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Role of Rab GTPases in
Membrane Traffic

Vesa M. Olkkonen* and Harald Stenmark!
*National Public Health Institute, FIN-00300, Helsinki, Finland; and 1 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 docking/fusion 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 Rab GTPases in membrane traffic.

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

I. 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-

International Review of Cytology, Vol. 176 1 Copyright © 1997 by Academic Press.
0074-7696/97 $25.00 All rights of reproduction in any form reserved.
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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 celi
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 YPTI1 genes led to defects in the secretory process. The Secd
GTPase was localized on the cytoplasmic surface of secretory vesicles and
the plasma membrane, and sec4 mutations led to accumulation of post-
Golgi vesicles (Salminen and Novick, 1987; Goud et al., 1988), whereas the
related Yptlp was demonstrated to function in an earlier transport step
between the ER and the Golgi apparatus (Schmitt ez 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,
Rabl1-4, 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

o> B

Nucleotide exchange

reaction
GTPase
reaction
GTP
P.
| hd
(active)
(inactive) (inactive)

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 er 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 II) that provides invaluable data on the function of this
GTPase subfamily.

Il. General Characteristics of the
Rab GTPase Subfamily

A. Seguence 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/
Mg**-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 |

Mammalian Rab Proteins

Name Expression pattern Localization Function Reference
Rabla u“ ER-Golgi intermediate ER-Golgi transport Sections IL,D,1, II1,B,1
compartment, cis-Golgi,
ER?
Rablb U ER-Golgi intermediate ER-Goilgi transport Sections I1,D,1, 11,B,1
compartment, cis-Golgi,
ER?
Rab2 U ER-Golgi intermediate Retrograde transport from Sections II,D,1, I11,B,1
compartment Golgi to ER?
Rab3a Neurons, endo- and exocrine Synaptic vesicles, secretory Docking/fusion in regulated Sections II,C .2, I1D,1, II1,B,4
cells, adipocytes granules secretory events, GTPase
activity required for fusion?
Rab3b Epithelial cells, adipocytes, Tight junction region of epith. Regulated exocytosis in Sections II,C,2, II,D,1, II1,B,4
neurons and neuroendocrine cells pituitary cells
cells, platelets
Rab3c Neurons and neuroendocrine Synaptic vesicles ND¢ Sections I1,C2, IILD,1, 111, B4
cells, testis, heart, adipose
tissue
Rab3d/ Several nonneuronal tissues, Pancreatic acinar cell secretory ND Sections I1,C2, ILD,1; Elferink et
Rabl16 adipocytes, exocrine cells granules, gastric chief cell al. (1992)
zymogen granules
Rab4a U Early endosomes Early endosome—plasma Sections 11,D,2, I11,B,6
membrane recycling
Rab4b ND ND ND Chavrier et al. (1990b)
Rab5a 19) Plasma membrane, clathrin- Plasma membrane—early Sections I11,D,2, II1,B,6
coated vesicles, early endosome transport,
endosomes, synaptic vesicles homotypic fusion of early
endosomes
Rab5b U Early endosomes Plasma membrane-early Sections I1,D,2, II1,B,6; Wilson and
endosome transport Wilson (1992)
Rabsc 18] Early endosomes Plasma membrane—-early Sections II,D,2, II1,B,6

endosome transport



Rab6

Rab 7

Rab8a

Rab8b
Rab9

Rab10
Rablla

Rabllb

Rab12

Rabl13

Rab14
Rab15
Rabl17

Rab18

Rab19

U, abundant in the brain
U

U
U

U

U
Central nervous system
Kidney, intestine, liver

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 Rabl1a
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

Golgi-basolateral/
somatodendritic plasma
membrane transport in
epithelial cells/neurons

ND

Transport from late endosomes
to TGN

ND

Recycling of proteins through
the recycling endosome

ND
ND
ND

ND
ND
ND

ND

ND

Sections II,D,1, II1,B,2

Sections II,D,2, IIL,B,8

Sections II,D,1, ITI,B,5

Sections II,D,1, III,B,S
Sections II,D,2, II1,B,3

Section I1,D,1
Sections I[,D,2, II1,B,7

Lai et al. (1994), Zhu et al. (1994)
Section II,D,1
Sections I1,D,1, IILE

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

Sections II,C,1, II,D,2

Section I1,C,2

(continued )



TABLE | (continued)

