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Preface

Nanotechnology is a collective term describing a broad range of relatively novel
topics. Scale is the main unifying theme, with nanotechnology being concerned
with matter on the nanometer scale. A quintessential tenet of nanotechnology is the
precise self-assembly of nanometer-sized components into ordered devices.
Nanotechnology seeks to mimic what nature has achieved, with precision at the
nanometer level down to the atomic level.

Nanobiotechnology, a division of nanotechnology, involves the exploitation of
biomaterials, devices or methodologies in the nanoscale. In recent years a set of bio-
molecules has been studied and utilized. Virus particles are natural nanomaterials
and have recently received attention for their tremendous potential in this field.

The extensive study of viruses as pathogens has yielded detailed knowledge
about their biological, genetic, and physical properties. Bacterial viruses (bacteri-
ophages), plant and animal eukaryotic viruses, and viruses of archaea have all been
characterized in this manner. The knowledge of their replicative cycles allows
manipulation and tailoring of particles, relying on the principles of self-assembly
in infected hosts to build the base materials. The atomic resolution of the virion
structure reveals ways in which to tailor particles for higher-order functions and
assemblies.

Viral nanoparticles (VNPs) serve as excellent nano-building blocks for materials
design and fabrication. The main advantages are their nanometer-range size, the
propensity to self-assemble into monodisperse nanoparticles of discrete shape and
size, the high degree of symmetry and polyvalence, the relative ease of producing
large quantities, the exceptional stability and robustness, biocompatibility, and bio-
availability. Last but not least, the particles present programmable units, which can
be modified by either genetic modification or chemical bioconjugation methods.

Viruses have been utilized as scaffolds for the site-directed assembly and
nucleation of organic and inorganic materials, for the selective attachment and
presentation of chemical and biological moieties for in vivo applications, as well
as building blocks for the construction of 1D, 2D, and 3D arrays. Here we have
been fortunate to assemble a volume containing contributions by the leaders in
the field, one that is marked as much by collegiality and good humor as it is by
excellent science.
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The chapters by E. Strable and M.G. Finn and by N.F. Steinmetz et al. address
the fundamental means for performing chemistry on virion substrates and
multilayered arrays. N.G. Portney et al. expand on this theme by generating hybrid
virus-particle networks. The chapter by M.L. Flenniken et al. addresses the use of
virus-like protein cages to generate novel materials that can be used for biomedical
applications, and G. Destito et al. carry on this theme by describing the use of plant
and insect viruses for biomedical imaging and vaccine purposes. Finally, P. Singh
discusses harnessing the inherent tumor-targeting properties of certain viruses to
achieve specificity in vivo.

Together, viruses harbor so many natural features that may be exploited for nano-
biosciences. To date, it has not been feasible to synthetically create nanoparticles of
comparable beauty and utility. Now there exists an unprecedented opportunity to
capitalize on the vast knowledge of these VNPs and their material properties.

La Jolla, California, 2008 Marianne Manchester
Nicole F. Steinmetz
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Chemical Modification of Viruses
and Virus-Like Particles

E. Strable, M.G. Finn (5
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Abstract Protein capsids derived from viruses may be modified by methods, generated,
isolated, and purified on large scales with relative ease. In recent years, methods for
their chemical derivatization have been employed to broaden the properties and func-
tions accessible to investigators desiring monodisperse, atomic-resolution structures
on the nanometer scale. Here we review the reactions and methods used in these
endeavors, including the modification of lysine, cysteine, and tyrosine side chains,
as well as the installation of unnatural amino acids, with particular attention to the
special challenges imposed by the polyvalency and size of virus-based scaffolds.

Abbreviations CCMV: Cowpea chlorotic mottle virus; CPMV: Cowpea mosaic
virus; DMSO: Dimethyl sulfoxide; EDC: 1-Ethyl-3-(3-dimethyllaminopropyl)carb
odiimide hydrochloride; HBA: Hepatitis B virus; HSP:Heat shock protein; MjHSP:
Methanococcus jannaschii heat shock protein; MMPP: Magnesium monoper-
oxyphthalate; MRI: Magnetic resonance imaging; NHS: N-hydroxysuccinimide;
NoV: Nudaurelia capensis ® virus; RNA: Ribonucleic acid; TMV: Tobacco mosaic
virus; TYMV: Turnip yellow mosaic virus; UV: Ultraviolet; VNP: Viral nanoparticles;
VLPVirus-like particle

M.G. Finn
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Introduction

Chemistry is a science defined and distinguished by the linking of structure with
function. Enabled by ever more sophisticated tools for determining structure and inves-
tigating function, it has through the past 150 years been applied to larger and more
complicated molecules and molecular assemblies, such that the boundaries between
biology and chemistry are rapidly disappearing. The astonishing modern development
of molecular biology is in large measure a story of how the techniques and attitudes of
chemistry have been brought to bear on biological systems. A burgeoning interest in
biomaterials has also developed from this fruitful intersection of disciplines. In recent
years, we and others have sought to extend the historical expansion of the chemical
sciences to viruses — the largest molecular assemblies to have been structurally char-
acterized to date, straddling the boundary between inanimate matter and life. We
perceived a unique opportunity to employ viruses, which are tailorable at the genetic
level, as reagents, catalysts, and scaffolds for chemical operations. While achieving
these goals also requires knowledge of the fundamental aspects of virus reproduction
and evolution, here we focus on the chemical manipulation of viral capsids. For these
purposes, we use the terms “virus,” “capsid,” and “virus-like particle” interchangeably,
focusing on the protein shell derived from a virus. In some cases, the infectious virion
may be used, but usually the protein shell is employed without one or more essential
components that would allow it to propagate in a host organism. Many of the principles
and techniques discussed here also apply to other self-assembling multi-protein struc-
tures such as ferritin, heat-shock proteins, and vault proteins. The overall term “protein
nanocages” is an apt label for this entire family of materials.

From the chemist’s point of view, viruses are captivating for the following reasons:

1. Their size range, from approximately 10 nm to more than a micron, is unique for
organic structures characterized at atomic resolution (Fig. 1). While species such
as colloids and polymers of comparable dimensions (200-800 A in diameter)
may be created in the laboratory, all are amorphous.

2. Unlike other materials in this size range, viruses are often perfectly monodis-
perse in size and composition. Only in rare cases does any particular capsid exist
in more than one size or shape.

3. They can be found in a variety of distinct shapes (most commonly icosahedrons,
spheres, tubes, and helices) and with a variety of properties (such as varying
sensitivities to pH, salt concentration, and temperature). If the user desires a
particular nanostructural feature, it may already have been invented by nature,
just waiting to be exploited by the alert chemist with access to protein expression
and purification facilities and expertise.

4. They have constrained interior spaces that are accessible to small molecules but
often impermeable to large ones, offering opportunities for assembly and pack-
aging of cargoes.

5. Their composition may be controlled by manipulation of the viral genome. Non-
native oligopeptide sequences may often be introduced at solvent-exposed
positions of the virus coat protein with standard mutagenesis protocols and amplified
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Fig. la—e Structurally characterized icosahedral viruses, illustrating a range of sizes (Shepherd
et al. 2006). a Norwalk virus (Prasad et al. 1999). b Bacteriophage HK97 (Wikoff et al. 1999). ¢
Dengue virus (Kuhn et al. 2002). d Rice dwarf virus (Nakagawa et al. 2003). e Bacteriophage
PRDI1 (Martin et al. 2001). f Paramecium Brusaria chlorella virus (Martin et al. 2001). The smallest
has a diameter of 37 nm and the largest has a diameter of 170 nm

to an extent limited only by the efficiency of the infection or expression system.
It should be noted, however, that such efforts are not as simple as they might
seem. In making changes to self-assembling proteins of this kind, one must take
care to leave undisturbed those regions of the landscape that are responsible for
the intermolecular interactions that guide and stabilize assembly. One can
increase the chances of a successful outcome by choosing sites remote from
subunit interfaces, but seemingly innocuous alterations can occasionally have
deleterious effects (analogous, perhaps, to allosteric effects in enzymes that can
occur at great distances from active sites).

6. They represent the ultimate examples of self-assembly and polyvalence. The
highly cooperative nature of capsid protein interactions makes virus particles
very stable, and functional groups are displayed in multiple copies about the
icosahedral spheres. Chemists may profitably think of them as very large, pre-
fabricated dendrimers.

7. They can be made in quantity. Typical preparations, requiring only a few hours
of effort, provides substantial yields of assembled capsids from host (plants,
cultured insect cells, cultured bacterial cells) cell masses — often in the range of
0.1%-1% by weight. Most importantly from a practical perspective, viruses
exhibit unique densities, making purification techniques far simpler and faster
than those required for most proteins, and thus adaptable to large scale.

8. They are often more stable toward variations of pH, temperature, and solvent
than standard proteins, thereby providing a wider range of conditions for their
isolation, storage, and use. This property can be enhanced by using virus-like
particles evolved (Flenniken et al. 2003, 2006) or designed (Ashcroft et al. 2005)
to survive high-temperature settings.
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9. They have large surface areas, which allow for the display of many copies of the
same molecule or many different molecules, without concerns of steric crowd-
ing. Such polyvalence presents interesting opportunities for both chemical and
biochemical interactions.

We describe here the first steps taken by our laboratory and others over the past
several years to learn the chemical reactivity of virus capsids and to develop methods
for the site-selective modification of such particles. These enabling technologies are
moving rapidly, and so readers are encouraged to consult the primary literature for
updates and improvements. The particles discussed are shown in Fig. 2.

The nonspecific attachment of polyethylene glycol chains to viral vectors to
modify their properties of biodistribution or immunogenicity was reported by
several laboratories in the 1990s (Zalipsky 1995; Chillon et al. 1998; Marlow et al.
1999; O’Riordan et al. 1999; Paillard 1999). However, the first manipulations of
virus-like particles for chemical purposes may be found in the groundbreaking
work of Mann, Douglas, Young, and coworkers, dating from the early 1990s
(Meldrum et al. 1991; Douglas et al. 1995). These investigators, inspired by the
natural function of the iron storage ferritin cage, made a variety of particles that
lack encapsulated genetic material and have interior protein surfaces that nucleate

ferritin MIHSP  shacco mosaic
12 nm 12nm virus (TMV)  cowpea chlorotic phage MS2 cowpea mosaic
18 nm diam.  mottle virus (CCMV) 26 nm virus (CPMV)
26 nm 28 nm

o O
phage QB tobacce yellow

28 nm mosaic virus (TYMV) h_epatms B
28 nm virus (HBY) Nudaurelia capensis
A virus (NeV)
42 nm

Fig. 2 Viruses and virus-like particles mentioned in this chapter, ordered by average diameter.
Except for TMV, the images are colored to distinguish the symmetry-related subunits and are
taken from the VIPER database (http://viperdb.scripps.edu) or the Protein Data Bank (for ferritin
and MjHSP; www.rcsb.org/pdb/). Structural data comes from the following papers: ferritin
(Granier et al. 1997), Methanococcus jannaschii heat shock protein (MjHSP) (Kim et al. 1998),
TMV (Namba et al. 1985), CCMV (Speir et al. 1995), MS2 (Golmohammadi et al. 1993), CPMV
(Lin et al. 1999), QB (golmohammadi et al. 1996), TYMV (Canady et al. 1996), HBV (Wynne
et al. 1999), NoV (Munshi et al. 1998)
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the size-constrained synthesis of inorganic materials (Douglas and Young 1998,
1999, 2006; Douglas 2003). The use of biological nanocages as reaction vessels
and as templates for inorganic, metallic, and semiconductor materials synthesis are
powerful themes, and work in these areas is certainly flowering (Klem et al. 2005a,
2005b; Radloff et al. 2005; Juhl et al. 2006; Tseng et al. 2006; Niu et al. 2006). For
reasons of space, however, we restrict ourselves here to a discussion of organic
chemical manipulations that make discrete covalent bonds to amino acid side
chains of virus-like structures.

Cowpea Mosaic Virus

Cowpea mosaic virus (CPMV) has been the most extensively studied virus particle
for purposes of polyvalent display using chemical conjugation. CPMYV, the type
member of the Comoviridae family, is a nonenveloped virus with a two-part single-
stranded RNA genome (Table 1). Each of the two genomic RNA molecules is
separately encapsidated in individual virus particles with identical (co-crystalliz-
ing) capsid structures. The RNA 1 gene product encodes the replication machinery,
and is the larger of the two RNA molecules. RNA 2 encodes both the capsid and
movement proteins (Lomonossoff and Johnson 1991; Stauffacher et al. 1987).
Encapsidation of the two differently sized RNA molecules gives rise to particles
with slightly differently densities, which can be separated using sucrose or cesium
chloride gradients, and are therefore referred to as the middle and bottom compo-
nents. Capsids devoid of RNA (which constitute less than 5% of natural CPMV
particles) have the lightest density and are referred to as top component (Bruening
and Agrawal 1967). Taking into account the relative abundance of these compo-
nents, the average molecular weight of CPMYV isolated from its black-eyed pea
(Vigna unguiculata) host is 5.6x10° daltons. Infectious clones of both RNA 1 and
RNA 2 are available, and allow site-directed mutations or peptide insertions to be
made in the capsid proteins (Dessens and Lomonossoff 1993; Lomonossoff 1996;
Lin et al. 1996). It is necessary to have cDNA copies of both RNA1 (pCP1) and
RNA 2 (pCP2) for an infection to be produced in plants.

Table1 Vital statistics of cowpea mosaic virus

Capsid protein

No. of nucleo- No. of amino
RNA tides MW acids MW
RNA 1 5889 2.01x10° L subunit 374 41,249
RNA 2 3481 1.22x10° S subunit 213 23,708
Virus components

RNA MW
Top None 3.94x10°
Middle RNA 2 5.16x10°

Bottom RNA 1 5.98x10°
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The coat proteins of the CPMV capsid are produced as a fusion polypeptide that
is separated by proteolytic cleavage, generating the 23-kDa small subunit and the
41-kDa large subunit. Sixty copies of both the large and small subunits come
together to form an icosahedral capsid that surrounds the genomic RNA. The initial
crystal structure was solved to 3.5-A (Stauffacher et al. 1987) resolution and then
later refined to 2.8-A resolution (Lin et al. 1999). CPMV capsids have an average
diameter of 30 nm, with a capsid thickness of only 12 A. The surface topology of
the CPMV capsid is characterized by protrusions at the five- and threefold axes of
symmetry and a valley at the twofold axis of symmetry (Fig. 3).

The secondary structure of the CPMV capsid is dominated by nonhomologous
—sandwich domains, two in the large subunit and one in the small subunit. CPMV
capsids have a pseudo T=3 surface lattice, in which each p-sandwich domain occu-
pies the spatially equivalent position in a T=3 capsid. The single domain of the
small subunit is found to cluster around the fivefold axis of symmetry, while the
two domains of the large subunit are clustered at the twofold axis of symmetry
(Fig. 3). This type of detailed structural information is critical for understanding
how the local environment of an amino acid affects its reactivity and is the main
reason that only those virus particles that have been characterized by x-ray crystal-
lography have been chosen for chemical exploitation.

CPMV exhibits most of the other advantageous features listed above for
chemistry-friendly viruses as well. Because the virus propagates efficiently in plants,
scale-up is relatively easy: gram quantities of particles can be isolated from a
kilogram of infected leaf tissue (Lomonossoff and Johnson 1991). The CPMYV virus
particles are quite stable to a wide range of pH and temperature conditions; for

d e

Fig. 3a—e Structure of the cowpea mosaic virus capsid (Shepherd et al. 2006; Lin et al. 1999): a
space-filling model showing the exterior surface (small subunit in blue and the pB-sheet domains
of the large subunit in green and red); b interior surface; ¢ asymmetric unit of CPMV (small
subunit in blue; large subunit in green); d subunit organization, with asymmetric unit outlined in
red; e twofold (blue oval), threefold (blue triangle), and fivefold (blue pentagon) symmetry axes
of the icosahedron
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example, CPMV particles remain unchanged at 60°C for at least 1 h, and the capsids
remain stable through a pH range of 2—12 (Lin and Johnson 2003; Virudachalam
and Harrington 1985). In addition to the small percentage of capsids devoid of RNA
produced during infection, it is possible to make empty CPMV capsids by hydro-
lyzing the RNA (Ochoa et al. 2006). Methods for covalent attachments to the interior
and exterior surfaces of the CPMV are therefore of use in imparting desired functions
to this robust starting platform.

Traditional Bioconjugation Strategies

The chemical techniques brought to bear on viruses and virus-like particles were
initially those used routinely for protein derivatization, shown in Fig. 4 (Hermanson
1996; Wong 1991): acylation of the amino groups of lysine side chains and the
N-terminus, alkylation of the sulfhydryl group of cysteine, and, to a more limited
extent, activation of carboxylic acid residues and coupling with added amines.
While these reactions remain the most widely used, the issue of positional selectivity
(for example, which lysine(s) of many available lysine choices will be addressed?)
joins normal considerations of chemoselectivity (can one address lysine selectively

Oy‘ﬁ I—l NH; =
-0 o o S
o N)L H H

e

%&“ .
B i

x’\rrn

COOH "
HOOC N C=N-R

COOH
H2N R
HOOC

Fig. 4 Traditional bioconjugation methods used for covalent modification of virus particles:
(blue) acylation of amino groups, usually with N-hydroxysuccinimide esters or isothiocyanates;
(red) alkylation of thiol groups, usually with maleimides or bromo/iodo acetamides; (black) acti-
vation and capture of carboxylic acid groups using carbodiimides (usually 1-ethyl-3-(3-dimethyll
aminopropyl)carbodiimide hydrochloride, EDC) and amines
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in the presence of other nucleophilic amino acid residues?) and yield when operating
on a polyvalent scaffold such as a virion. It therefore was of interest to re-examine
the standard reagents in the context of virus reactivity, and CPMV was the first
particle used.

Early investigations showed that up to approximately 240 dye molecules could
be attached under forcing conditions (Wang et al. 2002a, 2002b), covering most of
the surface-exposed lysine side chains (Fig. 5), and confirming earlier indications
that the CPMYV particle is a relatively static structure that does not expose hidden
residues to solvent, in contrast to other particles such as flock house virus (Bothner
et al. 1999; Broo et al. 2001). Most interestingly, lysine 38 of the CPMV small subunit
was found to be unique in its ability to react with relatively mild isothiocyanate
electrophiles due to depressed protic basicity, leaving more of the free amine
available in aqueous solution for reaction (Wang et al. 2002a). However, all of the

& Lyss2(s)

Y lys 28

Lys199(L 4 o
p L

‘i. -
Lys3a(L) ®

a

Fig. 5 a The CPMV asymmetric unit (small subunit in blue; large subunit in green) with side
chains of the five surface-exposed lysine residues rendered in orange. b Surface-exposed loops that
allow insertion of amino acids into the CPMV capsid structure: BC (red), CiC (white) and EF
(purple). ¢ Sites of attempted cysteine point mutations (ye/low) other than in the loops highlighted
in b; positions of successful T184C and L189C replacements in red and white, respectively. d View
down the fivefold symmetry axis of the CPMV capsid, with space-filling representations of the
T184C site in red and L189C site in white. Note that L189C places the cysteine residue higher (and
therefore more exposed) on the capsid protrusion surrounding the fivefold axis
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surface lysine residues were shown to react with more potent electrophiles such as
NHS esters (Chatterji et al. 2004a). This distributed reactivity could be absolutely
controlled only by the construction of mutant (chimeric) particles in which all but
one of the surface lysines were changed to arginines. The selective reactivity of this
chimera was demonstrated by attachment and visualization of Nanogold. While
these studies were successful in using the native lysine for conjugation, little insight
was gained into what makes lysine 38 more reactive than others. Our own attempts
to examine this question by making changes in surrounding amino acids were frus-
trated by an inability to express the necessary chimeras in plants, and CPMV is not
commonly (Shanks and Lomonossoff 2000; Liu and Lomonossoff 2002) expressed
as virus-like particles in any other host.

The x-ray crystal structure of CPMV shows no cysteine residues accessible to
solvent on the exterior surface, and interior surface cysteines are either tied up in
disulfide linkages or are sterically encumbered by encapsulated RNA. The solution-
phase chemistry of the particle proved to be consistent with this picture: CPMV is
much less reactive with mild alkylating agents such as bromoacetamides than other
proteins having exposed cysteine thiols. This provided an opportunity to introduce
reactive cysteines in chimeric structures, and previous work on CPMYV provided an
excellent guide to this enterprise. Oligopeptide sequences have been inserted into
the surface loops of CPMYV, to make chimeras primarily for purposes of antibody
generation and/or the inhibition of cell surface interactions (Canady et al. 1996;
Douglas et al. 1995, 2002; Douglas and Young 1998, 1999, 2005; Douglas 2003;
Klem et al. 2005a, 2005b; Radloff et al. 2005; Juhl et al. 2006; Tseng et al. 2006;
Niu et al. 1991; Lomonossoff and Johnson 1991; Stauffacher et al. 1987; Bruening
and Agrawal 1967; Dessens and Lomonossoff 1993; Lomonossoff 1996; Lin et al.
1996; Lin and Johnson 2003; Virudachalam and Harrington 1985; Ochoa et al.
2006). Three CPMV surface loops, designated BC, CIC”, and EF, are amenable to
peptide insertion (Fig. 5). It has been reported by others, and we have confirmed
that the inserted sequences should be shorter then 40 amino acids and not contain
repeats in the genetic sequences (which can be edited or duplicated by host recom-
bination pathways).

Our first attempts at cysteine insertion provided highly reactive particles that
suffered from concomitant tendencies to aggregate in the absence of high concen-
trations of reducing agents by formation of interparticle disulfides (Wang et al.
2002b, 2002c). Condensation of these particles with maleimides proceeded in high
yield, and labeling with gold clusters followed by cryoelectron microscopy showed
that covalent attachments were made at the site of mutation (Wang et al. 2002b,
2002c). Subsequent studies by us, not yet published, have shown that Lys38, previ-
ously identified as the most reactive amino group to acylating agents, also competes
effectively with inserted cysteines for maleimides, in contrast to conventional
wisdom. Such crossreactivity must be kept in mind when the position-selective
addressing of polyvalent scaffolds such as virus particles is desired.

Our search for cysteine-insert chimeras that are both reactive toward alky-
lating agents yet resistant to disulfide-mediated aggregation highlights one of
the strengths of bionanoparticles as platforms as well as one of the limitations
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of CPMV in particular. The strength derives from the power of molecular biology
to generate candidate structures in a search for function. More than 20 mutants of
CPMYV were tested in this case, having cysteines introduced as point mutations
over much of the surface topology, with much less effort required to make the
particles than to test them. (By comparison, the chemical synthesis of large
dendrimers in an analogous exercise would be a Herculean task.) CPMV’s weakness
from the point of view of chemical exploitation is that it can be expressed on a
large scale only in cowpea plants. While convenient from a storage and processing
point of view, approximately 2 months of plant growth and virus propagation are
therefore required to obtain useful quantities of any new mutant. Even when 20
new particles are produced in parallel in this way, this is too long to wait in many
situations. We and others have therefore turned to systems that can be expressed
in bacterial cell culture, but CPMV remains quite useful.

Of the chimeras surveyed, two new particles bearing point mutations in the small
subunit (T184C and L189C) were found to have improved properties of reactivity
and resistance to oxidative aggregation. Both particles resist aggregation in the
absence of reducing agent and thereby retain their reactivity indefinitely when
stored at moderate concentrations. However, complete cysteine alkylation by male-
imides is not possible, even with these particles, before K38 begins to compete.
To achieve completely selective attachment on the cysteine residues in T184C and
L189C, one must either mutate lysine 38 to arginine or label this residue prior to
beginning the maleimide conjugation reaction.

By utilizing the native or the mutationally inserted resides and the standard cou-
pling technologies shown in Fig. 4, a wide variety of materials have been displayed
on the surface of CPMV (Table 2). In general, when precise control of the spatial
organization of the attached groups is not required and millimolar concentrations of
the coupled reagents are available, these methods work well. The yields of recov-
ered particles is generally in the 30%—70% range, although reporting and charac-
terization criteria are not yet completely standardized. We favor the use of both
solution-phase (sucrose or cesium chloride gradient ultracentrifugation, size-exclu-
sion and anion-exchange chromatography) and solid-phase (electron microscopy,
x-ray crystallography when feasible) methods of characterization of whole
particles. Native gel electrophoresis has recently been shown to be useful as well
(Steinmetz et al. 2007). The denatured component protein should always be char-
acterized by gel electrophoresis and frequently by protease digestion and mass
spectrometry to assure accurate measurement of the number and positions of cova-
lent labels installed.

It is appropriate here to acknowledge the special contributions of Professors
George P. Lomonossoff of the John Innes Centre and John E. Johnson of The
Scripps Research Institute, and their co-workers. The Lomonossoff laboratory was
originally responsible for the genetic characterization (Lomonossoff and Shanks
1983; Zabel et al. 1984) and manipulation of CPMYV, the latter by construction of
the infectious plasmids (Dessens and Lomonossoff 1993) and associated techniques
used by all subsequent workers to develop CPMV mutants. Johnson and co-workers
reported the detailed x-ray structural characterization of CPMV (Lin et al. 1999;
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Table 2 Modifications of cowpea mosaic virus by the standard bioconjugation methods shown

in Fig.4

Attached species

Residue(s) addressed Method

Reference

Small molecules Lysines NHS ester, Wang et al. 2002a;
isothiocyanates Chatterji et al. 2004;
Russell et al. 2005;
Steinmetz et al.
2006, 2007
Small molecules Cysteines Maleimides, Wang et al. 2002c;
bromoacetamides Sapsford et al. 2006;
Soto et al. 2006
Redox-active Lysines NHS esters Steinmetz et al. 2005
molecules
Redox-active Aspartic and EDC/amines Steinmetz et al. 2006
molecules glutamic acids
Carbohydrates Lysines, cysteines Isothiocyanates, Raja et al. 2003b
bromoacetamides
Polyethylene oxide Lysines NHS ester Raja et al. 2003a
Oligonucleotides Lysines, cysteines NHS esters, Strable et al. 2004
maleimides
Small proteins Lysines, cysteines NHS esters, Chatterji et al. 2004
(T4 lysozyme, maleimides
domains of inter-
nalin B and
herstatin)
Antibodies Cysteines Maleimides Sapsford et al. 2006
Quantum dots Lysines NHS ester Medintz et al. 2005;
Blum et al. 2006;
Portney et al. 2005
Gold nanoparticles Cysteines Au-thiol interaction; Wang et al. 2002b;
maleimides Blum et al. 2004,
2005; Soto et al.
2004
Carbon nanotubes Lysines NHS esters Portney et al. 2005
Nanopatterned Cysteines Maleimides Cheung et al. 2003;
surfaces Smith et al. 2003

Solid supports Lysines — biotin Biotin-avidin Steinmetz et al. 2007

Stauffacher et al. 1987), as well as many examples of manipulated CPMYV particles
for a variety of applications. Both investigators remain very active in this area. For
example, in addition to those contributions cited elsewhere in this chapter, Johnson
and co-workers have developed useful histidine-tagged versions of CPMV
(Chatterji et al. 2005; Cheung et al. 2006) and have used CPMV crystals as
templates for materials synthesis (Falkner et al. 2005). Both laboratories have
collaborated on the development of genetic inserts that make CPMV a highly
immunogenic, and therefore effective, vaccine (Usha et al. 1993; Porta et al. 1994;
Dalsgaard et al. 1997; Porta and Lomonossoff 1998; Lomonossoff and Hamilton
1999; Liu et al. 2005), and are also well represented in citations of chemical
manipulations in Table 2 and elsewhere. The value of their own contributions has
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been matched by their generous attitudes in sharing expertise and material with us
and many others, thereby furthering the development of CPMV and other particles
in an extraordinary range of areas.

Other virus and virus-like particles have been modified in similar ways, although
none have crossed boundaries between laboratories to the extent that CPMV has.
A brief description of some of the highlights of each follows.

— Cowpea chlorotic mottle virus (CCMV) is composed of 180 copies of a single
protein subunit. Its chemical reactivity has been explored by Douglas, Young,
and co-workers (Gllitzer et al. 2002), in addition to a large and exciting body of
work on its use as a nanocapsule for inorganic and magnetic materials synthesis
(Suci et al. 2006; Liepold et al. 2005). Unlike CPMV, CCMV can be broken
apart into subunits and reassembled into its capsid form. By labeling two popu-
lations of CCMV particles with different reagents, disassembling, mixing the
two populations, and reassembling, it was possible to create capsids with mixed
labels (Gllitzer et al. 2006)

— Tobacco mosaic virus (TMV), certainly the longest appreciated virus from a
chemical point of view (Crick and Watson 1956), has a helical, rather than
icosahedral, arrangement of subunits. Francis and co-workers have recently labeled
the interior of TMV, which is lined with glutamic and aspartic acid residues,
with a variety of substrates including biotin, chromophores, and crown ethers
using carbodiimide coupling reactions (Schlick et al. 2005). The replacement of
serine with cysteine residues on the exterior surface allowed for the conjugation
of light harvesting dyes to TMV proteins, which were then induced to self-
assemble into functional virus-like rods (Miller et al. 2007).

— Turnip yellow mosaic virus (TYMV) has been recently introduced to chemical
synthesis by the Wang laboratory, which has employed standard NHS ester and
carbodiimide/imine coupling to natural and chimeric amino and carboxylic acid
containing residues, respectively (Barnhill et al. 2007).

— Nudaurelia capensis o virus (NoV) has also been probed by standard lysine
acylation and thiol alkylation reactions (Taylor et al. 2003). This insect virus
undergoes a massive conformational change upon proteolytic maturation from a
480-nm diameter procapsid to a 410-nm diameter virion (Taylor et al. 2002). Its
response to both chemical reagents (Taylor et al. 2003) and proteolytic enzymes
(Bothner et al. 2005) was found to be dramatically affected by this structural
rearrangement, with the compact mature particle being much less reactive because
it both exposes fewer reactive side chains on average and because it is dynamically
less flexible. As is the case with many highly cooperative systems, however, the
contributing factors are likely more complicated than this (Bothner et al. 2005).

— PFerritins and heat shock proteins (HSPs) are spherical protein assemblies that are
typically smaller than viruses and have fewer subunits, those used for chemical
purposes being approximately 12 nm in diameter and composed of 24 identical
protein building blocks. They tend to be more chemically stable than viruses
and virus-like particles, and can be expressed and purified in quantity. (Several
varieties of ferritin are commercially available at modest cost.) The Douglas and
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Young laboratories have taken the lead in using these particles for chemical pur-
poses. In an early and spectacular demonstration of the suitability of ferritin to
the chemist’s bench, exterior carboxylic acids were activated and coupled to
long-chain alkylamines to make stable particles that are freely soluble in organic
solvents such as dichloromethane. The chemistry of HSP is similarly robust
(Flenniken et al. 2003). Ferritin and an HSP have been expressed with tumor-
targeting peptides and illuminated by attachment of dyes to aid in tissue imaging
(Flenniken et al. 2006), and polymer-modified ferritin has been made for
materials self-assembly (Lin et al. 2005).

