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In recent years, therapeutic use of engineered particles on the 1-1,000 nm scale has 

gained popularity; these nanoparticles have been developed for use in drug delivery, gene 

therapy, vaccine preparation, and diagnostics. Often, viral proteins are utilized in the design of 

such species, and outlined here are completed studies on the in vitro assembly of nanoparticles 

derived from two very different viral systems.  

The incorporation of the human immunodeficiency virus (HIV) envelope glycoprotein 

precursor gp160 into phospholipid bilayer nanodiscs is discussed as a potential platform for 

vaccine design; efforts were successful, however yield currently limits the practical application 

of this approach. The utility of bacteriophage lambda (λ) procapsids and virus-like particles in 

therapeutic nanoparticle design is also outlined, as are efforts toward the structural and 

thermodynamic characterization of a urea-triggered capsid maturation event. It is demonstrated 



that λ virus-like particles can be assembled from purified capsid and scaffolding proteins, and 

that these particles undergo urea-triggered maturation and in vitro decoration protein addition 

similar to that seen in λ procapsids. The studies on λ provided materials for the further 

development of nanoparticles potentially useful in a clinical setting, as well as shedding light on 

critical viral assembly and maturation events as they may take place in vivo. 
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Chapter I. Principles of Biological Nanoparticle Design 

 

 

I.A Introduction  

An intricate web is formed by the multitude of concerted chemical and physical events 

essential to sustaining life; it is tremendously complex, yet contains exquisite simplicity by way 

of modularity. Genetic material, small molecules and proteins work in harmony to form vast 

communication networks vital for maintenance of cellular homeostasis and intercellular 

crosstalk. In order to carry out nearly all of these processes, a variety of individual biological 

molecules and macromolecules must coalesce to create nanoscale assemblies; these may exist 

transiently, as do many complexes involved in cell signaling pathways, or relatively stably, as do 

many ion channels and pumps required to preserve electrolyte balance.  The ability of these 

individual units to associate with one another in a controlled, specific manner ultimately gives 

rise to life as we know it. 

 

I.A.1 Nanoparticles in nature  

Nanoparticles are pervasive in biological systems due to the fact that the higher order 

assembly of most biological molecules results in structures on the scale of 10-9 meters. Here, 

“nanoparticle” is used to indicate any multi-biomolecule complex of approximately 5-900 nm in 

diameter. The human body is rich with these complexes; they represent nodes in signaling 

systems, transporters, intercellular delivery vehicles, and cellular factories- not to mention the 

occasional unwelcome invader. 
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High-density lipoprotein (HDL) particles, for instance, are nanoscale assemblies of lipid 

and protein, and are a key component in the reverse cholesterol transport pathway. When first 

formed, the particles are known as pre-β HDL and consist of apolipoprotein, in particular A-I, 

which interacts with phospholipid to generate discoidal, cholesterol-free complexes. These pre-β 

HDL circulate in the serum accumulating cholesterol in the form of cholesteryl esters, ultimately 

developing into fully spherical, mature HDL. The HDL then bind to receptors or transfer proteins 

elsewhere in the body, which mediate removal of the cholesterol from circulation (Hill, 1997). 

Each of the components in the HDL particle is necessary for it to carry out its intricate set of 

duties. Binding sites on the apolipoprotein recognize cholesterol transfer enzymes and specific 

cellular receptors (Frank, 2000), allowing the particle to find its destination and sequester or 

relinquish cholesterol when appropriate. Scaffolding in the form of amphipathic apolipoprotein 

and phospholipid carry the cholesterol cargo safely to its destination.  

Viruses- among the simplest of biological entities- are expectedly nanoscale particles as 

well, consisting minimally of a protein shell, or capsid, containing the virus’s genetic material. 

These, too, are multifunctional assemblies capable of carrying out a complex, stepwise, and 

time-sensitive series of tasks from initial recognition of the host cell and genome delivery, to 

directing cellular synthesis of viral proteins, to assembly and release of new viral progeny. The 

mechanistic details of these events for two distinct viral systems, bacteriophage lambda (λ) and 

human immunodeficiency virus 1 (HIV-1), will be discussed in further detail in later chapters. 

 

I.A.2 Nanoparticles in the clinic 

 It is perhaps no surprise that in our own efforts toward multifunctional therapeutics we 

often mimic biological particles or make use of them for design purposes. Indeed, given the 
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relative lack of novel therapeutics recently discovered in comparison to rises in funding (CBO, 

2006), and in particular due to the apparent decline in efficacy of newly approved drugs 

throughout the years (Olfson, 2013), researchers are looking increasingly to rational drug and 

nanoparticle design to point us in the direction of promising new therapies.  

 

Figure 1. Nanoparticle diversity 

 

A large array of synthetic and biological nanoparticles has been engineered for use in therapy, 
diagnostics, or as model systems. A few common examples are shown here roughly to scale. 

 

 

Nanoparticle therapy has been studied for nearly 30 years, and to date a large variety of 

biologically compatible nanoparticles has been engineered encompassing a vast range of 

functionalities, from fully synthetic polymeric nanoparticles designed for extended drug release 

or tissue imaging, to nanoparticle vaccines assembled entirely from native viral proteins (Figure 

1). However, use of most of these particles has been restricted to research, with few true 

nanoparticle therapeutics having been approved by the FDA (Zhang, 2008; Davis, 2008; Petros, 

2010). 
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In spite of much effort toward advancing nanoparticle design, relatively few studies 

address how the human body interacts with many of these entities. The enlarged reactive surface 

area of nanoparticles, coupled with their tendency to show enhanced cellular uptake, greatly 

complicates prediction of pharmacokinetic behaviors such as plasma clearance and patterns of 

organ deposition. In general, roughly spherical particles < 5-10 nm are removed from the 

circulation by glomerular filtration. Sinusoidal filtration in the spleen or Kupffer cells in the liver 

normally trap particles larger than this, which are then disposed of by the reticuloendothelial 

system (RES). As a result, larger nanoparticles in general see accumulation in the kidneys and 

liver, as well as in the bone marrow (Garnett & Kallinteri, 2006). Nevertheless, because 

nanoparticle sizes, shapes, and compositions are so diverse, their patterns of cellular uptake and 

biodistribution must be evaluated case-by-case.  

Though the progress of nanoparticle therapy in a clinical sense has lagged somewhat in 

comparison to development of these technologies in the laboratory, data on how nanoparticle 

size, shape, composition and surface chemistry affect pharmacokinetic properties is becoming 

increasingly available (Champion, 2007; Owens, 2006; Alexis, 2008). These crucial studies will 

greatly enhance our ability to rationally engineer these species to exhibit both safety and 

multifunctional efficacy. Coupling this insight with improving methodologies for controlling 

nanoparticle size and homogeneity during assembly steps will hopefully serve to expand the 

number of such therapies approved for clinical use in the coming years. Of the limited number of 

highly successful nanoparticle therapeutics currently on the market, three are presented here; 

excellent reviews outlining other important examples are available elsewhere (Zhang, 2008; 

Davis, 2008; Petros, 2010). 
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An area of medicine that has seen particular benefit from the introduction of nanoparticle 

therapies is the treatment of cancer. This owes in part to the enhanced permeability effect (EPR) 

- nanoparticles’ propensity to accumulate passively in tumors due to their leaky, poorly 

developed vasculature (Maeda, 2000). Traditional cancer therapies typically rely on highly toxic 

small molecules, many of which damage cellular DNA or otherwise prevent its replication, 

leading to activation of apoptotic pathways and cell death. These molecules are active against 

rapidly dividing cancer cells, as DNA replication occurs more frequently. They are unfortunately 

also quite active against healthy cells that undergo rapid division naturally, such as intestinal 

epithelial cells and hair follicle cells; much of the long list of highly unpleasant chemotherapy 

side effects results from this nonspecific action (Chidambaram, 2011). The first nanoparticle 

drug ever to be approved by the FDA was a result of efforts to reduce toxic side effects and 

target drugs more specifically to cancerous cells. 

Doxorubicin is an anthracycline antibiotic, which is useful as a DNA intercalating agent 

in chemotherapy. However, its use is severely limited due to the occurrence of dose-dependent 

cardiotoxicity (Singal, 1998).  Doxil®, marketed by Janssen, is a PEGylated, liposomal 

preparation of doxorubicin approved by the FDA in 1995 for the treatment of AIDS-related 

Kaposi’s sarcoma (Barenholz, 2012). Liposomal incorporation appears to limit cardiotoxicity by 

encouraging preferential accumulation of the drug in tumor cells via the EPR effect, as well as 

deposition of the drug at the skin where tumors occur (Lotem, 2000). PEGylation increases the 

liposomal half-life and decreases immunogenicity (Barenholz, 2012). While this formulation 

demonstrates improvement of the more severe aspects of toxicity, this coincides with emergence 

of side effects localized to the skin (Lotem, 2000). More direct forms of targeting have since 

been applied to the surface of these liposomes and as a result, antibody-conjugated 
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“immunoliposomes” loaded with the drug were evaluated in phase I clinical trials with 

encouraging results (Matsumura, 2004). 

Though antibody-based drugs are identified as nanoparticle therapeutics rather 

inconsistently, they warrant discussion here as the philosophy behind their construction certainly 

extends to that of the larger protein nanoparticles examined in later chapters. Etanercept, 

marketed as Enbrel®, is a benchmark for rational protein-based drug design. Developed in the 

early 1990s by Bruce Beutler and colleagues (Peppel, 1991), it is now marketed by Amgen as a 

subcutaneous injection for treatment of a number of autoimmune diseases. Its licensed 

indications include plaque psoriasis, rheumatoid arthritis, and ankylosing spondylitis among 

others (Enbrel® US Full Prescribing information, 2008).  

Etanercept is a recombinant, chimeric protein comprising the 75 kDa tumor necrosis 

factor receptor 2 (TNFR) fused to the Fc region of human IgG1. As is the case with all 

nanoparticle therapeutics, the union of these two modules resulted in a particle with multiple 

functionalities. This protein forms stable dimers in solution and mitigates inflammatory 

responses by binding tightly to the proinflammatory cytokine tumor necrosis factor alpha (TNF-

α), effectively reducing its serum levels (Jarvis & Faulds, 1999). The dimeric platform offers 

both increased affinity for TNF-α due to avidity effects, as well as increased serum half-life due 

to interactions of the Fc portion with endosomal receptors that salvage it from degradation 

(Garrison, 1999). The method of identifying active components and melding them together to 

form a multifunctional particle, as in the development of Enbrel®, is at the heart of rational drug 

design and thus of therapeutic nanoparticle design as well. 

A final area in which nanoparticle therapy has enjoyed clinical success is in the design of 

vaccines. Virus-derived particles engineered for the purpose of inoculation are rarely included in 
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discussions of nanoparticle therapeutics; this seems a somewhat arbitrary distinction, as the 

principles underlying their design and function are fundamentally identical to those of classical 

nanoparticle drugs. Because of repeated exposure to nanoparticles in the form of viruses for 

thousands of years, our bodies are highly adept at recognizing and mounting immune responses 

to symmetric structures approximately 30 nm in diameter. Often, an individual needs only to 

encounter the outer shell of a viral particle-its capsid or envelope-in order to make antibodies 

capable of neutralizing the active form of the virus.  

When these shells are created artificially for research or clinical use they are usually 

referred to as “virus-like particles” (VLP), or occasionally “virosomes” in the case of enveloped 

viruses. They are assembled without genetic material, thus risk of infectivity is negligible. The 

human papillomavirus (HPV) vaccine Gardasil® (marketed by Merck) is composed of VLP from 

the L1 capsid protein, which coalesce spontaneously. L1 proteins from 4 different HPV types are 

expressed separately in recombinant yeast, and the resulting VLP are purified and mixed at 

specified ratios to yield the quadrivalent vaccine. This vaccine has been shown to be effective in 

preventing infection with HPV types 6, 11, and most notably 16 and 18 which are responsible for 

approximately 70% of cervical cancers (Villa, 2007). 

Taken together, these success stories make a strong case for the continued development 

of nanoparticle therapeutics for a variety of indications.  

 

I.A.3 Nanoparticles in research 

Many of the most exciting nanoparticle therapies are still in development or have only 

recently made it to clinical trials. Great strides have been made in the creation of a diverse array 

of fully synthetic nanoparticles, from dendrimers to organometallic nanocrystals to carbon 
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nanospheres, and beyond. Work on these structures has been thoroughly reviewed (Smith, 2008; 

Mornet, 2004) and these studies will not be discussed here, as biological nanoparticles are the 

focus. 

Both synthetic and biological nanoparticles have been the subject of extensive research in 

the field of gene therapy, the treatment of genetic disorders by introduction of corrective genes to 

the host cell. Viruses are often a template for the design not only of vaccines as discussed earlier, 

but of particles specifically intended to deliver payloads (genetic material, small molecules, or 

otherwise) to specific cell types. Nature has had considerable time to perfect these structures, so 

it seems logical to use them as a framework when creating cellular delivery vehicles of our own. 

The use of viruses as gene delivery devices is so common, in fact, that vectors are broadly 

classified as “viral” or “non-viral” (Guo & Huang, 2011). 

Herpes simplex virus-1 (HSV-1) is a dsDNA virus capable of establishing latent infection 

in neuronal cells. This mode of infection results in long-lasting expression of certain viral (or 

introduced) genes without the active replication of progeny. Integration of the viral genome is 

not required for extended protein expression, as this cell type does not undergo division 

(Manservigi, 2010). As a result, HSV-1 has been engineered extensively to fashion gene delivery 

vehicles for treatment of neurological disorders; variants have shown promising results in 

treatment of animal models of epilepsy (Paradiso, 2009), multiple sclerosis (Furlan, 2007), and 

Alzheimer’s disease (Hong, 2006), to name a few.  

The development of in vivo imaging and diagnostic techniques has shown that 

nanoparticles can serve as excellent tools for research as well. These often employ a marriage 

between synthetic inorganic and biological media, the most common mode being targeting of 

inorganic nanocrystals by ligation of biomolecules such as IgG. These bio-inorganic 
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nanoparticles facilitate the combination of diagnostic and therapeutic functions within the same 

unit; this concept has given rise to the emerging field of “theragnostics”. Though ambitious, 

feasibility is demonstrated through the success of biomolecule-targeted inorganic nanocrystals as 

theragnostic agents in a number of animal cancer models (Shubayev, 2009).  

Coated iron and iron oxide nanocrystals are already in use clinically as contrast agents for 

magnetic resonance imaging (MRI). It has been discovered that in the presence of alternating 

magnetic fields, they can also produce heat capable of causing tumor cell death by hyperthermia; 

altering the properties of the fields applied can control the amount of heat produced. These 

nanocrystals are given a hydrophilic coating to which targeting peptides, antibodies, or other 

biomolecules are conjugated; this causes them to preferentially accumulate in specific tumor 

types which can be revealed by MRI and treated subsequently by hyperthermia (Shubayev, 

2009). A fully synthetic, biocompatible precursor to these targeted nanoparticles has already 

shown success in controlled studies for imaging and treatment of prostate cancer in humans 

(Johannsen, 2005). 

Nanoparticle therapeutic uses are certainly not restricted to cellular delivery and vaccine 

applications; in many cases they can benefit the field of medicine more indirectly as valuable 

research tools. Biological nanoparticles are reasonably simple and small in comparison with 

most fully functional in vivo systems, which has encouraged their use as in vitro models for more 

complex cellular events such as multiprotein complex assembly and cell membrane phase 

separation. Liposomes, for instance, serve as excellent model membranes (Sessa, 1968), and can 

be formulated to have strictly controlled dimensions and lipid compositions. Notably, a 

liposomal, fluorescence-based lipid mixing assay has proven quite useful in the characterization 

of SNARE proteins, which mediate cellular vesicle fusion (Weber, 1998; McNew, 2000). The 
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partitioning behavior of lipids and membrane proteins can also be studied in much larger, 

micron-scale versions of these model systems, which have been useful in identification of certain 

post-translational modifications (PTMs) necessary for membrane protein shuttling into and out 

of what is believed to constitute the raft phase (Levental, 2010). 

 

I.A.4 Assembly of protein-based nanoparticles 

Methods for production of the protein and genetic components of biological nanoparticles 

typically consist of isolation from cell cultures or animal tissue, or in the case of shorter peptides 

or nucleic acids, solid or solution phase synthesis. By far the most facile way to assemble many 

protein-based nanoparticles is simply by coexpression of the constituent proteins in an 

appropriate cellular system; this is particularly true of particles that require host cell chaperones 

for correct protein folding and/or assembly (Figure 2, panel A). In the case of many human 

proteins, it is essential that this be carried out in a cell type that possesses the proper machinery 

to apply any necessary PTMs. Viral nanoparticles meant for vaccine (including Gardasil®) are 

typically produced in this manner (Govan, 2008), either from stably transfected cell lines or by 

infection with viral vectors; nonviral protein nanoparticles such as Enbrel® are usually expressed 

using this approach as well (Enbrel® US Full Prescribing information, 2008).  

Nanoparticles assembled in vivo (i.e. for which the majority of quaternary contacts are 

formed within the cell), especially vaccines and gene therapy vectors, are often purified and used 

without much further modification. In many instances, all of the moieties required to impart 

functionality can be added within the context of the cell. The creation of nanoparticles with 

artificially implemented functionality is somewhat more difficult using this mode of assembly. 

Virus-derived particles serve as an exception as they can often be made pre-packaged with cargo 
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in the form of protein and/ or genetic material in vivo, but selective encapsidation of other 

species is non-trivial.  

 

Figure 2. Protein nanoparticles: formation in vivo versus in vitro  
 

 
 

Panel A. Full particle assembly in vivo. Particles (green) are formed entirely within the cell 
expression system. This is useful in the case of budding particles or those requiring host chaperones for 
assembly. Any chemical modifications (yellow dots) must be made after particle formation; if an internal 
cavity is present it is typically inaccessible. Panel B. Particle assembly in vitro. Formation of particles from 
purified constituents is not possible in all cases, but allows for enhanced selectivity in labeling reactions 
(pink and yellow dots) and encapsulation of foreign species (red and brown dots). 

 

To surmount this issue, synthetic conjugates to the nanoparticle can be made after 

purification either at specific sites (e.g. engineered amino acid residues and selectively reduced 

disulfide bonds), or by nonspecific ligation techniques. However, pre-assembly of multiprotein 

+

A

B



	
  

	
   12 

complexes in vivo often complicates subsequent specific labeling procedures, and the use of 

orthogonal ligation strategies is required if more than one species is to be conjugated to the 

particle. The selective inclusion of small molecules, proteins, specific types of lipid (in the case 

of lipoprotein complexes), and other species is also decidedly challenging using in vivo assembly 

(Figure 2, panel A). 

