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ABSTRACT 

 

 

 Viruses are the most abundant form of life on the planet. Many forms are 

pathogenic and represent a major threat to human health, but viruses recently have been 

used as nanoscale tools for gene therapy, drug delivery and enzyme nanoreactors. Viruses 

have historically been viewed as static and rigid delivery vehicles, but over the last few 

decades they have been recognized as flexible structures. Their structural dynamics are a 

crucial element of their functionality. Characterizing the biophysical properties of these 

viruses is both challenging and exciting. We have developed and used a multidimensional 

approach to tackle this task. Our techniques include Differential Scanning Fluorimetry, 

which probes the melting temperatures of virus capsids by the use of a fluorescent dye and 

Hydrogen-Deuterium Mass Spectrometry, which investigates the flexibility of the virus 

capsid protein by following the change in mass when Hydrogen is exchanged with 

Deuterium. Flexible regions exchange more. The above techniques are well complemented 

by the use of size-exclusion chromatography, which differentiates virus capsids based on 

their hydrodynamic radius and Limited proteolysis which again probes dynamic regions of 

the capsids up to the amino acid level. We have studied two different systems, Cowpea 

chlorotic mottle virus (CCMV) and Adeno-associated virus (AAV) using these 

methodologies. The sum result of these assays indicate that, in case of CCMV, capsids can 

undergo structural transitions due to very subtle pH and cation concentrations and the 

capsid protein is capable of rigid body transitions which affect the stability, while 

maintaining most of the secondary structure. In the case of AAV, the inherent sequence 

differences explains only partially the differences in stability and proteolytic susceptibility.  

 

 

 

 

 

 

 

 

 



1 

 

CHAPTER 1 

 

INTRODUCTION - UNDERSTANDING THE SOLUTION-PHASE BIOPHYSICS 

AND CONFORMATIONAL DYNAMICS OF VIRUS CAPSIDS 

 

Introduction 

 

Viruses are the most abundant biological entities on earth and infect practically all 

organisms. There are an estimated 1032 virus particles, comprising 94% of the nucleic-acid 

containing entities in the oceans (1). Reproduction and proliferation of viruses relies 

entirely on their ability to hijack the cellular machinery of the host.  Viral fitness and 

adaptability is greatly enhanced by their ability to incorporate precise genetic elements into 

their genomes and has been a key to their evolutionary success. Most viral genomes are 

severely limited in the amount of genetic material that is encoded.  This is due largely to 

size limits based on the dimensions of the particle.  Nowhere is the size limitation more 

severe than in the small nonenveloped, icosahedral viruses. These virions are nothing more 

than a noncovalent association of protein subunits assembled to form a capsid that 

surrounds and protects the genetic material which may be DNA or RNA.  

The first virus structure ever to be determined was that of Tomato Bushy Stunt 

Virus by Stephen Harrison in 1978 at a 16Å resolution. This was accomplished using X-

ray crystallography and scattering experiments (2). Shortly thereafter, the structure of 

human rhino virus 14 was solved (3) by Rossmann et al to an atomic resolution. These 

initial studies brought to light the complexities and intricacies of virus capsid organization 

and established structural virology as a prominent research field. The complexity and 
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elegance of these capsids continued to progress with advances in X-ray crystallography 

methodology and instrumentation (4). However, alongside the advances in structural 

determination of virus capsids that painted a static picture of these biological entities, there 

was an accumulation of solution-phase biochemical evidence that suggested these were 

very dynamic nucleo-protein assemblies. It is now clear from an ever growing collection 

of experimental evidence that capsid protein dynamics plays an essential role in all the 

functions exhibited by a virus.  

 

Key Themes in Protein Dynamics 

 

       

 Proteins are in constant motion in solution, shifting between conformational micro-

states with slightly differing energies. This conformational space can be best explained by 

an energy landscape where the different micro-states are populated based on the energy 

barriers between states and depths of local minima(5, 6). If the barrier is too high, the 

micro-state may never be populated. Determining the energy of these micro-states is very 

appealing although it is practically an impossible task. The native folded state of a protein 

is one or a small ensemble of such micro-state(s) and has the global minimum free energy 

of all kinetically accessible structures. The ability to sample different micro-states is critical 

to protein function including protein-protein interactions, ligand binding, signal 

transduction and enzyme catalysis. The study of protein dynamics serves as a unifying 

theme to elucidate a range of protein functions. The mechanisms of action, all have their 

roots in two fundamental biophysical themes 1. Flexibility and 2. Stability of a protein. 
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Flexibility 

 Flexibility, in its most basic essence, is defined as the capacity to be bent or pliable.  

From a protein's perspective, flexibility is adaptability. A quick survey of the literature 

gives us various definitions, each one defining a different subset of molecular transitions 

as "flexibility". For example, one definition by Kamerzell and Middaugh describes it in 

terms of thermodynamics, fluctuations and equilibrium events (5) while another definition 

by Zaccai refers to flexibility as molecular motions ranging from picosecond scale thermal 

fluctuations to millisecond-scale (or slower) conformational changes (7). While both these 

statements are true depending on the solution and experimental conditions of measurement, 

our understanding of what exactly encompasses flexibility is complex, yet undeniably 

necessary for protein design and applied protein science. Hence, as an attempt to unify 

these explanations, we define flexibility as a set of well-defined local and global 

fluctuations and transitions in protein structure; for example, bond vibrations, 

backbone/sidechain motions, unfolding/refolding/disorder of specific domains, and 

molecular switching (Figure 1). Flexibility is primarily a function of the timescale and 

magnitude of these motions, their equilibrium behavior, and their contribution to the 

conformational free energy and they  together populate the micro-states of a protein (Table 

1) (5, 6, 8). The degree of flexibility varies in every protein facilitating adaptation and 

recognition in diverse molecular events. The complexity of these fluctuations increases by 

several orders of magnitude when applied to multi-subunit protein-genome complexes like 

viruses. Specific examples of these motions are documented later in this chapter. 
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Table 1: Time scales and ranges of internal motion in proteins that describe flexibility (8) 

Protein Motion 
Range  

(in nm) 

Timescale  

(in seconds) 

Bond vibrations 0.2-0.5 10-14 to 10-13 

Side chain rotations 1-2 10-12 to 10-11 

Disorder/Molecular 

switching 
1-2 10-11 to 10-7 

Binding induced 

transitions 
0.5-4 10-5 to 100 

Local unfolding/refolding 0.5-1 10-5 to 10+1 

  

 Rigidity, in physical terms, is the resistance of a substance to deformation (external 

strain). In terms of protein structure, rigidity is a reduction in the degrees of freedom or 

conformational entropy of a protein. It is an opposing and complementary force to 

flexibility and is equally vital for biological function. In simpler terms, a loss of flexibility 

is rigidity. With this definition in mind, we can see that rigidity is an inherent property of 

any atom. If we were able to hold an atom rigidly fixed in one place, we could observe its 

distribution of electrons in an ideal situation. The image would be dense towards the center 

with the density falling off further from the nucleus (Gaussian profile). When you look at 

experimental electron density distributions, however, the electrons usually have a wider 

distribution than this ideal. This may be due to vibration of the atoms, or differences 

between the many different molecules in the crystal lattice. The observed electron density 

will include an average of all these small motions, yielding a slightly smeared image of the 

molecule. These motions, and the resultant smearing of the electron density, are 

incorporated into the atomic model by a B-value or temperature factor. Rigidity at amino 

acid level, described in the Ramachandran plot, is controlled by steric factors and rotation 
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angles of the Cα chain. Two classic examples of this are the amino acids Glycine and 

Proline. Glycine does not have a side chain and its rotation is not hindered by steric factors. 

Proline on the other hand is known to introduce kinks in the protein structure. Due to the 

ring formation on the β-carbon, the number of allowed rotation angles is heavily restricted 

and locking the aminoacid in a rigid structure. Interestingly, both these amino acids are 

known to introduce disorder in the protein structure.  

 The complementarity of flexibility and rigidity comes from the protein's degrees of 

freedom (dihedral angles, sidechain rotamers) (9). Such adaptability of a protein is essential 

for its function. The rules of flexibility/rigidity apply to virus capsids just as much. Viruses 

possess and combine all the above characteristics to invent new features for their own 

adaptability. For example, quasi-equivalence is conceptually defined as the 

interchangeable formation of hexamers and pentamers by the same protein molecule. This 

flexibility to create an efficient genome scaffold just by switching subunits is termed 

conformational polymorphism and is the basis for the formation of icosahedral virus 

capsids. Along with such subunit level flexibility, several examples of viruses that show 

domain flexibility, that result in critical molecular functions,  are described in this chapter.  

 

Stability 

Protein stability has been broadly classified into two sub-themes depending on the 

type of work a researcher is involved with. A protein biochemist may define it as 

thermodynamic stability where the relative free energy difference between the native and 

unfolded forms determines the stability of the protein to denaturation. These two states are 

assumed to be in equilibrium, unfolding and refolding rapidly and reversibly, following a 



6 

 

two-state mechanism. The equilibrium between the two states can be related to the free 

energy difference by  

-RTln(Ku) = ΔG = ΔH – TΔS  

where Ku is the equilibrium constant for unfolding, ΔG is the Gibbs free energy, ΔH is 

theenthalpic contribution or the binding energy involved in the system (ΔHprotein and 

ΔHwater), and ΔS (ΔSprotein and ΔSwater) is the entropy of the system where ΔSprotein is defined 

as the conformational entropy of the protein (10). The major enthalpic contributors of 

protein stability are the hydrophobic effect/hydrophobic free energy and hydrogen 

bonds/free energy of hydrogen bonds. The segregation of hydrophobic and hydrophilic 

domains of the protein is the basic principle underlying the folding of a protein and in turn 

its stability. Other non-covalent and covalent contributions from Van der Waals, 

electrostatic interactions and disulfide linkages also play critical stabilizing roles (11). 

Conformational entropy is defined as the measure of degrees of freedom of the protein and 

plays a vital role as a stabilizing factor by populating the micro-states. Nonpolar groups of 

a hydrophobic domain cannot form hydrogen bonds when exposed to an aqueous 

environment (unfolded state). This forces the water to order itself enclosing the 

hydrophobic domain so as to recover the lost hydrogen bonding energy. Water also induces 

a strong dipole in the nonpolar residues of the hydrophobic domains. Therefore, the ΔSprotein 

is a negative value that favors an unfolded state but these factors are easily compensated 

by a ΔSwater. Folding of the protein allows many water molecules to interact favorably with 

each other forming an extensive hydrogen bonding network. Hydrogen bonds are also 

formed with polar residues of a protein. This indicates that protein folding is clearly an 
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entropically driven process. Hence, ΔSwater for an unfolded protein is a large and positively 

compensating force strongly favoring protein folding. The binding energy (ΔHprotein) is a 

positive value for an unfolded protein due to dipole induction while it is compensated by a 

large negative ΔHsolvent which favors the folded state. It is enthalpically more or equally 

favorable for nonpolar molecules molecules to dissolve in water than in a nonpolar media. 

Hence, it can be seen that a a large  entropy (ΔSwater + ΔSprotein) and binding energy of the 

system, to an extent, are the major contributors of thermodynamic stability in a folded 

protein (12).  