Name Expression pattern Localization Function Reference
Rab20 U Apical dense tubules in kidney ND Sections IL,C,1, I,D,2
epithelial cells
Rab21 MDCK and BHK cells, tissue ND ND Chavrier (1995)
distribution ND
Rab22a U Plasma membrane, endosomes ND Section II,D,2
Rab22b U ND ND Chen et al. (1996)
Rab23 Brain, low levelsin other tissues ND ND Olkkonen et al. (1994)
Rab24 U ER, intermediate ND Section IL,D,1
compartment, late
endosomes?
Rab25 Kidney, lung gastrointestinal ND ND Section II,C,2
mucosa
Rab26 High level in kidney, also ND ND Wagner et al. (1995)
detected in other tissues
Rab27/Ram  Eye retinal pigment epithelium ND ND Section IV,A,1; Nagata et al. (1990)
and choriocapillaries,
intestine, lung, pancreas,
and spleen
Rab28 U ND ND Brauers et al. (1996)
Rab30 U ND ND Chen et al. (1996)
H-ray U ND ND Zhu et al. (1994)
Rahl HT4 neural cell line, tissue ND ND Morimoto et al. (1991)
distribution ND
S10 Lymphoid cell lines, tissue ND ND Koda and Kakinuma (1993)

distribution ND

4 U, ubiquitous.
b ND, not determined.



ROLE OF Rab GTPases IN MEMBRANE TRAFFIC 9

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 IIT). 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 Mg?* complexes, and the serine at position 17 is implicated in Mg?*
coordination in the active site (Pai er 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 Mg?* 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
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TABLE Il

Yeast Ypt/Rab Proteins
Mammalian
Name (species) homolog Effect of gene disruption Function Reference
Yptip (S. cerevisiae) Rabl Lethal Fusion of post-ER vesicles with Sections I[LA 1, V,B
the Golgi
Yptlp (S. pombe) Rabl Lethal ER-Golgi transport Section IIL,A,3
Secdp (S. cerevisiae) Rab8 Lethal Fusion of post-Golgi vesicles with Sections IILA,L, V,B, V,.C
the plasma membrane
Ypt2p (S. pombe) Rab8 Lethal Fusion of post-golgi vesicles with the  Section II[,A,3
plasma membrane
Ypt31p (S. cerevisiae) Rabll Deletion no phenotype, double Intra-Golgi and/or post-Golgi Section IILA,1
deletion ypt31ypt32 lethal transport
Ypt32p (S. cerevisiae) Rabll Deletion no phenotype, double Intra-Golgi and/or post-Golgi Section ITLA,1
deletion ypt31ypt32 lethal transport
Ypt3p (S. pombe) Rabl1 Lethal ND“ Miyake and Yamamoto (1990)
? Increased size/reduced number of

Yptdp (S. pombe)

vacuoles

Trafficking to or from the vacuole?

Armstrong et al. (1994)



L

Ypt51p/Vps2lp Rab5s
(S. cerevisiae)

Ypt52p (S. cerevisiae) Rab5

Ypt53p (S. cerevisiae) Rab5

YptSp (S. pombe) Rab5
Ypt6p (S. cerevisiae) ~ Rabb

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

ypt51 deletion and double/triple
mutants { ypt51ypt52, yptS1ypt53,
ypt51ypt52ypt53) ts,b defective
vacuolar protein sorting

ypt51 deletion and double/triple
mutants ypt51ypt52, ypt51ypt53,
ypt51ypt52ypt53) ts, defective
vacuolar protein sorting

ypt51 deletion and double/triple
mutants ypt51ypt52, ypt51ypt53,
yptS1ypt52ypt53) ts, defective
vacuolar protein sorting

Accumulation of vesicles, no growth
in minimal media

ts

ts

Fragmentation of vacuoles

Transport from early to late
endocytic compartments and/or
from Golgi to the prevacuolar
compartment

Transport from early to late
endocytic compartments and/or
from Golgi to the prevacuolar
compartment

Transport from early to late
endocytic compartments and/or
from Golgi to the prevacuolar
compartment

Endocytic transport

ER-Golgi and/or intra-Golgi
transport

ND
Transport from endosomes to

vacuole, homotypic fusion of
vacuoles

Section IILA 2

Section IILA 2

Section III,A,2

Section IILLA 3
Section IILA,1

Hengst et al. (1990)
Sections 1IL,A2, IILD, V.D

2ND, not determined.
b ts, temperature sensitive.
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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/
Mg?*-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
Secdp and found that the mutant allele induced a dominant secretory defect.



