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ABSTRACT
Protein cage architectures such as viral capsids, heat shock proteins, and
ferritins are naturally occurring spherical structures that are potentially useful
nanoscale platforms for biomedical applications. This dissertation work
demonstrates the utility of protein cages including their use as therapeutic and
imaging agent delivery systems. Protein cage architectures have clearly
demarcated exterior, interior, and interface surfaces and their structures are
known to atomic level resolution. This information is essential for the engineering
of functionalized nanoparticles via both chemical and genetic modification. In the
process of tailoring protein cage architectures for particular applications,
fundamental information about the architectures themselves is gained.
The present work describes endeavors toward the use of three different
protein cage architectures, the Cowpea chlorotic mottle viral capsid (CCMV), a
small heat shock protein (Hsp) architecture originally isolated from the
hyperthermophilic archaeon Methanococcus jannaschii, and human H-chain
ferritin, as cell-specific therapeutic and imaging agent delivery systems. Each
protein cage is roughly spherical, but their sizes differ; CCMV is 28 nm in
diameter, whereas Hsp and HFn are 12 nm in diameter. The advantages and
disadvantages of all three architectures are described.
Wild type and genetic variants of the Hsp, HFn, and CCMV cages were
reacted for the site specific attachment of organic molecules such as therapeutic
agents, imaging agents, and targeting ligands. Inorganic chemical modification
of the cages was employed for the formation iron oxide nanoparticles which are
potentially useful as magnetic resonance imaging (MRI) contrast agents. Toward
the development of the Hsp platform for therapeutic delivery, the antitumor agent
doxorubicin was covalently bound on the interior of the cage and selectively
released via a pH dependant trigger. In addition, mammalian cell-specific
targeting was imparted to the Hsp and HFn cages by both genetic and chemical
strategies. Biodistribution studies of Hsp and CCMV were performed in naïve
and pre-immunized mice and Hsp cages localized to human tumor xenografts in
mice. Together these results demonstrate the utility of the protein cages as
robust nanoscale platforms for the synthesis of both soft (organic) and hard
(inorganic) materials.
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CHAPTER 1
A BIOMIMETIC APPROACH: BIOLOGICALLY PRODUCED,
NANOMETER SIZED PROTEIN CAGE ARCHITECTURES
FOR BIOMEDICAL APPLICATIONS
Abstract
In the next twenty years it is anticipated that the medical field will be
transformed by the use of nanotechnologies to diagnose, image, treat, and
prevent diseases and disorders [18-20]. The generation of these nanotechnologies requires basic research at the interfaces of biology, chemistry,
physics, and engineering. The work presented here is an investigation into the
use of biologically produced nanoparticles for biomedical applications. Nature
has provided nanometer sized templates including viral capsids, ferritins, and
heat shock protein architectures. The fundamental properties of these protein
cage architectures, such as their structure and biological function, have been
investigated. Based on our current understanding of these architectures, genetic
and chemical modifications were employed to alter their properties and endow
them with biomedical functionality. This work is iterative in nature and as we
learn more about the protein cage architectures through our efforts to develop
them for specific applications we gain insight about the architectures themselves.
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Inspired by Nature
Viruses are biological entities that have co-evolved with the host organisms in
which they thrive. They are both simple (encoding relatively few proteins since
many key enzymes are ‘borrowed’ from their hosts) and complex (their ability to
precisely assemble their capsids within which their nucleic acid genomes are
specifically packaged). Viruses are obligate intracellular pathogens which are
highly evolved to deliver their genomes into host cells (Figure 1.1). They are cellspecific delivery experts. It is this property that we have tried to mimic, in our
efforts to understand and engineer protein cage architectures with biomedical
purposes such as cell-specific delivery of therapeutic and imaging agents.

EXTERIOR
Cell Specific Targeting

SUBUNIT INTERFACE –
Precise Molecular Assembly with Symmetry

INTERIOR
Package Nucleic Acid ‘Cargo’
Figure 1.1. Bio-Inspired: Viral Capsids as Protein Cage Architectures
The cryo-reconstruction of the Sulfolubos turreted icosahedral virus (STIV) [3, 6]. STIV is
used to highlight the structural features of viral capsids (and other protein cage
architectures) that can be chemically and genitically modified to transform them into nanovessels for targeted delivery of ‘cargo molecules’ including therapeutic and imaging
agents.

3
Nature has provided us with many ‘protein cage’ platforms, including viral
capsids, ferritins, and heat shock proteins, which are comprised of multiple
subunits assembled into precisely defined structures with three distinct surfaces
(exterior, subunit interface, and interior) (Figure 1.1). Protein cages can be
viewed as molecular ‘nano-vessels’ which are inherently multifunctional. Thus,
therapeutic molecules can be housed within their interior, imaging agents can be
incorporated at subunit interfaces, and the exterior surfaces are available for the
presentation of cell or tissue specific targeting ligands (Figures 1.1 & 1.2). The
multivalent nature and nanometer size range (5 -100 nm) of protein cages allows
for the delivery of multiple therapeutic molecules per ‘delivery event’. Housing
therapeutics within protein cage architectures may restrict their bioavailability
until their release is triggered by a particular cellular or tissue specific signal. In
addition, some protein cages, including CCMV, have structural features that
allow the for the controlled encapsulation and release of material [10, 21, 22].
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Figure 1.2 Protein Cage Architecture for Therapeutic and Imaging Agent Delivery.
This schematic depicts the step-wise modification of two different protein cage
architectures resulting a nanometer sized therapeutic and imaging agent delivery vehicle.
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The overall goal of my dissertation work was to further our understanding of
protein cage architectures by exploring their potential utility for biomedical
applications. This approach combined biology (protein cage architectures,
peptides, antibodies, cells) with synthetic and materials chemistry. The
similarities and differences in biological packaging of cargo were investigated in
three distinct protein cage architectures: the Cowpea chlorotic mottle viral
(CCMV) capsid, an archaeal small heat shock protein (Hsp) cage, and the
human H-chain ferritin (HFn) architecture. These protein cages were utilized to
encapsulate therapeutic and imaging agents on their interiors and present
mammalian cell-specific targeting functionalities on their exteriors [23, 24]. The
distinct advantages and disadvantages associated with individual architectures,
as a consequence of their unique structural and biochemical features, are
discussed. In addition, initial research on the efficacy of these constructs in cell
culture, their biocompatibility, and in vivo tumor localization and bio-distribution is
reported.
The hypothesis tested was that nanometer scale protein cage architectures,
including CCMV, Hsp and HFn, can serve as targeted therapeutic and imaging
agent delivery systems.
Protein Cage Architectures
Protein cage architectures are naturally occurring, self-assembled, hollow
spheres that are 5 -100 nm in diameter. They include viral capsids and cellular
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proteins such as ferritins, heat shock proteins (Hsp), and DNA binding proteins
from starved cells (Dps). These architectures play critical biological roles. For
example, viral capsids serve to house, protect, and deliver nucleic acid genomes
to specific host cells. Heat shock protein assemblies 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 [25, 26]. While each of these
structures has evolved to perform a unique biological 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 potentially impart
function by design (Figure 1.1). Protein cage architectures have demonstrated
utility in nanotechnology with applications including inorganic nanoparticle
synthesis and the development of targeted therapeutic and imaging delivery
agents [27-47].
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
which are useful for 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.
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The laboratories of Mark Young and Trevor Douglas have developed a ‘library
of protein cages’ (including CCMV, ferritin, Hsp, and Dps) as size constrained
reaction vessels and as platforms for genetic and chemical modification (Figure
1.3) [22, 27, 30, 32, 36, 38, 39, 48-56]. My work has focused on the use of three
protein cage architectures: a small heat shock protein (Hsp) from Methanococcus
jannaschii, the Cowpea chlorotic mottle virus (CCMV) capsid, and human Hchain ferritin (HFn) (boxed in Figure 1.3).

12 nm HFn
28 nm CCMV

12 nm Hsp

38 nm NV
70 nm STIV

9nm SsDps

9nm LiDps

18 x 300 nm TMV

Figure 1.3. Douglas and Young Lab Protein Cage Library
The structures of these protein cage architectures illustrate their similarities and differences.
From left to right: Sulfolobus turreted icosahedral virus (STIV) [3]; Norwalk virus [11, 12];
Cowpea chlorotic mottle virus (CCMV) [10, 12]; human ferritin [13]; the small heat shock
protein (Hsp) from Methanococcus jannaschii [4]; Dps-like protein from Sulfolobus
sofaltaricus [14, 15]; Dps protein from Listeria innocua [16]; and the tobacco mosaic virus
[17]. Red boxes indicate those protein cages described herein.

Cowpea chlorotic mottle virus (CCMV)
The Cowpea chlorotic mottle virus (CCMV) was the first protein cage
architecture utilized by the Douglas and Young Lab [22]. CCMV is a member of
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the Bromoviridae family [57]. This virus naturally infects the cowpea plant (Vigna
unguiculata) which is found in the Southern United States (reviewed in [58]). Its
genome consists of three positive sense, single stranded RNA molecules
packaged separately [10, 57, 58]. Di-cistronic RNA3 encodes the 190 amino
acid coat protein (20 kDa) (Figure 1.4). As described below, the crystal structure
of CCMV has been solved to near atomic resolution (3.2 Å) [59, 60]. The first 26
or 42 amino acids of each subunit, at the 6-fold and 5-fold capsid symmetry axes,
respectively, were disordered in the crystal structure and therefore their structure
is unknown [59, 60]. The first 26 amino acids contain a lot of positively charged
amino acids (Arg (R), Lys (K)) which interact with the negatively charged nucleic
acid within the interior of the capsid. Recent data indicate that the N-terminus of
the subunit protein is sometimes exposed to the exterior of the capsid as it is
susceptible to protease cleavage [61]. One of the initial motivations for exploring
the use of CCMV as a platform for genetic and chemical modification (described
in detail below) was the wealth of structural information available. Further
exploration of CCMV capsids by screening for naturally occurring mutants led to
the discovery of new properties, such as the ‘salt stable’ mutant, which did not
disassemble under conditions that normally result in wild type (wt) capsid
disassembly (ionic strength > 1.0M, pH 7.5) [62-66].

Later work determined that

a single amino acid change in the capsid subunit protein, a lysine to arginine
change at position 42 (K42R), was responsible for the increase in capsid stability
under conditions of high ionic strength [62-66]. This example illustrates the
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importance of each amino acid to capsid assembly. By subjecting the CCMV
structure to genetic and chemical modification, we continue to learn about its
inherent properties.
CCMV Structure. 180 copies of the coat protein assemble into a capsid with
icosahedral (T=3) symmetry. The exterior diameter of the CCMV capsid is 28 nm
and the interior cavity in which the viral RNA genome is housed is 25 nm in
diameter [10, 67, 68]. The structure of wild type CCMV has been solved to a 3.2
Å resolution [10] (Figure 1.4). Naturally, Ca2+ metal ions are bound at the
pseudo 3-fold axis of the CCMV capsid. Specifically, amino acids E81, E143,
and D153 comprise the metal binding site (discussed further in the next section,
in the context of binding other metals) [29, 58, 69]. The CCMV viral capsid is
capable of undergoing a reversible structural transition that is pH and metal ion
dependent [10, 70]. This ‘reversible gating’ or ‘swelling’ results in a 10%
increase in viral dimension at pH > 6.5 in the absence of metal cations; at pH <
6.5 the virion is in it’s ‘closed’ confirmation [10]. In addition, this structural
transition results in the creation of sixty ~20 Å pores that allow access between
the interior and exterior of the cage [10, 70]. This property will be discussed
further in the context of entrapping metallic nanoparticles within the capsid
interior.
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Figure 1.4. Structure of the Cowpea chlorotic mottle viral capsid
A. Ribbon diagram of the CCMV coat protein subunit (Speir et al., 1995).
The N (amino acids 1– 51) and C (amino acids 176–190) terminal arms extend away from
the central, eight-stranded, anti-parallel β-barrel core (amino acids 52–176) [9, 10].
B. Cryo-electron microscopy image reconstruction of the assembled 28 nm diameter
CCMV capsid composed of 180 subunits [10, 12].

Production of CCMV Capsids. In addition to harvesting CCMV capsids from
cowpea plants, two heterologous expression systems (Escherichia coli and
Pichia pastoris) have been developed [55, 67]. Both RNA containing and ‘empty’
viral capsids are produced. Capsids containing viral RNA are produced in plants.
Importantly, the RNA can be removed from capsids resulting in hollow
proteinaceous nano-containers [71]. The first heterologous expression system
developed was in E. coli (bacteria) [9, 67]. The DNA encoding the CCMV coat
protein was cloned into a bacterial plasmid, from which it was expressed [9, 67].
CCMV coat protein subunits were purified and assembled into empty capsids by
dialysis, but the capsid assembly efficiency of coat proteins expressed in E. coli
was low [9, 67]. This system often produced subunit proteins that did not selfassemble or were insoluble [9, 67]. Therefore, another heterologous expression
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system, utilizing Pichia pastoris (yeast), was developed and is more prevalently
utilized for CCMV capsid production [55]. CCMV virus-like particle (VLP)
production from the yeast heterologous expression system is discussed further in
Chapter 8 and in the Materials and Methods (Appendix A) [55, 72]. Since only
the DNA encoding the CCMV coat protein was cloned into the expression vector,
the VLPs produced in yeast are inherently devoid of viral nucleic acid, whereas
CCMV purified from plants are infectious viral particles [55]. The amount of viral
particles purified from both cowpea plants and yeast varies depending on the
particular genetic variant, but is approximately 1-2 mg per gram of infected plant
tissue and 0.1 – 1 mg per gram of fresh yeast cell weight [55, 73].
CCMV as a Template for Nanotechnology
The natural role of the viral capsid is to house and protect the viral nucleic acid
and ‘deliver’ it to a host cell. Likewise, we would like to house ‘cargo’ molecules,
such as therapeutic and imaging agents, within the capsid and re-direct it to
deliver this cargo to other cells of interest. Toward this goal, CCMV capsids have
been employed as scaffolds for chemical conjugation of biologically important
molecules including imaging agents (fluorescein, gadolinium chelators) and as
size-constrained reaction vessels for mineralization of metallic and metal oxide
nanoparticles [22, 39, 41, 74].
The inherent properties of the CCMV protein cage are sufficient for many
types of chemical modification, but these properties can be expanded by genetic

11
modification. As discussed below and in Chapter 8, the endogenous properties
of CCMV can be dramatically altered by design and implemented via polymerase
chain reaction (PCR) mediated mutagenesis of the gene encoding the capsid
protein. This technique enables genetic alteration of the DNA encoding the viral
capsid protein and in turn the assembled cage architecture. Based on the atomic
level crystal structure of CCMV, it is possible to genetically introduce single
amino acid substitutions at precisely defined locations (i.e., interior, subunit
interface, exterior) (Chapter 8). In addition, 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 (Figure 1.4) [41]. Importantly,
not all regions of the capsid tolerate change. There are limitations to the length
and site of incorporation of peptide sequences as well as the amount of
endogenous sequence that may be deleted, before the modifications prove too
drastic and the protein subunits are no longer able to assemble into capsid
architectures.
In initial work utilizing CCMV as a template for nanotechnology, wild type
capsids were employed for the mineralization of polyoxometalate species
(paratungstate and decavanadate) [22]. The virion’s interior cavity constrained
mineral growth, resulting in a spherical nanoparticle with a maximum diameter of
~24 nm [22]. This work took advantage of the distinct chemical environments on
the interior and exterior of the CCMV capsid. The interior surface is more
positively charged than the exterior, thus allowing it to serve as a nucleation site
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for aggregation of anionic precursors and crystal growth. After nucleation the
size and shape of the mineral were defined by the interior of the virion. During
the polyoxometalate mineralization reaction the pH was lowered entrapping the
mineral within the viral capsid [22]. In addition to the endogenous properties of
size, shape, and delineation of charge on the interior / exterior surfaces, the
‘gating’ property of CCMV cage was utilized for the entrapment of an organic
polyanion, polyanetholesulphonic acid (PAS) [22].
Inspired by the iron storage protein cage, ferritin, and its ability to mineralize
iron oxide nanoparticles in a size constrained fashion, the SubE mutant of CCMV
was designed. SubE was made by replacing 8 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
interior, illustrating the plasticity of the CCMV cage towards genetic manipulation
[55, 75]. The electrostatically altered viral protein cages did not differ in overall
structure from wild type (wt) CCMV, but they exhibited different mineralization
capabilities [55]. SubE’s negatively charged interior promoted interaction with
cationic Fe(II) ions and subsequent oxidative hydrolysis led to the formation of
~24 nm particles of lepidocrocite (γ-FeOOH) constrained within the interior cavity
of the protein cage [75].
Similar to the alteration of charge distribution in CCMV SubE described above,
genetic introduction of cysteines at the quasi-three fold axis resulted in capsids
with novel properties [21]. In this genetic variant, CCMV A14C R82C, the

13
structural transition of CCMV is under redox control. Specifically, the capsid is in
a compact, closed conformation under oxidizing conditions due to intersubunit
disulfide bond formation and undergoes a transition to an open conformation
under reducing conditions [21].
Wild type and genetic variants of CCMV have been chemically derivatized with
activated dye molecules, a small peptide, biotin, and digoxigenin [39, 76]. For
example, exteriorly exposed carboxylate groups (glutamic and aspartic acids) of
CCMV were reacted with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (DEC) and N-hydroxysuccinimide (NHS) to generate a succinimidyl
ester which was subsequently reacted with an amine containing fluorophore, (5((5-aminopentyl)thioureidyl)eosin [39]. Derivatization of 560 of the 1980 available
carboxylate groups was achieved by utilizing 1000-fold molar excess dye per
CCMV subunit concentration [39]. Two variants of CCMV were engineered to
present thiol (cysteine) reactive groups on their exterior (CCMV R82C & CCMV
A141C) [39]. These variants were labeled with fluorescein-5-maleimide. A
maximum labeling of 100 thiol groups (out of 180 total) was achieved [39].
Genetic variants of CCMV with introduced cysteines also proved useful for
conjugation of a 24 amino acid peptide to the exterior surface [39]. In addition,
the surface exposed cysteines of another genetic variant, CCMV A163C, bound
to gold surfaces. This enabled the formation of an patterned 2-dimensional (2-D)
array of CCMV capsids on the gold surface [74]. This work involved pre-blocking
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most of the exposed cysteines except those on one particular CCMV surface
which then bound the gold surface [74].
Differentially labeled CCMV particles were created utilizing the disassembly
and reassembly of the capsid in vitro [76]. CCMV capsids disassemble in the
presence of 400 mM CaCl2 at pH 7.6 and reassemble in 50 mM sodium citrate
and 1M NaCl at pH 5.25 [67, 76-78]. In order to produce dual labeled capsids
with varying label ratios, two populations of CCMV VLPs were chemically
derivatized with either biotin or digoxigenin, disassembled into subunits,
combined in desired ratios, and reassembled [76].
Genetic Incorporation of Peptides within the CCMV Capsid. Toward the
ultimate goal of vaccine generation, an effort to produce CCMV capsids that
displayed human immunodeficiency viral (HIV) antigens on their surface was
made in collaboration with Dr. M. Teintze’s lab [79]. Their results indicated that
CCMV was not a superior platform, as compared to keyhole limpet hemocyanin
(KLH), for antigen display. In addition, there was difficulty in the generation of
genetic variants of CCMV with peptide insertions within the ‘loop’ regions of the
capsid protein (Figure 1.4) [79]. Introduction of peptide sequences as N-terminal
fusions, as described in the next section, proved more successful.
One CCMV genetic variant, CPPep11, tolerated a peptide insertion within a
surface exposed loop region [55]. An 11 amino acid component (pep11) of
laminin was genetically incorporated into the CCMV coat protein, resulting in
CPPep11. Although low yields were obtained, a sufficient amount of CPPep11
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VLPs were produced to test this genetic variant’s ability to bind laminin binding
protein (LBP), a cell surface protein involved in cell attachment to basement
membranes. The goal of this work was to use CPPep11 to block cancer
metastasis. Tumor cells require attachment to the basement membrane by
binding laminin, one protein component of the extracellular matrix, via cell
surface expressed LBP. Pep11 is the component of laminin that which binds
cellular LBP, therefore if it is presented on CCMV cages (CPPep11)
metastasizing tumor cells in circulation could bind the CCMV-Pep11 genetic
variant (CPPep11) instead of binding laminin within the basement membrane
thus inhibiting metastasis [80].
CCMV as a Platform for Magnetic
Resonance Contrast Agent Delivery.
CCMV’s Endogenous Metal Binding Site. The road to developing the CCMV
viral capsid as a magnetic resonance imaging (MRI) contrast agent has involved
utilization of the endogenous properties of the cage, as well as both genetic and
chemical modification. In its natural environment CCMV coordinates divalent
calcium (Ca2+) ions at its quasi-3-fold axis, but in vitro other metal ions including
paramagnetic Gd3+ can bind these sites [29, 69]. Each CCMV capsid can bind
up to 180 Gd3+ ions [29]. The T1 and T2 relaxivities of water protons, as
measured at 61 MHz Larmor frequency were, 202 and 376 mM-1s-1 respectively.
These are the highest values reported for a molecular paramagnetic material to
date [29]. The ‘large’ molecular size of CCMV and its slow tumbling rate in
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solution, relative to small molecule contrast agents such as DOTA and DTPA
(see below), is in part responsible for the high relaxivity observed for CCMVGd3+. Although Gd3+-CCMV exhibited high relaxivity values, the dissociation
constant (Kd) for Gd3+ (31 μM) indicated that the Gd binding was too weak for in
vivo applications [29].
Genetic Incorporation of Metal Binding Peptide in CCMV. In order to increase
the binding affinity the metal binding motif from calmodulin (DKDGDGWLEFEE),
referred to as the EF hand motif, was genetically incorporated the into the CCMV
architecture as an N-terminal fusion [41, 81]. Although incorporation of this
peptide did increase Gd3+ binding affinity, without decreasing the relaxivity values
(R1 = 213, R2 = 407 mM-1 sec-1 at 61 MHz), the Kd was still too weak (100 nM)
for clinical applications [41].
Chemical Conjugation of Metal Chelators to CCMV. In order to achieve high
Gd3+ binding affinity, Gd3+ chelators (diethylenetriaminepentaacetic acid (DTPA),
tetraazacyclododecanetetraacetic acid (DOTA) were chemically linked to the
CCMV capsid and subsequently loaded with Gd3+ [41]. The resulting protein
cage architecture exhibits both high relaxivity values (R1 = 46, R2 = 142 mM-1
sec-1 at 61 MHz) and high metal binding affinity [41].

Additionally, the iron oxide

containing SubE CCMV (described above) has potential utility as an MRI contrast
agent as iron oxide nanoparticles have proven useful as dark field MRI agents
[30-32, 53].
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Small Heat Shock Protein (Hsp)
from Methanococcus jannaschii
Proteins cage architectures, both viral and non-viral, originating from extreme
(high temperature, high pressure, acidic) environments, including the hot springs
within Yellowstone National Park and oceanic hydrothermal vents, are being
explored for applications in biomedicine and nano-materials synthesis.
Methanococcus jannaschii is a hyperthermophilic archaeon originally isolated in
1983 from a 2,600 meter deep hydrothermal vent in the Pacific Ocean [82]. It is
an organism that thrives at high temperature and pressure. The optimal growth
temperature for M. jannaschii is 85˚C and it is grown in culture under pressure
(30 psi) (Figure 1.5). The M. jannaschii genome consists of a 1,664,970 base
pair (bp) circular chromosome, a large (58,407 bp) extra-chromosomal element,
and a small (16,550 bp) extra-chromosomal element [83]. It was the first
archaeal genome sequenced (completed in 1996) [83].

Figure 1.5. Image of Methanococcus jannaschii
M. jannaschii grown at 78˚C and 30 psi; Image from [1].
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Hsp Structure. The small heat shock protein (Hsp) from Methanococcus
jannaschii assembles into an empty 24 subunit cage with octahedral (4:3:2)
symmetry [4, 84, 85] (Figure 1.6). Each of the identical protein subunits is
composed of 147 amino acids (MW 16.5 kDa) [4]. The N-terminal 32 residues of
the heat shock protein subunit were not resolved crystallographically, but density
observed by cryo-electron microscopy within the cage interior suggest these
residues are internally exposed [4, 85, 86].
The structure of the Hsp protein cage architecture was resolved to 3.2 Å
resolution by X-ray crystallography [4, 84]. This near atomic level structural
information provides the foundation for precisely defining the location of reactive
groups on both the exterior and interior of the cage [84]. The Hsp cage
architecture has an exterior diameter of 12 nm and an interior diameter of 6.5
nm. Large, 3 nm diameter, triangular pores at the 3-fold axes (8 per cage) allow
free exchange between the interior of the cage and the bulk solution (Fig.1.6)
[84, 85]. In addition, there are smaller square windows each 1.7 nm in diameter
(6 per cage). Therefore the overall structure of Hsp resembles a multi-windowed
hollow sphere (Figure 1.6B). The Hsp cage assembly is stable up to ~70oC [87]
and in a pH range of 5-11 [38].
MjHsp16.5 (referred to in this work as simply Hsp) belongs to the small heat
shock protein family which encompasses proteins from all three domains of life
[88, 89]. The unifying characteristics of proteins within this family include a
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Figure 1.6. Structure of the Small Heat Shock Protein from Methanococcus jannaschii
A. Topology of the interaction between 2 subunits; MjHSP 16.5 dimer.
B. Space filling model of the 12 nm diameter assembled Hsp architecture; an interior
view along the four-fold axis. Images from [4].

conserved α-crystallin domain (~100 residues, in Hsp residues 46-135), a
subunit size ranging from 12 to 42 kDa, and increased expression in response to
elevated temperatures and/or other stress conditions [4, 85]. The function of the
conserved α-crystallin domain in the prototype lenticular α-crystallin protein is to
prevent protein precipitation and cataract formation within the vertebrate eye lens
[26, 90]. In addition, α-crystallins, which are also found in other organs (heart,
liver, brain, kidney) and have homologues in nearly every organism have been
shown to serve as molecular chaperones that aid in the proper folding of proteins
[26, 91]. The 20% identity between MjHsp16.5 and mammalian small heat

20
shock proteins is found within the α-crystallin domain [87]. MjHsp16.5 has been
shown to protect E. coli protein extracts and single chain monellin from complete
denaturation in vitro, but its in vivo function remains unknown [87, 92, 93].
Interestingly, the in vitro data suggest that MjHsp16.5 is a more efficient
chaperone under physiological conditions of elevated temperature [87], 80˚C
versus 37˚C, and pressure [94]. Fluorescence resonance energy transfer
(FRET) data from differentially labeled Hsp populations reveal that the multimeric
‘cage’ structures undergo subunit exchange at temperatures >65˚C (incubation
time > 20 min.) [87]. This property could prove useful as a strategy for obtaining
multi-labeled Hsp constructs, similar to the disassembly and reassembly strategy
used to obtained variably labeled CCMV architectures (described above) [76].
Production of Hsp Cages. Wild type and genetic variants of Hsp are
expressed in an E. coli expression system in which they self assemble into cagelike architectures (see Materials and Methods). The amount of Hsp protein cage
purified per gram of E. coli varies, but is approximately 5 mg per gram of fresh E.
coli cell weight [38].
Hsp as a Platform for Nanotechnology.
In addition to my work exploring the potential of Hsp cages to serve in targeted
delivery of therapeutics (described in the following chapters), parallel work in our
lab has focused on the use of this architecture for biomineralization, catalysis,
and magnetic resonance imaging [95-97].
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Biomineralization of Hsp Cages. One genetic variant of Hsp (CP_Hsp) was
designed to serve as a size constrained vessel for the growth of metallic CoPt
nanoparticles (6.5 nm) [95]. The CP_Hsp genetic variant was engineered to
direct the formation of a particular CoPt crystal phase (L10) that exhibits
ferromagnetism. Ferromagnetism is defined as a property of materials (i.e., iron,
nickel or cobalt) that become magnetized in a magnetic field and retain their
magnetism when the field is removed at room temperature (300 K). The CoPt
binding peptide (KTHEIHSPLLHK), discovered utilizing a phage display library
screen (phage display described in Chapter 4) [98], was introduced as an Nterminal addition to HspG41C [95]. The resulting CP_Hsp protein cage with
internal CoPt binding peptides was used to produce CoPt nanoparticles that
exhibited room temperature ferromagnetism [95]. Magnetic alloys including the
L10 phase of CoPt have potential to serve as addressable bits in future magnetic
storage applications [95]. In addition, another genetic variant, HspG41C, served
as a size constrained reaction vessel for iron oxide mineralization. This work is
described further in Chapter 2.
Hsp Cage Architectures for Catalysis. Hsp cage architectures were utilized in
the synthesis and encapsulation of platinum (Pt) nanoparticles (1 or 2 nm
diameter) [97]. The Pt-Hsp protein cage composites served as catalysts for the
reduction of H+ to form H2, which is an important alternative fuel source [97]. In
addition, the ability of Hsp-Ru(bpy)3+2 composites to produce singlet oxygen (1O2)
has been demonstrated. Future studies will investigate the efficacy of this
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construct to serve as a photodynamic therapy (PDT) agent. PDT is a treatment
that involves the cellular uptake of photoactivatable molecules, which can destroy
cells upon exposure to a specific light source. These results are an exciting
demonstration of the potential role of protein cage architectures for catalysis.
Hsp Cages as Magnetic Resonance Imaging Agents. Genetic variants of Hsp
with either N- or C- terminal peptide extensions were designed to incorporate the
metal binding motif from calmodulin (GDDGDGWLEFEE), similar to the genetic
variant of CCMV described previously [99]. Unfortunately, neither genetic variant
was very successful for a number of reasons. The metal binding peptide of the
N-terminal variant was found to proteolytically cleave from the subunit and the Cterminal variant was not soluble at high concentrations (>0.1 mg/ml) after the
addition of gadolinium (Gd3+) [41]. Therefore, Gd3+ chelators (DOTA & DTPA)
were chemically conjugated to lysines of Hsp cage architectures. However,
chemical conjugation resulted in less than 5 labels per cage, therefore relaxivity
data were not collected with these constructs [41].
Human H-chain Ferritin
Ferritin Structure. Ferritins are 12 nm diameter spherical protein cage
architectures present in nearly all organisms including bacteria, archaea, and
eukaryotes [100-102]. They are important proteins that serve to sequester and
store iron, an essential but toxic element [100]. The ferritin cage is composed of
24 subunits which assemble with octahedral (4:3:2) symmetry resulting into a
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Figure 1.7. Structure of Human Ferritin
A. Ribbon diagram of a single ferritin H-chain subunit.
B. Space filling model of the 24 subunit containing ferritin architecture; exterior
diameter 12 nm, interior diameter 8 nm.

