alcohol and to orient the phenyl ring parallel to 
the surface. This would provide a rationalization of the experimental obser- 
vation (Terashima et aZ., 1995, 1996) that polysaccharides can change the 
course of cinnamyl alcohol polymerization and influence their freedom to 
participate in a random polymerization process. 

The interaction between cell wall polysaccharides and lignins may also 
be performed through covalent bonds. Thus, Iiyama et al. (1994) have 
recently suggested that several potential cross-links, of an ether or ester 
nature, may exist between lignins and other cell wall polysaccharides. Fur- 
thermore, in grasses, it is possible to detect linkages between polysaccha- 
rides and lignins through hydroxycinnamic acid ester-ether bridges (Ralph 
et aL, 1994a), the cinnamic acids being esterified to polysaccharides and 
etherified to lignins. 

Similarly, there is evidence that lignins may be associated with cell wall 
proteins such as hydroxyproline and glycine-rich proteins (Iiyama et aL, 
1993). However, although cross-links between lignins and both polysaccha- 
rides (Ohnishi et aZ., 1992) and proteins (McDougall et aL, 1996) have been 
known for some time, there is no direct evidence to date of the chemical 
fragment involved in these covalent linkages. 

The above-described interactions between cell wall polymers for deter- 
mining the final architecture of the mature and lignified plant cell wall may 
be studied using chemical inhibitors of the synthesis of cell wall components. 
For example, using L-a-aminooxy-P-phenylpropionic (AOPP), a potent 
inhibitor of PAL, Ingold et al. (1990) have shown that the inhibition of 
lignin biosynthesis has no effect on the synthesis of cell wall polysaccharides, 
although the deposition of cellulose microfibrils in xylem cell walls may 
indeed be affected (Smart and Amrhein, 1985). In fact, cellulose microfibrils 
of unlignified secondary thickening are separated from one another and 
lie disorganized in the lumen of mature xylem vessels (Smart and Amr- 
hein, 1985). 

Similar results were obtained when using 2,6-dichlorobenzonitrile, an 
inhibitor of cellulose synthesis. Using this inhibitor probe, Taylor et al. 
(1992) found that cellulose-depleted cell wall thickening contained dis- 
persed lignins. This dispersion of lignins when cellulose synthesis was inhib- 
ited provides the first evidence that the location of cellulose in the secondary 
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cell wall directly or indirectly mediates the patterns of lignin deposition, 
this interaction between cell wall components being reciprocal. 

Further support for the existence of a strong relationship, both spatial 
and temporal, between cell wall components during the elaboration of the 
final architecture of lignified cell walls, was provided by Terashima et al. 
(1993) during their study of the growth process of the protolignin macromol- 
ecule in specific layers (domains) of the secondary plant cell wall. These 
authors described how the process of cell wall lignification proceeded 
through three clearly differentiated phases. The first phase of lignin deposi- 
tion occurs at the level of cell corners and middle lamella after pectic 
substance deposition has finished and the formation of the S1 layer has 
started. The second phase is a slow lignification stage associated with cellu- 
lose microfibrils and manan and xylan deposition in the S2 layer, whereas 
the main lignification occurs in the third stage when the deposition of 
cellulose microfibrils in the S3 layer has started. 

VII. Factors Determining the Amount and Nature 
of Lignins 

As may be expected from the high contribution which lignins make to the 
plant biomass, woody plant species channel a large proportion of their 
photosynthetically assimilated carbon to lignin biosynthesis. The amount 
varies among species probably due to differential carbon partitioning among 
lignins and other carbon sinks. Once the battery of genes required for 
lignification is activated, what factors control the overall carbon flux for 
lignin biosynthesis? Since the deposition of lignins does not seem to be 
limited by end-product-mediated types of feedback control ( Jensen, 1994), 
it might reasonably be expected that flux into the pathway is probably 
determined by the levels of entry-point enzymes, whereas flux through 
the pathway is probably conditioned by both the levels and the substrate 
specificity of branching enzymes in the pathway which determine the meta- 
bolic channeling of substrates, products, and by-products. 

A. Regulation of Carbon Flow 

Control of carbon flux through the lignin biosynthetic pathway is performed 
on the first enzyme of the aromatic acid biosynthesis pathway, DAHP 
synthase. Recent results underscore the close coordination existing between 
the biosynthesis of aromatic amino acids and phenylpropanoids. In Solu- 
num, the repression of DAHP synthase activity by the introduction of a 
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DNA antisense construct reduced lignin deposition by up to 65% (Jones 
et al., 1995). 

Carbon flux through the lignin biosynthetic pathway is not only controlled 
by the levels of DAHP synthase, but also by the levels of the end product 
of this pathway, phenylalanine. In this respect, when Yao et al. (1995) 
created a metabolic sink for tryptophan by overexpressing the enzyme 
tryptophan decarboxylase in potato, phenylalanine pools were reduced by 
about 50% and lignin levels were 30-50% lower in the tubers. These results 
provide evidence that carbon flow into the lignin biosynthetic pathway 
depends on a pool of phenylalanine generated by the pathway of aromatic 
amino acid biosynthesis and indicate that the series of enzymatic steps from 
DAHP to CAD may be considered to be a single and continuous highway 
that funnels the carbon skeletons into lignin biosynthesis. 

Inhibition of PAL by chemical compounds (Amrhein et aZ., 1983) or 
genetic engineering (PAL down-regulation) (Elkind et aZ., 1990; Bate et 
al., 1994) is generally associated with a reduction in lignin content. Increases 
in PAL activity during lignification are generally rapid and transient. Thus, 
in elicited jack pine SCCs, for example, PAL activity is rapidly induced to 
levels 10 times greater than that observed in controls, but decreases to 
control levels within 48 h (Campbell and Ellis, 1992; Campbell and Sederoff, 
1996). These results suggest that high levels of PAL activity are needed 
for lignification, probably so that phenylalanine pools may be channeled 
toward the biosynthesis of phenylpropanoids. In this sense, the spatial and 
temporal regulation of PAL activity appears to be important in redirecting 
the flux of aromatic metabolites toward the lignin biosynthetic pathway. 

The situation, however, is somewhat confusing in the case of OMTs. Thus, 
although transformation of tobacco with an OMT antisense heterologous 
construct led to a significant reduction in lignin content (Dwivedi et al., 
1994; Ni et aZ., 1994), two recent reports dealing with homologous OMT 
constructs in tobacco (Atanassova et al., 1995) and poplar (Van Doorssel- 
aere et al., 1995) revealed that the total amount of lignins, when assessed 
by different methods, remained unchanged even in transgenic plants in 
which OMT was dramatically depleted. 

Other important regulatory enzymes that might control flux through 
the lignin biosynthesis pathway are CCR and CAD. CCR catalyzes the 
conversion of hydroxycinnamoyl-CoA esters into the corresponding alde- 
hydes and thus channels metabolites from the general phenylpropanoid 
pathway to the lignin-specific pathway. However, no data on the effect of 
CCR down-regulation on lignin levels in transgenic plants are available. 

In the case of CAD, it has been found that plants in which CAD was 
down-regulated exhibit no changes in the lignin content with regards to 
wild-type plants (Halpin et aZ., 1994; Hibino et al., 1995). It is interesting 
to note that when CAD activity was reduced to 10% of the levels observed 
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in wild-type plants (Halpin et al., 1994), there was no effect on the quantity 
of lignins deposited in cell walls, while the reduction of PAL activity to 
20% affected the deposition of lignin in tobacco. Thus, although CAD 
catalyzes a terminal step in cinnamyl alcohol biosynthesis, the enzyme does 
not appear to exert any control on the supply rate of precursors, unlike 
PAL, when suppressed to the same level. 

As regards peroxidase, transgenic tobacco, which overexpressed an an- 
ionic peroxidase believed to be involved in lignification (Lagrimini et al., 
1990), lignified sooner than control plants in response to a wound, although 
the final levels of lignins was the same in both plants (Lagrimini, 1991). 
These results suggest that in tobacco homologous constructs, peroxidase 
limits the rate rather than the amount of lignin deposition. Similar results 
were found in the case of tomato heterologous constructs overexpressing 
the tobacco anionic peroxidase gene (Lagrimini et al., 1993). Experiments 
involving the down-regulation of peroxidase and laccase, and their relation 
with the amount of lignin deposited, have already been described in a 
previous section (see VI). 

Judging by the bulk of data concerning the regulation of enzymes of 
lignin biosynthesis, one may conclude that a key regulatory event is the 
transcriptional activation of these genes (Hahlbrock and Scheel, 1989; 
Dixon and Paiva, 1995). However, although transcription factors of the 
Myb and Myc classes appear to play a key role in the regulation of flavonoid 
biosynthesis (Holton and Cornish, 1995), analogous transcription factors 
that could specify temporal and spatial expression of enzymes of phenylpro- 
panoid metabolism, including the specific lignin biosynthetic pathway, have 
not yet been identified. The evidence supporting the existence of such 
transcription factors has been reviewed by Douglas (1996) and Campbell 
and Sederoff (1996). 

Consistent with the existence of these factors is the recent observation 
that the accumulation of several mRNAs specific to several shikimate path- 
way genes and the PAL mRNA are jointly activated in elicitor-treated 
tomato cells (Gorlach et al., 1995). Moreover, when carbon flow into the 
phenylpropanoid pathway was blocked by the use of specific PAL inhibitors, 
no effect on transcript accumulation was observed. These studies indicate 
that genes in the shikimate-aromatic amino acid biosynthetic pathway 
are transcriptionally regulated jointly with genes of the phenylpropanoid 
metabolism but that this transcriptional control is independent of the carbon 
flow through the phenylpropanoid pathway (Herrmann, 1995). 

Likewise, Christensen et al. (1996) have recently noted that in transgenic 
poplar plants with reduced CAD activity, a group of acidic peroxidases 
showed reduced activity compared to the levels observed in wild-type plants. 
All these recent results together suggest that the genes of the lignin biosyn- 
thetic pathway are transcriptionally coregulated. Undoubtedly, this complex 
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regulation network opens new perspectives in the control of metabolic flux 
through the lignin biosynthetic pathway. 

6.  Regulation of the Monomeric Composition of Lignins 

The most plausible hypothesis to explain lignin heterogeneity in plant 
species, as well as in the tissues of the same plant species, is based on the 
differential substrate specificity of the enzyme which dictates (e.g., 4CL) 
which of the different methoxylated cinnamoyl-CoA esters is to be made. 
However, several studies which have attempted to establish the role of 
4CL in controlling lignin heterogeneity in the tissues of the same plant 
species, as well as in tissues of different plant species, reached no conclusive 
results (Boudet et al., 1995). Another key regulatory enzyme might be C3H, 
which would regulate the H/G ratio in native lignins. Unfortunately, no such 
data for C3H are available, reflecting our poor knowledge of this enzyme. 

The most distinctive variation in lignin composition is that occurring 
between gymnosperms and angiosperms. Several hypotheses to account for 
the differences observed in the monomer composition of their lignins have 
been proposed (Campbell and Sederoff, 1996). Among the most probable 
is that involving F5H as the branching point for determining the different 
quantities of the various monomers to be synthesized. 

A possible confirmation of this hypothesis may be found in Erythrina 
cristagalli and in the fah 1 mutant of Arabidopsis thaliana. Thus, E. cristagalli 
is an angiosperm that produces only G lignins (gymnosperm type) but 
which has typical angiosperm lignin biosynthetic enzymes, such as a 4CL 
which uses sinapate, an OMT which uses 5-hydroxyferulic acid, and a CAD 
which can reduce sinapaldehyde (Higuchi, 1990). However, E. cristagalli 
lacks F5H activity, suggesting that the absence of S units in conifer lignins 
might be due to the absence of this enzyme. Further support for this 
hypothesis was given by Chapple et al. (1992), who isolated an A. thaliana 
F5H mutant (fah I), in which F5H is not functional, and which is also 
unable to produce both sinapyl alcohol and S lignins. Thus, while wild-type 
Arabidopsis contains active F5H activity and produces the G-S lignins 
typical of angiosperms, the fah I mutant produced only G lignin. The 
Arabidopsis fahl mutant supports the hypothesis that the difference be- 
tween angiosperm and gymnosperm lignins may be related to the absence 
of F5H in gymnosperms. 

WII. Concluding Remarks 

From the volume of recent publications on cell wall lignification and from 
the numerous efforts that are being made in several laboratories (Carpita 
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et al., 1996), it seems that we are on the threshold of great advances in 
understanding several aspects of cell wall lignification. Although some re- 
cent progress in this field has been made possible by the introduction of 
molecular biology techniques, all the different events which lead to cell 
wall lignification will only be elucidated in the coming years through an 
interdisciplinary approximation, in which chemists, biochemists, molecular 
biologists, cytologists, and physiologists work together toward an identical 
goal. Only through such cooperation will we find an answer to the fascinat- 
ing questions that the complex process of cell wall lignification poses and 
which still remain unresolved. 
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Functional Interactions among 
Cytoskeleton, Membranes, and 
Cell Wall in the Pollen Tube of 
Flowering Plants 

Yi-Qin Li,’ Alessandra Moscatelli, Giampiero Cai, and Mauro Cresti’ 
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The pollen tube is a cellular system that plays a fundamental role during the process of 
fertilization in higher plants. Because it is so important, the pollen tube has been 
subjected to intensive studies with the aim of understanding its biology. The pollen tube 
represents a fascinating model for studying interactions between the internal cytoskeletal 
machinery, the membrane system, and the cell wall. These compartments, often studied 
as independent units, show several molecular interactions and can influence the structure 
and organization of each other. The way the cell wall is constructed, the dynamics of the 
endomembrane system, and functions of the cytoskeleton suggest that these 
compartments are a molecular “continuum,” which represents a link between the 
extracellular environment and the pollen tube cytoplasm. Several experimental 
approaches have been used to understand how these interactions may translate the 
pollen-pistil interactions into differential processes of pollen tube growth. 
KEY WORDS: Calcium gradient, Cell wall, Cytoplasmic streaming, Cytoskeleton, 
Cytoskeleton-membrane interaction, Exocytosis, Pollen tube. 

1. Introduction 

A. Scope and Organization of This Review 

Sexual reproduction in plants means an alternating diploid sporophytic and 
haploid gamethophytic generation. In seed plants the mature gametophyte 

Current address: Department of Biological Science and Biotechnology, Tsinghua Univer- 

* To whom correspondence should be addressed. Fax: 39-577-298860. E-mail: 
sity, lo0084 Bejing, China. 

cresti@unisi.it. 

International Revitw of Cytology, Vol. 176 
0074-76%/97 $25.00 

133 Copyright 0 1997 by Academic Press. 
All rights of reproduction in any form reserved. 



134 YI-QIN LI ETAL. 

generation is reduced to a single vegetative cell forming one or two sperm 
cells. The male gametophyte develops from the sporigenous tissue inside 
the anthers (Golberg et al., 1993). The vegetative and generative cells are 
formed after meiotic division of the pollen mother cell and subsequent 
mitotic division. In nature, at the anthesis, the ripe pollen grains are dried 
and released from the anthers to be transported by different vectors (such 
as insects, birds, wind, and water) on the stigma surface. After pollination 
the mission of the male gamete is only partially completed because it is 
concerned with conveying the two sperm cells or their progenitor, the 
generative cell, to the female gametophyte. The pollen tube serves as a 
guide and a pathway for the sperm cells on their course to the embryo sac 
to complete the double fertilization. For such reasons the pollen tube 
emission and growth represent one key step in the fertilization process of 
flowering plants (Cresti et al., 1992). Pollen germination and pollen tube 
growth were first described by an Italian scientist, GiovanBattista Amici 
(Amici, 1824; see also Battaglia, 1987, and references therein). Since then 
an unbelievable amount of research has been done on the morphology, 
physiology, biochemistry, and molecular biology of pollen, tube emission, 
and its growth (Stanley and Linskens, 1974; Heslop-Hamson, 1987; Pierson 
and Cresti, 1992; Derksen et al., 1995b; Ylstra, 1995). The scope of this 
review is to give a critical evaluation on the functional role of the cytoskele- 
ton during growth and cell wall formation in a very peculiar cell, such as 
the pollen tube of flowering plants. The interactions between the cytoskele- 
ton and membranes (especially those involved in secretion), the process of 
exocytosis, and the pattern of cell wall formation are discussed. Mechanisms 
of pollen tube elongation and factors affecting this activity are also pre- 
sented. 

The review is divided into eight sections. Section I1 provides information 
on the endomembrane pollen tube organization involved in the tip growth 
process. The third part of this review is a summary of the current state of 
morphology and biochemistry of the cytoskeleton (microtubules (MTs), 
actin filaments (AFs ) ,  and others cytoskeletal proteins), and its role in 
pollen tube growth. In section IV the cytological and biochemical evidence 
of the connection between the cytoskeleton, the plasma membrane, and 
the cell wall is described. Particular emphasis is given to the description of 
peculiar proteins such as spectrin and integrin, not very familiar in plant 
tissues. The construction of the pollen tube wall is reported in section V, 
where the more recent results on the structure and function of the pollen 
tube cell wall are reviewed. Section VI reports recent insights into the 
process of synthesis and transport of cell wall precursors. Particularly, the 
processes of exocytosis and endocytosis are discussed here. Section VII 
reports information on processes such as cell polarity and signal transduc- 
tion; the regulation of growth rate and fluctuation is also discussed. Closing 
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comments on the state of the art in the “cytoskeleton-membrane-cell 
wall” research in the pollen tube and a perspective on the future are 
expounded in section VIII. 

6. Pollen Germination and Pollen Tube Growth 

The process of pollen germination begins after pollination, immediately or 
soon after the pollen reaches the stigma surface. Pollen grains generally 
shrink due to dehydration after the anthesis stage and once grains are 
placed on the stigma or an artificial medium, they swell due to water 
absorption or hydration. At the beginning of hydration, the pollen cell 
membranes are not biologically functional, so the chemical components 
(including sugars, amino acids, and enzymes) are excreted from the cell. 
Simultaneously, large molecular substances enter from the stigma exudate 
or from the artificial medium. Gradually, the membrane recovers its biologi- 
cal functions and becomes semipermeable, allowing water to pass through 
the membrane but preventing substances other than water from entering. 
Consequently, turgor pressure inside the pollen increases, enabling the tube 
of the pollen cell to elongate (Iwanami et d., 1988). The duration between 
the end of water absorption and tube emission varies among species: it can 
be a few minutes in Impatiens and 20 hr in red pine. During pollen hydration 
and activation many morphological changes occur in the vegetative and 
generative cell: restoration of bilayer organization of membrane lipids, 
aggregation of ribosomes to form polysomes, formation of new lamellae and 
starch grains in the plastids, dilatation of the rough endoplasmic reticulum 
(RER), an increase of the secretory activity of Golgi bodies, and the subse- 
quent accumulation of vesicles near the germination pore, the enlargement 
in volume of the vegetative nucleus and generative cell, and a decrease in 
the number of nuclear pores (Pierson and Cresti, 1992). These changes are 
accompanied by the beginning of a rotational movement of the organelles 
in the pollen cytoplasm (Iwanami, 1956). At the start of germination, the 
intine protrudes through the exine, a kind of hinge is formed resembling 
a porthole door, and the tube finally outgrows (Cresti et aZ., 1977; Cresti 
and Keijzer, 1985; Heslop-Harrison, 1987). In many species the pollen can 
grow not only in the stigma of a pistil, but also in an artificial medium by 
allowing the pollen grains to imbibe water in a moist chamber (Gilissen, 
1977). The incubation medium generally contains boric acid, calcium nitrate, 
and an osmoticum, such as sucrose or polyethylene glycol (Shivanna and 
Rangaswami, 1992). 

Additional substances such as lipids, fatty acids, flavonols, amino acids, 
and probably also trace elements like metals, plant hormones, and steroids 
are necessary (Brewbaker and Kwack, 1963; Ylstra et al., 1992,1994a, 1995a; 
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Dickinson, 1995). In the mature pollen grains these compounds are either 
intracellularly located or they are present in the exine. Compounds in the 
exine are synthesized during maturation by a specialized tissue within the 
anther: the tapetum. The bulk of the nutrients required for tube growth 
has to be absorbed from the pistil. The stigma has to offer an exudate with 
exactly the right fluidity and chemical composition as a landing base for 
the pollen (Dickinson, 1995; Kandasamy et al., 1993). When the pollen is 
cultured in a medium (e.g., solid or liquid medium), various patterns of 
tube growth can be obtained, depending on the culture condition. Fre- 
quently, pollens can grow more vigorously when they are sowed thickly 
(positive density effect). On the other hand, there are other species that 
show a negative density effect in artificial pollen culturing. Pollen tubes 
grow at their apex by fusion of wall vesicles with the cell membrane. The 
precise localization of this growing point on the tube apex determines the 
direction of tube growth. The delivery of constructive material for rapid 
polar wall synthesis is sustained by a flow of organelles and the Golgi vesicle- 
forming wall (Mascarenhas, 1993; Derksen et aZ., 1995b). The movement of 
organelles and vesicles occurs on a dynamic cytoskeletal matrix and is 
driven by active acto-myosin interactions (Pierson and Cresti, 1992; Cai et 
al., 1996a, and references therein). Specific mechanisms regulate constant 
synthesis, degradation, and the assemblage of cytoskeletal elements to 
maintain the delivery of wall vesicles at the apex. Despite the enormous 
cellular enlargement due to pollen tube growth, the total amount of cyto- 
plasm remains almost constant. When the pollen tube elongates to a certain 
extent, plugs (which consist of callose, a P-1-3-glucanepolysaccharide) are 
formed inside it at almost regular lengths (Cresti and Van Went, 1976). 
The first plug is generated at the basal part of the tube, and several plugs 
are then formed one by one toward the central part of the tube. The 
synthesis of callose plugs behind the cytoplasmic section results in the 
development of a living apical tip apart from a dead remnant skeleton. 
The remnant wall skeleton, which is mainly composed by callose and pecto- 
cellulosic walls, is lost for further participation in the tube growth process 
(Ylstra et al., 1995b). From the early study in Lilium (Rosen et al., 1964) 
and Petunia (Sassen, 1964) on the ultrastructure of the pollen tube, it is 
known that these cells contain an enormous quantity of organelles; however, 
their distribution is not uniform over the length of the pollen tube. Starting 
from the pollen tube apex four cytological or functional zones can be 
distinguished (Cresti et aZ., 1976, 1977): (1) an apical zone (also called the 
cap-block or hyaline zone; Steer, 1990; Steer and Steer, 1989) populated 
by many vesicles; (2) a subapical zone rich in organelles, mainly Golgi 
bodies, mitochondria, and ER, (3) a nuclear zone, containing the generative 
cell and vegetative nucleus; and (4) a zone with large vacuoles and a thin 
layer of cortical cytoplasm, separated from the more apical part of the tube 
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by callose plugs. This kind of zonation is a common characteristic of the 
pollen tubes of many species, but it is not universal. For example, in grasses 
or in Pinus sylvestris the zonation is not completely clear or does not exist 
(Heslop-Harrison, 1979; De Win et al., 1996). The polar organization of 
the cytoplasm reflects the unipolar growth of the pollen tubes, which is 
restricted to the very tip region (Pierson and Cresti, 1992). Briefly, the 
Golgi bodies produce a large amount of secretory vesicles (SVs) that is 
transferred by an intense reverse fountain-like streaming pattern in the 
direction of the plasma membrane at the tube tip where the growth takes 
place. The vesicles provide new membrane and cell wall materials that are 
indispensable for extension. The pollen tube growth can be considered a 
highly specialized example of secretory activity because the growth rate is 
very fast, in many species it can be more than 2-3 mm/hr. 

II. Organization of the Endomembrane System in the 
Pollen Tube 

Pollen tubes exhibit a vigorous cytoplasmic streaming that usually appears 
as a central stream directed toward the tip with return streams along the 
cortex, the so-called reverse fountain-like streaming (Iwanami, 1956), which 
does not extend into the tip. When observed by light microscopy, the 
cytoplasm of the tip region appears to be clear, which suggests the absence 
of larger organelles (Pierson et al., 1990). Ultrastructural observations pre- 
sented by Rosen et al. (1964) and Sassen (1964) showed that the tip region 
is the site of accumulation for SVs, whereas other organelles were not 
distributed uniformly along the tube. The term “zonation” was introduced 
by Cresti et al. (1977) and referred to a functional distribution of organelles. 
The four zones described in in vitro grown Lycopersicon tubes were 
(a) an apical or growth zone with SVs, (b) a subapical zone rich in organelles, 
(c) the nuclear zone containing both the vegetative nucleus and the genera- 
tive cell, and (d) the vacuolization and callose plug formation zone. This 
general description is applicable to most if not all angiosperm pollen tubes. 

A. The Plasma Membrane 

It has been shown that the plasma membrane and the wall material needed 
for tube growth are provided by the fusion of SVs with the plasma mem- 
brane in the tip. The membrane flow toward the pollen tube surface is 
more than the immediate requirement for growth (Steer and Steer, 1989), 
and the excess plasma membrane may be removed. Whether endocytosis 
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can account for this return flow remains a question. Part of the plasma 
membrane may also be removed by direct enzymatic degradation or by 
lipid transfer (Arondel and Kader, 1990). The plasma membrane and the 
other organelle membranes contain a specific set of resident integral mem- 
brane proteins that provide each membrane with its unique characteristics. 
A variety of plant ion channels has been found in the plasma membrane 
of pollen tubes (Hedrich and Schroeder, 1989; Tester, 1990; see below). 
The pollen tube plasma membrane contains channels that regulate ion 
influxes in the pollen tube during tip growth, as for Ca2+ and K+ (Weisenseel 
and Jaffe, 1976; Kuhtreiber and Jaffe, 1990; see section VII for further dis- 
cussion). 

6. The Secretory System 

1. Endoplasmic Reticulum 
Exocytosis consists of the fusion of the vesicle membrane with the plasma 
membrane, allowing secretory material to be reversed outside the cell. 
Products to be secreted are initially synthesized in the ER, and then they 
pass through the Golgi apparatus and travel either to the plasma membrane 
or to the vacuole. Each step is vesicle-mediated and involves membrane 
fusion events. The structure and distribution of the RER, as well as of 
the Golgi and SVs, were recently investigated in cryofixed and freeze- 
substituted Nicotiunu tubacum pollen tubes (Derksen et d., 1995a). The 
RER appeared to consist of flat sheets with a diameter around 27 nm. 
Tubular RER was occasionally seen near the sheets. The latter may repre- 
sent intermediate stages between cisternal RER and smooth ER since the 
two forms of ER are highly dynamic and may easily convert into each other 
(Quader and Schnepf, 1986; Quader et uZ., 1989; Knebel et al., 1990). The 
RER was almost completely absent from the extreme tip, but it was abun- 
dantly present 10 pm behind the apex in N. tubacum pollen tubes. A distinct 
zone of accumulation for the RER was not seen, but each pollen tube 
contained local aggregations of RER randomly dispersed within the cyto- 
plasm. The RER was observed to run parallel to the pollen tube axis, with 
the exception of a region 5-10 pm behind the apex, where the streaming 
is reversed. The accumulation of RER near the tip was often reported in 
the pollen tube, inducing us to hypothesize that it may accomplish this for 
the requirement of proteins in the growing apex (Derksen et UL, 1995a). 

The smooth ER consisted of tubular structures, especially abundant be- 
hind the tip region where SVs accumulated. In tobacco pollen tubes, smooth 
ER was not observed within the apex, whereas elements of smooth ER 
were seen between SVs in cryofixed freeze-substituted lily pollen tubes 
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(Lancelle and Hepler, 1992). Sheets of ER were seen in association with 
other organelles such as mitochondria, microbodies, and plastids. Elements 
of ER were also present near the plasma membrane and they were some- 
times observed in the vicinity of or all around the vacuole (Derksen et al., 
1995a). It was proposed that smooth ER may function in the regulation of 
Ca2+ concentration (Evans et al., 1991). 

2. Golgi Apparatus 

The Golgi apparatus is a highly polar organelle consisting of stark flattened 
cisternae. The Golgi apparatus in most animal cells consists of many stacks 
interconnected by tubular elements (Mellman and Simons, 1992), whereas 
the Golgi apparatus of higher plant cells usually appears as distinct organ- 
elles defined as Golgi bodies or dictyosomes (Robinson, 1980; Morrb, 1990). 
The Golgi apparatus of plant cells serves two major synthetic functions: it 
assembles and processes the oligosaccharide side chains of glycoproteins 
and proteoglicans and it synthesizes the complex polysaccharides of the 
cell wall matrix (Zhang and Staehelin, 1992). During pollen tube growth, 
the Golgi systems produce a large amount of SVs that accumulate in the 
tip region and fuse with the plasma membrane, reversing their content of 
polysaccharides outside the tube (Derksen et al., 1995a). With the exception 
of the very tip, Golgi bodies were found throughout the pollen tube. Golgi 
bodies appeared to contain four to six cisternae (Cresti et al., 1977; Picton 
and Steer, 1983; Noguchi, 1990), showing a distinct cis-trans polarity as 
determined by the decreasing width of the cisternal lumina. 

The walls of tip growing cells, like pollen tubes, are mainly derived from 
the contents of the secretory vesicles and, simultaneously, the membrane 
of vesicles contributes to the extension of the plasma membrane in the tip 
region (Steer and Steer, 1989). The pollen tube Golgi apparatus shows the 
classic form in which all cisternae (cis, medial, and trans) are present. A 
fourth type of cisterna was identified as a trans Golgi network (TGN) 
(Griffith and Simons, 1986). The TGN was described as a reticulated struc- 
ture characterized by budding coated vesicles (CVs) (Novikoff, 1976). The 
TGN was also known as the partially coated reticulum in plant cells (Pesa- 
creta and Lucas, 1985) and is often connected with the trans site of the 
Golgi (Hilmer et al., 1988; Juniper et al., 1982). The TGN was observed in 
the tobacco pollen tubes as intimately linked to the Golgi (Rutten, 1993). 
In most plant cells, SVs are reported to arise from the swollen margins of 
the cisternae (Kristen, 1978; Staehelin, 1988). Sometimes intact cisternae 
are released as single vesicles (Domozych, 1991). In tobacco pollen tubes, 
SVs appeared to originate from the TGN through the formation of various 
intermediate stages between intact TGN, vesicle clusters, and vesicles. A 
prerequisite for the maintenance of the Golgi is a constant supply of mem- 
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brane material to counterbalance the loss caused by the continuous produc- 
tion of SVs. In tobacco pollen tubes, about 10% of the membrane material 
delivered to the plasma membrane is needed for tube growth (Derksen et 
al., 1995a). The remainder is probably retrieved by endocytosis (Pearse 
and Bretscher, 1981). 

3. Secretory Vesicles 

Mature SVs were observed to be connected to the tram site of the Golgi 
apparatus. SVs in the extreme tip do not show any directional motion but 
are often described as a trembling mass (Herth, 1989; Pierson et al., 1990). 
Quantitative measurements of SVs in freeze-substituted tobacco pollen 
tubes revealed that their concentration is very high in the very tip but 
declines behind the apex. The Golgi bodies are usually accompanied by 
CVs, which distribution was found to be identical to that of the Golgi 
(Derksen et al., 1995a). From the size and smoothness of their coating, the 
CVs near the Golgi bodies seem nonclathrin-coated (Orci et aL, 1986). It 
is not clear whether these vesicles are only involved in an intra-Golgi 
transport (Orci et al., 1986) or they represent a second vesicle transport 
route from or to the Golgi (Lodish, 1988; Mellman and Simons, 1992). The 
distribution analysis of the nonclathrin CVs (which appears identical to 
that of Golgi bodies) supports the first hypothesis. The presence of noncla- 
thrin CVs near the cis phase of Golgi bodies may also suggest a transport 
toward the Golgi. It has been reported that a large portion of membranes 
supplied to Golgi bodies derives from membrane recycling, and it is repre- 
sented by small nonclathrin CVs near the Golgi (Tanchak et aL, 1988). 
Consequently, endocytosed membrane material may be not transported 
directly to the Golgi but may first enter another cell compartment, such as 
the ER (Kappler et al., 1986). The recent identification of clathrin-like 
molecules in the tip region of growing pollen tubes supports the evidence 
that an endocytotic process is active and responsible for membrane recycling 
in pollen tubes (Blackbourn and Jackson, 1996). 

111. The Cytoskeleton of Pollen Tubes 

The pollen tube reveals a cytoskeletal apparatus characterized by the pres- 
ence of two threadlike systems: AFs and MTs. Both of them have been 
observed in the vegetative cytoplasm of angiosperm pollen tubes by ultra- 
structural observations and fluorescence microscopy, making use of specific 
markers for their main constituent proteins, actin and tubulin, respectively. 
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A. Biochemical Characteristics of Actin and Tubulin 
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The actomyosin system has an important role in several plant cell functions, 
such as the maintenance of the cell shape and cell motility processes like 
cytokinesis, mitosis, cytoplasmic streaming, and organelle movement (Em- 
ons et al., 1991; Pierson and Cresti, 1992). 

The backbone protein of AFs is formed by actin, which has a molecular 
weight of 42 kDa. In the filaments, actin molecules are filed up in such a 
way that they form a double-stranded twisted polymer. In animal as in 
plant cells, individual A F s  have a diameter of 5-7 nm and show a distinct 
polarity (Vahey et aL., 1982; Ma and Yen, 1989; Tang et al., 1989a; Villanueva 
et al., 1990). Actin in plant cells is present in a dynamic state: it undergoes 
polymerization into AFs and depolymerization into actin monomers (Hen- 
nessey et aL, 1993). During cell growth (as in the pollen tube), actin mono- 
mers are polymerized into AFs, the latter representing essential elements 
for the cytoplasmic streaming that carries SVs to the growing tube tip 
(Pierson and Cresti, 1992). 

A method for purifying actin from maize pollen has been developed that 
allowed us to obtain biologically active actin (Liu and Yen, 1992). The 
actin was electrophoretically homogeneous: only one band of 42 kDa was 
seen. When compared with rabbit muscle actin, pollen actin comigrated 
and appeared to be related by immunological methods and amino acid 
composition (Liu and Yen, 1992). Maize pollen actin displayed biological 
properties such as polymerization ability and activation of myosin ATF’ase 
activity. The polymerization property of pollen actin was much lower than 
that of muscle actin observed under the same conditions. The in vitro 
reconstituted AFs were analyzed by electron microscopy. The diameter of 
a single filament was about 7 nm (Yen et al., 1995), very similar to that of 
other nonmuscle AFs (Koffer and Dickens, 1989). Reconstitued AFs also 
exhibited the same sensitivity to the AF-affecting drug Cytochalasin B. 

MTs, the second component of the pollen tube cytoskeleton, appear 
as filamentous hollows highly variable in length and with a diameter of 
approximately 24 nm. MTs are primarily composed of the heterodimeric 
protein tubulin, which has a molecular mass of 100 kDa. The tubulin hetero- 
dimer is formed by the noncovalent interactions of a-and P-tubulin subunits, 
each with molecular masses near 50 kDa. Tubulin heterodimers polymerize 
in a “head-to-tail” fashion to form linear protofilaments. Typically, MTs 
contain 13 protofilaments that associate laterally to form the MT wall 
(Fosket and Morejohn, 1992). The conventional purification methods ap- 
plied to obtain MT proteins from animal cells are successful when the 
homogenate contains tubulin levels higher than the critical dimer concentra- 
tion. These methods are of limited value for plant cells since the low protein 
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concentration in plant tissues does not allow direct MT assembly from a 
crude supernatant. 

In higher plants, tubulin properties and MT architecture have not been 
deeply investigated until recently, when tubulin isolation methods from a 
plant supernatant were designed. These methods are based on anion ex- 
change chromatography strategies (Morejohn and Fosket, 1982; Morejohn 
et al., 1984) or on herbicide-affinity chromatography (Mizuno et al., 1981; 
Akashi et al., 1988). Tubulin from a variety of plants shows distinct biochem- 
ical and immunological characteristics when compared with animal tubulin. 
In particular, plant a-tubulin shows distinctive peptide mapping patterns 
and electrophoretic mobility (Morejohn and Fosket, 1982; Hussey and Gull, 
1985). In pollen tubes, the a subunit was shown to migrate faster than the 
&subunit (Raudaskoski et al., 1987). Furthermore, plant tubulins are also 
different from animal and fungi tubulin in immunological and pharmacolog- 
ical features (Morejohn et al., 1984). In this view, the antigenic determinants 
were shared largely among more p than a subunits. Moreover, higher plant 
tubulins showed a lower affinity to the anti-MT drug colchicine than bovine 
brain tubulin under identical conditions (Morejohn et al., 1984; Morejohn 
and Fosket, 1991). 

Tubulin subunits are encoded by multigenic families consisting of three 
subclasses: the a- and P-tubulins, which form heterodimers and assemble 
in MTs, and the more recently identified y-tubulin, which is primarily 
associated with MT poles (Oakley and Oakley, 1989). Several a- and p- 
tubulin genes are expressed in most plant tissues (Fosket, 1989; Siflow et 
al., 1987). Two-dimensional gel electrophoresis has shown that plant a- 
and P-tubulins exhibit heterogeneity (isoforms) (Hussey et al., 1987,1988), 
possibly due to different gene products and/or posttranslational modifica- 
tions. Posttranslational modifications of a-tubulin, such as tyrosination/ 
detyrosination or acetylation, are well known. Dynamic MTs are usually 
tyrosinated, while those that are more stable are detyrosinated, acetylated, 
or both (Bulinski and Gundersen, 1991; Gelfand and Bershadsky, 1991, 
Piperno et al., 1987; Webster and Borisy, 1989). Posttranslational modifica- 
tions are less well known in plant cells than in animal cells. a-Tubulin 
has been reported to be tyrosinated in meristematic root cells of Allium 
(Wehland et al., 1984) and in suspension cells of daucus (Dawson and 
Lloyd, 1987). Tyrosinated (-tubulin was identified in pollen tubes grown in 
vitro by Western blotting and then localized in growing tobacco pollen 
tubes by immunofluorescence techniques (Del Casino et al., 1993). The 
acetylated a-tubulin was not seen in pollen tubes grown until 3 hr (Del 
Casino et al., 1993), whereas it was observed within the generative, but not 
vegetative, cytoplasm of pollen tubes grown for longer times in Taxol- 
containing culture medium (Astrom, 1992). y-Tubulin in the pollen tube has 
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been localized by immunofluorescence, but it has not been yet biochemically 
characterized (Palevitz et aZ., 1994). 

Plant tubulin can polymerize in vitro into MTs by the addition of 
assembly-enhancing components like glycerol (Morejohn and Fosket, 
1982), DMSO (Akashi et aL, 1988), and Taxol (Morejohn and Fosket, 1982; 
Morejohn et al., 1984; Dawson and Lloyd, 1987; Falconer and Seagull, 
1985). Ultrastructural observations of Taxol-induced structures from pollen 
tube supernatant revealed some peculiar characteristics. Pollen tubulin does 
not polymerize into single MTs, as is observed for other plant cell tubulin, 
but forms wide filaments (80-370 nm) interpreted as MT bundles (Tiezzi 
et aL, 1987). The bundling process is mostly characteristic of plant cells 
(such as in maize root tip Taxol-derived structures), whereas animal MTs 
polymerized under the same experimental conditions are individually dis- 
tributed (Tiezzi et aL, 1988). A complex system of thin filaments and debris- 
like material is also associated with Taxol-derived MTs in Nicotiana pollen 
tubes. The ultrastructure and biochemistry of these Taxol-induced aggre- 
gates have been investigated, showing that the filamentous component was 
predominantly formed by actin (Tiezzi et aL, 1987; Moscatelli et aL, 1991). 
The formation of MT bundles and the presence of putative AFs in the 
pollen tube of Taxol-induced structures represented a distinctive feature 
of the cytoskeletal apparatus. It also suggests that specific tubulin isoforms 
could be present and responsible for the Taxol-induced structures described 
above. Studies on the gene expression of tubulin in Arabidopsis showed 
that a gene encoding for an a-tubulin isoform (TUA1) was primarily ex- 
pressed in pollen, whereas most tubulin genes were expressed in many 
plant tissues (Carpenter et aZ., 1992). The correlation between the timing 
of TUAl expression and the assembly of extensive MT arrays in the pollen 
tube cytoplasm suggested that the TUAl isotype is used in the vegetative 
cell but it does not play a role in sperm cell MTs. This circumstance could 
support the hypothesis of specialized MTs in pollen tubes with respect to 
those of other plant tissues. 

6. Actin-Binding Proteins and Microtubule- 
Associated Proteins 

The actin cytoskeleton of eukaryotic cells undergoes rapid and dynamic 
rearrangements in response to external stimuli during the cell cycle. The 
reorganization of the actin cytoskeleton is highly regulated temporally and 
spatially by a spectrum of actin binding proteins (Pollard and Cooper, 
1986). Actin binding proteins can organize AFs into a loose network or 
tight bundles, capping the end or blocking the sides of filaments or even 
sequestering actin monomers. Specific interactions of actin binding proteins 
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with monomeric or polymeric actin can control the three-dimensional orga- 
nization of the actin cytoskeleton. 

Profilin is an actin monomer binding protein with low molecular mass 
(12-15 kDa) (Pollard and Cooper, 1986; Haarer and Brown, 1990), which 
has been identitied in animal as well as in plant tissues. Profilin appears to 
be a multifunctional protein, which plays both a positive and a negative 
effect on actin polymerization (Theriot and Mitchison, 1993). Profilin binds 
to actin monomers, forming a 1:l profi1in:actin complex that sequesters 
actin monomers and prevents their polymerization. On the other hand, 
profilin also catalyzes the exchange of ATP for ADP on recycled monomeric 
actin, thus promoting actin polymerization. Profilin was first isolated from 
calf spleen (Carlsoon et al., 1977) and homologues have been subsequently 
found in many organisms including plants (Magdolen et al., 1988; Binette 
et al., 1990; Haugwitz et al., 1991; Cooley et al., 1992; Machesky and Pollard, 
1993; Staiger et aL, 1993; Mittermann et al., 1995; Vidali et al., 1995). Plant 
profilins were originally discovered as allergens (Valenta et al., 1991,1993; 
Vallier et al., 1992) and were subsequently described as actin binding pro- 
teins (Staiger et al., 1993; Valenta et al., 1993). cDNAs encoding for profilins 
were shown to be very similar in different plants, such as birch, maize, 
timoty grass, tobacco, and wheat (Valenta et al., 1991, 1994; Staiger et al., 
1993; Mittermann et al., 1995). Experiments of profilin microinjection into 
Tradescantiu blossfeldiana stamen hair cells confirmed that profilin induces 
a rapid and irreversible depolymerization of AFs, causing inhibition of 
cytoplasmic streaming (Staiger et al,, 1994). Evidence that profilins have a 
prominent role during pollen maturation, pollen tube growth, and sexual 
reproduction of plants came from the observation that profilin expression 
is high in mature and germinated pollen (Mittermann et al., 1995). A correct 
formation of AFs is required for maintaining cytoplasmic streaming and 
pollen tube growth (Pierson and Cresti, 1992; Derksen et al., 1995b). In 
this view, the role of profilin in controlling actin polymerization could be 
critical during pollen maturation and tube growth. Approaches to identify- 
ing multiple profilin isoforms were carried out by both two-dimensional 
electrophoresis and cDNA library screening. The finding that large amounts 
of profilins are present in mature pollen compared to the lower levels in 
somatic plant tissues suggested that profilins play an important role in 
pollen biology (Mittermann et aL, 1995). cDNAs encoding for three tobacco 
profilin isoforms showed high sequence conservation (Staiger et al., 1993). 
This suggests that different profilin isoforms may be functionally equivalent 
and may protect the pollen against a loss of profilin activity. Profilins could 
promote actin polymerization and stabilize dynamic actin structures during 
pollen germination. 
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MTs are polymers made of tubulins and MT-associated proteins (MAPs). 
The latter bind the tubulin subunits during MT polymerization and protrude 
from the polymer surface. In plant and animal cells, the MT activity is 
thought to depend on their spatial organization, on the ability to polymerize/ 
depolymerize, to link each other, and to bind other cytoskeletal elements 
and/or organelles. The modulation of MT function involves the regulation 
of both tubulin and MAP properties. Although much information is avail- 
able on these proteins in animal and especially neuronal cells (Kreis and 
Vale, 1993), little is known about MAPs in plants. 

A fundamental question about MTs is how these polymers with highly 
conserved structures can have a wide range of activities (Lloyd, 1991). 
From recent data obtained in animal cells (Matus, 1990), it is proposed 
that the different properties of MTs during the cell cycle and/or differentia- 
tion may be regulated by selective MAPs. Different MAPs can mediate 
the interactions of MTs, control the rate of tubulin assembly by lowering 
the critical tubulin concentration, and regulate the stability of MTs (Olms- 
ted, 1996). Generally, MAPs are divided into two main classes: structural 
MAPs and energy transducing MAPs (motor proteins) like kinesin, dynein, 
or dynamin (Vale and Goldstein, 1990). Only structural MAPs will be 
considered in this paragraph. In higher plants, MAPs were identified in 
carrot (Cyr and Palevitz, 1989; Cyr, 1991) and cotton (Seagull et aL, 1990). 
More recently a set of proteins were identified in BY-2 (Jiang and Sonobe, 
1993) and maize cultured cells. In the latter, one of these proteins shows 
an immunological relationship to the neuronal 7 proteins (Vantard et al., 
1991). All these proteins displayed typical MAP properties of promoting 
purified animal and plant tubulin to coassemble with both animal and 
plant MTs (Schellembaum et al., 1993). Plant cell MAPs have also been 
hypothesized to play a role in regulating cell morphogenesis. A 100-kDa 
MAP from maize suspension culture cells (Vantard et aL, 1994) was shown 
to modulate the activity of cortical MTs during cell elongation (Nick et 
al., 1995). 

Since the pollen tube is a rapidly elongating structure, the control of cell 
morphogenesis is important for maintaining proper growth. A role of MTs 
in regulating the pollen tube morphogenesis has been proposed after ob- 
serving that MT-affecting drugs altered pollen tube diameter and influenced 
growth polarity (Derksen et al., 1995b). Furthermore, pollen tube MTs 
appeared to establish physical connections with other cytoplasmic structures 
such as the plasma membrane, AFs, and ER to form a complex cortical 
network (Lancelle et al., 1987). All these circumstances led us to hypothesize 
the requirements of MT-binding proteins that regulate the MT dynamic 
and connect them with other cellular structures. However, structural MAPs 
have not been yet identified in pollen tubes. 
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C. Distribution of Actin Filaments and Microtubules and 
Their Concerted Actions 

Early electron-microscopical studies provided some evidence of AFs in the 
pollen tube (Franke et al., 1972). However, the first demonstration of actin 
in pollen tubes was given by Condeelis (1974), which showed that fibrils 
from disrupted pollen tubes and pollen tube protoplasts of Amaryllis bella- 
donna could bind to rabbit muscle meromyosin. Furthermore, the composi- 
tion of AFs was confirmed by immunogold labeling (Lancelle and Hepler, 
1989, 1991). The spatial organization of these elements has been investi- 
gated by fluorescence microscopy after staining with anti-actin antibodies 
or fluorescent phalloidin (Perdue and Parthasarathy, 1985; Pierson et al., 
1986; Tang et al., 1989a). The distribution of AFs during pollen hydration 
and germination was investigated after both chemical fixation (Heslop- 
Harrison et al., 1986) and permeabilization with DMSO in several angio- 
sperms (Pierson, 1988). 

Phalloidin-binding bodies were observed throughout the cytoplasm of 
the vegetative cell in ungerminated pollen (Heslop-Harrison et al., 1986). 
These putative actin storage bodies undergo a rapid dissociation during 
pollen activation and germination, since they are no longer present when 
the tube emerges (Heslop-Harrison et al., 1986; Tiwari and Polito, 1990a). 
A complex of attenuated filaments appeared, converging toward the germi- 
nation aperture as the cytoplasm is leaving the grain and the cytoplasmic 
streaming starts (Heslop-Harrison et al., 1986; Tiwari and Polito, 1990a). 
A clearer image of AF organization was observed in lily and tobacco pollen 
grains and tubes permeabilized by DMSO. In this case, a three-dimensional 
network of actin bundles was visualized in the entire vegetative cytoplasm 
(Pierson, 1988; Heslop-Harrison and Heslop-Harrison, 1991). The integrity 
of the actin cytoskeleton was revealed to be crucial in determining pollen 
germination and growth in Pyrus communis, since pollen grains treated 
with the AF-affecting drug Cytochalasin D failed to germinate (Tiwari and 
Polito, 1990a). During pollen tube elongation, AFs are axially oriented and 
extended over the whole tube length (Fig. 1). Studies on the distribution 
of AFs  within the vegetative cell showed that they are distributed more in 
the cytoplasmic area than in the tube cortex (Pierson et al., 1986; Pierson, 
1988; Tang et al., 1989a). It has also been frequently reported that arrays 
of AF bundles occur in the tube apex of different species (Perdue and 
Parthasarathy, 1985; Pierson et aZ., 1986; Pierson, 1988). The presence of 
a dense AF network in the tube tip led to the development of a model of 
pollen tube growth in which the structure of the tube tip was controlled 
by AFs (Steer, 1990; Mascarenhas, 1993; Derksen et al., 1995b). Other 
studies at the electron microscope after rapid freeze fixation and substitu- 
tion failed to show AFs  in the apex (Lancelle and Hepler, 1992), suggesting 
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that previous observations might be artifacts due to the chemical fixation 
methods. Microinjection experiments of fluorescence-labeled phalloidin al- 
lowed to localize AF bundles throughout growing pollen tubes, with the 
exception of the tip region (Miller et al., 1996). A colocalization of A F s  
and MTs was observed in the cortical region of pollen tubes by both 
fluorescence microscopy (Pierson et al., 1989) and ultrastructural observa- 
tions after rapid freeze fixation and substitution (Lancelle and Hepler, 
1991). The presence of structures connecting AFs and MTs to each other, 
and with both the ER and the plasma membrane, suggested functional 
relationships between those components and that both MTs and AFs con- 
tribute to the organization of the cortical cytoplasm. 

Immunofluorescence techniques using antibodies to a- and P-tubulin 
subunits did not usually allow detection of MTs within ungerminated pollen 
grain, with the exception of P. cornrnunis, where a MT network was shown 
in hydrated pollen (Tiwari and Polito, 1990b). Generally, the MT cytoskele- 
ton of pollen tubes mainly consists of cortical MTs with either helicoid or 
axial orientation (Derksen et al., 1985; Tiezzi et al., 1986; Raudaskoski et 
aZ., 1987). Both cortical and cytoplasmic MTs are individually distributed 
in the vegetative cytoplasm (Fig. l ) ,  whereas they are organized in bundles 
within the generative cell cytoplasm (Derksen et aL, 1985; Tiezzi et aL, 
1986; Lancelle and Hepler, 1991). More recently, the MT distribution was 
investigated during pollen tube elongation in N. tabucum. Bundles of MTs 
with both cortical and cytoplasmic distribution were shown to extend from 
one-third to one-half of the pollen tube length, whereas only a few short 
MTs were found in the apical part. As the elongation proceeds, an intricate 
network of MTs normally extends into the apical zone, while the labeling 
intensity decreases in the oldest parts of the tube (Del Casino et al., 1993). 
The lack of MTs in the apex of young pollen tubes suggested that they are 
not directly related to the growth process. The use of anti-tyrosinated 
tubulin antibodies on Nicotiana pollen tubes at different elongation stages 
suggested that tyrosinated MTs were mostly localized in the cortex of 
emerging tubes during early stages of growth. After further tube develop- 
ment, the labeling was also detected in the cytoplasm, especially in the 
apical and subapical zones. The tyrosinated form is always present in both 
the cortex and the cytoplasm of the apex. In animal cells, tyrosinated 
(-tubdin seems to be involved in dynamic processes. In that sense, the 
presence of tyrosinated (-tubulin may be related to tube growth (Del Casino 
et al., 1993). Experiments with the MT-disrupting agent colchicine showed 
that MTs do not play a role in active tube growth, but in controlling tube 
diameter (Heslop-Harrison et al., 1988). Recent data obtained with more 
specific anti-MT drugs (such as carbetamide, propham, and oryzalin) both 
in vitro and in vivo suggested that Nicotiana pollen tube MTs contribute 
to maintaining the internal cytoplasmic organization (Joos et aL, 1994, 
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1995) and to regulating the timing of generative cell and vegetative nucleus 
entrance into the tube (Astrom et al., 1995). 