Tyrosine-Selective Bioconjugation Strategies

In addition to lysine amines and cysteine thiols, the aromatic groups of tyrosine
(Hooker et al. 2004; Tilley and Francis 2006; Antos and Francis 2006) and tryptophan
(Antos and Francis 2004) have reactivity patterns distinct from the other amino acids,
and therefore are attractive targets for bioconjugation. Tyrosines on virus particles
have been exploited in three ways, as shown in Fig. 6. The tyrosine phenol is easily
oxidized by one electron using peracid or persulfate reagents, mediated by the nickel
complex of the gly-gly-his (GGH) tripeptide or by the photochemical action of
tris(2,2i-bipyridyl)ruthenium(ll) (Brown and Kodadek 2001; Amini et al. 2005).
We exploited this observation by the addition of disulfide trapping agents, giving rise
to thioether derivatives of surface-exposed tyrosine residues on CPMYV, as well as to
intersubunit dityrosine crosslinks within the capsid (Meunier et al. 2004).

1) NIGGH/MMPP, or
Ru(bpy)s®*,
(NH4)2820s, hv

2) AS-SR

OH OH
(&)

N vN
- ‘ \©H

H/\/\

@PdL /_/__/

Fig. 6 Methods used for covalent modification of tyrosine residues in virus particles: (blue)
diazotization; (red) one electron oxidation and trapping (MM PP magnesium monoperoxyphthalate);
(black) alkylation by m-allylpalladium complexes derived from allylic acetates and Pd(OAc),

OH
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Francis and co-workers have developed several elegant new methods for biocon-
jugation and applied them to virus derivatization (Antos and Francis 2006). The
reaction of phenols with diazonium salts, long known as a water-friendly reaction
in organic synthesis, was exploited to label tyrosine residues of bacteriophage MS2
and TMV (Schlick et al. 2005; Hooker et al. 2004). In the case of MS2, the encap-
sulated RNA was first hydrolyzed with base, exposing tyrosine residues on the
capsid interior. The initial labeling event was followed by a robust and general
second connection to the group installed. In addition, the phenolic oxygen of
tyrosine can be alkylated by m-allylpalladium complexes formed in situ (Tilley and
Francis 2006). Lastly (and not shown in Fig. 6), lysines have been addressed by the
Francis group in a new way by reductive alkylation using aldehydes and an iridium
transfer hydrogenation catalyst (McFarland and Francis 2005).

Copper(I)-Catalyzed Azide-Alkyne Cycloaddition

Bio-orthogonal reactions — those that involve functional groups that are inert to most
biological molecules — have gathered increasing attention for protein conjugation
chemistry in general (Agard et al. 2006; Prescher and Bertozzi 2005; van Swieten et
al. 2005). By their nature, these processes eliminate potential problems of crossre-
activity of electrophilic reagents with biochemical nucleophiles. In the class of bio-
orthogonal reagents, (azides + alkynes), (azides + phosphines) (Kiick et al. 2002;
Saxon and Bertozzi 2000; Saxon et al. 2002; Mahal et al. 1997), and (aldehydes +
hydrazines, hydrazones, or amino ethers) are the most successful. To date, the first
pair has been the most widely used with viruses, employing Cu' or ring strain to
accelerate the [3+2] cycloaddition reaction between them, as shown in Fig. 7.

NH>
NHS esteraw N

4,_
maleimide=wNy
SH

Fig. 7 Installation of azides by standard bioconjugation techniques, followed by coupling with
alkynes in the presence of a Cu' complex involving ligands 1 or 2. Note that alkynes can be
attached to the particle and then coupled with azides in the same way
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In most of the applications so far, azides and alkynes are introduced to the virus
scaffold by one of the methods described above. The positional control is therefore
the same as before, which is to say that it varies widely with the particular scaffold
and reaction employed. The subsequent azide-alkyne cycloaddition step, however,
is perfectly selective and very rapid. In order for this reaction to be fully compatible
with biomolecules in vitro if not yet in vivo (Agard et al. 2006), a copper binding
ligand is required to accelerate the reaction, minimize the oxidation of copper from
the +1 to +2 states, and prevent the metal from inducing protein aggregation or
degradation (Wang et al. 2003) Both the tris(triazolylmethyl)amine 1 (Wang et al.
2003; Chan et al. 2004) and sulfonated bathophenanthroline ligand 2 (Lewis et al.
2004; Sen Gupta et al. 2005a) have been used for the conjugation of a variety of
molecules to viruses. Neither ligand is ideal: 1 supports efficient catalysis of the
reaction but has marginal water solubility, while 2 is fully water soluble and makes
a faster catalyst, but makes the catalytic system much more sensitive to oxygen and
therefore must be used in an anaerobic environment. In our hands, 2 allows at least
a tenfold reduction in the amount of coupling partner needed to fully address the
virus-azide or -alkyne reactant compared to other bioconjugation methods. This
improved efficiency has expanded the array of substances that can be attached to
viral scaffolds. CPMV has been addressed in this manner with small molecules
such as fluorescent dyes (Meunier et al. 2004; Wang et al. 2003; Sen Gupta et al.
2005a), gadolinium complexes (Prasuhn et al. 2007), sugars, polymers (Sen Gupta
et al. 2005b) and even the 80-kDa protein transferrin (Sen Gupta et al. 2005a).

In order to position attached structures with precision on virus surfaces, we have
recently incorporated unnatural amino acids containing azide or alkyne side chains
into capsid proteins under genetic control. Utilizing the auxotroph technology
developed by Tirrell and co-workers (Kiick et al. 2000, 2001, 2002; Kiick and
Tirrell 2000), sense codon reassignment was used to incorporate azidohomoalanine
in place of methionine in both the hepatitis B virus (HBV) particle and the bacteri-
ophage QP capsids expressed in Escherichia coli (E. Strable et al., unpublished
data). Tight control over protein expression resulted in high yields of specifically
labeled material, and subsequent azide-alkyne cycloaddition to these positions
occurs smoothly.

Conclusions

The chemical manipulation of virus-like particles is always done for the purpose
of bringing new properties to these matchless scaffolds. As with all branches of
chemical synthesis, familiar bioconjugation reactions were used first and continue
to be used most often. New techniques fill much-needed capabilities of chemose-
lectivity, rate, and positional selectivity for certain applications. The combination
of biological and chemical capabilities, such as the introduction of unusually reactive
natural residues such as cysteine or unnatural amino acids containing orthogonally
reactive groups, takes maximal advantage virus-like particles as bridges between
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the worlds of biology and chemistry. In this unique way, molecular biology contributes
to chemical synthesis on the chemist’s scale, to the benefit of drug discovery, drug
delivery, materials science, nanotechnology, and other pursuits.
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Abstract A quintessential tenet of nanotechnology is the self-assembly of nanom-
eter-sized components into devices. Biological macromolecular systems such as
viral particles were found to be suitable building blocks for nanotechnology for
several reasons: viral capsids are extremely robust and can be produced in large
quantities with ease, the particles self-assemble into monodisperse particles with
a high degree of symmetry and polyvalency, they have the propensity to form
arrays, and they offer programmability through genetic and chemical engineering.
Here, we review the recent advances in engineering the icosahedral plant virus
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Cowpea mosaic virus (CPMV) for applications in nano-medicine and -technology.
In the first part, we will discuss how the combined knowledge of the structure of
CPMYV at atomic resolution and the use of chimeric virus technology led to the
generation of CPMV particles with short antigenic peptides for potential use as
vaccine candidates. The second part focuses on the chemical addressability of
CPMV. Strategies to chemically attach functional molecules at designed positions
on the exterior surface of the viral particle are described. Biochemical conjugation
methods led to the fabrication of electronically conducting CPMV particles and
networks. In addition, functional proteins for targeted delivery to mammalian cells
were successfully attached to CPMV. In the third part, we focus on the utilization
of CPMYV as a building block for the generation of 2D and 3D arrays. Overall, the
potential applications of viral nanobuilding blocks are manifold and range from
nanoelectronics to biomedical applications.

Abbreviations CPMV: Cowpea mosaic virus; EDC: N-ethyl-N’-(3-dimethylami
nopropyl)carbodiimide hydrochloride; EGFR: Epidermal growth factor receptor;
FITC: Fluorescein isothiocyanate; NHS: N-hydroxysuccinimide; QCMD: Quartz
crystal microbalance with dissipation monitoring

Introduction

A quintessential tenet of nanotechnology is the self-assembly of nanometer-sized
components into devices. Recent advances in synthetic chemistry led to the fabri-
cation of a range of interesting molecules and nanoscale components; however,
functional connectivity among different components in a predefined pattern is
difficult to achieve. Biological macromolecule systems are generally more amenable
for self-assembly, not only because of their natural propensity to form arrays, but
also because they offer programmability through genetic engineering. They can be
utilized either directly as devices or indirectly as templates for patterning other
small synthetic or biological molecules. Another benefit of biological macromole-
cules compared to synthetic nanomaterials is biocompatibility; this is particularly
important for biological or medical applications. The ideal properties of a biologi-
cal system for applications in nanosciences and nanotechnology include high yield,
structural definition to atomic resolution coupled with a high degree of chemical
stability. We have exploited icosahedral viruses, especially the plant virus, Cowpea
mosaic virus (CPMV), for applications in nanomedicine and nanotechnology.
Besides having the above-mentioned properties, icosahedral virus particles also
possess a high degree of symmetry, leading to polyvalency and the capacity to carry
large cargos and extensive surfaces for functional engineering.

CPMYV is a picorna-like virus with a genome of two segments of single-stranded,
positive sense RNA (Fig. 1). The larger RNA-1 encodes the virus replication
machinery and the smaller RNA-2 encodes the two capsid proteins and the viral
movement protein. The two RNA molecules are separately encapsidated in isometric
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Fig.1 a A space-filling drawing of the CPMV capsid. b A schematic presentation of CPMV
capsid. The capsid is comprised by two viral proteins, the S and L subunits, which form three
B-sandwich domains in the icosahedral asymmetric unit. The S subunit occupies A (blue) posi-
tions around the fivefold axis; the two domains of L subunit occupy the B5 (red) and C (green)
positions. Sixty copies of the S and L subunits comprised the viral capsid. ¢ A ribbon diagram of
the three B-barrel domains that comprise the icosahedral asymmetric unit. d The two RNA
molecules of the virus genome are separately encapsidated and both types of the particles are
required for infection. Empty particles are also formed. e Two RNA molecules, RNA-1 and RNA-2,
comprise the CPMV genome, with RNA-2 encoding S and L capsid proteins

particles, and both types of particles are required for infection. Empty virus
particles containing no RNA are also produced during an infection (Lomonossoff
and Johnson 1991).

An essential component for the generation of genetically engineered viral parti-
cles is the availability of infectious cDNA clones. The first infectious clones of
CPMV were based on the generation of RNA transcripts in vitro by Escherichia
coli or T7 polymerases (Eggen et al. 1989; Holness et al. 1989; Rohll et al. 1993;
Vos et al. 1998). A significant improvement was made with the introduction of
clones based on the use of the 35S promoter of Cauliflower mosaic virus (Dessens
and Lomonossoff 1993), which were subsequently adapted for delivery by
Agrobacterium tumefaciens (Liu and Lomonossoff 2002). As the host RNA
polymerase recognizes the promoter to generate viral RNA transcripts in situ,
mutated cDNA encoding the CPMV genome can be mechanically introduced to
plants for the production of engineered viruses with unparalleled convenience and
efficiency (Fig. 2). The yield of CPMYV is 1-2 g of virus per kilogram of infected
leaves and the virus can be easily purified by a straightforward protocol (Wellink
1998). The virus particles are substantially more stable than a typical macromolecular
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Fig. 2 Scheme for the production of CPMV-based chimeras. Two cDNA infectious clones each
encoding one of the viral RNA molecules are under the control of the 35S promoter from
Cauliflower mosaic virus. Mechanical inoculation of both cDNA onto cowpea plants sets off the
viral infection for the production of CPMV. Gram quantities of CPMV can be isolated in labora-
tory setting. (Johnson et al. 1997, with permission)

assembly. The native virus can tolerate organic solvents such as dimethyl sulfoxide
at concentrations up to 50% (v/v) for at least 2 days and maintains the integrity and
infectivity for months at room temperature, for days at 37°C, and for hours at 60°C
(Wang et al. 2002).

Knowledge of the 3D structure is essential for rational design of nanomaterials.
The crystal structure of CPMV was determined and refined to near atomic resolu-
tion (Lin et al. 1999). The viral capsid is comprised of two proteins subunits, the
small (S) and large (L) subunit. The S subunit is about 23 kD and folds into a jelly-
roll B-sandwich, while the L subunit of folds into two jellyroll B-sandwiches, with
a total mass of 41 kD. Sixty copies of each of the capsid proteins form the virus
capsid of 30 nm in a P=3 symmetry, with the asymmetric unit consisting of one
copy each of an L and S subunit (Fig. 1).

Assembly of Nanoparticles with Designed Antigenicity

With a well-defined structure and readily programmable capsid, CPMV particles
are exceptional nanobuilding blocks for the fabrication of nanoassemblies. The
simplest device can be made with a single type of an exogenous component assem-
bled on a CPMYV scaffold. CPMV particles decorated with short antigenic peptides
are such nanoassemblies which were exploited for the generation of vaccines. Since
the constructs are made through genetic engineering, no special fabrication is
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required other than propagation and purification of the chimeric viruses as carried
out for any other CPMV mutant. There are several advantages in using the CPMV
system for vaccine production: the antigenic potency of the peptide is enhanced by
the polyvalent presentation due to the high symmetry of the virus particles; the ease
of production and high yield make vaccines produced in this way very affordable;
the stability of the CPMV carrier allows long-term storage and convenience in
transportation and distribution.

Design and Generation of CPMV Chimeras

There are several prominent and permissive locations on the CPMV surface for
the presentation of foreign peptides. The BB-BC and BC’-BC” loops of the S subunit
are the equivalents of NIm-IA antigenic site and the BE-BF loop of the L subunit
is the location of NIm-II site in human rhinoviruses. A chimeric virus technology
was developed in which exogenous peptides were inserted by cassette mutagenesis
and the progeny virus particles carrying the antigenic peptides were obtained by
infecting plants with modified versions of the infectious clones (Fig. 3) (Porta et al.
1994; Taylor et al. 2000).

The usefulness and versatility of the system was demonstrated by the
investigation of the antigenic assemblies carrying a peptide of 14 residues
(KDATGIDNHREAKL) corresponding to the NIm1A epitope from VP1 of human
rhinovirus (HRV) 14. The initial construct was made by the insertion of the peptide
between the Alal122 and Pro123 of the BB-BC loop of CPMYV S subunit to produce
a chimera called CPMV/HRV-II (Fig. 3) (Porta et al. 1994). Additional constructs
were made by moving the insertion site one residue to the left (between Pro121 and
Alal22) to produce CPMV/HRV-L1 (Taylor et al. 2000). Similarly, by moving the
insertion site to one, two and three residues to the right, chimeras CPMV/HRV-R1,
CPMV/HRV-R2 and CPMV/HRV-R3 were produced. For comparative studies, a
chimera, CPMV/HRV-44-45 , was made by insertion of the peptide between
Asp44 and Asp45 in the BC-BC” loop of the S protein (Taylor et al. 2000).

These chimeras were genetically stable as demonstrated by RT-PCR and
sequencing after multiple passages and the yields of virions were generally similar
to those obtained with wild type virus, with the exception of CPMV/HRV-L1 where
the yield was reduced to approximately half of the wild type level. Protein sequenc-
ing and SDS PAGE of purified CPMV/HRV-1I, CPMV/HRV-R1, CPMV/HRV-R2,
CPMV/HRV-R3 and CPMV/HRV-44/45  showed there was a protease cleavage at
the C-terminal end of the insertion, although the inserted peptides were still associ-
ated with the capsid, as demonstrated by ELISA and structural analysis (Lin et al.
1996; Porta et al. 1994). CPMV/HRV-L1 was an exception. Electrophoretic analy-
sis indicated that repositioning the epitope one amino acid to the left of its original
position in CPMV/HRV-II (i.e., between Pro21 and Ala22 rather than between
Ala22 and Pro23 of the S protein) in CPMV/HRV-L1 substantially inhibited the
cleavage reaction (Taylor et al. 2000).
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Fig. 3 Epitope presentation in CPMV chimeras. The upper part of the figure illustrates residues in
the BB-BC loop of CPMYV and the location of restriction sites as well as the residues in the chimera
and the position of the spontaneous cleavage in the chimera; the lower part illustrates the location
of the exposed loop of the chimera on the particle surface with the insertion represented in red.
There are two unique restriction enzyme sites, Nhe I (natural) and Aat II (prepared by site-directed
mutagenesis), in the region encoding the BB-BC loop of the small subunit in the infectious clone.
These two sites are used in the cassette mutagenesis. Oligonucleotides are introduced to restore the
native sequence of those residues and to insert the NIm-IA antigenic sequence of HRV 14 between
Alal22 and Prol23. Two residues, D1091 and E1095 (numbering from HRV14), which were
important for the NIm-IA immunogenicity, are drawn as larger circles. The chimera thus generated
has the foreign sequence presented at the pentamers of the virus capsid (lower right). The majority
of the virus isolated is fragmented between K1097 and L1098. (Lin et al. 1996, with permission)

Imaging of CPMV Chimeras by X-Ray Crystallography

Since CPMV/HRV-II, -R1, -R2, and -R3 are fairly similar in terms of positioning and
cleavage of the inserted peptide, crystallographic and immunological studies of
CPMV chimeras with NIm-1A insertion focused on a comparison of CPMV/HRV-II,
CPMV/HRV-L1 and CPMV/HRV-44-45 . CPMV/HRV-II and CPMV/HRV-44-45,
were crystallized isomorphously with the native CPMV in the 123 space group and
the crystal structures were determined by improving the phases, calculating from
the native structure through averaging (Lin et al. 1996; Taylor et al. 2000). CPMV/
HRV-L1 was crystallized in the R3 space group and the structure was determined
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by molecular replacement with the structure of the native virus as the initial phasing
model for phase refinement (Taylor et al. 2000).

The NIm-1A antigenic sequence adopted a smooth conformation on the surface
of CPMV/HRV-II particle, in contrast to the convoluted conformation in the native
environment, and displayed high temperature factors indicating high mobility,
which was attributed to the freedom resulting from the cleavage of the peptide
(Fig. 4) (Lin et al. 1996). Not surprisingly, the peptide on the surface of CPMV/
HRV-44-45, showed a similar tendency in adopting extended conformations, only
with multiple conformations that could only imaged at lower resolution, probably
because of even higher mobility (Figs. 5 and 6) (Taylor et al. 2000).

The crystal structure of CPMV/HRV-L1 showed the continuous density for the
peptide in agreement with the biochemical analysis that the insert is not cleaved.
Thus the epitope is now presented as a closed loop (Figs. 5 and 6), rather than as
a sequence with a free C-terminus, as found with CPMV/HRV-II and CPMV/
HRV-44/45,. However, despite this improvement in the mode of presentation, the

£ 'Phe124

3.1A

Pro123
Phel24 BpD’

BC BF°

chr_D1091

hrv_E1095

chr_D1091
hrv_E1095

ehr_E1095 ehr_E1095
c chr_K1097 chr_K1097

Fig. 4 a Electron density for the chimeric CPMV particles expressing the HRV14 NIm-1A site
in the BB-BC loop of the S protein. b The model fitted the density. ¢ A stereo view comparing the
chimera loop with the native NIm-IA loop of HRV 14 (the more convoluted structure); D1091 and
E1095, which defined the NIm-IA epitope in that changes to either of these residues stopped the
virus from being neutralized by specific monoclonal antibodies, are labeled in both loops.
The NIm-IA loop displayed three turns. (Lin et al. 1996, with permission)
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Fig. 5 Electron density maps of CPMV/HRV chimeras with the HRV14 NIm1A site inserted at
different positions. a CPMV/HRV44/45 . Electron density that was modeled for the extended
conformation of insertion. The electron density is in chicken wire and the model is made with Ca
tracing in black. The length of the density can accommodate all the inserted residues, plus a resi-
due (1099) at the end of the insertions, in agreement with the biochemical analysis. A break of the
density was obvious at the position where the cleavage occurred and the new C-terminus inter-
acted with Asn252 of the large subunit. The electron density is contoured at 16. b CPMV/HRV-
L1. Electron density that was modeled for the inserted loop. The density in chicken wire is
continuous and all the residues (1085-1098) of the inserted peptide can be fitted (in black). The
density is contoured at 26. (Taylor et al. 2000, with permission)

native structure of the NIm-1A sequence could not be fitted into the electron
density of CPMV/HRV-L1, demonstrating the necessity of modifying the
surrounding environment to achieve conformation-dependent peptide presentation
(Taylor et al. 2000).

CPMYV Chimeras as the Vaccine Candidates

Antisera raised in rabbits against purified virions of the three HRV chimeras that
had been investigated crystallographically were used to investigate the influence of
the different modes of presentation on the immunological properties of the inserted
peptides. To measure the level of anti-HRV-14 antibodies in the sera, their ability
to bind to native HRV-14 was tested by antigen coated plate ELISA (Fig. 7). The
results showed that antibodies raised against CPMV/HRV-1I and CPMV/HRV-44-45,
chimeras, despite reacting strongly with HRV-14 VP1 in Western blots, bound
poorly to intact HRV-14 particles. Indeed, their binding curves differed little from
that obtained with wild type CPMYV, suggesting that the limited binding observed
might be nonspecific. However, the binding of antibodies raised against CPMV/
HRV-L1 to HRV-14 particles was greatly enhanced compared with that of antibod-
ies raised against the other two CPMV/HRV chimeras. Since both CPMV/HRV-II
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Fig. 6 Stereo views of NIm1A sequences presented on the viral surfaces. The NIm1A sequences
are in red. a VP1 of HRV14. The sequence in its native environment. The N- and C-termini of
VP1I are truncated in this presentation. b CPMV/HRV-IL.A structure. The peptide is folded as a
pseudo-loop bonded by a noncovalent hydrogen bond. ¢ The extended conformation of the insert
in CPMV/HRV44/45 . The peptide extends as far as the L subunit and its C-terminus interacts
with Asn252 of the L subunit. d Folded insertion in CPMV/HRV44/45 . The insertion folds back
and interacts with the N-terminus of the BC” loop with its C-terminus, as if the cleavage did not
occur. ¢ CPMV/HRV-LI. The insert is extended as far as possible and its conformation is still
unlike that in its native environment. (Taylor et al. 2000, with permission)
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Fig. 7 Recognition of HRV-14 in ACP-ELISA by antisera produced in rabbits against CPMV
wild type, HRV-44-45 , HRV-II and HRV-L1. Reactivity of a preimmune serum is also shown.
Binding was detected by the use of alkaline phosphatase-conjugated goat-anti-rabbit antibodies
and p-nitrophenyl phosphate. The resultant OD,  is shown on the y-axis. (Taylor et al. 2000,
with permission)

and CPMV/HRV-44-45 presented the NIm-1A site as a peptide free at its C-termi-
nus, while CPMV/HRV-L1 displayed it as a closed loop, these observations indi-
cated that the structural constraint of the HRV-14 peptide played an important role
in its immunological properties. In spite of their improved binding properties, the
sera raised against CPMV/HRV-L1 were, like those raised against CPMV/HRV-II
and CPMV/HRV—44—451, non-neutralizing. This was consistent with the observa-
tion that sequences outside that inserted into the HRV chimeras are necessary to
create a fully functional NIm1A site.

This study represented the first occasion for any epitope-presentation system in
which the crystal structures of foreign peptides were correlated with their immuno-
logical efficacy. The data from studies of NIm-1A sequence presented on the



Structure-Based Engineering of an Icosahedral Virus for Nanomedicine 33

CPMYV surface confirmed the fact that the precise mode of presentation of an
epitope on the surface of a carrier could be crucial for its immunological properties.
For epitopes such as NIm-1A, which adopted a constrained structure in their native
context, presentation as a closed loop is probably essential for good mimicry. The
fact that the structure of the NIm-1A antigenic site on HRV-14 could still not be
fitted in detail to the electron density corresponding to the insert in CPMV/HRV-L1
suggests that there might be room for further improvement of presentation.
Additional constraints, such as disulfide bonds and a metal binding site, could be
introduced into CPMV/HRV-L1 and the conformation of the insert could be modu-
lated in vitro. Overall, the results demonstrated the potential of the CPMV-based
epitope presentation for studying the relationship between peptide structure and
immunogenicity.

Despite the problems obtaining accurate structural mimicry for peptides
expressed on the surface of CPMYV, there are chimeras that have been shown to be
capable of eliciting protective immunity when administered to experimental ani-
mals. For example, a CPMV chimera (CPMV-PARVO1) expressing a 17 amino
acid epitope from the N-terminal region of the VP2 capsid protein of Canine par-
vovirus was found to protect both mink and dogs against subsequent challenge
when administered subcutaneously (Dalsgaard et al. 1997; Langeveld et al. 2001).
Protection with chimeras expressing epitopes of bacterial origin have also been
reported. A chimera expressing a 30 amino acid sequence from the fibronectin-
binding protein of Staphylococcus aureus was able to protect rats against endocar-
ditis and the serum from the rats was able to protect mice against weight loss due
to S. aureus bacteremia (Rennermalm et al. 2001). Likewise a chimera expressing
a 34 amino acid sequence from the outer membrane protein F of Pseudomonas
aeruginosa was able to protect mice against challenge by two different immuno-
types of P. aeruginosa in a model of chronic pulmonary infection (Brennan et al.
1999). The success of these chimeras in stimulating protective immunity probably
stems from the fact the antigenic sites expressed act as linear epitopes that are
active in a denatured form. Thus the accurate structural mimicry is not an essential
requirement in these cases.

CPMYV Particles Containing Heterologous RNA
as Diagnostic Reagents

During the production of CPMV chimeras, it was noted that the modified version
of RNA-2 containing the additional sequence was encapsidated into particles as
efficiently as wild type RNA-2. Thus RNA-2-containing particles can accommo-
date RNA-2 molecules with additional lengths of heterologous sequence. Such
encapsidated RNA is highly resistant to degradation. These observations have been
exploited to design modified versions of RNA-2 harboring pathogen-specific
sequences that can act as positive controls in highly sensitive real-time PCR-based
diagnostic reactions (King et al. 2007).
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Chemical Fabrications of CPMV-Based Assemblies

Though genetic assembly of antigenic devices (chimeras) is effective in generating
useful vaccine candidates, there are limitations to this approach. It has not proven
possible to stably express peptides larger than about 30 amino acids on the virus
surface and some chimeras with even short peptides could not be recovered from
plants at a reasonable level, especially if the insert had a high pI (Porta et al. 2003).
The effect of pl can, however, be relieved by flanking the inserted sequence with
acidic residues (N.P. Montague, C. Porta, G.P. Lomonossoff, unpublished data). It
is also not practical to express full-length proteins on the virion surface and no
nonproteinaceous components can be incorporated into the capsid by genetic
means. Additionally, genetic insertion can only be made in specific locations and
there is no flexibility in patterning the exogenous components. These limitations
can be circumvented by chemical attachment strategies; small chemical moieties as
well as biological peptides, and even full-length proteins can be attached to the viral
scaffold using a range of bioconjugation reactions. The chemical methods comple-
ment the genetic assembly of CPMV-based devices and allow a greater variety of
nanocomponents to be assembled in designed patterns.

Assembly of CPMV-Gold Conjugates by Thiol Chemistry

Thiol-selective chemical reagents have been employed to probe the reactivity of
non-disulfide-linked Cys residues in the native CPMV capsid. There are no free
sulfhydryl groups on the exterior CPMV surface as shown in the crystal structure
(Lin et al. 1999) and the attachment of fluorescein molecules through a thiol-reac-
tive maleimide was shown to occur only at interior sites of wild-type CPMV
(Fig. 8) (Wang et al. 2002). Thiol-addressable CPMV mutants with Cys residues on
the exterior surface were generated by insertion of a Cys-containing peptides
(GGCGG or similar sequences), as a cassette at the sites previously used for epitope
presentation (Lin et al. 1996; Taylor et al. 2000). A mutant, vEFq, with the Cys
residues placed between positions 298 and 299 of the BE-BF loop in the L subunit
was the most extensively characterized. Labeling of the reactive thiols can be driven
to near completion, i.e., up to 60 chemical ligands can be attached and displayed on
the exterior capsid surface (Wang et al. 2002).

After establishing the chemical accessibility of the introduced Cys side chains,
the mutant particles were reacted with monomaleimido-Nanogold. The derivatized
particles were imaged by cryoelectron microscopy and image reconstruction.
Figure 9a shows the resultant structure of the CPMV-gold complex, and Fig. 9b
shows a difference map in which density for the model CPMV structure was sub-
tracted from the density computed in the image reconstruction. The gold particles
were clearly visible at the positions of the inserted Cys residues (Fig. 9¢), providing
an example of the installation of functional structures at designated positions on the
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Fig. 8 Crystallographic analysis of CPMV particles derivatized with ethyl mercury phosphate.
Amplitudes in the Fourier series calculation were obtained by subtracting structure amplitudes
computed from the atomic model of native CPMV from the measured structure amplitudes of the
EMP derivative. The difference amplitudes and native phases were used to compute electron den-
sity. a The pentameric assembly of CPMV protein about the fivefold symmetry axis. The differ-
ence electron density map reveals bound EMP molecules to be located solely at a single position
below the outer capsid surface corresponding to Cys295; five such sites are shown here. b A view
showing the fold of the CPMV asymmetric unit with EMP difference density. ¢ A close-up view
showing the position of the EMP difference density. (Wang et al. 2002, with permission)

icosahedral protein template. These experiments clearly demonstrated that a virus
particle can function as a convenient and programmable platform for chemical
reactions.

In order to design various nanomaterials, it is important that molecules can be
attached to different sites and that materials can be assembled in different patterns;
therefore, it was necessary to install various attachment sites at different locations
on the viral nanobuilding block. Based on the experience gained with the Cys-
added CPMV mutants produced using the chimeric virus technology, three basic
design principles were implemented: first, the residues at the insertion site should
not be involved in interactions with others. Second, the thiol groups should be
placed in shallow pockets, which would alleviate interparticle cross-linking through
disulfide linkages, while allowing the attachment of smaller molecules. Third, sym-
metry elements on the virus surface should be taken into account to reduce the
number of altered sites.