hollow shell with an interior diameter of 8 nm (Figure 1.7) [100]. It is within this 8
nm cavity that iron (Fe) is stored as a small nanoparticle of iron oxide mineral
known as ferrihydrite. The structure of ferritins from different organisms is highly
conserved, but the primary amino acid sequence of the subunits from which they
are assembled can share as little at 14% sequence identity [100]. Endogenous
human ferritin is composed of two different subunit types, the H-chain and the Lchain [100]. The H-chain contains the catalytic site, which catalyzes the
oxidation of two Fe2+ atoms, and the L-chain subunit plays a role in iron oxide
core formation [100, 101]. Interestingly, the percentage of H- and L-chains
composing ferritin cages varies depending on the tissue specific expression level
of each of these chains [100, 101]. This is a mechanism by which vertebrates
regulate the function of ferritins. For example, in organs that contain and require
a lot of iron, such as the liver, a greater percentage of the ferritin is composed of
L-chain subunits, which in turn increases the iron storage capacity of ferritin [25,
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100]. The work described herein utilizes heterologously produced human ferritin
solely comprised of the H-subunit type.
Human H-chain Ferritin Production. Human H-chain ferritin (HFn) and genetic
variants of HFn are expressed in an E. coli heterologous expression system (see
Materials and Methods). The amount of HFn protein cage purified per gram of E.
coli varies depending on the particular genetic variant, but is approximately 5 mg
per gram of fresh E. coli cell weight [38].
Human H-chain Ferritin as a Platform for Nanotechnology.
The most prevalent use of ferritin and ferritin-like architectures as platforms for
nanotechnology is their use as constrained reaction vessels for the production of
nano-sized metal and metal oxide particles (reviewed in [103]) [48, 103-109].
Nanoparticle production employs empty ferritin cages (appoferritins) for
constrained synthesis of iron oxide and other metallic species and by controlling
the mineralization conditions different crystallographic forms are obtained. For
example, magnetite (Fe3O4) is formed at elevated temperatures (85˚C) and pH
(8.5) (Materials and Methods). The synthesis of metal containing particles within
these cages is not restricted to iron oxides. Cobalt, manganese, nickel,
chromium, and indium oxide nanoparticles have all been formed within apoferritin
cages (reviewed in [103]). The same approach has been used with a newly
reclassified DNA binding protein (Dps) from the bacteria Listeria innocua
(formerly known as a ferritin-like protein cage architecture), and within
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recombinant horse L-ferritin [36, 48, 103, 108-110]. In addition, ferrihydrite
containing horse ferritin was used to photocatalytically synthesize copper colloids
[107]. In the work presented in this dissertation, the human H-chain ferritin and
genetic variants were utilized as size constrained reaction vessels for magnetite
synthesis and as templates for conjugation of organic molecules (see Chapter 7).
Protein Cages for Targeted Therapeutic and Imaging Agent Delivery
One of the goals of this research is to develop protein cage architectures that
serve as cell-specific therapeutic and imaging agent delivery systems while
simultaneously gaining understanding of protein cage assembly and dynamics.
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 [19]. Protein cage architectures have three surfaces
(interior, subunit interface, and exterior) amenable to both genetic and chemical
modification. Figure 1.2 depicts a schematic representation of how each surface
can play a distinct role in the development of new targeted therapeutic and
imaging agent delivery systems. The cage interior can house therapeutics, the
subunit interface can incorporate gadolinium ions (an MRI contrast agent), and
the exterior can present cell-specific targeting ligands (such as peptides and
antibodies) (Figure 1.2).
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Attributes of Protein Cage Architectures Beneficial for Nanotech Applications
The inherent attributes of protein cage architectures make them attractive
platforms for the design of targeted therapeutic and imaging delivery systems.
Protein cages have a variety of endogenous properties including: size, structure,
solvent accessibility, cellular tropisms, amino acid composition, and release
mechanisms that might prove useful for biomedical applications. Structural
integrity and particle uniformity are additional inherent properties of protein cage
assemblies. These features enable the size-constrained synthesis of nanoparticles whereas monodispersity is sometimes difficult to achieve solely by
chemical synthesis. High resolution structural information [4, 60, 111] allow the
incorporation of molecules, peptides, or particles at precise locations [38, 39, 4446]. Protein cages have been chemically derivatized and utilized as spatially
constrained reaction vessels for materials, thus illustrating that they can serve as
chemical building blocks [22, 27, 38, 39, 44-46, 104, 112-114]. The ability to
genetically modify protein cages has allowed incorporation of novel functions,
including cell-specific targeting.
Their size falls into the nano-meter range shown to localize in tumors due to
the enhanced permeability and retention effect (EPR; described below) [19, 115,
116]. Their multivalent nature enables the incorporation of multiple functionalities
(including targeting peptides and imaging agents) on a single protein cage. Both
size and multivalency enable a relatively large amount of therapeutic to be
encapsidated or covalently linked to the cages which in turn can result in a high
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therapeutic payload per delivery event. The bioavailability of therapeutics may
also be sequestered within the cage interior until release is triggered at a desired
time or by a given condition.
Heterologous expression of H-chain ferritin and Hsp cages in E. coli and
CCMV capsids in Pichia pastoris facilitates the production of these cages in
sufficient quantities [27, 38, 55]. This dissertation focuses on the use of three
protein cage systems; the 12 nm diameter small heat shock protein (MjHsp), the
12 nm diameter human H-chain ferritin (HFn) and the 28 nm diameter Cowpea
chlorotic mottle viral capsid (CCMV).
Additional Protein Cage Architectures Being Explored for Nanotechnology
In addition to the CCM, Hsp, and HFn protein cage platforms described above,
there are many other viruses and virus-like particles (VLPs) being developed as
platforms for applications in nanotechnology. The most similar to CCMV is
another plant virus, the Cowpea mosaic virus (CPMV) (described in detail below).
Other virus and VLP nanotech platforms include the tobacco mosaic virus [113,
117, 118], the flock house virus [119] , polyoma virus [120, 121], the MS2
bacteriophage [40], canine parvo virus [122], MS2 bacteriophage [123] and
adenovirus [124-128]. Non-viral protein cage architectures being explored as
platforms for nanotechnology include a ring shaped heat shock protein [129, 130]
and ferritin and ferritin-like architectures (described previously).
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The use of viruses themselves for cancer treatment is an exciting area of
research [131, 132]. The fields of viral mediated gene therapy [133-137], viral
immunotherapy [138] and oncolytic viral therapy (which utilizes replication
competent viruses to kill cancer cells) [139-150], could all be considered under
the umbrella of biomedical nanotechnology. However, these fields are beyond
the scope of this dissertation, which focuses on the use of ‘empty’ viral capsids
and other protein cage architectures for biomedical applications [139, 151-153].
One of the most similar platforms to the CCMV platform (described above and in
Chapter 8) is the CPMV platform which has been developed as a vaccine
construct; this work is described below.
Cowpea mosaic virus (CPMV).
CPMV has been used as a platform for vaccine generation, imaging agent
delivery, and is currently being explored as an anti-cancer therapeutic delivery
system. CPMV is a 31 nm icosahedral virus in the Comoviridae viral family
within the same superfamily as picornaviruses, including polio virus [59]. These
viruses share structural similarities [59]. The CPMV capsid is composed of 60
copies each of a large (L), 41 kDa, and a small (S), 24 kDa, subunit protein [59].
The L subunit comprises two domains and the S subunit one domain, of the
asymmetric unit. Sixty asymmetric units self assemble into an icosahedral
capsid with pseudo T=3 symmetry [59, 60, 154]. Although, CCMV and CPMV
are both small (28 nm and 31nm respectively) icosahedral cowpea plant infecting
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viruses, their primary structures are unrelated. Like CCMV, CPMV is amenable
to genetic and chemical modification and has been utilized as a chemical building
block for vaccine and imaging agent generation [33-35, 44-46, 155-158].
CPMV as a Vaccine Vector. One of the first potential biomedical applications
for which the use of CPMV was investigated was vaccine generation [159].
Based on crystallographic information, an exteriorly exposed ‘loop’ region of the
small capsid protein was genetically engineered to contain additional amino acid
(a.a.) sequences ranging in length from 15-34 a.a. [160]. These short peptide
sequences mimic antigenic epitopes from a variety of pathogens including
viruses and bacteria [154, 155, 160-163]. Specifically, CPMV chimeras were
engineered to express epitopes from human rhinovirus (HRV-14) [154], human
immunodeficiency virus (HIV-1 ) [154], mink enteritis virus (MEV; a parvovirus)
[160], canine parvovirus (CPV)[163], hepatitis B [164], merozoite surface antigen1 of the malaria parasite Plasmodium falciparum [158], outer membrane protein
F of Pseudomonas aeruginosa [155], and the fibronectin-binding protein of S.
aureus [162]. The list presented above is not inclusive and over fifty CPMV
chimeras have been generated (see [154, 165, 166]). While it is important to
note that the structural integrity of these CPMV chimeras has been demonstrated
it has also been reported that some CPMV chimeras do not properly assemble
and in turn lose their ability to infect and be propagated in cowpea plants [160,
167]. It was determined that the site of peptide insertion is important; most
inserts have been introduced within the βB-βC loop of the S protein [168]. In
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addition, the tolerance of the CPMV capsid to the insertion of various peptide
sequences was found to be dependent on the size and isoelectric point of the
peptide insert [167].
Investigation of the potential efficacy of the above CPMV vaccine constructs in
animals typically involves their injection in combination with adjuvants (adjuvants
are substances such as alum and saponin that nonspecifically enhance the
immune response to an antigen [169]) [160]. These studies have demonstrated
that antigen specific antibodies are produced in experimental animals and some
are neutralizing (meaning that they bind the virus and prevent it from infecting a
cell).
Excitingly, some CPMV chimeras, such as the canine parvovirus chimera
(CPMV-PARVO1), generate a protective response [163]. Langeveld et al.
demonstrated that administration of CPMV-PARVO1 in the context of adjuvant
protected dogs from a lethal challenge with canine parvovirus [163]. Another
CPMV chimera displaying an epitope from the outer membrane protein F of
Pseudomonas aeruginosa also proved efficacious in the protection mice from P.
aeruginosa bacterial infection [155]. These data are very exciting, and they
illustrate the potential for plant derived vaccines, but it is also important to note
that in this study similar levels of anti-VP2 specific antibody were generated in
dogs that were given another type of antigen-protein chimera (VP2-keyhole
limpet hemocyanin, KLH). This is noteworthy because this was also shown with
the CCMV- antigen chimeras described above. The CCMV constructs were
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made in yeast and some chimeras were only produced in low yields. Therefore
production of sufficient quantities was difficult. In contrast, these CPMV vaccine
constructs were produced in plants from which they could be produced easily
and cheaply, and maybe further developed as “edible vaccines” [170-172].
Chemical Derivatization of CPMV. Wild type and genetic variants of CPMV
with exteriorly exposed lysines (amines), cysteines (thiols), aspartic and glutamic
acids (carboxylates) have been chemically derivatized with fluorescent dyes,
quantum dots, oligonucleotides, polyethylene glycol (PEG), nanometer sized gold
particles, and redox active moieties [35, 42, 44, 45, 47, 173-175]. These types of
chemical derivatizations are described further herein in the context of CCMV,
Hsp and HFn cages. The in vivo data obtained from PEGylated and fluorescently
labeled CPMV will be described in detail in Chapter 6. In addition, CPMV was
used as a platform for the development of “click chemistry”, which utilizes nonbiological molecules including azides and alkynes. Click chemistry has
expanded the types of chemical reactions available for conjugation of proteins
(peptides, antibodies) and synthetic molecules to protein cage architectures [112,
176-179].
Other Nano-scale Therapeutic Delivery Systems
Drug carriers are often used to alleviate non-ideal properties of therapeutics
(poor solubility, non-specific tissue damage, rapid breakdown, too rapid
clearance, poor distribution) by positively altering circulation time, solubility, drug
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release, and via site-specific targeting [19, 180]. In addition to the properties
listed above, nanoparticles may preferentially accumulate in tumor tissues due
to the enhanced permeability and retention (EPR) effect [19, 181]. It has been
shown that in certain disease states, including tumor growth, the permeability of
the vasculature increases, and particulate carriers are able to pass through and
accumulate [19]. This phenomenon is especially relevant for drug delivery
systems which target tumors. Tumor growth requires formation of new blood
vessels (angiogenesis). These newly formed vessels have large spaces (600 –
800 nm) between endothelial cells in contrast to the tight packing of endothelial
cells that make up normal mature blood vessels [19]. Passive targeting of drug
delivery systems can result in a ten-fold increased accumulation as compared to
free drug. This is, in part, due to poor drainage of tumor lymphatic systems [19].
Many nanoparticle (< 200 nm) drug delivery systems are composed of lipids
(liposomes, micelles, lipid emulsions, lipid-drug complexes) or polymers
(polymer-drug conjugates, polymer microspheres). Additionally, in some cases
conjugation of therapeutic molecules to either polyethylene glycol (PEG) or
antibodies has proven advantageous [19]. PEG is a hydrophilic flexible polymer
that usually increases the circulation time of conjugated therapeutics and
nanoparticle platforms [132]. Other nano-scale therapeutic delivery systems also
being explored include: silica nanoparticles, polysaccharide colloids, PEGylated
liposomes, polyamidoamine (PAMAM) dendrimer clusters, hydrogel dextran
nanoparticles, biodegradable poly(DL-lacticide-co-glycolide) or PLG
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microspheres, latex and polystyrene beads, polyalkyl-cyanoacrylate
nanocapsules, and nanoparticles made up of fatty acid polymers and titanium
dioxide particles [19, 24, 50, 170, 180, 182-207]. Additionally, antibody mediated
therapeutic delivery has proven successful in both lab and clinical settings and
antibodies themselves may serve as therapeutic agents [5, 208-223]. PAMAM
dendrimers are hyper-branched synthetic macromolecules presenting amine
groups, and are currently being investigated for use as target-specific MRI
contrast agents [224-230]. Recently, some new drug delivery systems have been
approved for clinical use (reviewed in [19]). One of the most relevant examples
to the work described herein is Doxil/Caelyx, which is a doxorubicin (an anticancer agent described further in Chapter 3) containing PEGylated liposome
[231]. Another example is N-2-hydroxypropyl methacrylamide copolymer-linked
doxorubicin which can be administered in higher doses than free doxorubicin,
because the bioavailability of the drug is restricted when linked to the polymer
and the release rate is slow [232]. The polymer doxorubicin linkage is a peptide
sequence that is cleaved by lysosomal enzymes after cellular uptake via
pinocytosis [232]. In another example, PAMAM dendrimers were conjugated
with methotrexate (MTX), an anti-cancer drug, and folic acid, which served as a
cell targeting agent [180]. In vitro cytotoxicity data demonstrated that
dendrimers, each loaded with 5 MTX molecules, were efficacious in cell lines
known to be MTX-resistant. This result demonstrates that nanoparticle delivery
of currently used anti-cancer agents can result in beneficial properties, including
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the evasion of therapeutic resistance [180]. Additionally, PEGylated liposomes
containing doxorubicin and cell-targeting folic acid were 45 times more
efficacious than non-targeted liposomes [233-235]. Some general properties of
drug delivery systems in development are described below.
Properties to consider when comparing the advantages and disadvantages
of drug delivery systems include the ability to synthesize them in sufficient
quantities, their therapeutic carrying capacity (or payload per delivery event),
their biodistribution and biocompatibility, and the ability to incorporate cellspecific targeting capability. For example, antibodies are excellent cell specific
targeting agents whose biocompatibility has been significantly improved by the
use of humanized antibodies and antibody fragments (mini-bodies, di-bodies,
etc.), but their therapeutic carrying capacity is limited to a few drug molecules per
antibody [19, 214-217, 236]. Liposomes have a high therapeutic molecule
carrying capacity, on the order of tens of thousands, but the types of compounds
that can be entrapped are somewhat limited [19]. Hydrophilic molecules are
readily entrapped within liposomes and a pH or chemical gradient can be used to
load hydrophobic weak bases (such a doxorubicin), but neutral hydrophobic
molecules or those with intermediate solubility tend to be rapidly released in the
presence of cell membranes [3]. One advantage of PEG coupled therapeutics is
that the clearance rate via the kidneys is usually decreased [3]. Polymeric
micelles prove useful for delivering water insoluble therapeutics due to their
hydrophobic cores [225]. Polymer based delivery systems can be conjugated to
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a wide array of molecules and this linkage restricts the bioavailability of the drug
until it is dissociated from the carrier, which is advantageous for most drug
delivery scenarios [3]. One advantage of dendrimers is that they provide surface
exposed functional groups whereas the functional groups of glycopolymers are
folded inside [229]. On the other hand, as the size of PAMAM dendrimers is
increased, so does their in vitro cytotoxicity, but these ill effects can be alleviated
by PEGylation which has been shown to reduce immunogenicity and increase
circulation time [224-230]. Dendrimers have been used to encapsulate anticancer agents (doxorubicin and methotrexate), but the release rates are slow
with only 15 % of the drug released after 24 hours.
Several different strategies for cell-specific targeting of drug delivery systems
are being explored including, (1) utilization of the natural targeting ligands of viral
systems (e.g., the canine parvo virus (CPV) naturally binds the transferrin
receptor upregulated on cancer cells [122]), (2) antibody mediated targeting, (3)
peptide mediated targeting, involving ligands that bind cellular receptors and are
internalized by receptor mediated endocytosis (described further in Chapter 4),
(4) vitamin mediated targeting (e.g., B12 / folate), (5) small synthetic molecules
for targeting [237], and (6) passive targeting (based on size and charges of
particulate carrier) (e.g., the EPR effect described above).
This introduction has narrowly focused on the delivery of therapeutic
molecules, but nanometer scale platforms including liposomes and viruses are
also being utilized in the field of gene therapy. The lessons learned on that front

36
are applicable to the drug delivery field and vice versa. Efforts toward cellspecific delivery of nucleic acid have had a recent boom due to the discovery of
small interfering RNAs, which decrease expression of their corresponding cellular
target mRNAs (RNA interference, RNAi). RNAi mediated therapy has potential in
the treatment of cancer and other diseases.
In summary, there are many drug delivery systems, each having its own
inherent advantages and disadvantages, many of which can be altered by
chemical engineering. The area of targeted therapeutic and imaging agent
delivery is a rapidly growing field. Cancer treatment is a very broad topic
encompassing numerous types of cancer, many of which require specialized
drug delivery strategies. Therefore, although a lot of research is directed toward
the development of new drug delivery systems, there is room for new systems
which might prove advantageous for particular applications.
The long term goal of my dissertation work was to further our understanding of
protein cage architectures by exploring their potential utility for biomedical
applications. This approach has combined biology (protein cage architectures,
peptides, antibodies, cells) with synthetic and materials chemistry. As depicted in
Figure 1.2, protein cage architectures (CCMV, Hsp, HFn) can be chemically and
genetically derivatized in order to encapsulate therapeutic and / or imaging
agents on their interiors, and present mammalian cell-specific targeting
functionalities on their exteriors. These modifications result in a functionalized
protein cage architecture that has potential to specifically deliver therapeutic
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agents to diseased tissue (such as tumors) while simultaneously enabling
diagnosis and/or detection by techniques such a MRI.
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CHAPTER 2
THE SMALL HEAT SHOCK PROTEIN CAGE FROM Methanococcus jannaschii
IS A VERSATILE NANOSCALE PLATFORM FOR
GENETIC AND CHEMICAL MODIFICATION
Reproduced in part with permission from Nano Letters 3:1573-1576.
Copyright 2003 American Chemical Society.

Abstract
Nature has provided us with a range of reactive nanoscale platforms, in the
form of protein cage architectures such as viral capsids and the cages of ferritinlike proteins. Protein cage architectures have clearly demarcated exterior,
interior, and interface surfaces consisting of precisely located chemical
functionalities. In this chapter, we demonstrate that the small heat shock protein
(MjHsp) cage from Methanococcus jannaschii is a new and versatile nanoscale
platform with exterior and interior surfaces amenable to both genetic and
chemical modification. Wild type and genetic mutants of the Hsp cage are shown
to react with activated fluorescein molecules in a site specific manner. In
addition, the 12 nm Hsp cage served as a size constrained reaction vessel for
the oxidative mineralization of iron, resulting in the formation of monodispersed
9 nm iron oxide nanoparticles. These results demonstrate the utility of the Hsp
cage to serve as a nanoscale platform for the synthesis of both soft (organic) and
hard (inorganic) materials.
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Introduction
A major goal of nanomaterials is the design and synthesis of multifunctional
materials with precise molecular level control. One promising approach is the
biomimetic synthesis of nanomaterials using organic assemblies as templates for
directed fabrication [98, 104, 238]. Organic assemblies such as viral based
protein cages and ferritin-like protein cages have been utilized as templates for
constrained nanomaterials synthesis [22, 27, 39, 44-46, 75, 113, 130]. Protein
cage architectures provide exterior, interior, and subunit interface surfaces on a
nano-scale platform that can be genetically and chemically modified to impart
function by design [22, 27, 39, 44-46, 75, 113, 130]. In this chapter, the small
heat shock protein (Hsp) from the hyperthermophilic archaeon, Methanococcus
jannaschii, is shown to be a highly versatile cage-like structure whose exterior
and interior surfaces are amenable to both genetic and chemical modification.
Organic ligands were attached to the Hsp cages in a site specific manner to the
exterior and interior surfaces. In addition, the Hsp cage was employed as a size
constrained reaction vessel for the synthesis of inorganic nanomaterials. The
demonstration of molecular level control in the Hsp cage system illustrates its
versatility as a multifunctional nanoscale platform. The ability to perform both
inorganic and organic functionalization of this template indicates its potential
applicability in nano-materials [239] and biomedical [31] sciences.
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Results and Discussion
Small Heat Shock Protein (Hsp) from Methanococcus jannaschii;
Wild Type and Genetic Variants (HspG41C and HspS121C)
As described in Chapter 1, the small heat shock protein (Hsp) assembles into
an empty 24 subunit cage with octahedral symmetry [4, 84, 85]. The assembled
protein cage has an exterior diameter of 12 nm. Large, 3 nm diameter, pores at
the 3-fold axes allow free exchange between the interior and bulk solution
(Figure 2.1A) [4, 84, 85]. Each 16.5 kDa Hsp monomer is composed of 147
amino acids, but contains no endogenous cysteine residues.
The 3.2 Å resolution X-ray crystal structure provides the foundation for
precisely defining the location of reactive groups on both the exterior and interior
of the cage [4, 84, 85]. The endogenous cage provides spatially defined reactive
groups and through genetic engineering we are able to introduce additional
reactive functional groups in a site specific manner. Naturally occurring lysines,
bearing primary amino groups, are found both on the exterior surface (amino acid
positions 55, 65, 82, 110, 116, 123, 141, 142) and the interior surface (position
40) of the assembled MjHsp cage (Figure 2.1). In order to engineer spatial
selectivity for chemical modification, unique thiol functional groups were
introduced into via polymerase chain reaction (PCR) mediated site directed
mutagenesis (Materials and Methods). Glycine at position 41 on the interior
surface was replaced with cysteine to generate the HspG41C mutant (Figure
2.1C). Similarly, serine at position 121 on the exterior surface was replaced by
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cysteine to generate HspS121C (Figure 2.1D). In brief, the gene encoding the
small heat shock protein MjHsp16.5 was amplified by PCR, cloned into the pET30a(+) plasmid (Novagen), and expressed in E. coli. The nucleic acid sequences
encoding wild type, G41C, and S121C Hsp clones were confirmed by DNA
sequencing (Applied BioSystems). The Hsp proteins were purified from E. coli
where they self assembled into the 24 subunit cages. These cages were purified
to homogeneity as described in the Materials and Methods (Appendix A).
Recombinant protein cages were characterized by size exclusion
chromatography (Superose 6, Amersham Pharmacia), dynamic light scattering
(Brookhaven 90Plus), transmission electron microscopy (Leo 912 AB) (Figure
2.2), mass spectroscopy (Esquire3000, Bruker), and SDS polyacrylamide gel
electrophoresis (SDS-PAGE).

A.

B.

C.

D.

Figure 2.1. Space Filling Models of the 24 Subunit MjHsp Cages
A. The exterior of the Hsp cage viewed along the 3-fold axis; lysines are colored blue.
B. The interior of the cage viewed along the 4-fold axis; lysines are colored purple.
C. The interior of the Hsp cage viewed along the 4- fold axis; the interior exposed amino acids,
at subunit position 41, are colored red. In wtHsp position 41 is glycine whereas in the
HspG41C genetic mutant position 41 is a cysteine.
D. The exterior of the cage viewed along the 3-fold axis; the externally exposed amino acid at
subunit position 121 is colored green. In wtHsp position 121 is serine whereas in the
HspS121C genetic mutant it is a cysteine.

42
A.
A b s o r b a n c e (a .u .)

12x10

B.

-3

A280
A500

10
8
6
4
2
0

50 nm
10

15

20

25

30

Time (minutes)

35

40

45

100

C.
Intensity

80
60

40
20

0
0

10

20

30

40

50

60

Diameter (nm)

70

80

90

100

Figure 2.2. MjHsp Cage Characterization
A. Size exclusion chromatography absorbance profile. Hsp elutes after 30 minutes (280 nm).
B. Transmission electron microscopy of the 12 nm Hsp cages; 50 nm scale bar.
C. Dynamic light scattering shows a mean diameter of 12.6 nm. The insert shows the
Correlation function of the raw data collected (red) and the fit of these data using a
Non-Negatively Constrained Least Squares (NNLS) analysis (blue).
.

Reactivity of Engineered Thiols and Endogenous Amines of Hsp
To assess the reactivity of the introduced thiol and endogenous amine groups,
the purified Hsp protein cages were reacted with activated fluorescein.
Specifically, fluorescein-5-maleimide (Fl-Mal) was used for reactions with thiols
and 5-(and-6) carboxy-fluorescein-succinimidyl ester (5(6)-FAM) for reactions
with amines [240]. For exposed thiol reactions, purified HspG41C cages (0.9
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mg/ml, 54 μM) in HEPES buffer (100 mM, pH 6.5) were treated with tris(2carboxyethyl)phosphine (TCEP) for one hour at room temperature to ensure
reduction of the thiol groups prior to labeling. Later, this step was shown to be
unnecessary for routine reactions. Reactions to covalently bind 5(6)-FAM to the
endogenous amine groups, on both the exterior and interior surfaces, were
performed in 100 mM HEPES, pH 8.0. A range of fluorescein concentrations,
from 0.06 to 28 molar equivalents per subunit, were reacted with the protein
cages. The reactions proceeded at room temperature for 2 hours with stirring,
followed by incubation at 4°C overnight. After the reactions, modified Hsp was
separated from unreacted fluorescein by size exclusion chromatography. Since
fluorescein emission is pH sensitive [240], 100 μL of Tris buffer (0.5 M, pH 8.5)
was combined with column eluant (50 µL) prior to fluorescence analysis. The
results showed selective labeling in HspG41C and HspS121C reactions with
fluorescein-5-maleimide as compared to the wild type Hsp control (Figure 2.3).
HspG41C and HspS121C pre-reacted with iodoacetamide (HspG41C /
HspS121C + IAA), in order to passivate reactive thiols, served as additional
control reactions. As expected, subsequent exposure to activated fluorescein did
not result in covalent attachment of fluorescein, therefore no fluorescence signal
was observed in these reactions (Figures 2.3 & 2.4). The number of fluorophore
molecules covalently linked per Hsp cage was determined using absorbance
spectroscopy and ranged from 1 to 24 per protein cage depending on reaction
conditions (Table 2.1).
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Hsp wt : 0.6x FlMal
HspG41C + IAA : 0.6x FlMal
HspG41C : 0.06x FlMal
HspG41C : 0.6x FlMal
HspG41C : 3x FlMal
HspG41C : 6x FlMal
HspG41C : 28x FlMal
Negative Control
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Figure 2.3 Fluorescence emmision of the Hsp cages (either wild type (wt) or
HspG41C labeled with fluorescein-5-maleimide (FlMal).
The fluorophore quantities listed are in molar equivalents of fluorophore per subunit.
Protein free controls were performed at all fluorophore concentrations, one example is
shown above (negative control = 3x fluorophore only). In each case, no free
fluorophore was detected by fluorescence.
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Figure 2.4. Characterization of Fluorescently Labeled HspS121C
A. Fluorescence emmision of the HspS121C cages (either wild type (wt) or S121C)
labeled with fluorescein-5-maleimide (FlMal). The fluorophore quantities listed are in
molar equivalents of fluorophore per subunit. Protein free controls were performed at
all fluorophore concentrations, one example is shown above (negative control = 10x
fluorophore only). In each case, no free fluorophore was detected by fluorescence.
B. Size exclusion chromatography elution profile of HspS121C reacted with a 28 fold
(28x) molar excess of fluorescein-5-maleimide per subunit. The profile illustrates the
co-elution of fluorescein (495 nm) and Hsp protein cage (280 nm).
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Size exclusion chromatography, SDS PAGE, dynamic light scattering, and
transmission electron microscopy were used to characterize the Hsp protein
cages after fluorescein labeling. Size exclusion chromatography showed coelution of the protein cage (280 nm) and fluorescein (495 nm) demonstrating the
covalent attachment of fluorescein to the protein cage (Figures 2.4 & 2.5). The
elution profile of fluorescein labeled Hsp cages was identical to the unreacted
protein cages. These results were confirmed by SDS-PAGE, in which the band
corresponding to the fluorescein labeled HspG41C co-migrated with the 16.5 kDa
Hsp protein subunit (Figure 2.6). In addition, dynamic light scattering and
transmission electron microscopy both revealed 12 nm diameter protein cage
particles before and after the fluorescein labeling reactions (Figures 2.5 & 2.8).
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Figure 2.5. Characterization of Fluorescein Labeled HspG41C
A. Size exclusion chromatography elution profile of HspG41C reacted with a 10 fold (10x)
molar excess of fluorescein-5-maleimide per subunit. The profile illustrates the co-elution
of fluorescein (500 nm) and Hsp protein cage (280 nm).
B. TEM of fluorescein labeled HspG41C cages stained with uranyl acetate.
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Figure 2.6. SDS-Polyacrylamide Gel Electrophoresis of Hsp
The same gel is visualized first by (A.) fluorescence (inverted image) (Molecular Imager
FX, BioRad) and subsequently by (B.) Coomassie Brilliant Blue staining. The lanes
corresponding to the following samples are numbered below the gels: Lane 1 =
Molecular weight ladder (kDa), Lane 2 = wtHsp only, Lanes 3&4 = wtHsp Fl-Mal
reaction, Lane 5 = HspG41C only, Lanes 6&7 = HspG41C labeled with Fl-Mal. The
gels show the covalent association of fluorescein-5-maleimide (Fl-Mal) with HspG41C;
there is little association of fluorophore with the wtHsp cage. The lower band of the
doublet (2 bands very close to each other) visualized by fluorescence imaging
(A.) was confirmed to be an Hsp degradation product by mass spectroscopy.

Hsp Cage

Fluorophore
Conc.**

# Fl-Mal/cage

# FAM/cage

WtHsp

0.6x

0.3

1

HspG41C + IAA;
HspS121C +IAA

0.6x

0.6;0

N/A

HspG41C; S12C

0.06x

1;0

0

HspG41C; S121C

0.6x

3;0

1

HspG41C; S121C

3x

7;2

4

HspG41C; S121C

6x

24;5

8

HspG41C; S121C

28x

11;5

17

Table 2.1 Extent of Hsp Labeling with Fluorophores (Fl-Mal = fluorescein-5-maleimide,
FAM = 5-(and-6) carboxy-fluorescein-succinimidyl ester)
The extent of labeling is shown by the number of fluorophore molecules covalently linked
per cage. **Fluorophore concentration is reported in molar equivalents per subunit in the
labeling reaction. The Fl-Mal data indicate 100% labeling of the HspG41C reactive groups
with 6x molar equivalents of fluorophore; compared to only 21% labeling of HspS121C. The
decreased labeling of HspS121C might be due to reduced accessibility. Importantly, wtHsp
which lacks cysteines does not show labeling with Fl-Mal. Control reactions, using
HspG41C / HspS121C treated with iodoacetamide (IAA) to passivate reactive thiols prior to
addition of Fl-Mal, showed low reactivity.
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Inorganic Chemical Modification of Hsp
The Hsp cage was utilized as a template for inorganic chemical modification of
its interior. The Hsp cage served as a size constrained reaction vessel for iron
oxide mineralization similar to the iron-storage protein ferritin (described in
Chapter 1) which catalyses the oxidation of Fe(II) to Fe(III) resulting in the
spatially constrained mineralization of the iron oxyhydroxide mineral ferrihydrite
(Fe(O)OH) [241]. We followed Fe(II) oxidation activity in the presence of Hsp
cages by monitoring the increase in the ligand to metal charge transfer (LMCT)
absorbance in the visible spectrum at 400 nm. Addition of Fe(II) to G41C and
subsequent air oxidation resulted in the formation of a homogeneous rust colored
solution. When imaged by TEM, small iron oxide particles were seen with an
average diameter of 9 + 1.2 nm (Figure 2.7A). Both the wt Hsp and HspG41C
cages showed similar mineralization capabilities. The presence of iron in the
particle was confirmed by electron energy loss spectroscopy (EELS). In contrast,
Fe(II) oxidation in the absence of Hsp protein cages resulted in rapid bulk
precipitation of a ferric oxide (Fe2O3)due to unconstrained particle growth (Figure
2.7B). Electron diffraction of the bulk precipitate showed d-spacings consistent
with the major reflections for lepidocrocite [242] (3.28 Å (120) 2.46 Å (031), 1.93
Å (200), 1.72 Å (151), 1.51 Å (231), 1.39 Å (251)). The electron diffraction from
the mineralized Hsp however indicated the presence of a poorly crystalline ferric
oxide phase having d-spacings consistent with ferrihydrite [243] (2.50 Å (200),
1.93 Å (113), and 1.55 Å (115)). While the high order reflections for ferrihydrite
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and lepidocrocite are very similar, the absence of large d-spacing reflections in
the mineralized Hsp diffraction suggests that the nanomineral is ferrihydrite
rather than lepidocrocite. Clearly, the Hsp protein shell acts as a constrained

A.

B.

500 nm
Figure 2.7. Transmission Electron Microscope (TEM) Images
A. TEM of iron oxide cores inside Hsp cages; 50 nm scale bar.
B. TEM of control sample illustrating the bulk precipitation of iron oxide in the
absence of Hsp protein cages; 500 nm scale bar. The insets show the
Electron Diffraction from each sample.

reaction vessel for spatially selective mineralization of Fe(O)OH. From the
crystal structure of the assembled Hsp, it can be seen that the interior surface of
the cage has a slight excess of acidic residues which we have previous shown to
be sufficient to direct oxidative hydrolysis and mineralization of iron oxides [27,
75]. As we have shown with other protein cages, this spatially confined
mineralization suggests that Hsp could serve as a template for the synthesis of
other mineral phases with magnetic properties important for biomedical [31] and
nano-electronic purposes.
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Figure 2.8. Dynamic Light Scattering (DLS) Data
A. Hsp G41C no experiment, Mean Diameter = 12.2 nm
B. Hsp G41C FlMal labeled, Mean Diameter = 12.6 nm
C. Hsp Wt 5(6-)FAM labeled, Mean Diameter = 12.1 nm
D. Hsp G41C with Iron Oxide Core, Mean Diameter = 12.9 nm

Summary
These results demonstrate the versatility of the MjsHsp16.5 (Hsp) cage as a
template for the synthesis of hard (inorganic) or soft (organic) materials.
Significantly, the symmetry of the self assembly architecture affords precise
molecular level control over the spatial distribution of attached fluorescent ligands
resulting in an ordered multivalent material. The differences between the interior
and exterior surfaces of the Hsp cage allowed mineralization of iron oxide in a
spatially controlled manner. Chapters 3 and 4 describe additional genetic and
chemical modifications of the Hsp architecture including the introduction of
biomedical functionalities.
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CHAPTER 3
SELECTIVE ATTACHMENT AND RELEASE OF A
CHEMOTHERAPEUTIC AGENT FROM THE INTERIOR
OF PROTEIN CAGE ARCHITECTURE
Reproduced by permission of The Royal Society of Chemistry,
Chem. Commun., 4:447-449, 2005.
Abstract
Protein cage architectures, including viral capsids, heat shock protein cages,
and ferritins, have potential to serve as cell-specific therapeutic delivery agents.
Toward realization of this goal, the antitumor agent doxorubicin was covalently
bound to the interior surface of a genetically modified small heat shock protein
(Hsp) cage. Each of the 24 subunits which comprise the Hsp architecture bound
a single molecule of doxorubicin. The release of doxorubicin from the interior of
Hsp cages could be triggered within the physiologically relevant pH range of the
endosome (pH ~5) [244]. Importantly, doxorubicin remained associated with Hsp
cages when incubated in conditions similar to extracellular in vivo conditions (pH
7.4 and 37˚C). This chapter focuses on encapsulation and release of an
anticancer agent utilizing the Hsp cage architecture. These are two important
components required for the development of protein cage architectures for
biomedical applications. This work is further described in Chapter 6, in which the
efficacy of doxorubicin containing Hsp cages is investigated in melanoma cell
culture.
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Introduction
As described in Chapter 1, there are many types of nanometer scale drug
delivery systems. Protein cage architectures have attributes that make them
suitable for development as therapeutic delivery systems. As demonstrated in
Chapter 2, the Hsp cage can be chemically derivatized with small molecules at
precise locations, including within its interior cavity. Limiting the bioavailability of
therapeutics via sequestration within a protein cage architecture is especially
beneficial when compounds have toxic side effects (Discussed in Chapter 6).
Doxorubicin is a clinically used antitumor agent. It is an anthracycline
antibiotic that was originally isolated from the fungus Streptomyces peucetius.
The mechanism of action of doxorubicin is not completely understood, but it does
intercalate within DNA and in turn interferes with DNA replication. In addition, it
damages DNA via free radical generation and has been shown to inhibit DNA
topoisomerase II [19, 245, 246]. Although commonly used, it is sometimes
discontinued in patients due to its cardiotoxic side-effects [19, 246]. Therefore,
tumor specific delivery and release of doxorubicin is desirable.
Previously, tumor targeted antibody delivery of doxorubicin was shown to be
efficacious in animal models [24, 213, 247]. The release of doxorubicin from
antibodies was triggered under acidic conditions [5]. This release strategy is
biologically relevant, since antibodies that enter cells via a receptor mediated
endocytic pathway are exposed to the acidic endosomal and lysosomal
compartments. Lysosomes are membrane bound organelles within eukaryotic
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cells; they contain digestive enzymes responsible for degradation of
macromolecules and particles taken inside the cells by endocytosis [244]. The
pH of lysosomes is approximately 5, therefore doxorubicin bound to a drug
delivery agent via an acid labile hydrazone linkage can be released [244].
Success of this strategy utilizing antibody platforms made the (6maleimidocaproyl) hydrazone derivative of doxorubicin an ideal candidate for
encapsulation and release studies utilizing the Hsp cage architecture. In
addition, initial studies on the uptake of protein cages by mammalian cells grown
in vitro indicated that an endosomal uptake strategy was feasible (Chapter 6).
The objective of this chapter is to describe the use of a protein cage
architecture for controlled encapsulation and release of a chemotherapeutic
agent. Specifically, doxorubicin, an antitumor agent, was covalently bound and
selectively released from the interior surface of the small heat shock protein
(Hsp) cage from the hyperthermophilic archaeon, Methanococcus jannaschii
(Figure 3.1). As previously described, the Hsp cage is assembled from 24
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Figure 3.1. Reaction Schematic.
The (6-Maleimidocaproyl)hydrazone of doxorubicin [5] was attached to the 12 nm
diameter heat shock protein (Hsp) cage genetically modified to have 24 interiorly exposed
cysteines (blue)(space filling model – interior view). Arrow indicates acid labile bond
cleavage site.
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subunits into a spherical architecture 12 nm in diameter [4, 84] (Chapter 1). In
Chapter 2, a genetic variant with internally exposed cysteines, HspG41C, was
chemically modified with fluorescein molecules. In this chapter, HspG41C was
derivatized with the antitumor agent doxorubicin, using similar coupling chemistry
to that developed for fluorescein attachment.
Results and Discussion
Derivatization of HspG41C with Doxorubicin
The (6-maleimidocaproyl) hydrazone derivative of doxorubicin [5] (Mal-Dox)
was linked to the interior surface of the HspG41C protein cage via coupling of the
maleimide and thiol functionalities (Figures 3.1-3.6). HspG41C cages (2.5 mg/ml,
151.5 μM subunit) were reacted with a 3-fold molar excess of Mal-Dox in HEPES
(100 mM, pH 6.5) for 1 hour at room temperature. Immediately following the
reaction, derivatized cages were separated from free Mal-Dox by size exclusion
chromatography (Superose 6, Amersham-Pharmacia) (Figure 3.2A). Co-elution
of HspG41C protein cages (280 nm) and doxorubicin (495 nm) after 21 minutes
indicates that doxorubicin is associated with the protein cages. Both
transmission electron microscopy (TEM) (Leo 912 AB) and dynamic light
scattering (Brookhaven 90 Plus) analysis confirm that HspG41C-Dox maintains
the 12 nm diameter of underivatized Hsp cage (Figure 3.2B).
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Figure 3.2. Characterization of Doxrubicin Labeled HspG41C.
A. Size exclusion chromatography elution profile of HspG41C reacted with a 3 fold (3x)
molar excess of (6-Maleimidocaproyl) hydrazone of doxorubicin per subunit. The profile
illustrates the co-elution of doxorubicin (A495) and Hsp protein cage (A280). B. TEM of
HspG41C cages containing doxorubicin (stained with uranyl acetate).