A biotechnologist may define stability as the persistence of a protein's molecular 

integrity or biological function when subject to adverse environmental conditions like 

temperature, pH and denaturing salt concentrations. The protein’s ability to retain function, 

at least during a certain physiologically relevant time-scale, depends on its reversibility, or 

for an irreversible protein, on its kinetic stability (rate of unfolding) (13, 14). The rate of 

irreversible protein unfolding depends on the energy barrier between the native and the 

non-functional state(s). Irreversible transitions are well defined using the Lumry-Eyring 

model which is represented by the following scheme: 

𝑁 ↔ 𝐼 → 𝑈 

where N, I and U are the native, the intermediate and the unfolded, irreversibly denatured 

states respectively. The native and the intermediate states are assumed to be in equilibrium 

governed by rate constants k1 (unfolding) and k-1 (folding) while the rate of conversion of 

I to U is given by k2. While eventually, the protein will end up in a non-functional state, 

this model suggests that if the energy barrier between the I and U forms is high enough, 
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the reaction may progress towards populating the native and more importantly the 

functional state of the protein. Therefore, kinetic stabilization can play a significant role in 

biological function. 

The interdependence and independence of the thermodynamic and kinetic 

stabilities comes forth when we consider two particular scenarios. 1. When k2 is rate-

limiting: Under this scenario, it is evident that the rate constant for the irreversible 

denaturation is a product of k1 and k2 k1 is influenced by the overall thermodynamic 

stability of the protein and therefore will have a direct impact on the kinetic stability. 2. 

When k1 is rate-limiting and is approximately equal to k2: Here, the rate of irreversible 

denaturation is determined almost completely by the energy barrier between the native and 

the unfolded state and therefore thermodynamic parameters may or may not influence 

kinetic stability (14).   

 The spatial arrangement of protein subunits into an ordered structure is known as 

its quaternary structure. Quaternary association is driven by weak forces. Therefore, the 

favorable interactions that contribute to protein stability include all the above mentioned, 

hydrophobic interactions and hydrogen bonds playing the most important roles again. The 

contact regions between subunits closely resemble the interior of a single subunit protein. 

Subunit associations have several advantages that include 1. Surface-volume ratio of the 

subunit is reduced which stabilizes the protein energetically 2. Hydrophobic residues tend 

to be shielded from water 3. Defects can be repaired by simply replacing the flawed subunit 

4. Especially in case of viruses, less genetic material is required to code for all the proteins 

required for its successful proliferation. 5. Multiple subunits generally possess multiple 
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binding sites for a given ligand increasing the efficiency of binding. All these factors 

influence the stability of a protein complex and are imperative to nucleo-protein complexes 

like viruses.  

 

 

Figure 1. Schematic illustration of dynamics in proteins. Protein dynamics involves both 

local/globalflexibility and conformational stability. 

 

 

Virus Capsids are Active Nucleo-Protein Complexes 

Icosahedral viruses are specialized protein assemblages composed of multiple 

copies of monomeric proteins. 60 or more copies of these proteins, arranged into an 

icosahedral symmetry, show extensive protein-protein interactions leading to an enhanced 

overall stability of the virus (15, 16). This assembled unit has one daunting yet critical task 

to perform: evading host defenses while protecting, transporting and aiding the release of 

viral genome (17). The viral “life” cycle begins with cell receptor binding and entry. 

Several examples have been noted where receptor binding induces localized changes in the 

capsid structure (18, 19). This intricate process may involve membrane fusion (enveloped 
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viruses) and genome release in the cytoplasm or endocytosis (non-enveloped) and release 

of genome directly in the nucleus (20, 21). In the latter case, the capsids have evolved to 

resist pH and ionic strength changes while traversing the endocytic pathway (22). Finally, 

the virus has to perform a thermodynamic balancing act to disassemble and release the 

genome in conditions where it will later have to reassemble. The above events describe the 

first half of the viral life cycle. A second set of equally important transitions take place 

after capsid formation and before virus release from the cell. These involve large scale 

quaternary transitions (23) and the more subtle solution-phase equilibrium processes (24). 

Both are equally important for assembly, maturation and infection phases of the viral life 

cycle. Global large-scale dynamics, which exist due to changes in environmental signals 

such as pH, ionic strength and receptor binding have been successfully captured in a 

sequential manner by structure based techniques. The more subtle, local fluctuations, 

which involve the existence of multiple conformations of the same protein in equilibrium, 

have been observed with solution-phase biochemical and biophysical techniques. All these 

characteristics are one of the most obvious indication that capsid proteins and hence viruses 

as a whole are active and dynamic entities.  

By relating the knowledge of the complex inter-relationships between protein 

flexibility and stability to viruses we are now able to understand 1. Global and local 

flexibility of a virus capsid 2. Biochemical and conformational stability of the interactions 

involved. A few examples of model icosahedral virus particles that exhibit such global and 

local conformational transitions are described along with a discussion of the biochemical 
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and biophysical knowledge we have gained and techniques used to study such virus 

particles in solution. 

 

Large-Scale Irreversible Quaternary  

Transitions in a T7 Icosahedral Virus Maturation 

 

 Quaternary transitions involve programmed changes in capsid size, geometry, an 

overall reorganization of particle structure involving symmetrical subunit rotation though 

may or may not involve large secondary or tertiary structure transitions. Typically, an 

autocatalytic viral protease, packaging of nucleic acids or receptor binding individually or 

collectively are the triggers involved in virus maturation. A classic case of such events have 

been well studied and documented in the case of the HK97. HK97 is a λ-like coliophage 

with a 40kbp ds-DNA genome. The capsid is initially assembled into a T=7 spherical 

capsid (prohead-I state) with 415 identical subunits arranged into 60 hexamers and 11 

pentamers. The 12th pentamer is replaced by 12 portal proteins and 50 copies of a putative 

protease. Maturation begins with digestion of N-terminal 103 amino acids by the protease. 

This cleaved particle is composed of a 31-kDa head protein and competent to package 

DNA (prohead-II state). A remarkable reorganization of the capsid quaternary structure is 

initiated when the 40kbp DNA is inserted into the head through the portal while also 

increasing the particle diameter from 450Å to 650Å. After this transition, the spherical 

shape of the capsid changes to an icosahedron and thinning of the capsid cross-section 

takes place (head-II state). An autocatalytic chemical joining of subunits occurs where Lys-

169 and Asn-356 are cross-linked which physically concatenates hexamers and pentamers 

forming a "chain-mail". A substantial, irreversible stabilization of the capsid is thus 
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achieved, despite the thinning of the capsid walls which helps withstand the 60 

atmospheres of pressure the packaged DNA. Each of these intermediate stages have been 

well documented by X-ray crystallography and static and time-resolved cryo-EM (25–27). 

 

 

Figure 2. Global and local quaternary conformational and structural transitions seen in 

four icosahedral viruses 
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In other tailed phages (such as P22, Φ29 and T7) capsid maturation is similar to 

HK97,though the mature capsids are stabilized either by additional domains of capsid 

protein(P22, Φ29 (28, 29); or rearrangement of the capsid protein subunits (T7; (30)). 

 

Tetravirus Capsid Maturation  

Involves a Cleavage Event 

Nudaurelia ω capensis virus (NωV), an insect virus, belongs to the tetravirus family 

with a T=4 quasi-equivalence and the only known non-enveloped virus to have this quasi-

symmetry. At pH 7.6, the newly formed capsid is 450Å in diameter containing 240 

identical 70-kDa subunits associated as dimers(31, 32). A cleavage event occurs when the 

pH is reduced to 5 with a decrease in particle size (410Å) while the subunit arrangement 

changes to trimers(33). This event is reversible so long as the autohydrolytic cleavage has 

not proceeded beyond 15% of the subunits (33). The cleavage event works as an 

irreversible and critical molecular switch for the capsid maturation while covalently 

liberating an 8-kDa polypeptide (γ). A number of biophysical techniques including mass 

spectrometry based limited proteolysis, chemical labeling and FT-IR studies, have been 

used to characterize the two capsid forms (34). Flockhouse virus (FHV) shows a similar 

cleavage event during its maturation forming a γ-peptide which has been attributed to a 

membrane lysis function (35). A mutant form of NωV in which the autocatalytic function 

has been abrogated is known to transition repeatedly between forms (36). NωV is the first 

animal RNA-virus that has been subject to such intense characterization of the mature 

capsid and its precursor making it an excellent model system.  
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Dynamic Breathing Motion  

of the Human Rhinovirus (HRV14) 

HRV14, the common cold virus, belongs to the Picornavirus family with a T=1 

icosahedral symmetry. The capsid is made up of 60 copies of each of the four structural 

proteins VP1-VP4. From the crystal structure it is known that the VP4 is completely 

internal to the capsid while the N-terminus of VP1 is partially internalized. The time-course 

experiments performed combining proteolysis and mass spectrometry revealed results 

indicative of the transient exposure of internalized capsid proteins. The initial peptides 

generated were localized to the internalized VP4 subunit. On comparing the proteolysis 

data and the crystal structure, it became evident that the capsid proteins fluctuated between 

specific but short-lived conformations. The model proposed that HRV14 existed in at least 

two thermodynamically different states: one, a static, low-energy state trapped in the 

crystal structure where VP4 lies at the capsid RNA interface, and the other, a more 

stochastic, slightly higher energy molecule where the internal VP4 is accessible to 

proteases (37). Such overall "breathing" motions in the capsid were first observed in FHV 

by Bothner et al (38). These experiments were then extended to study drug binding effects 

(WIN 52084) on HRV14. This anti-viral drug binds to hydrophobic pockets of VP1, which 

lie beneath the 5-fold axis. After drug exposure, a significant decrease in proteolysis was 

seen along with stabilization of the viral capsid to acid and thermal inactivation and 

inhibition of the uncoating process (37, 39–41). Such work involving the characterization 

of global and local dynamics with NωV, HRV14 and FHV demonstrate the power of 

complementary solution-based approaches in cases where structural data is not sufficient 

for interpretation or may lead to incorrect conclusions. 
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Local Rigid Body Movements Govern 

Capsid Conformational Changes of a Plant Virus 

 

The Cowpea chlorotic mottle virus (CCMV) is a small icosahedral virus of the 

Bromoviridae family (alphavirus-like superfamily) infecting the cowpea plant resulting in 

splotchy discoloration of the leaves. CCMV is characterized by its symmetrical 

construction, its ability to spontaneously assemble in vitro and its two distinct 

conformations; a closed conformation promoted by low pH and the presence of divalent 

cations, and a swollen conformation which exists at high pH and low ionic strength (the 

absence of Ca2+) (42). The CCMV capsid is composed of 180 identical subunits, each 190 

amino acids in length. The swelling transitions around the 3-fold axes involve the 

formation of a 20Å pore primarily due to rigid body movements between the cation binding 

residues. NMR studies to look at the dynamics of CCMV showed that the disordered N-

terminus of the capsid protein interacts with the RNA even during swelling. A recent study 

compared the dynamics and stability of the wildtype CCMV conformers (43). The study 

concluded that the closed form has a higher proteolytic resistance compared to the swollen. 