Based on those principles, two double Cys mutants (mutants with two intro-
duced Cys residues per asymmetric unit) were generated (Blum et al. 2005). CPMV
mutant vI228C was initially made by mutation of Thr228 of the L subunit to
Cys. This mutant was then used for the generation of the two double Cys mutants.
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Fig. 9 Electron cryomicroscopy analysis of derivatized CPMV Cys mutant. a Three-dimensional
reconstruction of native CPMV particles. b Electron density of CPMV particles derivatized with
gold particles. ¢ Difference electron density map was generated by subtracting density computed
with the native CPMV X-ray structure from the density of the derivative. d The difference electron
density superimposed on the atomic model of CPMYV showing that the gold is attached at the site
of the Cys mutation

A mutation of Asn252 to Cys generated mutant vN252C/T228C and a mutation of
Thr2102 to Cys produced mutant vT2102C/T228C. As a consequence of the
twofold symmetry in the virus particles, the double Cys mutations create thiol foot-
prints with four anchoring points (Fig. 10).

The two double Cys mutants were crystallized isomorphously with the native
virus in 123 space group using similar conditions to those applied previously (Lin
et al. 1999). Crystals of vI2102/T228C were derivatized with platinum (II)
(2,27:6"2-terpyridine) chloride and crystals of vN252C/T228C were derivatized
with parahydroxymercuric acid. The derivatives were studied by X-ray crystallog-
raphy and the structure showed binding of Pt ions at the installed Cys residues
(Fig. 10).

These studies demonstrate that using structural design principles and genetic
engineering are powerful techniques allowing the installation of reactive groups
with exact positioning. The installed functionalities can then serve as attachment
sites for the conjugation and display of heterologous materials with precision.
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Fig. 10 a Footprints of Cys residues on the CPMV models. Left VN252C/T228C. Residues 252
are in blue and residues 228 are in red. Right vT2102C/T228C. Residues 2102 are in blue.
b Ribbon diagram of CPMV asymmetric unit overlapped with different map produced from the
Pt derivatives of CPMV mutants. Left vN252C/T228C. The virus crystals were derivatized with
platinum (1) (2,2":6"2’-terpyridine) chloride. Right vN252C/T228C. Virus crystals were deriva-
tized with parahydroxymercuric acid

Engineering of Specific Amine Reactivity for Assembly
of Supramolecules

For directional and controlled heterologous attachment of novel materials to the sur-
face of CPMYV, at least two types of reactive groups would be required. In addition
to thiols, amine groups are also highly reactive in proteins (Hermanson 1996).
Amine groups can be contributed by either the N-terminus of a polypeptide or by the
side chains of Lys or Arg residues. Since the N-termini of both the coat proteins are
in the capsid interior and guanidine groups of Arg are unlikely to engage in the addi-
tion reactions with N-hydroxysuccinimide (NHS) ester and isothiocyanate groups at
pH 7 (the conditions we wished to employ), the only reactive amine groups on the
virus exterior surface will be contributed by exposed Lys side chains. There are,
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however, five solvent-exposed Lys residues per asymmetric unit on the capsid exte-
rior (Fig. 11), and attachment of ligands to specific single Lys side chains would be
difficult, if not impossible, to achieve. Thus removal of selected Lys residues has to
be carried out to eliminate the excess reactivity and to gain control over positioning.
The best way of achieving this is to mutate the appropriate Lys residues to Arg resi-
dues since the polarity and positive charge of Arg side chains are likely to preserve
the environment of the original Lys residues (Hermanson 1996). Table 1 lists the
sequential mutants generated for the creation of Lys-minus mutants that would be
associated with specific amine reactivity (Chatterji et al. 2004a).

Fig. 11 Left Space-filling model of CPMV capsid. The reference asymmetric unit is framed and
the symmetry elements are labeled. Small (S) subunits labeled A are in blue, and the large (L)
subunits formed by two domains are in red (B domains) and in green (C domains). The oval repre-
sents a twofold axis; the friangle is a threefold axis and the pentagon a fivefold axis. Right Ribbon
diagram of the asymmetric unit comprised by three jelly roll B-sandwiches with surface Lys
residues represented as spheres in cyan. Lys138 and Lys182 are in the A domain, Lys299 and Lys234
are in the C domain, while Lys2199 is in the B domain. (Chatterji et al. 2004a, with permission)

Table 1 Lys-minus CPMV mutants

Virus Mutation Yield (mg/g of leaves)
Wildtype 1-1.5
vK182.K234.K299.K2199 K138R 1-1.5
vK138.K234.K299.K2199 K182R 0.4
vK138.K182.K299.K2199 K234R 1-1.5
vK138.K182.K234.K2199 K299R 1-1.5
vK138.K182.K234.K299 K2199R 1-1.5
vK182.K234.K2199 K138R/K299R 0.6
vK138.K182.K2199 K234R/K299R 1-1.5
K234.K299 K138R/K182R/K2199R 0.8
vK138 K182R/K234R/K299R/K2199R 1-1.5
vK299 KI138R/K182R/K234R/K2199R 0.5
vK2199 K138R/K182R/K234R/299R 0.8

Chatterji et al. 2004a, with permission
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The reactivity of the Lys-minus mutants was investigated by quantifying the
absorbance at 495 nm of attached fluorescein molecules after labeling the virus
with NHS ester or isothiocyanate derivatives of fluorescein (Fig. 12). Mutation of
single Lys to Arg residues reduced the reactivity in each of the five cases, but none
of the mutations abolished the reactivity completely (Fig. 12). In labeling reactions
with fluorescein isothiocyanate (FITC), the mutation of Lys138 to Arg resulted in
a reduction of about 37% of the reactivity, suggesting that Lys138 was associated
with significant reactivity. Another significant reduction in the reactivity, about
26%, was observed as a result of mutation of Lys299 to Arg. Overall, Lys138 and
Lys299 accounted for two-thirds of the total reactivity in the native virus, while the

(NH2),
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>
pH7,RT,2-16hr
(2) size-exclusion
chromatography
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Fig. 12 Quantification of fluorescein molecules attached to CPMV. a Formula for the attachment
of fluorescein molecules to amine groups of Lys residues by FITC and NHS ester. b Reduction
in labeling of single Lys-minus mutants. The columns in black show the number of fluorescein
molecules attached to the virus particles labeled with NHS ester, while the columns in grey denote
FITC-derived virus particles. The virus mutants used in the experiment are indicated. All reactions
with NHS ester were carried out at pH7.0 at room temperature for 2 h with x200 excess dye reac-
tants. The reactions with FITC were carried out under similar conditions but with larger excess of
dye molecules (x1000) and an extension of reaction time to 18-24 h. (Chatterji et al. 2004a, with
permission)
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other residues, Lys182, Lys234 and Lys2199, shared roughly one-third of the
remaining amine reactivity (Fig. 12 and Table 2). The derived reactivity from the
five single Lys-minus mutants could account for almost all the reactivity (93.1%)
of the wild type virus, indicating that the reaction was virtually specific for the Ne
amines of the five surface Lys residues and that each of the exposed lysine residues
reacted independently. Labeling the wild type CPMYV particles and the Lys-minus
mutants with fluorescein NHS ester followed similar trends to those seen with
FITC, demonstrating that all surface Lys residues contributed to the reactivity
(Fig. 12 and Table 2) (Chatterji et al. 2004a). Virus particles with two or three Lys
mutated to Arg were also generated and derivatized with FITC. The change in
reactivity due to the multiple mutations were additive when compared to that of
virus particles with single Lys mutations (Table 2).

Successive mutations resulted in virus particles with different combinations of
Lys residues. Two mutants, vK138 and vK299, were generated by keeping the

Table 2 Labeling of CPMV using fluorescein NHS ester and FITC
No. of dyes/ No. of dyes/ Remaining  Reduction in

Virus (mutation) particle particle reactivity® reactivity®
(NHS ester) (FITC) (FITC) (FITC)

Wildtype 72 58

vK182.K234.K299.K2199 46 37 63.8% 36.2%
(K138R)

vK138.K234.K299.K2199 60 51 87.9% 12.1%
(K182R)

vK138.K182.K299.K2199 64 52 89.7% 10.3%
(k234R)

vK138.K182.K234.K2199 53 43 74.1% 25.9%
(K299R)

vK138.K182.K234.K299 59 53 91.4% 8.6%
(K2199R)

vK182.K234.K2199 32 24 41.4% 58.6%
(K138R/K299

vK138.K182.K2199 48 44 75.9% 24.1%
(K234R/K299R)

vK234.K299 34 23 39.7% 60.3%
(K138R/K182R/K2199R)

vK138 (K182R/K234R/ 26 23 39.6% 60.4%
K299R/K2199R)

vK299 (K138R/K182R/ 31 24 41.4% 58.6%
K234R/K2199R)

vK138° 183 68

vK299¢ 185 64

‘Reactivity,  /reactivity ,, x100%

"(Reactivity , . gpeTeactivity /reactivity ,, x100%, which is the derived reactivity of the

mutated Lys of wild type

“The reactions were carried out under the so-called forcing conditions that would drive the reac-
tion to completion

Chatterji et al. 2004a, with permission
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single reactive lysine residues, Lys138 and Lys299, and mutating the other four
Lys residues to Arg. These two mutants were treated with with monosulfo-NHS-
Nanogold to generate metal-decorated virus particles. Structural analysis of the
conjugates by cryoelectron microscopy and image reconstruction showed specific
labeling of the targeted Lys residues. The electron densities corresponding to the
gold particles were only associated with the unique lysine residues (Fig. 13). The

Fig. 13 alImages of gold-decorated CPMV mutants as determined by cryoelectron microscopy and
image reconstruction. Left Cryo-EM image of gold-labeled mutant vK138. The gold particles appear
as spikes protruding from the specific Lys residue (Lys138). Right Cryo-EM Image of gold/CPMV
vK299 conjugate. The density corresponding to gold particles appears as islands, suggesting consid-
erable latitudinal motion. Despite the higher pH of 8 employed for the reactions, which promotes the
excess labeling, no labeling other than the targeted Lys residues were observed, demonstrating that
labeling is specific. The images are composites of the native virus (grey) and difference map between
the CPMV/gold conjugates and the native virus (gold). b Top Difference electron density, derived
from vK138-gold conjugate (leff), and the vK299-gold conjugate (right) superimposed with the rib-
bon diagram of the asymmetric unit of the virus capsid. The steric constraint labeled in vK138
conjugate restrict the movement of gold particles, while the gold particles labeled in vK299 could
move more freely. The A domain is represented in blue, the B is shown in red and the C is denoted
in green. The gold particles are also drawn as yellow spheres with a diameter of 14 A. The center of
the gold particles to K138 and K299 is 32 A. The five fold axis is also shown. Bottom The schematic
representation of the linker arm distance of 32 A between the center of the density for gold and the
labeled lysine residues, which includes the sum of the size of the gold, the organic shell around the
gold and the length of the cross-linker. (Chatterji et al. 2004, with permission)
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striking difference in the presentation of the gold on the two mutants suggested
that the local environment of the targeted lysine residue might influence the pres-
entation of the attached ligand. The gold particles labeled on vK138 appeared as
spikes protruding radially from the virus particle, suggesting the gold particles are
longitudinally mobile. In contrast, gold particles labeled on vK299 were imaged
as islands of density, indicating that the gold particles are associated with latitudi-
nal motion on a larger scale and only their vibration center is visible. K139 is
located in a structural valley between the L. and S subunits and only motion in a
radial direction is permitted, while K299 is more on an open field, allowing more
freedom of movement (Fig. 13). The decoration of CPMV with gold particles at
designated locations demonstrates that the surface of the virus particle is selec-
tively addressable; moreover, the presentation and orientation of the ligand can be
tightly adjusted.

Electroactive CPMV Complexes

Display of Redox-Active Complexes on CPMV

CPMYV nparticles were studied as a nanobuilding block for the construction of elec-
troactive nanoscopic materials. The particles have been utilized as platforms for the
display of multiple redox-active species. The motivation for these studies is derived
from the fact that the particles offer a scaffold allowing the precise positioning of
multiple redox-moieties. These highly symmetrical structures are expected to
display interesting electrochemical properties.

Decoration of CPMV with approximately 240 ferrocenes and the attachment of
180 viologen moieties has been achieved (Steinmetz et al. 2006b, 2006c).
Ferrocenes were attached using ferrocenecarboxylate and the coupling reagents
N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) to accomplish facile coupling to solvent-exposed
lysines on wild type CPMV (Steinmetz et al. 2006¢). Electrochemical studies confirmed
the presence of redox-active nanoparticles. Cyclic voltammetry showed that the
CPMV-ferrocene complex displayed an electrochemically reversible ferrocene/
ferrocenium couple (Fig. 14). The oxidation potential for the CPMV—ferrocene
complex was shifted when compared to the free ferrocenecarboxylic acid. E,, of
CPMV-ferrocene was 0.23 V, and E,, of free ferrocenecarboxylic acid was 0.32 V
vs the Ag/AgCl electrode, respectively. This shift is expected for the conversion of
the carboxyl group of ferrocenecarboxylic acid to an amide on coupling to the virus
capsid, since the amide is less electron-withdrawing, and shows that the ferrocenes
were stably attached to the particle surface (Steinmetz et al. 2006c).

Peak currents were measured at a range of scan rates and the linear plot of i
K vs v2 (R=0.997) showed that the oxidation process was diffusion controlled
(Fig. 14). The number of ferrocenes per CPMV particle was determined using the
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Fig. 14 a Differential pulse voltammogram of ferrocenecarboxylic acid; b differential pulse
voltammograms of native CPMV particles (solid line) and derivatized CPMV-ferrocene virions
(dashed line); ¢ cyclic voltammogram of CPMV-ferrocene virions at a scan rate of 0.1 V; d linear
plot of current vs the square root of the scan rate. (Steinmetz et al. 2006¢c, with permission)

Randles-Sevcik equation, and it was calculated to be around 240 ferrocene
moieties per CPMV particle.

The cyclic voltammogram of the CPMV—ferrocene complexes (Fig. 14) shows a
single reversible oxidation wave for the 240 redox centers displayed on CPMV.
This corresponds to a simultaneous multielectron transfer at the same potential for
all redox centers, and therefore the multiple moieties are independent and behave
as essentially noninteracting redox units. This is an interesting and striking electro-
chemical property, the redox centers displayed on the insulating 30 nm in diameter
viral scaffold have average distances of approximately 2040 A from each other
(measurements are based on the crystal structure of CPMV). The fact that a simul-
taneous multielectron transfer of all redox units is observed can be explained by
either fast rotational diffusion of the viral particle or by a kind of relay mechanism,
such as electron hopping. Electron hopping between redox centers presented on the
same viral particle is unlikely because the spatial separation of the redox centers is
relatively large (on the electrochemical scale). However, electron hopping events
between redox centers on different particles is possible, and this could contribute to
the observation of simultaneous electron transfer of all 240 electrons derived from
the ferrocene centers (Steinmetz et al. 2006c¢).
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Fig. 15 a Cyclic voltammogram of CPMV-viologen complexes in aqueous buffer solution meas-
ured at a scan rate of 150 mV. b A linear plot of the measured current vs the square root of the
scan rate. Electrochemical measurements were obtained and controlled using an Autolab PGSTAT
30 with GPES version 4.9 software. (Steinmetz et al. 2008, with permission)

For the attachment of viologen moieties, solvent-exposed carboxylates were
chosen as attachment sites. The accessible surface profile of CPMV (the atomic
coordinates for CPMV are available at http://viperdb.scripps.edu) suggests that
there are eight to nine solvent-exposed carboxylate groups on the particle surface
derived from aspartic and glutamic acids. To probe their reactivity the carboxylate-
selective dye N-cyclohexyl-N’-(4-(dimethylamino)naphthyl)carbodiimide was
reacted with wild type CPMV. UV/visible spectroscopy, native and denaturing gel
electrophoresis showed that the particles could indeed be labeled with the carboxy-
late-selective compound (Steinmetz et al. 2006b). To facilitate bioconjugation of
viologen moieties to the carboxylates on CPMV, methylaminopropylviologen
[N-methyl-N’-(3-aminopropyl)-4,4’-bipyridinium diiodide] was synthesized and
reacted with CPMYV in the presence of the coupling reagents EDC and NHS. Cyclic
voltammetric studies on viologen-decorated nanoparticles showed the characteristic
two successive, one electron, reversible steps of the methyl viologen moieties
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(Fig. 15) (Steinmetz et al. 2006b). The two reduction potentials, E” —0.65 V and
—0.97 V vs the Ag/AgCl electrode, for the CPMV-viologen assembly were compa-
rable to the reduction potentials of free viologen in solution. A large difference in
EY is not expected, since the methylviologen-N-propylamine and methylviologen-
N-propylamide will have similar inductive properties because of the intervening
propyl group. Therefore, the attached viologen moieties behave, from an electro-
chemical point of view, similar to viologen in solution. The fact that a single reduc-
tion wave is observed shows simultaneous multielectron transfer of all redox units,
indicating that the attached moieties behave as independent, electronically isolated
units. This can be explained by the same mechanisms proposed for the CPMV—
ferrocene complex: fast rotational diffusion of the viral particle, or a kind of relay
mechanism such as electron hopping, or a combination of both (Steinmetz et al.
2006b). Peak currents were measured and the linear plot of i vs v? (R=0.996)
showed that the reduction processes were diffusion controlled (Fig. 15). The
number of viologen molecules attached to each CPMV virion was estimated by use
of the Randles-Sevcik equation, and it was found that around 180 viologens deco-
rated each viral particle (Steinmetz et al. 2006b).

In summary, the feasibility of CPMV as a nanobuilding block for chemical con-
jugation with redox-active compounds was demonstrated. The resulting robust and
monodisperse particles could serve as a multielectron reservoir that may lead to the
development of nanoscale electron transfer mediators in redox catalysis, molecular
recognition and amperometric biosensors and to nanoelectronic devices such as
molecular batteries or capacitors.

Conducting 3D Networks on CPMV

Cys-added CPMV mutants have been used as a scaffold for a bottom-up self-
assembly approach to generate conductive networks at the nanoscale (Blum et al.
2005). Two different CPMYV cysteine mutants were used, one mutant displayed the
cysteine residue in the BE-BF loop, the other mutant was a double mutant where the
cysteines had been inserted at amino acid positions 235 and 2319, respectively.
Gold nanoparticles were bound to the cysteines based on the gold—sulfur interaction
(Fig. 16) (Blum et al. 2005). The attached gold nanoparticles were subsequently
interconnected by molecular wires, thus creating a 3D conducting molecular net-
work (Fig. 16) (Blum et al. 2005). To achieve this, the following molecules were
used: 1,4-C H, [trans-(,-AcSC H,C=CPt-(PBu,),C=C], and oligophenylenevinylene.
Molecular attachment of the linkers was confirmed by fluorescence spectroscopy.
The conductance of the self-assembled molecular network was confirmed by scan-
ning tunneling microscopy (Blum et al. 2005).

This study demonstrated once more that the CPMV building block is an excel-
lent tool for the design and fabrication of novel materials at the nanoscale with
precision. This holds great promise in assembling and interconnecting various
compounds and may lead to the use of the CPMV building block for the construc-
tion of nanoelectronic systems such as nanocircuits and data storage devices.
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Fig. 16 Schematic of the procedure used to create molecular networks on the surface of the virus
capsid. a CPMV capsid structure from crystallographic data. b EF mutant with one cysteine (white
dots) per subunit. The four nearest-neighbor cysteine-to-cysteine distances are 5.3, 6.6, 7.5, and
7.9 nm. ¢ DM mutant with two cysteines per subunit. The four nearest-neighbor cysteine-to-
cysteine distances are 3.2, 4.0, 4.0, and 4.2 nm. d EF with 5-nm gold nanoparticles bound to the
inserted cysteines. ¢ DM with 2-nm gold nanoparticles bound to the inserted cysteines. f EF
mutant with the 5-nm gold particles interconnected using di-Pt (red) and OPV (silver) molecules.
g DM mutant with the 2-nm gold particles interconnected with OPV molecules. (Blum et al. 2005,
with permission)

Targeted Delivery to Mammalian Cells by the Attachment
of Functional Proteins

Chemical conjugation of proteins to CPMV complements genetic insertion methods,
by allowing the attachment of peptides and proteins that would otherwise be impos-
sible or difficult to achieve by genetic means. Different conjugation schemes were
investigated to crosslink foreign proteins on the virus capsid depending upon the
features of the foreign protein, and it has been shown that proteins containing Cys
and Lys residues could be attached to CPMV without affecting their functions
(Chatterji et al. 2004b). However, even in the absence of either of the two most
nucleophilic groups on the heterologous protein, the viral scaffold can still be used
for presentation of the foreign proteins. An example of such presentation is the
coupling of an intron 8-encoded domain of Herstatin (Int 8) on the virus surface
using thiolation reagents (Chatterji et al. 2004b).
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Herstatin, an autoinhibitor of the ErbB family of receptor tyrosine kinases, is a
product of an alternate splicing event from the Her2/neu gene. Her-2 intron 8§ is
retained and a translational readthrough results in a truncated protein consisting of
subdomains I and IT of the HER-2 receptor followed by a 79 amino acid C-terminal
extension encoded by Int 8 (Doherty et al. 1999). Herstatin blocks receptor activa-
tion and modulates intracellular signaling through these receptors (Azios et al.
2001; Doherty et al. 1999; Justman and Clinton 2003; Molina et al. 2002). The Int
8 is a receptor-binding module that binds with nanomolar affinity to epidermal
growth factor receptor (EGFR) and HER-2 receptors (Azios et al. 2001; Doherty
et al. 1999). The Int 8 polypeptide was considered a candidate for conjugation to
CPMYV capsid as it has therapeutic potential because of its role in binding to carci-
noma cells that overexpress and are driven by HER-2 or the EGFR.

The attachment of functional Int 8 to CPMV was not straightforward because it
does not have any Lys or Cys residues in its sequence. In addition, the protein is
soluble and stable only above pH 8 and forms oligomers at moderate concentra-
tions. A strategy was developed to modify the protein with a thiolation reagent
before conjugation with a heterobifunctional cross-linker. The active NHS ester end
of (N-succinimidyl S-acetylthioacetate was reacted with the N-terminal amine in Int
8 at pH 8.0 to form a stable amide linkage (Fig. 17). The modified Int 8 now
contained a protected thiol, meaning it could be stored without degradation and
which precluded oligomerization of the heterologous protein. The sulthydryl-modified
Int 8 was coupled with maleimide-activated CPMV after deacetylation with an
excess of hydroxylamine HCI (Fig. 17). Western blot analysis of Int 8-modified
CPMYV samples revealed that the L subunit was modified with the heterologous
protein and the increase in size of the L subunit was consistent with the corres-
ponding size of Int 8 attached to the virus capsid (Fig. 17).

The CPMV-Int 8 conjugate was tested in vitro for specific binding to NIH-3T3
cells expressing the HER-2 gene. As shown in Fig. 17, the CPMV-Int 8 conjugate
was found to specifically associate with NIH-3T3 cells stably transfected with
HER-2 but not with parental cells. Also, wild type CPMV did not show binding to
either of the two cell types tested, indicating that the bound Int 8 was biologically
active and responsible for specific binding to the receptor overexpressing cells. The
fact that heterologous proteins displayed on the virus capsid retain their biological
properties and function after conjugation suggests that cross-linking to the virus
capsid may be a potential strategy to target and deliver drug molecules into the
mammalian cells (Chatterji et al. 2004b).

Fabrication of CPMYV Arrays

In the previous sections, we discussed the utilization of CPMV as a nanoscaffold
for attachment and positioning of inorganic and biological materials in a defined
and precise fashion. Besides serving as a template for arraying other materials, the
particles themselves can be self-assembled into regular 2D and 3D arrays.
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3D CPMV Arrays via Crystallization Procedures

CPMV can be crystallized in at least three space groups (Fig. 18), leading to the
formation of 3D arrays with ordering to near atomic precision. CPMV crystals, like
other virus crystals, contain large solvent channels, which can be visualized by the
sectioning of the crystal followed by staining with uranyl acetate and imaging by
electron microscopy (Fig. 18). The potential exists to exploit these repeating chan-
nels within the CPMYV crystal to allow the diffusion of nanomaterials into the crys-
tal interior and binding to the virus particles in situ. Antibodies against CPMV were
diffused into the crystals and in situ binding was observed (Johnson and Harrington
1985). The channels can also be utilized for confined and regular growth of metals
such as palladium and platinum (Falkner et al. 2005). In order to allow the crystals
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Fig. 18 CPMYV crystals a in a cubic space group; b in an orthorhombic space group; ¢ in a
hexagonal space group. d EM image of thin sections of the hexagonal crystal (C) and stained by
uranyl acetate, which shows perfect packing of the virus particles and large solvent channels in
excess of 30 nm wide
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to be dried or to be exposed to a variety of solvents with little adverse effects on
crystal quality, CPMV particles within the crystals were interlinked using glutaral-
dehyde. After reinforcing the crystals, they were exposed to a buffer containing
potassium tetrachloropallidate(II), followed by exposure to a buffer containing
potassium tetrachloroplatinate(Il) hydrate and sodium hypophosphite. The catalytic
reaction led to the formation of Pd and Pt within the crystal as confirmed by imag-
ing sections by scanning electron microscopy equipped with an energy dispersive
X-ray. It was found that 10% Pd and 50% Pt by weight was formed in the samples.
Transmission electron microscopy studies confirmed that the formation of the met-
als was confined to the channels (Falkner et al. 2005).

3D CPMYV Arrays via Layer-by-Layer Assembly

Immobilizing and arraying bio(nano)particles onto solid supports is a desired
requirement in biomaterials science and nanotechnology. Multilayered thin film
assemblies are of growing interest for the development of miniaturized sensors,
reactors, and biochips. Layer-by-layer self-assembly methods have been developed
allowing the deposition of various components in a defined and ordered way. In
general, CPMYV particles are excellent candidates to serve as building blocks for the
construction of arrays using layer-by-layer technologies. In a proof-of-concept
study, CPMYV particles were covalently labeled with two different ligands: biotin
moieties were displayed allowing self-assembly via biospecific interaction with
streptavidin, and displayed fluorescent labels served as imaging molecules
(Steinmetz et al. 2006a). Attachment of the different functionalities was achieved
using the design principles described in the previous sections.

Deposition and stable immobilization of CPMV particles on solid supports can
be achieved using either direct chemisorption of Cys-added mutants on gold sur-
faces or indirect by binding biotinylated particles mediated via a thiol-modified
streptavidin. Now, in order to sequentially follow the layer-by-layer assembly of the
particles, different color-labeled sets of biotinylated particles were made; one set of
particles was labeled with AlexaFluor 488, another set with AlexaFluor 568.
The integrity of chemically modified CPMV particles was verified by electron
microscopy and native gel electrophoresis. The latter in combination with
UV/visible spectroscopy and dot blot tests also confirmed attachment of both func-
tional groups, biotin and AlexaFluor moieties (Steinmetz et al. 2006a).

After the chemical composition of the building blocks was verified, arrays using
layer-by-layer assembly were fabricated. First, the following CPMV bilayer was
made: streptavidin—CPM V-biotin-A488—streptavidin-CPM V-biotin-A568, and vice
versa. Fluorescence microscopy imaging of the CPMV arrays was consistent with
successful binding of both viral nanobuilding blocks (Fig. 19). The fluorescent viral
particles were spread evenly over the whole surface and dense coverage was achieved.
The overlaid image demonstrated that the individual images line up well, indicating
that the virions were sitting on top of each other and that a CPMV bilayer was
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Fig. 19 Bilayers and a mixed monolayer of biotinylated (bio) and fluorescent-labeled CPMV par-
ticles on Au slides imaged via fluorescence microscopy (left), and diagrammatic representation of
layer structures (right). The green and red flags show the AlexaFluor dyes AF488 and AF568,
respectively. The black cross depicts Streptavidin (SAv); the gray cross shows a thiol-modified SAv.
The scale bar is 10 7m. a bilayer of CPMVBIO-AF488 and CPMVBIO-AF568, CPMVBIO-AF488
in the first and CPMVBIO-AF568 in the second layer; merge shows the overlaid images from the
first and second layer. b Bilayer of CPMVBIO-AF568 and CPMVBIO-AF488. ¢ Mixed monolayer
of CPMVBIO-AF488 and CPMVBIO-AF568. (Steinmetz et al. 2006a, with permission)

indeed formed. To further support these observations, a mixed layer consisting of
streptavidin—CPM V-biotin-A488/CPM V-biotin-A568 was assembled and analyzed in
the same way (Fig. 19). In this case, the particles compete for the same binding sites,
which resulted in less dense and less evenly distributed coverage. The merged images
do not line up, consistent with the particles occupying the same layer and competing
for the same binding sites. The comparison of the overlaid image from the bilayers to
that of the mixed layer further supports the successful controlled fabrication of a
bilayer consisting of different fluorescent CPMV particles (Steinmetz et al. 2006a).

The construction of a trilayer via incorporation of biotinylated Cys-added
mutants in the first layer was also achieved, leading to the following assembly:
Cys-CPM V-biotin—streptavidin—-CPM V-biotin-A488—streptavidin—-CPM V-biotin-
A568 (Steinmetz et al. 2006a). In theory, any number of CPMV layers can be
assembled using the methods described above.

In order to make use of the CPMYV arrays for materials science or nanotechno-
logical applications, it is important to understand the assembly mechanisms and to
gain insights into the mechanical properties of the assembled structures. To study
this, CPMV layer assembly was followed in real time and in situ using quartz
crystal microbalance with dissipation monitoring (QCMD) (Steinmetz et al. 2008).
QCMD is an analytical surface-sensitive technique that is based on an acousto-
mechanic transducer principle. By measuring shifts in resonance frequency (Af) and
dissipation (AD) of an oscillating sensor crystal, information about the deposited
mass (Am) and viscoelastic properties can be gained.