The covalent linkage of doxorubicin to HspG41C is demonstrated by SDSpolyacrylamide gel electrophoresis (SDS-PAGE). Fluorescence imaging of an
SDS-PAGE gel reveals a mobility shift of doxorubicin (excitation 488 nm;
emission 520 nm) bound to HspG41C compared to that of free doxorubicin
(Figure 3.3). Subsequent staining of the protein bands with Coomassie blue
illustrates the co-migration of the HspG41C subunit band with the fluorescent
(doxorubicin) band indicating their covalent linkage (Figure 3.3 A, B Lane 1). The
HspG41C-Dox conjugate migrates slightly slower than underivatized HspG41C
due to its increased molecular weight (Figure 3.3 A, B Lanes 1, 3).
Covalent attachment of doxorubicin to all 24 HspG41C subunits within the
cage was confirmed by liquid chromatography / electrospray mass spectrometry
(LC/MS) analysis (Esquire 3000, Bruker). HspG41C-Dox (10 μl, 0.5mg/ml) was

55
injected onto a C8 column and eluted with a H2O / acetonitrile gradient; both
solvents contained 2% acetic acid at pH 2.3. Analysis of the single LC peak by
electrospray mass spectrometry detected two protein components (Figure 3.4).
Deconvolution of the electrospray mass spectrum detected complete HspG41C
subunit + linker + doxorubicin (experimental mass 17,251; calculated mass
17,249) and HspG41C subunit + linker without doxorubicin (experimental mass
16,725; calculated mass 16,724). This result is consistent with partial acid
hydrolysis of the hydrazone linkage at pH below 5.0. The detection of only two
protein components, both at similar concentrations, is indicative of complete
labeling of HspG41C with Mal-Dox. No unlabeled HspG41C was detected by
mass spectrometry (Figure 3.4).
Quantitative analysis by absorbance spectroscopy also indicates that 24
doxorubicin molecules are linked to the 24 subunit HspG41C cage. The
concentration of HspG41C protein in purified doxorubicin derivatized cage
preparations was determined by subtracting a normalized doxorubicin spectrum
from the labeled Hsp spectrum (Hsp ε = 9322 M-1 cm-1) [4]. The concentration of
doxorubicin covalently attached to HspG41C was determined from the
absorbance maxima at 495 nm (Mal-Dox ε = 8030 M-1 cm-1) [185]. Control
reactions utilizing the wild type (wt) Hsp cage, lacking thiols, did not show
appreciable labeling with Mal-Dox (Figure 3.3A Ln 2).
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Figure 3.3. SDS-PAGE of Doxorubicin (Dox) Linked to
HspG41C imaged by (A) Fluorescence and the same gel
(B) Coomassie stained
Lane: 1. HspG41C-Dox; 2. WtHsp-Dox; 3. HspG41C;
4. WtHsp; 5. Molecular Weight Standards (kDa); 6. Dox.
Analysis of HspG41C reacted with the (6-maleimidocapryoyl)
hydrazone of dox illustrates covalent linkage of dox to the protein
subunit (A, B Ln 1) whereas after identical reaction conditions
wtHsp does not show labeling (A, B Ln 2). The gel illustrates the
shift in mobility of dox when linked to HspG41C subunit (compare
A. Lanes 6 & 1) as well as a shift in mobility of HspG41C-Dox (B
Ln 1) compared to unlabeled HspG41C (B Ln 3).
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Figure 3.4 Mass Spectrometry of HspG41C-Doxorubicin (Dox)
Deconvolution of the above electrospray mass spectrum illustrates the presence of two protein
components: the complete HspG41C subunit + linker + doxorubicin (red) (experimental mass 17,251;
calculated mass 17,249) and HspG41C subunit + linker (blue) without the doxorubicin moiety
(experimental mass 16,725; calculated mass 16,724).
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Release of Doxorubicin from HspG41C in Acidic Conditions
We quantified the selective release of doxorubicin from HspG41C protein
cages through hydrolysis of the hydrazone linkage under acidic conditions
(Figure 3.5) [5, 248]. Doxorubicin release studies were performed at pH 4.0, 4.5,
and 5.0 (370C). After incubation for times ranging from 0.25 to 24 hours,doxorubicin labeled HspG41C was separated from free doxorubicin by chromatography (Micro Bio-Spin P-30 Columns, Bio-Rad). The amount of doxorubicin that
remained associated with the HspG41C protein was quantified by absorbance
spectroscopy. As shown in Figure 3.5, 50% of the doxorubicin bound to the
interior of HspG41C was released after 1.5, 3.9, and 5.1 hours at pH 4.0, pH 4.5
and pH 5.0 respectively. Acid triggered release of doxorubicin from other
systems has been shown effective both in vivo and in vitro [219, 248]. Our data
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Figure 3.5 Acid Triggered Release of Doxorubicin from HspG41C Cages
50% of the doxorubicin bound to the interior of HspG41C cages was released after 1.5, 3.9,
and 5.1 h at pH 4.0, 4.5, and 5.0, respectively. At pH 7.4, dox remained within the cage.
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show the potential for doxorubicin release from Hsp cages under biologically
relevant (lysosomal) conditions.
Summary
We have demonstrated the ability to load, quantify, and selectively release
doxorubicin from a heat shock protein cage architecture. Housing a therapeutic
agent within the interior of the Hsp cage restricts its bioavailability until release.
These results illustrate the potential of protein cage architectures to serve as
versatile drug delivery systems.
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CHAPTER 4
MELANOMA AND LYMPHOCTYE CELL SPECIFIC TARGETING
INCORPORATED INTO A HEAT SHOCK PROTEIN
CAGE ARCHITECTURE
Reproduced by permission of Elsevier, Chem.Biol.,
13(2):161-170, 2006.
Abstract
Protein cages, including viral capsids, ferritins, and heat shock proteins, are
genetically and chemically malleable nanoplatforms with potential to serve in
biomedical applications. In this chapter, both genetic and chemical strategies
were used to impart mammalian cell specific targeting to the 12 nm diameter
small heat shock protein (Hsp) architecture from Methanococcus jannaschii. The
tumor vasculature targeting peptide RGD-4C (CDCRGDCFC) was genetically
incorporated onto the exterior surface of the Hsp cage. This tumor targeting
protein cage bound to αvβ3 integrin expressing C32 melanoma cells in vitro. In a
second approach, cellular tropism was chemically imparted by conjugating antiCD4 antibodies (Ab) to the exterior surface of Hsp cage architectures. These
Ab-Hsp cage conjugates bound to CD4+ cells present in a population of murine
splenocytes. Protein cages have the potential to simultaneously incorporate
multiple functionalities including cell specific targeting, imaging and therapeutic
agent delivery. In this chapter the simultaneous incorporation of two
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functionalities, imaging and cell specific targeting, onto the Hsp protein cage
architecture is demonstrated.
Introduction
In the previous chapter, the ability of the Hsp cage architecture to house and
release a chemotherapeutic agent was demonstrated. The introduction of cell
specific targeting into protein cages is another component toward their
development as biomedical platforms. Incorporation of cell and tissue targeting
allows for the potential of enhanced imaging capacity and precise therapeutic
delivery. The objective of this chapter is to demonstrate that a single protein
cage platform can simultaneously incorporate cell specific targeting and imaging
agent delivery.
Cell Specific Targeting Peptides
Identified by the Phage Display Technique
The field of cell specific targeting has been significantly advanced by the in
vivo use of phage display techniques to identify targeting peptides [24, 183, 187,
194, 195, 249-252]. Phage display libraries are “living” libraries of infectious
Escherichia coli bacteriophage that have been genetically engineered to express
a library of small peptides on their exterior surface. A simplified overview of the
phage display technique is illustrated in Figure 4.1. In brief, a ‘library’ of
bacteriophage displaying random peptides (100 million or more different
sequences) are exposed to a target, some phage bind the target whereas non-
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binding phage are washed away. The bound phage are subsequently isolated,
amplified in their bacterial hosts (there is usually several rounds of this selection
process), and the DNA sequences encoding the substrate binding peptides are
identified. A consensus sequence is generated based on the amino acids
presented by the binding phage and the ability of this sequence to target a
specific cell and/or tissue can be further characterized. Phage display library
analysis was first described in 1990 as a method to identify peptide-protein
interactions and map the epitope binding sites of antibodies [253]. Its expanded
utility for discovery of tumor and organ homing peptides in animal models was
described later by the Ruoslahti lab [7, 8, 23].
In vivo phage display identified short peptides that target to the vasculature of
a variety of tissues, organs and tumors (Figure 4.1 B.) [7, 8, 254, 255]. Targeting
peptides linked to specific cargo molecules such as therapeutic agents, proapoptotic peptides, and quantum dots were able to localize the cargo to the
desired in vivo target [24, 187, 254, 256-259]. One characterized example is the
targeting peptide RGD-4C (CDCRGDCFC) which binds αvβ3 and αvβ5 integrins
that are prevalently expressed within tumor vasculature [23, 24, 260-262]. Work
by Arap et al. demonstrated that RGD-4C targeted doxorubicin enhanced tumor
regression at therapeutic concentrations less than that required to demonstrate
therapeutic efficacy with non-targeted doxorubicin [24]. Subsequently, many
researchers have utilized the RGD-4C peptide motif for tumor targeting of
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liposomes, radiolabels, therapeutics, and adenoviral gene therapy vectors [51,
221, 258, 259, 263-275]. The effects of RGD-4C targeted therapeutics are
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Figure 4.1. Phage Display Technique for Discovering Peptides
That Interact with Particular Targets
The 109 -1013 random peptide sequences are exposed to the different targets (A – inorganic
(ZnS) surface [2]; B – in vivo targeting including organs and xenograft tumors); nonspecific
peptide interactions are removed with extensive washes or perfusion [7, 8]. The phage that bind
are eluted by lowering the pH and disrupting the surface interaction or isolated from various
organs and tumors. The eluted or isolated phage are amplified by infecting the E. coli ER2537
host, producing enriched populations of phage, displaying peptides that interact with the specific
substrate. The amplified phage are isolated, titered, and re-exposed to a freshly prepared
substrate surface, thereby enriching the phage population with substrate-specific binding phage.
This procedure is repeated three to five times to select the phage with the tightest and most
specific binding. The DNA of phage that show specificity is sequenced to determine the peptide
binding sequence.

augmented due to the anti-angiogenic property of RGD-4C itself [24, 221, 259,
263, 274, 275]. Due to the prior success of RGD-4C, it was chosen as a “proof
of concept” targeting peptide for genetic incorporation into a small heat shock
protein (Hsp) cage architecture.
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In this chapter, the ability to introduce cell targeting capacity to protein cage
architectures is described. Both peptides and antibodies were incorporated on
the exterior surface of Hsp cages and tested for their ability to bind cell surface
ligands. Chemically and genetically modified Hsp cages were simultaneously
capable of cell targeting and imaging. Genetic incorporation of other cell-specific
targeting peptides on Hsp and results obtained investigating their ability to bind
target cells are presented in Chapter 6. In addition, a genetic variant analogous
to HspG41C-RGD4C was generated in human H-chain ferritin (RGD4C-Fn)
[276]. Data characterizing the ability RGD4C-Fn to bind cells in vitro is also
presented in Chapter 6.
Results and Discussion
We have demonstrated that genetic addition of the RGD-4C peptide or
chemical conjugation of an anti-CD4 monoclonal antibody (mAb) onto the
exterior surface of the small heat shock protein (Hsp) cage architecture confers
specific cell targeting capacity. In addition, we were able to load a cargo
molecule, a fluorescent imaging agent (fluorescein), within the interior cavity of
the Hsp cage. These results demonstrate the multifunctional capacity of protein
cage architectures and their potential utility in medicine.
Tumor Targeted HspG41C-RGD4C
The RGD-4C peptide was genetically incorporated into the Hsp cage to endow
it with tumor vasculature targeting capability. The RGD-4C peptide binds αvβ3

64
and αvβ5 integrins which are prevalently expressed on angiogenic tumor
vasculature [24, 261]; therefore it was genetically incorporated into HspG41C
cages in order to endow them with tumor targeting capability.

As described in

Chapter 3, HspG41C is a genetic variant of Hsp with interior cysteine residues
employed for attachment of cargo molecules [37, 38]. Protein modeling, based
on crystallographic data, indicate that C-terminal amino acid residues 140-146
are found on the exterior surface of the Hsp cage [4, 84]. Therefore, the RGD4C peptide was genetically incorporated at the C-terminus of Hsp in order to
present RGD-4C loops on the exterior of the protein cage. In addition, glycine
residues (SGGCDCRGDCFCG) were added both before and after the RGD-4C
insert to extend the peptide away from the C-terminus and allow for some
structural flexibility. The insert was confirmed by DNA sequencing and the new
tumor targeting Hsp cages were expressed and purified from an E. coli
expression system. Mass spectrometry verified the average subunit mass of
HspG41C-RGD4C to be 17814.3 compared to the predicted mass of 17814.6.
The HspG41C-RGD4C mutant assembled as efficiently as the wild-type protein
cage (Figure 4.2). HspG41C-RGD4C protein cage purification did not require
reducing agents to prevent inter-cage aggregation, suggesting that the four
cysteines present in each RGD-4C loop are disulfide bonded. Additional tumor
targeting genetic variants of Hsp, including HspG41C-RGD2C are described in
Chapter 7.
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Characterization of recombinant HspG41C-RGD4C protein cages by size
exclusion chromatography, dynamic light scattering, and transmission electron
microscopy (TEM) demonstrated that the overall spherical structure of the Hsp
cage was not compromised due to the incorporation of the RGD-4C peptide
(Figure 4.2). Size exclusion chromatography elution profiles of HspG41CA
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Figure 4.2 Characterization of the αvβ3 IntegrinTargeted
HspG41CRGD-4C Protein Cage
A. Size exclusion chromatography elution profile of HspG41CRGD-4C cages (Abs 280 nm).
B. Dynamic light scattering analysis of HspG41CRGD-4C (average diameter 15.4 + 0.3 nm).
C. Transmission electron micrograph of the HspG41CRGD-4C cages negatively stained
with 2% uranyl acetate.
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RGD4C cages indicated that the cages are slightly larger than the HspG41C
parent cages lacking the targeting peptide (Figure 4.2) [38]. This observation was
supported by dynamic light scattering (DLS) which indicated a larger average
diameter for the HspG41C-RGD4C cages (15.4 + 0.3 nm) as compared to
HspG41C (12.7 + 0.5 nm) (Figure 4.2). Transmission electron microscopy
images of the HspG41C-RGD4C cages and HspG41C cages were
indistinguishable (Figure 4.2) [38].
Chemical Derivatization of HspG41C-RGD4C
HspG41C-RGD4C cages were labeled with fluorescein in order to study their
cell-specific targeting capability. This demonstrated that both cell targeting and
imaging functionalities could be simultaneously incorporated into the Hsp protein
cage architecture. The HspG41C-RGD4C has a total of 120 cysteines per cage
(5 cysteines per subunit). Sub-stoichiometric labeling with fluorescein-5maleimide ensured that every cage displayed a significant fraction of unmodified
cysteines within the RGD-4C sequence. The original RGD-4C peptides
discovered by phage display were in a cyclic conformation due to intrapeptide
disulfide bond formation [24, 187]. Likewise, we predicted that RGD-4C peptides
presented on HspG41C-RGD4C architectures would also cyclize due to
intrapeptide disulfide bond formation. Hsp-fluorescein conjugated cages were
purified from free fluorescein via size exclusion chromatography and the covalent
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nature of the fluorescein-Hsp subunit linkage was demonstrated by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) (Figure 4.3).
Absorbance spectroscopy determined that on average there were 26 out of
the 120 possible cysteines per cage labeled with fluoresceins; therefore only a
fraction of the cysteines within the RGD-4C were bound to fluorescein.

Absorbance (a.u.)

A.

B.

HspG41CRGD4C-Fluorescein

Fluorescent Image

Hsp Protein (280 nm)
Fluorescein (495 nm)

40
30

1

20

2 3 4
Protein Image

50 nm

10

20

0

14.2

0

5

10

15

20

Elution Volume (mL)

25

30

1 2

3 4

Figure 4.3. Characterization of Fluorescein Labeled HspG41CRGD-4C Cages
A. Size exclusion chromatography elution profile of HspG41CRGD-4C cages. Co-elution
of the absorbance at 495 nm (fluorescein) and 280 nm (protein) illustrate that fluorescein
bound to intact Hsp cages. TEM micrograph (inset) also demonstrates the presence of
intact Hsp cages.
B. SDS-PAGE of HspG41CRGD-4C subunits demonstrates covalent linkage of
fluorescein. Lane (1) molecular weight standard; (2) HspG41C; (3) HspG41C-RGD4C;
(4) HspG41C-RGD4C-fluorescein. The same gel was fluorescently imaged (top) and
subsequently stained with Coomassie blue (bottom) to visualize the proteins. The gel
illustrates covalent linkage of fluorescein to HspG41CRGD-4C monomers (Lane 4)
whereas unlabeled Hsp subunits exhibit no fluorescence (Lanes 2 & 3).

Qualitative mass spectrometry analysis of fluorescein labeled HspG41C-RGD4C
subunits indicated that there are between one and five fluoresceins per subunit
(Figure 4.4).

Some of the RGD-4C peptides were presumably in ‘loop’

conformation whereas others were potentially linearized depending on the
number of conjugated fluorescein-5-maleimides per subunit [38]. Data from mass
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spectrometry indicated the presence of both the disulfide and the free thiol form
of the RGD-4C peptide. Previous structural studies of synthetic RGD-4C peptides
in solution revealed that there are two predominant cyclic conformations both of
which bind αvβ3 integrin although one (RGD-A) exhibited higher binding affinity

Figure 4.4. Deconvoluted Mass spectrum of HspG41CRGD-4C–Fluorescein
Deconvoluted mass spectrum of HspG41CRGD-4C–Fluorescein showing from 1 to 5
fluoresceins covalently attached to one subunit indicated by the number. These
deconvoluted data were produced from the raw data by the software MaxEnt1 (Waters).

[277]. However, in a second report, synthetically produced acyclic RGD-4C was
shown to have higher binding affinity than the cyclic form [269]. Since the
fluorescein labeled HspG41C-RGD4C constructs most likely had a mixed
presentation of ‘loop’ and linearized RGD-4C targeting peptides we hypothesized
that they would bind αvβ3 integrin expressing cells.
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HspG41C-RGD4C Cages Bind C32 Melanoma Cells
Epifluorescence microscopy was used to visualize fluorescently labeled
HspG41C-RGD4C cages bound to αvβ3 integrin expressing C32 melanoma cells
in vitro [278, 279]. For all microscopy studies, C32 melanoma cells were grown

on glass coverslips. Cell surface expression of αvβ3 integrin on C32 cells was
verified by immunofluorescence microscopy utilizing a fluorescein-conjugated
anti-αvβ3 monoclonal antibody (mAb) (LM609 - Chemicon). HspG41C-RGD4Cfluorescein cages were observed to efficiently bind to C32 cells as compared to
control samples of Hsp cages without the RGD-4C peptide (Figure 4.5). For
direct comparison of epifluorescence data the concentration of fluorescein was
normalized (2.5 μM), and the illumination intensity and the camera exposure
were held constant. HspG41C-RGD4C-fluorescein protein cages were observed
to efficiently bind to C32 melanoma cells as compared to controls of Hsp protein
cages lacking the RGD-4C peptide (Figure 4.5). In order to ensure that
HspG41C-RGD4C-fluorescein interaction with C32 cells was not mediated solely
by exterior RGD-4C bound fluorescein, an additional mutant with surface
exposed cysteine residues (HspS121C) was also tested. The HspS121Cfluorescein cages bind fluorescein-5-maleimide via externally facing cysteines
but lack the RGD-4C targeting sequences. These control cages did not bind C32
cells at a level detectable by epifluorescence microscopy, indicating the cell
binding observed for HspG41C-RGD4C was due to the presence of the RGD-4C
peptide (Figure 4.5).
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Figure 4.5. Epifluorescence Microscopy of C32 Melanoma Cells with
Hsp Cage-Fluorescein Conjugates
Cells were incubated with (A) non-targeted HspG41C-Fl cages with interiorly bound fluorescein (Fl),
(B) αvβ3 integrin targeted HspG41CRGD4C-Fl cages and (C) non-targeted HspS121C-Fl cages with
exteriorly bound fluorescein. C32 melanoma cells grown on cover-slips were incubated with Hsp-Fl
conjugates and imaged by both light (top) and fluorescence microscopy (bottom). The Fl concentration for cage-cell incubations was 2.5 μM and all fluorescent images were taken at a standardized
camera exposure time of 50 ms. Scale bar = 50 μm.

Fluorescence activated cell sorting (FACS) was used to quantify the ability of
fluorescein labeled HspG41C-RGD4C cages to bind to C32 melanoma cells.
Adherent C32 melanoma cells were non-enzymatically disassociated from cell
culture dishes and suspended in DPBS + Ca2+ / Mg2+. Fluorescently labeled Hsp
cage preparations were incubated with cells on ice at a normalized fluorescein
concentration of 2 μM and cells were washed prior to FACS. C32 melanoma cell
associated fluorescence was dramatically increased after incubation with
HspG41C-RGD4C-fluorescein cages. The geometric mean (geo. mean)
fluorescence intensity value of 1410 clearly indicated that targeted HspG41CRGD4C cages cages exhibited cell binding in vitro (Figure 4.6A). C32 melanoma
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cells do exhibit a background level of auto-fluorescence with geometric mean
fluorescence intensity value of 66 (Figure 4.6A). A positive control experiment, in
which C32 melanoma cells were incubated with a fluorescein conjugated antiαvβ3 mAb, also showed the expected increase in fluorescence (geo. mean 1037)

associated with cell specific binding of the antibody (Figure 4.7). FACS analysis
of non-targeted cages (HspG41C-fluorescein inside; HspS121C-fluorescein
outside) indicated low levels of non-specific binding of protein cages and
fluorescein to C32 melanoma cells (geo. mean intensities of 129 and 216
respectively, Figure 4.6A-B). In all cases, these results were independent of
incubation times, which ranged from 20 minutes to 2 hours (data not shown).
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Figure 4.6 Specific Binding of HspG41CRGD4C-Fluorescein Labeled Cages
to C32 Melanoma Cells
The FACS data of C32 melanoma cells incubated with Hsp-fluorescein cages are
plotted as histograms labeled with their corresponding geometric mean fluorescence
intensity values (geo. mean). The background level of C32 cell associated fluorescence
(blue solid line; geo. mean 66) and the increased level of C32 cell associated fluorescence
due to binding of HspG41CRGD4C-Fl cages (green filled plot; geo. mean 1410) are shown
in all panels. (A) non-targeted cages HspG41C-fluorescein labeled interiorly (red dashed
line; geo. mean 129); (B) non-targeted HspS121C-Fl cages with exteriorly bound
fluorescein (orange dotted line; geo. mean 216); (C) Anti-αvβ3 integrin mAb blocked C32
melanoma cells subsequently incubated with HspG41CRGD4C-Fl cages (dashed purple
line; geo. mean 353) (D) mAb concentration dependent blocking of αvβ3 integrin on C32
cells demonstrated by subsequent incubation of blocked cells with HspG41CRGD4C-Fl
(2.4 μM subunit in the assembled cage); 1.3 μM mAb (purple solid line; geo. mean 353),
cells blocked with 0.65 μM (green solid line; geo. mean 714), 0.065 μM mAb (solid black
line; geo. mean 1235).

73

The binding specificity of RGD-4C targeted Hsp cages was tested with
competition experiments. For these studies, C32 melanoma cells were preincubated with either unlabeled anti-αvβ3 mAb or unlabeled HspG41C-RGD4C
prior to incubation with fluorescently labeled HspG41C-RGD4C cages. FACS
analysis demonstrated a reduction of RGD-4C targeted cage binding (Figures 4.7
and Figure 4.8). As stated above, for FACS analysis the fluorescein
concentration was normalized to 2 μM. This amount of fluorescein corresponds
to 50 μg/ml (2.4 μM) HspG41C-RGD4C subunit in the assembled cage
(corresponding to 0.1 μM cage) and the ratio of fluorescein per subunit is near
one to one. The degree of both antibody and HspG41C-RGD4C blocking was
concentration dependent. In order to compare the effectiveness of different
blocking proteins, we compared them on a molar basis. At anti-αvβ3 integrin mAb
concentrations of 0.065 μM (10 μg/ml) minimal inhibition was observed. At
65 μM (100 μg/ml) some inhibition was evident, and finally at 1.3 μM (200 μg/ml)
binding was inhibited to levels corresponding to that of non-targeted cages
(Figure 4.6D). Likewise, unlabeled HspG41C-RGD4C reduces the binding of
HspG41C-RGD4C-Fl in a concentration dependent manner (Figure 4.8).
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Figure 4.7. Binding of HspG41CRGD4C-Fluorescein Labeled Cages to C32 Melanoma
Cells Relative to an Anti-αvβ3 Antibody-Fluorescein Positive Control
FACS analysis of HspG41CRGD-4C-fluorescein and anti-αvβ3 antibody-fluorescein
interaction with C32 melanoma cells. The FACS data of C32 cells incubated with Hspfluorescein cages are plotted as histograms labeled with their corresponding geometric
mean fluorescence intensity values (geo. mean). The background level of C32 cell
associated fluorescence (blue solid line; geo. mean 66) and the increased level of C32 cell
associated fluorescence due to binding of HspG41CRGD4C-Fl cages (green filled plot; geo.
mean 1410) and anti-αvβ3 antibody-fluorescein positive control (black line; geo. mean 1037).
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Figure 4.8 HspG41CRGD4C-Fluorescein Cage Interaction with C32 Melanoma Cells is
Blocked by Unlabeled HspG41CRGD-4C but not by HspG41C or Albumin
FACS data from C32 melanoma cells incubated with an unlabeled blocking protein (HspG41CRGD-4C,
HspG41C, or bovine albumin) prior to incubation with HspG41C-RGD4C-fluorescein cages are plotted
as histograms labeled with their corresponding geometric mean fluorescence intensity values (geo.
mean). The background level of C32 cell associated fluorescence (blue solid line; geo. mean 87 & 95)
and the increased level of C32 cell associated fluorescence due to binding of HspG41CRGD4C-Fl cages
(50 μg/ml) (green filled plots; geo. mean 1140 & 1685), in the absence of any blocking protein, are
shown. (A) Unlabeled HspG41C-RGD4C concentration dependent blocking; 5000 μg/ml (light purple
solid line; geo. mean 501), 500 μg/ml (dark purple dashed line; geo. mean 748), cells blocked with 50
μg/ml (solid black line; geo. mean 905). (B) Unlabeled HspG41C does not block HspG41CRGD4C-Fl
cage interaction with C32 cells; 5000 μg/ml (light purple solid line; geo. mean 1546), 500 μg/ml (dark
purple dotted line; geo. mean 1813), cells blocked with 50 μg/ml (solid black line; geo. mean 1830). (C)
Unlabeled bovine albumin (5000 μg/ml) does not block HspG41CRGD4C-Fl cage interaction with C32
cells (light purple solid line; geo. mean 1469). Note: All FACS machine settings were identical, but data
set A was collected on a different day than sets B. and C.
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Blocking of the RGD-4C-αvβ3 integrin interaction was demonstrated to be specific
since equivalent amounts of either HspG41C or bovine albumin (fraction V) did
not decrease the binding of HspG41C-RGD4C-Fl to C32 melanoma cells (Figure
4.8). Together these data illustrate the effective genetic introduction of αvβ3
integrin targeting capacity to the Hsp cage architecture, coupled with attachment
of fluorescein imaging agents.
Chemical Introduction of Cell-Specific
Targeting to Hsp via Antibody Conjugation
The versatility of protein architectures for cell specific targeting was
demonstrated by the chemical introduction of lymphocyte targeting to Hsp
architectures. An anti-CD4 mAb (ATCC GK1.5) was conjugated to fluorescein
labeled HspG41C cages via the heterobifunctional cross-linker SMCC
(sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate). Size
exclusion chromatography was utilized to purify anti-CD4-HspG41C-fluorescein
cage conjugates (Ab-Hsp-Fl) from HspG41C-fluorescein cages. The elution
profile indicated that the Ab-Hsp-Fl cage conjugates were larger than HspG41CFl cages and DLS confirmed the size increase from 12.2 nm to 22 + 0.1 nm
diameter (Figure 4.9).
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Figure 4.9. Dynamic Light Scattering Analysis
of Anti-CD4 mAb HspG41C Cage Conjugates
Dynamic Light Scattering (DLS) indicates that antiCD4 mAb conjugated HspG41C-fluorescein cages
have an average diameter of 22.4 + 0.1 nm.
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Cell Specific Binding of Ab-Hsp Conjugates
FACS and epifluorescence microscopy were used to investigate binding of
anti-CD4-HspG41C-fluorescein (Ab-Hsp-Fl) cages to CD4+ cells within a murine
splenocyte population. A comparison of epifluorescence microscope images in
which Ab-Hsp-Fl, Hsp-Fl, or Ab-Fl were each combined individually with murine
splenocytes illustrated that Ab-Hsp-Fl bound to a similar number of cells as the
Ab-Fl positive control (Figure 4.10). FACS was used for quantitative analysis of
this interaction. Ab-Hsp-Fl cages specifically bound to 21% of the total cells
within this population (Figure 4.11A). This level of binding is consistent with the
percentage of CD4+ cells within this murine splenocyte population as determined
by binding of a fluorescein conjugated anti-CD4 mAb to 19% of this murine
splenocyte population (Figure 4.11B). Further confirmation of binding specificity
was obtained from antibody blocking experiments. Splenocytes were first
incubated with unlabeled anti-CD4 mAb, washed to remove unbound blocking
antibody, and subsequently incubated with Ab-Hsp-Fl cage conjugates. FACS
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analysis of this blocking experiment demonstrated that only 2% of the population
exhibited cell associated fluorescence (Figure 4.11C). This percentage of cell
fluorescence corresponds to that observed with non-targeted HspG41Cfluorescein cages (2%) (Figure 4.11D). The observed binding of Ab-Hsp-Fl
cages to 21% of the murine splenocyte population encompasses both the
specific binding to CD4+ lymphocytes (19%) on top of a small non-specific level
of background association (2%). This indicates that immuno-targeted protein
cages effectively target to specific cells within a mixed population.

Splenocytes
A

+ Ab-Hsp-Fl
B

+ Ab-Fl
C

+ Hsp-Fl

D

Figure 4.10. Eplifluorescence Microscope Images Illustrating the Specific Binding of antiCD4 mAb Conjugated HspG41C-Fluorescein Cages (Ab-HspG41C-Fl) to CD4+ Lymphocytes
Bright field and corresponding epifluorescence images of (A) murine splenocytes incubated with
(B) anti-CD4 mAb HspG41C-fluorescein cage conjugates (Ab-Hsp-Fl), (C) anti-CD4 mAbfluorescein (Ab-Fl), or (D) non-targeted HspG41C-fluorescein cages (Hsp-Fl). The fluorescein
concentration for cage-cell incubations was 2 μM and all fluorescent images were taken at a
standardized camera exposure time of 500 ms. Scale bar = 50 μm.

78

C

Red Fluorescence Intensity (a.u.)

A

2%

21%

D

B

19%

2%

FITC Fluorescence Intensity (a.u.)
Figure 4.11. Specific Binding of anti-CD4 mAb Conjugated HspG41C-Fluorescein
Cages (Ab-HspG41C-Fl) to CD4+ Lymphocytes
FACS analysis of murine splenocytes incubated with: (A) anti-CD4 mAb HspG41Cfluorescein cage conjugates (Ab-Hsp-Fl) bound 21% of cells within this population
(B) anti-CD4 mAb-fluorescein demonstrated that 19% of this splenocyte population is CD4+,
(C) CD4+ cells were blocked with unlabeled anti-CD4 mAb, then subsequently exposed to
Ab-Hsp-Fl cage conjugates demonstrated a low level of non-specific binding (2%),
corresponding to (D) non-targeted HspG41C-fluorescein cages (2%).

Summary
In this chapter, the 12 nm diameter Hsp cage was both genetically and
chemically modified to incorporate cell specific targeting properties. Genetic
incorporation of αvβ3 integrin binding RGD-4C peptide onto the exterior surface of
Hsp cages conferred cell specific targeting capability. It is expected that many
other cell targeting peptides, especially those discovered by in vivo phage display
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library techniques, could also be incorporated into this and other protein cage
architectures, some of which are described in Chapter 6. Chemical linkage of an
anti-CD4-antibody to Hsp cages and subsequent targeting of CD4+ cells within a
mixed population of murine splenocytes demonstrated the success and
possibilities of immuno-targeted Hsp cages. However, an attempt to link another
less readily available antibody (anti-collagen) to the Hsp cage was not successful
(see Materials & Methods). Fluorescein, an imaging agent, was covalently linked
to protein cages demonstrating that these architectures can simultaneously
incorporate multiple functionalities including cell specific targeting and imaging
agent delivery. This opens exciting avenues for the incorporation and cell
specific delivery of other cargo molecules such as magnetic resonance (MR)
imaging and therapeutic agents.

80

CHAPTER 5
INVESTIGATION OF THE INTERACTIONS BETWEEN MAMMALIAN
CELLS AND PROTEIN CAGE ARCHITECTURES
INCLUDING THE EFFICACY OF THERAPEUTIC
CONTAINING Hsp CAGES
Abstract
Protein cage architectures have potential to serve as cell and/or tissue
targeted therapeutic and imaging agent delivery systems. Housing and
delivering therapeutic molecules within protein cage architectures provides the
following potential advantages as compared to administration of ‘naked’
therapeutics: (1) increased therapeutic payload per delivery event, (2) cell
specific targeting capability, (3) a decrease in the amount of systemic drug and in
turn (4) a decreased level of drug associated side effects, and (5) the ability to
restrict the bioavailability of therapeutics until triggered release at a specific
location or time.
The interactions between protein cage architectures (CCMV and Hsp) and
mammalian cells were investigated via microscopy (epifluorescence and
confocal) and a cell proliferation assay. Together, these results demonstrated
that it was necessary to incorporate cell specific targeting ligands within protein
cage architectures. The ability of protein cage architectures to restrict the
bioavailability of therapeutics was confirmed with cell proliferation assays,
following the incubation of cells with doxorubicin (an antitumor agent) derivatized
heat shock protein (Hsp) cages (described in Chapter 3 and below). In vitro
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cancer cell proliferation assays demonstrated that doxorubicin (dox) containing
HspG41C cages (non-targeted) were unable to induce cancer cell death; in
contrast to parallel assays in which free doxorubicin caused cell death. A tumor
targeting genetic variant, HspG41C-RGD4C, was derivatized with the (6maleimidocaproyl) hydrazone of doxorubicin (described in Chapter 3) [5, 37].
Interestingly, although the same chemistry (thiol-maleimide) that proved
successful for the conjugation of fluorescein to HspG41C-RGD4C cages was
employed for dox conjugation, the cages were less tolerant of the dox reaction.
Therefore, the yields of dox derivatized HspG41C-RGD4C cages were low, but
sufficient for in vitro evaluation. The efficacy of HspG41CRGD4C-Dox cages
was tested utilizing C32 melanoma cells grown in culture. The results from initial
cell proliferation assays are variable; sometimes the HspG41CRGD4C-Dox
cages seem to kill cells whereas in some assays they do not seem as promising.
Introduction
Each year more than 11 million people, including 1.4 million Americans, are
diagnosed with cancer [20, 245]. It is estimated that there will be 16 million new
cases every year by 2020 [245]. Annually, 7 million deaths (12.5%) are attributed
to cancer [245]. Recently, the National Institutes of Health and the National
Cancer Institute have developed strong interest in the development of new nanotechnological platforms for diagnosis, imaging and treatment of cancer [18, 20].
Their goals include the development of imaging agents and diagnostics to detect
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cancer in the earliest stage and multi-functional targeted devices to deliver
multiple therapeutic agents directly to cancer cells [18]. Protein cages potentially
provide unique nano-templates for use in combined targeted therapeutic delivery
and imaging applications.
Cancer treatment often involves the use of compounds that kill actively
dividing cells including the cancerous cells which are dividing out of control.
Unfortunately, these drugs also kill ‘normal’ dividing cells, such as those of the
bone marrow, skin, hair follicle, and gastrointestinal tract. Doxorubicin, also
known as adriamycin, is one such commonly used compound. Its mechanism of
action is not completely understood, but it involves the inhibition of important
cellular enzymes including RNA polymerase, reverse transcriptase, and
topoisomerase-II. In addition, it intercalates into DNA and is thought to disrupt
cell membranes [19, 184, 231, 245, 246, 280]. The clinical use of doxorubicin is
associated with many side effects, including nausea, neurotoxicity, and
cardiotoxicity. These effects can be dose dependent, and therefore could
potentially be relieved via tumor specific targeting of dox. The most common
reason for discontinuing the use of doxorubicin in cancer patients is the onset of
cardiotoxicity [19, 246].
Doxorubicin was chosen as a model therapeutic to test the efficacy of protein
cage architectures as drug delivery systems for the reasons stated above and
because antibody and peptide mediated doxorubicin delivery had proven
efficacious both in vitro and in vivo [24, 213]. In these studies, doxorubicin was
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conjugated to either the anticarcinoma antibody BR64 [213], specific for an
epitope of the Lewis Y antigen, which is abundantly expressed on cancer cells, or
the RGD-4C peptide, which targets αvβ3 and αvβ5 integrins expressed on tumor
vasculature [24]. The antibody conjugates were loaded with a maximum of 8
molecules of dox whereas the peptides were each associated with two dox
molecules [24, 213]. Both constructs were efficacious in cell culture. In addition,
they proved more effective than free doxorubicin in human tumor xenograft
animal models [24, 213].
As described in Chapter 1, there are many types of nanometer scale drug
delivery systems including antibody and peptide conjugates (described above),
micelles, silica nanoparticles, liposomes, and hydrogel dextran nanoparticles [19,
24, 196, 219]. In this chapter, protein cage architectures are presented as
additional platforms for the development of new targeted therapeutic delivery
systems. The potential advantages of protein cages have been described
previously (Abstract and Chapter 1). In brief, protein cage architectures can be
genetically and chemically modified for incorporation of novel amino acids, small
molecules (including therapeutics) and cell targeting peptides and antibodies. All
of which are incorporated at precise locations on the protein cages in a spatially
selective manner. The bioavailability of therapeutics housed within cage
architectures may be restricted until release is selectively triggered by external
stimuli. Lastly, the multivalent nature of protein cage architectures allows the
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incorporation of multiple functionalities (cell specific targeting, therapeutic agent
delivery, and imaging) on a single platform.
The objective of this chapter is to demonstrate the ability of protein cage
architectures to limit the bioavailability of therapeutics housed within their
interiors and to describe the therapeutic efficacy of doxorubicin derivatized tumor
targeted protein cage architectures in vitro. Two genetic variants of the heat
shock protein (Hsp) cage were derivatized with doxorubicin; non-targeted
HspG41C and ‘tumor-targeted’ HspG41C-RGD4C. As described in the previous
chapter, HspG41C-RGD4C was genetically modified to present the αvβ3 and αvβ5
integrin targeting peptide RGD-4C (CDCRGDCFC) on its exterior. Angiogenic
blood vessels including those that feed tumors are known to express αvβ3 and
αvβ5 integrins and RGD-4C mediated tumor targeting has proven successful [24,

250, 263, 264, 273]. The ability of fluorescein labeled HspG41C-RGD4C protein
cages to bind αvβ3 expressing C32 melanoma cells in vitro was also described in
Chapter 3 [281].
Results and Discussion
As described in Chapter 3, the (6-maleimidocaproyl) hydrazone derivative of
doxorubicin [5] (Mal-Dox) was linked to the interior surface of the HspG41C
protein cage via coupling of the maleimide and thiol functionalities (schematic
Figure 3.1 page 49). The ability of this protein cage to limit the bioavailability of
doxorubicin was evaluated in cell culture assays described later in this chapter.
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Derivatization of HspG41C-RGD4C with Doxorubicin
Utilizing a similar protocol as described for the conjugation of Mal-Dox to the
non-targeted HspG41C cage, Mal-Dox was conjugated to cysteines of the ‘tumor
targeting’ HspG41C-RGD4C protein cage (Materials and Methods). The best
reaction conditions determined to date are as follows: HspG41CRGD4-C cages
(2 mg/ml; 112 μM subunit) in pH 6.5 buffer (HEPES 100 mM, NaCl 50 mM)
reacted with a substoichiometric amount of the (6-maleimidocaproyl) hydrazone
of doxorubicin (0.5 molar equivalents per subunit) (56 μM) for 10 minutes at room
temperature. As described in Chapter 4, substoichiometric labeling ensured that
every cage displayed a significant fraction of unmodified cysteines within the
RGD-4C αvβ3 integrin targeting sequence. Centrifugation (13k rpm; 5 minutes) is
required to eliminate protein that has disassembled and / or aggregated during
the short course of the reaction. Derivatized HspG41C-RGD4C cages were
separated from free Mal-Dox by size exclusion chromatography (Superose 6,
Amersham-Pharmacia) (Figure 5.1). Co-elution of HspG41C-RGD4C protein
cages (280 nm) and doxorubicin (495 nm) after an elution volume of 12.5 ml –
17.5 ml indicates that doxorubicin is associated with the assembled HspG41CRGD4C cages (Figure 5.1). Both transmission electron microscopy (Figure 5.1)
and dynamic light scattering analysis confirm that HspG41CRGD-Dox maintains
the ~15 nm diameter of underivatized cage.

