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ABSTRACT

Protein cage nanoparticles are naturally occurring proteins found in all
domains of life. The breadth of structural knowledge and the ability to modify
protein cage nanoparticles both chemically and genetically set them apart for use
as platforms for biomedical templates and materials synthesis. The work
described herein focuses on the use of protein cage nanoparticles as a protective
agent from a suite of viral pathogens. Protein cage nanoparticles exist in many
different morphological forms both within a specific particle and between
particles. It is essential to characterize these different states in order to engineer
a protein cage nano particle for biomedical and materials synthesis.

Described here is an expanded protocol for determining the morphological
state with the bacteriophage P22 capsid. Using multiple techniques including
multi angle light scattering, analytical ultra centrifugation, agarose gel
electrophoresis and transmission electron microscopy these states are described
and characterized. P22 exits in four different morphological states: the
procapsid, empty shell, expanded shell and so-called “wiffleball”. Also
characterized in the work is the small heat shock protein from Methanococcus
Jannaschii, which exists in two morphological states. One of the states being the
assembled 12 nm cage structure and the other state being a disassembled cage
structure that is most commonly described at elevated temperatures. The
characterization of these structures can aid in the understanding the mechanism
of formation for the immunological phenomena induced bronchial associated
lymphoid tissue.
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CHAPTER 1
PROTEIN CAGE NANOPARTICLES AS MATERIALS: A LOOK AT THE

HISTORY OF BILOGICALLY PRODUCED PROTEIN CAGES
AND THEIR USE IN MATERIALSYNTHESIS

Protein Cage Nanoparticles

Nanobiotechnology is the study of nano-sized biomolecules for use as
materials. One of the more promising biomolecules being researched is protein
cage nanoparticles (PCN). PCN are naturally occurring particles that exist in all
domains of life, bacteria, archea and eukaryotes. These particles self-assemble
into hollow cage-like structures. PCN have a diverse range of function from the
structural proteins of viruses to ferritins to heat shock proteins and enzyme
assemblies (figure 1.1). PCN can be found within and/or infecting organisms that
inhabit extreme chemical environments including high salt, extreme pH and

extreme temperatures [4-19]. Viruses have shown a remarkable ability to

. . ‘ ﬁ
-
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64 nm Expanded shell P22 i3 9nm SsDps 9nm LiDps
Lumazine synthase

Figure 1.1: Protein cage library.

Space filling models of some protein cages that have been used in materials synthesis. From
left to right P22[24], Lumazine synthase[26], CCMV[21], SsDps[51], HFn[23], sHsp[20],
LiDps[53]. The red box indicates those cages that were used in this thesis.
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“survive” in these extreme environments and still maintain their ability for site-
specific delivery of their cargo [4]. While other PCN are produced by the
organism in these extreme environments and perform a variety of functions that
aid in the survival of those organisms. The use of PCN from extreme conditions
provide an ultra stable platform for genetic and chemical manipulation providing a
range of different material and medicinal possibilities [27-50]. Encapsulating a
cargo, protecting it from degradation and delivering it to a specific location may
provide more robust materials for medical and materials science.

Both viral and non-viral (PCN) can be viewed as multifunctional nano-

containers [25]. PCN can be both chemically and/or genetically manipulated at
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Figure 1.2: Surfaces of a protein cage
Schematic illustration of the three regions of a protein cage available for chemical and
genetic modification. Figure from [25]

their exterior surface, the interior surface and the subunit interface (figure 1.2).
These regions allow for the attachment of imaging agents or drugs on the interior

or subunit interface where they are protected, while also maintaining the ability to
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attach a targeting peptide or molecule on the exterior of the cage [35, 41, 43, 44].
It has been demonstrated that labeling a PCN on the exterior can add additional
functionality to the PCN. For example Uchida et al. demonstrated that a PCN
with a peptide designed to target integrins attached to the outside can aid in the
imaging of artherosclerotic plaques by delivering ferrinydrate (an MRI contrast
agent) [52]. This targeting mechanism allows for tissue specific delivery of an
imagining agent to a tissue thus allowing for an easier diagnosis of a potentially
deadly disease [52]. By exploiting PCNs’ natural ability to encapsulate and shield
molecules, combined with chemical and genetic modifications, the potential for
safer and more effective drugs exists.

This thesis describes the characterization of the bacteriophage P22 as a
nanoparticles material and explores the effects of specific chemical and genetic
modifications to the capsid. Additionally the development of PCN as a specific

prophylaxis to respiratory infections is discussed.

sHsp From Methanococcus jannaschii

Structure and Function. One of the many cage-like architectures that has

been used as a template for nanobiotechnology is the small heat shock protein
(sHsp) from Methanococcus jannaschii (a hyperthermophile). M. jannaschii is a
member of the archeon family that was isolated in 1983 from a hydrothermal vent
2,600 meters deep in the Pacific ocean [54] (figure 1.3). Conditions around these
vents often reach extremes such as temperatures reaching above 100°C. M.

Jannaschii thrives in extreme conditions including temperatures of 85°C and
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Figure 1.3: Image of methanocuccus jannaschii.
M. jannaschii grown at 78°C and 30 psi [3].

pressures upwards of 30psi. Its existence in these extreme conditions has
resulted in some of its proteins evolving to withstand extreme conditions on their
own. The genome of Methanococcus jannaschii was the first archaeal genome
sequenced (in 1996) and consists of a 1.6 million base pair circular chromosome
and two extra chromosomal units large (58 kbp) and small (16 kbp) [55].

One of the proteins that the Methanococcus jannaschii genome encodes
for is the sHsp that assembles from 24 identical 16.5 kDa protein subunits
forming a cage with cubic (4:3:2) symmetry [20, 56, 57] (figure 1.4). The sHsp
crystal structure has been solved to 3.2 A [20, 56] providing the location of most
amino acids. Having a high-resolution structure is critical because it allows for
modifications to be made with a predictable effect. Thirty-two residues on the N-
termini were not resolved by crystallography, however when observed by cryo-
electron microscopy it appears as though these residues reside on the interior of

the cage [20, 58]. sHsp has an exterior diameter of 12nm and an interior
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diameter of 6.5 nm with 8 3nm pores located at the 3 fold axes (figure 1.4) [20,

56]. These pores allow for the cage to freely exchange bulk solution between the

Figure 1.4: Structure of the small heat shock protein from M. jannaschii.

A) topology diagram showing the interaction between two of the sHsp subunits. B) Space
filing model of the 12nm diameter assembled cage - an interior view along the four-fold axis
[201.

interior and the exterior of the cage. Six smaller (1.7nm) pores also exist at the
4-fold axis contributing to the bulk solvent exchange with the interior (figure 1.4)
[20, 56, 57]. sHsp is an extremely stable protein remaining stable at
temperatures above 90°C and in a pH range of 5 to 11 [59]. The sHsp belongs to
the small heat shock protein family HSP-16.5, which can be found in every
domain of life [60]. These sHsp function as molecular chaperones that aid in the
proper folding of other proteins. All of these heat shock proteins (Hsp) share a
common motif; an approximately 100 residue alpha crystalline domain (amino

acids 46 to 135 in sHsp) [20, 57]. Alpha crystalline proteins are commonly found
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in the eye lens of vertebrates and help to prevent the aggregation of other
proteins that may lead to cataract formation. Proteins from this family typically
have a subunit size ranging from 12 to 42 KDa [61]. These proteins are typically
over expressed during periods stress such as elevated temperatures.
Interestingly, heterologously expressed sHsp protects E. coli proteins from
aggregation when co-expressed in vitro but the native in vivo function of sHsp in
Methanococcus janaschii remains unknown [18, 57, 59]. One interesting feature
of the sHsp from Methanococcus janaschii is that it undergoes subunit exchange
at elevated temperatures as shown by fluorescence resonance energy transfer
(FRET) [62]. Combined with its stable structure, ease of modification and its high-

resolution structure, sHsp is a viable platform for nano-technology research.

sHsp Use In Nanotechnology: The Douglas laboratory has demonstrated

the ability to modify the sHsp both chemically and genetically to create many
useful platforms and applications for this PCN [38, 63]. G41C is an ideal genetic
mutant of sHsp as it provides a unique internally located sulfhydryl group that is
accessible for chemical modification. Abedin et al. have recently utilized this site
to generate an internally cross-linked sHsp [64]. This was achieved by
attachment of an alkyne moiety to the internal cysteine of G41C and subsequent
polymerization via the well-characterized [3+2] cyclo-addition ‘click’ chemistry
[64]. This polymerization approach allows for diverse chemical functionalities to
be introduced to the polymer on the cage interior through an additional side

group on the azide cross-linker. By adding these functionalities on the interior of
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the cage it should minimize their degradation and shield them from the outside
world. For example, Liepold et al. have utilized this system to introduce Gd-
DTPA onto the internal polymer [44]. This enhances the “brightness” of the
molecule as a T1 MRI contrast agent as compared to Gd-DTPA alone [44].
Another advantage to this method is that it increases the local concentration of
Gd thus increasing the potential signal [44].

The sHsp cage has also been used as a potential drug delivery agent.
Flenniken et al. showed that doxorubicin (dox), a widely used anti-cancer drug,
could be attached to interior of the sHsp G41C cage and subsequently released
[35]. A form of dox, (6-maleimidocaproyl) hydrazone of doxorubicin, was attached
via malamide to the internal cysteine with near complete labeling of all 24
subunits [35]. This cargo could then be selectively released into the bulk solvent
by lowering the pH with a more rapid release as the solution become more acidic
[35]. pH-triggered drug release is important because when a molecule is
endocytosed into a cell they are engulfed by a structure known as an endosome
with a pH range of 3 to 5 [65]. Therefore, if the cage can be targeted to a specific
cell and endocytosed, selective destruction of cells could be achieved.

The sHsp protein has been used as a prophylaxis against some viral
pathogens in mouse models [66]. In doing toxicity studies it was noticed that
sHsp elicited the formation of tertiary lymphoid structures in the lung known as
inducible bronchus associated lymphoid tissues (iBALT). These iBALT structures
have been shown to enhance immune protection against respiratory pathogens

[67]. sHsp delivered intranasally to mice lead to the formation of tertiary lymphoid
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structures referred to as induced bronchial associated lymphoid tissue (iBALT).
These iBALT structures are rich in B and T-cell [68]. iBALT are typically only
associated with respiratory infections (e.g. influenza) [69]. Wiley et al. have
shown that these structures can aid in the protection of mice against future
respiratory infections [67]. Mice that were dosed with sHsp and subsequently
challenged with a lethal dose of influenza did not exhibit the morbidity and
mortality characteristic of a viral infection. sHsp-treated mice showed lower viral
burdens in their lung and greater influenza specific antibody titers. Interestingly,
sHsp was also shown to protect mice from other respiratory viruses including
SARS and pneumovirus. These data suggest that sHsp-initiated iBALT can
provide a broad range of protection perhaps by priming the immune system to

rapidly clear a subsequent viral/pathogen infection [66].

Bacteriophage P22

Structure and Assembly. P22 is one of the most well studied

bacteriophages and is quickly becoming an ideal platform for nanobiotechnology.
P22 naturally infects Salmonella typhimurium [70] which is a rod shaped, gram-
negative enterobacteria that is closely related to the genus Escherichiai (figure
1.5). This genus of bacteria is found in both cold-blooded and warm-blooded
animals worldwide. P22 begins its infection by binding to the O-antigen, part of
the lipopolysaccharides, on the outer membrane by attaching with a portion of its

tail-spike [71, 72]. This tail-spike assembly injects the 44 kbp double stranded



Figure 1.5: Salmonella typhimurium
Image showing P22s host Salmonella typhimurium [2].