Although the pattern of MTs in pollen tubes is known, few data are 
available on the localization of MT-nucleating sites. When pollen tube MTs 
were disrupted by cold treatment, tubulin was immunologically detected 
only in specific areas associated with the plasma membrane (Wstrom et al., 
1991). In Lilium auratum, the subapical region of the pollen tube was 
supposed to contain putative MT-generating sites (Heslop-Harrison and 
Heslop-Harrison, 1988). This is consistent with observations that short MTs 
are present in the apex of Nicotiana pollen tubes (Del Casino et al., 1993). 
Recently, a pericentriolar immunoreactive homologue (p77) was found in 
association with a plasma membrane fraction from pollen tubes. Immuno- 
fluorescence observations showed the antigen to be located in the apical 
part in association with the cortical tube area (Cai et al., 1996b). The only 
other component of MT-organizing centers found in pollen tubes is a y- 
tubulin related antigen (Palevitz et af., 1994). Since it showed a wide cyto- 
plasmic pattern, it is differentially distributed with respect to p77. The 
different spatial arrangement of the two components could be related to 
the diverse functions they play in the pollen tube. 

FIG. 1 Localization of cytoskeletal structures in the pollen tube. (a) Microtubules can be 
visualized using indirect immunofluorescence techniques with specific antitubulin antibodies. 
In this picture, a two hours-grown pollen tube of Nicotiana tabacum was chemically fixed and 
processed for immunofluorescence with an anti-a-tubulin antibody. Bundles of microtubules 
can be seen along the main axis of the pollen tube, running in a helicoidal manner. At this 
stage of pollen tube growth, microtubules are only partially visible in the tube apex (top 
right). The image was obtained with a confocal microscope. Bar, 20 pm. (b) Microtubules 
are sometimes observed to form a criss-cross pattern in the cortex of tobacco pollen tubes. 
The image was obtained with a confocal microscope. Bar, 10 pm. (Micrograph courtesy of 
C. Del Casino.) (c) Distribution of the pollen kinesin homolog as revealed by the k71s23 
monoclonal antikinesin antibody. A punctuate pattern is observed in the pollen tube apex, 
and also in the cortical region behind the tip. Spots are presumed to represent kinesin-related 
molecules bound to membrane-bound structures, probably vesicles not directly involved in 
the process of secretion. Bar, 5 pm. (Micrograph courtesy of C. Del Casino.) (d) The actin 
filament skeleton of pollen tubes as shown by staining with rhodamine-phalloidine. Actin 
filaments can be seen in the two typical organization pattern, as longitudinal bundles run- 
ning in the cytoplasm (arrow) and as helicoidal fibers in the pollen tube cortex (arrowheads). 
The image was obtained with an optical microscope after chemical fixation. Bar, 20 pm. 
(e) Immuno-gold labelling with an antimyosin antibody in the cytoplasm on the Nicotiana 
tabacum pollen tube. In this particular image, clusters of gold particles (arrows) are observed 
on the surface of the generative cell (GC), in contact with the vegetative cytoplasm (VC). 
Myosin molecules are suggested to interact with the actin filaments, thus promoting the 
translocation of the generative cell through the pollen tube. Bar, 200 nm. (Micrograph courtesy 
of C. Faleri.) 
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A. Transmembrane Linkage Proteins and Matrix Proteins 

The pollen tube is a finger-like cellular protuberance produced by the 
pollen grain and naturally growing through the stigma and style. During 
its growth, the pollen tube is in communication with stigma and stylar 
components, which can be called the extracellular matrix (ECM). The ECM 
is considered very important in controlling the elongation of pollen tubes. 
The following sections will describe what is known on the membrane- 
associated skeleton, on transmembrane connecting proteins, and on ECM 
components interacting with the pollen tube. 

1. Spectrin 

Membrane proteins are not generally allowed to diffuse freely in the mem- 
brane sheet, but they are restricted to some specific areas, where their 
functions are required. To achieve such a limitation, some structural ele- 
ments of the cytoskeletal apparatus are involved. Moreover, a membrane- 
associated cytoskeleton is also required to limit the alteration in shape or 
dimension of a cell (Cowin and Burke, 1996). Among the membrane- 
associated cytoskeletal molecules, spectrins are a pertinent example. Spec- 
trin is a cytoskeletal protein associated with the cytoplasmic side of the 
plasma membrane. In red blood cells, spectrin is a heterodimeric molecule, 
composed by two 220- to 240-kDa polypeptidic chains (a and f l )  linked in 
a noncovalent way. The role of spectrins in red blood cells is to build a 
cytoskeletal structure on the cytoplasmic side of the plasma membrane, 
enabling red blood cells to offer resistance to tensions on their membranes. 
Spectrin molecules are linked together into a network by molecular com- 
plexes in which even actin takes part. All this intricate cytoplasmic side- 
associated cytoskeleton is bound to the plasma membrane by transmem- 
brane proteins (Bennett and Gilligan, 1993). 

Plant cells can sustain the tension exerted on their plasma membrane by 
the presence of a rigid cell wall (Showalter, 1993). However, the existence 
of further internal support may occasionally be useful. The apex of pollen 
tubes is a good example, since it is the place where tube growth occurs. 
The thickness and physical resistance of the cell wall in the tip are thought 
to be lower, when compared to other parts of the pollen tube (Derksen et 
al., 1995b). On the contrary, the apex cell wall must be quite flexible 
to guarantee that tube elongation occurs. Immunorelated homologues of 
spectrins were identified in plant cells (De Ruijter and Emons, 1993) and 
also in pollen tubes, where they are localized in association with the tip 
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area (Derksen et al., 1995b). Spectrins in the tip may participate in the 
construction of a cytoplasmic side cytoskeleton, which in turn may have a 
double function: (a) to serve as a membrane skeleton, allowing the tip 
membrane to withstand turgor pressure, and (b) to limit the mobility of 
membrane proteins in the apical membrane. Concerning the second possi- 
bility, a role for spectrin in limiting the lateral mobility of integral membrane 
proteins has already been shown in other cell types (Dahl et al., 1994). 
Membrane proteins are probably also differentially distributed in the 
plasma membrane of pollen tubes; examples are the 100-kDa H+-ATPase 
of the plasma membrane (Obermeyer et al., 1992), the K+ channels (Feijo 
et al., 1995), the 77-kDa centrosome-related polypeptide (Cai et al., 1996b), 
and polypeptides belonging to the Rho GTPase family (Lin et al., 1996). 
All this evidence supports the idea that proteins in the plasma membrane 
of pollen tubes are actively maintained in precise positions. 

Other speculative functions may be attributed to the spectrin homologues 
in pollen tubes. For example, a-spectrin contains a C-terminal domain 
structurally related to calmodulin (CaM) (Trave et al., 1995b), whereas 
Ca2+ can induce a conformational change of spectrin, which is probably 
involved in regulating its binding to actin (Trave et al., 1995a). Conse- 
quently, spectrin in the tube tip may bind to short AFs in a Ca2+-dependent 
manner. While the association of actin to the plasma membrane of plant 
cells is already proven (Sonesson and Widell, 1993), we do not have corres- 
ponding evidence in the pollen tube. Spectrin has also been shown to 
contain a PH domain, which is a binding site for phosphatidyl-inosito14,5- 
bisposphate, a polyphosphoinositide important for cell signaling (Hyvonen 
et al., 1995). Spectrin in the tube tip may consequently participate in the 
pathway of signal transduction, but no data are available to support this hy- 
pothesis. 

2. Integrins 

Considering that some stylar components can attract the growing pollen 
tube and speed up its growth rate (Cheung et aZ., 1995), the ECM is sug- 
gested to play a crucial role in directing pollen tube growth. In eucaryotes, 
integrins are the main receptors used by cells to bind to the ECM (Clark and 
Brugge, 1995). Integrins are a large family of homologous transmembrane 
proteins, generally formed by two 100- to 140-kDa polypeptidic chains (a 
and p )  held together by noncovalent bonds. While the extracellular N- 
terminal domains bind to ECM molecules, the cytoplasmic C-terminal do- 
mains can interact with the cytoskeletal apparatus. Integrins do not bind 
directly to actin molecules, but the presence of auxiliary attachment proteins 
(such as talin, tensin, vinculin, and a-actinin) is required. 
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Immunologically related integrin molecules were also identified in plant 
cells. For example, the brown alga Fucus contains a homologous polypep- 
tide of 92 kDa (Quatrano et al., 1991), whereas a 120-kDa polypeptide was 
identified in the fungus Suprolegniu (Kaminskyj and Heath, 1995). Both 
polypeptides were detected using antibodies to the /3l-integrin, which cyto- 
plasmic domain is highly conserved in vertebrates, invertebrates, and fungi 
(Marcantonio and Hynes, 1988). In Suprolegniu, the antibody was found to 
label membrane spots in the tip region by immunofluorescence microscopy. 
After plasmolysis, the polypeptide remained attached to the cell wall, sug- 
gesting a strong interaction. Moreover, a 70- to 72-kDa vitronectin receptor- 
like polypeptide (such as integrins) was identified in soybean root cells by 
affinity chromatography and an immunological reaction against a polyclonal 
antibody to the human P3-integrin (Schindler et ul., 1989). The role of 
integrins in plant cells is related to the attachment process between the 
cytoskeleton and the cell wall. Integrin molecules may be involved in pro- 
cesses such as organelle motility, tip morphogenesis, and apex-directed 
contraction (Wyatt and Carpita, 1993). 

Integrin molecules have not been yet identified in pollen tubes; therefore, 
only speculations can be made. A F s  in pollen tubes are sometimes observed 
to focus in definite areas, which are hypothesized to act as putative “AF 
organizing sites” or “focal adhesions” (Pierson et ul., 1986). Although the 
precise subcellular localization of those actin foci has not been found, they 
are detected in pollen tubes grown in in vivo systems, but not under in 
vitro conditions. This evidence allows the speculation that the ECM may 
have a role in controlling the assembly of AFs within the growing pollen 
tube; the formation of ECM-cytoskeleton interactions may require the 
presence of transmembrane proteins with integrin-like characteristics. 

The role of the tube plasma membrane (especially the tip area) in modu- 
lating the actin cytoskeleton has recently been made less mysterious by the 
identification of polypeptides immunologically related to Rho-GTPase (Lin 
et al., 1996). In animal cells, Rho proteins participate in the pathway leading 
to the assembly of stress fibers (Nobes and Hall, 1995) following activation 
of cell-surface receptors. Current models on the assembly of focal adhesions 
involve the ECM-mediated aggregation of integrin molecules, a process 
also reliant on the activation of Rho proteins (Parsons, 1996). Rho-related 
GTP-binding proteins were also characterized in plant cells (Yang and 
Watson, 1993). The localization of Rho-related polypeptides in the tube 
tip plasma membrane (Lin et al., 1996) suggests that the pollen tube apex 
is involved in the assembly of AFs as a response to external signals or 
interactions with the ECM. 

3. Vitronectin- and Fibronectin-like Proteins 
By definition, the ECM comprises several adhesive proteins having multiple 
domains, each with specific binding sites for both other ECM molecules 
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and receptors on the cell surface. Fibronectin is a large glycoprotein found 
in vertebrates that consists of two subunits connected by disulfide bonds 
(Mosher, 1988). The cell binding domain of fibronectin is characterized by 
the presence of a specific tripeptide sequence (Arg-Gly-Asp) that is an 
essential element for the binding of fibronectin to integrin molecules. Plant 
cells contain immunologically related fibronectin-like proteins, which were 
identified in the walls of NaC1-adapted cells using polyclonal antibodies 
against human fibronectin. The reactive polypeptide was not observed in 
NaC1-unadapted cells (Zhu et al., 1993). 

Vitronectin is a glycoprotein that was originally discovered as a cell 
attachment factor and is present in the ECM of many mammalian cells 
(Preissner, 1991). The adhesion mechanism is based on the attachment of 
the cytoskeleton to vitronectin molecules by transmembrane proteins, such 
as integrins. Although the activity of vitronectin is similar to that of fibro- 
nectin, the two molecules are biochemically and immunologically different 
(Preissner, 1991). 

Vitronectin-like proteins were also identified in plant cells, like in the 
brown alga Fucus (Quatrano et al., 1991), and in some species of flowering 
plants (Sanders et al., 1991; Zhu et al., 1993). These polypeptides were 
detected using polyclonal antibodies to vertebrate vitronectins, but they 
were not examined for specific functions. A 55-kDa vitronectin-like protein 
was isolated from NaC1-adapted cells and shown to bind to glass surfaces 
and heparin (Zhu et al., 1994). Sequencing of this plant adhesion molecule 
revealed a strong identity with the translational elongation factor l a ,  but 
almost no similarity to vitronectin. Immunogold localization suggested that 
the vitronectin-like protein is present in the inner wall of transmitting tissue 
cells in pollinated mature tobacco styles, and in the external wall of the 
cortical tissue cells within intercellular spaces. This specific localization 
allows the supposition that the novel vitronectin-like protein may be in- 
volved in some features of pollen tube extension. Two other classes related 
to vitronectin proteins were identified in Lilium longiforurn using different 
preparations of human vitronectin antisera (Wang et al., 1994). Compared 
with the vitronectin-like protein from NaC1-adapted cells (Zhu et al., 1993), 
sequence analysis of one vitronectin-like polypeptide from Lilium revealed 
a strong similarity to human vitronectin (Wang et al., 1994). Vitronectin- 
like proteins in plant cells are suggested to participate in various processes, 
such as cell adaptation to stress (Zhu et aL, 1993), the attachment of infecting 
bacteria to host cells (Wagner and Matthysse, 1992), and pollen tube guid- 
ance (Sanders et al., 1991). 

Concerning the involvement of ECM molecules in guiding pollen tube 
growth, the pollen tube tip may behave like a migrating cell, interacting 
with ECM components in the stylar transmitting tissue (Sanders et al., 
1991). This hypothesis was worked out by observing that latex beads put 
on the stigma translocate to the ovary at rates corresponding to the growth 
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speed of pollen tubes (Sanders and Lord, 1989). As support of this theory, 
vitronectin-like proteins were localized by immunological approaches on 
the surface of the transmitting tissue in the style (Sanders et al., 1991). 

ECM molecules may be important either in guiding the pollen tubes 
through the transmitting tissue of styles or in establishing the proper interac- 
tions between pollen tubes and pistil. The vitronectin-mediated interactions 
may induce some cytological modifications within the pollen tube, such as 
a different arrangement of the cytoskeleton. The actin foci of pollen tubes 
described above (Pierson et aL, 1986) may be interpreted as being induced 
by contacts with ECM molecules, since they are observed in in vivo systems, 
but not in in v i m  ones. 

B. The Movement of Membrane-Bounded Organelles along 
the Cytoskeleton 

When a growing pollen tube is observed under the light microscope, it is 
easy to discern the movement of its cytoplasmic components (Pierson et 
d., 1990). Under normal growth conditions, two separate directions of 
movement can be distinguished: from the grain to the tip and contrariwise. 
This translocation activity represents the way by which the growing pollen 
tube is continuously filled by the cytoplasm. After the onset of germination 
(depending on the plant species), it may also be possible to observe the 
generative celYsperm cells while getting into the pollen tube and moving 
toward the tip. All movements in the pollen tube are likely to depend on 
the presence and activity of the cyoskeletal apparatus. 

1. Cytoskeleton-Based Motor Proteins 
In eucaryotes, the organelles within cells are not stationary, but they are 
actively organized and displaced according to the particular physiological 
condition of the cell. The approaches made in many laboratories during the 
last 10 years clearly showed that cells use their own cytoskeletal apparatus 
to move organelles (Langford, 1995). A particular kind of cytoskeletal 
protein-known as the cytoplasmic molecular motor-is the dynamic link- 
age between the track-like cytoskeletal fibrils (MTs and AFs) and the 
organelles to be moved. The cytoplasmic motor group includes three main 
protein categories: myosin (an AF-based motor), kinesin, and dynein (MT- 
based motors). Members of all three classes have been identified in the 
pollen tube system. 

a. Myosin Heavy Chain Polypeptides The term myosin includes all the 
AF motor proteins identified to date. All myosins can hydrolize ATP in 
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the presence of AFs. This feature represents, with in vitro motility assays 
(Chaen et al., 1993) and gene sequence analysis (Moepps et al., 1993), the 
main criterion for the identification of new myosin polypeptides. The skele- 
tal muscle myosin belongs to the myosin-I1 subfamily, which is formed by 
two polypeptides (the heavy chains) forming two heads and a rod-like 
structure (Titus, 1993). The heads carry the actin-binding and the ATP- 
hydrolyzing sites, whereas the rod is formed by the dimerization of the 
long a-helical tail domains of each heavy chain. Nonmuscle cells contain 
a different type of myosin, known as myosin I, characterized by a single 
head domain with the same functions as the myosin I1 heads, and by a rod- 
like tail highly divergent in structure and function from the myosin I1 class 
(Pollard et aL, 1991). Genetic analyses allowed the classification of all 
myosins into distinct classes (Cheney et al., 1993). 

In plant cells, the actomyosin system has been considered the main force- 
generating mechanism of cytoplasmic streaming. Information on such a 
role can be found in recent reviews on the subject (Shimmen and Yokota, 
1994). As for other plant cells, AFs are suggested to be the main factor 
responsible for the active streaming of organelles in living pollen tubes 
(Heslop-Harrison and Heslop-Harrison, 1989a). The first indirect evidence 
for myosin polypeptides came from the observation that isolated pollen 
organelles move along Characean actin bundles in a Ca2+-dependent man- 
ner (Khono and Shimmen, 1988). These results clearly show that polypep- 
tides functionally related to myosins might exist in pollen tubes and that 
their activity was regulated by Ca2+. In 1989, an immunoreactive polypep- 
tide of 175 kDa was identified in extracts from pollen tubes of Nicotiana 
data (Tang et aL, 1989b). The polypeptide is recognized by commercial 
antibodies to the head and tail domains of skeletal myosin. Both antibodies 
produce a similar type of staining when applied in fluorescence microscopy. 
Putative organelles and/or vesicles are stained but, while the anti-myosin 
head antibody gives a more uniform staining pattern along the tube, the 
anti-myosin tail antibody prevalently stains the apical region of pollen 
tubes. A more important difference is found in relation to the generative 
ceWvegetative nucleus staining. The anti-myosin head antibody produces 
a punctate uniform staining of both organelles, whereas the anti-myosin 
tail antibody does not yield any kind of staining. Subsequently, a different 
type of commercial anti-skeletal myosin antibody was used to label isolated 
pollen organelles, including the generative cell (Heslop-Harrison and 
Heslop-Harrison, 1989b). This preliminary evidence suggests the associa- 
tion of myosin polypeptides with pollen tube organelles and reinforces 
the hypothesis that the actomyosin system is the main mechanism for the 
movement of organelles and vesicles. 

Biochemical analysis of the in vitro translocation activity of the pollen 
organelle revealed that the characteristics of the putative translocator are 
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very similar to those of conventional myosins (Khono et aZ., 1990). Further- 
more, a pollen tube extract was shown to contain a molecular component 
able to translocate fluorescently labeled chicken muscle AFs (Khono et aZ., 
1991). A 120-kDa polypeptide was subsequently purified from lily pollen 
tubes on the basis of its ability to translocate AFs in an in vitro motility 
assay (Khono et al., 1992). The polypeptide binds to AFs and has an AF- 
activated ATPase activity. The 120-kDa myosin polypeptide was subse- 
quently shown to be one fragment of a larger polypeptide of 170 kDa, 
which is particularly susceptible to proteolysis during purification (Yokota 
and Shimmen, 1994). Since the isolated 170-kDa polypeptide translocates 
AFs and has an AF-activated ATF'ase activity, it represents the first func- 
tional myosin polypeptide isolated from pollen tubes. The pollen myosin 
does not cross-react with an anti-pan myosin antibody and an antiserum 
raised to the pollen myosin does not label skeletal muscle myosin, suggesting 
that the pollen myosin is not immunologically related to conventional skele- 
tal muscle myosins. These results distinguish the 170-kDa pollen myosin 
from the 175-kDa myosin polypeptide identified in N. alata (Tang et al., 
1989b), which is, on the contrary, labeled by anti-skeletal muscle myosin 
antibodies. A remarkable difference is also observed when the antiserum 
to the 170-kDa polypeptide is used in immunofluorescence microscopy. In 
tobacco and lily, the antiserum stains the apical and subapical regions of 
pollen tubes with a punctate staining pattern, which appears like the organ- 
elle distribution (Yokota et al., 1995). Against previous results, the antise- 
rum does not recognize any epitope associated with the surface of generative 
cell or vegetative nucleus. 

Further observations were obtained with antibodies to specific myosin 
subfamilies. In particular, three different classes of myosin were identified in 
the pollen tubes of N. alata and L. longiflorum using heterologous antibodies 
directed against myosins I, I1 and V (Miller et al., 1995). Antibodies to 
myosins IA and IB identify a main polypeptide of 125 kDa, which is essen- 
tially associated with the vegetative cell plasma membrane, larger organ- 
elles, and the surface of both the generative cell and the vegetative nucleus. 
This evidence suggests that myosin I may be the primary molecular motor 
involved in the translocation activity of the male germ unit. Antibodies to 
myosin V bind to a 190-kDa polypeptide, which is localized in association 
with smaller organelles, such as vesicles, suggesting a direct participation 
of myosin V polypeptides in the movement of SVs. On the other hand, 
antibodies to myosin I1 (against both the head and the tail domains) bind 
to a 205-kDa polypeptide in Nicotiuna and Lilium pollen tubes. The putative 
myosin I1 is localized in association with larger organelles, such as plastids, 
mitochondria, and dyctiosomes. Since the 205-kDa myosin I1 polypeptide 
is only infrequently observed in association with the generative cell surface, 
its localization does not appear like that of the 175-kDa myosin. However, 
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these new results on myosins show that different pollen organelles may 
be moved by diverse translocators and suggest that the various organelle 
categories may be subjected to different types of regulation. 

The association of myosins with the male germ unit surface is further 
supported by the identification of a 174-kDa myosin-related polypeptide 
on the generative cell surface. This result was obtained with a commercial 
antibody to skeletal muscle myosin in immunogold electron microscopy on 
chemically fixed material (Tirlapur et al., 1995, 1996) (Fig. 1). This result 
was already shown in a previous work using the same antibody in immuno- 
fluorescence microscopy (Heslop-Harrison and Heslop-Harrison, 1989b). 
Although the physical fixation techniques, such as rapid fixation and freeze 
substitution, may yield a better preservation level of cellular structures 
than chemical fixation, the presence of myosin-II-related polypeptides in 
association with the generative cell surface must be considered. From these 
results, we can speculate either that only one myosin class is not sufficient 
for the translocation of the generative cell or that different myosins can 
have overlapping functions, or, otherwise, that some myosins may simply 
be redundant. 

b. Kinesin-like Proteins The kinesin superfamily consists of MT-based 
motor proteins that play an active role in the translocation of organelles 
toward the plus end of MTs (Langford, 1995). Kinesins are involved in 
the MT-mediated translocation of membrane-bounded organelles (such as 
vesicles, ER, and mitocondria) and chromosomes (Hoyt, 1994). Kinesins 
were first discovered in nerve cells (Vale et aL, 1985) and shown to be 
heteropolymers of heavy and light chains (Bloom et al., 1988). The kinesin 
heavy chains (KHCs) are characterized by a highly conserved motor domain 
of 350-400 amino acids, which carries both the MT- and the ATP-binding 
sites (Goldstein, 1993; Sablin et aL, 1996). Polypeptides whose gene se- 
quence is significantly homologous only to the motor domain of KHCs 
(Hall and Hedgecock, 1991) were identified in many eucaryotic cells and 
are known as kinesin-like polypeptides (KLPs). Gene analyses showed that 
some KLPs might be involved in processes related to cell division (Wang 
and Adler, 1995; Wordeman and Mitchison, 1995). Frequently, the direction 
of translocation is determined by the position of the motor domain within 
the polypeptidic chain (Goodson et aL, 1994). 

The presence of MT-based motor proteins in plant cells has been always 
controversial, since almost all the cytoplasmic movements that occur in 
plant cells were known to depend on the actomyosin system (Williamson, 
1993). The identification of a GTP-dependent translocator in the phrag- 
moplast of dividing BY-2 cells represented the first evidence for putative 
MT-based motor proteins in plant cells (Asada et al., 1991). Neuronal tissues 
have been the first source for kinesin motors and purified KHCs were often 
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used as antigen to raise antibodies. Using a monoclonal antibody (k71s23) 
to the KHC from bovine brain, two immunoreactive polypeptides of 100- 
108 kDa were identified in cytoplasmic extracts from tobacco pollen tubes 
and shown to copellet with MTs in binding assays (Tiezzi et aL, 1992). 
Analysis by immunofluorescence microscopy with the anti-kinesin antibody 
provided a punctate staining in the apex of pollen tubes (Tiezzi et al., 1992) 
(Fig. 2) .  These results suggested that the pollen kinesin homologues (PKHs) 
might be associated with vesicles and possibly involved in their translocation 
in the tube apex. This hypothesis was not supported by both the poor 
presence of MTs in the pollen tube apex (Derksen et aL, 1985; Del Casino 
et al., 1993) and the evidence that KHCs from animal cells sometimes 
colocalize with cytoplasmic MTs (Hollenbeck, 1989). Subsequent works 
allowed us to obtain major insights into the function and structure of PKHs. 
The purified 100-kDa PKH has a MT-dependent ATPase activity and an 
ATP-sensitive MT-binding capacity (Cai et al., 1993). These results sug- 
gested that the PKH is similar in biochemical properties to conventional 
KHCs. A deeper investigation by indirect immunofluorescence microscopy 
revealed two further characteristics. First, the PKH was detected along the 
cortex in growing pollen tubes and not only in the apical region. Second, 
double immunofluorescence studies showed that the PKH colocalizes with 
short MTs in the apex of tobacco pollen tubes (Cai et aZ., 1993). Further- 
more, immunological techniques showed that the k71s23 antibody binds to 
an antigenic polypeptide of 100 kDa (p100) on the surface of around 80- 
nm Golgi-derived vesicles (Liu et al., 1994). The p100-containing Golgi- 
derived vesicles always copelleted with MTs in ATP-free binding assays. 
After treatment with high salt concentrations, pl00 is detached from mem- 
branes and shows a MT-dependent ATPase activity (Liu et aZ., 1994). This 
evidence shows that pl00 is not an integral membrane protein, but instead 
a peripheral protein, which probably interacts with membranes by hypothet- 
ical receptors. 

Kinesin-like gene sequences were also identified in plant cells. Five se- 
quences related to the KHC motor domain (katA-E) were discovered in 
the genome of Arabidopsis thaliana (Mitsui et al., 1993,1994). All sequences 
contain the motor domain at the C terminus, suggesting that they codify 
for minus-end-directed motors. Antibodies directed to in vitro expressed 
fragments of katB-C identify an 85-kDa polypeptide in BY-2 cells, which 
level increases during cell division with a maximum of relative concentration 
at the M phase (Mitsui et aL, 1996). This information suggests that katB- 
C, like many KLPs of animals cells, might play a role during cell division. 
A plus-end-directed motor was also identified in BY-2 cells by in vitro 
motility assays and purified by MT-binding techniques (Asada and Shi- 
baoka, 1994). 
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An antibody raised to a common peptide sequence in katA-B-C identifies 
a single polypeptide around 140 kDa in extracts from A. thaliana (Liu et al., 
1996). The polypeptide (named katAp) is localized by immunofluorescence 
studies in association with the mitotic apparatus of dividing cells. The same 
antibody was also used to identify antigenic polypeptides of 102-110 kDa 
in pollen tubes, which mainly associate with the MT cytoskeleton of the 
generative cell (Liu and Palevitz, 1996). A variable punctate staining is also 
observed in the vegetative cytoplasm, suggesting that other kinesin-related 
polypeptides may be present in pollen tubes beyond that previously iden- 
tified. 

Recently, other KLPs have been identified in plant cells by screening of 
expression libraries with biotinylated CaM (Reddy et al., 1996a,b; Wang e f  
al., 1996). The biological activity of these KLPs is likely mediated by the 
formation of a Ca2+/CaM complex. No evidence of such a KLP is found 
in the pollen tube. 

(I Dynein-like Proteins Dyneins are MT-based motor proteins usually 
composed of several polypeptides and broadly subdivided into two main 
categories: axonemal and cytoplasmic dyneins (Holzbaur and Vallee, 1994). 
A polypeptidic chain around 400-500 kDa (known as the heavy chain and 
present in two to three copies per molecule) is the dynein component that 
binds to MTs in an ATP-dependent manner. Dynein heavy chains, like 
those of kinesins, can convert the chemical energy of ATP hydrolysis into 
a mechanical movement. While kinesin molecules can usually move toward 
the plus end of MTs, dynein molecules, on the contrary, can translocate 
toward the minus end of MTs (Schroer et al., 1989). Dyneins were first 
identified as the molecular motors that boost axoneme bending and, conse- 
quently, the beating of axoneme-containing structures, such as cilia and 
flagella (Goodenough and Heuser, 1985). A homologue of axonemal dy- 
neins with MT-dependent ATPase activity, ATP-dependent MT binding, 
and minus-end-directed motion (Paschal et al., 1987) was identified in nerve 
cells and named cytoplasmic dynein. Subsequently, cytoplasmic dyneins 
were identified in many eucaryotic cells, again using genetic approaches 
(Andrews et al., 1996). Cytoplasmic dyneins are also localized in association 
with kinetochores (Pfarr et al., 1990), which suggests a further role in the 
minus-end-directed motion of chromosomes. 

In higher plants, the only evidence for dynein concerned its presence in 
flagellated cells, like the sperms of primitive gymnosperms (for example, 
Gingko biloba and cycads). All published dynein sequences contain four 
P loop consensus sequences corresponding to the ATP-binding sites, which 
are highly conserved among dyneins from phylogenetically divergent spe- 
cies (Vallee, 1993). A peptide antibody raised to the conserved sequence 
of the first P loop can label two high-molecular-weight polypeptides in 
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extracts from tobacco pollen tubes. Consequently, this higher plant cell 
type is the first one where homologues of dynein heavy chains have been 
identified (Moscatelli et al., 1995). The two polypeptides show an apparent 
molecular weight near that of axonemal and cytoplasmic dynein heavy 
chains and, most important, have a MT-activated ATPase activity and an 
All’-dependent MT-binding ability (Moscatelli et al., 1995). Since the two 
dynein polypeptides can be separated by zonal centrifugation in two distinct 
fractions sedimenting at 22 S and 12 S, respectively, they are probably not 
part of the same molecular complex. Although in vitro motility assays 
have not yet been performed, results suggest that the two dynein-related 
polypeptides may have a function in some kind of intracytoplasmic move- 
ment within pollen tubes. It is reported that G. biloba pollen also contains 
a dynein-related polypeptide (Moscatelli et al., 1996), which has characteris- 
tics similar but not identical to those of the dynein doublet of tobacco 
pollen tubes. The finding of dynein-related polypeptides in Gingko pollen 
may be related either to MT-based cytoplasmic events (if the dynein poly- 
peptide belongs to the cytoplasmic class) or to precursors of axonemal 
dyneins. Further ultrastructural and biochemical information are needed 
to clarify this question. 

In animal cells, cytoplasmic dynein molecules are located in association 
with organelles and are involved in the vesicular traffic between the internal 
membrane compartments (Hirokawa et al., 1990). New results have recently 
been obtained for the dynein-related polypeptides in pollen tubes, which 
show that they bind to organelles and are probably related to their transpor- 
tation (Moscatelli et al., manuscript in preparation). These results will be 
introduced and discussed below. 

2. Proposed Mechanism of Interrelations among 

As previously described, polypeptides related to both AF- and MT-based 
motors are present in the vegetative cytoplasm of pollen tubes and probably 
involved in the organelle translocation activity. This section mainly de- 
scribes possible models of interaction between AF- and MT-based motors. 

As reported (Miller et al., 1995), distinct organelles may be moved by 
different myosins. This evidence suggests that individual organelles have 
specific receptors for each myosin class, so that myosin I can bind to the 
male germ unit but not to SVs. This differentiation may be useful for a 
separately regulating the movement of various organelles, according to the 
particular growth condition of the pollen tube. Most larger organelles ex- 
hibit a bidirectional movement within the pollen tube (Pierson and Cresti, 
1992). Organelles are translocated to the apex and after that moved back 
toward the grain (Steer and Steer, 1989); amyloplasts and lipid globuli are 

Motor Proteins 
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observed to move to the proximity of the tip (around 20 pm from it) and then 
return (Heslop-Hamson and Heslop-Harrison, 1989a). This bidirectional 
movement is suggested to depend on the occurrence of AFs with both 
orientations along the tube and on the Ca2+-induced fragmentation of AFs 
in the tip (Khono and Shimmen, 1987). Ca2+ may also exert a regulatory 
function on myosin activities in pollen tubes, thus preventing organelles 
from penetrating further into the apical region and favoring their movement 
back to the grain. Although MTs may play a role under particular condi- 
tions, such as in very old pollen tubes (Joos et al., 1994), the incapacity for 
larger organelles to reach the apical region seems unrelated to MTs (Heslop- 
Harrison et al., 1988). 

The role of MTs in organelle translocation along the pollen tube is 
uncertain. The PKH is apparently located in the apical region (Tiezzi et 
al., 1992) and, consequently, it is unlikely to control the movement of 
cytoplasmic organelles. On the other hand, the pollen dynein-related poly- 
peptides could participate in such a process. Pollen dyneins were initially 
characterized as soluble components, but different extraction procedures 
have subsequently shown that they may be associated with the membrane 
fraction of pollen tubes (Moscatelli et al., manuscript in preparation). 
Membrane-associated dynein-related polypeptides can be extracted only by 
treatment with detergents, suggesting a strong association with membranes. 
Immunoelectron microscopy reveals that the membrane-associated dynein- 
related polypeptides are restricted to defined organelles, such as small 
vacuoles, Golgi stacks, and other vesicular structures. Immunofluorescence 
microscopy shows that dynein-containing organelles are distributed along 
the pollen tube, following the same pattern of tube length-dependent distri- 
bution of MTs, as described in tobacco pollen tubes (Del Casino et aL, 
1993). Although the dynein-related polypeptides are characterized by a 
MT-activated ATPase activity, no information on MT-dependent motility is 
available to date. Animal cells contain some clear examples of cooperation 
between the two motility systems, such as the Myo2p/Smylp model in yeast 
(see below). Two other cases of interrelationship are found in nerve and 
epithelial cells, respectively. In the former, organelles move toward the 
synaptic terminal and back. Although kinesin and dynein molecules are 
the principal motors responsible for such bidirectional translocation activity 
(Hirokawa et al., 1990,1991), the actomyosin system is also found to partici- 
pate in the movement of organelles along the axon (Kuznetsov et al., 1992). 
Another example of a functional interrelationship between AFs and MTs 
is found in epithelial cells, where Golgi membranes possess both myosin I 
and cytoplasmic dynein molecules (Fath et al., 1994). These examples sug- 
gest that eucaryotic cells can control the precise delivery of membrane- 
bounded organelles using both motor systems. The discovery of similar 
mechanisms in pollen tubes is an intriguing challenge. 
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The apex of pollen tubes is usually described as a “clear zone” to indicate 
the nonoccurrence of larger organelles and the presence of small vesicles 
deriving from the activity of dyctiosomes (Lancelle and Hepler, 1992). 
After vesicles are released into the apex, they are probably subjected to 
continuous random motions, which convey them to fuse with the apical 
plasma membrane. It is uncertain whether myosin polypeptides play a role 
in the tip region of pollen tubes. The main doubt concerns the low abun- 
dance of an actin network in the tip (Miller et al., 1996), which is not 
apparently able to support the translocation of SVs onto the tip membrane. 
The problem is further complicated by opposite results on the presence of 
myosins in the tip region. Myosin-related polypeptides are observed in the 
tube tip in relation to the specific type of antibody used for labeling. Pres- 
ently, myosin polypeptides in the 170- to 175-kDa range are detected in 
the apex and related to the movement of SVs (Tang et al., 1989b; Yokota 
et al., 1995). Myosins I, 11, and V are not (or rarely) found in the apex 
(Miller et al., 1995). We hypothesize that the 170- to 175-kDa myosins may 
be involved in the translocation of vesicles to the apex, but, when vesicles 
get to the tip, myosins are no longer essential for their translocation activity. 
The inactivation of myosin may be dependent on the higher Ca2+ concentra- 
tion in the tip, since Ca2+ can inhibit vesicle translocation in in vitro systems 
(Khono and Shimmen, 1988). Another interpretation for the tip-located 
myosins may concern the organization of AFs. Although an elaborate actin 
network is not found in the apex (Miller et al., 1996), the tip should represent 
the region where AFs are nucleated or elongated. Assuming the validity 
of the “nucleation-release model” (Theriot and Mitchison, 1992), short 
AFs could be incorporated or aligned to preexisting longer AFs in the 
subapical region. Myosins in the tip could be important in favoring and 
controlling the process of actin organization. In support of the opinion that 
the tip domain may control the growth of A F s ,  polypeptides related to 
Rho-GTPases have been identified in the pollen tube apex (Lin et al., 1996). 
In animals, members of the Rho family participate in the cascade pathway, 
leading to the assembly of stress fibers in motile cells (Nobes and Hall, 1995). 

Are MTs important in translocation events occurring in the pollen tube 
apex? Since the depolymerization of MTs does not alter the tube growth 
process (suggesting that the fusion rate of SVs is not modified), the answer 
is apparently negative. The only exceptions are found in special cases, such 
as very old pollen tubes (Joos et al., 1994) or, more curiously, under in 
vivo conditions (Joos et al., 1995). Depolymerization of MTs can also 
temporarily alter the pulsatory growth of pollen tubes, without affecting 
their elongation rate (Geitmann et al., 1995b). In light of this evidence, it 
was unexpected to find an immunoreactive homologue of kinesin in the 
pollen tube apex (Tiezzi et aZ., 1992), where MTs are not as abundant as 
in distal regions. Currently, the only way to find a possible function for the 
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PKH is to compare the pollen tube system with other cell types with 
polarized growth. In yeast, for example, a peculiar kind of cooperation 
between AF- and MT-based motors is found (Lillie and Brown, 1994). 
Myo2p is an unconventional yeast myosin that participates in polarized 
growth by conveying SVs. Myo2p mutants can be restored by another 
protein with motor activity, Smylp, which is a KLP. Both proteins colocalize 
in the same cellular areas, suggesting that they may cooperate to control 
the delivery of SVs to precise places. The PKH may be a functional analogue 
of the yeast Smylp. 

Movement of the generative cell and vegetative nucleus in the pollen 
tube is probably dependent upon both AFs and MTs. Although AFs have 
the motive function, MTs are likely to lend support to the actin network. 
This subordinate activity is mainly derived from observations after oryzalin 
treatment, which selectively removes the MT cytoskeleton (Astrom et al., 
1995). The movement of the male germ unit is not halted, but it is slowed. 
Presently, a direct involvement of MT-based motor proteins in the translo- 
cation of the male germ unit is not convincing. Neither the PKH nor the 
dynein-related polypeptides are detected in association with the generative 
cell or the vegetative nucleus (Tiezzi et al., 1992; Moscatelli et aL, manuscript 
in preparation). On the other hand, disruption of the actin skeleton can 
efficiently block the translocation activity of the male germ unit (Heslop- 
Harrison et aL, 1988). Many data suggest the presence of myosin polypep- 
tides in association with the surface of both the generative cell and the 
vegetative nucleus (Tang et al., 1989b; Heslop-Harrison and Heslop- 
Harrison, 1989b; Tirlapur et al., 1995, 1996). Ultrastructural evidence 
showed the presence of strip-shaped projections on the outer membrane 
of the generative cell (Bohdanowicz et aL, 1995), which are interpreted as 
myosin heads. Current models propose that the actin skeleton of the pollen 
tube may serve as tracks along which the generative cell and vegetative 
nucleus can move. MTs may help in the correct placement of AFs around 
the male germ unit to favor their proper interaction with myosins. Although 
protein links between MTs and AFs have not been identified, electron 
micrographs often showed that AFs and MTs align in the pollen tube cortex 
(Lancelle and Hepler, 1991). 

A formal picture representing the role of motor proteins in the pollen 
tube is shown in Figure 2. 

V. Structure of the Cell Wall of the Pollen Tube 

The plant cell wall is generally constructed with three coextensive polymer 
networks: a network formed by cellulose microfibrils coated by an array 
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The role of motor Droteins in the growing pollen tube (PT). Organelles. such as - _  . I  - 
mitochondria (M), endoplaimic reticulum (ER), and Golgi apparatus (G), are likely to be 
transported along the actin filament system (AF) by myosin molecules, expressly of the 
myosin-I1 class (MYO-11). The generative cell (GC) and the vegetative nucleus (not included 
in the picture) are probably translocated by myosin-I molecules (MYO-I). It is likely that 
1701175-kDa myosins (170/175-MYO) can also be involved in this process. The accumulation 
of secretory vesicles (SV) in the tip region is probably dependent on the interactions of 
myosin-V (MYO-V) and 170/175-kDa myosins with the actin filaments. The role of microtubule 
(MT)-motor proteins during the tube growth is more uncertain. The pollen kinesin homolog 
(PKH) is suggested to be involved in the accumulation of vesicles in the tip, but other functions 
(such as the organization of the endoplasmic reticulum or the microtubular cytoskeleton) 
may be supposed. Dynein-related polypeptides (DRP) are probably associated with organelles, 
such as the Golgi apparatus and small vacuoles (V), and may be involved in their positioning. 

of hemicelluloses (of which the major component is xyloglucans), a network 
formed by various pectins, and a minor network formed by structural 
proteins, such as extensins and expansin (Carpita and Gibeaut, 1993; Mc- 
Cann and Roberts, 1994). The cell wall of pollen tubes, which are rapidly 
tip-growing cells, exhibits a distinctive structure characterized as an outer 
pectocellulosic layer and an inner callosic lining. 

A. Outer Pectocellulosic Layer 

1. Differentiated Distribution of Esterified and Acidic Pectins 

Pectins have been characterized by defining structural domains of carbohy- 
drates in plant cell walls. The most common domain, homogalacturonan, 
is composed of linear chains of a-l,6linked D-galacturonate, named acidic 
pectin. These chains may self-associate to form dimers (egg-box structure) 
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and further aggregate to form a rigid gel by a Ca2+-mediated bridge. The 
carboxyl group of galacturonans are often partially methyl-esterified, known 
as esterified pectins that do not aggregate through Ca2+ binding and remain 
in a nonrigid form (Van Cutsem and Messiaen, 1994). The localization of 
acidic and esterified pectins in the wall of pollen tubes was shown by using 
MAbs JIM 5 and JIM 7 in confocal laser scanning microscopy (CLSM) and 
electron microscopy (Fig. 3). The important aspects of pectin distribution in 
the pollen tube wall are summarized as follows. 

A periodic annular deposition of acidic pectins was found to coat the 
cell walls of pollen tubes in the species possessing solid styles (having 
transmitting tissue cells). A more even pectin sheath in the cell wall of 
pollen tubes in the species having hollow styles (with a stylar canal) or very 
short styles (Li et al., 1994; Geitmann et al., 1995a) was observed. The 
distinct pectin localization patterns were also shown in the in vivo grown 
pollen tubes of two representative species, Petunia hybridu (Li et al., 1995a) 
and L. longiflorurn (Li et al., 1995a; Jauh and Lord, 1996). The pectic and 
cellulosic part of the cell wall, stained with Calcofluor white, also showed 
bands of the wall thickening in Gasteria pollen tubes (Plyushch et al., 1995). 
Furthermore, it is likely that primitive species have a hollow style and a 
moderately uniform pectin sheath in the pollen tube wall. Advanced species 
have a solid style and periodic ring-like structure in the pectin layer of the 
pollen tube wall. This might suggest evolutionary adaptation of the pollen 
tube wall to its growth environment. However, this premature presumption 
should be proved by a complete investigation in flowering plants (Li et 
aZ., 1995a). The tip extension of the pollen tube essentially requires both 
mechanical strength and the extensibility of the cell wall at the apex. Acidic 
pectins localized at apex provide mechanical strength to the tip wall by 
Ca2+-induced gelification of pectate. Esterified pectins, deposited predomi- 
nantly at the apex wall, caused “wall loosening” (Li et al., 1994, 1995b). 
Esterified pectins were also detected in the mid- and trans-Golgi cestae 
and its derived vesicles, suggesting that they were primarily synthesized 
and transported to the growing tip. Pectin deesterification, catalyzed by 
pectin methyl-esterase (PME), occurred during pollen tube elongation, 
which leads to a more rigid form of pectins in the mature pollen tube wall 
(Li et al., 1994, 1995b; Geitmann et al., 1995a). 

2. Distribution and Orientation of Cellulose Microfibrils 

Cellulose microfibrils (CMF) were shown as wall texture in S and Z helices 
at 45” to the longitudinal axis of Petunia (Sassen, 1964) pollen tubes. On 
the other hand, CMF seemed “randomly” oriented at the tip. Recently, a 
lenticular thickened wall region has been observed at the extreme tip of 
lily (Lancelle and Hepler, 1992) and tobacco (Van Amstel, 1994; Derksen 
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FIG. 3 Distribution of unesterified pectins in the growing pollen tube. (a) Confocal Laser 
Scanning Microscopy of Petunia hybridu pollen tubes cultured in PEG (polyethylene glycol) 
medium at 22-23" for 24 hr, and labelled with the monoclonal antibody JIM5 Relatively 
unesterified pectin rings are periodically deposited in the walls pollen tubes. Bar, 40 pm. 
(b) Immunogold labelling of unesterified pectins in the pollen tube of Petunia hybridu. Gold 
particles (arrows) are mainly distributed in the cortical region of the pollen tube, in association 
with the cell wall (CW). Bar, 300 nm. (Micrograph courtesy of C. Faleri.) (c) Same as in (b). 
Bar, 250 nm. (Micrograph courtesy of C. Faleri.) 
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et al., 1995a) pollen tubes. The pectic layer and cellulose layer appeared 
under a merged condition in the thickened wall region. Using cryofixation 
techniques instead of chemical ones, Van Amstel (1994) described that the 
cellulosic layer contained five to seven strata of CMF in the cell wall of 
tobacco, lily, and Petunia pollen tubes. The tube tip showed a texture similar 
to that in the rest part of the tube, which suggests that no reorientation 
occurs during pollen tube elongation. The very thin CMF network gradually 
thickened toward the base of the pollen tube. In most primary walls of 
plant cells, cellulose exists as elementary fibrils that form a complex with 
hemicellulose, mainly composed of xyloglucan (Levy and Staehelin, 1992). 
However, the presence of hemicellulose in the pollen tube wall is still 
obscure. The pollen tube wall of Camellia japonica was fractionated into 
hemicellulose, cellulose and pectic substance (Nakamura and Suzuki, 1981), 
and callose (Nakamura and Suzuki, 1983). The analysis of the fraction, 
called “hemicellulose fractions,” showed that the polysaccharide is a linear 
@-1,3-D-glucan, not a 1-4 (-glucan backbone. Apparently, further chemical 
analysis and the application of MAb against xyloglucan might be necessary 
to discover whether the hemicellulose is present in pollen tube walls. 

B. Inner Callosic Lining 

1. Deposition of Callose in the Cell Wall 

The cell wall of pollen tubes consists of an unusually large amount of callose 
compared to that of other plant cells. Seventy-five to eighty-eight percent 
of the wall polysaccharides in cultured tobacco pollen tubes are callose 
(Rae et al., 1985; Read et al., 1996). The deposition of callose in pollen tube 
walls is characterized by an increasing intensity of Aniline blue fluorescence 
from the subapical region toward the pollen grain. The tip of growing 
pollen tubes is always lacking callose, and if growth ceases or under an 
incompatible growth condition, callose gradually forms in the entire tip 
(Rae et aZ., 1985; Van Amstel, 1994; Geitmann et al., 1995a). The thickness 
of the callosic layer is variable in tobacco pollen tubes grown in vitro (Van 
Amstel, 1994), also in Petunia pollen tubes grown in vivo (Herrero and 
Dickinson, 1981). Using cr(l-3)-@-glucan-specific MAb, Meikle et al. (1991) 
have ultrastructurally shown that callose is localized in the inner wall layer 
of N. data pollen tubes grown in vivo. In lily and tobacco pollen tube walls 
callose is shown as a granular, reticulate manner and sometimes in fibrillar 
form (Van Amstel, 1994). The inner wall of pollen tubes contains not only 
callose, but also microfibril cellulose and pectin-like microfibrils (Cresti 
and Van Went, 1976; Kroh and Knuiman, 1982; Vennigerholz et al., 1992). 
Inclusions in the callosic wall contain arabinogalactan proteins (AGPs) and 
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pectins, however, the way of their linking remains unclear (Anderson et 
al., 1987; Li et al., 1992, 1995b). 

2. Callosic Wall Thickening and Callose Plug Formation 

The formation of callose plugs, initiated by the locale thickening of the 
callose wall, is a precisely controlled process. The first plug is always 
formed at a distance of about 170 ym away from the pollen grain in 
tobacco pollen tubes grown in vitro. The other plugs are regularly spaced, 
having morphology similar to that of the pollen tubes growing through 
compatibly pollinated styles (Read et aL, 1996; Van Amstel, 1994). It 
is noteworthy that the plugs do not appear to shut the pollen tubes, at 
least in many observed tobacco and lily pollen tubes. So in 24-h-cultured 
lily pollen tubes organelle movement can be found even in the region 
that is close to the pollen grain (Van Amstel, 1994; Li et al., unpublished 
data). Callose is not the only component of the plugs. The plugs contain 
microfibrils of cellulose (Kroh and Knuiman, 1982; Nakamura and Suzuki, 
1983) and pectin-like microfibrils (Kroh and Knuiman, 1982). Plugs are 
presumably formed by the fusion of so-called “callose grains” with the 
plasma membrane (Cresti and Van Went, 1976). As SVs occur in excess 
in the tip, several SVs will never fuse there and may relocate down the 
tube. Plug formation may then be a way to dispose of the excess SVs 
at locations where the excess SVs are disposed of and, consequently, 
callose plugs are formed (Van Amstel, 1994). 

