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ABSTRACT 

 

 

In nature, protein cages are found within the structures of viruses, heat shock 

proteins, and ferritins.  They assemble from subunits into spherical oligomeric structures, 

which serve to encapsulate, protect, and/or deliver cargo.  The fundamental 

understanding of protein cage structure is a key component in the design of novel 

nanomaterials that best exploit and expand upon the natural functions of protein cage 

architectures.  By mimicking the re-occurring design strategies employed by natural 

systems, the protein cages produced during virus infection and/or stress responses can be 

modified to yield particles that fight disease and/or serve as the building blocks for 

materials design.  In particular, the work described here highlights the design and 

characterization of protein cages in an effort to develop and uncover new strategies for 

immunization of the lung against a variety of pathogens. 

A combination of genetic and chemical engineering approaches is described here 

in order to better understand the structure of protein cage architectures and the 

relationship between the structure and in vivo function.  This work describes the chemical 

cross-linking of large antigens and immunomodulatory molecules to the surface of a 

protein cages, and it shows that intensified and accelerated immune responses result from 

the display of antigens on a protein cage surface.  Genetic incorporation of point 

mutations within the capsid structure provided unique attachment points for chemical 

functionalization.  In addition, genetic modifications revealed information about the 

location of the C-terminus of the bacteriophage P22 capsid.  The knowledge that this 

position was displayed on the capsid exterior prompted its use to promote inter-capsid 

interactions and target nanoparticles to melanoma cells.  

This research emphasizes that both the protein cage structural design and the local 

in vivo environment can influence the outcomes of protein cages when administered to 

the lung environment.  It also lays the foundation for the logical design of biomaterials 

that offer enhanced protection against influenza and other respiratory diseases.  Finally, 

regions of protein cages that are amendable to chemical and genetic modifications are 

described herein, and these have paved the way for the continued development of protein 

cage platforms for nanomedical and material applications. 
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CHAPTER ONE 

 

 

INTRODUCTION 

 

 

Repeating Themes in Natural Systems 

 

 

 There are many remarkable systems and materials in nature, and harnessing the 

attributes of these systems can allow for advances in medicine and materials.  The 

capacity to recognize self from non-self and the ability to heal are among the attributes of 

organisms in nature that can be manipulated and harnessed for a variety of applications.  

The rapid distinction of self from non-self is the defining attribute of the immune 

response, which can be manipulated for medical applications including the prevention 

and treatment of disease.  For the development of materials, the observation of self-

healing systems has inspired the development of a wide range of polymer based 

architectures with the capacity to reform upon the introduction of cracks or defects in the 

bulk polymer
1
. 

Energy efficiency, sustainability, and stimulus-responsive behavior are some of 

the advantages from bio-inspired materials.  Insights into energy efficient construction 

can be gained through the study of the nests of social insects, such as termite mounds 

(Figure 1.1A), which have impressive air circulation or internal thermoregulation
2-3

.  

Spiders silk has unique water condensation properties that allow for water collection
4-5

, 

and its strength and flexibility are being mimicked in polymer design to produce 

sustainable materials
6
.  Some dsDNA viruses, such as the Salmonella bacteriophage P22 

(Figure 1.1B), have sophisticated molecular motors that can package the nucleic acid to 
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pressures as high as 50 atmospheres
7
 within biodegradable containers called capsids.  

Inspiration from the signaling processes in plants, like Mimosa pudica (Figure 1.1C), 

which respond to environmental stimuli with large structural deformations
8-10

 has led to 

new designs for hydraulic systems
8
.  

 

 

Figure 1.1.  Examples of natural systems that inspire materials design.  A) Image of a 

termite mound adapted from Jones et. al.
2
  B) Electron micrograph of the Salmonella 

bacteriophage P22 adapted from Botstein et. al.11  Pictures adapted from Pagitz et. al
8
 of 

Mimosa pudica prior to (C) and after touch (D).  
 

Common themes found in nature can be used for materials design.  Natural 

systems are built from the hierarchical assembly of chiral units, and the use repeating 

units within nature systems is a theme that transcends several orders of magnitude in size.  

At the molecular level, nucleotides are repeated within the genetic code, and twenty 

common amino acids comprise the backbone of most proteins.  The polymerization of 

units, such as the formation of starch from glucose, can be a useful way to store energy.  

Alternating units of crystalline and amorphous protein domains contribute to the unique 

properties of spider’s silk, and individual lipids assemble in solution to form nanoscale 

macromolecules including micelles and membranes.  The proteins actin and myosin 
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assemble to form the cytoskeleton of cells.  Similar cell types are gathered within tissues, 

and tissue combinations make up the organs within the mirrored bodies of vertebrates. 

The creation of compartments with distinct interior and exterior environments is a 

byproduct of assembly.  Some of the first compartments arose as a result of the assembly 

of lipids to form micelles and membranes.  As lipid membranes are often impermeable to 

aqueous ions, these compartments allowed for discrepancies in ion and molecular 

concentrations between the interior and exterior.  In a similar fashion, the folding and/or 

assembly of proteins results in the formation of unique interior pockets that can serve to 

sequester other proteins, cofactors, and nucleic acids from the surrounding environment.   

Compartments are utilized for protection, storage, and/or transport of contents.  

The compartment itself can act in a signaling capacity to facilitate transport or uptake of 

the cargo.  The seed coats of various plants have developed to simultaneously allow for 

protection of the seed as well as for dispersal by wind, water, or animals.  Clathrin coated 

vesicles allow for the delivery of nutrients and signaling receptors within cells.  On a 

larger scale, our skin and mucosal surfaces serve as barriers that inhibit the entrance of 

pathogens and other foreign substances. 

Whereas covalent bonds provide solid backbones for the molecules and peptides, 

multivalent interactions are often utilized in biological recognition and signaling 

processes to create dynamic and responsive systems.  Hydrophobic interactions drive the 

assembly of lipids, the folding of proteins, and the assembly of protein complexes.  Weak 

interactions between protein subunits allow for nucleation-based assembly of multi-

subunit complexes into correctly assembled structures, because they allow for re-
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positioning and annealing processes that avoid kinetic traps in assembly pathways
12-14

.  

Activation of many cellular functions is based upon reversible assembly and disassembly 

mechanisms, and co-stimulation of multiple cellular receptors plays a role in cellular 

activation and intracellular signaling cascades. 

Observations of natural systems provide the context and inspiration for the design 

of materials.  Nature is the manifestation of millions of years of evolution which 

demonstrates many of these principles.  As such, nature is a valuable resource and 

provides the building blocks with which to construct highly efficacious, sustainable, and 

life saving materials.  Knowledge of re-occurring themes in nature provides powerful 

insights into the manipulation of materials, and the application of such themes to even a 

single nanoscale system generates a plethora of intriguing experimental pursuits. 

 

Protein Cages, Viruses, and Chaperones 

 

 

Viruses and molecular chaperones are two examples of protein compartments 

present in nature.  While some viruses occasionally generate stress responses sufficient 

for the tabloids, the lesser known chaperone proteins work to provide signals and 

protection in the presence of various types of biochemical stressors.  Spherical 

compartments that self assemble from repeating protein subunits are a bridging 

biochemical theme between these groups of nanoparticles.  Collectively, these spherical 

structures are referred to as protein cages or protein cage nanoparticles or PCNs (Figure 

1.2).  Protein cage architectures are found in all domains of life, and this definition 

encompasses containers with diverse functionalities such as the iron storage of ferritins, 
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the enzymatic carbon fixation of carboxysomes, and the generation of vitamin B2 by the 

capsid forming enzyme, lumazine synthase
15

.   

 

 

Figure 1.2.  Examples of protein cage architectures viewed as space filling structural 

models.  A) Carboxysome microcompartment.  B) Human ferritin.  C) Lumazine 

synthase.  D) Bacteriophage MS2.  E) small heat shock protein 16.5.  Pictures adapted 

from Uchida et. al
16

 and  Kang et. al15. 

 

Chaperone proteins associate with other proteins to assist in protein folding and 

prevent aggregation through the interaction with or sequestering of unfolded and mis-

folded proteins.  In recent years, it has become clear that protein chaperones can also play 

a role in the transportation of proteins to different cellular components.  Due to increases 

in mis-folded proteins associated with thermal or chemical perturbations, many protein 

chaperones are upregulated and highly active under conditions of cellular stress or 

inflammation.  The subsets of these molecular chaperones that are observed in 

association with responses to thermal stressors are called heat shock proteins.  

The GroEL/ES chaperone system in bacteria and analogous heat shock protein 60 

(Hsp60) in eukaryotes are examples of chaperones that are ATP-driven protein folding 

containers
17

.  These chaperones trap unfolded proteins on the interior of a barrel-like 

protein assembly through association with hydrophobic interactions.  Binding of the 
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GroES lid in conjunction with ATP onto one end of the compartment induces a large 

conformational change, in which the subunits of the compartment re-arrange to bury 

hydrophobic patches, and allow for the re-organization of the protein in a hydrophilic 

chamber.  This process often occurs repeatedly until the native structure of proteins is 

achieved.  Hsp60 also plays an important role in the transport of cytosolic peptides into 

the mitochondrial matrix
18

 and in the transmission of mitochondrial DNA to daughter 

cells in yeast
19

. 

The small heat shock proteins (sHsps) are ATP-independent molecular 

chaperones that are characterized by subunit molecular masses of 12-43 kDa, the 

presence of an alpha crystalline domain, and a tendency to form oligomeric assemblies
20

.  

The oligomeric assemblies of sHsps are built from subunit dimers and form diverse and 

dynamic structures with oligomers exhibiting subunit exchange at temperatures relative 

to their physiological conditions
21-22

.  Unlike the active folding mechanisms of the larger 

heat shock proteins, the proteins within the small heat shock protein (sHsp) family of 

molecular chaperones are thought to function as holdases
23-24

; it has been observed that 

they temporarily associate with exposed hydrophobic regions or mis-folded proteins 

under thermal or chemical stress
25

.  Point mutations in human sHsps are associated with a 

variety of diseases involving protein aggregation
26-31

. 

Viruses are found to infect organisms in all domains of life.  They capitalize on 

the usage of interior compartments, exterior display, and inter-subunit interactions to 

infect and multiply within a host.  The capsid functions as a nanoscale delivery container, 

and facilitates delivery of the viral genome to specific cells.  The nucleic acid is 
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encapsulated or packaged on the interior of the protein capsid, affording it protection 

against the conditions in the extracellular environment upon exit from the cell.  To 

initiate infection, motifs displayed on the exterior of the virus interact with specific 

molecules on the cell surface.  Hemagglutinin on the exterior of influenza virus binds to 

sialic-acids on the cell surface
32

, the bacteriophage P22 tailspike binds to the O-antigen of 

Salmonella lipopolysaccharide
33-35

, the parvovirus B19 receptor is the erythrocyte P-

antigen
36

, and a coxsackievirus and adenovirus receptor has been described
37

.   

The interactions at the subunit interfaces of viruses allow appropriately timed 

disassembly and/or release of nucleic acid as required for infectivity.  Release may be 

triggered by structural changes in the virus upon contact with the cellular receptors, or 

could be triggered by changes in pH, ion concentrations, or oxidative/reducing 

environments within the cell.  The genetic material encodes the directives to pirate the 

cellular machinery and transform the infected cell into a virus factory, and the infected 

cell produces protein subunits that assemble into capsids. 

Viruses retain the weak multivalent interactions between subunits as a 

requirement to enable proper assembly, but the capsids themselves must be strong 

enough to withstand the extracellular environment
12

.  The transition from initially weak 

interactions to form a capsid, followed by a maturation step that increases stability of the 

virus capsid is a common theme in dsDNA bacteriophages and the structurally related 

herpes viruses
38

.  The DNA bacteriophage HK97 was the first capsid structure observed 

to have covalently joined subunits from isopeptide bond formation upon maturation, 

resulting in a capsid comprised of interlocking rings
39

.  The procapsid form is an 
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intermediate complex; subsequent structural rearrangements probed by H/D exchange 

and crystallographic data indicate an exothermic transition to the more stable, mature 

capsid
40

.   

Viruses are finely tuned and respond to subtle changes in environment and 

component structures.  Expression conditions
41

 or solution conditions including pH and 

the presence/absence of divalent cations
42

 influence the self-assembly of the rotavirus 

capsid protein, VP6, into icosadedral particles or helical nanotubes.  Interestingly, some 

viruses make lots of empty capsids in addition to infectious virus.  These capsids, which 

are non-infectious due to the lack of nucleic acid, are given the designation of virus-like 

particles (VLPs).  While the function of VLPs in natural systems is debated, VLPs and 

other protein cages have been isolated and/or recombinantly expressed for a multitude of 

applications.  

 

Motivation and Applications 

 

 

Acquiring Insights into Protein  

Cage Structure and Function 

 

First and foremost, the work in this thesis centers on the classical biochemical 

inquiry: how does the structure of a protein relate to its function?   Modification and 

manipulation of protein cages can intentionally or unwittingly yield information about the 

structural components and dynamics of protein cages.  An understanding of the different 

types of forces/interactions that control the assembly, structure, and cooperative action of 

subunits of protein cages opens the door to understanding both biological processes and 

designing nanomaterials.   The comparison of mutant proteins via genetic modification 
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with the wild type structures has indicated the region of a small heat shock protein most 

likely involved in binding of substrate proteins
25

 and the regions of virus capsids 

important for assembly.  Insights of this type directly translate into new hypotheses 

concerning the roles of chaperones and viruses in vivo.  Additionally, understanding the 

structural components and dynamics of protein cage architectures enables the logical use 

of protein cage surfaces in nanomedical and nanomaterial applications.  

 

Prevention, Imaging, and Treatment of Disease 

Threats of infection from natural sources and bioterrorism abound.  The last fifty 

years have witnessed the emergence of drug resistant strains of Staphylococcus aureus
43

 

and Mycobacterium tuberculosis
44

.  The world is faced with recurring influenza 

epidemics and billions of dollars are spent every year in an effort to predict and prevent 

pandemics.  In infants, respiratory syncytial virus is a leading cause of infection and 

death worldwide 
45

.  Great dreams of eliminating these diseases and/or alleviating 

symptoms of illness involve the orchestrating of the immune response to combat disease. 

Vaccines direct and modulate subsequent immune responses by priming the 

immune system, often with non-infectious or mildly infectious agents, so that a rapid 

powerful response can be initiated upon later exposure to the pathogen.  Vaccines have 

played an important role in improving health and longevity, and in industrialized 

countries, they have virtually eliminated concerns from many disfiguring and deadly 

infectious agents.  Vaccination also provides an alternative to the administration of 

antibiotics.  Thus, development of vaccination strategies might slow the emergence of 

antibiotic resistant superbugs.  Vaccines are lacking for many viral respiratory infections.  
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Respiratory syncytial virus does not have a preventative vaccine
45

 and eliminating the 

threat of influenza pandemics requires the development of a vaccine design that offers 

protection against all influenza strains
46

.  

Understanding the interplay of administered therapeutics with the immune 

system, immune receptors, and pathways is not only vital to the development of 

efficacious vaccines against pathogens or toxins, but it can also provide clues to the 

prevention and treatment of sterile diseases such as immune disorders and 

inflammation
47

.  Researchers are beginning to outline the role and functions of natural 

“danger signals”, including the presence of heat shock proteins, in the activation of 

immune responses
48

.  The biological outcomes of association with and/or absorption of 

biological components to nanoparticle surfaces upon administration are also beginning to 

be highlighted and investigated
49-51

.  Characterizing the interaction between cells and 

biomaterials surfaces and being able to manipulate these interactions is important in the 

development of cell culture scaffolds for tissue regeneration and implanted devices
52

.   

While most clinicians assert that prevention of illness is preferred over treatment, 

it is also clear that early diagnosis of disease allows for preventative measures that save 

lives.  A classic example of this is the capacity of surgical procedures to remove 

cancerous tumors of small size, thereby eliminating the cancerous cells.  Imaging of 

plaques in blood vessels or the brain allow for the diagnosis and treatment of 

atherosclerosis and Alzheimer’s disease.  In short, medical imaging strategies are 

indispensable for the detection and monitoring of diseased or injured tissue.  
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Improvements in imaging techniques can allow for better image resolution, facilitating 

the early detection of malignancies. 

Targeted delivery of imaging agents and/or drugs can minimize side effects and 

maximize benefits.  Successful diagnostic systems incorporate high selectivity and 

specificity.  As a result of this specificity, targeted drug delivery systems often require 

lower dosages to produce the same benefits as untargeted counterparts.  The targeting of 

toxic drugs for the treatment of cancer and bacterial biofilms can minimize damage in 

areas of the organism not directly associated with the diseased tissue.  Medicine is 

gravitating toward multifunctional design of drugs, so that the administration of a single 

agent or mixture allows for the targeting, imaging, and treatment of disease.  

 

Benefits of Understanding and  

Mimicking Biological Assembly 

 

Biological systems present an intertwined hierarchical network, in which the 

emergent properties of a system are not completely realized upon analysis of the 

individual components alone
53

.  Analogously, the translation of material properties on the 

nanoscale to the properties of micrometer or macroscopic objects and vice versa is not 

always straightforward.  Assembly into a structure places constraints on individual units, 

and the local interactions of subunits influence the assembly.  It follows that altering the 

balance between global and local interactions through structural manipulations can result 

in materials with novel properties.  Imparting new functionalities into the existing 

structures by burying components inside or displaying interacting components on a 

nanoparticle surface can result in the assembly of materials with new functions. 
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Research Directions 

 

 

Re-occurring themes in nature inspired the use and modification of two protein 

cages described in this work to gain insights into protein cage interior and exterior 

surfaces, enhance or modulate immune responses for vaccination and targeting 

applications in nanomedicine, and develop protein cages that interact upon mixing for 

future nanomaterials applications.  Chapter three describes the chemical conjugation of a 

large protein antigen to the small heat shock protein (sHsp 16.5), and emphasizes the 

capacity of protein cages to function as immunological adjuvants and carriers that 

enhance immune responses to antigens in the lung environment.  The fourth chapter 

describes creation of unique cysteines within the P22 procapsid, and the use of FRET 

measurements to probe the location of chemically reactive cysteine residues within the 

P22 procapsids.  Chapter five outlines investigations into the subunit C-terminus of the 

P22 capsid in the expanded morphology, and the usage of this site for the display of 

targeting peptides.  Chapter six describes the genetic engineering of the coat protein C-

terminus of the Bacteriophage P22 procapsid to append several different sequences, 

which aided in both demonstrating the accessibility of this location to the exterior surface 

of the procapsid and in modifying capsids to create capsids that would interact in 

solution.  Chapter seven describes removal of bacterial lipopolysaccaride from P22 

protein cages and the conjugation of a CD40 monoclonal antibody to the sHsp platform. 
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CHAPTER TWO 

 

 

BACKGROUND CONCEPTS 

 

 

Protein Cages as Platforms for Modification 

 

 

A library of protein cages have been snatched from nature and exploited for 

materials design.  These include protein cages from ferritins
54-63

, the DNA binding 

protein from starved cells
64-69

, small heat shock protein 16.5
70-77

, Cowpea chlorotic mottle 

virus
78-83

, Cowpea mosaic virus
84-90

, flock house virus
91-93

, hepatitis B core antigen
94-95

, 

adeno associated virus
96-99

, and the bacteriophages Qβ
100-104

, MS2
105-112

, and P22
113-119

.  

Protein cages are powerful nanoplatforms for materials synthesis.  In the manipulation of 

protein cages, using genetic and/or chemical engineering for the modification of spatially 

distinct surfaces provides an expansive matrix of design possibilities.  The research 

presented within this thesis focuses on two protein cage architectures: the small heat 

shock protein 16.5 from Methanocaldococcus janaschii, and the capsids from 

Bacteriophage P22. 

  Initially purified protein cages are highly symmetrical, mono-disperse 

nanoparticles when compared with synthetically manufactured compartments of similar 

size.  Monodispersity facilitates protein cage characterization.  Protein cage nanoparticles 

can be produced in bacterial, yeast, or plant expression systems and can often be isolated 

in milligram quantities.  The in vivo synthesis of protein subunits based upon genetic 

information followed by self-assembly into particles yields multivalent protein shells 

with defined molecular composition and size.  Structural information obtained from 
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crystallography, electron microscopy, and/or NMR studies sets the stage for logical 

design of protein cages and provides a reference point for future biochemical 

characterization.   

The multivalent architecture, arising from assembly of repeating subunits via non 

covalent interactions, is a powerful advantage of protein cages.  Multivalent interactions 

are often important in biological signaling.  An oligovalent carbohydrate ligand exhibited 

at least a 1 million fold inhibitory activity against a Shiga-like toxin than the 

corresponding univalent ligand
120

.  The endosomolytic activity of a short cell penetrating 

peptide (GRKKRRQRRR) was highest when three copies of the peptide were displayed 

on a polymer scaffold, compared with two copies or one copy of the peptide
121

.  Antigen 

interactions with multivalent B-cell receptor clusters were significantly less likely to 

rupture upon B-cell contractions than individual B-cell receptor-antigen bonds, which 

were far better at extracting antigens from a flexible membrane substrate
122

.   

 

Genetic and Chemical Modifications 

The genetic modification of protein cage subunits in a manner that still allows for 

particle assembly is arguably the most effective strategy for the multivalent, isometric 

display of amino acids, peptides, and proteins on protein cage architectures.  In addition 

to minimizing the processing time consumed by chemical labeling steps, genetic 

modification is stoichiometrically controlled and circumvents heterogeneous/non-specific 

labeling that can be observed though chemical approaches.  Genetic modifications are 

often limited by the structure of an individual protein cage, and must be adapted for each 

platform.  As single point mutations in the subunits of a protein cage can result in failure 
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to assemble or assembly into an alternate structure/morphology
123-124

, the incorporation 

of genetic fusions without disruptions to the original platform can be challenging.  Both 

sHsp 16.5
77

 and Rabbit Hemorrhagic Disease Virus capsid
125

 assemble into larger 

structures upon genetic modifications to the N-terminus, a single point mutation in the 

bacteriophage P22 coat protein (F170A) results in the formation of protein nanotubes
126

, 

and cysteines on the exterior of CPMV have been demonstrated to cause capsid 

aggregation through disulfide bond formation.
127

   

Common genetic modifications of protein cages include point mutations to 

generate specific amino acids and incorporation of peptides/proteins as fusions within 

flexible loops, to the N-terminus, or to the C-terminus of protein subunits.  Engineered 

cysteines have been incorporated into a variety of protein cages including CPMV
127

, 

CCMV
82

, and Aquifex aeolicus lumazine synthase
128

 for subsequent chemical 

modification.  The RNA bacteriophage AP205 has been decorated with a variety of 

immunogenic peptides via N- and C-terminal fusions.
129

  The C-terminus of sHsp has 

been used for the display of targeting peptides.
72

  In 2006, the truncated N-terminus of 

canine parvovirus VP2 was fused to GFP, allowing for the creation of fluorescent 

particles
130

.  Several loops within Flock house virus VLPs have been used for the genetic 

incorporation of a short antigenic epitopes of the HIV-1 including a gp41 conformational 

epitope
131

 and gp120
132

.   

Phage display is a powerful technique utilizing the protein cages of infectious 

virions for the isolation of peptides or capsids that bind to target molecules.  DNA 

technology is used to construct a library of phages, and successive binding and isolation 
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steps are used to select phages with the highest affinity for substrates of interest.  These 

steps ultimately lead to a fairly homogenous population, for which the binding regions of 

a phage of interest can be isolated and sequenced.  In vivo phage display has resulted in 

the identification of peptides that recognize proteins upregulated in certain tissues or 

disease states.  The RGD
133

, LyP-1
134

, and VCAM-1
135

 peptides were some of the first 

isolated sequences for in vivo targeting and have been displayed on a variety of surfaces 

for cell adhesion and targeting applications.  

The modification of capsids in vivo using posttranslational modifications is not as 

commonly published in the literature.  Presumably, researchers are deterred from this 

strategy due to the requirement for careful optimization to achieve consistency in 

modification, the minimal transferability of the technique to other protein platforms, and 

a lack of information as to the immediate relevance or utility of common post 

translational modifications
136

.  Instead, the incorporation of unnatural amino acids into 

protein scaffolds to use as subsequent chemical attachment points is a strategy that has 

been recently embraced by the protein engineering community, and has expanded the 

chemical functionalities attainable using genetic approaches. 

Chemical modification of wild type or engineered amino acids is the most 

versatile and transferable modification strategy.  Several common chemistries have been 

used to attach a wide range of molecules of various molecular weights including 

fluorescent tags
107

, drugs
71, 137

, polymers
58

, and proteins
138

.  N-hydroxysuccinimide 

(NHS) esters are commonly used for the modification of amines, while maleimides and 

acetamides are useful for the labeling of thiols.  Cysteines on the MS2 capsid have been 
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functionalized via maleimide chemistry for the incorporation of a xenon-based sensor for 

medical imaging applications
110

.  Hydrazone linkages allow for the pH sensitive addition 

and release of functional moieties
71, 139

.  Tyrosine oxidation has also been used for 

covalently cross-linking of the pentamer units of CPMV
140

 and for coupling to attach a 

DNA aptamer to the exterior surface of the MS2 capsid
141

.  The display of iron 

protoporphyrin IX on the surface of hepatitis B capsid was achieved via association with 

hexa-hisidine tags on the N-terminus of the coat protein
142

.  Copper-I-mediated azide-

alkyne cycloaddition has been developed for protein cage modification
86, 143

 and used as a 

method for construction of polymers that cross-link the protein cage subunits
73-74

.  Atom 

transfer radical polymerization has also been employed for polymer growth off of protein 

cage scaffolds
115, 144-146

. 

 

Three Modifiable Surfaces 

Protein cages have three distinct surfaces that can be exploited for modification 

(Figure 2.1).  The position of modifications on the interior, subunit interfaces, or exterior 

impacts the protein cage properties and the interactions of the individual protein cage and 

its interaction with the surrounding environment
16, 70, 113, 115

.  The design of multi-

functional protein cages for a variety of applications is enhanced through strategically 

placed modifications that correspond to the advantages presented by each surface.  

The interior surface of protein cages has been exploited as a constrained container 

for materials synthesis and/or encapsulation
119, 147

.  A variety of ions and small molecules 

successfully permeate protein cage architectures to allow for small molecule labeling
148

, 
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Figure 2.1.  The three distinct surfaces of protein cages that can be manipulated for 

materials design as originally illustrated by Douglas and Young
149

. 

 

mineralization reactions
59, 150

, and the growth of polymers on the interior of the cage
73-74, 

115
.  The protein cage itself presents a boundary in the growth of such materials and 

serves as a constrained reaction vessel
151

.  It can be a reaction vessel for enzymatic 

reactions and encapsulation can change kinetic parameters of enzymes
152-153

.  Perhaps the 

largest advantage of encapsulation is the sequestration of cargo from the exterior 

environment, which allows for cargo solubilization and protection against enzymatic 

and/or thermal degradation
154

.   

The subunit interfaces often contain the recognition components required for cage 

assembly and/or morphology.  These interfaces have been chemically functionalized with 

a variety of small molecules and genetically modified to alter cage structure/stability.  

The use, capping, or creation of pores at subunit interfaces may allow for control of the 

interplay between interior and exterior environments, or triggered release of cargo
63

.   
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The exterior surface of protein cages determines the interaction and affinity of 

cages with structures in the surrounding environment.  Molecular recognition 

components presented on the exterior of cages result in cages that bind to surfaces or can 

be used in layer by layer assemblies.  The natural multivalent display on the protein cage 

exterior has also been modified to incorporate antigenic and targeting moieties.  

Decoration of the exterior with polymers can change particle solubility or shield protein 

cages from immune recognition.   

  Understanding the structure of the assembled protein cage platform allows for 

the best usage of the three distinct surfaces.  The ability to trap compounds of interest 

within a targeted container and the subsequent controlled release of these trapped 

compounds can provide location specificity and temporal control of the compound 

concentration in nanomedical applications.  In concept, the modification of nanoparticles 

is straightforward, and significant improvements in design and understanding of these 

particles would further their practical applicability
155

. 

 

Small Heat Shock Protein 16.5 (sHsp) 

The small heat shock protein 16.5 from Methanocaldoooccus jannaschii (sHsp or 

PCN) assembles from 24 subunits into a hollow octahedral complex, which has an 

exterior diameter of 12 nm and an interior diameter of 6.5 nm.  The crystal structure 

(Figure 2.2) reveals a protein cage with eight triangular 3 nm windows and six square 1.7 

nm windows, which allow for the exchange of small molecules between the cage interior 

and exterior
156

.  Each subunit contains an alpha crystalline domain of 90 residues that is 

flanked by N-terminal and C-terminal extensions. 
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Figure 2.2.  Images of sHsp 16.5 as viewed from the exterior of the cage (A) and a cut 

away view to show the interior (B) based upon the crystal structure
156

 (PDB ID: 1SHS).  

The positions of each of three unique modifiable cysteines on the exterior S121C, 

interface E102C, or interior G41C are shown as spheres.  

 

Genetic and chemical modifications have demonstrated the usefulness of the sHsp 

platform.  Since sHsp lacks an endogenous cysteine, the sHsp platform has been modified 

to create sHsp mutants with unique cysteines on the interior (G41C), and exterior 

(S121C), or subunit interface (E102C) that have proven to be useful sites for chemical 

conjugation.  Mineralization of the sHsp interior has generated sHsps with iron oxide
70

, 

genetic engineering of the N-terminus combined with mineralization resulted in the 

formation of magnetic CoPt cores
157

,  and deposition of platinum on the interior of the sHsp 

cage lead to the use of the cage for hydrogen production158.  The interior cysteine has 

chemically functionalized with fluorescent imaging agents and doxorubicin
71

, and it 

served as attachment point for polymer synthesis on the interior of the protein cage
73-74

.  

Genetic fusions to the C-terminus of the sHsp platform resulted in the display of targeting 

peptides and targeting of sHsp 16.5 to melanoma cells
72

 and atherosclerotic plaques
75

. 
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Bacteriophage P22 

 

 

The Virus.  The host of the infectious Bacteriophage P22 is Salmonella 

typhimurium.  Initial recognition of bacterial cells by the virus is a result of the 

association of components of the bacteriophage tailspike with the O-antigen of 

salmonella lipopolysaccaride
33-35

.  Bacteriophage P22 infection can proceed through 

lysogenic or lytic routes, but it culminates in the assembly of new virions in the 

cytoplasm of host cells
159

.  The assembly of the infectious virus is depicted as a cartoon 

in Figure 2.3.  Assembly of the viral procapsid requires 415 copies of the coat protein 

(gp5), approximately 100-300 copies of scaffolding protein (gp8) that aids in templating 

the assembly, 10 copies of portal protein (gp1), and 12 copies of each of the minor ejector 

proteins (gp7, gp16, gp20).  The portal protein occupies one five fold vertex in the 

procapsid
160-162

.   

After procapsid assembly, the packaging and terminase components are added to 

the portal, and DNA is packaged into the procapsid.  During DNA packaging, the 

scaffold protein is removed from the interior of the capsid, and the coat proteins change 

conformation
163-164

.  The product of this change in conformation is a slightly larger, more 

angular capsid with a 10% increase in diameter.  Following DNA packaging, gp4, gp10, 

and gp26 are added.  As a last step, gp9 forms the tailspike needed for bacterial 

recognition and initiation of infection
162

. 
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Figure 2.3.  A cartoon depicts the assembly of the infectious Bacteriophage P22 virion.  

The assembly proceeds via formation of a procapsid intermediate, which expands to a 

more stable morphology upon packaging of the DNA.  Image credit: Lander et al
160

. 

 

 

 

Figure 2.4.  The assembly of non-infectious procapsids from P22 coat and scaffold 

proteins, followed by a cartoon version of each of the three other P22 protein cage 

morphologies accessible through in vitro transformations.  Adapted from Lander et al
160

. 
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Non-Infectious P22 Capsid Assembly and Morphologies.  To generate non-

infectious P22 capsids, only the scaffold protein and coat protein are required.  Prior 

work has demonstrated that the C-terminal region of the scaffolding protein interacts with 

the coat protein to stabilize the assembly, and capsids can still be achieved upon removal 

of up to the first 238 amino acids on the scaffold N-terminus
165

.  Mixing in vitro or co-

expression of these two proteins in an E.coli expression system leads to the formation of 

isomeric procapsids, in which the portal assembly is replaced by 5 additional copies of 

the coat protein.  In addition to the procapsid, three additional capsid morphologies can 

be achieved in vitro (Figure 2.4).  Removal of the interior scaffold and retention of the 

procapsid coat morphology can be achieved through treatment with guanidine-

hydrochloride.  Heating of the purified procapsid at 65°C in vitro results in removal of 

the scaffold protein but with the transition to a more angular “expanded shell” that 

mimics structure of the head filled with DNA.  Upon increasing the heating temperature 

to 75°C, the pentamer units are ejected from the capsid lattice to create the “wiffleball” 

morphology
113

.  In recent years, cryo-electron microscopy models of the P22 capsid 

morphologies have been published
164, 166

 (Figure 2.5).  

 

 

Figure 2.5.  Depictions of the different P22 morphologies viewed from the capsid 

exterior.  Images were made using UCSF Chimera
167

 and coordinates from cryo-electron 

microscopy models in the protein data bank: 3IYI, 2XYZ, 3IYH. 
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Designed for Encapsulation and Display.  The P22 bacteriophage has been 

demonstrated as one of the most versatile containers for encapsulation to create nano-

composite materials.  Cysteines have been incorporated on the interior (S39C
115

, 

K118C
113

) that allow for labeling and metal coordination chemistry
168

, as well as the 

growth of polymers by ATRP from the interior of the expanded capsids
115

.  The interior 

of P22 capsids and interior polymer networks have been used to encapsulate imaging 

agents for MRI
169-170

.  A cysteine has also been engineered within a surface exposed loop 

(T183C
170

) that allows labeling of the P22 capsids.  The loop at position 183 in the P22 

procapsid has been shown to tolerate insertion of a 6xHis tag
114

, and a sulfide binding 

peptide which allowed for the patterned display of pre-synthesized CdS quantum dots on 

the protein cage, was later incorporated at this site
171

. 

Genetic fusion of a gene product cargo to the N-terminus of the truncated 

scaffolding protein and co-expression of the scaffold with coat protein (Figure 2.6A) 

allows for packaging of GFP into the assembled P22 procapsid (Figure2.6B) as described 

by O’Neil et al
119

.  Heat stable cargo can be released from the capsid through the 10nm 

pores of the Wiffleball morphology upon heating at 75°C (Figure 2.6C).  The scaffold 

protein would normally exit the capsid upon the transition to the expanded morphology, 

but the large cargo fusions are not able to exit (Figure 2.6D).  An engineered thrombin 

site between the scaffold and cargo allows for the proteolytic removal of scaffolding 

protein but allows retention of the cargo within the expanded shell (Figure 2.6E).   
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Figure 2.6.  The cartoon above depicts the strategy used for the encapsulation and release of 

proteins using the P22 capsid as illustrated by O’Neil et al119.  Part A shows the design of the 

vector for co-expression of both the P22 coat protein and the scaffold protein fusion.  The 

assembled procapsid that can be isolated from E.coli is shown in B.  Heating results in the 

transformation to either the wiffleball (C) or the expanded morphology (D).  When the cargo 

is a large folded protein, it anchors the scaffold protein to the capsid despite expansion, but 

the release of the scaffold protein can be accomplished through cleavage of an engineered 

thrombin site between the scaffold and cargo (E).  

 

 

Fluorescent molecules have been widely utilized in the imaging of cells and 

tissues
172

 and discerning molecular distances
173

.  In addition to GFP, the mCherry 

fluorescent protein has also been packaged within the capsid using the same 

encapsulation strategy and has been used for the imaging of microvascular endothelial 

cells
174

.  Further work demonstrated that a protein fusion with both GFP and mCherry 

attached to SP141 could also be packaged into P22 capsids (Figure 2.7).  Förster resonance 

energy transfer (FRET) was used to probe the interaction and crowding of proteins when 

confined within the capsid
175

.   

Investigations into the effects and advantages of protein encapsulation have been 

observed upon the encapsulation of enzymes.  The stability of a phosphotriesterase is 

enhanced upon encapsulation
154

.  Alcohol dehydrogenase D (AdhD) from Pyrococcus 

furiosus exhibits a lower kcat upon encapsulation relative to the free enzyme
117

.   
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Figure 2.7.  An image of the encapsulation of the FRET pair, mCherry and GFP, inside 

the P22 capsid.  Image adapted from O’Neil et al
175

.  

 

Interestingly, there was no statistical difference in kcat between encapsulated CelB (also 

from Pyrococcus furiosus) and free CelB, but the results indicated that encapsulated 

enzymes could successfully form tetramers within the capsid
152

.  Recent work has 

resulted in the development of enzyme cascades within the P22 capsid in order to 

investigate the kinetics of coupled reactions under conditions that more closely mimic the 

protein concentrations found within the cellular environment
153

.  In addition, 

recombinantly expressed proteins can be encapsulated into the P22 capsid to inhibit 

trafficking to inclusion bodies, which increases the yields of these proteins upon 

purification
176

.  The nucleoprotein of influenza has also been packaged on the interior of 

the P22 capsid, and results in the formation of an antigenic particle that mimics the 

structure presentation of this protein within the influenza virus
116

.  