DNA (dsDNA) genome of P22 into the cell where it circularizes and begins to
take over host cell machinery [73]. This DNA encodes structural proteins required
for phage assembly including the coat protein (CP), the scaffold protein (SP), the
portal complex and the tail-spike. Once these proteins begin production 415
copies of the 46.6 kDa CP assemble into a spherical T=7 structure with as many
as 300 of 33KDa SP. SP aids in assembly by guiding the CP to ensure the
correct assembly of the phage head. The dodecameric portal complex initiates
this assembly reaction by allowing the structural proteins to assemble around this
complex [72, 74-77] (figure 1.6). The two virally encoded proteins that assemble

to form the portal complex package the DNA using ATP [78, 79]. This DNA
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Figure 1.6: Life cycle of P22
An illustration showing the maturation of the bacteriophage P22 from proteins to
infectious phage [24].

packaging causes extreme stress on the head structure with internal pressures
reaching up to 60atm [80, 81]. As the DNA packaging process begins, all
scaffold proteins are released from within the head fully intact. It is hypothesized
that the scaffold protein is able to exit through channels that are present at the
five-fold axis [79]. The phage head undergoes a dramatic morphological change
that includes a large reorganization of the subunit structure as well as a thinning
of the protein subunits and is also accompanied by a swelling and structural
reorganization of the capsid ultrastructure [74-76] (figure 1.6). It is unknown if the
morphological change occurs before the DNA is packaged or if it is a
simultaneous process. After the DNA is completely packaged into the head, the
portal complex undergoes a dramatic conformational change. This change is

thought to be the beginning of the tail-spike formation, a protein complex that is
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added to the portal complex which allows for the infectious virus to attach to its
host and inject its DNA [77] (figure 1.6). Following this conformational change the
injection proteins are recruited and the mature phage conformation is adopted
[77] (figure 1.7). After complete maturation the host cell is lysed and the phage

are released to propagate infection.

Figure 1.7: Bacteriophage P22
Space filling model of the infective form of a bacteriophage P22 [22].

Bacteriophage P22 has been extensively characterized with respect to the
assembly and infection processes as well as its multiple structural configurations
[1, 70, 74-76, 82-85]. The P22 head has two major naturally occurring forms.
The procapsid (PC) form consists of 415 coat proteins, as many as 300 scaffold
proteins and the dodecameric portal complex with an outer diameter of 60nm
[74-77, 86]. The majority of the scaffolding protein structure is unknown to date.
However, the structure has been determined for amino acids 141 to 303 and it
has been established that they are involved in the contact with the CP [87]. SP

can form both dimers and tetramers in solution and this process is thought to aid
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in directing the CP to the proper location for assembly [86]. Interestingly, the
only residues that are required for proper assembly of the PC form are residues
141-303. The second naturally occurring form is the mature phage, which
consists of the expanded 64nm head containing 415 copies of the CP, the portal
complex and the tail spike [74-77, 86]. The SP has exited the capsid and the
DNA has been packaged. The portal complex is 15nm in diameter and 11nm tall
with a central pore of 3nm. The structure of these forms was determined by
electron microscope (EM) cryo-reconstruction to high resolution (3.2A) [24]
providing a detailed look at the structure of the infectious form of the P22
bacteriophage.

P22 is readily expressed in E. coli and fully assembles into the identical

structure found in Salmonella absent of DNA. Fortunately, if only CP and SP are

Figure 1.8: Different morphological states of P22
Space filling models showing the three different in vitro morphological states of the P22 . A)is
the procapsid form B) is the expanded shell form C) is the wiffleball form [1].

expressed in E. coli, P22 assembles identically to the PC form in Salmonella
excluding the portal complex. P22 has also been shown to assemble in vitro with

only the CP and the SP present [88] in the same PC form (figure 1.8a). The
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packaging of DNA is not the only process that causes P22 to switch
conformations. DNA packaging can be mimicked thermally resulting in the
release of SP and the morphological changes associated with the subunit
structure making the more angular shape (figure 1.8b). By gently heating PC at
65°C for 20 minutes this in vivo like expansion occurs [85]. This results in a
change from the spherical 58nm structure to a 64nm more angular icoshedral
structure known as expanded shell (EX). SP can also be chemically extracted
from the P22 capsid leaving the 58nm spherical shell fully intact, absent of SP.
By treating the intact PC with 1M GuHCI the scaffold protein is removed making
an empty capsid, referred to as the empty shell (ES) conformation [89]. Upon
heating of the PC, ES or EX forms to 75°C for 20 minutes another form of PC is
generated. All 12 pentamers are ejected from the capsid creating the form that
has been dubbed “wiffleball” for its resemblance to the child’s toy [85] (figure
1.8c). This form appears to have the same 64nm outer diameter and 50nm
interior diameter as EX but does not appear to have any relevance in vivo [85].
P22 has a number of favorable traits including but not limited to, its large size,
high-resolution structure, and protease cleavage. One of the most intriguing
traits of P22 is in vivo selection [90]. In vivo selection allows for the selection of
capsids with desired traits such as long blood half-life, long lung residency or the
ability to bind to specific tissues. In vivo selection is accomplished by using the
well-characterized mutator strain of salmonella. This strain has a defective DNA
polymerase that does not have the proper proofreading capabilities providing the

mistakes needed to form a library of capsids. These particles are not infectious
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due to the addition of the amber codon, a premature stop codon, before the tail
spike gene thus preventing them from propagating on their own. Some of these
proteins that incorporate mutations assemble into capsids and can be purified
and assayed for mutations of interest (e.g. increased blood half-life, binding to
specific substrates, etc.). After the capsids possessing the desired traits are
harvested and rendered infectious by incubation with tail spike complexes, they
are allowed to infect a non-mutator strain of salmonella. These viruses will
propagate and can be purified away from the Salmonella. This cycle can be
repeated absent of the mutator strain to ensure that there are only a small
number of particles that posses the desired trait. This, combined with the many
other favorable traits of P22, makes it an ideal platform for drug development,

MRI imaging and other nanotechnology materials.

P22 as a Platform for Nanotechnology. The use of P22 as a material and

for medical applications has only just begun with promising results. The Douglas
lab developed a number of unique ways to increase the contrast with MRI agents
as discussed previously and later in this work. In the past this was done in sHsp,
ferritin or CCMV. Recently, a similar approach to sHsp using click chemistry has
been used in P22. The maximum loading seen with sHsp was 7 Gd molecules
per subunit giving a total of 168 Gd per cage. By using P22 there is evidence
supporting an increase of 10 Gd ions per subunit with indication that more can be
obtained giving a total of at least 4200 Gd ions per cage as is. This amount of Gd

is a 25X increase of Gd ions over sHsp. By adding more Gd per cage similar
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benefits to sHsp (e.g. protection of cargo and targeting) are obtained while also
delivering more Gd and increasing the “brightness” of the image.

To be able to deliver something, whether a drug, an enzyme, or a protein,
to a specific location while being protected from extracellular degradation could
provide more effective and safer drugs. Kang et al. have shown that P22
modified to display biotin on the interior of the cage can bind streptavadin.
Streptavadin has the ability to migrate through the pores in the P22 capsid,
formed due to heating, and bind to the biotin [91]. Uchida et al. have shown that
if the capsid is functionalized internally with phenathroline (phen) it will
incorporate nickel at specific sites on the cage interior. Cytochrome C that has
been functionalized with a phen group can migrate through the pores and attach
to the open coordination sites on the nickel [92]. Together this demonstrates the
ability to attach small proteins with different methods on the cage interior,
protecting them from degradation.

Using the 10nm pores in the P22 capsid to allow for the migration of
molecules has limitations regarding the molecules that can be attached (e.g. size
or electrostatics). As mentioned previously truncated SP is still able to promote
assembly of CP into mature capsids. Interestingly, O’Neil et al. have recently
demonstrated that SP-fusion proteins, generated by addition of peptide
sequences to the N-terminus of the SP, can assemble CP, resulting in a mature
capsid with a non-native peptide sequence displayed on its interior. This has
been demonstrated with fluorescent proteins GFP and mCherry [93]. These

mutations have been sequenced and assembly confirmed by SEC, MALS, TEM
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and DLS. O’Neil et al also demonstrated the ability to insert enzymes such as
HIV-1-protease, superoxide dismutase and SsoPox [94]. By co-assembling
proteins and displaying them on the interior of the cage, enzymes can be
delivered to specific cells where they can perform a necessary function that may

be absent in that cell.

Other PCNs

There are other PCNs that have been mentioned in this work. However,
they have not been discussed in detail. These PCNs include Cowpea chlorotic
mottle virus (CCMV), human ferritin (HFn), DNA binding proteins from starved

cells (Dps), and one non-protein based nano-particle a dendrimer.

Cowpea Chlorotic Mottle virus

CCMV is a member of the Bromoviridae family and not surprisingly it
naturally infects the cowpea plant. One-hundred-eighty copies of the 20kDa coat

protein assemble into a T=3 capsid with three positive sense RNA molecules

Figure 1.9: Conformations of CCMV
CCMV in its two different conformations closed (A) and open (B) [21]
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packaged inside making a 28nm virus [95-97]. The crystal structure of CCMV

has been solved to 2.7A resolution revealing Ca®* metal ions bound at the
pseudo 3-fold axis [21, 98]. Three acidic residues (E81, E148, D153) and the
carbonyl oxygen of two polar groups (Q85 and Q149) on two subunits coordinate
the metal binding [21]. Interestingly, there is a reversible pH gating effect that
occurs with these ions. The metal ions are released at a pH greater than 6.5
causing the capsid to swell by approximately 10% making the “open”
conformation (figure 1.9b) [37]. When the pH is brought below 6.5 these metal
ions will reattach making the “closed” conformation of the capsid [37] (Figure
1.9a). When in the open conformation 60, 2nm pores exist at the quasi 3-fold
axis allowing for the virus to release its contents and providing bulk solvent
exchange [37] (figure 1.9b). This provides the ability to trap small molecules on
the interior of the cage and allows that molecule to be released in a different
location [37].

CCMV has been used as an MRI contrast agent because of its natural
ability to bind metals. In vitro the Ca®" ions can be replaced with Gd** (a
common MRI contrast agent). Each CCMV capsid can bind 180 Gd*‘ions.
When Gd* is incorporated into the cage the T and T, relaxivities were the
highest reported for a molecular paramagnetic material when measured at 61
Mhz [43]. One of the main factors contributing to this high relaxivity value is the
slower tumbling rate CCMV has in solution compared to a single Gd molecule.
Unfortunately, the binding constant of the Gd** (31uM) was far to weak to be

used for any in vivo applications. Gd>* is an extremely toxic metal and if allowed
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to exist unbound within the body it could cause severe damage if not death. In
order to increase the binding constant of Gd** a metal binding motif from
calmodulin (DKDGDWLEFEE) was genetically incorporated on the N terminal
end of the coat protein. Gd>* was incorporated into these peptides with an
increase in the binding affinity [43]. However, it was still to low for in vivo

applications.