86

The covalent linkage of doxorubicin to HspG41C-RGD4C is demonstrated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Fluorescence imaging of
an SDS-PAGE gel reveals a mobility shift of doxorubicin (excitation 488 nm;
emission 520 nm) bound to HspG41C-RGD4C compared to that of free
doxorubicin (Figure 5.2). Subsequent staining of the protein with Coomassie
blue illustrates the co-migration of the HspG41C-RGD4C subunit with
doxorubicin (fluorescent band) indicating their covalent linkage (Figure 5.2 Lane
4).
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Figure 5.1. Characterization of HspG41CRGD-4C Cages Derivatized with Doxorubicin
Size exclusion chromatography elution profile of HspG41CRGD-4C cages. Co-elution of the
absorbance at 495 nm (doxorubicin) and 280 nm (protein) illustrate that doxorubicin bound to
intact Hsp cages. TEM micrograph (inset) also demonstrates the presence of intact Hsp
protein cages.
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Figure 5.2. SDS-PAGE of HspG41CRGD-4C Subunits Demonstrates Covalent
Linkage of Doxorubicin
Lane 1- Molecular weight standard, Lane 2- HspG41C no experiment,
Lane 3- HspG41C-RGD4C no experiment, Lane 4- HspG41CRGD4C-Doxorubicin
The fluorescently imaged gel illustrates covalent linkage of doxorubicin (Lane 4) to
HspG41CRGD-4C monomers whereas unlabeled Hsp subunits exhibit no fluorescence
(Lanes 2 & 3). After fluorescent imaging, the proteins in the gel were stained with
Coomassie Brilliant blue. HspG41CRGD-4C,17816.6 Daltons (Lane 3) runs higher than
HspG41C,16498.2 Daltons (Lane 2) due to the incorporated RGD-4C peptide. The
molecular weight standard (Lane 1) indicates the relative positions of 20 and 14.2 kDa
proteins.

Quantitative analysis by absorbance spectroscopy indicates that there are 10
doxorubicins per 24 subunit cage (an average of 0.42 dox per subunit). Liquid
chromatography / electrospray mass spectrometry (LC/MS) analysis (Esquire
3000, Bruker) of doxorubicin labeled Hsp cages revealed that subunits contained
a range from 0 to 5 doxorubicins per subunit (Figure 5.3).
Derivatization of HspG41C-RGD4C with Mal-Dox proved more difficult than
labeling HspG41C (Chapter 3). In general, the HspG41C-RGD4C genetic variant
was less stable during the Mal-Dox derivatization. This result was unexpected,
since the HspG41C-RGD4C cages are stable to fluorescein-5-maleimide
(Chapter 4).
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Figure 5.3. Deconvoluted Mass spectrum HspG41CRGD-4C–Doxorubicin
Deconvoluted Mass spectrum HspG41CRGD-4C–Doxorubicin showing from 0 to 2
hydrazone linkers covalently attached to one subunit indicated by the number. The hydrazone
linker attached to the subunit, with the loss of doxorubicin, is expected since the liquid
chromatography conditions are acidic and the doxorubicin is connected through an acid labile
bond. The extra peaks are 2-mercaptoethanol adducts of the sample. These deconvoluted
data was produced from the raw data by the software MaxEnt1, (Waters).

Both reactions employ identical thiol-maleimide chemistry to covalently link
fluorescein and doxorubicin. In addition, the results from Mal-Dox, labeling
reactions of HspG41C-RGD4C were variable even under identical reaction
conditions. In general, the yield of HspG41C-RGD4C-Dox from various reaction
conditions increased as the molar equivalents of Mal-Dox per Hsp subunit were
decreased. But even with low concentrations of Mal-Dox some protein would
precipitate. Consequently, the yields of dox derivatized HspG41CRGD4C cage
were low (~50%). In spite of the difficulties, sufficient quantities of doxorubicin
derivatized ‘tumor targeted’ Hsp cages were produced for their evaluation in
mammalian cell culture. These results are described later within this chapter.
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Evaluation of the Stability of HspG41C-RGD4C
The cage stability problems associated with HspG41CRGD4C-Dox reaction
pointed to the need to investigate the stability of both the derivatized and
underivatized HspG41C-RGD4C cages. These cages were routinely
characterized by size exclusion chromatography (SEC) and transmission
electron microscopy (TEM) following purification. But, it was also necessary to
evaluate protein cage stability in conditions similar to those required for
subsequent cell culture studies (pH 7.4; 37˚C). The HspG41C-RGD4C cage
stability at 37˚C in Dulbeco’s phosphate buffered saline (DPBS), pH 7.4, was
semi-quantitatively assessed at various time points by SEC. As stated
previously, size exclusion chromatography (SEC) enables one to discern the
nature of protein cage architectures based on their elution profile (large, intact
cages elute much earlier than subunits; aggregated proteins often have a highly
variable and dispersed elution profile). The SEC eluant is monitored at 280 nm,
therefore enabling protein quantification. This type of quantification is only as
reliable as the ability to load and inject an accurate amount of sample onto the
SEC column, thus there is sometimes variability in the results. In order to get an
accurate picture of cage stability from this study, all time points were analyzed 3
times in order to minimize variability. The stability of HspG41C-RGD4C cages
(37˚C, DPBS pH 7.4) was monitored by SEC hourly from 1 to 24 hours. The
results indicate that cages remain intact for the duration of the experiment
(Figure 5.4; representative data) [282]. The stability of the HspG41C-RGD4C
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cages was also monitored at 4˚C. SEC data demonstrated that the cages could
be stored at 4˚C (DPBS pH 7.4) for as long as 7 days. HspG41C-RGD4C cages
are routinely stored at -80˚C as a precaution against aggregation observed by
transmission electron microscopy (TEM). SEC analysis of thawed cages
indicated that the cages withstood freezing and thawing.
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Figure 5.4. The stability of HspG41C-RGD4C (37˚C, DPBS pH 7.4)
The stability of HspG41C-RGD4C (37˚C, DPBS pH 7.4) at (A) 1 hour and (B) 24 hours,
demonstrated by size exclusion chromatography (SEC) elution profiles in which the protein
peak elutes at the time characteristic of intact Hsp cages. X-axis is time in minutes.

Studies of Protein Cage-Mammalian Cell Interactions in vitro
The ability to grow a variety of mammalian cell types in culture enabled the
investigation of interactions between protein cage architectures and mammalian
cells. These interactions include cell binding (as described in Chapter 4), subcellular localization, and cell proliferation in the context of therapeutic containing
Hsp cages.
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The initial protein cage – cell interaction studies involved the use of
fluorescently labeled cages (HspG41C and CCMV S102C) and two readily
available mammalian cell lines (HeLa and CV-KL). HeLa cells are an epithelial
cell line derived from a human cervical carcinoma from a patient named Henrietta
Lacks. HeLa cells are commonly used for nanoparticle – cell interaction studies,
but epifluorescence analysis was difficult because of their small, compact cellular
morphology (Figure 5.5). Therefore, another cell line (CV-KL) with a more
elongated morphology was also utilized. The CV-KL cell line is a post-crisis
subline of CV-1 African green monkey kidney cells [283]. Cells were grown in 4well chamber slides or on glass coverslips in order to facilitate microscopic
observation of protein cage – cell interactions. Initial studies involved the
incubation of fluorescently labeled cages with cells in the presence and absence
of transfection agents. Transfection agents are synthetic molecules or polymers
that are designed to help shuttle proteins, DNA, and viruses into mammalian
cells. The use of several transfection agents including; poly-L-lysine, Transfectin® (Bio-Rad), Lipofectamine® (Invitrogen), and Pro-ject® (Pierce) were
explored [53, 284]. Most studies were analyzed by epifluorescence microscopy
and some using confocal microscopy. The results were variable, but in general it
seemed that the most cell associated fluorescence resulted from studies in which
cages were pre-incubated with poly-L-lysine prior to overnight incubation with
cells (37˚C; 5% CO2) (Materials and Methods). Punctate cell-associated
fluorescence was observed above the level seen with cells incubated with
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fluorescein-5-maliemide-cysteine at equivalent fluorescein concentrations (Figure
5.5).

A. FITC filter

B. DAPI filter

C. Light

D. Control FITC filter

E.

E.

Figure 5.5. Epifluorescence Microscope Images of HeLa cells Transfected with
HspG41C-FlMal
A.-C. HeLa cells were transfected with HspG41C- FlMal (50 μg/ml), poly-L-lysine (1.5
μg/ml); the same frame viewed with the indicated filters. D. Control Image of Only HeLa
cells. E. Composite confocal microscope image of a 0.3μm ‘slice’ of Hela Cells transfected
with HspG41C-FlMal (green), fixed, and treated with Lyso-Tracker Red (Molecular Probes).
Yellow suggests co-localization of protein cages and lysosomes.

Subcellular Localization of Protein Cage Architectures
In order to try to verify that some fluorescently labeled cages were internalized
by cells, a commercially available lysosomal marker (LysoTracker Red,
Molecular Probes) was used to visualize lysosomes. Lysosomes are membrane
bound organelles within eukaryotic cells, containing digestive enzymes,
responsible for degradation of macromolecules and particles taken inside the
cells by endocytosis [244]. Co-localization (yellow) of cage associated green
fluorescence and LysoTracker red was observed by both epifluorescence and
confocal microscopy (Figures 5.5 & 5.6). Co-localization is difficult to prove with
epifluorescence microscopy because it provides a two dimensional image.
Overlapping signals could occur if one signal was from the cell exterior and the
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other from its interior. Confocal microscopy address this problem via it’s ability to
image through a series of focal planes, enabling one to look at a cell in very thin
slices (0.3 μM) (Figure 5.5).

A.

B.

C.

Figure 5.6. Epifluorescence Microscope Images of HeLa cells Transfected with
CCMV- FlMal
HeLa cells were transfected with CCMV- FlMal (50 μg/ml), Poly-L-Lysine (1.5 μg/ml); the
same frame viewed with different filters. The fluorescent images were overlayed onto the
light Image. A. Lysosomes illuminated utilizing LysoTracker Red (Rhodamine filter).
B. Fluorescein labeled CCMV cages (FITC filter). C. Composite image of A & B; yellow is
indicative of areas that are both red and green

Both confocal and epifluorescence microscopy are useful for evaluating
protein cage internalization and localization. However, the data collected to date
are insufficient to make definitive statements regarding the cellular localization of
protein cages. Instead, the question of the ability of protein cages to enter
mammalian cells was addressed by studying a more downstream consequence
of protein cage entry, cell viability. For these studies, doxorubicin derivatized
cages were incubated with cells and the relative number of living cells was
assessed via the MTS cell proliferation assay (CellTiter96 Aqueous NonRadioactive Cell Proliferation Assay, Promega, Madison, WI).
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Cell Proliferation Assay
The MTS cell proliferation assay is used to quantify viable cells (Materials and
Methods) [285, 286]. It is a colorimetric assay that can be performed in a 96-well
cell culture format. This facilitates simultaneous evaluation of multiple
experimental conditions. Briefly, the relative number of viable cells is determined
after addition of MTS (3-(4,5-dimethythiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfopheny)-2H-tetrazolium) to the growth medium followed by incubation for
1.5 hours (37˚C, 5% CO2). During the incubation, MTS is bioreduced to
formazan (Abs 490 nm) by dehydrogenase enzymes of metabolically active cells.
The absorbance at 490 nm is quantified and comparisons between the values
obtained from experimental conditions and controls (i.e., cells grown under
identical conditions and medium only) are made. There are many different types
of cell proliferation assays such as the sulforhodamine cell proliferation assay,
which quantifies the relative number of cells based on the amount of
sulforhodamine stain that binds the proteins of fixed adherent cells (Materials and
Methods). Each technique offers its own advantages and disadvantages but the
MTS assay was selected due to its ability to relatively quantify metabolically
active cells. In future studies, it might be advantageous to compare its results to
those obtained with other techniques.
The applicability of the MTS assay for the relative quantification of HeLa and
C32 melanoma cells was tested before its use in experiments. This was done by
seeding wells with a varying number of cells and evaluating their proliferation

95

after 2 days of growth with the MTS assay. Figures 5.7 and 5.8, demonstrate the
effectiveness of the MTS assay in determining the relative number of
metabolically active HeLa and C32 melanoma cells. In addition, the efficacy of
free doxorubicin to kill both HeLa and C32 melanoma cells grown in culture at
various concentrations, and two time points (4 or 24 hour incubations) was
assessed by the MTS assay (Figures 5.7 & 5.8). These studies found that a
greater amount of doxorubicin is needed to kill C32 melanoma cells than required
to kill HeLa cells. Together these data indicated that the MTS cell proliferation
assay was suitable for use in the investigation of the efficacy protein cage
mediated doxorubicin delivery.
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Figure 5.7 MTS Assay of HeLa Cell Proliferation
A. Varying numbers of HeLa cells (x-axis) were seeded and grown in a 96-well plate.
Cell proliferation was assayed after 3 days by the MTS cell proliferation assay.
Absorbance at 490 nm (y-axis) is indicative of the number of viable cells since the MTS
precursor is bioreduced to formazan, with a characteristic absorbance at 490 nm, by
dehydrogenase enzymes of metabolically active cells.
B.

HeLa cells were exposed to doxorubicin for 4 hours (red) or overnight (~24 hrs, orange).
Cell proliferation was assayed after 2 days by the MTS cell proliferation assay.
The data were compared to the number of cells in the control wells (=100%).
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Figure 5.8 C32 Melanoma MTS Cell Proliferation Assays
A. Varying numbers of C32 cells (x-axis) were seeded and grown in a 96-well plate.
Cell proliferation was assayed after 3 days by the MTS cell proliferation assay.
Absorbance at 490 nm (y-axis) is indicative of the number of viable cells since the MTS
precursor is bioreduced to formazan, with a characteristic absorbance at 490 nm, by
dehydrogenase enzymes of metabolically active cells.
B. C32 cells were exposed to doxorubicin for 4 hours (red) or 24 hrs (orange);
or the maleimide derivative of doxorubicin (Mal-Dox) for 4 hrs (dark purple) or 24 hrs
(purple). C32 cell proliferation was assayed after 3 days by the MTS cell proliferation
assay. The data was compared to the absorbance at 490 nm in the control wells (0
nm Dox).
C. Same data as in B., plotted on a log scale.
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Efficacy of Doxorubicin Containing Hsp Cages
in vitro Non-targeted HspG41C-Dox_________
The first in vitro efficacy experiments were performed using doxorubicin
loaded HspG41C protein cages incubated with HeLa cells. Like the fluorescein
labeled cage experiments described above, Poly-L-Lysine was used as a
transfection agent. Assessment of cell viability 2 days after exposure to
doxorubicin housed within non-targeted HspG41C cages indicated that an
insufficient amount of doxorubicin was released to cause cell death (Figure 5.9).
These results demonstrated that the bioavailability of doxorubicin housed within

HeLa Cells + HspG41C-Dox, Dox, & Mal-Dox
MTS Cell Proliferation Assay
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Figure 5.9. Efficacy of HspG41C-Dox, Free Dox, and Mal-Dox Evaluated in HeLa Cells

Equally seeded HeLa cell culture plates were exposed to conditions in the legend including HspDoxorubicin in the presence of transfection agent, free doxorubicin (dox), and free Mal-Dox
compound. Subsequently, the MTS cell proliferation assay (Promega) was used to indicate the
number of viable cells compared to the number of cells in control wells (100%).
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HspG41C protein cage architectures is restricted. The result is beneficial toward
their development as targeted therapeutic delivery systems because it is an
indication that therapeutic molecules housed within protein cages would remain
encapsulated until their release is selectively triggered. In addition, these results
underscored the need to incorporate specific targeting into protein cage
architectures, since transfection agents were unable to get a sufficient amount of
dox-cages into cells to achieve cancer cell killing and are not practical for in vivo
applications.
Tumor Targeted HspG41CRGD4C-Dox
As described in Chapter 4, the tumor targeting HspG41C-RGD4C protein cage
was shown to bind to αvβ3 integrin expressing C32 melanoma cells in vitro. This
was demonstrated by two methods. The first approach utilized epifluorescence
microscopy to probe the ability of fluorescein labeled HspG41C-RGD4C cages to
bind adherent C32 melanoma cells. The second evaluated their ability to bind
C32 cells in suspension by fluorescence activated cell sorting (FACS). The
interaction of HspG41C-RGD4C was also investigated in a reverse fashion,
testing the ability of C32 cells in suspension to bind protein cages adsorbed onto
a plastic Petri dish. With this approach, preferential binding of C32 cells to
HspG41C-RGD4C protein spots, as compared to controls, was observed. The
C32 cell adhesion assay was performed by spotting multiple proteins (HspG41CRGD4C, HspG41CRGD4C-Dox, HspG41C, BSA, and 2% FBS) onto bacterial
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Petri dishes (see Materials & Methods) prior to flooding the dish with a C32
melanoma cell suspension [287]. Adherent C32 cells were visualized by
Coomassie Blue staining (Figure 5.10). Figure 5.10 shows increased Coomassie
staining of cells near the HspG41C-RGD4C protein spot as compared to
controls. This data indicates that C32 cells preferentially bound to HspG41CRGD4C cages and further supports the binding data presented in Chapter 4. It
also indicates that derivatization of HspG41C-RGD4C with doxorubicin doesn’t
eliminate its cell binding capability (Figure 5.10C).

B.

A.
HspG41C

HspG41C-RGD4C

HspG41C-RGD4C

C.
HspG41C
HspG41C-RGD4C

HspG41CRGD4C-Dox
DPBS +2% FBS
DPBS +
2% BSA

BSA

MEME +
10% FBS

Figure 5.10. Preferential Adherence of C32 Melanoma Cells to
HspG41C-RGD4C Protein Spots

Proteins including: HspG41C*, HspG41C-RGD4C*, HspG41CRGD4C-Dox*, bovine serum
albumin (BSA)*, and fetal bovine serum (FBS), were spotted onto bacterial Petri dishes
(*= 50 μL spots of 2mg/ml). The ability of C32 melanoma cells to adhere after a 16 hour
incubation was assessed by washing the dishes, fixing the cells, and staining them with
Coomassie blue.

After demonstrating that HspG41C-RGD4C cages could bind to target C32
melanoma cells (Chapter 4) and vice versa (above), the next step was to test the
ability of doxorubicin loaded HspG41C-RGD4C cages to kill C32 cells. The
efficacy of HspG41CRGD4C-Dox was evaluated using the MTS cell proliferation
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assay described above (Materials & Methods). In brief, C32 cells were equally
seeded in a 96-well cell culture plate, allowed to grow for 48 hours, and then
exposed to HspG41CRGD4C-Dox, HspG41C-Dox, free Dox, or medium only
(control). The results from initial cell proliferation assays were variable; sometimes the HspG41CRGD4C-Dox cages seemed to kill cells whereas in some
assays they did not seem as promising (Figures 5.11 & 5.12). Data presented
here exemplify what has been seen to date; this line of investigation is ongoing.
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Figure 5.11 C32 Melanoma Cell Proliferation Assay

A. C32 cells were exposed to ‘tumor targeted’ HspG41CRGD4C-Dox (Hsp-Dox in
legend), free dox, and Mal-dox, for either 4 or 16 hours. Cell proliferation was assayed
after 3 days by the MTS assay. The results are plotted as the percent of viable cells
compared to control (y-axis) vs. the concentration of doxorubicin (x-axis).
B. The same data from A are plotted as the percent of viable cells compared to control
(y-axis) versus the number of delivery events (x-axis). Since each HspG41CRGD4Cdox cage corresponds to 10 molecules of doxorubicin, for every cage delivery event 10
doxorubicins are delivered, whereas for free doxorubicin only a single doxorubicin
molecule is delivered per delivery event. Therefore to account for this discrepancy the
concentrations of free doxorubicin were divided by 10, in order to make a “per delivery
event” comparison.

2500
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C32 Cells + HspG41CRGD-Dox,
Free Dox, & Mal-Dox
MTS Cell Proliferation Assay
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Figure 5.12 C32 Melanoma Cell Proliferation Assay
C32 cells were exposed to ‘tumor targeted’ HspG41CRGD4C-Dox (Hsp-Dox in
legend), free dox, and mal-dox, for either 4 or 24 hours. Cell proliferation was
assayed after 3 days by the MTS assay. The results are plotted as the absorbance
at 490 nm (indicative of cell viability) versus the concentration of doxorubicin (x-axis).

As described previously, peptide mediated delivery of doxorubicin was more
efficacious than free doxorubicin in animal models [24], therefore doxorubicin
was selected as the first therapeutic molecule to test in protein cage mediated
delivery. The cell culture data from RGD-4C peptide mediated delivery were not
provided [24], but other studies utilizing nanoparticle drug delivery systems often
find that the delivery agents are not as effective as free drug in cell culture
assays [19]. Future HspG41CRGD4C-Dox efficacy studies in animal models
may provide more positive results. In addition, for future cell culture studies it
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might be necessary to conjugate more doxorubicin or other more potent
therapeutic molecules to the protein cages. To date approximately twenty, 96well proliferation assay have been completed. These experiments utilized
concentrations of doxorubicin associated with HspG41C-RGD4C up to 4 μM; this
might need to be increased since appreciable C32 cell killing with free
doxorubicin requires 1 μM.
Subcellular Localization of Doxorubicin in vitro
Doxorubicin is known to traffic to the nucleus. Nuclear trafficking of
doxorubicin in C32 melanoma cells was verified by epifluorescence microscopy
(Figure 5.13). Since drug delivery systems have potential to alter therapeutic
trafficking, it is important to verify that doxorubicin delivered to C32 cells in
HspG41C-RGD4C cages also localizes to the nucleus. Provided that HspG41CRGD4C cages are taken into cells by receptor mediated endocytosis, nuclear
localization of doxorubicin would require its ‘endosomal escape’. Endosomal
escape is an important consideration in the development of most gene and

Figure 5.13 Nuclear Localization of Doxorubicin within C32 Melanoma Cells
C32 melanoma cells grown on glass coverslips were incubated for 30 minutes with free
doxorubicin (20 μM). Cells were subsequently washed, fixed and mounted. The cells
were imaged with epifluorescence microscopy with FITC filter [exposure time 200 ms]
(left) and with light (right); the middle panel is a composite of those 2 images.
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therapeutic delivery systems [132]. In order to test potential endosomal escape
and nuclear localization of doxorubicin, C32 melanoma cells were incubated with
either free doxorubicin or doxorubicin within HspG41CRGD-4C cages and
imaged with epifluorescence microscopy (Materials and Methods). The
concentration of doxorubicin was normalized at concentrations sufficient to cause
cell death (500 nM or 1 μM). Unfortunately, the data were inconclusive. Free
doxorubicin is detectable in the nucleus, but although there may be a slight hint
of fluorescence in the nuclei of C32 cells exposed to HspG41CRGD4C-Dox, it is
not definitive (Figures 5.14 & 5.15).

A. HspG41CRGD4C-Dox

B. Free Doxorubicin

C. Medium Only - Control

Figure 5.14 Subcellular Localization of Doxorubicin within C32 Melanoma Cells
C32 Melanoma Cells were grown on glass coverslips, incubated with (A) HspG41CRGD4CDox, (B) free doxorubicin, (C) medium only; for A & B the concentration of doxorubicin was
normalized to 500 nM. After incubation the cells were washed, fixed, and mounted medium
with DAPI nuclear stain (blue). The cells were imaged with epifluorescence microscopy both
with FITC filter [exposure time 200 ms] (top) and DAPI filter as well as with light; the bottom
panel is a composite of those three images.
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Figure 5.15 Subcellular Localization of Doxorubicin within C32 Melanoma Cells
C32 melanoma cells grown on glass coverslips were incubated for 30 minutes with either
(A) free or (B) doxorubicin containing HspG41C-RGD4C cages. Doxorubicin concentration
was normalized to 1 μM. Cells were subsequently washed, fixed and mounted in medium
containing DAPI nuclear stain (blue). The cells were imaged with epifluorescence
microscopy both with FITC filter [exposure time 200 ms] (top) and DAPI filter as well as with
light (bottom); the middle panel is a composite of those 3 images.
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Importantly, C32 cells alone did not exhibit autofluorescence with the
experimental exposure time (200 ms). This study is worth repeating, after the
C32 melanoma cell killing parameters are determined.
Summary
In this chapter, mammalian cell culture was used as a tool to investigate the
cell-protein cage (CCMV and Hsp) interaction via fluorescence and confocal
microscopy. These results underscored the importance cell targeting ligand
incorporation into protein cage architectures, since introduction of cages into
cells with transfection agents was only moderately successful and not practical
for most in vivo applications.
The development of the Hsp cage architecture for tumor specific delivery of
anticancer agents was also furthered by investigations with mammalian cells
grown in culture. The tumor targeted Hsp genetic variant, HspG41C-RGD4C,
which binds αvβ3 integrins present on angiogenic vascular endothelium of
tumors, was derivatized with doxorubicin (dox). The cell killing efficacy of
HspG41C-RGD4C-dox and non-targeted HspG41C-dox was compared to that of
free doxorubicin. The data obtained to date demonstrate that the bioavailability
of dox housed within protein cage architectures is limited and that the
HspG41CRGD4C-dox construct exhibits potential. The ability of
HspG41CRGD4C-dox to mediate cell killing both in vitro and in vivo requires
further investigation. Studies utilizing a higher concentration of doxorubicin
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containing HspG41C-RGD4C should be performed and evaluated in the near
future. It is important to note that drug delivery systems may not out-compete
free drug in cell culture assays, but may prove superior in animal models. In
future experiments, the use of alternative therapeutics, such as singlet oxygen
generators or more potent cytotoxic agents such as monomethyl auristatin E
(MMAE) [216], might be required for protein cage mediated cancer cell killing.
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CHAPTER 6
CHARACTERIZATION OF THE BIOCOMPATIBILITY OF PROTEIN CAGE
ARCHITECTURES IN MURINE MODELS: INITIAL TUMOR LOCALIZATION,
BIODISTRIBUTION, AND IMMUNE RESPONSE DATA
Abstract
Protein cage architectures, including the small heat shock protein (Hsp) from
Methanococcus jannaschii and the Cowpea chlorotic mottle viral (CCMV) capsid,

have the potential to serve as targeted therapeutic and imaging agent delivery
systems. These proteinaceous nano-architectures are genetically and
chemically malleable. They have been chemically derivatized with fluorescent
dye molecules and antibodies, and genetically altered to present site-specific
reactive groups and cell targeting peptides [39, 76, 281, 288]. In this chapter, we
provide initial in vivo characterization of these particles. The ‘tumor targeting’
HspG41C-RGD4C and HspG41C are shown to localize in the vasculature of a
human tumor xenograft mouse model. The overall biodistribution of radiolabeled
Hsp and CCMV in naïve and immunized mice provides us with useful data on the
trafficking of these proteinaceous nanoparticles in mice. In addition, initial
characterization of how the murine immune system responds to both Hsp and
CCMV provides insight on their biocompatibility. Together these initial in vivo
characterization data will prove useful in the design of protein cage architectures
for biomedical applications. Importantly, the work described herein also
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addresses a growing concern regarding the potential toxicity of new biomedical
nanoplatforms.
Introduction
Current efforts to develop nanotechnologies to diagnose, image, treat, and
prevent diseases and disorders have provided the scientific community with
numerous biomedical nanoplatforms [18-20]. These nanoplatforms exhibit
potential in vitro but, in general their in vivo characterization has lagged behind.
At this time a high priority should be placed on the thorough understanding of
circulation, clearance half-life, stability, immunogenicity, and organ biodistribution
of proposed nano-container delivery vehicles [289].
The potential use of protein cage platforms as targeted therapeutic and
imaging agent delivery systems requires their in vivo characterization. Typically,
biomedically important molecules such as therapeutics are first tested in vitro
utilizing cell culture techniques, followed by investigation in animal models, and
finally in human trials. Experiments utilizing cell culture techniques to investigate
the cell-protein cage interaction and therapeutic efficacy were described in
Chapters 4 & 5. In parallel with on-going studies in mammalian cells,
experiments within animal models were initiated. The goals of these studies
were: (1) to test the capability of ‘tumor targeted’ HspG41C-RGD4C in vivo, (2) to
determine the bio-distribution of both Hsp and CCMV in both naïve and
immunized mice, and (3) to characterize the immune response generated against
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protein cage architectures (Hsp & CCMV). In order to carry out these
experiments, two types of mouse models were required: a human tumor
xenograft mouse model in which human tumors are grown in mice lacking
immune systems, and in BALB/c mice, a widely used inbred strain with a normal
immune system.

Background Information on the Biocompatibility and/or
Biodistribution of other Nanometer Scale Delivery Systems
In general, research on nanoparticles has demonstrated that they may
preferentially localize to tumor vasculature due to the enhanced permeability and
retention (EPR) effect (described in Chapter 1) [19]. One of the most relevant
systems from which to gain an understanding of the biocompatibility of protein
cage architectures is the Cowpea mosaic viral (CPMV) platform (described in
Chapter 1). CPMV is also a 28 nm diameter icosahedral plant virus, but
importantly it does not have sequence homology with CCMV.
Initial investigation of the biocompatibility of CPMV and CCMV protein cage
architectures was in the context of their use as potential vaccine constructs.
Antigenic peptides were displayed on the surfaces of CPMV and CCMV, and the
degree of antibody response and/or vaccine efficacy (in the case of CPMV) was
determined. In the majority of these studies, viruses were administered in
conjunction with immune system boosting adjuvants (see Chapter 1).
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Additional information on the biocompatibility of protein cage architectures was
more recently provided by Dr. M. Manchester’s Lab at the Scripps Research
Institute. Their work involves the investigation of CPMV as a platform for
biomedical applications including vascular imaging, vaccine generation, and
potentially as a therapeutic delivery system [157, 170]. One potential benefit of
the use of plant viral particles for vaccines is the ability to administer them
through food sources – “edible vaccines” [170]. Although, oral inoculation of
CPMV in the absence of adjuvant did not result in an appreciable immune
response, and pre-existing humoral immunity to CPMV did not alter trafficking of
orally delivered cages [170]. These data demonstrate that the route of antigen
delivery and context in which it is delivered have great effect on the immune
response to the same antigen (CPMV). The dose also has an affect on the
degree of immune response mounted against a particular antigen [169].
Investigation of the biodistribution of CPMV after oral or intravenous
inoculation demonstrated systemic distribution [170]. CPMV was found
throughout the mouse body including the spleen, kidney, liver, lung, stomach,
small intestine, lymph nodes, brain and bone marrow for several days following
inoculation [170]. The detection of CPMV genomic RNA by RT-PCR was
indicative of the presence of intact CPMV particles for up to 3 days after
inoculation; no CPMV was detected on days 5 or 7 post-inoculation [170]. Rae et
al. compared CPMV RNA levels in blood-containing organs and those that had

been perfused [170]. They found that there was less detectable CPMV RNA in
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the gastrointestinal (GI) tract on day 2 and 3 post-inoculation in the perfused
animals, suggesting that the CPMV RNA that was detected in the GI tract was in
the blood [170]. Therefore CPMV remained in the circulation for up to 3 days
post-inoculation [170]. In a parallel study where mice were fed CPMV (1 mg), 2 of
3 mice had detectable CPMV RNA in their spleen, liver, lungs, stomach, ileum
and bone marrow and 1 out of 3 was CPMV RNA positive in the kidney,
duodenum, jejunum and brain [170]. In this study CPMV RNA was only detected
up to 24 hours after inoculation [170]. Since it is possible that the above studies
detect only free CPMV RNA and not actually intact viral particles, Rae et al. also
investigated the biodistribution of fluorescently (Oregon Green-488) labeled
CPMV particles.
Fluorescently labeled CPMV proved useful as intravital imaging agent in live
mice, chick embryos, and human fibrosarcoma (HT1080)-mediated tumor
angiogenesis within onplants on the chick embryo chorioallantoic membrane
(CAM) [157]. Studies of the biodistribution of Alexa Fluor 555 (A555) labeled
CPMV particles in adult mice, demonstrated that CPMV capsids remained in the
vasculature up to 72 hours after injection; they subsequently accumulated in the
liver and spleen [157]. No deleterious effects (thrombosis, malaise, death) were
observed in mice that received fluorescently labeled CPMV [157]. This result is
noteworthy, since pre-immunized mice responded poorly (labored breathing /
hypopnea, fatigue, ruffled fur) after an intravascular inoculation of 125I labeled
CCMV (described further in this Chapter) [290].
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CPMV-A555 enabled the visualization and distinction of arteries and veins
within chick embryos up to 72 hours after injection [157]. In addition, this study
revealed that CPMV particles were endocytosed by vascular endothelial cells
and localized in perinuclear vesicles associated with lysosomes [157]. In
contrast, PEG-decorated CPMV particles were not internalized by human
umbilical vein endothelial cells (HUVEC) in culture [157]. PEGylation of CPMVFITC resulted in a decreased liver and spleen uptake as compared to CPMVFITC [157]. Prevention of internalization is a desirable property for imaging
agents, but obviously not for therapeutic delivery agents. Therefore in future
experiments utilizing PEGylated Hsp and CCMV (described in this Chapter) cell
specific targeting peptides will be incorporated into the PEG moiety [291].

Background Information Relevant to the
Characterization of the Immune Response to Protein Cage Architectures
One potential hurdle to the use of protein cage architectures for therapeutic
and imaging agent delivery is the mammalian immune system [169]. Obviously,
an adverse immune response to the protein cage architectures is undesirable for
their development as targeted therapeutic and imaging agent delivery vehicles. A
pilot study investigating the immunogenicity of CCMV was performed by Ligocyte
Pharmaceuticals (Bozeman, MT). This study revealed that there was increased
antibody production in mice inoculated with CCMV. The details of these studies
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were unclear, therefore it was necessary to repeat them and perform initial
characterization of the immune response against Hsp cages.
Since the CCMV capsid and Hsp architecture are composed of proteins, an
antibody response was expected. Characterization of the degree of this
response was required as it may or may not affect either the animal models or
protein cages in a detrimental manner. For example, if the antibodies produced
against the protein cages do not alter their trafficking, then therapeutic and
imaging agents could still be delivered. On the other hand, some research has
focused on the use of these same protein cage architectures (CCMV, CPMV,
Hsp) to boost the production of antibodies (see Chapter 1).
Although protein cages elicit antibody responses, there are methods to
mitigate those responses. One such method, PEGylation, involves chemically
decorating protein cages with polyethylene glycol (PEG). PEGylation of CPMV
resulted in a more rapid decrease in the anti-CPMV antibody titer in mice
measured over a time course as compared to the persistence of the antibody
titers from mice inoculated with wt CCMV [47]. Interestingly, CPMV derivatized
with a fluorescein-PEG moiety was more successful than PEG alone in reducing
the anti-CPMV antibody titer as a whole [47]. The results described below using
PEGylated CCMV are more similar to the CPMV-fluorescein-PEG results.
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Biodistribution of Other Types of Nanoparticles
In addition to previous work describing the biodistribution of CPMV, other
types of nanoscale therapeutic and imaging agent platforms have been
characterized. Direct comparisons between these studies and those described
herein are difficult, due to the different natures of the particles (i.e., micelles,
liposomes, magnetic particles). Some results of these studies are described in
this section in order provide background information and typical localization data
which can be loosely compared to the biodistribution data of protein cage
architectures presented in this chapter.
Radiolabeled nanoparticle data are typically presented in terms of percent
injected dose (ID) per gram of organ or tissue (%ID/g). For example, the
biodistribution of pancreatic cancer cell targeted versus non-targeted 111Inlabeled magnetic nanoparticles was investigated in mice. The results
demonstrate the ability of targeted nanoparticles to localize in cancer cells (3.7 +
0.14 %ID/g) as compared to non-targeted particles (2.2 + 0.39 %ID/g, P <
0.0001) [237]. These particles were similarly distributed in other organs,
including the liver (targeted 40.4 + 5.3 % ID/g, non-targeted 40.2 + 3.6 %ID/g)
[237].