Multilayer build-up of various CPMV building blocks modified with varying
densities of biotin molecules attached via longer and shorter linkers was investi-
gated. The following CPMV building blocks were used: CPMV-(LCLC-biotin),,
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CPMV-(LCLC-biotin),, CPMV-(LC-biotin)_, and CPMV-(LC-biotin),; with LCLC
being the long linker of about 3.50 nm, LC the short linker of about 2.24 nm, F full
decoration (i.e., up to 240 biotin labels were attached), and P partial decoration,
3040 biotins were attached. Arrays were fabricated by alternating deposition of
streptavidin and biotinylated CPMV particles, and self-assembly was followed in
situ and in real-time by QCMD (Fig. 20) (Steinmetz et al. 2008). The mode of
multilayer assembly was different for each array fabricated. The general trend was
a more regular and densely packed array arrayed when CPMYV particles displaying
a high number of biotin labels attached via the longer linker were assembled. In this
case, a similar amount of CPMV particles was deposited at each deposition step
(based on Af). Further negative changes in AD upon adding streptavidin onto
CPMYV indicated the formation of a rigid structure (Table 3). It is expected that the
multivalent display of biotin labels on CPMV in combination with the four binding
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Fig. 20 Buildup of arrays consisting of alternating biotinylated Cowpea mosaic virus (CPMV)
particles and streptavidin (SAv) on biotin-doped supported lipid bilayers (SLBs), as followed by
quartz crystal microbalance with dissipation monitoring (QCMD). CPMYV samples displaying two
different densities of biotin molecules attached by two different linkers have been used. a CPMV
particles displaying up to 240 biotin molecules attached via a long linker of length 30.5 A
(LCLC); CPMV~(LCLC-BIO),, with F full decoration. b CPMV particleso fully decorated with
biotin molecules that were attached via a short linker with a length of 22.4 A, CPMV-(LC-BIO),..
¢ CPMV particles displaying 3040 biotin molecules attached via the LCLC linker, CPMV-
(LCLC-BIO),, with P partial labeling. d CPMV-(LC-BIO),,. Changes in frequency and dissipation
are displayed in blue (filled rectangles) and orange (open rectangles), respectively. (Steinmetz
et al. 2008, with permission)
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sites of streptavidin for biotin promote interlayer and intralayer cross-linking when
the array is densely packed.

In stark contrast were the mechanical properties of arrays formed with CPMV
particles displaying a low number of biotins attached via the shorter linker. Here,
the second virus layer only accounted for 60% of the coverage that was achieved in
the first virus layer (Table 3). In addition, particle cross-linking occurred to a
negligible degree in the first CPMV layer and was not evident in the second layer.
The formation of a viscoelastic with less dense particle packaging was indicated
(Steinmetz et al. 2008).

The observation that the mechanical properties of the CPMV arrays can be tightly
tuned by adjusting spacer length and density is interesting and important. The judi-
cious use of appropriate linkers will allow the design of thin films with the desired
needs and properties: rigid and densely packed vs viscoelastic and less densely
packed. The ultimate goal of designing viral nanoparticle multilayer assemblies is to
fabricate functional assemblies. The CPMV building blocks aligned into layers can
serve as templates for the symmetrical and regular alignment of functional mole-
cules. In the proof-of-concept experiment, we incorporated fluorescent labels into
the layers that served as tags for image analyzes (Steinmetz et al. 2006a). However,
any other chemical or biological molecule could replace the dyes.

2D CPMYV Arrays

The first approaches toward the fabrication of a functional film were achieved by
assembling quantum dots onto a 2D CPMV monolayer (Medintz et al. 2005). Two
strategies were used to facilitate immobilization of CPMV and the inorganic nano-
crystals: first, assembly via biotin—streptavidin interactions as described above, and
second, assembly by metal affinity coordination chemistry. CPMV His-mutants
expressing solvent-exposed hexahistidine sequences on the capsid exterior were
made using genetic design principles (Chatterji et al. 2005). Specific immobilization
of the His-mutant particles can be achieved by deposition onto NTA-functionalized
templates. CPMV particles were immobilized using either strategy; quantum dots
were incorporated via biotin—streptavidin interactions. Fluorescence image analyses
showed that the 2D array was efficiently decorated with the luminescent quantum
dots (Medintz et al. 2005). The assembly of the quantum dots on the CPMV template
has advantages over a quantum dot monolayer assembled on a flat support. Not only
does a CPMV-covered surface have a larger surface area compared to a flat template,
but CPMYV also offers defined, prearranged, symmetric, and fixed chemical attach-
ment sites, thus allowing deposition of the crystals with high precision.

Besides fabricating continuous mono- or multilayers, single virus particle arrays
have also been constructed (Cheung et al. 2003, 2006; Smith et al. 2003).
Techniques such as microcontact patterning or scanning- and dip-pen nanolithog-
raphy can be exploited to generate patterns of functional groups on solid supports
that can then be used for binding of the viral nanoparticles. For example, lines
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consisting of single CPMV particles were “written” using dip-pen nanolitho-
graphy. The “ink” was an alkanethiol, which was deposited on a gold “paper” by
an AFM on contact mode to generate chemical templates. A Cys-CPMV mutant
was then chemoselectively attached on the chemical template patterned with male-
imido functionality (Smith et al. 2003).

Perspective

A new field is emerging at the exciting virus—chemistry interface. This interdisci-
plinary area of research is rapidly evolving and rapid progress has been made in
recent years. This is not only due to recent advances in imaging and other surface-
specific techniques, but also to collaborations between virologists, chemists, physicists,
and materials scientists. The anticipated applications of the viral nanobuilding
blocks are manifold and range from nanoelectronics to biomedical applications.

There is especially great potential for use of CPMV in biomedicine. In vitro tar-
geting of the particles to specific mammalian cell receptors (Chatterji et al. 2004b)
has already been achieved. The availability of naturally occurring empty particles
or particles made by alkaline hydrolysis of the RNA (Ochoa et al. 2006) opens the
door for the design and development of “smart” targeted therapies (Fig. 21).

Fig. 21 CPMV for drug delivery. Therapeutics is loaded in the capsid interior and homing
domains (Int 8) are attached for the targeting of cancer cells. Once the virus particles are attached
to the cells, they will be endocytosed and the drugs will be released once the virus particles are
degraded in the cytosol
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Abstract There is a trend toward viral-based hybrid systems to furnish viral nano-
particles with enhanced features, for function beyond a delivery vehicle. Such hybrids
have included Nanogold for microwave release, quantum dots and fluorescent moie-
ties, to provide simultaneous imaging capabilities, and iron oxide particles for image
enhancement in MRI. Other systems are the subject of ongoing and vigorous research.
Nanogold surface decoration of cow pea mosaic virus (CPMV) to form NG-CPMV
hybrids were explored to release fluorescent carriers using microwave energy as a
model system in this presentation. Thus, emergent viral-based systems will have
increasingly sophisticated architectures to provide versatile functions. Zeta potential
(ZP) is a powerful tool to probe the electrostatic surface potential of biological mate-
rials and remains an untapped method for studying the interaction of nanoparticles
with cells. An enormous effort is being made to study nanoparticle—cell interaction,
but current throughput solutions (e.g., flow cytometry) cannot differentiate between
surface-attached or endocytosed particles, while standard fluorescence microscopy
is tedious and costly. CPMV-WT and other mutants (CPMV-T184C, CPMV-L189C)
were studied using ZP methods and rationalized based on variations in their surface
exposed residue character. Understanding such subtle changes can discretely alter the
cell surface interactions due to charge affinity. Applying sensitive ZP measurements
on viral nanoparticles is useful to elucidating the characteristics of the surface charge
and the potential interaction modes with cell surfaces they may encounter. Thus,
ZP can be a unique and efficient tool for studying cell-virus interactions and aid in
development of future therapeutic strategies.
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Introduction to Hybrid Networks Using Viral Nanoparticles

Viruses have been envisioned as robust nanoparticle vectors for drug delivery,
vaccines, gene and cancer therapy, by harnessing their fusogenic properties for cell
receptor binding, and employing recombinant methods to create unique expression
systems (Lin et al. 1996). A variety of nanomaterial systems have been proposed
using viruses for their regular geometries, well-characterized surface properties,
and nanoscale dimensions.

Nanoscale hybrid systems using wild type and mutant icosahedral plant cowpea
mosaic virus (CPMV) and insect flock-house virus (FHV) are currently under
investigation. CPMV and FHV are some of the smallest viruses extensively inves-
tigated in diverse nanostructures and are more favorable for endothelial traversal by
enhanced permeability and retention (EPR) effects (Maeda et al. 2001) for tumor
localization compared to commonly used adenoviruses three times their size. They
are excellent candidates for nanoassembly because they have been well characterized
(Andrew et al. 1992, 1993), are pH and thermally stable over a wide range of condi-
tions, and easily extracted and purified. Numerous assemblies using viruses have
included CPMV-Au for addressable nanoscale building blocks (Wang et al. 2002c¢),
CPMV-cysteine mutants for gold attachment (Wang et al. 2002b), fluorescein
bound and biotinylated CPMV using succinimide esters (Wang et al. 2002a),
CPMV chimeras' for tailored cell targeting, virus-polymer hybrids through pegyla-
tion of CPMYV for reduced immunogenicity applications (Krishnaswami 2003), TMV
templates for CdS deposition (Shenton et al. 1999), and virus templates for nano-
phase crystal growth (Douglas and Young 1999).

Previously, we have demonstrated large-scale covalent network assembly of
quantum dots (QDs) and carbon nanotubes (CNTs) with CPMV and mutant FHV
hybrid systems (Portney et al. 2005). Enhancement of protein uptake was demon-
strated on protein-CNT conjugates without affecting cell viability or toxicity (Wong
et al. 2004), suggesting that a hybrid virus-CNT network would be endocytosed
more effectively. Decoration of such viral networks with QDs would allow simul-
taneous imaging and delivery to monitor tumor size over time. Refinement of
conjugation procedures (Khorana 1993) to network any virus class could also allow
modulation of release kinetics of drugs intervirally loaded within pores, without
disrupting their binding potential, while providing greater release per receptor-
binding event. Networking different virus classes for multiple cancer cell targets
would avoid multisite directed mutagenesis of the capsid gene for each receptor,
providing a wider platform for drug delivery and targeting. An example of viral-
based networking was demonstrated by M.G. Finn (Strable et al. 2004), using
thermally activated and reversible aggregation of oligonucleotide-conjugated
CPMV particles, which could serve to actively release a potent dosage of therapeutics
upon cell docking. Conjugation with QDs or gold nanoparticles for simultaneous
visualization, and decoration of multiple ligands and virus classes for enhanced
specificity, are examples of how hybrid nanoparticle formulations can be synergis-
tically used to improve the potency of viral-based therapies.



Hybrid Assembly of CPMV Viruses and Surface Characteristics 61

Nanogold-Activated Release

Microwave-induced active release of water-solubilized quantum dots from CPM V-
Nanogold networks is presented in Fig. 1, as a relevant drug release model for
therapeutics in vivo. In order to demonstrate the concept of microwave radiation active
release, Nanogold was conjugated to wild type CPMV (CPMV-WT) virus, loaded with
water solubilized quantum dots, and visualized by fluorescence microscopy. Using
conjugation chemistries, we previously applied for synthesis of QD-virus and
QD-CPMV heterostructures (Portney et al. 2005), carbodiimide-mediated condensa-
tion (Carraway and Triplett 1970) between carboxyl-expressed Nanogold, and CPM V-
WT lysine primary amines were exploited for efficient coupling into composite
networks. Gold particles are already implemented in hybrid delivery systems such as
metal cored dendrimers (Karical et al. 2003), used as oligo-gold conjugates (Parak et al.
2003), and have been proposed as contrast agents (Chen et al. 2005). The tunable
optical resonance properties of gold nanoshells (Oldenburg et al. 1999) by NIR radiation
has been applied to nonspecific tumor thermal ablation in mice (O’Neal et al. 2004).
Also, Nanogold hybrid systems have been taken up by bacteria using microwave-assisted
electroporation (Rojas-Chapana et al. 2004). With biocompatible properties (Tshikhudo
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Fig. 1 aBright field image mode at x50 of QD-loaded Nanogold-CPMYV networks. b Fluorescence
mode image at x50 of image a. ¢ Microwave-treated NG-CPMV viral networks with release of
green QD dye particles. Figure with 10-um scale bar showing how QD particles are actively
released from nanogold-CPMYV networks with 10-s microwave treatment time. Characterization of
QD dye fluorescence with 540-nm peak emission was obtained from an upright fluorescent micro-
scope at x50, using 514-nm filter and imaged using Spot diagnostic CCD. Samples were activated
by exposure in a microwave oven with a 1,300-W magnetron at 2.45 Ghz
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et al. 2004), optimized synthetic routes to manufacture them homogenously with a
controlled number of surface functional groups (Worden et al. 2004), gold nanoparticles
are useful candidates for incorporation within viral vectors for delivery applications.

Nanogold—-CPMV (NG-CPMV) networks were synthesized through EDC
((1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)) and Sulfo-NHS
(N -hydroxysulfosuccinimide) -mediated condensation between carboxylated NG
and abundant surface exposed CPMV-WT primary amines from lysine residues on
the capsid. Negatively charged 1.4-nm-diameter gold colloidal particles (Negatively
Charged Nanogold, Nanoprobes, Catalog #2023) expressed with approximately 18
carboxyl groups per particle were reacted with 300 surface-exposed amines
per CPMYV virion. A total of 10 nmol of stock NG solution was added to a volume
of PBS buffer pH 7.38 (10 mM buffer strength), following activation by EDC
(5%1075 mol) for 15 min to generate a reactive O-acylisourea intermediate. A more
water-soluble conjugate formed through addition of sulfo-NHS (2x10~ mol) solu-
tion, and was incubated for another 15 min to extend the half-life of carboxylated
NG before addition of CPMV-WT. A 306.7-mM EDC concentration with 25,000
molar excess to sulfo-NHS was used to activate the carboxylated NG solution.
Addition of 1.012 mg of CPMV (5.6 MDa) and incubation with stirring for 3 h
produced the final NG-CPMV networks in a final reaction volume of 500 pl.
Aliquots of 100 pl were used for quantum dot loading and microwave release studies
by incubation of 30 ul of stock water-solubilized quantum dots (Core-Shell CdSe/
ZnS Visible Evidots, Catskill Green, Evident Technologies, catalog# 540-025),
representing 0.002-mM dye solution concentration for 3 h. Samples were treated by
10-s microwave treatment (1300 W) and characterized by fluorescence microscopy.
Characterization of QD fluorescence with 540-nm peak emission was obtained from
an upright fluorescent microscope at x50, using a 514-nm filter and imaged using
Spot diagnostic CCD.

Microwave energy provided uniform heating of networked viral vectors and
increased diffusional release kinetics of intervirally loaded drug molecules.
Simultaneously, networked NG viral vectors can be monitored by MRI, combined
with NIR detection of QD to confirm the biodistribution and accumulation within in
vivo models, and provide contrast staining after tissue resectioning. Activated release
of green QDs in Fig. 1C after 10-s treatment qualifies the extent of fluorescence distri-
bution compared to the uniform signal in pretreated images. Usage of QDs as a thera-
peutic model drug provides flexible visualization capabilities with long fluorescent
lifetimes, broadband absorption, and narrow emission properties (Michalet et al.
2005). Their superior photostability over conventional dyes allow simulated release
studies over hours by fluorescence microscopy, whose tunable emission properties by
size selection can provide NIR and visible imaging for in vivo and in vitro characteri-
zation, respectively (Kim et al. 2004). In addition, they represent the size and shape of
polymer-conjugated systems in clinical use (Duncan 2003) and may simulate their
diffusional release kinetics. Facile surface modification procedures enable water solu-
bilization of QDs and biocompatible polymer encapsulation for ideal studies in vivo
(Michalet et al. 2005). With the ability to limit the number of functional groups
expressed on Nanogold particle surfaces, control over final network size can eventually
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be achieved by altering molar excess over virus and by exploiting the affinity of
cysteine sulthydryl to the gold surface through maleimide chemistry (Hainfeld
et al. 1992) using cysteine-inserted CPMV mutants (Wang et al. 2002b). Since
fluorescence is quenched by Nanogold, confirmation of spatial mapping of QD
relative to NG-CPMYV networks can be monitored during release. This model can
readily be applied to monitor nonspecific targeting through EPR at tumor sites,
enable time-resolved active targeting studies using the remarkable photostability
of QDs, and simulate a range of drug sizes and corresponding molecular weights
with comparable release behavior. Through common immunolabeling procedures
(Hermanson 1996), the viral networked surface can also be modified to enable
active targeting modalities.

Zeta Potential Study of Viral Nanoparticles

In order to minimize surface charge effects leading to endothelial adhesion in vivo,
zeta potentials of mutants of cowpea mosaic virus were measured and compared
with wild type CPMV to understand the extent of electrostatic interaction by sub-
stitution of surface exposed protein residues on the capsid. Figure 2 introduces two
cysteine mutants, T184C and L189C, with residue substitutions at the small subunit
coat protein, which are near the C terminus and exposed to solvent.

Zeta potential allows quantification of electrostatic potential between the
surfaces of colloidal or larger size particles in solution with electrolytes, where
measured average drift velocity V from experiment can be used to obtain the elec-
trophoretic mobility p_ in an electric field E according to Eq. 1.

Fig. 2 a—¢ Molecular structures of CPMV coat proteins. a Ribbon diagram of CPMV capsid coat
protein formed by two B-barrel domains comprised of a small (S) (pink) and large (L) (blue) subu-
nits. Each subunit forms pentamer structures around a fivefold axis 60 times to produce the entire
CPMV capsid. b. A space-filling model highlighting two yellow residue positions T184 for threonine
and L189 for leucine at the ¢ terminus, signify cysteine mutant substitutions for T184C and L189C.
¢ Surface of CPMV with arrangement of capsid proteins arranged in icosahedral symmetry
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V. =uE

The distribution of ions (counterions and co-ions) in solution arrange themselves
in a gradient from the charged particle surface to form a highly concentrated layer
of counterions near the surface at the Stern plane, and an outer diffusive layer with
greater local concentration of co-ions, forming a double layer model (Stern
1924). Zeta potential ({) is a measure of electrostatic potential at the surface of
shear represented as the boundary between the Stern and diffuse layer. Thus, the
presence of ions in solutions and their valency will strongly affect the balance of
Van der Waals attraction and electrostatic and steric repulsion according to
DLVO theory (Hunter 1981). A characteristic thickness representing this double
layer or Debye-Hiickel parameter k!, depends on the temperature, the dielectric
constant of the solvent used, and the ionic strength from free ions in solution.
There are numerous double-layer theoretical models that rely on determination
of mobilities to obtain zeta potentials based to on two classic limits of
Smoluchowski (1903) (ka >>1, f(xa,{)=1.5) and Hiickel (Hiickel 1924) (ka<<1,
f(xa,0)=1) equations, where a characteristic dimensionless electrokinetic radius
xka with particle radius a is used to determine the applicability of each model in
the limit of xa in Eq. 2.

w,=[(e0)/(15'n) ]t (xa.)

Because colloids are too large to satisfy the Hiickel limit, it is best to arrange
xa>>1 to satisfy the Smoluchowski condition by varying solution conditions to
produce a small k!, Increasing the ion concentration decreases the double-layer
thickness by an inverse proportional relationship with the square root of the ionic
strength (Eq. 3). By decreasing the double layer, the distance over which repulsive
forces are significant is diminished. Increasing the ion concentration too much will
cause attractive forces to dominate (Fig. 3) and cause aggregation effects, leading
to colloidal instability. Multivalent ions can cause such aggregation effects at much
smaller concentrations. Therefore, an optimal ion concentration exists for a system
of given sized particles for zeta potential measurements.

Each stock solution of CPMV viruses ranging in concentration from 3 to
5 mg/ml were originally in PBS phosphate buffer at 0.1 M at pH averaging 7.20
using monobasic and dibasic potassium phosphate. Aliquots of stock solution
were added with nanopure water to make a total volume 1.50 ml to accommo-
date a cuvette for ZP measurement, achieving a final virus concentration of
0.04 mg/ml. Trace amounts of sodium ions from 0.002% sodium azide were also
present. Each solution contained a final concentration of 1.3 mM phosphate
buffer for CPMV-WT and 0.8 mM for CPMV mutants at pH 7.2. Using
ZetaPALS for Zeta Potential measurements (Brookhaven Instruments
Corporation, New York, NY, USA), electrophoretic mobilities were obtained
through measurement of average drift velocities of virions traveling between a
silver electrode through light-scattering optoelectronics and correlated to zeta
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Fig. 3 Summary of CPMYV zeta potential plots for wild type, mutants 184c and 189c. Best repre-
sentative runs from each virus taken at peaks closest to the averages are plotted for wild type (red)
with peak at —=52.73 mV, 184c mutant in green with next smallest potential at —43.52 mV, and least
negative peak for mutant 189c at —42.14 mV in purple. An inset at upper right more clearly rep-
resents a shift in zeta potential by T184C and L189C mutants compared to CPMV-WT. Each virus
solution zeta potential were compiled as ten runs with five cycles averaged at a temperature stabi-
lized 25°C with a pH of 7.20 and concentrations of 0.04 mg/ml using Ag electrodes. Zeta potential
plots were calculated from measured mobility data obtained by electrophoretic migration veloci-
ties. For wild type CPMYV, electrophoretic mobilities for most of ten runs were from approximately
—4.7 to —3.4 mobility units with an applied electric field of 16.40 cm/V, a current of 1.44 mA,
producing a range of measured average drift velocity between —77.1 and —55.8 pm/sec. Most
prominent ZP peaks ranged from —60 mV to =52 mV, with most uniform and monodisperse plots
recorded near the data set average at —52.73+4.57 mV. A low background electrolyte of phosphate
solution conductivity of 245 pS with specific solution conductance of 185 puS/cm produced a high
sample count rate at 839 kcps. CPMV T184C mutant produced a bimodal plot for several runs
with signal peaks at 0 mV and —43.5 mV, with mobilities ranging from —3.48 and —3.35 mobility
units at nonzero maxima, corresponding to an average drift velocity of —54.0 to —=52.0 pm/s using
an applied E-field of 15.53 V/cm, and a current of 1.62 mA. Some clustering due to limited
disulfide interaction may have occurred, yielding very slow measured migration velocities, pro-
ducing near zero mobilities and corresponding zeta potentials. Represented plot at average
nonzero peak value of —43.15+4.74 mV with a reasonable sample count rate of 78 kcps at low
solution conductance measured at 279 uS with specific conductance of 131 uS/cm. CPMV L189C
displayed the most uniform mobility plots ranging from —3.75 to —2.89 units, corresponding to
—53.7 to —41.4 pm/s at an applied voltage of 14.32 V/cm and 1.33 mA. Zeta potentials produced
consistent peaks within —46.35 to —37 mV with an average run of —42.14 mV with a half-width
of 4.97 mV. Very high sample count rate of 998 kcps was observed with a low solution conduct-
ance of 225 uS and specific conductance of 100 pS/cm
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potential values using Smoluchowski approximation according to electrokinetic
theory of colloids at solution conditions.

In order to determine the double-layer thickness, the ionic strength of solution was
calculated for N dissociating ions using the combination of 1:1 and 1:2 electrolytes:

1 N
I ==Yc¢z’
c 2 ; [}
KH,PO, — K* + H2PO,”

K,HPO, — 2K* + HPO,”

Ata pH of 7.0 of stock virus solutions and pK, of 7.21 for monobasic potassium
phosphate, proton dissociation is calculated by:

[HPO472] _molDB _ Fy,
|H,PO," | molMB F,

I = %{[K*](H)z +[H.Po (<1 +()[K](+1) [HPO,*](-2)']

=(0.5)F,,C, +F,,C, +2F,,C, + F,,C, (4)

=10 =0.616

where C, is the total buffer concentration of final solution and F,, and F_, are
mole fractions of monobasic and dibasic ions, respectively. The ionic strength is
2.34x10~*M for CPMV wild type, and 1.406x10°M for CPMV 184c and 189¢c
mutants, where the ionization of water is neglected.

Using the permittivity of vacuum ¢, (8.854542x10~"F m', the relative permittivity
g_of water (25°C) of 78.54, producing a liquid permittivity of e=¢ £=6.955x10"
F m™, Boltzmann’s constant k,=1.3807x10*JK"', temperature of 298.15 K, elec-
tronic charge e of 1.6022x10~"°C, ionic strength of solution I, calculated in mol/l,
and avogadro constant N ~of 6.022x10*mol™, the double-layer thickness k™' is
determined (Hunter 1981).

ol = {(ngT)/(Zez*lO()O* /I.N,, )}0.5

k! is calculated at 6.29 nm for wild type CPMV and 8.11 nm for mutants 184c
and 189c, and represents the range of repulsive forces between each particle. Using
a reported diameter of 32 nm for CPMV particles®, the dimensionless ka values are
2.54 for CPMV-WT and 1.97 for CPMV mutants, suggesting that Henry’s equa-
tions™ is more applicable for most precise f(ka,l) correlations between electro-
phoretic mobility and zeta potential.

Observed trends in peak zeta potential values (Fig.4) between CPMV-WT,
T184C, and L189C can be explained by the extent of water solvability to alter the
local surface ion concentration, partial dissociation of cysteine to form a thiolate
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Fig. 4 Calculated electrokinetic radius and Debye parameter as a function of total buffer concen-
tration. Debye length k' is calculated as a function of total phosphate concentration for virus
samples (red), based on dependence of ionic strength and relation between ionic strength and total
concentration at solution pH, with abscissa values in logarithmic scale. All virus solutions exhibit
the same plot because of similar dependence on solution ionic strength to calculate double-layer
thickness. At greater concentration, double-layer thickness rapidly decreases until attractive forces
between virions dominate, leading to mass aggregation effects, which would occur below 0.001 M
to produce a double-layer thickness greater of approximately 5 nm. Electrokinetic radius ka is
plotted as a function of total buffer concentration for CPMV virus samples. Electrophoretic radii
as a function of buffer concentration for CPMYV viruses is plotted in purple. A combination of 1:1
and 1:2 monobasic and dibasic potassium phosphate ions comprise the buffer, whose total
phosphate concentration is inverse square root dependent on the electrophoretic radii. At concen-
trations beyond 0.5 M, Smoluchowski approximation for determination of zeta potential is most
applicable with minimal error. At a constant geometric radius of 16 nm, only the solution ionic
strength dependent on total PBS concentration; therefore all virus samples would exhibit the same
dependency on ka

state to attract surface cations, and dynamic sulfohydryl-disulfide displacement
reactions between neighboring cysteine groups. Using a pK, of 8.3 for cysteine sul-
fohydryl groups, the percent dissociation to thiolate anions at pH 7.2 is 7.32%),
suggesting that an additional 60 surface exposed cysteines introduced by point
mutations at each subunit coat protein would accumulate more solution cations and
increase the electrostatic potential. Substitution of leucine by cysteine at position
189 enhances solvation by water, allowing a greater density of ions to accumulate
on the surface, providing a lesser negative increase in surface potential by accumu-
lation of more cations at the Stern layer from potassium phosphate buffer. Despite
the monodispersity of the samples used, a fairly wide range of zeta potentials may
be a result of dynamic sulfohydryl-disulfide exchange reactions which fundamen-
tally alter the surface charge density and mobilities. The broader profiles for T184C
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may be attributed to wider separation between cysteines at each fivefold axis
compared with L189C, causing more pronounced disulfide aggregation, leading to
greater polydispersity, more variable migration velocities, and broader correspond-
ing zeta potentials. From wild type, small subunit 184 threonine’s hydroxyl group
is capable of hydrogen bonding with water, unlike nonpolar leucine at 189, imply-
ing that cysteine substitution at leucine would most likely contribute to greater local
ion recruitment at the virus surface. Furthermore, by inspection of the small subunit
coat protein molecular structure, the presence of neighboring cysteine at residue 14
is closer to L184 than T189, suggesting that intraviral disulfide formation is more
probable with T184C than L189C. Therefore, the cysteine thiolate state is more
favorable for L189C, allowing greater accumulation of surface cations, achieving a
more positive electrostatic potential.

A general issue for colloidal solutions is the requirement of higher salt concen-
tration required to satisfy Smoluchowski for ka>>1 (Fig. 3), but a very low salt
concentration is ideal to achieve a large double-layer thickness k! to avoid aggrega-
tion effects. In order to anticipate changes in electrostatic potential and confirm
applicability of electrokinetic equations, dependence on zeta potential with modi-
fied solution conditions can be obtained for total buffer concentration. By relating
ionic strength I, with total buffer concentration C,, pK,, and solution pH, a depend-
ence on total concentration at solution conditions on electrokinetic radius and
Debye length is plotted in Fig. 3. Using the definition of ionic strength for our
electrolyte system, and acid base equilibrium relations, k' is found to vary with
total salt concentration by

[1+3(107 7% )]

69.811,/C, ,while I, = C, (1 10pH-p:<a)

At more basic conditions, a greater number of potassium ions are dissociated per
mole of total buffer concentration, attracting more cations on the surface and alter-
ing the particle surface charge density.
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Abstract Virus capsids and other structurally related cage-like proteins such as
ferritins, dps, and heat shock proteins have three distinct surfaces (inside, outside,
interface) that can be exploited to generate nanomaterials with multiple func-
tionality by design. Protein cages are biological in origin and each cage exhibits
extremely homogeneous size distribution. This homogeneity can be used to attain a
high degree of homogeneity of the templated material and its associated property.
A series of protein cages exhibiting diversity in size, functionality, and chemical
and thermal stabilities can be utilized for materials synthesis under a variety of condi-
tions. Since synthetic approaches to materials science often use harsh temperature
and pH, it is an advantage to utilize protein cages from extreme environments. In
this chapter, we review recent studies on discovering novel protein cages from harsh
natural environments such as the acidic thermal hot springs at Yellowstone National
Park (YNP) and on utilizing protein cages as nano-scale platforms for developing
nanomaterials with wide range of applications from electronics to biomedicine.
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Abbreviations CCMYV Cowpea chlorotic mottle virus, Dps DNA-binding proteins
from starved cells, Dps-L Dps-like protein, Hsp Heat shock protein, MRI Magnetic
resonance imaging, STIV Sulfulobus turreted icosahedral virus, TMV Tobacco
Mosaic Virus, YNP Yellowstone National Park

Introduction

In nature, proteins orchestrate the formation of elaborate inorganic structures,
for example, the single-celled algae, Emiliania huxleyi, form intricate calcium
carbonate (CaCO,) structures called coccoliths (Fig. 1a) (Wikipedia 2005). In com-
parison, synthetic preparations of CaCO, result in a far more limited range of mor-
phologies. Coccolith formation is controlled by proteins that direct the assembly of
crystallites into intricate 3D assemblies. The degree of control exhibited by this and
other natural systems is an inspiration for materials scientists.

Viral capsids are also naturally occurring, intricate assemblies that serve to
house, protect, and deliver nucleic acid genomes to specific host cells. Therefore,
their structures must be robust enough to survive diverse conditions, yet sufficiently
dynamic to release their genome into host cells. Proteins are the building blocks of
viral capsids; therefore, protein—protein interactions dictate their 3D structure.
Typically, protein motifs on the interior are involved in packaging nucleic acid, whereas
those on the exterior are involved with cell recognition and attachment. Viral
capsids devoid of their nucleic acid genomes can be thought of as nanocontainers.
The diversity of these nanocontainers is seemingly endless, since viruses are
ubiquitous with life. In our investigations of archaeal viruses found in the acidic hot
(>90°C) springs of Yellowstone National Park (YNP), we discovered and structurally
characterized the Sulfolobus turreted icosahedral virus (STIV), which presents
elaborate turret-like structures on its exterior (Rice et al. 2001, 2004; Synder et al.
2003) (Fig. 1b).