The study also showed that in addition to the closed and swollen conformations, protein 

domains localized to the inside of the capsid in  structural  models can be reversibly 

exposed to the surface in solution (43). Brome mosaic virus, a virus from the same family 

as CCMV, shows the similar swelling property. Hydrogen-Deuterium Mass Spectrometry 

on BMV indicated that the largest deuterium increases induced by structural alteration 

occurred in the regions around the quasi-threefold axes, which are located at the center of 

the asymmetric unit (44). 
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Solution Based Approaches to  

Studying Virus Capsid Dynamics 

 

In solution, many proteins exist in an ensemble of conformations. Capsid proteins 

display the same property and the conformations that are sampled are based on solution 

conditions and the energy barriers between minima on the energy landscape. A wide range 

of biophysical approaches are available for the determination of these energy barriers and 

hence an overall energy landscape for a protein.  

Viral capsids are highly flexible and undergo conformational transitions based on 

solution and environmental conditions. Though most of the standard biophysical 

approaches have proven challenging, a wide variety of creative new approaches have also 

proven successful for studying protein dynamics in viral capsids. The thermodynamically 

low-energy form of the capsid is the one most often captured in crystal structures whereas 

the higher-energy form is generally the functional species. Among the techniques most 

commonly employed, researchers have seen tremendous success with NMR(45), Mass 

Spectrometry based methods (Limited Proteolysis (24) and Hydrogen-Deuterium 

Exchange (44))  while a new array of techniques, including Calorimetry based methods 

(Differential Scanning Calorimetry(46, 47), Isothermal Titration Calorimetry (48)), Light 

scattering approaches (49) and Fluorescence experiments (50, 51) have shown promising 

progress in this field Additionally, In-silico work using Molecular Dynamics simulations 

(52) have been used to hypothesize and predict virus capsid behavior in solution and finally 

the structures of these virus capsids have been captured at near-physiological conditions 

using cryo-electron  microscopy (26, 42, 53). Contributions of a few of the above 
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techniques will be briefly described here along with details of techniques used in this 

dissertation.  

 NMR had been one of the few techniques that could be applied to probe capsid 

dynamics in solution (45, 54) and since then has been instrumental in characterizing these 

motions. However, limits in the current instrumentation to probe large complexes resulting 

in crowded spectra and the slow tumbling of capsids in solution resulting in enhanced 

relaxation speed make NMR not feasible to use for intact capsids. It does hold the 

advantage of being able to selectively detect any large localized motion in the capsid due 

to the lack of signal from ordered regions. Recently, NMR has also been used in 

conjunction with cryo-EM to probe inter-subunit interactions of the HIV-1 capsid (55). 

With the advances in technology and data analysis, we have been able to collect and 

analyze data on the picosecond time scale at a sub-angstrom level resolution. NMR falls 

into this category. NMR in conjunction with hydrogen-deuterium exchange (HDX) has 

been vital for deducing protein structures. Another such technique that can supply us with 

sub-angstrom level resolution is HDX Mass Spectrometry. Briefly, amide and side-chain 

hydrogen atoms in the protein are exchangeable with Deuterium in the solvent and act as 

reporters for local protein structure. The exchange rates of these hydrogens range from 

nearly instantaneous to effectively zero over the course of months, depending on the 

stability and solvent exposure at a specific site (56). The exchange introduces a mass shift 

of one dalton per hydrogen exchanged and is detected on the mass spectrometer. After 

exchange, the protein is cleaved in the presence of pepsin and the change in mass of the 

peptides are mapped onto the structure. Dynamic regions tend to show more exchange rates 
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and higher changes in mass. The main advantages of this method include 1. Very small 

sample quantities and therefore less subject to scaling issues 2. Residue level exchange 

information 3. Straightforward data analysis 4. Potentially high throughput. Though HDX 

is a reversible process, controlling the pH, temperature and minimizing time of analysis 

reduce the phenomenon of back-exchange. While the use of a non-specific protease like 

pepsin increases the number of peptides formed and therefore the complexity of analysis, 

the homo-oligomeric nature of viruses limits this complexity and presents a unique 

opportunity to study high-resolution dynamics in supramolecular protein complexes.  

 

Summary 

 

Biochemical and biophysical investigations of virus particles in solution are critical 

to understanding their functional properties. Together with structural models, information 

on the location and extent of capsid dynamics provides a basis for linking structure to 

function with greater detail. Dynamic regions are noveltargets for antiviral therapy and 

viruses are excellent model systems for studying allostery and dynamics in supramolecular 

complexes. Viruses are currently being used and developed as bioinspired nanomaterials, 

with applications from gene delivery, MRI contrast agents and nano-reactors. Scientists are 

now seeking next generation nanomaterials that can actively respond to various stimuli and 

a thorough understanding of the dynamic properties of capsids will be critical for an 

efficacious development of these new age tools.  
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CHAPTER 2 

 

 

VIRUS PARTICLES AS ACTIVE NANOMATERIALS THAT CAN RAPIDLY 

CHANGE THEIR VISCOELASTIC PROPERTIES IN 

RESPONSE TO DILUTE SOLUTIONS 

 

Abstract 

 

 

 Swelling of the plant virus CCMV has been monitored in real time, revealing that 

the transition occurs rapidly, is readily reversible, and is accompanied by a change in 

particle rigidity. 

 

Introduction 

 

 

 Modified protein cages and icosahedral virus capsids are increasingly being used 

as bio-inspired nanomaterials. Synthesis and assembly of nanomaterials have seen new 

direction due to the application of biomimetic approaches. By utilizing the high symmetry 

of protein cage architectures, especially virus capsids, a variety of functional nanomaterials 

have been created (1–7). Structural models based on X-ray and Cryo-Electron Microscopy 

(EM) data have been critical to the design and modification of cages for these applications 

(8,9). From the models, near atomic level details are provided. However, properties such 

as rigidity, conformational dynamics and viscoelasticity are generally not well understood 

and must be obtained by other means. Knowledge and use of these properties are critical 

for the development of active nanomaterials. Cowpea chlorotic mottle virus (CCMV) is a 

small icosahedral RNA virus of the Bromoviridae family. The CCMV capsid is composed 
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of 180 identical protein subunits, 190 amino acids in length, arranged with T = 3 

icosahedral symmetry. The symmetrical capsid can be assembled in vitro and has two 

distinct forms: a closed conformation promoted by the presence of divalent cations (Ca2+ 

or Mg2+) and a swollen conformation in the absence of divalent cations, (9–11) Figure 1. 

Swelling causes the particle diameter to increase by 10%, leading to a more fenestrated 

structure. The driving force for expansion is charge repulsion between side chains of three 

acidic residues located at the three fold axes of symmetry (9). CCMV is a model system 

for understanding the biophysical properties of capsids and is a popular scaffold for 

nanomaterials. The ability to reassemble the particle in vitro or to induce reversible 

swelling has been used to encapsulate drugs and replace the nucleic acid core with a variety 

of synthetic cargo (1,6,12). We have used the quartz crystal microbalance with dissipation 

(QCM-D) technology to investigate the viscoelasticity of CCMV during structural 

transition and after mineralization. QCM-D is based on the piezoelectric properties of 

quartz. The crystal is driven by applying pulses of alternating electric current to metal 

electrodes on either side which causes it to oscillate at a precise frequency. Odd multiples 

(harmonics) of the fundamental frequency are also monitored. When materials are 

deposited onto the electrode surface, the frequency decreases relative to the mass deposited 

(14,15). In addition to determining the mass added to the crystal by tracking the changes 

in frequency, information on the viscoelasticity of the material can be obtained by 

monitoring the frequency decay when the current is interrupted. The rate of frequency 

decay, known as dissipation or damping, is the sum of all energy losses in the system per 

oscillation. The dissipation is defined as: 
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𝑫 =  
𝑬𝒅𝒊𝒔𝒔𝒊𝒑𝒂𝒕𝒆𝒅

𝟐𝝅𝑬𝒔𝒕𝒐𝒓𝒆𝒅

 =  
𝟏

𝝅𝒇𝝉
 

where D is the dissipation, E dissipated is the energy lost from the crystal when damped, 

E stored is the energy retained in the crystal when damped, f is the frequency and s is the 

decay time constant. Dissipation is unitless. A soft material is deformed during oscillation 

which leads to high dissipation, while a rigid material exhibits low dissipation as it strongly 

couples to the crystal (16) CCMV is a good test system for the application of QCM-D for 

the study of viscoelastic properties of protein cages because a substantial amount of 

complimentary data already is available. Structural studies show that the closed form of 

the viral capsid is more compact and less fenestrated than the swollen form (9–11) Solution 

phase analysis for protease sensitivity (11) and nanoindentation studies by atomic force 

microscopy (AFM) in liquid medium indicate that the closed form is less dynamic and 

more rigid (17–19) Capsid swelling is believed to play a role in nucleic acid release, 

suggesting a biological role for destabilization. It has also been shown that in addition to 

the closed and swollen conformations, protein domains localized to the inside of the capsid 

in structural models can be reversibly exposed to the surface in solution (11).  

 

Results and Discussion 

 

 

 The QCM-D experiments were conducted by adsorbing CCMV to a gold-coated 

quartz crystal. Conformational change between the closed and swollen forms was induced 

by buffer exchange. Frequency and dissipation values from the fundamental (5 MHz) and 

its three harmonics (15 MHz, 25 MHz and 35 MHz) were collected (16) Data acquisition 
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began by establishing a baseline in closing buffer (10 mM Sodium Acetate, 100 mM NaCl, 

5 mM CaCl 2 , and pH 7.15) (Figure. 2a). A CCMV layer was formed by adding one 0.3 

mL aliquot followed by three 0.1 mL aliquots of 0.05 mg/mL virus solution (deposition). 

The surface was then washed with closing buffer (wash) to remove 

 

Figure 1. Closed and swollen forms of CCMV. Images made using UCSF Chimera (13) 

and PDB ID—1CWP (9) 

 

loosely bound viral particles. CCMV readily adhered to the gold surface on the crystal. 

Previously it has been shown that CCMV packs as a dense monolayer when applied to a 

surface (20) The structural transition to the swollen form was initiated by flowing 600 mL 

of swelling buffer (10 mM Sodium Acetate, 100 mM NaCl, 1 mM EDTA, and pH 7.15) 

over the layer (swollen). This resulted in a large change in dissipation and a very small 

change in frequency. The observed slight change in frequency after numerous buffer 

exchanges indicated that a small amount of material was washed off the sensor surface 
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each time (<1%). The conformational change was reversible as shown by the rapid 

alternation between closed and swollen forms with buffer changes. Buffer exchange before 

loading with virus confirmed that the signal variation was not caused by the buffer (Figure. 

S3†). The transition occurred faster than the time resolution of the instrument (2–3 

seconds). A small but consistent change in dissipation continued for ~15 minutes before 

the baseline stabilized. The nature of the slower change remains to be determined. The 

swollen form had higher dissipation values than the closed form. Higher dissipation values 

are associated with flexible materials. A comparison of particle rigidity was made by taking 

the ratio of frequency to the dissipation for each transition. The Δf/ΔD ratio of a material 

is directly proportional to rigidity (16). The closed form showed a Δf/ΔD ratio of 15.4 ± 

0.1 MHz whereas the swollen form showed 12.9 ± 0.2 MHz (Table 1 and ESI†). 

Experiments were conducted with different loadings on the crystal and while the measured 

values changed, the Δf/ΔD ratio did not. This suggests that the conformational change 

alters the rigidity of the virus. Each overtone has a slightly different ratio because the 

frequency and dissipation scale as n1/2 and n-1/2 , respectively for Newtonian fluids, where 

n is the overtone number (21). To put the magnitude of the ratios in perspective, a similar 

analysis of Mefp-1 mussel adhesive protein at 25 mg/mL had a ratio of 5.5 MHz, 22 and a 

500 mg/mL agarose gel had a ratio of 3.65 MHz (16). These ratios are 3 to 4 times lower 

than our measurements, indicating that the virus layer is much more rigid and that the ~20% 

change in the Δf/ΔD ratio between closed and swollen represents a substantial change in 

protein rigidity. Electron micrographs of particles under the buffer conditions used confirm 

the presence of particles (Figure. 2b and c). The increased fenestration and expansion of 
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the swollen form decrease the buried surface area between the subunits by ~5% (8) 

suggesting that this decreased subunit–subunit interactions decrease rigidity. 