In some cases, protein-based nanoparticles can be assembled in vitro from separately 

expressed and purified constituent proteins. This ability greatly expands the possibilities for 

multifunctional particle engineering as it allows for selective labeling of constituent proteins 

prior to assembly, use of multiple labels with identical coupling chemistries, and specific 

inclusion of small molecules, proteins, and non-biological materials (Figure 2, panel B). 

Extracellular reconstitution can be advantageous for preparation of lipoprotein nanoparticles as 

well, as it permits greater influence over the types of lipid present in the particles and their 

lipid/protein ratios. The highly controlled nature of such particles has been useful in examining 

both biological and mechanistic aspects of HDL activity (Scanu, 2008). 

The in vitro assembly of VLP from separately expressed, purified capsid proteins has 

been demonstrated in a number of viral systems, and will be outlined further in Chapter II. The 

assembly pathways of cowpea chlorotic mottle virus (CCMV) and brome mosaic virus (BMV) in 

vivo involves assembly of the coat proteins around the genetic material, largely mediated by 

nonspecific charge-charge interactions (Bancroft, 1969). In vitro studies have demonstrated that 

the purified proteins will spontaneously encapsidate anionic, inorganic nanoparticles under 

certain conditions (Huang, 2007; Aniagyei, 2008). This work would have been impossible 

without use of an in vitro assembly system, and underscores the ability of such systems to 

facilitate the design of truly unique, multifunctional nanoassemblies. 



	
  

	
   13 

I.A.5 Nanoparticle assembly in the coming chapters 

In the series of studies presented in the next two chapters, I utilize controlled nanoparticle 

assembly from viral surface proteins as a strategy for rational design of agents with potential 

therapeutic use. Additionally, I attempt to use the information gained by studying in vitro 

assembly to shed more light on mechanistic aspects of the same pathways as they take place in 

vivo. Chapter II outlines my efforts to better characterize established in vitro assembly and 

maturation pathways for bacteriophage λ capsids; these optimized assembly conditions lay the 

groundwork for the development of multifunctional, targeted cellular delivery vehicles. Chapter 

III outlines my work toward development of soluble HIV-1 envelope protein-lipid complexes for 

use in biochemical studies and ultimately vaccine design. Though the nanoparticles derived from 

these two systems and their applications are highly dissimilar, their construction was guided by 

principles and processes common to all protein-based nanoparticles. 
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Chapter II. Assembly & Characterization of Nanoparticles Derived from 

Bacteriophage λ Capsid Proteins 

 

 

II.A Introduction  

Bacteriophage λ is a non-enveloped, double-stranded (ds) DNA virus which infects 

Escherichia coli. Discovered by Esther Lederberg in the1950s while conducting genetic studies 

on a lysogenic E. coli mutant known as K-12 (Lederberg, 1953), it has since become the subject 

of a vast compendium of genetic and biophysical work. λ is a temperate phage, transitioning 

between lytic (active viral reproduction) and lysogenic (latent) life cycles. The tight regulation of 

genes and protein expression governing the transition between these life cycles is one of the best-

characterized genetic switches to date (Oppenheim, 2005). 

λ has been used heavily as a model organism in other capacities as well. It has given us a 

great deal of insight into enzyme complexes and assembly pathways common to many dsDNA 

viruses, including herpesviruses (Catalano, 1995; deBeer, 2002; Steven, 2005; Baines, 2011). In 

λ these systems, while elegant, are conceptually manageable enough to allow us some level of 

control over them. The protein components and DNA required for λ assembly can be purified or 

purchased separately and assembled into infectious virus in vitro. This allows for the study of 

each viral component’s activity and impact on overall viability of the resulting particles 

(Gaussier, 2006). A broad ensemble of in vitro assays have been developed to study various key 

events in λ development, and thus a wealth of biochemical information on λ is available (Tomka, 

1993; Yang, 2003; Gaussier, 2006; Yang, 2008; Chang, 2012).  Though these studies are 
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intellectually captivating, it is perhaps a logical next step to consider in what way we might 

apply our extensive understanding of this system to improve our own well being.  

While the clinical use of a bacteriophage may not be immediately obvious, phage, in fact, 

have been used in medicine since the 1920s and were even commercially produced for a time by 

Eli Lilly (Sulakvelidze, 2001). Before the development of many small molecule antibiotics used 

today, they were commonly used in the treatment of bacterial infections (Sulakvelidze, 2001). 

This is arguably the most direct use of phage in human medicine, and may again gain importance 

in treating the growing number of bacterial infections resistant to antibiotic intervention. 

Another potential clinical use of phage may be as a theragnostic agent. A more detailed 

understanding of the processes underlying λ capsid assembly and maturation would put us in a 

prime position to harness its surface proteins to create multifunctional nanoscale assemblies. 

This could open a new door for λ in clinical use, in the form of an engineered nanoparticle 

therapeutic. Here, I outline fundamental studies I have carried out in order to characterize, both 

structurally and biophysically, the in vitro assembly and maturation of λ capsids and virus like 

particles (VLP). Initial experiments are meant to address the following two major events in 

mature capsid formation: (i) initial particle assembly from constituent proteins, and (ii) 

maturation in the form of urea-triggered expansion and decoration protein binding, outlined in 

II.A.1 and II.A.2, respectively. As discussed in II.A.3, I have also exploited these steps in proof-

of concept experiments to construct λ -based nanoparticles that may be adapted for therapeutic 

use in the future. 
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II.A.1 Modeling λ capsid formation using a defined in vitro assembly protocol 

Critical to the production of viable viral progeny is, of course, formation of the viral 

capsid. This protein shell serves to protect and deliver the virus’s genetic material; without it, 

none of the events in the viral life cycle could occur. In some systems, such as tobacco mosaic 

virus (Klug 1999) and polyomaviruses (Garber, 1980), the genetic material itself nucleates 

capsid formation. In these cases, the genome is passively encapsidated by the growing protein 

lattice. In other more complex viruses (Newcomb, 2001), and as is the case for λ, the genome 

must be actively transported by a packaging motor into a preformed, immature “procapsid” shell 

(Rao, 2008; Jardine, 2006; Catalano, 1995; Casjens, 2011).  The λ procapsid possesses 

icosahedral symmetry and is composed of 415 copies of a major capsid protein, gpE. One vertex 

of this icosahedron is replaced by the portal, a dodecameric ring that serves as the entry point of 

dsDNA during genome packaging, as well as the exit point of the DNA during infection 

(Catalano, 1995; Jardine, 2006; Rao, 2008). It is thought that assembly of the λ capsid in vivo is 

nucleated, at least in part, by the portal complex (Georgopoulos, 1983). The full in vivo λ capsid 

development pathway up to decoration protein binding is presented in Figure 1, panel A. 

Shell assembly is the result of a compromise between granting stability to the newly 

growing capsid lattice, while allowing for dissociation of incorrectly bound capsid protein 

monomers to avoid off-pathway products. Systems such as λ and the herpesvirus groups make 

use of internal scaffold proteins to “chaperone” their major capsid proteins into icosahedral 

structures (Ziegelhoffer, 1992, Dokland, 1999). These scaffold proteins often exhibit inherent 

flexibility and partial intrinsic disorder (Dokland, 1999; Fane, 2003). Indeed, it seems logical 

that structural plasticity would be a requirement for the scaffold to chaperone the formation of 



	
  

	
   17 

obligatory quasi-symmetric contacts between chemically identical capsid protein monomers 

incorporated into an icosahedral shell. 

 

Figure 1. λ Capsid and Viral Particle Assembly Pathways  

A 

 
B C 

 
VLP Assembly 

 
Procapsid Expansion 

 
 
Panel A. Pathway for the assembly and maturation of a λ procapsid as it is thought to occur in 

vivo (courtesy J. R. Chang).  Panels B & C.  Previously determined in vitro assembly (B) and maturation 
(C) pathways (adapted from figures courtesy J. R. Chang).  Details are provided in the text. 
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As was discussed in Chapter I, the capsid proteins in a number of systems can be purified 

separately and combined in vitro to assemble VLP. In addition to the advantages for nanoparticle 

therapy already outlined, these VLP assembly systems are also quite useful for modeling in vivo 

capsid assembly pathways. The thermodynamic characteristics of capsid assembly for a number 

of systems, including phage P22 and hepatitis B virus, have been extracted using methods based 

upon in vitro VLP assembly (Ceres, 2004; Parent, 2006; Bourne, 2008; Katen, 2009). The major 

capsid protein of λ can likewise be assembled in vitro into portal-less VLP with the assistance of 

its scaffold protein, known as gpNu3 (Figure 1, panel B). Studies done by Eva Medina (Medina 

et al, 2011) showed that the yield of λ VLP was highest when formed using a ratio of 

approximately 2:1 major capsid: scaffold (Figure 2). However, neither the overall morphology of 

the particles nor the optimal conditions for assembly were known. 

In the first set of experiments summarized here, I aimed to further examine the structure 

of the particles obtained by the in vitro VLP assembly process. I then optimized the reaction 

parameters to produce as pure and homogeneous a preparation of λ VLP as possible. The 

optimized reaction conditions are useful for VLP production for further application toward 

nanoparticle development, as outlined in II.A.3. The results highlight the delicate balance 

required to maintain homogeneous capsid assembly in vivo. 
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Figure 2. Initial formation of VLP 

A 

 
B 

 
 

A280 of VLP purified by gel filtration initially suggested that particle yield is optimal at a scaffold : 
major capsid protein ratio of 0.5:1 (adapted from figures that originally appeared in Medina et al, 2010). 
Experiments performed by E. M. Medina. 
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II.A.2 Modeling shell expansion & decoration using in vitro maturation of λ capsids 

Characterization of urea-triggered capsid expansion. In a number of viral systems, 

genome packaging is accompanied by a capsid rearrangement/ maturation event. This is true of 

HSV, phages HK97 and P22, and a host of other icosahedral viruses (Galisteo, 1993; Duda, 

1995; Heymann, 2003). It was previously thought that this maturation served as an irreversible 

step, ensuring that particle assembly would continue along a unidirectional trajectory leading to 

infectious virus (Hohn, 1976). The need for capsid rearrangement may also be a consequence of 

the balance between establishing strong subunit contacts amongst capsid proteins in the mature 

shell, and avoiding off-pathway structures during shell assembly caused by formation of 

improper contacts too stable to be rectified. The thought is that even if optimal contacts are 

sacrificed during the capsid assembly step, as they must be in some subunits due to quasi-

symmetry, fidelity and stability can still be imparted to the particle if these stabilizing 

interactions are established in a subsequent rearrangement or maturation step (Gertsman, 2009). 

For λ, capsid maturation in vivo occurs in response to translocation of the viral genome 

into a preassembled procapsid (the unexpanded form of the capsid is from here on referred to as 

the procapsid; Figure 1, panel A) (Medina, 2010). Upon packaging of a fraction of the genome, 

the procapsid expands by approximately 10 nm in diameter, while its walls thin significantly 

(Hohn, 1976; Dokland & Murialdo 1993). A capsid decoration protein then binds in a 1:1 

stoichiometry to the major capsid protein, forming trimeric spikes on the outside of the capsid at 

quasi three-fold axes (Lander, 2008). This helps to stabilize the mature capsid lattice against both 

environmental insult and the tremendous internal pressure generated by the fully packaged 

genome (Fuller, 2007; Yang, 2008). 
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In λ, procapsid expansion may be triggered artificially by urea (Kunzler & Hohn 1978), a 

phenomenon that has been recapitulated in similar systems (Duda, 1995).  This was repeated in 

our lab using purified λ procapsids assembled in vivo from the expression vector [PT7Cap], as 

previously described (Yang, 2003). Expansion can be maintained even after removal of the urea 

if a low concentration of Mg2+ (~1 mM) is present in the buffer. Interestingly, though, the 

expansion is reversible in the presence of higher concentrations (~15 mM) of Mg2+ and other 

divalent metals (Figure 1, panel B). This finding was fascinating, as full reversibility of the 

maturation process had not been observed in other systems (Lata, 2000; Wang, 2003).  

 

Figure 3. Biological activity of λ capsids expanded and decorated in vitro 

 
 

The activity of λ capsids matured in vitro was examined using a full genome packaging/ DNAse 
protection assay. Activity is shown relative to that of procapsid, and is enhanced in the pre-matured 
particles (originally appeared in Medina et al, 2012). Experiments performed by E. Medina. 
  
 

After removal of the urea under expansion-maintaining conditions, the capsids bind 

decoration protein readily and at the expected ratio; only after this event is expansion rendered 

irreversible (Fig 1, panel B). Particles matured in vitro in this manner exhibit excellent biological 

function in the form of packaging activity, as demonstrated by DNase protection assay shown in 
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Figure 3 (Medina et al, 2012). Given these results, I believe that they represent the biologically 

active species and thus serve as an excellent model system for λ capsid maturation in vivo, in that 

that their biophysical and structural features reflect those of maturing viral particles occurring 

within the infected cell. 

The use of chemical denaturation curves to determine the thermodynamic characteristics 

of two-state protein folding transitions is very well documented (Pace & Shaw, 2000; Santoro & 

Bolen, 1988). Given that λ urea-triggered capsid expansion also appeared to be a two-state, 

reversible process when monitored by native agarose gel assay, the linear extrapolation method 

was used to calculate the free energy of capsid expansion, ΔGH2O. This provided a unique 

opportunity to measure the energetics of viral capsid maturation in a thermodynamically rigorous 

manner, albeit using a somewhat low-resolution, gel-based technique. Using this approach, 

ΔGH2O was measured to be 10 ± 3 kcal/mol in the presence of 3 mM Mg2+(Medina et al, 2012). 

First and foremost in my work on in vitro capsid expansion, I wanted to confirm that application 

of a two-state model to this system was indeed appropriate, and to recapitulate the ΔGH2O for 

capsid expansion previously determined by gel using a solution-based technique, namely small 

angle X-ray scattering (SAXS). 

Structural model for the λ procapsid shell. At the time my research was initiated, there 

was a relative dearth of structural information on a number of the most critical proteins involved 

in λ assembly and maturation, including the major capsid protein. Cryo-EM reconstructions had 

been reported for both procapsid and expanded shell conformations, and for the decoration 

protein trimer spike bound to the capsid (Yang, 2000; Lander, 2008). In addition, high-resolution 

structures of the λ decoration protein had been solved by a number of techniques, both in-

solution NMR and crystallographic approaches (Yang, 2000; Iwai, 2005). 
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Pseudo-atomic models based on cryo-EM capsid data, in combination with 

crystallographic data for the decoration protein, led to hypotheses about how the latter physically 

stabilizes the icosahedral shell.  One postulated stabilizing interaction is the formation of a four-

stranded β-sheet involving two strands donated by a loop in the major capsid protein, a third 

donated by the N-terminus of an adjacent capsid shell protein, and the fourth strand donated by 

N terminal residues in the decoration protein. The latter residues are disordered under 

crystallographic conditions, but were apparent in the EM density (Lander, 2008). To reveal this 

interaction, Lander et al. constructed a pseudo-atomic shell model using the cryoEM density and 

the crystal structure of the homologous HK97 major capsid protein, as data for the λ protein is 

nonexistent. They then incorporated the published X-ray crystal structure of λ decoration protein 

(Yang, 2000), into corresponding densities in the EM structure of the expanded, decorated λ 

capsid. Though this exercise proved highly useful in uncovering nonspecific protein backbone 

contacts, it was not possible to predict more specific contacts on an amino acid level without a 

pseudoatomic model containing the sequence of λ major capsid protein itself. 

In an effort to paint a more vivid structural picture of this essential viral protein, I 

attempted to determine whether or not inter-subunit contacts between monomers within the 

capsid differ grossly between the expanded and contracted forms using chemical crosslinking 

and mass spectrometry (CCMS). I then combined the CCMS and cryo-EM (Lander, 2008) data, 

along with computational modeling by the structure prediction servers PHYRE (Kelley & 

Sternberg, 2009) and I-TASSER (Zhang, 2008; Roy, 2010), to elucidate stabilizing inter-residue 

contacts between the major capsid protein and the decoration protein.  
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II.A.3 Design of multifunctional, λ-based nanoparticles 

As mentioned previously, a final goal of the in vitro assembly and maturation work was 

its application toward construction of multifunctional, λ-based nanoparticles, which may be 

useful in therapy. With the successful preparation of homogeneous VLP in section II.A.1, I was 

in a position to attempt to build such particles entirely in vitro from expressed and purified 

constituent proteins. 

The use of λ decoration protein in a variety of fusion constructs has been demonstrated; 

both in phage display and other systems it retains its ability to bind and stabilize the λ capsid 

even when relatively large sequences are grafted on to either terminus (Sternberg, 1995; 

Mikawa, 1996; Santini, 1998). Thus, it is expected to be of great use in imparting targeting and 

other functions to nanoparticles derived from λ. The decoration protein and thus any fusion or 

conjugate protein exists on the surface of the capsid in very high copy number, allowing for the 

possibility of multivalent interactions with a ligand. Studies have shown that when conjugated to 

viral proteins displayed with high symmetry and in high copy number, molecules as small as 

nicotine are capable of generating a robust immune response, even in humans (Cornuz, 2008; 

Bachmann & Jennings, 2010 ). Given these results, the high immunogenicity of λ could in fact 

be a desirable trait in the design of novel vaccines. λ phage itself was used in a porcine vaccine 

trial with no apparent adverse effects (Gamage, 2009); these combined results serve to 

underscore the potential for further development of phage for the purpose of vaccine 

applications, if not drug delivery. 

As a last step in my work on phage λ, I assessed the feasibility of full in vitro assembly of 

multifunctional λ -based nanoparticles by demonstrating urea-triggered maturation and 

decoration protein binding to the VLP described in section II.A.1. I also assisted in the structural 
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characterization of full λ capsids matured and coated in vitro with engineered decoration protein 

mutants, as a stride toward bestowing the particles with multiple functions. As indicated in the 

previous chapter, there are a number of advantages to in vitro assembly, which our laboratory 

hopes to exploit in future experiments. Although the VLP and functionalized capsids constructed 

here are not yet very sophisticated, they serve as a critical proof-of concept toward the 

development of λ based multifunctional nanoparticle therapeutics. 