Both the coccolith and archaeal virus are examples of naturally occurring 3D
assemblies whose architecture is dictated by proteins. Inspired by nature, we have
selected a bio-mimetic approach to nanomaterials synthesis that is bioassisted.
We utilize protein cage architectures to serve as size-constrained reaction vessels
and chemical building blocks (Douglas and Young 1998, 1999; Douglas et al.
2002b, 2004; Flenniken et al. 2004; Kelm et al. 2005b).

Protein cage architectures, 10-100 nm in diameter, are self-assembled hollow
spheres derived from viruses and other biological cages, including heat shock proteins
(Hsp), DNA-binding proteins from starved cells (Dps), and ferritins. These archi-
tectures play critical biological roles. For example, heat shock proteins are thought to
act as chaperones that prevent protein denaturation, and ferritins are known to store
iron (which is both essential and toxic) as a nanoparticle of iron oxide (Harrison and
Arosio 1996; Narberhaus 2002). While each of these structures has evolved to perform
a unique natural function, they are similar in that they are all essentially proteinaceous
containers with three distinct surfaces (interior, exterior, and subunit interface) to
which one can impart function by design. Protein cage architectures have demonstrated
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Fig. 1a,b Biological assemblies. a Emiliania huxleyi formed CaCO, coccolith structures arranged
in a coccosphere, ~6 mM in diameter. (Used with permission from the Wikipedia:Free
Encyclopedia (http://en.wikipedia.org, with permission; picture by Dr. Markus Geisen) b Cryo-
TEM image reconstruction of the ~74-nm-diameter STIV capsid with turret-like projections
extending from each of the fivefold vertices. (Rice et al. 2004, with permission)
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Fig. 2 Schematic representation of protein cage functionalization. Protein cage architectures
have three surfaces (interior, subunit interface, and exterior) amenable to both genetic and chemi-
cal modification. (Mark Allen)

utility in nanotechnology with applications including inorganic nanoparticle synthesis
and the development of targeted therapeutic and imaging delivery agents (Allen
et al. 2002, 2003, 2005; Bulte et al. 1994a, 1994b, 2001; Chatterji et al. 2002, 2004a,
2004b; Douglas and Stark 2000; Flenniken et al. 2005, 2006; Gillitzer et al. 2002;
Hikono et al. 2006; Liepold et al. 2007; Raja et al. 2003a, 2003b; Schlick et al. 2005;
Wang et al. 2002a, 2002b, 2002c) (Fig. 2).
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cCMmv Ferritin MjHsp Dps
28 nm 12 nm 12 nm 9nm

Fig. 3a—d Protein cage library. a Cowpea chlorotic mottle viral (CCMV) capsid cryo-image recon-
struction. (Reddy et al. 2001, with permission from VIPER). b Ribbon diagram of human H-chain
ferritin; our library also includes horse spleen and Pyrococcus furiosus ferritins. ¢ Small heat shock
protein (Hsp) from Methanococcus jannaschii. (Kim et al. 1998a, with permission). d Ribbon
diagram of Dps (DNA binding protein from starved cells) protein, our library includes a Dps protein
from Listeria innocua and Dps-like proteins from Sulfolobus solfataricus and Pyrococcus furiosus

Protein cage architectures are naturally diverse; each has unique attributes (including
size, structure, solvent accessibility, chemical and temperature stability, structural
plasticity, assembly and disassembly parameters, and electrostatics) useful to particular
applications. Importantly, one can capitalize on these features or alter them via genetic
or chemical modification. Atomic level structural information identifies the precise
location of amino acids within protein cage architectures and in turn allows for
the rational inclusion, exclusion, and substitution of amino acid(s) (at the genetic level)
resulting in protein cages with novel functional properties.

In this work, we review recent strides our lab has taken toward the development of
protein cage architectures as nanomaterials for bioengineering and biomedicine. We
have developed a library of protein cages (including Cowpea chlorotic mottle virus
[CCM V], ferritin, Hsp, and Dps) as size-constrained reaction vessels and as platforms
for genetic and chemical modification (Fig. 3). This protein cage library consists of a
small sampling of the great diversity of naturally available protein cage architectures.
Utilization of protein cages for applications in nanotechnology often requires their
use in harsh synthetic conditions. Therefore, we have focused some of our efforts on
novel protein cage discovery from harsh natural environments.

Protein Cage Discovery from Hyperthermophilic Archaea

The quest to find new, potentially stable protein cages has led our group to the hot
springs of Yellowstone National Park. Within these extreme environments (pH 1.5-5.5;
temperature range of 70°C to >100°C), organisms in the archaeal domain such as
Sulfolobus solfataricus are well represented (Rice et al. 2004). Sulfolobus and other
hyperthermophiles serve as hosts for novel and largely uncharacterized viruses. Of



A Library of Protein Cage Architectures as Nanomaterials 75

the approximately 5,100 known viruses, only 36 archaeal viruses, or virus-like particles,
have been described to date (International Committee on Taxonomy of Viruses, http://
www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm (Ackerman 2001). Prior to our inves-
tigation, no viruses of Sulfolobus from YNP had been described (Rice et al. 2004). In
2001, we reported six unique particle morphologies isolated from YNP, three of
which were similar to viruses isolated from Iceland or Japan and the other three
exhibited novel morphologies (Rice et al. 2001) (Fig. 4). One YNP virus, named

Fuselloviridae, Rddiviridae, and Lipothrixviridae- like Virus New virus morphologies

Isolated from

Isolated from YNP

a Fudelloviridae

b Rudiviridae

¢ Liporthrixviridae

Fig. 4a—i Transmission electron micrographs of virus and virus-like particles from YNP. a SSV1
Fusellovirus, b SIRV Rudivirus, and ¢ SIFV Lipothrixvirus previously isolated from thermal areas
of Japan or Iceland (courtesy of W. Zillig, Max-Planck Institut fiir Biochemie, Martinsried,
Germany). d SSV-like, e SIRV-like, and f SIFV-like particle morphologies isolated from YNP
thermal features. g—i Virus-like P articles isolated from YNP thermal features. Bars indicate
100 nm. (Rice et al. 2001, with permission)
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STIV, has an approximately 74-nm diameter capsid from which turret-like projections
extend (Rice et al. 2004) (Fig. 1b). The pseudo-T=31 structure of STIV is unique. A
structural comparison of STIV, bacterial phage PRDI, and human adenovirus
revealed tertiary and quaternary structural similarities suggestive of a common ancestry
that predates the division of life into three domains (Eukarya, Bacteria, and Archaea)
more than 3 billion years ago (Rice et al. 2004).

In addition to new viruses, hyperthermophilic organisms are hosts to other
protein cage architectures, including Hsp cages, ferritins, Dps and Dps-like
proteins. Genome sequencing of many archaea since the first, Methanococcus
jannaschii (isolated from a 2,600-p-deep hydrothermal vent in the Pacific
Ocean) in 1996 has aided the discovery and study of protein cages (Bulte et al.
1996). The small heat shock protein from M. jannaschii (MjHsp) assembles
into a 12-nm-diameter cage with octahedral symmetry (Kim et al. 1998a,
1998b) (Fig. 3). The crystal structure of this hollow spherical complex deter-
mined that there are eight triangular and six square pores that allow free
exchange between the interior and bulk solution, a useful feature for applica-
tions in nanotechnology, including loading therapeutics into protein cage architectures
(Flenniken et al. 2003, 2005; Kim et al. 1998a).

Utilizing genomic information, our lab recently identified Dps-like protein
cages from Sulfolobus solfataricus (SsDps-L) and Pyrococcus furiosus (PfDps-L)
(Maeder etal; 1999; Ramsay et al. 2006; Wiedenheft et al. 2005). Characterization
of the SsDps-L determined that it serves to protect S. solfataricus against oxida-
tive stress and in the process mineralizes a nanoparticle of iron oxide within its
cage structure (Ramsay et al. 2006; Wiedenheft et al. 2005). The SsDps-L
protein was identified based on predicted secondary and tertiary structural simi-
larity to a Dps protein from Listeria innocua, while the PfDps-L has a very high
sequence homology to the SsDps-L (Su et al. 2005; Wiedenheft et al. 2005).
These 9.7-nm-diameter protein cages self-assemble from 12 protein monomers
and represent the smallest of the protein cages in our library (Ramsay et al.
2006; Wiedenheft et al. 2005) (Fig. 5).

Fig. Sa-c¢ 3D image reconstruction of the assembled SsDps-L cage. Surface-shaded views of
reconstructed negative-stained images displayed along the (a) twofold (2F) axis, and (b and c¢)
along the two nonequivalent environments at each end of the threefold (3F) axis. Scale bar:
2.5 nm. (Wiedenheft et al. 2005, with permission)
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Protein Cages from Mesophilic Organisms

Protein cages isolated from thermophilic environments are desirable as building
blocks for nanotechnology due to their potential stability in harsh reaction condi-
tions including high temperature and pH extremes. Interestingly, one of the most
stable protein cage architectures, ferritin, is commonly found in mesophilic organ-
isms, including animals, plants, and microbes. For example, horse spleen ferritin
exhibits broad pH (pH 2-8) and temperature stability (<70°C). Ferritins are
involved in iron sequestration, which they accomplish through the oxidation of soluble
Fe(II) using O, (Chasteen and Harrison 1999; Harrison and Arosio 1996). This
oxidation results in the formation of a nanoparticle of Fe,O, encapsulated (and rendered
nontoxic) within the protein cage. High charge density on the inner surface of the
protein cage promotes this reaction, which is assisted by an enzymatic (ferroxidase)
activity in some ferritin subunits (Chasteen and Harrison 1999; Douglas and Riipoll
1998; Harrison and Arosio 1996). Ferritins are made up of 24 subunits, which form
a spherical cage 12 nm in diameter (Harrison et al. 1976; Harrison and Arosio
1996). The ferritin family also includes the 24 subunit bacterioferritins and the Dps
class of proteins, which assemble from 12 monomers. We, and others, have
employed ferritin and Dps cage architectures for mineralization of inorganic nano-
particles (Allen et al. 2002, 2003; Douglas 1996; Douglas and Stark 2000; Ensign
et al. 2004; Hosein et al. 2004; Wiedenheft et al. 2005). Recently, we utilized a
genetically modified recombinantly expressed human H-chain ferritin as a platform
for cell-specific delivery of imaging agents in vitro (Uchida et al. 2006).

Mesophilic viral capsids have also exhibited utility for applications in nanotech-
nology (Allen et al. 2005; Chatterji et al. 2002, 2004a, 2004b, 2005; Douglas and
Young 1998, 1999; Douglas et al. 2002a; Flenniken et al. 2004; Gillitzer et al. 2002;
Klem et al. 2003; Liepold et al. 2007; Mao et al. 2003, 2004; Raja et al. 2003a, 2003b;
Schlick et al. 2005; Strable et al. 2004; Wang et al. 2002a, 2002b, 2002c). We have
routinely employed the CCMV capsid as a scaffold for chemical conjugation of
biologically important molecules, including imaging agents (fluorescein, Texas red,
gadolinium chelators), and as a size-constrained reaction vessel for mineralization
of metallic and metal oxide nanoparticles (Douglas and Young 1998; Gillitzer et al.
2002; Klem et al. 2003; Liepold et al. 2007). The CCMV capsid assembles from
180 copies of a single protein into a 28-nm icosohedral shell (Johnson and Speir
1997; Speir et al. 1995; Shao et al. 1995). Wild type and genetically engineered
CCMYV capsids are purified from both the natural cowpea plant host and a yeast
heterologous expression system (Brumfield et al. 2004).

Protein Cages for Inorganic Nanoparticle Synthesis

In our initial work, CCMV capsids were employed for the mineralization of
polyoxometalate species (paratungstate and decavanadate) (Douglas and Young
1998). The virion’s interior cavity constrains mineral growth, resulting in a spherical
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nanoparticle with a maximum diameter of approximately 24 nm (Douglas and
Young 1998). The exterior and interior of the CCMYV capsid are chemically distinct
environments. The interior surface is more positively charged than the exterior, thus
allowing it to serve as a nucleation site for aggregation of anionic precursors and
crystal growth. After nucleation, the size and shape of the mineral are defined by
the interior of the virion. In addition to the endogenous properties of size, shape,
and delineation of charge on the interior and exterior surfaces, the CCMV viral
capsid undergoes a pH-dependant structural transition (gating) (Schneemann and
Youg 2003; Speir et al. 1995). This pH-dependant reversible gating or swelling is
a structural change of the virus capsid that results in a 10% increase of viral dimen-
sion at pH greater than 6.5 in the absence of metal cations (at pH <6.5 the virion is
in its closed confirmation) (Speir et al. 1995). During the polyoxometalate miner-
alization reaction, the pH was lowered entrapping the mineral within the viral capsid
(Douglas and Young 1998).

In addition to utilizing the inherent properties of the CCMV protein cage as
described above, we can dramatically change these properties via genetic engineering.
Specifically, site-directed polymerase chain reaction-mediated mutagenesis is
employed to alter the DNA encoding the viral capsid protein. Protein expression
results in the replacement of wild type amino acids and functional groups with
novel functional groups at precisely defined locations due to the quaternary structure
of the virion. Additionally, genetic modifications allow for the introduction of novel
peptide sequences as extensions from the N- and C-termini or within the loop
regions of the subunit structure (Liepold et al. 1983).

Inspired by the iron storage protein cage, ferritin, and its ability to mineralize
iron oxide nanoparticles in a size-constrained fashion, we constructed the subE
mutant of CCMV. SubE was made by replacing eight of the positively charged
amino acid residues (5-Arg, 3-Lys) on the N-terminus of the protein with negatively
charged glutamic acids (Glu). This created a cage with a negatively charged inte-
rior, illustrating the plasticity of the CCMV cage toward genetic manipulation
(Brumfield et al. 2004; Douglas et al. 2002b). The electrostatically altered viral
protein cages did not differ in overall structure from wild type CCMYV, but they
exhibited different mineralization capabilities (Brumfield et al. 2004). SubE’s nega-
tively charged interior promoted interaction with cationic Fe(Il) ions and subse-
quent oxidative hydrolysis led to the formation of approximately 24-nm particles of
lepidocrocite (y-FeOOH) constrained within the interior cavity of the protein cage
(Douglas et al. 2002b).

We have developed the library of protein cages available for biomineralization
and chemical derivatization to include many protein cage architectures of both viral
and nonviral origin. Protein cage architectures housing iron oxide (magnetite)
have potential to serve in magnetic memory storage and as contrast agents for
magnetic resonance imaging (MRI). In addition to CCMV and ferritin, we have
mineralized iron oxide nanoparticles within a number of additional protein cages.
These include the Dps protein cage from Listeria innocua (LiDps), the SsDps-L cage
from S. solfataricus, the small Hsp (MjHsp) cage from M. jannaschii, the ferritin cage
from horse spleen, human H-chain ferritin and the ferritin from the hyperthermophile
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Pyrococcus furiosus (Allen et al. 2002, 2003; Douglas and Mann 1995; Flenniken
et al. 2003; Klem et al. 2005b; Parker et al. 2008; Uchida et al. 2006; Wiedenheft
et al. 2005). The LiDps was shown by others to mineralize Fe as a nanoparticle of
an as-yet unidentified ferric oxyhydroxide (Stefanini et al. 1999; Yang et al. 2000).
We utilized the LiDps cage as a size-constrained reaction vessel for Fe, O, minerali-
zation under the nonphysiologic conditions of elevated pH and temperature (pH
8.5, 65°C) and in the presence of substoichiometric amounts of oxidant (H,0,)
(Allen et al. 2002). Under these conditions, with 400 Fe(II) per cage, ferrimagnetic
nanoparticles of Fe,O, (4 nm in diameter) formed inside the LiDps cage (Allen
et al. 2002) (Fig. 6).

Analogous to ferritin and LiDps protein cages, the MjHsp cage has been shown
to act as a size-constrained reaction vessel for the formation of iron oxide (ferrihydrite).
Transmission electron microscope imaging of the 9-nm cores within Hsp cages, as
compared to iron oxide formation in the absence of protein cages, underscore the
importance of the protein cage to control and constrain mineral growth (Flenniken
et al. 2003) (Fig. 7). Like iron oxide formation in the CCMV SubE protein cage,
mineralization within the Hsp cage illustrates the ability of many protein cage
platforms to function similarly as nanocontainers for biomineralization.

Based on the structural similarity of SsDps-L to the Dps protein from L. innocua,
we explored the in vitro mineralization capability of the 10-nm-diameter SsDps-L
protein cage (Wiedenheft et al. 2005). This analysis revealed that unlike ferritins,
SsDps-L mineralizes iron oxide more efficiently in the presence of H,O, as compared
to ferritins that catalyze Fe(II) oxidation with O, Ferritin protein cages are thought to
serve as iron storage proteins, whereas Dps and Dps-like proteins mineralize iron as
a consequence of hydrogen peroxide reduction, therefore serving as antioxidants that
protect the organism during oxidative stress (Wiedenheft et al. 2005).

In addition to polyoxometalates and iron oxides, we and others have expanded
the range of inorganic nanoparticles formed within these architectures to include
important semiconducting materials (Klem et al. 2005b). Ferritin architectures have
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Fig. 6a, b Transmission electron micrographs of mineralized L. innocua Dps cage. LiDps miner-
alized with g-Fe203 (a) stained with uranyl acetate and (b) unstained. (Allen et al. 2002, with
permission)
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Fig. 7a, b Transmission electron micrographs of iron oxide mineralization. a Iron oxide cores
inside Hsp cages; scale bar, 50 nm. b TEM of control sample illustrating the bulk precipitation of
iron oxide in the absence of Hsp protein cages; scale bar, 500 nm. The insets show the electron
diffraction from each sample. (Flenniken et al. 2003, with permssion)

been utilized as a constrained template for the synthesis of CoPt, FePt, ZnSe, Pd,
CdS, Ag, and Eu203 nanoparticles (Allen et al. 2002, 2003; Douglas and Stark
2000; Douglas et al. 2002b; Klem et al. 2005a, 2005b, 2008; Varpness et al. 2005).
LiDps served as a size-constrained reaction vessel for the synthesis of two cobalt
oxide minerals (Co,0, and Co(O)OH) (Allen et al. 2003). In addition, utilizing the
heat shock protein architecture, we have made CoPt and Pt nanoparticles (Klem
et al. 2005a; Varpness et al. 2005). Inorganic nanoparticles templated by protein
cages have been utilized in the fabrication of semiconducting devices. Yamashita
and colleagues have developed what has been called the bionano process (BNP) for
the fabrication of metal-oxide-semiconductor (MOS) such as a floating nanodot
gate memory device or low-temperature polycrystalline silicon thin film transistor
flash memory (Hikono et al. 2006; Ichikawa et al. 2007; Matsui et al. 2007; Miura
et al. 2006; Yamada et al. 2007). The performance and characteristics of the MOS
devices depend on the size, shape, and density of the nanodot array. They have
recently demonstrated that the BNP allows control of these three parameters
(Yamada et al. 2007).

Biomimetic approaches to materials synthesis have explored the interaction
between proteins and minerals at their interface. Pioneering work by A. Belcher’s
group utilized the phage display library technique (originally developed to determine
peptide—protein interactions for mapping antibody—antigen binding sites) to identify
peptides that bound inorganic substrates normally not encountered by biological
systems (Belcher et al. 2001; Burritt et al. 1996; Mao et al. 2004; Scott and Smith
1990; Seeman and Belcher 2002; Smith and Petrenko 1997; Whaley et al. 2000).
In turn, when these peptides were present in mineralization reactions they directed the
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growth of specific crystal phases (Mao et al. 2004). The KTHEIHSPLLHK peptide
specifically binds the L1 phase of CoPt (Mao et al. 2004). Genetic incorporation
of this CoPt-binding peptide into the MjHsp cage interior (CP-Hsp) enabled phase-
specific nucleation and size-constrained formation of CoPt nanoparticles with an
average diameter of 6.5 nm (Klem et al. 2005a). The metallized CP-Hsp exhibited
room temperature ferromagnetism, whereas HspG41C, a genetic variant of MjHsp
with an internal cysteine, did not because of the nonspecific ordering of the CoPt
mineral within its interior (Flenniken et al. 2003; Klem et al. 2005a). These results
underscore the ability of specific peptide sequences to direct mineral formation.
Protein cage architectures that incorporate these sequences (either inherently or
because of genetic manipulation) are more than nanocontainers that serve as size-
constrained reaction vessels. Their specific amino acids play a critical role in mineral
formation in a manner that is not yet completely understood. By developing protein
cage platforms for nanomaterial synthesis, we hope to gain insight into the mechanisms
by which proteins direct mineral formation.

In addition to serving as size-constrained reaction vessels, protein cage architec-
tures have been used as a scaffold to construct unique catalysts (Endo et al. 2007;
Ensign et al. 2004; Kim et al. 2002; Miller et al. 2007; Nkere et al. 1997; Varpness
et al. 2005). Native ferrihydrite-containing ferritins were utilized to catalyze the
photoreduction of toxic Cr(VI) species to Cr(III) (Kim et al. 2002). In addition,
ferrihydrite-containing ferritins were employed as catalysts for the photoreduction
of Cu(Il) to form colloidal Cu(0) nanoparticles ranging in size from 4 to 31 nm
(Ensign et al. 2004). Treatment of iron and cobalt oxide containing ferritin protein
cages with H, at elevated temperature resulted in conversion to the metallic Fe or
Co nanoparticles without loss of morphology (Hosein et al. 2004). The catalytic
activity of these highly reactive nanoparticles is being explored. Recently, TMV has
been used as a scaffold to mimic light harvesting systems (Endo et al. 2007; Miller
et al. 2007). Porphyrin complexes (Endo et al. 2007) or fluorescent chromophores
(Miller et al. 2007) were attached in a spatially defined manner onto the inner
surface of the TMV particles. Efficient energy transfer, from large numbers of
donor chromophores to a single acceptor, has been demonstrated (Endo et al. 2007,
Miller et al. 2007). For direct hydrogen production, Hsp cages were utilized as a
template for Pt nanoparticle synthesis (Varpness et al. 2005). The Pt nanoparticles
contained within Hsp exhibited comparable catalytic hydrogen production activity
to hydrogenase enzymes (Varpness et al. 2005). Initial hydrogen production rates
for this system were approximately tenfold greater than previously reported values
from Pt colloids (Varpness et al. 2005).

The examples described thus far demonstrate the utility of protein cage architectures
for inorganic nanomaterials synthesis and catalysis. In addition, metal-containing
protein cages have potential medical applications. Protein cage architectures
housing iron oxide (magnetite) nanoparticles have potential medical applications in
imaging, serving as MRI contrast agents, and in cancer treatment by hyperthermia
(Allen et al. 2002; Butle et al. 1994; Kawashita et al. 2005; Klem et al. 2005b;
Luderer et al. 1983).
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Protein Cages for Medical Imaging

We have developed protein cage platforms with fluorescence and MRI capabilities.
Imaging capabilities were imparted via (1) magnetite mineralization within cage
interiors, (2) utilization of endogenous sites to bind paramagnetic metal ions, (3)
genetic incorporation of metal chelating peptides, and (4) chemical modifications,
including covalently binding fluorophores and gadolinium chelators (Allen et al.
2002, 2005; Basu et al. 2003; Flenniken et al. 2003, 2005; Gillitzer et al. 2002;
Liepold et al. 2007).

The road to developing the CCMV viral capsid as an MRI contrast agent has
involved utilization of the endogenous properties of the cage, as well as both
genetic and chemical modification. CCMV naturally coordinates divalent calcium
(Ca*) ions at its quasi-threefold axis, but in vitro other metal ions, including para-
magnetic gadolinium (Gd**), can bind these sites (Allen et al. 2005; Basu et al.
2003). The CCMYV capsid is composed of 180 subunits, each of which binds a Gd**
ion resulting in a particle with a high Gd** payload and in turn high relaxivity values
(Allen et al. 2005). The T, and T, ionic relaxivities of water protons, as measured
at 61 MHz, were 202 and 376 mM™'s™!, respectively; these are the highest values
reported for a molecular paramagnetic material to date (Allen et al. 2005). Although
Gd-CCMV exhibited high relaxivity values, the dissociation constant (K ) for Gd*
is 31 uM, insufficient for in vivo applications (Allen et al. 2005. In order to increase
the binding affinity, we genetically incorporated the metal-binding motif from
calmodulin into the CCMV architecture (Le Clainche et al. 2003; Liepold et al.
2007). At the same time, we explored the chemical attachment of GADOTA onto
endogenous lysines on CCMV. Although these two approaches both substantially
increased the affinity for Gd*, there was a loss of relaxivity efficiency in both
cases, as compared to Gd** bound to the endogenous binding sites of CCMV. The
loss of relaxivity likely stems from two sources. First, in the case of the endogenous
metal-binding sites of CCMYV, there is more than one water molecule bound to Gd*
(a higher number of Gd**-bound water molecules is preferred for efficient relaxivity
properties) as compared to the genetically and chemically modified constructs.
Secondly, the genetically and chemically modified constructs resulted in Gd** ions
that are anchored to the protein capsid in a more flexible manner as compared to
the endogenous binding site. These more flexible chelators negate much of the
beneficial qualities of the slow rotational tumbling of the large protein cage structures.

Other studies chemically attached flexible Gd**-containing groups to the viral
capsids; MS2, CPMV and Qp (these capsids are similar in size to CCMV), which
produced relaxivity values lower than the chemically modified CCMV-GdDOTA
construct (Anderson et al. 2006; Prasuhn et al. 2007). Together these studies
suggest that the relaxivity values improve with the use of shorter, more rigid Gd*
linkers. Others have used hydroxypyridinone (HOPO)-based chelators to coordi-
nate Gd**. In doing so, they took advantage of the higher number of ligand water
molecules bound to Gd** and an ideal water exchange lifetime (Datta et al. 2008;
Hooker et al. 2004). Also, their reaction scheme allowed for specific modification
of the interior or the exterior of the MS2 viral capsid with GAHOPO. The results of
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this analysis produced relaxivity values slightly lower than that of the CCMV-GdDOTA
construct but higher than the other Gd/capsid-based systems studied to date
(Anderson et al. 2006; Prasuhn et al. 2007). The fit of their results to theoretical
models provided insight into the factors that are responsible for producing relaxivity
in Gd** based systems.

Protein Cages for Targeted Therapeutic
and Imaging Agent Delivery

One of our goals is to develop protein cage architectures that serve as cell-specific
therapeutic and imaging-agent delivery systems. Targeted therapeutic delivery
systems can enhance the effective dose at the site, such as a tumor, while decreasing
general exposure to the drug and its associated side effects (Allen and Cullis 2004).
Protein cage architectures have three surfaces (interior, subunit interface, and
exterior) amenable to both genetic and chemical modification. Figure 2 depicts a
schematic representation of how each surface can play a distinct role in the devel-
opment of new targeted therapeutic and imaging agent delivery systems. The cage
interior can house therapeutics, the subunit interface incorporates gadolinium
(an MRI contrast agent) and the exterior presents cell-specific targeting ligands
(such as peptides and antibodies).

Protein cages have many beneficial attributes that are useful in their development
as targeted therapeutic and imaging agent delivery systems. Their size falls into the
nanometer range shown to localize in tumors due to the enhanced permeability and
retention effect (Allen and Cullis 2004; Hashizume et al. 2000; Maeda et al. 2000).
Their multivalent nature enables the incorporation of multiple functionalities
(including targeting peptides and imaging agents) on a single protein cage. They are
malleable to both chemical and genetic manipulation and can be produced in
heterologous expression systems (including bacterial, yeast, and baculoviral systems)
(Allen et al. 2002; Brumfield et al. 2004; Flenniken et al. 2003; Ramsay et al. 2006;
Wiedenheft et al. 2005). In addition, detailed atomic resolution structural informa-
tion enables the rational design of genetic mutants with specific functions, including
cell-specific targeting (Douglas et al. 2002b; Flenniken et al. 2003, 2006; Gillitzer
et al. 2002; Liepold et al. 2007; Uchida et al. 2006).

The CCMV protein cage was utilized in our first example of encapsulation of an
organic compound (Douglas and Young 1998). The gating properties of the CCMV
cage (swollen confirmation at pH 6.5 or higher, closed confirmation below pH 6.5)
were utilized for the entrapment of an organic polyanion, polyanetholesulphonic acid
(Douglas and Young 1998). We have also genetically introduced a redox-dependant
chemical switch for reversible gating of CCMV and demonstrated in vitro functionality
(C. Crowley et al., unpublished data). In this variant of CCMYV, cysteines were intro-
duced at the quasi-threefold axis, resulting in a capsid that is in a compact, closed
conformation under oxidizing conditions and undergoes a transition to an open
conformation under reducing conditions (C. Crowley et al., unpublished data).
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In addition to the entrapment of materials on the interior, the CCMV protein
cage and its genetic variants have been chemically derivatized on both the exterior
and interior surfaces (M.L. Flenniken et al., unpublished data; Gillitzer et al. 2002;
Suci et al. 2007) (Fig. 8a, b). Initially, we chemically linked fluorescent molecules
and a peptide to CCMV protein cage platforms (Gillitzer et al. 2002). Fluorescent
reporter molecules are useful for detection and quantification of the extent of
derivatization. The degree of labeling of different sites on the CCMV platforms was
highly dependent on reaction conditions (M.L. Flenniken et al., unpublished data;
Gillitzer et al. 2002).