 

Selected Topics in Immunology 

 

 

Most organisms have an immune system, or a collection of mechanisms to 

recognize and distinguish between self and foreign substances (antigens).  A brief 

description of the immune system in vertebrates, as well as more in depth discussions of 
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topics highlighted in this thesis follow.  The immune system in vertebrates has been 

classified into innate and adaptive branches, which can operate cooperatively to prevent 

and fight disease.  The innate immune system consists of barriers to prevent the 

introduction of foreign molecules, and cells and proteins which recognize and respond 

based upon pathogen associated molecular patterns.  The adaptive branch of the immune 

system mounts specific responses to a diverse array of antigens, and encodes memory 

responses that accelerate immune responses to antigenic stimuli upon a subsequent 

encounter.   

Antigen presenting cells (APCs), including dendritic cells (DCs) and 

macrophages, are the sentinel cells of the innate immune system and constantly monitor 

the surrounding environment for signs of trouble.  Protein antigens are broken down by 

APCs, and peptides from these antigens are presented on the cellular surface in the 

context of major histocompatibility complex class (MHC) I or class II molecules (Figure 

2.8).  In general, MHC class I molecules display peptides degraded in the cytosol by 

proteasomes, while MHC class II molecules display exogenous antigens that are taken up 

by the cell from the exterior environment into endocytic compartments.  Presentation of 

antigens on MHC molecules stimulates T-cells.  Antigenic peptides presented within the 

context of MHC class I molecules activate CD8
+
 T cytotoxic cells that kill infected cells, 

while antigenic peptides presented on MHC class II molecules activate CD4
+
 helper T-

cells
177

.  

In the lung environment, DCs are the prominent antigen presenting cells.  

Immature DCs capture antigens from the tissue, become activated, and migrate to 



28 

 

 

 

 

Figure 2.8.  A cartoon depiction of the humoral and cell mediated immune responses 

initiated by the display of antigen on antigen presenting cells (APCs).  

 

 

lymphoid tissues where they present antigen to CD4
+
 helper T-cells, which initiates an 

adaptive immune response.  The production and/or presence of signaling molecules 

directs whether CD4
+
 helper T-cells initiate a response that is either predominantly 

activation B-cells to produce antibodies against the pathogen or the activation of CD8
+
 T 

cytotoxic cells.  The activation and clonal expansion, and maturation of B-cells into 

plasma cells that generate antibodies to antigen occur in lymphoid tissue through 

interaction of T-cell and B-cells.  Also called humoral responses, antibody responses can 

also be triggered by the cross-linking of B-cell receptors by multivalent antigens (Figure 
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2.8)
177

.  In general, the response to viral infections results in activation of both cellular 

and humoral responses.  

Secondary antibody responses provide one example of the enhanced kinetics and 

accelerated responses generated by the adaptive immune system (Figure 2.9).  A primary 

antibody response has a lag of approximately 5-7 days before the recognition of antigen 

by naïve B-cells, and serum antibody concentrations peak at approximately 14 days 

following the first exposure to an antigen.  Upon a second exposure to the same antigen, 

memory cells are able to identify the antigen within 1-2 days, and mount a more rapid 

and intensified antibody response to the antigen than observed in the first exposure.  The 

maximal antibody concentration is observed as early as 5-6 days for a secondary 

response.  

 

 

Figure 2.9.  A comparison of the primary (initial exposure) and secondary (subsequent 

exposure to antigen) serum antibody responses.  The secondary response is markedly 

accelerated and intensified.  Image adapted from Kindt et al
177

. 

 

 

Antibodies 

Antibodies have the capacity to recognize and differentiate an inexhaustible list of 

chemistries, and as biological targeting agents, they are unparalleled in their capacity for 

specific recognition.  Recombinantly expressed human antibodies are approved by the 
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FDA for administration as antitoxins, cancer treatments, and immunotherapy drugs.  

Antibodies bound to the surface of adeno-associated virus allowed for transduction, thus 

expanding the use of this platform for gene therapy applications.  Antibodies bind to 

antigens and promote phagocytosis, activate complement, and induce antibody mediated 

cytotoxicity.  Neutralizing antibodies bind to pathogens and tag them for clearance or 

destruction in the extracellular environment prior to infection, so it is no surprise that 

induction of neutralizing antibodies from vaccination can result in protection against 

disease
46

.  In fact, prophylactic vaccination strategies against viral infection often focus 

on the induction of neutralizing antibody responses.  Anti-capsid antibodies and 

inactivated whole virus vaccines prevent disease as late as two weeks after exposure to 

hepatitis A virus 
178

.  This provides an example of the potential to use antibodies in post-

exposure treatment plans against viral infection. 

Antibody molecules are composed of two heavy chains and two light chains held 

together by disulfide bonds.  An image of an antibody structure is shown in Figure 2.10A.  

Five classes of antibody (IgG, IgA, IgM, IgD, and IgE), along with several subclasses 

(examples include IgG1, IgG2a, IgG2b, and IgG3 in mice) have been described based 

upon similarities within the sequence of the constant region, effector functions, and 

average serum concentrations.  The extraordinary flexibility of the hinge region and the 

loops within the variable regions of the heavy and light chains, complementary 

determining regions, (CDRs) contribute to the antigen binding affinity and specificity.  

The Fc regions of antibodies are often glycosylated, associate with complement, and 
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interact with class specific Fc receptors expressed predominantly on macrophages and 

neutrophils.   

While the IgG class of antibodies predominates in the serum, IgA antibodies are 

the most common antibodies in the mucosa.  Dimers of IgA are held together by an 

additional peptide chain called the J-chain, which interacts with poly-Ig receptors to 

allow for translocation of IgA antibodies across the mucosal epithelium into the mucosal 

surface (lumen, Figure 2.10B).  Secretory IgA functions to protect mucosal surfaces
179

, 

such as the gastrointestinal and respiratory tracts, which have a total combined surface 

area that is approximately the size of a basketball court (~400 m
2
).   

 

 

Figure 2.10.  A) The structure of an IgG2a antibody
180

 (PDB ID: 1IGT) drawn with 

UCSF Chimera
167

.  B) A cartoon depiction of the transfer of IgA from the submucosa 

into the lumen adapted from Kindt et al
177

. 

 

 

Strategies to Increase the 

Immunogenicity of Antigens  

 

While all foreign molecules are antigens, not all antigens stimulate an immune 

response.  The immunogenicity of antigens can be dependent on the route of 

administration, and is generally enhanced with increases in antigen size, chemical 
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complexity and vulnerability to processing and presentation
181

.  Karl Landsteiner 

described the conjugation of small molecules that are not immunogenic (haptens) to a 

carrier protein, bovine serum albumin.  Upon administration of the hapten-carrier 

conjugate, antibodies were produced that bound to the hapten, the carrier, and to the 

conjugate.  Further experiments with hapten carrier conjugates revealed the extraordinary 

specificity of antibodies, which were able to differentiate between the ortho, meta, and 

para isomers of aminobenzoic acid
182

.  Interestingly, secondary antibody responses to 

haptens only occurred within the context of the identical conjugate; subsequent 

administrations of an identical hapten on a different carrier yielded a primary response to 

the hapten
182

.  Ovalbumin
183

 and Keyhole Limpet Hemocyanin
184-185

 have also been 

recognized as immunological carrier molecules.   

Because they are large, structurally complex molecules, proteins seem perfect 

immunogens
181

.  Therefore, it may be surprising that subunit vaccines that are comprised 

of recombinant viral proteins or peptides have been shown to be poorly immunogenic
186

. 

Instead, these proteins may be ignored, tolerated, or simply cleared by the immune 

system.  Sometimes, this lack of immunogenicity can be ameliorated through display of 

the viral/bacterial antigen much the same way as it would be in nature, as part of an 

assembled multivalent scaffold
186

.  Indeed, proteinaceous assemblies that represent or 

mimic the structure of assembled virus capsids have been shown to be effective 

vaccines
187

.  The display of a tumor associated carbohydrate antigen on the bacteriophage 

Qβ resulted in the generation of antibodies to the carbohydrate antigen.  Additionally, 

Yin et. al report that the high local concentration of carbohydrate antigen on the cage 
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surface was found to have more influence on the induction of high antigen specific 

antibody titers than the total concentration of antigen administered
104

.   

Non-infectious particles are often ignored by the immune system, especially in 

areas that are being constantly exposed to antigen, because they are not recognized as 

threatening and mounting an immune response requires energy.  In such cases, mixing 

substances that stimulate the immune response (adjuvants) with an antigen prior to 

administration can help to enhance the immunogenicity of the antigen.  Adjuvants 

function as danger signals to stimulate local inflammatory responses, lengthen the 

exposure time to the antigen, and result in proliferation of lymphocytes and co-

stimulatory signaling.  A variety of adjuvants are described in the literature including 

bacterial flagellin, cholera toxin, toll like receptor (TLR) agonists, oil in water mixtures, 

aluminum potassium sulfate (alum), and even pulmonary surfactant
188-190

.  Adjuvants can 

also serve to direct immune responses.  As an example, the induction of the appropriate 

antibody isotype to achieve protection against the conserved M2e epitope of influenza is 

aided by stimulation of the innate immune system through TLR7
46

.   

The exterior of the cell wall in gram negative bacteria is recognized as a powerful 

adjuvant and activator of inflammatory immune responses.  LPS has been documented 

and used in vaccine formulations.  Intranasal vaccination of mice with detoxified LPS 

(de-O-acylated) from E. coli complexed with the outer membrane protein of Neisseria 

meningitides induced antibody responses that were protective against lethal respiratory 

challenge with either Francisella tularensis or Klebsiella pneumonia. 
191

  Direct testing 

for pyrogenic substances is not required by the United States Food and Drug 
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Administration for certain biological materials including bacterial, viral, and rickettsial 

vaccines or allergenic extracts (21CFR 610.13[b]).  In fact, the level of endotoxin in 

manufactured vaccines can be highly variable as indicated by studies testing the 

endotoxin content in numerous standardized vaccines
192-193

.  The authors report values 

ranging from no detectable endotoxin to as high as 34,000 endotoxin units  (~3.4 

micrograms/mL) in an allergen vaccine comprised of cat pelt extract.
192

   

  Five endotoxin units per kilogram per hour is considered the maximum human 

dosage for endotoxins and is the recommended limit for drugs and biologics delivered in 

clinical trials
194

.  A significant increase in sputum neutrophils in man was observed 

following an inhaled dose of 5ug of endotoxin
195

, while only 4 ng/kg of endotoxin has 

been documented to produce observable effects when administered intravenously
196

, 

suggesting that higher amounts of endotoxin may be permissible for therapies relying on 

inhalation when compared to injections.  Bacterial LPS associated with particulate matter 

resulted in cytokine secretion from human alveolar macrophages fed the particulates
197

.  

In addition to TLR4, LPS can also be sensed by macrophages in the cytoplasm and 

involves inflammatory activation of caspase 11.
198

  It has been reported that 

administration of a TLR4 antagonist can mitigate inflammatory responses and lung 

pathology associated from influenza infection and also protects against mortality 

associated with infection.
199

  

The involvement of heat shock proteins in the innate immune response is poorly 

understood, but data suggests these proteins may serve as a sensor and aid in the 

presentation of danger signals including molecules like bacterial LPS.  Administration of 
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HSPs 60, 70, 90, and gp96 with bound LPS have been reported to result in the induction 

of a cytokine response
200-201

.  Fewer studies have investigated the role of HSPs in 

transporting LPS, however it is possible that cross-presentation of HSP bound LPS 

results in the observed cytokine effects.
202

  One report describes the co-localization of 

heat shock proteins 70 and 90 with TLR4 present on the cell surface and with the receptor 

in the Golgi apparatus, thereby aiding in the recognition of bacterial LPS. 
203

.  

Experiments have indicated that Hsp 60 localized with CD14 on the cellular surface prior 

to association with TLR4, and emphasized that distinct immune responses were elicited 

from Hsp60, LPS, and Hsp60/LPS complexes.
201

  Although not as extensively studied for 

therapeutic applications, some of the small heat shock protein family have also been 

documented to bind to lipids of plants
204

, bacteria
205

, protozoa
206

, and mammals
207

.  

Association of sHsp with lipid membranes has been shown to modulate membrane 

fluidity
208

, and may stabilize the membrane structure under a variety of stresses.   

 

Inducible Bronchus Associated  

Lymphoid Tissue (iBALT) 

 

Conventional immunological pathways suggest that secondary lymphoid organs 

(spleen, lymph nodes, and Peyers patches) serve as the initiation sites for primary 

immune responses.  In contrast, Moyron-Quiroz et al
209

 demonstrated that mice lacking 

secondary lymphoid organs could generate robust B-cell and T-cell responses to 

influenza.  The response to infection in these animals was delayed, but the animals with 

iBALT were able to successfully clear the virus and suffered less mortality than control 

mice.  Responses are most likely initiated in inducible bronchus-associated lymphatic 
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tissue (iBALT), which is described as clusters of lymphoid cells in close proximity to 

blood vessels and the airway epithelium.  Germinal centers (GCs), clusters with distinct 

follicular regions of dendritic cells surrounded by B-cells, have been observed for larger 

iBALT.  However, iBALT is different from secondary lymphatic organs because it lacks 

afferent lymphatic vessels or encapsulating tissue
209

.   

Experiments also demonstrated that iBALT is able to maintain immunological 

memory and generate accelerated CD8 T-cell and antibody responses to challenges in the 

absence of secondary lymphoid organs.
210

  Inducible BALT has been observed in the 

lungs of humans and mice in response to antigenic stimulation or respiratory infections, 

such as influenza.  The pre-formation of iBALT in the lungs could be utilized as a novel 

strategy to generate broad spectrum enhancement of immunity to respiratory viruses.  

Wiley et al
211

 observed that the ongoing resolution of a Pneumocystis infection enhanced 

influenza virus clearance and the generation of influenza specific neutralizing antibodies, 

resulting in less morbidity for co-infected animals than those receiving influenza alone.
211

  

Moyron-Quiroz et al
209

 described the appearance of inducible bronchus-associated 

lymphatic tissue in the lungs of mice following influenza infection.  A different group 

reports that co-administration of M2e-specific monoclonal antibodies with recombinant 

influenza virus reduced influenza morbidity and decreased recruitment of immune cells 

into the lung, but it did not inhibit the formation of iBALT
45

.  Although it is known that 

antigens and pathogens elicit the formation of iBALT, the pathways resulting in the 

formation or disbanding of iBALT remain under investigation.  The formation of iBALT 

was triggered independently of interleukin-6 using an adenovirus vector resulting in the 
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expression of mouse oncostatin M, while mice treated with plain adenovirus vector did 

not exhibit iBALT or increases in inflammatory cell accumulation, cytokines, or 

chemokines
212

.  

Protective immune responses against near lethal doses of two serologically 

distinct influenza viruses (mouse pneumovirus or SARS virus) are observed subsequent 

to intranasal administration of the small heat shock protein (sHsp) and the bacteriophage 

P22 capsid.  Upon examination of the lung tissue, the presence of iBALT was noted.  No 

obvious deleterious effects, such as respiratory hypersensitivity, are observed as a result 

of PCN-induced iBALT formation in the animals.  Rather, accelerated increases in virus-

specific antibodies and T-cells are observed in response to infection
213

.   

Very recently, we have investigated how iBALT influences immune responses 

systemically
214

.  Increases in dendritic cells and alveolar macrophage accumulation were 

observed in both the tracheobronchial lymph nodes and in the iBALT of mice having pre-

formed iBALT compared with mice lacking iBALT.  Intensified and accelerated CD4
+

 

influenza specific responses were also observed in the iBALT, tracheobronchial lymph 

nodes, and spleen.  However, little difference existed between CD8
+
 T-cell responses of 

the animals with or without pre-formed iBALT.  The contraction of the T cell response in 

each of these tissues was more rapid in the mice with iBALT.  Both the acceleration and 

contraction of the local and systemic primary CD4+ responses in animals with pre-

formed iBALT may result in less damaging immune responses, conferring protection 

from morbidity
214

.  
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CD40/CD40L 

The Cluster of Differentiation 40 (CD40) is expressed on the surface of a variety 

of cell types.  Interaction of CD40 expressed on a B-cell with its receptor CD40L 

(CD154) on the surface of T cells in combination with antigenic stimulation can result in 

cell death or cellular activation of B-cells
215

.  A soluble form of the CD40L with similar 

function as the cell surface receptor has been reported
216

.  The CD40/CD40L interaction 

is thought to play an important role in germinal center formation, and iBALT has been 

observed following the intranasal administration of CD40 agonist monoclonal 

antibody
215

.  The interaction of activated T-Cells expressing CD40L with CD40 

expressing monocytes/macrophages induces enhancement of co-stimulatory molecules 

and adhesion molecule expression.   

The immunosuppressive environment within tumors often inhibits recognition by 

the immune system, and CD40 activation can enhance the antigen-presentation and co-

stimulatory capacity of antigen presenting cells and B-cells
217

, as well as drive T-cell 

responses
218

.  Indeed, the combination of a monoclonal antibody that activates CD40 with 

chemotherapy agents was an effective treatment for pancreatic carcinoma, and CD40 

activation of macrophages was reported as the mechanism for tumor destruction
218

.  

CD40L may also prove useful as an adjuvant in cases of CD4+ T-cell immunodeficiency, 

serving to activate and potentially restore immune responses.  Studies using a modified 

adenovirus vector carrying DNA of an antigen from Mcobacterium Tuberculosis and of 

CD40L on the capsid platform or co-administration of CD40L lead to increases in 
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circulating and lung T-cell populations in normal and CD4+ deficient mice after mucosal 

administration
219

.   

 

Protein Cages for Nanomedical Applications 

 

 

The nanoparticle size range of 1-100nm allows for the selective accumulation and 

targeting of nanoparticle based medicines to tumors.  The vascular endothelium at sites of 

disease or inflammation has increased fenestrations allowing for the passage of particles 

less than 200nm into the interstitial space, where they accumulate in tumors as a result of 

inefficient lymphatic drainage
220

.  This process is named the enhanced permeability and 

retention (EPR) effect, and has been exploited for the passive targeting of disease
221-222

.  

Although initially described with polymeric nanoparticles, the EPR effect has been 

observed with a variety of nanoparticle systems including protein cages.  As an example, 

untargeted CPMV particles were shown to have a passive targeting effect for tumors in a 

mouse model for colon cancer
85

.   

Protein cages can also be modified with various moieties to generate targeting 

through molecular recognition of molecules on specific cells or tissues.  As an example, 

DNA aptamers have been used to decorate capsids to target a tyrosine kinase receptor
141

.  

Targeting peptides for integrins expressed on cell surfaces
134

 or for specific cellular 

compartments have been extensively used to direct the location of protein cage 

platforms
223

.  Targeting of protein cages allows for the localization of an imaging agent 

or drug.  Fluorescent molecules and/or proteins are widely used as imaging agents and 

have been incorporated into many VLPs.  The use of VLP platforms for packaging of 
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gadolium or iron to create MRI contrast agents has also been extensively developed.  

siRNA is being incorporated into VLPs for gene therapy applications, and doxorubicin 

has been engineered into cages targeting tumors
106

.  

Protein cages can be powerful stimulatory platforms for the induction of immune 

responses, as illustrated by their capacity to induce bronchus associated lymphoid tissue 

in the lungs (see prior section, pp 36).  The use of VLPs as non-infectious carriers of 

immunodominant epitopes has been described since the 1980’s when the recombinant 

hepatitis B core antigen was exploited to display antigens from viruses, bacteria, and 

protozoa
224

.  Since then a variety of VLPs have been exploited as carriers for antigens, 

and have often been observed to stimulate immune responses in the absence of 

adjuvants
94

, thus reducing the risk of harmful inflammatory responses.  VLPs often 

trigger powerful antibody responses, presumably as a result of the cross-linking of B-cell 

receptors by their multivalent, repeating structure.  The activation of helper T-cells and 

cytotoxic T-cells has also been observed upon administration of VLPs, and these 

responses are associated with protective effects against a number of viral antigens.   

While recognition of VLP platforms holds tremendous potential in applications 

such as vaccination, the immunogenicity of these architectures may limit their usefulness 

in other areas.  Nanomedical applications that require more than one administration of a 

protein cage nanoparticle are facing increasing scrutiny due to uncertainties about the in 

vivo effects of the protein cage therapeutic upon the second administration.  Powerful 

inflammatory responses, tolerance, and/or accelerated clearance are all possible upon the 

second administration of a protein cage by the immune system.  Therefore, the design of 
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protein cages that require only one administration or the usage of a different protein cage 

for subsequent administrations may be necessary.  Protein cage therapeutics may also be 

applicable in situations where the potential benefit is greater than the risk involved in 

letting a disease go untreated.  An alternative approach is the masking of protein cages 

such that they are not as easily recognized by the immune system, and polymer coated 

particles show potential in this area.  There is also largely unexplored potential for the use 

of protein particles for direct administration to immune privileged organs, such as the 

eye, which lack many cellular mediators of the immune response
225

.   

Insertion of peptides into the immunodominant regions of VLPs can result in the 

induction of peptide specific antibody responses
94

.  Presentation of the HIV-1 epitopes in 

a way that mimicked their presentation on the infectious virus resulted in optimal display 

for the immune system
131, 226

 and resulted in strong neutralizing antibody responses to 

HIV-1
132

.  Experiments have since shown similar effects from the display of antigenic 

peptides from hepatitis B and C viruses on the FHV capsid
91, 93, 227

.  The inhibition of 

anthrax toxin and generation of neutralizing antibody response that protected animals 

from a toxin challenge was also observed using a similar design
92

.  A bacteriophage MS2 

capsid displaying a broadly neutralizing epitope from human papillomavirus (HPV) 

resulted in high titers of antibodies that were cross reactive with different HPV 

isolates
108

.   

Protein cages can also serve as carriers that promote cellular responses to 

antigens.  Induction of T-cells recognizing the fibronectin-binding protein B of 

Staphylococcus aureus were observed following intranasal administration of CPMV 
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capsids displaying an antigenic peptide from the protein
88

.  In another study, bone 

marrow-derived dendritic cells were activated to initiate T cell responses upon repeated 

treatment with human papillomavirus capsids
228

.  The co-treatment of recombinant 

influenza virus displaying a respiratory syncytial virus (RSV) CD8+ T-cell epitope,  

mixed with matrix protein 2 (M2e)-specific monoclonal antibodies, resulted in CD8+ T-

cell mediated immunity to RSV
45

.  And most recently, the biomimetic presentation of 

influenza nucleoprotein on the interior of the P22 capsid was shown to generate specific 

and protective CD8 T-cell responses that protect against multiple strains of influenza
116

.  

 The masking of the exterior of protein cage surfaces from the immune system for 

applications in which immune responses are not desired can be accomplished through 

decoration of protein cages with homogenous polymers such as polyethylene glycol.  

Pegylation of CPMV
229

 and MS2
230

 capsids resulted in the reduction of antibodies 

generated against these constructs.  Pegylation can inhibit proteolytic degradation and 

extend the circulation time of drug carriers in vivo
231

.  A more recent strategy to mitigate 

immune responses to carriers involves the decoration of carriers with “self” molecules or 

peptides to inhibit recognition
232

. 

 

Protein Cages as Building Blocks for Materials 

 

 

Protein cages are being increasingly used and designed as building blocks for 

assembly of larger hierarchical architectures through the modification of the protein cage 

exterior surfaces, and the use of computational methods for analyzing, selecting, and 

designing the interacting surfaces of proteins is expected to add to the ability to create 
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assembling architectures
118, 233-234

.  Layer by layer assemblies have been formed using 

two modified versions of the protein cage lumazine synthase: one with a 6xHis tag and 

the other displaying Ni-NTA on a modified cysteine
128

.  Layered assemblies have also 

been created by alternating biotin labeled Dps with Streptavidin
64

.  Engineered cysteines 

on the exterior of CPMV have been demonstrated to cause capsid aggregation through 

disulfide bond formation
127

.  Changes in the charge of the exterior surface through 

modification have allowed for the creation of layer by layer assemblies
235

 and for protein 

cage adsorption on a variety of surfaces
236

.   

 

Coiled Coils 

 The engineered design of leucine zipper motifs based upon those found in nature 

has resulted in coiled coil motifs with a variety of assembly and stability 

characteristics
237

, which have been exploited for protein assembly/association in vitro and 

in vivo.  A quick search of the protein data bank for “leucine zipper” indicates that almost 

200 solved protein structures exhibit the motif of two alpha helices with heptad repeats of 

amino acids that associate through hydrophobic and ionic interactions.  While the alpha 

helices of leucine zipper motifs are connected by a flexible loop, engineered coiled coils 

can drive the assembly of peptides not connected in primary sequence and can be 

engineered to assemble in both parallel and anti-parallel conformations.  Figure 2.11 is a 

diagram showing the interactions present in a dimeric coiled coil.  

As MHC molecules are important tools for immunological assays, the low 

efficiency chain pairing of soluble subunits of the murine MHC class II was enhanced 

through the addition of leucine zipper motifs, allowing for enhanced production of the 
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Figure 2.11.  An illustration from Pechar et al
238

 of the heptad repeats within and 

interactions between the helices in a coiled coil motif.  

 

 

secreted MHC class II molecule
239

.  Substitution of the extracellular domain of the 

growth hormone receptor with leucine zippers forced dimerization of the transmembrane 

and cytoplasmic domains
240

.  Mixing of the coiled coil peptides VAALEKE and 

VAALKEK results in a transition from random coil conformation in solution to the 

assembly of heterodimeric coiled coils.  These peptides have been utilized for 

modification of a polymeric drug carrier and a single chain antibody fragment used for 

targeting, resulting in the assembly of an antibody targeted polymer carrier
238

.  Four 

heptads of the VAALEKE and VAALKEK coiled coil motifs have been used for the 

attachment of a monoclonal antibody to a drug carrying polymeric platform and targeting 

of the entire structure to cancer cells
241

 as shown in Figure 2.12. 

 

 

Figure 2.12.  This figure shows the formation of a protein-polymer complex through the 

use of coiled coil interactions for assembly as published by Pechar et. al
238

.  
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Abstract 

 

 

 We show that a model antigen, ovalbumin (OVA), can be chemically conjugated 

to the exterior of a small heat shock protein (sHsp) cage that has structural similarities to 

virus-like particles (VLPs).  OVA–sHsp conjugation efficiency was dependent upon the 

stoichiometry and the length of the small molecule linker utilized, and the attachment 

position on the sHsp cage.  When conjugated OVA–sHsp was delivered intranasally to 

naïve mice, the resulting immune response to OVA was accelerated and intensified and 

OVA-specific IgG1 responses were apparent within 5 days after a single immunizing 

dose, illustrating its utility for vaccine development.  If animals were pretreated with a 

disparate VLP, P22 (a non-replicative bacteriophage capsid), before OVA–sHsp 

conjugate immunization, OVA-specific IgG1 responses were apparent already by 4 days 
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after a single immunizing dose of conjugate in OVA-naïve mice.  Additionally, the mice 

pretreated with P22 produced high titer mucosal IgA, and isotype-switched OVA-specific 

serum IgG. Similarly, sHsp pretreatment enhanced the accumulation of lung germinal 

center B cells, T follicular helper cells, and increased polymeric Ig receptor expression, 

priming the lungs for subsequent IgG and IgA responses to influenza virus challenge.  

Thus, sHsp nanoparticles elicited quick and intense antibody responses and these 

accelerated responses could similarly be induced to antigen chemically conjugated to the 

sHsp. Pretreatment of mice with P22 further accelerated the onset of the antibody 

response to OVA–sHsp, demonstrating the utility of conjugating antigens to VLPs for 

pre-, or possibly post-exposure prophylaxis of lung, all without the need for adjuvant.  

 

Introduction 

 

 

 Respiratory infections are one of the most prominent afflictions in individuals of 

all ages and immune statuses, signifying a significant global health concern.  

Unfortunately, we are currently unable to provide vaccines against many clinically 

relevant lower respiratory tract pathogens, nor are we able to fully predict the identity of 

future outbreaks.  This global vulnerability has been clearly illustrated by several 

epidemics in recent memory, including the newly emerged coronavirus, SARS-CoV 

outbreak of 2002, various influenza strain reassortments (H5N1 “bird flu” and 

H1N1pandemic), and bioterrorism events involving pathogen aerosolization.  Thus, there 

is an urgent and crucial need for the development of broad-spectrum, rapidly acting 

vaccination strategies.  
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Unlike most other mucosal sites in the body, which are protected and 

immunologically shaped by their commensal microbial communities, the lung is more or 

less sterile.  Therefore, the lung relies on an intricate network of sentinel dendritic cells, 

antimicrobial secretions, and resident macrophages for defense.  Importantly, immune 

responses in the lung must be tightly regulated to promote immunity, while avoiding 

tissue damage associated with either the pathogen or the host response.  As such, 

pulmonary immune responses are quite unique, and as suggested by others, the individual 

history of specific pathogen exposures to the lungs may contribute to shaping the 

appropriate ensuing immune responses to subsequent challenges
242-245

.  Here (and 

elsewhere
213

), we further demonstrate that virus-like particles (VLPs), which are 

unrelated to the antigen of subsequent challenge, can similarly impact the lung 

microenvironment, without the associated pathology, thereby shaping future immune 

responses.  Many groups have previously suggested that the lung may provide an 

important route of delivery for mucosal vaccination
246-248

.  However, the potential for 

utilizing localized mucosal vaccination strategies in the lower respiratory tract have 

historically been overlooked, and approaches which elicit tissue-specific immune 

responses are just beginning to be developed.  An FDA-approved tribute to the realization 

of this strategy is the highly effective Flumist vaccine, which is delivered intranasally, 

and provides better comprehensive local immunity than injectable versions
179, 249-250

.   

Additionally, the application of nanomaterials to biomedicine is one of the most 

exciting and potentially revolutionary applications of nanotechnology.  Here, we describe 

a mechanism by which we can enhance primary local immune responses to antigens 
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without the necessity of specific antigen priming.  We achieved this result by intranasally 

delivering empty virus-like particles (VLPs), which act to modulate the lung 

microenvironment, and harness and focus immune responses.  Recent exploration in the 

utilization of nanoparticles
251-253

, virus-like particles
88, 92, 94, 254-257

, and viruses which have 

no mammalian cell tropism, has shown that these platforms are naturally 

immunostimulatory, and likely utilize evolutionarily conserved cell surface receptors, 

thereby safely engaging immune signaling pathways without replicating
228, 258-261

.  

Furthermore, many of these strategies are currently on the market or undergoing clinical 

trials, and have already had broad global impact in safely preventing disease
257, 262-264

.  

Importantly, virus-like particles can be produced in large quantities, provide a stable 

product, often are amenable to lyophilization or freeze-drying, and are fiscally 

economical.  These features are especially important for less industrialized nations.   

In the following studies we utilize two empty, non-pathogenic virus-like particles 

– a small heat shock protein cage nanoparticle (sHsp) and the P22 phage-derived virus-

like particle (P22) as immunomodulatory antigens in both a non-specific pre-priming 

scenario, and as a platform for the delivery of specific antigen to the lung.  The small heat 

shock protein 16.5 (sHsp) from Methanocaldococcus jannaschii (a hyperthermophilic 

archaeon) is comprised of 24 repeating subunits
156, 265

.  These subunits self-assemble to 

produce an empty cage-like structure, comparable to that of a virus capsid by virtue of the 

high symmetry and quaternary structure
70, 72, 213, 266

.  We have previously shown that sHsp 

can be genetically engineered to incorporate cysteine residues, thereby providing 

attachment sites for bioconjugation
70, 73, 267

, which we exploit here for the display of a 
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foreign protein, similarly to described strategies
86, 138

.  P22 is a bacteriophage capsid 

which infects Salmonella typhimurium (when intact tail fibers are present)
113, 268

.  The 

P22 used here is devoid of both genetic material and tail fibers, and is therefore 

composed of only the non-infectious empty viral capsid.  We would like to note here that 

previously we have referred to the sHsp nanoparticles as “protein cage nanoparticles” or 

PCN
213

.  However, we now find it to be more descriptive to classify both the sHsp and 

P22 as virus-like particles, given their structural architecture and immunological parallels 

to other particles described in the literature.  Importantly, neither sHsp nor P22 target 

known mammalian pattern-recognition receptors, nor do they infect mammalian cells.  

And while the immunomodulatory potential in exploiting non-pathogenic viruses is still 

in its infancy, others have begun to describe similar successful strategies
259-261

.   

P22 and sHsp are herein used as immunomodulatory agents alone in a lung 

priming strategy to achieve heightened heterologous immunity to distinct antigens, such 

as OVA and influenza virus; or, in the case of sHsp, as a vaccine delivery platform for a 

model antigen, OVA, which we have conjugated (in its entirety) to the exterior surface of 

the sHsp cage.  This immunization strategy is advantageous because it accelerates and 

intensifies the primary immune response, after only a single dose.  We further show that 

conjugating a model antigen (OVA) to sHsp elicits an immune response to OVA which 

mirrors the response to the sHsp itself.  sHsp conjugation also acts to adjuvant OVA, and 

the local delivery of sHsp and antigen complexes induce potent local IgA secretion in 

sHsp pretreated mice.  Therefore, we show that VLPs (sHsp and P22) can be used as both 

immunomodulatory agents by pretreating the lung and/or as a carrier of antigens, 
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allowing local immunization of the lower respiratory tract against a pathogen of interest, 

with a single dose.  This platform could be useful for both pre- and post-exposure 

prophylaxis.  

 

Results 

 

 

Conjugation of OVA to sHsp 

 

We carefully optimized conditions for the conjugation of the 45 kDa model 

antigen, ovalbumin (OVA), to the exterior surface of the sHsp.  Our analysis revealed 

differences in conjugation efficiency dependent on the length of the small molecule 

linker, the stoichiometry of linker utilized, and the position of the reactive groups on the 

sHsp architecture.  We chose conditions that provided the best yield of the conjugate 

product, while avoiding the formation of protein aggregates, to prepare the conjugated 

sample for in vivo experiments (see Appendix A).  

For preparation of the samples for administration to the lung, OVA was 

conjugated to the exterior of the sHsp S121C.  A commercially available hetero-

bifunctional cross-linking reagent SM(PEG)6 was reacted with the lysines of OVA 

(Figures 3.1 and A1A) to produce maleimide-functionalized OVA (Figures 3.1Aii and 

A1B).  Immediately following the labeling of OVA with SM(PEG)6, unreacted small 

molecule linker was removed via size exclusion chromatography, and the maleimide-

functionalized OVA (Figure 3.1Aii) was reacted with sulfhydryl groups present on the 

sHsp S121C (Figure 3.1Ai) to produce the OVA–sHsp conjugate (Figure 3.1Aiii).  

Subsequent to conjugation, unreacted sulfhydryls on the sHsp S121C were capped by 
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reaction with N-ethyl maleimide to inhibit disulfide formation, and the samples were 

further purified by anion exchange chromatography, which effectively separated free 

OVA from the sHsp S121C and OVA–sHsp conjugate (Figure A2).  

 

 

Figure 3.1.  OVA was conjugated to the sHsp S121C platform.  The cross-linking 

methodology utilized to create the OVA–sHsp conjugate is shown (A). Ovalbumin was 

initially reacted with a commercially available crosslinking reagent, SM(PEG)6, to 

produce a maleimide functionalized OVA (Aii) with n number of linkers attached. The 

functionalized OVA was reacted with sufhydryls on the sHsp S121C cage (Ai) to yield an 

OVA–sHsp conjugate (Aiii). The samples used for in vivo administration were analyzed 

by SDS-PAGE (B), and Western Blots with detection for either sHsp (C) or OVA (D). 

The lanes for each panel correspond to: sHsp S121C (i), OVA (ii), OVA–sHsp conjugate 

(iii), and an unlinked admixture (iv) of sHsp S121C (i) and OVA (ii). 

 

 

Characterization of the  

OVA-sHsp Conjugate 

 

The protein conjugates (OVA–sHsp) were detected on SDS-PAGE gels.  As a 

comparison to the OVA–sHsp conjugate, samples containing sHsp, maleimide 
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functionalized OVA, and an admixture of sHsp and OVA were prepared.  The admixture 

was prepared in a ratio of 5 OVA per 1 sHsp cage, and the OVA concentration within 

each sample was normalized to 0.57 mg/mL by UV–visible spectroscopy.  The sHsp 

oligomeric complex dissociates into subunits under SDS-PAGE conditions, and a 

corresponding protein band (16.5 kDa) migrated close to the bottom of the gel (Figure 

3.1Bi).  Also OVA appeared as two bands – whole OVA (45 kDa), and cleaved OVA 

(40.1 kDa) (Figure 3.1Bii), as previously described
269

.  Protein bands at higher molecular 

weights (>62 kDa) in Figure 3.1Biii represented a polydisperse species of conjugated 

OVA–sHsp, and were later combined in total for use as the OVA–sHsp conjugate in vivo 

(further described below).  

To determine if both OVA and sHsp were present in the upper bands of the 

sample in Figure 3.1Biii, we performed Western Blot analysis using anti-sHsp (Figure 

3.1C) and anti-OVA (Figure 3.1D) antibodies.  Reactivity to both sHsp and OVA 

antibodies within the upper bands of the conjugated sample alone (Figure 3.1Ciii and 

Diii) indicated the conjugation of OVA to sHsp.  A semi-quantitative Western Blot 

(Figure A3) suggested an average ratio of 2.6 OVA per sHsp cage within the conjugated 

sample.  The total protein concentration of the conjugated (0.99 mg/mL), admixed (0.82 

mg/mL), sHsp (0.61 mg/mL), and OVA (0.66 mg/mL) samples used for in vivo 

experiments were confirmed via Bradford assay.  