 

II.B Materials & Methods 

II.B.1 Protein expression & purification 

Major capsid protein, gpE.  2 L cultures of E. coli BL21(DE3)[gpE-His6] cells (Medina, 

2010) were grown in 2xYT media at 37°C with constant agitation (250 RPM) until an OD of 

~0.6 was reached. Cells were induced with 1 mM IPTG and maintained at 37°C with constant 

agitation for an additional 2 hours. Unless otherwise indicated, all subsequent steps were 

performed on ice or at 4°C. Cells were harvested by centrifugation and the pellet was 

resuspended in 50 mL of 20 mM Tris (pH 8), 1 mM EDTA, 20% sucrose. After 10 minutes of 

gentle agitation, the cells were harvested by centrifugation at 9,000 relative centrifugal force 

(RCF) for 30 minutes and resuspended in 50 mL of water. Spheroplasts were isolated with 

another 10 minutes of gentle mixing followed by centrifugation at 12,000 RCF for 40 minutes. 

The spheroplasts were resuspended in 20 mL of binding/resuspension buffer (50 mM Tris pH 8, 

containing 5 M guanidine hydrochloride, 100 mM NaCl, 10 mM MgCl2, 10 mM imidazole), then 

lysed by sonication and gently stirred overnight at 4˚C. Insoluble proteins were removed by 

centrifugation at 12,000 RCF for 30 minutes.  
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A 5 mL GE HisTrap FF Ni-NTA column was equilibrated with resuspension/ binding 

buffer, prior to injection of the clarified supernatant at a flow rate of 1 mL/min. The column was 

washed with fresh resuspension / binding buffer and bound material was eluted with a linear 

gradient of 10-500 mM imidazole over 10 column volumes at a flow rate of 1 mL/min. Aliquots 

of each fraction were precipitated with 6% trichloroacetic acid (TCA) and the resuspended 

pellets examined for the presence of gpE by SDS-PAGE. Appropriate fractions were pooled 

(gpE elutes at ~ 50 mM imidazole), and the concentration of major capsid protein determined by 

absorbance at 280 nm using ε280 = 36,330 M-1cm-1.  

The protein concentration in the pooled sample was reduced to 20 µM or less by dilution 

with resuspension / binding buffer (no imidazole) to minimize precipitation and the denaturant 

was exchanged for urea by overnight dialysis into 40- fold excess of 50 mM Tris pH 8, 

containing 300 mM NaCl, 7 mM β-mercaptoethanol, and 6 M urea. The denaturant concentration 

was decreased by a series of step dialyses into 40-fold excess of the same buffer containing 4 M 

and then 2 M urea, being sure to maintain [major capsid protein]  ≤ 15 µM to minimize 

aggregation. The purified protein was exchanged in to dialysis buffer containing 0.5 M guanidine 

HCl for storage, and kept at 4˚C until use. The purity of the preparation was > 95% as 

determined by SDS-PAGE.  

Scaffold protein, gpNu3. 1 L cultures of E. coli BL21(DE3)[ pT7Init-gpC-S166A] 

(Medina, 2010) were prepared and harvested as for major capsid protein. Unless otherwise noted, 

all steps were performed on ice or at 4°C . Pellets were taken into 25 mL of resuspension buffer 

(20 mM Tris pH 8, containing 5 mM MgCl2 and 5 mM β-mercaptoethanol). Cells were lysed by 

sonication, and lysozyme and 100x EDTA-free Halt Protease inhibitor (Thermo Scientific) were 

added to concentrations of 80 µg/mL and 1x, respectively. The mixture was incubated with 
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stirring for one hour. Cellular debris was removed by centrifugation at 9,000 RCF for 20 

minutes, followed by addition of solid ammonium sulfate to the supernatant to 20% saturation. 

The sample was stirred for 45 minutes and clarified by centrifugation at 9,000 RCF for 25 

minutes. Solid ammonium sulfate was added to the supernatant to 70% saturation, followed by 

stirring for an additional 45 minutes. The sample was clarified by centrifugation once again, and 

the pellet (containing scaffold) taken back into resuspension buffer.  

The solution was dialyzed overnight against one liter of the resuspension buffer, then 

injected on to a pre-equilibrated (with resuspension buffer) 50 mL DEAE-Sepharose (GE) 

column at a flow rate of 1 mL/min. The column was washed with 2 column volumes (CV) of 

resuspension buffer containing 100 mM NaCl, and bound protein was eluted using a linear 

gradient of 100-500 mM NaCl over 5 CV at a flow rate of 1 mL/min. 3 mL fractions were 

collected and aliquots analyzed by SDS-PAGE to determine which contained scaffold. Protein 

signal was monitored at 230 nm, as gpNu3 is devoid of aromatic residues. Scaffold protein 

eluted as a broad, intense peak at 100-250 mM NaCl.  

The appropriate fractions were pooled and dialyzed against the same buffer used for 

DEAE equilibration, and loaded onto a pre-equilibrated 6 mL Resource Q column (GE 

Healthcare) at a flow rate of 1 mL/min. The column was developed with a linear gradient to 350 

mM NaCl. Scaffold protein eluted at 150 mM NaCl, and was located in the collected fractions by 

SDS-PAGE.  Appropriate fractions were pooled and dialyzed in to 20 mM Tris (pH 8), 

containing 100 mM NaCl and 5 mM MgCl2, and stored at 4ºC (or at -20ºC with the addition of 

20% glycerol). Purity was > 95% as determined by SDS-PAGE. Scaffold protein concentration 

was determined by absorbance at 230 nm using ε230 = 20,140 M-1cm-1. 
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λ Procapsids. Procapsids were purified according to published procedures, with slight 

modification (Yang, 2003). 10 mL overnight cultures derived from single colonies of E. coli. 

BL21(DE3)[pLysS][pT7Cap] were used inoculate two liters of 2X-YT media, pH 7.5, containing 

25 mM potassium phosphate, 5 mM glucose, and 50 µg/ml ampicillin. The culture was 

maintained at 37°C with constant agitation (250 RPM) until an OD of 0.6-0.7 was reached. IPTG 

was added to the mixture to a final concentration of 0.5 mM, and the cells were maintained at 

37°C for an additional 2 h prior to harvesting by centrifugation.  

Unless otherwise indicated, all further steps were performed over ice or at 4°C. The cell 

pellet was resuspended in 50 ml of 50 mM Tris-HCl, pH 8.0, containing 10 mM MgCl2 and 100 

mM NaCl. Cells were lysed by sonication, and the crude lysate was clarified by centrifugation 

(8,000 RCF, 10 min). The supernatant was spun at high-speed in a Beckman L90K preparative 

ultracentrifuge (130,000 RCF, 3 h). The supernatants were discarded, and 1 mL overlays of 

buffer (the same as used for cell resuspension) were gently applied to the pellets, which were 

allowed to incubate undisturbed overnight.  The overlays containing white, flocculent material 

were gently removed from the pellets and applied to 10–40% sucrose gradients prepared in the 

same buffer. Samples were separated under the same conditions used previously for the high-

speed spin, resulting in diffuse, somewhat opaque procapsid bands near the center of the 

gradients. Bands were harvested by aspiration and dialyzed against 50 mM Tris-HCl, pH 8.0, 

containing 15 mM MgCl2 and 7 mM β-mercaptoethanol. The dialyzed procapsids were loaded 

onto a 120 ml DEAE-Sepharose column equilibrated with the same buffer as used for dialysis, 

and bound material was eluted with a 0–250 mM NaCl gradient. The procapsid-containing 

fractions (eluting at ~50 mM NaCl) were pooled and dialyzed once again against the same 

buffer. The final procapsid stock was concentrated in 100 kDa MWCO Amicon centrifugal filter 
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units and stored at 4°C. Procapsid concentration was calculated from absorbance at 280 nm in 

the presence of 6 M guanidinium chloride using the previously determined extinction coefficient, 

ε280 =16.65 µM-1 cm-1. 

Capsid decoration protein. Decoration protein purified according to published protocols 

(Yang, 2003) was a kind gift from Elizabeth Medina. 

 

II.B.2 in vitro assembly of λ VLP 

Major capsid protein (15 µM) was combined with scaffold protein in indicated molar 

ratios on ice, typically in 2 mL reaction volumes. The guanidinium concentration was maintained 

at 0.5 M to minimize aggregation, and unless otherwise indicated, the mixtures were dialyzed at 

4ºC against VLP formation buffer (50 mM Tris (pH 8), initially containing 300 mM NaCl, 15 

mM MgCl2, and 7 mM β-mercaptoethanol; once effect of salt concentration on VLP assembly 

had been determined, [NaCl] was adjusted to 150 mM for subsequent reactions). The assembly 

mixtures were then concentrated to 500 µL and any precipitate removed by centrifugation at 

12,000 RCF for 15 minutes. Gel filtration purification was achieved using a Superose 6 

HR10/300 GL gel filtration column (GE Healthcare) pre-equilibrated with VLP formation buffer 

containing 150 mM NaCl in all cases. Samples were injected in 250 µL aliquots using an 

isocratic flow of the above buffer at 0.5 mL/min over 1 column volume. 0.5 mL fractions were 

collected and stored at 4ºC for future use. VLP appeared to remain intact for months at 4ºC by 

EM, however freezing was strictly avoided as it causes damage to capsids and VLP.  

 

 

 



	
  

	
   30 

II.B.3 Urea-triggered expansion of λ procapsids/VLP 

For expansion and gpD addition experiments, protocols followed those previously 

established for in vitro maturation of procapsids, with the exception of gpD addition to VLP, 

which was carried out at a gpD:gpE ratio of 10:1 instead of 1.5:1 (Medina, 2012). VLP 

assembled under the optimized conditions above were concentrated to approximately 20 nM and 

incubated in the presence of gpD at room temperature for 1 hour either untreated or after urea-

triggered expansion followed by buffer exchange into 1 mM Mg2+ containing buffer. 20 µL 

aliquots at all steps were analyzed by 0.8% agarose gel and stained with Coomassie Brilliant 

Blue. VLP were then purified by SEC as indicated in II.B.2, and void volume peak fractions 

were analyzed by SDS-PAGE performed on 15% gels and quantitated by video densitometry as 

described below.  

 

II.B.4 Polyacrylamide & native agarose gel electrophoresis; densitometry 

Electrophoresis. Samples intended for SDS-PAGE were treated with 0.25 equivalents of 

5 x reducing SDS-PAGE loading buffer and boiled for no more than 45 seconds to minimize 

heat-induced degradation of the major capsid protein. 10-20 µL of samples were loaded on to 

15% polyacrylamide gels, and electrophoresis was performed at 150 V, until the dye front was 

approximately 1 cm from the bottom of the gel. Samples intended for native gel electrophoresis 

were treated with 0.17 equivalents of 6 x DNA loading buffer and 10-20 µL loaded on to 40 mL 

0.8% agarose gels. Electrophoresis was performed at 100 V, until the bromophenol blue band 

had completely exited the gel. In either case, protein bands were visualized by staining with 

Coomassie Brilliant Blue R-250. 
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Gel densitometry. Protein and DNA gels were imaged using an EpiChemi3 darkroom 

system (UVP Bioimaging Systems) equipped with a Hamamatsu camera. Video densitometry of 

the bands was performed using the Image Quant software package (Molecular Dynamics).  

Protein molar ratio was calculated assuming Coomassie staining of major capsid and decoration 

proteins was quantitative and proportional to mass. 

 

II.B.5 Chemical Crosslinking & Mass Spectrometry 

Chemical crosslinking & sample digestion. Bacteriophage λ procapsids were purified as 

described above. The samples (86 µg) were incubated at room temperature in a reaction mixture 

(43 ul) that contained 50 mM sodium phosphate buffer, pH 7.2, plus either EDC (10 mM) or 

BS2G-d0 (2 mM) for two hours or one hour, respectively. The reactions were then quenched by 

buffer exchange into 25 mM NH4HCO3 buffer using 100 kDa MWCO Amicon® centrifugal filter 

units. A mock-treated control sample was prepared analogously except that cross-linker was 

omitted from the reaction mixture. SDA (1 mM) cross-linking reactions were initiated identically 

but were first incubated in the dark for 30 minutes. Excess SDA was then removed by exchange 

into 50 mM sodium phosphate buffer and the cross-linking reactions were initiated by irradiation 

of the samples with long-wave (366 nm) UV light for 10 minutes. The samples were then 

exchanged into 25 mM NH4HCO3 as described above. 

In all cases, urea and 1,4-dithioerythritol were added to the quenched cross-linking 

reaction mixtures to final concentrations of 6 M and 4 mM, respectively, and the solutions were 

incubated at 37°C for one hour. Iodoacetamide was then added to 40 mM and the mixture was 

maintained at room temperature for an additional hour in the dark. The urea was diluted to 2 
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molar using 25 mM NH4HCO3 buffer containing 10% acetonitrile for trypsin digestion of the 

protein. 

The cross-linked, reduced, and carboxymethylated protein samples were digested with 

trypsin (1:30 mass ratio) for one hour at 37°C. An additional aliquot of trypsin was then added 

and the mixture was kept at 37˚C overnight. The fully digested samples were desalted with 

Vydac C18 Silica macrospin columns (The Nest Group, Southboro, MA, USA), dried in vacuo, 

and stored at −80°C until mass spectrometry analysis. 

The trypsin-digested samples were resuspended in 0.1% formic acid in water and 

analyzed by electrospray ionization in the positive ion mode. For each injection, 500 ng of 

peptide mixture was loaded onto the pre-column and the column was washed with 5% 

acetonitrile in water containing 0.1% (v/v) formic acid at flow rate of 4 µL/min. Peptides were 

then eluted at a flow rate of 250 nL/min using the following linear gradients of acetonitrile in 

0.1% (v/v) formic acid in water: 5% to 35% over 55 minutes; 35% to 90% over 10 minutes; and 

90% (isocratic) for 9 minutes. 

Mass spectrometry, data analysis and cross-link identification (performed by P. Singh). 

All MS survey scans were performed in the Orbitrap from m/z 400−2000, at resolution of 60,000 

(m/z 400) and ion populations of 5 × 105. For tandem mass spectrometry with ion detection in the 

Orbitrap, the ion population was set to 2 × 105, resolution to 7,500, and the precursor isolation 

width to 4 m/z units. Collision energy was set to 40% for collision-induced dissociation (CID) in 

the LTQ. All data-dependent analyses were performed using MS survey scans followed by data-

dependent selection of the five most abundant precursors for tandem mass spectrometry. In order 

to increase the probability of conducting CID on cross-linked peptides, typically present at 

higher charge states (Singh, 2008), singly, doubly, and triply charged precursors were rejected 
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from data-dependent ion selection. The dynamic exclusion feature of the mass spectrometer was 

utilized to increase the likelihood of detecting novel peptides by preventing re-selection of 

precursor ions (−0.1/+1.1 Da) for 45 sec after CID after which they were allowed to be selected 

again for CID. 

Post acquisition, tandem mass spectral data files were processed through our chemical 

cross-linking and mass spectrometry (CCMS) pipeline as described previously (Singh, 2008). 

Briefly, tandem mass spectral data files were deconvoluted and searched with the Phenyx search 

engine (GeneBio SA, Geneva, Switzerland). The output of this process is peptide sequence 

identification and removal of tandem mass spectra matching non-cross-linked, linear peptides 

from the data set. The remaining spectra were searched using Popitam  

(http://www.expasy.ch/tools/popitam/) in an “open-search mode”. Any mass modification 

between −50 and +3000 Da at any amino acid was searched using trypsin specificity and one 

missed cleavage, against a database containing protein sequences of interest. The smallest 

possible tolerance (0.01 Da) was used for fragment ion matching. A list of cross-linked peptide 

candidates was obtained by querying the modification masses generated from Popitam against 

masses of tryptic peptides from known proteins in the procapsid. In all data sets measured mass 

accuracy of cross-linked precursor ions and fragment ions (±5 ppm) were used to confirm the 

presence of cross-linked peptides. 

 

II.B.6 Computational modeling  

Structural homology models were generated using the Protein Homology/analogY 

Recognition Engine (PHYRE) search engine (http://www.sbg.bio.ic.ac.uk/phyre2) and the I-

TASSER search engine (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) using gpE as the 
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query sequence. Chemical cross-links identified by mass spectrometry (Table 1) were visualized 

in the context of the I-TASSER model and those deemed appropriate were used as 

intramolecular distance constraints in a second I-TASSER query to afford a refined structural 

model. Identified BS2G cross-linked atoms were constrained to a distance of 7.7 Å and identified 

EDC cross-linked atoms were constrained to a distance of 1.4 Å. 

The refined gpE structural homology model constructed above was manually fit into the 

13.3 Å electron density map of unexpanded bacteriophage λ procapsid (EMDB reference number 

EMD-1507) using the UCSF Chimera package (Resource for Biocomputing, Visualization, and 

Informatics, University of California, San Francisco; Pettersen, 2004). Briefly, density maps for 

gpE penton and hexon capsomers, and for the three-fold axis were extracted from the full capsid 

cryo-EM structure. Individual gpE subunits were manually fit into the density maps to within 

approximately 5-10 Å of their desired location. Iterative rounds of shifting and rotational 

displacement were performed using the Chimera “Fit in Map” tool until no further improvement 

in fit could be achieved. Multiple fits from different starting positions were carried out to ensure 

convergence to the same final position. 

 

II.B.7 Electron microscopy & particle measurements	
  

2 µL of samples (approximately 10 nM capsid or VLP) were applied to negatively glow-

discharged, 300 mesh carbon-coated copper grids (Ted Pella or EMS) for 20-30 seconds. Excess 

sample was blotted, and the grids were washed thrice with water and stained either with 2% 

uranyl acetate or Nano-W (Nanoprobes), a commercial preparation of methylamine tungstate. 

Bright field electron microscopy was performed either in the Tamir Gonen Laboratory on an FEI 

Morgagni 268 100-kV electron microscope or at the NanoTech User Facility at the University of 
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Washington on an FEI Tecnai G2 F20 S-Twin TEM, both equipped with Gatan CCD imaging 

systems. Images were collected at 14,000 and 38,000 x magnification. Particle measurements 

were carried out using the Adobe Photoshop software package; each was the average of three 

separate measurements distributed radially. 

 

II.B.8 Small angle X-ray scattering  

SAXS was performed with the kind assistance of Prof. Kelly Lee on beamline 4-2 at the 

Stanford Synchotron Radiation Lightsource (SLAC National Accelerator Laboratory, Menlo 

Park, CA), based on published procedures (Lee, 2004). Procapsid samples contained 

approximately 1 mg/mL material, with measurements made on serial dilutions to check for 

concentration effects. Procapsids were dialyzed into buffer containing 20 mM Tris pH 8 at 4°C, 

15 mM MgCl2 for unexpanded samples or an identical buffer containing 2.5 M urea and 1 mM 

MgCl2 for fully expanded samples. Aliquots were exchanged by dialysis into buffer containing 

20 mM Tris and 1 mM MgCl2 only for expanded/ buffer exchanged samples, or back into 20 mM 

Tris and 15 mM MgCl2 to re-contract the shells. Measurements were taken at 8°C, as low as the 

dew point allowed.  