 

    Table 1. Frequencies and Dissipations of CCMV  

 

 

 

  

Virus particles and protein cages are held together by forces which can be relatively 

weak between subunit pairs (23). Materials applications of protein cages and noncovalent 

virus particles require modification of the exterior, interior, or subunit interfaces. 

Modifications such as a mineralized core and intrasubunit cross-linking likely alter the 

local and/or global stability and viscoelastic properties. To investigate the effects of protein 

modification and cargo packaging, CCMV particles were chemically cross-linked and 

loaded with a mineralized core. The capsid subunits were covalently cross-linked with 

glutaraldehyde, then an ammonium molybdate (NH4)2MoO4 core was added via a 

biomimetic mineralization process (1,7). Covalent cross-linking was confirmed by raising 

the pH to 10, which leads to disassembly of unmodified CCMV capsids. Furthermore, the 

cross-linking also seemed to help the capsid to resist high temperature since we could not 

see any traces of the subunits on SDS-PAGE gels. 

At 15 MHz 
Closed |Δf/ΔD|  

(in MHz) 

Swollen |Δf/ΔD|  

(in MHz) 

CCMV 15.4 ± 0.1 12.9 ± 0.2 

Cross-linked 

CCMV  
49.6 ±2.5 33.3 ± 2.7 

Mineralized 

CCMV 
62.3 ±1.7 55.9 ±0.3  
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Figure 2. QCM-D analysis of CCMV. (a) Trace shows the frequency (in black, on Y1 axis) 

and dissipation values (in gray, on Y2 axis) of the 3rd overtone beginning with surface 

loading of a gold-coated crystal through multiple cycles between swollen and closed 

conformations. The ratio of frequency to dissipation provides information about the 

solution phase modulus of the material. (b and c) Negative stain electron micrographs of 

closed and swollen CCMV, respectively. 

 

 

 QCM-D analysis of the modified capsids revealed large changes in overall particle 

rigidity. The Δf/ΔD ratio for the glutaraldehyde cross-linked form was more than threefold 

higher than unmodified CCMV (Table 1 and ESI†). This was not due to a change in the 

binding of capsids to the gold surface, because the observed frequency before and after 

rinsing was similar to unmodified capsids. The change in Δf/ΔD was due to a decrease in 

dissipation, indicating that cross-linking increased capsid rigidity. Analysis of the cross-

linked and mineralized capsids showed a further increase in the Δf/ΔD ratio. The additional 

rigidity could be a direct effect of the mineral nanoparticle inside CCMV or indirect via 

electrostatic interactions between the negatively charged mineral core and the inner surface 

of the protein subunits which are rich in positively charged amino acids (1,9). The ability 

to directly investigate the physical properties of protein cages is important to the process 
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of materialization as well as in understanding their biology. AFM is the major technique 

that has been used to date. Resistance to indentation and load at failure can be accurately 

assessed with AFM (17,19,24) Viscoelastic properties such as Young’s modulus can be 

calculated, allowing protein cages to be compared with other materials. For example, RNA 

filled CCMV capsids were more resistant to indentation than empty capsids (17) while both 

forms were highly elastic showing reversible deformation up to 20–30% of their radius. 

AFM has also been used to measure strength at different symmetry axes in icosahedrons 

and materialized samples (17).  

 The QCM-D results presented here follow the same trends as AFM with respect to 

protein cage stiffness. However, there are several noteworthy differences in what the 

techniques are measuring and implications for biology and materials applications. AFM 

measurements are based on relatively large scale deformations of a few to tens of 

nanometres, whereas protein layers are believed to conserve their shape during quartz 

crystal oscillations (14). Our data are consistent with this, showing that sparsely loaded and 

densely packed surfaces have similar Δf/ΔD ratios, ruling out large scale deformations. 

QCM-D is therefore measuring viscoelasticity associated with small scale protein 

perturbations which are much closer to the range of motions associated with biological 

function and active materials (9–11). A further difference between the AFM and QCM-D 

measurements is that the former is directional by nature, and as discussed above, can be 

dependent on particle orientation, whereas QCM-D measures global properties. 
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Conclusions 

 

 

 CCMV swelling has intrigued structural biologists for decades and the associated 

opening of pores (gating) was used to create one of the first bioinspired nanomaterials (1). 

The data presented here show that swelling is rapid, reproducible and is accompanied by a 

change in particle rigidity. Interestingly, covalent cross-linking increased the overall 

rigidity of both closed and swollen forms, while maintaining sensitivity to calcium and a 

difference between forms. The difference in rigidity between the forms of the mineralized 

CCMV was subtle though they were comparatively higher than the cross-linked 

conformations. This indicates a strong coupling between protein and the mineralized core. 

The application of QCM-D technology for the biophysical analysis of large protein 

structures has been largely unexplored. We have demonstrated the ability to follow the 

changes in such virus-based materials in real-time. The observed differences in behaviour 

of the CCMV samples correlate with expected changes to the stiffness and dynamics of the 

capsid and modified capsids. The ability to characterize materials that respond to 

environmental signals, in liquid, with high precision, and a minimum of effort will be of 

great benefit. 

 Supporting Information: Additional QCM-D traces and expanded tables for this 

study are available free of charge via the Internet at  

http://www.rsc.org/suppdata/sm/c0/c0sm00459f/c0sm00459f.pdf.   

The relevant data is located in Appendix A 

 

http://www.rsc.org/suppdata/sm/c0/c0sm00459f/c0sm00459f.pdf
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CHAPTER 3 

 

 

COMPARATIVE ANALYSIS OF ADENO ASSOCIATED VIRUS  

CAPSID STABILITY AND DYNAMICS 

 

Abstract 

 

 

 Icosahedral viral capsids are obligated to perform a thermodynamic balancing act. 

Capsids must be stable enough to protect the genome until a suitable host cell is 

encountered, yet be poised to bind receptor and initiate cell entry, navigate the cellular 

milieu, and release their genome in the appropriate replication compartment.  In this study, 

closely related serotypes of Adeno Associated Virus (AAV) have been used to compare 

physical properties of the capsids that influence the thermodynamic balance of virions.  A 

series of experiments that address the stability and dynamics of AAV1, AAV2, AAV5, and 

AAV8 capsids are reported. Thermal stability measurements using differential scanning 

fluorometry, differential scanning calorimetry, and electron microscopy showed that 

capsid melting temperatures differed by more than 20 °C from the most stable, AAV5, to 

the least stable, AAV2.  Limited proteolysis and peptide mass mapping of intact particles 

were used to investigate capsid protein dynamics. Dynamic hot spots mapped to the region 

surrounding the 3-fold axis of symmetry for all serotypes. Surprisingly, cleavages also 

mapped to the unique region of VP1 which contains the phospholipase domain and is 

believed to be internalized before receptor binding. These results are a starting point for 

the characterization of particle integrity, thermal and thermodynamic stability, as well as 

functional implications of conformational dynamics. Knowledge of the biophysical 
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properties of different AAV serotypes is an important factor in understanding cellular 

trafficking and is critical to the production, storage, and use for gene therapy. 

 

Introduction 

 

 

 The capsids of icosahedral viruses are complex supramolecular structures that 

display multifunctional attributes in the viral life cycle. Depending on the virus type, capsid 

viral protein (VP) functions include receptor binding, cell entry, intracellular trafficking, 

genome release, capsid assembly, and genome packaging. Additional selective pressure on 

VPs can also arise from the host immune response. Several small non-enveloped 

icosahedral viruses, including the ssDNA packaging Parvoviridae, have a capsid that is 

composed of essentially a single multifunctional VP (35).  Adeno-associated virus (AAV) 

serotypes belong to the Dependovirus genus of the Parvoviridae. They  successfully 

replicate only in the presence of a helper virus, such as Adenovirus or Herpesvirus (2, 63) 

and have distinct capsid-associated tissue specificities and strict host ranges (1, 29).  

Twelve distinct human and non-human primate AAV serotypes (AAV1-12) have been 

isolated to date and more than 100 AAV genomes have been identified using PCR (28, 29, 

61, 80, 81). These viruses have been classified into eight clades and clonal isolates 

(AAV1/AAV6, AAV2, AAV2/AAV3, AAV4, AAV5, AAV7, AAV8, and AAV9) based 

on VP sequence and antigenicity (1, 29) .  

 The AAVs have shown significant promise as vectors for gene delivery for the 

correction of monogenetic defects. They possess the following positive attributes; do not 

cause disease, have a stable virus particle that can be purified by industry-accepted methods 
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used for recombinant protein products, can be produced void of viral coding genes, can 

transduce dividing and non-dividing cells, and they can induce long-term transgene 

expression in certain cell types (59, 93).  The majority of gene therapy applications to date 

have used AAV2, including the treatment of blindness in patients with Leber’s Congenital 

Amaurosis (55, 59). Interest in the use of other serotypes (AAV1, AAV5, AAV6, and 

AAV8 for example) is growing because of their different tissue specificities, cell 

transduction efficiencies, and antigenicity (19, 21, 28, 29, 59). AAV2 has also received the 

most attention with respect to dissecting the mechanisms of cellular entry and trafficking. 

For this serotype attachment to the host cell surface is mediated by heparan sulfate 

proteoglycans (HSPG) (46, 52, 69, 90) and several secondary or co-receptors have been 

reported to mediate entry via dynamin dependent clathrin mediated endocytosis  (3, 5, 45, 

74, 82, 88, 89). AAV2 may also enter cells via a dynamin and clathrin-independent route 

(68). HSPG have been found to bind AAV3 strains B (51) and H while receptor binding of 

strain H extends to Heparin and Fibroblast growth factor receptor -1 (9) in addition to 

HSPG. Linkage specific sialic acid binding is utilized by AAV1, AAV4, AAV5 and AAV6 

(44, 96, 100). For AAV5, platelet derived growth factor receptor has been identified as the 

glycoprotein receptor (72). A terminal glycan receptor has yet to be identified for AAV8, 

while it has been reported to utilize the 37/67-kilodalton laminin receptor for cellular 

transduction (3). AAV9 shares ~85% sequence similarity with AAV8 and also utilizes the 

laminin receptor (3, 83) as well as N-linked glycans with terminal galactosyl residues.  