Human Ferritin

Ferritins are found in every domain of life including bacteria, archea and
eukaryotes [99-101]. They are important proteins that sequester and store iron
within an organism [101]. Iron is a crucial element that gets incorporated into
many proteins for both stabilizing effects and catalytic effects. However, if it
remains unbound it can be toxic. Ferritins assemble into a roughly 12 nm
diameter cage using 24-subunits giving them octahedral (4:3:2) symmetry [99]
(figure 1.10b). Interestingly, this structure is highly conserved through all

A)
N terminal

12 nm

C terminal i

»

Figure 1.10: Structure of Human Ferritin
A) A ribbon diagram of the human H-chain ferritin subunit. B) space filling model of the intact
ferritin cage [23].
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organisms however, they vary greatly in the amino acid sequence with as little as
14% homology [99]. Ferritins contain two different chains (H and L) depending on
the iron needs of the specific tissue where they are found [99]. The H-chain of
the ferritin molecule contains the site that catalyzes the oxidation of two Fe?*
atoms and the L-chain has a role in the iron oxide core formation [99, 101]. Both
the H and the L chain of the human ferritin have had their crystal structure solved
to 1.52A [23] and 1.90A [102] respectively. With its natural ability to bind metal
and form a metal oxide core there are numerous potential uses in
nanotechnology.

Ferritin has been used in broad range of nanotechnology applications.
The most common nano-technology use for Ferritins is as nano reaction vessels
in an attempted to make nano scale metal oxide particles within the interior of the
cage. Naturally the ferritin will form ferrihydrite nanoparticles. At elevated
temperatures (85°C) and a pH of 8.5, magnetite (Fe3O4) can be formed on the
cage interior. Interestingly, in vitro these particles are not limited to iron
containing materials. Cobalt, nickel, indium, manganese and chromium oxide
cores can also be formed on the interior [103-106]. Recently, ferritin with an iron
oxide core has been used as a MRI dark imaging agent. A targeting peptide
(RGD) that has been shown to selectively target integrins ay B3 and ay Bs was
genetically incorporated into each of the 24 subunits displaying itself on the
exterior of the cage (RGD4C-Fn). Integrin ay B3 is known to be involved in the
initiation and progression of some human diseases including rheumatoid arthritis

and cancer. It has also been reported that it is found on the surface of
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macrophages involved in both early and late stage atherosclerotic lesions.
Uchida et al. have demonstrated the targeting of macrophages in vitro with this
RGD4C-Fn and an iron core. As well Uchida et al. showed that when RGD4C-Fn
with an iron core is injected into mice with atherosclerotic lesions, the cage
targets these areas enhancing their contrast on an MRI image making them
easier to diagnose. The natural ability of ferritin to form a metallic core has been

harnessed and used to monitor a potentially deadly disease.

DNA Binding Protein from Starved Cells

Another PCN that has been used in materials synthesis is Dps, a member
of the ferritin family [107]. Dps proteins have been found in several bacterial
(Listeria iinocua {LiDps}) and archaeal (Sulfolobus solfataricus {ssDps})
organisms but have not been found in eukaryotes to date [53, 108-112]. The
Dps proteins have a similar structure to ferritin but they are only comprised of 12
subunits with an exterior diameter of 9 nm [107]. To date the biological function
of the Dps proteins is poorly understood however their use as constrained
reaction vessels similar to that of ferritin provides a useful tool for nano-materials

synthesis.

Dendrimer

Dendrimers are repeatedly branched, organic molecules that are roughly
spherical in shape, monodispersed and highly symmetric. Often times the
functionality of a dendrimer depends on the functional group exposed on the

molecular surface [113, 114]. However, there are a few examples where
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dendrimers have been internally functionalized providing the isolation of an active
group similar to the active sites found in biomolecules [115, 116]. The number
of repeated branching units that they contain (generations) classifies dendrimers.
With each increase in generation, the molecule roughly doubles in molecular
weight and provides more exposed functional groups on the exterior.

Dendrimers can be made to contain any number of functional groups. These
functional groups can also be altered after synthesis to customize a dendrimer
for a specific function [113, 114, 117]. Poly(amidoamine) (PAMAM) dendrimers
are the most well known dendrimers and are made by reacting a diamine with
methyl acrylate and another diamine to form a Generation 0 dendrimer.
Dendrimers have been used in nano-technology with applications ranging from
drug delivery and gene therapy to nano-sensors [118-121] making them a viable

source for nano-material uses.

Other PCN Not Covered in this Thesis

Many other PCNs are being explored for use in nanotechnology. Most of
these PCNs are viral in origin including Cowpea mosaic virus [122], tobacco
mosaic virus [123-125], the flock house virus [126], polyma virus [127], norovirus
[128-130], adenovirus [131-133], bacteriophage MS2 [134], Q-beta [135], SV 40
[128-130, 136], Canine parvovirus [137, 138]. Their most common use is in
biomedical applications. They have been used for materials ranging from cancer
treatment to vaccines and much more. Some of the PCNs are being used to

target specific cells and deliver some form of payload, while others are being
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used to deliver antigens causing an immune response without the negative side
effects that come with most immune responses. PCN are being used in many
different areas of nanotechnology because they are easily modified and
produced in high quantities. Giving them great potential to be used as drugs and
materials.

Instrumentation:

Size Exclusion Chromatography

Size exclusion chromatography (SEC) is a technique that can separate
molecules by size and shape. SEC is a useful technique that aids both in the
purification and the analysis of proteins. There are two forms of SEC. One form
uses a membrane where molecules with a specific size cannot pass through
pores in the membrane. This provides a method to separate large particles from
small particles. The second form of SEC uses a stationary phase made of
dextran polymers, agarose, polyacylamide or silica beads and a mobile phase
[139]. The resin is made of a network of neutral tunnels that vary in size. This
allows the smaller particles to enter the tunnels while the larger particles are
excluded. Because the smaller particles must pass though each tunnel, they
take longer to flow through the resin thus eluting off the column later. Meanwhile
the larger particles that did not enter the tunnels move through the resin more
quickly eluting earlier [139]. Molecules are applied to the resin with a mobile
phase that pushes the molecules through the resin and also aids in keeping the

molecules from interacting with the resin[139]. The ideal stationary phase will
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have no chemical interaction with the molecules allowing separation to be based
purely on size. SEC provides an easy and simple way to separate molecules by
size thus providing useful information about the molecule but also aiding in the

purification of molecules.

Multi Angle Static Light Scattering

The entire molecular mass of a PCN can be extremely difficult to
determine. However, light scattering has proven to be a useful tool in determining
molecular mass of particles in excess of 200 MDa. Scientists such as Einstein,
Raman, Debye and Zimm helped to develop the theory of light scattering and it
has proven to be one of the great developments in physical chemistry. Light
scattering is based on the physical property that heavier molecules scatter more
light than lighter molecules (Reviewed in [140]). With this technique the average
molecular weight can be determined [141, 142]. Rayleigh scattering describes
the theory behind determining the molecular weight of a molecule in solution.
Rayleigh scattering is the elastic scattering of light by objects considerably
smaller than the wavelength. Shorter wavelengths scatter more intensely than
longer wavelengths because the Rayleigh scattering is inversely proportional to
the fourth power of wavelength. Scattered light detected at multiple different
angles provides two critical pieces of information about a molecule. Firstly, the
intensity (Is) is proportional to the molecular weight of the particle and secondly
the angular dependency of s is related to the radius of gyration (Rg) for the

particle. The equation that defines this physical property is: Is(©) a ¢ x M x
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(dn/dc)?. Where | is the intensity of light scattered, ¢ is the concentration of the
scattering element, M is the molecular weight of the scattering element and dn/dc
is the change in refractive index over a change in concentration of the scattering
molecule. Ry is a mass distribution about the center mass. This assumes that a
particle is made up of many smaller particles. Each of these particles scatters
and by integrating the contribution from each of these scattering particles the Ry
is determined. Since Ry is a centered mass a solid sphere will appear smaller
than a hollow sphere even if they have the same hydrodynamic radius. This
technique provides a simple and easy way to determine the average molecular

weight of a particle in solution.

Dynamic Light Scattering

Dynamic light scattering (DLS) is a physical technique that can be used to
determine the size distribution of particles in solution. As described before when
light hits a particle it scatters in all directions. As this light is scattered, there is a
time dependant fluctuation in the scattering intensity due to the molecules in
solution undergoing Brownian motion. Due to this motion, the distance between
scattering molecules is constantly changing with time. This scattered light will
undergo either constructive or destructive interference by the surrounding
particles. The dynamic information of a particle can be found by applying an
autocorrelation function to the time dependant fluctuation. If the fluctuations are
very close together the particle is moving faster and is thus smaller. If the

fluctuations are father apart the particle is moving slower and is larger in
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diameter. DLS is modeled on how a sphere moves in solution, therefore the
hydrodynamic radius of a particle can be found. DLS is a useful technique that

can provide the size of a particle.

Analytical Ultra Centrifugation

Analytical ultracentrifugation (AUC) is a technique that is used to
determine molecular mass of particles in solution. This technique is valuable as
it separates species based on molecular weight, size and shape. The type of
AUC covered in this thesis measures the sedimentation velocity, or how fast a
particle sediments from solution when spun at a high rate of speed. This
sedimentation is based on the density and shape of the molecule. A sample is
placed in a tube and spun at speeds upwards of 50,000 rotations per minute
[139]. Using a detector the movement of the molecule is monitored as it passes
through the medium thus determining when it sediments from solution. The
Svedberg equation describes how molecules sediment from solution; it accounts
for the rotational velocity, frictional coefficients of both the solute and the solvent,
density and the molecular weight [143]. With AUC important parameters about
the physical properties of a molecule can be determined. However, when PCN
are modified it can be difficult to determine what effect that modification will have

on how the particle sediments from solution.
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CHAPTER 2

MONITORING THE STRUCTURAL TRANSITIONS
IN THE BACTERIOPHAGE P22

Introduction

Tailed double stranded (ds) DNA viruses are considered to be one of the
most abundant viruses on earth. Interestingly, many of these viruses share a
common assembly process beginning with the precursor (procapsid) to the
infectious phage. In order for these viruses to assemble properly they require a
scaffold protein (SP) in addition to their coat protein (CP). They also require a
portal complex that will package the DNA and also insert the DNA upon infection.
This DNA packaging is accompanied by the exiting of the scaffold proteins from
the procapsid and a major conformational change where the capsid swells by
approximately 10% and a more angular shape is adopted.

Bacteriophage P22 is one of the most studied of these dsDNA viruses and
goes through this pathway where 415 of the 46.6 kDa CP co-assemble with 60 to
300 SP subunits, 12 copies of the portal protein and 12 to 20 copies of the
injection proteins making the T=7 58nm procapsid [72, 74-77]. As the DNA is
packaged all of the SP subunits exit through the capsid shell and the shell
expands to a 64nm icoshedral structure [72, 75-77]. When the P22 CP and SP
are co-produce heterologously they will co-assemble making the 58nm procapsid
structure [88]. The in vivo like expansions can be mimicked thermally by heating

the capsid for 20 minutes at 65°C. When heated to 75°C for 20 minutes the 12
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pentamers are released form the capsid making a form with no apparent
biological relevance [85]. This has been dubbed “wiffleball” for its resemblance
to the child’s toy.

A non-infectious viral capsid that is readily produced in large quantities in
E. coli has the ability to be used for many different purposes such as drug
delivery agents and tissue imaging. In order to use these proteins as materials a
relatively easy and reproducible way to characterize these structures must exist.
Here we show that the P22 capsid in its different forms can be readily
characterized using multiple techniques that provide great insight into what
morphological state exists. Also we show the ability to stabilize the P22 capsid to
extreme temperatures with simple photo cross-linking techniques providing a

high temperature platform for materials based chemistry.