C. Cell Wall-Bound Proteins 

1. Wall-Bound Glycoproteins 

The level of cell wall-bound proteins varies according to the plant species 
and the growth condition of pollen tubes. A much higher protein content 
was found in the cell wall of lily pollen tubes grown in vivo than in 
vitro (Li and Linskens, 1983; Li et al., 1983; Rae et aL, 1985). There 
are two kinds of wall proteins: loosely bound and tightly bound (assumed 
to be covalently bound). The major part, including hydroxyproline- 
containing proteins, is covalently bound to the cell wall. During pollen 
tube elongation some proteins decreased in quantity and many new 
proteins, most of which were glycoproteins, were incorporated into 
the cell wall. Some wall-bound proteins were shown to be related to 
gametophytic self-incompatibility (Li and Linskens, 1983; Li et al., 1983; 
Li and Tsao, 1985). In tobacco pollen tubes a 69-kDa glycoprotein was 
synthesized during pollen germination and pollen tube growth and became 
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the most abundant protein in the cell wall. In tobacco pollen grain, the 
pollen-specific gene NTP 303 encodes a pollen tube-specific glycoprotein 
with a molecular mass of 69 kDa exclusively in the insoluble fraction 
of the germinated pollen (Wittink et al., 1996). 

The growth of Malus dornestica pollen tubes was associated with newly 
synthesized glycoproteins, and actinomycin D strongly modified the glyco- 
protein composition in the pollen tube wall (Calzoni and Speranza, 1989). 
The growth of lily and tobacco pollen tubes was markedly interrupted by 
tunicamycin, an inhibitor of N-linked protein glycosilation on the RER (Li 
et al., 1986; Capkova et al., 1994). It is likely that the glycoproteins might 
play an important role in pollen tube wall construction and thus pollen 
tube growth. 

2. Arabinofuranosyl Residue and Arabinogalactan Proteins 

AGPs are ubiquitous glycoproteins found in plant cells. By using a MAb 
PCBC3, an L-arabinofuranosyl residue was detected in the outer fibrillar 
layer of the N. data pollen tube wall. Some pollen tubes showed a pro- 
nounced banding of the fluorescence along the length of the pollen tube 
(Anderson et al., 1987; Harris et al., 1987). The MAbs MAC 207 and JIM 
8, recognizing AGPs, were used to localize the corresponding antigenic 
sites in pollen tubes of N. tubacum grown in vitro and semi in vivo. Most 
of the pollen tubes were labeled along their length, except the tip region, 
in a ring-like pattern with remarkable periodicity (Li et al., 1992). At the 
ultrastructural level, AGPs were colocalized with pectins in the pollen 
intine, preferably close to the plasma membrane (Pennell et ul., 1989; Van 
Aelst and Van Went 1992; Li et al., 1995b). In pollen tubes, AGPs were 
found in the outer and middle layers of the cell wall. The density of the 
epitopes showed alterations along the tube length and lacks at the tip. 
AGPs were also detected in Golgi vesicles, and in the generative cell wall 
(Li et al., 1995b). In L. longiflorurn pollen tubes grown in vitro and in vivo, 
AGPs were localized in the tube tip by MAb JIM 13 immunofluorescence 
labeling. At the transmission electron microscope level, AGPs were mainly 
found on the plasma membrane and vesicle membranes of in vivo grown 
pollen tubes (Jauh and Lord, 1996). 

3. Extensin-like Glycoproteins 

Although the structure and function of extensin in plant cell walls have 
been thoroughly studied, the data on extensin in pollen tube walls are still 
not found. A maize pollen-specific gene (pex-1) was currently discovered 
to encode a protein with an extensin-like domain. The pex-1 proteins are 
tissue-specific glycoproteins located in the intine of the mature pollen and 
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tightly associated with the pollen tube inner wall. As in many aspects the 
movement of the pollen tube resembles the movement of animal cells 
during development (Lord and Sanders, 1992; Sanders and Lord, 1992), 
the pex-1 protein was proposed to play a role of cell adhesion that is 
necessary for the pollen tube to find its path through the transmitting tissue 
to the ovary (Rubinstein et aL, 1995a,b). 

VI. Exocytosis and Cell Wall Formation 

Exocytosis is very important for the growth of pollen tubes. In this dynamic 
process, SVs deliver polysaccharide precursors, membrane materials, and 
soluble and membrane-associated proteins by fusion with plasma mem- 
brane to form new plasma membrane and cell wall. Transport of vesicles 
from the Golgi apparatus to the plasma membrane is accompanied by 
marked changes in their contents and in the activity of membrane-associated 
proteins (Blackbourn and Battey, 1993). The cell wall construction is di- 
rected by sophisticated mechanisms that ensure the correct delivery of all 
the materials to the precise location at the appropriate time (Battey et 
al., 1996). 

A. Biosynthesis and Transport of Cell Wall Precursors 

1. Pectins 

The synthesis of pectins in pollen tubes was studied early by Helsper et al. 
(1986). The incorporation of myo-2-3-H-inositol into phospholipids and 
pectic cell wall polysaccharides showed that, when pollen tube growth 
begins, at 2 h the demand for newly synthesized pectic polysaccharides and 
phospholipid biosynthesis or turnover greatly increased. Concanavalin A 
(Con A) interfered with phospholipid turnover and biosynthesis of pectic 
polysaccharides in germinating pollen and growing pollen tubes. Con A 
also affected the incorporation of polysaccharide precursors in the cell 
wall, after their release from SVs, by interference with the appropriated 
glycosyltransferase (Helsper and Pierson, 1986). Pectins were thought to 
be synthesized and transported in their esterified form. In N. tabacum 
pollen tubes, esterified pectins were immunocytochemically detected over 
medial and trans-Golgi cisternae, and SVs, by which the esterified pectins 
were transported to the pollen tube tip. Esterified pectins undergo deesteri- 
fication (demethylation) when they are inside the cell wall of pollen tubes 
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(Li et al., 1995b; Geitmann el al., 1995a), as reported in other plant cells 
(Zhang and Staehelin, 1992; Bordenave, 1996). 

The pectin-demethylation reaction is catalyzed by PME. Immunocyto- 
chemical localization suggested that PMEs were mainly present in the 
middle lamella and in the cell junctions of mung been hypocotyl (Goldberg 
et al., 1992). Properties of PME relied on many factors. Divalent cations 
(Ca” and Mg2+) were more potent activators of PME than monovalent 
cations (K+ and Na+). Ca2+ in a concentration higher than 50 mM was 
inhibitory. The sensibility of PME to Ca2+ and Mg2+ was pH dependent: 
at acid pH (from 5.6 up to 7.0) Ca2+ was the most potent activator, 
while above pH 7.5 Mg2+ was more effective (Goldberg, 1984). Now 
few reports on PME in pollen and pollen tubes are available. The Bp 
19 gene shows sequence similarity to pectin esterase and is highly 
expressed during Brassica nupus microspore development. The accumula- 
tion of Bp 19 mRNA starts in uninucleate microspores and increases 
during development, reaching a peak in the late stage, but declines 
considerably in mature pollen (Albani et al., 1991). In the pollen tube 
of P. hybrida, cDNA clones encoding a protein, PPEl, which exhibits 
sequence similarity with plant, bacterial, and fungal pectinesterase, were 
isolated. PPEl mRNA was first detected in anthers containing uninucleate 
microspores; it reached the highest level in mature pollen and persisted 
at a high level in in virro germinated pollen tubes (Mu et al., 1994). 
The immunoultrastructural localization of PME in tobacco pollen tubes 
reveals its pathway via vesicle to plasma membrane and cell wall (Li 
et al., unpublished data). 

2. Cellulose 

Cellulose biosynthesis is a very important but poorly understood process 
in plant cells. A hypothetical model of a cellulose synthase complex in 
the plasma membrane was illustrated by Delmer and Amor (1995). 
The cellulose synthase complex is composed of many subunits. These 
complexes, particularly the rosette-like structures found in the plasma 
membrane, were exceedingly labile. The activity of the synthase complex 
was dependent on their location and orientation in the membrane and 
was directly related to membrane potential (Delmer er al., 1993; Delmer 
and Amor, 1995). The data on the cellulose synthase in pollen tubes 
are very limited. According to the deposition of cellulose in the pollen 
tube wall, as revealed by both the determination of 3H-UDPG incorpora- 
tion and the ultrastructural observation, it is assumed that the cellulose 
synthase complex initially produced CMF in the tip and switched to 
callose formation in the tubular part (Van Amstel, 1994). Phthoxazolin, 
a specific inhibitor of cellulose biosynthesis, significantly inhibited pollen 
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germination and pollen tube growth, and also callose deposition in the 
tube. It seemed to agree with the hypothesis that the trans-membrane 
cellulose-synthase is alternatively able to produce cellulose or callose 
under a certain condition (Van Amstel, 1994). 

There are different models to propose how MTs might direct the move- 
ment of cellulose synthase complexes within the plasma membrane. One 
model supposes that there is a direct connection between cellulose synthase 
and cytoskeleton via accessory proteins. The more recent model suggests 
that MTs serve as “fences” between which the complexes are constrained 
to move without any direct interaction (Giddings and Staehelin, 1990). The 
relationship between MT and microfibril orientation has been discussed 
for decades. MTs and microfibrils have been supposed to be oriented by 
separate mechanisms (Preston, 1988). In tobacco pollen tubes the secondary 
wall had a random texture (Kroh and Knuiman, 1982), whereas the MTs 
were longitudinal (Derksen et aZ., 1985). The nonparallel alignment of MTs 
and CMFs was in the nongrowing tube and not in the growing tip, where 
both structures were distributed in all directions (Emons, 1989). The obser- 
vation on the local wall thickening suggested that MTs helped in leading 
the Golgi vesicles to a particular place and/or in inserting them in the 
plasma membrane. MTs may determine the site of the wall deposition 
rather than the orientation of the CMF (Emons et al., 1992). However, 
tubulin microinjection has recently illustrated that MTs in plant cells were 
surprisingly dynamic, which leads to the speculation that MTs have the 
properties required of a changeable, three-dimensionally complex template 
for cellulose biosynthesis (Wymer and Lloyd, 1996). 

3. Callose 

Since tobacco pollen grains contained no detectable callose, pollen germina- 
tion apparently involved highly regulated activation of callose synthesis. 
The rate of callose synthesis by pollen tube membranes was comparable 
to the rate of callose deposition in actively growing pollen tubes (Read et 
al., 1995). Callose synthase was located on the membrane layer facing 
cytoplasm in the pollen tubes. Membranes prepared from cultured N. alata 
pollen tubes contained a stable and highly active callose synthase whose 
activity was not stimulated by Ca2+ or other cations (Schlupmann et aL, 
1993; Read et al., 1996). On the other hand, the activity of the callose 
synthase was stimulated by various detergents, in different mechanisms, 
either by permeabilizing outside-out membrane vesicles or by a super- 
activating action that resembled activation by trypsin treatment (Li et al., 
1996a). 
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6. Regulation of the Fusion of Secretory Vesicles with 
Plasma Membrane 
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1. Secretory Vesicle Pathway 

In plant cells the current studies on the regulation of the SV pathway have 
revealed that budding of ER vesicles is driven by ATP, whereas transfer 
between the trans-Golgi apparatus membranes and the plasma membrane 
is supported by a reduced pyridine nucleotide. For the ER to Golgi transfer, 
two of the involved proteins (a 100-kDa ATPase and a 38-kDa protein) 
have been identified. In the elongating pollen tubes the source of new 
membrane and cell wall appears very much dependent upon a vesicular 
pathway (Morrb, 1994). Growing tobacco pollen tubes were labeled with 
[3H]leucine and fractionated into constituent membranes by preparative 
free-flow electrophoresis. The results suggested that tube elongation is 
accompanied by a steady-state flow of membranes from the ER to the cell 
surface via the Golgi apparatus. With respect to other cells and tissues, 
the membrane flow in pollen tubes was insensitive to interruption by low 
temperature (Kappler et al., 1986; Noguchi and Morrb, 1991). Recently, 
Derksen et al. (1995b) and Van Amstel (1994) declared that in tobacco 
pollen tubes SVs originated from the TGN and that different secretory 
products were carried in a single type of vesicle. 

2. Secretory Vesicle Aggregation 

The fusion of SVs with plasma membrane is proposed to follow precise 
events initiated by the vesicle movement near the plasma membrane, with 
a conformational change in membrane-associated protein(s). In animal 
secretory cells, a class of Ca2+-dependent phospholipid binding proteins 
(annexins) were proved to induce membrane aggregation, to form voltage- 
gated Ca2+ channels, and to promote membrane fusion. The plant annexins 
can bind to the SVs and are effective at aggregating plant SVs (Blackbourn 
and Battey, 1993). Annexin-like proteins have been immunolocalized to lily 
pollen tube tips, where cytosolic free Ca2+ was concentrated (Blackbourn et 
al., 1992). This is consistent for an involvement of annexin-like proteins in 
SV aggregation. 

Syntaxins are integral membrane proteins, thought to act as receptors 
for transport vesicles arriving at and fusing with the membrane, with the 
bulk of the protein facing the cytosol. Upon docking of a vesicle with its 
target membrane, syntaxin interacts with many proteins, both in the vesicle 
membrane and in the cytosol, to form a docking complex. Different isoforms 
of syntaxin have been proposed to reside on different cellular membranes 
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and to provide specificity for the docking and fusion reaction (Bassham 
and Raikhel, 1996). Whether docking and fusion of pollen tube SVs are 
associated with syntaxins might be an interesting topic to study. 

VII. Polarized Growth of Pollen Tubes 

A. Characteristics of Polarized Growth of Pollen Tubes: 
Oscillatory and Pulsatory Growth 

The fluctuation in growth rate has been currently described in polarized tip- 
growing plant cells, such as pollen tubes and fungal hyphae. The fluctuated 
growth can be classified into two distinct patterns: oscillatory growth and 
pulsatory growth. The oscillatory growth, found in fugal hyphae (Lopez- 
Franco et al., 1994; and in some species of pollen tubes, e.g., Aleo zebrida 
(Tang et al., 1992), Campanula sarmatica, and L. longiflorum (Pierson et 
al., 1995, 1996), was characterized by weak alterations in the growth rate. 
For example, lily pollen tubes which were in a certain range of length, 
showed growth-rate oscillations with a regular period (23 s) and over a 3- 
fold change in amplitude (Pierson et al., 1996). On the other hand, the 
pulsatory growth of P. hybrida and N. tabacum (Pierson et al., 1995) dis- 
played two differentiated growth phases, a period of very slow and even 
paused growth, which extended for several minutes, and a sudden rapid 
growth, which lasted for less than 20 s. The increase of growth rate could 
be about 12-fold. On the contrary, Gasteria verrucosa pollen tubes exhibited 
higher pulsing frequency, as the slow growth phase is shorter (Pierson et 
al., 1995; Plyushch et al., 1995). The growth pulses occurred periodically in 
both cases. 

6. Factors Affecting the Fluctuated Tip Growth 

The continuous discussion on the mechanism of plant cell growth is argued 
on the process that initiates cell expansion/extension, or water uptake, or 
relaxation of wall stress. Growth of plant cells results from the interaction 
between turgor pressure and stress-relaxation of the cell wall. Relaxation 
of wall stress will lower turgor and thus the water potential that leads to 
water uptake. The influx of water into the cell results in an increase of cell 
volume, which rebuilds up the turgor and therefore wall stress. It is likely 
acceptable that the relaxation of wall stress initiates cell growth (Cosgrove, 
1993). Distinctively, the regulatory mechanism of fluctuated growth found 
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in pollen tubes becomes even more mysterious. The recent findings about 
the factors affecting tip growth may shed new light on the subject. 

1. Calcium as a Secondary Messenger 

Calcium is known as secondary messenger similarly to CAMP. The crucial 
role of calcium in regulating pollen tube growth has been thoroughly docu- 
mented (Heslop-Harrison, 1987; Steer and Steer, 1989; Derksen et al., 1995b; 
Hepler et al., 1994). Here we cover some recent findings that show the 
crucial role of Ca2+ in regulation of the fluctuated growth of pollen tubes. 

a. Intracellular Free Calcium Concentration in the Pollen Tube In lily 
pollen tubes the extracellular Ca2+ influx, detected by using an ion-selective 
vibrating electrode, was restricted to a small area of plasma membrane at 
the extreme apex of the tube dome. The tip-localized calcium entry fluctu- 
ated during pollen tube growth. The intensity of Ca2' influx was related 
to tube length. The tubes longer than 700 pm exhibit oscillations with a 
period of 23 s, while the shorter tubes display erratic fluctuations that can 
be more than threefold (Pierson et al., 1994, 1996). 

Fluorescence ratiometric imaging of growing pollen tubes of L. Zon- 
gif?orurn, Nicotiana sylvestris, and Tradescantia virginiana, which were 
loaded with Fura-2 dextran, has revealed a distinct elevation of the free 
intracellular Ca2+ concentration at the extreme tip. The tip-focused Ca2' 
gradient is restricted to the 10-20 pm next to the tube tip. The location 
of the highest Ca2+ domain within the tip region defines the point from 
which normal cylindrical elongation will go on. The osmotic challenge and 
treatment with caffeine, and also other agents that block growth, rapidly 
dissipate the intracellular tip-focused Ca2+ gradient and eliminate the tip- 
localized Ca2+ influx (Miller et al., 1992; Pierson et al., 1994, 1996; Li et 
al., 1996b). 

Very recent studies show correlation of the tip-focused Ca2+ gradient 
and the distribution of AFs at the apex of growing pollen tubes that were 
loaded with fluorescently labeled phalloidin. The apical region was essen- 
tially lacking AF bundles (Miller et al., 1996), which demonstrated that the 
elevated Ca2+ concentration at the tip fragments the AFs (Kohno and 
Shimmen, 1987). The consequence is to prevent cytoplasmic streaming that 
helps exocytosis and causes the growth phase. When the Ca2+ gradient is 
dissipated, AFs extend into the apical zone and become competent to 
transport larger organelles close to the tip, leading to a pause in growth 
(Pierson et al., 1994; Miller et al., 1996). 

b. Active Calcium Tramport In growing pollen tubes the tip-localized 
Ca2+ influx and the steep tip-focused Ca2+ gradient imply the existence of 



176 YI-QIN LI ErAL. 

an active Ca2+ transport that dramatically decreases the Ca2+ concentration 
behind the tip. Cytoplasmic organelles, such as mitochondria and chloro- 
plasts, appear to provide only limited Ca2' storage capacity and may func- 
tion for peak loads and for short times only. Since the pollen tubes exhibit 
active exocytosis, the long-term Ca2+ transport may be important in a final 
extrusion of the Ca2' accumulated in the ER. The massive amount of ER, 
seen in the flanks of the apex of tobacco pollen tubes (Derksen et al., 1995a) 
and between SVs in lily pollen tubes (Lancelle and Hepler, 1992), might 
represent a vast sink of Ca2+ (Derksen et al., 1995b). Recently a cDNA 
(LCA), exhibiting high homology to ER Ca2+-dependent ATPases, was 
isolated from tomato root cells (Ferrol and Bennett, 1996). It seems mean- 
ingful to detect the gene encoding ER Ca2+-dependent ATPases in pollen 
tubes to understand the role of the ER in active Ca2+ transport. 

c Calcium Channels The presence of Ca2+ channels in pollen tubes has 
been indirectly proven by various techniques. Reiss and Herth (1985) re- 
ported that after the addition of nifedipine, a Ca2+-channel blocker, normal 
tip growth of cultured lily pollen tubes stopped in 10 min. However, cyto- 
plasmic streaming continued until 15 h. Obermeyer and Kolb (1993) consid- 
ered that the inhibition in pollen tubes by nifedipine could be an effect of 
K+ channels. The addition of another Ca" channel blocker, La3+, caused 
a decrease of the intracellular free Ca2+ maximum in the tube tip, showing 
a heterogeneous distribution of Ca2+ channels along the plasma membrane 
of pollen tubes (Obermeyer and Weisenseel, 1991). The effect of a weak 
electric field on elevating cytoplasmic free Ca2+ can also be inhibited by 
the Ca2+ channel blocker lanthanum chloride (Malho et al., 1994). The 
mechanisms of action for the Ca2+ channel blockers, such as nifedipine, 
verapamil, and diltiazem, were proposed to be the following: (i) perturba- 
tions of membrane permeability by interference with one or more of the 
cell's Ca2+ transport systems, or (ii) a more indirect mechanism affecting 
vesicle transport via the AF system (Wacker and Schnepf, 1990). Ca2+ 
channel activity was measured by adding extracellular Mn2+ to quench the 
fluorescence of intercellular indo-1 at its Ca2+-insensitive wavelength. In 
nongrowing pollen tubes, Ca2+ channel activity was very low and cyto- 
plasmic free Ca2+ gradients were absent. When the growth reorienting 
treatment (electrical fields and ionophoretic microinjection) induced a de- 
polarization of the plasma membrane, the voltage-gated Ca2+ channel might 
be activated (Malhb et al., 1995). 

Recently, a new system, combined with CLSM, was set up for fast photo- 
activation and immediate imaging. Using an aperture system that confines 
UV light to an area of about 80 pm2 and enables caged Ca2+ release in 
discreet regions of the cell it has been found that increasing Ca2+ in one 
side of the pollen tube apex induced reorientation of the growth axis toward 
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that side. The activation of Ca2' channels in the tip region is critical for 
polarized growth (Malhh et al., 1996). 

d Ca2+ Binding Proteins Ca2+ may be actively pumped out of the cytosol 
by Ca2+-ATPase. The regulation of the Ca2+ pump in the plasma membrane 
is controlled by the level of Ca2+ through the mediation of CaM. CaM was 
extracted and partially characterized from Brassica carnpestris pollen, Pinus 
yunnanensis pollen, and Corylus avellana pollen (Liu and Du, 1989; Gong 
et al., 1993; Scali et al., 1994). Using MAb anti-CaM, it has been detected 
that CaM is in association with the plasma membrane in the tip region of 
tobacco pollen tubes (Tirlapur et al., 1994). It was also suggested that Ca2+- 
ATPases, mainly located in the zone up to 20 pm behind the pollen tube 
tip, may be involved in the generation of the steady-state Ca2+ gradient as 
a Ca2+ sink. After addition of the ATPase inhibitor vanadate and the CaM 
antagonist C48/80 to the medium, the free Ca2+ increased. This suggested 
an involvement of a CaM-dependent Ca2+ pump in the generation of the 
Ca2+ gradient in lily pollen tubes (Obermeyer and Weisenseel, 1991). 

Annexins (including calpactins, synnexins, and calcimedins in mammalian 
systems) are a major group of Ca2+-dependent membrane-binding proteins. 
Some of these proteins can catalyze membrane fusion (Pollard et al., 1990). 
Little is known about annexins in pollen tubes (see section VI). 

2. Properties of the Cell Wall 

During elongation or expansion of the cells, the cell wall architecture must 
be modified to allow incorporation of new material. Modification of the cell 
wall architecture influences several properties, particularly the extensibility. 

a Cell Wall Porosity Pollen tube walls have porosity similar to that of 
other cell types such as stigma papillae, root hairs, cotton fibers, and callus 
cells. The actual pore size of the cell walls of Gladiolus gundavensis pollen 
tubes grown in vitro is 3.5-4.5 nm, as measured by the solute exclusion 
technique, which estimates the size of molecules that might pass through 
cell walls (Hoggart and Clarke, 1984). Fluorescent dextrans varying in size 
were added to the pollen tube growth medium at different times after the 
onset of incubation to measure the porosity of cell walls. Permeability of 
the walls varies in pollen tubes of T. virginiana and N. rubucum and is not 
uniform along the pollen tube length, being limited to 5 nm for T. Virginiunu 
and 7 nm for N. tabacum in the tip region. The cell walls of pollen tubes 
grown in vitro are able to support the transport of macromolecules up to 
about 10 kDa in size, but are only slowly permeable to larger molecules. 
The pectic network, not cellulose and xyloglucan, plays a major role in 
determining wall porosity (O'Driscoll et ul., 1993). It is found that a tobacco 
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transmitting tissue glycoprotein promotes pollen tube growth and is incor- 
porated into pollen tube walls (Wu et aZ., 1995). Obviously wall porosity 
is related to pollen tube elongation through the stylar transmitting tissue. 
It is also possible that the self- incompatibility-related glycoproteins, found 
in the N. data style, might gain entry through the pollen tube tip walls. 
However, until now there have been no data to show that cell wall porosity 
is involved in the regulation of fluctuated pollen tube growth. 

b. Cell Wall Extensibility The changes in wall extensibility will control 
cell growth (Cosgrove, 1993). The rate of wall loosening and the rate of 
deposition of new polymers must be tightly coupled with feedback mecha- 
nisms from wall to cell. One way of coupling these two rates is to synthesize 
wall components that produce an architecture that is extensible, and one 
part of this might be the synthesis of highly esterified pectins that may alter 
the rheology of the pectic network (McCann and Roberts, 1994). A recent 
finding suggests that the pollen tube apical wall consists largely of methyl- 
esterified pectins. Factors, such as the activity of PME, Ca” concentration, 
and pH at the tip region, would be expected to change the tensile properties 
of this wall. Therefore, pollen tube growth fluctuation might result from 
endogenous oscillation of these competing factors/processes that changes 
the cell wall extensibility (Li et aZ., 1996b). 

3. Turgor Pressure 
The water potential of a walled plant cell has been expressed as the sum 
of two major components: hydrostatic (turgor) and osmotic potentials. The 
plant cells subjected to variation in external water potential often respond 
by altering the number of osmotically active particles per cell, with the 
consequent restoration of turgor pressure to a value close to the original 
level. Turgor pressure is thought to be the driving force of pollen tube tip 
growth. It was proposed that changes in turgor pressure might be the 
underlying cause of fluctuations in the growth rate of pollen tubes, and in 
extreme cases cause pulsatory growth (Pierson et aL, 1995). 

To evaluate this hypothesis, lily pollen tubes have been forced to grow 
in a marked fluctuation manner by modulating the medium osmolarity. 
The results, consistent with the previous observations, showed that pollen 
tube growth is turgor-dependentkensitive (Van Aelst and Van Went, 1992; 
Pierson et aZ., 1994; Li et aZ., 1996b). However, a non-turgor means, such 
as treatment with growth inhibitor caffeine, can induce marked growth 
fluctuations of lily pollen tubes, similar to that found by osmotic challenge. 
This questions the idea that growth fluctuation is naturally regulated by 
corresponding turgor changes (Li et al., 1996b) and is supported by the 
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opinion that turgor pressure is not a condition sufficient for cell expansion 
(McCann and Roberts, 1994). 

4. pH, K+, and Plasma Membrane H+-ATPase 

Cytosolic pH is thought to be a factor associated with the formation of 
polarity in the cell. In polarized tip-growing cells the data on the effect of 
cytosolic pH on cell growth are very limited, and the reports about the 
presence of a pH gradient in the cells are not consistent. In root hair tips 
of Spinapis alba the cytosolic pH is statistically not different from values 
measured in the base (Herrmann and Felle, 1995). In apically growing 
rhizoids of Pelvetia embryos, the pH gradient was spatially superimposed 
on the cytosolic Ca2+ gradient, and inhibition of calcium fluxes abolished 
the pH gradient (Gibbon and Kropf, 1994). In pollen tubes, the occurrence 
of a pH gradient remains uncertain, although a steep tip-focused Ca2+ 
gradient is evident. 

Loaded with the H+-specific dye BCECF, growing Agapanthus umbella- 
tus pollen tubes showed a pH gradient decreasing toward the tip (Malhb 
et al., 1992). However, confocal ratio imaging of another H+-specific dye, 
SNARF-1, revealed that some growing pollen tubes did not present a pH 
gradient (Malhb et al., unpublished data). 

The proton translocating ATPase (H+-ATPase) is the primary active 
transport system at the plasma membrane. H+-ATPase couples ATP hydro- 
lysis to the transport of protons from cytosol across the plasma membrane 
(Bassham and Raikhel, 1996). Immunolocalization data suggest that H+- 
ATPases are heterogeneously distributed, to create H+ efflux behind the 
lily pollen tube tip (Obermeyer et al., 1992). 

The polar distribution of H+-ATPases was found in the plasma membrane 
of A. umbellatus pollen tubes (Feijo etal., 1992). At present, the relationship 
between cytosolic pH and pollen tube growth is far from clear. It is mostly 
expected that cytosolic pH plays a role in the regulation of pollen tube 
fluctuated growth, since various events are pH-dependent (e.g., the activity 
of PME, which affects elasticity of the pectic layer in the wall, is highly 
dependent on cytosolic pH). 

5. Boron 

Boron is an essential element for living cells of plants. However, the physio- 
logical role of boron remained an enigma for decades. Recently, some 
findings showed that the essentiality of B is directly associated with cell 
wall extensibility and consequently cell growth. The cell walls of cultured 
tobacco cells grown in B-deficient media are thicker than those of control 
cells. In these cells Golgi bodies were accompanied by more SVs than those 
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in the control cells (Matoh et al., 1992). In squash tissue cells most of the 
B is associated with pectins within the cell wall. Physical analysis of B- 
deficient tissue suggests that cell wall extensibility was greatly reduced (Hu 
and Brown, 1994). Extensin and pectin were decreased in bean nodules 
grown in B-deficient nutrient solution (Cassab, 1995). The current study 
reveals that B links two rhamnogalacturonan I1 chains to form the boron- 
polysaccharide complex cross-linked by B-diol ester bound (Kobayashi et 
aL, 1996). This linkage would allow pH-controlled cell expansion (Ghana- 
dan et al., 1995). A pronounced interaction between Ca”, Mg2+, and B was 
found in cultured pine cells. An acceptor molecule is thought to be activated 
only by binding both Ca’’ and B at separate sites. Mg2+ competitively 
displaces Ca2+ to inactivate the acceptor (Teasdale and Richards, 1990). 
The mode of action of B in the growth of pollen tubes is much less under- 
stood. Jackson (1989) has reported a B involvement in movement of pro- 
teins into the extending pollen tube membrane from SVs. A recent study 
showed the occurrence of B-rhamnogalacturonan I1 complexes in growing 
lily pollen tube walls (Matoh, 1996, personal communication). Based on 
the finding that B plays roles in association with cell wall extensibility and 
on the coeffect with Ca2+ during plant cell extension, it is tempting to 
speculate that B may contribute to the regulation of fluctuated pollen 
tube growth. 

6. Currently Emerging Factors 
a Flavonols: A Candidate for Regulating Pollen Tube Growth Flavo- 
nols are secondary plant products that are involved in pollination. Its biosyn- 
thesis is initiated by chalcone synthase, followed by the synthesis of flavonols 
by chalcone isomerase. Flavonol-containing dispersal from mature pollen 
of N. tabacum and P. hybrida strongly promoted pollen germination and 
pollen tube growth. Flavonols were localized throughout the pollen tube, 
but not in the exine and the cell wall of growing tubes of P. hybridu. This 
might be the result of accumulation of highly hydrophobic flavonols in the 
many cytoplasmic membranes. Flavonols are suggested to play a structural 
role in the membranes of male gametophytes. The absence of flavonols 
might change the fluidity of the membranes that are involved in tip growth. 
Alternatively, this structural role may be more indirect, via interference 
with factors regulating tube growth, such as Ca”, B, or hydrogen (Ylstra 
et ab, 1994b). 

b. Oligosaccharides as Signals It has recently been found that a few 
selected oligosaccharides can, at very low concentrations, exert “signaling” 
effects on plant tissues. Such oligosaccharides are termed “oligosaccharins” 
(Fry et al., 1993). Glycoproteins are implicated as sources of oligosaccharins. 
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The influence of pectic oligosaccharins on plant growth is shown to evoke 
rapid changes in ion fluxes, including a K+ efflux concomitant with mem- 
brane depolarization, acidification of the cytoplasm, and an influx of Ca2+ 
(LoSchiavo et al., 1991; Fry et al., 1993). The rapid membrane effects pro- 
duced by oligogalacturonides initiate a signal cascade, leading to regulation 
of physiological and developmental processes (Mathieu et al., 1991; Van 
Cutsem and Messiaen, 1994). It was reported that fructose-containing oligo- 
saccharides strongly promote pollen tube growth (Nakamura and Suzuki, 
1983). Van Amstel (1994) has recently shown that along the pollen tube 
the pectic layer can be partially or completely dissolved. Pollen tubes can 
shed their pectic layer in a follicular manner. The dissolution of the pectic 
layer in lily, tobacco, and Petunia pollen tubes might be involved in the 
signal cascade. 

The mode of action of pectic fragments is hypothesized as a phosphoinosi- 
tide signal-transducing system. Pectic fragments under a proper conforma- 
tion induced by Ca2+ bind to plasmalemma receptors. The membrane depo- 
larizes and inositol-( 1,45)-triphosphate is simultaneously hydrolyzed from 
plasmalemma phospholipids. The cytosolic Ca2+ activity increases due to 
the opening of Ca2+ channels, and Ca2+ binds to CaM. Then, protein phos- 
phorylation occurs, and the plasmalemma permeability to ions changes. 
This leads to cytosolic acidification, and specific genes are finally transcribed 
and translated (Van Cutsem and Messiaen, 1994). 

VIII. Concluding Remarks 

Although several data on the physiology, biochemistry, and molecular biol- 
ogy of the pollen tube have been accumulated during the last years, details of 
the pollen tube growth process are still unclear and constitute an intriguing 
challenge for the future. For example, it is not known whether extracellular 
signals can determine the rate and direction of pollen tube growth by 
exerting an influence upon the cytoskeleton. Many research approaches 
showed that the pollen tube tip can play a fundamental role in tube growth 
by controlling the fusion rate of SVs and the arrangement of the cytoskele- 
ton. The identification of polypeptides correlated with Rho-GTPases in the 
pollen tube tip has been interpreted as the first information on the role 
played by the apex in controlling the assembly of AFs, probably in response 
to external signals. The finding of transmitting tissue-specific arabinogalac- 
tan proteins, which attract pollen tubes and change their growth in v i m  
after binding to the apex, gives rise to new exciting prospects for studying 
the regulation of pollen tube growth by external compounds. Whether and 
how these molecules can influence the cytoskeletal apparatus and/or the 
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Ca2+ gradient are not yet known. In migrating cells, proteins such as inte- 
grins are a major component of the system involved in the ECM-mediated 
assembly of the cytoskeleton. The identification of integrin-like polypep- 
tides and their relationship with the cytoskeleton in the pollen tube will 
help to puzzle out problem of pollen-pistil interactions. 

Ca2+ is really an essential component regulating pollen tube growth. In 
collaboration with Ca2+-activated phospholipid-binding proteins, it regu- 
lates the site and rate of vesicle fusion with the apical plasma membrane. 
Ca2+ is also supposed to influence the assembly of AFs  in the tube apex and, 
consequently, to participate in the maintenance of the polar distribution of 
organelles in the pollen tube. Also, the process of signal transduction, 
which involves several molecules and a biochemical pathway similar to that 
observed in animal systems, seems related to the ordered flow of Ca2+. 
The finding of kinesin-like polypeptides with calmodulin-binding domains 
suggests that Ca2+ can modulate the activity of MT-based motors in plant 
cells. Although this kind of motor has not been yet identified in pollen 
tubes, preliminary results on the influence of Ca2+ on myosin activity suggest 
that Ca2+ may have additional functions. This and other recent results 
on the role played by Ca" during pollen tube growth suggest that the 
relationships among the cytoskeletal dynamic, the Ca2+ gradient, and the 
cell wall formation pattern are very important. 

As described in this review, little is known about the role of MTs in 
controlling the deposition of the cell wall during pollen tube growth. MTs 
are described as extremely dynamic structures in the cortex of plant cells. 
Presently, similar evidence is lacking in the pollen tube system, as well as 
data on motor proteins that could coordinate this activity. The localization 
of putative MT-organizing sites in pollen tubes does not provide further 
indications. Both identification of cellulose synthase complexes and infor- 
mation on their relationships with MTs will be important steps to solve the 
question of whether MTs control the deposition of cellulose microfibrils. 

This review has been organized having the intracellular substance traffic 
as it occurs in cells in mind. Proteins and other molecules move from 
one intracellular compartment to another by several means of transport. 
Molecules to be excreted are normally synthesized on membranes (such 
as the ER), driven to the Golgi apparatus for further modifications, and 
then transported to the cell surface. All these movements normally rely on 
the transport of material-containing vesicles along the cytoskeletal appara- 
tus. The deposition of particular wall components in plant cells is likely to 
occur in the same way and the elongation activity of the pollen tube is a 
good example of such a process. The main force propelling pollen tube 
growth depends on cytoplasmic streaming, which is based on the dynamic 
properties of the cytoskeletal apparatus. The pollen tube has been in a 
certain sense compared to a secretory cell because of the secretion activity 
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that occurs at the apex. On the other hand, some researchers have drawn 
a comparison between the pollen tube and a migrating cell, because of the 
directional growth exhibited by pollen tubes through stigma and style. Like 
migrating cells, the direction of pollen tube growth is likely to be controlled 
by signals from the extracellular matrix. It is becoming more certain that 
the elongation of pollen tubes within the pistil is strictly dependent on the 
interactions between the female tissue cells and the pollen tube itself. These 
interactions are likely to influence the growth orientation of the pollen 
tube by being translated into signals for the intracytoplasmic compartments. 
Schematically, it is possible to affirm that two “opposite flows” exist in the 
pollen tube: (i) a flow of substances from the cytoplasm to the exterior, 
and (ii) a reverse flow of signalshubstances from the extracellular matrix 
into the pollen tube. This is an oversimplification of a process that is more 
complicated. However, we speculate that the two “flows” can influence each 
other, producing a kind of “feedback regulation” of pollen tube growth. 
Apparently, the interactions among the cytoskeleton, the membrane sys- 
tem, and the cell wall in pollen tubes are becoming very important research 
topics for further understanding the regulatory mechanism of pollen 
tube growth. 
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Biology of the Postsynaptic 
Glycine Receptor 
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Glycine is one of the major inhibitory neurotransmitters, and upon binding to its 
receptor it activates chloride conductances. Receptors are accumulated immediately 
opposite release sites, at the postsynaptic differentiations, where they form functional 
microdomains. This review describes recent advances in our understanding of the 
structure-function relationships of the glycine receptor, a member of the ligand-gated ion 
channel superfamily. Following purification of the receptor complex and identification of its 
integral and peripheral membrane protein components, molecular cloning has revealed 
the existence of several subtypes of the ligand-binding subunit. This heterogeneity is 
responsible for the distinct pharmacological and functional properties displayed by the 
various receptor configurations that are differentially expressed and assembled during 
development. This review also focuses on the molecular aspects of glycinergic 
synaptogenesis, highlighting gephyrin, the peripheral component of the receptor. The role 
of this cytoplasmic protein in anchoring and maintaining the channel complex in 
postsynaptic clusters is discussed. The glycine receptor recently moved into the spotlight 
as a paradigm in the approach to cell biology of the formation of the postsynaptic 
membrane. 

KEY WORDS: Glycine receptor, Gephyrin, Synaptogenesis, Receptor clustering. 

1. Introduction 

Synaptic transmission involving small molecules such as amino acids is 
used by neurons for fast communication. It conveys both excitatory and 
inhibitory information regulating membrane potentials. In the vertebrate 
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central nervous system, inhibition is mainly induced by glycine and y- 
aminobutyric acid (GABA), but whereas GABAergic transmission is used 
in all areas of the CNS, glycine-mediated inhibition has a more limited 
distribution and predominates in the brain stem and spinal cord (Aprison 
and Daly, 1978). 

The action of both neurotransmitters is mediated by distinct receptors 
which, as documented by numerous structural investigations, belong to the 
canonical superfamily of fast-acting, ligand-gated ion channels (ionotropic 
receptors) encompassing glycine, GABAA, serotonin, nicotinic acetylcho- 
line (ACh) receptors, and related glutamate receptors (Unwin, 1989; Betz, 
1990; Nakanishi, 1992). ACh and serotonin open sodium channels intrinsic 
to their receptors and hence are excitatory, while glycine and GABA are 
generally responsible for the increase in chloride conductance which coun- 
teracts membrane depolarization associated with the opening of sodium 
channels. In contrast to other neurotransmitters, it has not yet been shown 
that glycine could activate any member of the slower-acting, G-protein- 
coupled, seven-transmembrane domain (metabotropic) receptor family. 

One of the great achievements of molecular biology in recent years has 
been the revelation of the structural diversity of subunits that combine to 
build up heteromeric ionotropic receptors. This led to the concept, initially 
substantiated by numerous studies on ACh and GABAA receptors, that 
their electrophysiological and pharmacological diversity largely arises from 
multiple combinations of heterogeneous subunits, very often occurring in 
the same cell (Betz, 1990; Sargent, 1993; Burt and Kamatchi, 1991; Seeburg, 
1993). Such diversity implies that (i) a neuron will display different re- 
sponses to a given neurotransmitter, and (ii) the response would result 
from the presence of given subunits in front of delined presynaptic affer- 
ences. This situation is complicated by regulatory mechanisms, by the loca- 
tion of receptors with respect to presynaptic release sites, and by their 
position relative to each other. 

A feature of neurons, essential for neuronal function, is the segregation 
of different types of receptors and ion channels in discrete microdomains 
over the cell surface. Such segregation and arrangement of pre- and postsyn- 
aptic structural elements determine the interactions between the various 
inputs and their effects on the firing pattern of the cell. This topographical 
complexity endows neurons with the ability, first, to select genes encoding 
given subunits, second, to assemble these subunits in various combinations, 
and third, to elaborate a complex mosaic surface on their somatic and 
neuritic compartments. The biological processes governing the molecular 
structuring and maintenance of the plasma membrane composition are 
therefore those of neuronal integration as defined by Sherrington (1906). 

The puzzle as to how postsynaptic components can be assigned specific 
localizations and stabilized opposite a specific presynaptic neurotransmitter 
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release site has been highlighted by extensive study of the peripheral nico- 
tinic ACh receptor. This has provided an explanation for synaptogenesis 
which combines differential gene expression and local specialization of the 
cytoskeleton (Cartaud and Changeux, 1993). However, if comparable basic 
mechanisms are expected to operate in some aspects of neuronal synapto- 
genesis, one may anticipitate that a more complex situation prevails in 
central neurons because of the large diversity and number of synapses 
impinging on them. Another level of complexity arises from the fact that 
distinct neurotransmitters can be released from the same synaptic bouton 
(Hokfelt, 1991). A good example can be found in the Mauthner cell of 
teleosts where afferent boutons containing glycine, GABA, or both amino 
acids have specific locations on the somatodendritic surface (Triller et al., 
1993a). This implies that the corresponding receptors are located in the 
postsynaptic area facing given amino-acid-containing boutons. Further- 
more, there are examples of a differential distribution of the various iso- 
forms of a given receptor in the postsynaptic membrane facing the afferent 
active zone. This is the case for the GABAA receptor, some of its subunit 
isotypes being either restricted to or excluded from postsynaptic differentia- 
tion, other subunits being evenly distributed on the dendritic plasma mem- 
brane (Baude et al., 1992; Nusser et al., 1995; Somogyi el al., 1989). This 
situation holds for the ionotropic AMPA and NMDA classes of the gluta- 
mate receptors and gains in complexity when the metabotropic receptors 
are considered (Jones and Baughman, 1991; Baude et al., 1993; Nusser et 
al., 1994). 

Thus, in order to understand glycinergic transmission in the CNS it is of 
critical importance to elucidate where and how glycine receptors are located 
in neuronal networks as well as at specific postsynaptic sites in neurons 
receiving glycinergic inputs. Recent advances in the study of structure- 
function relationships, and of the biology of the glycine receptor with 
respect to neuronal differentiation, cell-cell contact formation, and neuro- 
logic disorders, will be presented in this review. The aim is to document 
and discuss the view that this receptor constitutes a new paradigm of 
neuronal synaptogenesis. Dissection of this process in the case of glycinergic 
synapses may help address the fundamental questions as to how neuronal 
proteins are sorted, transported, docked, and maintained at the appropriate 
compartment and how microdomains are elaborated (Craig and Banker, 
1994), which constitutes a major challenge in neuron cell biology. 

II. Identification of the Glycine Receptor 

The notion that glycine is a postsynaptic inhibitory transmitter arose from 
pioneer experiments carried out 30 years ago, which showed that the amino 
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acid and stimulated presynaptic cells evoked identical ionic responses in 
the neuron membrane: an increase in chloride conductance (Werman et 
aL, 1967, 1968; Aprison, 1990). Glycine is now established as a major 
neurotransmitter in the CNS with high levels present in the spinal cord 
(Aprison and Daly, 1978). It is involved in both mutual and feedback 
inhibition by recurrent axon collaterals of spinal motoneurons (Young and 
MacDonald, 1983), in brain stem nuclei (Aprison et aZ., 1975), and in the 
retina (Pourcho et aL, 1992). The glycine receptor (GlyR) was originally 
identilied by ligand binding studies and shown to differ from the GABAA 
receptor in terms of both pharmacology and localization (Young and Sny- 
der, 1973, 1974). Other amino acids are also agonists and selectively bind 
to GlyR to elicit a chloride current with the relative efficiency being glycine 
> p-alanine > taurine > L-alanine (Betz and Becker, 1988; Langosch et 
aL, 1990). The channel activity of the receptor, but not that of the GABAA 
receptor, is blocked by strychnine at low concentration (< 1 pM). This 
well-known convulsant plant alkaloid is the most studied high-affinity antag- 
onist of glycine function. Strychnine intoxication not only perturbs the 
motor system, causing muscular convulsions or generalized hypertonia, but 
also induces, at subconvulsive doses, alterations of sensory centers, leading 
in turn to increased startle responses (Young and Snyder, 1973, 1974; 
Becker, 1992). Equilibrium binding and cross-linking experiments using 
[3H]strychnine performed on rat spinal cord membranes indicated that 
the specific interaction between strychnine and GlyR involves a site for 
competitive binding closely related to, but distinct from, the agonist binding 
site (Young and Snyder, 1974). This interaction is characterized by a dissoci- 
ation constant in the nanomolar range (KD = 1-lOnM) (Marvizon et al., 
1986). This specific recognition was further exploited in topographical stud- 
ies to localize abundant [3H]strychnine high-affinity binding sites in rat 
CNS, thus referred to as glycine receptors. As shown by light microscopy 
autoradiography, the density of glycine receptors is highest in the gray 
matter of the lower brain stem and of the spinal cord. It decreases gradually 
along the neuraxis from the caudal to the rostra1 regions. Glycine receptors 
are abundant in areas of primary sensory and acoustic processing (spinal 
dorsal horn, dorsal column nuclei, dorsal cochlear nucleus) and particularly 
on motoneurons of the spinal and cranial motor nuclei. Such a distribution 
is in fair agreement with the clinical symptoms of strychnine poisoning. 
These pioneer studies thus validated the utilization of the antagonist mole- 
cule as a probe to identify and map the sites of glycinergic inhibition in 
the CNS (Young and Snyder, 1973; Zarbin et al., 1981; Probst et aZ., 1986; 
Bristow et d., 1986). Glycine also acts as an allosteric activator of the 
excitatory NMDA receptor. However, this function involves distinct bind- 
ing sites since this effect is insensitive to strychnine (Johnson and Ascher, 
1987; Bristow et aL, 1986). 
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A. Purification of the Receptor and Associated Gephyrin: 
Specificity of Antibodies 

GlyR was the first neurotransmitter receptor to be isolated from the brain. 
The high affinity of the strychnine-GlyR interaction provided a tool for 
purifying the native molecule. Purification from a rat spinal cord membrane 
fraction, after detergent extraction, was successfully achieved in a single step 
by affinity chromatography on a 2-aminostrychnine-derivatized agarose gel 
(Pfeiffer and Betz, 1981; Pfeiffer et al., 1982). The homogeneous, native 
receptor therefore appeared to be a complex of three proteins of 48 (a), 
58 (p), and 93 kDa, a composition which is shared by various vertebrate 
species (Pfeiffer et al., 1982; Graham et al., 1985; Becker et al., 1986). The 
smallest a and p components are integral transmembrane glycoproteins. 
Biochemical studies of purified and membrane-anchored receptors, includ- 
ing controlled membrane disruption, intramolecular cross-linking experi- 
ments, and sedimentation analysis, have shown that these proteins represent 
the constitutive subunits of the receptor. They assemble to build up the 
channel-containing transmembrane core referred to herein as GlyR and 
form a 250-kDa pentameric complex of a& stoichiometry (Fig. 1A) which 
is able to reconstitute a functional anion channel in lipid bilayers (Schmitt 
et al., 1987; Langosch et al., 1988; Garcia-Calvo et al., 1989). The first 
experiments of covalent affinity labeling using photoreactive [3H]strych- 
nine, controlled proteolysis, and peptide mapping analysis had clearly dem- 
onstrated that (i) only the a subunit, of either membrane-bound or purified 
receptor, could specifically incorporate strychnine and (ii) the antagonist 
binding site of the receptor was located in the extracellular N-terminal 
domain of the a subunit (Graham et al., 1981, 1983, 1985). It was then 
proposed, in view of the available protein sequence of the a subunit, that 
a segment spanning residues 170 to 220 (in the vicinity of the first transmem- 
brane region), contained the ligand binding site (Grenningloh et al., 1987). 
Later, a mutagenesis-based approach led to a more precise localization 
(see below). 

In contrast to a and p subunits, the 93-kDa copurifying protein gephyrin 
is a nonglycosylated polypeptide which reversibly interacts with the a/ 
/3 pentamer. Being extracted from the synaptic membrane by high-pH 
treatment, gephyrin is a peripheral membrane protein. It was shown to 
bind tubulin dimers in vitro with a high affinity in the nanomolar range, in 
a =1:4 stoichiometry. It was able to link the GlyR to brain microtubules 
in a copolymerization assay (Schmitt et al., 1987; Kirsch et aZ., 1991). These 
initial biochemical studies thus favored the idea of selective association 
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A 

Gephyrln u 
FIG. 1 Structure of the glycine receptor. (A) Arrangement of a! and p subunits and of gephyrin. 
A section is drawn and one subunit is omitted to show the four packed transmembrane regions 
(cylindres). The pore-forming domain M2 of the a! subunit is in gray. (B) Membrane topology 
of the a! subunit indicating the position of disulfide bridges and of functionnally important 
amino acid residues. See text for details. The dot in M2 indicates the position of glycine254 
(modified from Kuhse et aL, 1995). 

of gephyrin with cytoplasmic domains of the strychnine-sensitive glycine 
receptor in various areas of the brain (Becker et al., 1989). This conclusion 
was also based on clear immunohistochemical evidence that the protein 
was localized on the cytoplasmic face of a-subunit-containing individual 
synapses (Triller et aZ., 1985, 1987; Altschuler et al., 1986). 

Studies of the glycine receptor have been facilitated by several mono- 
clonal antibodies (mAbs) raised against affinity-purified rat spinal cord 
glycine receptor (Pfeiffer et al., 1984). They were selected for their ability 
to bind to the iodinated receptor in an immunoprecipitation assay. Western 
blot analysis revealed that some of them could be used to probe antigenic 
sites specific to either the a subunit (GlyRla, GlyR2b mAbs) or gephyrin 
(GlyRSa, 7a, 9b mAbs), or to identify both a and p subunits due to a 
conserved or close antigenic site on each protein (GlyR4a mAb). A combi- 
nation of bacterially expressed fusion proteins and of synthetic peptides 
was used to map the various epitopes on the a subunit (Schroder et al., 
1991). The 10 N-terminal residues of the mature a subunit (e.g., al, see 
below) form the antigenic site recognized by mAb 2b, whereas mAb4a 
binds to a domain encompassing residues 96 to 105. The mAb 2b antibody 
is specific to the a1 subunit because its target sequence is highly variable 
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among the various GlyR subunits (see references herein). In contrast, the 
epitope bound by mAb 4a is strictly conserved in all a sequences and differs 
by a single amino acid residue between a and 0 subunits. Some of these 
antibodies have been of considerable value in biochemical, cell biology, 
and immunohistochemical investigations of the receptor. 