Lastly, AAV7 which shares ~88% sequence similarity with AAV2 and AAV8, has yet to 

be associated with a specific receptor. 
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 AAV capsids have T=1 icosahedral symmetry and are approximately 250Å in 

diameter (Figure 1A).  Their relatively small capsid size limits their genome to ~4.7 kb 

with two open reading frames, rep and cap. The rep orf encodes four replication proteins 

required for genome replication and packaging.  The cap orf encodes for three structural 

VPs, VP1, VP2, and VP3, made from alternately spliced mRNAs (93). The proteins 

overlap with common C-termini. VP3 is ~61 kDa and constitutes 85% of the capsid’s 

protein content. The less abundant capsid proteins, VP1 (~87 kDa) and VP2 (~73 kDa), 

contain unique N-terminal extensions containing a phospholipase A2 (PLA2) domain (VP1 

N-terminal region, VP1u) and nuclear localization signals (VP1/2 common region), 

respectively (85).  A total of 60 copies of the three VPs, in a ratio of 1:1:8/10 (for 

VP1:VP2:VP3) based on gel densitometry (15, 77), form the T=1 icosahedral viral particle 

(20). During AAV entry, it is believed that exposure to acidic conditions in endosomes 

leads to a conformational change and exposure of the VP1u and VP1/2 common regions 

(85). Interaction with cellular proteases and pH activated autohydrolysis have also been 

implicated in the entry process (79).  In vitro studies typically use a heat pulse as a surrogate 

for cellular triggers of VP1u and VP1/2 externalization although characterization of capsids 

after heating has primarily been limited to antibody detection and electron microscopy 

(EM) studies (10, 73, 85, 92). 

The capsid structures of nine clade and clonal isolate representative AAV serotypes 

have been determined by cryo-electron microscopy and/or X-ray crystallography (33, 51, 

65, 67, 95, 101) and  Govindasamy and Agbandje-McKenna, unpublished data). In all 

cases, the subunits have a conserved eight-stranded β-barrel (βB-βI) and a-helix (αA) core 



44 

 

which forms the contiguous capsid with loop regions inserted between the strands of the 

core β regions (Figure. 1C). Structural studies and mutational analyses of AAVs have 

identified differences on the surface of capsids that localize to common variable regions 

(VRs)  (Figure 1C and 1D involved in receptor binding, host tropism, and antigenic 

determinants (reviewed in 1, 2, 17, 30). Sequence differences can be minor, as in the case 

of AAV1 and AAV6, which differ by only 6 out of 736 amino acids (0.8%), yet lead to 

functional changes in receptor binding affinities and transduction rates (98).  Larger 

differences also exist, such as between AAV5 and AAV1 which share only 58% amino 

acid sequence (Figure 1D). This study focused on the biophysical characterization of virus 

like particles (VLP) for four AAV serotypes, AAV1, AAV2, AAV5, and AAV8. These 

viruses were selected because they are from four different clades and represent a range of 

sequence and structural diversity (Table 1) across the eight antigenic clades and clonal 

isolate groups. Complimentary thermal stability assays using differential scanning 

fluorescent dye binding (DSF), differential scanning calorimetry (DSC), and negative stain 

electron microscopy revealed that the temperature at which capsid degradation occurred 

differed among the serotypes, with AAV5 being the most stable with a melting temperature 

(Tm) that was ~5, ~20, and ~17°C higher than AAV1, AAV2, and AAV8, respectively.  

Protein dynamics, assessed by limited proteolysis, showed that each serotype has a specific 

proteolytic profile, yet the most dynamic region of the capsid in all cases clustered around 

the icosahedral 3-fold axes of symmetry reported to play a role in receptor attachment for 

AAV2 and AAV8 (3, 46, 52, 57, 65, 69). Proteolysis was also observed in the VP1u region,  
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Figure 1. Structure and conservation of Adeno-associated viruses. A) Surface topology of 

AAV2 T=1 particle (left).  Blue indicates peaks, white shows the valleys. B) Shows an 

icosahedral grid overlayed on depth-cued structural model of AAV2 with 2- (oval), 3- 

(triangle), and 5-fold (pentagon) axes indicated in black. Four subunits are shown in 

different colors. C) Superimposition of Cα positions of the VP3 monomers of AAV1, 

AAV2, AAV5, and AAV8. Amino acid sequence conservation is shown in the color 

scheme, purple highest, gold lowest. The core of the subunit is highly conserved with the 

sequence variability being localized primarily to loops I-IX. The N and C termini are also 

indicated. The triangle, pentagon and oval indicate the position of the 3-, 5- and 2-fold 

axes. D) The table shows the sequence identity between serotypes. Data obtained from 

multiple sequence alignment of AAV1, AAV2, AAV5 and AAV8 using ClustalW. 

 

 

including the PLA2 domain.  The detection of protein dynamics in VP1u and the receptor 

binding region is consistent with models that have been developed for other icosahedral 

viruses in which functional VP domains are dynamic and that internal domains can be 

transiently exposed on the capsid surface.  

 

C 

B A 

D 



46 

 

Materials and Methods 

 

 

Virus-like Particle Production and Purification 

  

 Recombinant baculovirus encoding VP1, VP2, and VP3 of AAV1, AAV2, AAV5, 

and AAV8 were generated using the Bac-to-Bac expression system (Invitrogen, 

cat#10359-016). The virus-like particles (VLPs) of each virus was expressed in sf9 cells 

and purified according to previously established protocols (22, 47, 50, 58). AAV2 was 

purified using a step iodixanol gradient followed by anion exchange chromatography (56, 

106), and AAV1, AAV5, and AAV8, were purified on a sucrose cushion followed by a 

step sucrose gradient (22, 47, 50, 58). The pellets were resuspended in lysis buffer (50mM 

Tris-HCl, pH8.0, 100mM NaCl, 1mM EDTA, and 0.2% Triton X-100) and freeze/thawed 

three times in a dry ice-ethanol slurry and 37°C water bath with the addition of 1 µL of 

Benzonase (Sigma, cat#E1014; 50 U/ml final concentration) and incubated at 37C for 

30min after the second freeze/thaw cycle. The crude cell lysate was clarified by 

centrifugation at 12,100 x g at 4C for 15 min.  For AAV2, the clarified supernatant was 

loaded onto a discontinuous 15-60% iodixanol (Optiprep) step gradient (Nycomed, 

cat#1114542), and centrifuged at 350,000 x g at 18C for 1 hr and the gradient fractionated. 

The 25% iodixanol gradient fraction, enriched with AAV2 VLPs, was further purified on 

a 5ml HiTrap Q anion exchange column (GE Healthcare, cat#17-5159-01). The sample 

was diluted with Buffer A (20Mm Tris-HCl, 15mM NaCl, pH8.5), loaded onto the column, 

washed with 50 ml of Buffer A, eluted with a gradient of 30 ml of Buffer A and Buffer B 

(20 Mm Tris, 15 mM NaCl, pH 8.5), and the peak fractions collected. The cell lysates of 

AAV1, AAV5, and AAV8 were pelleted by ultracentrifugation at 149,000 x g at 4C for 3 
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hr through a 20% sucrose [wt/v] cushion in TNET buffer (25 mM Tris-HCl pH 8.0, 100Mm 

NaCl, imM EDTA, 0.06% Triton X-100). The pellets was resuspended in TNTM buffer 

(25 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM MgCl2, 0.06% Triton X-100) at 4C O/N. 

The samples were loaded onto a 5-40% sucrose [wt/v] gradient and ultracentrifuged at 

151,000 x g at 4C for 3 hr. The visible blue band (under a white light) at the 20-25% 

sucrose layer were extracted and dialyzed into 20 mM Tris-HCl, pH 7.5, 150 mM NaCl. 

The purity and integrity of the VLPs were monitored using Coomassie stained SDS-PAGE 

and negative-stain electron microscopy (EM) on a JEOL JEM-100CX III microscope.  An 

AAV2/8 vector packaging the gene for green fluorescent protein driven by a CMV 

promoter (AAV2/8.CMV.EGFP) obtained as a gift from the PennVector Core (Dr. James 

Wilson,U. Pennsylvania) was also used for studies below. 

 

Differential Scanning  

Fluorescence (DSF) Stability Assay 

 

 AAV VLP samples were diluted into PBS (20mM Na2HPO4, 20mM NaH2PO4, 

150mM NaCl, 2mM MgCl2) pH 7.0 at 25°C. PBS was selected because the pH of the 

buffered solution has low temperature dependence. Experiments were also conducted with 

Citrate-Phosphate buffer, pH 7.0 and there was no change in the reported Tm.  Tm was 

defined as the maximum value of the first derivative (dF/dT) from the raw signal. Assays 

were run with protein concentration of 0.1- 0.24 mg/mL. To each sample, 2.5 µL of 1% 

Sypro-Orange dye (Invitrogen Inc. S6651) was added to bring the final volume of each 

reaction to 25 µL. The assays were conducted in a qPCR instrument (Corbett Research, 

RG-3000) temperature ramping from 30-99 °C, increasing 0.1 degrees every 6 seconds. To 
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verify that the data obtained for the VLPs are consistent with virus particles with packaged 

DNA, an AAV2/8.CMV.EGFP vector was also used in the Sypro-Orange dye binding 

assays. A control sample of lysozyme, at a concentration of 0.24 mg/ml, was included in 

each run as a positive control. The lysozyme Tm was calculated to be 67 °C, with a 

maximum fluorescence at 74°C.  

 

Differential Scanning Calorimetry (DSC) 

 

 AAV VLP samples were dialyzed into PBS (as above) at pH 7.3 as the final buffer 

which also served as the reference. The AAV samples were run at 0.24-0.7 mg/mL. 

Triplicate assays were conducted in a VP-DSC instrument (MicroCal), with buffer and 

sample loaded in two different chambers, with temperature ramping from 10 to 100°C at a 

scan rate of 60°C/hr. The thermal scans were plotted and analyzed using the Origin 

software suite (Origin Lab). The triplicate scans were averaged to improve the signal to 

noise ratio. Averaged data was used to calculate standard deviations, which provided error 

values. 

 

Electron Microscopy 

 

 Samples were diluted to a working concentration of 0.1mg/mL into PBS, pH 7. Ten 

microlitres of each sample was heated to 37, 45, 55, 65, 75, 85, 95 °C for 3 minutes each 

using a thermal cycler. Five microlitres of each sample, after cooling down to RT, was 

applied to a carbon coated copper grid, stained with 2% uranyl Acetate and viewed using 

a Transmission Electron Microscope (a LEO 912 with a 2K X 2K CCD camera) at 31,000 
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X magnification. Experiments were repeated three times using VLPs from different 

preparations.  

 

Proteolysis and Peptide Mapping 

  

 Proteinase K reactions to compare rates of proteolysis of the AAV VLPs were 

carried out in 100 mM Tris-HCl pH 7.4, 100 mM NaCl, at a final concentration of 0.2 

mg/mL and 0.07 mg/mL of  VLP and enzyme, respectively. This equates to 43.5nM of 

VLP and 2.45μM of enzyme, ~ approximately a1:1 molar ratio of VP to protease. Protein 

and enzyme were incubated at 37°C and aliquots were removed for analysis by SDS-

PAGE, using gradient gels (4-20%) with a Tris buffer system (192mM Tris-base, 25mM 

Glycine, 3.4mM SDS, pH 8.0). Protease was inactivated by rapid heating in 2X standard 

gel loading buffer. Cleavage site mapping experiments were conducted using trypsin and 

thermolysin which have high specificity. VLP and enzyme concentrations were 0.2 mg/mL 

and 0.01 mg/mL, respectively. Reactions were conducted at 25°C and were stopped by 

spotting onto a MALDI plate with alpha cyano or sinapinic acid matrixes at time points 5, 

10, and 20 min. 