The molecular weights of the bands corresponding to the OVA–sHsp conjugates 

were determined based upon their migration distance on SDS-PAGE gels (Figures 3.1B 

and A4), and densitometry analysis (not shown).  Protein bands corresponding to 
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covalent conjugation between OVA and sHsp subunits on SDS-PAGE gel were identified 

by their presence within the conjugated sample (Figure 3.1Biii) and absence within the 

sHsp (Figure 3.1Bi), maleimide functionalized OVA (Figure 3.1Bii), and the admixture 

(Figure 3.1Biv) controls.  We detected bands with calculated molecular weights of 58 and 

62 kDa (Figure 3.1Biii and Figure A4) that corresponded to the conjugation of a single 

sHsp subunit (16.5 kDa) to one cleaved OVA (40.1 kDa) or full length OVA (45 kDa), 

respectively.  The upper bands detected between 67 and 84 kDa likely resulted from 

various forms of conjugation of OVA to sHsp (Figure A4), and the smear of sample 

corresponding to molecular weights 85–150 kDa likely represented the conjugation of 

OVA to multiple sHsp subunits, as this entire smear reacted to both anti-OVA and anti-

sHsp antibodies on a Western Blot.  Thus, the resultant conjugated OVA–sHsp sample 

used for immunization was the culmination of a polydisperse species of OVA–sHsp, with 

varying degrees of multivalent array architecture.  

We utilized size exclusion chromatography and dynamic light scattering 

measurements to probe the native state and size distribution of the particles within the 

samples used for immunization.  The OVA–sHsp conjugate contained particles that were 

larger in size than those in the admixture, sHsp, or OVA.  Size exclusion chromatography 

indicated that a distribution of larger species was present within the OVA–sHsp sample 

(Figure A5) and by dynamic light scattering, the OVA–sHsp conjugate showed a larger 

average diameter than the maleimide functionalized OVA, sHsp S121C, or the admixture.  

The range of average diameters based on the intensity measurements on the samples 

repeated seven times were 6.0–9.9 nm for OVA, 15.1–17.3 nm for the admixture, 15.6–
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18.1 nm for sHsp S121C, and 29.9–41.0 nm for the OVA–sHsp conjugated sample 

(Figure A6).  

 

The Immune Response to OVA-sHsp  is Quick 

 and Intense After Only a Single Intranasal Dose 

 

In our first in vivo studies we determined the potential of sHsp to serve as a novel 

vaccine delivery platform by its ability to facilitate the generation of antigen-specific 

immunity to OVA.  Simultaneously, we determined how pretreatment of the lung with a 

heterologous VLP, P22, affects the subsequent response to antigen challenge.  BALB/c 

mice were pretreated with either P22 or vehicle (PBS) intranasally (i.n.) in five doses and 

then allowed to rest for 72 h.  Mice were then challenged with OVA conjugated to sHsp 

(OVA–sHsp), OVA and sHsp separately in solution (OVA–sHsp admixture), OVA alone, 

or sHsp alone.  Serum was then collected at a range of timepoints post-antigen challenge 

for kinetic analysis.  We found that mice which had received the P22 pretreatment, 

followed by a single dose of the OVA–sHsp conjugate, produced high amounts of OVA-

specific serum IgG as early as 4 days post-challenge (Figure 3.2A).  This combination far 

outperformed any of the other treatment scenarios in both rapidity of antibody production 

and amount.  Interestingly, the next highest antibody producing group, at early 

timepoints, was those mice that had also been challenged with the single dose OVA–sHsp 

conjugate, but had been pretreated with vehicle (PBS) only.  This group also produced 

significantly higher antibody titers than the remaining combinations, although the 

response was delayed by about one day, as compared to those mice which had received 

P22 pretreatment (P22/OVA–sHsp conjugate).  The remaining groups however, did not 
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Figure 3.2.  The immune response to sHsp is accelerated and intensified after only a 

single intranasal dose.  Mice were pretreated with P22 or vehicle (PBS), then challenged 

with the OVA–sHsp conjugate, the OVA and sHsp admixture, OVA alone, or sHsp 

alone.  At indicated timepoints post-challenge, serum was collected and total OVA-

specific IgG (A) or IgG1 (B) were determined by ELISA, and expressed as either O.D., 

or concentration (ng/mL).  Results in this figure were compiled from two independent 

experiments with alternate days of serum collection.  Statistics: In (A) (*) corresponds to 

the P22/OVA–sHsp conjugate group, (#) corresponds to the PBS/OVA–sHsp conjugate 

group, ($) corresponds to the P22/OVA–sHsp admixture group, and (&) corresponds to 

the top 4 traces as compared to the bottom four traces.  In (B) the P22/OVA–sHsp 

conjugate group was evaluated against each other group and significance is indicated by 

(*). 
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achieve the same peak titers until day 14 post-challenge, if at all, and equal early 

responses were delayed by 3–4 days (P22/OVA–sHsp admixture) or more (PBS/OVA–

sHsp admixture), as compared to the P22/OVA–sHsp conjugate group.  This indicated 

that the OVA–sHsp conjugate is immunologically recognized differently than is the 

admixture, and further that this resulted in accelerated antibody production.  

We also determined the absolute concentration of the OVA specific IgG1 

response to the same pre- and post-treatment combinations (Figure 3.2B).  Consistent 

with our other results, mice that were pretreated with P22, then challenged with the 

OVA–sHsp conjugate, produced OVA-specific serum IgG1 in significant levels by day 5, 

and the quantities increased over the next nine days.  Second best at producing high 

quantities of antibodies were both those mice which had received the control (PBS) 

pretreatment, but had been challenged with the OVA–sHsp conjugate, and those mice 

which had been pretreated with P22, then challenged with the sHsp and OVA admixture, 

which were measurable by day 7 post-challenge.  Again, by day 14 post-challenge, the 

amounts of OVA-specific IgG1 were converging in only those groups in which the sHsp 

was delivered with OVA.  Importantly, two additional conditions further heightened and 

accelerated the initiation of antibody production—heterologous VLP pretreatment with 

P22, and the physical conjugation of OVA to sHsp.  While we will further discuss the 

impacts of pretreatment on subsequent challenge, we have demonstrated here that we can 

elicit an accelerated and intensified immune response to a weak antigen, in a single dose, 

by covalently conjugating it to sHsp.  
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The Conjugation of an Antigen to sHsp  

Results in the Generation of the Same  

Immune Response to that Antigen as sHsp Itself 

 

We have previously demonstrated that the priming of the lung with sHsp elicits an 

enhanced immune response to a subsequent pathogen challenge
213

.  However, we had yet 

to define the immune response to sHsp itself.  Therefore to determine the rate and 

intensity of the sHsp-specific antibody response we again pretreated mice intranasally 

with P22, or vehicle.  Mice were then rested for 72 h, and challenged with the OVA–

sHsp conjugate, the OVA and sHsp admixture, OVA alone, or sHsp alone.  We then 

evaluated the sHsp-specific serum antibody response over 14 days post-challenge (Figure 

3.3A).  We found that after only one challenge dose, all mice exposed to sHsp generated 

strong sHsp-specific IgG1 responses, which peaked as early as day 5 post-challenge in 

mice which had been pretreated with P22.  Mice that did not receive P22 pretreatment 

were again two days delayed in the production of similar amounts of sHsp-specific 

antibody.  However by day 7 post-challenge, all groups (except control OVA-only 

challenged mice) had generated similar levels of systemic sHsp-specific IgG1 in response 

to a single intranasal dose of sHsp antigen.  Thus, the above-described OVA-specific 

response (Figure 3.2) mirrors the accelerated kinetics of the sHsp-specific response, 

indicating that sHsp facilitates a carrier effect that results in an immune response to OVA 

that is similar to the response to the sHsp in both onset of antibody production and 

quantities produced.  
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Figure 3.3.  The conjugation of an antigen to sHsp results in the generation of the same 

immune response to that antigen as sHsp itself. In (A) mice were pretreated with P22 or 

vehicle (PBS) i.n. All mice were then challenged with either the OVA–sHsp conjugate, 

OVA and sHsp admixture, sHsp alone, or OVA alone. At indicated times, serum was 

collected and sHsp-specific IgG1 was measured by ELISA (A). In (B) mice were 

pretreated with “LPS-high” P22 (8 μg LPS per dose), “LPS-low” P22 (14 ng LPS per 

dose), an equivalent amount of LPS alone (8 μg per dose), or sterile pyrogen-free PBS in 

five doses i.n. All mice were then challenged with 100 μg sHsp and whole serum IgG to 

sHsp was determined over 8 days (B). Statistics: In (A), at day 3, the P22/OVA–sHsp 

conjugate group (*) had significantly higher levels of antibody than the PBS/sHsp group 

only. At day 5, the P22/OVA–sHsp conjugate group had significantly higher levels of 

antibody than both the PBS/OVA–sHsp conjugate (**) and PBS/OVA–sHsp admixture 

(*) groups. Additionally, the P22/OVA–sHsp admixture and P22/sHsp groups had 

significantly higher levels of antibody than the PBS/OVA–sHsp conjugate group (## and 

#, respectively). In (B) at day 4 all groups had produced significantly more antibody than 

the LPS pretreated group where both P22 groups (“LPS-high” and “LPS-low”) were 

*** p < .001, and PBS was * p < .05 comparatively to the LPS group. 
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Because our samples were purified from an E. coli expression system, we 

examined whether or not the heightened antibody responses observed were amplified by 

the residual LPS contained in our VLPs.  We pretreated mice with either “LPS-low” P22, 

“LPS-high” P22, an equivalent amount of LPS as contained in the “LPS-high” P22 

preparation, or sterile pyrogen-free PBS in five daily intranasal doses, as above.  Mice 

were then challenged with sHsp alone, and serum was collected over 8 days to evaluate 

total anti-sHsp IgG.  Importantly, we found that both “LPS-low” and “LPS-high” P22 

elicited an equally enhanced early antibody response to the heterologous VLP challenge, 

while mice which were pretreated with LPS did not (Figure 3.3B).  In addition, we 

pretreated TRL4−/− or C57BL/6 mice with sHsp or PBS and challenged all mice with 

high-dose influenza virus.  Importantly, only those mice that had been pretreated with 

sHsp were protected from influenza-induced body weight loss, regardless of their ability 

to respond to LPS (Figure A7).  These results indicated that the observed heightened 

immunity in VLP pretreated mice was not dependent on contaminating LPS.   

 

sHsp Can Act as an Adjuvant in the Lungs 

 

Next, to determine how the addition of sHsp, either delivered as a conjugate or an 

admixture with OVA, could act as an adjuvant for the immune response in the lungs, we 

pretreated mice with PBS only, and subsequently challenged them with the OVA–sHsp 

conjugate, admixture, or OVA alone, as described above.  At day 7 postchallenge, we 

determined the level of OVA-specific serum IgG subclasses, and found that both the 

conjugated and admixture preparations of OVA elicited high-titer serum antibody O.Ds., 

while no such response to OVA alone was seen (Figure 3.4A).  Interestingly however, the 
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OVA–sHsp conjugate promoted accelerated class-switching to IgG2a, IgG2b and IgG3 

while only IgG1 was significantly detected for the admixture.  To further determine the 

early events of isotype switching, we pretreated mice with either sHsp or vehicle, and 

challenged with the OVA–sHsp conjugate, or admixture.  At days 0, 4, and 6, serum was 

collected and the OVA-specific IgG subclasses were determined by ELISA.  We found 

that OVA-specific total IgG and IgG1 production was quicker by about two days in mice 

that had been pretreated with sHsp and challenged with the conjugated OVA–sHsp 

(Figure 3.4B and C) as compared to the other treatments.  The early IgG1 response in this 

group then translated into an enhanced production of class-switched IgG2a and IgG2b at 

day 6 post-challenge (Figure 3.4D and E).  This extent of isotype switching was not fully 

realized in any other group.  Interestingly however, the enhanced class-switching 

capacity appeared to be more dependent upon the structure of the challenge antigen 

(OVA–sHsp conjugate vs. admixture) than the pretreatment with sHsp.  Mice which had 

received only PBS pretreatment and had been challenged with the OVA–sHsp conjugate 

generated significantly higher IgG1, 2a, 2b, and IgG3 titers at day 6 post-challenge than 

those which were challenged with the admixture of sHsp and OVA (Figure 3.4C–E and 

G).  Very little IgG2c was produced at any timepoint (Figure 3.4F).  Thus, sHsp acts as 

an adjuvant when mixed with OVA and acts as a carrier when conjugated to OVA, 

resulting in unexpectedly potent antibody titers as early as 4 days after a single 

immunization in naïve mice.  
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Figure 3.4.  sHsp can act as an adjuvant in the lungs. In (A), all mice were pretreated with 

PBS i.n., and then challenged with the OVA–sHsp conjugate, OVA and sHsp admixture, 

or OVA alone. Serum IgG subclass titers were then determined by ELISA at day 7 post-

challenge. In (B)–(G), mice were pretreated with either sHsp or vehicle (PBS) i.n., then 

challenged with the OVA–sHsp conjugate, or the OVA and sHsp admixture. At days 0, 4, 

and 6 serum was collected and total OVA-specific IgG subclasses were determined by 

ELISA. In (H), mice were not pretreated, but were challenged s.c. with the OVA–sHsp 

conjugate, OVA and sHsp admixture, OVA and alum, OVA alone, or alum alone. Serum 

was then collected over 28 days, and OVA-specific serum IgG was determined by 

ELISA. Statistics: For (A) (*) denote the PBS/OVA–sHsp conjugate group as compared 

to the PBS/OVA–sHsp admixture group and OVA alone and (&) denotes the PBS/OVA–

sHsp admixture group as compared to OVA alone. For (B)–(C) symbols are used per line 

to indicate significance over all other groups. In (D) (∧) represents that the sHsp/OVA–

sHsp conjugate group is significant as compared to the PBS/OVA–sHsp admixture group, 

but not the PBS/OVA–sHsp conjugate group at day 6. And in (E), at days 4 and 6 (∧) 

indicates that the sHsp/OVA–sHsp conjugate group was significant over the PBS/OVA–

sHsp admixture group, and was also significant over the PBS/OVA–sHsp conjugate 

group (*) at day 6 only. For (H) at day 5 (*) denotes that the OVA–sHsp conjugate group 

was significant as compared to the OVA–alum admixture. At day 7, both the OVA–sHsp 

conjugate group (*) and the OVA–alum admixture group (&) were significant as 

compared to the remaining groups. At day 14 both the OVA–sHsp conjugate group (*) 

and the OVA–alum admixture group (&) were significant as compared to the OVA alone 

group. Significance was not denoted for differences against alum alone. 
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Because we found that sHsp is a strong mucosal adjuvant, we next determined if 

sHsp would elicit a similar response when delivered to a non-mucosal site.  We 

subcutaneously (s.c.) injected naïve mice with either the OVA–sHsp conjugate, the OVA 

and sHsp admixture, OVA alone, or OVA with its classical adjuvant–alum.  We then 

determined the resultant serum antibody responses and found that when conjugated to 

antigen, sHsp acts as a strong adjuvant to OVA to produce an accelerated OVA-specific 

antibody response as early as day 5 post-challenge, while OVA–alum responses are 

delayed by two days comparatively (Figure 3.4H).  Again, the OVA and sHsp admixture 

elicited high titer antibody responses, as did the OVA and alum admixture, however, 

these combinations required more time to produce similar results.  Taken together, sHsp 

conjugated to antigen acts as a carrier and elicits an accelerated antibody response to that 

antigen when delivered to several immunologically distinct sites.  

 

sHsp Treatment Induces Local IgA Responses 

 

Growing recognition of the importance of site-specific immunity at mucosal 

surfaces
247

, as well as tailoring immune responses per tissue
270-273

 led us to determine 

whether pretreatment with sHsp or the conjugation of sHsp to OVA affects local IgA 

production.  After pre-treatment with sHsp or PBS, and challenge with either the OVA–

sHsp conjugate or the admixture, lung lavage fluids contained high levels of mucosal IgA 

and IgG in only those mice pretreated with sHsp (Figure 3.5A and B).  Local IgG 

production was further enhanced by the conjugation of sHsp to OVA (Figure 3.5B). 

Notably, while many of our results demonstrate that the admixed OVA and sHsp 

preparation does not elicit the same enhancement as the conjugate, here, the admixture is 
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equally potent in initiating mucosal IgA responses (Figure 3.5A). sHsp thus serves a dual 

role—first as an immunomodulatory agent during pretreatment, and second, as an 

adjuvant for specific antigens.  Furthermore, we found that the pretreatment of the lung 

with sHsp caused an upregulation of the polymeric Ig receptor (pIgR) on lung epithelial 

cell surfaces prior to antigen challenge (Figure 3.5C).  Thus, the capacity for the release 

of local secretory IgA into the airway lumen is enhanced by sHsp pretreatment.  

 

 

Figure 3.5.  sHsp treatment induces local IgA responses. Mice were pretreated with sHsp 

or vehicle control (PBS) i.n., then challenged with the OVA–sHsp conjugate, or the OVA 

and sHsp admixture. In (A) and (B), BALF OVA-specific IgA and IgG were measured at 

day 7 post-challenge by ELISA. In (C), frozen lungs were sectioned and stained for the 

presence of the polymeric Ig receptor in either sHsp- (left) or vehicle-primed (right) 

mice. Statistics: For (A) the sHsp/OVA–sHsp conjugate was significant as compared to 

both PBS pretreated groups. In (B) the sHsp/OVA–sHsp conjugate was significant as 

compared to all the below groups, as was the sHsp/OVA–sHsp admixture, and the 

PBS/OVA–sHsp conjugate. 
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sHsp Pretreatment of the Lungs Enhances  

Influenza-Specific Antibody Responses and  

Changes the Lung Environment, Making it  

More Conducive to Local Antibody Responses 

 

We have previously shown that sHsp pretreatment of mice subsequently infected 

with influenza, accelerates the onset and intensity of an influenza-specific IgG response 

similar to how sHsp pretreatment enhances the antibody response to OVA–sHsp
213

.  We 

then determined whether sHsp pretreatment also affected the kinetics of antibody class 

switching after influenza infection as it does with OVA–sHsp.  In mice pretreated with 

sHsp or control, then challenged with 1500 pfu mouse-adapted PR8 (H1N1) influenza 

virus, we determined the corresponding endpoint-dilution titer of influenza-specific IgG 

subclasses in the local BALF, and found that, as had been expected due to the OVA 

results, influenza specific BALF IgG was enhanced both in titer and in the rate of class-

switching in mice which had been exposed to sHsp prior to infection (Figure 3.6A–F).  

Thus, sHsp pretreatment similarly affects antibody responses to a model antigen and a 

pathogen-associated antigen.  
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Figure 3.6.  sHsp pretreatment accelerates the onset of influenza-specific IgG in BALF. 

Mice were pretreated with either sHsp or vehicle (PBS), and challenged with 1500 pfu 

PR8 influenza i.n. At indicated times post-challenge, mice were sacrificed and lavaged. 

Influenza-specific whole IgG (A), IgG1 (B), IgG2a (C), IgG2b (D), IgG2c (E), and IgG3 

(F) in the BALF were determined to endpoint titer in 2-fold dilutions by ELISA. 

 

We next determined how sHsp pretreatment modulates the lung environment.  We 

pretreated mice with sHsp, then challenged with influenza.  We found that sHsp 

pretreatment stimulated the formation of germinal centers (GC) in the lung and enlarged 

GC B cell areas in the tracheobronchial lymph node (TBLN) (Figure 3.7A and B).  In 

both tissues, GC B cells were more prevalent by at least one log in sHsp-primed mice 

before infection, indicating that the microenvironment within the lung and local lymph 

node had been stimulated to adjust to the current antigenic exposure.  We also found that 

T follicular helper (TFH) cells were more abundant in both the lungs and TBLNs of sHsp-

primed mice (Figure 3.7C and D).  Thus, germinal center reactions were more easily 

facilitated within the lungs and local lymph nodes of sHsp-primed mice.  Over the course 

of infection, a clear advantage in GC organization and establishment was observed as 
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both GC B cells and TFH cells retained significantly higher numbers in sHsp-primed mice 

as opposed to controls.  Thus, highly active GC reactions, complete with TFH cell help, 

were likely facilitating the enhanced antibody isotype switching and elevated antibody 

production.  

 

 

Figure 3.7.  sHsp pretreatment of the lungs leads to an even faster response to subsequent 

antigens. Mice were pretreated with sHsp or vehicle (PBS) i.n., infected with 1500 pfu 

PR8, and then sacrificed at indicated times post-infection. Lungs and tracheobronchial 

lymph nodes (TBLNs) were homogenized and stained for germinal center (GC) B cells 

(A and B), T follicular helper cells (TFH) (C and D), or plasma cells (E and F) and total 

cell numbers were quantified by FACS and cell counts. 
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Given that GC’s are enhanced, we also stained for the presence of plasma cells, as 

defined by their lymphocyte size and morphology, loss of B220 and CD19, with or 

without CD138 (syndecan) expression, and the upregulation of CXCR4 (Figure 3.7E and 

F).  Interestingly, we found that in the lung, plasma cells at day 0, assumedly secreting 

antibody against sHsp, were markedly more abundant in primed mice.  However, the 

number of cells present rapidly declined over the course of the influenza infection, which 

may represent profound plasticity in the specificity of the inhabitants of GC areas of the 

lung (as has been described by others)
274

.  In the TBLN, plasma cells were again more 

numerous before infection in the sHsp-primed mice.  However, here, they remained 

elevated as compared to control mice until the resolution of infection, at which point the 

plasma cell numbers in the TBLNs of both groups converged.  Unlike the lung however, 

similar trends were followed by both groups in the TBLN.  We surmise from this data 

that sHsp-specific plasma cells in the lung are decreasing, while simultaneously, 

influenza-specific plasma cells are increasing.  Therefore, due to the likely variable rates 

of influx and efflux, we may not have exclusively quantified the rate of increase in 

influenza specific plasma cells due to sHsp priming.  What remains puzzling however is 

how sHsp-specific germinal centers and plasma cells become influenza- or OVA-specific 

at an accelerated rate when compared to control mice.  Given our experimental data, we 

surmise, as have others
244

, that the pulmonary microenvironment adjusts in the context of 

innate, humoral, and cellular immune responses in reaction to the menagerie of antigenic 

exposures encountered, which are unique to that individual.  Thus, sHsp pretreatment 

significantly enhances the efficiency of future immune responses.  
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Discussion 

 

 

We have shown previously that sHsp pretreatment induces pulmonary changes 

that protect against a subsequent challenge with a variety of pathogens, and additionally 

sHsp pretreatment decreases tissue damage, while accelerating viral clearance
213

.  We 

demonstrate here that both sHsp pretreatment, and the conjugation of sHsp to an antigen 

of interest, provided enhanced immunity, by likely distinct immunological mechanisms.  

Pretreatment with sHsp elicited the organization of GCs in the lungs and TBLNs, which 

then functioned to accelerate and intensify the onset of antibody production.  Most 

importantly, pre-priming of the lung with sHsp elicited an enhanced mucosal IgA 

response, and the upregulation of epithelial pIgR.  This response is not dependent upon 

the physical conjugation of OVA to sHsp, as the OVA and sHsp admixture elicited IgA 

production equally well.  For local BALF IgG production, however while sHsp 

pretreatment seemed to be the factor majorly responsible for the enhanced antibody titers, 

the conjugation of sHsp to OVA also contributed.  Finally, heterologous VLP 

pretreatment was equally efficient at eliciting heightened immunity, as demonstrated with 

P22 pretreatment followed by OVA–sHsp challenge, and sHsp pretreatment followed by 

influenza challenge.  While heterologous immunity has been extensively described in 

both the context of cross-protective immunity, and inappropriate or harmful skewing, the 

underlying mechanisms are still incompletely defined.
242, 244-245, 274-277

  We demonstrate 

here that pretreatment of mice with non-pathogenic VLPs stimulated immunity through 

some type of priming, which resulted in a subsequent enhanced response to OVA, and 
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furthermore, facilitated pathogen clearance and decreased damage in response to viral 

challenge (Figures 3.5 and 3.6)
213

.  

In addition to pretreatment, we also demonstrate the utility of sHsp as a novel 

vaccine platform through the direct conjugation to an antigen of interest.  In contrast to 

the conjugation of antigenic peptides to a multivalent scaffold, we present the 

conjugation of an entire protein antigen to the protein cage surface for in vivo 

application.  Through this approach, it is possible for the conjugated antigen to be seen by 

the immune system as part of the VLP, and elicits a response similar to that the VLP 

elicits.  As previous work has demonstrated that chemical conjugation efficiency of large 

unrelated proteins to a viral capsid is inhibited as the size of the protein is increased
138

, 

conditions for the chemical conjugation of the 45 kDa OVA to the sHsp cage were 

optimized for these proteins.  We observed that the attachment position on the sHsp cage, 

the length of the chemical linker, and the stoichiometry of linker labeling affected the 

conjugation efficiency.  

When delivered as an OVA–sHsp conjugate, sHsp acted to enhance OVA-specific 

early antibody production.  Thus, sHsp acted as a carrier, causing the OVA-specific 

response to mirror the sHsp specific response in onset of antibody production and 

quantity produced.  Interestingly, while we have utilized sHsp in two scenarios, as a 

pretreatment, or a vaccine delivery platform, and these scenarios likely are working 

through distinct immunostimulatory mechanisms, the activities of each are not mutually 

exclusive, and can in fact, synergize—as the antibody responses to the conjugated OVA–

sHsp are enhanced by the pretreatment with either sHsp or P22.  
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While we have yet to define the exact cellular receptors responsible for signal 

transduction to initiate the immune response to the VLPs, we hypothesize that the 

repeating subunits of sHsp or P22 allow for the ability to crosslink or otherwise engage 

single or multiple cellular receptor domains.  And as it has been suggested by others, cell 

surface integrins on antigen-presenting cells likely play a role in recognizing viral 

capsids.
228, 258, 260

  Targeting evolutionarily conserved domains therefore facilitates 

plasticity in this delivery system, allowing for the utilization of sHsp conjugation with 

other antigens—especially those which have complicated or precluded the design and 

manufacture of potent vaccines.  Additionally, the complex geometry of the OVA–sHsp 

conjugate may be impacting the resultant immune responses observed.  It has been well 

demonstrated that the specific geometric display of multivalent antigens significantly 

heightens immune responses
92, 278-279

, and especially B cell recognition
277-278, 280-281

, and 

further, that such displays may even provide enough co-stimulation to break tolerance to 

self-antigens without the need for adjuvants
280, 282

.  Thus the arrangement of the OVA–

sHsp conjugate may explain the enhanced class-switching which we observed only in 

those mice which received the conjugated form of OVA–sHsp (Figure 3.4A–G).  We 

therefore demonstrate the utility in displaying a poorly immunogenic antigen as a 

multivalent array through the conjugation to a VLP platform to elicit enhanced specific 

immunity.  

Furthermore, the implications for a single-dose vaccine that accelerates the 

antibody response to antigens, producing high titer antibody within 4–7 days of primary 

immunization holds significant clinical potential.  In this regard, new strategies which 
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employ post-exposure prophylaxis represent an arguably greater demand than 

pretreatment, as we continually lose antibiotic options due to the emergence of resistant 

strains of bacteria, and are no better at predicting future viral outbreaks.  Thus, we may 

be able to exploit sHsp, conjugated to an antigen of choice, to elicit early IgA responses.  

Importantly, few adjuvants currently on the market can be safely delivered to the lung, 

nor do they produce high titer, site-specific mucosal IgA
283

.  

We have presented a novel vaccine platform that is amenable to easy 

manipulation, facilitating flexibility and broad implications for vaccination strategies 

against many types of pathogens.  This type of platform is especially noteworthy, as it 

may be utilized as an immunomodulatory agent alone (as in the case of pretreatments), 

for modifying the current state of immune homeostasis, or as a carrier and adjuvant for a 

defined antigen of interest.  This phenomenon of immune homeostasis and skewing has 

been extensively described in terms of an individual’s history of pathogen and allergen 

exposure.
245, 284

  However, to date few attempts to harness the potential of immune 

priming, with or without involving pathogen-specific epitopes or proteins, have been 

described
243

.  Thus, we propose that we have identified an approach which utilizes 

strategies for priming against undefined broad-spectrum antigens, and also for delivering 

a highly efficacious single-dose vaccine against a defined antigen.  

Importantly, we have additionally shown that the route of delivery (directly to the 

lung by intranasal instillation) results in the creation of an immune response that is 

specifically tailored to that tissue, and its individual requirements.  While concern in 

purposely eliciting an immune response in the lung is justified, we and others
278

 indicate 
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here (and elsewhere
213

) that by doing so with VLPs, the power of tissue-specific 

immunity can be harnessed to provide a safe and appropriate response in the context of 

both the pathogen (sterilizing immunity), and the protection of lung function.  

Furthermore, the onset of immunity when the lung is pre-exposed to sHsp is accelerated, 

again indicating that the pretreatment with sHsp impacts the future, unpredictable 

pathogen challenge.  In addition, we have previously shown that the deposition of VLPs 

in mouse lungs has no adverse effects and even attenuates lung hypersensitivity
213

.   

Virus-like particle and nanoparticle vaccination strategies are gaining recognition 

as the next class of safe and effective platforms.  Notably, while many vaccines are 

expensive to produce, and require refrigeration, many types of VLPs and nanoparticles 

are stable, and easily preserved through freeze-drying, creating opportunities for 

distribution that may be otherwise precluded due to cost or logistics.  Therefore, we have 

herein described a novel mucosal vaccination strategy that accounts for tissue-specificity, 

and exploits natural immunity to provide accelerated and enhanced antibody and cellular 

immune responses to primary antigen challenge.  

 

Materials and Methods 

 

Production of Small Heat Shock  

Protein Cage Nanoparticle (sHsp) 

 

The small heat-shock protein (sHsp 16.5) was initially purified as described 

previously [33].  In a slight modification of the previously described protocol, the 

supernatants from 2 L of cell culture were combined and concentrated to 10 mL with a 

100k MWCO amicon filter (Millipore, Billerica, MA) prior to size exclusion 
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chromatography on a Superose 6 column (GE Healthcare, Piscataway, NJ) so that 

purification of large amounts of sHsp could be accomplished efficiently.  In order to 

remove residual protein contaminants, additional steps were added to the previous 

protocol.  The fractions containing sHsp from size exclusion chromatography were re-

concentrated to 10 mL and purified by anion exchange on a Sepharose Q column (GE 

Healthcare) using a linear gradient from 300 mM to 800 mM NaCl in 25 mM HEPES 

Buffer at pH 7.3.  Following this, the fractions containing sHsp were dialyzed overnight 

into 50 mM phosphate, 100 mM NaCl, and 5 mM EDTA, at pH 7.3, concentrated a third 

time to 10 mL, and re-subjected to size exclusion chromatography using a Superose 6 

column (GE Healthcare) with the same buffer. For the S121C sHsp variant protein, tris(2-

carboxyethyl)phosphine (Pierce, Rockford, IL) was added to a final concentration of 2 

mM during each amicon concentration step prior to the FPLC runs to inhibit disulfide 

formation between external thiols on sHsp.  The sHsp protein concentration was 

determined via UV–visible spectroscopy using an extinction coefficient of A280 = 0.565 

(mg/mL)
−1

 as previously documented
72

.  

 

OVA Preparation 

 

Larger aggregates from commercially available ovalbumin (OVA) (Sigma–

Aldrich, Saint Louis, MO, A5503) were removed by size exclusion chromatography 

using a Superose 6 column (GE Healthcare).  Fifty millimolar phosphate, 100 mM NaCl, 

and 5 mM EDTA at pH 7.3 was used as an elution buffer.  Protein concentrations were 

determined by UV–visible spectroscopy using a previously documented extinction 

coefficient of A280 = 0.789 (mg/mL)
−1

 for OVA
285

.  
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P22 Preparation 

 

The P22 K118C coat and scaffold protein were expressed in Escherichia coli, 

purified, and assembled in vitro as described previously
113

.  The purified P22 particles 

were heated for 20 min at 65 
◦
C to remove the scaffold protein, purified on a sephacryl 

500 column (Amersham, Piscataway, NJ), and concentrated to 2 mg/mL, and dialyzed 

extensively into 50 mM phosphate, 100 mM NaCl, and at pH 7.2.  The P22 concentration 

was calculated using an extinction coefficient A280 = 1.4 (mg/mL)
−1

.  

 

Optimization of OVA-sHsp Conjugation 

 

To determine the initial conditions for conjugation, a matrix of linking conditions 

were tested.  All reactions were carried out in 50 mM phosphate, 100 mM NaCL, 5 mM 

EDTA, pH 7.3. OVA (80 µL, 7.72 mg/mL) was labeled with a 2-fold molar excess of 

each SM(PEG)n linker (SM(PEG)2, SM(PEG)6, or SM(PEG)12) using a stock solution of 

25 mM linker in DMSO respectively.  These samples were incubated at room 

temperature for 50 min, and unconjugated linker was immediately removed using Micro 

Bio-Spin Columns P30 (Biorad).  The labeled OVA samples were combined with either 

sHsp S121C or sHsp E102C cages using a 5:1 molar ratio.  The proteins were combined, 

vortexed, and reacted 1 h at room temperature and overnight at 4 
◦
C.  The final sHsp 

concentration was 2.34 mg/mL and the OVA concentration was 11.72 mg/mL in a total 

volume of 45 µL for each reaction.  These reactions were repeated using a 20-fold excess 

of each SM(PEG)n linker (SM(PEG)2, SM(PEG)6, or SM(PEG)12) from a stock solution 

of 250 mM to label the OVA.  
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Prior to conjugation, lysines on sHsp G41C were reacted with 50-fold molar 

excess of SPDP (Thermo Scientific) per sHsp subunit by the addition of 500 mM SPDP 

in DMSO to 2 mL of protein at 2.61 mg/mL.  This reaction was stirred for 90 min at 

room temperature, and the labeled sHsp was purified by Superose 6, and stored at 4 
◦
C 

overnight.  For these reactions, a seven-fold molar excess of TCEP (Invitrogen) was 

added to the sHsp-SPDP (above) to reduce the SPDP, and this reaction was left for 30 

min at room temperature to reduce the disulfides on the linker.  UV–visible spectroscopy 

was used to monitor the completeness of the reaction as indicated by increasing 

absorbance at 324 nm corresponding to the thiopyridone product
286

.  This sulfhydryl 

functionalized sHsp was reacted with OVA (80 µL, 7.72 mg/mL) samples labeled with a 

2-fold or 20- fold molar excess of each SM(PEG)n linker (SM(PEG)2, SM(PEG)6, or 

SM(PEG)12) using the protocol described above for the S121C and E102C reactions.  The 

linking conditions for the sHsp G41C mutant combined with the OVA contained a final 

concentration of 30 mM TCEP.  The final sHsp G41C and OVA concentrations were 

normalized to the conditions used with the other mutants: 2.34 mg/mL and 11.72 mg/mL 

respectively, in a total volume of 45 µL.  

 

Synthesis and Purification  

of the OVA-sHsp Conjugate 

 

A 250 mM stock solution of the commercially labeled crosslinking reagent 

SM(PEG)6 (Thermo Scientific, Waltham, MA) was made in DMSO.  The OVA was 

concentrated to 9.75 mg/mL, and 2.0 mL was reacted with a 2-fold molar excess of the 

linker, added dropwise to a vigorously stirring solution.  The reaction was stirred for 40 
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min at room temperature, followed by immediate purification of the maleimide 

functionalized OVA from un-conjugated small molecule linker by Superose 6 size 

exclusion chromatography (GE Healthcare).  Immediately after elution, the maleimide 

functionalized OVA was concentrated to approximately 13.4 mg/mL (using E = 0.789 

(mg/mL)
−1

) with a 10k MWCO Microcon filter (Millipore), and was mixed with sHsp 

S121C (2.62 mg/mL) for 1 h at room temperature followed by overnight at 4 
◦
C.  

A molar ratio of 5:1 OVA to sHsp was used to give final concentrations of 1.34 

mg/mL OVA and 2.4 mg/mL sHsp within the linking reactions.  Control reactions 

containing identical concentrations of sHsp or linker-labeled OVA alone were run in 

parallel.  Free sulfhydryls on the proteins were then capped by reaction with 20-fold 

excess N-ethyl maleimide (Pierce) per sHsp subunit for 2 h at room temperature.  The 

above procedure was repeated six times to obtain sufficient yield of the conjugated 

construct.  Similar samples from these reactions were combined, spun down (5 min × 

17,000 × g) to remove precipitate, and dialyzed into 25 mM triethanolamine (USB Corp, 

Santa Clara, CA) at pH 7.3.  