B. The Glycine Receptor as a Member of the LigandGated 
lonotropic Receptor Family 

The primary structures of the a and /3 subunits have been deduced from 
cDNAs isolated from rat spinal cord libraries screened on the basis of 
partial amino acid sequence data (Grenningloh et aL, 1987,1990a). Analysis 
of the sequences revealed that a and p subunits are highly homologous 
polypeptides. Their overall amino acid sequence identity is close to 50% 
and their domain organization exhibits remarkable similarity (Betz, 1990). 
Aside from a cleavable signal peptide which differs between individual 
subunits, hydropathy analysis predicts a highly conserved region of four 
hydrophobic segments (M1 to M4) able to cross the membrane bilayer (Fig. 
1B). They occupy positions almost identical to that of the transmembrane 
segment of the ACh and GABAA receptor subunits. The transmembrane 
domains M1 to M3, compared to M4, are highly conserved among the 
various subunits of the glycine and GABAA receptors (Betz, 1990). In 
addition, they possess an extended N-terminal domain bearing potential 
glycosylation sites, consistent with their glycoprotein nature. This domain, 
as confirmed by immunocytochemistry (Tnller et aL, 1985), protrudes into 
the synaptic cleft. It contains a pair of cysteine residues that are known to 
be conserved in the aforementioned GABAA and ACh receptor subunits 
and are thought to stabilize the subunit tertiary structure. A second pair 
of cysteine residues (shared with human a subunits) that does not exist in 
GABAA receptor subunits is located close to the M1 domain (Grenningloh 
et al., 1990b). A region of significantly lower homology is represented by 
a large hydrophilic loop between the M3 and M4 segments. The presence 
of several consensus sites for protein phosphorylation on this loop is consis- 
tent with its assumed cytoplasmic orientation. 

These features of a and 0 subunits are shared with the various subunits 
of the ligand-gated channels of the ACh receptor family. It can be assumed 
that the glycine receptor thus exhibits the largely documented overall mo- 
lecular design and transmembrane topology (Fig. l), based on four 
membrane-spanning domains able to form a-helices (M2) or 0-sheet strands 
(M1, M3, M4), and therefore may function as an allosteric protein (Betz, 
1990; Unwin, 1993). It is conceivable that all the receptor subunits belonging 
to this family arose from a common ancestor gene as a result of combined 
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duplications and divergences. From an evolutionary point of view, an inter- 
esting fact suggested by a recent analysis of phylogenetic distribution is 
that GlyRs were derived from GABAARs when compartimentalization 
provided the very common glycine molecule with an informational meaning 
(Ortells and Lunt, 1995). Such a concept is quite at variance with what is 
often accepted: glycine neurotransmission precedes that using GABA since 
the former predominates in phylogenetically older parts of the brain. 

C. Diversity of Subunit lsoforms 

The initial discovery of glycine receptor subtypes followed a biochemical 
and immunochemical study of the development of the rat spinal cord 
(Becker et al., 1988). In these experiments, comparison of the immunoreac- 
tivities toward mAb4a and mAb2b antibodies of membrane extracts from 
neonatal and adult spinal cord led to the notion that an isoform of GlyR 
predominates around birth. This neonatal receptor (GlyRN) displays a 
relatively low strychnine binding affinity and only contains a 49-kDa sub- 
unit, which differs in antigenicity from the adult 48-kDa polypeptide. As 
shown by selective immunoprecipitation or even chromatography on a 2- 
aminostrychnine gel, gephyrin is significantly associated with GlyRN. The 
expression of this early subtype in the spinal cord receptor is transient. It 
is gradually and completely replaced within 2 weeks after birth by that of 
the adult form, GlyRA, containing the 48kDa subunit (Fig. 2A). Coincident 
with this postnatal disappearance, the marked increase in antagonist binding 
sites in the spinal cord not only accompanies that of adult-type characteristic 
epitopes for a subunit and gephyrin, but also a switch from short to long 
messenger RNA (Akagi and Miledi, 1988; Akagi et al., 1989). 

Diversity of the glycine receptor has been further established by the 
cloning, from rat libraries screened under low-stringency conditions, of 
variants of the original a subunit cDNA. In contrast, no diversity was found 
for the /3 subunit. The four ligand-binding subunits, a1 to a4 (a1 being the 
originally cloned subunit), now characterized in rat, mouse, and human, 
reflect a structural complexity which had not been inferred from previous 
biochemical studies and which is greater than that anticipated from pharma- 
cological analysis. Screening of human fetal and rat brain cDNA libraries 
with a rat a1 probe led to the identification of the a2, a3, and a2* subunits, 
respectively. More recently, exons of a murine a4 subunit have been identi- 
fied by screening genomic libraries (Grenningloh et al., 1990b; Kuhse et al., 
1990a,b; Matzenbach et al., 1994). The a subunits display a very low degree 
of interspecies variation since their identity is close to 99%. Moreover, the 
a subunit variants remain highly homologous with amino acid sequence 
identities on the order of 80%. 
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A Adult isoform: GIYRA Neonatal isoform: GIYRN 
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FIG. 2 Postnatal expression of GlyR isoforms in rodent spinal cord. (A) Structure of the 
adult (GlyRA) and neonatal (GI~RN) receptors. Glycine binding to its site on the a1 subunit 
is strongly antagonized by strychnine. The antagonist binds to a 2  with a lower affinity (dashed 
arrow). Gephyrin is associated with the p subunit, and therefore with GlyR* and not with 
GlyRN. (B) Developmental change in content of isoforms and total receptor protein as 
measured by immunoassay (modified from Becker, 1995, with permission). 

As shown by heterologous expression in Xenopus laevis oocytes, the 
various isoforms can form glycine-gated chloride channels of comparable 
strychnine sensitivity (albeit lower in a3- than in al- or a2-containing 
receptors). Such observations seem to preclude assignment of the aforemen- 
tioned GlyRN receptor to any of these subunits. In this respect, the pharma- 
cological properties of the chloride channel-forming a2* subunit, which is 
more than 99% identical to human a2 but exhibits a ~500-fold lower 
strychnine sensitivity, have attracted much attention (Kuhse et al., 1990a). 
Site-directed mutagenesis of a2* cDNA at position 167 allowed the single 
exchange of a glutamic acid (rat a2*) for a glycine (human a2) residue. 
Such an exchange in the extracellular ligand-binding domain demonstrated 
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that the altered pharmacology could be attributed to this structural change 
alone. This illustrates the functional impact of minute sequence alterations 
between homologous subunits and was thought to account for the particular 
strychnine resistance of the rodent neonates. 

Another important mechanism for the generation of diversity resides in 
alternative exon usage. For the a1 subunit, alternative splice acceptor site 
selection generates a variant mRNA that encodes the dins subunit contain- 
ing eight additional amino acids (Malosio et al., 1991a). This sequence, 
which includes a serine residue, is inserted in the large cytoplasmic domain 
and represents a potential phosphorylation site which may allow further 
functional modulation of the a1 subunit. In the case of the a2 subunit, 
screening of rat cDNA libraries with an a2* probe revealed two variants, 
a2A and a2B, resulting from alternative splicing of the third exon (Kuhse 
et al., 1991). These subunits differ only by two conservative substitutions 
in the N-terminal extracellular domain (positions 58 and 59), and both 
possess a glycine residue at position 167. A strychnine-sensitive chloride 
channel is also elicited in the oocyte system upon injection of in vitro 
transcribed a2A mRNA. This is expected from the presence of in 
the human subunit (see above). 

D. Relationships between lsoforms and Physiology 

Analysis of structure-function relationships in recombinant GlyR synthe- 
sized in heterologous expression systems such as X. luevis oocyte or mamma- 
lian cells reveals the peculiar ability of recombinant a subunits to assemble 
into chloride channels. These reproduce most (but not all) of the electro- 
physiological and pharmacological properties of native receptors. Interest- 
ingly enough, glycine-evoked currents recorded after injection of al, a2., 
or a3 in vitro transcripts into oocytes resemble those elicited by injected 
spinal cord or brain poly(A)+ mRNAs (Akagi and Miledi, 1988; Schmieden 
et al., 1989, Grenningloh et ul., 1990b; Kuhse et al., 1990b). Moreover, 
transient expression of a1 subunits obtained by transfection of cultured 
mammalian cells also results in channels with properties similar to those 
observed in cultured spinal neurons (Bormann et al., 1987; Sontheimer et 
aL, 1989; Grenningloh et aL, 1990b). These studies have shown that while 
receptors constructed with the a1 subunit respond to the glycine-like amino 
acid agonists (glycine > /3-alanine > taurine being most effective), a2 
receptors are selective for glycine. All a-subunit-based channels are strongly 
antagonized by strychnine, further demonstrating, in agreement with bio- 
chemical data, that the binding sites for both agonists and antagonists reside 
on the a polypeptides (Betz, 1992; Vandenberg et al., 1992b). Recording 
of single-channel currents from recombinant homo-oligomeric receptors 
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allowed monitoring of channel conductances and kinetics. These studies 
showed that the higher main-state conductances of a 2  and a3, compared 
to those of a1 homo-oligomers, are due to the presence of an alanine residue 
instead of a glycine (position 254 in the a1 polypeptide) in transmembrane 
domain M2. Moreover, the a1 subunit is responsible for short channel 
lifetimes compared to those with a2. Consistent with a GlyRN to GlyRA 
developmental switch, recordings of spinal cord neurons during ontogeny 
show that the mean open time of the glycine-elicited receptor channel 
decreases with time after birth (Takahashi et al., 1992; Bormann et al., 1993). 
This finding indicates that, like the nicotinic receptor, GlyR undergoes a 
functional maturation via switching from the a1 to the a 2  subunit (Fig. 
2B). All together, these heterologous expression studies have shown that 
agonist-gated, strychnine-sensitive glycine receptors can form upon self- 
assembly into homo-oligomeric complexes of a subunits, a property that 
is shared with few other members of the ionotropic receptor superfamily 
(i.e., the NMDA receptor subunit 1). This also suggests that such homo- 
oligomeric receptors could have functional significance in vivo (see refer- 
ences in Bormann et al., 1993). 

These properties of the a subunit oligomers contrast with the very weak 
glycine-activated chloride currents generated in X.  luevis oocytes when 
expressing the /3 protein alone. In this case, responses display no cooperativ- 
ity for agonist activation (Hill coefficient n = 1, compared to n = 3 for a 
subunit receptors), and, since agonist gating could not be shown to be 
significantly altered in cells expressing both a and /3 subunits compared to 
the a subunit, the /3 protein was initially thought to have only a structural 
role in native Gly receptors (Grenningloh et al., 1990a). However, cotrans- 
fection experiments of mammalian cells have shown that the functional 
homology of recombinant and native receptor channels depends on the 
presence of the /3 subunit. A first key observation lies in the differential 
resistance of expressed glycine receptors toward picrotoxinin, an inhibitor 
of the GABAA receptor chloride channel. Whereas receptors built up with 
both a1 and /3 subunits are unaffected, a1 homo-oligomers are blocked by 
picrotoxinin. Consistent with the striking divergence of the M2 domain of 
a and GABAA receptor subunits from that of p, site-directed mutagenesis 
established that this domain in /3 does contain residues determining inhibitor 
binding (Pribilla et ul., 1992). The presence of the /3 subunit also affects 
channel chloride conductances (Bormann et aL, 1993): coexpression of a 
and /3 subunits diminishes single-channel chloride conductance (compared 
to al-3 homomeric receptors) to levels comparable to those recorded from 
adult neurons. Furthermore, analysis of the consequences of sequence varia- 
tions imposed in the p subunit-M2 domain by site-directed mutagenesis 
revealed that negatively charged residues within its carboxy-terminal half 
were responsible for the different single-channel conductances of recombi- 
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nant a homo-oligomeric and a l lp  hetero-oligomeric receptors. Therefore, 
the non-ligand-binding f l  subunit has a crucial role in modulating channel 
functional properties in heteromeric receptors. 

Although the p subunit is involved in regulating properties of recombi- 
nant GlyR channels, the heterogeneity of these receptors primarily results 
from that of the a subunit. This is well illustrated by the GlyRN to GlyRA 
developmental switch of the spinal cord receptors biochemically and func- 
tionally characterized both in vivo and in vitro (Becker et al., 1988; Hoch 
et al., 1989; Takahashi et al., 1992): the a2 homo-oligomer (GlyRN), giving 
rise to slow inhibitory postsynaptic currents (IPSC), is progressively re- 
placed after birth by an al/P hetero-oligorner displaying lower conductances 
and faster IPSC. Whether such maturation always occurs by combination 
of a and fl  subunits is still unknown (Pribilla et al., 1992; Bormann et 
aZ., 1993). 

E. Molecular Determinants of Ligand Binding and 
Channel Properties 

A comparison of the efficacy profiles and pharmacology of wild-type and 
site-directed-mutagenized or hereditary-mutated (from human and mouse) 
a1 and a2  subunits favors a multisite model of the GlyR ligand-binding 
domain (Fig. 1B; Betz, 1992; Kuhse et aL, 1995). As summarized below, 
distinct structural motifs within the extracytoplasmic N-terminal domain 
are engaged in ligand binding and discrimination. Two conserved cysteine 
residues at positions 138 and 152, forming a disulfide loop, are required 
for subunit tertiary structure. They are found in all GABAA and nicotinic 
ACh receptor subunit primary structures known. The site of strychnine 
binding, as deduced from photoaffinity labeling with [3H]strychnine of the 
a1 subunit and peptide mapping, has been localized to the N-terminal 
domain. The reduction of strychnine inhibition after substitution of glycine 
160 (homologous to glycine 167 in the a2 subunit) and tyrosine 161, as well 
as lysine 200 and tyrosine 202, demonstrated that two domains form the 
antagonist-binding site (Ruiz-Gomez et al., 1990; Vandenberg et al., 1992a). 
In addition, binding of agonists (including high- and low-affinity agonists) 
involves several subsites overlapping with the antagonist-binding sites. Ala- 
nine 52 determines agonist affinity and a substitution of this residue by a 
serine reduces glycine affinity, but has no effect on strychnine binding 
(Ryan et al., 1994; Saul et al., 1994). The response of a1 receptors to p- 
alanine and taurine depends on the isoleucine and alanine residues at 
positions 11 1 and 212, respectively. Phenylalanine, glycine, and tyrosine 
residues found at positions 159,160, and 161, respectively, in the a1 subunit 
represent important determinants for both agonist and high-affinity antago- 
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nist binding (Schmieden et al., 1992). A glycine residue is conserved in 
position 160 of most a subunit variants. As mentioned earlier, the cu2* 
variant substitution of this glycine results in a very low affinity for strychnine 
but also for glycine (Kuhse et al., 1990a). Phenylalanine 159 is responsible 
for selective activation by small amino acids. It has a key role in determining 
agonist recognition by GlyR, because if it is replaced by tyrosine, a residue 
common to GABAA receptor polypeptides, the agonist selectivity is greatly 
diminished and an a1 channel is generated which responds to GABA, 
indicating close architectures of ligand-binding sites in GlyR and GABAAR 
(Schmieden et al., 1993). Finally, a loop (also considered to be a @-sheet-@- 
turn motif belonging to a domain encompassing residues 200-212) formed 
by a disulfide bridge between cysteines 198 and 209 was shown to confer 
agonist-antagonist discrimination on the a1 subunit because substitution 
of threonine 204 totally abolishes glycine affinity but leaves strychnine 
binding unchanged. Mutation of tyrosine 202, however, demonstrates 
that the aromatic group is crucial for both agonist and antagonist bind- 
ing (Schmieden et al., 1992; Vandenberg et al., 1992b; Rajendra et al., 1995b). 
Interestingly, the fact that the positions occupied by all these residues in 
the GlyR a subunit are homologous to the positions of essential residues 
in nicotinic ACh and GABAA receptors suggests that the overall folding 
pattern of the extracellular region is general and that the ligand-binding 
pockets in ionotropic receptors have a common architecture referred to as 
the three-loop model in the ionotropic receptor family (Kuhse et al., 1995; 
Galzi and Changeux, 1994; Devillers-ThiCry et al., 1993). 

A common structural determinant of channel function in the members 
of the ACh receptor family is found in the M2 transmembrane segment. 
Like its homologous domains in this family it provides the pore with an 
environment sufficiently polar to allow ion flow. The M2 region is highly 
conserved between the GABAA receptor and the GlyR a subunits and is 
involved in ion selectivity. It crosses the membrane bilayer as an 18-residue 
a-helix with uncharged polar amino acids lining the ion channel of the 
receptor (Betz, 1990; Unwin, 1993). The ion selectivity of the channel is 
thought to be based on the steric arrangement of transmembrane segment 
M2. Here, the turn-inducing, proline residues are conserved at either end 
of M2 in all GlyR and GABAAR ligand-binding subunits. Evidence that 
the channel activity in these receptors is linked to the structural constraints 
thus imposed is inferred from the observation that, in the a7 subunit of 
nicotinic AChR, if a proline is inserted N-terminal to M2, the cationic 
selectivity is changed to an anionic one (Grenningloh et al., 1987; Galzi et 
al., 1992). This M2 segment plays a pivotal role not only as the pore-forming 
domain but also as a determinant of ligand binding. Two arginine residues 
at positions 252 and 271 flanking the M2 sequence at its intra- and extracyto- 
plasmic extremities, respectively, have key roles in normal receptor expres- 
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sion. One of these, arginine 271, is an important residue for receptor activa- 
tion as its substitutions occurring in the human hereditary hyperexplexia 
(Shiang et aL, 1993), which have no effect on strychnine binding affinity, 
dramatically reduce the ability of agonists to open the GlyR channel, which 
also exhibits lower chloride conductance, as shown by recombinant cDNA 
expression (Langosch et aZ., 1994; Rajendra et aZ., 1994). These mutations 
also result in a very interesting change: the normally glycinergic agonist f l  
amino acids are no longer able to elicit chloride currents and instead acquire 
antagonistic activities, revealing that they bind competitively to an inhibi- 
tory subsite. Therefore, arginine 271 is a critical transducing element which 
couples channel activation to agonist binding (Rajendra et aL, 1995a; Laube 
et aL, 1995). The M2 segment was recently shown to be responsible for the 
selective, noncompetitive blockade of homomeric a1 open channels by 
cyanotriphenylborate, a chloride analog which has no effect on recombinant 
a2 homo-oligomers. This variant-specific block is due to the presence at 
position 254 inside the a1 pore of a glycine in place of an alanine (Rund- 
strom et aL, 1994). 

Protein phosphorylation also plays an important role in transient receptor 
modulation. Most of the ligand-gated receptor channels can be phosphory- 
lated since they possess consensus sites for protein phosphorylation within 
the cytoplasmic loop between the M3 and the M4 domains. Three different 
protein kinases, cyclic AMP (CAMP)-dependent protein kinase A (PKA), 
protein kinase C (PKC), and an endogenous tyrosine kinase, phosphorylate 
the nicotinic AChR. Such covalent modification can either regulate the 
rate of desensitization of receptors or determine their response to agonists 
as demonstrated for the ACh and GABA (or glutamate) receptors, respec- 
tively (Wagner et al., 1991; Moss et al., 1992; Raymond et al., 1993; Wang 
et al., 1993). Consistent with the presence on GlyR a subunits of cytoplasmi- 
cally oriented consensus sequences for phosphorylation by PKC, isolated 
spinal cord neurons can phosphorylate the a subunit upon exposure to the 
phorbol ester TPA, which activates the endogenous kinase (Vaello et al., 
1994). This is in good agreement with the ability of the kinase to phosphoryl- 
ate in vitro the purified receptor on a single serine at position 391 on the 
a1 subunit (Ruiz-Gomez et al., 1991). The a subunit is also phosphorylated 
when adult spinal cord neurons are incubated with forskolin, indicating 
that activation of adenylyl cyclase can lead to a cyclic AMP-dependent 
action of PKA on GlyR. Indeed, a phosphorylation is also observed in 
vitru with the purified PKA catalytic subunit. The phosphorylation state 
of GlyR subunits has functional consequences. More precisely, Xenopus 
oocytes injected with either adult rat brain poly(A)+ mRNAs or a1 subunit 
transcripts display a time-dependent decrease in glycine-elicited currents 
upon exposure to the phorbol esters TPA or PPMA which activates the 
endogenous PKC (Vaello et al., 1994; Uchiyama et al., 1994). In contrast, 
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PKA, which increases glycine responses in cultured brain stem neurons, 
also enhances glycine-elicited currents in Xenopus oocytes expressing adult 
rat brain poly(A)+ mRNAs as suggested by the stimulating effect of dibu- 
tyryl CAMP (Song and Huang, 1990; Vaello et al., 1994). Further studies 
will have to determine which subunits are substrates for the various kinases, 
depending on localization and developmental stage. For instance, a1 sub- 
unit phosphorylation by PKA is surprising, unless a1 is present in receptors 
in its alternatively spliced form, d ins ,  which is the only one to bear a 
PKA phosphorylation consensus site. Moreover, it will be interesting to 
determine which effects are direct or indirect in homologous systems, since 
a PKC-dependent up-regulation of glycine receptor channels was reported 
in rat hippocampal neurons, with no involvement of PKA and tyrosine 
kinase, contrasting with the observed effect in injected Xenopus oocytes 
(Schonrock and BormannJ995). 

These data indicate that various trimeric G protein-coupled receptors 
inducing changes in the levels of cyclic AMP or diacylglycerol are most 
likely able to modulate the glycine sensitivity of neurons in response to 
neural or hormonal stimulation. 

IV. Spatial and Temporal Mapping of Glycine Receptor 
Complex Expression 

A. In Sku Hybridization Studies 

In situ hybridization investigations (Fig. 3) revealed that, as observed for 
other ionotropic receptors, each of the various subunit genes has a specific 
transcription profile in mammalian brain (Malosio et al., 1991b; Sat0 et al., 
1991, 1992; Fujita et al., 1991). 

In adults, a1 transcripts (Figs. 3A, and 3E) are present throughout the 
spinal cord segments and in nuclei of the brain stem belonging to the general 
motor and somatosensory systems as well as to the auditory, vestibular, and 
reticular formations (Malosio et al., 1991b). With the exception of dins, 
which represents 2530% of the total a subunit mRNA, they are also found 
to a lesser extent in midbrain sites such as the cerebellar deep nuclei, and 
in the hypothalamus and the colliculi. Both variants represent postnatal 
isoforms of GlyR as transcription of both a1 and dins subunits, which is 
barely detectable in embryos, increases gradually during the first 2 weeks 
after birth and until adulthood, respectively (Malosio et al., 1991a,b). A 
close developmental increase in a 3  transcription, albeit moderate, seems 
to be restricted to the infralimbic system and in the adult to the hippocampal 
complex and cerebellar granular layer (Fig. 3C). Only very weak expression 
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FIG. 3 In situ hybridization of GlyR subunit mRNA in horizontal brain sections (A-D) and 
coronal cord sections (E-H) from adult ( P a )  rats. CA3, CA3 region of the hippocampus; 
Cb, cerebellum; CG, central gray; CIC, central nucleus of the inferior colIiculus; CPu, caudate 
putamen; Cx, cortex; DG, dentate gyrus; E, entorhinal cortex; Hi, hippocampus; OB, olfactory 
bulb; PF, parafascicular nucleus; S, septum; Th, thalamus; 'IT, tenia tecta; VI, sixth layer of 
cortex. Arrowhead indicates supposed internal layers of the infralimbic cortex. (A, E) al; 
(B, F) a2; (C, G) a3; and (D, H) p; subunit mRNA distributions. Scale bars: 4 mm (D); 
1 mm (H) (from Malosio et al., 1991b by permission of Oxford University Press). 
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could be detected in the spinal cord (Fig. 3G; Kuhse et al., 1990b; Malosio 
et al., 1991b). In contrast, a very early onset of a2  transcription is observed 
in most brain areas such as the telencephalon, the diencephalon, the mid- 
brain, and in the spinal cord, which all already contain fair amounts of 
mRNAs during embryonic life. This transcriptional activity of all a 2  splice 
variants is transient, and the high prenatal levels are maintained only during 
a few days after birth. As a result, the a 2  isoform (mainly a2A) persists 
in the adult in several brain regions at significant levels (Fig. 3B) and 
disappears, with the exception of a few neurons, from the spinal cord 
(Fig. 3 F  Malosio et al., 1991b; Kuhse et al., 1991; Sat0 et al., 1992). This 
replacement of the a 2  by the a1 subunit does not apparently take place in 
areas such as the deep cortical layers or some other brain regions where 
significant levels of a2 mRNA persist into adulthood (Fig. 3B). 

While the transcription of a subunits is restricted to specific regions in 
the brain, the mRNAs of the glycine receptor j3 subunit have a widespread 
distribution (Figs. 3D and 3H) and appear early in the embryo. The hybrid- 
ization signals of j3 mRNA displayed by some formations such as the cortical 
layer VI, the thalamus, and the colliculi or some neurons such as the 
olfactory bulb mitral cells and Purkinje cells clearly are relatively strong 
compared, respectively, to the moderate or even nil signals of a transcripts 
(Grenningloh et al., 1990a; Malosio et al., 1991b; Fujita el al., 1991). There- 
fore, the overall distribution of j3 transcripts is much wider than that corre- 
sponding to all a transcripts, and high levels of expression are displayed 
by many brain regions that are apparently immunohistologically silent (see 
below) or devoid of [3H]strychnine-binding sites. To date, the functional 
significance of the ubiquity of j3 messenger RNAs in the central nervous 
system is not understood. As the involvement of the GlyR j3 subunit as a 
functional component of other neurotransmitter receptors can be ruled 
out, according to available data, an alternative hypothesis which has 
not been excluded is that it might merely be associated with unknown 
strychnine-insensitive a subunits of the glycine receptor (BCchade et al., 
1994). 

Identification and localization of glycinergic receptors in the CNS have 
long relied upon the use of strychnine or ligand-binding assays. The distribu- 
tion of GlyR transcripts appears much wider than expected from biochemi- 
cal studies and, as no two mRNAs exhibit identical spatial and temporal 
patterns, overlapping mRNA expression profiles suggest that several combi- 
nations could be formed during developmental stages. Taking into account 
the fact that in situ hybridization only predicts the distribution of potentially 
glycine-responsive neurons, on the one hand, the topographic mapping of 
the various subunit mRNAs of GlyR using this approach is in rough agree- 
ment with data obtained by autoradiography of [3H]strychnine. On the 
other hand, the finding that mRNAs encoding certain GlyR subunits are 
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expressed in the higher brain regions, such as the cortex, where high-affinity 
strychnine binding of the GlyRA type is barely detectable, nevertheless 
agrees with reports of the presence of receptors identical to GlyRN (no p 
subunit, a2 oligomer) of the neonatal spinal cord at this site (Naas et al., 
1991; Becker et al., 1993). However, a few discrepancies exist since the 
presence of a1 transcripts, for example, in several hypothalamic nuclei, may 
not be correlated with a superimposed presence of high-affinity antagonist- 
binding sites (Zarbin et al., 1981; Frostholm and Rotter, 1985). Such mis- 
matches cannot unambiguously be interpreted as no detailed analysis has 
so far been carried out at the cellular level, but they may be accounted for 
by at least two distinct phenomena. Interestingly enough, a spatial mismatch 
between mRNA and binding sites has been encountered in other systems, 
as exemplified by the glutamate and GABAA receptors in the spinal cord. 
In the latter case, while motor neurons receiving GABAergic inhibition 
from Renshaw cells are consistently predicted by in situ hybridization analy- 
sis to express a defined receptor subtype, ligand binding is predominantly 
observed in dorsal horn-located sites where the motor neuron dendrites 
extend (Persohn et al., 1991). Furthermore, with respect to protein expres- 
sion, there are various reasons why cells expressing mRNAs do not produce 
detectable functional channels. These include the lack of messenger transla- 
tion, incorrect subunit combinations, assembly or transportkargeting de- 
fects, low mRNA levels, and defective mRNAs (see references in Tyndale 
et al., 1994). Although these factors might be thought to operate in cloned 
cell lines, the absence of functional NMDA receptor-gated channels in 
adult rat Purkinje and dorsal root ganglion cells which do express NMDARl 
mRNA suggests that in situ hybridization detection does not necessarily 
indicate that a functional protein is made (Moriyoshi et al., 1991; Audinat 
et al., 1990; Shigemoto et al., 1992; Huettner, 1990). At any rate, these 
observations call for further analysis of the expression of both GlyR mRNAs 
and proteins at the cellular level. 

In the context of sensory and motor processing in the brain, particularly 
in regions where GABAergic inhibition has long been thought to be the 
rule, the widespread expression of GlyR subunits raises questions. Cur- 
rently, the association of GABAA receptor and GlyR subunit mRNAs in 
the same cells may be interpreted either in phylogenetic terms, hypothesiz- 
ing that GABA substitutes for glycine, or as indicative of a refinement of 
neuron activity (see Malosio et al., 1991b). 

In situ hybridization studies have provided evidence for, as well as con- 
firmation of, control of expression of genes encoding GlyR subunits and 
point to the problem of the molecular variability that can potentially be 
achieved in vivo via subunit combination in several brain areas. In this 
respect, the recently described diversity of GlyR in the rat retina, where 
all the subunit mRNAs are simultaneously transcribed in some neurons, 
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illustrates the puzzling (but not peculiar to this receptor) feature that a 
given receptor may take on (Greferath et al., 1994). 

B. lmmunohistochemical Studies 

As in the case of other receptors, it is fundamental to know the subunit 
stoichiometry within GlyR complexes and to discriminate between recep- 
tors present on the neuron cell body and those located on dendrites. As a 
first step to address these issues, the immunological approach to GlyR 
protein distribution gives much information. 

Morphological studies have so far benefited from the availability of the 
various monoclonal antibodies that specifically recognize the a1 subunit of 
the channel (GlyR2b), associated gephyrin (GlyRSa and 7a), or both the 
adult and embryonic a isoforms and the j3 subunit (GlyR4a). 

Immunohistochemical investigations on GlyR localization in rodent cen- 
tral nervous system using GlyR2b and/or GlyR7a mAbs revealed that, 
besides the spinal cord, several regions of the brain displayed receptor 
antigenic sites, including the hypothalamus, the hippocampus, the olfactory 
bulb (Van den Pol and Gorcs, 1988), the cochlear nuclei (Altschuler et al., 
1986; Araki et d., 1988), the cerebellum (Triller et al., 1987; Van den Pol 
and Gorcs, 1988; Araki et al., 1988; Chen and Hillman, 1993), and the retina 
(Sassok-Pognetto et al., 1994; Griinert and Wassle, 1993; Greferath et al., 
1994). Most of these studies were carried out using both light and electron 
microscopy with an anti-gephyrin antibody (GlyR7a mAb). Taken together, 
they suggested that in rostra1 brain regions GlyR had a rather restricted 
distribution, at variance with in situ hybridization-based predictions of a 
much wider expression of some subunits. In all instances, however, except 
for the cerebellum, as exemplified in the various laminae of the spinal cord 
gray matter, a characteristic pattern of discontinuous patches in close, but 
not perfect, relation to punctate glycine immunoreactivity was observed. 
Evidence was thus obtained for a localization of GlyR in axodendritic, 
axosomatic, and dendrodendritic postsynaptic membrane areas in numer- 
ous neuronal types (Araki et aZ., 1988; Van den Pol and Gorcs, 1988; Todd, 
1990; Basbaum, 1988; Todd and Sullivan, 1990; Mitchell et aL, 1993). 

V. Cell Biology of the Glycine Receptor 

A. Subcellular Localization of Transmembrane Components 
and Gephyrin 

1. GlyR-Rich Postsynaptic Microdomains 
The pioneer experiments analyzing the subcellular distribution of the GlyR 
complex revealed the mosaic organization of the neuronal membrane (Tril- 



220 CHRISTIAN VANNIER AND ANTOINE TRILLER 

ler et al., 1985) in rat spinal cord. The visualization of GlyR components 
using GlyFUb, GlyR4a, GlyRSa, and 7a antibodies in immunofluorescence 
microscopy revealed an exquisite punctate distribution of epitopes at the 
neuronal cell surface and demonstrated the cytoplasmic localization of 
gephyrin (Fig. 4). Also found in the Mauthner cell of the goldfish brain, 
this pattern was shown by immunoelectron microscopy to result from the 
restricted colocalization of both transmembrane subunits and gephyrin 
within postsynaptic membrane areas apposed to presynaptic terminals. 
These observations thus demonstrated that the postsynaptic plasma mem- 
brane of target neurons thought to receive glycinergic inputs (see below) 
was organized as a mosaic of specialized GlyR-containing, differentiated 
domains of the membrane whose distribution was superimposable on that 
of presynaptic elements containing flattened vesicles (Triller et al., 1985, 
1987; Seitanidou et al., 1988). 

The fine spatial organization of GlyR at the neuronal cell surface in situ 
has been examined at the single-cell level on the Mauthner neuron of the 
goldfish. This provided a fair model which circumvented the problem of 
simultaneously and unambiguously recognizing the dendritic and somatic 
compartments of the same cell (Triller et al., 1990). A quantitative confocal 
microscopic analysis showed that the area of receptor clusters on dendrites, 
as visualized with the GlyR 4a mAb directed against the channel-forming 
glycoproteins, increases according to a somatodendritic gradient, whereas 
the number of clusters per surface unit decreases. Furthermore, combina- 
tion of microfluorimetric analysis and 3-D reconstruction indicated that the 
density of GlyR was comparable in all postsynaptic domains (Triller et al., 
1990; Franksson and Triller, 1993). Such size and number variability, which 
also exists in motoneurons, applies to the release site of the corresponding 
glycinergic inhibitory terminals. A parallel gradient of the presynaptic grid 
area computed with confocal microscopy was also found, thus disclosing a 
principle of structural organization, the functional meaning of which may 
lie either in a compensation of the dendritic length constant or in an 
adaptative means for controlling distally delivered excitatory inputs (Al- 
varez et al., 1993; Sur et al., 1995; BCchade et al., 1994). 

In agreement with these results, immunofluorescence studies have also 
shown that gephyrin localization in the rat higher brain structures is postsyn- 
aptic, being mainly somatic in neurons of the diencephalon and the cerebel- 
lum. However, comparison of immunoreactivities toward mAb 2b and mAb 
4a antibodies suggested that, in some neurons, whereas the a1 subunit was 
strictly postsynaptic, the other forms of GlyR could exhibit extrasynaptic 
and/or intracellular localization (Kirsch and Betz, 1993). 

2. Assembly of GlyR 
Substantial progress has been made in understanding the biosynthesis, 
assembly, and membrane insertion of GlyR. Although functional homo- 
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FIG. 4 Cellular and subcellular organization of the glycine receptor and associated gephyrin. 
(A) View through projection of stacks of confocal sections showing the uneven distribution 
of the immunofluorescent GlyR (mAbGlyR4a) at the surface of a large neuron. Nonlabeled 
patches (arrowheads) of the neuronal surface are contacted by nonglycinergic axons. Calibra- 
tion bar: 10 pm. (B, C) Accumulation (arrows) at postsynaptic densities of peroxidase electron- 
dense product (B) and gold particles (C) associated with gephyrin immunoreactivities (mAb 
GlyR 7a) at the level of synaptic complexes (between arrowheads) established between 
presynaptic boutons (b) containing pleomorphic vesicles and the postsynaptic (p) element. 
(D) Accumulation of the glycine receptor-associated gold particles (arrows) within the synaptic 
cleft (between arrowheads). Calibration bars for B, C, and D: 0.25 pm. (A, goldfish brain 
stem; B, C, and D, rat ventral horn.) 



222 CHRISTIAN VANNIER AND ANTOINE TRILLER 

oligomeric chloride channels can be inserted in the plasma membrane of 
mammalian cells transfected with GlyR a subunits, their formation seems 
to proceed rather inefficiently, at variance with the situation encountered, 
for example, in cultured spinal cord neurons. In these cells, a2 subunits 
are assembled as stable homopentamers (GlyRN) predominantly expressed 
at the cell surface (Hoch et aL, 1989; Sontheimer et al., 1989). Whether this 
difference is due to differential capabilities of homologous versus heterolo- 
gous systems in protein processing has not been investigated. Instead, the 
observation of the marked increase in glycine-elicited whole-cell currents 
upon coexpression of a and p subunits in comparison with a subunits alone, 
which suggested that a more efficient assembly and/or transport of receptors 
could be favored by the p subunit (Pribilla et al., 1992, Bormann et aL, 
1993), has been exploited in order to analyze channel formation by express- 
ing mutated and chimeric subunits in Xenopus oocytes (Kuhse et aZ., 1993). 
The results, interpreted on the basis of the predictable defined pharmacolo- 
gies of the expected hetero-oligomers, clearly showed that whereas al/a2 
oligomers assemble in variable subunit ratios, Cwlp oligomers are formed 
with a fixed 3/2 stoichiometry. Short amino acid sequences (assembly boxes) 
all located in the N-terminal extracytoplasmic domain and corresponding 
to three diverging motifs in both subunits were identified which precisely 
govern receptor assembly. Replacement of these motifs in the p subunit 
by the corresponding a1 motifs results in the loss of the strict 3/2 subunit 
ratio in a/p oligomers, suggesting that different amino acid positions are 
determinants in the early step of subunit-subunit interaction rather than in 
oligomeric structure stabilizing events. Importantly, these residues impose 
a mutually exclusive mode of assembly, either in homo-oligomers or in 
stoichiometric complexes (Kuhse et al., 1993). In line with the fact that 
their location is homologous to that of residues governing AChR assembly 
in the E subunit (Gu et al., 1991), the plausible ability of these residues in 
the p subunit to impose the order of assembly and the quaternary structure 
of GlyR is a hypothesis yet to be tested. Additional domains are very likely 
involved in stabilization and/or transport to the plasma membrane. In favor 
of this assumption, arginine 252 at the cytoplasmic extremity of the M2 
segment was found to be essential for cell surface expression since its 
mutation results in intracellular retention and aggregation of the a1 subunit 
(Langosch et al., 1993). As a general rule for cell surface glycoprotein 
oligomers, only those assembled according to a proper stoichiometry in 
the endoplasmic reticulum have access to the Golgi complex, to be sorted 
and subsequently delivered to the plasma membrane. Among several exam- 
ples, such quality control of newly synthesized proteins has been clearly 
established for the AChR since only a2py(or &)a oligomers are allowed 
to undergo maturation in the Golgi complex (Sumikawa and Miledi, 1989; 
Merlie and Smith, 1986). A similar control of proper subunit assembly has 
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also been described for the T cell antigen receptor where either retention 
in the ER or degradation operates on misassembled complexes (Klausner 
et al., 1990). Whether the /3 subunit, in the case of GlyR, is also responsible 
for a more efficient transport of the a! subunits has not been determined. 
Again, in view of the ability of a! subunits to form cell surface receptors, 
the requirements for correct transport encountered in other systems may 
not strictly apply to a! homo-oligomeric GlyRs. 

6. Gephyrin and Glycine Receptor Clustering 

1. Gephyrin Diversity 

Isolation of several cDNAs from rat brain and spinal cord libraries revealed 
the rather high degree of variability of gephyrin structure, as at least five 
variants are known which arise by alternative splicing of a single pre- 
mRNA. Differences correspond to four cassettes occurring in the N- 
terminal region of the protein. Northern blot analysis and PCR amplifica- 
tion showed that variant transcripts are differentially expressed in nervous 
as well as in nonnervous tissues, such as liver, kidney, or lung, indicating 
that gephyrin molecules are specific neither for GlyR nor for CNS (Prior 
et al., 1992). Interestingly, in situ hybridization, mapping of the various 
mRNAs in adult and developing rat brain revealed that each variant has 
a specific spatial and temporal expression profile but that their general 
distribution, wider than that reported for any GlyR a! subunit, closely 
resembles that of the /3 subunit mRNA (Kirsch et al., 1993a). Accordingly, 
a widespread expression of gephyrin was also disclosed by careful immuno- 
labeling experiments showing that, being virtually in all brain areas contain- 
ing synapses, it can in fact be synthesized independent of the currently 
detectable a! subunits (Kirsch and Betz, 1993). The hypothesis that, in some 
neurons, gephyrin and the /3 protein might be associated with channel 
complexes other than GlyR cannot be ruled out. GABAAR would be a 
good candidate (see below). However, further investigations need to delin- 
eate more precisely the distribution and behavior of this protein, whose 
unusual and versatile primary structure may confer as yet uninvestigated 
membrane interactions and/or turnover features (Kirsch and Betz, 1993). 

2. Formation of GlyR Clusters 

The data reported above demonstrate the fine localization of GlyR in front 
of presynaptic endings. How these microdomains are formed during neuron 
differentiation and innervation is not well understood. Denervation experi- 
ments carried out on the Mauthner cell have shown that the presence of 
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GlyR clusters is dependent on the integrity of afferent axons but not on 
synaptic activity (Seitanidou et aZ., 1992). This suggests that different mecha- 
nisms are involved in maintenance and/or establishment of focal clustering 
of GlyR in the postsynaptic membrane, and of the nicotinic acetylcholine 
receptor at the motor endplate (Changeux, 1991; Hall and Sanes, 1993). 
Neurons able to acquire a polarized phenotype upon differentiation in 
culture represent a good model for study of the epigenesis of postsynaptic 
domains. Cultured fetal spinal cord neurons which possess functional 
glycine-gated channels (Bormann et al., 1987) predominantly express the 
a2 homo-oligomer, but GlyR matures with time in culture since a mature 
isotype, a l ,  can be biochemically detected (Hoch et al., 1989,1992; St John 
and Stephens, 1993). PCR amplification analyses have confirmed that these 
neurons to some extent reproduce the fetal to adult transition of their in 
situ counterpart (Hoch et al., 1992; Btchade et aL, 1995). Moreover, within 
1 week, they are able to form plasma membrane GlyR clusters that react 
with anti-al, alp, and gephyrin mAbs. Fluorescence microscopy studies of 
the development of GlyR clusters in differentiating cells showed that it can 
be described as a two-step process (Nicola et aZ., 1992; Kirsch et al., 1993b; 
Btchade et al., 1995). This process is characterized by an asynchronous 
clustering of GlyR and gephyrin, with the aggregation of gephyrin under 
the cell surface being observed first. Subsequently, the number of GlyR 
clusters increases to match that of gephyrin. As seen at the ultrastructural 
level, the first detectable gephyrin patches form at sites of cell-cell and 
cell-substratum contact. Upon culture maturation, they become restricted 
to the postsynaptic membrane where GlyR is also located. Throughout this 
process, extrasynaptic distribution of GlyR was not detected (Colin et al., 
1996). In contrast to the temporal sequence, the causal sequence of GlyR 
specific clustering is not established. However, the key role of gephyrin in 
this process has been demonstrated by inhibiting gephyrin production in 
cultured neurons with antisense oligonucleotides able to hybridize with 
all known gephyrin transcripts (Kirsch et al., 1993b). Neurons unable to 
synthesize gephyrin failed to position GlyR in plasma membrane domains: 
GlyR remained trapped intracellularly (Fig. 5). Whether this mislocaliza- 
tion results from a targeting defect or from an instability of GlyR clusters 
at the plasma membrane and subsequent endocytosis is not known. 

There is biochemical evidence that gephyrin specifically binds to purified 
adult GlyR via the p subunit (Meyer et al., 1995): heterologous expression 
and overlay assay of recombinant proteins have shown that the gephyrin 
binding site is localized in a stretch of 49 amino acid residues in the cyto- 
plasmic loop between transmembrane segments M3 and M4 of the 6 sub- 
unit. Furthermore, while none of the wild-type p subunits of GABAAR 
bind gephyrin in vitro or in transfected cells, an 18-residue domain within 
this stretch has been identified which confers on a chimeric 01 subunit of 
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FIG. 5 Absence of glycine receptor clusters in spinal cord neurons treated with antisense 
oligonucleotides inhibiting the synthesis of gephyrin. (A) Control cultured neuron treated 
with a sense oligonucleotide displaying GlyR clusters (arrowheads) at the periphery of the 
neuron. (B) Neuron treated with antisense oligonucleotides lacking peripheral GlyR clutsers; 
note that the GlyR antigene remained confined within the soma (arrow). Calibration bar: 
10 pm. Reprinted with permission from Nature (Kirsch et aL, 1993b) Copyright (1993) Macmil- 
lan Magazines Limited. 

GABAAR the ability to bind gephyrin. On the other hand, the involvement 
of microtubules in localizing GlyR in the postsynaptic membrane has been 
suspected in view of the high-affinity cooperative interaction between geph- 
yrin and tubulin dimers in vitro (Kirsch et al., 1991). This notion is now 
favored by recent work (Kirsch and BetzJ995) showing that, in cultured 
differentiated cells, selective depolymerization of microtubules by nocoda- 
zole or demecolcine leads to lateral diffusion of postsynaptic gephyrin- 
GlyR clusters in the plasma membrane. It was also shown that microfila- 
ments could act as regulatory factors since they antagonize, directly or 
indirectly, the concentrating and/or stabilizing effect of microtubules on 
gephyrin clusters. Therefore, the action of gephyrin on GlyR could be dual 
in preventing its mobility out of the postsynaptic membrane domain and 
in controlling its density in the membrane via an interaction with both 
microtubules and microfilaments. This last function could be relevant for 
synaptic plasticity since, as suggested by heterologous a1 or a2 subunit 
expression experiments (Takagi et al., 1992; Taleb and Betz, 1994), the 
denser the receptor packing, the higher the agonist affinity for GlyR. Antag- 
onistic effects of microtubules and microfilaments on local GlyR concentra- 
tion would provide a mechanism whereby cooperative receptor interactions 
could be modulated. This proposed regulation of GlyR by the cytoskeleton 
is in line with the recent idea that a regulatory protein mediates the actin 
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filament dependence of NMDA receptor activity (Rosenmund and West- 
brook, 1993). 

Somehow, the ability of gephyrin to copurify with GlyR under mild 
conditions reflects a reversible interaction that may exist in vivo (Schmitt 
et aZ., 1987). In view of the available data it cannot be excluded that gephyrin, 
which is able to self-aggregate, is in a dynamic equilibrium with GlyR and 
binds with increased affinity to plasma membrane receptors, a hypothesis 
consistent with the temporal sequence of microdomain formation. The 
receptor-microtubule linking function of gephyrin would represent a partic- 
ular role of this family of molecules (Prior et al., 1992). On the basis of the 
above observations on cytoskeleton-gephyrin-GlyR interactions and the 
sequence of events in the formation of GlyR-rich domains, a model was 
proposed to account for the biogenesis of membrane heterogeneity (Fig. 
6; BCchade et al., 1994). In this model, gephyrin in its condensed form 
would act as a nucleating site able to organize newly inserted GlyR channels 
into clusters. Thus, with regard to synaptogenesis, gephyrin subserves a 
role comparable to that of the unrelated cytoplasmic 43K protein (rapsyn), 
which is thought to initiate nicotinic AChR aggregation at the neuromuscu- 
lar junction. Although the temporal sequence of AChR and 43K clustering 
may vary from one cell to another and is still disputed, 43K mediation 
likely occurs via its double interaction with the receptor p subunit and 
proteins of the submembranous cytoskeleton web. Like gephyrin, rapsyn 
forms clusters in the absence of AChR (Cartaud and Changeux, 1993; 
Froehner, 1993). Although they have no sequence homology, some features 
are shared by gephyrin and rapsyn. First, both proteins can be myristoylated 
on their N terminus, albeit after proteolytic processing in the case of geph- 
yrin. Such posttranslational modification which helps modulate the protein 
to membrane anchoring has been shown, in quail fibroblasts using site- 
directed mutagenesis, t'o control partially the frequency of rapsyn-enriched 
plasma membrane domains to which AChRs can still concentrate (Phillips 
et al., 1991). Second, they both possess consensus sequences for phosphory- 
lation by either protein kinase C or cyclic nucleotide-dependent kinase 
(Prior etal., 1992; Froehner, 1991). Gephyrin, as well as tubulin, is phosphor- 
ylated by a still unknown kinase, associated with isolated GlyR (Langosch 
et al., 1992). It is then conceivable that local phosphorylation- 
dephosphorylation interplays alter its interaction with tubulin, as observed 
for various microtubule-associated proteins such as MAP2 and tau (Brugg 
and Matus, 1991; Kanai and Hirokawa, 1995). Together with phosphoryla- 
tion-dependent differential turnover, this could determine gephyrin sub- 
compartimentalization which in turn would lead to the assignment of GlyR 
to a specific insertion locus. 

As a phosphoprotein, gephyrin could also regulate the availability of 
GlyR for membrane insertion, in a way similar to the control of the respec- 
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FIG. 6 Postulated temporal sequence of glycine receptor clustering in the postsynaptic mem- 
brane. (1) Diffuse cytoplasmic gephyrine first accumulates at sites of cell-cell contacts. 
(2) Innervation place; gephyrh clusters become restricted to these contacts. At this step, a 
putative local reorganization of the cytoskeleton makes it able to interact with gephyrin. 
(3) Plasma membrane insertion of receptor and gephyrin-mediated retention in front of 
forming terminals. (4) Internalization of extrasynaptic receptor resulting in exclusive localiza- 
tion in postsynaptic domains. ( 5 )  Selective stabilization of receptor present in active domains 
after elimination of nonfunctional clusters. 
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tive sizes of reserve and releasable pools of synaptic vesicles by synapsins 
(Greengard et al., 1993). In this case, gephyrin would be involved in deter- 
mining the size of GlyR clusters, at a given site and depending on its 
phosphorylation state, by controlling the exocytotic fusion of transport 
vesicles. On the other hand, it cannot be excluded that a particular phos- 
phorylation state of GlyR /3 subunit (or even a subunits) is also required 
for the receptor to bind to already clustered gephyrin. In fact, although 
nothing is known about the signaling mechanisms involved in proper inser- 
tion of the receptor, phosphorylation might be a key modulatory factor 
accounting for proper clustering of the receptor. 

It is beyond the scope of this review to consider how the site of GlyR 
localization is determined in relation to presynaptic glycinergic innervation, 
how it is targeted to this site, and what the underlying mechanisms that 
locally modify the cytoskeleton network for its postsynaptic stabilization 
are. However, two basic mechanisms whereby receptor postsynaptic local- 
ization is achieved and controlled can be proposed (Craig et aL, 1994). A 
first possibility is that before their exit from the TGN, receptors are sorted 
into specific transport vesicles that are directly targeted to, and only fuse 
at, the appropriate postsynaptic site. A second possibility is that exocytotic 
fusion of post-Golgi vesicles is not site-specified and that receptors are 
randomly inserted into the plasma membrane and are free to diffuse toward 
postsynaptic sites where they are eventually retained specifically. Data 
reported herein, showing that GlyR is only detectable as patches at the 
time of insertion, seem to favor the former mechanism. This, therefore, 
would confer on cytoskeleton-bound, aggregated gephyrin the function of 
a multiple-site receptor to which GlyR transport vesicles are docked. In 
this case, the molecular basis of the selective delivery of transport vesicles to 
a defined cell surface area remains to be explained (Kelly and Grote, 1993). 