Results and Discussion

Results

Binding Of OmpF To The P22 Capsid. The heterologously expressed

bacteriophage P22 capsid protein (CP) and scaffold protein (SP) spontaneously
co-assemble into icoshedral capsid architectures [88]. The procapsid (PC) form
of P22 assembles into a spherical T=7 structure with 420 copies of the CP and a
variable number of SP. P22 can assemble without the SP but adopts a range of
structures including T=4 and T=7 structures [144]. When P22 CP and SP are

expressed in an E. coli expression system multiple species are observed which
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can be individually purified and characterized. In the current work, P22 was
purified as previously described using ultracentrifugation and then further purified

using anion exchange chromatography. Capsids elute in four distinct peaks off

Aunnonpuoy
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Figure 2.1: P22 purification

A) lon exchange of P22 peak 1 is unbound P22 Peak 2 and 3 non-specifically bound protein.
Peaks 4-6 are P22 with increasing amounts of OmpF protein. B) SDS-PAGE for peak tops of
peak 4-6 showing increasing amount of OmpF.

Figure 2.2: P22 SDS-PAGE
SDS PAGE gel for PC-OmpF and PC showing CP, SP and OmpF

the column (figure 2.1a). As determined by SDS-PAGE (Figure 2.1b) the first
and broadest peak is a P22 capsid with a small number of SP (approx 98 per
capsid determined by densitometry [Figure 2.2]). The second, third and fourth
peaks are P22 with SP and an increasing amount of an E. coli protein OmpF

(figure 2.1b), a host protein that appears to associate with the P22 capsid,
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identified by gel digestion and mass spectrometry. We have interrogated these
forms of P22 to investigate their stability and their propensity to undergo the
morphological changes characteristic of the P22 capsid (PC =»Ex; Ex = WB).
In addition to SP, we have identified an additional host protein (OmpF),
which is associated with the capsid in a subset of the heterologously produced
P22 particles (PC-OmpF). This OmpF protein is related to the recently
characterized binding of OmpA and OmpC in a related virus SF6 where these
proteins are bound to the interior surface of the capsid near a quasi 3-fold axis
surrounding the icoshedral 5-fold axis, between a quasi 6-fold and quasi 3-fold
axis, about the icoshedral 2-fold axis, and about the icoshedral 3-fold axis.
Interestingly, the binding of these proteins to the SF6 capsid is observed in both
the PC and mature form of the virus (analogous to the EX form in the P22
system). It has been suggested that these proteins help stabilize the capsid as
DNA is packaged much like the decorator protein of phage L or the A phage [145,

1486].
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Figure 2.3: DLS of multiple forms of P22
Dynamic light scattering of PC and PC-OmpF heated to different temperatures. A,D) P22
before heating B,E) to 65°C and C,F) to 75°C
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The PC and PC-OmpF forms of P22 have a spherical morphology with an

expected particle radius of 27 nm, based on the near atomic resolution structures
of P22. While these two forms have the same size they differ in molecular
weight; PC has a theoretical molecular weight of 19.5 to 29.5 MDa (depending on
the number of SP incorporated into the capsid). When measured by DLS, the Ry
of the P22 PC is 25.4 nm while that of the PC-OmpF is measured as 26.5nm
(Figure 2.3a,d). Using multi-angle light scattering the Ry of PC was measured as
24.3 £ 0.090nm (Figure 2.4a,d) and that of the PC-OmpF form was 26.4 + 0.06
nm. These two complementary measurements are consistent with the expected
27nm of the P22 capsid and are consistent with TEM observation of these
materials where particle diameter of 52.9+4.3nm and 53.2+ 4.4nm were

observed.
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Figure 2.4: SEC-MALS multiple forms of P22

SEC-MALS of PC (A-C) and PC-OmpF (D-F) heated to different tempertaure B,E) 65°C
and C,F) 75°C. The line in the center of the peak indicates how the average Mw changes
across the peak.

The average molecular mass of PC and PC-OmpF forms was measured

using multi-angle light scattering coupled to size exclusion chromatography
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(SEC-MALS). The PC form was measured to have Mw of 20.03 £ 0.27MDa

(Figure 2.4a), consistent with the T=7 capsid composed of 420 copies of the CP,
each of which has molar mass of 46.6 kDa, and only 16 copies of the SP, each
with a molar mass of 33.6 KDa. Using densitometry we independently estimated
the ratio of CP to SP (4:1). The PC-OMPF form has Mw of 22.55 + 0.05 MDa by
MALS (Figure 2.4d) and when densitometry was performed on SDS gel showing
that 79.2% of the sample is CP, 12.6% is SP and 8.2 % is OmpF. These data
are consistent with a capsid having slightly less SP than the PC and
approximately 70 OmpF proteins based on SDS-PAGE combined with SEC-
MALS. The PC form elutes as a single peak on SEC and when the MALS data
are fit across this elution profile they produce a line with a slight upward trend
across the width of the peak indicating the sample is slightly polydispersed, due
to differing amounts of SP within the capsid. Across the peak the Mw ranges
from 19.94 MDa (14 SP) to 20.64 MDa (35 SP) (figure 2.4a). The SEC profile of
the PC-OmpF form also shows a single elution peak with a similar rise in the
average Mw showing that the PC-OmpF is also slightly polydispersed in the
elution peak with Mw of 22.57 MDa and 22.39 MDa (figure 2.4d). This dispersity
is most likely due to differing amounts of the proteins (SP and OmpF) that are
encapsulated/associated with the capsid. An additional form of the procapsid, in
which subunits were photo cross-linked by treatment with light, Ru(bpy)s?* and
ammonium persulphate (PC-X), was investigated. This material too showed Ry,
of 27.9nm, Ry of 27.2nm and Mw of 22.87 MDa (figure not shown), consistent

with a minimally perturbed PC morphology. PC-OmpF form was also photo
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cross-linked with an Ry of 27.6nm and an Ry of 30.6nm and a Mw of 23.08MDa

(figure not shown).

With these materials we have investigated the changes in physical
properties associated with changes in the morphology of the P22 capsid.
Expansion from the PC with loss of SP and formation of a more angular
‘expanded’ head is associated with DNA packing in the infectious P22 virus. In
vitro, using the heterologously expressed proteins, heating to either 65°C or 75°C
can induce the morphological changes. Heating the PC (or ES) to 65°C has
been reported to result in the formation of an expanded form of the capsid (EX) in
which the SP has been lost. Further heating, to 75°C, has been reported to
result in the formation of the wiffleball structure, where the 12 pentameric
capsomeres are lost from the capsid.

Two Distinct Morphologies Are
Present When P22 |s Heated To 75°C. Heating the PC form of the P22

capsid to 65°C is accompanied by a shift in the migration on the agarose gel

(figure 2.6), which can be used to detect the morphological differences in P22.

PC-OmpF 65°C T3

PC G5REEE 75°C

Figure 2.5: Native gel of multiple forms of P22
Agarose gel electrophoresis showing the different migration of P22 in its different
morphological states.
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This shift is consistent with an expected increase in diameter expected for the EX
form. Analysis of the 65°C treated material by SEC-MALS revealed that the PC
sample underwent a change in size (from 24.33+£0.90 to 29.13+0.09nm radius)
and a significant change in mass (20.03+0.27 to 19.20£0.09MDa) (figure 2.4b)
was observed. The PC-OmpF showed a similar change in size (from 26.4 to
29.8+0.06 nm radius) and was also accompanied by a change in mass (Mw
22.5510.05 to 21.41+£0.08 MDa) (figure 2.4e) consistent with loss of the

encapsulated SP. Loss of the SP was additionally confirmed by SDS page of the
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Figure 2.6: SDS-PAGE OmpF association while heating
SDS-PAGE showing that OmpF remains associated with the capsid when heated.

heated and purified sample. SDS gel of this material revealed that while the SP
had been lost from the capsid, the OmpF protein remained associated with the
capsid (and would account for the residual mass in this EX-OmpF form of the
P22) (figure 2.6).

On heating the PC form to 75°C another shift in band position was

observed by agarose gel electrophoresis (figure 2.5). SEC-MALS confirmed that
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PC underwent a slight decrease in Ry (from 29.13+0.09 to 26.65+0.06nm) with a

decrease in Mw (from 19.20£0.09 to 18.42+0.16MDa) (figure 2.4c). The agarose

gel confirms a shift upwards in the gel. This shift has previously been reported

—pc
—— PC heated to 65
—— PC heated to 75
~-=- PC-F

- =+ PCF heated to 65
==+ PC-F heated to 75

Figure 2.7: AUC of multiple forms of P22
AUC showing different sedimentation coefficients for P22 heated to different temperatures

for both PC and PC-OMPF (dashed line).

as the WB form. To probe this potential distribution of species, which could not
be resolved by HPLC-size exclusion chromatography or agarose gel we

performed a series of analytical ultracentrifugation (AUC) analyses. The AUC

Figure 2.8: TEM of WB
TEM showing capsids with noticeable pores.

data revealed two distinct peaks, one with a sedimentation coefficient of 110 and
one with a sedimentation coefficient of 170 (figure 2.7). TEM analysis confirmed

the presence of structures with noticeable sections of the capsids missing,
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corresponding to the missing pentamers in the WB structure (figure 2.8). A
similar analysis of PC-OmpF heated to 75°C, also showed a similar decrease in
Ry (from 29.8+0.06 to 27.6+0.15nm) and a decrease in Mw (from 21.44+0.08 to
19.87+0.32MDa) (figure 2.4f). After separation via spin column SDS-PAGE
confirmed that OmpF remained associated with the capsid when heated (figure
2.6). To insure that OmpF was not incorporated into vesicles and co-purified with
P22 a chloroform extraction was performed on samples. Lipids were isolated
from all samples. The PC-OmpF samples had a slightly higher concentration of
lipids than PC but not as high as the control (P22 that has not gone through a
centrifugal spin to remove large lipid aggregates) (figure 2.9). The OmpF
remained in the aqueous portion and associated with the capsid (determined by
SDS-PAGE) suggesting that OmpF is associated with the capsid and does not

exist in vesicles. The change in Mw could be due to the loss of some, but not all,

Control
PC-OmpF
PC
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Figure 2.9: Chromatogram of lipids with mass 255.31 Da
Chromatograph showing relative amounts of lipid in purified P22. Blue) after initial sucrose
gradient, green) PC-OmpF purified after ion exchange, red) PC purified after ion exchange.
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of the pentamers. AUC shows that two species exist with sedimentation
coefficients of 105 and 165 (figure 2.7). PC that was heated to 75°C was
separated on a sucrose gradient and ultracentrifugation. Two distinct bands
were seen in the gradient. These bands were separated and run SEC-MALS
with an average Mw for the higher band of 14.44 MDa and an Ry of 26.8. The
lower band gave an average Mw of 18.91 MDa and Ry of 27.2 (data not shown).

Photo Cross-linking Has Different
Stabilizing Effect In The Presence Of OmpF. P22 PC-OmpF that has

been photo cross-linked (PC-OmpF-X) becomes stabilized as compared to PC-
OmpF. Monitoring the light scattering at 90° provides information about when

aggregation occurs by significant increase in the amount of light scattered.
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Figure 2.10: 90° SLS of cross-linked P22
90° static light scattering showing when the different forms of P22 aggregate and when the
cross-linked forms aggregate.