Urea concentrations used for preliminary titration experiments were determined based on 

those used when monitoring expansion by agarose gel (Medina, 2012). Titration of urea into 

reaction mixtures for SAXS measurements was carried out such that the Mg2+ concentration was 

maintained at 3 mM. Manual sample mixing minimally results in 90 seconds of dead time before 

the beginning of data acquisition. Data was adjusted using the Primus software package (EMBL; 

Konarev, 2003). 
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II.C Results & Discussion 

II.C.1 Effect of scaffold : major capsid protein ratio on λ VLP assembly 

Previous studies in our lab demonstrated that in the presence of scaffold protein, major 

capsid protein spontaneously assembles into VLP with similar morphology to λ capsids, upon 

removal of the denaturant by dialysis. These preliminary experiments indicate that optimal 

particle formation occurs at a ratio of 0.5:1 scaffold : major capsid, as evidenced by gel filtration 

(Figure 2). 

When I examined these particles by transmission electron microscopy (TEM, using 2% 

uranyl acetate as a stain), it was revealed that while particle yield seemed most efficient at this 

ratio, the fraction of misshapen particles was higher than those formed at lower ratios. Thus, 

particle fidelity is more highly preserved at a ratio of 0.3:1 (Figure 4). I conducted a finer 

titration (0.05-0.5:1 scaffold : major capsid in 0.05-fold increments) and again examined particle 

yield and morphology as a function of scaffold : major capsid ratio. In the absence of scaffold, 

the bulk of the material forms a flocculent precipitate in solution with sparse, abnormal soluble 

particles observed. Particle yield increases with increasing scaffold protein concentration, again 

up to ratios of 0.5:1 (Figure 5, panel A); particle uniformity is highest at ~0.1-0.3:1 scaffold : 

major capsid protein, as was observed previously (Table 1). Increase in ratios beyond 0.5:1 cause 

a steady reduction in yield and homogeneity, and eventually precipitation is observed. A ratio of 

0.3:1 gives the optimal balance of particle yield and homogeneity and was used for all further 

studies.  
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Figure 4. Electron microscopy of VLP 

 
 

VLP formed at various scaffold : major capsid ratios were examined by transmission electron 
microscopy. Extremely low ratios result in partially formed shells and low particle yield, while high ratios 
result in the formation of tube-like structures. Figure originally appeared in Medina et al, 2010. 

 



	
  

	
   38 

Table 1. Fidelity of VLP formation in vitro 

gpNu3 : gpE 
ratio 

Particles 
Counted 

Normal  
VLPa (%) 

Damaged  
VLPb (%) 

Aberrant  
VLPc (%) 

0:1 12 8 NDd 92 
0.1:1 100 69 20 11 
0.3:1 312 72 17 11 
0.5:1 288 48 35 17 
1:1 103 22 58 20 
2:1 59 44 31 25 

aNormal VLP were between 45 and 55 nm in diameter, and possessed a morphology similar to that of 
intact procapsids 
bDamaged VLPs appeared flattened by the staining process, but had no other obvious morphological 
defects 
cAberrant VLPs were elongated or partially formed structures 
dND, none detected 
Table originally appeared in Medina et al, 2010. 

 

It is interesting to note that the optimal concentration of scaffold protein determined here 

is similar to that found in λ -infected cells. AUC studies carried out in our lab demonstrate weak 

self-association of the scaffold protein at these concentrations (Medina, 2010), suggesting that 

while a majority of monomer is required for capsid growth, a small amount of dimer must be 

maintained as well. It is thought that the dimeric and monomeric forms of many viral scaffold 

proteins mediate nucleation of capsid formation and capsid growth, respectively (Tuma, 2008). 

A sub-optimal concentration of scaffold protein, and thus dimer, would preclude this particular 

nucleation event, resulting in low particle yield; on the other hand, an excess would exclusively 

promote nucleation events at the expense of monomer addition, resulting in the formation of 

incomplete shells. While the former is observed in this system, high levels of scaffold protein in 

this case appear to promote an elongation phase in capsid formation, resulting in tube-like 

structures. This may be a result of the λ scaffold protein’s ability to self-associate into structures 

even higher order than dimer, which could sterically impede formation of the special inter-

subunit contacts required for vertex assembly. 
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Figure 5. Scaffold ratio, salt effects on VLP yield 
 
A 

 
B 

 
 

Maximum absorbance of the VLP-containing gel filtration peak at 280 nm was used as a measure 
of yield of particle assembly and is shown as a function of scaffold : major capsid protein ratio (Panel A) 
and salt concentration (Panel B). Adapted from figures that originally appeared in Medina et al, 2010. 

 

II.C.2 Effect of salt on λ VLP assembly  

Next, the effect of salt concentration on the VLP assembly reaction was examined. 

Concentrations of NaCl ranging from 0-1 M were included in the reaction mixture, and it was 

found that concentrations of salt above approximately 150 mM attenuate VLP assembly (Figure 

5, panel B). This has similarly been observed in other bacteriophage assembly systems (Parent, 

2005; Fu, 2007) and all further VLP assembly reactions were carried out at a salt concentration 

of 150 mM NaCl. At this point, optimization of the assembly reaction was deemed efficient 

enough to proceed with further VLP studies, discussed later. With the conclusion of my studies 
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on the initial assembly step in λ particle formation, I turned to the structural and thermodynamic 

characterization of subsequent events in the in vitro λ development pathway; namely, capsid 

expansion and decoration protein binding. 

 

II.C.3 Is λ  procapsid expansion truly a two state transition?  

To further probe structural and thermodynamic aspects of urea-triggered expansion, a 

series of SAXS measurements were collected after expansion of mature λ procapsids in various 

concentrations of urea, as well as procapsids and expanded capsids in the absence of urea. Prior 

titration data performed in the lab had indicated that urea-triggered expansion is a relatively fast 

process, with equilibrium reached after about 3 minutes (Medina, 2012). Kinetic SAXS 

measurements on freshly mixed samples yielded similar results; for most of the population, 

expansion occurrs within less than the experimental dead time (90 s) at 8°C.  

Thermodynamic analysis of urea-triggered expansion. In good agreement with the gel-

based method, any transitions that take place during the titration appear to be entirely two-state 

in the presence of urea, as evidenced by the occurrence of iso-scattering points in the titration 

data (Lee, 2005) (Figure 7, Panel A). Dialysis of the urea into buffer containing 15 mM Mg2+ 

affords re-contracted procapsids that are grossly indistinguishable from expansion-naïve particles 

by SAXS. Since the expansion process is confirmed to be two-state in the presence of urea, the 

data were fit as linear combinations of fully unexpanded and fully expanded signals to determine 

the fraction of each species present, based on published procedures for HK97 (Lee, 2004). The 

presence of a fraction of pre-expanded capsid material that often contaminates our procapsid 

preparations should in theory not complicate this type of analysis, assuming that the population 
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remains constant throughout the titration. Quantitation of the fraction expanded can be used to 

calculate an equilibrium constant, and thus a ΔG for the transition at each urea concentration.  

 

Figure 6. Urea titrations: 15 minute equilibration vs. overnight dialysis 
 
A 

   
B 

 
 
 Panel A. Urea expansion titration data measured in-gel with a 15 minute equilibration period (from 
Medina et al, 2012). Titration curves and resulting fits are shown at <1 mM (open circles), 3 mM (filled 
circles) and 10 mM (diamonds) Mg2+. Experiments performed by E. Medina and S. Kruse. Panel B. Result 
of calculation of fraction expanded particles from SAXS signals of procapsids dialyzed overnight into 
urea. Lines do not represent fitting here, and are only meant to aid the eye. 
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Figure 7. SAXS analysis of capsid expansion 
 
A B 

 

  

C  

 

 

 
Panel A. SAXS scattering data collected for procapsids (red), fully expanded capsids (blue), and 

capsids at intermediate levels of expansion in the presence of varying concentrations of urea and 3 mM 
Mg2+ (magenta and purple). Scattering intensity is shown as a function of scattering vector q. Note the 
presence of iso-scattering points, indicative of a 2-state transition. Panel B. Treatment of the titration data 
by linear extrapolation. Note that ΔGH2O = 4 ± 2 kcal/mol calculated here is slightly lower than, but in 
overall agreement with, that measured by gel-based methods. Panel C. Dialysis of the urea into buffer 
containing 1 mM MgCl2 afforded a third, distinct species (green), which appears slightly larger than the 
species in urea and no longer shares iso-scattering points with urea titration data.  
 

Figure 7, Panel B shows the results of this analysis and a linear fit of the data. Based on 

the well-accepted linear extrapolation approach, a ΔGH2O can be derived (4 ± 2 kcal/mol), which 
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agrees reasonably well with that calculated using the agarose gel-based method (Medina, 2012). 

Though the two values are close to within experimental error, it is possible that the modestly 

lower ΔGH2O measured using SAXS as compared to the gel-based technique reflects a tendency 

of the gel matrix to strip urea from the capsids as they are subjected to electrophoresis. This may 

cause some to re-contract, artificially elevating ΔGH2O values determined by this method. 

In contrast to what is observed for brief (~15 minute) incubation in the presence of urea, 

studies performed on material dialyzed into urea overnight shows elevated fractions of expanded 

material compared with freshly mixed samples examined by agarose gel (Figure 6) and SAXS. 

This was highly surprising, and is suggestive either of a fraction of slowly expanding species or 

of a very slow, secondary equilibration step.  

Observation of the scattering for up to one hour after manual mixing of urea at an 

intermediate concentration (with a decrease in sampling rate to reduce sample damage) did not 

reveal appreciable change in signal; sample deterioration prevented observation for more 

extended intervals. Nonetheless, the discrepancy between relatively brief, benchtop incubation 

and extended dialysis suggests a need to investigate very long equilibration times, and may 

indicate the presence of an extremely slowly expanding population. 

Discovery of an intermediate species. Another surprising finding was that dialysis of the 

urea in the presence of only 1 mM Mg2+ affords an apparently distinct species, which no longer 

shares iso-scattering points with the urea titration curves (Figure 7, Panel C). This presents the 

first evidence of intermediate (in urea) and more fully mature (buffer exchanged) in vitro 

expansion states. Unfortunately, more detailed structural analysis of the SAXS data was 

complicated by the presence of the aforementioned pre-expanded population of capsids. This has 
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proven exceedingly difficult to purify away from the stock, and ongoing work in our lab is being 

carried out to address this issue.  

 

II.C.4 Creation of a structural homology model of the λ major capsid protein*.  

The lack of high-resolution information for the λ major capsid protein gives little 

structural context for the biochemical studies on capsid maturation that have been carried out in 

our lab. As a first step towards structural characterization, I generated a structural homology 

model of the λ major capsid protein using two independent programs, the PHYRE2 Protein 

Homology/Analogy Recognition program and the I-TASSER Protein Structure and Function 

Prediction program. Both programs returned the prophage CFT073 protein (RCSB PDB 3BQW) 

as the top structural homology candidate. This putative capsid protein, which shows greater than 

43% sequence identity to the λ capsid protein, crystallizes as a monomer (Zhang, unpublished). 

The PHYRE and I-TASSER structural homology models are quite similar (not shown) and both 

are of high quality (Table 2). For simplicity, the I-TASSER model was utilized for further 

interrogation. 

While the λ major capsid protein structural model is based on the crystal structure of the 

CFT073 capsid protein monomer, the essential structural features show a striking similarity to 

those observed with the HK97 major capsid protein assembled into a procapsid shell (Huang, 

2011). These include the apical (A) domain, the procapsid (P) domain, and the spine helix 

(Figure 8). A major difference between the two structures is the position of the “E-loop” 

(yellow). This loop, which was identified in the crystal structure of the HK97 procapsid shell, 

extends from the spine helix and contributes two strands of a three-stranded β-sheet; the third β-

strand is donated by N-terminal residues of a neighboring subunit in the capsid shell (Gertsman, 
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2009;Veesler, 2012). The putative E-loop in the λ homology structure is folded back upon itself 

in the model presented here, likely a result of energy minimization procedures used in structure 

prediction only reflecting the protein as a monomer; potentially stabilizing inter-subunit contacts 

are not taken into consideration using these methods. Expansion of the HK97 procapsid shell is 

accompanied by disruption of spine-helix/E-loop interactions and extension of the E-loop to its 

final position in the mature shell (Gertsman, 2009;Veesler, 2012).  It is my expectation that the 

E-loop in the λ major capsid protein monomer similarly adopts an extended conformation during 

assembly into the procapsid shell to form the stabilizing contacts described in the HK97 shell 

structure.  

 

Table 2. Quality of structural models for major capsid protein 
 

PHYRE2 I-TASSER 
E-value 3.4x10-28 C-score 2.221 
Estimated Precision 100% TM-score 0.99±0.04 

Originally appeared in Singh et al, 2013. 
 
 
Figure 8. Comparison of HK97 and λ major capsid proteins 
 

A B 

  
 

Panel A. Structural Homology Model for gpE, the λ major capsid protein. The apical (A) and 
procapsid (P) domains are colored in blue and green, respectively, and the E-loop is colored yellow. 
Panel B. Crystal Structure for gp5, the HK97 major capsid protein (RCSB PDB 1FH6). From Singh et al, 
2013. 
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Validation of the major capsid protein structural model, and evaluation of structural 

differences between procapsid and expanded capsid using CCMS*. A rigorous protocol for the 

identification of neighboring residues within a protein using a CCMS process had been reported 

previously (Singh, 2008). This method allows characterization of chemical and native cross-links 

without the necessity for specialized or heavy-labeled cross-linking reagents or software. 

Selective enrichment of high charge-state peptides and high mass accuracy of parent and 

fragment ions increase database selectivity and significantly decrease false positives in (Singh, 

2008). With the kind assistance of Pragya Singh, I extended this method to identify cross-linked 

residues in a complex biological structure, the λ procapsid shell.  

Purified procapsids and expanded capsids exchanged out of urea were cross-linked with 

the indicated reagent and chemical cross-links identified by mass spectrometry as described in 

II.B.5. The BS2G and EDC cross-linking experiments were repeated three times with three 

separate procapsid preparations to identify reproducible cross-links in the major capsid protein 

assembled into the procapsid shell. The SDA cross-linking experiment was conducted only once, 

but the results are included for completion. Though no differences in cross-links are observable 

between the procapsid and capsid samples, interpretation is again complicated by the presence of 

a contaminating pre-expanded species present in both cases. The lack of additional cross-links 

identified in the procapsid sample suggests that at the very least, no cross-linkable protein-

protein contacts are broken upon capsid expansion. The extent to which the contaminating 

species masks additional contacts formed upon expansion is unknown. 

I next mapped the identified cross-links onto the structural homology model as shown in 

Figure 9. Most of the cross-linked residues are disposed on the protein surface and the intra-

molecular Cα-Cα distances between these residues are within the acceptable range for the 
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respective cross-linking reagent (Table 3). These distances were used as constraints in a second 

round of model building using I-TASSER, which refined but did not significantly alter the 

results (not shown). This provides confidence that the model accurately reflects the essential 

features of the major capsid protein monomer. 

 
 
Figure 9. Pseudoatomic model of major capsid protein monomer 
 

	
  

	
  
Chemical cross-links identified in the major capsid protein assembled into the λ procapsid shell. 

Refined I-TASSER structural homology model with identified intra-molecular cross-links shown in the 
monomer. Relevant glutamic acid and lysine residues are shown as sticks in red and blue, respectively. 
The measured Cα-Cα distances between residues in the identified cross-links are presented in Table 3. 
From Singh et al, 2013. 
 

The inter-residue distances dictated by most of the cross-links identified are in agreement 

with the monomeric model; however, several cannot be accounted for. For instance, BS2G cross-

links between K212-K212 and K233-K233 are inexplicable in the context of a monomeric 

protein. Further, K18 and D95 are reproducibly cross-linked with EDC, but they are too far apart 
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in the monomeric structural model to be cross-linked with this reagent. A similar issue is 

observed with residues K79 and E158. I reasoned that these represent an inter-molecular 

interaction between major capsid protein subunits assembled into the capsid shell. To test this 

hypothesis, I went on to construct a pseudo-atomic model of the λ procapsid shell. 

 

Table 3. Distances between identified cross-linked residues in the gpE monomer 
structural model 
 

EDC  (10 Å)a BS2G  (21 Å)a SDA  (16 Å)a 
Cross-link Distanceb Cross-link Distanceb Cross-link Distanceb 
K18---
(D95/E96/D97)c 22.2 Å K16---K237 17.9 Å E229---K233 6.8 Å 

K79---E145 8.0 Å K18---K233 12.3 Å K18---(G223-
E227)d 15.9 Å 

K79---E158 34.6 Å K18---K237 14.9 Å - - 
  K212-K212 - - - 
  K233-K233 - - - 
 

aReasonable Cα-Cα distance for chemically cross-linked residues. These values represent the length of 
each cross-linked side chain plus the length of the linker; conservatively ~21 Å for a Lys-Lys BS2G cross-
link, ~11 Å for Lys-Glu EDC cross-link, ~10 Å for Lys-Asp EDC cross-link; ~16 Å for Lys-Glu SDA cross-
link. 
bClosest intra-molecular Cα-Cα distance between the identified residues in the initial gpE structural 
homology model.  These distance constraints were used in a second round of model building. 
cThe residue cross-linked to K18 could not be unambiguously identified in this peptide. Glu95 was used 
for the distance calculation. 
dThe residue cross-linked to K18 could not be unambiguously identified in this peptide. Glu227 was used 
for the distance calculation. 
Table from Singh et al, 2013. 
 

Pseudo-atomic model for the λ procapsid shell*. 415 copies of the λ major capsid protein 

assemble into hexamers that form the 20 faces of the icosahedron, as well as pentamers that 

reside at 11 of the icosahedral vertices. I constructed pseudo-atomic models for these “hexon” 

and “penton” capsomers using the cryo-EM structure obtained by Johnson and co-workers 

(Lander, 2008) and the major capsid protein homology model described above. The model 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
* These sections adapted from Singh et al, 2013. 
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structure was fit into the penton and hexon cryoEM densities of the λ procapsid shell as 

described in II.B.6; this yields a reasonable fit as shown in Figure 10. 

I then re-evaluated the identified cross-links, in particular those not explained by the 

monomer model alone. K212, which cross-links to “itself” lies at the crest of each subunit 

assembled into the capsomers (Figure 10). These residues form a ring at the top of a central 

groove, and the Cα-Cα inter-molecular distance between these residues is well within the range 

required for a BS2G chemical cross-link (Table 4). K233 residues form a similar pattern, but at 

the base of the capsomer groove; the Cα-Cα distance between them is consistent with the 

identified K233-K233 chemical cross-link. Finally, residues K18 and D95, which are separated 

by over 22 Å in the major capsid protein monomer model, are within 5 Å and 10 Å in adjacent 

subunits in the penton and hexon capsomers, respectively. This distance is consistent with that 

predicted by a BS2G cross-link (Table 4, Figure 10).  