Since the turnover rates of free and immobilized receptor are unknown, 
it cannot be excluded, however, that according to the second mechanism 
gephyrin acts as an anchor, capturing GlyRs diffusing in the plasma mem- 
brane. At any rate, the biochemical specificity of postsynaptic insertion of 
the receptor may plausibly reside in the gephyrin-/3 subunit interaction. 
Working hypotheses would thus confer on the gephyrin binding domain 
of the /3 subunit the status either of a docking and retention signal or of a 
retention signal only, in the first and second models, respectively. 

C. Gephyrin at Nonglycinergic Synapses 

The distribution of gephyrin antigenic sites in the CNS is much wider than 
that of GlyR. Such an observation supports the view that gephyrin is not 
specific for this receptor (Kirsch and Betz, 1993). This raises questions as 
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to whether gephyrin can associate with other neurotransmitter receptors 
in nonglycinergic synapses and participate in their clustering (Griinert and 
Wassle, 1993; SassoBPognetto et al., 1994; Todd et al., 1995). In view of the 
similar distributions of gephyrin and GABAA receptor subunit transcripts in 
most regions of the brain, GABAAR is seen as a good candidate for an 
alternative association of gephyrin (Malosio et al., 1991b; Laurie et al., 
1992a,b; Wisden et aZ., 1992). There is to date no direct biochemical demon- 
stration of such an association. However, gephyrin aggregated in the cyto- 
plasm of transfected cells is able to retain intracellularly the cotransfected 
GABAA receptor p3 subunit (Kirsch et al., 1995). 

There is also evidence that gephyrin could be associated with GABAAR 
in some instances in viva Many neurons in the spinal gray matter or the 
cerebellum are now known to use GABA and glycine as neurotransmitters, 
both being colocalized in the same presynaptic elements (Ottersen et aZ., 
1988; Todd and Sullivan, 1990; Chen and Hillman, 1993; Triller et aZ., 1993b; 
Todd et aL, 1995). The hypothesis of the coexistence of gephyrin and 
GABAA receptor a1 subunits in the same GABAergic synapses arose from 
confocal microscopy analyses in neurons of the spinal cord dorsal and 
ventral horns (Bohlhalter et al., 1994). An ultrastructural study combining 
double labeling and serial sectioning (Todd et aL, 1996) allowed the simulta- 
neous detection of glycine and GABA in the presynaptic bouton and of 
gephyrin and the GABAA receptor p3 subunit at the postsynaptic receptive 
membrane of the same synapse. This study also provided evidence that a 
perfect match of the GlyR a1 subunit and gephyrin was always obtained, 
in agreement with previous observations (Triller et aL, 1987). These data, 
which also confirm earlier demonstrations of gephyrin in synapses involving 
axons containing GAD or GABA (Triller et al., 1987; Mitchell et al., 1993), 
strongly suggest that a postsynaptic colocalization of the GABAA receptor 
p3 subunit and glycine receptors and of gephyrin may occur in the spinal 
cord. However, the partial or total segregation of the p3 subunit and geph- 
yrin within a single postsynaptic patch was observed, the latter protein being 
denser at the periphery. Such micro-organization within the postsynaptic 
domain therefore makes the direct interaction of these proteins, as well as 
gephyrin-dependent GABAA receptor clustering, unlikely in spinal cord 
neurons. Analysis of the distribution of gephyrin in the rat spinal cord 
dorsal horn also showed that the same presynaptic axonal endings, poten- 
tially GABA- and glycinergic, were apposed to gephyrin immunoreactivity 
at axo-dendritic and axo-somatic but not axo-axonic synapses (Mitchell et 
al., 1993; Todd et al., 1995). This last situation is reminiscent of the glyciner- 
gic synapses formed by AII-amacrine cells in the inner plexiform layer of 
the retina. These cells have the ability to form the same types of contact 
containing the GlyR a1 subunit with both the ganglion cell dendrites and 
the cone bipolar cell axons. Since gephyrin is absent in front of axons of 
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bipolar cells (Griinert and Wassle, 1993; SassokPognetto et aZ., 1994), but 
is found at postsynaptic membranes of ganglion cells, it has been hypothe- 
sized that the association of gephyrin with GlyR selectively occurs in den- 
drites and not in axons (Yazulla and Studholme, 1991). Therefore, different, 
but not mutually exclusive, explanations may account for various observa- 
tions: (a) gephyrin is present at glycinergic synapses expressing undetectable 
or unknown GlyR subunits, (b) gephyrin is not specific for GlyR and 
is also associated with nonglycinergic receptors such as GABAR, and 
(c) some glycine receptors are not bound to gephyrin or are bound to a 
gephyrin form or other molecules not recognized by the antibodies used. 
None of these possibilities can so far be excluded. 

On the other hand, the notion that gephyrin could be involved in anchor- 
ing of the GABAA receptor is reinforced by the observation that, in the 
inner plexiform layer of the retina, gephyrin coexists in the same postsynap- 
tic membrane with GABAA receptor a2 subunits which themselves do not 
colocalize with the GlyR a1 subunit (Sassob-Pognetto et al., 1995). It is 
interesting to note that, in the retina, morphological studies coupled to in 
situ hybridization and immunohistochemistry have shown that GABAA 
receptors composed of a2 subunits very likely contain at least p2/3 subunits 
(Greferath et aL, 1995). Moreover, in sympathetic preganglionic neurons, 
which do not receive glycinergic inputs, GABAergic endings are apposed 
to gephyrin (Cabot et aL, 1995), thus confirming the notion of an association 
of GABAAR with gephyrin. This notion has also received support in cul- 
tured hippocampal neurons where it was shown (i) that gephyrin and 
GABAA receptor p2/3 subunits have similar distribution patterns and 
(ii) that gephyrin clustering selectively occurs at GABAergic synapses 
(Craig et al., 1996). 

VI. Pathology-Molecular Basis of Spastic Syndromes 

Glycine is the main inhibitory neurotransmitter in the spinal cord and 
defects in glycinergic transmission lead to motor disorders which include 
exaggerated startle reflex, spasticity, hypertonia, and tremor. Some heredi- 
tary motor disorders in human and mouse are the consequence of the 
expression of mutated glycine receptor genes. The hallmark of these inher- 
ited disorders is an exaggerated startle reflex in response to a sudden 
stimulus, giving rise to a rapid generalized motor response in the form of 
hypertonia (see references in Rajendra and Schofield, 1995). 

A. Human Hyperexplexia 

Hyperexplexia denotes a movement disorder in which there are exaggerated 
startle reflexes to unexpected sensory stimuli. Hereditary hyperexplexia, 
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Kok’s disease, or familial startle disease (STHE) is a rare autosomal domi- 
nant neurologic disorder characterized by marked and continuous, some- 
times fatal, muscle rigidity in infancy which progressively evolves in startle- 
induced, transient massive muscle contractions, a reaction that persists 
throughout adulthood. 

The defective gene in STHE, initially localized on chromosome 5q, was 
identified by genomic mapping studies as being GLRA1, coding for the a1 
subunit of GlyR (Shiang et al., 1993). This identification was consistent first 
with results of electrophysiological studies of audiogenic startle attacks, 
which implicate the neurons of the pontomedullary reticular formation, 
and second with the well-established mediation by glycine of the recurrent 
inhibition of spinal motoneurons by Renshaw cells and Ia inhibitory inter- 
neurons. There, a defect in the glycine receptor leads to disinhibition of 
the motoneurons and accounts for some clinical characteristics of hyperex- 
plexia. These symptoms are comparable to those of subconvulsive strych- 
nine poisoning, which are due to reduced glycinergic inhibition (Floeter 
and Hallet, 1993). 

Two different point mutations (missense mutations) at the same position 
in exon 6 have been identified in patients of several families with hereditary 
hyperexplexia (Shiang er al., 1993; Schorderet et al., 1994). These mutations 
replace arginine 271 in the polypeptide with an uncharged amino acid, 
leucine, or glutamine. As indicated earlier, this mutation alone likely ac- 
counts for the defective phenotype since recombinant homomeric a1 recep- 
tors bearing the same substitutions exhibit dramatically decreased sensitivi- 
ties of glycine-activated currents (Langosch et al., 1994; Rajendra et al., 
1994). 

6. Startle Syndromes in the Mouse 

Studies of neurologic mutants in the mouse have revealed that at least 
two genes can cause recessive disorders with clinical and pharmacological 
features reminiscent of STHE (see Fig. 7). Spasmodic and spastic pheno- 
types are inherited as autosomal diseases characterized by muscle tremor, 
hypertonia, and pronounced startle reactions (Rajendra and Schofield, 
1995). Except for the oscillator phenotype, startle diseases are rarely lethal, 
and all homozygous mutant mice are phenotypically normal during the first 
2 weeks after birth. 

1. Spasmodic and Oscillator Mice 
The phenotypic similarity of the spasmodic ( s p d )  phenotype and STHE, 
together with the assignment of spd to a small region of mouse chromosome 
11, prompted the identification of Glral, encoding the mouse a1 subunit 
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FIG. 7 Murine mutations affecting glycine receptor expression. Position of the different muta- 
tions leading to production of abnormal glycine receptor and/or assembly in spasmodic 
(A), oscillator (B), and spastic (C) mutants (modified from Becker, 1995, with permission). 

of GlyR, as the defective gene (Ryan et al., 1994 ). A missense mutation 
converting an alanine residue into a serine was found close to the protein 
N terminus at position 52 (Fig. 7A). Heterologous expression of the mutated 
protein showed a decrease in glycine sensitivity by one order of magnitude 
only, without significantly changing the affinity of the a1 subunit for strych- 
nine. This is in agreement with the normal binding of the antagonist found 
in the spd spinal cord. To date, the mechanism of action of this mutation 
is not known since this region is not involved in ligand binding, receptor 
assembly, or gating. 

The phenotype of the mutant mouse oscillator (spd"') is characterized 
by fine motor tremor and muscle spasms beginning at 2 weeks of age. 
Oscillator is allelic with spasmodic but corresponds to a much more dramatic 
alteration of the Glrul structure. A microdeletion coincident with the cyto- 
plasmic extremity of the transmembrane segment M3 results in a transla- 
tional frameshift which generates a truncated form of the a1 subunit which 
lacks both the cytoplasmic loop between the M3 and M4 domains, and the 
M4 domain (Fig. 7B; Buckwalter et al., 1994). In homozygotes, this is 
accompanied by a 10-fold reduction in strychnine binding in spinal cord 
membranes, indicating that spd"' is a functional null allele (Becker, 1995). 
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2. The Spastic Mouse 

The highly penetrant recessive spastic mutation, which is mapped on chro- 
mosome 3 (Eicher and Lane, 1980), does not produce visible phenotypic 
alterations before 2 weeks of age in spdspa homozygous mice. The disease 
is associated with a dramatic reduction in the number of expressed GlyRs 
in the CNS of the adult mutant, but corresponds neither to abnormal 
subunit structure nor to altered function of residual receptors (White, 1985; 
Heller and Hallet, 1982; Becker et aZ., 1986; Becker, 1990). The delayed 
onset of the spasticity is coincident with the developmental switch from 
GlyRN to GlyRA and suggests a selective lack of accumulation of the adult 
isoform, in spite of a normal transcription level of a1 subunit mRNA 
(Becker et al., 1992). 

Actually, an insertional mutation affects the p subunit gene Glrb, which 
results in the aberrant splicing of pre-mRNA. This loss of gene function 
arises from the intronic insertion of a LINE-1 transposable element (Fig. 
7C; Mulhardt et aZ., 1994; Kingsmore et aZ., 1994). The LINE-1 element is 
a retrotransposon relatively abundant in mammalian genomes, where it is 
essentially inactive, but which may cause abnormal splicing and premature 
termination of transcription in the host gene (see references in Kingsmore 
et aZ., 1994). This mutation of Glrb results in skipping of either exon 5 or 
exons 4 and 5. As a consequence, full-length p mRNAs are barely detectable 
by in situ hybridization in mutant mice, and truncated peptides from the 
extracytoplasmic N-terminal domain are generated by the creation of pre- 
mature stop codons (Mulhardt et al., 1994). 

It has been shown in the retina that this syndrome corresponds to a 
morphological alteration of synapses containing GlyR (Pinto et al., 1994). 
The general loss of surface receptors in spastic animals is well explained 
by the putative role of the p subunit in mediating the association of GlyR 
with gephyrin and may result from the lack of a gephyrin binding site in 
hetero-oligomers (Kuhse et aZ., 3993). However, it must be noted that a 
reduction in transport to, and insertion in, specific membrane areas may 
alternatively arise from an altered quaternary structure that does not allow 
exit from the endoplasmic reticulum and leads to degradation. 

Startle syndromes related to distinct genetic defects in glycine-mediated 
neurotransmission correspond either to impairment of GlyR agonist bind- 
ing function or to reduced expression of functional channels, both mecha- 
nisms leading to inefficient glycinergic inhibition and increased muscle tone. 
Although STHE and spasmodic disease are related to the production of 
an abnormal a1 subunit, there is an intriguing difference between human 
and mouse expression patterns of the disease. Human muscle hypertonia, 
visible at birth, is attenuated in adulthood and this cannot be explained by 
the accepted developmental maturation described in rodents. This raises 
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the question as to whether improvements in muscle tone in human could be 
explained by compensating mechanisms involving other inhibitory systems 
such as those using GABA (Floeter and Hallet, 1993). 

VII. Concluding Remarks 

Substantial progress has been made in understanding the relationships 
between the molecular properties of GlyR and the (patho)physiology of 
glycinergic synapses. These advances will undoubtedly constitute a spring- 
board to further insights into crucial processes such as the development of 
inhibitory circuitry in the CNS and of the control of movement. Since 
an important line of research is concerned with fundamental mechanisms 
operating in neuronal differentiation or synaptic plasticity, some benefit 
would also be gained from dissecting the biogenesis of GlyR. 

It will be important to establish how the genetic mechanisms governing 
the expression of GlyR channels are regulated during development and the 
establishment of intercellular interactions, and also to determine whether 
neuronal functions are able to modulate these mechanisms. In the context 
of the elaboration of circuitry during development and adaptative changes 
upon stimulation, synaptogenesis becomes an intriguing process which is 
underpinned by precise sorting events, specifying ion channels and receptor 
targeting in a highly differentiated membrane. 

One important issue is to understand posttranslationnal processing, tar- 
geting to specific sites, restriction of mobility, and changes in metabolic 
stability during development and eventually neuronal activity that apply 
to this receptor. To this end, a promising step was to identify gephyrin as 
a crucial partner for membrane insertion. Proteins with putative anchoring 
and/or clustering functions are being actively sought. Besides rapsyn, or 
neuronal ankyrin, which is supposed to anchor sodium channels at nodes 
of Ranvier (Froehner, 1993), a major protein of the postsynaptic density, 
PSD-95, is currently attracting much attention. It interacts with the cyto- 
plasmic domain of NMDA receptor 2A and 2B subunits and is involved 
in the cell-surface clustering of Shaker-type potassium channels (Kornau 
et aL, 1995; Niethammer et al., 1996; Kim et al., 1995). PSD-95 belongs to 
a growing family of multimodular -proteins associated with intercellular 
junctions having a highly organized membrane cytoskeleton and thought 
to control the nucleation of multiprotein signaling complexes in the vicinity 
of junctions. Among these proteins, the Drosophilu septate junction protein 
encoded by the dlg-A gene is essential for normal organization of synaptic 
structure, which is consistent with binding of this protein to integral mem- 



BIOLOGY OF THE POSTSYNAPTIC GLYCINE RECEPTOR 235 

brane proteins and with the idea that members of this family may locally 
organize the cytoskeleton. 

The neuron evolved from simpler eukaryotic cells. On one hand, these 
have enabled biosynthetic membrane traffic to be understood in molecular 
terms, revealing a general and fair conservation and analogy of sorting and 
targeting events from yeast to higher metazoans. On the other hand, genetic 
manipulation of eukaryotic cells confirms that many cell components of 
exogenous origin can function in various mechanisms, as do their endoge- 
nous, or often homologous, counterparts. Therefore, there is no reason 
why neuron cell biology should not benefit from the accumulated knowledge 
of reconstituted systems, including nonneuronal ones, since only variations 
on the same theme account for conserved basic mechanisms of mem- 
brane dynamics. 
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Tadpole larvae of ascidians show the basic body plan of chordates. An ascidian larva 
consists of only a few types of cells and has a relatively small number of cells. Cell 
lineages are invariant among individuals and have been described in detail. These 
advantages facilitate the analysis of how the fate of each blastomere becomes specified 
during development. Over a century of research on ascidian embryogenesis has 
uncovered many interesting features concerning cellular mechanisms responsible for the 
fate specification. During embryogenesis, the developmental fate of a blastomere is 
specified by one of three different mechanisms: localized maternal cytoplasmic 
determinants, inductive interactions, or lateral inhibition in an equivalence cell group. 

KEY WORDS: Ascidian embryogenesis, Developmental fates, Cell lineages, 
Cytoplasmic determinants, Induction, Equivalence group, Lateral inhibition, Embryonic 
axes. 

1. Introduction 

Fertilized eggs cleave many times to give rise to multicellular organisms. 
Within a multicellular embryo, some embryonic blastomeres develop into 
one type of tissue, whereas other blastomeres develop into another type 
of tissue. Each cell of an early embryo becomes restricted to a particular 
developmental fate by developing along one of several developmental path- 
ways. A central question in developmental biology is how developmental 
fates of embryonic cells are specified. This is an important question in 
embryology that many researchers have been interested in since the end 
of the 19th century. Experimental embryology of ascidians began over a 
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century ago. Chabry (1887) was the first investigator to destroy particular 
blastomeres of ascidian embryos and observe the effect on development. 
Chabry’s experiments marked the beginning of experimental embryology 
of animal development. The present chapter will focus on recent advances 
in the experimental embryology of ascidians and on various cellular mecha- 
nisms proposed to date that are thought to be responsible for the specifka- 
tion of each cell type comprising the ascidian larva. 

The phylum Chordata includes ascidians as well as all vertebrates. Ascidi- 
ans are simple marine invertebrate chordates. Until the studies of Kowalev- 
sky (1866, 1871), ascidians were considered to be mollusks. Kowalevsky 
described the structure of the ascidian larva and the morphological aspects 
of how ascidians develop. His findings caused great excitement because 
the anatomy of the short-lived ascidian larve, unlike that in any other 
invertebrate, closely exhibits the basic morphology of a vertebrate. Ascidian 
larvae have a dorsal nerve cord and notochord. While tadpole larvae exhibit 
the basic body plan of a vertebrate, the ascidian larval body plan is relatively 
simple, consisting of only a few kinds of tissue and of a relatively small 
number of cells. This less complex body plan allows us to analyze the 
various mechanisms of cellular specification for each cell type more easily. 
Indeed, it is now possible to understand the cellular basis of how the tadpole 
larva is formed during development. The study of ascidian embryogenesis 
made exciting new contributions toward understanding the development 
of higher vertebrates as well as helping our understanding of the basic 
developmental processes that are shared by all chordates. 

II. General Aspects of Ascidian Embryogenesis 

A. Larval Structure 

Most ascidian species produce eggs that develop into tadpole larvae. Tad- 
pole larvae settle on a suitable benthic substrate and are transformed into 
adults by way of complex metamorphic processes. This type of develop- 
mental strategy is termed “indirect development” or “urodele develop- 
ment.” However, in approximately 3000 ascidian species, there are 20 or 
so species that exhibit “direct” or “anural” development in which the 
development of a tailed larvae is absent (Berrill, 1931; Jeffery and Swalla, 
1990,1992). In this section, we will discuss the basic features of the ascidian 
tadpole larvae. 

Fertilized eggs of hermaphrodite ascidians quickly develop into bilater- 
ally symmetrical tadpole larvae consisting of a head or trunk region and a 
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FIG. 1 (A-C) Structures of ascidian embryos at the tailbud stage. (A) Mid-sagittal section; 
(B) sagittal section; (C) cross section through the tail. N, notochord; Ep, epidermis; NC, nerve 
cord; B, brain; ES, endodermal strand; En, endoderm; Mu, muscle; Mch, mesenchyme; TLC, 
trunk lateral cells. (D) A hatched swimming larva of Hulocynthiu roretzi. (E-H) Various 
tissues of the larvae were stained with markers of tissue differentiation. (E) Epidermis was 
stained with epidermis-specific antibody. (F) Muscle was stained with NBD-phallacidin, which 
binds to filamentous actin. (G) Notochord was stained with notochord-specific monoclonal 
antibody. (H) Endoderm was histochemically stained for alkaline phosphatase. From Nishida 
(1993, 1994a). 

tail region (Fig. 1). The basic anatomy of an ascidian larva resembles that 
of the amphibian tadpole, but ascidian larvae are about 1.5 mm long, for 
example, in Hulocynthiu roretzi. They have a notochord in the central 
region of the tail and a central nervous system situated on the dorsal side. 
Pharyngeal gill slits are present in larvae of some species. These features 
are common to all chordates. The structure of a tadpole larva is simple 
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compared to that of the vertebrate body. Essentially, major components 
of the larvae are the epidermis, notochord, muscle, mesenchyme, endoderm, 
and nervous system (Katz, 1983). Among these cell types, only the nervous 
system is most complex and contains several cell types (Nicol and Meinertz- 
hagen, 1991). The other larval tissues consist of morphologically homoge- 
neous populations of cells. Each larval tissue is bilaterally arranged except 
for the brain, a vesicle structure that shows an invariant left-right asymme- 
try. The total number of larval cells is relatively few, approximately 2500 
(Monroy, 1979). 

Approximately 800 epidermis cells surround a whole larva (Figs. lA, 
lD, and 1E). The epidermis of the anterior tip is specialized to three palps, 
adhesive organs used to attach to substratum at the time of settlement. 
Epidermis cells secrete materials for the larval tunic (Mancuso, 1974; Lub- 
bering et al., 1992). In the median plane, some cells of the peripheral nervous 
system are present in the epidermal layer, close to the surface of the larvae 
(Torrence and Cloney, 1982; Crowther and Whittaker, 1994). These cells 
are thought to be mechanosensory cells. 

The central nervous system is positioned on the dorsal side. The so- 
called brain is located in the dorsal region of the trunk (see Fig. 18B). The 
brain is also called the sensory vesicle, as it may not be a genuine brain. 
In this article, I used “brain,” which has been traditionally used by ascidian 
researchers. An otolith protrudes into the brain vesicle and senses gravity. 
Posterior to the brain vesicle are an ocellus, which senses light, and visceral 
ganglion. These structures are important in controlling larval behavior 
during settlement. A hollow nerve cord is present in the dorsal region of 
the tail, which is made up of ependimal glial cells and axon bundles. The 
structures of the central nervous system of the ascidian larva have been 
described in detail by Nicol and Meinertzhagen (1991). 

The major mesodermal tissues are muscle, notochord, and mesenchyme. 
On either side of the notochord in the tail region, there are 21 muscle cells 
that are aligned in three rows in H. roretzi (Figs. lB, lC, and 1F). In Ciona 
intestinalis, the number of muscle cells on each side is 18. These muscle 
cells are striated, but they never fuse with each other and therefore remain 
mononucleated. In the center of the tail, there are precisely 40 notochord 
cells in most solitary ascidian species (Figs. 1A and 1G). Notochord cells 
are vacuolated cells that are initially disc-shaped and undergo elongation 
along the anterior-posterior axis. This change in cell shape results in tail 
elongation (Cloney, 1964; Miyamoto and Crowther, 1985). There are clus- 
ters of mesenchyme cells bilaterally situated in the trunk region (Fig. 1B). 
In addition to these major types of mesodermal tissue, two minor types of 
mesodermal tissue have been identified. On either side of the visceral 
ganglion, there are trunk lateral cells (TLCs) (Nishida, 1987), while trunk 
ventral cells (TVCs) are present ventrolaterally to the endoderm (Whit- 
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taker, 1990). These three larval cell types, mesenchyme, TLC, and TVC, 
are maintained in larvae as stem cells that undergo terminal differentiation 
after metamorphosis and give rise to adult cells. For example, mesenchyme 
cells give rise to tunic cells. TLCs give rise to coelomic blood cells and 
body wall muscle cells. TVCs give rise to heart and body wall muscle cells 
(Hirano and Nishida, unpublished observation). 

Tadpole larvae of Hulocynthiu do not feed until completion of metamor- 
phosis. They do not have a mouth. Endodermal cells look homogeneous 
and are preserved for formation of the branchial suck and digestive organs 
in adults. Thus, the structure of the tadpole larvae is simple. Ascidian 
embryogenesis provides a simple model system for investigating mecha- 
nisms of fate specification. 

6. Embryogenesis 

The time that is required for embryogenesis of H. roretzi, C. intestinalis, 
and Ascidiu uhodori is shown in Table I. Fertilized eggs quickly develop 
into tadpole larvae. In Hulocynthiu, the first cleavage occurs at 1 hr 45 min, 
and the embryos continue to divide every 50 min until the 8-cell stage at 
13°C. Asynchronous cleavages occur three times, resulting in a 64-cell 
embryo that corresponds to the late blastula stage. Cleavages occur bilater- 
ally. The pattern is complicated, but is invariant among individuals (Conklin, 
1905b; Satoh, 1979; Nishida, 1986). Each blastomere is designated by a 
unique letter and number code (see Fig. 4). 

Gastrulation begins at the 110-cell stage (Figs. 2A, 2B, and 4). Ascidian 
embryos do not have a blastocoel. A single layer of endoderm and meso- 
derm cells invaginates into the interior of the blastula, pushing against a 

TABLE I 
Time Table of Ascidian Embryogenesis 

Halvcynthia roretzi Ciona intestinalis Ascidia ahvdori 
(Maboya)" (Katayuureiboya) (Natsumeboya) 

at 13°C at 18°C at 25°C 

First cleavage 1.8 hr 1 hr 0.7 hr 
Late blastula 8 hr 4.5 hr 2.8 hr 
Gastrula 9-12 hr 5-6 hr 3-4 hr 
Neurula 13-17 hr 7-8 hr 4-6 hr 
Early tailbud 18 hr 9 hr 6 hr 
Hatch (swimming larva) 35 hr 18 hr 11 hr 

a Japanese name of each species is indicated in parentheses. 
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FIG. 2 Scanning electron micrographs of developing Hulocynthiu embryos. (A) Gastrula at 
the 118cell stage. Vegetal view. Anterior is up. (B) Embryo dissected in the median plane 
at the 188-cell stage. Archenteron is invaginating. (C) Early neurula, dorsal view. Anterior 
is to the right. Blastopore is closing. (D) Middle neurula. Neural tube is closing. (E) Initial 
tadbud at 18 hr of development. Scale bar, 100 pm. From Nishida (1986). 

single layer of ectoderm cells. During the neurula stage, the dorsal neural 
tube closes from posterior to anterior (Figs. 2C, 2D, and 2E). The mecha- 
nism of neural tube formation demonstrates the close relationship of the 
ascidian and vertebrates. The head and tail region can be distinguished at 
18 hr of development and embryos are at the tailbud stage (Fig. 2E). 
Following elongation of the tail, the almost completely formed larvae 
hatches from the vitelline membrane at 35 hr. Larvae swim for about 1 
day and then attach to an appropriate substrate and begin metamorphosis 
(Willey, 1893a,b; Ishikawa et al., 1972; Cloney, 1978). 

C. Cell Lineages 

During every cell division of a fertilized ascidian egg, cell fates become 
progressively restricted in a highly determinate manner. The mechanism 
responsible for restriction of cell fate is one of the most interesting subjects 
in developmental biology. Detailed descriptions of cell lineages of ascidian 
embryos have provided a basis for experimental studies of cell fate specifi- 
cation. 
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The ascidian cell lineages were first described in detail by Conklin 
(1905b), whose observations were later confirmed and amended by Ortolani 
(1955, 1957, 1962). Recently, cell lineages was reexamined using modern 
cell labeling techniques by Nishida (1987). The developmental fate of each 
blastomere was investigated by labeling individual blastomeres by intracel- 
Mar injection of horse radish peroxidase (HRP) and following the fates 
of HRP-containing descendant clones. Most of the previous descriptions 
were reconfirmed and some were amended. Tracing cell lineages using 
HRP has provided detailed information on the clonal organization of the 
larvae. Nicol and Meinertzhagen (1988a,b) described the cell lineage of the 
central nervous system in detail using scanning electron microscopy and 
by observation of serial sections of developing embryos. The cell lineages 
of the ascidian embryo have now been well established. 

Ascidian cell lineages exhibit the following features (Fig. 3): (1) The 
cleavage pattern is bilaterally symmetrical. Cleavage patterns are compli- 
cated, but are invariant among individual embryos and among all indirect 
developing species examined to date. Embryonic cells are designated ac- 
cording to the naming system of Conklin (1905b) (Fig. 4). (2) The develop- 
mental fate of each blastomere is also invariant. Developmental fates are 
rigidly determinate as to the type of tissue, the position, and probably even 
the cellular number of the derived clones. For example, the B7.4 blastomere 

Epidermis Brain Nerve cord Muscle Notochord Mesench Endoderm 

3 

FIG. 3 Restriction of developmental fate during cleavage stages. Blastomeres are shaded 
when the developmental fate is restricted to give rise to cells of a single type of tissue, indicated 
above. Stages are shown to the left. For epidermis and brain, embryos are viewed from the 
animal pole. For nerve cord, muscle, notochord, mesenchyme (Mesench), and endoderm, 
embryos are viewed from the vegetal pole. 
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D 
FIG. 4 (A and B) Animal and vegetal hemispheres at the 110-cell stage, respectively. Anterior 
is up, and posterior is down. Embryo is bilaterally symmetrical. In the right halves of embryos, 
the name of each blastomere is indicated. For example, a right-anterior blastomere in the 
animal hemisphere is a8.25. Boundaries between the a, b, A, and B-line cells are indicated 
by thick lines. (C and D) Fate maps of animal and vegetal hemispheres, respectively. Lateral 
portion of the vegetal hemisphere is not shown because it is somewhat complicated. 

of the 64-cell embryo divides three times, giving rise to 8 muscle cells in 
the middle part of the tail. (3) Tissues are generated by a relatively small 
number of cell divisions. Most cells of the larva are formed 9-12 cell 
divisions after the first cleavage. For example, most of the 42 muscle cells 
of a swimming larva of Halocynthia differentiate after 9 cell divisions. 
Similarly, the 40 notochord cells are generated by 9 cell divisions after 
fertilization. (4) The clonal restriction of developmental fates takes place 
relatively early in development. The fates of blastomeres are gradually 
restricted and blastomeres arise which are destined to form a single type 
of tissue. Cells whose descendants contribute exclusively to the formation 
of a single cell type are designated primordial cells. Figure 3 summarizes 
when fates are restricted during embryonic cleavage. The fate of the two 
blastomeres of the animal hemisphere is first restricted to exclusively form 
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the epidermis at the 16-cell stage. Then, a pair of vegetal cells are restricted 
to become endoderm at the 32-cell stage. At the 64-cell stage, blastomeres 
appear that are restricted to form nerve cord, muscle, notochord, mesen- 
chyme, and trunk lateral cells. At the 110-cell stage, the brain lineage 
separates from the epidermis lineage in the anterior region of the embryos. 
The number of blastomeres which generate a single type of tissue is 48 at 
the 64-cell stage and 102 at the 110-cell stage. Thus, by the initiation of 
gastrulation, most blastomeres of the 110-cell embryo are fated to give rise 
to a single cell type. This is a unique feature of ascidian embryogenesis 
and is not found in the development of other animals. (5) The fate map 
of the ascidian embryo closely resembles that of the amphibian embryo. 
The fate map of an ascidian blastula is shown in Fig. 4. Cells of the animal 
hemisphere give rise to the epidermis and brain. Various mesodermal tissues 
are derived from the marginal zone. Vegetal pole cells develop into endo- 
derm. Comparison between the ascidian fate map and that of the amphibian 
reveals that the so-called anterior region of the ascidian embryo corresponds 
to the dorsal region of the amphibian embryo. The notochord and neural 
rudiment are located in these regions. 

111. Localized Cytoplasmic Determinants in Eggs 
and Embryos 

A. Ooplasmic Segregation 

Eggs of many kinds of animals show the movement of egg cytoplasm 
just after fertilization (Sardet et al., 1994). The ooplasm of oscidian eggs 
undergoes dramatic movement between fertilization and the beginning of 
the first cleavage, and this process is known as ooplasmic segregation (Conk- 
lin, 1905b). Movement of the ooplasm that is inherited by muscle-lineage 
blastomeres during cleavage and ultimately by muscle cells of larva has 
been especially well described in several ascidians (Conklin, 1905b; Sawada 
and Osanai, 1981; Jeffery and Meier, 1983; Bates and Jeffery, 1988; Sardet 
et aZ., 1989). This ooplasm is referred to as the myoplasm (Conklin, 1905~). 
In some species, pigment granules (e.g., the yellow pigment in Styela) 
are concentrated in the myoplasm, making this portion of the embryonic 
cytoplasm easily distinguishable from other embryonic regions (Conklin, 
1905b; Bates and Jeffery, 1988). 

Figure 5 shows ooplasmic segregation in eggs of H. roretzi (Hirai, 1941; 
Nishida, 1994b). In Halocynthia eggs, the myoplasm is recognizable as a 
transparent region of egg cytoplasm and is located in the cortex of unfertil- 
ized eggs except for the animal pole region (Fig. 5A). The first meiotic 
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FIG. 5 Ooplasmic segregation in Hulocynthia eggs. (A) Unfertilized egg. VM, vitelline mem- 
brane. (B) A fertilized egg after the first phase of segregation. The transparent myoplasm 
(arrows) has moved toward the vegetal pole. The first polar body is visible at the animal pole. 
(C) An egg after the second phase of segregation. The myoplasm (arrows) has moved toward 
the future posterior pole. The second polar body is visible. Scale bar, 100 pm. For color 
photographs of the sectioned eggs, see Fig. 1 of Nishida (1994b). From Nishida (1994b). 

spindle is located at the animal pole. Movement of the ooplasm occurs 
in two phases between fertilization and first cleavage. The first phase of 
ooplasmic segregation (0-10 min after insemination at 9OC) is immediately 
accompanied by a rapid contraction of the egg cortex and plasma mem- 
brane, resulting in a segregation of myoplasm to the vegetal pole (Fig. 5B). 
Eggs show radial symmetry along the animal-vegetal axis. During the 
second phase of segregation (85-110 min), the myoplasm moves toward 
the future posterior pole together with the sperm aster and forms a crescent- 
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shaped domain just vegetal of the equator (Fig. 5C). After the male pronu- 
clew has encountered the female pronucleus at the posterior pole, they 
move together to the center of the egg. At the second stage of ooplasmic 
segregation, the myoplasm situated in the posterior egg region can be used 
to orient eggs. During the second phase of ooplasmic segregation, the 
bilateral symmetry of the egg is established. First cleavage occurs at 160 
min at 9°C. 

Mechanisms of ooplasmic segregation have been investigated (Sawada, 
1988; Jeffery and Bates, 1989; Jeffery, 1995). During the first phase of 
ooplasmic segregation, an actin network situated just beneath the plasma 
membrane contracts toward the vegetal pole. A drug that depolymerizes 
microfilament, cytochalasin E, inhibits the movement of cytoplasm, but 
microtubule inhibitors such as colcemid and nocodazole do not (Sawada 
and Schatten, 1989). The contraction of the actin network is triggered by 
fertilization following the release of free calcium into the cytoplasm (Jeffery, 
1982; Speksnijder et al., 1990; Roegiers et al., 1995). Contraction of the 
actin network toward the vegetal pole is accompanied by movement of the 
cortical cytoplasm (myoplasm) and plasma membrane toward the vegetal 
pole. The cortical cytoplasm is anchored to the actin network by an interior 
filamentous lattice that is likely made of intermediate filaments (Jeffery 
and Meier, 1983). The actin network is linked to the plasma membrane by 
ankryin-like protein (Jeffery and Swalla, 1993). After the first phase of 
ooplasmic segregation, a plasma membrane lamina is formed at the vegetal 
pole where the myoplasm is present (Jeffery and Meier, 1983). The plasma 
membrane lamina and interior filamentous lattice may serve as a cytoskele- 
tal framework for the positioning of morphogenetic determinants, which 
will be discussed in the next section. 

The second phase of ooplasmic segregation involves sperm aster. The 
vegetally located myoplasm moves toward the equatorial region into the 
future posterior pole of the egg together with sperm aster (Sawada and 
Schatten, 1988). Much less is known about the mechanism responsible 
for coordinating ooplasmic movements of the second phase of ooplasmic 
segregation than that of the first phase. In contrast to the first phase of 
segregation, the second phase is sensitive to microtubule inhibitors and is 
not inhibited by drugs that disrupt microfilament (Sawada and Schatten, 
1989). 

6.  Cytoplasmic Determinants Responsible for 
Tissue Differentiation 

1. Autonomy of Tissue Differentiation 
Ascidians have been the subject of experimental embryology for more than 
100 years and are classic organisms to study what is known as “mosaic 
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development” (Conklin, 1905a). In mosaic embryos, isolated blastomeres 
develop autonomously according to their normal fate in the intact embryo. 
A number of studies on the developmental capacities of isolated blasto- 
meres have demonstrated the strict developmental autonomy of blasto- 
meres of the ascidian embryo (reviewed by Venuti and Jeffery, 1986; 
Meedel, 1992; Nishida, 1992a; Satoh, 1993). Isolated blastomeres develop 
into partial embryos in which tissue differentiation occurs exactly according 
to the normal fates of the individual blastomeres. Isolated ascidian blasto- 
meres, when cultured in seawater, and not in a complex culture medium, 
can divide and differentiate into various larval tissues. This fact facilitates 
the interpretation of experiments. The cell-autonomous differentiation of 
blastomeres indicates that cellular interactions during ascidian embryogene- 
sis are rare. The mosaic behavior of isolated blastomeres has been taken 
as evidence that prelocalized ooplasmic factors (cytoplasmic determinants) 
specify tissue precursor cells during embryogenesis (Conklin, 190%). Cell 
fates are fixed by cytoplasmic determinants that are differentially parti- 
tioned into specific blastomeres during cleavage. 

Using various kinds of tissue-specific morphological and molecular mark- 
ers, a number of studies that have examined the developmental potentials 
of isolated blastomeres from 8- and 16-cell embryos have indicated that 
epidermis, muscle, notochord, mesenchyme, and endoderm autonomously 
differentiate. In contrast, the development of brain and sensory pigment 
cells is nonautonomous (a reference list is cited in Nishida, 1992a). Whereas 
these studies have provided a basic understanding of the cellular mecha- 
nisms responsible for the specification of cell fates in ascidian embryos, 
single blastomeres isolated from 8- and 16-cell embryos give rise to more 
than one type of larval tissue. As a consequence, partial embryos are 
made up of several kinds of larval tissue. These results do not exclude the 
possibility that cell to cell signaling may be occurring between the different 
types of cells that comprise a partial embryo. 

A precise way to analyze the autonomy of tissue differentiation is to 
continuously dissociate embryonic cells each time they divide from the 
beginning of development until fate restriction has occurred. If the differen- 
tiation of a particular tissues has occurred in a dissociated cell, then the 
possibility has been excluded both that differentiation requires cell to cell 
signaling prior to blastomere isolation and that cell interaction occurs be- 
tween different types of cells within partial embryos. For example, Nishida 
(1992b) continuously dissociated embryonic cells from the first cleavage to 
the 110-cell stage and allowed the cells to develop into partial embryos. 
the results of this study showed how extremely autonomous the expression 
of epidermis, muscle, and endoderm-specific markers is in the ascidian. In 
this experiment, cells after the 110-cell stage were not dissociated but they 
were allowed to develop as partial embryos. By the 110-cell stage the 
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developmental fates of most blastomeres are restricted to give rise to a 
single cell type in intact embryos. Indeed, in the dissociation experiments, 
most of the resulting partial embryos derived from dissociated cells con- 
sisted of one type of larval cell. Therefore, in these experiments the differen- 
tiated cells did not have the opportunity to interact with progenitor cells 
of other cell types. In summary, these results demonstrate that fate specifi- 
cation and the initial events of differentiation of epidermis, muscle, and 
endoderm cells are executed autonomously, without the involvement of 
any cell-cell signaling. 

In striking contrast, notochord cells failed to differentiate when embry- 
onic cells were dissociated, suggesting that cell interactions are required 
for notochord development. The result of recent experiments pertaining 
to the specification of epidermal, muscle, and endodermal cell fates will be 
discussed further in the following sections and recent results pertaining to 
notochord development will be discussed in more detail in a later section. 

2. Muscle 

The developmental fate of each blastomere of an 8-cell ascidian embryo 
is shown in Fig. 6A. Larval muscle cells are derived from three different 
progenitor cells: B, A, and b-line blastomeres. Each cell of the B4.1 (poste- 
rior-vegetal) cell pair produces 14 of 21 muscle cells along the anterior- 
middle region of one side of the tail in Hulocynthiu (Fig. 1B). Each A4.1 
(anterior-vegetal) and each b4.2 (posterior-animal) cell produces 2 and 5 
muscle cells located at the caudal tip of the tail, respectively (Nishida and 
Satoh, 1983; Nishida, 1987). Muscle cells that arise from B-line cells are 
designated primary muscle cells and those that arise from the A and b- 
line cells are designated secondary muscle cells. Secondary muscle cell 
development is nonautonomous and is thought to require cellular interac- 
tions with cells of other tissues (Meedel et ul., 1987; Nishida, 1990). 

Development of the primary muscle cells during ascidian embryogenesis 
has been intensively investigated (Satoh et ul., 1990). The hypothesis that 
localized cytoplasmic determinants in the egg play a crucial role in the 
determination of the fate of primary muscle cells was derived from the 
following observations: (1) Colored pigment granules associated with 
myoplasm are inherited by muscle-lineage cells by an invariant cleavage 
(Conklin, 1905b,c); (2) Isolated and dissociated muscle-precursor blasto- 
meres exhibit autonomous differentiation (Nishida, 1992a); (3) Muscle dif- 
ferentiation occurs in cleavage-arrested embryos (Whittaker, 1973a). These 
observations are consistent with Conklin’s idea (1905~) that factors present 
in the egg cytoplasm mediate the differentiation of primary muscle cells. 
However, the most convincing proof of this idea would require that the 
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FIG. 6 (A) Lateral view of a bilaterally symmetrical 8-cell embryo, demonstrating the orienta- 
tion of the blastomeres and the major descendant tissues. (B) Experiments of cytoplasmic 
transfer involving fusion of blastomere and egg fragment. 

transfer of particular cytoplasm into nonmuscle cells converts these cells 
into muscle cells. 

Cytoplasmic redistribution was achieved by Whittaker (1980) who altered 
the position of the third cleavage furrow by compressing four-celled em- 
bryos, and in another experiment Whittaker (1982) used a microsurgical 
method to alter the partitioning of myoplasm. Transfer of cytoplasm from 
muscle-precursor blastomeres into nonmuscle precursors using microinjec- 
tion techniques has been performed by Den0 and Satoh (1984). These 
studies suggested that the cytoplasm, rather than the nucleus, is important 
in the determination of muscle cells and that cytoplasmic determinants for 
muscle are present in the muscle-progenitor blastomeres. However, the 
number of cases in which the microinjected cells expressed muscle-cell 
features was low (2% of injected cells). 

Recently, a new technique involving polyethylene glycol-mediated elec- 
trofusion was developed to transfer ascidian cytoplasm. Details of this 
recent method are shown in Fig. 6B. Isolated blastomeres were fused with 
cytoplasmic fragments from various regions of eggs and embryos (Nishida, 
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1992~). For example, presumptive-epidermis blastomeres (a4.2 in Fig. 
6A) were fused to cytoplasmic fragments produced from various egg re- 
gions, and the development of muscle cells is monitored by examining the 
expression of myosin, actin (Fig. lF), and acetylcholinesterase. Isolated 
presumptive-epidermis blastomeres develop into spherical clusters of epi- 
dermal cells and these cell clusters never develop muscle cells. If introduc- 
tion of cytoplasm to the recipient epidermal lineage cells results in the 
development of muscle features, then muscle determinants must exist in 
the introduced cytoplasm. 

Cytoplasmic fragments were produced from various regions of unfertil- 
ized eggs, fertilized eggs after the first and second phase of ooplasmic 
segregation, and 8-cell embryos, and fused with epidermis-precursor blasto- 
meres (Nishida, 1992c; Yamada and Nishida, 1997). For example, the fusion 
of nonnucleated blastomere fragments containing B4.1 cytoplasm with epi- 
dermis progenitor cells resulted in the development of muscle features in 
nearly 100% of tested specimens (Fig. 8A). The deduced spatial distribu- 
tions of cytoplasmic determinants is summarized in Fig. 7. Muscle determi- 
nants are present in the cytoplasm of unfertilized eggs and they are widely 
distributed along a gradient, with maximum activity at the vegetal pole. 
Muscle determinants are segregated by movements of the ooplasm triggered 
by fertilization. During the first phase of ooplasmic segregation, these deter- 
minants are moved into the vegetal pole region of the egg. Just prior to 
first cleavage, the muscle determinants are secondarily shifted into the 
future posterior egg region from where the future muscle-lineage blasto- 
meres will form. Interestingly, the distribution of cytoplasm that promotes 
muscle differentiation appears to correspond to that of myoplasm, a micro- 
scopically visible portion of the egg cytoplasm that is inherited by muscle- 
lineage cells during development. 

Myosin heavy chains (Makabe and Satoh, 1989; Makabe et al., 1990), 
muscle actin (Tomlinson et al., 1987; Kusakabe et al. 1991), and acetylcholin- 
esterase (Perry and Melton, 1983; Meedel and Whittaker, 1983a) genes are 
expressed at the gastrula stage, suggesting that muscle determinants may 
be regulatory molecules, responsible for activation of a cascade of specific 
genes that ultimately results in synthesis of muscle-specific proteins. These 
determinants might be localized molecules or localized active forms of 
widely distributed molecules. 

Various kinds of organelles and molecules are reported to be concen- 
trated in myoplasm. Mitochondria (Zalokar and Sardet, 1984), endoplasmic 
reticulum (Speksnijder et al., 1993), and pigment granules (Conklin, 1905b; 
Jeffery and Meier, 1983) are enriched in myoplasm. It has been shown that 
muscle determinants are not associated with mitochondria (Conklin, 1931; 
Whittaker, 1979) or pigment granules (Conklin, 1931; Bates, 1988). Conklin 
(1931) centrifuged ascidian eggs. Displacement of mitochondria and pig- 
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Unfertilized 1st phase of 2nd phase of 8-celI 
egg segregation segregation embryo 

FIG. 7 (Top to third rows) Distribution of cytoplasmic determinants of three kinds of tissues, 
namely, muscle, endoderm, and epidermis, during ooplasmic segregation and at the 8-cell 
stage. Shaded areas represent locations of cytoplasmic determinants. Animal pole is up and 
vegetal pole is down. Anterior is to the left and posterior is to the right. (Fourth row) 
Distribution of cytoplasmic determinants for gastrulation movement. (Bottom row) Distribu- 
tion of cytoplasmic determinants for generation of unique cleavage pattern. 

ment granules did not affect muscle development. Bates (1988) used a 
microsurgical method to alter the normal partitioning of myoplasm. 
Myoplasm-enriched egg fragments produced after the first stage of ooplas- 
mic segregation from the vegetal egg region developed into normal larvae 
with pigment granules in both the head the the tail regions. The role 
of endoplasmic reticulum in muscle specification is not yet known. The 
cytoskeletal elements, actin (Jeffery and Meier, 1983), ankryin (Jeffery 
and Swalla, 1993), and p58, which is the antigen for an antibody against 
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FIG. 8 Examples of fusion-mediated cytoplasmic transfer experiments. (A) A partial embryo 
that was derived from fusion of a presumptive-epidermis blastomere and a cytoplasmic frag- 
ment of a presumptive-muscle blastomere. The embryo was stained with anti-ascidian myosin 
antibody. Muscle differentiation is evident in the upper region of the embryo. In the other 
region, epidermis is formed because the recipient of cytoplasm was an epidermis precursor 
cell. (B) A partial embryo that was derived from fusion of a presumptive-epidermis blastomere 
and a cytoplasmic fragment of a presumptive-endodenn blastomere. The embryo was histo- 
chemically stained for endoderm-specific alkaline phosphatase. Endoderm was formed. 
(C) A partial embryo that was derived from fusion of a presumptive-nonepidermis blasto- 
mere and a cytoplasmic fragment of a presumptive-epidermis blastomere. The embryo was 
stained with epidermis-specific antibody. Differentiated epidermis almost covers the embryo. 
Scale bar, 100 pm. From Nishida (1992c, 1993, 1994a). 

vertebrate neurofilaments (Swalla et al., 1991), are also enriched in myo- 
plasm. These cytoskeletal elements are likely to be involved in generating 
the motive force of ooplasmic segregation and to anchor muscle determi- 
nants to the myoplasmic domain. 

Several antigens are reported to be localized in myoplasm (Nishikata et 
aZ., 1987a; Bates and Bishop, 1996), and several maternal RNAs are local- 
ized in myoplasm (Swalla and Jeffery, 1995, 1996a). Among them, some 
are mitochondrial components and others are not. It is not yet known if 
these molecules are involved in muscle-cell specification. A myoplasmic 
protein termed myoplasmin-C1, which is recognized by a monoclonal anti- 
body, may be involved in muscle specification. Myoplasmin-C1 is localized 
in egg myoplasm (Figs. 9A-C) and it is inherited by larval muscle cells. 
The protein is not a mitochondria1 protein. When the monoclonal antibody 
that binds to myoplasmin-C1 was injected into eggs, the development of 
muscle-specific acetylcholinesterase was suppressed (Nishikata et al., 
1987a). The cDNA of myoplasmin-Cl has been cloned, and its deduced 
amino acid sequence suggests that myoplasmin-C1 is a cytoskeletal protein 
(Nishikata and Wada, 1996). Myoplasmin-C1 may play a role in anchoring 
and segregating muscle determinants, as does p58 (Swalla et al., 1991). 

Marikawa et aZ. (1994) separated unfertilized eggs into various fragments 
exhibiting different colors by centrifugation. Fertilized red fragments devel- 
oped into permanent blastulae, in which only the differentiation of epider- 
mis was observed. When black fragments were fused with red fragment 
and these fused egg fragments were fertilized, formation of muscle cells 
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FIG. 9 (A-C) Preferential distribution of myoplasmin-C1 protein that is recognized by a 
monoclonal antibody in the myoplasm of a section of an unfertilized egg (A), an egg after 
the second phase of ooplasmic segregation (B), and an 8-cell embryo (C) of Ciona intestinalis. 
Posterior is to the left. (D-F) Strictly restricted distribution of pern mRNA in the myoplasm 
of an egg after the first phase of segregation (D), an egg after the second phase of segregation 
(E), and an 8-cell embryo (F) of Ciona savignyi. Scale bar, 100 pm. From Nishikata et al. 
(1987a) and Yoshida et al. (1996). 

was observed. These results indicate that muscle determinants are concen- 
trated in the black fragments and they are absent in the red fragments. UV 
irradiation inactivated the ability of the black fragments to develop muscle- 
cell features. Injection of mRNA isolated from unirradiated black fragments 
into UV-irradiated black fragments restored their ability to promote muscle 
formation when fused to red fragments (Marikawa et al., 1995), although 
the injection of the same mRNA directly into red fragments or presumptive- 
epidermis blastomeres did not result in muscle formation. Therefore, it was 
suggested that mRNA in black fragments is necessary but not sufficient 
for muscle formation. 