When PC-OmpF-X is heated to 100°C it does not aggregate but remains the
same size (figure 2.10). There is no significant change in the overall scattering of

the PC-OmpF-X indicating that the average Mw does not change throughout
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heating. PC-OmpF-X does not undergo thermal expansion monitored by the
absence of a shift on agarose gel (data not shown). PC-X becomes remarkably
less stable to heat. PC-X begins to aggregate at 68°C (a visible white precipitate
is present when removed from the instrument) while the PC form begins
aggregation at 82°C (figure 2.10). DLS and SEC-MALS also confirm that there is
no change in the diameter or the Mw when PC-OmpF-X is heated to 100°C (data

not shown).

pH Stability. We have also investigated the stability of P22 capsid over
the pH range of 4 to 8 to see what affect pH has on the morphological transitions
of the capsid. PC remained stable at room temperature in all pH values tested
(4,5,6,7.2 and 7.9) based on agarose gel (Figure 2.11) and DLS. When heated
(to 65°C) at pH 4 most of the capsid aggregated and precipitated from solution
based on visible white pellet when centrifuged and little to no DLS reading. TEM

shows that some capsids did remain in solution and transformed to the more

Figure 2.11: Transitions in P22 at different pH
Agarose gel showing the transformations of P22 at different pH.

angular shape (EX). No intact capsids could be found when heated to 75°C at pH
4. SEC-MALS could not be performed on pH 4 samples as the material

irreversibly absorbed to the SEC column. Samples at pH 5 also showed the
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unique shifts that have been associated with the morphological changes of P22
by agarose gel (figure 2.11). Interestingly, when heated to 75°C there are 4
distinct bands. One of the bands corresponds to EX that was not transformed to
WB. The other two bands appear much higher on the gel indicating larger
particles (figure 2.11). DLS shows that the diameter is slight higher than
expected before heating (72nm). However, when heated the diameter drops to
the expected values for both EX (65nm) and WB (63nm). DLS also shows the
appearance of larger diameter (=200nm) particles when heated to both 65C and
75C. The P22 at pH 5 also interacted with the SEC column preventing Mw
measurements. Samples heated at pH 6 were analyzed by agarose gel which
indicated the formation of EX at 65°C and WB structure after heating to 75°C
(figure 2.11). TEM of these samples revealed capsids with the angular shape
when heated to 65°C and some capsids appeared to have pores when heated to
75°C, confirming the morphological transitions. Average Mw for the pH 6
samples was determined by SEC-MALS. PC had an average Mw of
19.88+0.35MDa. When heated to 65°C the average weight dropped slightly as
expected to 19.79+0.15MDa. When heated to 75°C the Mw dropped slightly
more than expected (17.99£0.25MDa) (Figure 2.12a) indicating that perhaps
slightly more sample converted to WB. Samples treated at pH 7.9 show a similar
behavior to samples at pH 7.2, but there was a measurable difference in the
capsid diameter 23.5nm vs. 24.33nm for PC and 27.1nm vs. 29.13nm for EX.

The average Mw remained about the same at 19.94MDa for PC 18.84MDa for
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the 65°C heated sample (EX) and 18.43MDa for the sample heated to 75°C (WB)

(Figure 2.12b and c).
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Figure 2.12: SEC-MALS transition in P22 at different pH
SEC-MALS showing the transitions as P22 is heated to different temepratures and the
average Mw of those transitions at different pH values A) pH 6 B) pH 7.9.

Discussion

Two Distinct Morphologies Are
Present When P22 Is Heated To 75°C. Our results clearly indicate that

when P22 is heated to 65°C in vitro it transforms to an expanded form of the
capsid and the morphology mimics the in vivo expansion caused by DNA
packaging. In addition, we report that when heated to 75°C two distinct
morphologies are present. Previous studies have shown the existence of one
form termed WB where the pentons have been released from the capsid
resulting in the formation of large 10 nm pores through the capsid shell. Samples
of the P22 procapsid that were heated to 75°C show two distinct species by
AUC, although they could not be resolved by size exclusion chromatography.

When these peaks are separated by sucrose gradient and imaged with negative-
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stain electron microscopy the morphologies are clearly different (figure 2.13).
One morphology contains large pores on the exterior of the capsid (figure 2.13a

and b) and one does not contain any apparent pores (figure 2.13c). This

s 3 N al? A

Figure 2.13: TEM of different moploges
TEM images showing the different morphologies that were seperated out by sucrose
gradient. A&B) WB C) modified EX

structure without pores does not appear to have the angular shape that is
commonly seen when samples are expanded at 65°C. This species is clearly not
consistent with the EX morphology. This species is smaller in radius and
appears slightly heavier than EX by AUC and migrates to the same distance as

P22 PC that has been heated to 75°C on agarose gel (figure 2.14). If P22

Before Sucrose Lower band

Figure 2.14: Native gel of P22 heated to 75
Agarose gel showing how the migration of the different bands from sucrose gradient.
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remains at 75°C for longer periods of time (1 hr) the same distribution of WB is
seen. Thus, we suggest that this is a T=7 capsid that has undergone a slight

structural change becoming slightly smaller but does not lose its pentamers.

Binding Of OmpF To The P22 Capsid. We have identified two different

PC species in P22 samples heterologously expressed. One of these species is
P22 assembled with SP the other incorporates an additional E. coli protein
(OmpF) apparently attached to the outside of the capsid. A homologous protein
exists in P22 host Salmonella typhimurium and we were able to show that this
protein too will bind to the P22 capsid simply by incubation with Salmonella cell
lysate (figure 2.15). Many dsDNA bacteriophages show the ability to stabilize

their expanded structures by binding other proteins or covalent modifications to

Figure 2.15: SDS-PAGE binding of OmpF

PC was added to cell lysate to confirm binding after capsid assembly.
their capsid proteins. This is most likely to protect the capsid from exploding
under the enormous pressures (60 atm) that are applied to the capsids when
DNA is packaged. HK97 shows a covalent cross-linking that occurs naturally
between subunits [147], while phage L and the A phage shows the use of another

protein, decorator (dec) and gpD [146, 148] respectively, that will only attach to
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the expanded form of the capsid. These proteins has been shown to stabilize the
capsid during DNA packaging. Recently, other outer membrane proteins were
shown to be incorporated within the Sf6 bacteriophage and it has been
suggested that they may have a stabilizing effect. It is strange to believe that an
outer membrane protein has the ability to be incorporated into a viral capsid prior
to exit from the cell. However, it has recently been suggested that during viral
infection the osmotic stress on a cell is significant and leads to the up-regulation
of many outer membrane pores that help to relieve osmotic stress. OmpF is an
outer membrane pore that transports ions to control osmotic pressure. Cells may
be undergoing similar osmotic stress when heterologously expressing proteins in
large quantities thus causing the up-regulation of these outer membrane pores
allowing for their incorporation/association with the P22 capsid. OmpF has the
ability to bind to the P22 capsid both in vivo and when heterologously expressed.
The binding of the OmpF protein does not appear to effect the morphological
transitions in P22. P22 still has the ability to form the EX and the WB structures.
However the binding of the OmpF does appear to slightly stabilize the capsid at
extreme temperatures causing the protein to aggregate at slightly higher
temperatures than PC alone (figure 2.10). OmpF may be a stabilizing protein
that associates with the P22 capsid during assembly in order to help stabilize the

structure when placed under extreme stress (DNA packaging).

pH Stability. To our knowledge, the in vitro pH stability of the P22 capsid

has not been thoroughly explored. We have shown that the PC form of P22 is
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stable at a pH range of 4 to 8. PC transforms into its different morphological
states between pH 5 and 8, when heated, but at pH 4 and below the PC is not
stable to temperatures of 65°C or above and the capsid tends to aggregate. This
suggests a window of conditions in which the P22 capsid might be useful as a
synthetic material.

Photo Cross-linking Has Different
Stabilizing Effect In The Presence Of OmpF. Aggregation of the P22

capsid occurs between 80 and 90°C however, photo cross-linking in samples that
contained bound OmpF protein appeared to stabilize the P22 architecture. Photo
cross-linking usually involves tyrosine cross-linking and the maijority of the
tyrosine in the assembled capsid are located at the subunit interface within the
hexamers and pentamers. There does not appear to be any tyrosine poised to
cross-link across the hexamer:pentamer interface. PC-OmpF-X is stable to
100°C with little to no change in average Mw or particle size. The OmpF protein
is tyrosine rich and might crosslink to the P22 capsid acting as a staple to
stabilize the structure and prevent the normal thermal transitions (to EX and WB)
that are typically seen in P22. The cross-linking of the OmpF to the capsid has
the ability to lock the capsid in the PC morphology. The photo cross-linking of
PC-OmpF-X provides an ultra stable platform for future modifications to the

capsid.
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Conclusion

The in vivo assembly and morphology of P22 has been very well
characterized. However, there is little known about the conformation of
recombinant P22. Presented here is data demonstrating that heterologously
expressed P22 exists in multiple, previously not described, morphologies.
Notably, two forms of the P22 procapsid have been isolated. One consisting of
the P22 CP and SP assembled into a 58nm structure similar to that found in vivo
without the portal complex. The second form also comprises P22 CP and SP
assembled into the same 58nm structure but it also contains OmpF. While
OmpF does not appear to effect the in vitro morphological transitions of P22 it
does somewhat stabilize the capsid from aggregation compared to P22 without
OmpF. Another form of P22 has also been isolated and described here. When
P22 is heated to 75°C two forms are observed in solution. One form is similar in
structure to the previously described “wiffleball” while the other form has not been
previously described. This form has a spherical morphology with an
approximately 60nm diameter containing all 420 CP, smaller than what is
expected for the expanded shell form and larger than expected for the procapsid
form a compressed EX form.

In order to use P22 for materials synthesis a more thorough understanding
of its stability under various chemical and environmental conditions must be
obtained. Here it is demonstrated that P22 remains stable in solution from pH 4

to 8. While the capsid is stable in these conditions it does not go thorough the
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above-mentioned morphological transitions at pH 4. As it is heated at pH 4 the
capsid aggregates from solution showing that it is stable at low temperatures but
not at elevated temperatures. P22 in a pH range of 5 to 8 remains stable and
exhibits all morphological transitions.

An ultra-stable P22 platform would be ideal for materials synthesis as it
would likely remain intact under the range of chemical and environmental
conditions necessary for diverse types of modifications. The data presented
above demonstrate that by photo cross-linking the P22-OmpF capsid an ultra
stable platform can be formed, with stability of the intact quaternary structure up
to 100°C. Surprisingly, when the capsid absent of OmpF is photo cross-linked it
becomes remarkably less stable and aggregates from solution at 65°C.
Interestingly, this is where P22 begins its morphological transition suggesting that
this cross-linking alters the capsids ability to undergo these morphological
transitions. The P22 platform shows a diverse range of applications including
nanomaterials synthesis and biomedical applications. This work is critical for
understanding how the capsid will respond in conditions that are likely to be

present in various syntheses.
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CHAPTER 3
UNDERSTANDING THE MECHANISM FOR THE PRODUCTION

OF INDUCED BRONCHIAL ASSOCIATED LYMPHOID
TISSUE WITH PROTEIN CAGE NANOPARTICLES

iBALT- Structure And Function

The human immune system is a complex network of biomolecules, cells
and organs that function to protect the body from infection and disease. There
are two “arms” of the human immune system[149]. One arm is the innate
immune system and is the frontline of defense designed to quickly protect the
body from common infections caused by bacteria and viruses. The innate
immune response is notable for its rapid initiation and generally targets non-
specific antigens such as common lipopolysaccharides displayed on the surface
of bacterial cells[150]. The other arm provides the main effector mechanisms for
clearance of infection and prolonged immunity and is known as the adaptive
component. An adaptive immune response takes longer than the innate
response to initiate but is highly specific for its target[150]. After the adaptive
immune response has rid the body from infection, prolonged immunity is
maintained through the establishment of memory T and B cells. These persist in
specialized tissues for an extended amount of time. The memory cells can then
be quickly activated to prime a secondary response following a subsequent
infection of the same or similar pathogen[150]. The primary adaptive immune
response is initiated in the secondary lymphoid organs such as lymph nodes,

Peyer’s patches or the spleen[149]. These organs recruit naive lymphocytes
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from the blood and promote their interaction with the antigen-presenting
cells[149]. After the lymphocytes are activated and replicated, they move to the
infected areas to perform the effector function[149].