The samples were purified by anion exchange chromatography on a MonoQ 

column (Amersham Pharmacia) using a linear gradient of 0 M to 500 mM NaCl in 25 

mM triethanolamine at pH 7.3 (Figure A2).  Fractions corresponding to conjugated 

sample, sHsp and maleimide functionalized OVA were combined based on SDS-PAGE 

analysis of the fractions.  The sHsp and maleimide functionalized OVA were mixed in a 

5:1 molar ratio to obtain the mixed sample used for the in vivo experiments.  All the 

samples were extensively dialyzed into 50 mM phosphate, 100 mM NaCl, and at pH 7.2 
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prior to in vivo experiments.  The admixture of OVA and sHsp was comprised of equal 

microgram amounts of both sHsp (100 µg) and OVA (57 µg) (Sigma–Aldrich) as the 

conjugated form, and was suspended in sterile PBS.  

 

Limulus Amebocyte Lysate Assay 

 

Prior to administration in vivo the endotoxin contamination for each protein 

preparation was determined using a limulus amebocyte lysate (LAL) assay (Associates of 

Cape Cod, Inc.; East Falmouth, MA).  We determined that sHsp alone contained 1.3 µg 

LPS per dose, the OVA–sHsp conjugate contained 2.4 ng LPS per dose, the admixture of 

sHsp and OVA contained 3.4 ng LPS per dose, the P22 preparation contained 3 ng LPS 

per dose, and OVA alone contained 619 ng LPS per dose.  A second batch of P22 was 

used for only Figure 3.3B, with the following LAL results: The “LPS-high” P22 

contained 8 µg LPS per dose, while the “LPS-low” P22 contained 14 ng per dose.  

 

Confirmatory Analysis 

 

The size distribution of the VLPs was determined using dynamic light scattering 

(Brookhaven 90Plus particle size analyzer).  For the Bradford assay, a series of protein 

standards was made using BSA (Sigma, A7906).  One hundred microliters of Bradford 

Reagent (Amresco) was combined with 5 µL of each protein solution, and samples were 

incubated for 20 min, and the absorbance was measured at 315 and 605 nm.  Samples 

were also run on 1 mm SDS-PAGE reducing gels (15% acrylamide for the running gel, 

4% acrylamide for the stacking gel).  The AlphaEaseFC software (Alpha Innotech) was 

used to identify bands and calculate the migration distances of species on the gels.  
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Western Blots 

 

Proteins were transferred from the SDS-PAGE gels to Hybond C nitrocellulose 

membranes for 2 h at 200 mA.  Membranes were blocked overnight with 5% milk and 

0.01% Tween-20 in Tris buffered saline, incubated with a 1:10,000 dilution of rabbit anti-

OVA polyclonal antibody or rabbit anti-sHsp antibody (Millipore) for 3 h.  The anti-sHsp 

antibody was purified from rabbit serum by ammonium sulfate precipitation.  The 

membranes were incubated with a ratio of 1:5000 anti-rabbit antibody HRPO conjugate 

to blocking solution for 30 min, and blots were detected using an Opti-4CN kit (Biorad).  

Densitometry analysis was done using AlphaEaseFC software (Alpha Innotech).  

 

Influenza Virus 

 

The influenza virus A/PR8/8/34 was produced at the Trudeau Institute, Saranac 

Lake, NY. Briefly, 10-day-old embryonated chicken eggs were infected for 72 h, and 

resultant allantoic fluid was recovered and stored at −80 
◦
C until used.  

 

Mice, Pretreatment, and Challenges 

 

BALB/c, C57BL/6 or TLR4
−/−

 mice were bred in-house at Montana State 

University, Bozeman, MT. At 6–8 weeks of age, male or female mice were enrolled in 

described experiments (n = 5 per group).  In experiments utilizing intranasal 

pretreatments, 100 µg of sHsp (sHspG41C), or P22 were delivered in 50 µL volumes 

while the mice were lightly anesthetized under inhaled 5% isofluorane.  Five 

pretreatment doses were delivered either daily for five days, or spaced evenly over the 

course of 2 weeks (both schedules produced equivalent results).  Importantly, we have 



82 

 

 

 

extensively explored potential adverse side-effects on pulmonary function due to repeated 

sHsp administration, and have found none
213, 266

.  Pretreated mice were rested for 72 h, 

then challenged.  In some experiments mice were challenged with the OVA–sHsp 

conjugate (sHspS121C), the OVA and sHsp (sHspS121C) admixture, OVA alone, or 

sHsp alone (sHspS121C), delivered i.n. in 100 µL volumes, again under light anesthesia.  

The OVA concentration (0.57 mg/mL), as determined by UV–visible spectroscopy, was 

held constant throughout groups, regardless of conjugation.  For subcutaneous (s.c.) 

studies, no pretreatment was utilized.  Instead, one s.c. dose of 100 _L OVA–sHsp, OVA 

with sHsp admixture, OVA with alum (10% AlkSO4) admixture, alum alone (10% 

AlkSO4), or OVA alone (0.57 mg/mL) were injected and antibody titers were measured 

over time.  For influenza challenge studies, 1500 plaque forming units (pfu) A/PR8/8/34 

influenza virus were delivered in 50 µL i.n.  In experiments to determine the impacts of 

residual LPS, mice were similarly pretreated with “LPS-high” P22, “LPS-low” P22, an 

equal amount of LPS as in the “LPS-high” P22, or sterile pyrogen-free PBS in 50 µL i.n. 

All mice were then rested, and subsequently challenged with 100 µg sHspG41C in 50 µL 

i.n.  

Mice were bled at relevant timepoints, and serum was separated from whole 

blood by centrifugation in separation tubes (Sarstedt; Germany).  At indicated timepoints 

per experiment, mice were euthanized by intraperitoneal injection of sodium 

pentobarbital (90 mg/kg) and exsanguinated after no pedal response could be elicited.  

Mice were then lavaged with sterile PBS with 3 mM EDTA.  BALF and sera were used 

to determine antibody titers by ELISA.  In some experiments, lungs and tracheobronchial 
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lymph nodes (TBLNs) were additionally collected and either homogenized through a 

wire mesh screen, or digested with agitation in 0.2% collagenase (Worthington 

Biochemical Corporation; Lakewood, NJ) with DNase (Sigma) at 37 
◦
C for 1 h. Red 

blood cells were lysed from the lung homogenates using ACK lysis buffer, washed, 

resuspended in FcR block (clone 93), and stained for flow cytometry.  Total cells from 

each tissue (BAL, lungs and TBLNs) were counted by hemocytometer.  In some cases, 

whole lungs were instilled with OCT (SakuraFinetek; Torrance, CA), excised, and snap 

frozen in liquid nitrogen for histology.  All animal procedures were pre-approved by 

Montana State University’s IACUC.  Experimental results were confirmed by at least two 

independent repetitions of similar design.  

 

Immunostaining and Flow Cytometry 

 

Frozen blocks were cut into 5 µM sections by cryostat (Leica Microsystems; 

Buffalo Grove, IL) and resultant lung sections were stained for expression of the 

polymeric Ig receptor (pIgR) with biotinylated goat anti-mouse pIgR (R&D Systems, 

Minneapolis, MN) followed by AF488-streptavidin (Invitrogen, Carlsbad, CA).  Control 

sections were utilized to determine staining specificity.  Images were acquired on a Nikon 

Eclipse E800 microscope (Nikon Instruments, Melville, NY) using Nikon NIS-Elements 

Imaging software.  

Antibodies used for FACS staining of lung and TBLN homogenates included 

CD4 (GK1.5), B220 (RA3-6B2), Fas (Jo2), CXCR5 (2G8), CD138 (281-2), and 

streptavidin from BD Pharmingen; San Diego, CA; GL7 (GL7), and CXCR4 (2B11) 

from eBioscience; San Diego, CA; and ICOS (C398.4A) from Biolegend, San Diego, 
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CA.  FACS data was collected on a FACSCanto (BD) and FACS analysis was completed 

using FlowJo Software (Treestar, Ashland, OR).  Briefly, forward and side scatter plots 

were gated on lymphocytes, as determined by size and granularity.  Lymphocyte 

populations were then further analyzed for the expression of appropriate combinations of 

surface antigens, based off negative staining controls.  Total cell numbers were then 

calculated based off total hemocytometer cell counts for each tissue.  

 

ELISA 

 

Serum and BALF antibodies levels were determined by ELISA.  Briefly, high-

binding polystyrene plates (Corning; Corning, NY) were coated and incubated with 

antigen (OVA, sHsp, or influenza virus membrane preparation) at 37 
◦
C for 3 h, then 

moved to 4 
◦
C overnight.  Plates were washed with PBS with 0.05% tween, and blocked 

with nonfat dry milk.  Serum samples were diluted at 1:100, and BALF samples were 

plated neat (from a 2 mL lavage) in duplicate.  For influenza-specific ELISAs, samples 

were diluted in 2-fold dilutions to endpoint titer.  All ELISAs were then incubated at 37 

◦
C for 2 h.  Plates were again washed and appropriate HRP-conjugated secondary 

antibodies (whole IgG, IgG1, IgG2a, IgG2b, IgG2c, IgG3, and IgA from 

SouthernBiotech, Birmingham, AL) were added and incubated for an additional 2 h at 37 

◦
C.  Finally, plates were again washed, developed using TMB substrate (Sigma–Aldrich), 

stopped with 1 M H3PO4, and read on a SpectraMax Plus plate reader (Molecular 

Devices; Sunnyvale, CA) at 450 nm.  In some results, OVA-specific IgG was quantified 

using the mouse monoclonal antibody to OVA (Abcam, Cambridge, MA, ab17292).  
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Statistics 

 

Statistical significance was determined by one-way ANOVA with a Bonferroni 

post-test of multiple comparisons, or in some cases an unpaired t-test was used.  

Significance was indicated by *p < .05, **p < .01, ***p < .001, or ****p < .0001.  In 

some graphs (*) symbols are replaced by other symbols for clarity in comparison 

between multiple groups, but the number of symbols always corresponds to the 

appropriate p-value as described above for the asterisk, and explained in individual figure 

legends.  
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CHAPTER FOUR 

 

 

GENERATION OF CYSTEINE POINT MUTATIONS AND  

EXPLORATION OF THEIR REACTIVITY AND LOCATION  

WITHIN P22 PROCAPSIDS  

 

 

Introduction 

 

 

Reactive cysteines are commonly used as attachment sites for the chemical 

modifications of protein cages on both the interior and exterior surfaces
73, 138, 287

.  The 

S39C, T182C, and K118C point mutations have previously been generated, and have 

proved useful attachment sites on P22 coat protein within assembled capsids
114, 288

.  We 

sought expand upon the functionality of the P22 capsid through the incorporation of 

chemically reactive cysteines at previously unexplored locations within the capsid 

structure.  Specifically, information from the published cryo-electron microscopy 

models
123, 164

 was employed to select a series of exterior sites for point mutations, and 

cysteines were incorporated at these sites via genetic modification.   

Here we describe a brief characterization of capsids with cysteine modifications, 

as well as a description of the relative reactivity of selected cysteines on the exterior 

surface of the P22 capsid.  The reactivity of each of the engineered cysteines at positions 

296, 338, and 355 was tested through addition of a maleimide functionalized 

polyethylene glycol, which has been documented to shield nanoparticles from immune 

recognition
90, 231, 289

.  Since understanding the location of cysteines on the interior, 

interface, or exterior surfaces of the P22 capsid is important in the logical design of future 

P22 capsid based materials, Forster Resonance Energy Transfer (FRET) measurements 
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were used as an approach to explore the location of reactive cysteines on the surfaces of 

the P22 procapsids.   

 

Results 

 

To generate a chemically reactive site on the exterior surface of the P22 

procapsid, three sites on the exterior of the P22 capsid were selected based upon 

published structural information from cryo-electron microscopy models of the P22 

capsids.  Genetic point mutations were then carried out on the wt P22 capsid, followed by 

expression in E.coli.  This resulted in capsids packaging wild type coat protein, and 

displaying each of the individual point mutations in the P22 coat protein: S296C, M338C, 

or A355C.  Size exclusion chromatography confirmed the presence of intact capsids of a 

similar size to wtP22.   

To test the reactivity of the cysteines within the assembled P22 procapsids, the 

capsids were reacted with a maleimide functionalized polyethylene glycol (PEG) chain.  

Once attached, the large PEG chain also provided a relatively easy way to screen the 

reactivity of the cysteines within each of the capsids, as the addition of a PEG5000 chain 

to the P22 subunit results in a 5kDa increase in subunit molecular weight that is 

observable by SDS-PAGE.  A gel showing the bands for wtCP, S296C CP, A355C CP, 

and M338C CP both prior to and after the corresponding capsids were reacted with 

maleimide PEG5000 is shown in Figure 4.1B.  Out of the three point mutations chosen 

based upon their exterior surface position in the cryoEM, the M338C position showed the 

highest susceptibility to chemical conjugation (Figure 4.1B). 
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Figure 4.1 A) This shows the three positions on the exterior of the P22 procapsid that 

were selected for substitution with cysteine.  B) An SDS-PAGE gel shows the coat 

proteins of the purified capsids prior to and following the reaction with a maleimide 

functionalized polyethylene glycol (Mal-PEG5000).   

 

To supplement the data provided in the cryoEM models, a biochemical approach 

that could provide additional information concerning the location of the M338C point 

mutation was devised.  We had previously observed Forster resonance energy transfer 

(FRET) upon the co-encapsulation of the GFP and mCherry fluorescent proteins
175

, 

which was not observed when capsids containing one fluorophore were mixed with the 

pairing fluorophore free in solution.  Since the energy for transfer is proportional to the 

inverse of the FRET radius to the 6
th

 power, so the FRET intensity drops dramatically as 

the distance between the donor and acceptor increases
290-291

.  Therefore, we reasoned that 

the presence or absence of FRET could provide a qualitative assessment concerning the 

location of cysteines labeled with a fluorescein donor on the P22 platform encapsulating 

an mCherry acceptor.  Labeling of the sites on the interior of the P22 capsid (such as 

S39C, K118C, and the cysteine on the mCherry SP141(C140)) would be expected to 



89 

 

 

 

yield more efficient transfer to the mCherry acceptor (thus producing more FRET signal) 

than capsids with the fluorescein-modified cysteines on the exterior.   

To test the hypothesis that FRET could be used to discern the location of relative 

location of reactive cysteines within the P22 procapsid, P22 constructs encapsulating 

mCherry and displaying a single modified cysteine were constructed as shown in Figure 

4.2.  Each of these constructs produced assembled procapsids resembling wtP22, which 

were purified by size exclusion chromatography (Figure B1), and the purified capsids 

were analyzed by SDS-PAGE (Figure B2).  Mass spectroscopy confirmed the correct 

point mutations were present within the P22 coat protein and scaffold protein (Figure B3 

and Table B1), and transmission electron microscopy images showed intact capsids 

(Figure 4.3). 

 

 

Figure 4.2.  This figure highlights the location of cysteines which were individually 

incorporated into the previously described mCherry construct wtCP/mCherrySP141 

(C140A) to generate capsids with cysteines on the interior and exterior surfaces of the 

P22 procapsid. 
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Figure 4.3.  Transmission electron microscopy data for each of the mCherry capsids 

starting with the wtCP/mCherrySP141 (C140A) capsid (A) and followed by capsids 

having cysteines at the following locations B) CP-431C/mCherry-SP141(C140A), C) 

M338C/ mCherry-SP141(C140A), D) K118C/mCherry-SP141(C140A), E) 

S39C/mCherry-SP141(C140A), and F) wtCP/ mCherry-SP141(C140).  The scale bars 

indicate a distance of 200 nm. 

 

The mCherry containing procapsids were reacted with fluoroscein-5-malemide 

(F5M), which resulted in the formation of a FRET pair with the encapsulated mCherry 

protein.  Excess fluorescein was removed via sequential pelleting steps of the samples 

through a 35% sucrose cushion by ultracentrifugation.  Initial experiments using a 5 fold 

molar excess of fluorescein per subunit in pH 7.0, 50mM phosphate buffer revealed a 

significant amount of fluorescein labeling on the wtCP/mCherry-SP141 (C140A) capsid, 

as measured by UV-visible spectroscopy (Figure B4).   

Several strategies were tested in an effort to minimize the fluorescein labeling 

observed on the wtP22 capsids.  To avoid non-specific labeling of amines, the capsids 

were reacted first with 5 fold molar excess of NHS-acetate per subunit in 50mM 

phosphate buffer at pH 7.0.  Subsequently, capsids were pelleted to remove excess 

reagent, and reacted with a two fold molar excess fluorescein-5-maleimide in 50mM 

phosphate at a lower pH, 6.0.  Next, site directed mutagenesis was carried out to replace 

the one endogenous cysteine (located in the P22 coat protein at position 405) with a 

threonine, which created the C405T CP/mCherry-SP141(C140A) shown in the mass 
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spectrum (Figure B5).  However, no significant difference or reduction in the amount of 

fluorescein labeling was observed upon a comparison of the labeling of the C405T 

capsids with the wtCP control capsids.  Despite attempts to eliminate non-specific 

labeling, the addition of fluorescein maleimide was observed on the P22 coat proteins 

when analyzed by mass spectroscopy (Figure B6 and Table B2).   

Changing the reaction conditions as described above did decreased the non-

specific fluorescein labeling of the wtCP/mCherry-SP141(C140A) capsids to a value less 

than any of the other capsids as monitored by UV-visible spectroscopy.  After two 

unsuccessful attempts to pinpoint the labeling location on the wt coat protein with mass 

spectroscopy analysis of coat protein peptides from an in gel digest with trypsin, FRET 

measurements were carried out on the labeled samples in hand.  Dynamic light scattering 

measurements suggested that the fluorescently labeled particles remained intact and 

showed minimal aggregation after labeling, purification, and two weeks stored at 4C 

(Figure B7). 

As described previously
175

, the rate constant associated with FRET transfer kFRET 

is proportional to the fluorescence intensity of the acceptor over the fluorescence 

intensity of the donor when both are exclusively excited by light of the same wavelength 

as shown in equation 1: 

 

(1)        
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However, this equation holds true as only if the fluorescence yields of mCherry 

are similar in all the constructs, and this may not be the case.  The differential 

contribution of mCherry fluorescence yields between the constructs can be accounted for 

by dividing the rate constant associated with FRET transfer by the mCherry fluorescence 

yield upon direct excitation of the fluorophore as shown in equation 2: 

 

(2)        
 
                          

                         
                         

 

 

 

In order to use the  equations for the calculation of GFP and mCherry FRET 

efficiency within the P22 capsids, the F5M labeled samples were adjusted in 

concentration to give the same F5M (donor) absorbance.  Additionally, the unlabeled 

mCherry capsids from the same batch of purified capsids were adjusted to give the same 

mCherry absorbance as found within each F5M labeled construct.  The UV-visible 

absorption spectra showing the absorption region for F5M (~495 nm) and mCherry (~585 

nm) within each of the capsid sample after this normalization procedure are shown in 

Figure B8. 

 To record the FRET signal and the contribution of mCherry fluorescence, both 

labeled and unlabeled mCherry capsids were excited via a light source at 450 nm, and the 

emission spectra were recorded (Figure 4.4A and B, respectively).  Additionally, the 

emission spectra resulting from the direct excitation of mCherry within the unlabeled 

capsids were measured (Figure 4.4C).   

 Upon incorporating in the values obtained from the emission spectra at 610 nm 
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Figure 4.4.  Emission spectra from A) Excitation of F5M labeled mCherry capsids at 450 

nm, B) Excitation of unlabeled mCherry capsids at 450 nm, and C) Excitation of  

unlabeled mCherry capsids at 585 nm. 

 

above (Figure 4.5) into equation 2, relative efficiencies for transfer were calculated for 

each of the mCherry capsids.  This allowed for the construction of the graph shown in 

Figure 4.5 with each of the capsids represented by a dot on a scale of increasing transfer 

efficiency (kFRET). 

 

 

Figure 4.5.  The relative efficiencies for FRET from each of the cysteine locations within 

the P22 capsids are shown above.  
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Discussion and Conclusion  

 

  As expected, the construct with the labeled cysteine closest in distance to the 

mCherry acceptor (wt/ C140) exhibited the highest relative FRET efficiency.  As can be 

seen from the inset, the observed FRET signal corresponds well with the position of 

cysteines with the capsids structure relative to the mCherry fluorophore encapsulated on 

the interior.  In contrast, both the labeling of the C-terminal cysteine (CP-431) and the 

M338C that are depicted as exterior on the P22 capsid models showed a very low relative 

FRET efficiencies.   

Unfortunately, this data does not provide a clear answer concerning the position 

of the cysteines within the procapsid due to the unexpectedly high FRET efficiency 

observed from the wtCP/mCherry-SP141 (C140A) capsids.  It is reasonable to expect that 

this capsid might exhibit some FRET signal, but we hypothesized that the observed signal 

for this capsids would be in the background when compared the a range of similar 

capsids, each with one different by only one functionalized cysteine.  Instead, the 

wtCP/mCherry-SP141(C140A) capsids exhibited a relative transfer efficiency greater 

than any of the constructs with engineered point mutations in the coat protein.  During the 

course of the studies in this chapter, multiple observations were made concerning hinting 

that the C-terminus of the P22 coat protein might prove useful for the attachment to the 

P22 exterior.  These experiments and the results are highlighted in chapter five.   
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Abstract 

 

Rational design of modifications to the interior and exterior surfaces of virus-like 

particles (VLPs) for future therapeutic and materials applications is based on structural 

information about the capsid.  Existing cryo-electron microscopy-based models suggest 

that the C-terminus of the bacteriophage P22 coat protein (CP) extends toward the capsid 

exterior.  Our biochemical analysis through genetic manipulations of the C-terminus 

supports the model where the CP C-terminus is exposed on the exterior of the P22 capsid.  

Capsids displaying a 6xHis tag appended to the CP C-terminus bind to a Ni affinity 

column, and the addition of positively or negatively charged coiled coil peptides to the 

capsid results in association of these capsids upon mixing.  Additionally, a single cysteine 

appended to the CP C-terminus results in the formation of intercapsid disulfide bonds and 

can serve as a site for chemical modifications.  Thus, the C-terminus is a powerful 
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location for multivalent display of peptides that facilitate nanoscale assembly and capsid 

modification.   

 

Introduction 

 

 Viruses are increasingly recognized as useful templates for both hard and soft 

materials applications
147, 155, 292

.  The multifunctional, and highly symmetric organization 

of subunits in the viral capsids provide for a unique environment for functional group 

display and modification
293-294

.  Knowledge about the structure and assembly of virus 

capsids aids their use as powerful platforms for functional nanomaterials design and 

synthesis.
127, 295-300

  The assembly of repeating subunits into capsids generates highly 

monodisperse multivalent nanoparticles with distinct interior and exterior surfaces that 

can be used for encapsulation and/or display
16, 107

.  Encapsulated cargo is sequestered 

from the surrounding environment, while modifications on the capsid exterior display 

functionalities that interact directly with the bulk environment.   

The capsid derived from the bacteriophage P22 is a robust nanocontainer that has 

been extensively used for directed encapsulation
117

 and surface display
114

, and its use as a 

biomaterial is completely decoupled from the infectious virus.  The noninfectious P22 

procapsid (PC) assembles in vivo (in Escherichia coli) from 420 copies of coat protein 

with the aid of the P22 scaffold protein (SP)
301

, which can be truncated to include only 

residues 141−303 and still template assembly of a T = 7 virus like particle
302

.  The 

truncated SP (SP141) is packaged on the interior of the 60 nm diameter procapsid and by 

fusing cargo proteins to the N-terminus can act as a means to direct the packaging inside 
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the P22 capsid
119

.  Previously, we have genetically engineered cysteine residues into the 

P22 coat protein on the interior (S39C, K118C)
113, 288

 and exterior (T183C)
114

 of the 

assembled P22 capsid to utilize as sites for chemical conjugation.   

For the surface display of peptides, a genetic fusion approach is advantageous 

over chemical conjugation because the stoichiometry of the peptide display is defined by 

the quaternary structure, and the capsid self-assembles in vivo requiring less processing 

and a more homogeneous end product.  One flexible loop on the capsid exterior has been 

identified as a potential site for the display of short peptides but does not tolerate large 

inserts or highly charged peptides
114

.  The availability of another, more robust, site for 

genetic display on the capsid exterior would expand the versatility and application of the 

P22 nanoplatform.  The available models of the P22 capsid (from cryo-TEM)
123, 164

 

suggest that the C-terminal residues of the CP extend toward the exterior of the capsid.  

However, the models do not include the location of the last few residues of the P22 CP.   

Here we have investigated the location of the CP C-terminus in the P22 procapsid 

by genetically engineering fusion peptides to the C-terminal of the CP and investigating 

the biochemical presentation of peptides to the exterior environment of the capsid.  

Natural and synthetic systems utilize coiled coil motifs
83, 118, 238, 303-306

 to promote 

hierarchical assembly, so we have explored the presentation of coiled coil peptides on the 

C-terminus for directed interparticle interactions.  Through these studies, we show that 

fusions to the C-terminus of the P22 CP do indeed sample the exterior environment, and 

we demonstrate the utility of this approach for display of peptides that allow 
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manipulation of the biophysical properties of the capsid and suggest further development 

of the P22 platform as a functional nanomaterial.   

 

Results 

 

 To probe the location of the structurally unresolved C-terminus of the CP in the 

bacteriophage P22 capsid, a series of genetic mutations were made and biochemically 

characterized.  In the structural model of the P22 procapsid coat protein, the last five 

amino acids are not resolved, and their location is ambiguous (Figure 5.1).  However, the 

published models of the P22 capsid
123, 164

 suggest that the C-terminus of the CP is 

directed toward the exterior of the capsid (Figure C1).   

 

 

Figure 5.1.  A representation of the assembled P22 procapsid (A) from the published 

cyroEM structure, which includes residues 1-425 of the 430 amino acid P22 coat protein.  

The residues 419-425 are highlighted in the zoomed versions of the pentamer(B) and 

hexamer(C) units.  In both, it appears that the CP C-terminus extends toward the capsid 

exterior. 

 

 

Genetic fusion of short peptides to the C-terminus of the CP was used to test the 

accessibility of this region to the exterior environment of the P22 procapsid.  A 6x-
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histidine tag, a single cysteine residue, and two coiled coil peptides, were individually 

fused to the CP C-terminus to create the following new P22 coat protein constructs: CP-

431C, CP-6xHis, CP-E-coil, and CP-K-coil.  The genetic manipulation was confirmed by 

DNA sequencing.  Each of the four new P22 coat proteins (CP-6xHis, CP-431C, CP-E-

coil, and CP-K-coil) were individually coexpressed with a P22 SP to facilitate the self-

assembly of the procapsids in the E. coli expression system.  The novel procapsids were 

purified using the same methodology as used for purification of the wtP22 procapsids
119

, 

which included ultracentrifugation through a sucrose cushion, followed by SEC 

(Sephacryl S-500, Figure C2).  Analysis of these materials by SDS page gel 

electrophoresis confirms the presence of both P22 coat protein and scaffold protein 

(Figure C3).  

No significant changes in particle assembly were observed upon the addition of 

amino acids to the C-terminus.  The addition of the residues to the CP C-terminus, on the 

purified P22 constructs, was confirmed by LC-MS analysis (Figures C4 and C5).  By 

SEC, all constructs eluted at approximately 65 mL, which is consistent with the elution 

volume of the assembled wtP22 procapsid (Figure C2).  The fractions from this peak 

were pooled and subjected to HPLC-SEC coupled to multi-angle light scattering (MALS) 

and refractive index detection.  Analysis of the light scattering revealed packaged 

procapsids with particle diameters reflecting that of assembled capsids for each sample 

(Figure C6) and all of the capsids had particle RMS radii in the 23−30 nm range and 

hydrodynamic radii between 25 and 33 nm.  The mass of each procapsid calculated from 

multi-angle light scattering was observed to be between 22 and 30 MDa (Figure C6).  
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The radii and mass ranges reflect slight differences in the construct size and packaging of 

cargo; each individual construct is highly monodisperse (Figure C6).  

To determine whether the coat protein 6xHis tag is exposed on the capsid exterior, 

three different variants of the P22 procapsid were studied.  These P22 variants included 

CP with C-terminal 6xHis tag combined with a scaffolding protein having a N-terminal 

6xHis tag, a wild-type CP combined with a scaffolding protein having a N-terminal 

6xHis tag, and a wild type CP combined with a wild type scaffold protein (CP- 

6xHis/6xHis-SP141, wtCP/6xHis-SP141, and wtCP/wtSP, respectively).  In each case, 

the scaffold protein is packaged on the interior of the P22 procapsid.  The exposure of the 

CP- 6xHis tag to the exterior of the capsids was probed by binding to a Ni chelate affinity 

column.  The only construct that demonstrated binding to the Ni column was the CP-

6xHis/ 6xHis-SP141, and these capsids could be eluted by an increasing imidazole 

gradient (Figure 5.2A).  In contrast, the wtCP/6xHis-SP141 and wtCP/wtSP samples did 

not bind to the column (Figure 5.2A).  The presence of P22 VLPs in all fractions was 

confirmed by SDS-PAGE gel (Figure 5.2B).  The CP-6xHis/6xHis-SP141 sample 

exhibited a peak at 2 mL corresponding to protein that did not bind to the column.  

Analysis of this peak by SDS-PAGE indicates both the absence of P22 CP-6xHis/6xHis-

SP141 and the presence of a protein contaminant (Figure 5.2Biv) that appears on an SDS-

PAGE gel of the sample prior to affinity chromatography (Figure C7).  The binding of 

CP-6xHis/6xHis-SP141 but not wtCP/6xHis-SP141 to the Ni column is a clear indication 

that the 6xHis tag on the CP is presented to the exterior of the P22 capsid.  The lack of 

binding by the wtCP/6xHis-SP141 construct also strongly suggests that the scaffold 



103 

 

 

 

protein is sequestered on the interior and does not sample the outside to any significant 

extent.  

 

 

Figure 5.2.  Nickel chromatography and ELISA assays with assembled P22 procapsid to 

determine the exposure of 6xHis tags to the capsid exterior.  A) Elution chromatograms 

of CP-6xHis/6xHis-SP141, wtCP/6xHis-SP141, and wtCP/wtSP from a Ni HisTrap 

column with increasing imidazole concentration.  B) SDS-PAGE analysis of peaks in 

affinity chromatogram A:  i) 2 min elution peak: wtCP/6xHis-SP141, ii) 2 min  elution 

peak: wtCP/wtSP, iii) Page Ruler Molecular Weight standard, and iv) 2min elution peak: 

CP-6xHis/6xHis-SP141 and v) 21 min elution peak: CP-6xHis/6xHis-SP141.  C) Enzyme 

Linked Immunabsorbent Assay displaying the relative amount of each assembled P22 

capsid that interacts with an anti-His antibody.  

 

Additional data supporting the exposure of the CP-6xHis on the exterior of the 

procapsid was obtained via an ELISA sandwich assay utilizing a 6xHis tag antibody and 

a CP specific antibody.  A 96-well plate was coated with anti-His tag antibody and each 

well was subsequently incubated with CP-6xHis/ 6xHis-SP141, wtCP/6xHis-SP141, or 

wtCP/wtSP capsids.  The binding of each P22 construct to the anti-His antibody was 
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probed by the CP antibody (rabbit) and subsequently quantified by a secondary goat-ant 

rabbit antibody via a HRP/TMB colorimetric assay
307

.  The highest absorbance was 

observed for the CP-6xHis/6xHis-SP141 construct, while the wtCP/6xHis-SP141 was 

similar to the background measurement of the assay (Figure 5.2C).  

A Western blot confirmed that the 6xHis tags were present on 6xHis-SP141, and 

that they could be recognized by the same anti-His antibody used in the ELISA (Figure 

C7) but only after capsid denaturation.  The coat and scaffold proteins were separated by 

SDS-PAGE and transferred to a nitrocellulose membrane, which was incubated with the 

mouse anti-His antibody.  Bands containing 6xHis tags were subsequently detected using 

a rabbit-antimouse HRP conjugated secondary antibody.  Bands corresponding to 6xHis 

tags on the coat and scaffold were both detected, while neither the wtCP nor wtSP were 

highlighted (Figure C7).  Together, these data are consistent with the suggestion from the 

structural models and with binding of this construct to the Ni column, indicating that 

peptides fused to the CP C-terminus are accessible to the capsid exterior while the 

scaffolding protein is sequestered on the capsid interior.  Demonstrating the display of the 

CP-6xHis on the capsid exterior provides the foundation for future utilization of the CP 

C-terminal location for the display of targeting peptides or antigenic epitopes.  

To further investigate the accessibility of the C-terminus to the capsid exterior, a 

single cysteine was appended to the C-terminus of the CP (CP-431C/mCherry-

SP141(C140A)).  The addition of a single cysteine residue is less likely to cause 

alterations in the procapsid structure than longer charged peptides.  Successive quick 

change mutagenesis steps were carried out on a previously described vector
119

, resulting 
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in the creation of two unique P22 constructs (wtCP/mCherrySP141 and 

wtCP/mCherrySP141(C140A), in route to obtaining CP- 431C/mCherrySP141(C140A).   

To demonstrate the utility of both the C-terminal CP-431C and scaffold protein 

cysteine (SP-C140) as a sites for chemical conjugation, wtCP/mCherrySP141, 

wtCP/mCherrySP141(C140A), and CP-431C/mCherrySP141(C140A) were each reacted 

with fluorescein-5-maleimide (F5M).  The F5M labeling of each capsid was quantified 

by monitoring the UV−visible absorbance of unmodified and F5M reacted capsids under 

denaturing conditions (Figure C8), after separation of free F5M from the capsids by 

ultracentrifugation through a sucrose cushion.  Calculations indicated that F5M labeling 

resulted in 176 F5M per wtCP/mCherrySP141 capsid and 272 F5M per CP-

431C/mCherrySP141(C140A), while only 40 F5M per capsid were observed for the 

wtCP/mCherrySP141(C140A) capsid (Figure C8).  LC-MS confirmed the labeling of CP-

431C with F5M, while no F5M labeling of the CP was observed for the 

wtCP/mCherrySP141 or wtCP/mCherrySP141(C140A) (Figure C9).  These data 

demonstrate the cysteine packaged inside the wtCP/mCherrySP141 is a useful site for 

chemical conjugation, and the utility of the procapsid CP C-terminal cysteine chemical 

conjugation with imaging agents.  

In an effort to further confirm the labeling of the wtCP/ mCherrySP141, the mass 

spectroscopy data was analyzed.  Under the chromatography and ionization conditions 

utilized, the P22 CP ionizes much more efficiently than mCherrySP141 or 

mCherrySP141(C140A).  This results in very poor signal intensity and resolution for the 

peaks at corresponding to the mCherrySP141 (with a predicted mass of 45962 Da) and 
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mCherrySP141(C140A) (with a predicted mass of 45994 Da) (Figure C9).  Therefore, 

any labeling of the scaffold protein could easily be in the baseline noise of the spectrum.   

We probed the formation of disulfide bonds in this construct to investigate the 

ability of the single CP C-terminal cysteine to protrude to the exterior of the capsid, and 

result in the formation of intercapsid interactions.  SEC purified CP-431C/ 

mCherrySP141(C140A) was pelleted by ultracentrifugation and it was observed that, in 

contrast to the wtCP/ mCherrySP141(C140A), this construct did not readily resuspend 

when incubated at 4 °C overnight.  Since the fluorescent protein mCherry is packaged on 

the capsid interior, the difference in the sample behavior was easily observed 

qualitatively by eye (Figure C10), and a comparison of the yield of resupended protein 

was quantified by UV−visible spectroscopy (Figure C10).  Relative to the 

wtCP/mCherrySP141- (C140A), only 3% of CP-431C/mCherrySP141(C140A) was 

recovered (Figure 5.3A).  

To confirm that disulfide bond formation played a role in the inefficient 

resuspension of the CP-431C/mCherrySP141-(C140A) construct, the capsid was treated 

with N-ethyl maleimide to block cysteine thiols.  Labeling of the CP subunits was 

confirmed via liquid chromatography mass spectroscopy analysis, in which all CP 

subunits were observed to be modified for the CP-431C/mCherrySP141(C140A) 

construct (Figure 5.3B), while the wtCP/mCherrySP141(C140A) showed no labeling 

under the same reaction conditions (Figure 5.3C).  Excess NEM was purified from the 

capsids via ultracentrifugation through a sucrose cushion, and SEC-MALS analysis 

revealed that the morphology of the capsids was retained after labeling (Figure C6).   
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Figure 5.3.  Evidence for disulfide bond formation between CP-

431C/mCherrySP141(C140A) capsids.  A) Bar graph showing the relative yield of 

soluble CP-431C/mCherrySP141(C140A)  protein compared to 

wtCP/mCherrySP141(C140A) after resuspension in PBS buffer, PBS buffer after 

blocking CP-431C/mCherrySP141(C140A)  with N-ethylmaleimide (NEM) and in PBS 

buffer and with 5mM DTT.  B) Mass spectrum of CP-431C/mCherrySP141(C140A)  

before and after labeling with NEM.  C) Mass spectrum of wtCP/mCherrySP141(C140A)  

before and after labeling with NEM.  The original m/z data is shown in B4 and B5. 

 

 

Upon pelleting of the NEM labeled CP-431C/mCherrySP141(C140A), the capsid 

resuspended in PBS buffer with a recovery identical to wtCP/ mCherrySP141(C140A) 

under these conditions (Figure 5.3A).  This is supporting evidence for the creation of an 

intercapsid network from exposed cysteines in CP-431C/mCherrySP141(C140A).   