TABLE I
Rab Mutations Affecting the GTP/GDP Cycle of the Proteins

Corresponding Ras mutation Biochemical properties Ras phenotype Rab phenotype

S17N Preferential binding of GDP Inhibitory Inhibitory

Q61L Reduced GTPase activity Strongly activating Stimulatory on vesicle docking, effect on fusion varies
between the Rabs

N116l1 Low affinity for GTP/GDP Weakly activating  Inhibitory

DI119N Low affinity for GTP/GDP, high affinity ND* Inhibitory in the absence of XTP

for XTP/XDP?

4 ND, not determined.
b XTP/XDP, xanthosine 5'-tri/diphosphate.
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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 al., 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 III).

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 (Rybin 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 B-strand 2 around the PM2 conserved motif (Fig. 3). In the
Rab group the consensus sequence TIG(I/V/A)Y(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 I'V,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,1). Furthermore, Beranger et al. (1994b)
reported that the Rab6 effector region is required for the specific Golgi
localization of this GTPase. 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 er al, 1992;
Senyshyn ef 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 ez 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,1). 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, Rab5a, and Rab7
(Chavrier et al., 1991) as well as the S.cerevisiae Yptlp and Secdp (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 er 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 Rab5a, a regulator of early endocytic events (see Section
II1,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 helix2/loop5, 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 ez al,, 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 ez al, 1990),
bacterial elongation factor Tu (Jurnak, 1985; LaCour et al., 1985; Berchtold
et al., 1993), and transducin-« (Noel ez al, 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 B8-strands
and a-helices. The structure consists of two subdomains: The N-terminal has
four B-strands and two «-helices and contains the loops with the phosphate/
Mg?**-binding motifs PM1, -2, and -3 as well as the guanine base-binding
motif G1. The C-terminal subdomain consists of two B-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/loopS5, also
called the switch I and switch II 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 al.,
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 III).

2. Structural Features Determining the Functional Specificity
of Rabs

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,1) were generated and their function analyzed. Dunn et
al. (1993) showed that a nine-residue segment of theYptlp loop7 region
substituted for that of Secdp allowed the chimeric protein to perform the
minimal functions of both proteins. If a segment of the effector region was
additionally substituted, the Secd4p was transformed into a fully functional
Yptlp without residual Secdp function. The simultaneous study of Brenn-
wald and Novick (1993) confirmed the role of the effector region, the loop7,
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 et
al. (1994a) who substituted sequence domains of the endosomal Rab5a
(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 III.B,6) were
determined. The C-terminal hypervariable region of Rab5a was sufficient
to target Rab6 to the location of Rab5a, the plasma membrane, and early
endosomes, but did not confer Rab5-like stimulation of endocytosis. Further
replacement of the N terminus, the helix2/loopS5, and helix3/loop7 regions
was required to functionally convert Rab5a to Rab6. However, additional
replacement of the effector loop2 impaired the Rab5-like function of the
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chimera. This suggests that loop2 of RabS5a 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 Celi 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
Rab18 and Rab20 (Liitcke 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 Rab$ isoforms, Rab6, Rab7, both Rab8 isoforms, Rab9, Rabl0,
both Rabl1 isoforms, Rabl2, Rab13, Rab14, Rab18, Rab20, both Rab22
isoforms, Rab24, Rab28, Rab30, and H-ray (see Table I).

2. Rab Proteins with Distinct, Nonubiquitous
Expression Patterns

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
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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 77-85% 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 al, 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 B-cells of rat pancreatic islets (Regazzi er al., 1996). Fur-
thermore, Rab3a is also reported to be present in mouse adipocytes and
in the 3T3-L1 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
Movya et al. (1992). Like Rab3a, the Rab3b isoform can be detected in
neuronal and neuroendocrine tissues (Matsui et al, 1988; Lledo er al.,
1993; Regazzi et al., 1996) but is predominantly expressed in epithelial cells
(Weber et al., 1994) as well as in adipocytes (Cormont et al., 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
isoform, 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 ef al., 1992). Rab3d has also been detected in pancreatic
acinar cells (Valentijn et al., 1996) and B-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 ez 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 IILLE). 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 (Liitcke et al,, 1993). The Rabl17 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 epitheliat
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 ef 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 Rab19 (Liitcke 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. Intracellular 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 S.cerevisiae
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 ef 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-
mal 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, Rab6 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 Rab12 in the Golgi complex of baby hamster kidney (BHK)
cells. Analogously with the situation of Rab6 discussed previously, Rab12
is also reported to reside on secretory granules in atrial myocytes (Iida er
al., 1996).