 

Table 4. Distances between identified cross-linked residues in the capsomer models   
 

EDC  (10 Å)a BS2G (21 Å)a 
Cross-link  Distanceb Cross-link  Distanceb 

K18---(D95/E96/D97)c 5.2 Å (penton) 
9.9 Å (hexon) K212---K212 19.5 (penton) 

15.9 (hexon) 

K79---E158 44.9 Å (penton) 
38.3 Å (hexon) K233---K233 17.0 (penton) 

19.4 (hexon) 
 

aReasonable Cα-Cα distance for chemically cross-linked residues. These values represent the length of 
each cross-linked side chain plus the length of the linker; conservatively ~21 Å for a Lys-Lys BS2G cross-
link, ~11 Å for Lys-Glu EDC cross-link, ~10 Å for Lys-Asp EDC cross-link. 
bClosest inter-molecular Cα-Cα distance between the identified residues in adjacent gpE subunits within 
the petamer and hexamer capsomers, as indicated. 
cThe residue cross-linked to K18 could not be unambiguously identified in this peptide. Glu95 was used 
for the distance calculation. 
Table from Singh et al, 2013. 
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The only cross-link not accounted for in the structural homology models is that of K79-

E158. These residues are separated by over 30 Å in the monomer model, over 38Å in adjacent 

subunits in the capsomers. It is notable that K79 lies within the predicted “E-loop” of the major 

capsid protein; movement of the loop toward the position it likely assumes in the assembled 

capsid shell (discussed above) could situate K79 to interact with E158. Whatever the case, the 

ensemble of models presented here are consistent with virtually all of the CCMS data presented 

in Tables 3 and 4, which provides confidence in the proposed structures.  

 

 
Figure 10. Pseudoatomic models of capsomers 
 

A B 

  

  

  
 

Panel A. Hexon capsomer structure shown in side, bottom (relative to capsid shell) and top views. 
Panel B. Penton capsomer structure shown in side, bottom (relative to capsid shell) and top views. 
Individual gpE monomers within the capsomers are uniquely colored. Note that residues K212 (red 
spheres) and K233 (blue spheres), lay in a ring pattern at the top and bottom, respectively, of a central 
channel. Originally appeared in Singh et al, 2013. 



	
  

	
   51 

Biological implications of the λ procapsid structural model - procapsid expansion and 

gpD binding* Genome packaging in the dsDNA viruses triggers a striking re-organization of the 

proteins assembled into procapsid, which typically results in thinning, angularization, and 

expansion of the capsid shell (Hohn, 1976; Dokland & Murialdo, 1993).  The λ system is 

remarkable in that the procapsid expansion reaction is fully reversible in vitro and we have 

characterized the thermodynamic parameters of the transition (Medina, 2012). The data indicate 

that capsid expansion is accompanied by significant exposure of hydrophobic surface area. The 

viral decoration protein does not interact with the procapsid, but adds as a trimer spike at the 

three-fold axes of the expanded capsid shell (Lander, 2008; Medina, 2012).  

Structural studies show that the base of the decoration protein spike is highly 

hydrophobic (Yang, 2000). We have hypothesized that expansion of the procapsid shell exposes 

hydrophobic patches at the three-fold axis of the shell, which serves to nucleate the assembly of 

the spike (Medina, 2012). To investigate this further, I constructed a pseudo atomic model for the 

major capsid protein assembled at the three-fold axes of the procapsid shell (Figure 11, panel A). 

The model reveals that a number of hydrophobic residues displayed at the shell exterior and in 

particular within hydrophobic grooves extending radially from the center of the three-fold axes. 

It is noteworthy that these radially disposed grooves match hydrophobic spines observed at the 

base of the decoration protein spike (Figure 11, panel B). It is tempting to speculate that rotation 

of the A domains toward the shell surface, as observed during expansion of the HK97 procapsid, 

exposes these hydrophobic grooves to provide a nucleation site for decoration protein trimer 

assembly at the three-fold axes of the expanded capsid lattice. Indeed, current studies in our lab 

indicate that hydrophobic interactions, at least in part, mediate binding to the expanded capsid 

shell (Kruse and Catalano, in progress). 
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Figure 11. Pseudoatomic model of quasi-three fold axis with decoration protein binding 
surface 
 

A  

 

 

B C 

  
 

Panel A Left: pseudo-atomic model for gpE assembled at the icosahedral 3-fold axes of a λ 
procapsid shell, viewed from the exterior. The proteins are displayed in surface representation with 
hydrophobic residues colored yellow. Hydrophobic grooves are observed within each gpE monomer 
extending outwards from the central channel. Shown in yellow are Val78, Pro80, Ala122, Ile123, Val126, 
Met129, Val132, Leu136, Ala146, Phe147, Phe266, Pro268, Ala291, Trp308, Phe318 and Met320. Panel 
A Right: crystal structure of the gpD trimer spike (PDB ID shown from the base of the structure in surface 
representation. Hydrophobic residues are colored yellow. Panel B A mesh surface representation is 
displayed; gpE is shown in dark blue with Trp308 and Asp292 as green and red spheres, respectively. 
gpD is shown in light blue with Pro17 and His19 as orange and dark blue spheres, respectively. Panel C 
Superposition of residues in the gpD trimer spike with those in the gpE trimer, in the same orientation and 
colored as in B. Originally appeared in Singh et al, 2013. 
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Close inspection of the trimeric decoration protein crystal structure reveals a ring of three 

histidines (His19), alternating with a ring of three prolines (Pro17) radially displayed on the 

spike base (Figure 11, Panels B and C); it has been proposed that these residues play an 

important role in assembly at the capsid surface (Yang, 2000). Close inspection of the procapsid 

structural model reveals similarly disposed alternating trimers of aspartic acid (Asp292) and 

tryptophan (Trp308) at the center of the three-fold axes on the procapsid shell surface (Figure 11, 

Panels B and C). Thus, the Asp292 trimer ring in the procapsid is poised to provide three salt 

bridges to the three His19 residues in a trimer spike. Further, the three radially disposed Trp308 

residues at the procapsid surface are poised to interact with the Pro17 residues in the decoration 

protein. This array could provide over 40 kcal/mol binding energy towards trimer spike assembly 

at each of the 140 three-fold axes at the expanded capsid surface.  

 

II.C.5 Expansion and decoration protein binding of λ VLP assembled in vitro.  

Now that the in vitro VLP assembly and procapsid maturation pathways had been 

elucidated and optimized to a sufficient degree, I hoped to combine these techniques in the 

construction of fully mature, decorated λ -based nanoparticles assembled entirely in solution. 

VLP were assembled under the previously determined optimum conditions, expanded in the 

presence of 2.5 M urea, exchanged into buffer containing under expansion-maintaining 

conditions, and incubated in the presence of saturating concentrations of decoration protein 

(Figure 12) prior to purification by gel filtration.  
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Figure 12. Full in-vitro VLP assembly and maturation 
 

 
 
 Major capsid protein and scaffold are combined in a 0.3:1 molar ratio. VLP form upon removal of 
denaturant which is required to solubilize the major capsid protein in the absence of scaffold. The 
resulting VLP are expanded using the same protocol for full procapsids, and the buffer-exchanged 
particles are coated with decoration protein. The fate of the scaffold protein upon VLP expansion is 
unknown; in the case of fully closed particles it is expected to remain within the interior of the shell. 

 

Procapsids and VLP at various stages of maturation show striking similarities when 

monitored by native agarose gel (Figure 13, Panels A & B). Slight differences in migration may 

be attributable to the absence of portal proteins in the VLP; it is also notable that on the 

percentage gel used here the decorated (and therefore more massive) species has a higher 

mobility than the un-decorated, likely due to increased negative charge of the particle upon 

decoration protein binding. Though the model constructed in the previous section predicts the 

opposite change in surface charge at on a residue level at the decoration protein binding site, the 

decoration protein itself carries an overall negative charge at neutral pH and is likely the cause of 

this phenomenon.  

Micrographs of the VLP also bear a strong resemblance to those taken of procapsids at 

corresponding stages (Figure 13, Panels C & D). Both expanded and unexpanded VLPs appear to 

interact with decoration protein under the experimental conditions, as evidenced by their co-

elution when decorated particles are purified by gel filtration (decoration protein does not elute 

in the void volume when run alone under identical conditions).  

 

2.5 M Urea

major capsid 

scaffold 
decoration
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Figure 13. Comparison of VLP and procapsid in vitro maturation 
 
A C 
   1    2    3    4    5 

 

              UE                          EBE                     EBE + gpD 

 
B D 
   1    2    3    4    5 

 

            UE                     EBE                EBE + gpD 

 
E  

 

 

 
Panels A & B. Procapsids (A) and VLP (B) at varying stages of urea-triggered maturation and 

decoration as visualized by agarose gel. Lanes labeled 1 and 2 contain the unexpanded particles in the 
absence (UE) and presence of decoration protein (UE + gpD), respectively. Lanes 3 and 4 contain 
expanded particles in the presence (E) and absence (EBE) of urea, respectively. Lane 5 contains the 
expanded particles in the absence of urea after incubation with decoration protein (EBE + gpD). Panels C 
& D. Electron micrographs collected of the capsids (C) and VLP (D), using 2% uranyl acetate for negative 
staining. Note that in both cases the expanded, undecorated species appears less stable to staining than 
unexpanded or decorated particles. Panel E. Decorated and undecorated VLP were purified by SEC, and 
resulting fractions analyzed by SDS-PAGE. Decoration protein was found to co-elute with VLP when 
incubated either with unexpanded or expanded, buffer exchanged particles. The expected 1:1 ratio was 
only achieved with the expanded, buffer exchanged species. 
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When quantitated by video densitometry, it was found that decoration protein interaction 

with major capsid protein in expanded VLPs occurs at very close to the expected 1:1 ratio, 

assuming equal staining of proteins and adjusting for differences in mass. Binding to unexpanded 

VLP occurs to a somewhat lesser but appreciable extent (Figure 13, panel E). This is 

hypothesized to result from assembly of some fraction of pre-expanded VLP that are still 

homogeneous in appearance, as these are also observed in the case of procapsid preparations 

(discussed above). In the contaminating capsid material and possibly also in VLP, these pre-

expanded particles do appear capable of binding to decoration protein. It has been shown, 

however, that the unexpanded procapsid species assembled in vivo do not interact with the 

decoration protein prior to expansion (Medina, 2012). This is an interesting discrepancy between 

the assembly systems, though for the strict purposes of nanoparticle design interaction of 

decoration protein with both expanded and unexpanded forms is acceptable, so long as those 

interactions are equally stable in both cases. 

Taken together, all of these data allow the construction of a complete model of λ 

assembly and maturation in vitro (Figure 12). Under the optimized conditions, a scaffold protein 

monomer-dimer equilibrium is established, which is critical to chaperone the major scaffold 

protein into regular, icosahedral lattices. The optimal balance between particle yield and fidelity 

is found at a ratio of 0.3:1 scaffold : major capsid protein. Similar concentrations of scaffold 

protein likely chaperone assembly of the viral capsids prior to packaging of DNA and expansion 

(Figure 14, Panel A).  
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Figure 14. Revised in vivo and in vitro assembly and maturation pathways 
 
A 

 
B 

 
 
 Panel A. The in vivo assembly pathway for λ, with revisions based on the work presented here. 
Capsid assembly likely takes place at a scaffold : major capsid protein ratio of approximately 0.3 : 1, and 
may require low levels of scaffold protein dimer. Early stages of DNA packaging may promote the 
formation of a pre-expanded intermediate, followed by full expansion, which exposes decoration protein 
binding sites, shown in yellow. Decoration protein then binds at these sites, stabilized by a combination of 
stacking/ hydrophobic interactions and salt bridges. Panel B. Urea-triggered capsid expansion pathway, 
with intermediates filled in. Microscopic reversibility of expansion to the intermediate has been 
demonstrated indirectly in the range of [Mg2+] indicated; reversibility of the expanded capsid and the 
intermediate at the [Mg2+] indicated is expected but has not yet been explored. 

 

Urea-triggered procapsid maturation to an intermediate state is a reversible, two-state 

process in the presence of ~3-10 mM Mg2+, however dropping the concentration of Mg2+ to 1 

groELS

Mature
Procapsid

Proteolysis

decoration terminase

DNA

Immature
Capsid

major capsid 

protease

Mature
Capsid

Immature
Procapsid

portal

scaffold

Portal
Complex

scaffold 

Intermediate

Unexpanded
Procapsid

Decorated 
Capsid

+ Urea

decoration

- Urea

?
Intermediate Expanded

Capsid

(At 3-10 mM Mg2+) (At 1 mM Mg2+)



	
  

	
   58 

mM causes the process to be irreversible, instead promoting the formation of a fully expanded 

state capable of binding to decoration protein (Figure 14, Panel B). Limitations in material 

precluded the recapitulation of these studies on VLP, however it is expected that the results 

obtained would be highly similar if a preparation of fully unexpanded particles were used (see 

above).  

In the future, comparison between VLP and mature procapsids could be useful in 

uncovering any role of the portal complex in the energetics of expansion. It is unknown whether 

the intermediate seen in the presence of urea is biologically relevant; it is possible that the 

partially expanded species represents the conformation adopted by the capsid at an intermediate 

level of genome packaging while the more fully expanded species likely represents the form of 

the capsid which binds decoration protein (Figure 14, Panel A).  

Decoration protein binding, both in vitro and in vivo, is likely mediated by a combination 

of nonspecific hydrophobic interactions and more specific stacking and salt contacts between 

residues on the major capsid protein and those located at the base of the decoration protein 

trimer. These residues are buried in the context of the procapsid but become exposed upon 

expansion. This binding event stabilizes the structure and prevents contraction, even in the 

presence of elevated Mg2+ concentrations.  

 

II.C.6 Binding of functionalized decoration protein to λ capsids 

In the spirit of nanoparticle design, I wish to make note of a number of recent studies 

carried out in our lab by Dr. Jenny Chang, who used the basis described here to create a set of 

engineered decoration proteins amenable to use in multifunctional λ nanoparticle assembly (Fig 

15, Panel A).  
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Figure 15. Further work toward multifunctional nanoparticles 
 
A 

 
B 

 
  

Panel A. Decoration protein clones prepared by J. R. Chang (figure courtesy J. R. Chang). Panel 
B. Electron microscopy of capsids decorated with the mutants indicated stable binding of all, as well as 
the ability to create multifunctional nanoparticles coated with a 40/40/20 mixture of gpD, gpD S42C, and 
gpD-GFP. 

 

Notably, a construct with a gpD-S42C mutation introduced was created for the purpose of 

chemical ligation, as well as a fusion to green fluorescent protein (GFP) to demonstrate the 

decoration protein’s ability to assemble and properly stabilize the capsid even in the presence of 

H6-gpD-GFP HHHHHH gpD GLGSGGGSGGTA GFP

gpD gpD
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relatively large, artificially introduced domains. She was able to demonstrate conjugation of a 

single mannose moiety to the S42C mutant prior to full particle assembly, as well as subsequent 

binding of gpD-S42C, gpD-S42C-mannose, and gpD-GFP to capsids expanded in vitro. She also 

demonstrated the assembly of multifunctional particles using various ratios of the three 

decoration protein variants (J. R. Chang, manuscript in preparation).  

Upon examination of these particles by electron microscopy, I found that they are 

indistinguishable in morphology from those assembled using wild-type decoration protein, with 

the exception of those displaying the GFP fusion which have extended, diffuse shells owing to 

the presence of GFP at the surface of the capsids (Figure 15, Panel B). These encouraging results 

serve as further evidence that construction of multifunctional λ nanoparticles is in fact possible, 

and combined with promising data regarding the assembly of VLP containing scaffold fusion 

proteins, it seems as though it will be possible to assemble modular, customizable nanoparticles 

such as these entirely in vitro in the very near future. 
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Chapter III. Assembly of Nanoparticles Derived from HIV-1 Envelope 

Protein and Human Apolipoprotein A-I 

 

 

III.A Introduction 

 At the end of 2012, an estimated 35.3 million individuals in the world were living with 

HIV, the infectious agent causing acquired immune deficiency syndrome (AIDS), while 

approximately 1.6 million died that year from AIDS-related complications (UNAIDS). It is 

agreed that containment of the pandemic is contingent upon prevention of infection (Fauci, 

2008), and though commendable efforts have been made toward the development of a vaccine, 

no attempts so far have proven successful in humans (Hu & Stamatatos, 2007; Walker & Burton, 

2008).  

HIV infection is initiated by viral attachment to the host cell upon binding to CD4, a 

receptor found on T helper, dendritic, and other immune cells. Binding to chemokine receptors 

CCR5 or CXCR4 is also necessary for subsequent fusion of the host cell membrane and viral 

envelope (Alkhatib, 2009). The genetic material contained within the newly discharged viral 

capsid is uncoated (Forshey, 2002), and reverse transcription of the viral ssRNA to dsDNA 

proceeds. This process is decidedly error-prone, giving rise to HIV’s exceedingly high mutation 

rate (Preston, 1988). Translocation of viral cDNA into the nucleus is followed by stable 

integration of the newly synthesized viral DNA into the host genome by virally encoded 

integrase enzyme; after this step infection is effectively permanent. The host cell transcribes 

mRNA from the integrated DNA, which is translated into viral proteins and also serves as viral 
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genetic material; these assemble into new viral particles, which bud from the cell surface and go 

on to begin the cycle in a new host. 

 

Figure 1-The HIV-1 Envelope Protein 
 
 

 
  

The HIV-1 envelope glycoprotein Env is expressed as a 160 kDa precursor which is cleaved in 
the trans-golgi network by furin. The resulting surface (gp120) and transmembrane (gp41) subunits 
remain noncovalently associated. The transmembrane domain of gp41 is shown in gray, and the 
ectodomain and cytoplasmic domain are shown in dark and light orange, respectively.  