 

Results 

 

 

Stability of AAV Capsids 

 

 To obtain information on AAV capsid stability two thermal denaturation assays, 

DSF and DSC, were run. DSF uses a hydrophobic dye that increases fluorescence intensity 

upon binding to hydrophobic pockets in proteins that become accessible during heating 

(102). Thermal denaturation curves for each of the AAV serotypes were recorded using 
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DSF (Figure 2). Differences between the serotypes were evident both in their Tm and the 

shapes of the curves. AAV2 was the least thermally stable, having a Tm of 69.6 + 0.5 °C 

followed by AAV8, AAV1, and AAV5 at 72.5 ± 0.5, 84.5 ± 0.8 and 89.7 ± 0.7°C , 

respectively.  Transitions over a narrow temperature range such as with AAV2, AAV5,  

 

 

 Figure 2. Temperature dependence of fluorescent dye binding. Measurements of 

fluorescence intensity during heating show that AAV serotypes denature at different 

temperatures. Increases in intensity are associated with binding of Sypro orange into 

hydrophobic pockets that become accessible as the protein unfolds. Data shown are the 

normalized average of three temperature scan experiments. Data was collected at pH 7. 

Inset: Representative image showing AAV2/8 with error bars. 

 

 

and AAV8 are indicative of cooperative protein unfolding, whereas the double peak 

observed for AAV1 shows a biphasic response. Tm was also determined using DSC and 

were 67.8 ± 0.2 AAV2, 74.7 ± 0.4 and 79.1 ± 0.3 (double-peak) AAV8, 84.4±0.2 AAV1, 

89.6±0.1 °C AAV5.  The values were within 2°C for the different techniques, expect for 
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AAV8 which had a double peak in the DSC profile (not shown), again suggesting biphasic 

behavior in response to thermal denaturation. A last measurement was taken to determine 

the effect of genome packaging on capsid stability. AAV8 particles harboring a therapeutic 

gene were analyzed in the DSF assay. The Tm of these genome filled AAV2/8 particles 

were 74.5 ± 0.5 °C, an increase of 2°C over the AAV8 VLP.  This change in stability is 

consistent with data on Cowpea chlorotic mottle virus (CCMV) and Flockhouse Virus 

where nucleic acid and other negatively charged cargo have been shown to stabilize 

authentic icosahedral virions (13, 76). The DSF and DSC results both showed a relatively 

large range in thermal stabilities for AAV serotypes. Since temperature is often used to 

induce exposure of VP1u and initiate lipase activity, we were interested in correlating Tm 

with particle integrity. 

 Visualization by negative-stain EM is a suitable method for studying protein 

complexes and can be used to detect structural differences in virus particles due to changes 

in protein conformation  (8, 27) and particle integrity. A heat pulse of 3 min at different 

temperatures was used for the AAV investigation because this is the standard treatment 

used to externalize the VP1u and VP1/VP2 common region of AAV particles in lipase 

assays and antibody screens (85, 97).  At 37°C, there was no evidence of particle clumping 

or degradation for any of the AAV serotypes (Figure 3). AAV2 was the most sensitive to 

heating. Particles remained intact, but showed signs of aggregation at 65°C and no particles 

were observed at 75°C.  The AAV8 particles were intact and non-aggregated up to 65°C, 

but were also absent at 75°C.  Particles of AAV1 and AAV5 remained intact and non-

aggregated up to 75°C and 85°C, respectively. This experiment revealed a clear differential 
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thermal stability of the AAVs analyzed. The loss of capsid integrity observed in the post 

heating electron micrographs correlated with the DSF and DSC data (Figure 3). 

 Two factors that contribute to capsid stability, and in general to the stability of 

protein complexes, are subunit contact energies (23, 105) and free energy of subunit folding 

(6).  To investigate the contribution of these factors to AAV capsid stability, subunit 

association energies and buried surface area for each of the AAVs were compared. Values 

for each unique icosahedral interface were obtained from the VIPER database (17) from 

which values for whole capsids were computed (Table 2). 

 

 
Figure 3.  Thermal stability of AAV particles after heating.  AAV capsids were heated at 

37, 45, 65, 75 and 85oC for three minutes and then analyzed by negative stain electron 

microscopy. Representative images at 31K magnification show a serotype dependence to 

the temperature at which morphological changes, including complete disruption, occur. 

Heating experiments were repeated 3 times using particles from different virus 

preparations. 
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No correlation between Tm and buried surface area, association energy, or a combination 

of the two was evident. For example, AAV5 which had the highest Tm has lower values for 

both buried surface area and association energy than either AAV2 or AAV8.  The lack of 

a correlation between solution phase properties and crystal structure contact data is 

consistent with studies looking at particle assembly (65) and uncoating in solution. A factor 

missing in this analysis is conformational plasticity. If AAV serotypes had different levels 

of protein dynamics, this could influence the observed Tm and the information would not 

be reflected in the contact tables. 

 

Table 1.  Subunit contact energies as calculated by VIPER (virus particle explorer). Viruses 

are listed from top to bottom with increasing association energy. Figure 1 shows subunit 

interfaces which were used to calculate the data in the table. Also shown in the table is the 

total association energy for each of the capsids calculated from the subunit interface values. 

 
AAV1 AAV2 AAV5 AAV8 

Association energies (in kcal/mol) 

2-fold -56.5 -63.4 -50.1 -72.9 

3-fold -214 -213.2 -211.6 -213.3 

5-fold -95 -100.1 -99.4 -103.6 

Total Capsid -21930 -22602 -21666 -23388 

 Buried surface area (in nm2) 

2-fold 27.5 30.5 26.3 34.4 

3-fold 103.4 103.5 99.3 103.4 

5-fold 48.2 49.4 49.1 51.3 

Total Capsid 10758.5 11016.72 10492.2 11356.14 

 

 

 

 

 

 

 

 



54 

 

Capsid Protein Dynamics 

 

 Inspired by the differences in the response of AAVs to temperature, limited 

proteolysis experiments (12, 39, 71) to characterize solution-phase dynamics of less folded 

or exposed regions of the capsids were initiated. For this reason Proteinase K, which has 

low sequence specificity, was used in the initial comparison of the AAV serotypes.  Our 

interest was in the initial cleavage events, when the majority of capsid protein was intact. 

Time course reactions of each AAV serotype with protease were analyzed by SDS-PAGE 

after 10, and 60 minute incubations with Proteinase K (Figure 4). AAV1 and AAV2 

produced a stable band at ~55kDa that was absent in AAV5 and AAV8, while AAV2 and 

AAV5 had a stable band at ~33kDa and a slightly larger product (~37kDa) was seen with 

AAV8.  These bands are composed of well-folded domains that have had flexible regions 

trimmed away. The significant point is that the different band patterns show that each 

serotype has a unique landscape of relative dynamics, which is consistent with a report that 

trypsin and chymotrypsin could distinguish AAV2 from AAV1 and AAV5(92). The Van 

Vliet study also demonstrated that proteolytic digestion of AAV2 virions with trypsin was 

highly specific and did not cause immediate degradation of the particles. Densitometry of 

the intact VP3 in each lane of the gel confirmed the visual differences in the amount of 

protein remaining (Figure 4). VP3 of AAV1 and 2 were hydrolyzed most rapidly, with only 

~60% remaining after 60 minutes. AAV5 and 8 were hydrolyzed more slowly with > 80% 

remaining after exposure to the protease for 60 minutes.  Therefore, there was no straight-

forward relationship between thermal stability and overall capsid dynamics. 
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 To identify the dynamic regions of the VPs, the limited proteolysis experiment was 

repeated using trypsin and chymotrypsin.  These proteases have higher specificity than 

 

Figure 4. Proteolysis of AAV serotypes monitored using SDS-PAGE. The top panel shows 

the SDS-PAGE gel for the 4 serotypes, Proteinase K (PK), and BSA going from left to 

right. Each serotype was subjected to Proteinase K treatment at three time points (0, 10, 

and 60 mins) as marked on the wells. Bands marked a, b, and c have molecular weights of 

55 kDa, 37 kDa, and 33 kDa respectively. The bottom panel shows a graphical 

representation of the proteolytic trends of the 4 serotypes observed on the gels with the X-

axis being the time and Y-axis, the relative intensity. 
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proteinase K which greatly simplifies unequivocal identification of cleavage sites using 

mass spectrometry. Using the data from the trypsin experiment, the cleavage sites mapped 

primarily to the VP1u and common VP3 domains (Table 1).  As presented, residues in the 

same row in Table 1 are analogous across serotypes. The cleavage sites shown represent 

less than 25% of the possible positions for proteolysis, with lysine and arginine residues 

being distributed throughout the VP in each serotype (Figure S2). The first significant point 

revealed in Table 1 is that the majority of the sites were common with at least one other 

serotype (also see Table S1). The second point is that the VP1u region of AAV2 has fewer 

cleavage events than the other serotypes; whereas the C-terminal end of AAV5 (residues 

484-724) had no cleavage.  This data is consistent with the one other study to map 

exogenous protease sites on AAV2, with residues 566, 585, and 588 being among the very 

first sites to be cleaved (92).  

 To initiate a structure/function analysis of the dynamic regions of the VP identified 

with proteolysis, the location of the cleavage sites were mapped on to the structural models 

of the particles. A close up of AAV2 highlights the cleavage sites as shown in Figure 5A, 

and had the same general pattern on VP3 in all serotypes (Figure S2)  Across the 4 

serotypes, a number of these residues were located in the structurally variable regions (see 

Figure 1C) and this information is listed in Table 1. A second category of residues were 

located below the surface loops.  This included AAV1 476, 567; AAV2 475, 566, 609, 

620; AAV5 235; and AAV8 435. Visual inspection suggested that the sites clustered on 

the protrusions that surround the icosahedral 3-fold axes and known receptor binding sites 

(Figure 5C and Movie S1). For example, residues 585 and 588 in AAV2 are critical for  
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Table 2.  Numbers in bold type are present in the structural models and are highlighted in 

Figure 5, others are in the VP1/VP2 N-terminal domains. Residues unique to one 

serotype are italicized. The residue name is indicated after each residue number where R 

= Arginine K = Lysine. Motifs predicted by Popa-Wagner et al, 2012 to be functionally 

important are labeled 1. Sorting signal (dileucine motif); 2. Sorting signal (YXXΦ); 3. 

SH2-binding domain; and 4. FHA-binding domain. Residues in VRs are indicated with 

roman numerals. 
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Figure 5. A) The top and side views of 3 subunits of AAV2 VP3 with proteolytic residues 

of each subunit marked with a different color. The hollow black symbols indicate the 

approximate symmetry fold axis. B) A table with the average distance of each of the 

residues shown in (A) from each icosahedral symmetry axes. C) A representative image of 

the icosahedral symmetry axes, 2f, 3f and 5f (l-left, r-right, m-main) and the approximate 

distances of a representative residue 609 of AAV2 from each of these axes. 

 

 

heparan sulfate recognition (46, 52, 69), transduction efficiency, and tissue tropism (98). 