The small Hsp cage (MjHsp) of M. jannaschii was also labeled with fluorescent
molecules, illustrating that many protein platforms within our library of cages
perform similarly as chemical building blocks (Flenniken et al. 2003). Although
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Fig. 8a—d Interiorly derivatized CCMV (T48C) and Hsp (G41C). a Size exclusion chromatogra-
phy (SEC) elution profile of CCMV illustrating the co-elution of CCMV (T48C) protein cage
(Abs 280 nm) and Texas Red (Abs 580 nm). b TEM of CCMV(T48C)-Texas red (stained with
uranyl acetate). Scale bar, 50 nm. ¢ SEC elution profile of Hsp (G41C) labeled with the
(6-Maleimidocaproyl) hydrazone of doxorubicin (a chemotherapeutic agent), illustrating the
co-elution of the Hsp protein cage (Abs 280) and doxorubicin (Abs 495). d TEM of HspG41C
cages containing doxorubicin (stained with uranyl acetate). Scale bar, 50 nm. (Adapted from
Flenniken et al. 2005)
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similar in reactivity, the endogenous properties including structure, amino acid
composition, size, pH stability, temperature stability, and solvent accessibility
of each protein cage differs. These differences can be used to our advantage.
The MjHsp cage as compared to CCMV is a much smaller (~12-nm exterior
diameter), more solvent accessible protein cage assembled from 24 identical
subunits. The MjHsp cage, like CCMYV, is readily amenable to genetic modifica-
tion. In order to chemically derivatize MjHsp in a spatially selective manner, we
generated two mutants with either internally or externally exposed cysteine
residues (G41C and S121C, respectively) and subsequently characterized
their reactivities with activated fluorescent molecules (Flenniken et al. 2003).
Protein architectures can be viewed as building blocks with a range of generic
chemistry (e.g., thiol-maleimide coupling) that can be used to link reporter
molecules and other compounds, including therapeutics. We demonstrated
the selective attachment and release of a chemotherapeutic agent (doxorubicin)
from the interior of a genetically modified MjHsp cage, HspG41C (Flenniken
et al. 2005) (Fig. 8c, d). The advantage of this approach is that housing thera-
peutics within protein cages limits their bioavailability until their environmentally
triggered release. We demonstrated pH-dependant release of doxorubicin from
HspG41C under biologically relevant (lysosomal mimicking) conditions
(Flenniken et al. 2005).

Another key component for the development of protein cage architectures as
imaging and therapeutic agents is cell-specific targeting. In vivo application of
the phage display library technique enabled the identification of peptides that
bind specifically to the vasculature of particular organs as well as tumors (Arap
et al. 1998a, 1998b, 2002; Pasqualini and Ruoslahti 1996a, 1996b; Pasqualini
et al. 2000; Ruoslahti 2000). One of the most characterized of these targeting
peptides is RGD-4C (CDCRGDCFC), which binds a 8, and a B, integrins that are
more prevalently expressed within tumor vasculature (Arap et al. 1998a; Brooks
et al. 1994; Friedlander et al. 1995; Koivunen et al. 1995; Pasqualini et al. 1995).
We incorporated RGD-4C and other targeting peptides on the exteriors of both
MjHsp (HspG41C-RGD4C) and human H-chain ferritin (RGD4C-HFn) (Flenniken
et al. 2006; Uchida et al. 2006). Fluorescein labeling of cell-specific targeted
cages enables their visualization by epifluorescence microscopy. Using this
approach, we demonstrated RGD-4C-mediated cell targeting of HspG41CRGD-4C
cages in vitro (Fig. 9) (Flenniken et al. 2006). In addition to genetic incorpora-
tion, cell-specific targeting ligands, including antibodies and peptides, have also
been chemically coupled to protein cage platforms (Chatterji et al. 2002, 2004b;
Flenniken et al. 2006; Gillitzer et al. 2002; Medintz et al. 2005). For example, an
anti-CD4 monoclonal antibody conjugated to fluorescently labeled HspG41C
enabled targeting of CD4* lymphocytes within a population of splenocytes
(Flenniken et al. 2006). The multivalent nature of protein cage architectures
results in the presentation of multiple targeting ligands on their surfaces and may
potentially aid in the interaction of these protein cages with many surfaces
including receptors on a variety of cell types.
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Fig. 9a—c Epifluorescence microscopy of C32 melanoma cells with Hsp cage-fluorescein con-
jugates. Cells were incubated with (a) nontargeted HspG41C-FI cages with internally bound fluo-
rescein, (b) tumor targeted HspG41CRGDA4C-FI cages and (c) nontargeted HspS121C-Fl cages
with externally bound fluorescein. C32 melanoma cells grown on coverslips were incubated with
Hsp cage-fluorescein conjugates and imaged by both light (fop) and fluorescent microscopy (bot-
tom). The fluorescein concentration for cage-cell incubations was 2.5 mM and all fluorescent
images were taken at a standardized camera exposure time of 50 ms. Scale bar, 50 mm. (Flenniken
et al. 2006)

Asymmetric Derivatization of Inherently Symmetric Protein
Cage Architectures

High symmetry is an inherent property of protein cage architectures that are
typically assembled from multiple copies of a single protein. While symmetric
ligand presentation is often desired, we have also developed approaches for the
asymmetric presentation of ligands on a protein cage while maintaining their
structure (Gillitzer et al. 2006; Klem et al. 2003). In the first approach, one face of
a CCMYV capsid (genetic variant A163C with exteriorly exposed thiol groups) was
reversibly bound through exposed thiols to an activated resin, followed by the
passivation of the remaining thiols with iodoacetic acid and subsequent elution of
the cages (Klem et al. 2003). The resulting CCMV capsids, with reactive thiol
groups present on a single face, bound a solid gold substrate in an ordered fashion
resulting in a 2D monolayer of virus particles (Klem et al. 2003). A second
symmetry-breaking approach capitalized on the subunit assembly and disassembly
process of protein cages to generate CCMYV populations with asymmetric presenta-
tion of ligands (Gillitzer et al. 2006). Two populations of CCMV capsids differen-
tially modified (with either biotin or digoxigenin) were disassembled into subunits
and subsequently combined (in varying stoichiometries) and reassembled, resulting



A Library of Protein Cage Architectures as Nanomaterials 87

in dual functionalized capsids (Gillitzer et al. 2006). The introduction of dual
functionality to a single protein cage platform is a step toward developing cages
with multiple functionalities. Ultimately, the goal is to control the number and
spatial arrangement of ligands on the cage, independent of the symmetry of the
underlying architecture.

In Vivo Study of Protein Cage-Mediated Materials
for Medical Applications

As described in the previous sections, protein cages have the potential as nano-
platforms in medical applications. However, it is critical to investigate biocompati-
bility and biodistribution of the protein cage particles in vivo before proceeding to
preclinical and clinical studies. We have examined biodistribution of two different
protein cages, CCMV and MjHsp and demonstrated both cages shows similar broad
distribution in most tissues and organs and no obvious toxicity after a single
injection (Kaiser et al. 2007). These results indicate that protein-cage-based nano-
particles are biocompatible and could be utilized as in vivo biomedical materials.
On the basic of this knowledge, we have been developing iron-oxide-encapsulated
protein cages for MRI contrast agents (M. Uchida et al., unpublished data).

Manchester and co-workers have studied the biocompatibility of another viral
protein cage, CPMYV, and revealed that it also has the potential to serve as a non-
toxic platform in medical use (Rae et al. 2005; Singh et al. 2007). Furthermore, they
have demonstrated that fluorescently labeled CPMYV is internalized in vascular
endothelial cells and can be used as an imaging probe to visualize the vasculature
and blood flow in living mice (Lewis et al. 2006).

Introduction of Multiple Functionalities on a Single Protein
Cage Architecture

Thus far, we have demonstrated functionalities including biomimetic mineraliza-
tion, chemical derivatization with both fluorescent and therapeutic molecules,
genetic and chemical introduction of cell-specific targeting ligands, genetic incor-
poration of metal coordinating peptides, and chemical linkage of gadolinium chelators
on protein cage architectures. In addition, we have shown that protein cages with
cell-specific targeting capabilities can simultaneously be chemically modified with
fluorescent molecules, therefore creating a cage with both cell-targeting and imaging
capabilities (Flenniken et al. 2006). The next phase of our efforts toward the
development of protein cage architectures as nanomaterials for bioengineering and
biomedicine is focused on the incorporation of multiple modalities on a single protein
cage platform. Ultimately, the utility of these materials for medical applications
must be evaluated in vivo and these studies are currently in progress.
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Conclusion

The use of protein cage architectures of viral and nonviral origin as nanomaterials
with applications in biomedicine and biotechnology provides a number of unique
advantages. Their biological origin makes them both amenable to genetic modifica-
tion and large-scale production. Genetic modification enables the site-specific intro-
duction of chemical and/or structural functionality onto highly symmetric protein
cage platforms. The presence of reactive functional groups also allows a chemical
approach to the attachment and presentation of both organic and inorganic ligands.
This structural and functional plasticity allows many protein cage systems within our
library to be engineered and redesigned for specific applications in materials science,
catalysis, and biomedicine. In addition, the ability to break the inherent symmetry of
the cage-like architectures holds promise for very precise control over placement and
presentation of functionalized ligands on these templates. The chemistry presented
here is fundamentally biomimetic, where lessons learned from how biological
systems deal with issues of spatial control and assembly have been applied to purely
or partially synthetic systems. While there are certainly competing approaches, the
use of protein cage architectures for nanomaterials synthesis is both an exciting and
potentially fruitful arena.
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Abstract A great challenge in biomedicine is the ability to target therapeutics to
specific locations in the body in order to increase therapeutic benefit and minimize
adverse effects. Virus-based nanotechnology takes advantage of the natural circula-
tory and targeting properties of viruses, in order to design therapeutics and vaccines
that specifically target tissues of interest in vivo. Cowpea mosaic virus (CPMV) and
flock house virus (FHV) nanoparticle-based strategies hold great promise for the
design of targeted therapeutics, as well as for structure-based vaccine approaches.

Abbreviations APC Antigen-presenting cell, CCMV Cowpea chlorotic mottle virus,
CEA Carcinoembryonic antigen, CPMV Cowpea mosaic virus, CTL Cytotoxic
T-lymphocyte, cDNA Complementary deoxyribonucleic acid, DC Dendritic cell,
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DMSO Dimethyl sulfoxide, ELISA Enzyme-linked immunosorbent assay, FA Folic
acid, FHV Flock house virus, MHC Major histocompatibility complex, MRI Magnetic
resonance imaging, NHS N-hydroxysuccinimide, NPY Neuropeptide Y, QD Quantum
dots, RNA Ribonucleic acid, SWCNT Single-walled carbon nanotubes, USPIO
Ultra-small paramagnetic iron oxide, UV Ultraviolet, VNP Viral nanoparticles, VLP
Virus-like particle

Why Do We Need Biomedical Nanotechnology?

The past quarter-century of outstanding progress in basic biomedical research is
only beginning to be translated into comparable advances in the clinic. Arguably
the tools for best applying advances based on molecular principles exist at the
nanoscale. Recently, nanotechnology research has begun making tremendous
progress in the biomedical field, and researchers are now focusing their attention
on analyzing the events at the molecular and cellular level.

One example where rapid and significant progress is urgently needed is in the early
detection and treatment of tumors. The main drawback in using conventional chemo-
therapeutic drugs is related to the fact that only a relatively small amount of the admin-
istered substances reaches the cancer cells. The range and degree of the devastating
and invasive side effects of chemotherapy are tragically well known. One of the
new challenges in cancer medicine is the ability to target therapeutics to specific locations
in the body in order to avoid adverse side effects that accompany the large systemic
doses required of a nontargeted chemotherapeutic agent. There are also many effective
chemotherapeutics whose clinical use has not been realized because of their systemic
toxicity. An ideal therapeutic system would be selectively targeted against cell clusters
that are in the early stages of the transformation toward the malignant phenotype
(reviewed in Ferrari 2005).

If properly integrated with established cancer research, nanotechnology can be
a powerful tool in the hands of researchers facing many challenges such as the
identification of suitable early markers of neoplastic disease, along with the devel-
opment of biomarker-targeted delivery of multiple therapeutic agents. An obvious
advantage of nanotechnology as it relates to biological systems is the ability to
control the size of the resulting particles and devices. The design of a multifunc-
tional nanoparticle capable of targeting a specific tissue or cell type, delivering a
contrast agent to allow for noninvasive imaging and a therapeutic payload to the
target will revolutionize the traditional methods of cancer detection and treatment.
Biologists, physicists and chemists, armed with new and effective tools provided by
nanotechnology, have now joined forces to face this problem.

Types of Nanoparticles in Use

Nanotechnology concerns the study of devices that are themselves or have essential
components in the 1- to 1,000-nm dimensional range. Because of their small size,
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nanoscale devices can readily interact with biomolecules on both the surface of
cells and inside cells. By gaining access to so many areas of the body, they have the
potential to detect disease and deliver treatment in ways unimagined before now.
Liposomes, 50-70 nm in diameter, are the archetypal, simplest form of a nanopar-
ticle. Liposome-encapsulated formulations of the chemotherapeutic doxorubicin
were approved 10 years ago for the treatment of Kaposi’s sarcoma, and are now
commonly used against other types of cancer. Several types of nanoparticles have
already demonstrated use for the enhancement of MRI contrast in imaging tumors.
Ultra-small superparamagnetic iron oxide (USPIO) nanoparticles, coated with
dextran, have been recently used to image lymph nodes containing micrometastases
in patients with prostate cancer (Harisinghani et al. 2003). Other studies have used
gadolinium or iron-oxide-based nanoparticles that combine magnetic resonance
with biological targeting (Levy 2002).

Targeting of cancer cells and drug delivery has also been investigated using
highly branched macromolecules called dendrimers. Dendrimers are synthesized
through a repetitive reaction sequence that guarantees complete shells for each
generation, leading to polymers that are monodisperse (Morawski et al. 2004). The
synthetic procedures developed for dendrimer preparation allow for nearly
complete control over the critical molecular design parameters, such as size, shape,
surface/interior chemistry, and topology (Quintana 2002; Morawski et al. 2004).
The problem is that these molecules possess an enormous number of energetically
permissible conformations, and in solution there is rapid interchange between
them. Nevertheless, dendrimers are presently at the forefront of nanoparticles used
for many applications, including tumor targeting (Quintana 2002). Other examples
of nanoparticle formulations include gold nanoshells, coated with cancer cell-specific
ligands, which can act as molecularly targeted contrast agents for optical imaging;
quantum dots, which have been used to label and track multiple cell types as they
interact with one another in vivo; and hydrogels, very large molecules with com-
plex three-dimensional structures capable of storing either small molecule drugs or
much larger peptide and protein therapeutics. Several of these strategies have met
with difficulties in vivo: for example quantum dots, while highly effective for imaging,
have problems with toxicity of the heavy metals they are fabricated from. Similarly
for hydrogels, bioelimination is a challenge. Once all of the drug has been deliv-
ered, hydrogels remain in the body unless surgically removed, as they cannot be
broken down and eliminated. Thus there remains a great need for novel formula-
tions of nanoparticles that are biocompatible and nontoxic.

Viruses as Natural Nanomaterials

Viruses are an excellent example of nanomaterials because of their regular geometries,
well-characterized surface properties, and uniformity of size, making them ideal
platforms for nanoscale fabrication (Brumfield et al. 2004; Klem et al. 2003; Singh
et al. 2005). Many nanotechnology applications, including biomaterials, vaccines,
chemical tools, and molecular electronic materials, have been approached using
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viruses (reviewed in Singh et al. 2005). Examples of viruses or virus-sized multimeric
protein assemblies (termed protein cages) being developed for these purposes
include cowpea chlorotic mottle virus (CCMV), cowpea mosaic virus (CPMYV), flock
house virus (FHV), vault nanocapsules, ferritin, hepatitis B cores, and bacterio-
phages such as M13, MS2 and Q (Chatterji et al. 2002, 2004a; Douglas and Young
1998, 1999; Flenniken et al. 2006; Hooker et al. 2004; Kickhoefer et al. 2005; Lee
et al. 2002; Manayani et al. 2007; Mao et al. 2003, 2004; Prasuhn et al. 2008).
Because of the extensive molecular and structural studies done on many of these
viruses and virus-shaped particles, researchers can identify or modify amino acids in
the viral capsid for bioconjugation, allowing for chemical modification of those
amino acids both on the outer and inner capsid. Also, the capability for genetic modi-
fication and knowledge of the capsid structure allows sophisticated rational design of
the ligand orientation and stoichiometry in order to maximize target recognition.
A significant advantage of virus-based nanoplatforms as opposed to other backbones
is that there are multiple sites on the virus capsid that can be used for the introduc-
tion of foreign peptides or ligands, so that a large number of ligands can be displayed
in a precise spatial distribution. Achieving this level of control has not been possible
with inorganic or lipid materials. The creation of a polyvalent scaffold that enhances
the targeting properties of the virus by several orders of magnitude offers the possibil-
ity of cell targeting using much lower concentrations of targeting molecules than
would be possible for the monomeric form (Sen Gupta et al. 2005b).

Virus Particles We Use for Biomedical Applications

Cowpea Mosaic Virus

Cowpea mosaic virus (CPMV) is a 31-nm, icosahedral plant virus that grows in the
common cowpea plant (Vigna unguiculata) (Lomonossoff and Johnson 1991).
CPMYV has a bipartite positive-sense, single-stranded RNA genome with each RNA
molecule (designated RNA1 and RNA?2) encapsidated in a separate particle. Both
RNA molecules are required for infection of plants, and infectious cDNA
clones are available in the laboratory (Lomonossoff et al. 1993). The replication
machinery and viral proteases are encoded by RNA1, while RNA2 encodes the
movement protein (for transport of virions from cell to cell in the plant) and viral
capsid proteins. Mutagenesis of capsid proteins encoded by RNA2 enables multi-
valent display of single or multiple amino acid substitutions and insertions on the
particle surface.

CPMYV capsids are composed of 60 copies each of a large (L; 42-kD) and small
(S; 24-kD) capsid protein to form a 31-nm-diameter pseudo T=3 icosahedral particle.
Figure 1 illustrates the organization of the CPMV capsid as a space-filling drawing
of a wild type CPMV virion with the L and S subunits indicated. Structural com-
parisons of the capsids between CPMV and other related viruses showed significant
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Fig. 1 A space-filling model of the CPMV capsid showing the L subunit in dark green and light
green spheres, and the S subunit shown in grey spheres

Fig.2 Left panel Asymmetric unit (one L and one S subunit) of the CPMV capsid showing locations
of insertion sites on the capsid proteins. On the S subunit, the BB-BC loop is in highlighted in yellow,
the CI-C” loop in blue, the S-subunit C-terminus in green, and on the L subunit the BE-BF loop in
purple. Right panel Space-filling model of the whole CPMV capsid showing the locations of the same
insertion sites on the capsid surface. There are 60 copies of each of these sites per particle

conformational variation in certain regions that are exposed on the surface of the
particle (Lin 1999). Detailed examination of the three-dimensional structure of
CPMV solved in Dr. Jack Johnson’s laboratory revealed that there are several exposed
beta-loops on the surface, termed BB-BC (small subunit), BE-oF, and C’-C” (large
subunit), or the C-terminus of the small subunit (Lin 1999) (Fig. 2). Subsequent
mutagenesis has confirmed that these locations can accommodate additional
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peptide sequences or modifications (Porta 1996). The particle interior may also be
modified genetically to introduce peptides and relatively large protein domains (up
to 100 amino acids (A. Chatterji and J. Johnson, unpublished data).

CPMYV production from experimentally infected plants does not require sterile
culture techniques or costly reagents such as culture medium or serum. In addition,
CPMYV is nonpathogenic for humans, and the products derived from plant virus
culture are not contaminated with animal cells or viruses (Brennan et al. 2001).
CPMYV spreads first within the inoculated leaves of an experimentally infected
cowpea seedling and then moves systemically throughout the plant, with virus
harvest occurring approximately 10 days later. CPMV grows to very high quantities
in infected plants; approximately 1 g/kg of purified leaves is a typical yield
(Johnson et al. 1997). Infected plants can be grown indoors using artificial light,
although yields are improved with greenhouse conditions. CPMV purification is
easy to perform and can be completed in a short time (Johnson et al. 1997). CPMV
particles are very stable and can withstand extremes of temperature and pH while
retaining activity (Lomonossoff and Johnson 1991). Inactivating the infectivity of
CPMYV particles while retaining their other materials properties can be accom-
plished using several inactivation strategies, including UV irradiation (Phelps et al.
2007), (C. Rae and M. Manchester, unpublished data).

Chemical Biology of CPMYV: Direct Attachment of Functional
Groups to the Particle Surface

Because of possible constraints on the replication of CPMV-containing surface
capsid modifications, it can be difficult to recover viruses displaying large (>30
amino acids) or highly hydrophobic inserts at high yields. An alternative method
for presenting proteins or peptides on CPMV is via direct chemical attachment to
both wild- ype and mutated virus-based nanoparticles (VNPs) by straightforward
chemistry that was developed by the Finn and Johnson laboratories at TSRI using
fluorescent dyes (Wang et al. 2002a, 2002b). CPMV is stable to a variety of reac-
tion conditions, including acid and basic pH, and organic solvents such as DMSO.
Wild type CPMYV has five surface lysine residues per asymmetric unit, which react
with fluorescent dye-labeled N-hydroxysuccinimide (NHS) esters, as shown in
Fig. 3. At neutral pH, wild type CPMV reacts with NHS ester at room temperature,
up to a ratio of approximately 70-140 dye molecules per virion. The reactivity of
each of the individual surface lysines has recently been determined where it appears
that lysines 38 and 199 are the main targets (Chatterji et al. 2004a). Mutants are also
available with selected lysines removed for even more precise control of ligand
attachment and spatial arrangements (Chatterji et al. 2004a).

Wild type CPMV lacks addressable free thiol residues on the capsid surface, but
there are approximately 30 accessible thiols (cysteine residues) on the capsid inte-
rior that can be targeted by maleimide-linked dyes. On the surface additional thiols
have also been inserted via mutagenesis in the BB-BC or BE-aF loops. Attachment
to surface thiols has been accomplished via maleimide-containing linkers under
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straightforward reaction conditions (Wang et al. 2002b). Through these two strategies,
a variety of proteins have been conjugated (Chatterji et al. 2004b). An alternative
strategy has recently been developed by the Finn laboratory using azide-alkyne
“click” chemistry to efficiently attach ligands onto the CPMV surface (Destito
2007; Sen Gupta et al. 2005a; Wang et al. 2003). Together these chemical methods
have expanded the reactivity of CPMV and provided us with a wider variety of
tools for displaying ligands on the particle surface with precise control over their
spatial distribution and orientation. This feature is unique to virus and protein-cage
nanomaterials and is not found with other types of nanoparticles.

Flock House Virus

Flock house virus (FHV) is a member of the family Nodaviridae, which are small
nonenveloped, T=3 icosahedral viruses with a bipartite, positive-sense RNA
genome. The Nodaviridae are divided into two genera: alphanodaviruses, which
infect insects and betanodaviruses, which infect fish. FHV is an alphanodavirus that
was originally isolated from a grass grub in New Zealand. The FHV genome con-
sists of two single-stranded (+)-sense RNA molecules, RNA1 and RNA2, which are
encapsidated in a single virion (Krishna and Schneemann 1999) (Fig. 4). Both viral
RNAs carry a methylated cap structure at the 5" end but lack a poly(A) tail at the
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L, (3106 bases) (1400 bases)
! B2
Protein A (112k Da) H Protein o (43 kDa)
| .|
RNA polymerase (subunit) Coat precursor
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<10 min. @ 26 °C

Protein B2 (11.6k Da)

Viral RNA synthesis —

vRNAs 1 and 2 Provirion (137S)
(EXCESS) (not infectious)
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Maturation cleavage l4 hr @ 26 °C
o= Bty 2d@4°C
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Fig. 4 Genomic organization and morphogenesis of flock house virus
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3’ end (Dasgupta et al. 1984). RNA1 (3.1 kb) directs synthesis of protein A
(112 kDa), the RNA-dependent RNA polymerase (Friesen and Rueckert 1981).
RNA2 (1.4 kb) encodes protein alpha (43 kDa), the precursor of the coat protein
(Friesen and Rueckert 1981). In addition to the genomic RNAs, infected cells con-
tain a subgenomic RNA3 (0.4 kb) derived from the 31 end of RNA1 (Friesen and
Rueckert 1982). This RNA is not packaged into virions. It encodes protein B2
(11.6 kDa), an inhibitor of RNA silencing (Chao et al. 2005; Li et al. 2002).

In infected Drosophila cells, newly synthesized alpha protein first assembles
into precursor particles called provirions (Gallagher and Rueckert 1988). Provirions
contain 180 alpha subunits, arranged on a T=3 icosahedral lattice, and a copy of
both RNA1 and RNA2. The assembly process triggers an autoproteolytic reaction
in the 407 amino acid alpha chain, which results in cleavage between asparagine
363 and alanine 364 (Gallagher and Rueckert 1988). The newly formed polypep-
tides, beta (38 kDa, 363 amino acids) and gamma (5 kDa, 44 amino acids), remain
associated with the mature virion. Maturation cleavage is required for acquisition
of infectivity (Schneemann et al. 1992) and results in increased particle resistance
to denaturing agents such as SDS and urea (Gallagher and Rueckert 1988).

The structure of FHV was solved by X-ray crystallography in the laboratory
of Jack Johnson (Fisher and Johnson 1993). The 180 subunits of the FHV capsid
can be divided into 60 triangular units, each of which consists of three chemi-
cally identical but conformationally slightly different protomers (Fig. 5a, b).
(NB: a protomer refers to either coat precursor protein alpha or its cleavage
products beta and gamma). The protomers are distinguished by the letter codes
A, B and C and form the icosahedral asymmetric unit characteristic of a T=3
surface lattice. The three protomers form a prominent terraced pyramid (Fig. Sc,
d). The central layer carries the bonding contacts between asymmetric units and
forms the continuous part of the closed shell. The bottom layer is composed of
helical segments that extend into the central cavity. This layer contains the
beta-gamma cleavage site. The exterior surface consists of elaborate loops
between the strands composing the beta barrel and these loops can be targeted
for insertion of foreign peptides (Fig. 5c, d).

Propagation and Purification of Wild Type FHV and Strategies
for Making Mutant Viruses

Wild type FHV grows exceptionally well in cultured Drosophila cells. From a 5- to
10-ml culture (corresponding to a single 100-mm culture dish), 1 mg of purified
particles can be obtained. The purification protocol consists of a few simple
centrifugation steps, mainly pelleting of virus in the cell lysate through a sucrose
cushion and subsequent sedimentation through a continuous sucrose gradient.
Further purification, for example by banding on CsCl gradients, is usually not
required. The entire purification procedure can be easily completed within a day.
To generate mutant FHV particles, two independent protocols have been developed
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Fig. 5 a Schematic representation of the FHV capsid as a rhombic triacontahedron. Each trape-
zoid represents a protein subunit which consists of 407 amino acids. The labels A, B and C represent
the three subunits in each of the 60 icosahedral asymmetric units in the T=3 particle. Although A,
B and C represent chemically identical proteins, they are not related by strict symmetry and they
are structurally slightly different. b Space-filling model of the FHV particle based on the X-ray
structure at approximately 3-A resolution. ¢ Close-up view of the FHV asymmetric unit containing
subunits A, B and C. View is from outside the virus down the quasi-threefold axis. Calcium ions
located at the subunit interfaces are shown as yellow spheres. d Side view of the asymmetric unit
showing loops present on the surface of the virion

(Fig. 6): transfection of Drosophila cells with in vitro synthesized FHV RNA tran-
scripts or expression of the coat protein in Spodoptera frugiperda- (Sf21) cells or
Trichoplusia ni cells via recombinant baculovirus vectors.

Transfection of Drosophila Cells

Liposome-mediated transfection of Drosophila cells with authentic nodaviral RNAs
or transcripts synthesized in vitro from cDNA clones is a routine procedure in our
laboratory (Schneemann and Marshall 1998). This protocol basically circumvents
receptor-mediated endocytosis and release of RNA from whole virus particles. Once
inside the cell, the naked RNAs are translated and the newly synthesized proteins ini-
tiate the infectious cycle. Progeny virions isolated from cells transfected with the wild
type RNAs have been found to be identical in sedimentation rate and specific infectiv-
ity to those generated by infection of cells with virus particles (Schneemann et al.
1992). To generate mutant particles, amino acid changes such as insertions, deletions
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Strategies for generating mutant FHV particles
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Polyhedrin gene replaced
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Fig. 6 A schematic diagram illustrating how FHV particles are generated by liposome-mediated
transfection of Drosophila cells (left panel) or using recombinant baculovirus vectors (right panel)

or single site replacements are first introduced into the cDNA of RNA2 (coat protein
gene) using standard procedures. In vitro synthesized mutant RNA?2 transcripts are
then transfected into Drosophila cells together with wt RNA1 (polymerase gene). The
principal advantage of using transfected Drosophila cells to generate mutant FHV
particles is the rapid generation time (24 h) and the ability to continue propagation of
the mutants in the same cell line. However, there are also two significant caveats.
First, the mutations introduced at the nucleotide level can interfere with or even
inhibit replication of RNA2. This is primarily encountered when extensive deletions
or insertions are introduced. Secondly, the mutation introduced at the protein level
may block receptor binding of the particle and thereby inhibit infection of naive cells.
In the first scenario, it is not possible to obtain the mutant particles of interest,
whereas in the second scenario the particle yield is restricted to the amount that is
produced in the transfected cells without the benefit of secondary infections. This
amount is typically in the microgram range.

Baculovirus Expression
Mutant or wt coat protein can also be expressed in Sf21 or T. ni cells using recom-

binant baculovirus vectors (Schneemann et al. 1993). In this case, the gene
zamounts of protein alpha are synthesized in the late phase of baculovirus infection.
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Expression of wild type coat protein in recombinant baculovirus-infected cells
results in assembly of virus-like particles (VLPs) whose capsid structure is virtually
indistinguishable from that of native particles, as demonstrated by X-ray crystallo-
graphic analysis. However, VLPs do not contain the normal complement of noda-
viral RNAs 1 and 2 and thus cannot be infectious (Schneemann et al. 1993).
Nodaviral RNAL is not generated during expression of coat protein alpha in this
system and RNA?2 differs from native RNA2 owing to the presence of heterologous
sequences at both its 5" and 3’ ends. We have shown that the amount of RNA?2 in a
population of wt VLPs corresponds to 19% of the amount found in native virions
(Krishna et al. 2002). The principal advantage of the baculovirus expression system
is the fact that generation of particles is completely independent of FHV RNA rep-
lication and infectivity of the resulting capsids, thus circumventing both problems
mentioned above. Moreover, the particle yield is exceptionally high. From a 1-1
culture, 50-100 mg of purified VLPs have been obtained.

The FHV Chimera Technology: Insertion of Peptides and Protein
Domains on the Surface of the Particle

As shown in Fig. 7, the FHV capsid protein contains a number of surface loops that
can be targeted for the insertion of heterologous peptides and proteins. Four inser-
tion sites located between amino acids 205 and 206 (site 1; most surface-exposed
loop), amino acids 268 and 269 (site 2), 282 and 289 (site 3) and 136 and 137 (site 4)
have been tested to date. Insertion of peptides ranging in size from 811 amino
acids at sites 1 and 2 (Table 1) yielded homogeneous particles that could be pro-
duced in large quantities using a baculovirus expression system. Insertion at sites 3
and 4 has only yielded trace amounts of particles and attempts are underway to
optimize the conditions for displaying foreign sequences at these locations.