Black-fragment-specific cDNAs have been cloned by subtracting the 
mFWA of the red fragment from that of the black fragment (Yoshida et 
al., 1996). One of the mRNAs, termed posterior end mark (pem), was 
shown to be strictly localized to the myoplasmic region of the egg (Figs. 
9D-F). The deduced amino acid sequence ofpem did not show any similar- 
ity to other known proteins. Overexpression of this gene by the injection 
of synthesized pem mRNA into eggs resulted in development of tadpole 
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larvae with deficiencies in the anteriormost region including the palps, 
brain, and sensory pigment cells. This abnormality was caused by the trans- 
location of the anterior epidermis and dorsal neuronal cells into a more 
posterior position. Injection of pem mRNA into irradiated black fragments 
did not restore their ability to promote muscle formation and the injection 
of pem mRNA directly into red fragments and presumptive-epidermis blas- 
tomeres did not result in muscle formation. To elucidate the role of this 
gene product further, loss-of-function experiments such as experiments 
using antisense RNA or DNA should be carried out. 

Recently, several genes that are expressed in muscle-lineage cells have 
been cloned in Hulocynthiu. Expression of the muscle actin gene and myosin 
genes starts as early as the 32-cell stage (Satou et ul., 1995). The upstream 
element that is required for lineage-specific expression of a muscle actin 
gene is as short as 38 base pairs (Satou and Satoh, 1996). These results 
suggest that the spatial regulation of this lineage-specific gene may be 
relatively simple in ascidian embryos. A homologue of a myogenic factor 
has been cloned. The expression of AMD1, a gene for a MyoD-related 
factor, begins at the 64-cell stage (Araki et ul., 1994). It is not yet known 
whether the protein products of this gene are maternally present in eggs. 

3. Endoderm 

Endoderm cells are present in the central part of the trunk region of tadpole 
larvae (Figs. lA, lD,  and 1H). These cells are homogeneous in appearance, 
rich in yolk granules, and likely provide the embryos with nutrients. Endo- 
derm cells in Hulocynthiu do not undergo terminal differentiation during 
larval development because Hulocynthiu tadpoles are nonfeeding. How- 
ever, during embryogenesis, endoderm cells start to express endoderm- 
specific alkaline phosphatase (ALP) (Minganti, 1954; Whittaker, 1977) (Fig. 
1H). Although the role of ALP in the endoderm is not yet known, ALP 
has often been used as a molecular marker of endoderm differentiation 
(e.g., Whittaker, 1977). All of the endoderm cells of a larva are derived 
from the vegetal blastomeres of an eight-cell embryo, namely, the anterior 
A4.1 cell pair and the posterior B4.1 cell pair (Fig. 6A). The A4.1 cells 
give rise to anterior endoderm and the B4.1 cells develop into posterior 
endoderm. In contrast, blastomeres of the animal hemisphere (a4.2 and 
b4.2 cell pairs) do not produce endoderm. 

To examine the presence and localization of endoderm determinants, 
experiments involving transfer of cytoplasm have been camed out by fusing 
isolated blastomeres with cytoplasmic fragments that were prepared from 
various regions of eggs and embryos. Again, the recipient cells were isolated 
presumptive-epidermis blastomeres (a4.2 in Fig. 6A). The formation of 
endoderm was monitored by examining embryos for the expression of 



264 HlROKl NlSHlDA 

ALP (Fig. 8B). The deduced distribution of endodermal determinants that 
promote expression of ALP is shown in Fig. 7 (Nishida, 1993; Yamada and 
Nishida, 1997). Endoderm determinants reside in the unfertilized egg and 
they appear to be widely distributed in the form of a gradient, with maxi- 
mum activity at the vegetal pole. Endoderm determinants move toward 
the vegetal pole of the egg during the first phase of segregation, as do the 
muscle determinants. Prior to first cleavage, the distribution extends in 
the equatorial direction. These determinants are present within the entire 
vegetal hemisphere from which the future endoderm-lineage blastomeres 
are formed. During cleavages, these determinants are partitioned into 
endoderm-lineage cells. 

Marikawa and Satoh (1995) showed that, similar to muscle determinants, 
endoderm determinants are concentrated in black fragments by centrifuga- 
tion and they are absent in red fragments of unfertilized eggs. UV irradiation 
of black fragments destroys the ability of these fragments to promote the 
expression of ALP when they are fused with red fragments. 

In C. intestinalis, inhibitors of transcription, such as actinomycin D, did 
not prevent the appearance of ALP activity even when the treatment is 
started before fertilization (Whittaker, 1977). In contrast, actinomycin D 
suppressed the appearance of markers of muscle, epidermis, notochord, 
and sensory pigment cells. Actinomycin D results suggest that a maternal 
mRNA that encodes ALP may be present in the cytoplasm of an unfertilized 
Ciona egg. The cytoplasmic factor responsible for the activity of ALP may 
be maternal mRNA that encodes ALP. However, the results of more recent 
experiments suggest that nuclear activity is required for expression of ALP 
activity. Nonnucleated fragments produced from fertilized eggs do not 
develop ALP activity, suggesting that there is a nuclear requirement for 
expression of ALP activity (Bates and Jeffery, 1987a; Meedel and Whitta- 
ker, 1983b). In contrast, the expression of ALP activity in H. roretzi is 
sensitive to actinomycin D treatment. This study suggests that ALP genes 
are first transcribed at the gastrula stage (Nishida and Kumano, 1997). 
An experiment involving cytoplasmic transfer, as described above, was 
performed using Halocynthia embryos. Therefore, at least in Halocynthia 
embryos, it is likely that there are cytoplasmic factors that are responsible 
for the activation of ALP gene expression. 

Recently, endoderm-specific ALP protein has been isolated from Halo- 
Cynthia and the N-terminal amino acid sequence was determined (Kumano 
and Nishida, 1996). Cloning of the gene that encodes endoderm-specific 
ALP is required to determine if there are maternal ALP mRNA molecules 
in the cytoplasm of ascidian eggs. 

4. Epidermis 
The epidermis covers the entire ascidian larva (Figs. 1A and 1C-E). The 
epidermis consists of approximately 800 cells that are arranged in a single 
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layer, which secrete transparent larval tunic materials (Fig. 1E). The epider- 
mis of a larva originates exclusively from the four animal blastomeres of 
the bilaterally symmetrical 8-cell embryo, namely, the anterior a4.2 cell 
pair and the posterior b4.2 cell pair (Fig. 6A). The a4.2 cells give rise to 
the epidermis of the head and trunk regions while the b4.2 cells give 
rise to the epidermis of the tail region of the tadpole larva. In contrast, 
blastomeres of the vegetal hemisphere (A4.1 and B4.1 cell pairs) do not 
produce epidermis. 

Fusion of blastomeres and cytoplasmic fragments was carried out to 
examine the presence and distribution of epidermis determinants (Nishida, 
1994a; Yamada and Nishida, 1997). In these experiments, the recipient cells 
were isolated vegetal blastomeres. Ectopic formation of epidermis was 
estimated by observing the expression of an epidermis-specific antigen 
(Figs. 1E and 8C), the secretion of larval tunic materials, and epithelial 
morphology. The deduced distribution of epidermis determinants is shown 
in Fig. 7. Epidermis determinants appear to be present in the unfertilized 
egg and they are widely distributed in the egg cytoplasm along a gradient, 
concentrated in the animal pole region. After the first phase of ooplasmic 
segregation, these determinants are still widely distributed, but now the 
highest concentration is in the equatorial region. After the second phase 
of ooplasmic segregation, prior to the first cleavage, epidermis determinants 
are moved into the animal hemisphere where the future epidermis-lineage 
blastomeres will form. During cleavages, epidermis determinants are inher- 
ited by cells located in the animal hemisphere. It is noteworthy that the 
inferred movements of epidermis determinants during ooplasmic segrega- 
tion appear to coincide closely with the movements of a light-colored 
cytoplasm, termed the “ectoplasm,” in the pigmented eggs of Styela (Con- 
klin, 1905b,c; Jeffery et al., 1983). 

The epidermis-specific antigen that was used in fusion experiments first 
appeared at the early tailbud stage during embryogenesis. Expression of 
this antigen was blocked by treatment with an inhibitor of transcription, if 
the treatment was initiated before the late gastrula stage. It has been 
suggested that the gene which encodes the antigen is activated at the gastrula 
stage (Nishikata et al., 1987b). Thus, the epidermis determinants in the 
egg cytoplasm may be regulatory molecules that are responsible for the 
activation of epidermal genes at the time of gastrulation. 

Recently, eight epidermis-specific cDNAs, HrEpiA-H, were cloned 
(Ueki et al., 1991; Ishida et al., 1996). The expression of most of these genes 
is initiated during gastrulation and is restricted to only epidermis-lineage 
cells. The 5’ upstream regions of the HrEpiB and HrEpiD genes were 
investigated in detail (Ueki and Satoh, 1995). The 5‘ flanking region from 
-345 of the HrEpiB gene, taking the transcription initiation site as +1, 
was found to be sufficient for epidermis-specific expression, whereas the 
5‘ upstream region from -166 of the HrEpiD gene regulated the expression 



266 HlROKl NlSHlDA 

of the HrEpiD gene. A comparison of the sequences of these two regions 
demonstrated the presence of several conserved sequences for DNA- 
binding regulatory proteins, some of which were shared by both genes. It 
will be important to look for trans-acting factors that bind to these se- 
quences. 

A feature that was common to all three kinds of cytoplasmic determinants 
responsible for muscle, endoderm, and epidermis development was that 
the cytoplasm introduced by fusion never suppressed the formation of 
tissues derived from recipient blastomeres. A single cluster of ectopically 
formed tissue cells that probably contained transferred cytoplasm devel- 
oped within the embryo (Fig. 8). Therefore, the transferred determinants 
do not likely diffuse throughout the recipient and are likely inherited by 
a subset of the descendant cells of the fused cell. Cytoplasmic determinants 
are likely bound to various components of the cytoplasmic skeleton, as 
suggested by Conklin (1931) and Jeffery and Meier (1983). A second possi- 
bility is that determinants may be anchored to the plasma membrane. The 
binding of determinants to cytoskeletons and membranes would explain 
why determinants are difficult to transfer with micropipettes (Deno and 
Satoh, 1984). 

During the first phase of ooplasmic segregation, all three kinds of determi- 
nants move in the vegetal direction (Fig. 7). This movement coincides with 
the visible movements of the cortical cytoplasm and plasma membrane 
during the first phase (Fig. 5). Therefore, at least during the first phase, 
the determinants are likely to be present in the cortical cytoplasm or plasma 
membrane. The three kinds of cytoplasmic determinants move in different 
directions during the second phase of ooplasmic segregation. It will be of 
great interest to determine the way in which the egg segregates these 
cytoplasmic factors. Prior to the onset of first cleavage, three kinds of 
determinants reside in egg regions that correspond to the future fate map 
of the embryo. 

Results of experiments with isolated and dissociated blastomeres indicate 
that fate determination and initial events of muscle, endoderm, and epider- 
mis cell differentiation are autonomous. These processes do not require 
communication with cells from other lineages. Cytoplasmic transfer experi- 
ments unambiguously demonstrate the presence of localized cytoplasmic 
factors in ascidian eggs that promote formation of the three kinds of larval 
tissue. Therefore, each of the determinants, which are segregated into 
each lineage cell, appears to be sufficient for the determination of muscle, 
endoderm, and epidermis cell fates. As the expression of zygotic genes is 
required for tissue differentiation, these determinants likely function as 
regulatory molecules that activate tissue-specific genes. As yet, the identity 
and mode of action of ascidian cytoplasmic determinants are unknown. 



CELL FATE SPECIFICATION IN ASClDlAN EMBRYOS 267 

Determinants will be localized molecules or localized active forms of widely 
distributed molecules. 

C. Determinants for Gastrulation Movements 

In addition to tissue-specific determinants, there is evidence suggesting that 
ascidian eggs contain cytoplasmic factors that are responsible for controlling 
morphogenetic movements. In ascidians, gastrulation starts at the 110- 
cell stage. During gastrulation, endoderm and mesoderm precursor cells 
invaginate into embryos (Figs. 2A and 2B). 

Ortolani (1958) pioneered the bisection of ascidian eggs and discovered 
that when fertilized eggs were bisected near the equator, animal fragments 
developed into permanent blastulae. More recently, it was shown that when 
a small region of vegetal pole cytoplasm is removed from Styela zygotes 
at the first stage of ooplasmic segregation, the operated embryos failed to 
gastrulate (Bates and Jeffery, 1987b). Cytoplasmic deletions of other egg 
regions had no effect on larval development. The removal of cytoplasm 
from the vegetal pole region can be mimicked by UV irradiation of the 
fertilized egg at the vegetal pole (Jeffery, 1990a). These results suggest 
that cytoplasmic factors that are required for gastrulation are localized in 
the vegetal pole region at the first stage of ooplasmic segregation (Fig. 7). 
In these experiments, the differentiation of endoderm and muscle cells 
occurred in spite of a deficiency in morphogenesis, suggesting the presence 
of maternal factors which are specifically involved in morphogenetic move- 
ments. When vegetal pole cytoplasm was transplanted by cell fusion meth- 
ods to the animal pole or equatorial position of Halocynthia eggs, ectopic 
gastrulation occurred at the site of transplantation (Nishida, 1996a). This 
experiment supports the idea that vegetal pole cytoplasm specifies the site 
of gastrulation. Vegetal pole cytoplasm is required for and is sufficient to 
promote gastrulation. 

After completion of the second phase of ooplasmic segregation, most of 
the vegetal hemisphere had to be removed to suppress gastrulation. It 
was suggested that, during the second phase of ooplasmic segregation, 
cytoplasmic factors responsible for gastrulation spread throughout the en- 
tire vegetal hemisphere (Fig. 7), where vegetal cells invaginate during gas- 
trulation (Bates and Jeffery, 1987b; Nishida, 1996a). 

As mentioned above, the effect of removal of vegetal pole cytoplasm 
can be mimicked by UV-irradiating eggs at the vegetal pole (Jeffery, 1990a). 
By comparing maternal messages of normal and UV-irradiated eggs using 
an in vitro translation system, Jeffery (1990b) suggested that a UV-sensitive 
maternal mRNA that encodes a cytoskeletal protein (p30) is involved 
in gastrulation. 
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D. Determinants for Generation of a Unique 
Cleavage Pattern 
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The cleavage pattern of an ascidian embryo is unique and invariant (Conk- 
lin, 1905b; Satoh, 1979). Cleavages progress in a bilaterally symmetrical 
manner; however, the cleavage pattern differs significantly between the 
anterior half and the posterior half of the embryo. Only the most posterior 
blastomeres in the vegetal hemisphere undergo unequal cleavage. As cell 
lineages and cleavage patterns have been well described, the ascidian em- 
bryo offers a good experimental system for analyzing the mechanism of 
unequal cleavage. 

Figure 10 shows the pattern of cleavage up to the @-cell stage. The third 
cleavage is horizontal, separating the embryo into an animal and a vegetal 
quartet of cells. But the cleavage planes in the two posterior (B3) blasto- 
meres are slightly oblique and, consequently, the B4.1 cell pair protrudes 
posteriorly from the embryo (Fig. 10B). After the 8-cell stage, three succes- 

FIG. 10 Cleavage pattern of an ascidian embryo. (A) 4-cell stage. (B) 8-cell stage. (C) 16- 
cell stage. (D) 32-cell stage. (E) 64-cell stage. (A and B) Lateral view. (C-E) Vegetal view. 
Cleavage pattern shows bilateral symmetry. Posteriormost vegetal blastomere pair at each 
stage is shaded and labeled. Only the posterionnost blastomeres (B4.1, B5.2, and B6.3) at 
each stage divide unequally, producing a small blastomere pair posteriorly. Lines between 
two blastomeres indicate sister blastomeres of previous cleavage. The lines in C, D, and E 
represent three successive unequal cleavages. In these figures, it appears that many blastomeres 
cleave unequally. However, only the B4.1, B5.2, and B6.3 cells divide unequally up to the 
64-cell stage (late blastula stage), and these three cleavages are the only unequal cleavages 
that occur during the cleavage stages in ascidian embryos. 
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sive, unequal cleavages occur in the vegetal hemisphere such that only the 
cells of the most posterior blastomere pair at each stage undergo unequal 
cleavage, always producing smaller cells posteriorly (the B5.2, B6.3, and 
B7.6 blastomeres in Figs. 10C-F). All the other cleavages are equal in 
terms of cell size. The smallest and most posterior blastomere of a 64-cell 
embryo, B7.6, does not divide during embryogenesis. It gives rise to a single 
cell situated in the endodermal strand (Nishida, 1987). In general, a cleavage 
furrow forms perpendicular to the axis of a mitotic apparatus and at the 
equatorial region of the spindle (Rappaport, 1969). Therefore, cleavage 
patterns depend upon the mechanism that determines the position of the 
mitotic apparatus (Freeman, 1983). One possibility is that unequal cell 
division in ascidian embryos may involve the posterior pole cytoplasm 
attracting the spindle pole. This would result in the production of smaller 
cells at the posterior pole. 

In Hulocynthiu eggs, the vegetal pole egg cytoplasm after the first phase 
of ooplasmic segregation and the posterior-vegetal cytoplasm after the 
second phase of ooplasmic segregation are required for generation of a 
posterior cleavage pattern. When the vegetal pole cytoplasm or the poste- 
rior-vegetal cytoplasm at each stage was removed from Halocynthiu eggs, 
the cleavage pattern was radialized along the animal-vegetal axis. No un- 
equal cleavage occurs in such embryos (Figs. 11 and 21D) (Nishida, 1994b, 
1996a). However, in Styelu eggs removal of the posterior pole cytoplasm 
at the second stage of segregation did not affect normal cleavages (Bates 
and Jeffery, 1987b). Transplantation of posterior-vegetal cytoplasm to an 
anterior-vegetal position after the second phase in Hulocynthiu eggs caused 
a reversal of the anterior-posterior polarity of the cleavage pattern, result- 
ing in successive unequal cleavages at the anterior region (Nishida, 1994b). 
These results using Hulocynthiu suggest that a localized cytoplasmic factor 
in the vegetal pole after the first phase of segregation, and then in the 
posterior-vegetal region after the second phase, may be involved in the 
generation of unequal cleavage (Fig. 7). 

Recently, a novel structure, designated the centrosome-attracting body 
(CAB), present in the unequally cleaving blastomeres has been reported 
(Hibino et ul., 1997). During unequal cleavage, a thick microtubule bundle 
appears between the CAB and one of the centrosomes (Fig. 12). Then, as 
the shortening of the microtubule bundle occurred, the nucleus together 
with the centrosomes was drawn toward the CAB, which was situated at 
the posterior cortex of the blastomere. Finally, a cleavage furrow formed 
in the middle of the asymmetrically located mitotic apparatus and produced 
two blastomeres of different size. The smaller cell inherited the CAB. 
Therefore, the CAB seems to play an essential role in generating unequal 
cleavages in Hulocynthiu embryos. Formation of CAB starts at the two- 
cell stage in the posterior-vegetal region. Therefore, factors in the poste- 
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FIG. 11 (A) Scanning electron microscope image of a 16-cell embryo. Vegetal view. Anterior 
(A) is up, and posterior (P) is down. Two pairs of posterior blastomere have unequally divided. 
(B) Photomicrograph of a 16-cell embryo as in (A). (C) Posterior-vegetal cytoplasm was 
removed from the egg after the second phase of ooplasmic segregation (see Fig. 21A). Cleavage 
pattern is radialized. (D) Posterior-vegetal cytoplasm was transplanted to the anterior position 
of a normal egg. Such embryos have posterior cytoplasm in both sides. Unequal cleavages 
occur in both sides of the embryo, generating miller-image duplication of the posterior cleav- 
age pattern. 

nor-vegetal region in egg cytoplasm may be responsible for CAB formation 
and subsequent unequal cleavages. 

Figure 7 summarizes the postulated movements of known cytoplasmic 
determinants in Halocynthia eggs. Most of the determinants, except for the 
determinant of epidermis, are temporarily segregated into the vegetal pole 
region during the first phase of segregation. Then, once the second phase 
of segregation begins, various cytoplasmic determinants move in two ways. 
First, muscle determinants and cleavage pattern determinants move to the 
future posterior pole. These movements appear to coincide with visible 
movements of the cytoplasm. Second, endoderm determinants and determi- 
nants for gastrulation are distributed over the entire vegetal half, although 
there is no information concerning the distribution of determinants within 
the egg interior. Such a movement does not coincide with the visible move- 
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FIG. 12 Microtubule array and CAB (centrosome-attracting body) in the 16-cell-stage embryo. 
(A) A 16-cell-stage embryo extracted with extraction buffer was stained with anti-a-tubulin 
antibody. Anterior is up, and posterior is down. Interphase. Nuclei are visible. A bundle of 
microtubules is present between one of the centrosomes and the position of the CAB (arrow- 
heads) in the posteriormost blastomere (B5.2). (B) An extracted but unstained embryo was 
observed with a Nomarsky microscope. A pair of CAB was observed at the posterior pole 
of the embryo (arrowheads). Scale bar, 100 pm. From Hibino et al. (1997). 

ment of ooplasm. Endoderm and gastrulation determinants are likely bound 
to the cytoskeleton during the first phase of segregation. Then, these deter- 
minants may be released from the cytoskeleton and diffuse within the 
cytoplasm of the vegetal hemisphere. Alternatively, mRNAs encoding these 
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factors may be segregated to the vegetal pole. After translation of these 
mRNAs, the proteins may spread throughout the vegetal hemisphere. This 
has been observed in the case of bicoid mRNA and protein in Drosophilu 
eggs (Driever and Niisslein-Volhard, 1988). 

N. Inductive Interactions 

A great deal of experimental eviL:nce has accumLJted over the years 
demonstrating the important role of intercellular interactions in the devel- 
opment of certain kinds of tissues, even in animals that have determinate 
and invariant cell lineages. Ascidian embryogenesis has been regarded as 
a typical example of “mosaic development,” in which isolated blastomeres 
exhibit developmental autonomy. However, recent results have revealed 
that cellular interactions also play important roles in fate determination in 
ascidian embryos, as will be discussed in the following sections. Therefore, 
ascidians are developmental systems that exhibit a highly stereotyped cell 
lineage, yet also utilize cell interactions like aspects of Cuenorhubditis eleg- 
uns. Embryonic induction is a classic example of cell-cell signaling involving 
the interaction between “inducing” cells and “responding” cells (Spemann 
and Mangold, 1924; Spemann, 1938). The result of induction is the cell 
fate determination of the responding cells. In this process, the fate of the 
responding cell is controlled by a signal(s) emitted from the inducing cells 
(Gurdon, 1987; Slack, 1993). 

A. Inductive Interactions in Tissue Formation 

1. Notochord Induction 
In vertebrates, it is well known that the notochord arises as a result of 
inductive interactions with vegetal cells (Nieuwkoop, 1969,1973). As ascidi- 
ans are chordates, it is of great interest from an evolutionary perspective 
to see if the induction of the ascidian notochord occurs in the same way 
as it does in vertebrates. 

The ascidian notochord consists of a single row of 40 cells, aligned along 
the center of the tail of the tadpole larva (Figs. 13A-C). The developmental 
fate of notochord-lineage cells is restricted exclusively to the notochord at 
the 64-cell stage in A-line and at the 110-cell stage in B-line blastomeres 
(Fig. 3). Among the 40 notochord cells, 32 cells (primary notochord cells) 
in the anterior and middle part of the tail are derived from the four precursor 
blastomeres of the A-line of the 64-cell embryo (left and right A7.3 and 
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A8.5 

FIG. 13 (A) A Hdocynthiu larva which has 40 notochord cells in the center of the tail. 
(B) Higher magnification of the tail. (C) Expression of the notochord-specific antigen in 
the middle-tailbud embryo. The staining is strictly restricted to the outer surfaces of noto- 
chord cells. (D) Vegetal view of the 110-cell-stage embryo. Blastomeres whose fate is re- 
stricted to form notochord are shaded. Names of the blastomeres are shown. Scale bar, 
100 pm. From Nakatani and Nishida (1994). 

A7.7 cells, which divide into A8.5, A8.6, A8.13, and A8.14 cell pairs in Fig. 
13D) after three subsequent divisions (see Fig. 19A), while the posterior 
8 cells (secondary notochord cells) originate from the two precursor blasto- 
meres of the B-line (left and right B8.6 cells) of the 110-cell embryo after two 
subsequent divisions (Fig. 13D, see also Fig. 19D). Thus, in the notochord 
lineage, every differentiated notochord cell is formed as a result of nine 
divisions after fertilization. Notochord cells are disc-shaped and a vacuole 
forms at one end of each cell (Cloney, 1964; Mancuso and Dolcemascolo, 
1977; Katz, 1983; Miyamoto and Crowther, 1985) (Fig. 13B). During meta- 
morphosis, when the larval tail is retracted into the trunk, the notochord 
cells degenerate and disappear. 

The results of earlier experiments involving isolation of blastomeres 
at the 8- and 16-cell stages have suggested that notochord cells develop 
autonomously, indicating that differentiation of the notochord does not 
require cellular interactions (Reverberi and Minganti, 1946; Crowther and 
Whittaker, 1986; Nishikata and Satoh, 1990). However, notochord-lineage 
blastomeres isolated at an early stage, such as the 8- or the 16-cell stage, 
also gave rise to cells other than notochord. Therefore, nonnotochord cells 
may be inducing the differentiation of notochord cells within the partial 
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embryos. Manual isolation of presumptive-notochord blastomeres from 
110-cell embryos resulted in autonomous differentiation of notochord cells. 
However, continuous dissociation of cells from the first cleavage to the 
110-cell stage abolished differentiation of notochord cells (Nishida, 1992b). 
These results suggest that cellular communication during cleavage may be 
required for differentiation of notochord cells. 

Taking advantage of the simplicity of ascidian embryos, cellular mecha- 
nisms involved in the formation of primary notochord cells were analyzed 
at the single-cell level. Detailed analysis of notochord development that 
involved isolation and recombination of blastomeres at various stages was 
carried out (Nakatani and Nishida, 1994). At first, when notochord forma- 
tions are sensitive to cell dissociation was examined. Dissociation of embry- 
onic cells during the 32-cell stage abolished notochord differentiation. By 
isolating notochord-lineage cells at various stages, it was shown that the 
presumptive-notochord blastomeres, manually isolated from 32-cell em- 
bryos, do not develop any notochord-specific features (specific morpholo- 
gies and a specific antigen) (Fig. 14). However, the isolation of cells after the 
64-cell stage resulted in notochord differentiation. Therefore, presumptive- 
notochord cells acquire the capacity for autonomous development at the 
64-cell stage. 

Although the involvement of inductive interactions is assumed by the 
failure of differentiation of isolated blastomeres, the role of cell interac- 
tions must be further tested by experiments involving the recombination 
of isolated blastomeres. To confirm the involvement of induction in the 
determination of notochord and to identify the inducer blastomeres, the 

A6.2 or A6.4 
no notochord cells - C) 

A6.2+A6.1 
32-cell embryo or notochord 

notochord 
precursor 

endoderm 
precursor 

notochord 
cell 

A6AA6.3  differentiation 
FIG. 14 Experiments that involve isolation and recombination of blastomeres to reveal the 
requirement of induction for notochord formation. (A) Vegetal view of a 32-cell embryo. 
(B) Isolation of presumptive-notochord blastomeres. Partial embryos do not differentiate 
into notochord. (C) Recombination of presumptive-notochord blastomeres and inducer 
blastomeres. Notochord forms. 
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presumptive-notochord blastomeres at the 32-cell stage were recom- 
bined with one of the surrounding blastomeres. When the presumptive- 
notochord blastomeres were recombined with presumptive-endoderm 
blastomeres, notochord differentiation occurred (Fig. 14C). Interestingly, 
when two presumptive-notochord blastomeres were recombined, noto- 
chord also formed. It is suggested that, for the primary notochord lineage, 
notochord formation occurs as the result of an inductive influence from 
vegetal blastomeres that include the presumptive-endoderm blastomeres 
and the presumptive-notochord blastomeres themselves. However, an iso- 
lated single notochord precursor cell cannot induce itself in an autocrine 
manner. 

Recombination at various times after isolation of presumptive-notochord 
blastomeres and inducer blastomeres suggested that inductive interactions 
must be initiated before the decompaction of blastomeres during the 32- 
cell stage. Furthermore, the recombination of animal hemisphere cells (epi- 
dermis precursors) with endoderm cells did not result in notochord for- 
mation. This result differs from how mesoderm is induced in amphibian 
embryos. Animal hemisphere cells do not have the competence to form 
notochord in ascidians. In conclusion, ascidians as well as vertebrates utilize 
inductive interactions that play a crucial role in the determination of noto- 
chord. However, there are significant differences in how notochord cells 
are induced in ascidians compared to amphibians. Ascidian animal hemi- 
sphere cells do not have the competence to form notochord cells, whereas 
in amphibian embryos animal cells do respond to inductive signals. 

It has been believed that notochord is autonomously specified in ascidian 
embryos. This is because isolated blastomeres from 8- and 16-cell embryos 
develop autonomously into partial embryos that contain differentiated no- 
tochord. Now it is assumed that notochord induction occurs within partial 
embryos that were derived from blastomeres isolated at the early stages, 
because isolated blastomeres can give rise to both inducing and responding 
cells. Paradoxically, under such conditions, blastomeres develop autono- 
mously, but notochord formation is not an autonomous process. We should 
note that although studies with isolated blastomeres can serve to demon- 
strate the developmental autonomy of blastomeres and the inability of 
blastomeres to undergo regulative development, autonomous development 
of early blastomeres does not always mean autonomy of tissue differenti- 
ation. 

In Xenopus, activin and basic fibroblast growth factor (bFGF) are 
mesoderm-inducing factors (Smith, 1989; Asashima, 1994). To examine 
if these growth factors are effective on ascidian notochord induction, 
presumptive-notochord blastomeres of ascidian embryos were isolated at 
the 32-cell stage and treated with activin and bFGF (Nakatani et al., 1996). 
Activin up to 500 ng/ml did not induce notochord, whereas 0.02 ng/ml 
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bFGF was found to be an efficient inducer of the notochord in Halocynthia 
(Fig. 15). Pulse treatments of cells with bFGF indicated that the period of 
competence in which cells could be induced to develop into notochord was 
short. Isolated blastomeres treated only at the 32-cell stage responded 
to bFGF. This result is consistent with results obtained from blastomere 
recombination experiments. Treatment of cells isolated from the animal 
hemisphere with bFGF did not develop into notochord. Therefore, only 
notochord-lineage blastomeres are competent to be induced to develop 
into differentiated notochord cells. 

The Brachyury (T) gene plays an important role in the formation of 
mesoderm in the mouse (Herrmann et al., 1990). This gene is expressed 
from early gastrulation in mesoderm and primitive ectoderm and then 
becomes restricted to notochord (Wilkinson et al., 1990). Homologs of the 
mouse T gene have been cloned in Xenopus (Smith et aZ., 1991) and in the 
zebrafish (Schulte-Merker et al., 1992). Similar to the mouse T gene, these 
genes are expressed in the mesoderm and especially in notochord- 
progenitor cells. Recently, an ascidian homolog of Brachyury,As- T, was 
cloned and its pattern of expression was analyzed by in situ hybridization 
(Yasuo and Satoh, 1993,1994). During ascidian embryogenesis, transcripts 
of the As-T gene are first detected at the 64-cell stage, immediately after 
notochord induction, and these transcripts appear exclusively in the 
presumptive-notochord blastomeres of the primary lineage (Fig. 16). Ex- 
pression of As-T begins in the secondary notochord lineage at the 110-cell 
stage. As- T transcripts were not detected in other mesodermal precursor 
cells. The expression of these transcripts continues until the late tailbud 
stage in notochord-progenitor cells. 

Experimental results showed that the notochord precursor cells when 
isolated at the 32-cell stage do not express As-T. Recombination of noto- 
chord precursors with inducer blastomeres results in As-T expression. When 

FIG. 15 Treatment of presumptive-notochord blastomeres isolated at the 32-cell stage with 
basic fibroblast growth factor (bFGF). (A) Nontreated embryo. (B) Embryos treated with 
0.2 ng/ml bFGF. Notochord cells elongate and a vacuole forms at one end of each cell. Cells 
expressed notochord-specific antigens when immunostained. Scale bar, 50 pm. From Nakatani 
et al. (1996). 
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FIG. 16 (A and B) Expression of bruchyury homologue, As-T, in the 64- and 110-cell embryos, 
respectively. Transcripts were detected by in sihi hybridization. The signal is visible in the 
nuclei of notochord precursor cells. Scale bar, 100 pm. From Yasuo and Satoh (1993, 1994) 
and Nakatani et ul. (1996). 
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presumptive-notochord blastomeres were treated with bFGF, the expres- 
sion of the As-T gene was also detected (Nakatani et al., 1996). Therefore, 
inductive interactions that mediate notochord determination are required 
for the expression of As-T. The expression of As-T is closely correlated 
with the determined state of notochord precursor cells. The major role of 
inductive interactions may be to cause expression of the As-T gene in the 
presumptive-notochord cells. These findings indicate that the molecular 
mechanism of notochord induction in ascidians is similar to that of other 
chordates. 

2. BrainInduction 
The so-called brain (sensory vesicle) of ascidian larvae is located in the 
dorsal region of the trunk. The central nervous system is formed by the 
folding of the neural plate (Figs. 2C-F) and, as in vertebrates, neural 
induction is involved. The brain is derived from six blastomeres of the 
anterior-animal region (the a-line blastomeres) of the 110-cell embryo 
(Fig. 3,4,6, and 18). Isolated a-line cells from 8-cell embryos do not develop 
brain structures. Experiments involving the ablation and recombination 
of blastomeres indicate that the anterior-vegetal (A-line) cells have an 
inductive influence on brain development (Rose, 1939; Reverberi and Min- 
ganti, 1946). 

Recently, the differentiation of neural tissues was monitored by examin- 
ing the development of neural-type membrane excitability (Okado and 
Takahashi, 1988; reviewed by Okamura et al., 1993; Takahashi and Oka- 
mura, 1995). When the a-line animal blastomeres of 8-cell embryos, which 
are fated to give rise to brain and epidermis (Fig. 6A), were isolated and 
cleavage-arrested using cytochalasin B, they developed membrane excit- 
ability typical of epidermis cells. However, when they were cultured in 
contact with cleavage-arrested A-line vegetal cells, they showed a neural 
type of differentiation. Therefore, inductive interactions with the vegetal 
cells are essential for neural development. Effective recombination of the 
a- and A-line cells for neural-type differentiation is estimated to occur 
during the gastrula stage (Okado and Takahashi, 1990). Interestingly, iso- 
lated a-line cells can be induced to develop neural features when they are 
treated with protease (Okado and Takahashi, 1993). The proteolysis of 
the extracellular domain of a putative receptor molecule may activate the 
intracellular domain of the receptor. 

Okamura et al. (1994) cloned a cDNA that encodes a neuron-specific 
sodium channel. Expression of this gene begins in the late gastrula embryo. 
Experiments involving the recombination of blastomeres consistently dem- 
onstrate that the expression of this sodium channel gene in brain-lineage 
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FIG. 17 (A) The expression of TuNal, a gene that encodes a neuron-specific sodium channel, 
is detected in cells of central nervous system as well as peripheral nervous system. Transcripts 
were detected by in situ hybridization. (B) TuNal expression is induced in the a-line cell by 
cell iteration with the A-line cell. An a-line brain-lineage blastomere was isolated (arrow) 
and recombined to an A-line cell of the vegetal hemisphere at the 8-cell stage. Their cleavages 
were arrested by cytochalasin B and they were cultured until larval stage. Signal is evident 
in the cleavage-arrested a-line cell. (C) An a-line cell was cultured with another cell of the 
animal hemisphere. No signal is observed. Scale bar, 50 pm. From Okamura et al. (1994). 

cells requires contact with the A-line cells of the vegetal hemisphere (Fig. 
17). These results indicate that neural induction in ascidian embryos is 
similar to neural induction in vertebrates. 

3. Induction of Sensory Pigment Cells 

The brain of an ascidian larva is composed of two pigment cells, termed 
the ocellus melanocyte and the otolith melanocyte (Figs. 18A and 18B). 
The ocellus responds to light, whereas the otolith is sensitive to gravity 
(Dilly, 1962, 1964). Each sensory organ contains a single melanocyte. The 
ocellus melanocyte and the otolith melanocyte are easily distinguished by 
their morphology. These pigment cells originate from two blastomeres (as. 
25 cell) that are bilaterally positioned in the animal hemisphere of the 110- 
cell embryo (Fig. 18C). The a8.25 cell also gives rise to part of the brain. 

Formation of these pigment cells requires the inductive influence from 
vegetal blastomeres of the A-line. When a-line melanocyte-lineage cells 
are isolated during the cleavage stage, they do not develop into melanocytes. 
When they are recombined with A-line vegetal blastomeres, melanocyte 
differentiation occurs (Rose, 1939; Reverberi and Minganti, 1946 Riverberi 
et al., 1960). In Hulocynthiu, the time of melanocyte determination was 
studied by Nishida and Satoh (1989). When embryonic cells were dissociated 
at 9 hr (the 110-cell stage, beginning of gastrulation) and cultured until 
the hatching stage, pigment cell development did not occur. However, 
dissociation of cells after 10 hr (the 180-cell stage, middle gastrula) resulted 
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FIG. 18 (A) A tadpole larva with two sensory pigmented spots in the brain (sensory vesicle). 
(B) Higher magnification of the brain of a larva. OC, ocellus melanocyte; OT, otolith melano- 
cyte. (C) An SEM image of the animal hemisphere of a 110-cell embryo, showing bilateral 
melanocyte-lineage cells, a8.25 (arrows). Anterior is at the top of the photomicrograph. Scale 
bar, 50 pm. From Nishida and Satoh (1989). 

in development of pigment cells. The timing of melanocyte determination 
will be discussed further in a later section. 

To identify which precursor cell is the inducer of sensory pigment cells, 
various sets of blastomeres were coisolated together with the presumptive 
melanocyte of the 110-cell embryos (Nishida, 1991). As previously men- 
tioned, the fates of most of the blastomeres are restricted to a single type 
of tissue by the 110-cell stage. The results of these studies suggest that 
the nerve cord (previously this was designated as spinal cord) precursor 
blastomeres, which are vegetal cells of the A-line, can induce the a-line 
cells to form pigment cells. In addition, embryos from which all nerve cord 
precursors had been ablated failed to form sensory pigment cells. Therefore, 
it is probable that the inducers of ascidian sensory pigment cells are nerve 
cord precursor cells. However, the induction of sensory pigment cells in 
ascidian embryos is not comparable to the induction of sensory organs in 
vertebrate embryos, because sensory pigment cells are induced at about 
the 180-cell stage during gastrulation in ascidians, but not induced from 
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the neural tube of neurula or tailbud as in vertebrates. Similar to neuronal 
cells, isolated a-line cells can be induced to differentiate into melanocytes 
by treatment with protease (Ortolani et al., 1979). Tyrosinase is an essential 
enzyme for melanin synthesis (Whittaker, 1966, 1973b). Recently, a gene 
of tyrosinase was cloned (Sato et al., 1997). Study of trancriptional control 
elements of this gene may help to elucidate the molecular mechanisms 
responsible for pigment cell induction. 

4. Induction of Trunk Lateral Cells 
TLCs were first described as larval cells situated dorsally to mesenchyme 
cell clusters at the tailbud stage in Halocynthia (Nishida and Satoh, 1985). 
TLCs originate exclusively from A7.6 blastomeres of the 110-cell embryo. 
Mita-Miyazawa et al. (1987) produced a monoclonal antibody that recog- 
nizes larval TLCs. After metamorphosis, this TLC-specific antigen was 
expressed in the coelomic cells of juveniles and in adult basophilic blood 
cells. It has been suggested that TLCs may be the precursors of some types 
of adult blood cells (Nishide et al., 1989). Although TLCs do not play a 
role in the larva, they initiate some steps of differentiation before metamor- 
phosis, as indicated by the expression of the TLC-specific antigen. 

When prospective TLC blastomeres were isolated from embryos before 
the 16-cell stage, they did not express TLC-specific antigen. Isolates after 
the 32-cell stage, however, autonomously expressed the antigen. Results 
of experiments involving recombination of blastomeres at the 16-cell stage 
showed that inductive influences emanating from animal hemisphere cells 
(presumptive epidermis blastomeres) are required for TLC formation. The 
inducing activity is distributed widely in the animal hemisphere. In contrast, 
only presumptive TLC blastomeres have the competence to be induced to 
form TLCs (Kawaminami and Nishida, 1997). 

6.  Stage of Determination and Fate Restriction 

The determinative state of cells can be operationally defined only by isola- 
tion and grafting experiments. A determined cell continues to develop 
autonomously according to its development fate after isolation from the 
embryo or after grafting to any other region of an embryo. A series of 
such isolation and grafting experiments, carried out at different stages, 
usually reveals the time at which the fate of particular embryonic cells is 
unequivocally determined (Slack, 1991). 

In classical embryology, most studies of embryonic induction were per- 
formed in vertebrates, for example, studies of mesoderm induction (Nieuw- 
koop, 1969, 1973) and neural induction (Spemann and Mangold, 1924; 
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Spemann, 1938) in amphibian embryos. Embryos of vertebrates consist of 
a large number of cells compared with those of invertebrates. The inductive 
interactions are generally assumed to determine the fates of large groups 
of cells, with all descendants of the induced cells following a single common 
developmental pathway. 

Inductive interactions and the timing of determination have recently 
been investigated in detail in invertebrate embryos, namely, those of ascidi- 
ans and a nematode. In these animals, embryogenesis involves a relatively 
small number of cells. The determination and induction of certain cell types 
in Hulocynthia have been analyzed at the single-cell level, and it has been 
shown that inductive interactions occur during the cell cycle immediately 
prior to asymmetric cell division, during which the developmental fate is 
restricted to a single type of cell (Nishida, 1996b). These studies serve to 
emphasize the importance of the events that occur in the last cell cycle 
prior to fate restriction. 

Figure 19 summarizes the temporal relationships between the stage of 
fate restriction and the time of determination or period of inductive interac- 
tion in four examples in Hulocynthiu embryos. In the case of notochord 
induction (Fig. 19A), inductive interactions take place during the 32- 
cell stage, as mentioned before. However, the developmental fate of the 
presumptive-notochord blastomeres of the 32-cell embryo (A6.2 cells, for 
example) have not yet been restricted to exclusively produce notochord 
cells at this stage. These cells also produce nerve cord cells. During the 
next cell division, the developmental fates that give rise to notochord and 
nerve cord are separated into two daughter cells. So the fate of one daughter 
blastomere (A7.3 cell) is restricted to produce notochord and the other 
daughter cell (A7.4 cell) is restricted to produce nerve cord cells. This being 
the case, inductive interactions occur just prior to fate restriction (Nakatani 
and Nishida, 1994). 

In the case of the induction of otolith and ocellus melanocyte precursors 
(Fig. 19B), presumptive melanocyte cells acquire the ability to develop 

FIG. 19 Four examples illustrating the timing of cell determination and fate restriction during 
ascidian embryogenesis. The timing of determination was inferred by experiments involving 
dissociation, isolation, and recombination of embryonic cells. (A) Timing of induction and 
fate determination in the primary notochord lineage during ascidian embryogenesis. (B) Events 
during the development of the sensory pigment cell lineage. (C) Events during development of 
the secondary muscle lineage. (D) Events during development of the secondary notochord 
lineage. Numbers in circles indicate the rounds of cell division in the relevant lineage up to 
the final cell division. In each figure, a lineage tree is shown. Letters with numbers, such as 
A6.2, designate a particular blastomere. The relevant lineage is indicated by thick lines. 
Nomelevant lineages are indicated by broken lines and cell divisions are omitted. From 
Nishida (1996b). 
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autonomously in isolation before their developmental fate is restricted to 
formation of melanocytes (Nishida and Satoh, 1989). Figure 19C presents 
the case for secondary muscle cells. As mentioned before, there are 21 
muscle cells on each side of the tail of the tadpole larva of the ascidian 
Hulocynthiu. The 14 cells of the anterior and middle parts of the tail are 
designated primary muscle cells, while the 7 cells in the posterior part are 
called the secondary muscle cells. The fates of primary muscle cells are 
specified by localized ooplasmic factors. Therefore, blastomeres of the 
primary muscle lineage show developmental autonomy even at early cleav- 
age stages. In contrast, the secondary muscle lineage does not. To define 
the stage at which cells acquire the capacity for autonomous development, 
secondary muscle lineage blastomeres were isolated at various stages (Nis- 
hida, 1990). The results suggest that the determination of secondary muscle 
cell fates occur part of the way through the cell cycle, immediately before 
the eighth cell division, at which time the fate of one daughter cell is 
restricted to muscle. 

Figure 19D presents the case for secondary notochord cells. The tadpole 
larvae of ascidians have 40 notochord cells in the tail. Of these cells, 32 in 
the anterior and middle parts of the tail are derived from the primary 
lineage, while 8 in the posterior part originate from the secondary lineage. 
The inductive interactions that occur in the primary notochord precursor 
cells have been studied in detail and described before (Fig. 19A). In studies 
of the secondary notochord lineage, experiments involving the isolation of 
blastomeres at various stages were carried out. The results suggest that 
determination precedes the restriction of the developmental fate to produce 
notochord cells (Nakatani and Nishida, 1994). 

Similar examples can be found in the embryogenesis of other animals. 
A recent study has shown that induction is required for establishment of 
gut cells in C. eleguns (Goldstein, 1992, 1993, 1995). Determination of gut 
fate is accomplished by a contact-dependent inductive interaction prior to 
fate restriction, and only one daughter cell of the induced mother cell 
inherits the capacity to form gut. 

In each case, determination seems to occur during the last cell cycle, 
immediately before fate restriction. These studies were carried out with 
invertebrate embryos that contain a small number of cells. Cellular interac- 
tions and determination occur within a small number of cells and could, 
therefore, be analyzed at the single-cell level. The results reveal novel 
aspects of induction that are different from those observed in vertebrates. 
In vertebrates, it has been postulated that inductive interactions which are 
mediated by diffusible factors generally determine the fate of large groups 
of cells, with all descendants of the induced cells assuming a single common 
developmental pathway (Fig. 20). Nonequivalent or asymmetric cell divi- 
sions that produce two distinct cells play a fundamental role in generating 
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FIG. 20 (A) Inductive influences (arrows) determine the fate of groups of cells usually 
depending on the position of the responding cells rather than on their lineage. All the progeny 
of the induced cells assume a common developmental fate, which is represented by A. (B) 
The mother cell is subject to an inductive influence (arrow). Consequently, one daughter cell 
assumes a fate, B, that is different from the fate of the other daughter cell. From Nishida 
(1996b). 

different types of cells in embryos with a small cell number, such as ascidian 
embryos. In the cases discussed herein, only one daughter cell of a mother 
cell that was subject to an inductive influence became fated to give rise to 
a certain cell type (Fig. 20B). The number of cases studied so far in inverte- 
brates is too small to allow us to postulate the general significance of 
determination prior to fate restriction. It is now important to study the 
timing of induction in cases where induction occurs within a small number 
of cells and in a contact-dependent manner. 

In the examples discussed herein, inductive interaction and determination 
occur at the last cell cycle before asymmetric cell division that results in 
fate restriction. The phenomenon has several important implications for 
understanding how developmental fates are determined. Presumably, in- 
ductive influences cause some localized change in the mother cell and 
polarize the mother cell, resulting in asymmetric division. An obvious hy- 
pothesis is that particular cytoplasmic factors are captured at the site of 
contact with the inducer cell, as suggested by Goldstein (1995) in the 
induction of gut in C. elegans. Alternatively, factors may be activated near 
the contact site, causing one daughter to differentiate differently. Recently, 
the Numb and Prospero proteins involved in Drosophila neurogenesis 
(Rhyu et al., 1994; Knoblich et al., 1995; Hirata et al., 1995) and Notch 
protein involved in vertebrate neurogenesis (Chenn and McConnell, 1995) 
have been shown to be inherited by one daughter cell in nonequivalent 
cell divisions. Asymmetrically segregated Numb and Prospero proteins are 
required for asymmetric fates. Although it is unknown whether cellular 
interactions are involved in these processes, the translocation of the Numb 
and Prospero proteins in a particular direction occurs during the cell cycle 
just before asymmetric cell division. Another likely possibility is that only 
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one of the daughter chromosomes or DNA that will be inherited by one 
daughter cell is modified in the mother cell, although there is no evidence 
to support this. The necessary involvement of DNA replication and critical 
nuclear events in the quanta1 cell cycle prior to cell differentiation have 
long been postulated (Holtzer et aL, 1975). In future studies, it will be 
important to examine the events that occur during the last cell cycle in 
mother cells. 

C. Instructive and Permissive Induction 

Notochord-lineage and brain-lineage blastomeres that are isolated before 
inductive interactions take place do not develop into epidermis cells or 
other kinds of tissue as far as has been examined (Nishida, 1991; Nakatani 
and Nishida, 1994). This indicates an important difference in the process 
of induction of notochord and brain in ascidian embryos compared to 
mesodermal and neural induction in amphibian embryos. It is possible that 
intrinsic differences may already exist between precursors of notochord 
and brain and those of epidermis before induction. Inductive influences 
may be required for the expression of features of differentiation, rather 
than choosing a particular cell fate among the repertoire of possible devel- 
opmental pathways. In this regard, these interactions may be considered 
an example of a “permissive” type of induction (Wessells, 1977; Gurdon, 
1987). Inherited maternal cytoplasmic factors could be responsible for the 
differences observed between precursors of notochord and brain and pre- 
cursors of epidermis. In ascidians, epidermis formation appears to be medi- 
ated by maternal epidermis determinants, and there does not appear to be 
a “default fate” such as epidermis in animal-hemisphere cells of amphibian 
embryos. This will be discussed again in a later section. 

D. Competence 

The distribution of the competence to be induced to form notochord cells 
and TLCs in Halocynthia embryos was analyzed. The results indicated 
that the competence to be induced to make notochord is restricted to 
the presumptive-notochord blastomeres. Likewise, the competence to be 
induced to form TLCs is restricted to the presumptive-TLC blastomeres. 
Again, it seems that there are intrinsic differences between responding 
blastomeres and other blastomeres. 
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A. Cytoplasmic Determinants vs Induction 

The definition of the axis of eggs and early embryos as a whole is somewhat 
difficult, because embryonic cells show complicated movements during mor- 
phogenesis, and the definition depends on what parts of the embryo one 
stresses. Conklin (1905b) assigned the animal-vegetal axis of ascidian eggs 
to the ventral-dorsal axis. Only in the animal hemisphere does the animal- 
vegetal axis of eggs and early embryos correspond precisely to the ventral- 
dorsal axis of larvae. The central region of the ventral epidermis of larvae 
originates from the animal pole region, whereas equatorial blastomeres in 
the animal hemisphere develop into dorsal epidermis. However, in the 
vegetal hemisphere, it is difficult to define the dorsal-ventral axis. Blasto- 
meres in the vegetal pole region of early embryos do not give rise to the 
dorsal tissues of larvae, as they give rise to endoderm (Fig. 4). 