Distance measurements from the sites of cleavage to the 2,3, and 5-fold axes confirmed 

that the residues clustered near the 3-fold axes at an average distance of ~25Å (Figure 5B).  

These observations establish the protrusions surrounding the 3-fold as a dynamic region 

and indicate that the protein motion within this capsid region is sufficient to translocate 

buried residues to the surface. The third category of cleavage sites mapped to the VP1u 

and VP1/VP2 common regions which are not ordered in any of the crystal structures.  These 
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domains are believed to be internalized at least until the entry process begins (49, 85).  It 

is important to note that the cleavage locations shown in Figure 5 represent the initial ~10-

20% of the cleavage reaction (80-90% of VP3 remained intact), which corresponds to less 

than 10 minutes for the reactions shown in Figure 4. The particles also remain intact, which 

is consistent with the report by Van Vliet(4, 92), and similar experiments conducted on 

canine parvovirus (66). 

 

Discussion 

 

 

 Structural virology has been a cornerstone for understanding virus particle 

assembly, receptor binding, and cell entry ever since the model for quasi-equivalence was 

put forth (18). Slowly, it became evident that in addition to structure, dynamics is an 

integral part of VP function (12, 25, 26, 32, 39, 43, 48, 49, 52, 92). This study has focused 

on characterizing the solution phase properties of four AAV serotypes for which high-

resolution structures are available.  A premise behind this work is that structural differences 

and sequence variations between the serotypes could be related to differences in the 

solution phase properties that were targeted by the described experiments.  What they 

revealed was that broad similarities were punctuated by specific differences between 

serotypes.  For example, the region surrounding the 3-fold axes of symmetry was dynamic 

in all of the serotypes, while the VP1u domain of AAV2 appeared to have less surface 

exposure than in the other serotypes.  Capsid melting temperatures varied by greater than 

20oC as well.  We believe that the observed differences in capsid VP stability and dynamics 

evolved to take advantage of different entry pathways and expand tissue tropism. In 
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addition to highlighting biological differences, biophysical studies can direct the use and 

development of serotypes with high stability to improve production AAV for therapeutic 

uses, extend the shelf life of vectors, and enhance transduction efficiency. 

 Thermal denaturation of assembled capsids monitored by DSF, DSC, and EM 

showed that the melting temperatures between the least and most stable serotype differ by 

more than 20°C.  We are unaware of similar data for other viruses that are naturally 

occurring variants in a population. The differences cannot be accounted for simply by 

changes in amino acid sequence, as AAV 5 is equally different from AAV1, AAV2, and 

AAV8.  Thermal disassembly of a virus particle or any protein complex can be separated 

into at least two distinct events, disruption of subunit contacts and protein unfolding.  

Formation of a multimeric complex can add thermodynamic and thermal stability to 

proteins (40) and the stabilization provided by subunit-subunit contacts can raise the Tm of 

the complex significantly above the point where a monomeric subunit is stable. Hence, 

thermal denaturation curves for complexes may show only a single sharp transition, 

because once disassembly begins, unfolding of the monomers is rapid since they are well 

above their Tm.  The DSF curves for AAV2, 5, and 8 have a sharp transition suggesting 

cooperative, two-state behavior.  AAV1, on the other hand has a more complex DSF 

melting curve that is broader than the others, whereas AAV8 had a doublet by DSC.  This 

could be a sign that under the conditions of assay, particle disassembly and subunit 

unfolding can be separated or that thermodynamically distinct particles were present.  As 

reported here, DSF are a powerful method for relative and quantitative comparison of 
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capsid thermal stability, which is surprising, given that it has only been reported a few 

times (94, 103). 

 The DNA filled form of AAV2/8 begins the melting transition at a slightly higher 

temperature than the empty particles (~ 2oC), followed by a more pronounced shift (~10oC) 

after the point of maximum fluorescence.  One explanation is that packaged nucleic acid 

has a relatively large effect on global capsid stability (downward slope, see inset Figure 2) 

while allowing for conformational transitions such as those associated with the 

externalization of VP1 and VP2 N-terminal domains (rising side of the curve).  This 

interpretation is consistent with the structural models which show extensive interaction 

between the nucleic acid residues on the inner surface of the capsid and that specific 

conformational changes related to pH and endocytosis occur (64).    The EM images served 

as a complementary approach to particle denaturation.  The transition temperatures 

observed by DSF and DSC were consistent with visual loss of particle integrity from 

negative stain EM imaging. 

 Conformational changes are also occurring in each of the AAVs investigated before 

heating.  This was shown in the limited-proteolysis experiments conducted at 25°C. 

Serotype dependent patterns of cleavage and susceptibility were evident upon proteinase 

K treatment (Figure 4). This extends previous work that showed it was possible to 

distinguish AAV1, 2, and 5 based on banding patterns using Trypsin and chymotrypsin 

(92). When used in limited proteolysis experiments, the relatively low sequence specificity 

of proteinase K minimizes sequence bias, emphasizing differences in the dynamic 

landscape of proteins.  AAV1 and AAV2 are more rapidly digested based on the rate of 
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VP3 hydrolysis, indicating that they are more dynamic than AAV5 and AAV8 (39, 71).  

The different banding patterns across the serotypes show that subtle differences in the 

energy landscapes also exist. 

 Shifting to a highly sequence specific protease allowed the kinetically favored 

cleavage sites to be precisely mapped onto the protein sequence. The first sites of cleavage 

in VP3 by trypsin cluster around the 3-fold axes of symmetry with AAV5 having a different 

pattern (see Figure 5 and Table 1). Cleavages also map to the VP1u region and here AAV2 

is the most different.  Data from mutagenesis and structural studies localize the primary 

receptor binding site in AAVs to the region surrounding the 3-fold axis (3, 11, 52, 54, 69). 

Protein flexibility plays an important role in receptor binding for a wide range of viruses 

(25, 66, 84) and this experiment shows that the receptor binding regions of AAVs fit this 

model. Structural studies of AAV2 show that the binding of heparin induces a 

conformation change at the 3-fold and also distally at the 5-fold axes (52, 67). The 

proteolytic map also overlays with a recent cryo-EM reconstruction of AAV8  in complex 

with neutralizing antibodies, highlight the 3-fold region as an important antigenic 

determinant as well (34). Residues on the 3-fold protrusions of AAV8 also determine 

receptor binding and transduction efficiency (3, 34, 75). Cleavage sites near the 5-fold axis 

did not show up in our maps, indicating that this region is not highly dynamic under the 

conditions used. The 5-fold axis has been implicated in externalization of the VP1 PLA2 

domain and genome release, both of which would require substantial remodeling of the 5 

fold (24, 49). This suggests that the heparin induced conformational changes at the AAV2 

5-fold must be triggered.  Such a model is consistent with the idea that mature icosahedral 
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capsids are metastable complexes poised to initiate the entry process in response to an 

external trigger (8, 14). 

 The identification of cleavages on the VP1 and VP2 unique domains even though 

these particles have not undergone heat treatment has three possible explanations;  i) VP1 

is transiently exposed on the capsid surface, ii) a small population of broken particles are 

present, iii) proteolysis leads to externalization of VP1 N-terminus. Transient 

externalization of capsid protein domains that are buried in structural models is well 

documented in icosahedral viruses and is consistently linked with protein domains involved 

with cell entry (12, 26, 39, 104). This could explain the presence of cleavages in the VP1u 

region, but is contrary to immunoblotting data with monoclonal antibody A1 which 

indicates that the AAV2 VP1u cannot be detected unless particles have been heated or 

disrupted (49, 92). It is possible that the “native” orientation of externalized VP1u conceals 

the A1 epitope until heat treatment. With respect to option 2, aggregated or broken particles 

were not detected by size exclusion analysis of purified AAVs and because VP1 makes up 

less than 10% of the total protein, a significant percentage of capsids would need to be 

damaged for VP1 cleavages to be detectable in comparison to VP3. The third option is 

supported by data showing that cathepsins are important uncoating factors for AAV2 and 

8. AAV2 VP3 cleavage by the endosomal proteases Cathepsin B and L can occur in vivo 

and in vitro (4). Consistent with our data, particles remain intact after cathepsin proteolysis 

and the products are serotype specific. The bands generated by in vitro exposure of AAV2 

and 8 to Cathepsin L, closely match the major products of Proteinase K treatment at 33 and 

37 kDa for AAV2 and 8, respectively after 10 and 60 minutes (Figure 4). The study by 
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Akache et al. went on to show that AAV5 did not interact with Cathepsin B or L, but likely 

relies on a different cellular protease. A band very similar in size to the Proteinase K 

product of AAV2 was present in AAV5 as well. In the experiments by van Vliet (92) 

trypsin and chymotrypsin fail to generate a stable band near that generated by Cathepsin or 

Proteinase K (92). It is tempting to speculate that Proteinase K cleavage is mimicking host 

mediated processing during endocytosis, however, there is another part to the story. 

Autohydrolysis of AAV VPs has recently been demonstrated (79). The appearance of 

degradation bands on SDS-PAGE gels as particles age is known to those that work with 

these viruses and has also been shown to occur with canine parvovirus as well (66). It now 

appears that the VPs have an active role in the generation of cleavage products. Together 

these results suggest a set of experiments to test the hypothesis that proteolysis is a trigger 

for externalization of VP1u as was also recently suggested based on the identification of a 

protease function in AAV2 (79). 

 We discovered through a series of complementary approaches that the thermal 

stability and capsid protein dynamics of AAVs are serotype specific. Previous studies have 

shown that these viruses have different tissue preferences and entry pathways (19, 28, 37, 

99). The data presented here suggests that capsid stability and dynamics are likely to be 

important factors in navigation of entry pathways and tissue tropism. These results are also 

a starting point for the characterization of particle integrity, thermal, and thermodynamic 

stability, as well as conformational dynamics which together are the basis for establishing 

protocols that can be used to compare AAV serotypes, assess factors that affect particle 

integrity, and determine suitability of use in gene therapy (6).  These findings raise 
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important questions about the relationship of structure to function well beyond AAVs and 

virus capsids while having specific implications for the efficacious development of AAVs 

as vectors and emphatically point out the functional complexity of virus capsids. 
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CHAPTER 4 

 

 

LEARNING NEW TRICKS FROM AN OLD DOG; 

STUDIES OF CCMV CAPSID SWELLING 

 

Abstract 

 

 

 Icosahedral virus particles are known to be dynamic and due to their high symmetry 

are accessible model systems for detailed studies of protein dynamics in megadalton 

sturctures. One such system is the Cowpea chlorotic mottle virus (CCMV). CCMV is a 

small plant virus that has been well studied for its reversible structural transitions. The 

virus is known to exist in two distinct conformations; a closed conformation, promoted by 

the presence of divalent cation binding, and a swollen conformation existing when the 

cations are stripped from the capsid. The swelling of CCMV has been the subject of 

structural and biophysical studies. This conformational change is proposed to destabilize 

the particle and alter the subunit interactions though the specific effects of conformation 

on capsid stability and dynamics are still unclear. To investigate CCMV swelling, capsid 

stability and dynamics, two viral strains, wild-type and the salt-stable mutant were used. 