The primary and secondary lymphoid organs are critical to forming an
adaptive immune response[151, 152]. Not surprisingly, mice that are lacking
these organs are unable to mount a primary immune response to pathogens,
antigens and allografts[153-155]. However, it has been shown that if these mice
that are exposed to some respiratory pathogens, including influenza and
Pneumocystis, they are still capable of producing antigen specific B and T
cells[156, 157]. It has been hypothesized that bone marrow may function as a
lymphocyte priming tissue for systemic infections in the absence of other

lymphoid tissues. However, an emerging paradigm is that bronchial associated

Figure 3.1: iBALT structure
Histology showing iBALT formed in the lung of a mouse that was given sHsp.
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lymphoid tissue (BALT) may be responsible for initiating a primary and secondary
immune response in some cases. The formation of these tertiary lymphoid
tissues is typically associated with chronic infection and inflammation[156].
However, tertiary lymphoid tissues are similar in structure to the secondary
lymphoid tissues in which T and B cells organize into distinct regions and are in
close proximity with dendritic cells[158]. They are distinct because they are not
connected to afferent lymphatic vessels and they are transient in nature. In order
for the tertiary lymphoid tissue to remain, there must be a continual presence of
antigen[156]. These tissues are referred to as induced BALT (iBALT) (figure 3.1)
because they are formed in the presence of an infection and not stochastically.

iBALT is formed in the lung in response to prolonged stimulation by some
antigens. They form in the interstitial spaces of the lung and are closely
associated with the blood vessels[156, 159]. These tissues are in close
proximity to mucosal surfaces, which may aid in the rapid acquisition of
pathogens and antigens from the airways[160]. Although the manner of
acquisition of antigens in iBALT is poorly understood, it may be through an M-
cell-like mechanism. The co-localization of dendritic cells also indicates that the
antigen presenting cells may be involved in the delivery of the antigen to the
lymphocytes[160]. iBALT have been shown to protect against select viral
infections in mice that lack secondary lymphoid tissues although with delayed
kinetics. The delayed kinetics showed lower initial numbers of influenza specific
CD8 T cells and low antibody titers. However, 14 days post infection these

influenza specific CD8 T cells and the antibody titers were similar to those in the
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wild type controls[155]. Surprisingly, the mice that relied solely on iBALT for

protection had significantly reduced mortality even when infected with higher viral
doses than the wild type controls[155]. This may be due to the fact that iBALT-
induced responses do not exhibit the pulmonary inflammation typically
associated with conventional influenza responses.

The delay in the kinetics associated with an iBALT immune response is
most likely due to the need to form these tissues after exposure to an antigen. It
has been proposed that this is why iBALT mediated responses are typically
overlooked. This is due to the relatively rapid establishment of the conventional
secondary lymphoid immune response. However, pre-established iBALT tissues
in the lung are able to quickly generate a primary immune response[67]. Wiley et
al. have shown that the clearance of influenza infection was accelerated if this
infection is established during the immune response of a previous infection to
Pneumocystys murinia, an unrelated pathogen[67]. Titers of anti-influenza
antibodies were increased in mice that had been treated with Pneumocystis and
displayed decreased morbidity to the control group. Recently, Wiley et al. have
shown that intranasal pretreatment with the PCN sHsp produced iBALT
structures[66]. This pretreatment has similar protective ability as the
pretreatment of Pneumocystis. Also, pretreatment with the PCN shows
protection to other respiratory viruses such as SARS-CoV (a mouse model) and
RSV-like paramyxovirus[66].

The lung is not typically targeted in drug delivery because of its high

susceptibility to inflammation damage. This can lead to drastic consequences
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when delivering a drug and attempting to induce an immune response. However,
the introduction of the sHsp cage into the lungs does not appear to have any
negative consequences, and may actually attenuate pulmonary inflammation[66].
Ovalbumin-sensitized mice were given the sHsp cage and then challenged
ovalbumin which have a strong response when given methacholine and
monitored for airway hypersensitivity, testing the susceptibility to asthma (a good
indication of the damage in the lung). Those mice that received sHsp showed
significantly less breathing difficulty than those that were treated with buffer
alone[66]. Interestingly, the mice that were pre-treated with sHsp also had less
trouble breathing than those that were not ovalbumin-sensitized. Mice that are
given sHsp not only significantly accelerates respiratory virus clearance after
primary infection but also results in a host immune response that causes less
lung damage[66].

Currently vaccine strategies are often hindered due to a lack of
information regarding suitable antigens. This is further complicated in the case of
rapidly mutating viruses such as influenza. It is hypothesized that PCN-induced
iBALT may provide a prophylaxis against some respiratory viruses. This may
facilitate aid workers entering an area with a pandemic without the need of
vaccination, or may improve protection while new vaccines are being developed.
sHsp has additional potential as a bona fide vaccine in that attachment of specific
antigens is feasible. This would allow for the iBALT to be formed and antigens
presented to these cells causing an immune response in which antibodies could

be formed to those antigens protecting the person.
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The mechanism for iBALT production is poorly understood. However, to date the
only agents associated with iBALT production have a particulate nature including
a small suite of viral, fungal and some bacterial pathogens as well as some
PCNI66, 67, 151, 161]. It is unknown what features of PCN are responsible for
induction of iBALT, however, it has been observed that not all PCN are equally
effective. For example, (HFn), despite being similar to sHsp in size and

quaternary structure, does not induce iBALT as significantly as sHsp (figure 3.2).

Figure 3.2: Histology from mice treaté'd W|fh HFn )
Histology showing small iBALT formation in Hfn treated mouse.
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Figure 3.3: Mice treated with different proteins
Naive mice were pretreated with PCN (sHsp or ferritin) and subsequently challenged with
influenza. Morbidity in ferritin treated mice was indistinguishable form control mice.
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Although, HFn decreases the viral burden of an influenza infection it is still 100
fold greater than the viral burden for those mice pre-treated with sHsp. HFN also
provides some amount of protection as determined by weight lose (figure 3.3) but
it is significantly less protection that that observed with the sHsp, suggesting that
it is not a generic feature of all PCN. Although mice were treated with a fully
intact quaternary structure of the sHsp it is unclear how sHsp exists in vivo. It
was previously shown that the intact sHsp cage exists in a dynamic equilibrium
with its subunits; a feature not seen in the HFn cage. Interestingly, an externally
cross-linked sHsp, which does not undergo subunit exchange, does not exhibit
the same IBALT production that is observed in native sHsp. It is possible that
subunit exchange, or some sort of dynamic structural plasticity, plays a role in

PCN-mediated iBALT responses.

Destabilizing The sHsp Cage

Structural plasticity may play a role in iBALT formation. It has been shown
that HFn, which does not produce iBALT as well as sHsp, does not undergo
subunit exchange. As well an externally cross-linked sHsp does not produce
robust iBALT. Due to this preliminary research it is hypothesized that because of
the dynamic nature of the sHsp it is easier for antigen presenting cells to process
the cage and develop an immune response. Structural plasticity is not the only
mechanism that may lead to iBALT formation. There are numerous other
mechanisms that can induce on immune response that mat lead to iBALT

formation. There may be a small primary or secondary structure within the PCN
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that triggers an immune response leading to the formation of iBALT. The sHsp
has been shown to interact at the interstitial spaces within the lung. It has been
hypothesized that the sHsp may be aggregating together in these areas, which
may have induce this robust iBALT response. However, there is very little known
about the mechanism that causes this robust iBALT response.

To determine if this dynamic equilibrium has an effect on iBALT
production, we generated a destabilized sHsp construct. From the atomic
resolution structure, key interactions at the subunit interface were determined.
These interactions included five sets of potential salt bridges including E92:K55,
R93:D51, E98K:R107, K141:E78 and K142:E117 (figure 3.4). In order to

destabilize these salt bridges, mutations were generated using standard PCR

Figure 3.4: Destabilizing mutations made in sHsp
Projections showing amino acids to that were altered and their potential binding partners.
Distances to there nearest neighbors are in white within the figure. Made using VMD.
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methodologies. The mutations that were generated were R93E and K142E
determined by DNA sequencing. Purification was performed in the same manner

as native sHsp. SDS-PAGE gel and mass spectrometry also confirm the correc
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Figure 3.5: R93E Subunit mass
A) Mass spectrometry showing correct subunit mass for sHsp R93E B) SDS-PAGE
gel showing correct migration for sHsp R93E.

subunit mass while MALS confirms the correct mass of the cage (figure 3.5).
R93E purified as expected and assembles into an intact 12nm cage shown by

DLS and SEC (figure 3.6). K142E did not purify in the same manner as native
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Figure 3.6: Assembly of R93E into a cage
A) SEC and B) DLS showing that R93E assembles into an intact cage with a similar diameter
to native sHsp.
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sHsp. K142E appeared to be isolated in exclusion bodies as it was seen in the
cell pellet after lysis. In an attempt to purify K142E from these exclusion bodies a
protocol that requires the denaturing of the protein was attempted. Although,
K142E was isolated using this protocol (confirmed by mass spectrometry) no
method was found that allowed for the refolding of the K142E mutation (data not
shown). In an attempt to determine if there was altered stability in the sHsp
mutation, heat stability was monitored. This would give an initial indication if the
cage had been successfully destabilized. Although, it has previously been
reported that sHsp is stable above 90°C, 90° SLS shows that while stable to
100°C the cage appears to disassemble into smaller subunits (figure 3.7). This
disassembly is completely reversible and cage will reassemble into the 12nm

structure when brought back to room temperature (figure 3.7). This
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Figure 3.7: 90° static scattering of G41C
90° static light scattering monitored while G41C is heated from 37°C to 100°C and back to 37°C.

disassembly/reassembly does not appear to happen in the R93E mutation as

SLS shows that RO3E aggregates from solution at 98°C suggesting a difference
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Figure 3.8: 90° SLS of multiple PCN
90° SLS of multiple PCN showing the disassembly and stability of G41C, R93E, cross-
linked sHsp and PyFn as it is heated to 100°C.

in the stability of the cage (figure 3.8). For comparison SLS was performed on
an internally cross-linked sHsp, which shows a slight decrease in scattering
intensity, although not as much as observed with G41C sHsp (figure 3.8). This
decrease may be due to a small population of sHsp cages with incomplete cross-
linking. This disassembly/reassembly does not have an effect on the secondary

structure of the protein confirmed by CD spectroscopy (figure 3.9).
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Figure 3.9: CD of G41C
CD spectroscopy of G41C while heated.
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The data presented above suggest that there is a slight destabilizing effect
in the R93E mutation. It also appears that it does not disassemble in the same

manner as the G41C mutation.