In another study, the biodistribution of four different shell cross-linked

micelle derived nanoparticles (SCKs) was investigated [292]. In vivo tracking of
the cages was facilitated by copper-64 (64Cu) labeling. In general, it was found
that particle flexibility, composition, and size were important factors contributing
to their biodistribution [292]. SCKs with a polystyrene core showed the most
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favorable biodistribution. They exhibited prolonged circulation and low liver
accumulation [292]. PEGylation (described below) of these particles did not
seem to appreciably alter their overall biodistribution [292]. In addition, smaller
particles ranging in size from 12 – 27 nm exhibited longer blood retention then
their larger, 33 - 41 nm counterparts. The amount of SCKs in the spleen and
kidney ranged from 3 - 15 %ID/g and 3-10 % ID/g respectively, depending on
particle composition [292]. Interestingly, shortly after administration, PEGdecorated SCKs were taken up into the lung, but these results were dependent
on the strain of rats utilized in addition to the type of SCK [292].
The data presented in this chapter focus on the in vivo characterization the
Cowpea chlorotic mottle virus (CCMV) capsid and a small heat shock protein
(Hsp) from the hyperthermophilic archaeon Methanococcus jannaschii. Data
presented on the biodistribution of CCMV and Hsp in both naïve and immunized
mice provide essential information for the further development of these
nanoscale architectures for biomedical applications. In addition, this work
characterizes the immune response generated against CCMV and Hsp in
BALB/c mice. Modulation of the immune response was demonstrated by
chemically modifying the protein cage architectures.
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Results and Discussion
Localization of Hsp Cages within Tumor Vasculature [293]
There are many mouse models (syngeneic, genetically engineered, and
xenograft) in which to study cancer [263]. In general, spontaneous tumor models
are primarily used for the study of cancer biology, whereas transplanted animal
tumor models and human tumor xenograft models are used for the evaluation of
experimental therapeutics [28]. Human tumor xenografts have been valuable
tools for the study of anticancer drug development for over 25 years [294]. A
retrospective review conducted by the National Cancer Institute (NCI) for 39
agents for which Phase II activity data were available showed that, where
compounds were active in at least one-third of xenograft models tested, there
was a statistically significant correlation with activity in at least two human tumor
types [294, 295].
The commonly used MDA-MB-435 human breast cancer xenograft model was
selected as an ideal model system for many reasons including that it was used to
demonstrate the efficacy of RGD-4C peptide mediated delivery of doxorubicin
[183]. In addition, Dr. Ruoslahti’s lab provided the mouse model and the required
in vivo expertise for these studies [183]. Protein cage architectures exhibited

tumor localization in vivo (Figure 6.1).
The tumor homing capability of fluorescently labeled HspG41C-RGD4C cages
(tumor targeted) and HspG41C (non-targeted) was tested in mice bearing MDA-
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MB-435 human breast cancer xenografts (Materials and Methods). Fluorescently
labeled Hsp cages were administered by intravenous injection into the tail vein
and allowed to circulate for 1 – 4 hours [8]. At designated time points,
intracardiac perfusion was used to clear the vasculature of remaining circulating
cages and the tumor and various control organs (brain, skin, kidney, lung, heart,
pancreas, liver, and spleen) were harvested and processed for histology.
Examination of these tissues by fluorescence microscopy determined protein
cage localization and homing capability. Interestingly, both genetic variants of
Hsp cages, HspG41C and HspG41C-RGD4C, home to tumor vasculature. It was
found that tumor specificity was best with a dose in the range of 0.25-0.5 mg
(630 μM – 1260 μM) of cage per animal (Figure 6.1). The pattern of nanoparticle

A.

B.

Figure 6.1. Tumor Vasculature Localization of Hsp
Epifluorescence images of tumor tissue slices from MDA-MB-435 xenograft breast
tumors from mice injected with either fluorescently labeled (A) tumor targeted
HspG41C-RGD4C or (B) HspG41C. Green = fluorescein; Blue = DAPI nuclear

distribution within the tumor is consistent with vascular localization. The particles
were also taken up by the reticuloendothelial system (RES) as expected (liver
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and spleen), but did not accumulate significantly in any of the other control
organs tested (Figure 6.2). Particulate drug carriers often have increased
accumulation in liver, spleen, and bone marrow due to uptake in mononuclear
phagocytic system (MPS) cells. In many pre-clinical trials, this has not been a
big problem since MPS cells (such as Kupffer cells) are rapidly renewed.
In these preliminary experiments, the Hsp protein cages were differentially
labeled with fluorescein (HspG41C - 11 Fl per cage vs. HspG41C-RGD4C – 19.3
Fl per cage). For in vivo work, equivalent amounts of fluorescein were injected;
therefore more HspG41C cages were injected as compared to HspG41CRGD4C. This could have masked any small differences in RGD-4C peptide
mediated homing of HspG41C-RGD4C cages. Further experiments will be
performed in order to address this question. It is possible that the homing

Figure 6.2. HspG41C-RGD4C is Taken Up by RES System; Not Other Organs
Epifluorescent images of organ and tumor sections from mice bearing MDA-MB-435 xenograft
breast tumors which were injected with fluorescently labeled HspG41C-RGD4C (0.25 mg).
Green = fluorescein; Blue = DAPI nuclear stain.
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peptide will confer advantages to HspG41C-RGD4C mediated therapeutic
delivery.
Tumor homing of Hsp cages might also be a consequence of their size.
There are many reports that particulate drug carriers (including nanoparticles)
are ‘passively targeted’ to tumor tissue by a mechanism known as the enhanced
permeability and retention (EPR) effect [19]. Passively targeted drug containing
nanoparticles extravasate from the blood and enter tumor tissue through gaps in
vascular endothelial cells [19, 50]. Therefore the EPR effect may account for the
fact that both targeted and non-targeted Hsp cages were found in tumors.
However, the Ruoslahti lab did not find passive targeting of < 10 nm nanometer
sized peptide derivatized quantum-dots (inorganic nanocrystals of ZnS and CdSe
that possess unique luminescent properties) [257]. The current data illustrating
the localization of Hsp cages within tumor vasculature is a significant step toward
their development as therapeutic and imaging agent delivery systems, but clearly
more investigation is warranted.
Biodistribution of Protein Cage Architectures (HspG41C, HspG41C-GFE, CCMV)
in Naïve and Immunized Mice [296]
One of the key requirements for biodistribution studies is the ability to quantify
the degree of localization in a wide variety of tissues. Toward that goal, the
ability to quantify fluorescently labeled cages in tissue homogenates was
evaluated, but proved unreliable. It was difficult to get consistent fluorescent
values from complex tissue samples, because the fluorescent signal could be
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blocked by tissue. In a second approach, protein cage architectures were
radiolabeled with 125I (iodine), which is a gamma emitter and has a signal that
can penetrate through tissue. Protein radiolabeling is a common method for
studying biodistribution because it facilitates precise quantification of the signal
from each tissue without homogenization.

125

I is a gamma emitter with a half-life

(t1/2) of 60.14 days. It was selected for biodistribution studies of HspG41C,
CCMV K42R, and HspG41C-GFE a ‘lung targeting’ genetic variant described in
Chapter 7.
Iodination of Protein Cages (HspG41C, HspG41C-GFE, CCMV K42R)
125

I was incorporated into the tyrosines of HspG41C, HspG41C-GFE, and

CCMV K42R protein cage architectures (Figure 6.3). Iodination was performed
utilizing IODO-BEADS Iodination Reagent (Pierce) according to manufacturer’s
instructions (Materials and Methods). IODO-BEADS are non-porous polystyrene
beads (1/8’’ diameter) derivatized with N-chloro-benzenesulfonamide (sodium
salt).
The protocol was initially optimized utilizing “cold” NaI to facilitate
characterization of the iodinated protein cages by absorbance spectroscopy,
size exclusion chromatography (Superose 6, Amersham Pharmacia), dynamic
light scattering (Brookhaven 90Plus, Brookhaven, NY), and transmission electron
microscopy (TEM) (Leo 912 AB) (Figure 6.4) (Materials and Methods).
Characterization of the protein cages before and after iodination indicated that
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A.

B.

Oxidation agent =
N-chloro-benzenesulfonamide (sodium salt)

Figure 6.3 Iodination Reaction
A. Reaction schematic of iodine incorporation into tyrosine
B. Cartoon of IODO-BEAD coated with the N-chloro-benzenesulfonamide oxidation
agent (Pierce).

they remained intact and tolerated the reaction conditions (Figure 6.4). A brief
description of the iodination protocol follows: more details can be found in
Appendix A (Materials and Methods). IODO-BEADs were prepared immediately
before the reaction and added to DPBS and carrier free Na125I (MP Biomedicals,
Inc.) Incubation of Na125I with IODO-BEADS results in oxidation of Na125I and in
turn the creation of electrophilic iodine species for incorporation into tyrosines of
protein cages added to the reaction vessel (Figure 6.3). After 15 minutes, the
protein cage solution was transferred into a new microfuge tube and
unincorporated Na125I was removed utilizing Zeba Desalt Spin Columns for two
rounds of purification (Pierce). Experiments utilizing cold NaI resulted in >90%
protein yield. The yields utilizing 125I were assumed to be equivalent.
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Figure 6.4 Characterizations of HspG41C, HspG41C-GFE, and CCMV K42R
Before (A, C, E) and After (B, D, F) Iodination
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Figure 6.4 – continued. Characterizations of HspG41C, HspG41C-GFE, and CCMV K42R
Before (A, C, E) and After (B, D, F) Iodination
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Specific Activity of Radiolabeled Protein Cage Architectures
The specific activity of the 125I labeled protein cages was determined from
counts associated with the sample compared to a linear regression fit to the
counts from 125I standards (ranging from 0 – 1000 nCi) (x-axis) plotted with their
corresponding counts per minute (CPM) (y-axis) (Beckman Gamma 4000
January
11, 2005 I-125 Standard Curve
125I Standard
Curve
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y = 1336.2x + 11204
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Figure 6.5. 125I Standard Curve
A standard curve was made from dilutions of 125I source (MP Biomedicals) and gamma
counts were quantified on Beckman Counter; curves of this type we used to estimate the
specific activity of radiolabeled protein cages.

Counting System; Materials and Methods) (Figure 6.5). Typically, specific
activity for Hsp cage samples was ~20 nCi/μg and ~250 nCi/μg for CCMV
samples (Table 6.1). The incorporation of 125I, in terms of specific activity
(nCi/μg), was about 10-fold greater in CCMV as compared to Hsp cages. This
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discrepancy is most likely because CCMV has more surface accessible tyrosines
(5 per subunit; 900 per cage; exterior Tyr 50, 157, 159, 190; interior Tyr 138)
than Hsp (2 per subunit; 48 per cage; interior Tyr 96, subunit interface Tyr 106
subunit) (Figure 6.6).

Table 6.1 Summary of 125I Labeling Reaction Results
DATE

REACTION CONDITIONS
A – # beads : mCi 125I
B – mCi 125I : mg protein

11/2/05

A – 1 bead : 0.5 mCi
B – 1 mCi : 1 mg

HspG41C

5.0

11/2/05

A – 1 bead : 0.5 mCi
B – 1 mCi : 1 mg

HspG41C-GFE

4.4

11/8/05

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.5 mg

HspG41C

11/8/05

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.5 mg

HspG41C-GFE

11/8/05

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.1 mg

HspG41C

40.0

11/8/05

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.1 mg

HspG41C-GFE

23.5

12/14/05

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.5 mg

HspG41C-GFE

22.6

12/14/05

Iodogen Tube Reaction

HspG41C-GFE

2.0

1/10/06

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.5 mg

CCMV K42R

298.0

1/10/06

A – 2 beads : 0.5 mCi
B – 1 mCi : 0.5 mg

CCMV K42R

232.0

1/10/06

Iodogen Tube Reaction

CCMV K42R

258.0

3/1/06

A – 4 beads : 0.5 mCi
B – 1 mCi : 2 mg

HspG41C

32.5

3/1/06

A – 2 beads : 0.5 mCi
B - ? mCi (rinsed 125I vial) : 0.5 mg

CCMV K42R

62.1

PROTEIN
CAGE

SPECIFIC
ACTIVITY
(nCi/μg)

18.6
7.5
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Figure 6.6. Differential Presentation of Tyrosines (red)
on the Hsp and CCMV Protein Cage Architectures

Percent 125I Incorporation Studies
As described above, free 125I was separated from radio-labeled proteins by
two rounds of desalting column purification (in some cases 3 rounds of ‘clean-up’
were performed). According to the manufacture’s specifications, this degree of
‘clean-up’ should have been enough to remove all free 125I. Two different
strategies were used in attempt to verify that all the gamma counts from the
radio-labeled protein samples were due to incorporated 125I and not free 125I. In
the first strategy, radio-labeled protein cages were spotted onto nitrocellulose
paper followed by washing with DPBS. The number of counts associated with
the nitrocellulose before and after a series of washes was monitored. This
approach did not seem to work. In the first trial, four different pieces of
nitrocellulose were spotted with samples taken at different time points (A- prior to
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addition of protein; 1– at time = 0 just after protein was added; 2– after 12
minutes; and 3– after protein had been ‘cleaned up’ with de-salting columns).
Free 125I should have washed away while radio-labeled protein should have
bound to the nitrocellulose. After washing (5 x 50 ml) the counts from samples A,
1, or 2 were not close to ‘background’ levels. The counts kept decreasing with
more washes (and based on the volume of waste generated and the time
required, further washes were not performed). The ‘cleaned-up’ samples (3) had
variable results; the signal decreased about 10-fold for the HspG41C sample
after washing whereas the HspG41C-GFE sample decreased only 3.6% after
washing, but it started lower. Based on those results, the radio-labeled HspG41C
sample was subjected to another round of desalting column ‘clean-up’ because
of the possibility that free 125I had been inadvertently introduced into the purified
sample tube. After the 3rd round of column clean-up the HspG41C data were
more similar to that of the HspG41C-GFE data (Table 6.1). This initial labeling
experiment was a learning experience; conclusions based solely on these results
are not warranted.
In the following experiment, a modified version of this protocol was utilized.
Only the ‘cleaned up’ radiolabeled protein samples were spotted onto
nitrocellulose and subsequently washed and counted. The counts associated
with the HspG41C preparation spots on nitrocellulose decreased slightly after
washing whereas the nitrocellulose associated counts for the HspG41C-GFE
preparation actually increased. These results raised some concerns regarding
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these data including the possibility that the protein cages (which were intact and
not denatured) did not bind to nitrocellulose well and/or that an insufficient
amount of time was allotted for the protein spots to dry onto the nitrocellulose
paper. This method was abandoned for another which took advantage of the
ability to precipitate proteins with 10% trichloroacetic acid (TCA).
In order to precipitate protein cages with TCA, equal volumes of radiolabeled
protein solution and 20% TCA (5 μL each) were mixed and incubated on ice for 1
hour. The protein was pelleted by centrifugation (13,000 rpm for 5 minutes) and
the number of gamma counts associated with the pellet, supernatant and one
wash (15 μL 10% TCA) was determined. This analysis revealed that for the Hsp
samples the majority of the counts (76.4%) were associated with the protein
pellet. Unfortunately, the CCMV data are less clear because although several
different TCA precipitation protocols were attempted, consistent precipitation was
not obtained; usually less than 50% of the protein would precipitate as
determined by SDS-PAGE gels of parallel ‘cold’ cage experiments (Figure 6.7).
TCA precipitation of radio-labeled CCMV resulted in 53.5% of the counts in the
pellet. Based on this data, it seems that the majority of 125I in the radio-labeled
protein preparations is incorporated into the protein, but the possibility of free 125I
in these preparations can not be ruled out (Table 6.2).
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Sample

125I

% cpm

Sample

125I

% cpm

Hsp Pellet

76.4

CCMV Pellet

53.5

Hsp Sup

21.6

CCMV Sup

43.3

Hsp Wash

2.0

CCMV Wash

3.2

Table 6.2. TCA Precipitation Data from 125I Labeled Hsp and CCMV
Radiolabeled Hsp and CCMV protein cages were TCA precipitated as described
in the text. The gamma counts associated with the pellet, supernatant (sup), and
wash are expressed as a percent of the total counts of either the Hsp or CCMV sample.

In addition, trial iodination experiments utilizing IODO-GEN (1,3,4,6tetrachloro-3α,6α-diphenylglycouril) Pre-Coated Iodination Tubes (Pierce)
resulted in ~10-fold less iodine incorporation in Hsp cages, but resulted in
similar levels of 125I incorporation, as IODO-BEAD reactions, in CCMV cages
(Table6.1). Both Hsp and CCMV cages were less stable in IODO-GEN Tube
reactions, tolerating reaction times of < 10 minutes before cage disassembly.

Lane 16: CCMV wash (10 of 50ul)

Lane 15: CCMV sup

Lane 14: CCMV pellet

Lane 13: Hsp wash

Lane 12: Hsp sup

Lane 11: Hsp pellet

Lane 10: CCMV No Exp

Land 9: Ladder

Lane 8: Hsp No Exp

Lane 7: CCMV wash (10 ul of 50)

Lane 6: CCMV sup

Lane 5: CCMV pellet

Lane 4: Hsp wash 1

Lane 3: Hsp sup

Lane 2: Hsp pellet

Lane 1: Ladder
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A.

B.

Figure 6.7. SDS-PAGE Analysis of TCA Precipitation of CCMV and Hsp
Proteins were precipitated by either Protocol 1 (lanes labeled green): 5 μl protein (1mg/ml)
sample + 5 μl 20% TCA, on ice for 30 min., spun 5 min 13k rpm, washed with 15 μl 10%
TCA, or by Protocol 2 (black): 5 μl protein (1mg/ml) sample + 5 μL 20% TCA, on ice for 30
min., spun 5 min 13k rpm, washed with 50 μl 10% TCA. The pellet, supernatant (sup), and
wash were analyzed by SDS-PAGE; the lanes are labeled accordingly. Two representative
gels in which the proteins are stained with (A) Coomassie Flour Orange (Molecular Probes;
UV light image) and (B) Coomassie Blue. Molecular weight ladder from top to bottom 66,
45, 36, 29, 24, 20, 14.2, and 6.5 kDa.

131

Biodistribution of 125I Labeled Protein Cages (HspG41C,
HspG41C-GFE, and CCMV K42R) in Naïve and Immunized Mice [296]
Pilot Study Results – Biodistribution of ‘Lung Targeted’ HspG41C-GFE vs.
Non-Targeted HspG41C in Naïve Mice. In pilot studies utilizing a small number
of mice (3-4 per experimental condition), the route of administration, dosage, and
lung specific targeting capability of HspG41C-GFE (described in Chapter 7) were
examined. The biodistribution of protein cages was determined from gamma
counts of organs and tissues removed from sacrificed mice. The list of organs
and tissues from which individual count data were obtained includes bladder,
thyroid, liver, lungs, salivary gland, spleen, kidney, gastrointestinal tract (GI),
blood, tail, tegument, heart, head, reproductive, olfactory bulbs, and brain. The
results are reported in multiple formats: (1) as a percent of the counts per minute
(CPM) per gram of tissue (%CPM/gm); (2) as a percent of injected dose (%ID)
and (3) as percent injected dose per gram of tissue (% ID/gram). Data from the
pilot studies indicated that a dose of 50 μg protein (0.5 μCi 125I) was sufficient for
obtaining counts from a variety of organs; therefore this dose was used in
subsequent experiments. The pilot studies also revealed a difference in the
trafficking of cages dependent on their route of administration intranasal: (i.n.)
versus intravascular (i.v.). For example, more cages were found in the lung

following i.n. inoculation compared to i.v.
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The i.v. route of administration was used for all further investigations. Initial
data suggested that the ‘lung targeted’ HspG41C-GFE cages homed to the lung,
since ~ 2-fold more counts were found in the lung tissues of mice given
HspG41C-GFE as compared to the control cages HspG41C (Figure 6.8).
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Figure 6.8. Lung Localization Data of HspG41C-GFE
Data graphed as percent 125I counts per minute (CPM) per gram of lung tissue (% CPM/gm) at
1 and 24 hour time points. Lung targeted HspG41C-GFE (red); non-targeted HspG41C
(green). (A) In the first study, HspG41C-GFE exhibited increased lung localization, (B) but in
the second study the opposite results were obtained, namely more HspG41C in the lungs.

Unfortunately, a follow up study did not concur with the previous results (Figure
6.8). This could be due to differential presentation of the GFE peptide on the
Hsp cage architecture as compared to its presentation on the M13 phage.
Although, Ackerman et al.[257] reported successful in vivo targeting of quantum
dots conjugated to GFE peptides in BALB/c mice, but this study differed from the
one described above: (1) different nanoparticles (quantum dots vs. protein
cages), (2) time of organ harvest (after 5 minutes in [257] vs. after 1 hour), and in
the (3) method of detection (epifluorescence microscopy in [257] and by
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radioactive signal above). At this time, the focus of the initial biodistribution
studies was shifted from targeted vs. non-targeted Hsp cages, to a comparison of
the biodistribution of two different protein cage architectures, Hsp and CCMV.
Biodistribution Different Protein Cage Architectures (HspG41C & CCMV
K42R) in Naïve and Immunized Mice. As described in Chapter 1, the Hsp and
CCMV protein cage platforms, while similar, do have distinct differences in size
(Hsp 12 nm diameter; CCMV 28 nm diameter) and amino acid composition.
The biodistribution of 125I labeled HspG41C and CCMV K42R cages was
determined at 1 and 24 hour time points following i.v. injection into BALB/c mice.
The doses of HspG41C and CCMV K42R cages were 50 μg protein (0.5 μCi
125

I). For CCMV experiments, 125I cages were combined with non-radioactive

cages to make a 50 μg protein (0.5 μCi) dose. Normalization of the cage dose to
50 μg corresponds to differing number of Hsp and CCMV cages, 7.6 x 1013 and
8.227 x 1012 cages, respectively.
Ideally, therapeutic and imaging agent delivery systems could be administered
multiple times without altering their biodistribution and effectiveness. As
described later in this chapter, antibodies specific to Hsp and CCMV were
generated in mice that received multiple doses of cage. Therefore, it was
important to determine whether these antibodies altered the biodistribution of
subsequently administered 125I-labeled cages. Mice were injected with two 50 μg
doses of either Hsp or CCMV separated by a two week time period. One week
after their second “cold” cage dose, 125I-labeled cages were administered. The
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biodistribution of protein cages was determined from gamma counts of organs
and tissues removed from sacrificed mice. The results are reported and
discussed in the following formats: (#1) as a percent of the injected dose per
gram of tissue (%ID/g), (#2) as a percent of the injected dose per organ
(%ID/organ), and (#3) as percent injected dose (% ID) (Figures 6.8 & 6.9; Table
6.3). The values reported in Table 6.3 as %ID/g, were calculated utilizing the
following equation:
%ID/g = [(cpm in tissue – background cpm) / organ weight in grams] x 100

(cpm in dose – background cpm)
Other formats of numerical reporting, including normalization of the cpm obtained
from organs to a given weight, are currently being evaluated. Regardless of
format, the numerical results are more meaningful when direct comparisons are
made between various tissue types, mouse immune status, and cage type as
described below and in Table 6.3. The total recovered dose from all experiments
ranged from 64% to 89%.
In general, the two cages had similar biodistribution profiles one hour after
injection (Figure 6.9). Notably, the majority of 125I-cage dose was excreted in the
urine by 24 hours post-administration (Figure 6.10C). The total percent of
injected dose recovered from the feces and urine combined ranged from 56.6%
to 63.3%. The %ID recovered in the urine alone ranged from 51-60%.
Interestingly, an analysis of the RNA viral community isolated from human feces
found that most (97.1%) of the sequences corresponded to plant viruses [297].
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Of those viruses, the most abundant was the pepper mottle virus (PMMV), which
remained infectious after passing through the human digestive system [297].
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Figure 6.9. Selected Organ Distribution of 125I-Labeled Cage.
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Table 6.3. Percent of Injected Dose per Gram of Tissue (%ID/g); T-test Results.
Cages
Tissue
(Mean
± SEM)
Naïve
Liver
Spleen
Thyroid
Lung

Salivary
Gland
Feces &
Urine

CCMV K42R
(n = 8)

1 hr
Immunized
45.73
±4.45
13.95
±3.05
37.52
±11.62
30.78
±6.1
4.43
±0.5
16.89
±4.01

Pvalue
0.0008

0.79
0.006
0.0009
0.007
0.42

Naïve

24 hr
Immunized

0.59
±0.07
1.12
±0.33
483.0
±184.7
0.13
±0.02
0.19
±0.01
.1425
±0.05
66.28
±2.3

1.05
±0.17
0.99
±0.08
76.39
±17.13
0.24
±0.03
0.17
±0.01
0.17
±0.02
56.63
±2.2

Pvalue
0.03

0.68
0.04
0.008
0.18
0.58

Naïve

1 hr
Immunized

22.79
±2.63
14.5
±1.65
193.0
±58.52
4.76
±0.62
9.61
±1.15
12.36
±1.89

36.81
±1.8
1.11
±1.28
8.66
±1.09
6.82
±0.42
6.21
±0.25
11.88
±0.77

Pvalue
0.0006

0.05
0.02
0.02
0.01
0.82

0.09

Naïve

24 hr
Immunized

5.07
±0.48
2.45
±0.28
126.4
±25.63
0.37
±0.15
1.44
±0.14
0.28
±0.04
63.31
±3.5

3.94
±0.17
1.49
±0.1
81.61
±16.4
0.15
±0.01
0.43
±0.01
0.12
±0.02
59.26
±2.3

Pvalue
0.05

0.006
0.16
0.16
<0.0001
0.004
0.09

P – values

1 hr

24 hr

Tissue

Hsp Naïve
vs.
CCMV Naïve

Hsp Immunized
vs.
CCMV Immunized

Hsp Naïve
vs.
CCMV Naïve

Hsp Immunized
vs.
CCMV Immunized

Spleen

0.86

0.26

0.008

0.002

Liver

0.64

0.08

< 0.0001

< 0.0001

Thyroid

0.36

0.03

0.06

0.83

Lung

0.67

0.002

0.16

0.02

Kidney

0.13

0.007

< 0.0001

< 0.0001

Salivary Gland

0.02

0.24

0.08

0.09

0.09

0.09

Urine & Fecesa
a

Urine & Feces were analyzed as percentage of injected dose.
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Kidney

20.56
±3.89
15.02
±2.37
132.6
±26.99
5.09
±0.41
7.34
±0.79
22.04
±2.96
% of
dose

Hsp G41C
(n = 7 for naïve 24 hr mice; n = 8 for immunized mice;
Salivary gland n = 4 for naïve 1 & 24 hr mice)
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Figure 6.10. Percentage of Dose per Organ in Selected Tissues.
A. 125I-labeled CCMV K42R, B. 125I-labeled Hsp G41C, C. Total %ID re-covered from feces and
urine combined. No significant difference in excretion was found for cage type (P > 0.05).
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A comparison between the biodistribution of cages in naïve versus immunized
mice showed that, in general, the trafficking of the cages was not dramatically
altered at the one hour time point (Figures 6.9 & 6.10; Table 6.3). There were a
few exceptions, including the increase of CCMV in the kidney, liver, and thyroid
of CCMV immunized mice compared to that found in naïve mice, and an
increased amount of Hsp found in the lungs of immunized mice as compared to
that found in naïve mice (Figures 6.9 & 6.10; Table 6.3). A comparison of the
biodistribution of CCMV and Hsp after one hour illustrates that the average
%ID/g found in the lungs, thyroids, and kidneys of CCMV dosed mice compared
to Hsp immunized mice differed significantly (P < 0.05; Table 6.3). The
deposition of Hsp in the lung of immunized mice at the 1 hour time point was 4.5
times greater than CCMV immunized mice (30.8 %ID/g vs. 6.8 %ID/g). The
%ID/g found within the kidney was 1.4 times greater in CCMV immunized mice
compared to the amount found in Hsp immunized mice at 1 hour (Table 6.3).
The amounts of Hsp and CCMV in the liver and spleen of immunized and naïve
mice did not significantly differ in terms of %ID/g of tissue at 1 hour. However, as
noted above, at 24 hours post injection, mice immunized with CCMV cage had
higher %ID/g in the liver, spleen, lung and kidney whereas Hsp cages were found
more prevalently in the lungs of immunized mice (Table 6.3).
In general, the dispersion of cage in terms of %ID per organ in both treatments
(Hsp and CCMV) was similar in the immunized and naïve mice in the tested
organs except for the salivary gland and lung (Figure 6.10; Table 6.3). In the
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salivary glands of CCMV mice at 1 hour, 54% more of the injected cage was
distributed in the glands of immunized mice than in naïve (2.15 ±0.34 % vs. 1.4
±0.34%). In contrast, the Hsp immunized mice had 62% less deposition of dose
in the salivary gland than naïve mice at 1 hour. There is a difference in the
amount of cage, Hsp vs. CCMV, found in the salivary gland of naïve mice at 1
hour (P < 0.05; Table 6.3), but not in the salivary glands of immunized mice. In
the lung, Hsp immunized mice had a higher %ID than CCMV immunized mice
(Table 6.3).
Naïve mice injected with CCMV had 2.3 times greater %ID in the GI tract as
compared to immunized mice (15.55 ±7.95% vs. 6.76 ±0.81%), and there was
64% and 60% more CCMV injected cage respectively in the liver and lungs of
immunized mice versus naïve at the 1 hour time point (33.8 ±3.85% vs. 20.61
±4.86% and 1.35 ±0.32% vs. 0.84 ±.27%, respectively). The thyroid had the
second highest %ID for both Hsp and CCMV, naïve and immunized mice. The
%ID in the livers of mice from both types of cage and immune status was the
third highest location of dose at 24 hours, but was as low as 0.67 %ID in Hsp
injected mice. All other tissues were less than 1% of the total injected dose.
Also noted was that the %ID in the brain was 0% at 24 hours and never more
than 0.15% at 1 hour (range 0.08-0.15%).
Biodistribution of Free 125I in Mice. Previous work utilizing 125I in mice indicate
that free iodine traffics to the thyroid and stomach [298-300]. Since the presence
of free 125I in the radiolabeled cage preparations was not completely be ruled out,
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it was important to investigate the biodistribution of free 125I in BALB/c mice using
identical methods to those used in the protein cage biodistribution. The results of
this study indicate that at 1 hour post i.v. injection, the majority of 125I is found in
the tegument (24.6 %ID) and gastrointestinal tract (16.44 %ID). The thyroid
contained 4.33 %ID and the bladder 2.4 %ID. Since these organs are very small
this number is low, but when the counts per minute (CPM) values are presented
on a per gram of tissue basis (see formula described above), the thyroid and
bladder had the highest values (221.30 %CPM/gm and 208.93 %CPM/gm
respectively). These values exceed 100%, due to the manner in which they were
calculated, but these results clearly demonstrate that thyroid had the highest 125I
load on a gram of tissue basis. In general, the pattern of radioactivity associated
with the other organs differed from that obtained from the 125I labeled cage
experiments. This experimental result lends validity to the previous experiments
analyzing the biodistribution of 125I labeled cages. It indicates that those
experiments were indeed tracking 125I labeled cage and not just free 125I.
The only value that was similar between the free 125I and the 125I-labeled cage
biodistribution studies was the amount of radioactive signal excreted within the
first 24 hours post-injection (63.72 %ID). At 24 hours post-injection the thyroid
contained the majority of the organ associated counts, all of the other organs
contained between 0 – 0.14 %ID (excepting the tegument which contained 0.86
%ID).
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State of Excreted Cages – Intact or Not? Since the majority of 125I signal was
excreted after 24 hours, experiments were designed in order to determine the
state of the excreted cages (i.e., were they intact or degraded). There are more
possibilities for analyzing the state of the CCMV protein cage architectures since
the CCMV used for biodistribution studies was isolated from plants and in turn
contained its RNA genome. The premise of the CCMV experiments was that
identification of CCMV RNA in mouse urine samples would be indicative of the
presence of intact cages. This was based on the idea that RNA is relatively
fragile in vivo and would presumably be degraded by RNAse enzymes in its free
state, but not if it were housed within CCMV viral capsids. RNA dependent
studies included: RT-PCR analysis of mouse urine after CCMV injection and
attempts to generate a CCMV infection in cowpea plants from samples prepared
from mouse urine. These studies are currently underway. Similar strategies
were also utilized by Rae et al. for the detection of CPMV virus in tissue (liver
and spleen) homogenates. Although they obtained positive results from CPMVspecific RT-PCR, they were unable to initiate cowpea plant infection with these
samples [170]. The inability of CPMV isolated from mice to cause infection was
attributed to virus inactivation by components within the circulation [170]. They
demonstrated that pre-incubation of CPMV with either plasma or serum
significantly decreased the degree of infectivity [170].
Another avenue for exploring the nature of protein cage architectures
excreted by mice was to use size selective filters designed to prevent the
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passage of proteins of a given size. These types of filters are routinely used for
concentrating intact protein cage architectures. The molecular weight of intact
CCMV cages is 3600 kDa and 396 kDa for Hsp cages. Therefore, a filter with a
molecular weight cut off (MWCO) of 100 kDa should prevent the passage of
intact cages while allowing free 125I, protein cage subunits (CCMV 20.3 kDa; Hsp
16.5 kDa), and further degraded protein fragments to pass through. The results
from this study suggest that the majority of Hsp and CCMV protein cage
architectures were retained by the filters, suggesting that the cages remain intact
(Table 6.4). Urine samples from mice injected with 125I-CCMV or 125I-Hsp
collected after 24 hours were analyzed by filtration (Microcon centrifugal filter
device, MWCO = 100 kDa). Gamma counts of both the retentate and flow
through after filtration indicated that 80% of the CCMV cages were intact (larger
than 100 kDa) and 78.4% of the Hsp cages were intact (larger than 100 kDa)
(Table 6.3 Materials and Methods). Control experiments verified the intact nature
of the 125I-labeled cages in both the Hsp and CCMV doses. Additional analyses
of urine samples from mice injected with free 125-I could be performed (these
samples were not available at the time of analysis).
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Sample

% Intact *
(cpm)

% Free or
Broken (cpm)

1. CCMV Urine

80

20

2. Hsp Urine

78.4

21.6

3. CCMV Dose

84.3

15.6

4. Hsp Dose

82

18

Table 6.4. Percentage of Intact* Protein Cage (CCMV & Hsp) Excreted by Mice

Mice were injected with 125I labeled CCMV and Hsp. Urine samples were collected 24
hours later and analyzed by Microcon filtration (MWCO 100 kDa). The gamma counts
associated with either the retentate (intact) or filtrate (free or broken) were quantified. The
results are expressed as percentages of the total counts. *Percent intact as indicated by
filtration (size >100 kDa); Hsp Cage = 396 kDa; CCMV 3,600 kDa. Samples 1 & 2 are
urine samples from mice that received 125I-CCMV and 125I-Hsp respectively; the
percentages listed were corrected to exclude the amount of free 125I or broken cages in
the injected dose. Samples 3 & 4 are control samples, analyzing an equivalent amount of
125
I-CCMV and 125I-Hsp as the injected dose in DPBS buffer.