The anterior-posterior axis has been defined as roughly perpendicular to 
the animal-vegetal axis in ascidians eggs (Conklin, 1905b). The anterior- 
posterior axis (A-P axis) of eggs and early embryos does not correspond pre- 
cisely to the A-P axis of larvae because cells do not remain stationary during 
morphogenetic movements. Again, in the animal hemisphere, the A-P axis 
of eggs and early embryos corresponds precisely to the A-P axis of larvae 
because positional rearrangement does not take place in the animal hemi- 
sphere. Anterior-animal blastomeres give rise to head epidermis of larvae 
and posterior-animal blastomeres develop into tail epidermis. In the vegetal 
hemisphere, anterior blastomeres, which are designated A-line cells, mainly 
give rise to anterior endoderm, notochord, and nerve cord (Figs. 4 and 6A). 
Notochord and nerve cord cells are located in the larval tail. Posterior- 
vegetal blastomeres, which are designated B-line cells, mainly develop into 
posterior endoderm, mesenhyme, and muscle. Muscle cells are found in the 
tail, while posterior endoderm and mesenchyme cells are found in the trunk 
region (Conklin, 1905b; Nishida, 1987). In the present paper, “anterior” and 
“posterior” are used in the way that these adjectives have been traditionally 
applied to ascidian eggs and early embryos according to Conklin (1905b). 
Thus, in the present context, “anterior fate” refers to the fate that gives rise 
to the anterior part of the fate map of blastulae (Fig. 4) and does not mean 
the fate that gives rise to the anterior structures of larvae. 

How is the anterior-posterior axis of the embryo specified in an ascidian? 
The fate map of the animal hemisphere is straightforward (Fig. 4). In 
contrast, that of the vegetal hemisphere is more complicated. Among the 
various tissues comprising the fate map, epidermis and endoderm fates are 
determined by cytoplasmic determinants. Inductive interactions occurring 
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at the 32-cell stage are involved in the formation of notochord. Anterior 
to the notochord precursors, there are nerve cord precursors. It is not yet 
known whether nerve cord is induced by notochord. Anterior to the nerve 
cord precursors, there are precursors of brain and sensory pigment cells. 
These cells are induced during gastrulation. As notochord and brain are 
formed by induction, it is likely that anterior components of ascidian em- 
bryos are induced sequentially during embryogenesis. By contrast, primary 
muscle precursors in the posterior region are determined by cytoplasmic 
factors in eggs. The determinative mechanism of mesenchyme formation 
is not yet known. Here, I would like to propose that in the equatorial 
region of the vegetal hemisphere, posterior fate is determined by cyto- 
plasmic factors in the egg and anterior fate is determined by sequential 
induction during embryogenesis. There is evidence to support this idea 
using Halocynthia eggs. 

Posterior-vegetal cytoplasm was removed from Halocynthia eggs at the 
second stage of ooplasmic segregation by cutting off egg fragments with a 
fine glass needle. The egg volume removed was 8-15% of the total volume 
(Figs. 21A and 22, Exp. A). The larvae derived from these operated eggs did 
not have a normal tadpole morphology (Fig. 21B). These larvae consisted 
of epidermis, endoderm, and notochord but they lacked muscle. There 
were tissues that are derived only from the anterior hemisphere of the fate 
map (Fig. 4). Also, they showed radial symmetry along the animal-vegetal 
axis. There was no indication of an anterior-posterior axis. Removal of 
egg cytoplasm from the other regions did not affect normal embryogenesis 
(Nishida 1994b). In contrast, in Styela eggs, Bates and Jeffery (1987b) 
reported that removal of the posterior-vegetal cytoplasm at the second 
stage of segregation did not affect normal development. 

FIG. 21 (A) A posterior-vegetal cytoplasmic fragment has been removed from a Halocynthia 
egg after the second phase of ooplasmic segregation. (B) A larva derived from an egg from 
which posterior-vegetal cytoplasm had been removed. Ep, epidermis; En, endoderm; N, 
notochord. (C) SEM image of vegetalview of a normal embryo at the 76-celI stage. Arrowheads 
show blastomeres that are precursors of nerve cord. Arrows indicate notochord precursors, 
and an open circle shows an endoderm precursor. (D) SEM image of vegetal view of a 
posterior-vegetal cytoplasm-deficient embryo. Cleavage pattern is radialied. (E) Cell division 
of a normal embryo had been inhibited from progressing beyond the 110-cell stage. Expression 
of the notochord-specific antigen was detected. There is a row of eight positive cells, in 
addition to two smaller positive cells. Refer to the 110-cell embryo in Fig. 13D. (F) Posterior- 
vegetal cytoplasm deficient embryo was treated similarly to the embryo in E. In this specimen, 
stained cells encircled the embryo. (G) Posterior cytoplasm is transplanted to the anterior 
position. The fate of introduced cytoplasm was traced. It was shown that tadpole larvae 
developed with their anterior-posterior axis reversed with regard to developmental fate. Scale 
bar, 100 fim. From Nishida (1994b). 



290 

EXD. A 
ani --w 

ant +post 6, - B 

4 
I 
I 

HlROKl NlSHlDA 

anteriorization 

axis reversal 

*cT===) 

110s teriorizaton 

FIG. 22 Summary of experiments that involve removal and transplantation of the posterior- 
vegetal cytoplasm (PVC) from Hdocynthiu eggs after the second phase of ooplasmic segrega- 
tion. (Exp. A) Removal of PVC. (Exp. B) Transplantation of PVC to the anterior-vegetal 
position of PVC-removed eggs. (Exp. C) Transplantation of PVC to the anterior-vegetal 
position of normal eggs. Embryos have PVC in both sides in this case. 

Figure 21C shows a vegetal view of normal Hulocynthiu embryos at the 
76-cell stage, while Fig. 21D shows an embryo lacking posterior cytoplasm. 
The cleavage pattern was radially symmetrical in these deficient embryos. 
Mirror-image duplication of the anterior half of a normal embryo can be 
recognized. In normal and deficient embryos, notochord precursors are 
indicated by arrows. In deficient embryos, it looks like notochord precursors 
encircle the embryos. This was confirmed taking advantage of ascidian 
development. Nishikata and Satoh (1990) reported that when cleavages 
were continuously inhibited by treatment with cytochalasin B after the 110- 
cell stage, eventually, some of the notochord precursor cells expressed 
the notochord-specific antigen. The maximal number and arrangement of 
positive cells coincided with those of the notochord-lineage cells (Fig. 21E). 
The radialized embryos were treated similarly. The number of positive cells 
exceeded that of normal embryos, and positive cells encircled the embryos 
(Fig. 21F) (Nishida, 1994b). These results suggest that without posterior 
ooplasm, induction proceeds in the posterior direction. Consequently, 
mirror-image duplication of the anterior half occurs. Removal of anterior 
cytoplasm had no effect on normal embryogenesis. 

In the second series of experiments, posterior cytoplasm was transplanted 
to the anterior position by electrofusion of egg fragments (Fig. 22, Exp. 
B). A posterior egg fragment was cut off, stained with Nile blue, and then 
fused to the anterior position. The fate of introduced cytoplasm was traced 
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by monitoring the color. In a significant number of cases, tadpole larvae 
developed with their anterior-posterior axis reversed in terms of the cleav- 
age pattern as well as the developmental fate (Fig. 21G). In such cases, 
sequential induction is likely to proceed in the posterior direction. In addi- 
tion, formation of the anterior components from the original anterior part 
must be inhibited by the introduced posterior cytoplasm. In contrast, trans- 
plantation of anterior cytoplasm to the posterior position had no effect. 

In the third series of experiments, posterior cytoplasm was transplanted 
to the anterior position of normal eggs (Fig. 22, Exp. C).  In this case, 
the eggs operated had posterior cytoplasm on both sides. The number of 
notochord cells was significantly reduced, and in 7% of cases, embryos had 
no notochord. These results suggest that posterior cytoplasm suppresses 
the formation of the anterior components. 

By looking at the fate map again in Fig. 4, the removal of posterior 
cytoplasm causes the posterior blastomeres to adopt the fates of anterior 
blastomeres. When posterior cytoplasm was transplanted to an anterior 
position, posterior fate overcame anterior fates. In contrast, transplantation 
of anterior cytoplasm to a posterior position did not affect development. 
Therefore, posterior fates were dominant over anterior fates in these cyto- 
plasmic transfer experiments using Halocynthia embryos. The presence of 
posterior cytoplasm specifies posterior fate, while anterior fate is directed 
by the absence of posterior cytoplasm. Provided that posterior fate is deter- 
mined by cytoplasmic factors present in the egg and, in addition, that 
anterior fate is determined by sequential inductions during embryogenesis, 
it is easy to explain the posterior dominance that was observed in cyto- 
plasmic transfer experiments. Without posterior cytoplasm, sequential in- 
ductions also proceed in the posterior direction, with formation of anterior 
components. Removal or transplantation of anterior cytoplasm does not 
affect normal development. There may be no maternal determinants unique 
to the anterior part of the zygote. When posterior cytoplasm is present, 
sequential inductions cannot occur because the developmental fate of these 
cells has already been determined by maternal cytoplasmic factors and the 
blastomeres do not have the competence to be induced. 

8. Comparison with Amphibian Development 

In unfertilized eggs of many kinds of animals, there is an animal-vegetal 
axis. The second axis of bilateral embryos that is perpendicular to the 
animal-vegetal axis is specified just after fertilization or during early em- 
bryogenesis. These two axes are the basis for the bilateral body plan. There 
are important and significant differences between ascidians and amphibians 
in the processes involved in establishment of the second axis of the egg. 
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The second axis is the so-called anterior-posterior axis in ascidian eggs 
and the so-called dorsal-ventral axis in amphibian eggs. The anterior region 
of the ascidian fate map at the blastula stage (Fig. 4) is comparable to the 
dorsal region of the amphibian fate map; this is where the notochord and 
central nervous system rudiments exist and both cell types are induced 
during embryogenesis. 

In Xenopus, the specification of the dorsal-ventral axis begins after 
fertilization with a shift of vegetal-cortical cytoplasm to the future dorsal 
side (Scharf and Gerhart, 1980). In Xenopus, it was recently shown that 
transplantation of dorsal cytoplasm to a ventral position causes the forma- 
tion of a secondary axis (Yuge et al., 1990). Dominance of the dorsal fate 
was observed. Hainski and Moody (1992) reported that mRNA from dorsal 
blastomeres can alter ventral blastomeres and yield a secondary axis. This 
is the most important and significant difference from ascidian development, 
because cytoplasmic transfer experiments in Xenopus eggs indicate that 
there exist dorsal determinants rather than ventral determinants in egg 
cytoplasm. The dorsal determinants are thought to be involved in the 
formation of the Nieuwkoop center of Xenopus embryos. 

In contrast, in ascidian, transfer of egg cytoplasm showed that posterior 
determinants are present and that there may be no maternal determinants 
unique to the anterior part, which corresponds to the dorsal part of amphib- 
ian. It is likely that there is no Nieuwkoop center in the ascidian embryo. 
In the animal hemisphere, epidermis determinants exist. In the vegetal pole 
region, endoderm determinants exist. And in the posterior region, posterior 
determinants are present. Therefore, the competence to be induced to 
notochord and brain might be restricted to the anterior marginal region of 
the embryo. Inductive influence automatically progresses in the anterior di- 
rection. 

As mentioned before, induction of notochord and brain in ascidian may 
be regarded as permissive type, because presumptive notochord and brain 
blastomeres that are isolated before induction do not differentiate into 
epidermis or other cell types. However, as indicated above, in ascidian, 
there may be no maternal determinants to specify anterior fate. Therefore, 
anterior blastomeres that were isolated before induction may indeed be 
neutral cells that have no default fate, such as epidermis in amphibian 
embryos. If this is correct, the fate of these cells is determined by inductive 
interactions. In this regard, these inductions can be regarded as “instruc- 
tive.” The distinction between instructive and permissive induction is easily 
applicable to vertebrate development (Wessells, 1977; Gurdon, 1987). How- 
ever, if there is no default fate, such as is the case in ascidian embryos, the 
distinction is not clear because there is no way to know whether a cell is 
neutral or its fate is already specified to some extent. 
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The idea of induction of notochord and sensory pigment cells is supported 
by interesting observations and experiments using anural ascidian embryos, 
which show an alternate mode of development. Most ascidian species pro- 
duce tadpole (urodele) larva. However, in fewer than 20 of approximately 
3000 ascidian species, fertilized eggs develop into tailless (anural) larvae 
that develop directly into adults (Berrill, 1931; Jeffery and Swalla, 1990, 
1992). Urodele development is thought to be the ancestral mode of develop- 
ment in the ascidian. Molgula oculata and Molgula occulta are closely 
related species (Swalla and Jeffery, 1990). M. oculata shows urodele devel- 
opment, whereas M. occulta shows anural development (Fig. 23). The anural 
embryo lacks some of the typical urodele features. In M. occulta embryos, 
the pattern of early cleavage is similar to that of urodele species. The 
embryos exhibit typical gastrulation and neural tube formation. However, 
they do not contain a sensory pigment cell in their brain and they have no 
tail. Although notochord and muscle-lineage cells are present in the poste- 
rior region of the neurula, they do not differentiate into notochord and 
muscle cells. 

The mechanisms underlying the transition from urodele to anural devel- 
opment have been investigated. When eggs of M. occulta (anural species) 
are fertilized with sperm of M. oculata (urodele species), the interspecific 
hybrids develop some of the urodele features, including a sensory pigment 
cell and a short tail containing notochord, but there are no muscle cells 
(Fig. 23) (Swalla and Jeffery, 1990). In the reciprocal cross, embryos develop 
into tailed tadpole larvae. The results of interspecific hybridization suggest 
that zygotic expression of the urodele genome in the anural zygote is 
responsible for differentiation of sensory pigment cells and notochord and 
that zygotic events play a crucial role in the formation of these tissues. This 
supports the idea that pigment cells and notochord are induced during 
urodele embryogenesis. In contrast, muscle does not differentiate in the 
hybrids. This result supports the idea that ascidian muscle formation in- 
volves maternal ooplasmic factors. Swalla et al. (1991) and Bates (1995) 
reported that pS8, a cytoskeletal protein recognized by an antibody against 
vertebrate neurofilaments that is concentrated in myoplasm of urodele 
eggs, is missing or reduced in eggs of anural species. 

Recently, cDNA clones encoding genes that are expressed differentially 
in anural (M.  occulta) and urodele (M.  oculata) eggs were isolated using a 
subtractive procedure (Swalla et al., 1993). Manx (Uro-II) mRNA is present 
in oocytes of urodele species but it is absent from anural oocytes. In the 
urodele embryos, zygotic expression of Manx occurs in the posterior epider- 
mis and neural and tail muscle cells. Manx encodes a DNA-binding protein 
with zinc fingers. It was very exciting to discover that when interspecific 
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FIG. 23 (A) Molgulu occulta larvae do not have sensory pigment cells or tails. (B) A larva 
derived from an interspecific hybrid between eggs of M. occulta and sperm of M. oculata 
develops a sensory pigment cell and a short tail. (C) An M. oculata tadpole larva. Scale bar, 
20 pm. From Swalla and Jeffery (1990). 

hybrid embryos are treated with an antisense phosphorothioate oligodeoxy- 
nucleotide of Manx, tail formation in the hybrid embryo is inhibited (Swalla 
and Jeffery, 1996b). Manx was suggested to be involved in expression of 
chordate features in the urodele ascidian, and a modification of the Manx 
gene may be involved in the evolutionary transition from urodele to an- 
ural development. 
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A developmental equivalence group, which was first reported in the nema- 
tode C. eleguns, is defined as a group of cells having equivalent develop- 
mental potential which ultimately assume different fates through a lateral 
inhibition among members of the group (Kimble et al., 1979). In addition 
to the nematode, the existence of equivalence groups has been reported 
in the grasshopper and Drosophilu embryo (Doe and Goodman, 1985), in 
the leech embryo (Weisblat and Blair, 1984), and in the ascidian embryo 
(Nishida and Satoh, 1989). It was recently suggested that similar mecha- 
nisms may operate in vertebrate neurogenesis (Coffman et ul., 1993). 

In the brain of ascidian larva, there are two unique pigment cells, termed 
the ocellus melanocyte and the otolith melanocyte (Figs. 17A and 17B). 
The ocellus melanocyte and the otolith melanocyte are easily distinguished 
by their morphology, and each consists of a single cell. These pigment 
cells originate from two blastomeres that are bilaterally positioned but are 
separate in the cleavage-stage embryo (Fig. 17C). How are these single 
unique cells formed in the bilaterally symmetrical embryo? 

There are nine cell divisions in both the right and the left melanocyte 
lineages from the zygote to terminally differentiated melanocyte. At each 
cell division only one daughter cell remains as the melanocyte lineage cell. 
The two postmitotic melanocyte precursors meet at the midline of the 
embryo during neural tube closure (Figs. 2C-F), and one cell develops 
into an ocellus pigment cell and the other cell into an otolith pigment cell. 
Cell lineage studies showed that there was no relationship between the 
right-left position of the melanocyte lineage blastomere and its derivatives 
(Nishida and Satoh, 1985). 

How do these precursor cells choose mutually exclusive fates? The fates 
of two pigment cell precursors can be predicted once both cells meet at 
the midline and align along the antero-posterior axis as the neural tube 
closes. The anterior cell develops into the otolith and the posterior cell 
into the ocellus (Whittaker, 1973b). This observation suggests that the cue 
for choosing one of the alternative developmental pathways is positional 
information. Experimental studies suggest that the bilateral pigment cell 
precursors constitute an equivalence group (Nishida and Satoh, 1989). 
When one of two pigment cells derived from the right or left side is de- 
stroyed before the middle tailbud stage, the other precursor cell predomi- 
nantly differentiates into an ocellus (Fig. 24A), and the otolith disappears. 
Therefore, the two pigment cell precursors are still equipotent before the 
middle tailbud stage. These two precursors are the members of an equiva- 
lence group. Destruction of one precursor after the middle tailbud stage 
results in the development of either an ocellus or an otolith (Fig. 24B). It 
is suggested that cell interactions may play a role in determination of 
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FIG. 24 (A) One of two melanocyte precursor cells derived from the right or the left side is 
destroyed before the middle tailbud stage. Only the ocellus formed. (€3) Destruction of one 
precursor after the middle tailbud stage. In this case only the otolith formed. Scale bar, 
50 pm. From Nishida and Satoh (1989). 

mutually exclusive fates and that if the interactions do not occur, the pig- 
ment cell precursor automatically chooses an ocellus pathway (referred to 
as the dominant fate in the equivalence group). This idea is supported by 
evidence that both bilateral precursors develop into ocelli when morpho- 
genetic movements are inhibited before neural tube closure. 

It may be assumed that two kinds of interactions are involved in the 
specification of fates within the equivalence group. One kind of interaction 
is an external influence on the equivalence group and is thought to be 
positional information existing along the anterior-posterior axis. The other 
kind of interaction is that between members within the equivalence group 
and is thought to be responsible for the choice of mutually exclusive fates. 
The posterior-positioned ocellus precursor cell laterally inhibits the 
anterior-positioned cell to assume the dominant fate, forcing the latter to 
choose the alternative otolith fate. 

In summary, equivalent precursors lie bilaterally during the cleavage 
stages and then align along the antero-posterior axis at the initial tailbud 
stage 18 hr after fertilization. Then, from 18 to 21 hr, cellular interactions 
occur in a position-dependent manner. The melanocyte precursor that is 
positioned posteriorly by chance is biased to choose the pathway of the 
dominant fate (i.e., ocellus fate) and laterally inhibits the anterior precursor, 
forcing the anterior cell to develop into an otolith. Thus, cell fates are 
irreversibly determined at the middle tailbud stage (21 hr). 

VII. Concluding Remarks 

The tadpole larvae of the ascidian consist of only a few different kinds of 
tissue. Proposed mechanisms responsible for cell fate specification for each 
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Summary of Cellular Mechanisms of Fate Specification 
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Ectoderm 
Epidermis Cytoplasmic determinants 
Brain (sensory vesicle) Induction 

Sensory pigment cells 
Nerve cord (spinal cord) ? 

Induction and lateral inhibition 

Mesoderm 
Primary muscle Cytoplasmic determinants 
Secondary muscle Cell interaction? 
Primary notochord Induction 
Secondary notochord Cell interaction? 
Mesenchyme ? 
Trunk lateral cell Induction 

Endoderm Cytoplasmic determinants 

Note. ?: Not known. Cell interaction?: Cell interaction is suggested 
by the results of isolation of blastomeres, but is yet to be proved by 
recombination experiments. 

tissue are summarized in Table 11. So far, three kinds of cellular mechanisms 
have been proposed to be involved in fate specification during ascidian 
embryogenesis: cytoplasmic determinants, inductive interaction, and lateral 
inhibition (Fig. 25). As mentioned in the section on anterior-posterior axis 
specification, it can now be envisaged at the cellular level how develop- 
mental fates are determined in most cell types and how larval tissues are 
generated. A more complete understanding of ascidian development is 
required if we are to elucidate exactly how many mechanisms are involved 
and how often these mechanisms are used during ascidian embryogenesis. 
Up to now, there has been uncertainty concerning the cellular mechanisms 
of fate specification of mesenchyme and nerve cord cells. To achieve a total 
understanding, the mechanisms responsible for specification of these cell 
types await future studies. 

When examining the unique features of ascidian embryogenesis, namely, 
the mosaic manner of development, it is important to identify cytoplasmic 
determinants. It is not known how many maternal molecules are involved 
in the fate specification of a single cell type. Nor is it known whether the 
determinants are proteins, maternal mRNAs, or some other molecule, or 
whether they are localized molecules or localized active forms of widely 
distributed molecules. 

Molecular techniques such as differential cloning, subtraction, and differ- 
ential display will help to the identify ascidian determinants. These tech- 



298 HlROKl NlSHlDA 

A Cytoplasmic Determinant 
Egg Embryo 

Primary Muscle, Endoderm, 
Epidermis, Gastrulation, 
Cleavage pattern 

B Inductive Interaction 

I I 

I I 

Brain, Notochord, Sensory pigment 
cells, Trunk lateral calls 

c Equivalence Group 

Eauivalent Cells Exclusive Fates 

o-o+ 
Lateral Inhibition 

L - 
Positional Information 

Otolith vs Ocellus 
FIG. 25 Three kinds of cellular mechanism (A-C) are involved in cell fate specification during 
ascidian embryogenesis. 

niques were used to identify localized messages in egg cytoplasm (Swalla 
and Jeffery, 1995,1996a; Yoshida et aL, 1996) and to detect differences in 
messages between species that show different developmental characteristics 
such as anural and urodele species (Swalla et al., 1993). Analysis of the 
upstream cis-element of genes that show lineage-specific expression as well 
as analysis of the trans-acting factors will also contribute to the identification 
of determinants. Expression of the muscle actin gene and myosin genes 



CELL FATE SPECIFICATION IN ASClDlAN EMBRYOS 299 

starts as early as the 32-cell stage (Satou et al., 1995). The upstream element 
required for lineage-specific expression of the muscle actin gene is as short 
as 38 bp (Satou and Satoh, 1996), suggesting that the control mechanisms 
responsible for lineage-specific expression may be simple in ascidian em- 
bryos. 

Over the years, many researchers of ascidian development have concen- 
trated on the study of embryogenesis. During ascidian embryogenesis, cell 
lineages are invariant. Ascidian embryos lack a capacity for compensatory 
regulation. Are adult cell lineages also invariant? Do ascidians exhibit 
compensatory regulation during metamorphosis? Nakauchi and Takeshita 
(1983) showed that isolated blastomeres at the two-cell stage develop into 
left- or right-half larvae; however, the half larvae can metamorphose into 
normal whole juveniles. It will be interesting to compare the developmental 
mechanisms utilized at two different phases of development, namely, em- 
bryogenesis and metamorphosis, in a single kind of animal. 
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Light stimulation of insect photoreceptors causes opening of cation channels and an 
inward current that is partially carried by Na' ions. There is also an efflux of Kt ions upon 
photostimulation. Na+ and KS gradients across the photoreceptor membrane are 
reestablished by the activity of the enzyme Na',K'-ATPase. About two-thirds of the total 
amount of ATP consumed in response to a light stimulus is attributed to the activity of this 
ion pump, demonstrating the importance of this enzyme for photoreceptor fu'nction. Insect 
photoreceptor cells are polarized epithelial cells; their plasma membrane is organized 
into two domains having a distinct morphology, molecular composition, and function. 
The visual pigment rhodopsin and the molecular components of the transduction 
machinery are localized in the rhabdomere, an array of densely packed microvilli, 
whereas Na',Kt-ATPase resides in the nonrhabdomeric membrane. Comparative 
immunolocalization studies on compound eyes of diverse insect species have 
demonstrated subtle variations in the distribution patterns of Na+,K'-ATPase. These may 
be accounted for by differences in the mechanisms responsible for Nat,K+-ATPase 
positioning. 

Insect, Cell polarity, Cell-cell interaction. 
KEY WORDS: Na+,K+-ATPase, Ion homeostasis, Signal transduction, Photoreceptor, 

1. Introduction 

The ability to sense and to react to environmental stimuli is pivotal for life. 
To serve this function, multicellular organisms have evolved sensory cells 
that are physiologically and morphologically specialized to perceive a stimu- 
lus of a defined modality and to transmit the information to secondary 
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neurons. In order to achieve high sensitivity to the stimulus, the molecular 
machinery that transduces the external signal into an electrical response is 
typically gathered in a subcompartment of the sensory cell, a transduction 
compartment; “household functions,” such as protein and ATP synthesis, 
are confined to the remaining cell body. This concept of compartmentaliza- 
tion of sensory cells is well documented in the vertebrate photoreceptor 
cells, the rods and cones. Vertebrate photoreceptors are composed of an 
outer and an inner segment that are connected by a ciliar remnant. The 
outer segment is filled with stacks of membrane discs carrying the visual 
receptor molecule rhodopsin and contains the molecular components of 
visual transduction. Metabolic functions, in contrast, are restricted to the 
inner segment. 

The photoreceptor cells of insects differ significantly from vertebrate 
rods in both their morphology and their physiology. The visual receptor 
molecule of insect photoreceptors, which is also termed rhodopsin, shares 
structural homology with vertebrate rhodopsin (O’Tousa et aL, 1985; Zuker 
et al., 1985; Schwemer, 1989; Gartner and Towner, 1995) but is localized in 
the rhabdomere, a dense array of microvilli that represent the transduction 
compartment (Carlson and Chi, 1979). In vertebrate photoreceptors, pho- 
ton absorption by rhodopsin causes an activation of a phosphodiesterase 
that hydrolyzes cGMP, leading to a decrease in the concentration of cGMP, 
a closure of cGMP-dependent cation channels, and, ultimately, in a hyper- 
polarization of the cell (Yau and Baylor, 1989). Activation of insect rhodop- 
sin, in contrast, stimulates a phosphoinositide cascade and finally leads to 
opening of cation-selective ion channels and a depolarizing receptor poten- 
tial (Hardie and Minke, 1993,1995; Ranganathan et al., 1995; Zuker, 1996). 

This review focuses on the role of Na+,K+-ATPase in the physiology 
of insect photoreceptors. This ion pump is crucial for the excitability of 
photoreceptors and all other cells as it establishes and maintains Na+ and 
K+ concentration gradients across the plasma membrane. It transports three 
Na+ ions out of the cell and two K+ ions into the cell for each ATP molecule 
hydrolyzed (Horisberger et aL, 1991; Vasilets and Schwarz, 1994; Kotyk 
and Amler, 1995). The transport cycle is driven by phosphorylation- 
dephosphorylation steps that cause cyclic transitions between two confor- 
mational states of the enzyme, one of them (El) with a high affinity for 
intracellular Na+, the other (E2) with a high affinity for extracellular K+. 

In the vertebrate photoreceptor, Na+,K+-ATPase is spatially restricted 
to the plasma membrane of the inner segment (Ueno et aL, 1980; Stahl and 
Baskin, 1984; Schneider, 1992), supporting the concept of compartmental- 
ization. The main purpose of this chapter is to explore recent data that 
deal with the distribution of Na+,K+-ATPase in photoreceptors of diverse 
insect species and that may contribute to our understanding of the organiza- 
tion and functioning of these sensory cells. 
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The compound eye of insects is composed of several hundred to several 
thousand individual units, the ommatidia, that are arranged in a hexagonal 
pattern. The cellular organization of the ommatidia shows a large variation 
among different species (Nilsson, 1989). In the following, I will focus on 
the ommatidium in the compound eye of the honeybee drone (Apis mellif- 
era). My choice of the ommatidium of the honeybee is not arbitrary but is 
based on its being of the simple apposition type, viz., the archetype of 
compound eye design (Nilsson, 1989). Moreover, more is known about the 
anatomy and physiology of the compound eye of the honeybee drone than 
of that of any other insect spieces, except Brachyceran flies (e.g., Drosophilu, 
Culliphoru). The anatomy of the latter has been covered in detail by other 
reviews (Carlson and Chi, 1979; Hardie, 1986). Structural differences be- 
tween the ommatidia of honeybees and those of other species will be 
discussed where relevant. 

A. Organization of an Ommatidium in the Honeybee 
Compound Eye 

Each ommatidium comprises a dioptric apparatus composed of the corneal 
facet and the crystalline cone, the photoreceptor cells, and a sheath of 
pigmented glial cells (Fig. la; Varela and Porter, 1969; Perrelet, 1970). The 
corneal facet, a specialized part of the cuticule, forms a lens that focuses 
the incident light on the distal tip of photoreceptor cells (Varela and Wiita- 
nen, 1970). The crystalline cone consists of four cone cells, surrounded by 
two primary pigment cells, and functions as a transparent spacer between 
the corneal lens and the photoreceptor cells (Varela and Wiitanen, 1970). 
The latter are arranged in a rosette known as the retinula and extend for 
approximately 400 pm to the basal lamina, which delimits the retina toward 
the optic ganglia. In the honeybee compound eye, each retinula is composed 
of nine (six large and three small) photoreceptors (Fig. lb). However, only 
eight photoreceptor cells are observed in any cross section of a retinula as 
the cell bodies of two small photoreceptor cells are aligned in tandem, each 
extending just one-half of the thickness of the retina. The axons of the 
photoreceptors pierce the basal lamina and synapse with secondary neurons 
within the optic ganglia (Ribi, 1981). The cluster of crystalline cone and 
retinula cells is surrounded by approximately 30 pigmented glial cells (=sec- 
ondary pigment cells) that act as an optic screen between the ommatidia, 
provide metabolic substrate to the photoreceptor cells (Tsacopoulos et al., 
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1988, 1994), and participate in ion homeostasis within the retina (Coles 
and Tsacopoulos, 1981; Coles et aZ., 1986). The pigmented glial cells are 
tightly coupled by numerous gap junctions, thereby forming a functional 
syncytium (Perrelet, 1970; Baumann, 1992). Tracheoles emerge from large 
air sacs beneath the basal lamina and penetrate the retina. The tracheoles 
extend alongside the ommatidia and are embedded between the pigmented 
glial cells. 

B. Organization of the Plasma Membrane of 
Photoreceptor Cells 

Insect photoreceptors are polarized epithelial cells. Their plasma membrane 
is organized into two distinct domains with differences in morphology, 
molecular composition, and functional properties. The rhabdomere, which 
is the site of photon absorption and visual transduction, is structurally most 
impressive. It is a rod-like structure that extends alongside the photorecep- 
tor all the way from the distal end of the cell to the basal lamina and is 
composed of microvilli, i.e., cylindrical foldings of the plasma membrane 

~~ 

FIG. 1 Organization of the honeybee ommatidium. (a) Schematic view of a single ommatidium. 
The corneal facet focuses the incident light through the crystalline cone onto the distal tip 
of the photoreceptors. The latter are up to 400 pm long and arranged in a rosette called the 
retinula. The photoreceptive compartment of the photoreceptors, the rhabdomeres, form a 
rod-like structure, the rhabdom, in the center of the retinula. Light entering the rhabdom at 
its distal tip is trapped within it and absorbed by the visual pigment rhodopsin that is incorpo- 
rated in the microvillar membranes of the rhabdomeres. Pigmented glial cells ensheath the 
retinula and provide optical isolation between adjacent ommatidia. Note that the primary 
pigment cells surrounding the crystalline cone, the distal half of the pigmented glial cells, and 
the axons of the photoreceptors have been omitted for simplicity. (b) Light micrograph of 
three ommatidia in a transverse section, demonstrating the rosette-like arrangement of the 
photoreceptor cells. The rhabdoms are seen as dark trapezoids in the center of the retinulae. 
The outline of each photoreceptor is visualized by relatively dark staining, representing 
numerous mitochondria that reside below and closely juxtaposed to the nonrhabdomeric part 
of the plasma membrane. Tracheoles (arrowheads) are embedded between pigmented glial 
cells (arrows) that are very narrow in this plane of the section. (c) Electron micrograph of a 
cross-sectioned rhabdom. Belt desmosomes (arrowheads) separate the rhabdomeric part of 
the plasma membrane from the smooth nonrhabdomeric surface. The vacuole-like organelles 
in the submicrovillar cytoplasm are cisternae of the smooth endoplasmic reticulum (asterisks). 
(d) A high-magnification view of a longitudinal section through the rhabdom. The microvilli 
are densely packed in a hexagonal pattern. They are oriented parallel to the section plane 
at the left and are seen in the cross section at the right. A single actin filament (arrowheads) 
is located in the center of each microvillus. The microvilli are fused and constricted at their 
base, giving rise to a relatively large extracellular compartment (asterisk). Bars: (b) 10 prn; 
(c) 1 pm; (d) 250 nm. 
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that are stacked in a honeycomb-like pattern (Fig. Id). The microvillar 
long axis is aligned perpendicularly to the visual axis of the ommatidium. 
In the compound eye of the honeybee drone, the rhabdomere of a large 
photoreceptor is composed of approximately 1 X 105 microvilli, each mea- 
suring 60-80 nm in diameter and 0.5-1 pm in length (Perrelet, 1970; 0. 
Baumann, unpublished results). The extracellular space (ECS) between 
the microvilli is only a few nanometers wide and is bridged by regular 
ridges. These may contain chaoptin, a photoreceptor-specific cell adhesion 
molecule that is required for the maintenance of rhabdomere structure 
(Van Vactor et al., 1988; Krantz and Zipursky, 1990). Each microvillus is 
stabilized by a single actin filament at its center (Arikawa et aL, 1990). 
This actin filament is linked to the microvillar membrane by crossbridge 
components, one of which may be an unconventional myosin (Porter and 
Montell, 1993; Hicks et al., 1996). The microvilli are constricted at their 
bases, thus creating a relatively large volume of ECS at the base of the 
rhabdomere (Perrelet and Baumann, 1969; Boschek, 1971; Kumar and 
Ready, 1995). 

Freeze-fracture studies of various insect photoreceptors have demon- 
strated that the microvillar membrane is tightly packed with membrane 
proteins (Perrelet et aL, 1972; Nickel and Menzel, 1976; Boschek and Ham- 
dorf, 1976). Intramembrane particle densities of up to 10,000/pm2 have 
been reported for some insect photoreceptors (Nickel and Menzel, 1976; 
Bennett and White, 1989); up to 90% of these particles may represent the 
visual pigment rhodopsin (Boschek and Hamdorf, 1976; Schinz et al., 1982; 
Suzuki et al., 1993). Components of the visual transduction cascade, ion 
channels, and structural proteins may account for the remaining intramem- 
brane particles. 

The rhabdomeres of all photoreceptors within a retinula of the honeybee 
appear to be compacted into a single structure, the rhabdom, positioned 
on the optical axis of the ommatidium (Figs. la-c). Because of the large 
amount of proteins and lipids in the microvilli, the refractive index of the 
rhabdom is higher than that of the surrounding cytoplasm. Consequently, 
the rhabdom functions as a waveguide, and light entering at its distal tip 
travels within it and is gradually absorbed by the rhodopsin (Warrant and 
McIntyre, 1993). 

Although the rhabdomere covers less than 10% of the outline of a honey- 
bee photoreceptor, it accounts for about two-thirds of the total plasma 
membrane area (exempting the axonal part of the plasma membrane; Perre- 
let, 1970). The remaining part of the plasma membrane is delimited from 
the rhabdomeric domain by zonulae adherentes (belt desmosomes) located 
alongside the rhabdomere and linking the adjacent photoreceptors (Fig. 
lc). This nonrhabdomeric part of the plasma membrane is smooth and has 
a lower density of intramembrane particles in freeze-fracture replicas (Chi 
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and Carlson, 1979; Suzuki et aL, 1993; 0. Baumann and B. Walz, unpub- 
lished results). In the honeybee retina, numerous mitochondria are aligned 
below the nonrhabdomeric surface (Fig. lb; Perrelet, 1970), indicating that 
this membrane domain is involved with functions that require large amounts 
of AlT. 

Developmentally, insect photoreceptors are derived from simple epithe- 
lial cells possessing an apical surface covered by short microvilli, a circumfer- 
ential band of belt desmosomes, and a smooth basolateral domain. A recent 
study of the morphogenesis of Drosophilu photoreceptors has demonstrated 
that the belt demosomes are preserved during ommatidial development 
and that the rhabdomere is derived by an involution of the apical surface 
into the retinal epithelium (Longley and Ready, 1995). The rhabdomere 
must thus be regarded as the equivalent of the apical membrane domain 
of epithelial cells, and the nonrhabdomeric part the equivalent of the baso- 
lateral membrane domain. 

C. Mobility of Membrane Proteins in the Photoreceptor 
Plasma Membrane 

When we discuss the organization of the plasma membrane into distinct 
domains, the rate of lateral and rotational diffusion of membrane compo- 
nents and their ability to move between membrane domains is of special 
relevance. Unfortunately, no direct measurements are available on the 
mobility of membrane proteins and lipids in insect photoreceptors. Several 
lines of evidence suggest, however, that the mobility of membrane proteins 
is restricted within the microvillar membrane. Freeze-fracture studies of 
various insect photoreceptors have visualized a regular, almost crystalline, 
particle arrangement within the microvillar membrane (Nickel and Menzel, 
1976; Chi and Carlson, 1979; Bennett and White, 1989; Suzuki et aL, 1993). 
Analysis of the lipid composition of rhabdomeric membranes has further 
demonstrated that their cholesterol content is two to three times higher 
than that in the photoreceptive disc membranes of vertebrate rods, probably 
resulting in a stiffer membrane and reduced lateral diffusion (Zinkler, 
1975). Moreover, the high sensitivity of some insect photoreceptors to 
polarized light can only be explained by an alignment and restricted rota- 
tional diffusion of rhodopsin (Rossel, 1989). Finally, the mobility of rhodop- 
sin has been directly analyzed by electron spin resonance spectroscopy on 
isolated membranes of squid photoreceptors in which the visual pigment 
rhodopsin is also located in the membrane of microvilli (Venien-Bryan 
et al., 1995). These measurements, have demonstrated that the rotational 
mobility of rhodopsin is lower in the microvillar membrane than in disc 
membranes of vertebrate rods. 
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Several lines of evidence indicate, furthermore, that the exchange of 
protein between the microvillar membrane and the remaining membrane 
areas, including the membrane loops at the microvillar bases, is limited. 
First, freeze-fracture studies have demonstrated that the particle density 
in the membrane loops at the microvillar bases is lower than that on the 
microvilli themselves (0. Baumann and B. Walz, unpublished results). 
Similarly, antirhodopsin immunoreactivity appears to be lower at the micro- 
villar bases than on the microvilli (see Figs. 1 and 2 in Suzuki and Hirosawa, 
1992). Second, studies of developing Drosophila photoreceptors have 
shown that rhodopsin molecules are concentrated at the base of the rhab- 
domere during the first day of adult life and only later become incorporated 
into the entire microvillar membrane (Kumar and Ready, 1995; Niemeyer 
et al., 1996). Finally, Na+,K+-ATPase does not move between the microvilli 
proper and the remaining cell surface, even when it has access to the 
membrane loops at the microvillar bases (Baumann and Takeyasu, 1993; 
Baumann, 1997). The microvillar membrane may thus be regarded as a 
microdomain with a distinct protein composition and restricted diffusion 
of membrane proteins. 

111. Phototransduction in Insect Photoreceptors 

Insect photoreceptors respond to a light stimulus by an increase in mem- 
brane conductance, resulting in a light-induced inward current and graded 
depolarization. The biochemistry linking photon absorption by rhodopsin 
and channel activation, however, is not yet completely understood. More- 
over, the majority of the literature on phototransduction in insect photore- 
ceptors is based on research on the compound eye of Drosophila or related 
flies, and the extent to which these findings apply to other insect orders is 
unknown. In the following, I will give a brief overview of what is known 
about signal transduction in Drosophila photoreceptors. For more detailed 
information, the reader is referred to recent reviews on this topic (Hardie 
and Minke, 1993,1995; Ranganathan et al., 1995; Zuker, 1996). 

A diagrammatic simplified view of the visual transduction cascade in 
Drosophila photoreceptors is shown in Fig. 2. Light-activated rhodopsin, 
metarhodopsin, stimulates a heterotrimeric G protein of the G,-family (Lee 
et al., 1990, 1994; Scott et al., 1995). The G protein in turn activates a 
phospholipase C (PLC) encoded by the norpA (no receptor potential) gene 
(Bloomquist et al., 1988; Toyoshima et al., 1990; Schneuwly et al., 1991). 
Activation of PLC is an obligatory step in visual exitation, as demonstrated 
by the complete absence of a photoresponse in norpA mutants (Minke and 
Selinger, 1992; Peretz et al., 1994). PLC catalyzes the breakdown of the 
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FIG. 2 Simplified view of phototransduction in Drosophila photoreceptor cells. On absorption 
of a photon, the visual receptor protein rhodopsin (R) activates a heterotrimeric G protein 
(G,). On exchange of GDP for GTP, the G protein releases its p-y subunits. The G, (Y subunit 
then activates a phospholipase C (PLCj3) which hydrolyzes the membrane phospholipid 
phosphatidylinositol4,5-biphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and diacyl- 
glycerol (DAG). IP3 opens the IP3-dependent Ca2+ channel localized at the endoplasmic 
reticulum beneath the microvillar bases, thus releasing Ca2+ from the Ca2+ store. Ca2+ has 
been implicated as an intracellular messenger for light adaptation. Two classes of light- 
activated channels reside in the microvillar membrane. One of them is probably encoded by 
the trpl gene and is relatively nonselective for cations. The other is at least partially encoded 
by the trp gene and highly selective for CaZ+. Upon the opening of these channels, extracellular 
Na+ and Ca2+ enter the cell and cause a depolarizing receptor potential. DAG, together with 
CaZ+, activates a protein kinase C (PKC) that regulates deactivation and desensitization of 
the photoresponse. 

minor membrane component phosphatidylinositol4,5-bisphosphate (PIP2) 
into the intracellular messengers inositol 1,4,5-triphosphate (IP3) and dia- 
cylglycerol (DAG) (Devary et al., 1987). The latter compound activates a 
photoreceptor-specific protein kinase C (PKC) and thus regulates deactiva- 
tion and desensitization of the light response (Ranganathan et al., 1991; 
Smith et al., 1991; Hardie et al., 1993). IP3, on the other hand, has been 
demonstrated to stimulate the release of Ca2+ from the endoplasmic reticu- 
lum in a variety of systems (Berridge, 1993). In microvillar photoreceptors, 
a specialized compartment of the smooth endoplasmic reticulum abutting 
the microvillar bases (Walz, 1982; Baumann and Walz, 1989a; Matsumoto- 
Suzuki et al., 1989) represents a Ca2+ store and IP3-sensitive Ca2+ source 
(Baumann and Walz, 1989b; Baumann et al., 1991; Walz and Baumann, 
1995). By the use of fluorescent Ca2+-sensitive dyes in the photoreceptors 
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of the honeybee (Walz et al., 1994) and Drosophila (Peretz et al., 1994; 
Ranganathan et al., 1994; Hardie, 1996), a light-induced increase in cytosolic 
free Ca2+ has been measured that may result from Ca2+ influx across the 
plasma membrane (Ziegler and Walz, 1989; Peretz et al., 1994; Ranganathan 
et al., 1994; Hardie, 1996) or, at least in drone photoreceptors, also from 
a Ca” release from intracellular stores (Ziegler and Walz, 1990; Baumann 
et al., 1991). Cytosolic Ca2+ modulates the light sensitivity of the cell via 
positive and negative feedback loops on the transduction machinery and 
light-activated conductances (Hardie, 1991a, 1995; Ranganathan et al., 1991; 
Hardie and Minke, 1992,1994; Walz, 1992). However, it is still a matter of 
debate whether the Ca2+ rise directly or indirectly leads to an increase in 
membrane conductance. 

Recent genetic and electrophysiological experiments have provided evi- 
dence that the light-activated conductance in Drosophila photoreceptors 
is actually composed of two distinct ion channels (Hardie and Minke, 1992, 
1993,1995; Peretz et al., 1994; Niemeyer et al., 1996). One of them is highly 
selective for Ca2+ (Pca : PNa - 40: 1) and is encoded by the trp (transient 
receptor potential) gene (Hardie and Minke, 1992). The other conductance 
represents a nonselective cation channel encoded by the trpl (trp-like) gene 
(Hardie and Minke, 1992; Niemeyer et al., 1996). Both the trp and trpl 
protein share significant structural homology with the vertebrate voltage- 
dependent Ca2+ channel (Phillips et al., 1992; Hardie and Minke, 1993) and 
are localized at the rhabdomere (Pollock et al., 1995; Niemeyer et al., 1996). 
However, the way in which PLC activation is linked to the opening of these 
channels remains unclear. 

IV. Ion Concentrations and Lighthduced Ion 
Movements in the Insect Retina 

The resting concentrations of the major physiologically relevant ions Na+, 
K+, and C1- and the light-induced movements of these ions have been 
studied in the honeybee drone retina in great detail (Fig. 3). This model 
permits measurements with ion-selective electrodes in all retinal compart- 
ments, viz., the photoreceptor cells, the pigmented glial cells, and the ECS. 
In the dark-adapted retina, the mean “a+] is 6 mM in the photoreceptors 
(Coles et al., 1986), 196 mM in the ECS (Cardinaud et al., 1994), and 
53 mM in pigmented glial cells (Coles and Orkand, 1985; Coles et al., 1986). 
Although “a+] in glial cells seems high, similar values have been obtained 
with a different method, viz., by electron probe X-ray microanalysis on 
cryofixed retina (Coles and Rick, 1985). Measurements of resting free [K+] 
with ion-selective electrodes give a value of 127 m M  in photoreceptor cells 
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FIG. 3 Resting concentrations and light-induced changes in Na+ and K' within the photorecep- 
tor cells, the pigmented glial cells, and the extracellular space (ECS) of the honeybee drone 
retina (data combined from Coles et aL, 1986; Cardinaud et nL, 1994). Light stimulation results 
in an influx of Na+ into the photoreceptors. Moreover, Kf is released from the photoreceptors 
and enters the pigmented glial cells. 

(Coles and Orkand, 1985; Coles et al., 1986), 10.2 mM in the ECS (Cardi- 
naud et al., 1994), and 132 mM in pigmented glial cells (Coles and Orkand, 
1985; Coles et al., 1986). For resting [Cl-1, values of 24 mM have been 
obtained for photoreceptor cells and 18 mM for pigmented glial cells (Coles 
et al., 1986, 1989). 

Light stimulation of insect photoreceptors leads to an increase in intracel- 
lular free Na+ within the photoreceptors and a concomitant decrease in 
Na+ in the ECS (Fig. 3b). The increase in Na+ concentration within the 
photoreceptors can amount to tens of mM, as demonstrated by Coles and 
Orkand (1985), and results from Na+ influx via the light-activated cation- 
selective conductances (Fulpius and Baumann, 1969; Hardie and Minke, 
1992). In photoreceptor cells of the honeybee drone, but not of the worker 
bee or other insect species, there is also Na+ influx through voltage-gated 
Na+ channels (Coles and Schneider-Picard, 1989; Vallet et al., 1992). More- 
over, secondary transport mechanisms that utilize the electrochemical Na+ 
gradient to translocate other molecules in or out of the cell may be activated 
during a light stimulus and contribute to the light-induced Na+ movements. 
Among these the electrogenic Na+/Ca2+ exchanger (Minke and Armon, 
1984; Minke and Tsacopoulos, 1986; Ziegler and Walz, 1989; Hardie, 1995) 
is turned on by the massive light-induced rise in cytosolic Ca2+ and, together 
with the Ca2+-ATPase of the endoplasmic reticulum (Walz, 1982; Baumann 
and Walz, 1989a,b; Walz and Baumann, 1995), brings intracellular [Caz+] 
back to baseline values after a light stimulus. Experiments on the honeybee 
retina further indicate that the uptake of alanine, which is the metabolic 
substrate that is used by photoreceptors and that is provided by glial cells, 
occurs via a Na+-dependent transport mechanism (Tsacopoulos and Veu- 
they, 1993; Tsacopoulos et al., 1994). 
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Photostimulation also causes an increase in K+ conductance of the photo- 
receptor plasma membrane and an efflux of K+ ions from the photoreceptor 
cells (Fig. 3b). Quantitative analysis of the light-induced K+ movements in 
honeybee drone photoreceptors has demonstrated that the light-induced 
decrease in intracellular K+ concentration can be rather large, amounting 
to tens of mM (Coles and Tsacopoulos, 1979; Coles et al., 1986). Several 
voltage-gated K' conductances with various operating ranges and activa- 
tiordinactivation kinetics have been identified in insect photoreceptor cells 
(Hardie, 1991b; Hardie et aL, 1991; Weckstrom et aL, 1991; Laughlin and 
Weckstrom, 1993; Cuttle et al., 1995). The distribution of these conductances 
among the photoreceptor cells of different spieces is correlated with the 
visual ecology of the animals (reviewed by Weckstrom and Laughlin, 1995). 
Delayed-rectifier conductances are found in photoreceptor cells of fast- 
flying insects and lead to a low membrane resistance when the photorecep- 
tors are depolarized by bright light, thus permitting the transduction of 
fast-voltage changes (Weckstrom et al., 1991; Laughlin and Weckstrom, 
1993). Slow-moving insects, in contrast, contain an inactivating K+ conduc- 
tance (Laughlin and Weckstrom, 1993; Cuttle et al., 1995). 