b. Constitutive Post-Golgi Transport Intermediates Rab8 and Rab10 are
closely related GTPases that show more homology to S.cerevisiae Secdp
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 ez 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 al, 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 Rab10 and found
the protein at a perinuclear location, the staining overlapping with that
of the Golgi marker 8-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 ef 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).

Rab13 (Elferink et al., 1992; Zahraoui ef 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 Rab13 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.

¢. 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; Stidhof 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 ef al.,
1990), and on chromaffin granules responsible for catecholamine secretion
(Darchen et al., 1990, 1995). In pancreatic B-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 ef 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 ef 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 RabS on synaptic vesicles
(see Section II,D,2), Rabl1 on PC12 cell secretory granules (Urbe et al.,
1993), its homolog Ora3 in marine ray cholinergic synaptic vesicles (Volk-
nandt er 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, Rab5b and RabS5c, display a localization similar to that of
Rab5a (Bucci et al., 1995). Interestingly, Rab$ 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 1%°I-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 ez al., 1984; Hopkins ef
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. Rabl17 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 (Liitcke ef al, 1993). Also, Rab18 and Rab20
were detected on the apical dense tubules (Liitcke 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 Maxfield, 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 II1,B,8).

The second GTPase associated with late endosomes is Rab9 (Chavrier
et al., 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 al., 1994). Its function in the recycling
of CI-MPR from late endosomes to the TGN is discussed in detail in
Section I11,B,3.

lil. Experimental Evidence for Rab Function in
Membrane Trafficking

A. Yeast GTPases

1. The Function of Rab GTPases in the Secretory Pathway
of S. cerevisiae

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 al., 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). Secdp 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 Secdp in the docking or fusion of secretory vesicles with the plasma
membrane. The finding that a GTPase-deficient mutant of Secdp exhibited
a loss-of-function phenotype (Walworth et al., 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 ypt! 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 yptI-1 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 al., 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 et al., 1988). The first
evidence for the direct involvement of Yptlp in intracellular traffic was
the finding that ypt! mutant fractions were unable to support ER-Golgi
transport in an in vitro assay (Bacon et al., 1989). Subsequently, anti-Yptlp
antibodies were found to block ER-Golgi transport in this assay (Baker
et al., 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 ypt]l mutant cells than in wild-type cells (Schmitt ef al., 1988; Segev et
al., 1988). These results thus indicate that Yptlp, like Secdp, 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 ypt! 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, yptI-A136D,
displaying a faster and tighter transport block at the restrictive temperature
than the previously studied yptI 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 Ypto6p, 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 Ypt31p 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
Ypt31lp was localized to Golgi-like structures. It thus seems likely that the
Ypt31/Ypt32 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
Sorting in S. cerevisiae

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 ez al., 1992). Its similarity (63% identity) to mammalian Rab7,
which is associated with late endosomes (see Section 11,D,2), suggested
that Ypt7 might play a role in the endocytic pathway. Disruption of the
YPT7 gene 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 al., 1992). Subcellular fractionation
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suggested that the internalized a-factor accumulates in a late endocytic
compartment in yp¢7 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 IIL,D).

In mammalian cells, Rab5 regulates fusion events in the early endocytic
pathway (see Section II1,B,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-Kriiger et al., 1994). Ypt51p, 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 37°C, with
ypt51 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
YptS1p regulates an earlier endocytic transport step than Ypt7p (Singer-
Kriiger et al., 1995). Consistent with this, Ypt51p expressed in mammalian
cells appears to be associated with early endosomes, and Ypt51p mutants
affect endocytic traffic in mammalian cells in a similar way as the corre-
sponding Rab5 mutants (see Section III,B,6). The Ypt51p-containing com-
partment in yeast has been visualized by confocal immunofluorescence
microscopy (Singer-Kriiger et al., 1995). YptSlp 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 IIIB,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 Ypt51p-positive compartment. Indeed, YPT51
has been identified independently as VPS21 (Horazdovsky et al., 1994).
Electron microscopy of cells with disrupted VPS21/YPT51 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
Vps21p/Ypt51p, like Yptlp and Secdp, may function in vesicle docking or
fusion (Singer-Kriiger et al., 1994; Horazdovsky et al., 1994).
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3. The Schizosaccharomyces pombe Rab Proteins