 

HIV particles display only a single envelope protein that comprises the target for all known 

broadly neutralizing antibodies (bNAbs) directed at the virus (Schief, 2009, Hoxie 2010). This 

surface protein, Env (Figure 1), is expressed as a 160 kDa precursor (gp160) which is heavily 

glycosylated and forms trimeric spikes anchored in the lipid bilayer of the Golgi. Proteolytic 

maturation of the precursor to a 41 kDa transmembrane subunit (gp41) and a 120 kDa surface 

subunit (gp120) is likely mediated by cellular furin, and possibly other proprotein convertases, in 

the trans Golgi network (Moulard & Decroly, 2000). This yields the mature envelope spike, 

which is incorporated into the viral envelope during budding and mediates all initial attachment 

events, including CD4/coreceptor binding and fusion. It is noted that gp120 and gp41 remain 

noncovalently associated after proteolytic maturation of the precursor; although this event is not 
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strictly required for CD4 binding, the immature viral spike cannot support fusion (Gu, 1995; 

Moulard & Decroly 2000). 

Earlier antibody-based vaccination trials focused upon generating an immune response 

toward recombinant, monomeric gp120 and have been uniformly unsuccessful in generating 

bNAbs (Hoxie, 2010). This type of preparation may have been unsuccessful against whole virus 

due in part to the fact that immunogenic regions of gp120 not normally accessible on the native 

spike are exposed when it is in monomeric form. Efforts have also been made toward use of 

oligomeric forms of Env in an attempt to present the spike in a more native quaternary 

configuration, in particular solubilized “gp140” mutants containing gp120 and the ectodomain of 

gp41. Although results are in general more promising when oligomeric envelope constructs are 

used (Hoxie, 2010; Phogat & Wyatt, 2007), it has been concluded that the failure of most 

rationally designed immunogens to elicit bNAbs to primary isolates of HIV results in large part 

from their inability to mimic the natural presentation of epitopes in the HIV particle (Hu, 2007; 

Walker & Burton, 2008; Hedestam, 2008). 

One obstacle in engineering of a native-like, oligomeric gp120/gp41 antigen appears to be 

maintaining protein-protein contacts within each gp120-gp41 protomer, as gp120 monomers 

have been known to shed from the envelope spike leaving behind gp41 stubs (Moore, 1990). 

This occurs in spite of the fact that the intact complex is required for infectivity, and is especially 

problematic in vaccine preparations that typically undergo numerous purification steps and 

repeated freeze-thaw cycles. A number of mutations have been introduced to some of the gp140s 

in order to stabilize these contacts or remove the natural furin cleavage site altogether (Sanders, 

2002; Beddows, 2007; Dey, 2009). A recent study has shown that instead of the trimer form that 

was previously assumed, several of these uncleaved mutants actually comprise dimer and 
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monomer, with only the latter species appearing to adopt a native conformation (Guttman, 2013). 

This is in agreement with another very recent report, which also demonstrated that retention of 

the native cleavage site in these species is critical for native quaternary structure of the spike 

(Ringe, 2013). 

It has been suggested that Env which maintains its wild-type sequence but remains 

unprocessed by furin (referred to here as gp160 for clarity) may actually represent a significant, 

“non-native” species that is, in fact, present on the surface of infectious viral particles, and could 

be a target of recognition by certain bNAbs (Poignard, 2003; Moore 2006, Leaman, 2010). The 

role it may play in eliciting these bNAbs is poorly understood, and further investigation into the 

oligomeric states it may adopt and its antigenicity seems warranted. 

As is highlighted by the rigorous study of gp140 oligomeric state, maintaining protein-

protein contacts within the context of the trimer or any other active oligomeric species presents 

its own challenges. Electron tomography studies have indicated that Env may exist on viral 

particles in a number of conformations and oligomeric states, with trimer being most 

predominant as expected (Zhu, 2003; Liu, 2008). Although envelope proteins likely adopt their 

most native conformations on the surface of inactivated virus or HIV virosomes, gp120/gp41 is 

generally present in exceedingly low copy number, only about 8-10 per virion (Zhu, 2003). 

Shedding of gp120, as mentioned previously, presents a significant issue in these systems as 

well, and immunization using a virosome strategy yielded neutralizing antibodies with a narrow 

range and limited potency (Doan, 2005). 

 An alternative method for harnessing membrane proteins for further study and use in 

nanoparticle therapy is their incorporation into phospholipid bilayer nanodiscs (ND). ND (Figure 

2) consist of discoidal portions of phospholipid bilayer encompassed by a “belt” composed of 
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two copies of a membrane scaffold protein (MSP). The MSP is an amphipathic helical protein 

derived from human apolipoprotein A-I; ND thus closely resemble the nascent, pre-β HDL 

mentioned in Chapter I. Nanodiscs can be reconstituted in vitro by combination of detergent-

solubilized lipid and MSP; the particles self-assemble upon removal of the detergent. If a 

detergent-solubilized membrane protein is present in the ND reconstitution mixture, it can be 

incorporated into the discs during self-assembly (Bayburt & Sligar, 2010).  

ND have gained popularity for solubilization of membrane proteins as they more closely 

resemble the lipid bilayer of a cell or viral envelope than do detergents. Incorporation of proteins 

into ND eliminates the need for truncation or deletion of transmembrane domains, which can 

negatively impact folding and/or protein function. Specific binding of certain detergents to sites 

on proteins is also a considerable issue in some cases (Li-Blatter, 2009), complicating 

biochemical and biophysical analysis of protein-protein and protein-substrate interactions in 

detergent solubilized systems.  

Another advantage of ND is that the lipid composition can be varied easily to simulate 

different types of biological membrane; ND have been assembled using a diverse range of lipids 

including but not limited to: E. coli cell membrane lipid; 1-palmitoyl-2-oleoyl-sn-

glycerophosphatidylcholine (POPC); 1,2-dimyristoylphosphatidylcholine; and mixtures of 

phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine (Bayburt & Sligar, 

2010). Genetic engineering has yielded MSPs of various lengths, which assemble monodisperse 

preparations of ND ranging from 9.5-12.8 nm; longer MSPs yield larger discs (Denisov, 2004).  
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Figure 2. Lipid Nanodiscs 
 

 
 Lipid nanodiscs are composed of lipid membranes surrounded by an amphipathic helical scaffold 
protein. Shown here are nanodiscs comprised of MSP1D1 (blue) which yield ND of approximately 10 nm 
in diameter. Membrane proteins (green) can be incorporated into the discs, solubilizing them in a native-
like bilayer. 

 

Lipid ND are more stable, monodisperse, and facilely prepared than are other lipid bilayer 

systems such as liposomes (Bayburt & Sligar, 2010). When successfully purified, they contain a 

defined ratio of one functional target protein unit (monomer or mulitmer) per disc, as opposed to 

highly variable liposomal preparations. This lends an obvious advantage for use with techniques 

in which sample homogeneity is a strict requirement. To date, a large number of membrane 

proteins have been incorporated into lipid ND including monomeric and trimeric 

bacteriorhodopsin (Bayburt & Sligar, 2003; Bayburt, 2006), Tar bacterial chemoreceptor 

(Boldog, 2006), and cytochrome P450 3A4 (Baas, 2004).  

NDs’ potential as a nanoparticle therapeutic was recently demonstrated in a mouse vaccine 

trial against influenza. Influenza hemagglutinin is a trimeric envelope glycoprotein similar to 

~9.7 nm
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HIV Env; when incorporated into ND and administered either by inhalation or intramuscular 

injection, it offered protective immunity against viral challenge comparable to that provided by 

two commercially available, hemagglutinin-based vaccine preparations. The study found no 

evidence of toxicity in the mice related to the ND (Bhattacharya, 2010), and it is anticipated that 

few adverse effects would be seen in humans owing to NDs’ resemblance to human HDL 

particles (Ryan, 2010). 

Given that ND incorporation has been shown to be a valuable tool both in the 

aforementioned vaccine study and for the study of proteins with a variety of oligomeric states 

(Boldog, 2006), I conjectured that full length, recombinant gp160 may be solubilized and 

stabilized as trimers, and possibly dimers and monomers, by incorporation into ND (gp160 ND). 

Here, uncleaved gp160 was selected both because it circumvents the shedding issue, and also 

because I hoped to investigate the importance of this form of Env as outlined above.  

The experiments presented here demonstrate that incorporation of gp160 into ND is 

possible and appears to capture two reasonably distinct oligomeric states, albeit in limited 

amounts. These particles possess bNAb-binding activities comparable to the detergent-

solubilized form, while seeming to allow for more complete segregation of oligomeric forms and 

a more defined preparation. The successful completion of this research lays the groundwork for 

use of gp160 ND in more detailed biophysical studies. Future adaptation into a vaccine candidate 

may be possible, though considerable improvement to gp160 ND yield will be required for this 

to come to fruition. 

 

 

 



	
  

	
   68 

III.B Materials & Methods 

III.B.1 Purification of recombinant gp160, MSP1D1, other reagents 

Recombinant gp160 (1084i) was purified from BSC40 cells using vaccinia as the 

expression vector (Hu, 1986). Unless otherwise specified, all steps were carried out on ice or at 

4°C. Lysis was performed in Buffer A (20 mM Tris pH 8, 500 mM NaCl) containing 1% Triton 

X-100. The clarified lysate was purified by lentil lectin affinity chromatography at which point 

the detergent was changed to 1% β-octyl glucopyranoside plus 1% sodium deoxycholate, which 

was included along with 500 mM methyl α-D-mannopyranoside (Sigma) in the elution buffer.  

The eluted material containing gp160 was then concentrated to approximately 10 µM on a 2 mL 

GE Healthcare HiTrap Q HP column using a step gradient of Buffer A containing octyl 

glucoside and deoxycholate as specified above, plus 50 mM NaCl for protein binding and 

washing steps, and 500 mM NaCl for elution.  The gp160 intended for ND assembly was used 

without further purification; material for use as standards in binding activity assays was further 

purified by gel filtration on a Superdex 200 10/300 GL column (GE Healthcare) using Buffer A, 

as for Q column elution. MSP1D1 was purified according to established protocols (Ritchie, 

2009).  Absorbance spectra of protein stocks were collected using a NanoDrop 2000c UV-Vis 

spectrophotometer (Thermo Scientific). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) and cholesterol powder were purchased from Avanti Polar Lipids. All other materials 

were of the highest quality available. 

 

III.B.2 Assembly of ND (Figure 3)   

The ND assembly protocol was based upon previously described methods (Ritchie, 

2009). Unless otherwise specified, all steps were carried out on ice or at 4°C. Briefly, POPC 
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stock solution (20 mM, solubilized in 200 mM sodium cholate) was combined with recombinant 

gp160 and MSP1D1 to give final concentrations of 2 mM POPC, 20 mM sodium cholate, 4.5 

µM gp160, and 32 µM MSP1D1 (a 125:0.28:2 molar ratio, which would yield 10-fold excess 

empty ND assuming complete incorporation of gp160 in trimeric form). Where indicated, 

cholesterol was added to lipid films at a 4:6 molar ratio to POPC. Octyl glucoside and 

deoxycholate were maintained at 1% each until the self-assembly step. For empty ND reactions, 

gp160 was replaced with an equal volume of identical buffer. Reaction mixtures were incubated 

1 hour with gentle agitation. Detergent was removed by incubation with 0.8 g Bio Beads SM-2 

(BioRad) for each mL solution with gentle agitation for 4 hours. The supernatant was aspirated 

through a 25 g needle and residual detergent removed by overnight dialysis into at least 100 

volumes of binding buffer (20 mM sodium phosphate pH 7.4, 500 mM NaCl) containing 50 mM 

imidazole, with a minimum of one buffer change. Dialyzed solutions were then applied to 0.5 

mL of Ni Sepharose 6 FF medium (GE Healthcare) per 1.5 mL solution equilibrated with 

binding buffer containing 50 mM imidazole and purified with a step gradient of binding buffer 

for binding and washing, followed by elution in Buffer A (20 mM Tris pH 8, 500 mM NaCl) 

containing 500 mM imidazole. Finally, eluted material was separated on a Superose 6 10/300 GL 

gel filtration column (GE Healthcare) using Buffer A for equilibration and as the mobile phase 

prior to further analysis. 

 

III.B.3 SDS- and blue native (BN-) PAGE 

SDS-PAGE and BN-PAGE were performed using 4-12% NuPAGE and 3-12% 

NativePAGE Novex Bis-Tris polyacrylamide gradient gels (Invitrogen), respectively, according 

to manufacturer instructions. BN-PAGE was carried out on ice or at 4°C. For SDS-PAGE, ND 
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samples were first disassembled by treatment with 0.15% sodium cholate followed by 

precipitation in 6% trichloroacetic acid. The pelleted protein was resuspended in 200 mM Tris 

pH 8, 4% SDS, 150 mM NaOH prior to electrophoresis. Protein was visualized by staining with 

Coomassie R-250. 

 

Figure 3. Assembly of gp160 nanodiscs 

 
Assembly of gp160 ND. Detergent-solubilized lipid, detergent solubilized gp160, and MSP are 

mixed as specified in Materials & Methods. ND self-assembly is initiated by removal of detergent. Free 
lipid and gp160 are eliminated by nickel affinity chromatography, and the resulting mixture of products is 
fractionated by size exclusion chromatography. Adapted from an image courtesy C. E. Catalano. 

 

III.B.4 Western blot 

SDS- and BN-PAGE were performed as above and transfer of protein to PVDF 

membranes was performed according to gel manufacturer instructions. Tris-buffered saline 

containing 0.05% Tween-20 (TBST) + 4% nonfat dry milk was used for blocking and all 

dilutions. Membranes were blotted using 1:2,000 dilution of HIV-IG (obtained through the NIH 

AIDS Reagent Program, Division of AIDS, NIAID, NIH: Catalog #3957, HIV-IG from NABI 
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and NHLBI) and 1:500 dilution of Rabbit Anti-His6 IgG (Bethyl) to visualize gp160 and 

MSP1D1, respectively. Recombinant HRP-Protein G (Invitrogen) was used as a secondary 

conjugate at a 1:10,000 dilution. Bands were developed using Pierce ECL Plus Western Blotting 

Substrate (Thermo Pierce) according to manufacturer instructions. 

 

III.B.5 Gel densitometry  

SDS-PAGE was performed as indicated above. After staining, gels were imaged using an 

EpiChemi3 darkroom system (UVP Bioimaging Systems) equipped with a Hamamatsu camera. 

Video densitometry of the bands was performed using the Image Quant software package 

(Molecular Dynamics). Samples to be quantitated were run along with a standard curve 

comprised of molar ratios of 1:2, 2:2, and 3:2 gp160:MSP1D1 corresponding to one monomer, 

dimer, and trimer per ND (all samples and standards run in quadruplicate). Construction of a 

standard curve using detergent-solubilized protein was complicated by heavy amounts of protein 

deposited at the gel wells (figure 6). In these lanes, the average volume contributed by the edge 

of an empty well was subtracted from the measured band volume. 

 

III.B.6 Quantitation of phospholipid   

Total phospholipid in chloroform lipid stock solutions and ND samples was quantitated 

by phosphomolybdate assay as previously reported (Chen, 1956). ND samples were dialyzed in 

to 10 mM Tris pH 8, 20 mM NaCl and the solvent evaporated by heating at 200°C prior to 

analysis. 
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III.B.7 Electron Microscopy  

300 mesh carbon coated copper grids (Electron Microscopy Sciences) were treated by 

negative glow discharge prior to sample application. Staining was achieved using Nano-W 

(Nanoprobes) according to manufacturer protocols. Transmission electron microscopy was 

performed at the NanoTech User Facility at the University of Washington on a FEI Tecnai G2 

F20 S-Twin TEM. 

 

III.B.8 ELISAs 

sCD4 direct binding and competition ELISAs. sCD4 was obtained through the NIH AIDS 

Reagent Program, Division of AIDS, NIAID, NIH: Soluble Human CD4 from Progenics. All 

ELISAs were carried out at room temperature and in order to preserve the integrity of the ND, 

phosphate-buffered saline containing only 0.005% Tween-20 (PBST) was used. gp160 ND 

material was exceedingly limiting, so sCD4 titration data presented is the average of duplicate 

wells in a single experiment. Competition and saturation binding data is the average of 

quadruplicate wells between at least three separate experiments, performed on three separate 

preparations of ND. For Env capture experiments, sheep anti-gp120 mAb D7324 (Aalto 

Bioreagents) was rehydrated according to manufacturer instructions, diluted 1:100 in PBS and 

immobilized 50 µL/well in Costar high binding EIA/RIA flat bottom 96-well plates (Corning). 

Alternatively, the same dilution of rabbit anti-His6 IgG (Bethyl) was used in order to capture 

MSP1D1. Wells were blocked with 100 µL/well of 5% nonfat dry milk in PBST. gp160 and 

gp160 ND samples containing 3µg/mL gp160 in PBST + 2% nonfat dry milk (also used for all 

subsequent dilutions) were added at 50 µL/well and allowed to incubate for 2 hours. Wells were 

then treated with 50 µL/well of 5µg/mL 4-domain human sCD4 (and subsequent dilutions, where 
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indicated) and allowed to incubate 1 hour. sCD4 binding was detected by labeling first with 

mouse anti-CD4 antibody OKT4 (a 1:100 dilution of OKT4 cell supernatant, a kind gift from the 

Hu laboratory), followed by goat anti-mouse HRP conjugate (Thermo Pierce) in a 1:1,000 

dilution, 50 µL/well each. Wells were developed using 50 µL/well TMB substrate solution 

(Thermo Pierce) and quenched after signal had reached sufficient levels (5-30 minutes, 

depending on assay) using 25 µL/well 2 M H2SO4. Absorbance at 450 nm was measured on an 

Infinite plate reader (Tecan).  

VRC01 and VRC03 were obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: HIV-1 gp120 MAb VRC01 and VRC03, from Dr. John Mascola. 

Competition binding assays followed the gp120 capture procedure except that at the sCD4 

binding step, 25 µL/well of either VRC01 or VRC03 at twice the desired final concentration was 

added to each well prior to application of 25 µL/well of sCD4 at twice the desired final 

concentration. Extent of inhibition was examined by setting the signal at [VRC01] = 0 to a 

relative signal of 0. IC50s for VRC01 for each peak were determined using a hyperbolic fit. 

Broadly Neutralizing Antibody Binding ELISA.  Monoclonal antibodies b12, 4E10, and 

pg9 were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH: 

HIV-1 gp120 Monoclonal Antibody (IgG1 b12) from Dr. Dennis Burton and Carlos Barbas; 

HIV-1 gp41 Monoclonal Antibody 4E10 from Dr. Hermann Katinger. gp160 and gp160ND 

samples were diluted to 2 µg/mL gp160 in PBS and immobilized in 96-well plates either directly 

or using D7324 as the capture antibody. Wells were blocked as described above. The bNAbs 

were added at indicated concentrations, 50 µL/well, and allowed to incubate 1 hour. Detection of 

bound antibody was achieved using 50 µL/well of goat anti-human HRP conjugate (Invitrogen), 

1:1,000 to 1:10,000 dilution, followed by development of wells and measurement of A450 as 
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described above. gp160 ND material was exceedingly limiting, so bNAb titration data presented 

is the average of duplicate wells in a single experiment. All ELISA titration data were fit using 

the Matlab software package. 