Initial Evaluation of the Immune Response
to Protein Cage Architectures [301]
_
Characterization of the Immune Response Generated Against CCMV and Hsp
in Mouse Models. Initial characterization of the immune response against Hsp
and CCMV generated in mice sought to: (1) determine the extent and type of
antibody response generated against the cages, (2) determine if injection of Hsp
and CCMV elicited a hypersensitivity reaction, (3) determine if antibody
production alters the trafficking of subsequently administered doses of protein
cages (described earlier in this chapter).
Antibody Response to CCMV and Hsp Protein Cage Architectures. In order to
determine the extent and type of antibody response generated against the cages,
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BALB/c mice were given 50 μg i.v. injections of protein cage on week #1 and
then boosted with 50 μg of the same protein 2 weeks later (week #3) followed by
antigen-specific antibody titer quantification (week #4). These studies confirmed
that a substantial amount of IgG antibody was generated against both CCMV and
Hsp cages (Figure 6.11). PEGylation of CCMV and Hsp diminished the amount
of antibody produced as compared to the titer generated against ‘naked’ CCMV
and Hsp [302] (Figure 6.11; Materials and Methods).
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Figure 6.11. CCMV and Hsp Specific Antibody Titer Reduced by PEGylation
Mice were given 50 μg injections of protein cages and PEGylated (PEG) protein cages on
week #1 and then boosted with 50 μg of the same protein 2 weeks later (week #3) followed
by antigen-specific antibody (Ab) titer quantification (week #4). (A) CCMV specific Ab titer
and (B) Hsp specific Ab titer from different samples as indicated on x-axis. PEGylation
decreases the Ab titer (stars). Note: PEGylated cages made by Joynal Abedin, Douglas &
Young Lab; Ab titer by Diana Buckner, Jutila Lab.
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Hypersensitivity to CCMV and Hsp Evaluated in Mice. The most common side
effect of particulate drug carriers is the induction of a hypersensitivity reaction
after i.v. administration [231]. This effect can sometimes be lessened by slowing
the infusion rate and/or pre-medicating the patient [19, 303]. The hypersensitivity
response to CCMV and Hsp was tested in mice. Mice (4 per group) were given
repeated intranasal doses of CCMV and Hsp. The weight of these mice was
similar to control mice through the one month study period. Mouse weight is a
general indicator of health, since sick mice tend to weigh less than healthy mice.
In addition, the numbers of CD4+ and CD8+ lymphocytes within bronchoalveolar
lavage fluid (BALF) samples were analyzed by fluorescence activated cell sorting
(FACS). This analysis revealed an increased number of lymphocytes in Hsp and
CCMV immunized mice as compared to control mice. In addition, lymphoid-like
aggregates were evident in the histological analysis of lungs from Hsp and
CCMV immunized mice.
In general, minimal to no adverse reactions to the protein cages were
observed from all mice in given test groups, except in mice given their third dose
of 50 μg 125I-CCMV. These mice exhibited signs of distress including labored
breathing (hypopnea), fatigue, and ruffled fur within 5-7 minutes of 125I labeled
CCMV injection [290]. Signs of recovery began at approximately 1.5 hours post
injection and a full recovery was apparent at 2.5 hours post i.v. administration.
The histological data did not evidence any remarkable differences in liver, kidney
or spleen H&E stained sections. Lung sections from a CCMV immunized mouse
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were suggestive of pulmonary vascular congestion and may account for some of
the distress observed in these mice after challenged with the 125I cage. Spleen
sections from an Hsp and a CCMV mouse appeared different. The areas of
white pulp in the Hsp mouse spleen were greater in size with well defined
germinal centers perhaps indicating more of an immune response, but no
adverse affect was observed in mice immunized with Hsp cages. Additional
analysis of these samples is ongoing and further characterization of the immune
response mounted against Hsp and CCMV cages is warranted.
Summary
The data presented in this chapter are very important to the development of
protein cage architectures as therapeutic and imaging agent delivery systems. In
addition, the biodistribution data in particular may provide insight into the field of
nano-medicine as a whole. There are some nanoplatform biodistribution in the
literature, but less than the number of platforms currently being brought forward
for biomedical applications. It is very interesting that two different protein cage
architectures (Hsp 12 nm, CCMV 28 nm; different amino acid composition) traffic
similarly in both naïve and immunized mice. The possibility that these cages are
excreted intact is also exciting since one current problem with nanoparticles
(including quantum dots) in vivo is that they are sequestered in the liver [257].
Although the data on the initial characterization of the immune response were
somewhat disappointing, especially the adverse reaction seen upon the third
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dose of CCMV, there were also positive results. There was no adverse reaction
to Hsp cages and the antibody response generated against both cages could be
reduced by PEGylation. Tumor localization of both non-targeted and tumor
targeted Hsp cages warrants further investigation. Future experiments will
investigate the efficacy of HspG41CRGD4C-Dox cages as therapeutic delivery
agents in vivo. The data presented herein begin to answer some questions
regarding the biocompatibility of protein cage architectures while at the same
time generating many more questions. The continued in vivo study of these
cages will be of great importance to the development of these systems for
biomedical applications.
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CHAPTER 7
ADDITIONAL GENETIC VARIANTS OF THE SMALL HEAT SHOCK PROTEIN
(Hsp) FROM M. jannaschii AND THE HUMAN H-CHAIN FERRITIN (HFn)
WITH CELL-SPECIFIC TARGETING POTENTIAL
Abstract
In addition to the ‘tumor targeted’ HspG41C-RGD4C genetic variant and the
CD4+ cell targeting Ab-Hsp chemical conjugate (described in Chapter 4), other
genetic variants with cell specific targeting potential were created. The majority
were generated utilizing the Hsp cage platform (Table 7.1). Some of these
variants have been characterized, derivatized, and tested in cell and/or tissue
assays. Other variants have only been initially characterized by DNA sequencing
and verification of subunit protein expression (Table 7.1).
The ‘lung targeting’ variant of the Hsp cage architecture, HspG41C-GFE, was
generated by genetic incorporation of the GFE peptide as a C-terminal fusion of
the Hsp monomer. The GFE peptide was discovered by in vivo phage display
and was previously shown to bind membrane dipeptidase expressed on lung
endothelial cells [257]. HspG41C-GFE exhibited ex vivo lung tissue binding
capability, whereas the results on the ability of radiolabeled HspG41C-GFE
cages to target lung tissue in vivo were mixed (Chapter 6).
Two additional tumor targeting Hsp variants, HspG41C-RGD2C and
HspG41C-RGDWLE, self-assembled in the E.coli heterologous expression
systems from which they were easily purified. Both of these variants were
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designed to target αvβ3 integrins known to be up-regulated on angiogenic tumor
vasculature. HspG41C-RGD2C and HspG41C-RGDWLE were labeled with
fluorescein. Initial epifluorescence microscopy data indicated that they were not
as effective at binding adherent C32 melanoma cells as HspG41C-RGD4C.
The other protein cage platform utilized for cell-specific targeting was the
human H-chain ferritin (HFn) architecture (described in Chapter 1). Analogous to
the ‘tumor targeted’ HspG41C-RGD4C construct, a ‘tumor targeted’ human Hchain ferritin was created, RGD-HFn, via genetic incorporation of the RGD-4C
peptide. The RGD-HFn architecture has exhibited promise towards its
development as a tumor targeted imaging agent. RGD-HFn cages bound C32
melanoma cells and served as size constrained reaction vessels for the
synthesis of magnetite nanoparticles (a specific crystal phase of iron oxide useful
as a magnetic resonance imaging (MRI) contrast agent) [276].
Introduction
The focus of this work was to generate and characterize many different cell
targeting variants of the Hsp protein cage architecture and the ‘tumor targeting’
human H-chain ferritin, RGD-HFn [276]. All the cell targeting variants were
genetically engineered to incorporate sequences encoding cell-specific targeting
peptides [281]. As described in Chapter 4, these cell-specific targeting peptides
were discovered by the in vivo application of the phage display library technique
[7, 8, 24, 251, 256, 257, 304]. Table 7.1, provides an overview of the library of
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different Hsp genetic variants [305]. Most target tumors, but notably target via
different routes (Table 7.1). Simply put, a tumor is a mass of rapidly dividing
cells fed by a newly formed (angiogenic) vasculature system and drained by a
lymphatic system. Therefore three useful strategies for targeting drug delivery
systems to tumors are: (1) target the tumor cells themselves, (2) target the
vasculature that feeds the tumor (i.e., the RGD-4C constructs), and (3) target the
lymphatic vessels. Analysis of 7.1, illustrates that Hsp genetic variants were
created to target tumors via each of these routes.
In addition to tumor targeting Hsp architectures, one lung targeting variant was
created, HspG41C-GFE. This variant is especially of interest to our collaborator,
Dr. Allen Harmsen (Montana State University), since much of his work is focused
on the lung. The ultimate goal of the lung targeted protein cage work is to target
a protein cage housing a therapeutic agent (anti-asthma) to the lung and trigger
the release of the therapeutic agent at the early stages of an asthma attack. In
addition, specific lung targeted imaging agents are desirable.
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Mammalian
Cellular Target

Peptide
Sequence
Introduced

Status
*

5’-GGA ATA CAA ATT TCC GGA AAA TGC TTC ATG CCA ATC TC-3’
5’-GA GAT TGG CAT GAA GCA TTT TCC GGA AAT TTG TAT TCC-3’
5’ G GAA GAA AAT GCA TGC GCA AAG TTT GAA AAT GG 3’
5’ CC ATT TTC AAA CTT TGC GCA TGC ATT TTC TTC C 3’
5’GATACATTAGAGATTAAAGCTAAGAAAAGCCCATTAATGATCACTG
AGAGTGAAAAAATTATCTACTCAG3’
5’CTGAGTAGATAATTTTTTCACTCTCAGTGATCATTAATGGGCTTTTC
TTAGCTTTAATCTCTAATGTATC3’
5' GA TCT GGA GGA TGC GAC TGC CGC GGA GAC TGC TTC TGC
GGA TAA GGA 3'
5’ TCC TTA TCC GCA GAA GCA GTC TCC GCG GCA GTC GCA
TCCTCC AGA TC 3’

CRGDWLEC

Mass

Ref.

None

none

1&2

16,498

[288]

S121C

None

none

1&2

16,468

[288]

None

none

1&2

16,368

[306]

1&2

17,814

[24,
281]

5’ GA TCT GGA GGA TGT CGC GGA GAC TGG CTC GAG TGC GGA
TAA GGA 3’
5’ G ATC TCC TTA TCC GAC CTC GAG CCA GTC TCC GCG ACA TCC
TCC A 3’

1&2

17,776.5

RGDWLE

5’ GA TCT GGA GGA CGA GGA GAC TGG CTC GAG GGA TAA GGA 3’
5’ G ATC TCC TTA TCC CTC GAG CCA GTC TCC GCG TCC TCC A 3’

1&2

17,570.2

[307]

CGFECVR
QCPERC

5’GATCTGGAGGATGCGGTTTCGAATGCGTTCGTCAGTGTCCGGAAC
GCTGTGGATAAGGA 3’
5’GATCTCCTTATCCACAGCGTTCCGGACACTGACGAACGCATTCGAA
ACCGCA TCCTCCA 3’

1&2

18,325

[257]

R80\83\93K
G41CRGD4C
G41CRGD2C
G41CRGDWXE
G41C-GFE

αvβ3 & αvβ5
integrins on tumor
vasculature
αvβ3 & αvβ5
integrins on tumor
vasculature
αvβ3 & αvβ5
integrins on tumor
vasculature
Membrane
dipeptidase on
lung endothelial
cells

CDCRGDCFC

Table 7.1 Hsp Genetic Variants Summarized
*(1) = Cloned & Sequenced; (2) = Purified / Assembled; Note: All targeting sequences have GSGG before the peptide sequence
and all but CGKRK and CREKA a G is added before the stop codon.
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Mutagenesis Primers
(+) 1st (-) 2nd

Name of
Hsp
Genetic
Variant
G41C
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Name of
Hsp
Genetic
Variant
G41CCREKA
G41C-Lyp1

Mammalian
Cellular Target

Peptide
Sequence
Introduced

Mutagenesis Primers
(+) 1st (-) 2nd

Status
*

Mass

Ref.

CREKA

5’ GATC T GGA GGA TGC CGC GAA AAA GCT TAA GGA 3’
5’ GATC TCC TTA AGC TTT TTC GCG GCA TCC TCC A 3’

1

17,344

[308]

CGNKRTRGC

1

17,789

[195]

G41C-F3

tumor endothelium
& tumor cell nuclei

KDEPQRR
SARLSAKP
APPKPEPK
PKKAPAKK

1

20,228

[257,
309]

G41CCGKRK
G41C-NGR

shorter alternative
to F3
angiogenic
endothelium of
tumors

CGKRK

5’GATCTGGAGGATGTGGCAACAAACGCACCCGGGGCTGCGGATAA
GGA 3’
5’GATCTCCTTATCCGCAGCCCCGGGTGCGTTTGTTGCCACATCCTC
CA 3’
5’GATCTGGAGGAAAAGATGAACCACAAAGAAGGAGTGCTCGCTTAA
GCGCAAAGCCTGCTCCACCTAAACCAGAACCTAAGCCAAAAAAGGC
ACCTGCTAAAAAGGGATAAGGA 3’
5’GATCTCCTTATCCCTTTTTAGCAGGTGCCTTTTTTGGCTTAGGTTCT
GGTTTAGGTGGAGCAGGCTTTGCGCTTAAGCGAGCACTCCTTCTTTG
TGGTTCATCTTT TCCTCCA 3’
5’ GATC CGGAGGA TGTGGAAAAAGAAAG TAAGGA 3’
5’ GATC TCCTTA CTTTCTTTTTCCACA TCCTCCG 3’

1

17,329

5’GATCTGGAGGATGCAACGGCCGCTGTGTGTCCGGATGCGCGGGT
CGTTGTGGA TAAGGA 3’
5’GATCTCCTTATCCACAACGACCCGCGCATCCGGACACACAGCGGC
CGTTGCATCCTCCA 3’

1

18,080

[257,
309]
[310]

CNGRCVS
GCAGRC

Table 7.1. – Continued. Hsp Genetic Variants Summarized
*(1) = Cloned & Sequenced; (2) = Purified / Assembled; Note: All targeting sequences have GSGG before the peptide sequence
and all but CGKRK and CREKA a G is added before the stop codon.
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tumor extracellular
matrix
tumor lymphatic
vessels
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Results and Discussion
HspG41C-GFE Engineered to Target Membrane
Dipeptidase Expressed on Lung Endothelium
The “GFE peptide” discovered from in vivo phage display library technique has
been shown to target membrane dipeptidase on lung endothelial cells [257]. In
order to endow protein cage architectures with lung specific targeting capability,
the lung targeted HspG41C-GFE protein cage was created. Genetic introduction
of DNA encoding the GFE peptide (CGFECVRQCPERC) was incorporated into
HspG41C as a C-terminal extension [257, 311] (Materials and Methods).
Characterization by size exclusion chromatography (SEC), dynamic light
scattering (DLS), and transmission electron microscopy (TEM) demonstrate that
HspG41C-GFE subunits assemble into protein cage architectures similar to wild
type Hsp and other genetic variants (Figure 7.1A - TEM). HspG41C-GFE cages
were labeled with fluorescent dyes (fluorescein, Texas-red, Molecular Probes –
Invitrogen, see Materials and Methods). The co-elution of Texas-red (580 nm)
and the protein cage from size exclusion chromatography demonstrate the
association of Texas-red with the protein cage (Figure 7.1B).
In order verify the ability of HspG41C-GFE to bind lung tissue, Texas-red
labeled Hsp cages were incubated with ex vivo lung tissue (Figure 7.2, Materials
and Methods). Epifluorescence microscopy demonstrated that ‘lung targeted’
HspG41C-GFE cages adhered to lung tissue, whereas non-targeted HspG41C-
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Figure 7.1. Characterization of HspG41C-GFE Cage Architectures
A. TEM of HspG41C-GFE B. SEC elution profile of Texas-red derivatized HspG41C-GFE.

Figure 7.2. Lung Targeted HspG41C-GFE Binds ex vivo Lung Tissue
Texas-red labeled (A) HspG41C-GFE and (B) HspG41C cages were incubated with ex
vivo murine lung tissue. Epifluorescence microscopy illustrates the enhanced ability of
HspG41C-GFE to bind lung tissues as compared to HspG41C. Lung tissue exhibits a
high level of green autofluorescence.
Panel C is an image of lung tissue that was not incubated with protein cages.

Texas red cages did not (Figure 7.2). These studies were promising, but
biodistribution studies examining the lung targeting ability of HspG41C-GFE in
vivo exhibited mixed results (Chapter 6). Studies testing HspG41C-GFE cages

and their targeting capabilities in mouse models will continue.
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Tumor Targeting HspG41C-RGD2C and HspG41C-RGDWLE
In addition to the tumor targeting HspG41C-RGD4C described in Chapters 4 6, two other variants (HspG41C-RGD2C & HspG41C-RGDWLE) with the same
cellular target, αvβ3 and αvβ5 integrins, were genetically engineered (Table 7.1;
Materials and Methods) [307]. As described previously, αvβ3 and αvβ5 integrins
have increased expression on angiogenic endothelial cells of tumor vasculature
and are therefore suitable targets for therapeutic and imaging agent delivery.
HspG41C-RGD2C and HspG41C-RGDWLE cages were purified from E. coli in
the same manner as HspG41C-RGD4C (Materials and Methods). The intact
nature of the cages was determined by their characteristic elution profile from
size exclusion chromatography and by TEM (Figure 7.3 -TEM).

A.

50 nm

B.

50 nm

Figure 7.3 TEM Images of (A) HspG41C-RGD2C-fluorescein and (B) HspG41C-RGDWXLE

HspG41C-RGD2C cages were labeled with fluorescein-5-maleimide (Fl);
reactions with 2-fold molar excess per Hsp subunit resulted in attachment of 17.4
Fl per cage. Similarly, reactions with 6-fold molar excess per subunit resulted in
labeling 16.6 Fl per cage. There are 3 cysteines per subunit (72 per cage),
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therefore not all cysteines were labeled in these reactions. Substoichiometric
labeling of cages was desired for in vitro cell targeting experiments to ensure that
not all targeting peptides were labeled. It is not known whether or not fluorescein
labeling of targeting peptide disrupts their integrin binding capability, thus
substoichiometric labeling was done as a precaution. Similarly, HspG41CRGDWLE cages were fluorescently labeled with fluorescein maleimide. The
yields of labeled cages were similar, approximately 75% of the starting protein.
HspG41C-RGD2C and HspG41C-RGDWLE cages were assayed for their ability
to bind adherent C32 melanoma cells (as described in Chapter 4). In two initial
experiments the HspG41C-RGD2C and HspG41C-RGDWLE did not
demonstrate cell binding.
Tumor Targeted Human H-chain Ferritin (RGD-HFn) [276]
Analogous to the ‘tumor targeted’ HspG41C-RGD4C construct (described in
Chapter 4), a ‘tumor targeted’ human H-chain ferritin was created, RGD-HFn.
The gene encoding human H-chain ferritin was cloned into an E.coli plasmid, and
subsequently genetically altered via PCR mediated mutagenesis to present the
RGD-4C tumor targeting peptide (Materials and Methods) [276]. The RGD-4C
peptide was incorporated into HFn as an N-terminal fusion, since in the crystal
structure of ferritin the N-terminal amino acid residues are exposed to the exterior
surface. Four glycine residues were added after the RGD-4C peptide to allow for
some structural flexibility. This flexibility might facilitate intra-peptide disulfide
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bond formation between the four cysteines in the RGD-4C sequence (as
described previously in Chapter 4). Both HFn and RGD4C-Fn were expressed in
E. coli where they self-assembled into the 24 subunit cages. The protein cages

were characterized using SEC, dynamic light scattering (DLS: Brookhaven,
90Plus particle size analyzer) and transmission electron microscopy (TEM: LEO
912AB) (see [276]).
Cell Targeting Assay of Mineralized RGD4C-Fn. Iron oxide mineralized
(magnetite) RGD4C-Fn (RGD4C-Fn-Mag) cages demonstrated cancer cell
targeting capability. Magnetite containing RGD4C-Fn-Mag and non-targeted
HFn (HFn-Mag) cages were made as described in Materials and Methods
(Figure 7.4A). Their C32 melanoma cell (αvβ3 integrin) binding capability was
tested. Adherent C32 cells were incubated with either HFn-Mag or RGD4C-FnMag (200µg/ml) in DPBS. After incubation, the cells harvested and prepared for
thin sectioning (Materials and Methods). The increased amount of RGD4C-FnMag cage association with C32 cells, as compared to HFn-Mag cages, was
imaged by TEM (Figure 7.4B).
Cell Targeting of Fluorescein Labeled RGD4C-Fn. Cysteine residues on both
the HFn and the RGD4C-Fn were labeled with fluorescein-5-maleimide as
described previously (Materials and Methods). This facilitated the investigation
of their C32 melanoma cell binding capability by FACS (Materials and Methods).
Similar to the HspG41C-RGD4C C32 cell binding assay described in Chapter 4,
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RGD4CFn-Fl

C.

B.

A.

HFn-Fl 1388
C32 Cells
Only

34
TEM
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100 nm
nm

TEM

453

200 nm
Fluorescence Intensity

Figure 7.4. C32 Melanoma Cell Binding Capability of Derivatized RGD4C-Fn Protein
Cage Architectures
A. Unstained TEM image of RGD4C-Fn encapsulated magnetite nanoparticles.
B. TEM image of a C32 melanoma thin section illustrates binding of magnetite containing
RGD4C-Fn (arrow).
C. FACS data from C32 melanoma cells incubated with fluorescently labeled non-targeted
HFn (red line; geo. mean 453) or αvβ3 integrin targeted RGD4C-Fn (green filled plot; geo.
mean 1388) are plotted as histograms labeled with their corresponding geometric mean
fluorescence intensity values (geo. mean). The background level of C32 cell associated
fluorescence (blue solid line; geo. mean 34).

C32 cell suspensions were incubated with fluorescently labeled RGD4C-Fn and
HFn protein cages. After incubation, the cells were washed and suspended in
DPBS + 1% FBS for FACS analysis. The results demonstrate the superior
binding ability of RGD4C-Fn-Fl (geometric mean fluorescent intensity (geo.
mean) = 1388) as compared to HFn-Fl (geo. mean = 453) (Figure 7.4C).
Notably, the HFn cages exhibit an increased level of non-specific C32 melanoma
cell association compared to non-targeted HspG41C cages (Chapter 4, Figure
4.6).
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Summary
In conclusion, the data presented in this chapter demonstrate the potential of
lung targeted HspG41C-GFE cages and tumor targeted RGD4C-Fn cages to
serve as cell specific therapeutic and imaging agent delivery systems. In
addition, the data presented illustrate that some protein cages designed for cellspecific targeting do not perform as well as others (i.e., HspG41C-RGD4C is
better than HspG41C-RGD2C at binding C32 melanoma cells). These types of
results are often not published, but represent important pieces of the puzzle. The
work described herein demonstrates our ability to evaluate different protein cage
architectures for mineralization and cell targeting purposes.
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CHAPTER 8
CHEMICAL DERIVATIZATION OF GENETIC VARIANTS OF COWPEA
CHLOROTIC MOTTLE VIRAL (CCMV) CAPSIDS
Introduction and Abstract
The Cowpea chlorotic mottle viral capsid has been studied for many purposes
including: (1) understanding the assembly, disassembly and structural transitions
of viral capsids, (2) its utilization as a size constrained reaction vessel for
mineralization, (3) its ability to be genetically manipulated, and (4) its ability to
serve as a platform for chemical derivatization (described in detail in Chapter 1).
It was originally thought that the endogenous cysteines (2 per subunit; 360 per
capsid) could not be labeled with activated dye molecules [39] . Other
experiments suggested they could be labeled [312]. Therefore, there was a need
to create a genetic variant of CCMV which lacked endogenous cysteines, but
expressed novel cysteines either on the exterior or interior surface. Genetic
variants of CCMV with only internally exposed cysteines would allow chemical
conjugation via thiol chemistry solely within the capsid. The generation of CCMV
mutants is largely and empirical process based on prior successes and failures.
This chapter describes efforts to create a genetic variant with only internally
exposed cysteines. During this work, it was discovered that the CCMV structure
could not tolerate the simultaneous substitution of both endogenous cysteines (2
per subunit, C59 and C108). Further investigation determined that the CCMV
capsid structure could tolerate one (either C59 or C108) cysteine substitution at a
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time. Additional investigation indicated that endogenous cysteines could not be
readily labeled with fluorescent dyes; therefore, internal cysteines were
introduced on the CCMV K42R ‘salt stable’ genetic background. The new
genetic variant with internally exposed thiols, CCMV K42R T48C, was
characterized and derivatized with fluorescent dyes.
Results and Discussion
CCMV Virus-Like Particle (VLP) Production in Pichia pastoris
As described in Chapter 1, CCMV virus-like particles (VLPs) are produced in
the Pichia pastoris heterologous expression system (Invitrogen) [55]. This
eukaryotic yeast based system facilitates genetic manipulation and large scale
protein production. The use of the P. pastoris heterologous expression system
for the production of wild type (wt) and genetically altered CCMV VLPs was
recently described by Brumfield et al. (see [55]). In brief, the DNA encoding the
CCMV coat protein was amplified from an infectious cDNA and cloned into the
pPICZA plasmid vector (Invitrogen EasySelect Pichia Expression Kit). The
pPICZA plasmid is a shuttle vector that can be utilized in both E.coli and P.
pastoris; designed for intracellular protein expression in P. pastoris [72]. This

plasmid was utilized as a template for introduction of mutations in the coat
protein by polymerase chain reaction (PCR) mediated mutagenesis (Stratagene).
As described below and listed in Table 8.1, two overlapping primers were
designed that contain the DNA sequence corresponding to the desired change
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flanked by wild type (or other genetic variant) template sequence. The altered
plasmid DNA can be amplified in E.coli and then sequenced in order to ensure
that the correct mutations have been introduced. Then this plasmid DNA can be
introduced into P. pastoris via electroporation. Yeast containing the plasmid can
be selected by their ability to grow on Zeocin containing medium (see [72] for
more information). The CCMV coat protein is then expressed within the yeast,
where it self assembles into VLPs that can be purified as described in Materials
and Methods (Appendix A). The P. pastoris system also facilitates the “scale-up”
of VLP production, since yeast can be grown to high cell densities in fermentation
systems [55, 72].
Genetic Engineering of CCMV Variants
with Internally Exposed Cysteines
Genetic variants of CCMV with only internally exposed cysteines would allow
chemical conjugation solely on the interior of the capsid. As described below, the
first step in the generation of these mutants was to genetically replace the two
endogenous cysteines (C59 and C108) with serines. It was thought that the
cysteine (side chain = -CH2-SH) to serine (side chain = -CH2-OH) would be a
conservative change that the viral capsid would tolerate. The goal was to
genetically engineer a CCMV variant with no endogenous cysteines and having
introduced internal cysteines (CCMV T48C; CCMV S108C). These cysteines
could then be derivatized via the same thiol-maleimide chemistry described for
Hsp labeling. The starting construct for this work was CCMV NΔ16 in which
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amino acids 8-23 were deleted [313]. Two variants of this construct were utilized
as templates for PCR mediated mutagenesis: CCMV NΔ16 R26C and CCMV
NΔ16 K42R. CCMV K42R is termed the ‘salt stable’ mutant since it is resistant
to disassembly in high ionic strength (described in Chapter 1) [62-66].
The first step toward generating CCMV variants with only internal cysteines
was to make CCMV constructs lacking wild type cysteines (CCMV NΔ16 C59S
C108S and CCMV NΔ16 K42R C59S C108S). The primers for PCR mediated
mutagenesis are listed in Table 8.1. Analysis of the shuttle vector plasmid DNA
with restriction digests indicated that mutagenesis was successful. DNA
sequencing confirmed that the following constructs were accurately made: (1)
CCMV NΔ16 R26C C59S, (2) CCMV NΔ16 R26C C108S, (3) CCMV NΔ16 R26C
K42R C59S, and (4) CCMV NΔ16 R26C K42R C108S. The next round of
mutagenesis served to generate double mutants with both endogenous cysteines
mutated to serines (CCMV NΔ16 R26C C59S C108S; CCMV NΔ16 R26C K42R
C59S C108S). DNA sequence analysis confirmed that the following clones had
the correct sequence: CCMV NΔ16 R26C C59S C108S (clones designated
M1#1 and M1#2) and CCMV NΔ16 R26C K42R C59S C108S (clone designated
M4#1). In addition, PCR mediated mutagenesis was employed for reversion of
the R26C mutation back to wild type with the primers listed in Table 8.1. Lastly,
internal cysteines were introduced utilizing the primers listed in Table 8.1.
All of the above constructs were obtained and verified in E. coli, and then
transformed into the Pichia pastoris expression system (as described above).
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Purification of the new CCMV genetic variants was performed as described in
Materials and Methods. Transmission electron microscopy was used to screen
purified virus-like particles (VLPs) from small scale expression (1 L) of CCMV
NΔ16 R26C K42R C59S C108S T181C; CCMV NΔ16 C59S C108S T48C; and
CCMV NΔ16 R26C K42R. VLPs are routinely purified using cesium chloride
gradients and ultracentrifugation. Normally VLPs form blue-tinted bands; in
some cases the bands appear more diffuse and contain a lot of debris which is
an indication of a poor quality VLP preparation. Unfortunately, the latter poor
quality type band was obtained from the T181C preparation. TEM visualization
determined that this band contained very few viral particles of varying sizes. The
T48C preparation seemed more promising in that more VLPs were seen by TEM,
but again of differing sizes. A VLP preparation of CCMV NΔ16 R26C was done
in parallel and yielded the most VLPs that looked typical by TEM.
In some cases, fermentation scale-up of yeast production in a 4 L BioFlow
3000 fermentation vessel results in an increase in VLP yield [55]. With that
objective, two different 4 L fermenter batches of yeast containing either the
CCMV NΔ16 C59S C108S T48C construct or the ‘parent’ construct CCMV NΔ16
K42R C59S C108S were grown. Although more particles were visualized by
TEM from these preparations, the VLP yield was not good. Dot blot analysis
utilizing an anti-CCMV IgG revealed that the majority of CCMV protein was
insoluble and associated with the yeast pellet. I did not attempt to obtain this
protein from the pellet and try to ‘re-fold’ it into capsids, instead I focused on the
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Hsp system. The bottom line was that the CCMV mutants described above did
not result in high enough yields to be used for applications, so little virus was
found from preparations that this work was discontinued.
Later, Debbie Willits (Young Lab – MSU) determined that the CCMV
structure can tolerate only a single endogenous cysteine change at a time (i.e.,
CCMV C59S or CCMV C108S, but not CCMV C59S C108S). She changed C59
and/or C108 to alanine, methionine or serine and expressed all the different
forms in yeast. Dot blots were performed to check for expression and she found
that none of the double mutants had high levels of expression, but all of the
single mutants did. It was decided that the native cysteines did not interfere that
much (i.e., do not label efficiently) so additional cysteines were added to the wild
type (wt) CCMV background. One such genetic variant with internally exposed
cysteines is CCMV K42R T48C. The yield of this genetic variant is less than that
obtained with other genetic variants, but a sufficient amount of intact VLPs are
regularly obtained (Materials and Methods).
Characterization of CCMV K42R T48C
CCMC K42R T48C is a genetic variant with internally exposed thiol groups
(Figure 8.1). It is purified from the P. pastoris heterologous expression system
as described in Materials and Methods. Interestingly, the cesium gradient step of
the CCMV K42R T48C purification process usually results in two viral bands; a
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CCMV Genetic
Variant
NΔ16 R26C C59S

CCMV Template
Used for PCR
CCMV NΔ16 R26C

NΔ16 R26C K42R
C59S

Purpose of
Mutagenesis

Primer Set Designed top (+); bottom (-)

Status*

5’-GG ACC GCC TCT TCC GCG GCT GCC GAG-3’
5’-CTTC GGC AGC CGC GGA AGA GGC GGT-3’ (SacII site
underlined)

1

CCMV NΔ16 R26C
K42R

Replace
Endogenous
C59 with S

5’-GG ACC GCC TCT TCC GCG GCT GCC GAG-3’
5’-CTTC GGC AGC CGC GGA AGA GGC GGT-3’ (SacII site
underlined)

1

NΔ16 R26C
C108S

CCMV NΔ16 R26C

Replace
Endogenous
C108 with S

1

NΔ16 R26C K42R
C108S

CCMV NΔ16 R26C
K42R

Replace
Endogenous
C108 with S

NΔ16 R26C C59S
C108S
NΔ16 R26C K42R
C59S C108S

NΔ16 R26C C59S

Double Mutant C59S
C108S

5’-GT GTT AGT GGC ACA GTG AAG AGC TCT GTT ACA GAG
ACG CAG-3’ (also changed codon encoding serine 107 from TCC to
AGC)
C108S(-) 5’-CTG CGT CTC TGT AAC AGA GCT CTT CAC TGT
GCC ACT AAC AC-3’ (Introduced SacI site underlined)
5’-GT GTT AGT GGC ACA GTG AAG AGC TCT GTT ACA GAG
ACG CAG-3’ (also changed codon encoding serine 107 from TCC to
AGC)
C108S(-) 5’-CTG CGT CTC TGT AAC AGA GCT CTT CAC TGT
GCC ACT AAC AC-3’ (Introduced SacI site underlined)
Used primers listed above.

NΔ16 R26C K42R
C108S

Double Mutant C59S
C108S

Used primers listed above

1

1

1

Table 8. 1 CCMV Mutagenesis Primers
Note: CCMV NΔ16 = construct in which amino acids 8-23 were deleted
*1 = Positive E.coli;obtained construct in E.coli, confirmed by restriction digest and DNA sequencing.
*2 = Small scale 1 liter P. pastoris yeast prep with junky bands with some virus like particles (VLPs) seen by TEM in very low yields
*3 = Larger scale 4 liter fermenter P. pastoris yeast preparation, still resulted in low yield
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Replace
Endogenous
C59 with S
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CCMV Genetic
Variant

CCMV Template
Used for PCR
NΔ16 R26C K42R

Purpose of
Mutagenesis

Primer Set Designed top (+); bottom (-)
5’- GTC GGA ACC GGT AAC ACT CGT GTG GTC CAA CCT GTT
ATT G-3’
5’C AAT AAC AGG TTG GAC CAC ACG AGT GTT ACC GGT TCC
GAC-3’
5’-GGC AAG GCT ATT AAA GCT TGG TGC GGT TAC AGC GTA
TCG-3’
5’-CGA TAC GCT GTA ACC GCA CCA AGC TTT AAT AGC CTT
GCC-3’
(Introduced HindIII site underlined)
5’-GGC AGG GCT ATT AAA GCA TGG TGC GGT TAC AGC GTA
TCG-3’
5’CGA TAC GCT GTA ACC GCA CCA TGC TTT AAT AGC CCT
GCC-3’
(screen for loss of HindIII site)
5’-GTT GAG CAT GTC AGG CCT TGC TTT GAC GAC TCT TTC-3’
T181C(-) 5’-GAA AGA GTC GTC AAA GCA AGG CCT GAC ATG
CTC AAC-3’ (Introduced StuI site underlined)
5’-GTT GAG CAT GTC AGG CCT TGC TTT GAC GAC TCT TTC-3’
T181C(-) 5’-GAA AGA GTC GTC AAA GCA AGG CCT GAC ATG
CTC AAC-3’ (Introduced StuI site underlined)

NΔ16 C59S
C108S T48C

NΔ16 C59S C108S

Add Internal Cys
T48C

NΔ16 K42R C59S
C108S T48C

NΔ16 K42R C59S
C108S

Add Internal Cys
T48C into K42R “salt
stable” background

NΔ16 C59S
C108S T181C

NΔ16 C59S C108S

Add Internal Cys
T181C

NΔ16 R26C K42R
C59S C108S
T181C
CCMV NΔ16
K42R C59S
C108S

NΔ16 K42R C59S
C108S

Add Internal Cys
T181C
No Cys Construct

3

2
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Reverted the R26C
to wt

Status*

2
3

Table 8. 1 – Continued. CCMV Mutagenesis Primers
Note: CCMV NΔ16 = construct in which amino acids 8-23 were deleted
*1 = Positive E.coli;obtained construct in E.coli, confirmed by restriction digest and DNA sequencing.
*2 = Small scale 1 liter P. pastoris yeast prep with junky bands with some virus like particles (VLPs) seen by TEM in very low yields
*3 = Larger scale 4 liter fermenter P. pastoris yeast preparation, still resulted in low yield
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Interior View

Exterior View

Figure 8.1 Space Filling Model of CCMV K42R T48C
Internally exposed cysteines at position 48 colored blue.
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Figure 8.2. Characterization of CCMV K42R T48C
Intact nature of the cage demonstrated by (A) size exclusion chromatography
elution profile (protein monitored at 280 nm) and (B) transmission electron
microscopy (TEM).
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top band which seems ‘empty’ (free of yeast RNA) by TEM analysis and a lower
band which seems to contain yeast RNA. The lower band contains particles of
varying size and contains more debris. Characterization by size exclusion
chromatography (SEC), dynamic light scattering (DLS), and transmission
electron microscopy (TEM) demonstrate the intact nature of these cages (Figure
8.2). TEM also revealed that the CCMV K42R T48C particles have diameters
that range from approximately 23 nm to 32 nm (Figure 8.3). In addition, some
“double shell” particles and large oval particles were observed (Figure 8.3A).

Figure 8.3. TEM Characterization of CCMV K42R T48C
A. The diameters of CCMV K42R T48C particles from cesium gradient viral bands measured
on TEM images ranged from approximately 23 nm to 32 nm. In addition, there are some
“double shell” particles noticeable (arrows).
B. Size exclusion purification seems to narrow the size range of the diameter to
approximately the range of 24-28 nm, but some ovals (89 nm dia.) were also visualized.
C. Glutaraldehyde crosslinked CCMV K42R T48C. Scale bars 50 nm.

Derivatization of CCMV K42R T48C
CCMV K42R T48C cages were labeled with fluorescent dyes (fluorescein,
Texas-red (Materials and Methods). The co-elution of fluorescein-5-maleimide
(495 nm) and the protein cage (280 nm) from size exclusion chromatography
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illustrate the association of fluorescein to the CCMV protein cages (Figure 8.4).
Glutaraldehyde intra-particle crosslinked CCMV architectures are more stable
under certain reaction conditions (Materials and Methods). The reactivity of
glutaraldehyde crosslinked CCMV K42R T48C cages was examined utilizing
fluorescein-5-maleimide (Fl-Mal) labeling experiments.
A series of reactions comparing the reactivity of wild type (wt) CCMV,
crosslinked CMV K42R T48C and CCMV K42R T48C with fluorescein-5maleimide were performed. The Fl-Mal concentrations ranged from 5 to 500-fold
molar excess per subunit. The highlights from this experiment, summarized in
Table 8.2, include: (1) that wt CCMV from the lower virus band does not
appreciably label with Fl-Mal, (2) 154 of the 180 introduced cysteines of CCMV
K42R T48C are labeled at 500x molar equivalents of Fl-Mal, (2) non-crosslinked

CCMV
T48C

CCMV T48C
X-Linked

Wt CCMV

FlMal per subunit

Molar Excess
5

24

unknown

0

15

30

unknown

2

15 (no TCEP)

23

unknown

2

30

33

unknown

4

45

45

unknown

unknown

60

71

28

1

180

61

34

2

500

154

38

7

Table 8.2. Degree of CCMV Labeling with Fluorescein-5-Maleimide
CCMV K42R T48C, glutaraldehyde cross-linked (X-linked) CCMV K42R T48C,
and wt CCMV were reacted with the listed molar excesses of fluorescein-5maleimide (FlMal) as compared to protein subunit concentration.
Unless specified all cages were pre-treated with 5x TCEP prior to FlMal reaction.
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CCMV K42R T48C is labeled to a higher degree than crosslinked at equivalent
dye concentrations (i.e., at 500x Fl-Mal non-crosslinked 154 fluoresceins per
cage, compared to crosslinked 38 fluoresceins per cage). In addition, these
types of experiments revealed that it is very important to work with the upper
(empty) band from CCMV K42R T48C VLP preparations for cysteine labeling
reactions. Fl-Mal reactions utilizing the lower band exhibited a maximum labeling
of 10 cysteines with 45-fold molar equivalents. This result indicates that the RNA
and/or protein, housed within cages from the lower viral band, blocks access to
the cage interior and interferes with cysteine derivatization.
In addition, CCMV K42R T48C could be labeled with Texas Red C2 maleimide
(Figure 8.5). Unfortunately, a few trials of CCMV K42R T48C labeling with the 6maleimidocaproyl) hydrazone derivative of doxorubicin (Mal-Dox), 5 molar
equivalents Mal-Dox per subunit, did not seem to work. Mal-Dox derivatization of
CCMV was attempted, but is an area for further investigation.
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Figure 8.4. Size Exclusion Chromatography Elution Profiles of CCMV Cages
A. CCMV K42R T48C reacted with fluorescein-5-maleimide (FlMal); 5 molar
equivalents FlMal per CCMV subunit. The co-elution of CCMV K42R T48C
protein cage (280 nm) and fluorescein (495) nm is demonstrated.
B. Wt CCMV was reacted with 500 molar equilants of FlMal per subunit. No
fluorescein (495 nm) co-elution is demonstrated.
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Figure 8.5. Texas-red Derivatized CCMV T48C
A. Size exclusion chromatographySummary
(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.