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.
cerevisiae, 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. cerevisiae. Six different Rab GTPases
have been identified in S. pombe to date: Yptlp, Ypt2p, Ypt3p, Yptdp,
Rhylp, and Ypt5p. Ypt3p and Rhylp are putative homologs of mammalian
Rabl1 and Rabé, respectively, but limited functional data are available on
these proteins. Schizosaccharomyces pombe Yptlp is 72% identical to S.
cerevisiae Yptlp and 80% identical to mammalian Rabl. Like YPT1 in §.
cerevisiae, S. pombe yptl is essential for growth, and moderate expression
of S. pombe Yptlp complements the lack of the homologous GTPase in
S. cerevisiae 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. cerevisiae
(see Section III,A,1) and mammals (see Section III,B,1).

Ypt2p of S. pombe shares 55% sequence identity with S. cerevisiae Secdp
and 63% identity with canine Rab8 (Craighead et al., 1993). Like S. cerevisiae
SECH4, S. pombe ypt2 is an essential gene, and it can functionally comple-
ment a conditional-lethal sec4 mutation (Haubruck et al, 1990). On the
other hand, a temperature-sensitive ypr2 mutation can be complemented
by Rab8 expression (Craighead er al, 1993), indicating that Ypt2p is a
functional homolog of both S. cerevisiae Sec4p and mammalian Rab8. At
the restrictive temperature, the temperature-sensitive ypi2 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 Secdp,
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,
ypt5, has been found in S. pombe. YptSp is 63% identical to canine Rab5
and 55% identical to S. cerevisiae Ypt51p. Like the S. cerevisiae YPT51/
YPT52/YPT53 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 yp?5 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. cerevisiae Ypt51p, 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 Rab5, involved in
fusion events in the early endocytic pathway of S. pombe.

B. Functional Studies on the Mammalian Rab Proteins

1. Rabl and Rab2 Regulate the ER-Golgi Interface
Trafficking Events

Rabl and Rab2 both localize in the ER-Golgi area (see Section II,D,1)
and function at an early stage of the secretory pathway. Two isoforms (92%
identical) of Rabl have been identified, Rabla (Touchot et al, 1987) and
Rablb (Vielh et al., 1989). The fact that Rabla is 71% identical to S.
cerevisiae Yptlp and can functionally complement the loss of Yptlp in
yeast (Haubruck et al., 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 ez 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 III,A,1). In intact transfected cells, a number of point
mutants of Rabla and Rablb were investigated for their ability to inhibit
ER-Golgi transport (Tisdale er al, 1992; Pind et al., 1994; Nuoffer et al.,
1994). Rab1b S22N and Rabla S25N, mutants with higher affinity for GDP
than for GTP, and Rablb N121I and Rabla N124I, which have a low
affinity for both nucleotides, inhibited this transport step. In contrast, Rab1lb
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 Rab1 and the coatomer component, 3-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 Rab1l not only in vesicle docking/fusion
but also in vesicle budding, an issue that will be discussed in Section IIL,C.
Overexpression of Rabla S25N also led to the disassembly of the Golgi
apparatus, indicating that Rab1 function is required for the proper assembly
of the Golgi apparatus (Wilson er al., 1994). The latter conclusion is consis-
tent with the finding that a temperature-sensitive mutation in the S. pombe
Rab1l homolog, ypt, led to the disappearance of the Golgi complex at the
restrictive temperature (see Section I1LLA,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 ez 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 Rab1 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,1)
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 Rabb6 in this process, although direct
evidence is lacking (see Section III,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 II 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,1), 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 cisterna¢ (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 N126I,
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 «-mannosidase 11
(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
Endosomes and the Golgi Complex

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 S21IN, 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
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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
tmmunofluorescence 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 al., 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 II1,B,1 and III,C).