 

III.C Results & Discussion 

III.C.1 Purification of detergent-solubilized gp160  

One of the goals of this study was to evaluate different oligomeric states of gp160 and 

determine what effect, if any, the oligomeric state had on bNAB binding. In order to evaluate the 

oligomeric nature of species present in detergent-solubilized forms of Env, I purified full length, 

uncleaved gp160 from the 1084i isolate, a clade C virus (Rasmussen, 2006).  

 

Figure 4. SEC of uncleaved gp160 solubilized in detergent 

	
  

	
    
 gp160 prepared as described in III.B was purified by gel filtration before use in binding assays, 
resulting in the above chromatogram. The majority of the gp160 eluted in the void volume, demonstrating 
the inability of this particular column to resolve high molecular weight species. Material eluting in the void 
volume was shown to contain a mixture of species when visualized by BN-PAGE (inset). Further details 
provided in the text. 
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When examined by Superdex S200 gel filtration (Figure 4), the majority of the material 

elutes in the column void volume (8.7 mL, MW >200,000 Da). This material appears to 

comprise multiple oligomeric species, as evidenced by BN-PAGE (figure 4, inset), due to the 

inability of this column to resolve high molecular weight species. I did not pursue fractionating 

this material further, as self-association is somewhat apparent in the detergent solubilized 

samples; this will be discussed further below. The doublet of material eluting around 15 mL may 

correspond to lower molecular weight cleavage products of gp160, but are difficult to visualize 

by SDS-PAGE.  

 

III.C.2 Assembly of gp160 ND 

When ND reconstitution takes place the absence of gp160, empty discs assemble and 

elute as a reasonably homogeneous species at ~16 mL when purified by gel filtration on a 

Superose 6 column (Fig 5A, dashed line). This column is preferable to the Superdex S200, as its 

exclusion limit is considerably higher (5 MDa). When gp160 is added to the assembly reaction, 

the distribution of material changes considerably, with a small amount of very large material 

eluting at ~7.5 mL- corresponding to V0- followed by one broad peak which likely comprises 

multiple species (Figure 5A, solid line). The doublet that elutes at ~16-17 mL is composed of 

free MSP1D1 monomers and dimers, which cannot be resolved from empty ND on this column*. 

When the his-tagged MSP1D1 is excluded from the reaction mixture, no absorbance is seen in 

the chromatogram (dotted line), demonstrating the ability of the IMAC step (figure 3) to purify 

away species not containing His-tags, such as aggregated gp160. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
* Empty NDs formed under these conditions are separable from free MSP1D1 monomer and dimer on gel 
filtration columns capable of resolving lower molecular weight species, such as the S200 used for 
detergent-solubilized gp160 (not shown). They also appear comparable to empty ND formed under more 
extensively characterized conditions (Ritchie, 2009). 
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Figure 5. SEC purification and identification of gp160 ND containing fractions 

A 

 

C 

 

B 

 

D 

 

E 

 

 
Panel A. Size Exclusion Chromatography of gp160 ND. In the absence of gp160, empty ND are 

formed (dashed line).  In the presence of gp160, material is shifted to lower retention volumes and the 
peak distribution changes significantly. None of the material binds to the IMAC media when MSP1D1 is 
excluded from the reaction mixture (dotted line).  Further details provided in the text.  Panel B. BN-PAGE 
and Western Blot of gp160 ND Gel Filtration Fractions. Selected fractions from the SEC purification were 
separated by BN-PAGE and blotted using HIV-IG to visualize Env content; four highly diffuse bands are 
apparent, with the most immunoreactive occurring at ~720 kDa. Panel C. SDS-PAGE of Pooled gp160 
ND Fractions. Fractions analyzed by SDS-PAGE were visualized with Coomassie. Peaks I-IIb contain 
both gp160 (160 kDa) and MSP1D1 (25 kDa), while peak III contains only MSP1D1. Panels D, E. SDS-
PAGE and Western Blot of Pooled gp160 ND Fractions.  Samples were treated in the same manner as in 
panel C and blotted either with HIV-IG (panel D) or anti-His6 IgG to visualize MSP1D1 (panel E).  As 
expected, peaks I-IIb contained gp160 and MSP1D1 while peak III only contained MSP1D1. As positive 
controls either gp160 in detergent or empty NDs (E) and MSP1D1 were run. 
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III.C.3 Examination of reaction products by electrophoresis 

Selected 0.5 mL fractions from the gp160 ND SEC purification step (Figure 5A) were 

analyzed by 3-12% BN-PAGE and blotted using HIV-IG as the primary antibody in order to 

visualize gp160 content of each fraction (Figure 5, panel B). Approximately four species, all of 

which run as highly diffuse bands, are apparent with the largest at ~1100 kDa, two at ~ 1000 and 

~720 kDa, followed by one weakly immunoreactive band at ~400 kDa. Based upon the Western 

blot and the chromatographic data, fractions were pooled as follows: fractions eluting at 7-8 mL 

are referred to as “peak I”; 8.5-10 mL are referred to as “peak IIa”; 11-13 mL are referred to as 

“peak IIb”; 15.5-17.5 mL are referred to as “peak III”. Note that trace amounts of 

immunoreactive material are detectable in peak III, which I had believed to contain free 

MSP1D1. This material is only visible by WB; it is not apparent by SDS- or BN-PAGE with 

standard Coomassie or silver staining, nor do these fractions possess appreciable sCD4 binding 

activity. 

 

Figure 6: ND incorporation excludes aggregated gp160  
 

 
  
 gp160 and nanodisc samples were TCA precipitated, separated by SDS-PAGE, and visualized 
using Coomassie; note the presence of large deposits of material near the gel well in the case of the 
detergent-solubilized protein. The same aggregation of gp160 is observed without TCA precipitation as 
well. This accumulation of large material is not seen with any of the species purified from the ND reaction. 
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When TCA precipitated to remove lipid and examined by SDS-PAGE, it is clear that 

peaks I-IIb contain both gp160 (~160 kDa) and MSP1D1 (~25 kDa), while peak III contains only 

MSP1D1 (Figure 5C). It is interesting to note that extremely large aggregates are observed upon 

SDS-PAGE analysis of gp160 solubilized in 1% octyl glucoside plus 1% deoxycholate, in the 

form of a smear that does not migrate past the gel well. This material is highly resistant to 

dissociation even after prolonged boiling, addition of detergent and denaturants, and TCA 

precipitation. Nonetheless, it appears to consist of aggregated gp160 as it is recognized by HIV-

IG in Western blots. This material is effectively excluded in the gp160ND (Figure 6), and does 

not appear even upon prolonged storage. 

 
III.C.4 Estimation of number of gp160 subunits per nanodisc 

Video densitometry of the SDS-PAGE gels (Figure 5C) was used to estimate the number 

of gp160 subunits per ND in each set of pooled fractions (Figure 7, panel A).  Although the 

gp160:MSP ratio in peak I is too variable to comment on oligomeric state, it is clear that peak IIa 

contains larger ratios of gp160 : MSP than IIb (p < 0.05). I thus interpret these to be NDs 

containing trimers and dimers of gp160, respectively. Caution must be exercised in the 

interpretation of these data, however, as resolution was not sufficient to rule out IIb as the 

trimeric species. This derives from the fact that detergent solublized gp160 was used to construct 

the standard curve for quantitation, and a considerable amount of the protein remains at or near 

the gel wells (Figure 6). This feature complicates accurate quantitation of gp160 at the well 

edges and it is expected that these artifacts add considerable error to the calculations performed 

here. 
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Figure 7. Composition of gp160 ND pooled fractions 
 
A 

 

B 

 

Panel A. Approximate Number of gp160 Subunits per ND. The number of gp160 subunits per ND 
in each set of pooled fractions was determined by video densitometry.  Although the oligomeric state of 
the material in peak I is unclear, it appears as though peaks IIa and IIb are comprised of NDs containing 
trimers and dimers of gp160, respectively (p < 0.05). Peak III contains no gp160 detectable by Coomassie 
staining. Panel B. Estimated Number of Lipid Molecules per ND. Phospholipid content of each set of 
pooled fractions was determined by phosphomolybdate assay. Although the numbers of lipid per ND 
determined by this assay were relatively low in all cases, it appears that the material in peaks I-IIb 
contains amounts of lipid similar to those found in empty NDs formed under the same conditions. The 
material in peak III appears to contain little to no lipid and likely corresponds to free MSP1D1 monomer 
and dimer. These results are summarized in Table 1. 
 

III.C.5 Western blot analysis of TCA precipitated material 

Blotting with either HIV-IG (Figure 5D) or rabbit anti-His6 IgG to visualize MSP1D1 

(Figure 5E) reveals that only peaks I-IIb contained gp160 and MSP1D1 while peak III 

exclusively contains MSP1D1, as expected. As positive controls either gp160 in detergent or 
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MSP1D1 were run alongside the ND samples. To check for full disassembly of NDs upon TCA 

precipitation, empty ND were also run as a control. 

 

Table 1. Composition of products purified from gp160ND reaction mixture 
 
Fraction gp160 (mole) Lipid (mole) MSPa (mole) 

Empty ND 0 33 ± 10 2 

gp160-ND I 2.7 ± 0.7 30 ± 18 2 

gp160-ND IIa 3.3 ± 0.5 39 ± 15 2 

gp160-ND IIb 2.3 ± 0.4 44 ± 37 2 

gp160-ND III 0 1.7 ± 1.1 2 
 

agp160 and lipid content were normalized to MSP 
 

III.C.6 Estimation of number of lipid molecules per nanodisc 

The phospholipid content of each set of pooled fractions was then determined by 

phosphomolybdate assay. Although the numbers of lipid per ND determined by this assay are 

considerably lower than the anticipated ~130 molecules per disc (Ritchie, 2009), it appears that 

the material in peaks I-IIb contains amounts of lipid similar to those found in empty ND formed 

under the same conditions (Figure 7B). It is likely that as performed here, the technique is only 

semi-quantitative as variability was quite high between experiments, even within the same 

preparation of discs. The material in peak III, however, repeatably contained little to no lipid and 

thus was concluded to comprise free MSP1D1 monomer and dimer. The estimated compositions 

of the peaks purified in the gp160 ND reaction mixture are listed in Table 1. 

 

III.C.7 Electron microscopy of purified fractions 

The structural features of the material eluting in peaks I-IIa and empty ND were 
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examined by transmission electron microscopy (Figure 8, panel A). As expected, the material 

eluting in peak I appears to be aggregated, and seems likely too large to constitute functional 

gp160 ND. This fraction is hypothesized to contain either soluble aggregates of gp160, MSP, and 

lipid or highly stable higher-order gp160 ND complexes. As structures this large are not 

observed in the context of the native virion, this material was not investigated further. The 

particles that elute in peaks IIa and IIb are more similar in size and morphology to trimeric Env 

spikes captured by EM in the past, close to what is expected for gp160 trimer and possibly dimer 

incorporated in to ND. Detergent-solubilized gp160 (not shown) contains an apparent mixture of 

species similar to those observed in peaks I-IIb, which was unsurprising as it had not been 

fractionated as thoroughly as the ND samples. 

An approximate 2-D spatial model was constructed for gp160 ND assuming trimer 

dimensions identical to those observed by electron tomography (Liu, 2008), a ND about 10 nM 

in diameter (Denisov, 2004) and 5 nm thick, and a protruding gp160 cytoplasmic domain that 

resembles a 4 nm long by 4 nm thick stalk (a molecular weight-based approximation, as the true 

dimensions of this portion of the protein are unknown). This model fits quite convincingly into 

many of the densities observed in EM images of both peaks IIa and IIb. The images of gp160 

ND are also quite similar in appearance to some of those obtained for uncleaved gp140s 

examined by EM in a recent study (Ringe, 2013). A spectrum of gp160 conformations is 

apparent (Figure 8, panel B) from extended, “open” particles resembling a CD4 bound state, to 

those appearing to adopt the “closed”, or unliganded form (Liu, 2008). If peaks IIa and IIb do, in 

fact, comprise trimer and dimer it is unsurprising that this model would fit equally well into 

some of the densities observed for both peaks, as full chromatographic separation of the gp160 

ND species could not be achieved. 
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Figure 8. Electron microscopy of gp160 ND pooled fractions 

A 

 
B 

 
 

 Panel A. Pooled SEC fractions were stained with Nano-W and imaged by transmission electron 
microscopy. As expected, the material eluting in peak I was largest, likely too large to constitute functional 
gp160 ND and is hypothesized to contain soluble aggregates of gp160 and MSP or multi-gp160 ND 
complexes. The material eluting in peaks IIa and IIb is more similar in size and morphology to what is 
expected for gp160 trimer and possibly dimer incorporated in to ND. Empty ND are also shown for 
reference. Panel B. Comparison of gp160 ND model based upon cryo-electron tomography data (Liu, 
2008), with particles seen in IIa. Note the presence of both species that appear compact, as well as 
splayed. Size bars indicate 50 nm in all cases. 
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Figure 9: Binding of sCD4 to gp160 and gp160ND 
 
A 

 
B C 

  
 

Panel A. Measurement of sCD4 binding to detergent-solubilized gp160 and gp160 ND. Kd,app are 
all comparable and are listed in Table 2. Panel B. Saturation binding of sCD4 to gp160 ND using the 
usual Env-capture method. Signal is shown normalized to that obtained from detergent-solubilized gp160. 
Note differences in total binding levels seen here (with fresh sample) and panel A (after one freeze-thaw 
cycle). C: sCD4 Binding by His6 Capture ELISA. The sCD4 binding ELISA from Panel B was repeated, 
except with the use of a rabbit anti-His6 capture antibody in place of the anti-gp120 capture antibody. In 
this case, signals are absolute and have not been normalized to detergent-solubilized protein. Peak I 
shows relatively high but inconsistent sCD4 binding, which may again indicate the presence of soluble 
aggregates composed of variable ratios of gp160 to MSP1D1. Note that gp160 and empty NDs exhibit 
minimal levels of sCD4 binding in this assay, demonstrating the need for both gp160 and MSP1D1 to be 
present for samples to show signal.  
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III.C.8 sCD4 binding of gp160 ND 

The ability of material in gp160 ND SEC peaks to bind 4-domain, human sCD4 was 

examined by ELISA (fig 9A). The Kd,app obtained for each peak and for detergent-solubilized 

gp160 are listed in Table 2, and are similar (~0.07-0.1 µg/mL) . Peak IIb and the detergent-

solubilized protein bind sCD4 to comparable levels, while Peak IIa exhibits modestly reduced 

overall binding. This is possibly due to differences in sample sensitivity to freeze-thaw cycles 

(all had gone through one), as saturation binding experiments performed on fresh sample show 

comparable overall sCD4 binding between peaks IIa, IIb, and gp160 (fig 9B). The effect of 

freeze-thaw cycles on apparent affinity was not investigated further, as material yield was 

extremely limiting. Nonetheless, these results together suggest that the structural integrity of the 

gp160 is preserved for the most part through the ND incorporation process, particularly in the 

case of the peak IIb material. This also indicates no observable difference in apparent sCD4 

binding affinity between the gp160 oligomeric states captured in the ND. 

To confirm the presence of both MSP and gp160 in the particles, the sCD4 binding 

ELISA was repeated, except with the use of a rabbit anti-His6 capture antibody in place of the 

anti-gp120 capture antibody, and using saturating concentrations of sCD4 in order to measure 

overall binding levels (fig 9C). Peak I was also examined in this case, and shows overall high but 

inconsistent sCD4 binding. This may again indicate the presence of soluble aggregates of 

variable gp160:MSP1D1 ratio, which would complicate estimates of gp160 concentration in the 

assay. The binding in peaks IIa and IIb is low, possibly due in part to weak affinity of the ND 

His6 tag to the capture antibody as it becomes partially buried upon ND assembly. However, the 

binding signal obtained for these peaks is highly reproducible between experiments and ND 

preparations, suggesting that the gp160:MSP stoichiometry is more controlled in these fractions. 
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The fact that IIa binds sCD4 at slightly higher levels than IIb in all of the saturating binding 

studies on fresh protein further substantiates the hypothesis that IIa contains gp160 ND of a 

higher oligomeric state than IIb. Note that Peak III, gp160, and empty NDs all exhibit minimal 

levels of sCD4 binding in this assay, demonstrating the need for both gp160 and MSP1D1 to be 

present in a single particle for samples to show appreciable signal. 

 

Table 2. Kd,app for sCD4 and bNAbs, measured by ELISA 
 
Fraction sCD4  

(µg/mL) 
b12  

(µg/mL) 
4E10  

(µg/mL) 
pg9  

(µg/mL) 

Detergent-
solubilized gp160 

0.1 ± 0.04a 0.042 ± 0.002a 

0.06 ± 0.04b 
8.1 ± 1a 

0.29 ± 0.26b 
20 ± 6.9a 

gp160 ND IIa 0.07 ± 0.03a 0.06 ± 0.02a 

0.05 ± 0.04b 
6.2 ± 2.1a 

1.3 ± 1.4b 
29 ± 46a 

gp160 ND IIb 0.07 ± 0.03a 0.034 ± 0.006a 

0.06 ± 0.056b 
4.7 ± 1.7a 

0.33 ± 0.26b 
30 ± 12a 

gp160 ND + 
Cholesterol IIa 

--- --- 13.7 ± 5.4a 22 ± 59a 

gp160 ND + 
Cholesterol IIb 

--- --- 11.1 ± 3.4a 14.6 ± 3.7a 

 

aDirect immobilization 
bEnv capture 
 
 

III.C.9 Competition of sCD4 binding by VRC01, VRC03 

In order to evaluate the ability of two very broadly neutralizing, CD4 binding site specific 

Abs to compete with sCD4 binding, I used the same gp120 capture ELISA as in figure 10A, 

except that the indicated amounts of VRC01 or VRC03 were included in the incubation along 
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with sCD4 (Figure 10, panels A & B). Extent of inhibition was examined by setting the signal at 

[VRC01]0 = 0. IC50s determined for VRC01 are listed in Table 3.  