Having evidence for disulfide formation between capsids, we hypothesized that 

recovery of the CP-431C/mCherrySP141(C140A) construct might be accomplished 

through the addition of a reducing agent.  Upon addition of DTT (5 mM), the CP-

431C/mCherrySP141(C140A) construct resuspended with an apparent 114% recovery 
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compared to wt capsid under the same conditions (Figure 5.3A and Figure C10).  

Dynamic light scattering measurements indicated the presence of intact procapsids 

(average radius of hydration, Rh= 58.6 ± 0.3 nm for wtCP/mCherrySP141(C140A); Rh= 

59.3 ± 1.6 nm for CP-431C/mCherrySP141(C140A)) under these reducing conditions for 

both wtCP/mCherrySP141(C140A) and CP- 431C/mCherrySP141(C140A) capsids 

(Figure C11).  This provides additional evidence for the existence of disulfide association 

between CP-431C/mCherrySP141(C140A) capsids.   

Building on our demonstrations that peptide extensions to the CP C-terminus are 

displayed on the capsid exterior and can mediate interparticle interaction, we explored 

coiled coil motifs to direct interparticle association and assembly.  Coiled coil peptides 

can be described as heptad repeats of amino acids that form super helical structural motifs 

when mixed.  Strong associations between peptides arise from packing of hydrophobic 

residues at the interface between the helices and stabilization of the supercoiled structure 

through electrostatic interactions.  

A pair of anti-parallel heterodimeric coiled coil peptides was used to transform 

individual P22 procapsids into building blocks for an extended network structure.  Amino 

acid sequences corresponding to either a positive (CP-K-coil, +TR(VAALKEK)3) or 

negatively charged (CP-E-coil, +TS- (VAALEKE)3) α helix of a three heptad 

heterodimeric coiled coil motif were appended to the C-terminus of the coat protein.  

Peptide sequences, VAALKEK3 and VAALEKE3, have been previously described to 

form an anti-parallel coiled coil heterodimer upon association
241

.  The genetic 
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amenability of the C-terminal location is reflected in the addition of these 23 residues 

without noticeable alterations to the assembly of the P22 procapsid.  

 

 

Figure 5.4.  Interaction of P22 procapsids displaying K-coil (+TR(VAALKEK)3) or E-

coil (+TR(VAALEKE)3) peptides appended to the CP c-terminus.  A) UV-visible 

spectroscopy showing an increase in scattering upon mixing of the E-coil and K-coil 

capsids relative to each capsid individually or mixtures with wtP22.  B) Assembly of K-

coil and E-coil capsids on a surface was observed via quartz crystal microbalance with 

dissipation. 

 

 

The inherent multivalent interactions between the shorter three heptad-coiled coils 

on each capsid promote significant capsid interactions, despite having a less thermally 

stable heterodimer than longer heptad coiled coil repeats
241

.  We used the three-heptad 

system in an effort to avoid kinetic traps in material assembly, which are less probable in 

the particle− particle assembly based upon the cumulative effect of many weak 

interactions.  Upon mixing of solutions containing 0.5 mg/ mL of the CP-E-coil and CP-

K-coil capsids, a significant increase in light scattering was observed within seconds 
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(Figure 5.4A), indicating interaction and association of capsids within this mixture to 

form larger particulates.  No increase in scattering was observed with control samples 

containing each of CP-Ecoil or CP-K-coil individually, or the mixture of each coil 

construct with wtP22 capsid (Figure 5.4A).  Single spectra of the CP-E-coil and CP-K-

coil capsids at 1 mg/mL individually, and after mixing are shown in Figure C12.   

The capacity of the coiled coil interaction between the C-termini of adjacent 

procapsids to facilitate assembly on a surface, using a layer-by-layer approach, was 

monitored via quartz crystal microbalance with dissipation (QCM-D).  The CP-K-coil (20 

μg) was deposited on a gold-coated quartz sensor followed by a buffer wash and 

equilibration and subsequent addition of CP-E-coil (20 μg) and another buffer 

equilibration.  This process was repeated two more times in the layer-by-layer deposition 

process (Figure 5.4B).  Each addition of P22 resulted in a decrease in frequency (Δf) 

indicating deposition of the protein on the crystal surface and was also accompanied by 

an increase in the dissipation (D) at each step.  

 

Conclusions 

 

Here we have shown that the C-terminal region of the coat protein from the 

bacteriophage P22 is indeed exposed to the exterior environment of the capsid.  From the 

available cryoelectron microscopy models, the exact location of the C-terminus of the CP 

is slightly ambiguous.  Using genetic manipulation of the C-terminus, including the 

addition of a single cysteine residue to the C-terminus, incorporation of a 6x-His motif, 

and genetic fusion of complementary coiled-coil peptides, we have established that these 

modifications to the C-terminus are exposed to the exterior of the capsid.  This greatly 
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enhances the ability to use the P22 capsid system as a functional nanomaterial and we 

have demonstrated this unique site on the capsid can be used for small molecule chemical 

conjugation, as well as for fabrication of capsid-based extended materials through the 

directed interparticle interaction mediated by disulfide bond formation and directed 

coiled-coil interactions.  

 

Materials and Methods 

 

Generation of P22 Structural Images  

 

The cryo EM reconstruction coordinates were obtained from the protein data bank 

(PDB) entries for the procapsid coat protein (PDB: 2XYY), the expanded shell (virion 

coat protein, PDB: 2XYZ, and P22 expanded head coat protein, PDB: 3IYI), and the 

wiffleball morphology (PDB: 3IYH).  Images were created using UCSF Chimera 

(version 1.6.2) from the Resource for Biocomputing, Visualization, and Informatics at the 

University of California, San Francisco
167

.  

 

Expression Vectors 

 

For expression of wtP22/wtSP particles, the previously described assembler 

plasmid
268

 that contains genes corresponding to wt scaffold, wt coat protein, and 

ampicillin resistance was used.  The genes for the novel mCherry capsids presented were 

generated using a previously described pET 11a+ template containing mCherrySP141, 

K118C CP, and ampicillin resistance
119

.  From 5′ to 3′, the mCherrySP141 DNA 

sequence in the template vector coded for mCherry fluorescent protein, a thrombin 

proteolytic site, a cysteine (SP-C140), and SP141−303 all in a single reading frame. 
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Established polymerase chain reaction protocols
308

 using the C118K, SP-C140A, and CP-

431C primers (Figure C13, APPENDIX C) were followed to change or add codons in the 

template. The C118K primer changes a previously described CP variant (K118C) back to 

wtCP, the SP-C140A substitutes an alanine for the cysteine to create 

mCherrySP141(C140A), and the CP-431C adds a cysteine to the CP C-terminus (CP-

431C).  

Genes for the CP C-terminal additions were ligated into the Novagen pRSFDuet-1 

(Kan
R
) vector to allow for expression of P22 virus-like particles. The coat protein (CP) 

from the Bacteriophage P22 and a truncated form of the P22 scaffold protein SP(141-

303), hereafter referred to as SP141, were incorporated into each of the two multiple 

cloning sites. Initially, the gene corresponding to the SP141 was amplified from the 

assembler plasmid
301

 and ligated into the first multiple cloning site BamHI and SacI. 

Ligation into this location yields a 6xHis tag present in the expression vector reading 

frame directly upstream of the SP141 gene.  

Subsequently, the gene for the CP-6xHis was amplified out of the assembler 

plasmid
268

, and was inserted into the second multiple cloning site of this vector using 

BglII and XhoI.  An SpeI site incorporated upstream of the 6xHis sequence to allow for 

the insertion of K-coil and E-coil sequences at this site.  The primer used for the 

amplification is shown in Figure C13.  K-coil and E-coil flanked by SpeI and XhoI were 

purchased in a pUC57-Kan vector from Genscript, isolated and ligated downstream of the 

coat protein gene.  Novagen pRSFDuet-1 vectors containing a gene for kanamycin 

resistance, a truncated P22 scaffold protein (6xHis-SP141), and a P22 coat protein (CP-



113 

 

 

 

6xHis, CP-K-coil, or CP-E-coil) were transformed into E. coli strain XL1 

electrocompetent cells (Agilent Technologies).  Colonies resulting from each ligation 

were screened for CP amplification by colony PCR.  Isolated plasmids from positive 

colonies were sequenced (Seqwright, Tx) for verification.  

 

Capsid Expression and Purification 

 

Expression vectors for wtP22/wtSP, wtP22/mCherrySP141, 

wtP22/mCherrySP141(C140A), CP-431C/mCherrySP141(C140A), wtP22/6xHis-SP141, 

CP-6xHis/6xHis-SP141, CP-E-Coil/6xHis-SP141, and CP-K-Coil/ 6xHis-SP141 P22 

capsids were transformed into electrocompentant E. coli strain BL21 (DE3, Novagen).  

One milliliter from an overnight culture was used to inoculate 1 L of Luria broth (LB) 

supplemented with the appropriate antibiotic (ampicillin or kanamycin).  Cells were 

grown at 37 °C, and induced with 1 mM isopropyl β-D-1- thiogalactopyranoside (IPTG) 

at an OD600 of 0.6.  Approximately 4 h later, cells were collected by centrifugation and 

lysed with DNase, lysozyme, and RNase (Sigma Aldrich).  Sonication was used to 

disrupt the cells (3× for 2.5 min at 50% amplitude, pulse 0.5 s on/off, Branson Digital 

Sonifier 250, 200 W, 20 kHz).  Large cellular debris were removed through 

centrifugation (45 min at 12 000g).  Subsequently, P22 capsids were pelleted through a 

35% sucrose cushion for 50 min at 45 000g using ultracentrifugation (Sorval WX Ultra 

80, Thermo Scientific).  Pellets were resuspended in phosphate buffered saline (10−30 

mg/mL, pH 7.6), and dialyzed to remove excess sucrose.  Size exclusion chromatography 

(SEC) using a Sephacryl-500 column was completed as a final purification step using 
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phosphate buffered saline (pH 7.6).  The P22 capsid concentration was determined with 

the absorbance at 280 nm using an extinction coefficient A280 = 1.4(mg/ mL)
−1

.  

 

Liquid Chromatography-Mass  

Spectroscopy (LC-MS) 

 

Masses of the P22 coat proteins prior to and after modification were determined 

by using a micro-TOF (Bruker Daltonics) mass spectrometer.  Approximately 1.5 μg 

(2−4 μL volume) of each P22 sample in phosphate buffered saline (PBS) buffer (25 mM 

phosphate, 50 mM NaCl, pH 7.6, purified as described previously) was injected via an 

Agilent 1100 series high-performance liquid chromatography (HPLC) system equipped 

with a PolyHydroxyethyl A sizing column (100 × 4.6 mm, 5 μm, 500 Å from PolyLC, 

Inc.).  Samples were continuously flowed to the electrospray ionization (ESI) source from 

the HPLC using an isocratic elution (25% acetonitrile, 75% water, and 0.1% formic acid) 

and a flow rate of 0.3 mL-min
−1

.  Source parameters were as follows: drying gas 6.0 L-

min
−1

, nebulizer 3.5 bar, capillary voltage 3500 V, capillary exit 100 V.  Spectra were 

collected in positive mode from 200 to 3000 m/z at a rate of 2 Hz.  The resulting multiple 

charge state distributions for protein were deconvoluted using a maximum entropy 

deconvolution algorithm in the Bruker Compass Analysis software.   

 

Nickel-Nitrilotracetic Acid  

(Ni-NTA) Affinity Chromatography 

 

To test for binding of the capsids with 6xHis tags, approximately 0.5 mg (1 mL 

vol) of each sample was applied to a 1 mL Ni HisTrap column (Pharmacia) equilibrated 

in PBS.  Bound capsids were eluted from the column at a flow rate of 0.5 mLmin
−1

 with a 
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buffer gradient containing 0 to 1 M imidazole in 25 mM HEPES, 100 mM NaCl, pH 7.1.  

Protein elution was monitored via the absorbance at 280 nm, and fractions containing 

protein were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE).  

 

SDS-PAGE and Western Blot Analysis 

 

Samples were mixed with 4x loading buffer containing dithiothreitol (DTT) and 

heated in a boiling water bath for 10 min prior to loading on tris-glycine gels with a 4% 

polyacrylamide stacking gel and a 15% polyacrylamide running gel (stock solutions 

made from: Biorad 30% acrylamide/bis solution 29:1, ammonium persulfate, 

tetramethylethylenediamine (TEMED), and tris(hydroxymethyl)aminomethane (TRIS) 

base from Fisher).  Gels were run at a constant current of 35 mA for approximately 1 h.  

Upon completion, either gels were stained with coomassie and imaged with a UVP 

MultDoc-IT Digital Imaging System, or proteins were transferred (2 h at 200 mA) to a 

Hybond C nitrocellulose membrane (Amersham Biosciences) for Western blot analysis.  

Nitrocellulose membranes were incubated in blocking solution (5% milk powder in tris-

buffered saline with 0.01% Tween-20) overnight at 4 °C, followed by incubation with a 

1:2000 dilution of anti-6xHis epitope tagged antibody in blocking solution for 3 h at 

room temperature.  Subsequently, a 1:10 000 dilution of antimouse HRPO conjugate in 

blocking solution was added for 30 min at room temperature.  The membrane was 

washed with Tris buffered saline (TBS), 0.01% Tween 20 prior to each incubation step, 

and an Opti-4CN kit (Biorad) was used for detection.  
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Enzyme Linked  

Immunosorbents Assay (ELISA) 

 

A 1:10 dilution of a commercially available mouse anti-6xHis tag antibody was 

made into a 50 mM Carbonate buffer, pH 9.6.  Fifty microliters of this antibody solution 

was loaded into each well on a coated 96-well ELISA plate (Nunc) and incubated for 

approximately 2.5 h at 37 °C.  A PBS control containing no protein and each P22 capsid 

sample at 0.5 mg/mL were diluted 10-fold into buffer (containing 25 mM phosphate, 50 

mM NaCl, 0.05% Tween 20, 2% w/v polyvinylpyrrolidone (MW 40 000), 0.2% w/v 

bovine serum albumin, and 0.02% sodium azide), 150 μL was added to each well, and the 

plate was incubated overnight at 4 °C.  The plate was subsequently incubated for 3 h at 

room temperature with a rabbit antibody recognizing the P22 coat protein in the same 

buffer used for the capsid incubation.  One hundred microliters of antirabbit horseradish 

peroxidase (HRP) conjugate (Biorad, 1:3,000 fold dilution in 25 mM phosphate, 50 mM 

NaCl, 0.05% Tween 20, 2% w/v polyvinylpyrrolidone (Mw 40,000), 0.2% w/v bovine 

serum albumin) was added to each well and incubated at room temperature for 1 h.  The 

plate was washed 5× with PBS, 0.05% Tween 20 after each incubation step.  The 

presence of P22 capsids was detected with a OptEIA ELISA TMB Substrate Reagent Set 

(BD Biosciences), and the relative absorbance at 350 nm was recorded using a Spectra 

Max Plus 384 plate reader (Molecular Devices) with a SoftMax Pro 5.4.4 software 

package.  A background absorbance value for the PBS control was subtracted from the 

each average recorded absorbance to yield the data presented in Figure 5.2C.  
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Size Exclusion Chromatography Coupled to  

Multi-Angle Light Scattering (SEC-MALS) 

 

Separation on a size exclusion column (Wyatt Technologies, WTC-0200S) 

preceded detection using a Wyatt HELEOS multi angle laser light scattering (MALLS) 

detector, equipped with a quasi-elastic light scattering detector (QELS) and an Optilab 

rEX differential refractometer (Wyatt Technology Corporation).  Twenty five microliters 

of each capsid at approximately 1.5 mg/mL was injected through the SEC column on an 

Agilent 1200 HPLC with buffer (50 mM phosphate, 100 mM NaCl buffer, 3 mM sodium 

azide) at a flow rate of 0.7 mL/min.  Astra 5.3.14 software from Wyatt Technology 

Corporation was used to calculate the number average molecular weight (Mn) from the 

molecular weight distribution.  

 

Reaction of P22 Cysteines  

with Fluorescein-5-Maleimide 

 

Fluorescein-5-Maleimide (Pierce) was reacted with 2 mg (3.1 mg/mL) of each of 

the following: wtP22/mCherrySP141, wtP22/ mCherrySP141(C140A), and 

CP+431C/mCherrySP141(C140A) procapsid.  A 20-fold molar excess of F5M per P22 

subunit was added dropwise from a stock solution in dimethyl sulfoxide (DMSO), and 

the reaction was stirred vigorously for 2 h at room temperature.  Pelleting of the 

procapsids through a sucrose cushion, followed by resuspension and an additional 

pelleting by ultracentrifugation in PBS buffer removed excess F5M from the samples.  

Unmodified and labeled samples were diluted 20× into denaturing buffer (6 M Guanidine 

HCl, 50 mM Phosphate, 100 mM NaCl at pH 7.7), mixed, and UV−visible spectra of the 

denatured protein samples were recorded approximately 10 min later.  The UV−visible 
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absorbance of a series of F5M concentrations in the denaturing buffer was measured to 

calculate the extinction coefficient of the F5M in these conditions.  

 

Reaction of P22 Cysteines  

with N-Ethyl Maleimide 

 

N-ethylmaleimide (NEM, Pierce) was reacted with P22 capsids to block 

intercapsid disulfide formation.  From a stock solution of 50 mg/mL NEM dissolved in 

dimethylformamide (DMF), a 50-fold molar excess of NEM per P22 subunit was added 

dropwise to 2 mg (0.5 mg mL
−1

) of each wtP22/mCherrySP141(C140A) and CP-431C/ 

mCherrySP141(C140A) capsids in PBS pH 7.0.  Controls for the labeling experiments 

were carried out by the addition of a corresponding volume of neat DMF.  After stirring 

rapidly for 3 h at room temperature, P22 capsids were diluted into pH 7.0 PBS buffer, 

mixed for 1 h at 4 °C, and pelleted through a 35% sucrose cushion in the ultracentrifuge 

(50 min at 45 000g) to remove unreacted NEM.  Samples were subsequently resuspended 

and pelleted (50 min at 45 000g) a second time in pH 7.3 PBS buffer, and left rocking in 

PBS pH 7.3 overnight at 4 °C.  Samples of resuspended protein were analyzed from the 

supernatant solution after a 5 min centrifugation step at 17 000g.  Subsequently, 20 µL of 

DTT stock solution was added to reduce disulfides, resulting in a final concentration of 5 

mM DTT, and samples were left to resuspend overnight at 4 °C.  Samples of resuspended 

protein were again analyzed from the supernatant solution after a 5 min centrifugation 

step at 17 000g.  
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Quartz Crystal Microbalance  

with Dissipation (QCM-D) 

 

CP-K- Coil and CP-E-Coil capsids were injected onto gold-coated quartz crystal 

(Q-Sense, QSX301) positioned in a Q-Sense D300 (Q-Sense AB) quartz crystal 

microbalance with dissipation.  Additions of 600 μL of each sample (CP-K-coil or CP-E-

coil) at a concentration of 3.3 μg/ mL in 50 mM phosphate, 100 mM NaCl, pH 7.0, were 

loaded onto the crystal and allowed to equilibrate for 20 min at 25 °C.  A 20 min buffer 

equilibration step at 25 °C followed each capsid addition.  The frequency and dissipation 

values were recorded using the QSoft 301 software program (version 1.6.16.69) 

interfaced to the instrument.  
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CHAPTER SIX 
 
 

TARGETING OF P22 CAPSIDS TO MELANOMA CELLS THOUGH DISPLAY ON 

THE COAT PROTEIN C-TERMINUS 

 

 

Abstract 
 
 

 Inflammatory responses are observed in association with cancer, lung infection, 

and cardiovascular disease.  Hence, the development of materials that target to cells at 

these sites is the first step in imaging and treating disease.  In vivo phage display 

techniques have identified peptides that preferentially associate with certain biomolecular 

targets, and have applicability in the context of nanomaterials for medical applications.  

The C-terminus of the bacteriophage P22 coat protein is a powerful location for display 

of peptides in a multivalent fashion on the procapsid exterior.  The exploitation of the CP 

C-terminus for the display of two targeting peptides, a sequence containing the VCAM-1 

peptide (TSGCNNSKSHTC), and a novel linear analog of the LyP-1 targeting peptide 

(TSGGNKRTGG , named LyP-Cys), is described herein.  Given our prior synthesis of 

ATRP inside the expanded shell morphology of the P22 capsid to produce MRI imaging 

agents, we have investigated the accessibility of fused C-terminal peptides not only to the 

exterior of assembled procapsids, but also to the exterior of P22 expanded shells.  The 

data presented in this chapter indicates that genetically fused peptides on the C-terminus  

are exposed on the exterior of the expanded capsids, and that capsids displaying the LyP-

Cys peptide can target to melanoma cells in culture. 
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Introduction 

 

 Virus based materials are being developed as vaccines, for medical imaging, and 

for gene therapy applications
115, 288, 309-314

.  Capsid architectures self assemble from 

multiple repeating subunits, and thus present a powerful multivalent platform for the 

display of targeting and/or signaling moieties.  The high size monodispersity of capsid 

preparations, the amenability of capsids to genetic and/or chemical modification 

strategies, and the capacity for encapsulation of large protein cargos also contribute to the 

allure of capsid architectures for the design of nanomaterials.  

The interior and exterior surfaces of the bacteriophage P22 capsid have been 

extensively exploited for nanomaterials engineering.  The interior cavity of the P22 

capsid can be utilized for the encapsulation of peptides, proteins, minerals, and 

polymers
117, 151, 175

.  Directed encapsulation of proteins or peptides inside the P22 

procapsid (PC) is achieved though fusion of proteins to the N-terminus of truncated form 

of the P22 scaffold protein (SP141, described previously), which aids in capsid assembly 

using an E.coli expression system
119

.  Point mutations in the P22 coat protein (S39C)
288

 

and scaffold protein (SP140C)
315

 have been demonstrated as sites for chemical 

modification of the capsid interior.  Heating of the P22 PC at 65C for 20 min results in a 

transition to expanded shell (EX) morphology; this change is accompanied by a 

rearrangement of the CP subunits
316

.  Our previous experiments confirmed that the C-

terminus of the P22 coat protein (CP) is not only accessible on the exterior of assembled 

P22 procapsid, but that additions of amino acids at this location can be used to affect 

capsid-capsid interactions, indicating the promise for utilization of this location to 
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promote procapsid association with the exterior environment
315

.  Here, we took 

advantage of our previously described CP-6xHis/6xHis-SP141 construct as a tool to 

experimentally investigate the accessibility of the CP C-terminus on exterior of the 

expanded shell (EX) morphology. 

Our documented interest in both imaging atherosclerosis and understanding the 

role of protein cages in the lung environment motivated us to explore the C-terminus for 

the display of targeting peptides.  Others have identified short cyclic peptides using phage 

display techniques that target to the p32 receptor (LyP-1, CGNKRTGGC) found on 

tumor cells and tumor associate lymphatics
134

 or the VCAM-1 integrin (VCAM-1, 

CNNSKSHTC) upregulated on the vascular epithelium at sites of inflammation
135, 317

.  

We have previously demonstrated the effective targeting of sHsp protein nanoparticles 

displaying either RGD or LyP-1 peptides to macrophages
75

 and melanoma cells
72

, 

respectively.  We were intrigued by the possibility of transferring this technology to the 

P22 platform, which has demonstrated greater versatility for encapsulation of cargo.  

Prior work reports that replacement of the cysteines within the LyP-1 sequences with 

selenium did not significantly change the targeting affinity for its receptor, p32
318

.  This 

suggests that the cysteine residues themselves in the LyP-1 peptide are not vital for 

targeting.  

The data reported here indicate that the CP C-terminus is accessible on the 

exterior of EX P22, and describe the successful incorporation of a linear analog of LyP-1 

having no cysteines (LyP-Cys) and the VCAM-1 peptide at this location.  Genetic 

modifications to produce the C-terminal constructs resulted in the unexpected creation of 



123 

 

 

 

a P22 capsid solution that contained a mixture of two CP subunits: subunits expressed 

with or without the addition of three amino acids (MGRS) on the CP N-terminus.  Closer 

inspection of the plasmid DNA revealed that this N-terminal fusion was the result of the 

initiation of coat protein translation at an ATT codon, which has been documented as an 

alternate start codon in E. coli
319

.  Finally, PC and EX capsids displaying the LyP-Cys 

peptide were tested for their capacity to target to cells in vitro.  Targeting to melanoma 

cells was observed and signifies an important step toward the development of P22 

particles for nanomedical applications. 

 

Results 

 

 To explore the capacity of the coat protein C-terminus to display peptides that can 

function as capsid targeting agents, a series of capsids with genetic modifications was 

designed and characterized.  Two previously described strategies for the modification of 

P22 allowed for subsequent fluorescent tracking of the assembled P22 capsids.  Capsids 

either incorporated the internal cysteine (CP point mutation S39C) that is amendable to 

chemical modification, or they were designed to encapsulate green fluorescent protein as 

a fusion to the truncated scaffold protein (EGFP–SP141).  As originally characterized by 

phage display, cysteine residues flank the sequences of the two targeting peptides LyP-1 

and VCAM-1.  Since we have previously observed the inter-capsid association of P22 

capsids with a cysteine appended to the C-terminus of the CP, and we sought to avoid 

labeling the LyP-1 targeting peptide upon labeling of the interior cysteine, the cysteines 

were removed from the original LyP-1 targeting sequence. 
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The genetic modification for the creation of P22 capsids is briefly described 

below.  Two targeting peptides were appended to the C-terminus of the wild type CP 

(wtCP) through genetic modification.  The peptides used were the VCAM-1 peptide 

(TSGCNNSKSHTC), and a linear peptide analog of the previously described LyP-1, 

hereafter named LyP-Cys (TSGGNKRTGG).  The S39C point mutation was made within 

the wtCP sequence and within the coat protein sequence to which the LyP-Cys sequence 

was appended.  Co-expression of each of these coat proteins with the 6xHis-SP141 

scaffolding protein resulted in the self-assembly of the following P22 capsids: S39C CP-

LyP-Cys
 
/6xHis-SP141, wtCP-VCAM/6xHis-SP141, and S39C CP/6xHis-SP141 

procapsids in E.coli.  To generate fluorescent capsids with the potential for targeting to 

epithelial cells at sites of inflammation, the wtCP-VCAM was co-expressed with EGFP-

SP141 yielding wtCP-VCAM/6xHis-SP141 capsids.  We used a previously described 

CP-6xHis/6xHis-SP141 capsid, and we also engineered a capsid having three additional 

glycines inserted prior to the 6xHis tag on the CP C-terminus (CP-Gly6xHis/6xHis-

SP141).  The genetic mutations were confirmed by DNA sequencing. 

P22 procapsids displaying targeting peptides fused to the coat C-terminus were 

initially purified using the same methodology as purification of the wtP22 procapsids 

(ultracentrifugation through a sucrose cushion) followed by size exclusion 

chromatography (Sephacryl S-500).  The elution profile of each mutant capsid on this 

column reveals a prominent elution peak around 65 mL, which is virtually identical to 

wtP22 procapsids (Figure 6.1A).  Fractions isolated from the peak which corresponded to 

the size of assembled P22 procapsids (Figure 6.1A, red box) were combined and run on 
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an SDS-PAGE gel to confirm the presence of both P22 coat protein and scaffold protein 

(Figure D1).  Transmission electron microscopy images were taken of the assembled 

procapsids available at that time.  These images reveal assembled P22 procapsids, which 

have an exterior diameter of approximately 55 nm, similar to wtP22 capsids
38

 (Figure 

6.1B). These experiments demonstrate the successful assembly of capsids with CPs 

having either the LyP-Cys or VCAM-1 peptide on the C-terminus. 

 

 

Figure 6.1.  Purification and characterization of the P22 CP C-terminal constructs.  A) 

Size exclusion chromatograms of P22 procapsids with a pink box highlighting the area 

corresponding to pooled fractions.  B) Electron microscopy images of the following 

procapsids: i) wtCP/6xHis-SP141, ii) CP-6xHis/6xHis-SP141, iii) S39C CP-LyP-

Cys/6xHis-SP141, and iv) CP-VCAM/6xHis-SP141. 

 

The P22 CP subunits can be easily observed by electrospray ionization mass 

spectroscopy, and this was used to further characterize the purified capsids.  For all 

except one of the constructs measured, the observed mass matched with the expected 

mass for the modified coat proteins (Table D1 and Figures D2-D3).  However, the S39C 

CP-LyP-Cys exhibited an additional peak corresponding to an addition of 431.4 Da (Figure 

6.2A, D2-D3, Table D1).  This prompted DNA sequencing of the region corresponding to 

the N-terminus of the S39C CP-LyP-Cys coat protein.  The DNA sequencing results 

revealed the presence of an alternate ATT codon, which was in frame with the expected 
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start codon for the translation of the S39C CP-LyP-Cys  CP (Figure 6.2B).  With two 

possible locations for the start of translation, a mixture of coat protein subunits 

with/without a short peptide (GRSM, with a mass of 431.5 Da) fused to the N-terminus 

was created.  This is corroborated with our observation of an additional peak in the mass 

spectroscopy analysis.  As the mass spectroscopy data was not recorded prior to FACS 

analysis, the S39C CP-LyP-Cys/6xHis-SP141 capsid mixture containing subunits modified 

on the N-terminus was used in the cell targeting experiments described in this chapter. 

 

 

Figure 6.2.  Analysis of the S39C CP-LyP-Cys coat protein.  A) Image of the mass 

spectrum showing a peak very close to the predicted mass 47651.8 Da and a more 

prominent peak 431.4 Da larger in mass.  B) The DNA sequence reveals the presence of 

an alternate start codon in frame with the expected CP start position later in the sequence. 

 

The wtP22 procapsid (PC) has previously been demonstrated to undergo a 

thermally induced morphological transformation to an expanded shell (EX) upon heating 

at 65°C, which is accompanied by the exit of the scaffold protein.  To test whether PCs 

displaying a 6x-His tag or the LyP-Cys peptide on the CP C-terminus could undergo this 

transformation to EX, samples in the procapsid form were heated at 65°C for 20 min and 

analyzed by native agarose gel electrophoresis.  While the migration distance varies 

between capsid constructs due to differences in the charge of the capsids, each of the 

heated samples exhibited a second P22 band that migrated with decreased mobility 
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relative to the PC form (Figure 6.3A) after heating.  Thus, it appears that the wtCP/6xHis-

SP141, CP-6xHis/6xHis-SP141, S39C CP/6xHis-SP141 and S39C CP-LyP-Cys/6xHis-

SP141 mutants can transition to the expanded morphology, implying that extending the 

CP at the C-terminus via short genetic fusions does not significantly affect the capsid 

structural transition.  SDS-PAGE analysis revealed the relative amount of SP(141-303) 

retained within the capsids after heating to produce the EX morphology (Figure 6.3B). 

 

 

Figure 6.3.  Gel characterization of the procapsid (PC) and expanded shell forms of P22 

capsids having C-terminal extensions.  A) Native agarose gel electrophoresis displaying: 

i) wtCP/6xHis-SP141, ii) CP-6xHis/6xHis-SP141, iii) S39C CP/6xHis-SP141 and iv) 

S39C CP-LyP-Cys
 
/6xHis-SP141.  B) SDS-PAGE gel displaying the samples in the same 

order: i) wtCP/6xHis-SP141, ii) CP-6xHis/6xHis-SP141, iii) S39C CP/6xHis-SP141 and 

iv) S39C CP-LyP-Cys
 
/6xHis-SP141. 

 

The CP-6xHis/6xHis-SP141 was utilized as a model system to probe the location 

of the CP C-terminus and to determine whether peptides fused to the coat C-terminus 

would be accessible on the exterior of the expanded shell morphology.  Capsids 

displaying the 6xHis tag on the exterior would be expected to bind to a Ni-HisTrap 

column.  Both the PC and EX CP-6xHis/6xHis-SP141 capsids bound to the Ni resin, and 

these capsids could be eluted by increasing the imidazole concentration (Figure 6.4, C 
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and D, peak ii).  In contrast, neither the PC nor the EX wtCP/6xHis-SP141 were retained 

on the column.  Instead they were eluted within the initial fractions (Figure 6.4, A and B, 

peak i).  The proteins present within the elution fractions were identified by SDS-PAGE 

gel analysis (Figure D4).  The chromatograms for the 6xHis PC and EX showed an 

elution peak at ~2mL that lacks P22 coat or scaffold protein, which corresponded to a 

contaminant protein as described previously
315, 320

 (Figure D4).  

 

 

Figure 6.4.  Affinity chromatography using a Ni-HisTrap column showing that both the 

PC and EX  CP-6xHis/6xHis-SP141 bind to the column, while wtP22/6xHis-SP141 

capsids do not bind. 

 

Capsids displaying 6xHis tags on the CP C-terminus retain their assembled 

structures despite the chromatography conditions, as indicated by analysis of eluted 

fractions by dynamic light scattering and native agarose gel electrophoresis.  An agarose 

gel confirmed that the CP-6xHis sample eluted in peak Dii contained a population of P22 

capsids with the EX morphology (Figure D5).  Dynamic light scattering measurements 

showed diameters of approximately 60 nm for all four capsid samples after elution 

(Figure D6).  
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Since the CP-6xHis/6xHis-SP141 PC and EX samples bound to the Ni-resin,  

suggesting that the fused peptide was exposed on the exterior of the capsid, we prepared 

fluorescently labeled S39C CP/6xHisSP141 and S39C CP-Lyp-Cys/6xHis-SP141 capsids 

for  Fluorescence Activated Cell Sorting (FACS)  experiments.  To do this, the 

functionalizable cysteine (S39C) on the interior of each of the P22 capsids was labeled 

with Flourescein-5-maleimide (F5M).  The conjugated capsids were separated from 

excess F5M and the degree of labeling was quantified by UV-vis spectroscopy based 

upon the absorbance for each sample as well as a standard curve of F5M absorbance 

(Figure D7).  Covalent attachment of fluorescein to the CP was also confirmed by SDS-

PAGE (Figure D8). 

FACS analyses were conducted to investigate whether capsids displaying the Lyp-

Cys peptide fused to the C-terminus of the coat protein in either the PC or EX 

morphologies would bind to melanoma cells.  As shown in Figure 6.5, the S39C CP-Lyp-

Cys/6xHis-SP141 EX construct showed significant binding to the melanoma cells as 

compared to the S39C CP/6xHis-SP141 EX construct lacking the targeting peptide.  In 

contrast to the expanded morphology, the S39C CP-Lyp-Cys/6xHis-SP141 PC did not 

display enhanced binding over the S39C CP/6xHis-SP141 PC control.  An antibody 

recognizing avβ3 integrins, upregulated on these cells, was measured as a positive control 

for cell binding in the experiment, while the melanoma cells alone served as a negative 

control.   
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Figure 6.5.  FACS analysis of C32 melanoma cell suspensions plus capsids labeled with 

fluorescein-maleimide.  

 

 

Conclusion 

 

 

Modification of the exterior surface of the bacteriophage P22 capsid is important 

for the development of virus-like particles (VLPs) that have targeting and antigen 

presentation capability.  A series of mutant P22 capsids have been investigated in an 

effort to better determine the location of the CP C-terminus within the EX P22 capsid.  

The results presented here demonstrate that the CP C-terminus is a useful site for the 

attachment of targeting peptides and that the fusion of peptides at this location does not 

disrupt capsid assembly.  The S39C CP-LyP-Cys/6xHis-SP141 EX shows targeting to 

melanoma cells when compared with the S39C CP/6xHis-SP141 EX control.  However, 

the S39C CP-LyP-Cys/6xHis-SP141 PC did not show enhanced targeting compared to the 

S39C CP-Cys/6xHis-SP141 PC control.  Future studies include the removal of the alternate 

start codon in the capsid expression vector and investigating the targeting capacity of the 
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CP-VCAM1 construct.  In addition, this site holds promise for the presentation of 

antigenic peptides in a multivalent fashion that could activate B-cell responses in vivo. 

 

Materials and Methods 

 

Design of the Expression Vectors.  Two multiple cloning sites in a commercially 

available Novagen pRSFDuet™-1 (Kan
R
) were used to contain genes for scaffold protein 

and coat protein for the expression of capsids in E.coli.  Initially, the gene corresponding 

to the SP141 was amplified from a previously described assembler plasmid
119

 and ligated 

into the first multiple cloning site BamHI and SacI, resulting in a 6xHis tag present in the 

expression vector reading frame directly upstream of the SP141 gene.  The genes for 

three distinct P22 coat proteins (wt CP, CP-6xHis, and CP-LyP) were amplified out of the 

assembler plasmid
119

 using primers in Table 1 and were individually inserted into the 

second multiple cloning site of this vector.  The gene GFP-SP141 was digested out of a 

previously described pET 11a
+
 template containing GFP-SP141, K118C CP, and 

ampicillin resistance
119

.  This gene was incorporated into the second multiple cloning site 

using NdeI and SpeI/AvrII.  Nco I and XhoI/SalI were used to incorporate the CP-VCAM 

into the first multiple cloning site. 

The S39C point mutation was incorporated into the wt CP using established 

polymerase chain reaction protocols (Qiagen) to create S39C CP and S39C CP-LyP.  

Primers utilized for the amplifications and quick change steps are shown in Table 6.1.  