4. Rab3 Group GTPases Play a Central Role in
Regulated Secretion

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 I1,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
Ca?*-stimulated exocytosis (Fischer von Mollard et al., 1991), unlike another
GTPase found on synaptic vesicles, RabS. 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,1).
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 et al., 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, Rabphilin-3a, 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 Rabphilin-3a. 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 Q81L mutant, nicotinic agonist-stimulated growth hormone
release and Ca?*-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 Rabphilin-3a, whereas this protein is absent from
nerve terminals lacking both Rab3a and Rab3c (C. Li, et al., 1994). Because
Rabphilin-3a is likely to transmit (some of) the functions of Rab3a in
membrane docking/fusion, 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 IL,D,1). 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 Ca®* 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 IILE). 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 Ca?*-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 Ca?*-
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 Secdp in S.
cerevisiae, it does complement the lack of S. pombe Ypt2p, which in turn
is capable of substituting for Secdp in S.cerevisiae (see Sections III,A,1 and
1II,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 II,D,1) 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 e al., 1993b). 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 al., 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 al, 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, Rab8b, is abundant in this tissue (Armstrong et al.,
1996). Because the antisense oligonucleotides in the Huber et al. (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 basolateral/somatodendritic 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 (Perinen et
al., 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 Rab8a is
involved not only in the regulation of polarized membrane traffic but also
that of the cytoskeletal organization. In this respect Rab8a 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 al, 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. Rab$S and Rab4 Regulate Early Endocytic Events

Several Rab proteins are localized to the early endocytic pathway (see
Section I1,D,2). Among these, the function of the ubiquitously expressed
Rab4 and Rab5 proteins has been studied most extensively. Three Rab$
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 Rab5
(Gorvel er al., 1991). Similarly, cytosol containing the RabSa N133I mutant
form (Gorvel et al., 1991), which has a low affinity for guanine nucleotides,
or Rab5a S34N (Stenmark et al., 1994b), which preferentially binds GDP,
inhibits early endosome fusion. In contrast, the addition of cytosol from
cells overexpressing wild-type Rab5a (Gorvel er al., 1991) or the GTPase-
deficient Rab5a Q79L mutant (Stenmark et al, 1994b) stimulates early
endosome fusion. These results implicate Rab5a in the fusion between
early endosomes, and the finding that a GTPase-deficient mutant stimulates
fusion suggests that such fusion requires Rab5—-GTP rather than Rab5a-
catalyzed GTP hydrolysis. Rab5a 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 Rab5a 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 Rab5a D136N mutant
can therefore be specifically labeled in situ with [a->*P]XTP. Thus, only
membranes containing Rab5a D136N bind [a-**P]XTP in a time-dependent
manner. Rab5a D136N was found to stimulate early endosome fusion in
vitro in an XTP-dependent fashion. Interestingly, the slowly hydrolyzable
analog, XTPvS, 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 Rab5a D136N on the endosomal membranes is
faster than that of early endosome fusion. This indicates that Rab5a under-
goes futile cycles of GTP (XTP) binding and hydrolysis, uncoupled from
fusion. Conceivably, Rab5a 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 Rab$ in intact
cells. Transfection experiments showed that overexpressed Rab5a increases
the rate of fluid-phase and receptor-mediated endocytosis (Bucci et al,
1992). Conversely, Rab5a N133I and Rab5a S34N were found to inhibit
endocytosis (Bucci et al., 1992; Stenmark ez al., 1994b). Rab5a Q79L stimu-
lated endocytosis, like wild-type Rab3, 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
Rab5a 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 Rab5a may lead to the release of rate-limiting compo-
nents needed for the formation of new endocytic vesicles (Bucci et al,
1992). Involvement of Rab5a in increased endocytic membrane fusion even
in intact cells is indicated by the observation that overexpression of Rab5a
and, to an even greater extent, Rab5a Q79L, causes expansion of early
endosomes (Bucci et al, 1992; Stenmark ef 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, Rab5a
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 Rab5a 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 Rab5 variants that stimulate
endosome fusion cause an increased size of early endosomes and stimulate
the rate of endocytosis. The function of the two other Rab5 isoforms, Rab5b
and Rab5c, 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 Rab5a
(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 Rab5a (see Section I1,D,2), its overexpression in stable
CHO transfectants has consequences highly different from that of Rab5a:
Fluid-phase endocytosis is decreased, and transferrin receptors are redis-
tributed from endosomes to the plasma membrane. Furthermore, the dis-
charge of iron from transferrin 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 N1211 (van der Sluijs et al., 1992b). Therefore, although
Rab5 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-
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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, Rabda
is not found on the RE, in contrast to Rab11 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 Funct