Induction Of iBALT With Different PCN

In order to probe the effect of PCN stability on iBALT responses a suite of
PCN was monitored for the capacity to generate iBALT. These PCNs include
P22, a DNA binding protein from starved cells (DPS), CCMV, HFn, an internally
cross-linked sHsp and a generation 4.5 dendrimer (although not a PCN but an
organic particle with the same diameter as sHsp) (figure 3.10). These PCNs
were selected because each has a high-resolution structure and the ability to be

chemically and/or genetically modified.
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Figure 3.10: PCN used in mice
Space filling images of protein PCNs given to mice.

Mice were given five doses of 100ug of protein in solution (PBS pH 7.2)
intranasally to six mice per cage. While the same weight of PCN is being
delivered because the PCN varies greatly in mass considerably fewer particles
are being delivered in PCN that weigh more (Table 2.1). The PCN needs to be
processed so fewer particles are being delivered. This means that not as many

antigen-presenting cells are going to come in contact with the PCN, which may
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Table 2.1: number of particles delivered

PCN sHsp P22 CCmv DPS x-linked dendrimer | Control
sHsp

# of 1.51x10™ | 3.09x10™ | 1.65x10™ | 1.39x10™ | 1.51x10™ | 2.29x10™ | 0

particles

The number of particles being delivered to each mouse per dose of PCN.

affect the frequency of iBALT formation. These five doses were delivered over a
two-week period to allow iBALT enough time to form in the lungs, thus producing
the strongest response possible. After the fifth dose, the mice were allowed
three days before inoculation with influenza. A mouse for each PCN was
sacrificed and tissues prepared for histology. Mice were then inoculated with a
1500 plaque forming units (PFU) solution of the mouse adapted influenza strain
PR8. Mice were weighed every day to monitor their health and body weight.

Body weight is a good indication of how well mice are handling an
infection as loss of body weight suggests the mice are becoming ill. Mice were
sacrificed seven days post infection at which point blood was taken to look for
influenza specific IgG. Broncho-aveolar lavage fluid (BALF) was collected to look
for lung associated IgG and IgA antibodies. The lungs were harvested from the
mice to determine viral burden in the lungs indicating how resolved the infection
was.

The formation of iBALT structures in the lungs of mice treated with both
the sHsp and the bacteriophage P22 (figure 3.13) along with significantly lower
amount of weight loss in these mice is indicative that protection against some

respiratory viruses can be obtained with multiple PCN (figure 3.11). However,
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Figure 3.11: Percent weight lose for mice given multiple PCN

Naive mice were treated with different PCN. Body weight was monitored for seven days.
sHsp (native and cross-linked) were better than other PCNs while P22 still provide good
protection. Other PCN also provided protection while the dendrimer and Hfn were
significantly worse than the other PCN.
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Figure 3.12: Viral recovery from mice given multiple PCN
Viral recovery from the lungs of mice that were treated with different PCN. P22 had the
least viral recovery while sHsp (native and cross-linked) were slightly higher.



60

not all PCN provide the same amount of protection and do not produce iBALT
with the same strength or frequency (figure 3.14). While each of the PCN that
we tested appeared to provide some protection, the protection was not as robust
as that seen in the sHsp or the P22 PCN (figure 3.11 and 3.12). An organic
particle, the denrimer, with the same particulate size as sHsp, has no significant
increase of protection over the control group (figure 3.10 and 3.11) and also
showed no iBALT production in histology (figure 3.14). Surprisingly, unlike the
externally cross-linked sHsp the internally cross-linked sHsp showed significant
protection from influenza (figure 3.11 and 3.12). While the internally cross-linked
sHsp did not lose much weight, the iBALT formation did not appear as robust as
those formed in native sHsp (figure 3.14). While viral recovery in the cross-
linked sHsp was on the same order of magnitude as that of native sHsp (figure
3.12), the influenza specific IgG were considerably lower (figure 3.13). This
Suggests that while the internally cross-linked sHsp may be able to provide

protection, it does not appear to facilitate the same extent of viral specific IgG
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Figure 3.13: Influenza specific antibodies in mice given multiple PCN

PRS8 specific serum IgG were higher in native sHsp and P22. Interestingly, they were not
significantly different in any of the other cages.
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seen that is seen with native sHsp. Interestingly, the only PCN that appear to
enhance viral specific IgG in mice are sHsp and P22. Treatment with the other
PCN does not appear to enhance the viral specific IgG response beyond that of
control (figure 3.12).

The data presented above clearly indicate that sHsp is not the only PCN
that can elicit a strong iBALT response in mice: P22 can also elicit a robust
iBALT response providing protection form influenza. Those mice that were
treated with other PCN did not have the same influenza specific IgG response
that was associated with sHsp and P22. This may be because the iBALT that
are produced with these PCN are not as robust as those produced with P22 and
sHsp. Of notable relevance is that lung damage studies were not performed on
any of the PCNs used above. Thus, although P22 appears to provide protection it
is unclear if this iBALT response results in an increase in inflammation that may
cause significant damage to the lungs at this time. However, P22 has the
potential to become an outstanding platform for this project because of i) the
capability to do in vivo selection and ii) co-assembly with other proteins has been
accomplished. Using P22 for co-assembly will allow the attachment of a virus
specific protein on the interior of the cage (i.e. nucleoprotein). This cage can be
delivered to the lung. When processed the protein may be released and
presented by antigen presenting cells where a memory response can be made. It
was expected that if structural dynamics had a critical role in the formation of
iBALT an internally cross-linked cage would have significantly less effect on

iBALT production and protection. However SLS shows there may be a small
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amount of subunit exchange in the internally cross-linked cage thus allowing for
some structural dynamics. This small amount of dynamics may play a role in the
iBALT formation for the internally cross-linked sHsp. Interestingly, P22 has also
been shown to undergo subunit exchange. Although this exchange is on a
slower time scale than that in sHsp, structural dynamics may still play a role in

iBALT formation.

Dose Response Studies

When drugs are developed it is critical to determine what quantity of drug
needs to be delivered with maximum efficiency and minimum side effects.
Although it has been shown that iBALT will begin to form in the lung with only
one dose of 100ug of sHsp, these iBALT are not well developed and do not occur
with great frequency. However, five doses over a two-week period appear to
produce the most effective iBALT needed to provide the desired protection. To
this point it is unknown what amount of protein needs to be delivered within the
five doses to elicit the strongest response. In order to test the dose-dependence
of PCN on i) iBALT production and ii) protection against viral infection, different
amounts of cage were delivered to separate groups of mice.

Mice were treated with decreasing doses of PCN from 100ug to 0.5ug per
dose. After five treatments one mouse was taken from each group to perform
histology. Mice were then inoculated with 1500 PFU of PR8 and weighed daily to

determine the percent body weight lost. Seven days post infection mice were
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Percentage weight change in PCN-treated mice following influenza infection.
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Figure 3.15: Percent weight lose for mice treated with differing amounts of sHsp
Naive mice were treated with a decreasing amount of PCN. A robust dose dependency is
evident. 10ug is the baseline dose where there is a significant loss in protection.
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Figure 3.16: Viral recovery for mice treated with differing amounts of sHsp
Viral recovery from the lungs of mice treated with differing amounts of PCN. The 10ug
baseline where protection is lost is evident.
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sacrificed and the lungs were extracted for viral recovery. BALF and serum were
collected to determine the amount of PR8 specific antibodies.

Protection against influenza diminished with decreasing doses of PCN,
showing a significant dose response to diminishing amounts of cage delivered
(figure 3.15). There is also greater viral recovery as the dose decreases (figure
3.16). Histology also shows that as the dose decreases iBALT formations
appear smaller and less frequent (figure 3.17) Below a dose of 10ug there was
no significant change in the protection provided by the cage. If genetic and
chemical modifications are to be tested for efficacy 10ug is the base line dose

that should be used in order to observe the most effective modifications.

Testing For iBALT Response In Other Animal Models

Mice are often the first species that a potential drug is tested in because
they are inexpensive to purchase and house. A number of different knockout
mice are available for purchase and this can aid in determining the mechanism of
the reaction and other possible side effects. Once the response has been tested
and proven effective in mice it must be tested in different mammals. A specific
animal is chosen for traits that resemble those of a human or traits that may
provide a better indication of the strength and mechanism of the drug in question.
Ferrets are commonly used to monitor influenza and potential drugs to treating
influenza infections because they are extremely susceptible to influenza

infections. Initial studies were done in mice. However, this used a modified
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influenza strain. In order to test these effects in a more appropriate model,
ferrets were subjected to the same pretreatment and infection regimens.

To date a suitable experimental protocol to effectively monitor protection
from influenza in ferrets has not been developed. Currently, iBALT has been
formed in the lungs of ferrets by intratracheal delivery of 12mg of PCN in 3mL of
solution (figure 3.19). These iBALT structures appear to have some protective
qualities to the ferret (figure 3.18). This protection has not been fully explored
and in order to determine if this is a viable protective strategy more work must be

accomplished.

Figure 3.18: Histology for ferrets treated with sHsp
Histology images from ferret lungs showing the presence of iBALT in those treated with sHsp
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Body Weight Change in Ferrets Following
H3N2 Influenza Infection.
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Figure 3.19: Percent weight loss in ferrets treated with sHsp

Naive ferrets were treated with PCN followed by H3N2 influenza. Mice treated with PCN
showed significant weight gain while the control ferrets lost some weight indicating an
infection.

Conclusions

The mechanism for iBALT formation is poorly understood. The work
presented here represents a small but significant step in deciphering the
mechanism of formation. It is shown that sHsp that has been internally stabilized
by covalent cross-linking induces iBALT that confer protection from influenza in
mice. However, there no virus-specific IgG are detected in these mice and the
iBALT formations are smaller and less frequent compared to mice treated with
unmodified sHsp. This data illustrates that by stabilizing the PCN the iBALT
response is attenuated suggesting that the antigenic response has been altered.
Due to its more dynamic nature, the sHsp may be able to be processed faster
and more completely by immune cells in the lung producing this robust response.
Also presented above, is data that clearly demonstrates that iBALT can be

formed with multiple PCN including bacteriophage P22 and that these PCN
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provide protection from some viruses. While not all PCN are capable of
producing iBALT to the same extent there are extremely promising qualities to
those PCN that can produce iBALT. P22 is a promising platform for use in the
production of iBALT because of its large size and ability to encapsulate cargo
including viral peptides or proteins. Using this technique it may be possible to
encapsulate viral proteins and possible inducing immunological memory to viral
pathogens in addition to short-term protection. It has also been shown above
that iBALT can be produced in other species with the sHsp PCN and that this
iBALT provides protection against influenza. This has a established PCN-induced
protection as a viable treatment in a more relevant model moving this prophylaxis

towards clinical studies.
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P22 Capsid Purification

Transformed BL21 (DE3) E. coli were grown to an ODgoonm = 0.6 and then
induced with TmM IPTG. The culture was allowed to grow an additional 4 hours
at 37°C with vigorous shaking. The bacteria were then centrifuged away from
the media at 3700 x rpm for 15 minutes. The cell pellets were resuspended in
50mM PO4 100mM NaCl pH 7.2 and frozen at -20°C overnight. The next day,
the cell pellets were thawed and incubated with DNAse, RNAse, and lysozyme
(all Sigma-Aldrich) for 30 minutes at room temperature. Cells were lysed further
by sonication on ice. The cell debris was removed via centrifugation at 5000 x
rpm for 45 minutes. The supernatant was then loaded on a 35% (w/v) sucrose
cushion and centrifuged at 48k x rpm for 50 minutes in an ultra centrifuge
(Sorval). The resulting virus pellet was resuspended in 50mM PO4 25mM NaCl
pH 7.6, spun at 17k x rpm for 20 minutes to remove and particulates and

lipid. The virus was then dialyzed against the 50mM Po4s 100mM NaCl buffer
overnight.

lon Exchange Chromotagraphy

Purified Capsid was injected on a Q column after washing the column for 10
minutes with 50mM Hepes pH 8.0 (buffer A). The column was washed an
additional 10 minutes after injection. A linear gradient was applied from 100%
buffer A to 50% buffer A 50% 50mM Hepes 1M NaCl pH 8.0 (buffer B) over 50
minutes. A linear gradient from 50% buffer B 50% buffer A to 100% buffer B was
applied over 20 minutes. The Column was washed with 100% B for 5 minutes
than returned to 100% buffer A. Fractions were collected.