Summary

Summary
In conclusion, these data demonstrate that CCMV structure could not tolerate
the simultaneous substitution of both endogenous cysteines, but could tolerate
single cysteine (either C59 or C108) substitutions. Additional investigation on the
reactivity of endogenous cysteines indicated that they could not be readily
labeled with fluorescent dyes. These results may be because C59 and C108 are
located at the subunit interface of the assembled CCMV cage. Internal
cysteines were introduced on the CCMV K42R ‘salt stable’ genetic background.
The new genetic variant with internally exposed thiols, CCMV K42R T48C, was
characterized and derivatized with fluorescent dyes.
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CHAPTER 9
SUMMARY AND CONCLUSIONS
The long-term objective of this research is to develop nanometer scale protein
cage architectures for in vivo targeted delivery of therapeutic and imaging
agents. The present work describes efforts toward the achievement of that goal
utilizing three different protein cage architectures; the Cowpea chlorotic mottle
viral capsid (CCMV), a small heat shock protein (Hsp) architecture originally
isolated from the hyperthermophilic archaeon Methanococcus jannaschii, and
human H-chain ferritin (HFn). In the process of tailoring these protein cage
architectures for particular applications, fundamental information about the
architectures themselves was gained.
The data presented herein demonstrate that the Hsp cage is a versatile
nanoscale platform whose exterior and interior surfaces are amenable to both
genetic and chemical modification (described in Chapters 2-7). Wild type and
genetic variants of the Hsp cage were shown to react with fluorescein and the
anti-tumor agent doxorubicin in a site specific manner. Hsp cages were also
employed as size constrained reaction vessels for the formation of monodisperse
9 nm iron oxide nanoparticles. Doxorubicin was selectively released from the
Hsp cage in vitro via a pH dependent trigger. In addition, tumor and lymphocyte
cell-specific targeting was imparted to the Hsp cage by both genetic and
chemical strategies (Chapter 4). The versatility of the Hsp architecture was
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demonstrated by the generation of many different cell-specific targeting variants,
including the ‘lung targeted’ HspG41C-GFE (Chapter 7).
Likewise, the human H-chain ferritin (HFn) proved useful for both organic and
inorganic chemical modification (Chapter 7). It was fluorescently derivatized and
utilized as a size constrained reaction vessel for the synthesis of magnetite. A
tumor targeted genetic variant, RGD4C-Fn demonstrated cancer cell binding
capability. In addition, the Cowpea chlorotic mottle viral capsid was genetically
and chemically modified (Chapter 8).
A great deal of work remains to be done toward the development of these
architectures for biomedical applications. The initial results from the in vivo
biodistribution studies of Hsp and CCMV in a human tumor xenograft mouse
model and in naïve and pre-immunized mice might help guide this development.
Cell culture and animal studies will become increasingly important.
Although similar in that Hsp, HFn, and CCMV are all biological, self-assembled
proteinaceous architectures, these cages differ in diameter and in amino acid
and subunit composition. The analogous use of three protein cage platforms
illustrates that the methodologies described herein can be employed on a wide
variety of protein cage architectures. While this is generally true, there are
distinct advantages and disadvantages associated with the use of each these
cage architectures for particular applications.
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Comparison of Hsp, HFn, and CCMV Protein Cage Platforms for Their
Development as Targeted Therapeutic and Imaging Agent Delivery Systems
A comparison of the amenability of the Hsp, HFn, and CCMV protein cage
architectures for potential biomedical applications is difficult. There is still a lot to
learn about each of these protein cage systems and many of the current
chemical and genetic strategies utilized for their modification can be improved
upon, in order to make various platforms more suitable for specific applications.
That said, it is important to present an overview of what is known, what has
succeeded, as well as what has not. Table, 9.1 provides an overview of the
types of chemical modifications performed on various protein cage platforms.
One immediate conclusion that can be made from the data presented in this
table is that not all genetic variants of a particular cage platform perform in a
similar fashion. In addition, although many of the chemical modifications utilize
thiol-maleimide chemistry, the success of these reactions seem to be dependant
on which molecule is being conjugated. For example, although labeling
HspG41C-RGD4C cages with fluorescein-5-maliemide is facile, labeling with the
maleimide derivative of doxorubicin results in much lower yields of derivatized
cages.
Genetic modification of all three cage architectures via PCR mediated
mutagenesis is routine at this time, since many genetic variants have been made
and characterized. Some general points about genetic modification include: (1)
single amino acid changes have been very successful in all three platforms, but
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each change must be evaluated individually since the structures do not tolerate
all changes; (2) at this time, peptide incorporation in CCMV is more difficult than
in Hsp and HFn, especially within the ‘loop’ regions; (3) N-terminal peptide
extensions of CCMV have proven successful; (4) peptide insertions as C-terminal
fusions have been effective in the Hsp platform whereas insertions in the Nterminal resulted in cleavage of the insert; (5) N-terminal peptide insertions have
proven successful in HFn, but the ease of purification depends on the particular
insert, (6) it is much quicker to create genetic variants of Hsp and HFn than of
CCMV. This is because Hsp and HFn cages are produced from an E. coli
expression system whereas CCMV genetic variants are first made in plasmids
housed within E.coli and successful constructs must then be introduced and
produced in the P. pastoris system which requires longer growing times as
compared to E. coli. Lastly, purification of protein cages (Hsp and HFn) from E.
coli is easier than from yeast (Materials and Methods). It is for these reasons

that the majority of my work utilized the Hsp architectures. In addition, Hsp
cages are stable over a broader pH range (pH 5 – 10) than CCMV (pH 4 – 8).
Ferritin cages are the most pH and thermal stable of these three architectures.
In turn, HFn is the best of these cages for biomineralization reactions such as
magnetite synthesis, which requires elevated temperature (85˚C) and pH 8.5
(Materials and Methods). HFn and RGD-Fn cages have served as size
constrained reaction vessels for magnetite nanoparticle formation. In contrast,
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the HspG41C-RGD4C construct was not stable under the conditions necessary
for magnetite reactions.
Chemical derivatization of all three cages is quite facile and the addition of
“click chemistry” techniques (described in Chapter 1) to our lab will open up more
possibilities. The extent of derivatization is dependant on both the cage and the
conjugate (molecule, peptide, or antibody) (Table 9.1). The numbers regarding
the extent of derivatization of different cage architectures with a subset of
molecules are reported as a general guideline in order to facilitate comparison
(Table 9.1). Specific results are dependent on the precise reaction conditions. In
addition, most of these labeling reactions could be further optimized.
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CAGE

Fluorescein

Texas Red

Doxorubicin

Mineralization
Iron Oxide
lepidocrocite

Gd3+
DOTA/DTPA
both; max.
5 per cage

Other Notes

Refs.

Ab linkage for cell
targeting low yield

[37, 41,
95, 97,
281,
288]
[281]

HspG41C

Routine –
24 per cage

Routine 10/cage

Routine –
24 per cage

HspG41CRGD4C

Routine –
12-29 per
cage
Routine –
20 per cage

unknown

More Difficult
12-20
per cage
Unknown

More Difficult

unknown

Stability of cage for Dox
and Min. rxns not great

Unknown

unknown

Ex vivo targeting
In vivo mixed results

[311]

Unknown

Magnetite

Unknown

Magnetite

More Difficult
40 per cage

very low yield

CCMV SubE

Stable under magnetite
min. conditions
Stable under magnetite
min. conditions
Cell targeting more
difficult

[41,
276]

unknown

each subunit
1 DOTA
unknown

HspG41CGFE
HFn

DOTA up to 3
per subunit;
more are bad

Table 9.1. Summary of the Utility of Different Protein Cage Architectures (Hsp, HFn, CCMV)
The table summarizes the ability to deriviatize various cages with fluorescein, Texas red, and doxorubicin;
their abililty to serve as size constrained reaction vessels for mineralization; and the linkage of gadolinium chelators.
This table is for general comparison purposes, since actual results are dependent on the specific reaction conditions.

[276]
[27, 29,
39, 41,
49, 55,
61, 71,
74, 76,
314]
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RGD4CFn
CCMV

Routine –
24 per cage
Routine –
24 per cage
Routine
Depends on
variant

More Difficult
12-15
per cage
unknown
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Future Studies
There is great potential for the development of protein cage architectures for
biomedical applications. The results presented herein substantiate this claim. In
addition, recent results from mammalian cell culture experiments indicate that
mineralized H-chain ferritin architectures may prove useful as imaging agents.
RGD-4C mediated delivery of therapeutics to tumors is another avenue that can
be further developed utilizing both HFn and Hsp cages. Initial biocompatibility
data for Hsp cages is promising, and similar studies will be performed utilizing
HFn in the near future. CCMV has also exhibited great promise as a contrast
agent for medical imaging. Future work may involve different specific
components (i.e., more potent therapeutic molecules and/or other targeting
ligands) than those described herein, but the general concepts will remain the
same. “Ultimately, the utility of viral capsids (and other protein cage
architectures) is limited only by our own creativity,” from Douglas & Young,
Science 2006 [315].
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APPENDIX A
MATERIALS AND METHODS

Cloning Hsp:
Methanococcus jannaschii genomic DNA was obtained from the American Type
Culture Collection (ATTC 43067). The gene encoding the small heat shock
protein Hsp16.5 was amplified by polymerase chain reaction (PCR) with the
following primers: Forward primer 5’ GG TGG GGG CAT ATG TTC GGA AGA
GAC CC; Reverse primer 5’ TA GGA TCC TTA TTC AAT GTT GAT TCC TTT C
and subsequently cloned into NdeI / BamHI restriction sites (underlined above) of
the pET-30a(+) vector (Novagen). The vector was transformed into XL2 Blue E.
coli (Stratagene, LaJolla, CA) for selection. Positive colonies were grown
overnight in LB + kanamycin, plasmid DNA was isolated (Eppendorf Mini Prep
Kit), and inserted DNA was sequenced by an ABI 310 automated capillary
sequencer using Big Dye chain termination sequence technology (Applied Bio
Systems, Foster City, CA). After sequence verification, the pET-30a(+)
MjHsp16.5 was subcloned into BL21(DE3) B strain E. coli (Novagen).
Hsp Mutagenesis:
Polymerase chain reaction (PCR) mediated site directed mutagenesis was
employed to engineer a novel cysteine in the MjHsp16.5 clone (Stratagene).
Complementary forward and reverse mutagenesis primers were designed to
contain the two point mutations needed to change a Glycine (GGG) to a Cysteine
(TGC) at position 41 (G41C) of the MjHsp. In addition, the mutagenesis primers
contained a novel BspEI restriction enzyme site (restriction sites underlined
below; base changes in bold) to aid in mutant screening. The MjHsp G41C
mutagenesis primer sequences are as follows: (+) 5’ GGA ATA CAA ATT TCC
GGA AAA TGC TTC ATG CCA ATC TC 3’; (-) 5’ GA GAT TGG CAT GAA GCA
TTT TCC GGA AAT TTG TAT TCC 3’. Likewise in order to make the HspS121C
mutant, Serine121 (TCA) was changed to Cysteine (TGC). The S121C primers
also contained novel restriction sites NsiI and FspI (restriction sites underlined
below; base changes in bold) to aid in mutant screening. The MjHspS121C
mutagenesis primer sequences are as follows: (+) 5’ G GAA GAA AAT GCA
TGC GCA AAG TTT GAA AAT GG 3’; (-) 5’ CC ATT TTC AAA CTT TGC GCA
TGC ATT TTC TTC C 3’. The engineered mutations and the integrity of the
entire MjHsp coding sequence was confirmed by sequencing on an ABI 310
automated capillary sequencer using Big Dye chain termination sequence
technology (Applied Bio Systems, Foster City, CA).
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Expression, Purification:
One liter cultures of E. coli (BL21(DE3) B strain) containing pET-30a(+)
MjHsp16.5 plasmid were grown overnight in LB + kanamycin medium (370C, 220
rpm). Cells were harvested by centrifugation 3700xg for 15 minutes (Heraeus
#3334 rotor, Sorvall Centrifuge) and re-suspended in 30 milliliters of 100mM
HEPES, pH 8.0. Lysozyme and DNase were added to final concentrations of 1
mg/ml and 1 mg/L respectively. The sample was incubated for 30 minutes at
room temperature and sonicated on ice (Branson Sonifier 250, Power 4, Duty
cycle 50%, 3 x 5minutes with 3 minute intervals). Bacterial cell debris was
removed via centrifugation for 20 minutes at 12,000xg. The supernatant was
heated for 15 minutes at 60°C thereby denaturing many heat labile E. coli
proteins. The supernatant was centrifuged for 20 minutes at 12,000xg and then
purified by gel filtration chromatography (Superose-6, Amersham-Pharmacia;
Biorad Duoflow). The 16.5 kDa subunit molecular weight (MjHsp16.5) was
verified by SDS poly-acrylamide gel electrophoresis (SDS-PAGE). The
assembled protein was imaged by transmission electron microscopy (TEM) (LEO
912 AB) (stained with 2% uranyl acetate on formvar carbon coated grids), and
analyzed by dynamic light scattering (DLS) 90 plus (Brookhaven Instruments).
Protein concentration was determined by absorbance at 280 nm divided by the
published extinction coefficient (9322 M-1cm-1; 0.565 (mg/ml)-1cm-1). It is worth
noting, that my calculations of the Hsp extinction coefficient of Hsp were different
than the literature value, but it was decided that our lab would use the published
value. The value I calculated based on concentrations determined utilizing the
BCA Protein Assay Kit (Pierce) and a bovine serum albumin (BSA) standard was
1.05 (mg/ml)-1cm-1. The percent composition of tyrosine and tryptophan are
similar for Hsp and BSA (Tyr - 6.12% & 5.60%; Trp - 0.68% & 0.494%
respectively). The theoretically predicted extinction coefficient, calculated using
Biology Workbench (www.biowb.sdsc.edu) is 8250 M-1cm-1; 0.5 (mg/ml)-1cm-1;
closer to the published value.
Mass Spectroscopy (Esquire3000, Bruker):
The measured mass of wild type MjHsp was 16,452 Daltons, this result is
comparable to the theoretically expected mass of 16,453 Daltons. The
measured mass of the MjHsp genetic mutants was HspG41C - 16,499 Daltons
and HspS121C – 16,471 Daltons these results are comparable the theoretically
expected masses of 16,498 and 16,468 Daltons respectively.
LABELING Hsp with Activated Fluorescein:
All labeling experiments included many controls such as: all labeling reactions
were performed on both wild type (wt), G41C, and S121C mutant Hsp protein
cages, fluorophore only (no protein) reactions were analyzed in parallel with
reactions including protein to ensure that no unbound fluorophore was interfering
with our analysis, and sulfhydryl reactive groups were blocked with
iodoacetamide (IAA) prior to labeling in some reactions in order to confirm
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specificity of fluorescein-maleimide reactions for the engineered reactive thiol
groups.
Fluorescein labeling of the interior surface of Methanococcus Hsp G41C:
The engineered M jHspG41C has one internal thiol group per monomer (24 per
protein shell). Step 1: the reduction of disulfide bonds with water soluble tris(2carboxyethyl)phosphine (TCEP). Mj Hsp G41C and wt Hsp (final concentration
0.5 mg/ml; 54 μM) were reduced with a 5.5x molar excess of TCEP (300 μM) in
100 mM HEPES pH 6.5 for one hour at room temperature (Note – the TCEP step
is not necessary). Step 2: Excess ioacetamide (IAA) was added to control
reactions (5 mM final concentration) pH 8.0 and allowed to react for 30 minutes
at room temperature. Step 3: Fluorescein-5-maleimide fluorophore (Molecular
Probes, Inc. F-150) was dissolved in dimethylformamide (DMF) prior to its
addition to each reaction. Fl-Mal working stocks were made in 100x
concentration relative to desired final concentration for each reaction.
Concentration was verified by taking absorbance measurements at 495nm and
calculating concentration Concentrations of Fl-Mal stocks were verified prior to
addition to reactions by taking absorbance spectra and calculating fluorophore
concentration base on ε = 83,000 M-1cm-1.). Labeling reactions were carried out
at pH6.5, incubated at room temperature for 2 hours and then transferred to 4oC
overnight. A range of fluorophore concentrations was used from 30 μM to 1.5
mM. Initial purification of fluorophore labeled Hsp’s (removal of unbound,
excess fluorophore) was performed by loading 50 μL of each reaction onto
prepared Micro Bio-Spin Chromatography Columns P-30 (Bio Rad) and
centrifuging for 4 minutes at 1,000 x g. Since fluorescein emission is sensitive to
pH (see Molecular Probes, Inc. Handbook [240]), 50 μL of Micro Bio-Spin column
eluant was combined with 100 μL of 0.5 M Tris-Hal pH 8.5 and then analyzed on
a fluorimeter (TECAN Safire). The fluorophore alone controls showed no
fluorescein emission, thus confirming that all unbound fluorophore was trapped in
the P-30 polyacrylamide gel suspension of the Micro Bio-Spin column (at
fluorophore concentrations above 150 μM two or three columns were used
sequentially to remove free fluorophore).

To confirm that the fluorophore was indeed covalently linked to HspG41C, the
same material that was analyzed by fluorimetry was analyzed by size exclusion
chromatography (SEC) (Superose 6 - Amersham-Pharmacia). The absorbance
was monitor at 280nm and 500nm for protein and fluorescein respectively. SEC
results confirm that HspG41C is labeled with fluorescein whereas the size wild
type Hsp does not. Free fluorescein elutes from the column at a much later time
then the Fl-Mal conjugated to the Hsp cages.
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Fluorescein labeling of the exterior surface of Methanococcus Hsp G41C:
The labeling protocol of HspS121C is the same as described above for HspG41C
except for the reduction with TCEP (Step 1.). HspS121C is continuously stored
in the presence of TCEP to prevent disulfide linkage between cages. The Fl-Mal
reactions were performed in the presence of 5mM TCEP, 100 mM HEPES pH
6.5.
Fluorescein labeling of endogenous lysines on the exterior/interior surface
Hsp:
5-(and-6)-carboxyfluorescein, succinimidyl ester (FAM) (Molecular Probes) was
dissolved in dimethylformamide (DMF) in 100x concentrations relative to final
reaction concentrations ranging from 30 μM to 1.5mM. Concentrations of FAM
stocks were verified prior to addition to reactions by taking absorbance spectra
and calculating fluorophore concentration base on ε= 74,000 M-1cm-1. The
reactions were carried out in 100 mM HEPES buffer at pH 8.0 for 2 hours at
room temperature and overnight at 4˚C. Unbound fluorophore was removed from
reactions and fluorescence analysis was carried out as above.
Quantification of Fluorophore Labeling:
Quantification of fluorophore labeling was done spectroscopically. In order to
quantitate the amount of protein in purified fluorophore labeled Hsp preps,
normalized fluorescein absorbance spectrum were subtracted from the labeled
Hsp spectrum, and protein concentration was calculated from the newly
generated spectrum (Hsp ε= 0.565 (mg/ml)-1cm-1), therefore none of the A280
contribution was due to fluorescein. The concentration of fluorescein covalently
attached to Hsp was determined from the absorbance maxima near A495 (we
noticed a shift of ~8 nm in the absorbance maxima of bound fluorescein
compared to free fluorescein) using the literature values of the extinction
coefficients (ε) (fluorescein-5-maleimide ε = 83,000 M-1cm-1, 5-(and-6)carboxyfluorescein, succinimidyl ester ε= 74,000 M-1cm-1).
Hsp Cage Constrained Mineralization of Iron Oxide:
The mineralization of Hsp cages was performed at room temperature in capped
cuvettes, under air oxidation with a theoretical Fe loading of 200 Fe atoms per
Hsp cage. To this end, 20 μl of 25.5 mM deaerated (NH4)2Fe(SO4)2·6H2O
solution was added to a 1 ml Hsp cages (1 mg, 61 μM) in 100 mM HEPES
buffered at pH 6.5. We followed the Fe(II) oxidation activity by monitoring the
increase in the O-Fe charge transfer absorbance in the visible spectrum at 400
nm. Over the course of 2 hours air oxidation resulted in the formation of a
homogenous rust colored solution. When imaged by TEM, small iron oxide
particles were seen with an average diameter of 9 + 1.2 nm (Fig. 5A).
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Derivatization of HspG41C with Doxorubicin
The (6-maleimidocaproyl) hydrazone derivative of doxorubicin[5] (Mal-Dox) was
linked to the interior surface of the HspG41C protein cage via coupling of the
maleimide and thiol functionalities. HspG41C cages (2.5 mg/ml, 151.5 μM
subunit; Hsp ε = 9322 M-1 cm-1 ) were reacted with an excess (3 molar
equivalents) of Mal-Dox (454.5 μM, Mal-Dox ε = 8030 M-1 cm-1) in HEPES (100
mM, pH 6.5) for 1 hour at room temperature. Immediately following the reaction,
derivatized cages were separated from free Mal-Dox by size exclusion
chromatography (Superose 6, Amersham-Pharmacia). Both transmission
electron microscopy (TEM) (Leo 912 AB) and dynamic light scattering
(Brookhaven 90 Plus) analysis confirm that HspG41C-Dox maintains the 12 nm
diameter of underivatized Hsp cage. The covalent linkage of doxorubicin to
HspG41C is confirmed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and mass spectrometry.

The concentration of HspG41C protein in purified doxorubicin derivatized cage
preparations was determined by subtracting a normalized doxorubicin spectrum
from the labeled Hsp spectrum (Hsp ε = 9322 M-1 cm-1)[4]. The concentration of
doxorubicin covalently attached to HspG41C was determined from the
absorbance maxima at 495 nm (Mal-Dox ε = 8030 M-1 cm-1) [5].
Quantification of Doxorubicin Release from HspG41C
We quantified the selective release of doxorubicin from HspG41C protein cages
through hydrolysis of the hydrazone linkage under acidic conditions[5, 248].
Doxorubicin release studies were performed at pH 4.0, 4.5, and 5.0 (37°C). After
incubation for times ranging from 0.25 to 24 hours, doxorubicin labeled HspG41C
was separated from free doxorubicin by chromatography (Micro Bio-Spin P-30
Columns, Bio-Rad). The amount of doxorubicin that remained associated with
the HspG41C protein was quantified by absorbance spectroscopy.
Genetic Engineering of αvβ3 Integrin Targeting HspG41C-RGD4C
Methanococcus jannaschii genomic DNA was obtained from the American Type
Culture Collection (ATCC 43607). As described previously, the gene encoding
the small heat shock protein (Mj HSP16.5) was polymerase chain reaction (PCR)
amplified and cloned into NdeI / BamHI restriction sites of the PET-30a(+) vector
(Novagen, Madison, WI) for expression of the full-length protein with no
additional amino acids. PCR mediated site-directed mutagenesis was employed
to replace the glycine at position 41 with a unique cysteine residue, therefore
generating the HspG41C mutant [38]. Deletion of the HSP-stop codon directly
upstream of the BamHI site was also accomplished by PCR mediated site
directed mutagenesis. This deletion allowed for the insertion of additional
sequence into the BamHI site to create the RGD-4C (CDCRGDCFC) carboxylterminal fusion protein engineered to present exposed RGD-4C loops on the
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exterior of the protein cage. The HspG41C-RGD4C fusion protein was
engineered to have extra glycine residues (italicized below) both before and after
the RGD-4C insert to extend the insert away from the C-terminus and allow some
structural flexibility. Complimentary RGD-4C encoding primers with gatc
overhangs for cloning into the BamHI site (+sense primer: 5' ga tct gga gga tgc
gac tgc cgc gga gac tgc ttc tgc gga taa gga 3'; encoding - S G G C D C R G D C
F C G stop) were mixed at a 1:1 molar ratio, annealed and treated with kinase
(Promega, Madison, WI). These inserts were subsequently ligated into an
alkaline phosphatased, BamHI digested vector overnight at 17°C
and transformed into XL-2 ultracompetant E. coli (Stratagene, La Jolla, CA).
Transformants were screened for the presence of the RGD-4C insert and
confirmed by sequencing the PCR amplified product on an ABI 310 automated
capillary sequencer using BigDye Chain termination sequence technology
(Applied Biosystems, Foster City, CA).
HspG41C-RGD4C Cage Purification and Characterization
All small heat shock protein cages (HspG41C, HspS121C, HspG41C-RGD4C)
were purified from an E. coli heterologous expression system as previously
described [38]. One liter cultures of E. coli (BL21 (DE3) B strain) containing pET30a(+) MjHsp16.5 plasmid were grown overnight in LB + kanamycin medium
(370C, 220 rpm). Cells were harvested by centrifugation 3700 x g for 15 minutes
(Heraeus #3334 rotor, Sorvall Centrifuge) and resuspended in 30 ml of 100 mM
HEPES 50 mM NaCl, pH 8.0. Lysozyme, DNase, and RNAse were added to
final concentrations of 50, 60, and 100 μg/ml, respectively. The sample was
incubated for 30 minutes at room temperature, French pressed (American
Laboratory Press Co., Silver Springs, MD) and sonicated on ice (Branson
Sonifier 250, Power 4, Duty cycle 50%, 3 x 5 minutes with 3 minute intervals).
Bacterial cell debris was removed via centrifugation for 20 minutes at 12,000 x g.
The supernatant was heated for 15 minutes at 65°C thereby denaturing many E.
coli proteins. The supernatant was centrifuged for 20 minutes at 12,000 x g and
purified by gel filtration chromatography (Superose-6, Amersham-Pharmacia,
Piscataway, NJ; Bio-Rad Duoflow, Hercules, CA). Recombinant HspG41CRGD4C protein cages were routinely characterized by size exclusion
chromatography (Superose 6, Amersham Pharmacia), dynamic light scattering
(Brookhaven 90Plus, Brookhaven, NY), transmission electron microscopy (TEM)
(Leo 912 AB), SDS polyacrylamide gel electrophoresis (SDS-PAGE) and mass
spectrometry (Acquity/Q-Tof micro, Waters, Milford, MA). Protein concentration
was determined by absorbance at 280 nm divided by the published extinction
coefficient (9322 M-1cm-1)[84].
Labeling Hsp Genetic Variants with Activated Fluorescein Dye
Cysteine containing Hsp cages (100 mM HEPES 50 mM NaCl pH 6.5) were
reacted with fluorescein-5-maleimide (Molecular Probes, Eugene, OR) in
concentrations ranging from 1-6 molar equivalents per Hsp subunit for 30
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minutes at room temperature, followed by overnight incubation at 4°C.
Fluorescein labeled Hsp cages were purified from free dye by size exclusion
chromatography (DPBS pH 7.4). The number of fluorescein molecules per cage
was calculated from absorbance spectra [37, 38]. For example, HspG41CRGD4C (2 mg/ml; 112 μM subunit) reacted with 2.2 molar equivalents of
fluorescein-5-maleimide (246 μM) per Hsp subunit resulted in HspG41C-RGD4C
cages with an average of 26.2 fluoresceins per cage (or 1.09 fluoresceins per
subunit). The number of fluoresceins per cage was quantified by absorbance
spectroscopy [38].
HeLa Cell Line
HeLa cells, an epithelial cell line derived from human cervical carcinoma (isolated
from Henrietta Lacks), were provided by Dr. Heini Meittinen at Montana State
University. HeLa cells were propagated in Minimum Essential Medium Eagle
(DMEM) (Sigma D-5648) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Norcross, GA), penicillin (100 units/ml) and streptomycin (100 μg/ml)
(Sigma, St. Louis, MO) at 370C, in a 5% CO2 incubator. Routine passaging of
cells was done every other day. In order to maintain sufficient cell density, 80%
confluent cells were typically split 1:4.
CV-KL African Green Monkey Kidney Cell Line
The CV-KL African Green Monkey kidney cell line was a post crisis sub-line of
CV-1 established by Dr. Mike Roth’s Lab (Utah) and provided by Dr. Bruce
Granger at Montana State University. CV-KL cells were propagated in Minimum
Essential Medium Eagle (DMEM) (Sigma D-5648) supplemented with 10% fetal
bovine serum (Atlanta Biologicals, Norcross, GA), penicillin (100 units/ml) and
streptomycin (100 μg/ml) (Sigma, St. Louis, MO) at 37°C, in a 5% CO2 incubator.
Routine passaging of cells was done every other day. In order to maintain
sufficient cell density, 80% confluent cells were typically split 1:3.
Transfection Mediated ‘Delivery’ of Fluorescently Labeled Hsp & CCMV
cages to HeLa and CV-KL Cells
Poly-L-Lysine Mediated
This protocol was derived from Dr. J. Franks Lab [284]. HspG41C-Fl or CCMVFl cages (final concentrations ranging from 5 – 250 μg/ml; best results were with
50 μg/ml) are mixed with Poly-L-Lysine (Sigma; 1mg/ml stock) at final
concentrations ranging from 1.5- 15 μg/ml for 30 minutes at room temperature in
DMEM with and without 10% FBS. An equivalent volume of medium was added
immediately before overlaying on cells grown in 4-well chamber slides. For some
studies leupeptin (a protease inhibitor) was added during cell overlay. In
addition, commercially available transfection agents including BioPorter were
used according to manufactures instructions, the results with these expensive
reagents was worse than those achieved with Poly-L-Lysine so their use was not
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pursued. Cells were imaged live and fixed with epifluorescence microscopy as
described below.
C32 Amelanotic Melanoma Cell Culture
Human amelanotic melanoma cell line, C32, was obtained from the American
Type Culture Collection (ATCC CRL-1585) (ATCC Manassas, VA). C32 cells
were propagated in Minimum Essential Medium Eagle (MEME) (ATCC 30-2003)
supplemented with 10% fetal bovine serum (Atlanta Biologicals, Norcross, GA),
penicillin (100 units/ml) and streptomycin (100 μg/ml) (Sigma, St. Louis, MO) at
370C, in a 5% CO2 incubator. Routine passaging of cells was done every other
day. In order to maintain sufficient cell density, 80% confluent cells were typically
split 1:2.
Mass Spectrometry
Hsp samples were analyzed by liquid chromatography / electrospray mass
spectrometry (LC/MS) (Acquity/Q-Tof micro, Waters; Milford, MA). HspG41CRGD4C and dramatized HspG41C-RGD4C (5-15 µL, 0.3 – 0.5 mg/ml) were
injected onto a C8 column (208TP5115, Vida) and eluted with a H2O–acetonitrile
linear gradient; eluant A - 0.1% formic acid in water; eluant B - 0.05%
trifluoroacetic acid in acetonitrile.
Epifluorescence Microscopy of C32 Melanoma Cells
Epifluorescence microscopy was performed on an Axioscope 2-Plus microscope
(Zeiss) utilizing version 4.1 software and an Axiocam High resolution camera
(Hrc). For all microscopy studies, C32 melanoma cells were grown on glass
coverslips to ~60% confluency (MEME +10% FBS), in the presence of penicillin
(100 units/ml) and streptomycin (100 μg/ml) (Sigma, St. Louis, MO). C32
expression of the RGD-4C target receptor, αvβ3 integrin, was verified by
immunofluorescence utilizing a fluorescein-conjugated anti-αvβ3 monoclonal
antibody (mAb) (LM609) (Chemicon MAB1976F, Temecula, CA).

C32 cells grown on coverslips were incubated with Hsp cages in serum free
medium for 30 minutes at 370C, in a 5% CO2 incubator. The fluorescein
concentration of the Hsp-fluorescein preparations was normalized to 2.5 μM to
facilitate comparison. After incubation, the cells were washed 5 times with
Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma, St. Louis, MO), fixed with
4% paraformaldehyde for 10 minutes, washed with DPBS and then mounted on
slides in Vectashield mounting medium (Burlingame, CA). Illumination intensity
and camera exposure times were held constant. Note: fixing the cells with 4%
paraformaldehyde prior to incubation with cages resulted in a higher level of
background cell associated fluorescence.
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Fluorescence Activated Cell Sorting (FACS) Analysis of
C32 cells Incubated with Fluorescein Conjugated Hsp Cages
Flow cytometry was performed on a FACSCalibur, (Becton Dickinson, Mountain
View, CA) and analyzed using Cell Quest software (Becton Dickinson, Mountain
View, CA). Adherent C32 melanoma cells were non-enzymatically disassociated
from cell culture dishes with DPBS without Ca2+ or Mg2+ + 1% EDTA (~25 mM)
(for about 2 minutes at room temperature), washed once with serum containing
medium, and finally suspended in DPBS + Ca2+ / Mg2+ at 2.1 x106 cells / ml.
Experiments were carried out both in the presence and absence of 1% FBS in
the buffer, results were similar in both conditions. Fluorescently labeled cage
preparations (normalized to 2 μM fluorescein) were incubated with cells on ice
from 20 minutes to 2 hours. After incubation the cells were washed 5 times with
DPBS (both with and without Ca2+ / Mg2+), and suspended in DPBS + 1% FBS
for FACS analysis; 10,000 events were counted for each condition. Both the antiαvβ3 monoclonal antibody (mAb) (LM609) (Chemicon MAB1976Z, Temecula, CA)
and the corresponding fluorescein-conjugated anti-αvβ3 mAb (Chemicon
MAB1976F) were used for FACS analysis.
HspG41C-Fluorescein Anti-CD4 Antibody Conjugation
Fluorescein labeled HspG41C protein cages were conjugated to anti-CD4
monoclonal antibodies (generated from ATCC GK1.5) via a heterobifunctional
cross-linker SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1carboxylate) (Pierce, Rockford, IL). First, the antibodies (6.5 mg/ml in PBS pH
7.4) were partially reduced with 10 mM TCEP (tris(2-carboxyethyl)phosphine) in
the presence of 10 mM EDTA (ethylenediaminetetraacetic acid) with the final pH
adjusted to 6.5 and incubated for 2 hours at room temperature [112].
Simultaneously, the exposed lysines (amines) of HspG41C-fluorescein cages
(0.25 mg/ml / 15 μM subunit in 500 μL DPBS pH 7.4; 11 fluoresceins per cage)
were reacted with the sulfo-NHS-ester component of the SMCC linker (added in
excess 0.5 mg). The Hsp cage plus linker reaction was incubated at room
temperature for one hour followed by the removal of free SMCC linker by size
exclusion chromatography (Desalting Column, Pierce, Rockford, IL). The
reduced anti-CD4 antibodies were combined with the HspG41C-fluoresceinSMCC cages and incubated for 3 hours before final purification of anti-CD4HspG41C-fluorescein cage (Ab-Hsp) conjugates by size exclusion
chromatography (Superose 6, Amersham-Pharmacia, Piscataway, NJ). This
protocol resulted in a very low yield of antibody-Hsp conjugate. When a less
readily available antibody (anti-collagen; Chemicon AB765P) was reduced in a
scaled down fashion from that described above (50 μL of 1mg/ml Ab, 10mM
TCEP, 10 mM EDTA) and combined with SMCC conjugated Hsp-Fl cages, I did
not obtain Ab-Hsp conjugates. These types of reactions should be easier with
‘click-chemistry’ now being utilized in our lab [46, 291].
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Murine Splenocyte Preparation
A BALB/c mouse spleen was homogenized in Hanks Balanced Salt Solution
(Mediatech, Herndon, VA) by pushing it through a 60 gauge stainless steel mesh,
the homogenate was filtered through 100 μm nylon mesh, and centrifuged (200 x
g for 10 minutes). The supernatant was discarded and the cell pellet suspended
in 5 ml ACK lysis buffer (150 mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA) for 5
minutes at room temperature to lyse unwanted red blood cells. Lysis was
stopped via the addition of PBS + 2% donor calf serum (25 ml). The remaining
white blood cells were pelleted by centrifugation (200 x g for 10 minutes) and
suspended in PBS + 2% donor calf serum (2 x 107 cells/ml) containing antimouse Fc receptor antibody (from HB-197, ATCC) in order to prevent nonspecific binding of antibodies to the Fc receptor on lymphocytes. Cells were
incubated on ice until binding assays were performed.
Epifluorescence Microscopy of Splenocytes
Aliquots of murine splenocytes were combined with equal volumes of each of the
following: A) anti-CD4-HspG41C-fluorescein (Ab-Hsp-Fl) cages, B) fluorescein
conjugated anti-CD4 mAb (positive control), and C) HspG41C-fluorescein cages
(non-targeted control), and incubated for 30 minutes on ice. Following incubation
the cells were washed (x3) with PBS containing 2% donor calf serum. The cells
were wet-mounted prior to epifluorescence microscopy using a Nikon Eclipse
E800 microscope, equipped with a Nikon DMX1200 digital camera, utilizing
MetaVue software. Illumination intensity and camera exposure times were held
constant.
Fluorescence Activated Cell Sorting (FACS) Analysis of Splenocytes
Incubated with Anti-CD4 mAb Conjugated Hsp Cages
FACS was performed on a FACSCalibur, (Becton Dickinson, Mountain View, CA)
and analyzed using Cell Quest software (Becton Dickinson, Mountain View, CA).
Aliquots of murine splenocytes were combined with equal volumes of each of the
following: A) anti-CD4-HspG41C-fluorescein (Ab-Hsp-Fl) cages, B) fluorescein
conjugated anti-CD4 mAb (positive control), and C) HspG41C-fluorescein cages
(non-targeted control), and incubated for 30 minutes on ice. Following incubation
the cells were washed in PBS containing 2% donor calf serum in preparation for
FACS. FACS analysis was performed on a gated murine splenocyte cell
population. For anti-CD4 mAb blocking experiments, splenocytes were incubated
for 30 minutes with unlabeled anti-CD4 mAb and washed to remove unbound
blocking antibody prior to incubation with Ab-Hsp-Fl cage conjugates.
HspG41CRGD-4C Doxorubicin Conjugation
HspG41CRGD4-C cages (2 mg/ml; 112 μM subunit) in 100 mM HEPES 50 mM
NaCl pH 6.5 were reacted with a 2.2 fold excess of the (6-maleimidocaproyl)
hydrazone of doxorubicin (246 μM) for 30 minutes followed by purification via
size exclusion chromatography. The average number of doxorubicin molecules
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per cage was 10 (an average of 0.42 doxorubicin molecules per subunit) as
calculated from absorbance spectra [5, 37]. An increased yield of derivatized
HspG41CRGD4C-Dox is obtained if size exclusion if performed, before Microcon
(MWCO 100 kDa) concentration.
MTS Cell Proliferation Assay
(CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay – Promega)
MTS = 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4sulfophenyl)-2H-terazolium
PMS = phenazine methosulfate

Cell Growth in 96-well Plate
Cells were grown in 96-well cell culture plates (Costar 3595). HeLa cells were
seeded 3000 cells per well (200 μL of a 1.5 x 104 cells/ml suspension) and grown
overnight prior to experimentation. C32 cells were seeded 6000 cells per well
(200 μL of a 3 x 104 cells/ml suspension) and require two days of growth prior to
experimentation. In order to make cell suspension, lift adherent cells with either
a trypsin/EDTA solution or just EDTA, evenly suspend cells in ~2 ml of medium
for every 75% confluent plate. Determine the concentration (cells/ml) using a
hemacytometer according to manufacturers instructions. In brief, mix cell
suspension with Trypan Blue (10 μl cells + 90 μl Trypan blue) which stains dead
cells blue (.4%w/v trypan blue in PBS; Sigma T8154). Make sure that cells are
suspended individually (not many clumps) and count 4 ‘big’ quadrants [cells/ml =
total cell count in 4 squares x 2500 x dilution factor (i.e.,10). Use this number to
calculate the appropriate dilution. Remember to put medium only in 6 wells of
the 96-well plate for controls.
Experimental Overlays
After cells were grown for appropriate length of time they were subjected to
various experimental conditions. It was necessary to remove cell culture from
each well individually by pipetting, since the cells dried out very quickly when
medium was aspirated away. Immediately following medium removal from a
single well, cells were overlayed with medium containing the experimental
conditions (i.e., HspG41C-Dox versus Dox only for various time points). Each
condition was tested in triplicate.
MTS Cell Proliferation Assay
The MTS assay was p MTS cell proliferation assay (CellTiter96 Aqueous NonRadioactive Cell Proliferation Assay, Promega, Madison, WI) pperformed
according to manufactures instructions. In brief, an MTS/PMS solution was
prepared immediately before use, 40 μl was added to each well, the plate was
incubated (37˚C, 5% CO2) for 1.5 hours, and then analyzed by absorbance at
490 nm (TECAN). The results were more consistent when cells were grown in
200 μl of medium (as opposed to 100 μl) and if the ‘developed’ assay mixed (by
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pipetting up and down) and then transferred to a new 96-well plate for the
absorbance reading. Multiple reads of the plate helped ensure accuracy. The
background level of 490 nm absorbance was determined by MTS analysis of
wells with medium only. Note - It is important to control each experiment
internally (i.e., – positive cell only control; negative medium only control). The
MTS assay continuously develops over time; therefore the values obtained aren’t
absolute and should not be directly compared between different experiments.
Sulforhodamine B Colorimetric Assay for Cell Proliferation
Protocol from Jean Starkey’s Lab, Montana State University, Sept. 2004
Cells grown in a 96-well plate are subjected to experimental conditions with
proper controls; multiple wells of each. At the conclusion of the experiment, the
cells are washed with serum free medium (found that when DPBS was used they
lost too many cells) to remove protein in the cell culture medium. (The Starkey
Lab submerges the 96-well plates in DPBS within their plastic packages and then
taps them dry.) The cells are then fixed for 30 minutes with cold 10% TCA
(trichloroacetic acid). Following fixation, the plates are washed 5 times with
water. Next, 70 μL of 0.4% sulforhodamine B (SRB; Biotium Cat. # 80100) in 1%
acetic acid is added to each well and incubated for 20 minutes. The cellular
proteins are stained with SRB. The unincorporated SRB stain is washed away
with 1% acetic acid. Next, 200 μL of 10mM Tris pH 10.4 is added to each well,
and incubated for 10-20 minutes with shaking. The assay is read at 515 nm.