Novagen pRSFDuet™-1 vectors containing genes for capsid expression were 

transformed into E.coli strain XL1 electrocompetent cells.  Colonies resulting from each 
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ligation were screened for CP amplification by colony PCR.  Isolated plasmids from 

positive colonies were sequenced (Seqwright, Tx) for verification.  

 

 

Table 6.1.  This table shows the primers used for cloning of the P22 scaffold protein and 

coat proteins with C-terminal extensions into the pRSF vector.  

 

 

Capsid Expression and Purification.  Expression vectors for wtP22/6xHis-SP141, 

CP-6xHis/6xHis-SP141, CP-Lyp/6xHis-SP141, and CP-VCAM/GFP-SP141 P22 capsids 

were transformed into electrocompentant E.coli strain BL21 (DE3, Novagen).  One 

milliliter from an overnight culture was used to inoculate 1 L of LB supplemented with 

kanamycin.  Cells were grown in a shaker at 37°C to an OD600 of 0.6.  At this point, 

protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG).  Approximately 4h later, cells were pelleted by centrifugation and lysed with 

DNase, lysozyme, and RNase (Sigma Aldrich).  Sonication was utilized to disrupt the 

cells (3x for 2.5 min at 50% amplitude, pulse 0.5 sec on/off, Branson Digital Sonifier 

250, 200W, 20kHz).  Large cellular debris were removed through centrifugation (45 min 
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at 12,000 x g).  Subsequently, P22 capsids were pelleted through a 35% sucrose cushion 

for 50 min at 45,000 x g using ultracentrifugation (Sorval WX Ultra 80, Thermo 

Scientific).  Pellets were resuspended in phosphate buffered saline (10-30 mg/mL, pH 

7.6), and dialyzed to remove excess sucrose.  Size exclusion chromatography using a 

Sephacryl-500 column was completed as a final purification step using phosphate 

buffered saline (pH 7.0).   

To form the expanded shell morphology, procapsid samples were heated in a 

water bath at 65°C for 20 minutes.  Pelleting of these samples in the ultracentrifuge for 

50 min at 45,000 x g removed the P22 scaffold protein.  Pellets were resuspended in 

phosphate buffered saline (pH 7.0), and the P22 capsid concentration was determined 

with the absorbance at 280 nm using an extinction coefficient A280 = 1.4(mg/mL)
-1

. 

Capsid characterization by SDS-PAGE, Native Agarose Gels, Liquid 

Chromatography-Mass Spectroscopy (LC-MS), and Ni-NTA affinity chromatography 

was accomplished as described in chapter five of this work. 
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CHAPTER SEVEN 

 

 

TUNING IMMUNE RESPONSES?  MIXTURES AND MODIFIED CAGES 

 

 

Removal of Lipopolysaccaride from P22 Capsids 

 

 

 In much the same way as Sherlock Holmes might use a few stray hairs to identify 

a hound, the immune system recognizes minute amounts of lipopolysaccaride (LPS) shed 

from the outer membrane of bacteria as one of the first signs of bacterial invasion.  Initial 

recognition of LPS by the immune system is vital to fight further infection and prevent 

the overstimulation of inflammatory responses that result in septic shock.  LPS is a 

common contaminant in recombinant proteins, especially from those that are produced in 

bacterial expression systems such as E. Coli.  To avoid the adverse effects resulting from 

administration of bacterial lipopolysaccaride as a contaminant in protein cage 

preparations and to aid in understanding the role of LPS with protein cages in the lung 

immune responses, a protocol was developed to remove LPS from the bacteriophage P22 

capsid preparations.  

Ion exchange chromatography and/or affinity chromatography using the antibiotic 

polymixin B are common methods used for the removal of LPS from pharmaceutical 

mixtures.  Since the P22 capsid is easily pelleted by sequential ultracentrifugation steps, 

phase extraction proved to be a low cost, efficient method for LPS removal.  In a classic 

example of like dissolves like, the lipid A chain of LPS has a much higher solubility in 

the organic phase.  Separation of LPS was accomplished through the addition of 

surfactants, which likely resulted in the formation of mixed micelles, as described 
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previously upon the mixture of Triton X-100 with liposomes.  Subsequent pelleting of the 

P22 capsids allowed for removal of LPS with the supernatant.  Two surfactants, Triton X-

100 and Zwittergent 3-14 were both employed for the extraction of lipopolysaccaride 

from purified P22 capsids.  Triton X-100 is a commonly used nonionic surfactant for 

tissue culture applications and for the extraction and purification of membrane proteins.   

To remove the LPS from P22 capsids, 25 mgs of K118C P22 capsid was washed 

with a solution having a final concentration of 0.5% weight per volume Triton X-100 (in 

10mM TrisHCl and 50mM Imidazole at pH 8.0) at room temperature for 10 minutes.  

Capsids were then immediately pelleted in the ultracentrifuge (45,000 rpm x 50min, 

25°C), and resuspended in 2mLs of LPS phosphate buffered saline (PBS, Hyclone).  

Approximately 60% (16.1mgs) of the initial protein was recovered as accounted for by 

UV-visible spectroscopy after this step.  Subsequently, Zwittergent 3-14 was added to the 

remaining capsid at a final concentration of 1% wt/vol using the TrisHCl buffer described 

above, capsids were again mixed for 10 minutes at room temperature, pelleted, and 

resuspended in LPS free PBS.  A loss of approximately 55% of the protein occurred at 

this step, yielding 5.7mg.  This protein was rinsed with PBS in order to remove any 

remaining detergent, and capsids were again pelleted to concentrate the sample, resulting 

in 2.5mg of P22 capsid remaining.  

The retention of assembled capsids was observed using dynamic light scattering 

and transmission electron microscopy.  Dynamic light scattering measurements reveal 

particles of approximately 60 nm prior to the purification protocol (Figure 7.1A), after 

washing with Triton X-100 (Figure 7.1B), and within the end product (Figure 7.1D).  It is 
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interesting that the sample appears larger immediately after wash with Zwittergent 3-14.  

Transmission electron microscopy experiments were also carried out on the initial sample 

(Figure 7.1A and Figure 7.2) as well as the end product (Figure 7.1D and Figure 7.2), and 

further confirmed the presence of assembled capsids.  The Triton X-100 wash step was 

later repeated on two different P22 samples. 

 

 

Figure 7.1.  Dynamic Light Scattering measurements taken on the initial K118C EX P22 

sample (A), following treatment with Triton X-100 (B), following treatment with 

Zwittergent (C), and after a wash of the sample with PBS (D). 

 

 

 

Figure 7.2.  Transmission electron microscopy images of the initial P22 sample (left 

image) and the final sample after LPS removal with both detergents and washing with 

PBS (right image).  Zoomed insets on each image show the size measurements of P22 

particles in each sample. 

 

 

The amount of LPS present in 100 µg of each P22 sample was quantified by 

members of Allen Harmsen’s lab using limulus amebocyte lysate (LAL) assay.  The 

results indicate at least a ten fold reduction of the LPS occurs with each detergent wash, 



137 

 

 

 

and highlight the variability of LPS content between P22 samples (Figure 7.3).  An LAL 

assay conducted on the protein sample immediately after treatment with Zwittergent 

(prior to the final PBS wash) was also run, but the results were not interpretable due to 

extensive aggregation in the sample upon measurement, which correlates well with the 

DLS data presented in Figure 7.1C.  Both these results could be explained by remaining 

Zwittergent in the sample, which might both disrupt the LAL assay and lead to 

observation of large micellular structures in the dynamic light scattering data.   

 In hindsight, using a detergent with a lower cloud point may substantially 

improve the results of this protocol.  The cloud point of Triton X-100 has been reported 

to be approximately 65°C in water, and Zwittergent is reported as insoluble at 4C.  A 

detergent such as Triton X-114, with a cloud point of 22°C, may prove better for the 

room temperature extraction of LPS from P22 capsid for two reasons.  First, increased 

solubility might remove more of the LPS.  Secondly, increased solubility would result in 

a reduction of detergent concentration in the capsid pellet, which may improve the yield 

of capsids at each step.   

 

 
 

Figure 7.3 This shows the measured amount of LPS within 100 µg of each of the 

indicated P22 samples. 

 

 

LPS is a major component of the membrane of bacteria.  Our immune system 

recognizes LPS as an initial danger signal and makes strides to prevent and clear bacterial 

infection.  Tumor necrosis factor alpha IL-1, and IL-6 as well as other cytokines 
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produced from LPS activated monocytes serve as endogenous mediators of inflammatory 

responses.  However, the destruction of bacteria releases lots of LPS, and the excessive 

activation of monocytes can result in local inflammation that may lead to the destruction 

of tissues and organs, resulting in endotoxic (septic) shock.  Because LPS can elicit 

powerful inflammatory responses, it can act as a powerful adjuvant when administered 

with nanoparticle therapeutics and vaccine formulations.  This observation of “endotoxin 

tolerance” has led to research seeking novel approaches to stop the runaway train of 

inflammation that causes organ failure in septic shock.  Along these lines, there may be 

unharnessed, life saving potential for protein cages that can absorb and detoxify LPS. 

 

Conjugation of sHsp S121C to an Anti-CD40 Monoclonal Antibody 

 

Introduction 

The CD40 ligand (CD40L, CD154) functions as an important stimulator of 

inflammatory host immune responses as a result of interactions with the CD40 receptor 

(CD40)
321

.  The interaction of CD40L with CD40 has been shown to play a vital role in 

the resolution of Pneumocystis carinii pneumonia in mice
322

, and has also been 

implicated in the activation of B-cells and the formation of germinal centers
177

.  

Interestingly, accelerated antibody responses to influenza challenge subsequent to 

Pneumocystis infection indicate iBALT within the lungs of the Pneumocystis infected 

animals
323

.  Further studies revealed that inflammatory responses and iBALT formation 

was observed in the lungs following intratracheal administration of a monoclonal anti-

CD40 antibody (CD40 mAb), which is a CD40 agonist
215

.   
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Since the presence of iBALT in the lungs is associated with influenza protection, 

we sought to explore whether conjugation of the CD40 mAb to the sHsp platform would 

offer protection against influenza.  An observation that the co-administration of a sHsp 

and CD40 mAb mixture resulted in decreased influenza viral titers after administering a 

lower dosage of the small heat shock protein was also a major motivation for these 

experiments.  Additionally, conjugation forces the co-localization of the sHsp and CD40 

mAb, which might otherwise be processed at separate locations.  Therefore, differences 

that exist between conjugated and mixed samples may provide insights or a starting point 

to investigate the immunological processing mechanisms of these materials in the lung.  

The lack of sequence information, the posttranslational glycosolation, and the large size 

of the CD40 mAb provided significant barriers to the genetic incorporation on the 12 nm 

sHsp platform, so we opted to use a chemical cross-linking strategy.  In this particular 

case, the use of a display strategy with less directional specificity seems justifiable when 

both ends of a molecule displayed on a surface have effector functions.  It has been 

reported that the co-engagement of both the CD40 binding region and the Fc domain of 

an agonistic CD40 antibody were required for immune activation
324

. 

 

Results  

 

The CD40 monoclonal antibody was chemically conjugated to the S121C sHsp 

platform using the SM(PEG)2 heterobifunctional cross-linking reagent (Thermo 

Scientific).  Briefly, lysines on the CD40 mAb were reacted with the n-

hydroxysuccinimide ester on the linker.  Then the maleimide functionalized CD40 mAb 

was quickly purified away from excess linker by size exclusion chromatography.  
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Immediately following elution, the antibody fractions were concentrated and combined 

with sHsp S121C, which has a reactive cysteine on the protein cage exterior.  Figure 7.4 

shows the reaction scheme and conditions used for conjugation.  The linking reaction was 

allowed to proceed at room temperature, and then capped with N-ethyl maleimide to 

block reactive sulfhydryls on the surface of sHsp S121C.  Control samples consisting of 

the same concentrations of sHsp, maleimide functionalized CD40 mAb, or a mixture of 

unlabeled CD40 mAb with sHsp at similar concentrations were treated in the same 

manner. 

 

 

Figure 7.4.  This reaction scheme details the cross-linking of the CD40 mAb to the sHsp 

S121C protein cage to form conjugated species. 

 

 

Covalent cross-linking of the CD40 mAb was screened for by SDS-PAGE 

analysis and anion exchange chromatography allowed for the purification of the 

conjugated species away from unconjugated CD40 mAb.  After the linking reaction, the 

four samples were run on a reducing SDS-PAGE gel (Figure 7.5A).  The appearance of a 

higher molecular weight band at 66kDa within the cross-linked sample, indicated by an 

asterisk in Figure 7.5Aii, was observed for the linking reaction, but not for the control 
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samples (Figures 7.5Ai, 7.5Aiii, and 7.5Aiv).  This provides evidence for covalent cross-

linking, and is the expected size corresponding to the linking of an sHsp S121C subunit 

to the heavy chain of the CD40 mAb.  Anion exchange chromatography revealed distinct 

elution times for the CD40 mAb and the sHsp S121C cage (Figure 7.5B).  The elution 

profile for the cross-linking reaction exhibited a shoulder preceding the sHsp S121C 

elution, which was isolated as the conjugated species based upon SDS-PAGE gel analysis 

of the elution fractions (Figure 7.5C).  Although the presence of the 66kDa band 

indicated the linked species was also present in the fractions eluting as later than 16 mL 

on the chromatogram (corresponding to the 6 lanes on the far right on the gel in Figure 

7.5C), these fractions were not included in order to avoid free sHsp within the conjugated 

sample.  

 

 

Figure 7.5.  Part A shows the four different samples after the conjugation reaction, but 

prior to purification by anion exchange chromatography. i) Mixture of CD40 mAb with 

sHsp S121C, ii) Conjugate: CD40 mAb-SM(PEG)2 with sHsp S121C, with a red asterisk 

indicating 66kDa band not observed in the control samples, iii) sHsp S121C, and iv) 

CD40 mAb-SM(PEG)2.  Part B shows the elution profiles of the conjugate, sHsp S121C, 

and CD40 mAb-SM(PEG)2 off of the Mono Q anion exchange column with increasing 

NaCl concentration.  The highlighted region indicates the pooled fractions in the final 

conjugated sample.  Part C shows an SDS-PAGE gel of fractions from the elution of the 

conjugated sample off the column, and identifies the pooled fractions. 
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To estimate the number of CD40 mAbs on the sHsp S121C cage and to verify 

comparable amounts of protein within each of the samples to be used for in vivo 

experiments, the samples were characterized by SDS-PAGE.  The 66 kDa band is clearly 

visible within the purified conjugated species, but not within the other samples (Figure 

7.6A).  Densitometry analysis of the lane containing purified conjugate on the SDS-

PAGE gel (Figure 7.6A) was used to estimate the percent contribution of each of the 

bands within this lane to the total amount of protein detected.  Using this information and 

the assumption that the 50 kDa antibody heavy chain will contribute approximately two 

thirds of the observed intensity to the 66 kDa band, corresponding to the linkage of it 

with a 16.5 kDa sHsp subunit, the ratio of sHsp cage subunit to unlinked cage subunit 

was calculated to be 0.07.  This equates to a distribution of two CD40 mAbs per sHsp 

cage within the conjugated sample. 

A western blot confirmed the presence of both CD40 mAb and sHsp subunit 

within the conjugated material (Figure 7.6B and C), and each of the samples were then 

administered to mice to assay for protection generated against influenza virus.  Western 

blots which individually detected for sHsp (Figure 7.6B) and CD40 mAb (Figure 7.6C) 

within the conjugated sample revealed bands at 66 kDa.  A band at roughly 47 kDa also 

appeared on both blots and might result from the linkage of antibody light chain (25 kDa) 

to sHsp subunit (16.5 kDa).  For the in vivo experiments, each of the following protein 

samples were administered 3x intratracheally for pretreatment of three different groups:  

sHsp S121C, a mixture of sHsp S121C with CD40 mAb, or conjugated sHsp S121C-

CD40 mAb.  A fourth group of animals was given phosphate buffered saline as a 
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pretreatment.  Animals were then challenged with a lethal dose of influenza virus, and the 

weight of the animals was monitored daily over the course of the infection.  

Unfortunately, as indicated in Figure 7.6D, all of the groups lost weight rapidly as a result 

of infection, and significant differences were not observed according to the different pre-

treatments.  

 

 

Figure 7.6.  Characterization of the samples used for in vivo experiments.  The same 

samples were analyzed via A) SDS-PAGE, B) Western Blot with detection for sHsp, and 

C) Western Blot with detection for CD40 mAb.  A 66 kDa band is present within the 

conjugated sample in parts A,B, and C, indicating the linking of the CD40 mAb to sHsp 

S121C subunit.  Part D shows the weight changes of mice primed 3x with sHsp S121C 

with CD40 mAb, conjugated sHsp S121C-CD40 mAb, or phosphate buffer.  The 

averaged value for three animals within each group is plotted, and error bars represent the 

standard deviation. 

 

Discussion and Conclusion 

 The CD40-specific mAb is known to generate inflammatory responses in the 

lungs, and overstimulation of inflammatory responses could be detrimental to fighting 

subsequent infection.  In addition, the in vivo experiment assaying for differences in 

protection was designed in order to repeat and supplement prior experiments with the 

sHsp protein cage and the CD40 mAb.  For both of these reasons, a previously identified 

dosage of the sHsp and CD40 mAb mixture found to reduce viral titers in the lung was 
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administered.  Unfortunately, the mixture, which was expected to afford protection based 

upon the previous data, did not result in a protective phenotype as monitored by retention 

of body weight after influenza infection.  Since the dosage of sHsp used was also below 

the minimal dosage of 10µg that has been previously shown to result in iBALT formation 

and associated protection against influenza, it may be that too little protein was 

administered to observe a phenotypic difference in protection between the groups.  The 

mAb CD40 in the mixture used for in vivo experiments was not labeled with linker.  It is 

possible that the heterobifunctional linker attached to the CD40 mAb interfered with the 

binding of conjugated antibodies with the CD40L, so would be interesting to monitor the 

targeting of CD40-conjugated by fluorescence activated cell sorting or to use a mixture 

contained mAb functionalized with linker for any similar experiments carried out in the 

future. 

The chemical cross-linking of two large proteins to create soluble cross-linked 

complexes is less straightforward than indicated by the surplus of commercially available 

protein cross-linking reagents.  The linker must be sufficiently long to bridge the gap 

between the two non-interacting proteins.  It must also be attached at a location that 

allows the extension of the linker away from the surface of the proteins to be conjugated, 

or the length of the linker may be irrelevant.  Perhaps this is why successful conjugation 

of the CD40 mAb to sHsp was accomplished with a cross-linking reagent which had a 

hydrophilic polyethylene glycol spacer, but not with cross-linkers of the same or greater 

length for which the spacers were composed of aliphatic chains.  For application of the 

cross-linked complexes to the lung using this strategy, it was also important to carefully 
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control the stoichiometry of the linker to avoid the formation of large insoluble cross-

linked complexes.  

Despite challenges, the covalent cross-linking of a CD40 mAb to the sHsp S121C 

protein cage platform was successfully accomplished.  From the entire synthesis of the 

Ab-cage conjugated construct, 300 µg of the cross-linked construct were obtained from 

an initial input of 1.8 mg of antibody and 2.4 mg of sHsp.  The isolated product 

represented seven percent of the total protein input.  These amounts exclude the protein 

required to run the controls used for the in vivo experiment.  The polydispersity of the 

final conjugated product complicates the characterization, and might be mitigated if a site 

specific labeling location, such as a C-terminal residue, was used for attachment of the 

linker.  Alternatively, a soluble CD40 ligand (sCD40L), which has been previously 

expressed as part of a fusion protein
325

 provides a more feasible target for genetic design 

of protein cages that trigger CD40 activation. 

 

Materials and Methods 

The CD40 mAb was obtained from the Harmsen lab at Montana State University.  

To remove any tris(hydroxymethyl)aminomethane  (TRIS buffer) that would interact 

with the cross-linking reagent, the CD40 mAb was purified by size exclusion 

chromatography using a Superose 6 column in a buffer containing 50mM Phosphate, 

100mM NaCl, 1mM EDTA at pH 7.3.  It was then concentrated with a 10k MWCO 

amicon filter to 3.4 mg/mL.  A commercially available linker, SM(PEG)2 from Thermo 

Scientific, was dissolved in DMSO at a stock concentration of 250mM.  This stock 

solution was diluted tenfold in the buffer above and added to the antibody at a 7 fold 



146 

 

 

 

molar excess per antibody molecule.  The reaction was stirred at room temperature for 26 

minutes, followed by size exclusion chromatography to remove the excess linker. 

Approximately 78% of the total antibody in the labeling reactions was recovered from 

size exclusion.  

The Ab labeled with the SM(PEG)2 linker was mixed immediately with sHsp 

S121C, which had been concentrated to 5.9 mg/mL shortly before mixing.  The total time 

from the addition of the linker to the mAb to the start of this reaction was 1.5 hrs, which 

is important due to the gradual hydrolysis of the maleimide end of the linker in these 

conditions.  After stirring 3.5 hrs, the free sulfhydryls on the sHsp cage were capped by 

using a 10 fold molar excess of N-ethyl maleimide (NEM) per sHsp subunit  from a stock 

solution of 100 mg/mL in DMSO.  This mixture was stirred for 2.5 hrs at room 

temperature.  Control reactions containing only sHsp S121C or labeled mAb CD40 were 

capped with NEM in the same manner.  At this point, 6 µL of the samples were removed 

and for SDS-PAGE analysis, and the remaining sample was dialyzed at 4ºC into 25 mM 

TEA pH 7.1 for anion exchange. 

After dialysis, the reactions were purified using a Mono Q anion exchange 

column with a gradient of 0M to 1M NaCl in 25 mM TEA at pH 7.2.  The samples were 

then concentrated approximately 4 fold with a 10 kDa amicon filter.  The concentrations 

of the antibody and sHsp samples were determined based on the UV absorbance at 

280nm and the calculated extinction coefficients for the proteins (0.93 mL/mg for mAb 

and 0.50 mL/mg for sHsp).  Assuming a 1:1 molar ratio of antibody to cage in the x-

linked construct, and that the absorbance values of each of the proteins individually were 
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additive in the linked species, I adjusted the concentration of the linked sample to give a 

280nm absorbance of 0.855.  Using the above logic, this corresponds to an sHsp S121C 

concentration of 1.00 mg/mL and an antibody concentration of 0.38 mg/mL in the linked 

sample.  A mixed sample containing 1 mg/mL sHsp cage (control in the linking 

experiment) and 0.38 mg/mL Ab without the SM(PEG)2 linker was also prepared. 

For SDS-PAGE analysis, samples were mixed with 4x loading buffer containing 

dithiothreitol (DTT) and heated in a boiling water bath for 10 minutes prior to loading on 

tris-glycine gels with a 4% polyacrylamide stacking gel and a 15% polyacrylamide 

running gel.  Gels were run at a constant current of 35 mA for approximately 1 h. 

Experimental details for Western blot are described here.  One µL (1µg cage, 0.38 

µg Ab) of each of the samples was run on an SDS-PAGE gel, after which the proteins 

from the gel were transferred (2 hr, 200 mAmps) to a nitrocellulose membrane.  The 

membrane was blocked overnight in TBS with 0.05% Tween 20, and 5% casein.  The 

membrane was cut in half.  One half of the membrane was incubated in an anti-rat Ab 

conjugated to alkaline phosphatase in blocking solution, washed, and incubated in 

NBT/BCIP substrate mixture to detect for the CD40 mAb.  The other half of the 

membrane was incubated with anti-sHsp Ab from rabbit in blocking solution, followed 

by incubation with a goat anti-rabbit HRPO conjugate in blocking solution.  The cage on 

this half of the membrane was detected with HRPO substrate. 
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CONCLUSION 

 

The research described in this thesis explores genetic and chemical methods to 

probe the structure of protein cages in order to maximize their potential for nanomedical 

and nanomaterials applications.  Genetic modifications revealed that the C-terminus coat 

protein C-terminus within the P22 is accessible from the exterior of the P22 capsid.  This 

structural information allowed for the successful design of capsids that form inter-capsid 

interactions in solution and can be layered on surfaces to facilitate the assembly of 

hierarchical structures.  This technology can be expanded upon for the creation of 

materials, which may exhibit emergent properties upon assembly. 

Chapter six detailed the display of targeting peptides on P22 capsids and the 

successful application of the C-terminal location for targeting of melanoma.  Predicting 

the responses generated based upon the protein cage structure and structural 

modifications continues to be an intriguing challenge, and studies here have revealed that 

the local environment at the site of administration plays a role in the response.  This 

information can continue to be exploited in combination with genetic engineering to 

display antigens on the P22 capsids in a way that closely mirrors the presentation of 

antigenic epitopes on pathogens. 

Chemical cross-linking strategies to covalently attach an antigen to the sHsp 

architecture and show that primary antibody responses to the antigen can be dramatically 

accelerated after animals are challenged with the antigen-sHsp conjugate.  These 

responses mirror the responses to the sHsp itself, indicating that the sHsp cage can serve 

as a carrier for antigens in the lung environment.  With each round of protein cage 
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modification and in vivo administration more is learned about the ways in which these 

platforms can be used to treat disease.  These studies provide a foundation for 

understanding the role of protein cage modification to afford protection at mucosal 

surfaces, and are the first step toward vaccination strategies that could offer non-

inflammatory protection against emerging respiratory viruses.   
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Figure A1.  This SDS-PAGE gel shows the ovalbumin sample prior to conjugation with 

SM(PEG)n linkers (A), and OVA labeled with SM(PEG)6 (B). 

 

 

 

Figure A2.  Anion exchange chromatography was utilized to separate sHsp, OVA, and 

the conjugated species.  The samples were eluted from a MonoQ anion exchange column 

with a salt gradient from 0-1 M NaCl.  The OVA-sHsp conjugate elutes at higher salt 

concentration than the OVA, and appears as a shoulder to the left side of the sHsp 

elution. 

 

 

 

Figure A3.  The ratio of OVA to sHsp cage within the mixed sample was determined by 

densitometry analysis of Western Blots.  A dilution series of the linked sample appears 

on both blots (lanes vii-xii).  The blots show detection for sHsp (A) with an sHsp dilution 

series (Ai-Avi) and detection for OVA (B) with an OVA dilution series (Bi-Bvi). 
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Figure A4.  The molecular weights of cross-linked proteins within the linked sample were 

determined by SDS-PAGE.  This gel displays the Precision Plus Dual Color Std (A), 

OVA-sHsp conjugate (B), Sigma Wide Range Marker (C), and Invitrogen Benchmark 

PreStained Ladder (D).  Arrows and numbers indicate predicted molecular weights of the 

bands within the conjugated sample. 

 

 

 

Figure A5.  Size exclusion chromatography was utilized to compare the sizes of particles 

within the samples used for in vivo experiments.  Chromatograms show that the OVA-

sHsp conjugate contains a distribution of molecular species that elute at earlier times than 

those in the other samples. 
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Figure A6.  Dynamic light scattering measurements show the average diameter of the 

particles within the solutions used for in vivo experiments.  Points on the graph 

correspond to seven measurements of the average diameter in the sample, and the error 

bars to represent the standard deviation of the average measurements.  The samples 

shown are maleimide functionalized OVA (A), sHsp S121C (B), OVA + sHsp admixture 

(C) and the OVA-sHsp conjugate (D).  The range of average diameters based on the 

intensity measurements on the samples repeated 6X are 6-9.9 nm for OVA, 15.1-17.3 nm 

for the admixture 15.6-18.1 nm for sHsp S121C, and 29.9-41.0 nm for the OVA-sHsp 

conjugated sample. 

 

 

 

Figure A7.  sHsp pretreated TLR4-/- mice are protected from influenza-associated weight 

loss.  LPS-irresponsive TLR4-/- or C57BL/6 wild-type control mice were pretreated with 

sHsp or PBS in five doses i.n., rested for 72 hours, and then challenged with 1500 pfu 

PR8 influenza.  Body weights were measured daily to determine disease severity.  

Statistics: At days 5 through 8 of influenza infection, the C57BL/6 sHsp pretreated group 

maintained significantly more body weight as compared to the C57BL/6 PBS group, as 

indicated by (*’s), while the TLR4-/- sHsp pretreated group also retained significantly 

more body weight as compared to the TLR4-/- PBS pretreated group, as indicated by 

(^’s). 
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Figure A8.  The relative conjugation efficiency of OVA to sHsp for a matrix of reaction 

conditions was analyzed via SDS-PAGE.  These gels show the reaction of maleimide 

functionalized OVA with sHsp S121C (A and E), sHsp E102C (B and F), or sulfhydryl 

functionalized sHsp G41C (C and G).  The maleimide functionalized OVA was reacted 

with either a 2 fold (A-D) or 20 fold molar excess (E-H) of SM(PEG)n linker, where n= 

2, 6, or 12, prior to reaction with sHsp.  Lanes on the gels show the reactions utilizing 

linkers of increasing length and correspond to sHsp only (i), OVA + sHsp labeled with 

SM(PEG)2 (ii), OVA + sHsp labeled with SM(PEG)6 (iii), and OVA + sHsp labeled with 

SM(PEG)12 (iv).  Panels D and H show controls of the OVA labeled with SM(PEG)2 (ii), 

SM(PEG)6 (iii), or SM(PEG)12 (iv). 

 

 

 

Figure A9.  The positions of the reactive cysteines (red spheres) on the sHsp crystal 

structure
156

 for S121C (A), E102C (B), and G41C (C).  The lysines on the sHsp G41C 

that were successfully labeled with N-hydroxy succinimide are shown as blue spheres, 

which represent SPDP labeling of the amines to create sulfhydryl moieties at these 

locations.  These images were produced using the UCSF Chimera
167

 package from the 

Resource for Biocomputing, Visualization, and Informatics at the University of 

California, San Francisco (supported by NIH P41 RR001081). 
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Figure A10.  Western Blots were utilized to identify OVA and sHsp within the protein 

bands at higher molecular weights.  OVA was labeled with a 2-fold molar excess of 

either SM(PEG)2, SM(PEG)6, SM(PEG)12 linker and reacted with sHsp S121C.  The 

panels correspond to detection of the blots with either OVA (A) or sHsp (B).  The lanes 

in panel A are sHsp (i), OVA + sHsp labeled with SM(PEG)2 (ii), OVA + sHsp labeled 

with SM(PEG)6 (iii), OVA + sHsp labeled with SM(PEG)12 (iv), OVA labeled with 

SM(PEG)12 (v), and OVA (vi).  The lanes in panel B correspond to OVA (i), OVA 

labeled with SM(PEG)12 (ii), OVA + sHsp labeled with SM(PEG)12 (iii), OVA + sHsp 

labeled with SM(PEG)6 (iv), OVA + sHsp labeled with SM(PEG)2 (v), and sHsp (vi). 
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Figure B1.  This figure shows the purification of seven different constructs packaging the 

mCherry fluorophore from an Sepharose 500 size exclusion column.  Fractions from the 

center of the large peak at approximately 63 mL, corresponding to the size of P22 

procapsids, were pooled for subsequent studies. 

 

 

 

Figure B2.  Analysis of the mCherry constructs by SDS-PAGE reducing gel.  Bands for 

both the P22 coat protein and mCherry-SP can be observed for each of the following 

constructs on the gel above: A) wtCP/ mCherry-SP141(C140A), B) M338C CP/ 

mCherry-SP141(C140A), C) S39C CP/mCherry-SP141(C140A), D) K118C 

CP/mCherry-SP141(C140A), E) wtCP/ mCherry-SP141(C140), and F) CP-

431C/mCherry-SP141(C140A). 

 

 

2000

1500

1000

500

0

m
A

b
s
 (

2
8
0

 n
m

)

100806040200

Elution Volume (mL)

 wtCP         / mCherrySP141 (C140A)
 CP-431C    / mCherrySP141 (C140A)
 M338C CP / mCherrySP141 (C140A)
 K118C CP / mCherrySP141 (C140A)
 S39C CP   / mCherrySP141 (C140A)
 C405T CP  / mCherrySP141 (C140A)
 wtCP         / mCherrySP141 (C140)

 



159 

 

 

 

 

Figure B3.  Electrospray ionization mass spectroscopy of the following P22 procapsids 

packaging mCherry-SP: A) wtCP/ mCherry-SP141(C140A), B) CP-431C/mCherry-

SP141(C140A), C) M338C/ mCherry-SP141(C140A), D) K118C/mCherry-

SP141(C140A), E) S39C/mCherry-SP141(C140A), and F) wtCP/ mCherry-

SP141(C140). 
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Figure B4.  This graph shows the high labeling of the wtCP/mCherry-SP141(C140A) 

capsids compared to the other P22 capsids after addition of five fold molar excess of 

fluorescein-5-maleimide per P22 subunit.   

 

 

 

Figure B5.  This figure shows two electrospray ionization mass spectra of P22 procapsids 

with packaged mCherry-SP.  The top spectrum shows a measurement of a P22 coat 

protein for which the endogenous cysteine C405 has been knocked out (C405T 

CP/mCherry-SP141(C405T).  The lower spectrum was taken of the wtCP/ mCherry-

SP141(C140A) using the same instrument calibration as used during the measurement of 

the top spectrum in order to confirm the change in mass corresponding to the C405T CP 

mutation.  
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Figure B6.  These electrospray ionization mass spectra show the labeling of P22 coat 

protein subunits with fluorescein-5-maleimide.  A mass addition of 427 Da is upon single 

labeling of the P22 subunits.  A) wtCP/ mCherry-SP141(C140A), B) CP-431C/mCherry-

SP141(C140A), C) M338C/ mCherry-SP141(C140A), D) K118C/mCherry-

SP141(C140A), E) S39C/mCherry-SP141(C140A), and F) wtCP/ mCherry-

SP141(C140). 

 

 

 

Figure B7.  Dynamic light scattering measurements revealed that capsids remain intact 

and relatively monodisperse subsequent to labeling with fluorescein-5-maleimide.  A) 

wtCP/ mCherry-SP141(C140A), B) CP-431C/mCherry-SP141(C140A), C) M338C/ 

mCherry-SP141(C140A), D) K118C/mCherry-SP141(C140A), E) S39C/mCherry-

SP141(C140A), and F) wtCP/ mCherry-SP141(C140). 
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Figure B8.  Absorption spectra of each of the mCherry capsids with or without labeling 

with fluorescein-5-Maleimide.  Samples labeled with F5M are shown in solid lines, while 

the corresponding unlabeled mCherry samples are depicted as dashed lines of the same 

color.  

 

 

 

Table B1.  A comparison of the expected molecular masses of the different P22 coat 

proteins and scaffold proteins is compared with the values obtained via mass 

spectroscopy (above).  Each letter corresponds to the letter of the spectrum in figure B3. 
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Table B2.  A comparison of the expected and observed masses of the different P22 coat 

proteins labeled with F5M as shown in the spectra in figure B7.  The addition of 18 Da 

subsequent to labeling is likely a result of a bound water molecule.  
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Figure C1.  Images of the Salmonella Enterobacteria Phage P22 Capsid based upon cryo 

electron microscopy models published by Chen et al
164

 and Parent et al
123

 are shown 

above.  The P22 procapsid coat protein (A: PDB 2XYY as also shown in Figure 5.1 of 

the manuscript) can be assembled in vivo from 425 copies of a 430 amino acid coat 

protein (CP).  The P22 procapsid has been previously shown to undergo thermally 

induced morphological transformations
113, 326

 to an expanded morphology (B: PDB 

2XYZ for virion coat protein and C: PDB 3IYI for expanded head coat protein) and 

wiffleball morphology (D: PBD 3IYH).  Zoomed versions of the pentamer and hexamer 

units shaded on the whole capsid are shown as viewed from the capsid exterior.   

On the pentamer and hexamer units, the last seven C-terminal residues present 

each model are highlighted (shaded orange to red).  This corresponds to amino acid 

residues 419-425 for the models published by Chen et al
164

 (A and B), and residues 422-

428 for the models published by Parent et al
123

 (C and D).  The relative position of 

residues on the capsid interior (right of dashed line indicating capsid curvature) or 

exterior (left of dashed line) can be more clearly observed upon rotation of these zoomed 

images 90°.  The CP C-terminus extends toward the capsid exterior in each model.  Since 

the five residues on the C-terminus of the procapsid coat protein structure (A) are not 

included in the model, we focused the manuscript on probing the location of the 

procapsid CP C-terminus biochemically.  Future experiments will investigate the capacity 

for exterior display of the CP C-terminus in the other two P22 morphologies.  Images 

were created using UCSF Chimera (version 1.6.2) from the Resource for Biocomputing, 

Visualization, and Informatics at the University of California, San Francisco
167

.  
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Figure C2.  Size exclusion chromatography (Sephacryl 500 column) was used as the final 

purification step for the P22 procapsids.  The elution fractions from the peak at 65mL 

(red box), corresponding to the assembled P22 procapsids, were collected and pooled for 

each sample.  The elution peak at observed at approximately 48 mL in the purifications 

typically corresponds to aberrant assemblies of the P22 coat protein
327

, and was therefore 

discarded. 