Native agarose gel electrophoresis

A 0.8% agrose gel was made up in 40mM Tris base 1mM EDTA (Running
buffer). Samples were applied with 4X loading buffer as above with the addition
of 20% sucrose and bromophenyl blue. The gel was run for 3 hours in running
buffer and protein was detected by coomassie staining.

Dynamic light scattering

Purified capsid was spun for 5 minutes at 16 000 x g and filter into cuvette
through a 0.2uM filter. Samples were run for 5 minutes on a 90plus particle size
analyzer (Brookhaven). Correlation functions were fit using dynamic light
scattering software (Brookhaven) to determine molecular diameter.
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Size exclusion chromatography - Multi angle light scattering

P22 capsid samples were separated by size exclusion chromatography column
WTC-0200S (Wyatt Technologies). Samples were injected and the mobile phase
was applied using an Agilent 1200 at a flow rate of 0.7 mLs/min. The mobile
phase was 50mM phosphate 100mM NaCl 200ppm azide at pH 7.2. 25uL of
sample was injected on the column and run for 30 minutes. Samples were
monitored using both a UV-vis detector (Agilent) and a refractive index detector
(Wyatt) to determine concentration. Multi angle light scattering was detected with
a Dawn 8 (Wyatt). Average Mw and Rg was fit using a Zimm plot in Astra
(Wyatt). The most important parameter in the fit is to insure that the baselines
are set properly and that all peaks overlap correctly. To ensure proper fit of base
line zoom in where the peak begins and ensure that all peaks overlap. To
ensure a correct average Mw and Rg (assuming a monodispersed sample)
select the center of the peak. If the tails of the peaks are selected Mw can be
slightly off.

Analytical ultra centrifugation

Sedimentation velocity experiments were performed on an XL-A ultracentrifuge
(Beckman Coulter, Fullerton, CA) using a AN-60Ti. Epon double-sector
centerpieces were filled with 400 pL of a sample and a corresponding reference
buffer (Tris 50mM, sodium chloride 100mM, pH7.5) and centrifuged at 23,000
rom and at 20°C. Absorbance data were acquired at wavelength of 280nm. The
collected data were analyzed and fitted using SEDFIT software. Input
parameters such as the partial specific volume, buffer density and viscosity were
determined using Sednterp software.

Determination of proteins by trypsin digestion

Protein concetration was determined by UV/Vis and was between 1 and
10mg/mL. 20pL of sample was dried with a speed vac at 80°C. Pellet was
resuspended in 10pL freshly made 8M urea in 100mM Tris-HCI pH 8.5 and 5mM
DTT. Protein was allowed resuspended for 1 hour at 60°C to ensure that the
protein was completely disassembled. 30uL of 100mM Tris-HCI was added to
make the final urea concentration 2M. 1/100 trypsin to protein (w/w) was added
and incubated over night at 37°C. Samples were analyzied on the mass spec
using ProLynx software.

Chloroform extraction
P22 PC and PC-OmpF were mixed 1:1 with chloroform in a glass vial and

shaken for 5 minutes. The samples were than allowed to sit until the organic
layer separated from the aqueous layer. Samples were separated with a glass
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syringe and lipid presence was determined by LC-MS using a C-8 column.
Hsp Mutagenesis

Polymerase chain reaction (PCR) mediated site directed mutagenesis was
employed to engineer destabilizing amino acids in the MjHsp16.5 clone
(Stratagene). Complementary forward and reverse mutagenesis primers were
designed to contain the two point mutations needed to change arginine to a
Glutaminc acid at position 93 (R93E) of the MjHsp 9(+) 5° ATA ACT GAG AGT
GAA GAA ATT ATC TAC TCA GAA ATT CCA GAA GAG G 3. Likewise in order
to make the E92K mutant, glutamic acid was changed to lysine. The MjHsp E92K
mutagenesis primer sequences are as follows: (-) 5 GGA ATT TCT GAG TAG
ATAATT CTT TTACTC TCA GTT ATC ATT AAT GG 3'. In order to make the
E98K mutant, glutamic acid was changed to lysine. The MjHsp E98K
mutagenesis primer sequences are as follows: (-) 5 TTC TTC CTC TTC TGG
AAT TTT TGA GTA GAT AAT 3'. In order to make the K141E mutant, lysine was
changed to glutaminc acid. The MjHsp K141E mutagenesis primer sequences
are as follows: (-) 5 TTC AAT GTT GAT TCC TTC CTC AAT TGA GGAT TCT
GCC 3. In order to make the K142E mutant, lysine was changed to glutaminc
acid. The MjHsp K142E mutagenesis primer sequences are as follows: (-) 5 TTA
TTC AAT GTT GAT TCC TTC CTT AAT TGAGGATTC TGC C 3.
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
using the above primers. The vector was transformed into XL2 Blue E. coli
(Stratagene, LadJolla, 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).

Expression and purification of sHsp

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
rpom). Cells were harvested by centrifugation 3700xg for 20 minutes (Heraeus
#3334 rotor, Sorvall Centrifuge) and re-suspended in 25 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 on ice
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 45 minutes at 12,000xg. The supernatant was heated for 15
minutes at 60°C thereby denaturing many heat labile E. coli proteins. The
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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).

90° static light scattering

Samples were prepared in PBS pH 7.2 at approximately 2mg/mL. 2mL of
sample was placed in a fluorescent cuvette and placed in a peltier
heating/cooling cuvette holder at 25°C. A xenon arc lamp was used to light the
sample and scattering was detected at 90° C using an ocean optics S2000
spectrophotometer. A full UV/Vis spectrum was taken using the Spectasuite
software. Temperature was raised using the peltier heater (Quantum Northwest)
to 40°C. The sample was allowed 10 mins to equilibrate to the temperature and
a full UV/Vis spectrum was taken. This was repeated for 60°C, 80°C and 100°C.
Scattering intensity was determined by the area under the UV/Vis curve and
plotted using Igor.

General Cross-Linking Protocol.

Cross-linking reactions were carried out in a total volume of 20 ml in a buffer
comprised of 50 mM sodium phosphate (pH 7.5), 100 mM NaCl, and 0.125 mM
Ru(bpy)3CI2 (Aldrich). Easily oxidized buffer components such as b-
mercaptoethanol and DTT should be avoided. Protein concentrations varied
depending on the experiment between 1 mg/mL. The solution was placed in a
1.7-ml Eppendorf tube positioned parallel to the beam of light from and LED
(wavelength 450nm). Ammonium persulfate (APS) was added to 2.5 mM just
before irradiation. In most experiments, the sample was irradiated for 10
seconds. Samples were analyized for cross-linking by gradient SDS-PAGE gel
(10-20%). Proteins were visualized by staining with Coomassie brilliant blue.
Protocol adapted from Fancy et al. 1999 PNAS.

Protein digest and mass spectrometry

Protein digest

Ten micro liters of a mg/mL protein solution was dried down and
resuspended in 8M urea, 100mM pH 8.5 Tris solution, 5mM DTT. The
sample was heated at 60 degrees C for 1 hour and then diluted with

30uL of 100mM ammonium bicarbonate pH 8.0. Trysin was added at 1:100
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trypsin to protein (w:w) and the sample was digested over night at 37
degrees C and stored at -80 degrees C until LC/MS/MS analysis.

Mass spectrometry

Digested protein samples were analyzed by LC/MS/MS (liquid
chromatography mass spectrometry) methods for protein identification.
Following protein digestion, samples were injected onto a reverse

phase C18 column for separation of the injected peptides. Eluted LC
peaks underwent MS/MS detection on a Qtof Premier mass spectrometer
by Waters. A PLGS (Waters) search of the MS/MS data was performed
using the NCBI protein database and this returned high confidence
protein identifications.

Mice and viruses

The male wild type BALB/c mice were bred at Montana State University,
Bozeman, MT. The influenza virus strains A/PR8/8/34 (PR8; H1N1) and A/HKx31
(X31; H3N2) were obtained from the Trudeau Institute, Saranac Lake, NY, USA.
All studies described here were approved by the IACUC board at Montana State
University or Utah State University prior to their performance.

Inoculation procedures and tissue recovery

Administration of the PCN and viral infections were carried out while mice were
under a light anesthesia using 5% isoflurane inhalation. The PCN inoculations
contained 100 mg per dose, the PR8 influenza inoculum contained 1500 PFU,
Daily body weights of the mice were monitored following infection. At designated
times following viral infection, mice were sacrificed by intraperitoneal
administration of a lethal dose of sodium pentobarbital (90 mg/kg) followed by
exsanguination when the mice no longer exhibited a pedal reflex. Lungs were
then harvested, snap-frozen in liquid nitrogen and then stored at 280uC for future
use in viral plaque assays. Lungs used for immuno-histological staining were
instilled with O.C.T. Tissue Tek (Sakura Finetek USA Inc., Torrance CA, USA),
snap frozen on liquid nitrogen and stored at 280uC for future use. Lung sections
were cut and stained with FITC-conjugated antimouse B220, PE-conjugated anti-
mouse CD4 or PE-conjugated anti-mouse CD21 (BD Biosciences San Diego CA,
USA).

Recovery of broncho-alveolar lavage fluid
Broncho-alveolar lavage fluids (BALF) were obtained by washing the lungs with

2.0 ml of 3 mM EDTA in HBSS in two PCN Enhances Lung Immunity aliquots of
1 ml. Cells recovered in the BALF were counted and then spun out of the



93

recovered BALF. The recovered fluid was then stored at 280uC for future use in
determining levels of serum albumin, lactate dehydrogenase, and influenza-
specific antibody.

Determination of influenza-specific antibody levels

Determination of the PR8-specific antibody levels in the serum and BALF was
carried out as described previously [18]. Briefly, 100 ul aliquots of a 1/100 dilution
of serum or 100 ul aliquots of the BALF were added to 96-well high binding
polystyrene ELISA plates that had already been coated with our PR8 influenza
viral membrane preparation and subsequently blocked with 5% nonfat skim milk.
The plates were allowed to incubate for 2 h at 37uC. Following 3 washes with
PBS-Tween, 100 ul of a secondary alkaline phosphatase-conjugated anti-mouse
isotype-specific antibody (Southern Biotechnology Associates, Birmingham AB)
was added. The plates were then allowed to incubate for 2 h at 37uC. The
presence of bound Ab was detected by the addition of pnitrophenyl phosphate in
diethanolamine buffer and visualized at 405 nm.

Titration of viral recovery from lungs

Our previously described plaque assay procedure was used in the experiments
reported here [19]. Briefly, serial 10-fold dilutions of the lung homogenates were
used to inoculate confluent monolayers of Madin-Darby canine kidney cells.
Following the inoculation procedure, the assay was then allowed to incubate at
35uC for 3—4 days prior to being fixed in 20% acetic acid and stained with 0.2%
crystal violet to reveal the presence of viral plaques.