Hsp Cage Localization in Breast Tumor (MDA-MB-435) Xenograft Bearing
Mice
1st Study by Tasmia Duza (Post Doctoral Researcher in Dr. E. Ruoslahti’s Lab) –
June, 2005.
Fluorescently labeled Hsp cages (HspG41C-Fl and HspG41C-RGD4C-Fl) were
prepared as described above and stored at -80˚C in DPBS until use. The cages
were administered by intravenous injection into the tail vein and allowed to
circulate for either 1 or 4 hours in mice bearing breast tumor (MDA MB 435)
xenografts (mice ~25 grams; tumors ~1 gram) [8]. HspG41C-RGD4C-Fl was
administered in the following doses: 1.2, 0.5, 0.25, and 0.12 mg per animal.
HspG41C-Fl was tested at 0.5 mg and 0.25 mg per animal. Intracardiac
perfusion of PBS (10 ml) and 4% PFA (in 10 ml PBS) was used to clear the
vasculature of remaining circulating cages. The tumor and various control
organs (brain, skin, kidney, lung, heart, pancreas, liver, and spleen) were
harvested and processed for histology. Examination of these tissues by
fluorescent microscopy determined protein cage localization and homing
capability.

Both genetic variants of Hsp cages, HspG41C and HspG41C-RGD4C, home to
tumor vasculature. It was found that tumor specificity was best with a dose in the
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range of 0.25-0.5 mg of protein, corresponds to 15 – 30 mM subunit or 0.6 mM –
1.26 mM of assembled cage, per animal. In this range the particles were also
taken up by the reticulo-endothelial system (RES) as expected (liver and spleen),
but did not accumulate significantly in any of the other control organs tested. The
pattern of nanoparticle distribution within the tumor is consistent with vascular
localization.
In these preliminary experiments the Hsp protein cages were differentially
labeled with fluorescein (HspG41C - 11 Fl per cage vs. HspG41C-RGD4C – 19.3
Fl per cage). For in vivo work, equivalent amounts of fluorescein were injected;
therefore more HspG41C cages were injected as compared to HspG41CRGD4C. This could have masked any small differences in RGD-4C peptide
mediated homing of HspG41C-RGD4C cages. Further experiments will be done
to address this question. It is possible that the homing peptide will confer
advantages to HspG41C-RGD4C mediated therapeutic delivery.
Derivatization of HspG41C-RGD4C with Doxorubicin
The (6-maleimidocaproyl) hydrazone derivative of doxorubicin[5] (Mal-Dox) was
linked to HspG41C-RGD4C protein cage via coupling of the maleimide and thiol
functionalities. The best Mal-Dox labeling conditions to date are as follows:
HspG41C-RGD4C cages (2 mg/ml, 112.3 μM subunit; Hsp ε = 9322 M-1 cm-1 )
were reacted with 0.5 molar equivalents of Mal-Dox per Hsp subunit (454.5 μM,
Mal-Dox ε = 8030 M-1 cm-1) in reaction buffer (100 mM HEPES, 50 mM NaCl, pH
6.5) for 15 minutes at room temperature. Immediately following the reaction,
derivatized cages were separated from free Mal-Dox by size exclusion
chromatography (Superose 6, Amersham-Pharmacia). Both transmission
electron microscopy (TEM) (Leo 912 AB) and dynamic light scattering
(Brookhaven 90 Plus) analysis confirm that HspG41CRGD4C-Dox maintains the
~13 nm diameter of underivatized Hsp cage. The covalent linkage of doxorubicin
to HspG41C is confirmed by SDS-polyacrylamide gel electrophoresis (SDSPAGE) and mass spectrometry.

The concentration of HspG41C-RGD4C protein in purified doxorubicin
derivatized cage preparations was determined by subtracting a normalized
doxorubicin spectrum from the labeled Hsp spectrum (Hsp ε = 9322 M-1 cm-1)[84].
The concentration of doxorubicin covalently attached to HspG41C-RGD4C was
determined from the absorbance maxima at 495 nm (Mal-Dox ε = 8030 M-1 cm-1)
[248]. Quantification of the extent of labeling with doxorubicin via mass
spectrometry and absorbance spectroscopy has not always correlated.
Variability in labeling efficiency has been observed under identical conditions.
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C32 Melanoma Cell – Protein Interaction Assay
Proteins (HspG41C-RGD4C, HspG41C, BSA – each at 2 mg/ml, and 2% FBS)
were spotted in 50 μL aliquots a bacterial petri dish, incubated at 4˚C for 2 hrs,
and then the protein spots were pipetted off and the spots “washed” by pipetting
up and down on spots with DPBS pH 7.4. The Petri dishes were then flooded
with a C32 melanoma cell suspension and incubated at 37˚C, 5% CO2 incubator
for 16 hours. The cell suspension was removed and the plate was washed with
DPBS 3 times, the remaining adherent C32 cells were fixed with EtOH for 10
minutes, and then visualized by Coomassie Blue staining.
Subcellular Localization of Doxorubicin with C32 Melanoma Cells
Epifluorescence microscopy was performed on an Axioscope 2-Plus microscope
(Zeiss) utilizing version 4.1 software and an Axiocam High resolution camera
(Hrc). For all microscopy studies, C32 melanoma cells were grown on glass
coverslips to ~60% confluency (MEME +10% FBS), in the presence of penicillin
(100 units/ml) and streptomycin (100 μg/ml) (Sigma, St. Louis, MO). Doxorubicin
or HspG41CRGD4C-Dox protein cages, normalized to 1 μM doxorubicin in
serum free MEME, were incubated with C32 melanoma cells for 30 minutes at
370C, in a 5% CO2 incubator. After incubation, the cells were washed 5 times
with Dulbecco’s Phosphate Buffered Saline (DPBS) + 2% bovine serum albumin
(BSA) (Sigma, St. Louis, MO), fixed with 4% paraformaldehyde for 10 minutes,
washed with DPBS+2% BSA and then mounted on slides in Vectashield
mounting medium containing DAPI nuclear stain (Burlingame, CA). Illumination
intensity and camera exposure times were held constant.
Iodination of Protein Cages (HspG41C, HspG41C-GFE, CCMV K42R)
Protein cages were iodinated utilizing IODO-BEADS Iodination Reagent (cat. #
28665, Pierce, Rockford, IL) according to manufacturers instructions. IODOBEADS are non-porous polystyrene beads (1/8’’ diameter) derivatized with Nchloro-benzenesulfonamide (sodium salt). The protocol was initially optimized
utilizing “cold” NaI in order to characterize the iodinated protein cages by
absorbance spectroscopy, size exclusion chromatography (Superose 6,
Amersham Pharmacia), dynamic light scattering (Brookhaven 90Plus,
Brookhaven, NY), and transmission electron microscopy (TEM) (Leo 912 AB). In
brief, immediately before the reaction IODO-BEADS (2 beads per 0.5 ml (0.5 mg
protein) reaction) were washed with DPBS pH 7.2, blotted on filter paper, and
transferred to a 5 ml, cylindrical, flat bottom reaction vial. Next 250 μL of DPBS
pH 7.2 was added to the reaction vial, followed by 1 mCi of carrier free Na125I
(100 mCi/ml, ~17 Ci/mg I, cat. # 016303410, MP Biomedicals, Inc). The buffered
Na125I was incubated with the IODO-BEADS for 5 minutes at room temperature
(slightly tilting the reaction vessel at an angle to allow better mixing of bead,
buffer, and Na125I) for oxidation of Na125I and the creation of electrophilic iodine
species for incorporation into tyrosines. Protein cages, 250 μL of a 2 mg/ml
stock, were added to the reaction vessel and the reaction proceeded at room
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temperature for 15 minutes. After 15 minutes, the protein cage solution was
transferred into a new microfuge tube; according to Pierce this stops the reaction.
Unincorporated Na125I was removed utilizing Zeba Desalt Spin Columns, 0.5 ml
(Pierce). The columns were prepared according to manufactures instructions (2
washes with 300 μL DPBS pH 7.2, and one final 1,500 x g spin for 1 minute) then
125 μl sample was added to the center of the resin bed, followed by spinning for
2 minutes at 1,500 x g to collect the sample which was then loaded on another
Zeba Desalt Spin Column for a second round of iodine removal (8 columns for 2
rounds of clean up of a 0.5 ml reaction in 125 μL aliquots). Cold NaI experiments
determined >90% recovery after 2 rounds of desalting; therefore a final protein
concentration of 1 mg/ml was assumed after radio-labeling.
The protocol for labeling protein cages with 125I was usually performed as
described above, except for the last radio-labeling on March 1, 2006. On March
1, 2006 I did not receive the amount of radio-label requested; therefore I modified
the protocol as follows: the ratio of IODO-BEADS (N-chloro-benzenesulfonamide
oxidation agent) to NaI was changed from 2 beads per 1 mCi 125I to 8 beads per
1 mCi 125I while maintaining the ratio of IOD0-BEADS (N-chlorobenzenesulfonamide oxidation agent) to protein. Surprisingly, this modified
protocol resulted in a similar level of 125I incorporation (Table 6.1).
Quantification of the Specific Activity
In order to determine the specific activity of the 125I labeled protein cages two of
each 1 μl and 0.5 μl aliquots (including pipette tip) were transferred into vials and
counted on a Beckman Gamma 4000 Counting System. Specific activity of the
samples was determined utilizing a linear regression equation derived from 125I
standards (ranging from 0 – 1000 nCi) (x-axis) plotted with their corresponding
counts per minute (y-axis). Typically, specific activity for Hsp cage samples was
~20 nCi/μg and ~250 nCi/μg for CCMV samples.
Trial iodination experiments utilizing IODO-GEN (1,3,4,6-tetrachloro-3α,6αdiphenylglycouril) Pre-Coated Iodination Tubes, (cat. # 28601, Pierce) resulted in
~10-fold less iodine incorporation in Hsp cages, but resulted in similar levels of
125
I incorporation, as IODO-BEAD reactions, in CCMV cages. Both Hsp and
CCMV cages were less stable in IODO-GEN Tube reactions, tolerating reaction
times of < 10 minutes before cage disassembly.
Trichloroacetic Acid (TCA) Precipitation of Radiolabeled Protein Cages
Equal volumes of radio-labeled protein solution and 20% TCA (5 μL each) were
mixed and incubated on ice for 1 hour. The protein was pelleted by
centrifugation (13,000 rpm for 5 minutes) and the number of gamma counts
associated with the pellet, supernatant and one wash (15 μL 10% TCA) was
determined. This analysis revealed that for the Hsp samples the majority of the
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counts (76.4%) were associated with the protein pellet. Unfortunately, the CCMV
data are less clear because although several different TCA precipitation
protocols were attempted, I did not get consistent precipitation – usually less that
50% of the protein would precipitate (as determined by SDS-PAGE gels of
parallel ‘cold’ cage experiments) (Figure 6.7). TCA precipitation of radio-labeled
CCMV resulted in 53.5% of the counts in the pellet. In conclusion, I would say
that based on the above data, I think that the majority of 125I in my radio-labeled
protein preparations is incorporated into the protein, but I would not rule out the
possibility of free 125I in these preparations.
Biodistribution of 125I Labeled Protein Cages (HspG41C, HspG41C-GFE, and
CCMVK42R) in Naïve Mice
These experiments were performed by Coleen Kaiser and Ann Harmsen in Allen
Harmsen’s Lab in the Veterinary Molecular Biology Department at Montana State
University.

Protein cages were administered either intra nasally (i.n.) or intra venously (i.v.)
or i.n. in Balb/c mice ((8-10 week females from Charles River). For HspG41C
and HspG41C-GFE experiments 50 μg (0.5 μCi) doses were given and allowed
to circulate for either 1 hour or 24 hours. For CCMV experiments 125I cages were
combined with non-radioactive cages to make a 50 μg protein (0.5 μCi) dose
delivered i.v. and allowed to circulate for either 1 or 24 hours. Normalization of
the dose of cage to 50 μg, results in a differential number of cages injected per
experiment since 50 μg of Hsp corresponds to 7.6 x 1013 cages whereas 50 μg of
CCMV corresponds to 8.227 x 1012 cages. Mice were sacrificed, and the organs
and tissues were removed for gamma counting. Organ count per minutes were
reported on a per gram of tissue basis and the percent of dose per organ was
calculated (see Chapter 6).
Biodistribution of 125I Labeled Protein Cages (HspG41C, HspG41C-GFE, and
CCMVK42R) in Immunized Mice
Prior to injection of 125I labeled protein cage (either HspG41C or CCMVK42R)
Balb/c mice (8-10 week females from Charles River) were exposed to the
following immunization protocol: Week 1: 50 μg protein cage injection, Week 3:
50 μg boost , Week 4: bleed mice for antibody titer determination by ELISA and
125
I labeled protein cage injection. The biodistribution of 125I labeled protein
cages in immunized mice was identical to the protocol described above for naïve
mice.
Filtration Analysis of Mouse Urine
Radiolabeled (125I) CCMV and Hsp (50 μg protein; 229.5 nCi/ug CCMV; 448
nCi/ug Hsp) were i.v. injected into the tail veins of Balb/c mice. Urine was
collected after 24 hours and analyzed by filtration (Microcon centrifugal filter
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device, MWCO = 100 kDa, Amicon, Millipore Corp., Bedford, MA). 125I associated
with the column retentate and filtrate was counted with a Beckman Gamma
Counter. Analysis of 125I labeled CCMV and Hsp in DPBS at concentrations
equivalent to the dose given to mice was performed in parallel and served as a
control.
PEGylation of CPMV and Hsp (protocol from Joynal Abedin)
Poly(ethylene) glycol (PEG) was conjugated to the exposed lysines of CCMV and
Hsp protein cages. This reaction was carried out as follows: CCMV and Hsp
protein cages were reacted with an excess of mPEG-succinimidyl propionate
(mPEG-SPA; MW 2000 Da; 33 molar excess per subunit) in pH 6.5 buffer
(100mM HEPES, 50mM NaCl) for 24 hours at 4 °C with stirring. Following the
reaction, the PEGylated capsids were purified by size exclusion chromatography.
The recovery of protein cage ranged from 60 - 90%. SDS-PAGE analysis
demonstrated that 50% of the protein cages were labeled with PEG; >1 PEG2000 chains were covalently attached per protein cage subunit (Hsp = 24
subunits; CCMV = 180 subunits).
Hypersensitivity to CCMV and Hsp Evaluated in Mice
Hypersensitivity experiment with a CK017 label; for this experiment Hsp and
CCMV were introduced intranasally into mice (2 doses per week for 4.5 weeks).
The serum samples from the CCMV sensitized mice were analyzed for the
presence of antibodies and in some cases their subtype. The results indicated
that IgG was present in the CCMV sensitized mice serum. Another indicator of
adverse immune responses, such as hypersensitivity, in mice is their bodyweight;
the mice in the above study were similar in weight to control mice.
Genetic Incorporation Targeting Peptides into HspG41C; Table 7.1
Methanococcus jannaschii genomic DNA was obtained from the American Type
Culture Collection (ATCC 43607). As described previously, the gene encoding
the small heat shock protein (Mj HSP16.5) was polymerase chain reaction (PCR)
amplified and cloned into NdeI / BamHI restriction sites of the PET-30a(+) vector
(Novagen, Madison, WI) for expression of the full-length protein with no
additional amino acids. PCR mediated site-directed mutagenesis was employed
to replace the glycine at position 41 with a unique cysteine residue, therefore
generating the HspG41C mutant [38]. Deletion of the HSP-stop codon directly
upstream of the BamHI site was also accomplished by PCR mediated site
directed mutagenesis. This deletion allowed for the insertion of additional
sequence into the BamHI site. Sequences encoding the cell targeting peptides
listed in Table 7.1, were added as carboxyl-terminal fusions in order to present
them as loops on the exterior of the protein cage. The HspG41C-cell targeting
peptide fusion proteins were engineered to have extra sequences (encoding –
GSGG) added before the targeting peptide sequence. In addition, all cell
targeting HspG41C constructs, excepting CGKRK and CREKA, had a G was

222

added after directly before the stop codon (Table 7.1). The extra sequences
served to extend the insert away from the C-terminus and allow some structural
flexibility for disulfide bond formation within the peptides. Complimentary cell
targeting encoding primers with gatc overhangs (see Table 7.1) for cloning into
the BamHI site were mixed at a 1:1 molar ratio, annealed and treated with kinase
(Promega, Madison, WI). These inserts were subsequently ligated into an
alkaline phosphatased, BamHI digested vector overnight at 17°C
and transformed into XL-2 ultracompetant E. coli (Stratagene, La Jolla, CA).
Transformants were screened for the presence of the cell targeting peptide insert
and confirmed by sequencing the PCR amplified product on an ABI 310
automated capillary sequencer using BigDye Chain termination sequence
technology (Applied Biosystems, Foster City, CA).
Fluorescent Labeling of HspG41C-GFE Cages
HspG41C-GFE cages were labeled with fluorescent dyes (fluorescein-5maleimide, Texas Red C2 maleimide (Molecular Probes T-6008). HspG41C-GFE
cages were easily labeled with fluorescein-5-maleimide, under similar reaction
conditions as those described above (100 mM HEPES, 50 mM NaCl, pH 6.5, 3fold molar excess of dye per subunit, 20 minutes at room temperature, overnight
at 4˚C, purification by size exclusion in DPBS pH 7.4, ~50% yield). On the other
hand, HspG41C-GFE was more sensitive to Texas Red labeling yields increased
as reaction time was decreased to 30 – 40 minutes (20 minutes at room
temperature, 10-20 min at 4˚C), but conditions could be further optimized.
HspG41C cages can be easily labeled with Texas Red C2 maleimide.
HspG41C-GFE Cages Bind ex vivo Lung Tissue
Texas-red labeled HspG41C-GFE cages were incubated with mouse lung
sections in order to test their ability to bind lung endothelium. Vibratome sections
of mouse lung (6 slices per condition) were incubated with HspG41C-GFE-Texas
red (TR) (from 9/25/05 prep – Hsp 13.83 μM, TR 13 μM, 22.6 TR/cage) (100 μL
Hsp-GFE-TR in a total volume of 3 ml HBSS, corresponds to 3.47 x 1013 total
cages in 3ml; 7.8 X 1014 TR molecules) or HspG41C-TR (9/26/05 prep – Hsp
62.12 μM, TR 101 μM, 39 TR/cage) (12 μL Hsp-GFE in a total volume of 3 ml
HBSS, corresponds to 1.87 x 1013 total cages in 3ml and 7.3 x 1014 TR
molecules) on ice and covered for 1 hour 15 minutes while shaking at 50 rpm.
After incubation the sections were rinsed with HBSS. Fresh HBSS was added to
the containers (3 ml) and they were incubates as described above for 1 hour.
Epifluorescence microscopy was used to image the lung sections, the exposures
ranged from 100 to150 ms for the Texas Red channel and 1000 ms for the FITC
channel. A similar experiment with less Texas Red was performed, but the 1st
experiment yielded better images. In addition, the use of confocal microscopy for
imaging was investigated, but these images were not great.
Fluorescein labeling of HspG41C-RGD2C and HspG41C-RGDWLE
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HspG41C-RGD2C and HspG41C-RGDWLE cages were labeled with fluorescein.
The protocol was similar to HspG41C and HspG41C-RGD4C fluorescein labeling
reactions described above. In brief, HspG41C-RGD2C and HspG41C-RGDWLE
cages (100 mM HEPES, 50 mM NaCl, pH 6.5) were labeled with fluorescein-5maleimide (2-fold or 6-fold molar excess per Hsp subunit). The reactions
proceeded for 20 minutes at room temperature and 4˚C overnight (for
convenience). Fluorescently labeled cages were purified from free fluorescein by
size exclusion chromatography (DPBS pH 7.4).
Note – The human H chain ferritin related Materials and Methods (below)
were written by M. Uchida [276].
Cloning of human H chain ferritin (HFn)
Human muscle chromosome DNA was obtained from American Type Culture
Collection (ATCC). The gene encoding the human H chain ferritin was amplified
by polymerase chain reaction (PCR). The forward primer was 5’ A GTC GCC
CAT ATG ACG ACC GCG TCC and reverse primer was 5’ GCC GGA TCC TTA
GCT TTC ATT ATC AC for amplification. The PCR product was subsequently
cloned into NdeI and BamHI restriction sites of the pET-30a(+) vector (Novagen).
The plasmid vector was transformed into XL2 Blue ultracompetent E. coli
(Stratagene, LaJolla, CA) and cultured on LB with kanamycin plate for selection.
Positive colonies were grown overnight in 3 ml of LB with 30 mg/l kanamycin
medium. The HFn plasmid DNA was isolated using Perfectprep Plasmid Mini
(Eppendorf, Hamburg, Germany) and inserted DNA was sequenced using an ABI
310 automated capillary sequencer using Big Dye chain termination sequence
technology (Applied Bio System, Foster City, CA).
Genetic Engineering of αvβ3 Integrin Targeting Human H-Chain Ferritin
It is known that N-terminal amino acid residues are exposed on the exterior
surface of the human H-chain ferritin (HFn) cage. Therefore, the RGD4C peptide
was incorporated at the N-terminus of the HFn subunit. An AatII restriction site
was introduced into the native HFn for subsequent incorporation of the RGD4C
peptide sequence. Primers were designed as follows to change a tyrosine (ACC)
to a serine (TCC) at position 3 of the HFn: (+) 5’ GAA GAA GAT ATA CAT ATG
ACG TCC GCG TCC ACC TCG CAG GTG; (-) 5’ CAC CTG CGA GGT GGA
CGC GGA CGT CAT ATG TAT ATC TCC TTC. To incorporate the RGD4C
peptide sequence onto the N-terminus of the HFn, the complimentary primer GC
GAC TGC CGC GGA GAC TGC GGA GGC GGA ACG T and TCC GCC TCC
GCA GAA GCA GTC TCC GCG GCA GTC GCA CGT was designed and
inserted into the introduced AatII site of the plasmid. Four glycine residues were
added after the RGD4C peptide to allow for some structural flexibility. These
mutageneses resulted in the change of the original HFn amino acid sequence
MTTAS to MTCDCRGDCFCGGGTSAS. The RGD4C-Fn plasmid was isolated
and sequenced as previously described for HFn.
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Purification and Characterization of Ferritin
The HFn and RGD4C-Fn were expressed in E. coli where they self-assembled
into the 24 subunit cages. One liter cultures of E. coli (BL21 (DE3): Novagen)
containing pET-30a(+) HFn or RGD4C-Fn plasmid were grown overnight in LB
with 30 mg/l kanamycin medium. Cells were collected by centrifugation and then
the pellets were resuspended in 45 ml of a lysis buffer (100mM HEPES, 50mM
NaCl, pH 8.0). Lysozyme, DNAse and RNAse were added to final
concentrations of 50, 60 and 100 μg/ml, respectively. After 30 min incubation at
room temperature, the solution was subjected to French press followed by
sonication on ice. The solution was centrifuged to remove E. coli debris. The
supernatant was heated at 60 °C for 10 min precipitating many of the E. coli
proteins, which were removed by centrifugation. The supernatant was subjected
to size exclusion chromatography (SEC: Amersham-Pharmacia, Piscataway, NJ,
USA) with Superose 6 column to purify HFn or RGD4C-Fn. The protein cages
were characterized using SEC, dynamic light scattering (DLS: Brookhaven,
90Plus particle size analyzer) and transmission electron microscopy (TEM: LEO
912AB). Protein concentration was determined by absorbance at 280 nm.
Fn Cage Mediated Iron oxide Mineralization & Characterization
A degassed solution (8ml of 100 mM NaCl) was added to a jacketed reaction
vessel under N2 atmosphere followed by addition of HFn (1 mg, 1.98 x 10-6
mmoles) or RGD4C-Fn (1.06 mg, 1.98 x 10-6 mmoles). The temperature of the
vessel was kept at 65 °C using circulating water through the jacketed flask. The
pH was titrated to 8.5 using 50 mM NaOH (718 Auto Titrator, Brinkmann). Fe(II)
was added (12.5 mM (NH4)2 Fe(SO4)•6H2O) to attain a theoretical loading factor
of 1000 Fe (158 μL), 3000 Fe (474 μL), or 5000 Fe (790 μL), per protein cage.
Freshly prepared H2O2 (12.5/3 mM; 4.52 μL per 10 ml reaction) was also added
as an oxidant. The Fe(II) And H2O2 solutions were added simultaneously and at
a constant rate of 100 Fe/protein•min using a syringe pump (Kd Scientific). H+
generated during the reaction was titrated dynamically using 50 mM NaOH to
maintain a constant pH of 8.5. The reaction was considered complete 5 min after
addition of all the iron and oxidant solutions. After the completion of the reaction,
200 µl of 300 mM sodium citrate was added to chelate any free iron. The
mineralized sample was analyzed by SEC (Superose 6). Absorbance at 280 nm
and 410 nm were simultaneously monitored for protein and the mineral,
respectively. The sample was imaged by TEM, and electron diffraction and
electron energy loss spectroscopy (EELS) data were collected on all samples.

Magnetic characterizations of the mineralized samples were performed on a
physical properties measurement system (PPMS: Quantum Design). Dynamic
and static magnetic measurements were carried out using an alternating current
magnetic susceptibility (ACMS) and a vibrating sample magnetometer (VSM)
option, respectively. ACMS measurements were performed under 10 Oe field at
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frequency of 100, 500, 1000, 5000 and 10000 Hz, with no dc background, while
the temperature was varied from X to Y K. The superparamagnetic blocking
temperature (Tb) was determined from susceptibility curves. VSM measurements
were performed under a magnetic field up to 80KOe at 5K.
Cell targeting assay of Mineralized RGD4C-Fn
The mineralized RGD4C-Fn with loading factor of 3000Fe/cage was used to
evaluate cancer cell targeting ability of the protein cage. The mineralized HFn
(3000Fe/cage) were used as control. C32 cells were cultured in six-well
polystyrene plate. After 2 days of incubation, MEME was removed from the well
followed by addition of 1 ml of mineralized protein (200µg/ml) in Dulbecco’s
Phosphate Buffered Saline (DPBS) and incubated at 37°C for 30 min. After the
incubation, the solution was aspirated and washed 2 times with DPBS.
Cells were fixed in glutaraldehyde (3%) for 10 min at room temperature.
Following removal of glutaraldehyde 1ml DPBS was added and cells were
scraped using a rubber policeman and centrifuged (5000 xg, 4 minutes). Cell
pellets were mixed with 50 µl of 4% agar solution, 60-70 nm and thin sectioned
prior to imaging by TEM.
Labeling of Ferritin with Activated Fluorescein Dye
Cysteine residues on both the HFn and the RGD4C-Fn were labeled with
fluorescein-5-maleimide for subsequent FACS analysis. The Fn and RGD4C-Fn
(100mM HEPES, 50 mM NaCl, pH6.5) were reacted with fluorescein-5maleimide (Molecular Probes, Eugene, OR) at room temperature for 30 min
followed by overnight incubation at 4°C. Fluorescein labeled protein cages were
purified from free dye using SEC.
Fluorescence activated cell sorting (FACS) analysis of C32 cells incubated
with fluorescein conjugated RGD4C-Fn
Flow cytometry was performed on a FACSCalibur, (Becton Dickinson, Mountain
View, CA) and analyzed using Cell Quest software (Becton Dickinson, Mountain
View, CA). C32 cells were non-enzymatically removed from cell culture dishes
by DPBS (-) with 1% EDTA, washed once with serum containing MEME and then
suspended in DPBS (+) with 1% BSA. The cell suspension was incubated with
fluorescently labeled protein cages on ice for 20 min. After the incubation, the
cells were washed 3 times with DPBS containing Ca2+ and Mg2+ + 1% FBS and
then resuspended in DPBS + 1% FBS for FACS analysis.
CCMV Mutagenesis:
Described by Brumfield et al. (see [55]). In brief, the DNA encoding the CCMV
coat protein was amplified from an infectious cDNA and cloned into the pPICZA
plasmid vector (Invitrogen EasySelect Pichia Expression Kit). The pPICZA
plasmid is a shuttle vector that can be utilized in both E.coli and P. pastoris, it
was designed for intracellular protein expression [72]. This plasmid was utilized
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as a template for introduction mutations in the coat protein by polymerase chain
reaction (PCR) mediated mutagenesis (Stratagene). Two overlapping primers
are designed (see Table 8.1) that contain the DNA sequence corresponding to
the desired change flanked by wild type (or other genetic variant) template
sequence. The altered plasmid DNA can be amplified in E.coli and then
sequenced in order to ensure that the correct mutations have been introduced.
Then this plasmid DNA can be introduced into P. pastoris via electroporation.
Yeast containing the plasmid can be selected for by its ability to grow on Zeocin
containing medium (see [72] for more information). The CCMV coat protein is
then expressed within the yeast, where it self assembles into VLPs that can be
purified as described in Materials and Methods (Appendix A). The P. pastoris
system, also facilitates the “scale-up” of VLP production, since yeast can be
grown to high densities in fermentation systems (see below) [55, 72].
CCMV Purification from Yeast
(Protocol from Debbie Willits and Sue Brumfield [55])
The following buffers are needed:
Yeast Homogenization Buffer: 0.2M sodium acetate/acetic acid pH 4.8, 0.01 M
ascorbic acid, 0.01 M EDTA. Store at 4˚C – turns yellow when bad.
Virus Buffer: 0.1M sodium acetate/acetic acid pH4.8, 0.001M EDTA.
Perform the following steps, keep sample on ice as much as possible:
1. Place 100g of yeast cell paste into bead beater container (BioSpec
Products, Inc.) with 235g of glass beads (BioSpec Products, Inc.). Fill
container with homogenization buffer (~1.25 ml of buffer per gram of cell
mass).
2. Assemble apparatus, making sure to keep the sealing area free of all
liquid and glass beads, fill around top of bead beater with ice. Bead beat
for 3 minutes, off for 1 minute. Repeat minimum of three times.
3. Pour homogenate into centrifuge tubes without pouring off beads. Repeat
steps 1-3 with another 100g of yeast – same beads, more buffer.
4. Spin tubes in low speed centrifuge for 20-30 minutes at 10,000xg
(8,000rpm in a GSA rotor)
5. Decant supernatant into 25ml ultra tubes, balance and spin in a T30 rotor
for 2hours at 25000rpm at 4˚C.
6. Dump off supernatant – virus should now be in the pellet. Resuspend
pellets in virus buffer 500ul to 1ml per tube depending on size of pellet.
Pellets range from ~1/2 cm in diameter to 2cm. I usually let the pellets
resuspend at 4˚C overnight unless you’re in a hurry.
7. Combine all pellets in a 15 ml flacon tube and spin in low speed centrifuge
for 5 minutes at 5,000 rpm. If not clear transfer supernatant to
microcentrifuge tubes and spin 5 minutes at 14,000 rpm in a microfuge
tube. The clearer the solution the cleaner the virus off CsCl – the solution
will be yellow.
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8. Fill each ultracentrifuge tube (Ultra clear Beckman 14 x 89 mm order
#344059) for the SW41 swinging bucket rotor with 10 ml of 39% (w/v)
CsCl in virus buffer.
9. Layer 2 ml of the virus solution onto the top of the CsCl solution and place
in rotor buckets and balance.
10. Spin SW41 rotor for 18-20 hours at 37000 rpm at 4˚C.
11. After run remove buckets from head and tubes from buckets and pull virus
band - will have a blue tinge when illuminated with a flashlight. – full virus
migrates to about 1cm from the bottom of the tube. Empty virus migrates
~ halfway down the tube.
12. Place sample in dialysis tubing (12,000-14,000MWC) and dialyze against
virus buffer, one change, overnight.
Glutaraldehyde Intra-particle Cross Linking of CCMV
(protocol from Mark Allen, Douglas Lab, MSU)
Glutaraldehyde crosslinking of CCMV involves several dialysis steps
(Spectra/Por molecularporous membrane tubing; MWCO 12-14,000). First,
dialyze CCMV into 50 mM HEPES 100 mM NaCl pH 7 (~2 hours). Second
dialyze CCMV into glutaraldehyde containing buffer (50 mM HEPES, 100 mM
NaCl, 10mM Glutaraldehyde (Amersham; 490 mM); therefore add 2ml of
glutaraldehyde to the 100 ml of HEPES) for 24 hours at 4oC. Next, dialyze
CCMV into 100 ml ammonium acetate containing buffer (50 mM HEPES 100 mM
NaCl, 10 mM ammonium acetate) for at least 2 hours at 4oC in order to stop the
reaction. Any primary amine containing buffer such as ethylene diamine or Tris
should serve to quench the reaction. Next, repeat the ammonium acetate
containing buffer dialysis step, this time with the addition of 1ml of 1M Tris (pH 7)
into the dialysis buffer. Lastly, dialyze exhaustively into any buffer of choice in
order to remove any excess glutaraldehyde and ammonium acetate, and Tris.
The success of the crosslinking reaction can by verified by SDS-PAGE; the
crosslinked virus should not even enter the stacking gel. In addition the elution
volume of cross-linked CCMV from size exclusion chromatography (SEC) should
be similar to non-cross-linked CCMV.

228
Fluorescent Labeling of Genetic Variants of CCMV
CCMV cages were labeled with fluorescent dyes (fluorescein-5-maleimide, Texas
Red C2 maleimide (Molecular Probes T-6008). CCMV S102C cages were easily
labeled with fluorescein-5-maleimide, under similar reaction conditions as those
described above (100 mM HEPES, 50 mM NaCl, pH 6.5, 3-fold molar excess of
dye per subunit, 20 minutes at room temperature, overnight at 4˚C, purification
by size exclusion in DPBS pH 7.4, ~50 -75% yield, 62 Fl/cage). In addition,
CCMV K42R T48C was labeled with Texas Red C2 maleimide and fluorescein-5maleimide using the same reaction conditions described above, excepting the
additional pre-treatment of the cages with 10-fold molar excess per subunit of
TCEP and reaction with Texas Red C2 maleimide at a concentration of 10-fold
molar excess compared to CCMV subunit concentration.