It was also demonstrated that large domains derived from heterologous proteins
can be successfully displayed on the surface of FHV at both sites 1 and 2. For
example, a 137 amino acid Ig-like domain derived from the coat protein of the

Fig. 7 Space-filling model of FHV capsid as well as top and side view of the asymmetric unit
illustrating distribution of the four presentation sites on a single capsid. Site 1 (aa 205-206, blue);
site 2 (aa 268-269, green); site 3 (aa 282-283, red), site 4 (aa 136-137, purple)
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Table 1 Insertions made on the FHV capsid

Insertion Site Insertion size
FLAG epitope 1 8 amino acids
PA1 peptide 1,2 11 amino acids
Ig-like domain from NoV 1 137 amino acids
ANTXR2 I-domain 1,2 181 amino acids

Fig. 8 Left and center panel Three-dimensional, surface-shaded reconstruction of wt FHV and
FHV-Ig chimeric particles, respectively. Note the additional densities at the quasi-threefold axis of
FHV-Ig not observed in wt FHV. Right panel Pseudoatomic model of FHV chimeric particles show-
ing approximate orientation of the 180 Ig-like domains on the surface of the virion

insect virus Nudaurelia w capensis virus was inserted at site 1. The chimeric parti-
cles were stable, homogeneous and could be generated in large amounts. Structural
analysis of the particles by cryoEM and image reconstruction demonstrated that the
chimeric particles contained additional density at the expected locations and a
pseudo atomic model showed the approximate orientation of the Ig-like domains on
the surface of FHV (Fig. 8). Based on the structural data, the Ig-like domain
appeared to be folded correctly, a notion that was confirmed by the fact that the
chimeric particles could be precipitated with protein G. The 181 amino acid extra-
cellular domain of capillary morphogenesis protein-2, a receptor for anthrax toxin,
was also successfully inserted at sites 1 and 2 (Manayani et al. 2007). The insertion
was well tolerated and structural analysis demonstrated that the protein fold was
similar if not identical to that observed in the native protein. Moreover, the chimeric
particles behaved as competitive inhibitors of anthrax toxin in a cell intoxication
assay (see Sect. 3.2.3). Taken together, these results indicate that foreign protein
domains, particularly those that are useful for tumor targeting, can be displayed
on the surface of FHV.

Chemical Labeling Studies of FHV Amino Acid Replacement Mutants

FHYV particles containing appropriate amino acid replacements can be conjugated
to fluorescent dyes using straightforward bioconjugation methods. Specifically,
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mutants of FHV displaying lysine or cysteine residues at sites 1-4 (e.g., A205K,
A282K, S268K, S136K, A282C, S268C and S136C) can be conjugated to fluorescein
using fluorescein-isothiocyanate (FITC), fluorescein-N-hydroxyl-succinimidoester
and fluorescein-maleimide (Fig. 9). The first two compounds react with free amino
groups (i.e., lysine residues), whereas the third compound reacts with sulfhydryl
groups (i.e., cysteine residues). Wild type FHV particles do not yield conjugates
under identical conditions because they do not contain amino or sulfhydryl groups
exposed on their surface. The mutant particles are prepared by transfection of
Drosophila cells with wt FHV RNA1 and mutated RNA2. The resulting mutant
particles are viable and can be grown to high titers in the Drosophila cell line. In
general, 60—100 coat protein subunits of particles containing an exposed lysine
residue can be chemically modified with the compounds indicated above, while all
180 subunits can be modified with the fluorescein-maleimide. Thus, the reactivity
of the exposed cysteine residues is somewhat higher under the conditions tested so
far. Double mutants that contain both reactive lysines and cysteines on the surface
have also been generated to modify the particles with different compounds using
sequential reactions schemes.

The simple chemistries developed for CPMV and FHV attachments allow a
plug-in format that allows the potential for further display of molecules in a spatially
controlled environment that should facilitate the most optimal function of ligand—
receptor interactions for biomedical interactions. It has been shown that CPMV in
particular, and to a lesser extent FHV, are stable to a variety of organic solvents and
reaction conditions (Portney et al. 2005; Wang et al. 2002a, 2002b, 2002c). The
chemistry has made it possible to significantly expand the range and type of
molecules that can be displayed on CPMV or FHV (Singh et al. 2005). Portney et al.
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Fig. 9 Schematic diagram illustrating the chemistry performed on FHV. All three compounds
are derivatives of fluorescein. The top two compounds, flurescein-isothiocyanate (FITC) and
fluorescein-N-hydroxyl-succinimidoester, react with free amino groups on the surface of FHV,
whereas the bottom compound, fluorescein-maleimide, reacts with free sulthydryl groups
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also describe the use of CPMV and FHV for materials applications such as ordering
of networks containing viruses and QD or single-walled carbon nanotubes
(SWCNT) (Portney et al. 2005). Other types of 2D arrays have resulted from cross-
linking single-stranded DNA on the surface of the virus and creating an array by
hybridization with other particles displaying the complementary nucleic acid
sequence (Strable et al. 2004). Further, it is possible using CPMV to array metals
in three dimensions is found in the work of Wang et al., where it was shown that
Nanogold could decorate the CPMV surface at specifically engineered cysteine
contact points (Wang et al. 2002b). Finally much progress has been made conjuga-
tion of tumor ligands onto the CPMV surface, as described in Sect. 3 (Chatterji
et al. 2004b; Destito 2007; Sen Gupta et al. 2005a).

Applications of CPMYV and FHV Particles to Therapeutics
and Tumor Targeting

Tumor Targeting

The natural container-like properties of viruses have been attractive for gene delivery
for many years, and are now being harnessed for therapeutic delivery and nano-
technology. Virus-based nanoparticles genetically modified to display targeting
peptides together with an imaging agent or drug loading moieties appears to be a
logical choice for targeted delivery as well as an attractive strategy to target cancer.
Combinatorial library methods have proved to be a pivotal tool in identification of
molecules of interest for achieving therapeutic targeting. Typically such libraries
take advantage of phage display techniques, whereby it is possible to screen large
libraries of short peptides for their specific affinity for cell-surface ligands.
Generation of a combinatorial phage display library is achieved by genetic modifi-
cation of the bacteriophage (typically M13 or lambda), displaying peptides on the
virus surface followed by screening and identification of peptides in the interacting
phages. Peptides may be of clinical relevance in tumors that express their respective
receptors in high amounts.

Vascular Imaging Using Wild Type CPMV

A recent study to evaluate the ability of CPMYV to visualize the vasculature showed
that fluorescently labeled CPMV particles are extremely useful for intravital vascular
imaging in live mouse and chick embryos (Lewis et al. 2006). In this study, CPMV
gave images superior to many commonly used particles such as dextrans, fluo-
rescent microspheres, and lectins. Furthermore, the particles appeared to have a
natural affinity for vascular endothelium, particularly labeling the venous vasculature.
Such targeting appears to be due to interaction with a cell-surface protein that is
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currently being characterized (Koudelka et al. 2007). These studies indicate that
natural and targeted VINPs will be extremely useful tools for visualizing normal and
diseased vasculature such as in growing tumors (Lewis et al. 2006).

Targeting CPMYV and FHYV to Tumors

Efforts to adapt icosahedral virus particles for use as platforms for the multivalent
presentation of cell-surface ligands have been described recently (Douglas and
Young 1999; Wang et al. 2002c). One example under investigation in our laboratory
is the specific targeting of CPMV and FHV nanoparticles to neuroblastoma tumor
cells using specific peptides. The neuropeptide Y (NPY) analog was previously
identified by screening several high-affinity binding peptides to the Y, receptors
that are overexpressed on human neuroblastoma SK-N-MC cells (Soll et al. 2001).
NPY is a neurotransmitter that belongs to the family of pancreatic polypeptides.
These polypeptides are important modulators of the central and peripheral nervous
system and NPY is one of the most abundant neuropeptides in the brain. The recep-
tors for NPY are produced in a number of neuroblastoma and similarly derived cell
lines. So far, five receptor subtypes (Y1, Y2, Y4, Y5, Y6) have been identified that
bind NPY with nanomolar affinity, providing a convenient way to specifically
target the neuroblastoma cells by receptor-mediated endocytosis (Michel 1998).
SK-N-MC tumor cells selectively express the Y, receptor (Gordon et al. 1990;
Larhammar 1992), and it has been shown that a 36-residue NPY analog (Phe7-Pro34)
can specifically bind NPY-Y that is expressed on human neuroblastoma tumors
(Soll et al. 2001).

In a recent study, we have shown the ability of chimeric viruses to be used as
targeting agents for cancer detection, using CPMV virus genetically modified to
display the NPY peptide as targeting ligand. In these experiments, the 36-residue
NPY peptide was displayed on CPMYV in the BB-BC loop. Although this was a rela-
tively large insertion for CPMYV, the virus was able to replicate at sufficient levels
to characterize the virus. Studies to evaluate the CPMV-NPY binding specificity
showed that it interacted specifically with SK-N-MC cells expressing the Y1
receptor (Fig. 10).

Subsequent studies to display the NPY peptide on the surface of FHV have
found that the VLP replication system of FHV is somewhat more amenable to dis-
play of larger insertions such as NPY. In these studies, the same NPY insertion was
introduced at the 205 site on FHV. In this system, the VLPs assembled and were
produced at high levels, similar to wild type FHV-VLPs. Characterization of the
specificity of FHV-NPY particles for neuroblastoma cells in vitro and in vivo is
currently underway.

In a separate study, we chose a single-chain antibody recognizing the carcino-
embryonic antigen (CEA) as our tumor-targeting motif. Carcinoembryonic antigen
(CEA) is a highly characterized, cell-surface glycoprotein specifically overex-
pressed by a variety of tumor cells, which provides a tool for tumor-specific recog-
nition (Goldenberg 1992; Hammarstrom et al. 1989). The single-chain (scFv) CEA
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Fig. 10 Binding of CPMV-NPY to SK-N-MC neuroblastoma cells

antibody is well characterized and recognizes CEA on a wide variety of tumor tissues
while it does not bind to normal tissues. Thus the anti-CEA strategy provides an
opportunity to determine whether it is possible to target CPMV particles specifi-
cally to CEA-expressing cells in vitro and in vivo. Recently, we showed that it was
possible to append chemical groups to the surface of CPMV by conjugation to
exposed lysines that the crystal structure showed are found on the capsid surface
and to cysteines installed by mutagenesis (Fig. 11). Such processes have been used
to attach several proteins to the viral capsid, including scFv CEA antibody and
transferrin (Chatterji et al. 2002, 2004b; Sen Gupta et al. 2005a).

CEA antibody (anti-CEA) was expressed in bacteria using a 700-nucleotide
cDNA encoding the single-chain Ab under the control of the T7 transcription
promoter. This construct contains the immunoglobulin heavy and light chains of
the antibody attached via a flexible linker. The antibody sequence, together with a
myc epitope sequence (for detection) and a cysteine residue was introduced at the
C-terminus of the antibody to allow chemical attachment of the anti-CEA to CPMV
(Fig. 11A). Chemical conjugation of the scFc to CPMV was carried out using
sulfo-SMCC as bifunctional linker. This linker contains a NHS-ester group that
reacts with the lysines of the CPMV capsid and a maleimide group that is selective
for the cysteine at C-terminus of scFv (Fig. 11). Binding of antibody-coupled
CPMYV to CEA-expressing cells in vitro in comparison to wild type CPMV showed
that CPMV-ADb bound specifically to human tumor cells expressing CEA (HT-29),
while wild type CPMV did not. Further, in a murine-human tumor xenograft model,
CPMV-Ab inoculated intravenously confirmed homing of CPMV-ADb in the tumors
(Fig. 11d, e). These preliminary data suggest that it is possible to target CPMV
particles specifically to tumor cells in vivo.

Finally, in collaboration with the Finn laboratory, our group recently showed that
using azide-alkyne click chemistry it was possible to efficiently attach several
ligands to CPMV. First, the tumor ligand folic acid (FA) was attached in variable



112 G. Destito et al.

a excess
NaOS_ 0 o N HO EN
oo | o Qoo PH7S nyg—y
_—>
Yo o &
Sulfo-SMCC
Wt-CPMV

Ny . L o
3 H 6.0
O] s effRNe

o scFv
CPMV-AD conjugated
— j
BXC): (D
9 A
< |
7 .
o ey
V. ‘:‘ —
-~ B e
\ 7\" 3

2L
5y
%

4yl

e
vy e
LaE

v
.-

b Ay
Y G
ot 3

B

Y

s - R oy . X
: A ot 5
Sk 4
SRRl
‘»’u‘%i Phiaals g
Fig. 11 a Chemical conjugation of CPMV to scFv anti-CEA. b HT-29 cells incubated with wild

type CPMYV, or ¢ CPMV-CEA. d HT-29 tumor section showing localization of wild type CPMYV,
e localization of CPMV-CEA virus in the tumor

numbers using click chemistry, and this attachment facilitated specific cell targeting
(Destito 2007). Second, the very large (80-kD) transferrin (Tfn) molecule was
conjugated to the surface of CPMV (Sen Gupta et al. 2005a). This is the largest
exogenous protein attached to CPMYV to date (Chatterji et al. 2004b). Our studies
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showed that using this highly efficient chemical reaction it was possible to attach
Tfn such that it maintained its affinity for Tfn receptor. This technology allows
the multivalent display of much larger ligands and should facilitate more complex
modes of tumor and other cell-specific targeting strategies using viral nanoparticles.

Vaccine Applications for CPMV and FHV

Both CPMV and FHV nanoparticles have been developed for vaccine applica-
tions. Two of the main reasons for exploiting the CPMV technology in particular
for vaccine applications are the possibility for an edible vaccine strategy, and for
the inherent stimulation of responses at mucosal surfaces, particularly via the intranasal
or oral routes.

Antibody Responses Induced by Peptide Antigens Displayed on CPMV

Since it has a highly ordered capsid structure, CPMV was predicted to be an
efficient inducer of antibodies without requiring additional adjuvants (Durrani
et al. 1998). Specific antibody responses against a variety of epitopes have
been demonstrated, including the NIm1A epitope from human rhinovirus, the
731-752 epitope from HIV envelope glycoprotein, and the VP2 protein of mink
enteritis virus (Dalsgaard et al. 1997; Durrani et al. 1998; Taylor et al. 2000). For
bacterial antigens, it has been shown that the Staphylococcus aureus fibronectin
binding protein epitope, when presented on CPMYV, raises antibody responses
that are protective against challenge in rats (Rennermalm et al. 2001). In addi-
tion, CPMVs displaying Pseudomonas antigens have been developed (Gilleland
et al. 2000). Most recently, CPMV has been used for anti-malaria applications
as well as for driving the production of heterologous vaccine antigens in plants
(Canizares et al. 2005; Liu et al. 2005; Mechtcheriakova et al. 2005; Yasawardene
et al. 2003).

VNPs as Inducers of Cellular Immune Responses: Comparison
with Other VLP Systems

Since in the CPMV system infectious viruses are used for presentation, they are termed
viral nanoparticles (VNPs). Similar approaches have been utilized with VLP systems,
whereby virus capsid/coat proteins are expressed in the absence of viral RNA and
assemble into noninfectious particles that can be purified. Some examples of VLP
systems for display of T cell epitope peptides for vaccine development are papilloma-
virus, parvovirus, and cores of hepatitis B virus (Da Silva et al. 2003; Martinez et al.
2003; Sedlik et al. 1997). In general, these VLP systems utilize heterologous expres-
sion strategies, typically baculovirus expression in insect cells or in yeast, to produce
the VLPs; however, as described in Fig. 6, VLPs cannot replicate on their own.
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Cellular immune responses are key to protection from many viral diseases as
well as some bacterial diseases. While live-attenuated vaccines are typically more
efficient at inducing a cytotoxic T lymphocyte (CTL) response, most live-attenuated
vaccines are expensive to produce, unstable to tropical temperatures, and are often
delivered by injection. The benefits of utilizing a nonreplicating antigen for safety
and stability to transport make it extremely worthwhile to develop epitope delivery
systems that can induce protective CTL as well as humoral immunity while
maintaining these benefits.

The mechanisms by which antigen-presenting cells (APCs) can take up exogenous
antigens such as VLPs and present them in the context of MHCI is termed cross-
presentation (Bevan 1976; Heath and Carbone 2001; Yewdell et al. 1999b). This
phenomenon contradicts the classical models of antigen presentation whereby
MHC-I presentation is dependent on endogenous synthesis of antigens presented
by MHC-I. Nevertheless, the results with a variety of systems, including VLP
vaccination, clearly indicate that presentation of antigens in the absence of endog-
enous protein synthesis in professional APCs such as DC is possible and is a viable
tool for vaccine development (Yewdell et al. 1999a). There has been considerable
controversy in the field regarding whether cross-presentation is the normal route for
presentation of viral antigens that do not naturally infect APCs (Zinkernagel 2002).
Nevertheless, the fact that cross-presentation does occur and can be harnessed as a
technique to induce cellular responses against nonreplicating antigens suggests that
it is an important and viable vaccination development strategy, which has the
potential to combine the benefits of safety, deliverability, and simultaneous anti-
body and CTL induction.

Taking advantage of the cross-presentation phenomenon, induction of CTL has been
achieved in the papillomavirus and parvovirus VLP systems, suggesting that uptake of
VLPs or VNPs by antigen-presenting cells, followed by presentation of the epitopes by
MHC class 1, is possible using these systems (Da Silva et al. 2003). Indeed, with the
parvovirus VLP system, CTLs can be detected ex vivo and animals are protected
against subsequent pathogen challenge (Martinez et al. 2003; Sedlik et al. 1997). Plant
viruses have only recently been explored for inducing CTL activity in vivo. Our pre-
liminary studies indicate that APCs including CD11c*/CD8a dendritic cells readily
internalize CPMV both in vitro and in vivo. It will be interesting to determine whether
this localization results in cross-presentation or whether further intracellular targeting is
required (M. Gonzalez, C. Rae, M. Manchester, unpublished data).

FHV-Based Vaccines and Epitope Presentation Systems

Vaccine strategies utilizing FHV are less widely used than for CPMV; however,
promising results have been obtained in several areas, including induction of
humoral immunity and using multivalent FHV particles as a display system for
detecting and quantifying antibodies in immune sera. For example, several studies
have shown that portions of the HIV-1 gp120 V3 loop, or a fragment of gp41, can
be presented on FHV and induce peptide-specific immune responses in mice
(Buratti et al. 1996; Scodeller et al. 1995). This epitope display strategy is particularly
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useful for presenting conformational epitopes that are difficult to use in a soluble
peptide format for priming an antibody response, similar to what was observed for
the conformational NIm1A epitope, which was preferentially recognized by
antibodies when displayed in a conformationally constrained manner on CPMV
(Taylor et al. 2000). A second focus has been on using immunoreactive peptides
presented multivalently as fusions with the FHV coat protein, as a means to screen
for the presence of epitope-specific antibodies in human sera, using hepatitis C
virus or HIV-1 gp120 or gp41 (Buratti et al. 1997, 1998; Schiappacassi et al. 1997).
Finally, nodavirus particles themselves have proven to be potent immunogens in
their host species: an example is immunization of fish with a nodavirus VLP offering
protection against subsequent infection (Thiery et al. 2006).

The demonstrated capacity for multivalent display of large or more conforma-
tionally complex structures on the FHV surface compared to CPMYV suggested that
FHV particles may be more amenable for vaccine design in the long term. As
mentioned above, it was recently shown that it was possible to display the Ig-like
I-domain from the human anthrax toxin receptor ANTXR?2 on the surface of FHV.
This display led to antitoxin activity (see Sect. 3.3), but also the particles could act
as a scaffold for display of the ANTXR2 ligand, the protective antigen (PA) of
Bacillus anthracis. Immunization with FHV particles displaying PA in this multi-
valent manner led to a fast-acting immunogen that could induce neutralizing anti-
body responses against PA in only 3 weeks. These antibodies in turn could protect
animals against a lethal challenge of anthrax toxin after the single immunization
(Manayani et al. 2007). These results indicate that FHV may be an important
platform for further display of microbial antigens.

Virus-Based Therapeutics: Antivirals and Antitoxins

We developed the first CPMV-based antiviral therapeutic, a nanoparticle designed
to inhibit a virus—cellular receptor interaction by multivalent display of a fragment
of the receptor on CPMV. Our initial report of the CPM V-antiviral inhibited infec-
tion efficiently in tissue culture where it was approximately 20- to 100-fold more
potent than an equimolar concentration of free peptide, while the wild type CPMV
virus had no inhibitory effect on infectivity (Khor et al. 2002). Our more recent
estimates suggest between two- and 20-fold enhancement over the monovalent
format. Our study was the first to show that multivalent presentation on the CPMV
nanoparticle surface retained the function of monovalent materials and was the first
example of a nanoparticle inhibitor of ligand—-receptor interactions. More recently,
experiments with multivalent carbohydrates agglutinating lectins on CPMV show a
multivalent effect of approximately 180-fold over free carbohydrates (Sen Gupta et
al. 2005b), further demonstrating that multivalent display of ligands on CPMYV is a
potentially effective way to improve the binding of a ligand of interest by between
one and two orders of magnitude.

Studies with the FHV-ANTXR?2 particles described above also showed inhibi-
tory antitoxin activity against B. anthracis lethal toxin. However, in this case a very
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mild multivalent effect was observed (less than twofold) and this effect was
observed only in vivo (Manayani et al. 2007). Thus the generation of a multivalent
effect is not always observed in VNP-based systems and is probably dependent
upon the particular ligand—receptor pair that is being targeted.

Advantages and Disadvantages Comparing
CPMYV and FHV Type Systems

When comparing the two systems, each has advantages for particular uses, in par-
ticular the ease of production of wild type and mutant viruses at high yields, the
ability to introduce complex genetic modifications into the viruses, and chemical
stability. Wild type CPMV and some mutants are produced at very high yields in
plants, and this production is extremely inexpensive. However, when more complex
mutations are introduced on the capsid surface (in our experience greater than 25-30
amino acids), the yield is not as high. Similarly, if the mutation introduced inter-
feres with infectivity in plants the yield will be low to nonexistent. Because of the
VLP expression system available for FHYV, it is not necessary to rely on infectious
viruses, and it is therefore possible to introduce more complex insertions and
mutations on the capsid surface. Several examples are the insertions of protein
domains at up to 150 amino acids that have been performed in the Schneemann
laboratory (Manayani et al. 2007).

Chemical modification of CPMYV has been more thoroughly characterized than for
FHYV, and in the limited comparisons that have been performed, CPMV is more stable
to withstand harsh chemical reaction conditions. CPMYV also has more natural attach-
ment points via surface lysine residues, in comparison to wild type FHV that has
none. However, mutations to introduce these residues on FHV have been straightfor-
ward and simply require an additional step when making other targeting mutations to
include a background of chemically modifiable capsid when appropriate.

The Future of Viral Nanoparticles for in Vivo Therapeutic
and Diagnostic Purposes

Since we are interested in developing VNPs as multivalent tools for targeting and
imaging in vivo, it has been important to first determine the natural bioavailability,
immunogenicity, and toxicity of VNPs.

Evaluating the Biodistribution of VNPs in Vivo

Bioavailability of CPMYV and FHV

We first studied the delivery of CPMV nanoparticles including oral and intra-
venous routes (Rae et al. 2005). We inoculated animals by each route with
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purified CPMV particles followed by detection of the viral particles in vivo
(Rae et al. 2005). Single-stranded viral RNA is naturally encapsidated inside
CPMV particles and became our first tool for detecting the trafficking of par-
ticles. Mice were fed wild type CPMV via oral gavage and tissues isolated.
CPMV RNA could be detected by RT-PCR in the spleen, kidney, liver,
gastrointestinal tract, blood, lungs, lymph nodes, brain, bone marrow, and salivary
gland. Similar results were obtained using fluorescently labeled CPMV as
well. These studies suggest that CPMV can enter the bloodstream and
lymphoid systems following oral administration and can access a variety of
tissues in the animal. Similar results were also obtained when animals were
inoculated with CPMV intravenously followed by perfusion prior to harvesting
the tissues. We also conducted experiments to show that ingestion of virus-
infected leaves also led to a similar trafficking pattern, indicating that the in
vivo trafficking is not an artifact of the gavage procedure. It is important to
note that virus replication in the animal is highly unlikely because CPMYV does
not replicate in animal cells. Rather, the CPMV likely travels through the gut
and into the tissues, as CPMV labeled with AF488 is readily observed in
Peyer’s patch (PP) epithelial tissue in the ileum region of the mouse intestine.
PPs are responsible for particulate uptake in the intestine (C. Rae, M. Gonzalez,
and M. Manchester, unpublished data). In addition, trafficking studies con-
ducted in the presence of a preexisting antibody response showed that such
a response did not impede trafficking, as has been observed in other systems
(M. Gonzalez, C. Rae, and M. Manchester, unpublished data; Mandl et al.
2001; Ruedl et al. 2005). Together our studies indicate that CPMV particles
are deliverable via the intravenous or oral routes. These results suggest that
CPMV has potential to be a highly useful bioavailable nanoparticle platform
for in vivo studies.

Similar studies have been initiated using FHV administration by the oral route
(P. Singh, A. Schneemann, unpublished data). Similar to CPMV, FHV could be
observed in the bloodstream and in a variety of tissues following oral feeding.
These results suggest that the size and stability of the particles, rather than their
particular surface characteristics, govern their trafficking across the intestinal
epithelium.

Immunologic Properties of CPMYV in Vivo

To evaluate the antibody response against VNPs, the serum IgG responses in mice
that had been immunized with CPMV or CPMV particles decorated with polyeth-
ylene glycol and fluorescein CPMV-PEG-F have been evaluated (Raja et al. 2003).
The immune response was analyzed using ELISA to detect CPMV specific anti-
bodies. A serum antibody response was generated against CPMYV, and this response
was significantly reduced or eliminated with the modified polymer forms. These
results are consistent with our studies of attachment to endothelial cells in vivo
being blocked by PEG coating (Lewis et al. 2006).
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Toxicity Studies of CPMYV in Vivo

To address the future feasibility of using VNPs in vivo, the potential toxicity has
also been evaluated. To date, studies in the Manchester laboratory have investigated
the maximum tolerated dose (MTD) of CPMV in animals using intravenous doses
of up to 100 mg/kg of purified virus (Singh et al. 2007). Necropsy and histologic
examination of tissues from all major organ systems showed no evidence of toxic-
ity. Mice did not show any clinical signs that were different from saline-injected
mice at all of the time points observed. This lack of toxicity contrasts favorably
with other viral particles used in vivo such as adenovirus particles that typically
show high liver toxicity at doses of 5x10° particles/mouse (Engler et al. 2004),
where with CPMV doses of up to 10'* particles do not result in toxicity (Singh et
al. 2007). Studies of doses higher than 100 mg/kg are in progress.

Conclusions

The use of viruses as nanoparticles for biomedical applications is still in the
early stages. However, the properties of structurally characterized viruses are
extremely well-suited for nanotechnology. The combination of a defined, multiva-
lent structure that can be tailored for specific interactions and targeting in vivo,
along with the natural container-like shape of virus particles, makes viruses highly
appropriate tools for further development.
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Abstract Advances in genetics, proteomics and cellular and molecular biology are
being integrated and translated to develop effective methods for the prevention and
control of cancer. One such combined effort is to create multifunctional nanodevices
that will specifically recognize tumors and thus enable early diagnosis and provide
targeted treatment of this disease. Viral particles are being considered for this purpose
since they are inherently nanostructures with well-defined geometry and uniformity,
ideal for displaying molecules in a precise spatial distribution at the nanoscale level
and subject to greater structural control. Viruses are presumably the most efficient
nanocontainer for cellular delivery as they have naturally evolved mechanisms for
binding to and entering cells. Virus-based systems typically require genetic or chemical
modification of their surfaces to achieve tumor-specific interactions. Interestingly,
canine parvovirus (CPV) has a natural affinity for transferrin receptors (TfRs) (both
of canine and human origin) and this property could be harnessed as TfRs are over-
expressed by a variety of human tumor cells. Since TfR recognition relies on the
CPV capsid protein, we envisioned the use of virus or its shells as tumor targeting
agents. We observed that derivatization of CPV virus-like particles (VLPs) with dye
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molecules did not impair particle binding to TfRs or internalization into human tumor
cells. Thus CPV-based VLPs with a natural tropism for TfRs hold great promise in the
development of novel nanomaterial for delivery of a therapeutic and/or genetic cargo.

Abbreviations AAV: Adeno-associated virus; CEA: Carcinoembryonic antigen;
CPMYV: Cowpea mosaic virus; CPV: Canine parvovirus; DMSODimethyl sulfox-
ide; TL-1P: Interleukin-1 beta; IL-6: Interleukin-6; NHS: N-hydroxysuccinimide;
SEC: Size-exclusion chromatography; Tf: Transferrin; TfR: Transferrin receptor;
TNF: Tumor necrosis factor; VNP: Viral nanoparticles; VLP: Virus-like particle

Introduction

More than half of the deaths between ages 50 and 85 in the United States in 2003
were due to cancer or heart disease (National Cancer Institute 2007). Although
treatments for cancer range from generalized chemotherapeutics to more novel cell-
specific therapies, the problems of toxicity and inadequate efficacy are still signifi-
cant. Thus, specific targeting of tumor cells is an important consideration when
designing therapeutics for optimal cancer treatment. Advances in genetics, pro-
teomics and cellular and molecular biology are being integrated and translated to
develop effective methods for the prevention and control of cancer.

One such combined effort is to create multifunctional nanodevices that will spe-
cifically recognize tumors and thus enable early diagnosis and provide targeted treat-
ment of this disease. Viral nanoparticles (VNPs) are being considered for this purpose
since they are inherently nanostructures with well-defined geometry and uniformity,
ideal for displaying molecules in a precise spatial distribution at the nanoscale level
and subject to greater structural control than possible with inorganic or lipid-based
materials. Furthermore, viruses are presumably the most efficient nanocontainer for
cellular delivery, since they have naturally evolved mechanisms for binding to and
entering cells. Unfortunately, virus-based systems typically require genetic or chemi-
cal modification of their surfaces to achieve tumor-specific interactions.