If all the K+ that is extruded from the photoreceptor cells during light 
stimulation accumulates in the narrow ECS, extracellular [K+] should rise 
to about 200 mM (Coles et aL, 1986). Quantitative analysis of K+ movements 
in the drone retina has demonstrated, however, that only a small amount 
of the K+ released from the photoreceptor cells remains in the ECS, whereas 
the majority of K+ enters the pigmented glial cells (Coles and Tsacopulos, 
1979,1981; Coles and Orkand, 1983). The pigmented glial cells thus main- 
tain extracellular [K+] within strict limits and prevent the photoreceptors 
from becoming depolarized by high extracellular [K+]. Several mechanisms 
may be involved in K+ clearance from the ECS: (1) spatial buffering, in 
which K+ ions enter the glial cell syncytium at regions where the plasma 
membrane faces an elevated extracellular [K+], and other K+ ions leave 
the syncytium in regions within the eye where extracellular [K+] is less 
elevated (Coles and Orkand, 1983; Coles et al., 1986); (2)  passive uptake 
of KC1 and H 2 0  (Coles and Orkand, 1983; Coles et al., 1986); (3) active 
uptake by a Na+,K+-ATPase (Coles and Orkand, 1985; Coles el al., 1986). 
Immunolocalization of Na+,K+-ATPase in honeybee drone retina has con- 
firmed the presence of this pump on the plasma membrane of glial cells 
(Baumann and Takeyasu, 1993). The density of the pump molecules, how- 
ever, appears to be far lower on the glial cell than on the photoreceptor 
surface. Moreover, if a Na+,K+-ATPase contributes to extracellular K+ 
clearance, it should have quite unique properties: the high resting "a+] in 
glial cells and uptake of K' in response to an increase in extracellular [K+] 
suggest that the pump may be regulated by extracellular [K+] rather than 
by intracellular "a+] (Coles and Orkand, 1985). 
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After photostimulation, Na+ and K+ gradients are reestablished across 
the plasma membrane of the photoreceptor by the activity of the Na+,K+- 
ATPase. As the Na+,K+-ATPase exchanges three Na+ for two K+ ions 
during each transport cycle (Jansonius, 1990), there is an imbalance 
of transported charges and the activity of the Na+,K+-ATPase has a hyper- 
polarizing effect on the membrane potential. Such a transient hyperpo- 
larization can be directly observed after a bright light stimulus (Baumann 
and Hadjilazaro, 1971; Hardie, 1983; Jansonius, 1990). This after- 
hyperpolarization is abolished by cardiac glycosides (Tsacopoulos et al., 
1983), which are specific inhibitors of Na+,K+-ATPase. 

Manometric measurements on compound eyes and direct recordings of 
local O2 changes with 02-selective electrodes have demonstrated a rapid 
light-induced increase in O2 consumption (Hamdorf et al., 1988; Tsaco- 
poulos and Poitry, 1982; Tsacopoulos et al., 1983). In blowfly retina, O2 
consumption during light exposure may transiently rise up to 20X the 
resting value in darkness (Hamdorf et al., 1988). This light-activated O2 
consumption indicates an increase in aerobic metabolism within the retina, 
particularly within the photoreceptor cells, as these contain the vast majority 
of mitochondria within the retina (Perrelet, 1970; Baumann and Takeyasu, 
1993). Since the respiratory quotient of insect photoreceptors is one 
(Langer, 1960; Hamdorf and Kaschef, 1964), O2 consumption is caused by 
carbohydrate oxidation and can be directly correlated with the amount of 
ATP produced (6 ATP/02 molecule). Based on this relationship and on 
parallel measurements of O2 consumption and ion movements in drone 
retina, Tsacopoulos et al. (1983) have calculated that at least 60% of the 
ATP consumed in response to a light stimulus is used by Na+,K+-ATPase. 
This result is in accordance with the finding that light-induced O2 consump- 
tion of retinal tissue is reduced by as much as 80% during incubation with 
cardiac glycosides (Tsacopoulos and Poitry, 1982). Na+,K+-ATPase must 
thus be regarded as the main consumer of ATP in insect retina (Tsacopoulos 
and Poitry, 1982; Tsacopoulos et al., 1983). 

It has been proposed that stimulus-induced ATP hydrolysis by Na+,K+- 
ATPase and other metabolic processes leads to a decrease in the ATP/ 
ADP ratio, which in turn activates the oxidative metabolism (Tsacopoulos 
and Poitry, 1982). However, the absence of a measurable ATP decrease 
after a light stimulus (Tsacopoulos and Coles, 1984) and the finding that 
light-induced 0 2  consumption precedes Na+,K+-ATPase activity in the 
drone retina (Tsacopulos et al., 1983) argue against this notion. Instead, 
light stimulation may directly activate the oxidative metabolism by a second 
messenger system downstream of rhodopsin, perhaps Ca2+ (Fein and Tsaco- 
poulos, 1988), thus preparing the cells for the large amount of ATP needed 
by Na+,K+-ATPase. 
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Na+,K+-ATPase belongs to the P-type ATPases, a large family of membrane 
proteins that also includes the Ca2+-ATPases of the plasma membrane and 
of the sarcoplasmic/endoplasmic reticulum, the mammalian H+,K+-ATPase 
found in gastric tissue, and H+-ATPases found in a diverse range of species 
(reviewed by Lutsenko and Kaplan, 1995; Mgller et al., 1996). These en- 
zymes utilize the energy of ATP hydrolysis to translocate cations across 
cellular membranes. During the catalytic cycle, the enzymes are transiently 
phosphorylated by the y phosphate of ATP. Phosphorylation occurs on an 
aspartyl residue in the conserved sequence DKTG, which is characteristic 
for P-type ATPases and distinguishes them from V-type ATPases and 
F&-ATPases. 

The structural and functional organization of Na+,K+-ATPase has been 
described in detail in several recent reviews (Horisberger et al., 1991; Vasi- 
lets and Schwarz, 1994; Kotyk and Amler, 1995). Na+,K+-ATPase is a 
heterodimer with an a subunit of about 110 kDa and a glycosylated f l  
subunit of about 35 kDa (excluding carbohydrate). The a subunit has an 
even number of a-helical transmembrane segments (either 8 or 10, depend- 
ing on the interpretation of the hydropathy plots) and its N and C terminals 
are located on the cytoplasmic side of the plasma membrane. The a subunit 
is regarded as the catalytic subunit of Na+,K+-ATPase, because it contains 
the binding sites for the transported ions, and the binding pocket and 
the phosphorylation site for ATP. Moreover, the binding site for cardiac 
glycosides (e.g., ouabain), putative phosphorylation sites for PKC and pro- 
tein kinase A (PKA) (Chibalin et al., 1992), and an ankyrin-binding motif 
(Jordan et al., 1995) are located on the a subunit. The fi subunit, in contrast, 
traverses the membrane only once and has a short cytoplasmic N-terminal 
domain and a large C-terminal ectodomain. Although the fl  subunit is not 
directly involved with transport functions (Blanco et al., 1994), it may play 
a role in modulating transport activity, in particular the K+ activation of 
Na+,K+-ATPase (Schmalzing et al., 1992; Jaisser et al., 1992, 1994; Jaunin 
et al., 1993; Eakle et al., 1994; Geering et al., 1996). Moreover, association 
of the f i  subunit with a newly synthesized a subunit is necessary for the 
delivery of functional Na+,K+-ATPase to the cell surface (Takeyasu el d., 
1988; Renaud et al., 1991; Jaunin et al., 1992, 1993). 

The a subunit of Na+,K'-ATPase has been cloned and sequenced from 
a variety of species. Of particular interest for this review is the Na+,K+- 
ATPase a subunit of Drosophila, the only insect a subunit that has been 
sequenced so far. Comparison of the Drosophila a subunit with vertebrate 
a subunits demonstrates a high conservation through evolution (Lebovitz 
et al., 1989). Its deduced sequence of 1038 amino acids shows about 80% 
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identity with vertebrate a subunits. In particular, regions of structural or 
functional interest are conserved (Fig. 4). The 10 putative membrane- 
spanning segments (Hl-H10) show 63% sequence similarity (H10) to 100% 
sequence identity (H4, H6) between Drosophila and vertebrates. The aspar- 
tyl residue, which is phosphorylated during ATP hydrolysis, is present at 
position 391 and located on the third, large intracellular domain amidst a 
conserved sequence of 44 amino acids (Lebovitz et al., 1989). Regions 
that are suggested to form the ATP-binding pocket, e.g., the fluorescein 
isothiocyanate-binding site and the CIR-ATP (an alkylating ATP analogue) 
reactive site, are also conserved and distributed over the third cytoplasmic 
domain (Lebovitz et al., 1989). Moreover, the third cytoplasmic domain 
contains the ankyrin-binding motif ALLK473 (Jordan et al., 1995). In the 
10-transmembrane-segment model, a consensus sequence (RRNSgS8) for 
PKA is located on the short intracellular loop that connects the membrane- 
spanning domains H8 and H9 (Chibalin et al., 1992; Beguin et al., 1994; 
Feschenko and Sweadner, 1994). A sequence of 26 amino acids (N911-A936 
on the extracellular domain linking transmembrane segments H7 and H8 
is 65% identical to the region which is involved with the binding of the p 
subunit in vertebrate Na+,K+-ATPase (Lemas et al., 1994). However, the 
N-terminal domain exhibits little sequence similarity to vertebrate Na+,K+- 
ATPase a subunits (Lebovitz et al., 1989) and lacks the PKC phosphoryla- 
tion sites (Feschenko and Sweadner, 1995). 

Only one gene encoding for the a subunit has been identified in 
Drosophila; it has been localized to position 93B on the right arm of 
the third chromosome (Lebovitz et al., 1989). Immunofluorescent localiza- 
tion in adult flies has demonstrated that the Na+,K+-ATPase a subunit 
is expressed in abundance in neural tissues, including the retina, muscle, 
and Malpighian tubules (Lebovitz et al., 1989). Mutations in the a subunit 
gene lead to a “bang-sensitive” behavior of the flies, i.e., the flies are 
shortly paralyzed after vigorous agitation (Schubiger et al., 1994). In 
vertebrates, however, there are at least three unlinked genes ( a l ,  a2, 
“3) encoding Na+,K+-ATPase a subunits which exhibit a tissue-specific 
and developmental pattern of expression (see, for example, Takeyasu 
et al., 1989; Schneider, 1992). a1 is the predominant form in kidney and 
other Na+-transporting epithelia, whereas a 2  is prominent in skeletal 
muscle and brain, and a3 in brain. 

The p subunit of Drosophilu Na+,K+-ATPase has only recently been 
cloned and sequenced (Sun and Salvaterra, 1995). Two genes encoding for 
p subunits have been identified and termed Nervana (nerve antigen, Nrv) 
1 and 2. Both genes are located on the right arm of the third chromosome 
near position 92C-D. The encoded proteins exhibit 55% similarity to each 
other and approximately 46% homology to vertebrate Na+,K+-ATPase p 
subunits. The encoded proteins have a single putative transmembrane do- 
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FIG. 4 Structural model of Drosophila Na+,K+-ATPase, based on the sequence of the 01 

subunit (Lebovitz et al., 1989) and the Nrv 1 p subunit (Sun and Salvaterra, 1995). Amino 
acyl residues that have been identified to be of functional relevance are highlighted. The LY 
subunit is shown with 10 transmembrane segments, because the putative protein b a s e  A 
(PKA) phosphorylation site would be located on the extracellular side in the S-transmembrane- 
segment model (Vasilets and Schwartz, 1994). 
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main near the N terminus and six cysteines that lie in the extracellular 
domain, which correspond to those involved in disulfide bond formation 
in the vertebrate Na+,K+-ATPase p subunit (Fig. 4). Copurification with 
the Na+,K+-ATPase a subunit directly demonstrates that Nrv proteins 
represent the @ subunit of the pump. Nrvl has an open reading frame of 
309 amino acids, whereas Nrv2 encodes for two transcripts by alternative 
splicing, with 322 and 323 amino acids, respectively. Similarly, the 
vertebrate Na+,K+-ATPase p subunit occurs in several isoforms (pl, p2, 
p3) (Malik et al., 1996). Since Nrv proteins are only observed in neurons, 
Sun and Salvaterra (1995) speculate that there may be even more p subunit 
isoforms in Drosophila and that these are expressed in nonneural tissues. 

VI. Localization of Na+,K+-ATPase in Photoreceptors 

Initial presumptions concerning the localization of Na+,K+-ATPase in insect 
photoreceptors have been based on structural and/or physiological data: 

0 Jansonius (1990) has argued that Na+,K+-ATPase must reside predomi- 
nantly on the nonrhabdomeric part of the plasma membrane, because 
rhodopsin accounts for the majority of the microvillar membrane proteins 
and there is not enough space left on the microvillar membrane to house 
a large number of pump molecules. 

0 Dimitracos and Tsacopoulos (1985) have studied the recovery of ion 
transport and photoresponse after a transient inhibition of oxidative metab- 
olism. They have reported that Na+,K+-ATPase activity is the first function 
to recover after anoxia and have concluded that, for anatomical reasons, 
Na+,K+-ATPase can use the first ATP molecules produced by mitochondria 
after the onset of oxidative metabolism. Since most mitochondria in honey- 
bee photoreceptors are positioned at the periphery of the cell, close to the 
nonrhabdomeric part of the plasma membrane (see Fig. lb), the authors 
have further concluded that Na+,K+-ATPase is localized to this mem- 
brane area. 

0 The hypothesis that Na+,K+-ATPase is localized on the nonrhabdom- 
eric surface domain of insect photoreceptors is in agreement with the results 
of Walz (1985) on the microvillar photoreceptor cells in the leech Hirudo 
medicinalis. Because of their unique morphology, leech photoreceptors are 
suitable for selectively analyzing ion transport across the microvillar and 
the nonmicrovillar domains of the plasma membrane. Measurements with 
K+-sensitive electrodes demonstrate a light-induced increase of [K+] in the 
entire ECS. After the light stimulus, extracellular [K+] returns to its resting 
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level. K+ clearance from the extracellular compartment next to the nonrhab- 
domeric photoreceptor surface is sensitive to ouabain or temperature, indi- 
cating a reuptake by Na+,K+-ATPase located in this membrane domain. 
K+ clearance from the extracellular compartment next to the rhabdomeric 
surface, in contrast, is insensitive to these treatments, indicating a diffu- 
sional process. 

Recently, the distribution of Na+,K+-ATPase in insect photoreceptors has 
been directly analyzed by immunofluorescence microscopy and immuno- 
gold electron microscopy. These studies have been performed with mono- 
clonal antibody a5-IgG raised against the chicken kidney Na+,K+-ATPase 
a subunit; this antibody recognizes all known chicken Na+,K+-ATPase a 
subunit isoforms (Takeyasu et al., 1989; Kone et al., 1991). Several lines of 
evidence strongly suggest that this antibody is a reliable probe for the 
immunolocalization of the a subunit of insect Na+,K+-ATPase: (1) The 
antibody cross-reacts with the product of the gene for the Drosophila 
Na+,K+-ATPase a subunit expressed in mouse L cells (Lebovitz et al., 
1989). (2)  In several different insect species, the antibody identifies a single 
polypeptide of approximately 110 kDa on immunoblots of homogenized 
retina (Fig. 5)' (3) Immunolabeling experiments demonstrate that the 
antigen is located at the plasma membrane as it is expected for Na+,K+- 
ATPase (Baumann and Takeyasu, 1993; Lee et aL, 1993; Baumann et al., 
1994; Just and Walz, 1994; Schubiger et al., 1994; Baumann and Lauten- 
schlager, 1995; Stunner et al., 1995; Baumann, 1997). (4) When a5-IgG 
binding is detected with gold-coupled secondary antibodies, gold grains are 
predominantly localized on the cytoplasmic side of the plasma membrane 
(Baumann and Takeyasu, 1993; Baumann et al., 1994), in accordance with 
the topology of the a5-IgG-binding epitope on the chicken Nat ,K+-ATPase 
a subunit (Lemas et al., 1992). 

Immunolocalization studies with a5-IgG have confirmed the above no- 
tion that the Na+,K+-ATPase is located predominantly on the nonrhabdo- 
meric surface domain of photoreceptor cells (Baumann and Takeyasu, 1993; 
Baumann et al., 1994; Baumann and Lautenschlager, 1995). Unexpectedly, 
these studies have demonstrated that the distribution of Na+,K+-ATPase 
on the surface of insect photoreceptors is far more complex than previously 
assumed and that subtle differences in the localization pattern exist among 
photoreceptor cells of different insect species (Figs. 6-8). 

A molecular weight of approximately 130 kDa has been reported for the blowfly Na+,K+- 
ATPase a subunit (Baumann et aZ., 1994). However, this has been the result of crosslinking 
of the Na+, K+-ATPase a- and p subunits by boiling of the samples. Samples were heated to 
only 60°C in the experiment shown in Fig. 4, resulting in a mobility of 110 kDa for the Na+,K+- 
ATPase (Y subunit. 
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FIG. 5 Monoclonal antibody against the chicken Na+,K+-ATPase (Y subunit applied to immu- 
noblots of honeybee, blowfly, and locust retina. The antibody identifies a 110-kDa protein in 
the retina of each species. 

A. Honeybee 

In the honeybee drone photoreceptor, Na+,K+-ATPase is localized on the 
nonrhabdomeric smooth surface but is absent from the microvillar mem- 
brane domain (Baumann and Takeyasu, 1993). However, Na+,K+-ATPase 
is not homogeneously distributed over the nonrhabdomeric surface but is 
concentrated only on those membrane areas that face the adjacent pig- 
mented glial cells. As shown in Fig. 6a, the pigmented glial cells send fin- 
like processes between the photoreceptor cells toward the rhabdom but 
do not reach the belt desmosomes. A strip with a width of approximately 
1 pm lying next to the belt desmosome is uncovered by glial cells and has 
no detectable Na+,K+-ATPase (Figs. 6b and 8a). Moreover, several patches 
of surface scattered over the entire nonrhabdomeric membrane domain are 
not apposed to pigmented glial cells and are negative for Na+,K+-ATPase. 

6. Locust and Cockroach 

The compound eyes of the locust Schistocerca gregaria and the cockroach 
Periplaneta americana are of the closed apposition type and their morphol- 
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FIG. 6 Immunogold localization of Na+,K+-ATPase in the honeybee drone photoreceptor. 
(a) Electron micrograph of drone photoreceptors. A belt desmosome (arrowhead) delimits 
the rhabdomeric surface from the smooth nonrhabdomeric surface domain. Narrow processes 
of pigmented glial cells (arrows) are wedged between the photoreceptors. The majority of 
the nonrhabdomeric surface is tightly apposed to pigmented glial cells. Only a small area 
next to the belt desrnosome is free of glia and exposed to an ECS (asterisk). (b) Na+,K+- 
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ogy is similar to that of the honeybee compound eye. However, in both 
the locust and the cockroach retina, the pigmented glial cells are con- 
fined to the periphery of the ommatidium (Butler, 1973; Wilson et al., 
1978). At their lateral side, the photoreceptor cells have no contact 
with the glial cells but are closely apposed to the adjacent photoreceptor 
(Fig. 8b). 

Immunolocalization of the Na+,K+-ATPase a subunit in locust and cock- 
roach retina (Stunner et al., 1995; 0. Baumann, unpublished results) has 
demonstrated that Na+,K+-ATPase is homogeneously distributed over the 
entire nonrhabdomeric surface of photoreceptor cells but is absent from 
the microvillar membrane (Figs. 7a and 8b). The boundary between the 
Na+,K+-ATPase-positive and the Na+,K+-ATPase-negative surfaces is 
marked by belt desmosomes. 

The distribution of Na+,K+-ATPase in locust retina has also been assayed 
by Polyanovsky et al. (1993) with the K+-dependent p-nitrophenylphospha- 
tase method (Ernst and Hootman, 1981). In this cytochemical assay, lead 
citrate is used to detect the sites at which phosphate is produced by Na+,K+- 
ATPase-mediated hydrolysis of p-nitrophenylphosphate. The specificity of 
this method is demonstrated by the inhibition of the reaction with oubain. 
In the locust retina, a lead phosphate precipitate is observed all along the 
nonrhabdomeric part of the plasma membrane, but not on the rhabdom. 

C. Moth 

The compound eye of moths is of the optical superposition type, and the 
fused-type rhabdom extends from the basal lamina only halfway up the 
dioptric apparatus. Since the zone between the rhabdom and the dioptric 
apparatus is transparent, light can pass between the ommatidia, and each 
rhabdom gathers light from several lenses (Nilsson, 1989). A major differ- 
ence between the ommatidia of moths and the apposition-type compound 
eyes is the size of the rhabdom; it has a fan-like cross section and extends 
over almost the entire ommatidial diameter in moth ommatidia (Fig. 7d; 
Meinecke, 1981; Anton-Erxleben and Langer, 1988). More than half of the 
outline of a photoreceptor is thus covered by microvilli (Fig. Sc), and the 

ATPase detected by the anti-a-subunit antibody and secondary, gold-coupled antibody. The 
Na+,K+-ATF’ase is strictly localized to sites of photoreceptor-glia contact. The narrow pro- 
cesses of pigmented glial cells are indicated by arrows. Note the absence of label at the glia- 
free areas of the nonrhabdomeric surface (arrowheads). Bars: 0.5 pm. 
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FIG. 7 Immunofluorescence localization of the Na+,K+-ATPase a subunit in diverse insect 
retinae (a,c,e). Nomarski contrast images (b,d,f) demonstrate the position of the rhabdoms 
and rhabdomeres, respectively (arrowheads). (a) In the locust Schhtocercu greguriu, Na+,K+- 
ATPase is located over the entire nonrhabdomeric surface of the photoreceptor cells. (c) In 
the moth Munduca s a t 4  both the nonrhabdomeric surface and the rhabdom are labeled with 
anti-Na+,K+-ATPase. (e) A complex pattern of anti-Na+,K+-ATPase labeling is seen in the 
retina of the blowfly Culliphoru erythrocephulu. The positions of the rhabdomeres, as deduced 
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nonrhabdomeric surface apparently accounts for a very small fraction of 
the total cell surface (exempting the axonal surface). 

In the moth Munduca sexfu, Na+,K+-ATPase has been detected on both 
the nonrhabdomenc domain of the plasma membrane and the microvillar 
membrane (Figs. 7c and 8c; Baumann and Lautenschlager, 1995). Neverthe- 
less, the distribution of Na+,K+-ATPase is also polarized in moth photore- 
ceptors, because less than half of the total amount of immunogold labeling 
resides over the rhabdomere, indicating a far lower density of pump mole- 
cules on this membrane domain. 

D. Fly 

The fruitfly Drosophila melunogaster and the blowlly Calliphora erythro- 
cephala belong to higher dipteran flies, and the anatomy of their compound 
eyes is almost identical. Their compound eyes are of the neuronal superpo- 
sition type, i.e., individual photoreceptor cells within adjacent ommatidia 
have the same visual field and their electrical responses converge on the 
same neuron within the optic ganglia (Carlson and Chi, 1979; Hardie, 1986). 
The retinulae have an open-type rhabdom with a large ECS, known as the 
intraommatidial space, separating the rhabdomeres (Fig. 7f). This results 
in an additional smooth surface domain between the microvillar rhabdo- 
mere and the belt desmosomes (Fig. 8d) called either the juxtarhabdomeric 
(Baumann et al., 1994) or the stalk domain (Longley and Ready, 1995). 
There are eight photoreceptor cells within an ommatidium, with the rhab- 
domeres of the six large cells (Rl-R6) being grouped in an assymetric 
trapezoid around the intraommatidial space (Figs. 7e and 7f). The rhabdo- 
meres of the two small cells (R7 and R8) are positioned in the center of 
the intraommatidial space and are connected by a narrow stalk to the cell 
body. Only one of the R7/R8 rhabdomeres is seen in cross sections of the 
retina, because the rhabdomere of R8 is contiguous with that of R7 and 
forms an extension of it in the proximal part of the ommatidium. R1-6 and 

from the Nomarski-contrast image (f), are superimposed on the fluoresence image (white 
circles). The blowfly ommatidium has an open-type rhabdom, with the rhabdomeres being 
separated by an extensive extracellular space, the intraommatidial space. There is an additional 
smooth surface domain (juxtarhabdomeric surface) that faces the intraommatidial space and 
that is interposed between the rhabdomere and the belt desmosomes. Na+,K+-ATPase resides 
at the smooth surface domain that faces either adjacent photoreceptors or pigment cells. No 
Na+,K+-ATPase can be detected at the juxtarhabdomeric domain of photoreceptors R1-6 
(double arrowheads), whereas weak labeling is seen at the juxtarhabdomeric surface of R7 
(arrow). The rhabdomere is negative in all cells. Bars: 5 pm. 
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FIG. 8 Patterns of Na+,K+-ATPase distribution in insect photoreceptor cells. (a) In honeybee 
drone photoreceptors, Na+,K+-ATPase is localized exclusively to the sites of photoreceptor- 
glia contact. Finlike processes of the pigmented glial cells are wedged between the photorecep- 
tors, leaving only a narrow strip of the nonrhabdomeric surface next to the belt desmosomes 
uncovered. (b) In locust and cockroach photoreceptors, the nonrhabdomeric surface closely 
adheres to the surface of either the adjacent photoreceptor or the pigmented glial cells. In 
these species, Na+,K+-ATPase is homogeneously distributed over the entire nonrhabdomeric 
surface. (c) In photoreceptor cells of the moth Munducu sextu, Na+,K+-ATPase is located on 
both the rhabdomeric and the rhabdomenc surface. However, the density of pump molecules 
is higher on the nonrhabdomeric surface. (d) In the retina of the blowfly Culliphoru erythro- 
cephulu, photoreceptor cells R1-6 and R7/R8 represent distinct retinal subsystems. In R1-6, 
Na+,K+-AVase is restricted to the smooth surface areas that face either the adjacent photore- 
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R7/R8 represent distinct retinal subsystems that express different rhodopsin 
genes and that are characterized by differences in spectral sensitivity, polar- 
ization sensitivity, gain of transduction machinery, and neuronal projection 
(Hardie, 1979, 1986). 

Immunofluorescence and immunogold labeling of the blowfly retina have 
demonstrated that R1-6 and R7/8 also differ with respect to their position- 
ing of Na+,K+-ATPase on the cell surface (Baumann et al., 1994). In photo- 
receptors Rl-R6, Na+,K+-ATPase is localized on the nonrhabdomeric sur- 
face that corresponds to the basolateral domain. No Na+,K+-ATPase is 
detectable on the juxtarhabdomeric surface area or on the microvillar 
membrane (Figs. 7e and 8d). In R7 and R8, however, Na+,K+-ATPase has 
additionally been localized to the juxtarhabdomeric surface area and to 
the membrane loops at the microvillar bases. Quantitative analysis of immu- 
nogold labeling has demonstrated that the relative density of pump mole- 
cules on the juxtarhabdomeric domain is only about 20% of that on the 
remaining smooth surface (Baumann et al., 1994; Baumann, 1997). Compar- 
ative immunofluorescence studies indicate an identical pattern of Na+,K+- 
ATPase localization in the retina of D. melanoguster (0. Baumann, unpub- 
lished results). 

In summary, Na+,K+-ATPase distribution is polarized in all the insect 
photoreceptor cells that have been examined to date (Fig. 8). Na+,K+- 
ATPase is localized either exclusively on the entire nonrhabdomeric sur- 
face, as in locust, cockroach, and blowfly R7/8, or on a subdomain of the 
nonmicrovillar surface, as in honeybee and blowfly Rl-R6. Moreover, 
Na+,K+-ATPase can reside at low density in the microvillar membrane, as 
in the case of the moth M. sexta. 

The localization of some Na+,K+-ATPase on the microvilli is curious. In 
most epithelial cells, Na+,K+-ATPase is restricted to the basolateral domain 
(Simons and Fuller, 1985). Na+,K+-ATPase has been found on the microvil- 
lar membrane domain only in the vertebrate retinal pigment epithelium 
(Cauldwell and McLaughlin, 1984; Gundersen et al., 1991; Rizzolo and 
Zhou, 1995), in the vertebrate choroid plexus (Masuzawa et al., 1984; Seigel 
et aZ., 1984; Marrs et al., 1993), and in ion-transporting cells of the cockroach 
salivary gland (Just and Walz, 1994). However, in these cell types, Na+,K+- 
ATPase is predominantly localized at the microvilli-bearing apical surface. 

What are the reasons for these differences in the distribution pattern of 
Na+,K+-ATPase on insect photoreceptors? Do these subtle differences arise 

ceptor or the pigmented glial cells. In R7 and R8, however, some Na',K'-ATPase also resides 
on the smooth surface domain that faces the intraommatidial space and the microvillar bases, 
although at lower density. Note that photoreceptors and pigmented glial cells do not seem 
to adhere as tightly as in other species. 
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because of functional requirements or are they side effects of various mecha- 
nisms involved in maintaining protein distribution? These questions cannot 
be answered at present. However, it is plausible that, in the moth, the 
relatively small nonrhabdomeric surface provides insufficient space to house 
the total number of pump molecules required for proper functioning of 
the cell. 

WI. Developmental Redistribution of Na+,K+-ATPase 

The localization of Na' ,K+-ATPase during photoreceptor development has 
been examined only in blowfly retina (Baumann, 1997) and is presented 
in schematic form in Fig. 9. 

Development of the fly compound eye occurs in the eye imaginal disc, 
a monolayer of pluripotent epithelial cells that arises by invagination of 
the head ectoderm (Ready et aL, 1976; Cagan and Ready, 1989). During 
the third instar larval stage and the first third of pupal life, the progenitor 
cells become determined to their future fate by a series of cell-cell interac- 
tions. Simultaneously, the cells are arranged in a repetitive array of cell 
clusters that prefigures the organization of adult ommatidia (reviewed in 
Tomlinson, 1988; Banerjee and Zipursky, 1990; Zipursky and Rubin, 1994). 
At this stage, the photoreceptor precursors have short irregular microvilli 
on their apical surface and a subapical circumferential band of belt desmo- 
somes connecting them to neighboring prospective cone cells (Longley and 
Ready, 1995). The apical membrane domain and the belt desmosomes 
then move toward the lateral side of the photoreceptor cell body and are 
involuted into the retinal epithelium until they reach the basal lamina at 
about 67% of pupal life (Longley and Ready, 1995). During the second 
half of pupal development, the microvilli grow in length and are arranged 
in a tight hexagonal pattern (Longley and Ready, 1995; Baumann, 1997). 
Simultaneously, the jwtarhabdomeric domain is established between the 
rhabdomere and the belt desmosomes and enlarges to its final extent. At 
the time of eclosion, the photoreceptors are completely differentiated as 
judged by morphological criteria. 

Until<44% of pupal life, Na+,K+-ATPase is present at low density on the 
entire photoreceptor surface, including the microvillar bases but exempting 
the microvillar membrane proper (Baumann, 1997). Between mid-pupal life 
and eclosion, Na+ ,K+-ATPase distribution becomes polarized by a complex 
spatiotemporal pattern. At between 44 and 67% of pupal development, 
large amounts of Na+,K+-ATPase are synthesized and delivered to the 
surface that corresponds to the basolateral domain, resulting in an increase 
in labeling density on this membrane domain. Although the density of 
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FIG. 9 Developmental changes in the distribution of Na+,K+-ATPase during the differentia- 
tion of blowfly photoreceptor cells. (a) At 44% of pupal development, the photoreceptor cells 
have short irregular microvilli. Na+,K+-ATPase is homogeneously distributed over the entire 
cell surface, including the microvillar bases but exempting the microvillar membrane proper. 
(b) At between 44 and 67% of pupal life, the microvilli become tightly packed and the 
juxtarhabdomeric surface area is established between the rhabdomere and the belt desmo- 
sornes. The density of Na+,K+-ATPase increases on the lateral/peripheral surface. (c) At about 
78% of pupal life, the microvillar bases of photoreceptors R1-6 lack Na+,K+-ATPase (arrow). 
(d) At the time of eclosion, microvilli have reached their final length and the juxtarhabdomeric 
surface of R1-6 has been cleared of Na+,K+-ATPase (arrows). 

Na+,K+-ATPase molecules remains constant at the microvillar bases and 
at the developing juxtarhabdomeric domain (as far as can be determined 
by immunofluorescence microscopy), the total amount of Na+,K+-ATPase 
molecules must also increase on these domains as they become enlarged. 
At between 67% of pupal life and eclosion, the microvillar bases and the 
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juxtarhabdomeric surface of R1-6 but not of R7/8 become sequentially 
cleared of Na+,K+-ATPase, and the final Na+,K+-ATPase distribution is 
established. This developmental process seems to occur according to a strict 
timetable, which is specific for each photoreceptor, R1 to R6. 

VIII. Development and Maintenance of a Restricted 
Distribution of Na+,K+-ATPase on the 
Plasma Membrane 

Studies on vertebrate epithelial cells have suggested several distinct mecha- 
nisms that might be engaged in the development and maintenance of the 
polarized distribution of Na+,K+-ATPase: (1) Newly synthesized Na+,K+- 
ATPase might be sorted at the trans-Golgi network and specifically deliv- 
ered to a distinct membrane domain (Zurzolo and Rodriguez-Boulan, 1993; 
Gottardi and Caplan, 1993; Mays et al., 1995). (2) Na+,K+-ATPase could 
be delivered to the entire cell surface, but surface domains may differ in 
their rate of Na+,K+-ATPase turnover (Hammerton et al., 1991; Mays et 
al., 1995). (3) Tight junctions may provide a barrier that prevents diffusion 
of membrane proteins between membrane domains (Cereijido et al., 1989). 
(4) Na+,K+-ATPase might be linked to a submembranous network of spec- 
trin, short actin filaments, and ankyrin and thus be restricted in its distribu- 
tion, lateral diffusion, and turnover rate (Morrow et al., 1989; Nelson and 
Hammerton, 1989; Koob et al., 1990; Nelson et al., 1990; Hammerton et al., 
1991). (5) Na+,K+-ATPase might be linked to cell adhesion molecules and 
specifically retained at sites of cell-cell contact (Gloor et al., 1990; McNeill 
et al., 1990; Schmalzing et al., 1992). These various mechanisms may work 
together within a cell, although the relative contribution of each may vary 
between cell types (Mays et al., 1995). 

Unfortunately, only limited information is available regarding whether 
and in which manner these mechanisms are involved in the establishment 
and maintenance of Na+,Kf-ATPase distribution in insect photoreceptors. 
Indeed, the extent to which mechanisms (1)-(3) contribute, or whether 
they act at all, remains unknown. 

A. Maintenance of the Distribution of Na+,K+-ATPase in 
Honeybee Photoreceptors 

The finding that the distribution of Na+,K+-ATPase in honeybee photore- 
ceptors is strictly correlated with the sites of photoreceptor-glia contact 
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FIG. 10 Effects of disturbances in photoreceptor-glia contact on the localization of Na+,K+- 
ATPase in honeybee drone photoreceptors. (a) In control tissue, the distribution of Na+,K'- 
ATPase is correlated with the sites of photoreceptor-glia contact. (b) Incubation of retinal 
tissue in Ringer solution supplemented with 400 mM sucrose leads to a shrinkage of the cells, 
a rearrangement of photoreceptor-glia contact sites, and a corresponding redistribution of 
Na+,K+-ATPase on the photoreceptor surface. (c) In isolated retinulae, in the absence of 
glial cells, Na+,K+-ATPase is localized over the entire photoreceptor surface, including the 
microvillar bases but exempting the microvillar membrane. Note that the neighboring photore- 
ceptors have been omitted for simplicity. 

(Fig. 10a) has led to the suggestion that the adhesion of glial cells to the 
surface of photoreceptors plays a crucial role in maintaining the Na+,K+- 
ATPase position in this system (Baumann and Takeyasu, 1993). Further 
support for this concept has been provided by the results of two experiments 
that have examined the effects of a disturbance in photoreceptor-glia con- 
tact on Na+,K+-ATPase distribution (Baumann and Takeyasu, 1993). First, 
remodeling of the sites of photoreceptor-glia contact by incubation of 
retinal tissue in hyperosmotic saline results in a corresponding redistribution 
of Na+,K+-ATPase on the photoreceptor surface (Fig. lob). Second, follow- 
ing isolation of single retinulae by dissociating the retina by proteolytic 
and mechanical procedures (Tsacopoulos et al., 1994), Na+,K+-ATPase is 
dispersed over the entire nonrhabdomeric cell surface and is also localized 
at the bases of the microvilli (Fig. 1Oc). The finding that Na+,K+-ATPase 
is excluded from the microvillar membrane, even in isolated retinulae, 
supports the view that this membrane area represents a microdomain with 
limited lateral diffusion of membrane proteins. 

The restriction of Na+,K+-ATPase, on the photoreceptor surface, to the 
sites of contact with pigmented glial cells could be mediated by barriers 
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that limit diffusion between Na+,K+-ATPase-positive and Na+,K+-ATPase- 
negative membrane domains. Fine-structured analyses of the honeybee 
retina, however, have not visualized any junctional structures that could 
serve this purpose (Baumann and Takeyasu, 1993). Alternatively, Na+,K+- 
ATPase molecules may be directly or indirectly linked to cell adhesion 
molecules mediating photoreceptor-glia adhesion and could thus be 
trapped at contact sites (Baumann and Takeyasu, 1993). This view is sup- 
ported by the observation of a relatively electron-dense material that fills 
the narrow intercellular space between photoreceptors and glial cells, indi- 
cating a tight molecular interaction over the entire extent of the contact 
sites. Staining with wheat germ agglutinin, a marker for glycoproteins, has 
further demonstrated that not all glycoproteins of the nonrhabdomeric 
surface of photoreceptors are concentrated at contact sites with pigmented 
glial cells, suggesting that the mechanism maintaining Na+,K+-ATPase dis- 
tribution is specific (Baumann and Takeyasu, 1993). 

The molecules that mediate photoreceptor-glia adhesion in the honeybee 
retina and that are possible involved in maintaining the Na+,K+-ATPase 
position have not yet been identified. However, there are some minimal 
requirements for the functional properties of the adhesion mechanism. 
Cell-cell contact and the distribution of Na+,K+-ATPase are not disturbed 
by nominally Ca2+-free media (Baumann and Takeyasu, 1993), indicating 
the involvement of Ca2+-independent cell adhesion molecules. Moreover, 
cell-cell adhesion should be mediated by a heterophilic mechanism, because 
it occurs between photoreceptors and glial cells, but not among photore- 
ceptors. 

Cell-cell contact may also play a prominent role in determining the 
distribution of Na+,K+-ATPase in locust and cockroach photoreceptor cells. 
However, whereas the honeybee photoreceptor has only intimate contact 
with pigmented glial cells, cockroach and locust photoreceptors also adhere 
tightly to the adjacent photoreceptors, and Na+,K+-ATPase is localized at 
both photoreceptor-glia and photoreceptor-photoreceptor contact sites. 
In order to adapt the model for Na+,K+-ATPase localization in honeybee 
photoreceptors to locust and cockroach photoreceptors, the cell adhesion 
molecules involved in maintaining Na+,K+-ATPase distribution must be 
postulated as being expressed on the surface of both cell types, viz., pig- 
mented glial cells and photoreceptors. 

Studies on vertebrate systems have demonstrated that cell adhesion mole- 
cules interact with Na+,K+-ATPase via the submembranous spectridan- 
kyrin network (McNeill et al., 1990; Nelson et al., 1990). An isoform of 
spectrin, a-spectrin, has been identified and localized in the retina of the 
honeybee drone (Baumann, 1992), of the cockroach, and of the locust (0. 
Baumann, unpublished results) by use of a polyclonal antibody against 
Drosophila a-spectrin (Byers et al., 1987); a-spectrin has only been localized 
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to the plasma membrane of pigmented glial cells. However, spectrin is 
known to occur in several isoforms (Byers et al., 1987, 1992; Dubreuil et 
al., 1990; Volk, 1992; Thomas and Kiehart, 1994), and spectrin isoforms 
distinct from a-spectrin may be expressed in photoreceptors. The role 
of the spectridankyrin system in maintaining the distribution of Na+,K+- 
ATPase in the photoreceptors of the honeybee thus awaits further clarifi- 
cation. 

B. Maintenance of the Distribution of Na+,K+-ATPase in 
Fly Photoreceptors 

In blowfly retina, cell-cell adhesion may play a less prominent role in the 
establishment and maintenance of a polarized Na+,K+-ATPase distribution. 
Here, Na+,K+-ATPase is also localized to the juxtarhabdomeric surface 
area, a cell domain that does not face an adjacent cell. Moreover, cell-cell 
adhesion appears to be less tight in the fly retina, because there are often 
large gaps between the cells (Baumann, 1997), and retinulae can be easily 
isolated from the blowfly retina without proteolytic methods, by simple 
mechanical procedures (Hardie, 1991b; Ranganathan et aL, 1991). Finally, 
Na+,K+-ATPase is not redistributed in isolated blowfly retinulae, indicating 
that the maintenance of the distribution of Na+,K+-ATPase does not require 
interaction with pigmented glial cells (Baumann, 1997). 

The immunolocalization of a-spectrin in adult blowfly retina has demon- 
strated an almost perfect match in its distribution with the localization of 
Na+,K+-ATPase, indicating that these proteins are interlinked (Baumann 
et al., 1994). Most impressively, the juxtarhabdomeric membrane domain 
of R7/8, but not R1-6, has a large amount of a-spectrin underneath it. 
Analysis of the localization of Na+,K+-ATPase and a-spectrin during photo- 
receptor differentiation has demonstrated, however, that the redistribution 
of a-spectrin lags several days behind that of Na+,K+-ATPase. If a-spectrin 
is directly involved with the establishment of Na+,K+-ATPase localization, 
then changes in the a-spectrin pattern should precede or at least coincide 
with the redistribution of Na+,K'-ATPase (Baumann, 1997). Moreover, 
Na+,K+-ATPase can be easily and almost completely extracted from iso- 
lated retinal membranes of adult blowfly retina by 0.5% Triton X-100, but 
no a-spectrin can be detected in the solubilized fraction (Baumann, 1997). 
In other systems, in which an association of Na+,K+-ATPase with the sub- 
membraneous spectrin network has been demonstrated, detergent treat- 
ment results in only a limited extraction of Na+,K+-ATPase from cellular 
membranes (Madreperla et al., 1989; Marrs et al., 1993; Rizzolo and Zhou, 
1995) or extraction of a macromolecular complex containing Na+,K+- 
ATPase and spectrin (Nelson and Hammerton, 1989; Nelson et al., 1990; 
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Marrs et al., 1993). Although these negative results provide no evidence 
that Na+,K+-ATPase localization is independent of the spectrin/ankyrin 
system in blowfly photoreceptors, they at least suggest that Na+,K+-ATPase 
is not intimately linked to a-spectrin. The involvement of other spectrin 
isoforms in the development and stabilization of a polarized Na+,K+- 
ATPase distribution, however, cannot be excluded. 

Recent experiments on midgut epithelial cells of Drosophila embryos 
have also provided evidence for an independence of the distribution of 
Na+,K+-ATPase from a-spectrin. In these cells, Na+,K+-ATPase, a-spectnn, 
P-spectrin, and ankyrin are restricted to the basolateral domain of the 
plasma membrane (Lee et al., 1993; Dubreuil, 1996). Biochemical and immu- 
nocytochemical experiments on a-spectrin mutants have revealed that the 
protein level and the distribution of Na+,K+-ATPase, two spectrin isoforms 
(P-spectrin and PHeaT-spectrin), and ankyrin are unaffected by the absence 
of a-spectrin (Lee et al., 1993; Dubreuil and Yu, 1994; Dubreuil, 1996). 
However, the surface morphology of epithelial cells is altered in a-spectrin 
mutants, indicating that this molecule contributes to the shaping of cells 
(Lee et al., 1993). 

IX. Concluding Remarks 

In insect photoreceptors, light stimulation leads to an increase of intracellu- 
lar Na+ concentration and a decrease of intracellular K+ concentration by 
up to tens of mM. Ion concentrations are reestablished by the activity of 
Na+,K+-ATPase, and the majority of energy used upon light stimulation is 
utilized for this function. The Na+,K+-ATPase is concentrated on the surface 
of the cell body, whereas light reception, the signal transduction machinery, 
and light-activated channels are restricted to the microvillar rhabdomere. 
The functional compartmentalization of insect photoreceptors thus com- 
pares well with that of vertebrate photoreceptors, which also have a special- 
ized transduction compartment, the outer segment, and a cell body under- 
taking “household functions,” among them the establishment of Na+ and 
K+ gradients across the plasma membrane. 

Although Na+,K+-ATPase is enriched on the nonrhabdomeric part of 
the plasma membrane in all insect photoreceptors examined to date, there 
are species-specific differences in localization patterns, and Na+ ,K+-ATPase 
may even occur at a relatively low density on the microvillar membrane. 
These subtle variations in Na+,K+-ATPase location may result from differ- 
ences in the molecular mechanisms that establish and maintain the distribu- 
tion of Na+,K+-ATPase molecules. Two species appear to be particularly 
attractive for analyzing these mechanisms, but for different reasons. In the 
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honeybee drone retina, the pattern of Na+,K+-ATPase is directly correlated 
with the sites of photoreceptor-glia contact, and this tissue thus provides 
an attractive model for analyzing the role of glial cells in maintaining the 
distribution of membrane proteins on the surface of neuronal cells. Because 
the honeybee drone retina is relatively large, enough tissue can be obtained 
for biochemical experiments. The retina of Brachyceran flies (Drosophilu, 
Calliphora), on the other hand, represents an attractive model for studying 
variations of Na+,K+-ATPase localization between different cell types 
within a single tissue. Moreover, Drosophilu has the advantage of permitting 
genetic manipulations that may provide insights into the role of individual 
components of, e.g., the submembrane cytoskeleton in the localization of 
Na+,K+-ATPase. 
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cytoplasmic determinants for movements, 

267 
GDP dissociation inhibitors, regulation of 

Genes, Bruchyury, role in mesoderm 

Gephyrin 

Rab function, 49-51 

formation, 276-278 

associated with glycine receptor, 

diversity of GlyR, 223 
in glycine receptor 

purification, 205-207 

GlyR assembly, 220-223 
GlyR-rich postsynaptic microdomains, 

219-220 
at nonglycinergic synapses, 228-230 

Germination, pollen, 135-137 
Glycine receptor 

channel properties, 212-215 
gephyrin diversity, 223 
GlyR assembly, 220-223 
GlyR cluster formation, 223-228 
GlyR-rich postsynaptic microdomains, 

identification, 203-204 
219-220 

isoform and physiology relationships, 
210-212 

ligand binding, 212-215 
as member of ligand-gated ionotropic 

receptor family, 207-208 
purification, 205-207 
spatial and temporal mapping 

immunohistochemical studies, 219 
in sifu hybridization studies, 

215-219 
subunit isofom diversity, 208-210 

cell wall-bound proteins, 168-169 
extensin-like, as cell wall-bound protein, 

Glycoproteins 

169-170 



INDEX 353 
Golgi apparatus 

-endosome communication, role of 

-ER interface trafficking, role of Rab, 

in pollen tube, 139-140 
post-transport vesicles, role of Rab, 

role of Rabl, 20-21 
SNARE complex formation, role of 

Golgi transport, intra-Golgi, role of Rab6, 

Growth 

Rab9,32-33 

30-31 

21-22 

Yptlp, 60-62 

31-32 

polarized, pollen tubes, affecting factors 
fluctuated tip growth, 174-175 

boron, 179-180 
Ca” as secondary messenger, 

cell wall properties, 177-178 
flavonols, 180 
H+-ATPase, 179 
K’, 179 
oligosaccharides as signals, 180-181 
pH, 179 
turgor pressure, 178-179 

175-177 

oscillatory and pulsatory growth, 174 
pollen tube, 135-137 

role of GDP dissociation inhibitors, 

role of GTPase-activating proteins, 52-53 
role of guanine nucleotide exchange 

GTPase-activating proteins, regulation of 

Guanine nucleotide exchange factors, 

Gymnosperms, and angiosperms, 

GTPase, cycle of Rab 

49-51 

factors, 51-52 

Rab function, 52-53 

regulation of Rab function, 51-52 

differences, 91-93 

H 

Halocynthia roretzi 
cleavage pattern generation, 269-272 
cytoplasmic determinants for gastrulation 

eggs, anterior-posterior specification, 

embryo 

movements, 267 

289-291 

development, 282-284 
distribution of competence, 286 

embryogenesis, 249-250 
endoderm cells, 263-264 
larval structure, 247-249 
muscle development, 257-263 
ooplasmic segregation, 253-255 
sensory pigment cell induction, 279-281 
trunk lateral cell induction, 281 

Histochemical probes, in lignin 

Honeybee 
detection, 95 

compound eye, ommatidium 
organization, 309-311 

Na+/K+-ATPase localization, 325 
photoreceptors, Na+/K+-ATPase 

maintenance and distribution, 
334-337 

Hybridization, in situ, in mapping of glycine 

Hydrogen peroxidase, origin, 117 
Hydrolysis, Rab GTPase role, 5-14 
Hydroxycinnamate CoA ligase, see 4- 

Coumarate-CoA ligase 
Hyperplexia, in human, 230-231 

receptor, 215-219 

I 

Immunohistochemistry, glycine receptor, 

Insects 
219 

Na+/K+-ATPase 
localization in photoreceptors, 323-324 
molecular analysis, 320-323 

photoreceptors, phototransduction, 

retina 
314-316 

ion concentration, 316-319 
light-induced ion movements, 316-319 
organization 

ommatidium in honeybee compound 

photoreceptor cell plasma 

protein mobility in photoreceptor 

eye, 309-311 

membrane, 311-313 

plasma membrane, 313-314 
Integrins, in cytoskeleton-membrane 

Ion concentration, in insect retina, 316-319 
connections, 151-152 



354 

Ionotropic receptor, ligand-gated, glycine 
receptor as member, 207-208 

Ions, light-induced movements in insect 
retina, 316-319 

Isoprenylation 
Rab, role of REP, 45-47 
Rab C terminus, 44-47 

INDEX 

role of cinnamoyl-CoA reductase, 

role of cinnamyl alcohol dehydrogenase, 

role of cinnamyl alcohol storage forms, 

105-106 

105-106 

106-107 
Locust, Na'/K'-ATPase localization, 

325-327 

K 
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Neurons, nonubiquitous Rab expression, 

Notochord, induction in ascidian tissue 

Nucleotides, Rab GTPase role in binding, 

18-20 

formation, 272-278 

5-14 

0 

Oligosaccharides, effect on pollen tube 

Ommatidium, organization in honeybee 

Ooplasm, segregation, in Halocynthia 

Organelles, membrane-bound, movement 

growth, 180-181 

compound eye, 309-311 

roretzi eggs, 253-255 

dynein-like proteins, 159-160 
kinesin-like proteins, 157-159 
motor protein interrelations, 160-163 
myosin heavy chain polypeptides, 

154-157 

P 

Pectins 
biosynthesis and transport, 170-171 
esterified and acidic, distribution, 

164-165 
Pectocellulosic layer, outer 

cellulose microfibrils, 165-167 
esterified and acidic pectins, 164-165 

Peroxidase, in lignin biosynthesis, 114-117 
pH, effect on pollen tube tip growth, 179 
Phenotypes, spasmodic and oscillator 

mouse, 231-232 
Phenylalanine ammonia-lyase, in 

phenylpropanoid pathway, 102-105 
Phenylpropanoid pathway, products, as 

lignin precursors, 102-105 
Phosphorylation 

protein, role in glycine receptor 

Rab proteins, 48-49 

insect 

modulation, 214-215 

Photoreceptor cells 

phototransduction, 314-316 
plasma membrane 

organization, 311-313 
protein mobility, 313-314 

Na+/K+-ATPase 
in cockroach, 325-327 
developmental redistribution, 332-334 
in fly, 329-332 
in honeybee, 325 
in insects, 323-324 
in locust, 325-327 
maintenance and distribution 

in fly, 337-338 
in honeybee, 334-337 

in moth, 327-329 
Phototransduction, in insect 
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