 

 

 

Figure C3.  SDS-PAGE analysis of purified P22 constructs.  An E.coli protein, OmpF, 

has been previously documented to co-purify with our P22 capsids
320

.  A) Molecular 

Weight Marker,  B) wtCP/wtSP,  C) wtCP/6xHis-SP141,  D) CP-6xHis/6xHis-SP141,  E) 

CP-K-coil/6xHis-SP141,  F) CP-E-coil/6xHis-SP141, G) wtCP/mCherrySP141(C140A),   

H) CP-431C/mCherrySP141(C140A), I) wtCP/mCherrySP141(C140A) + NEM,  and J) 

CP-431C/mCherrySP141(C140A) + NEM. 
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Figure C4.  Size exclusion chromatography coupled to multi-angle light scattering and 

quasi elastic light scattering.  Data on each novel P22 procapsid construct indicates the 

presence of monodisperse, intact capsids with similar dimensions and molecular weight 

to wtP22.  The wtCP/mCherrySP141(C140A) and CP-431C/mCherrySP141(C140A) 

constructs are shown prior and subsequent to reaction with N-ethylmaleimide (NEM). 
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Figure C5.  Liquid Chromatography-Mass Spectroscopy (LC-MS) data from each 

purified P22 constructs, including wt/mCherrySP141(C140A) and CP-

431C/mCherrySP141(C140A) after reaction with N-ethymaleimide (NEM).  The raw m/z 

data as well as each deconvoluted spectrum is shown. 
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Figure C6.  Summary of the Liquid Chromatography-Mass Spectroscopy (LC-MS) Mass 

spectroscopy data shown in Figure C5.  The mass measured for each P22 coat protein 

(CP) on the ESI-TOF instrument matches the mass of the coat protein as calculated from 

the expected amino acid sequence for each purified or N-ethylmaleimide (NEM) labeled 

construct. 

 

 

 

Figure C7.  SDS-PAGE gel (left) and Western blot analysis (right) of the following:       

A) Molecular weight standard, B) CP-6xHis/6xHis-SP141, C) wtCP/wtSP, and D) 

wtCP/6xHis-SP141.  The right panel shows a western blot of the same samples with 

detection for the 6xHis epitope.   
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Figure C8.  UV-visible spectra of wtCP/mCherrySP141, wtCP/mCherrySP141(C140A), 

and CP-431C/mCherrySP141(C140A) A) unmodified P22 procapsids prior to 

flourescein-5-maleimide (F5M) labeling and B) capsids after labeling with F5M.  Spectra 

were measured in a denaturing solution of 6M Guanidine HCl, 50mM Phosphate, 100mM 

NaCl at pH 7.7.  The UV-visible absorbance spectra of F5M solutions at a series of 

concentrations were recorded and the absorbance values at 499 nm (C) and 280 nm (D) 

were plotted versus concentration to calculate the F5M extinction coefficients for F5M 

under these conditions.  The extinction coefficients for F5M (shown as the slope of the 

line) were utilized in combination with the recorded absorbance values of P22 capsid (Ex 

280, 0.98) to calculate the number of F5M/P22 capsid as shown in part (E). 
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Figure C9.  Liquid Chromatography-Mass Spectroscopy (LC-MS) Mass spectroscopy 

data showing the CP subunit mass from each mCherry construct prior to labeling with 

Flourescein-5-Maleimide(F5M, A-C) and subsequent to labeling with F5M (D-F).  The 

raw m/z data as well as each deconvoluted spectrum are shown.  The expected addition of 

427 Da, corresponding to F5M labeling of the CP, is observed by mass spectroscopy on 

the CP-431C/mCherrySP141(C140A), but not on the wtCP/ mCherrySP141 or 

wtCP/mCherrySP141(C140A) coat proteins. 
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Figure C10.  Pictures of wtCP/mCherrySP141(C140A) and CP-

431C/mCherrySP141(C140A):  A) prior to labeling with N-ethylmaleimide (NEM), Ai) 

after pelleting of both NEM labeled and unmodified constructs, B) after resuspension in 

PBS, and C) after resuspension in PBS with 5mM DTT.  Image D shows a close up 

image of the insoluble pink particulate observed in the CP-431C/ mCherrySP141(C140A)  

sample upon resuspension in PBS.  The yield of resupended protein at each step was 

quantified by UV-visible spectroscopy.  When resuspended in PBS (B),  approximately 

54% of wtCP/ mCherrySP141(C140A)  and 46% of CP-431C/ mCherrySP141(C140A) 

+NEM were recovered.  In contrast, only 2% recovery was observed for the unmodified 

CP-431C/mCherrySP141(C140A)  construct (B).  Upon addition of dithioltheitol (DTT, 

5mM), 88% of the CP-431C/mCherrySP141(C140A)  was recovered, compared  to 82% 

of the wtCP/ mCherrySP141(C140A)  capsid, and 91% of the CP-431C/ 

mCherrySP141(C140A) + NEM(C). 
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Figure C11.  Representative dynamic light scattering data resuspended A) 

wtCP/mCherrySP141(C140A), and B) CP-431C/mCherrySP141(C140A)  after addition 

of DTT to 5 mM.  In both cases, the calculated particle diameter is ~60 nm, indicative of 

assembled P22 procapsids. 

 

 

 

Figure C12.  UV-visible spectra of the CP-E-coil/6xHis-SP141 and CP-K-coil/6xHis-

SP141 capsids mixed at 1mg/mL, showing a dramatic increase in scattering when 

compared with each sample individually or when mixed with capsid with wtCP/6xHis-

SP141. 
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Figure C13.  The figure displays the forward and reverse primers utilized to create the 

novel P22 expression vectors, which each contained one copy of scaffold protein and one 

copy of coat protein.  The SP141 primer was utilized to amplify the gene for the scaffold 

protein.  The SP141 gene was then inserted into the first multiple cloning site (MCSI) of 

the pRSF vector downstream from the 6xHis epitope sequence, resulting in a vector 

expression system for the 6xHis-SP141.  The genes for the wtCP or CP-6xHis were 

created via PCR amplification utilizing the wtCP and CP-6xHis primers, and were each 

inserted into multiple cloning site II of a pRSF vector containing SP141 in MCSI.  Quick 

change PCR reactions utilizing the CP-C118K, SP-C140A, and/or CP-431C primers were 

carried out on a previously described template (a pET 11a
+
 expression vector containing 

K118C CP/mCherry-SP141)
119

 to generate the wtCP/mCherry-SP141, wtCP/mCherry-

SP141(C140A) and CP-431C/mCherry-SP141(C140A) constructs.  Throughout the 

manuscript and supplemental, P22 constructs are named with the notation:  coat 

protein/scaffold protein.  The gene sequences for each of the coils were individually 

ligated into the pRSF vector with SpeI/XhoI, replacing the 6xHis sequence in the CP. 
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Figure D1.  SDS-PAGE analysis of P22 procapsids.  A) molecular weight standard, B) 

wtCP/6xHis-SP141, C) CP-6xHis/6xHis-SP141, D) S39C CP/6xHis-SP141, E) S39C CP-

LyP-Cys
 
/6xHis-SP141, F) wtCP-VCAM/6xHis-SP141, G) wtCP-VCAM/GFP-SP141, and 

H) CP-Gly6xHis/6xHis-SP141. 

 

 

 

Figure D2.  Liquid Chromatography-Mass Spectroscopy (LC-MS) Mass spectroscopy 

data showing the charge envelope for each of the following P22 capsids: A) wtCP/6xHis-

SP141, B) S39C CP/6xHis-SP141, C) S39C CP-LyP-Cys
 
/6xHis-SP141, D) wtCP-

VCAM/6xHis-SP141, E) CP-6xHis/6xHis-SP141, and F) CP-Gly6xHis/6xHis-SP141. 
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Figure D3.  Images of the spectra resulting from deconvolution of the charge envelopes 

displayed in Figure D2.  Peaks show the values for the observed mass of the coat protein 

in each of the following samples: A) wtCP/6xHis-SP141, B) S39C CP/6xHis-SP141, C) 

S39C CP-LyP-Cys
 
/6xHis-SP141, D) wtCP-VCAM/6xHis-SP141, E) CP-6xHis/6xHis-

SP141, and F) CP-Gly6xHis/6xHis-SP141. 

 

 

 

Figure D4.  Figure 6.4 is reprinted here, along with an SDS-PAGE reducing gel analysis 

of fractions containing A) wtCP/6xHis-SP141 PC, B) wtCP/6xHis-SP141 EX, C) CP-

6xHis/6xHis-SP141 PC, and D) CP-6xHis/6xHis-SP141 EX from either peak i or peak ii 

as indicated on the chromatogram. 
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Figure D5.  An agarose gel of the elution fractions containing A) wtCP/6xHis-SP141 PC, 

B) wtCP/6xHis-SP141 EX, C) CP-6xHis/6xHis-SP141 PC, and D) CP-6xHis/6xHis-

SP141 EX from the pooled fractions after Ni affinity chromatography. 

 

 

 

Figure D6.  Representative dynamic light scattering measurements of the pooled elution 

fractions from Ni affinity chromatography.  Values reported above each graph correspond 

to the average diameter and standard deviation of three measurements on each of the 

following samples:  A) wtCP/6xHis-SP141 PC, B) wtCP/6xHis-SP141 EX, C) CP-

6xHis/6xHis-SP141 PC, and D) CP-6xHis/6xHis-SP141 EX.  
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Figure D7.  UV-visible spectroscopy spectra of the PC and EX P22 samples used for 

FACS experiments.  All samples have a peak at approximately 497 nm that corresponds 

to the absorbance of flourescein-5-malemide (F5M).  The calculated values of F5M per 

protein cage are shown in the upper right. 

 

 

 
 

Figure D8.  An SDS-PAGE gel confirming the presence of F5M labeling on the P22 

capsids used for targeting experiments by imaging with UV illumination (left) and with 

Coomassie stain (right).  The gel shows A) S39C CP-LyP-Cys
 
/6xHis-SP141 PC,  B) S39C 

CP-LyP-Cys
 
/6xHis-SP141 EX, C) S39C CP/6xHis-SP141 PC, and D) S39C CP/6xHis-

SP141 EX.  
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Table D1.  A summary of the values observed for CP via electrospray ionization mass 

spectrometry compared to the expected values based upon the predicted amino acid 

sequence.  The measurements from the instrument are shown in Figures D2 and D3. 

  



181 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES CITED 

  



182 

 

 

 

(1) Toohey, K. S.; Sottos, N. R.; Lewis, J. A.; Moore, J. S.; White, S. R. Nature 

Materials 2007, 6, 581-585. 

 

(2) Jones, J. C.; Oldroyd, B. P. Advances in Insect Physiology, Vol 33, Simpson, S. J., 

Ed. 2007; Vol. 33, pp 153-191. 

 

(3) Korb, J. Naturwissenschaften 2003, 90, 212-219. 

 

(4) Bai, H.; Ju, J.; Zheng, Y.; Jiang, L. Advanced Materials 2012, 24, 2786-2791. 

 

(5) Zheng, Y.; Bai, H.; Huang, Z.; Tian, X.; Nie, F.-Q.; Zhao, Y.; Zhai, J.; Jiang, L. 

Nature 2010, 463, 640-643. 

 

(6) Tian, X.; Bai, H.; Zheng, Y.; Jiang, L. Advanced Functional Materials 2011, 21, 

1398-1402. 

 

(7) Gelbart, W. M.; Knobler, C. M. Science 2009, 323, 1682-1683. 

 

(8) Stahlberg, R. Mechanics of Materials 2009, 41, 1162-1171. 

 

(9) Braam, J. New Phytologist 2005, 165, 373-389. 

 

(10) Fromm, J.; Lautner, S. Plant Cell and Environment 2007, 30, 249-257. 

 

(11) Botstein, D.; Waddell, C. H.; King, J. Journal of Molecular Biology 1973, 80, 

669-695. 

 

(12) Katen, S.; Zlotnick, A. Methods in Enzymology: Biothermodynamics,Vol 455, 

Part A, Johnson, M. L.; Holt, J. M.; Ackers, G. K., Eds. 2009; Vol. 455, pp 395-

417. 

 

(13) Johnson, J. M.; Tang, J. H.; Nyame, Y.; Willits, D.; Young, M. J.; Zlotnick, A. 

Nano Letters 2005, 5, 765-770. 

 

(14) Endres, D.; Zlotnick, A. Biophysical Journal 2002, 83, 1217-1230. 

 

(15) Kang, S.; Douglas, T. Science 2010, 327, 42-43. 

 

(16) Uchida, M.; Klem, M. T.; Allen, M.; Suci, P.; Flenniken, M.; Gillitzer, E.; 

Varpness, Z.; Liepold, L. O.; Young, M.; Douglas, T. Advanced Materials 2007, 

19, 1025-1042. 

 

(17) Johnson, R. B.; Fearon, K.; Mason, T.; Jindal, S. Gene 1989, 84, 295-302. 

 



183 

 

 

 

(18) Koll, H.; Guiard, B.; Rassow, J.; Ostermann, J.; Horwich, A. L.; Neupert, W.; 

Hartl, F. U. Cell 1992, 68, 1163-1175. 

 

(19) Kaufman, B. A.; Kolesar, J. E.; Perlman, P. S.; Butow, R. A. Journal of Cell 

Biology 2003, 163, 457-461. 

 

(20) Stamler, R.; Kappe, G.; Boelens, W.; Slingsby, C. Journal of Molecular Biology 

2005, 353, 68-79. 

 

(21) Painter, A. J.; Jaya, N.; Basha, E.; Vierling, E.; Robinson, C. V.; Benesch, J. L. P. 

Chemistry & biology 2008, 15, 246-253. 

 

(22) Bova, M. P.; Huang, Q. L.; Ding, L. L.; Horwitz, J. Journal of Biological 

Chemistry 2002, 277, 38468-38475. 

 

(23) Kim, R.; Lai, L. H.; Lee, H. H.; Cheong, G. W.; Kim, K. K.; Wu, Z.; Yokota, H.; 

Marqusee, S.; Kim, S. H. Proceedings of the National Academy of Sciences of the 

United States of America 2003, 100, 8151-8155. 

 

(24) Clark, A. R.; Lubsen, N. H.; Slingsby, C. International Journal of Biochemistry & 

Cell Biology 2012, 44, 1687-1697. 

 

(25) Shi, J.; Koteiche, H. A.; McDonald, E. T.; Fox, T. L.; Stewart, P. L.; McHaourab, 

H. S. Journal of Biological Chemistry 2013, 288, 4819-4830. 

 

(26) Wettstein, G.; Bellaye, P. S.; Micheau, O.; Bonniaud, P. International Journal of 

Biochemistry & Cell Biology 2012, 44, 1680-1686. 

 

(27) Bera, S.; Thampi, P.; Cho, W. J.; Abraham, E. C. Biochemistry 2002, 41, 12421-

12426. 

 

(28) Litt, M.; Kramer, P.; LaMorticella, D. M.; Murphey, W.; Lovrien, E. W.; 

Weleber, R. G. Human Molecular Genetics 1998, 7, 471-474. 

 

(29) Kumarapeli, A. R. K.; Wang, X. J. Journal of Molecular and Cellular Cardiology 

2004, 37, 1097-1109. 

 

(30) Evgrafov, O. V.; Mersiyanova, I.; Irobi, J.; Van Den Bosch, L.; Dierick, I.; 

Leung, C. L.; Schagina, O.; Verpoorten, N.; Van Impe, K.; Fedotov, V.; Dadali, 

E.; Auer-Grumbach, M.; Windpassinger, C.; Wagner, K.; Mitrovic, Z.; Hilton-

Jones, D.; Talbot, K.; Martin, J. J.; Vasserman, N.; Tverskaya, S.; Polyakov, A.; 

Liem, R. K. H.; Gettemans, J.; Robberecht, W.; De Jonghe, P.; Timmerman, V. 

Nature Genetics 2004, 36, 602-606. 

 



184 

 

 

 

(31) d'Ydewalle, C.; Krishnan, J.; Timmerman, V.; Van Den Bosch, L. 2011; p 49-77. 

 

(32) Weis, W.; Brown, J. H.; Cusack, S.; Paulson, J. C.; Skehel, J. J.; Wiley, D. C. 

Nature 1988, 333, 426-431. 

 

(33) Andres, D.; Hanke, C.; Baxa, U.; Seul, A.; Barbirz, S.; Seckler, R. Journal of 

Biological Chemistry 2010, 285, 36768-36775. 

 

(34) Gemski, P.; Stocker, B. A. D. Journal of Bacteriology 1967, 93, 1588-&. 

 

(35) Andres, D.; Baxa, U.; Hanke, C.; Seckler, R.; Barbirz, S. Biochemical Society 

Transactions 2010, 38, 1386-1389. 

 

(36) Brown, K. E.; Hibbs, J. R.; Gallinella, G.; Anderson, S. M.; Lehman, E. D.; 

McCarthy, P.; Young, N. S. New England Journal of Medicine 1994, 330, 1192-

1196. 

 

(37) Bergelson, J. M.; Cunningham, J. A.; Droguett, G.; KurtJones, E. A.; Krithivas, 

A.; Hong, J. S.; Horwitz, M. S.; Crowell, R. L.; Finberg, R. W. Science 1997, 275, 

1320-1323. 

 

(38) Johnson, J. E. Current Opinion in Structural Biology 2010, 20, 210-216. 

 

(39) Wikoff, W. R.; Liljas, L.; Duda, R. L.; Tsuruta, H.; Hendrix, R. W.; Johnson, J. E. 

Science 2000, 289, 2129-2133. 

 

(40) Gertsman, I.; Gan, L.; Guttman, M.; Lee, K.; Speir, J. A.; Duda, R. L.; Hendrix, 

R. W.; Komives, E. A.; Johnson, J. E. Nature 2009, 458, 646-U114. 

 

(41) Mena, J. A.; Ramirez, O. T.; Palomares, L. A. Journal of Biotechnology 2006, 

122, 443-452. 

 

(42) Lindsey, J. S. New Journal of Chemistry 1991, 15, 153-180. 

 

(43) Klevens, R. M.; Morrison, M. A.; Nadle, J.; Petit, S.; Gershman, K.; Ray, S.; 

Harrison, L. H.; Lynfield, R.; Dumyati, G.; Townes, J. M.; Craig, A. S.; Zell, E. 

R.; Fosheim, G. E.; McDougal, L. K.; Carey, R. B.; Fridkin, S. K.; Investigators, 

A. B. M. Jama-Journal of the American Medical Association 2007, 298, 1763-

1771. 

 

(44) Wrigbt, A.; Bai, G.; Barrera, L.; Boulahbal, F.; Martin-Casabona, N.; Gilpin, C.; 

Drobniewski, F.; Havelkova, M.; Lepe, R.; Lumb, R.; Metchock, B.; Portaels, F.; 

Rodrigues, M.; Ruesch-Gerdes, S.; Van Deun, A.; Vincent, V.; Leimane, V.; 

Riekstina, V.; Skenders, G.; Holtz, T.; Pratt, R.; Laserson, K.; Wells, C.; 



185 

 

 

 

Cegielski, P.; Shah, N. S. Morbidity and Mortality Weekly Report 2006, 55, 301-

305. 

 

(45) De Baets, S.; Schepens, B.; Sedeyn, K.; Schotsaert, M.; Roose, K.; Bogaert, P.; 

Fiers, W.; Saelens, X. Journal of Virology 2013, 87, 3314-3323. 

 

(46) Schmitz, N.; Beerli, R. R.; Bauer, M.; Jegerlehner, A.; Dietmeier, K.; Maudrich, 

M.; Pumpens, P.; Saudan, P.; Bachmann, M. F. European Journal of Immunology 

2012, 42, 863-869. 

 

(47) Ulevitch, R. J. Nature Reviews Immunology 2004, 4, 512-520. 

 

(48) Tamura, Y.; Torigoe, T.; Kukita, K.; Saito, K.; Okuya, K.; Kutomi, G.; Hirata, K.; 

Sato, N. Immunotherapy 2012, 4, 841-852. 

 

(49) Monopoli, M. P.; Aberg, C.; Salvati, A.; Dawson, K. A. Nature Nanotechnology 

2012, 7, 779-786. 

 

(50) Tenzer, S.; Docter, D.; Rosfa, S.; Wlodarski, A.; Kuharev, J.; Rekik, A.; Knauer, 

S. K.; Bantz, C.; Nawroth, T.; Bier, C.; Sirirattanapan, J.; Mann, W.; Treuel, L.; 

Zellner, R.; Maskos, M.; Schild, H.; Stauber, R. H. ACS nano 2011, 5, 7155-7167. 

 

(51) Hellstrand, E.; Lynch, I.; Andersson, A.; Drakenberg, T.; Dahlback, B.; Dawson, 

K. A.; Linse, S.; Cedervall, T. Febs Journal 2009, 276, 3372-3381. 

 

(52) Hume, P. S.; He, J.; Haskins, K.; Anseth, K. S. Biomaterials 2012, 33, 3615-3625. 

 

(53) Buehler, M. J. Nature Nanotechnology 2010, 5, 172-174. 

 

(54) Uchida, M.; Kang, S.; Reichhardt, C.; Harlen, K.; Douglas, T. Biochimica Et 

Biophysica Acta-General Subjects 2010, 1800, 834-845. 

 

(55) Terashima, M.; Uchida, M.; Kosuge, H.; Tsao, P. S.; Young, M. J.; Conolly, S. 

M.; Douglas, T.; McConnell, M. V. Biomaterials 2011, 32, 1430-1437. 

 

(56) Douglas, T.; Dickson, D. P. E.; Betteridge, S.; Charnock, J.; Garner, C. D.; Mann, 

S. Science 1995, 269, 54-57. 

 

(57) Meldrum, F. C.; Douglas, T.; Levi, S.; Arosio, P.; Mann, S. Journal of Inorganic 

Biochemistry 1995, 58, 59-68. 

 

(58) Wong, K. K. W.; Colfen, H.; Whilton, N. T.; Douglas, T.; Mann, S. Journal of 

Inorganic Biochemistry 1999, 76, 187-195. 

 



186 

 

 

 

(59) Ensign, D.; Young, M.; Douglas, T. Inorganic Chemistry 2004, 43, 3441-3446. 

 

(60) Uchida, M.; Flenniken, M. L.; Allen, M.; Willits, D. A.; Crowley, B. E.; 

Brumfield, S.; Willis, A. F.; Jackiw, L.; Jutila, M.; Young, M. J.; Douglas, T. 

Journal of the American Chemical Society 2006, 128, 16626-16633. 

 

(61) Klem, M. T.; Resnick, D. A.; Gilmore, K.; Young, M.; Idzerda, Y. U.; Douglas, 

T. Journal of the American Chemical Society 2007, 129, 197-201. 

 

(62) Kitagawa, T.; Kosuge, H.; Uchida, M.; Dua, M. M.; Iida, Y.; Dalman, R. L.; 

Douglas, T.; McConnell, M. V. Molecular Imaging and Biology 2012, 14, 315-

324. 

 

(63) Kang, Y. J.; Park, D. C.; Shin, H.-H.; Park, J.; Kang, S. Biomacromolecules 2012, 

13, 4057-4064. 

 

(64) Kang, S.; Suci, P. A.; Broomell, C. C.; Iwahori, K.; Kobayashi, M.; Yamashita, I.; 

Young, M.; Douglas, T. Nano Letters 2009, 9, 2360-2366. 

 

(65) Kang, S.; Jolley, C. C.; Liepold, L. O.; Young, M.; Douglas, T. Angewandte 

Chemie-International Edition 2009, 48, 4772-4776. 

 

(66) Suci, P. A.; Kang, S.; Young, M.; Douglas, T. Journal of the American Chemical 

Society 2009, 131, 9164-+. 

 

(67) Usselman, R. J.; Russek, S. E.; Klem, M. T.; Allen, M. A.; Douglas, T.; Young, 

M.; Idzerda, Y. U.; Singel, D. J. Journal of Applied Physics 2012, 112. 

 

(68) Ceci, P.; Chiancone, E.; Kasyutich, O.; Bellapadrona, G.; Castelli, L.; Fittipaldi, 

M.; Gatteschi, D.; Innocenti, C.; Sangregorio, C. Chemistry-A European Journal 

2010, 16, 709-717. 

 

(69) Kang, S.; Oltrogge, L. M.; Broomell, C. C.; Liepold, L. O.; Prevelige, P. E.; 

Young, M.; Douglas, T. Journal of the American Chemical Society 2008, 130, 

16527-+. 

 

(70) Flenniken, M. L.; Willits, D. A.; Brumfield, S.; Young, M. J.; Douglas, T. Nano 

Letters 2003, 3, 1573-1576. 

 

(71) Flenniken, M. L.; Liepold, L. O.; Crowley, B. E.; Willits, D. A.; Young, M. J.; 

Douglas, T. Chemical Communications 2005, 447-449. 

 

(72) Flenniken, M. L.; Willits, D. A.; Harmsen, A. L.; Liepold, L. O.; Harmsen, A. G.; 

Young, M. J.; Douglas, T. Chemistry & Biology 2006, 13, 161-170. 



187 

 

 

 

 

(73) Abedin, M. J.; Liepold, L.; Suci, P.; Young, M.; Douglas, T. Journal of the 

American Chemical Society 2009, 131, 4346-4354. 

 

(74) Lucon, J.; Abedin, M. J.; Uchida, M.; Liepold, L.; Jolley, C. C.; Young, M.; 

Douglas, T. Chemical Communications 2010, 46, 264-266. 

 

(75) Uchida, M.; Kosuge, H.; Terashima, M.; Willits, D. A.; Liepold, L. O.; Young, 

M. J.; McConnell, M. V.; Douglas, T. ACS nano 2011, 5, 2493-2502. 

 

(76) Mayer, C.; Gillingham, D. G.; Ward, T. R.; Hilvert, D. Chemical 

Communications 2011, 47, 12068-12070. 

 

(77) McHaourab, H. S.; Lin, Y.-L.; Spiller, B. W. Biochemistry 2012, 51, 5105-5112. 

 

(78) Minten, I. J.; Hendriks, L. J. A.; Nolte, R. J. M.; Cornelissen, J. J. L. M. Journal 

of the American Chemical Society 2009, 131, 17771-17773. 

 

(79) Brumfield, S.; Willits, D.; Tang, L.; Johnson, J. E.; Douglas, T.; Young, M. 

Journal of General Virology 2004, 85, 1049-1053. 

 

(80) Allen, M.; Bulte, J. W. M.; Liepold, L.; Basu, G.; Zywicke, H. A.; Frank, J. A.; 

Young, M.; Douglas, T. Magnetic Resonance in Medicine 2005, 54, 807-812. 

 

(81) Liepold, L.; Anderson, S.; Willits, D.; Oltrogge, L.; Frank, J. A.; Douglas, T.; 

Young, M. Magnetic Resonance in Medicine 2007, 58, 871-879. 

 

(82) Cantin, G. T.; Resnick, S.; Jin, H.; O'Hanlon, R.; Espinosa, O.; Stevens, A.; 

Payne, J.; Glenn, N. R.; Rasochova, L.; Allen, J. R. International Journal of 

Peptide Research and Therapeutics 2011, 17, 217-224. 

 

(83) Minten, I. J.; Nolte, R. J. M.; Cornelissen, J. Macromolecular Bioscience 2010, 

10, 539-545. 

 

(84) Hovlid, M. L.; Steinmetz, N. F.; Laufer, B.; Lau, J. L.; Kuzelka, J.; Wang, Q.; 

Hyypiae, T.; Nemerow, G. R.; Kessler, H.; Manchester, M.; Finn, M. G. 

Nanoscale 2012, 4, 3698-3705. 

 

(85) Wen, A. M.; Shukla, S.; Saxena, P.; Aljabali, A. A. A.; Yildiz, I.; Dey, S.; Mealy, 

J. E.; Yang, A. C.; Evans, D. J.; Lomonossoff, G. P.; Steinmetz, N. F. 

Biomacromolecules 2012, 13, 3990-4001. 

 

(86) Sen Gupta, S.; Kuzelka, J.; Singh, P.; Lewis, W. G.; Manchester, M.; Finn, M. G. 

Bioconjugate Chemistry 2005, 16, 1572-1579. 



188 

 

 

 

 

(87) Wang, Q.; Lin, T. W.; Johnson, J. E.; Finn, M. G. Chemistry & biology 2002, 9, 

813-819. 

 

(88) Brennan, F. R.; Bellaby, T.; Helliwell, S. M.; Jones, T. D.; Kamstrup, S.; 

Dalsgaard, K.; Flock, J. I.; Hamilton, W. D. O. Journal of Virology 1999, 73, 930-

938. 

 

(89) Meshcheryakova, Y. A.; Eldarov, M. A.; Migunov, A. I.; Stepanova, L. A.; 

Repko, I. A.; Kiselev, C. I.; Lomonossoff, G. P.; Skryabin, K. G. Molecular 

Biology 2009, 43, 685-694. 

 

(90) Steinmetz, N. F.; Manchester, M. Biomacromolecules 2009, 10, 784-792. 

 

(91) Peng, M.; Dai, C.-B.; Chen, Y.-D. World Journal of Gastroenterology 2005, 11, 

3363-3367. 

 

(92) Manayani, D. J.; Thomas, D.; Dryden, K. A.; Reddy, V.; Siladi, M. E.; Marlett, J. 

M.; Rainey, G. J. A.; Pique, M. E.; Scobie, H. M.; Yeager, M.; Young, J. A. T.; 

Manchester, M.; Schneemann, A. Plos Pathogens 2007, 3, 1422-1431. 

 

(93) Chen, Y. D.; Xiong, X. Y.; Liu, X.; Li, J. Q.; Wen, Y. L.; Chen, Y. N.; Dai, Q.; 

Cao, Z. L.; Yu, W. L. Molecular Immunology 2006, 43, 436-442. 

 

(94) Jegerlehner, A.; Tissot, A.; Lechner, F.; Sebbel, P.; Erdmann, I.; Kundig, T.; 

Bachi, T.; Storni, T.; Jennings, G.; Pumpens, P.; Renner, W. A.; Bachmann, M. F. 

Vaccine 2002, 20, 3104-3112. 

 

(95) Fehr, T.; Skrastina, D.; Pumpens, P.; Zinkernagel, R. M. Proceedings of the 

National Academy of Sciences of the United States of America 1998, 95, 9477-

9481. 

 

(96) Gao, G. P.; Alvira, M. R.; Wang, L. L.; Calcedo, R.; Johnston, J.; Wilson, J. M. 

Proceedings of the National Academy of Sciences of the United States of America 

2002, 99, 11854-11859. 

 

(97) Kay, M. A.; Manno, C. S.; Ragni, M. V.; Larson, P. J.; Couto, L. B.; McClelland, 

A.; Glader, B.; Chew, A. J.; Tai, S. J.; Herzog, R. W.; Arruda, V.; Johnson, F.; 

Scallan, C.; Skarsgard, E.; Flake, A. W.; High, K. A. Nature Genetics 2000, 24, 

257-261. 

 

(98) Shi, W. F.; Bartlett, J. S. Molecular Therapy 2003, 7, 515-525. 

 

(99) Xiao, X. A.; Li, J. A.; Samulski, R. J. Journal of Virology 1996, 70, 8098-8108. 



189 

 

 

 

 

(100) Kozlovska, T. M.; Cielens, I.; Vasiljeva, I.; Strelnikova, A.; Kazaks, A.; Dislers, 

A.; Dreilina, D.; Ose, V.; Gusars, I.; Pumpens, P. Intervirology 1996, 39, 9-15. 

 

(101) Astronomo, R. D.; Kaltgrad, E.; Udit, A. K.; Wang, S.-K.; Doores, K. J.; Huang, 

C.-Y.; Pantophlet, R.; Paulson, J. C.; Wong, C.-H.; Finn, M. G.; Burton, D. R. 

Chemistry & biology 2010, 17, 357-370. 

 

(102) Bessa, J.; Schmitz, N.; Hinton, H. J.; Schwarz, K.; Jegerlehner, A.; Bachmann, M. 

F. European Journal of Immunology 2008, 38, 114-126. 

 

(103) Patel, K. G.; Swartz, J. R. Bioconjugate Chemistry 2011, 22, 376-387. 

 

(104) Yin, Z.; Comellas-Aragones, M.; Chowdhury, S.; Bentley, P.; Kaczanowska, K.; 

BenMohamed, L.; Gildersleeve, J. C.; Finn, M. G.; Huang, X. Acs Chemical 

Biology 2013, 8, 1253-1262. 

 

(105) Bhatta, D.; Michel, A. A.; Villalba, M. M.; Emmerson, G. D.; Sparrow, I. J. G.; 

Perkins, E. A.; McDonnell, M. B.; Ely, R. W.; Cartwright, G. A. Biosensors & 

Bioelectronics 2011, 30, 78-86. 

 

(106) Galaway, F. A.; Stockley, P. G. Molecular Pharmaceutics 2013, 10, 59-68. 

 

(107) Capehart, S. L.; Coyle, M. P.; Glasgow, J. E.; Francis, M. B. Journal of the 

American Chemical Society 2013. 

 

(108) Tumban, E.; Peabody, J.; Tyler, M.; Peabody, D. S.; Chackerian, B. Plos One 

2012, 7. 

 

(109) Sun, S.; Li, W.; Sun, Y.; Pan, Y.; Li, J. Biochemical and Biophysical Research 

Communications 2011, 407, 124-128. 

 

(110) Meldrum, T.; Seim, K. L.; Bajaj, V. S.; Palaniappan, K. K.; Wu, W.; Francis, M. 

B.; Wemmer, D. E.; Pines, A. Journal of the American Chemical Society 2010, 

132, 5936-+. 

 

(111) Peabody, D. S.; Manifold-Wheeler, B.; Medford, A.; Jordan, S. K.; Caldeira, J. d. 

C.; Chackerian, B. Journal of Molecular Biology 2008, 380, 252-263. 

 

(112) Heal, K. G.; Hill, H. R.; Stockley, P. C.; Hollingdale, M. R.; Taylor-Robinson, A. 

W. Vaccine 1999, 18, 251-258. 

 

(113) Kang, S.; Uchida, M.; O'Neil, A.; Li, R.; Prevelige, P. E.; Douglas, T. 

Biomacromolecules 2010, 11, 2804-2809. 



190 

 

 

 

 

(114) Kang, S.; Lander, G. C.; Johnson, J. E.; Prevelige, P. E. Chembiochem 2008, 9, 

514-518. 

 

(115) Lucon, J.; Edwards, E.; Qazi, S.; Uchida, M.; Douglas, T. European Polymer 

Journal 2013, 49, 2976-2985. 

 

(116) Patterson, D. P.; Rynda-Apple, A.; Harmsen, A. L.; Harmsen, A. G.; Douglas, T. 

ACS nano 2013, 7, 3036-3044. 

 

(117) Patterson, D. P.; Prevelige, P. E.; Douglas, T. Acs Nano 2012, 6, 5000-5009. 

 

(118) Patterson, D. P.; Desai, A. M.; Holl, M. M. B.; Marsh, E. N. G. Rsc Advances 

2011, 1, 1004-1012. 

 

(119) O'Neil, A.; Reichhardt, C.; Johnson, B.; Prevelige, P. E.; Douglas, T. Angewandte 

Chemie-International Edition 2011, 50, 7425-7428. 

 

(120) Kitov, P. I.; Sadowska, J. M.; Mulvey, G.; Armstrong, G. D.; Ling, H.; Pannu, N. 

S.; Read, R. J.; Bundle, D. R. Nature 2000, 403, 669-672. 

 

(121) Angeles-Boza, A. M.; Erazo-Oliveras, A.; Lee, Y.-J.; Pellois, J.-P. Bioconjugate 

Chemistry 2010, 21, 2164-2167. 

 

(122) Natkanski, E.; Lee, W.-Y.; Mistry, B.; Casal, A.; Molloy, J. E.; Tolar, P. Science 

2013, 340, 1587-1590. 

 

(123) Parent, K. N.; Sinkovits, R. S.; Suhanovsky, M. M.; Teschke, C. M.; Egelman, E. 

H.; Baker, T. S. Physical Biology 2010, 7. 

 

(124) Zhang, Y.; Fu, J.; Chee, S. Y.; Ang, E. X. W.; Orner, B. P. Protein Science 2011, 

20, 1907-1917. 

 

(125) Luque, D.; Gonzalez, J. M.; Gomez-Blanco, J.; Marabini, R.; Chichon, J.; Mena, 

I.; Angulo, I.; Carrascosa, J. L.; Verdaguer, N.; Trus, B. L.; Barcena, J.; Caston, J. 

R. Journal of Virology 2012, 86, 6470-6480. 

 

(126) Parent, K. N.; Deedas, C. T.; Egelman, E. H.; Casjens, S. R.; Baker, T. S.; 

Teschke, C. M. Biomaterials 2012, 33, 5628-5637. 

 

(127) Wang, Q.; Lin, T.; Johnson, J. E.; Finn, M. Chemistry & biology 2002, 9, 813-

819. 

 



191 

 

 

 

(128) Moon, H.; Kim, W. G.; Lim, S.; Kang, Y. J.; Shin, H.-H.; Ko, H.; Hong, S. Y.; 

Kang, S. Journal of Materials Chemistry B 2013, 1, 4504-4510. 

 

(129) Tissot, A. C.; Renhofa, R.; Schmitz, N.; Cielens, I.; Meijerink, E.; Ose, V.; 

Jennings, G. T.; Saudan, P.; Pumpens, P.; Bachmann, M. F. Plos One 2010, 5. 

 

(130) Gilbert, L.; Toivola, J.; Valilehto, O.; Saloniemi, T.; Cunningham, C.; White, D.; 

Makela, A. R.; Korhonen, E.; Vuento, M.; Oker-Blom, C. Journal of 

nanobiotechnology 2006, 4, 13-13. 