Interestingly, examples of viruses with natural affinity or tropism for tumor cells
exist. First, since tumor cells are rapidly dividing they provide an appealing host for
viruses that rely on robust cell division for their replication. Several viruses with
natural tumor tropism exist, such as paramyxoviruses, adenoviruses, and parvovirus.
A particular example is the canine parvovirus (CPV). CPV has a natural affinity for
transferrin receptors (TfRs) (both canine and human origin) and this property could
be harnessed, since TfRs are overexpressed by a variety of human tumor cells. Since
TfR recognition relies on the CPV capsid protein, we have envisioned the use of
virus shells as delivery agents. Accordingly, we have produced CPV virus-like par-
ticles (VLPs) in a baculovirus expression system and subsequently attached small
molecules to them. Based on the natural tropism of CPV for TfRs, we believe that
both the VLPs and the complete virions can be engineered into a novel nanomaterial
designed to target tumors for delivery of a therapeutic and/or genetic cargo.
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Cancer and the Need for Novel Therapeutic Strategies

Normally, cells only grow and divide in a highly regulated and controlled manner.
This orderly process helps keep the body healthy. Sometimes, however, cells will
undergo unregulated replication to form a mass of tissue, called a tumor (National
Cancer Institute 2007). Benign tumors are not cancerous and are rarely a threat to life.
Cells from such tumors do not spread to other parts of the body and the entire mass
can often be surgically removed. In contrast, malignant tumors are considered to be
cancerous in that the comprising cells are abnormal and will divide continuously.
Moreover, the resultant mass can invade and damage nearby tissues and organs.
In addition, cancer cells can break away from the original or a secondary tumor and
enter the circulatory system to initiate tumor formation in other organs (metastasis).

There are several main types of cancer (National Cancer Institute 2007).
Carcinoma begins in the skin or in tissues that line or cover internal organs. Sarcoma
originates in bone, cartilage, fat, muscle, blood vessels, or other connective or
supportive tissue. Leukemia starts in blood-forming tissue such as the bone marrow
and causes large numbers of abnormal blood cells to be produced and enter the
bloodstream. Both lymphoma and multiple myeloma commence in the cells of the
immune system (National Cancer Institute 2007).

A recent survey (Surveillance Epidemiology and End Results [SEER] cancer
statistics review, National Cancer Institute [NCI] [Ries et al. 2007]) of cancer incidence
and survival showed that among individuals ranging in age from 2 to 76 years, there
were more deaths due to cancer than to heart disease. By 2020, it is expected that
cancer rates may increase by 50%, with up to 15 million deaths worldwide (WHO
2003). The American Cancer Society estimates that more than one million new cases
of cancer will be diagnosed in the United States and that roughly half a million
Americans will die from this disease per year (American Cancer Society 2006). The
overall expenditure for cancer treatment is estimated to be close to 210 billion
dollars per year. Despite this financial output, the 5-year survival rates remain abys-
mally low for cancers of the pancreas (4% survival), lung (15%), and liver (7%), as
well as glioblastoma (5%), a common form of brain cancer (American Cancer
Society 2006). Even prostate and breast cancers, which are highly amenable to treat-
ment if diagnosed early, are still difficult to treat during the later stages of disease
and are responsible for more than 60,000 deaths a year (Edwards et al. 2005).

Transferrin Receptor Targeting for Tumor-Specific Delivery

Tumors are morphologically abnormal and therefore various cell surface and extra-
cellular-matrix proteins can be utilized as markers to distinguish tumor from nor-
mal tissue (Ruoslahti 2002). Such abnormalities provide an opportunity for
selective destruction without significantly affecting normal tissue. Tumor cells and
their vasculature are logical prime targets for suppressing cancer growth. Although
tumor vasculature is unusually leaky (Baluk et al. 2005; Hashizume et al. 2000),
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Fig. 1 Schematic representation of receptor-mediated endocytosis of transferrin. Iron-loaded
transferrin binds to transferrin receptors followed by internalization of the complex into cells. The
endosomal low pH causes the release of iron into the cytosol. Iron-deficient transferrin-receptor
complex is either recycled to the cell surface or degraded

carrier systems use particles not exceeding 100 nm in diameter to ensure their
tumor permeability and retention (Nagayasu et al. 1999; Tabata et al. 1998).

Internalization of nanoparticles into cells occurs by several mechanisms
(Maxfield and McGraw 2004; Schmid 1997). Receptor-mediated endocytosis is a
very specific and efficient process that is well-characterized and has been particu-
larly harnessed for tumor-targeted delivery (Olivier 2005; Reddy 2005; Richter and
Zhang 2005; Spicer and Harper 2005). The binding of the ligand to the receptor
initiates the process of internalization, with the cargo eventually residing in the
endosomes. The receptors are either recycled back to the cell surface after the ligand
dissociates or the ligand—receptor complex is bound to lysosomes where they are
degraded. The low pH environment of endosomes (5.0-6.0) favors the dissociation
of most ligands (Maxfield and McGraw 2004) (e.g., see Fig. 1). The rationale for
taking advantage of this system for specific delivery is that the receptors should be
overexpressed on the cells to be targeted. Various targeting ligands including
antibodies (Doronina et al. 2003; Spragg et al. 1997), transferrin (Qian et al. 2002),
folic acid (Goren et al. 2000; Lu et al. 2004), oligopeptides and oligosaccharides
(Zalipsky et al. 1997) are currently used.

Transferrin (Tf) is a circulatory iron-carrier protein that is in great demand,
particularly during cellular growth and proliferation (Gomme et al. 2005). As iron
is required by rapidly dividing cancerous cells, a significant upregulation of trans-
ferrin receptor expression is seen in a wide variety of tumor cells. Indeed, approxi-
mately 10° or more receptors per cell have been detected in several breast cancer
cell lines (including MDA-MB-231) (Inoue et al. 1993), HeLa (human cervical
carcinoma) (Bridges and Smith 1985), HT-29 (human colon carcinoma) (Becker et
al. 2000), K562 (human erythroleukemia) (Bridges and Smith 1985; Sato et al.
2000) and pancreatic tumor cells (Ryschich et al. 2004). In contrast, very few if any
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TfR molecules have been found on normal cells (Qian et al. 2002). Therefore
tagging a drug or image contrast agent to transferrin for specific delivery to tumor
cells has emerged as a promising strategy and is being widely explored for tumor-
targeted delivery (Hogemann-Savellano et al. 2003; Qian et al. 2002).

Viruses in Materials Science

The use of materials derived from natural sources in materials science has allowed
the harnessing of complex structures resulting from eons of evolutionary fine-tun-
ing. A better understanding of the structure and function of viruses has revealed a
collection of natural molecular assemblies and containers with a variety of shapes,
sizes, stabilities, dynamic properties, and chemical reactivities (see reviews in
Douglas and Young 2006; Singh et al. 2006). Viruses are increasingly being used
in materials science, engineering and nanotechnology as tools and building blocks
for electronics, chemistry and biomedical science. Viral particles are robust protein
cages whose size is in the nanometer range (several under 100 nm). Their well-
defined geometry and remarkable uniformity are ideal for nanoscale fabrication.

Virus capsids are versatile building blocks that can serve as scaffolds for produc-
ing nanomaterials (Brumfield et al. 2004; Wang et al. 2003). The atomic structures
of many viruses have been resolved, allowing researchers to identify and if neces-
sary modify amino acids in the viral capsid for bioconjugation. With the ease of
using genetic manipulation to producing mutants displaying lysines or cysteines in
the accessible virus capsid regions, it is feasible to chemically conjugate molecules
to these amino acids regardless of whether they are located on the interior and
exterior surface of the capsid. Moreover, as virus capsids are relatively rigid, mole-
cules can be displayed in a precise spatial distribution at a nanoscale level. Already,
bioconjugation to virus-based nanoparticles has been performed using commer-
cially available homo- or hetero-bifunctional linkers and the lysines and/or
cysteines of the viral capsid (Brown et al. 2002; Chatterji et al. 2004; Wang et al.
2002a, 2002b). More recently, we showed that an azide-alkyne “click” conjugation
can be used for a specific and efficient linkage of ligands (including transferrin) to
the virus capsid surface (Gupta et al. 2005; Wang et al. 2003). Together these tech-
niques have provided many methods for conjugating various types of ligands to
viral nanoparticles.

Challenges for Using VNPs for Biomedical Applications

The use of virus-based nanoparticles (VNPs) for biomedical purposes has several
hurdles to overcome. Nevertheless, in view of the lack of efficient alternate methods,
the benefits offered by this approach may outweigh the undesirable effects induced
in vivo. In this regard, although both replication-competent and -defective human
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adenoviruses have been utilized for gene delivery purposes, these as well as their
capsid components elicit the production of proinflammatory cytokines such as IL-
6, IL-1B, and TNF-o and also elevate serum transaminases. As a result of this
response, the treated individual experiences severe hepatotoxicity (Ben-Gary et al.
2002; Christ et al. 2000; Engler et al. 2004; Green et al. 2004; Higginbotham et al.
2002; Muruve et al. 2004). To counteract this effect, studies involving adenovirus
or adeno-associated virus (AAV, a dependovirus belonging to the Parvovirinae
subfamily) have demonstrated that a multivalent polymer coating applied to the
virus capsid reduced toxicity and also presumably immunogenicity (Green et al.
2004; Lee et al. 2005). Nevertheless, because of its severe side effects, adenovirus
is being displaced by recombinant AAV (rAAV) as the vector of choice for thera-
peutic gene transfer. Reasons for this substitution include the nonpathogenic nature
of AAV and its derivatives and the virus’s capability for efficient gene delivery to
and sustained transgene expression in numerous tissues. Despite some initial suc-
cessful applications in human clinical trials (Manno et al. 2003, 2006), certain
rAAV constructs were found to be somewhat ineffective due to their neutralization
by antibodies that recognize the progenitor’s serotype and apparently preexist in a
significant proportion of the human population (Moskalenko et al. 2000; Peden
et al. 2004; Sun et al. 2003). To circumvent this problem, new rAAV vectors that
are resistant to serum neutralization due to alteration of their capsid proteins by
genetic (Maheshri et al. 2006) and chemical methods (Lee et al. 2005) have been
produced. Another group within the Parvovirinae subfamily is the rodent parvoviruses.
Unlike AAYV, these viruses do not integrate into the cellular genome. Because rodent
parvoviruses do not naturally infect humans and thus would not have previously
triggered an immune response, they are being employed especially for tumor trans-
duction. In addition, due to their preferential amplification in tumor cells and
accompanying oncosuppressive and oncolytic traits, rodent parvoviruses are ideal
for cancer therapy and providing transient expression of immunostimulatory genes
to enhance tumor destruction (Geletneky et al. 2005; Rommelaere et al. 2005).
Consequently, it is not surprising that patients injected with H1 rodent parvovirus
have remained asymptomatic, despite the occurrence of viremia and seroconversion
(LeCesne et al. 1993; Toolan et al. 1965). Thus, VNPs powered by the ease of
genetic and chemical modifications continue to dominate as reagents for in vivo
delivery of foreign genes (Young et al. 2006).

Natural Tumor Specificity of Canine Parvovirus

While the primary goal is enhanced efficacy through targeted tumor delivery, normal
cells still must be spared from chemotherapeutic damage. Among the therapeutic
devices now being created are nanoscale structures that are designed to perform as
multifunctional diagnostic therapeutic agents. In this regard, viral particles are
robust protein cages in the nanometer range and exhibit well-defined geometry and
remarkable uniformity that are ideal for nanoscale fabrication. Accordingly, several
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viruses and VLP-based platforms have been utilized as nanocontainers for specific
targeting applications (Douglas and Young 2006; Singh et al. 2006). However,
these systems typically require modification of the virus surface by chemical or
genetic means in order to attain tumor-specific delivery. Interestingly, there exists a
virus, canine parvovirus (CPV), whose natural affinity for transferrin receptors
(TfRs) on tumor cells could be exploited for nanobiotechnology applications. Our
long-term goal is to develop CPV as a novel nanomaterial for tumor targeting.

The hypothesis underlying this research is that the natural TfR targeting of a
CPV-based nanoparticle could be used to effectively target tumor cells and deliver
a therapeutic payload, while avoiding interaction with normal cells. This premise is
based on the following observations. First, CPV particles utilize TfRs for binding
and entry into canine as well as human cells (Parker et al. 2001). While TfRs are
barely detected on the surface of normal cells, they are several thousand-fold more
abundant in a variety of actively dividing human tumor cells (Qian et al. 2002).
Second, my work showed that the structural integrity of CPV-VLPs is not affected
by chemical modifications such as the attachment of small molecules to them, and
that the natural tropism of CPV for TfRs could be harnessed for a specific and tar-
geted delivery of small molecules to human tumor cells (Singh et al. 2006). Third,
CPV pathogenesis is host-restricted to canines. Although this virus can recognize
TfRs on human cells, there is no evidence of CPV causing any disease in humans
(Parker et al. 2001). Fourth, since activation of parvovirus promoters and replica-
tion of the parvovirus genome occurs during the S phase of the cell division cycle
(Spelgelaere et al. 1991), a stage only entered into by actively dividing cells such
as tumor cells, this dependency could be utilized to express foreign DNA packaged
in CPV recombinants at specific sites. Last, in contrast to adenovirus-based plat-
forms, parvoviruses do not induce a significant cytokine or toxic response in the
host (Schlehofer et al. 1992).

CPYV, a viral pathogen of canids (dogs), is a member of the family Parvoviridae
(Muzyczka and Berns 2001). This infectious agent is an icosahedral (T=1), nonenvel-
oped virus with a single-stranded DNA and an average diameter of 26 nm (Figs. 2, 3)
(Tsao et al. 1991). The viral DNA encodes two polypeptides (VP1 and VP2) that
are generated by alternative splicing of viral mRNA. A VP-3 subunit is formed only
in full capsids by cleavage of 15-20 amino acids from the amino terminus of VP2.
A full (DNA-containing) capsid is composed of 60 subunits, primarily VP2
(62 kDa) in nature, although a few VP1 and VP3 subunits are present. Empty
capsids contain mostly VP2 subunits along with a minor amount of VP1 subunits
(Tsao et al. 1991). Each subunit has a central jelly roll antiparallel -barrel core
with elaborate loops between the B-strands (Fig. 2) (Tsao et al. 1991). Generation
of CPV- virus like particles (VLPs) in both mammalian cells and insects cells
expressing only the coat protein gene has been described previously (Yuan and
Parrish 2001). The transferrin receptor (TfR) on canine cells serves as a cellular
receptor for the native CPV (Parker et al. 2001). Interestingly, infectious CPV par-
ticles were also found to bind and enter human cells via TfRs (Parker et al. 2001).

CPV virions encapsidate a genome of approximately 5.1 kb of single-stranded
linear DNA of negative polarity, with palindromic sequences (shown as inverted
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Ks75 = K312
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Fig. 2 Space-filling model of the canine parvovirus capsid. The model was generated using VMD
software. The positions of lysines considered to accessible for chemical modifications in both the whole
capsid (left) or an individual VP2 protein capsid subunit (right) are indicated. (Singh et al. 2006)

repeats; IR) at the termini that serve as self-priming origins of replication (Cotmore
and Tattersall 1987; Muzyczka and Berns 2001; Reed et al. 1988). Within the
genome there are two open reading frames (ORFs) coding for the nonstructural and
structural viral proteins, driven by promoters P4 and P38 (Muzyczka and Berns
2001). The genomic organization and morphogenesis (typical of any parvovirus) of
CPV is shown in Fig. 3. Expression of the nonstructural proteins, NS1 and NS2, is
driven by the P4 promoter, whose activation is induced at the G1-S-phase transition
(Spegelaere et al. 1991). Several oncoproteins have been shown to stimulate rodent
parvoviral P4 promoter during G1-S-phase transition, resulting in NS1 production
at a level high enough to initiate viral replication (Bashir et al. 2001; Deleu et al.
1999; Perros et al. 1995; Spegelaere et al. 1991). NS1 is a multifunctional protein
essential for viral replication and promoter transactivation. It is also considered the
major mediator of cytotoxicity in tumor cells (Caillet-Fauquet et al. 1990; Ozawa
et al. 1988). NS2 is a 22-kDa protein that is essential for replication, virus produc-
tion, nuclear egress of progeny virions and host-specific infection (Eichwald et al.
2002). In addition, NS2 seems to enhance NS 1-mediated cytotoxicity to tumor cells
(Brandenburger et al. 1990; Legrand et al. 1993). The P38 promoter is transacti-
vated by the NS1 protein and regulates transcription of the capsid-coding genes,
VP1 and VP2 (Lorson and Pintel 1997). The transcripts R1-3 and corresponding
viral proteins that they encode are indicated in Fig. 3.

The life cycle of CPV is composed of following steps (Muzyczka and Berns 2001).
Virus binds to the transferrin receptors and internalizes into the cell. Clathrin-coated
vesicles mediate intracellular trafficking to the endosomes (Parker and Parrish 2000;
Suikkanen et al. 2002). The virus replicates autonomously in the host cell nucleus. The
transcripts, which translate to structural and nonstructural proteins, assemble in the
cytoplasm close to nuclear envelope. The DNA is packaged into the capsid and the viral



Tumor Targeting Using Canine Parvovirus Nanoparticles 131

&

)_EN > P38
[IR NS 1/2 H VP 1/2 H IR |

R | l NS1
R2 — 1] NS2
R3 — — vP1

O

cytoplasm

@@@
& D

Fig. 3 Genomic organization and morphogenesis of CPV. Generation of replication proteins (NS
1/2) and capsid proteins (VP 1/2) are shown

particles are released in bursts (Eichwald et al. 2002). Interestingly, parvovirus infec-
tion of tumor cells results in oncolysis (Rommelaere and Cornelis 2001).

CPV infection in canine pups occurs by the oral-fecal route (Mar Vista Animal
Medical Center n.d.). The virus in the throat and gastrointestinal tract reaches rapidly
dividing groups of cells in the draining lymph nodes. Here the virus replicates and
then virus particles enter the bloodstream to target organs containing rapidly dividing
cells such as bone marrow and the delicate intestinal cells. Within the bone marrow,
CPV is responsible for immunosuppression characterized by a drop in white blood
cell count (Parrish 1995). The GI tract is where the heaviest damage occurs, causing
diarrhea and susceptibility to bacterial infections. Fortunately, the entire immune
system is not completely damaged, allowing neutralizing antibodies to be eventually
produced that bind and inactivate the virus. Management of dehydration and
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prevention of secondary bacterial infections is effective in saving the animal (Mar
Vista Animal Medical Center n.d.).

Viruses of the Parvovirinae subfamily have the ability to infect a variety of dif-
ferent vertebrates. Although the natural hosts of parvoviruses such as H1, minute
virus of mice (MVM) and Lulll are rodents, these parvoviruses can also infect
human cells (Rommelaere et al. 2005). In this regard, CPV was also found to gener-
ate infectious particles in HeLa cells (Parker et al. 2001). However, rodent or canine
parvoviruses are not pathogenic or disease-causing in humans (Inoue et al. 1993;
Parker et al. 2001; Rommelaere et al. 2005). Although viremia after human expo-
sure to H1 rodent virus has been described, B19 (of the Erythrovirus genus) is the
only virus of the Parvovirinae subfamily known to cause a human disease (Bloom
and Young 2001; Brown et al. 1993).

In the context of cancer, parvoviruses have several unique characteristics. They
were first isolated from human tumor tissue and for that reason were originally
believed to be oncogenic (Rommelaere and Cornelis 1991). It was later discovered
that oncogenic transformation of several human and rodent cells resulted in an
enhanced capacity for parvoviral DNA amplification and gene expression and corre-
lated with significantly increased susceptibility toward the parvoviral cytotoxicity in
tumor cells. Rodent parvoviruses were found to have an oncosuppressive potential,
inhibiting the formation of spontaneous and chemically or virally induced tumors in
vivo and in vitro (Rommelaere and Cornelis 1991; Rommelaere et al. 2005).

Development of Methods for Production and Characterization
of CPV-VLPs

CPV VLPs can be produced from baculovirus (Singh 2006), In addition, large
quantities of CPV may be prepared using either the feline kidney cell line NLFK or
CRFK (both feline kidney cell lines) as the host (Fig. 4). A typical virus production
involved the following steps. Cells previously grown in McCoy/Leibovitz medium
with 5% fetal calf serum (growth medium) were transferred to 16 roller bottles at a
density of 210* cells/cm? in 100 ml growth medium per bottle and incubated at 37C.
On the next day, the resultant monolayers in each bottle were washed with 10 ml
Dulbecco’s MEM + 0.1% BSA, overlaid with 5 ml of inoculum consisting of
approximately 10* infectious center units of CPV per milliliter of infected cell
lysate and incubated at 37C for 1 h. Afterward, the monolayers were covered with
100 ml growth medium and returned to the roller cabinet for 4 days. The infected
monolayers and medium were then frozen and thawed twice. The combined con-
tents of the roller bottles were adjusted to 0.25% NP-40, 5% Tris-HCl, pH 8.7, and
2% EDTA, mixed for 15 min at ambient temperature and stored at —20C until fur-
ther processing.

For virus isolation, the above-mentioned infected cell lysate was first thawed and
centrifuged at 9000 g for 30 min at 4C to remove cell debris. The clarified superna-
tant was then adjusted to 3.4% polyethylene glycol 8000 and 0.2 M NaCl and stirred
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Fig. 4 CPV characterization. Top left Sucrose gradient (10%—40%) centrifugation of CPV parti-
cles. L light or empty virus particles; H heavy or full infectious virus particles. Top right SDS-
PAGE analyses of L and H particles show the presence of both VP1 (84 kDa) and VP2 (62 kDa)
polypeptides. Bottom Transmission electron micrograph of light (left) and heavy (right) particles
showing empty and full capsids, respectively

overnight at 4C. The solution was centrifuged again at 9000 g for 30 min at 4C.
The pelleted virus was resuspended in 40 ml of resuspension buffer (0.1%
N-lauroylsarcosine in 0.01 M Tris-HCL, pH 7.5), prior to the addition of an equal
of volume of chloroform. After vigorous mixing, the solution was centrifuged at
10,000 g for 15 min. The resultant aqueous (top) fraction was layered over a cushion
of 20% sucrose in 10 mM Tris-HCI, pH 7.5, in several tubes and centrifuged at
30,000 rpm for 4.5 h. The pellet was resuspended in 3 ml of 10 mM Tris-HCI, pH
7.5, and sonicated six times with 10-s pulses. The sample was then layered on top
of a 10%-40% sucrose gradient in 10 mM Tris-HCI, pH 7.5, and centrifuged for
4.5 h at 30,000 rpm. The visible light (L, empty virus particle) top band and the
heavy (H, full virus particle) bottom band (Fig. 5) were collected with a syringe and
separately dialyzed against phosphate buffered saline (PBS, pH 7.5). The quantity of
virus in each band was determined based on one absorbance unit at 260 or 280 nm
being equivalent to 7.0 or 1.4 mg/ml of heavy or light virus particles, respectively.
The purified virus is stored at —70C and is considered stable for several years. The
yield from 16 roller bottles ranges between 1-1.5 and 3—4.5 mg for heavy and light
virus particles, respectively, with usually the heavy infectious virus portion being
25%-40% of the total yield. It should be noted that each milligram of purified CPV
corresponds to approximately 2x 10" virus particles (Siegl et al. 1985). Actively
dividing cells seems to be an important factor for optimal virus growth and yield and
virus production is typically better in NLFK than CRFK cells.
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Fig. 5a—c¢ Binding and internalization of CPV-VLPs labeled with OG-488 into tumor cell lines.
Tumor cell lines HeLa (a), HT-29 (b), or MDA-MB-231 (c) were exposed to OG488-labeled CPV-
VLPs. The cells were washed, fixed, and examined by confocal fluorescence microscopy for
internalization of the labeled particles

Small Molecule Attachment to CPV

Molecules derivatized with NHS-esters can conjugate to exposed lysines on viral
nanoparticles, while maleimide-derivatized molecules that are thiol selective can
react and link with the cysteines (Fig. 6a, b). To evaluate whether CPV-VLPs could
be efficiently derivatized by the same chemical methods used on other viral nano-
particles (Singh et al. 2006), the locations of surface lysines on CPV-VLPs were
identified based upon a structural model of CPV using the radial distance and sol-
vent accessibility surface area parameters in the VIPER database (Reddy et al.
2001). Using this model, two (maximum of six) lysines of the 20 present in each
VP2 subunit, or 120 (maximal of 360) lysines per CPV-VLP particle could theoreti-
cally be accessible on the capsid surface for bioconjugation (Fig. 2). However, the
reactivities are known to vary from their predicted accessibility due to the local
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Fig. 6. a, b Chemical bioconjugation of CPV particles. Bioconjugation method for (a) lysines in
virus capsid reacting with NHS-ester derivatized molecules or (b) thiols or cysteines in virus
capsid reacting with maleimide-derivatized molecules. Molecule to be conjugated is shown as a
filled circle. (¢) Characterization of CPV-VLPs. Gel (inset, left): CPV-VLPs derivatized with OG-
488 were subjected to SDS-PAGE and exposed to UV light (inset, middle) shows a 62-kDa band
of VP2 protein. Electron micrograph (inset, right) of CPV-VLPs. Size exclusion chromatography
(bottom) shows absorbance values recorded at 260, 280, and 496 nm, corresponding to peaks of
viral nucleic acid, protein, and OG488 dye, respectively. The elution profile (in milliliters) from
the column is shown on the x-axis

chemical environment of the lysine residue on the viral capsid surface (Wang et al.
2002a). Surface-accessible lysines on the capsid and on a single subunit of VP2 are
depicted in a space-filling model in Fig. 2. In most cases, using 100 molar equiva-
lents of OG-488 dye molecules per VP2 subunit in the VLP preparation, an average of
45 lysines/particle were addressed. Exposure to 200 molar equivalents of the
dye per VP2 subunit resulted in an average of 100 derivatized lysines per particle.
Further increases in the dye equivalents did not appear to enhance CPV-VLP labe-
ling (data not shown). Dye-derivatized CPV-VLPs, when electrophoresed in a SDS-
PAGE, appeared as a fluorescent band upon exposure to a UV-light source that
migrated at 62 kDa (Fig. 6). Analyses of dye-labeled particles on the SEC at
496 nm revealed that the conjugate dye molecules were associated with the intact
VLPs. TEM analyses of labeled VLPs showed an electron-dense core consistent
with empty capsids (Fig. 6).

Recently we determined whether CPV-VLPs derivatized with OG-488 dye
molecules showed cell binding and internalization characteristics similar to those
exhibited by unmodified particles. To confirm the TfR specificity, the binding of
0OG-488-labeled CPV-VLPs to TRVbI cells (expressing TfR) and TRVD cells
(lacking or expressing very low levels of TfR) (McGraw et al. 1987) was investi-
gated. Binding and internalization of dye-labeled CPV-VLPs was observed only in
the TRVD1 cells, confirming that these two events are TfR-mediated. Thus the TfR-
specific internalization of OG-488 labeled CPV-VLPs is similar to the native CPV-
virions, in agreement with an earlier report (Parker et al. 2001). Since CPV-VLPs
could withstand chemical conjugation and remain intact following purification, the
potential of dye-labeled CPV-VLPs to target tumor cells, in addition to HeL.a, was
investigated. In this case, we examined binding and internalization of OG-488-labeled
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CPV-VLPs into two other human tumor cell lines (HT-29 and MDA-MB231 cells)
that are known to overexpress TfRs (Bridges and Smith 1985; Inoue et al. 1993).
In both cases, similar to unlabeled particles in HeLa cells, the CPV-VLPs deriva-
tized with OG-488 were invested within 2 h (Fig. 5).

Detailed analyses of the CPV capsid revealed that the Asn residues at positions 93
and 300 on the threefold spike are important in binding to the canine TfRs. Additionally,
several amino acid residues in the shoulder region (Gly 299, Lys 387, Ala 300, Thr 301
and Val 316) also appear to play a role in binding (Parker et al. 1997). Based on CPV-
capsid modeling (Fig. 2), the Lys residues at positions 89 and 312 are the most solvent-
accessible and therefore more likely to be derivatized. In our bioconjugation
experiments, attachment of dyes to the Lys 387 residue in some of the subunits could
not be ruled out. However, the role of these residues in CPV binding specifically to TfRs
has not yet been determined. Future studies will determine which residues are important
reactive residues and which could be modified without interfering with TfR binding.

Natural Targeting of CPV and CPV-VLPs to Tumor Cells

To verify the predicted susceptibility of HeLa cells to CPV (Parker et al. 2001),
glass cover slips in wells of a 24-well plate and were overlaid with growth medium
containing 2x 10* cells. After 24 h at 37C, the monolayers were infected with CPV
at a multiplicity of 1 for 1 h at 37C, washed and overlaid with growth medium.
After 24 h at 37C, the monolayers were washed with PBS, fixed with 4% parafor-
maldehyde, permeabilized in the presence of PBS containing 0.1% Triton X-100
and 1% BSA for 10 min and then exposed to a 1:3000 dilution of Alexa 594-labeled
anti-NS1 antibody in PBS for 1 h at 25C. Afterward, the cover slips were washed
three times with PBS and mounted on a glass slide with Immunomount medium.
The cells were then examined using a fluorescent microscope for the presence of
red fluorescence, indicative of CPVNS1 protein. NS1 protein was detected in the
HeLa cell nuclei, demonstrating that CPV had entered and replicated in the cells.

CPV-VLPs were also shown to bind specifically to tumor cells and to enter cells
in a TfR-dependent manner (Singh et al. 2006). Cells lacking the receptor did not
bind to labeled VLPs, whereas cells expressing the receptor did. These results con-
firm the specificity of CPV-VLPs even after chemical derivatization. In addition,
CPV-VLPs may be an interesting experimental tool to examine endocytosis via the
transferrin receptor.

Summary and Conclusions

The elimination of cancer from an afflicted individual poses an enormous challenge
to biomedical scientists. The National Cancer Institute has set a challenging goal of
eliminating the suffering and death due to cancer by the year 2015. Various resources
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therefore are needed to fuel a multidisciplinary and coordinated effort in achieving
this goal. Advances in genetic, molecular, proteomics and cellular events are being
integrated and translated for developing an effective means of prevention, diagnosis
and treatment of cancer. One such effort is to create targeted nanodevices with
multifunctional capabilities to enable early diagnosis and offer superior treatment.
Since the morphology of a tumor is quite distinct from that of normal cells, specific
destruction of cancerous tissue should be achievable by focusing on its abnormali-
ties. Strategies investigated for development of smart tissue-specific nanodevices
include the use of nanospheres, quantum dots, dextrans, liposomes, antibodies, viral
particles and dendrimers that are composed of targeting moieties along with cytotoxic
drugs and/or imaging agents. In this regard, viral particles are inherently nanostruc-
tures with well-defined geometry and uniformity. As their capsids are relatively
rigid, it is feasible to display molecules in a precise spatial distribution at a nanoscale
level. It should be noted that achieving this level of control is not possible with
inorganic or lipid materials. Furthermore, viruses are presumably the most efficient
nanocontainer for cellular delivery, since they have naturally evolved mechanisms
for binding and entering cells and utilizing the host’s machinery for their survival
and propagation. Thus canine parvovirus, with its natural tropism for transferrin
receptors on tumor cells and its capability to deliver a bioconjugated cargo, holds
great promise for development as a novel nanomaterial for tumor targeting.
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