 

Figure 10. Inhibition of sCD4 binding to gp160 and gp160ND by VRC01 and VRC03 
 
A 

 
B 

 
 

Panel A: Inhibition of sCD4 Binding by VRC01. Inhibition of sCD4 binding by VRC01 was 
examined for ND and detergent solubilized gp160. IC50s for VRC01 for each peak were determined using 
a hyperbolic fit and are listed in Table 2. They are highly similar, further indicating that the CD4 binding 
site has been preserved in the gp160 ND samples. Panel B: Inhibition of sCD4 Binding by VRC03. 
Inhibition of sCD4 by VRC03 was examined, as for VRC01 above. Lines here are not fits, and are meant 
only to aid the eye. It is apparent that VRC03 does not effectively prevent sCD4 binding in this isolate of 
gp160. 
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They are all similar to one another, further indicating that the CD4 binding site has been 

preserved in the gp160 ND samples, and that a specific oligomeric state is not required for 

effective competition by this antibody. It is apparent that VRC03 does not effectively prevent 

sCD4 binding to this isolate of gp160 at the concentrations examined, which is somewhat 

unsurprising in light of past studies indicating more limited breadth in neutralization of clade C 

pseudoviruses by VRC03 than VRC01 (Wu, 2010).  

 

Table 3. IC50 Values measured for VRC01 at 5 µg/mL sCD4 
 
Fraction VRC01  

(µg/mL) 

Detergent-
solubilized gp160 

6.8 ± 2.2 

gp160 ND IIa 7.2 ± 2.1 

gp160 ND IIb 8.3 ± 5.2 

 

 
III.C.10 Binding of broadly neutralizing antibodies to gp160 ND 

ELISA using direct immobilization of gp160 in detergent and gp160ND was employed to 

measure their apparent affinity for three bNAbs of interest, b12, 4E10, and pg9. These antibodies 

bind to conformation-dependent epitopes on the envelope protein, and are used here as probes of 

the structural integrity of gp160 incorporated into ND.  

Binding by b12. Binding of peaks IIa, IIb, and detergent solubilized gp160 to b12 

(Burton, 1991; Barbas, 1992; Roben, 1994; Burton, 1994), a bNAb that recognizes an epitope 

overlapping the CD4 binding site (Burton, 1994; Pantophlet, 2003), was examined first.  No 
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significant change in Kd,app is observed between samples (Figure 11A, Table 2).  However, levels 

of binding overall are reduced in the ND incorporated material, surprising given the relative lack 

of change in sCD4 and VRC01 binding.  

 

Figure 11. Binding of b12 using various immobilization strategies 

A 

 
B 

 
 
 Measurement of b12 binding using direct immobilization (Panel A) and Env-capture methods 
(Panel B). Kd,app values measured were all similar for both methods, and are listed in Table 2. Note that 
the use of a capture antibody causes saturation binding levels to converge, suggesting a tendency for 
gp160 ND to orient themselves differently than gp160 alone when immobilized. Error bars from duplicate 
wells are shown, but are not visible in some cases. 
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This could reflect a number of phenomena, including propensity for ND to capture a form 

of gp160 less sensitive to b12 recognition, or a greater tendency for immobilized gp160 ND to 

orient in a manner that precludes b12 attachment. It is thought that b12 may encounter more 

steric hindrance than VRC01 upon binding to its epitope, and possibly requires a greater degree 

of structural reorganization in order to bind (Li, 2011). Thus, I thought it possible that the 

restricted area of the ND may not be sufficient to allow gp160 the full range of motion required 

to bind to b12, or that b12 may have more difficulty accessing the CD4 binding site of gp160 ND 

due to changes in protein packing upon ND incorporation. To determine whether this steric 

hindrance or a simple particle orientation effect was the cause of the inconsistency, the ELISA 

was repeated using immobilization with D7324 (as in the sCD4 binding assay). Though the fits 

were not nearly as clean, Kd,app measured for the samples were nearly identical (Table 2), and 

overall levels of binding for detergent solubilized gp160 and gp160ND converged somewhat. 

This implies that some type of orientation effect, and not a true difference in material activity, 

was the cause of the disparity (fig 11B).  

Binding of 4E10. I next wished to probe the interaction of gp160 in detergent and in ND 

with an MPER-directed bNAb. 4E10 (Stiegler, 2001) is a very broadly neutralizing antibody that 

was able to neutralize all of the 90 viral isolates tested in one 2004 study, albeit with moderate 

potency (Binley, 2004). It was also of particular interest in my studies, as it has been shown that 

lipid plays an important role in the 4E10 epitope (Franquelim, 2011). Additionally, the presence 

of uncleaved gp160 on the surface of viral particles was shown to be required for 4E10 

recognition in a virus capture assay (Leaman, 2010). In light of this, I hoped to evaluate the 

effect of lipid from the surrounding ND on binding of this antibody to uncleaved gp160. ELISAs 

using both modes of immobilization discussed earlier were carried out (fig 12A,B), and the 
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measured Kd,app are listed in Table 2.  

 

Figure 12. Binding of 4E10 using various immobilization strategies 

A 

 
B 

 
 

Measurement of 4E10 binding using direct immobilization (Panel A) and Env-capture methods 
(Panel B). Kd,app values measured were similar for the direct immobilization method, with a modest 
improvement in Kd,app for peak IIb. Measurement using Env capture yielded extremely poor fits with 
variable Kd,app. Apparent affinities measured using both methods are listed in Table 2. Error bars from 
duplicate wells are shown, but are not visible in some cases. 
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It is interesting to note that in this case, the use of immobilizing antibody actually 

decreases overall levels of peak IIa, but not IIb, binding. Additionally, there is over an order of 

magnitude of difference in the Kd,app values measured for both peaks IIb and free gp160; this is 

attributed to poorer hyperbolic fit of data generated by the antibody capture technique and 

underscores the fact that these data should be examined in conjunction with those obtained from 

direct immobilization in this case. Better fits were achieved using the direct method, with ND 

incorporation appearing to impart a very modest (approximately 2-fold) increase in apparent 

affinity of 4E10 for the material in peak IIb. 

Binding of pg9. Several bNAbs have been described which were suggested to be specific 

to certain quaternary epitopes present on oligomeric Env, notably pg9 which has shown 

reasonable breadth and potency in the neutralization of a panel of clade C isolates (Walker, 

2009). The role of a quaternary epitope in pg9 binding remains unclear in light of studies 

demonstrating its preferential recognition of monomeric forms of Env in ELISA and 

immunoprecipitation experiments (Davenport, 2011). It is possible either that the affinity for the 

monomeric species is truly higher, or that the fraction of protein present in a truly “native” 

conformation tends to be higher in preparations of monomer than in those of trimer.  

Env from a clade B isolate is shown to bind pg9 equally well when present on transfected 

cells in cleaved, WT trimers and in uncleaved mutants; this was recapitulated in cleaved and 

uncleaved, soluble gp140s retaining the native furin maturation site (Davenport, 2011). Because 

the ND platform appeared to allow for separation of oligomeric states of gp160, I hoped to take 

advantage of the system to examine pg9 binding to both the apparent trimer (peak IIa) and dimer 

(peak IIb) forms of wild-type, uncleaved Env. Direct immobilization ELISA was carried out as 

for 4E10 and b12 (Figure 13), and Kd,app measured are listed in Table 2. Signals are quite weak in 
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comparison with the other antibodies, requiring longer incubation periods and higher 

concentrations of secondary antibody to develop appreciable absorbance. Binding of pg9 to both 

peaks IIa and IIb appears similar, though relatively large errors in the data for peak IIa preclude 

the determination of a Kd,app with any confidence. Overall it appears that the detergent-

solubilized form shows higher levels of binding, but as was the case with b12, it is unclear 

whether this reflects an orientation effect or a tendency for ND to exclude the forms of gp160 

more sensitive to recognition by pg9. Unfortunately, limiting yield prevented the further 

investigation of pg9 binding. 

 

Figure 13. Binding of pg9 using direct immobilization 

  
Measurement of pg9 binding was carried out using direct immobilization. Kd,app values measured 

appeared similar for all peaks, though weak signal in the case of IIa obfuscates accurate determination of 
apparent binding affinity (all are listed in Table 2). the direct immobilization method, with a modest 
improvement in Kd,app for peak IIb. The reason for differences in saturation binding levels was not 
investigated, but likely either reflect and orientation effect as in b12 binding, or binding exclusively to a 
sub-population of particles that tend to be excluded from ND or are damaged during incorporation. Error 
bars from duplicate wells are shown, but are not visible in some cases. 
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III.C.11 Attempted incorporation of cholesterol into gp160 ND 

As was mentioned numerous times above, the inability to obtain sufficient material (and 

to concentrate it once purified) presents a significant hindrance the full characterization of gp160 

ND. Overall particle yield varies considerably between preparations, and is at best around 6% 

based upon total gp160 input. In a number (~20-25%) of cases, yield was so low that no usable 

material could be recovered after gel filtration. In a final attempt to address the considerable 

obstacles experienced in the ND incorporation process, ND were formed with the substitution of 

40% of the POPC with cholesterol.  

Palmitoylation of membrane proteins has been shown to cause partitioning out of the 

“raft” phase in model cell membranes, and Env requires this PTM to impart infectivity to viral 

particles (Rousso, 2000). I theorized that this might cause preferential partitioning of the 

biologically relevant species out of the POPC membranes under the assembly conditions. To test 

this hypothesis, ND were assembled in an identical fashion to those containing only POPC, 

except that a 4 : 6 molar ratio of cholesterol : POPC was used.  

Empty ND formed in this manner were more heterogeneous, as evidenced by a less 

symmetric peak upon purification by gel filtration (Figure 14, panel A). The gp160 ND elution 

profile appeared largely unchanged, and with little apparent effect on yield (Figure 14, Panel A). 

Due to the extremely low concentration of the particles, the cholesterol content of the resulting 

particles could not be determined. However, 4E10 and pg9 binding to these ND were examined 

(Figure 14, Panels B and C), and appeared largely similar to those for particles formed in the 

absence of cholesterol (Table 2). Though the addition of cholesterol to mimic a “raft” phase 

failed to improve particle yield, further investigation into the use of other lipids, ideally native 

HIV lipid, in the nanodiscs may be warranted. 
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Figure 14: Effect of cholesterol on ND incorporation, binding of bNAbs 
 
A 

 
 
B C 

  
 
 Panel A. Inclusion of 40% cholesterol in the ND assembly mixture (as outlined in III.B) did not 
seem to result in appreciable change to particle yield, as indicated by 280 nm absorbance when purified 
by SEC (yield is highly variable, so it is unlikely the modest increase is significant). The reason for the 
decrease in free scaffold protein is unclear. Limiting yields prevented the quantitation of cholesterol in ND 
fractions. Panel B. Binding of 4E10 to detergent-solubilized gp160 and gp160 ND + cholesterol was 
examined by ELISA using direct immobilization. Kd,app values were similar to those measured for gp160 
ND and are reported in Table 2. Panel C. Binding of pg9 to detergent-solubilized gp160 and gp160 ND + 
cholesterol was examined by ELISA using direct immobilization. Kd,app values were similar to those 
measured for gp160 ND and are reported in Table 2. Unless otherwise indicated, error bars from 
duplicate wells are displayed but are not visible in all cases. 

**Due to limited material, pg9 titration of IIb is a result of measurements made from single wells. 
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-1.00 

4.00 

9.00 

14.00 

19.00 

24.00 

5.00 7.00 9.00 11.00 13.00 15.00 17.00 19.00 

A
28

0 (
m

A
U

) 

Retention Volume (mL) 

gp160 ND + Cholesterol 
gp160 ND 
Empty ND + Cholesterol 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0 20 40 60 80 100 

A
45

0 (
A

U
) 

[4E10] (µg/mL) 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0 10 20 30 40 50 
[pg9] (µg/mL) 

IIa 

IIb** 

gp160 

Empty 



	
  

	
   95 

uncleaved Env into lipid nanodiscs can be achieved, albeit at regrettably low yield. gp160 ND 

appear to be separable by oligomeric state, with apparent trimer and dimer species present. 

ELISA did not show any appreciable difference in sCD4 or bNAb binding between these and the 

detergent solubilized protein, demonstrating that the ND incorporation process did not in any 

way perturb major structural features critical for antibody or receptor binding. When examined 

by EM, the particles were highly heterogeneous and similar to micrographs of solubilized gp140s 

(Ringe, 2013).  

The EM data shown here adds to the evidence that both mutant and wild-type uncleaved 

Env exist in an array of “open” and “closed” conformations, and presumably only a limited 

number of these would be fusion-competent if cleaved. This may, in fact, be reflective of the 

heterogeneity of envelope protein as it exists on native viral particles (Zhu, 2003; Leaman, 2010) 

and highlights a unique difficulty in HIV vaccine design. The density of Env spikes on the 

surface of each virion is so low in the case of HIV, that it is unlikely that antibody cross-linking 

plays a role in neutralization. It is more probable that fusion competent Env spikes are 

inactivated directly by antibody binding. All of the configurations that both cleaved and 

uncleaved Env assume on the surface of an infectious viral particle are arguably “native”, but 

only a small fraction of these are capable of supporting infection.  

It is evident from the work done here and elsewhere, that a number of bNAbs readily 

recognize epitopes displayed by non-functional forms of Env. However, increased affinity for a 

fusion-incompetent form does not necessarily preclude neutralization by binding to the active 

form. Regardless of the mechanism, it is clear that rational HIV vaccine design from this point 

forward should be driven by a detailed analysis of structural differences between inactive and 

fusion-competent forms of Env.   
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IV. Conclusion 

 

 In the body of work outlined in the previous chapters, I aimed to harness the surface 

proteins of viral particles from two very distinct systems for the purpose of nanoparticle design. 

By doing so, I also hoped to shed light on assembly processes as they occur in vivo, using the 

nanoparticle assembly systems as simple models for much more intricate events that occur 

within infected cells.  

 In the case of bacteriophage λ, I was able to lay the foundation for the development of 

targeted, multifunctional λ capsid-based nanoparticles assembled entirely in vitro from 

constituent proteins. Using a combination of these in vitro techniques to model events in the λ 

development pathway, I also elucidated a number of features of viral assembly and maturation 

that likely apply in the context of the cell. I demonstrated a balance between viral capsid yield 

and fidelity mediated by the scaffold protein, with optimal particle formation occuring at a ratio 

of 0.3:1 scaffold : major capsid protein. This corresponds to a concentration of scaffold that is 

likely in monomer-dimer equilibrium, with monomer more heavily favored but both species 

required for appropriate shell formation.  

 Expansion, at least in the case of full λ procapsids, only appears to show strict 

reversibility to an intermediate state at Mg2+ concentrations of approximately 3-10 mM, though 

this has not been directly demonstrated. Removal of the urea in the presence of lower 

concentrations of Mg2+ causes the formation of a discrete, more fully mature species that had not 

previously been distinguished from the species in urea. It is undetermined whether this fully 

mature form can revert back to the intermediate if urea is reintroduced at low Mg2+, but 



	
  

	
   97 

discovery of these two distinct, expanded species has opened the door for even further 

investigation of the urea-triggered maturation event. 

Modeling of the decoration protein binding site implicated a ring of aspartate residues 

which could potentially uncover the mechanism of λ capsid expansion in vivo. In the model I 

constructed, these negatively charged residues point radially toward each other and face the 

interior of the procapsid, where they may be involved in binding of Mg2+. Packaging of 

negatively charged DNA could effectively strip the Mg2+ from these sites, which in combination 

with pressure exerted by the packaged genome may serve to destabilize the procapsid form, 

resulting in expansion. It is notable that the chelating agent ethylenediaminetetraacetic acid 

(EDTA) destroys λ infectivity (Smith and Feiss, 1993; Sternberg and Hoess, 1995). Chelation of 

capsid-associated Mg2+ using EDTA was shown to be ineffective at promoting expansion 

(Medina, unpublished), It is possible, however, that removal of the divalent metal alone is not 

sufficient to trigger this event, or that EDTA does not effectively remove Mg2+ bound to the 

capsid. Upon expansion, the ring of Asp residues is expected to rise to face the exterior of the 

capsid, where it would become available to form salt bridges with a ring of His residues at the 

base of the decoration protein trimer.  

In sum, these results have significantly improved our understanding of λ capsid assembly 

and maturation, particularly on a structural basis, and may also be applicable to related dsDNA 

viruses as these pathways are highly conserved. These studies also serve as the foundation for 

future experiments both in λ nanoparticle design and in the study of λ assembly, maturation, and 

decoration protein binding. In regard to the former, studies in our lab are currently being carried 

out on encapsidation of functionalized scaffold proteins within λ VLP. In regard to the latter, a 

number of experiments are currently underway including demonstration of strict reversibility 
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between procapsid and intermediate states under a variety of conditions, as well as mutagenesis 

analyses which will attempt to address the true role of residues implicated in the model in capsid 

expansion and decoration protein binding.  

In the case of HIV-1, I demonstrated the incorporation of low levels of full length, 

uncleaved envelope protein into lipid nanodiscs and constructed a rough antigenic profile of the 

protein in the different oligomeric states that appeared to be captured. While low and 

exceedingly variable yield limit the practical use of this approach, the somewhat incomplete 

analyses conducted here suggest it is an effective method of preventing formation of large 

aggregates of Env, and segregating it in various oligomeric states.  

The protein appears to maintain its overall structure and activity throughout the 

incorporation process, though no significant improvement to antibody or sCD4 binding affinity 

is observed. The failure of the ND assembly reaction to reproducibly capture large amounts of 

gp160 may to some extent reflect some level of partitioning and preferential lipid association on 

the part of Env, or aggregation and misfolding of a large fraction of the detergent-solubilized 

preparation, which cannot be captured in ND. Further structural studies on the state of the 

detergent solubilized protein are warranted before full conclusions about the true efficiency of 

ND incorporation can be drawn. 

The morphology of purified gp160ND particles and gp160 solubilized in detergent is 

extremely varied, though this apparent structural heterogeneity does not discourage recognition 

by sCD4 or bNAbs VRC01, 4E10, or b12.  The antibody pg9 also binds both to detergent 

solubilized gp160 and gp160ND, though it appears that in this case only a small subpopulation of 

each species is capable of being recognized. It is unclear whether this population represents a 

species with a fold similar to the active, cleaved protein or contaminating monomer, as monomer 
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has been shown to bind IgG pg9 with enhanced affinity in some gp140s (Davenport, 2011). In 

any case, it is clear that particle heterogeneity in the case of the material purified here, and 

apparently in the context of the whole virus, is an extremely large obstacle that must be 

surmounted for rational vaccine design to prove successful in the future. 

It is my sincere hope that the work summarized here has made a mark, however small, in 

the burgeoning field of therapeutic nanoparticle design. Attempts to apply my understanding of 

in vitro assembly to the construction of nanoparticle therapeutics met with varying degrees of 

success. However, the experiments conducted here have helped to uncover potential structural 

and biophysical features also present in the in vivo assembly pathways of these viruses, 

demonstrating the utility of such simple model systems in shedding light on multifaceted in vivo 

processes. 
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