 

(131) Buratti, E.; Tisminetzky, S. G.; Scodeller, E. S.; Baralle, F. E. Journal of 

immunological methods 1996, 197, 7-18. 

 

(132) Scodeller, E. A.; Tisminetzky, S. G.; Porro, F.; Schiappacassi, M.; Derossi, A.; 

Chieccobianchi, L.; Baralle, F. E. Vaccine 1995, 13, 1233-1239. 

 

(133) Ruoslahti, E. Annual Review of Cell and Developmental Biology 1996, 12, 697-

715. 

 

(134) Laakkonen, P.; Porkka, K.; Hoffman, J. A.; Ruoslahti, E. Nature Medicine 2002, 

8, 751-755. 

 

(135) Burtea, C.; Laurent, S.; Port, M.; Lancelot, E.; Ballet, S.; Rousseaux, O.; 

Toubeau, G.; Elst, L. V.; Corot, C.; Muller, R. N. Journal of Medicinal Chemistry 

2009, 52, 4725-4742. 

 

(136) Hundt, J.; Li, Z.; Liu, Q. World Journal of Gastroenterology 2013, 19, 8929-

8939. 

 

(137) Brown, W. L.; Mastico, R. A.; Wu, M.; Heal, K. G.; Adams, C. J.; Murray, J. B.; 

Simpson, J. C.; Lord, J. M.; Taylor-Robinson, A. W.; Stockley, P. G. 

Intervirology 2002, 45, 371-380. 

 

(138) Chatterji, A.; Ochoa, W.; Shamieh, L.; Salakian, S. P.; Wong, S. M.; Clinton, G.; 

Ghosh, P.; Lin, T. W.; Johnson, J. E. Bioconjugate Chemistry 2004, 15, 807-813. 

 

(139) Brunel, F. M.; Lewis, J. D.; Destito, G.; Steinmetz, N. F.; Manchester, M.; 

Stuhlmann, H.; Dawson, P. E. Nano Letters 2010, 10, 1093-1097. 

 

(140) Meunier, S.; Strable, E.; Finn, M. G. Chemistry & biology 2004, 11, 319-326. 

 

(141) Tong, G. J.; Hsiao, S. C.; Carrico, Z. M.; Francis, M. B. Journal of the American 

Chemical Society 2009, 131, 11174-11178. 

 



192 

 

 

 

(142) Prasuhn, D. E., Jr.; Kuzelka, J.; Strable, E.; Udit, A. K.; Cho, S.-H.; Lander, G. 

C.; Quispe, J. D.; Diers, J. R.; Bocian, D. F.; Potter, C.; Carragher, B.; Finn, M. 

G. Chemistry & biology 2008, 15, 513-519. 

 

(143) Hong, V.; Presolski, S. I.; Ma, C.; Finn, M. G. Angewandte Chemie-International 

Edition 2009, 48, 9879-9883. 

 

(144) Zeng, Q.; Li, T.; Cash, B.; Li, S.; Xie, F.; Wang, Q. Chemical Communications 

2007, 1453-1455. 

 

(145) Sen Gupta, S.; Raja, K. S.; Kaltgrad, E.; Strable, E.; Finn, M. G. Chemical 

Communications 2005, 4315-4317. 

 

(146) Pokorski, J. K.; Breitenkamp, K.; Liepold, L. O.; Qazi, S.; Finn, M. G. Journal of 

the American Chemical Society 2011, 133, 9242-9245. 

 

(147) Chen, C.; Daniel, M. C.; Quinkert, Z. T.; De, M.; Stein, B.; Bowman, V. D.; 

Chipman, P. R.; Rotello, V. M.; Kao, C. C.; Dragnea, B. Nano Letters 2006, 6, 

611-615. 

 

(148) Yildiz, I.; Tsvetkova, I.; Wen, A. M.; Shukla, S.; Masarapu, M. H.; Dragnea, B.; 

Steinmetz, N. F. Rsc Advances 2012, 2, 3670-3677. 

 

(149) Douglas, T.; Young, M. Science 2006, 312, 873-875. 

 

(150) Douglas, T.; Young, M. Nature 1998, 393, 152-155. 

 

(151) Douglas, T.; Qazi, S.; Lucon, J.; Uchida, M.; LaFrance, B.; Prevelige, P. E.; 

Bledwell, G. J. Abstracts of Papers of the American Chemical Society 2013, 245. 

 

(152) Patterson, D. P.; Schwarz, B.; El-Boubbou, K.; van der Oost, J.; Prevelige, P. E.; 

Douglas, T. Soft Matter 2012, 8, 10158-10166. 

 

(153) Patterson, D. P.; Schwarz, B.; Waters, R. S.; Gedeon, T.; Douglas, T. ACS 

Chemical Biology 2013. 

 

(154) O'Neil, A.; Prevelige, P. E.; Douglas, T. Biomaterials Science 2013. 

 

(155) Ma, Y. J.; Nolte, R. J. M.; Cornelissen, J. Advanced Drug Delivery Reviews 2012, 

64, 811-825. 

 

(156) Kim, K. K.; Kim, R.; Kim, S. H. Nature 1998, 394, 595-599. 

 



193 

 

 

 

(157) Klem, M. T.; Willits, D.; Solis, D. J.; Belcher, A. M.; Young, M.; Douglas, T. 

Advanced Functional Materials 2005, 15, 1489-1494. 

 

(158) Varpness, Z.; Peters, J. W.; Young, M.; Douglas, T. Nano Letters 2005, 5, 2306-

2309. 

 

(159) Levine, M.; Truesdell, S.; Ramakrishnan, T.; Bronson, M. J. Journal of Molecular 

Biology 1975, 91, 421-438. 

 

(160) Lander, G. C.; Tang, L.; Casjens, S. R.; Gilcrease, E. B.; Prevelige, P.; Poliakov, 

A.; Potter, C. S.; Carragher, B.; Johnson, J. E. Science 2006, 312, 1791-1795. 

 

(161) Tang, J. H.; Lander, G. C.; Olia, A.; Li, R.; Casjens, S.; Prevelige, P.; Cingolani, 

G.; Baker, T. S.; Johnson, J. E. Structure 2011, 19, 496-502. 

 

(162) Lander, G. C.; Khayat, R.; Li, R.; Prevelige, P. E.; Potter, C. S.; Carragher, B.; 

Johnson, J. E. Structure 2009, 17, 789-799. 

 

(163) Steven, A. C.; Heymann, J. B.; Cheng, N. Q.; Trus, B. L.; Conway, J. F. Current 

Opinion in Structural Biology 2005, 15, 227-236. 

 

(164) Chen, D. H.; Baker, M. L.; Hryc, C. F.; DiMaio, F.; Jakana, J.; Wu, W. M.; 

Dougherty, M.; Haase-Pettingell, C.; Schmid, M. F.; Jiang, W.; Baker, D.; King, 

J. A.; Chiu, W. Proceedings of the National Academy of Sciences of the United 

States of America 2011, 108, 1355-1360. 

 

(165) Weigele, P. R.; Sampson, L.; Winn-Stapley, D.; Casjens, S. R. Journal of 

Molecular Biology 2005, 348, 831-844. 

 

(166) Parent, K. N.; Khayat, R.; Tu, L. H.; Suhanovsky, M. M.; Cortines, J. R.; 

Teschke, C. M.; Johnson, J. E.; Baker, T. S. Structure 2010, 18, 390-401. 

 

(167) Pettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S.; Greenblatt, D. M.; 

Meng, E. C.; Ferrin, T. E. Journal of Computational Chemistry 2004, 25, 1605-

1612. 

 

(168) Uchida, M.; Morris, D. S.; Kang, S.; Jolley, C. C.; Lucon, J.; Liepold, L. O.; 

LaFrance, B.; Prevelige, P. E.; Douglas, T. Langmuir 2012, 28, 1998-2006. 

 

(169) Qazi, S.; Liepold, L. O.; Abedin, M. J.; Johnson, B.; Prevelige, P.; Frank, J. A.; 

Douglas, T. Molecular Pharmaceutics 2013, 10, 11-17. 

 

(170) Min, J.; Jung, H.; Shin, H.-H.; Cho, G.; Cho, H.; Kang, S. Biomacromolecules 

2013, 14, 2332-2339. 



194 

 

 

 

 

(171) Kale, A.; Bao, Y.; Zhou, Z.; Prevelige, P. E.; Gupta, A. Nanotechnology 2013, 24. 

 

(172) Chudakov, D. M.; Matz, M. V.; Lukyanov, S.; Lukyanov, K. A. Physiological 

Reviews 2010, 90, 1103-1163. 

 

(173) Jares-Erijman, E. A.; Jovin, T. M. Nature Biotechnology 2003, 21, 1387-1395. 

 

(174) O'Neil, A. L. MONTANA STATE UNIVERSITY, 2013. 

 

(175) O'Neil, A.; Prevelige, P. E.; Basu, G.; Douglas, T. Biomacromolecules 2012, 13, 

3902-3907. 

 

(176) Patterson, D. P.; LaFrance, B.; Douglas, T. Chemical Communications 2013, 49, 

10412-10414. 

 

(177) Kindt, T. J.; Goldsby, R. A.; Osborne, B. A.; Kuby, J. 6th Edition ed.; W. H. 

Freeman and Company: New York, 2007. 

 

(178) Feng, Z.; Hensley, L.; McKnight, K. L.; Hu, F.; Madden, V.; Ping, L.; Jeong, S.-

H.; Walker, C.; Lanford, R. E.; Lemon, S. M. Nature 2013, 496, 367-+. 

 

(179) Cox, R. J.; Brokstad, K. A.; Ogra, P. Scandinavian Journal of Immunology 2004, 

59, 1-15. 

 

(180) Harris, L. J.; Larson, S. B.; Hasel, K. W.; Day, J.; Greenwood, A.; McPherson, A. 

Nature 1992, 360, 369-372. 

 

(181) Berzofsky, J. A.; Berkower, I. J. 1993; p 235-282. 

 

(182) Landsteiner, K. 1945; p Rev. ed. xiv + 310p.-Rev. ed. xiv + 310p. 

 

(183) Pressman, D.; Campbell, D. H.; Pauling, L. Journal of Immunology 1942, 44, 

101-105. 

 

(184) Katz, D. H.; Hamaoka, T.; Benacerr.B Journal of Experimental Medicine 1973, 

137, 1405-1418. 

 

(185) Tam, J. P. Proceedings of the National Academy of Sciences of the United States 

of America 1988, 85, 5409-5413. 

 

(186) Noad, R.; Roy, P. Trends in Microbiology 2003, 11, 438-444. 

 

(187) Grgacic, E. V. L.; Anderson, D. A. Methods 2006, 40, 60-65. 



195 

 

 

 

 

(188) Mount, A.; Koernig, S.; Silva, A.; Drane, D.; Maraskovsky, E.; Morelli, A. B. 

Expert review of vaccines 2013, 12, 733-746. 

 

(189) Guy, B. Nature Reviews Microbiology 2007, 5, 505-517. 

 

(190) Mizuno, D.; Ide-Kurihara, M.; Ichinomiya, T.; Kubo, F.; Kido, H. Journal of 

Immunology 2006, 176, 1122-1130. 

 

(191) Gregory, S. H.; Chen, W. H.; Mott, S.; Palardy, J. E.; Parejo, N. A.; Heninger, S.; 

Anderson, C. A.; Artenstein, A. W.; Opal, S. M.; Cross, A. S. Vaccine 2010, 28, 

2908-2915. 

 

(192) Trivedi, L.; Valerio, C.; Slater, J. E. Journal of Allergy and Clinical Immunology 

2003, 111, 777-783. 

 

(193) Brito, L. A.; Singh, M. Journal of Pharmaceutical Sciences 2011, 100, 34-37. 

 

(194) Malyala, P.; Singh, M. Journal of Pharmaceutical Sciences 2008, 97, 2041-2044. 

 

(195) Michel, O.; Nagy, A. M.; Schroeven, M.; Duchateau, J.; Neve, J.; Fondu, P.; 

Sergysels, R. American Journal of Respiratory and Critical Care Medicine 1997, 

156, 1157-1164. 

 

(196) Michie, H. R.; Manogue, K. R.; Spriggs, D. R.; Revhaug, A.; Odwyer, S.; 

Dinarello, C. A.; Cerami, A.; Wolff, S. M.; Wilmore, D. W. New England Journal 

of Medicine 1988, 318, 1481-1486. 

 

(197) Tao, F.; Gonzalez-Flecha, B.; Kobzik, L. Free Radical Biology and Medicine 

2003, 35, 327-340. 

 

(198) Rathinam, V. A. K.; Fitzgerald, K. A. Nature 2013, 501, 173-175. 

 

(199) Shirey, K. A.; Lai, W. D.; Scott, A. J.; Lipsky, M.; Mistry, P.; Pletneva, L. M.; 

Karp, C. L.; McAlees, J.; Gioannini, T. L.; Weiss, J.; Chen, W. H.; Ernst, R. K.; 

Rossignol, D. P.; Gusovsky, F.; Blanco, J. C. G.; Vogel, S. N. Nature 2013, 497, 

498-+. 

 

(200) Habich, C.; Kempe, K.; van der Zee, R.; Rumenapf, R.; Akiyama, H.; Kolb, H.; 

Burkart, V. Journal of Immunology 2005, 174, 1298-1305. 

 

(201) Osterloh, A.; Kalinke, U.; Weiss, S.; Fleischer, B.; Breloer, M. Journal of 

Biological Chemistry 2007, 282, 4669-4680. 

 



196 

 

 

 

(202) Tsan, M. F.; Gao, B. Journal of Leukocyte Biology 2009, 85, 905-910. 

 

(203) Triantafilou, M.; Triantafilou, K. Biochemical Society Transactions 2004, 32, 

636-639. 

 

(204) Torok, Z.; Goloubinoff, P.; Horvath, I.; Tsvetkova, N. M.; Glatz, A.; Balogh, G.; 

Varvasovszki, V.; Los, D. A.; Vierling, E.; Crowe, J. H.; Vigh, L. Proceedings of 

the National Academy of Sciences of the United States of America 2001, 98, 3098-

3103. 

 

(205) Chen, Y.; Lu, Y. J.; Wang, H. W.; Quan, S.; Chang, Z. Y.; Sui, S. F. Biochemical 

and Biophysical Research Communications 2003, 310, 360-366. 

 

(206) Miguel, N.; Lebrun, M.; Heaslip, A.; Hu, K.; Beckers, C. J.; Matrajt, M.; 

Dubremetz, J. F.; Angel, S. O. Biology of the Cell 2008, 100, 479-489. 

 

(207) Chowdary, T. K.; Raman, B.; Ramakrishna, T.; Rao, C. M. Biochemical Journal 

2007, 401, 437-445. 

 

(208) Tsvetkova, N. M.; Horváth, I.; Török, Z.; Wolkers, W. F.; Balogi, Z.; Shigapova, 

N.; Crowe, L. M.; Tablin, F.; Vierling, E.; Crowe, J. H. Proceedings of the 

National Academy of Sciences 2002, 99, 13504-13509. 

 

(209) Moyron-Quiroz, J. E.; Rangel-Moreno, J.; Kusser, K.; Hartson, L.; Sprague, F.; 

Goodrich, S.; Woodland, D. L.; Lund, F. E.; Randall, T. D. Nature Medicine 

2004, 10, 927-934. 

 

(210) Moyron-Quiroz, J. E.; Rangel-Moreno, J.; Hartson, L.; Kusser, K.; Tighe, M. P.; 

Klonowski, K. D.; Lefrancois, L.; Cauley, L. S.; Harmsen, A. G.; Lund, F. E.; 

Randall, T. D. Immunity 2006, 25, 643-654. 

 

(211) Wiley, J. A.; Harmsen, A. G. The Journal of Immunology 2008, 180, 5613-5624. 

 

(212) Botelho, F. M.; Rangel-Moreno, J.; Fritz, D.; Randall, T. D.; Xing, Z.; Richards, 

C. D. Journal of Immunology 2013, 191, 1453-1464. 

 

(213) Wiley, J. A.; Richert, L. E.; Swain, S. D.; Harmsen, A.; Barnard, D. L.; Randall, 

T. D.; Jutila, M.; Douglas, T.; Broomell, C.; Young, M.; Harmsen, A. Plos One 

2009, 4. 

 

(214) Richert, L. E.; Harmsen, A. L.; Rynda-Apple, A.; Wiley, J. A.; Servid, A. E.; 

Douglas, T.; Harmsen, A. G. Lymphatic Research and Biology 2013, 11, 196-202. 

 

(215) Wiley, J. A.; Harmsen, A. G. American Journal of Pathology 1999, 154, 919-926. 



197 

 

 

 

 

(216) Lane, P.; Brocker, T.; Hubele, S.; Padovan, E.; Lanzavecchia, A.; McConnell, F. 

Journal of Experimental Medicine 1993, 177, 1209-1213. 

 

(217) Schoenberger, S. P.; Toes, R. E. M.; van der Voort, E. I. H.; Offringa, R.; Melief, 

C. J. M. Nature 1998, 393, 480-483. 

 

(218) Beatty, G. L.; Chiorean, E. G.; Fishman, M. P.; Saboury, B.; Teitelbaum, U. R.; 

Sun, W.; Huhn, R. D.; Song, W.; Li, D.; Sharp, L. L.; Torigian, D. A.; O'Dwyer, 

P. J.; Vonderheide, R. H. Science 2011, 331, 1612-1616. 

 

(219) Auten, M. W.; Huang, W.; Dai, G.; Ramsay, A. J. Vaccine 2012, 30, 2768-2777. 

 

(220) Danhier, F.; Feron, O.; Preat, V. Journal of Controlled Release 2010, 148, 135-

146. 

 

(221) Matsumura, Y.; Maeda, H. Cancer Research 1986, 46, 6387-6392. 

 

(222) Maeda, H.; Sawa, T.; Konno, T. Journal of Controlled Release 2001, 74, 47-61. 

 

(223) Pan, Y.; Zhang, Y.; Jia, T.; Zhang, K.; Li, J.; Wang, L. Febs Journal 2012, 279, 

1198-1208. 

 

(224) Pumpens, P.; Grens, E. Intervirology 2001, 44, 98-114. 

 

(225) Streilein, J. W. Karger Publishers: 1999; Vol. 73. 

 

(226) Schiappacassi, M.; Buratti, E.; Dagaro, P.; Ciani, L.; Scodeller, E. S.; 

Tisminetzky, S. G.; Baralle, F. E. Journal of Virological Methods 1997, 63, 121-

127. 

 

(227) Buratti, E.; DiMichele, M.; Song, P.; MontiBragadin, C.; Scodeller, E. A.; 

Baralle, F. E.; Tisminetzky, S. G. Clinical and Diagnostic Laboratory 

Immunology 1997, 4, 117-121. 

 

(228) Lenz, P.; Day, P. M.; Pang, Y. Y. S.; Frye, S. A.; Jensen, P. N.; Lowy, D. R.; 

Schiller, J. T. Journal of Immunology 2001, 166, 5346-5355. 

 

(229) Raja, K. S.; Wang, Q.; Gonzalez, M. J.; Manchester, M.; Johnson, J. E.; Finn, M. 

G. Biomacromolecules 2003, 4, 472-476. 

 

(230) Kovacs, E. W.; Hooker, J. M.; Romanini, D. W.; Holder, P. G.; Berry, K. E.; 

Francis, M. B. Bioconjugate Chemistry 2007, 18, 1140-1147. 

 



198 

 

 

 

(231) Harris, J. M.; Chess, R. B. Nature Reviews Drug Discovery 2003, 2, 214-221. 

 

(232) Hu, C.-M. J.; Fang, R. H.; Luk, B. T.; Zhang, L. Nanoscale 2014, 6, 65-75. 

 

(233) Padilla, J. E.; Colovos, C.; Yeates, T. O. Proceedings of the National Academy of 

Sciences of the United States of America 2001, 98, 2217-2221. 

 

(234) Medina-Morales, A.; Perez, A.; Brodin, J. D.; Tezcan, F. A. Journal of the 

American Chemical Society 2013, 135, 12013-12022. 

 

(235) Suci, P. A.; Klem, M. T.; Arce, F. T.; Douglas, T.; Young, M. Langmuir 2006, 22, 

8891-8896. 

 

(236) Suci, P. A.; Klem, M. T.; Douglas, T.; Young, M. Langmuir 2005, 21, 8686-8693. 

 

(237) Moll, J. R.; Ruvinov, S. B.; Pastan, I.; Vinson, C. Protein Science 2001, 10, 649-

655. 

 

(238) Pechar, M.; Pola, R.; Laga, R.; Ulbrich, K.; Bednarova, L.; Malon, P.; Sieglova, 

I.; Kral, V.; Fabry, M.; Vanek, O. Biomacromolecules 2011, 12, 3645-3655. 

 

(239) Scott, C. A.; Garcia, K. C.; Carbone, F. R.; Wilson, I. A.; Teyton, L. Journal of 

Experimental Medicine 1996, 183, 2087-2095. 

 

(240) Behncken, S. N.; Billestrup, N.; Brown, R.; Amstrup, J.; Conway-Campbell, B.; 

Waters, M. J. Journal of Biological Chemistry 2000, 275, 17000-17007. 

 

(241) Pechar, M.; Pola, R. Biotechnology Advances 2013, 31, 90-96. 

 

(242) Selin, L. K.; Brehm, M. A.; Naumov, Y. N.; Cornberg, M.; Kim, S. K.; Clute, S. 

C.; Welsh, R. M. Immunological Reviews 2006, 211, 164-181. 

 

(243) Walzl, G.; Tafuro, S.; Moss, P.; Openshaw, P. J. M.; Hussell, T. Journal of 

Experimental Medicine 2000, 192, 1317-1326. 

 

(244) Goulding, J.; Snelgrove, R.; Saldana, J.; Didierlaurent, A.; Cavanagh, M.; Gwyer, 

E.; Wales, J.; Wissinger, E. L.; Hussell, T. Proceedings of the American Thoracic 

Society 2007, 4, 618. 

 

(245) Kamradt, T.; Goggel, R.; Erb, K. J. Trends in Immunology 2005, 26, 260-267. 

 

(246) Holt, P. G. Thorax 1993, 48, 1097-1098. 

 



199 

 

 

 

(247) Pabst, R.; Tschernig, T. American Journal of Respiratory Cell and Molecular 

Biology 2010, 43, 137-141. 

 

(248) Tschernig, T.; Pabst, R. BMC pulmonary medicine 2009, 9, 39-39. 

 

(249) Holmgren, J.; Czerkinsky, C. Nature Medicine 2005, 11, S45-S53. 

 

(250) Belshe, R.; Lee, M.-S.; Walker, R. E.; Stoddard, J.; Mendelman, P. M. Expert 

review of vaccines 2004, 3, 643-54. 

 

(251) Nochi, T.; Yuki, Y.; Takahashi, H.; Sawada, S.-i.; Mejima, M.; Kohda, T.; 

Harada, N.; Kong, I. G.; Sato, A.; Kataoka, N.; Tokuhara, D.; Kurokawa, S.; 

Takahashi, Y.; Tsukada, H.; Kozaki, S.; Akiyoshi, K.; Kiyono, H. Nature 

Materials 2010, 9, 572-578. 

 

(252) Heegaard, P. M. H.; Boas, U.; Sorensen, N. S. Bioconjugate Chemistry 2010, 21, 

405-418. 

 

(253) Jiang, W.; Li, Z. L.; Zhang, Z. X.; Baker, M. L.; Prevelige, P. E.; Chiu, W. Nature 

Structural Biology 2003, 10, 131-135. 

 

(254) Peacey, M.; Wilson, S.; Baird, M. A.; Ward, V. K. Biotechnology and 

Bioengineering 2007, 98, 968-977. 

 

(255) Chen, Z.; Guo, X.; Ge, X.; Jia, H.; Yang, H. Vaccine 2008, 26, 573-580. 

 

(256) Caldeira, J. d. C.; Medford, A.; Kines, R. C.; Lino, C. A.; Schiller, J. T.; 

Chackerian, B.; Peabody, D. S. Vaccine 2010, 28, 4384-4393. 

 

(257) Jennings, G. T.; Bachmann, M. F. Biological Chemistry 2008, 389, 521-536. 

 

(258) Lenz, P.; Thompson, C. D.; Day, P. M.; Bacot, S. M.; Lowy, D. R.; Schiller, J. T. 

Clinical Immunology 2003, 106, 231-237. 

 

(259) Savard, C.; Guerin, A.; Drouin, K.; Bolduc, M.; Laliberte-Gagne, M.-E.; Dumas, 

M.-C.; Majeau, N.; Leclerc, D. Plos One 2011, 6. 

 

(260) Lacasse, P.; Denis, J.; Lapointe, R.; Leclerc, D.; Lamarre, A. Journal of Virology 

2008, 82, 785-794. 

 

(261) Acosta-Ramirez, E.; Perez-Flores, R.; Majeau, N.; Pastelin-Palacios, R.; Gil-Cruz, 

C.; Ramirez-Saldana, M.; Manjarrez-Orduno, N.; Cervantes-Barragan, L.; Santos-

Argumedo, L.; Flores-Romo, L.; Becker, I.; Isibasi, A.; Leclerc, D.; Lopez-

Macias, C. Immunology 2008, 124, 186-197. 



200 

 

 

 

 

(262) Landry, N.; Ward, B. J.; Trepanier, S.; Montomoli, E.; Dargis, M.; Lapini, G.; 

Vezina, L.-P. Plos One 2010, 5. 

 

(263) Roldao, A.; Mellado, M. C. M.; Castilho, L. R.; Carrondo, M. J. T.; Alves, P. M. 

Expert review of vaccines 2010, 9, 1149-1176. 

 

(264) Huang, Z.; Elkin, G.; Maloney, B. J.; Beuhner, N.; Arntzen, C. J.; Thanavala, Y.; 

Mason, H. S. Vaccine 2005, 23, 1851-1858. 

 

(265) Kim, R.; Kim, K. K.; Yokota, H.; Kim, S. H. Proceedings of the National 

Academy of Sciences of the United States of America 1998, 95, 9129-9133. 

 

(266) Kaiser, C. R.; Flenniken, M. L.; Gillitzer, E.; Harmsen, A. L.; Harmsen, A. G.; 

Jutila, M. A.; Douglas, T.; Young, M. J. International Journal of Nanomedicine 

2007, 2, 715-733. 

 

(267) Liepold, L. O.; Abedin, M. J.; Buckhouse, E. D.; Frank, J. A.; Young, M. J.; 

Douglas, T. Nano Letters 2009, 9, 4520-4526. 

 

(268) Prevelige Jr, P. E.; Thomas, D.; King, J. Journal of Molecular Biology 1988, 202, 

743-757. 

 

(269) Martos, G.; Contreras, P.; Molina, E.; Lope-Fandino, R. Journal of Agricultural 

and Food Chemistry 2010, 58, 5640-5648. 

 

(270) Moyron-Quiroz, J. E.; Rangel-Moreno, J.; Hartson, L.; Kusser, K.; Tighe, M. P.; 

Klonowski, K. D.; Lefrancois, L.; Cauley, L. S.; Harmsen, A. G.; Lund, F. E.; 

Randall, T. D. Immunity 2006, 25, 643-654. 

 

(271) Matzinger, P.; Kamala, T. Nature Reviews Immunology 2011, 11, 221-230. 

 

(272) Moyron-Quiroz, J. E.; Rangel-Moreno, J.; Kusser, K. R.; Hartson, L.; Sprague, F.; 

Goodrich, S.; Woodland, D. L.; Lund, F. E.; Randall, T. D. Nature Medicine 

2004, 10, 927-934. 

 

(273) Matzinger, P. Nature Immunology 2007, 8, 11-13. 

 

(274) Selin, L. K.; Brehm, M. A.; Kim, S. K.; Chen, H. D. Springer Seminars in 

Immunopathology 2002, 24, 149-168. 

 

(275) Selin, L. K.; Varga, S. M.; Wong, I. C.; Welsh, R. M. Journal of Experimental 

Medicine 1998, 188, 1705-1715. 

 



201 

 

 

 

(276) Rangel-Moreno, J.; Carragher, D. M.; Misra, R. S.; Kusser, K.; Hartson, L.; 

Moquin, A.; Lund, F. E.; Randall, T. D. Journal of Immunology 2008, 180, 454-

463. 

 

(277) Bachmann, M. F.; Rohrer, U. H.; Kundig, T. M.; Burki, K.; Hengartner, H.; 

Zinkernagel, R. M. Science 1993, 262, 1448-1451. 

 

(278) Bachmann, M. F.; Jennings, G. T. Nature Reviews Immunology 2010, 10, 787-

796. 

 

(279) Venter, P. A.; Dirksen, A.; Thomas, D.; Manchester, M.; Dawson, P. E.; 

Schneemann, A. Biomacromolecules 2011, 12, 2293-2301. 

 

(280) Chackerian, B.; Lenz, P.; Lowy, D. R.; Schiller, J. T. Journal of Immunology 

2002, 169, 6120-6126. 

 

(281) Pinschewer, D. D.; Perez, M.; Jeetendra, E.; Bachi, T.; Horvath, E.; Hengartner, 

H.; Whitt, M. A.; de la Torre, J. C.; Zinkernagel, R. M. Journal of Clinical 

Investigation 2004, 114, 988-993. 

 

(282) Chackerian, B.; Durfee, M. R.; Schiller, J. T. Journal of Immunology 2008, 180, 

5816-5825. 

 

(283) Bhagawati-Prasad, V. N.; De Leenheer, E.; Keefe, N. P.; Ryan, L. A.; Carlring, J.; 

Heath, A. W. Journal of immune based therapies and vaccines 2010, 8, 1-1. 

 

(284) Wissinger, E.; Goulding, J.; Hussell, T. Seminars in Immunology 2009, 21, 147-

155. 

 

(285) Whitaker, J. R.; Granum, P. E. Analytical Biochemistry 1980, 109, 156-159. 

 

(286) Hansen, R. E.; Ostergaard, H.; Norgaard, P.; Winther, J. R. Analytical 

Biochemistry 2007, 363, 77-82. 

 

(287) Muir, T. W.; Sondhi, D.; Cole, P. A. Proceedings of the National Academy of 

Sciences of the United States of America 1998, 95, 6705-6710. 

 

(288) Lucon, J.; Qazi, S.; Uchida, M.; Bedwell, G. J.; Lafrance, B.; Prevelige, P. E., Jr.; 

Douglas, T. Nature Chemistry 2012, 4, 781-8. 

 

(289) Yan, Z.; Wang, F.; Wen, Z.; Zhan, C.; Feng, L.; Liu, Y.; Wei, X.; Xie, C.; Lu, W. 

Journal of Controlled Release 2012, 157, 118-125. 

 

(290) Wallrabe, H.; Periasamy, A. Current Opinion in Biotechnology 2005, 16, 19-27. 



202 

 

 

 

 

(291) Akrap, N.; Seidel, T.; Barisas, B. G. Analytical Biochemistry 2010, 402, 105-106. 

 

(292) de la Rica, R.; Matsui, H. Chemical Society Reviews 2010, 39, 3499-3509. 

 

(293) Carrico, I. S.; Kirshenbaurn, K. Nature Nanotechnology 2009, 4, 14-15. 

 

(294) Kirshenbaum, K.; Zuckermann, R. N.; Dill, K. A. Current Opinion in Structural 

Biology 1999, 9, 530-535. 

 

(295) Aniagyei, S. E.; Kennedy, C. J.; Stein, B.; Willits, D. A.; Douglas, T.; Young, M. 

J.; De, M.; Rotello, V. M.; Srisathiyanarayanan, D.; Kao, C. C. Nano Letters 

2009, 9, 393. 

 

(296) Huang, Y.; Chiang, C.-Y.; Lee, S. K.; Gao, Y.; Hu, E. L.; Yoreo, J. D.; Belcher, 

A. M. Nano Letters 2005, 5, 1429-1434. 

 

(297) Royston, E.; Ghosh, A.; Kofinas, P.; Harris, M. T.; Culver, J. N. Langmuir 2008, 

24, 906-912. 

 

(298) Stephanopoulos, N.; Liu, M.; Tong, G. J.; Li, Z.; Liu, Y.; Yan, H.; Francis, M. B. 

Nano Letters 2010, 10, 2714-2720. 

 

(299) Yoo, P. J.; Zacharia, N. S.; Doh, J.; Nam, K. T.; Belcher, A. M.; Hammond, P. T. 

ACS nano 2008, 2, 561-571. 

 

(300) Kostiainen, M. A.; Hiekkataipale, P.; Jose, Á.; Nolte, R. J.; Cornelissen, J. J. 

Journal of Materials Chemistry 2011, 21, 2112-2117. 

 

(301) Earnshaw, W.; Casjens, S.; Harrison, S. C. Journal of Molecular Biology 1976, 

104, 387-410. 

 

(302) Parker, M. H.; Casjens, S.; Prevelige, P. E. Journal of Molecular Biology 1998, 

281, 69-79. 

 

(303) Altunbas, A.; Pochan, D. J. Peptide-Based Materials, Springer: 2012; pp 135-167. 

 

(304) Kopecek, J.; Yang, J. Y. Angewandte Chemie-International Edition 2012, 51, 

7396-7417. 

 

(305) Fletcher, J. M.; Harniman, R. L.; Barnes, F. R.; Boyle, A. L.; Collins, A.; Mantell, 

J.; Sharp, T. H.; Antognozzi, M.; Booth, P. J.; Linden, N.; Miles, M. J.; Sessions, 

R. B.; Verkade, P.; Woolfson, D. N. Science 2013, 340, 595-599. 

 



203 

 

 

 

(306) Apostolovic, B.; Danial, M.; Klok, H. A. Chemical Society Reviews 2010, 39, 

3541-3575. 

 

(307) Frey, A.; Meckelein, B.; Externest, D.; Schmidt, M. A. Journal of immunological 

methods 2000, 233, 47-56. 

 

(308) Kirsch, R. D.; Joly, E. Nucleic acids research 1998, 26, 1848-1850. 

 

(309) Beer, A. J.; Schwaiger, M. Cancer and Metastasis Reviews 2008, 27, 631-644. 

 

(310) Wang, F.; Li, Y.; Shen, Y.; Wang, A.; Wang, S.; Xie, T. International Journal of 

Molecular Sciences 2013, 14, 13447-13462. 

 

(311) Nasulewicz-Goldeman, A.; Uszczynska, B.; Szczaurska-Nowak, K.; Wietrzyk, J. 

Oncology Reports 2012, 28, 1567-1573. 

 

(312) Jenkins, R. G.; Herrick, S. E.; Meng, Q. H.; Kinnon, C.; Laurent, G. J.; 

McAnulty, R. J.; Hart, S. L. Gene Therapy 2000, 7, 393-400. 

 

(313) Laakkonen, P.; Akerman, M. E.; Biliran, H.; Yang, M.; Ferrer, F.; Karpanen, T.; 

Hoffman, R. M.; Ruoslahti, E. Proceedings of the National Academy of Sciences 

of the United States of America 2004, 101, 9381-9386. 

 

(314) Hersel, U.; Dahmen, C.; Kessler, H. Biomaterials 2003, 24, 4385-4415. 

 

(315) Servid, A.; Jordan, P.; O'Neil, A.; Prevelige, P.; Douglas, T. Biomacromolecules 

2013, 14, 2989-95. 

 

(316) Galisteo, M. L. Biophysical journal 1993, 65, 227. 

 

(317) Burtea, C.; Laurent, S.; Mahieu, I.; Larbanoix, L.; Roch, A.; Port, M.; Rousseaux, 

O.; Ballet, S.; Murariu, O.; Toubeau, G.; Corot, C.; Elst, L. V.; Muller, R. N. 

Contrast Media & Molecular Imaging 2011, 6, 236-250. 

 

(318) Li, C.; Wang, Y.; Zhang, X.; Deng, L.; Zhang, Y.; Chen, Z. International Journal 

of Nanomedicine 2013, 8, 1051-1062. 

 

(319) Sacerdot, C.; Fayat, G.; Dessen, P.; Springer, M.; Plumbridge, J. A.; 

Grunbergmanago, M.; Blanquet, S. Embo Journal 1982, 1, 311-315. 

 

(320) Johnson, B. L. Montana State University, Bozeman, MT, 2011. 

 

(321) Wiley, J. A.; Geha, R.; Harmsen, A. G. Journal of Immunology 1997, 158, 2932-

2938. 



204 

 

 

 

 

(322) Wiley, J. A.; Harmsen, A. G. Journal of Immunology 1995, 155, 3525-3529. 

 

(323) Wiley, J. A.; Harmsen, A. G. Journal of Immunology 2008, 180, 5613-5624. 

 

(324) Li, F.; Ravetch, J. V. Science 2011, 333, 1030-1034. 

 

(325) Melchers, M.; Matthews, K.; de Vries, R. P.; Eggink, D.; van Montfort, T.; 

Bontjer, I.; Moore, J. P.; Sanders, R. W. Retrovirology 2011, 8. 

 

(326) Zhang, Z. X.; Greene, B.; Thuman-Commike, P. A.; Jakana, J.; Prevelige, P. E.; 

King, J.; Chiu, W. Journal of Molecular Biology 2000, 297, 615-626. 

 

(327) Zlotnick, A.; Suhanoysky, M. M.; Teschke, C. M. Virology 2012, 428, 64-69. 

 

 