The mutant has a single mutation (K42R) in each subunit which introduces 660 extra 

hydrogen bonds making it, in theory, more stable to for example, salt concentrations and 

temperature. To investigate and compare the stability and dynamics of the different 

particles, a multi-dimensional approach involving Differential Scanning Fluorimetry 

(DSF), Size-exclusion chromatography, Intact protein Hydrogen-Deuterium exchange 

Mass Spectrometry (HDX-MS) and Limited Proteolysis has been applied. DSF and Size-
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exclusion report on the global conformational changes whereas HDX-MS and Limited 

Proteolysis provides information at the subunit level of the particle. Analysis by these 

methods shows that the stability (rigidity) of the closed forms was consistently higher than 

those of the swollen forms along with higher melting temperatures. When the wildtype 

(WT) and the K42R mutant forms (SS) are compared, the SS strain shows enhanced 

melting temperatures, lower hydrodynamic radii using size-exclusion, lower subunit 

dynamics when probed with HDX-MS and higher resistance to Trypsin along with a 

biphasic proteolysis profile corresponding to the presence of two products with distinct 

digestion patterns. Each of these approaches shed light on the biophysical properties of the 

virus from a different point of view while complementing each other. The research 

presented here probes particle stability and conformational dynamics of wild-type and a 

K42R mutant (SS-CCMV).  

 

Introduction 

 

 

 Icosahedral virus particles that infect plants and animals are known to be highly 

dynamic. Because of the precise symmetry of the capsid, they have become favorite model 

systems for detailed studies of protein dynamics in megadalton complexes. X-ray 

crystallography and cryo-electron microscopy have provided structural details of these 

supramolecular model systems.  Biophysical studies of the solution phase properties have 

been able to bring into light the dynamics that are a critical part of capsid function. One 

such model system is Cowpea chlorotic mottle virus (CCMV) which has been extensively 

studied with respect to structure, conformational dynamics and assembly (5, 9, 10).  CCMV 
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was also one of first viruses to be developed as a bioinspired nanomaterial,  with 

applications  ranging from MRI imaging to enzyme based nanoreactors (4, 6, 8, 13). 

CCMV is a small RNA plant virus belonging to the Bromovirus genus in the Bromoviridae 

family. The structure of the virion, showing the quasi-three fold  asymmetric unit (subunits 

A, B and C) (Figure 1A)  has been solved to a 3.2Å resolution (9) . The CCMV capsid has 

a truncated icosahedral (T=3) morphology composed of 180 chemically identical subunits 

arranged as pentamers and hexamers. The 189 amino acid subunit comprises of the 

canonical eight-stranded, antiparallel, β-barrel core with the residues in the N- and C- 

termini  involved in a comprehensive network of intercapsomere and intracapsomere 

interactions.  Namely, the N-terminus participates in three different interactions. 1) The 

first 26 residues of the protein sequence comprise mostly of basic residues enabling the N-

terminus to dynamically interact with the genetic material. 2) The  six  amino-terminal  

arms  of  the hexamer  (residues  27-35)  converge  at  the  quasi  six-fold axes and form a 

hexameric tubular structure (Figure 1B) 3) The amino acids 44-51 act as the clamp for the 

invading C-terminal (9).  

 The capsid exhibits two major conformations of interest. In the presence of divalent 

cations (Ca2+ or Mg2+), low pH (~5.0) and low ionic strength (< 0.2), the capsid exists in a 

smaller closed conformation (~28.6nm in size). Five residues involved (Glu81, Glu85, 

Glu148, Gln149, Asp153) A larger swollen conformation (~31.5nm) exists at a higher pH 

(~7.0) and in the absence of divalent cations while keeping the ionic strength low (< 0.2) 

(Figure 1). The swollen form when subjected to a higher ionic strength (> 0.4) falls apart 

into subunit dimers.  The expansion of the capsid occurs primarily due to 
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Figure 1 A) Closed form of the CCMV capsid. The overall radial increase when the capsid 

swells is ~10%. The hexamers are shown in blue and green and pentamers in magenta. B) 

N-termini of the B and C subunits intertwine to form a ring inside the quasi 6-fold axes 

rendering stability to the capsid.  

 

 

repulsions between acidic residues of opposing subunits in the quasi 3-fold axes. A clear 

separation, involving mostly rigid body movements between these cation binding residues, 

leads to the opening of 2nm pores at these axes producing a more fenestrated structure 

while virtually leaving the five-fold and the quasi six-fold axes untouched (9) . The 

biological role of swelling is not known, however, it is believed to be involved in nucleic 

acid release, suggesting that this form is less stable. It has also been shown that in addition 

to the closed and swollen conformations, protein domains localized to the inside of the 

capsid in structural models can be reversibly exposed to the surface in solution (10) . 

Molecular aggregation of minerals based on the electrostatic interactions of the N-terminus 

of the protein and the metal species has been shown to work efficiently leading to 

mineralization inside the capsid (4).  

A B 
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 Several mutations were introduced into CCMV with nitrous acid treatment by 

Bancroft et al following methods first developed by Siegel et al. Among these, the K42R 

mutation has particularly interesting properties. The lysine to arginine mutation at position 

42 of the subunit helps the virion tolerate 1M salt and yet retain 70% of wildtype infectivity. 

The structure of the SS-CCMV was solved to a 2.7Å resolution and analyzed to understand 

its enhanced stability (10). When compared to the structure of the asymmetric unit of WT-

CCMV, the SS-CCMV crystal structure shows few key differences, namely 1. Two 

additional ordered residues on the N-terminus of the A subunit (Gln40, Gly41) 2. One 

additional ordered residue on the N-terminus of the B and C subunits (Arg26) 3. New RNA 

interactions of the Arg42 of the A subunit 4.  New salt bridges and hydrogen bonds around 

the β-hexamer made by the R42 in the B and C subunits. This leads to the formation of, in 

total, 660 new weak interactions across the entire capsid. Similar to the WT-CCMV, the 

SS-CCMV particle also undergoes the swelling transition under appropriate conditions. 

The acidic residues that cause the swelling in the WT-CCMV capsid are present in the 

same relative positions of the SS-CCMV quasi three fold axes. Therefore, as seen with the 

WT-CCMV, electrostatic repulsions of these residues could be expected to cause the 

swelling in the SS-CCMV capsid.  

 CCMV has been historically known to exist only in its closed and swollen forms. 

There is very little documented data that suggests the existence of intermediary 

conformations though intriguing assembly products have been demonstrated to exist with 

change in salt concentrations (1, 2). In this work, with simple variations in pH and divalent 

cation concentration, we show that there exist two more distinct conformations that have 
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not been studied before. With the stripping of Ca2+ ions, the classical closed form shifts 

into a pseudo-swollen (PS) form. Similarly, introducing Ca2+ into the swelling buffer (no 

Ca2+, pH 7.15) produces a pseudo-closing (PC) form. These distinct new conformations 

show diverse biophysical properties and provide experimental insights into the capsid 

swelling mechanism. The SS-CCMV mutant also shows similar though restricted 

transitions indicating the effect of the extra interactions and hence it’s enhanced stability.  

 

Materials and Methods 

 

 

Virus Purification 

 

 CCMV was propagated in cowpea plants (Vigna unguiculata). Secondary leaves 

picked from the plant were blended in a Waring blender with cold homogenization buffer 

(200mM Sodium Acetate, 10mM Ascorbic Acid, 10mM EDTA, pH 4.8) for three minutes 

and then filtered through cheesecloth. The strained lysate was centrifuged at 8K RPM for 

20 minutes at 4°C. PEG 8000 was added to the supernatant (10% w/v) and it was left to 

stir overnight at 4°C. The suspension was centrifuged again at 8K RPM for 20 minutes at 

4°C and the pellet was resuspended in virus buffer (50mM Sodium Acetate, 1mM EDTA, 

pH 4.8) using a volume that is 10% of the volume used above for the homogenization 

buffer. The suspension was then centrifuged again at 8K RPM for 20 minutes at 4°C. PEG 

8000 was added to the supernatant (15% w/v) and left to stir overnight at 4°C. The 

suspension was pelleted at 8K RPM for 20 minutes at 4°C, the pellet resuspended (virus 

buffer) in 5%, instead of 10%, of the first measured supernatant volume. The supernatant 

was then centrifuged on a 39% (w/v) CsCl gradient in virus buffer at 37,000 rpm for 18 
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hours at 4°C. The isolated virus bands were then dialyzed/diluted into four different buffers 

namely, Closing (10mM Sodium Acetate, 100mM NaCl, 5mM CaCl2, pH 4.8), Pseudo-

swelling (10mM Sodium Acetate, 100mM NaCl, 1mM EDTA, pH 4.8), Pseudo-closing 

(10mM Sodium Acetate, 100mM NaCl, 5mM CaCl2, pH 7.15) and Swelling (10mM 

Sodium Acetate, 100mM NaCl, 1mM EDTA, pH 7.15) buffers, for 4-6 hours each with 4 

buffer changes. These samples were further diluted appropriately for the experiments. 

 

Differential Scanning  

Fluorimetry (DSF) Stability Assay 

 

 22.5μL of ~130μg/mL (~6.4nM) virus samples diluted into the appropriate buffers 

were mixed with 2.5μL of 150X diluted Sypro Orange in 200μL domeless PCR tubes to 

make up a reaction volume of 25μL with a final dye concentration of 3X. The tubes were 

then subjected to a temperature range from 30°C to 99°C in a qPCR machine (Corbett 

Research Rotorgene - 3000) with a temperature ramping of 0.5°C/min. The experiments 

were run in triplicates and the fluorescence intensities collected at 550nm and normalized 

to a 100% were plotted against the temperature. Tm was defined as the maximum value of 

the first derivative (dF/dT) from the raw signal. The data is shown in Figure 2a and 2b. 

 

Size-exclusion Chromatography 

 

 Size-exclusion chromatography was performed using a tandem setup of Agilent 

SEC-5 (1000Å pore size). The column was incubated with the appropriate buffer (Closing, 

Pseudo-closing, Pseudo-swelling or Swelling) till a constant baseline is reached. The WT 

and SS samples were diluted into the appropriate buffer to get a final concentration of 

0.2mg/mL of virus. The samples were injected in triplicates onto the tandem setup using 
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the autosampler at 500uL/min. The normalized absorbances plotted against time are shown 

in Figure 3. 

 

Hydrogen-Deuterium Exchange  

Mass Spectrometry (HDX-MS) 

 

 Virus samples were diluted into D2O (1:10) to obtain a concentration of ~0.2mg/mL 

concentration. The reaction mixture was incubated at 25°C and samples were run at 0.5, 

10, 20, 30, 40, 50 and 60 minute intervals on a Hamilton C8 reverse phase column. The 

column was equilibrated at 37°C and the samples were run at 800uL/minute using an 

Agilent 1290 HPLC and analyzed using a micrOTOF™ Electrospray Ionization Mass 

Spectrometer. 2 blank runs were performed between each injection to eliminate carry over.  

The data is shown in Figure 4. 

 

Limited Proteolysis 

 

 35.71μg of the CCMV sample was taken and mixed with 1.44uL of 0.025mg/mL 

of Trypsin getting to a stoichiometry of 1000:1 of virus to enzyme concentration in 

solution. 12uL of Ammonium Bicarbonate buffer, 500mM, pH 7 was added and the volume 

made up to 72μL with water. The reactions were incubated at 25°C in the thermocycler. 

Samples were taken at the following time points 0, 5, 10, 15, 30, 45, 60, 75, 90, 105, 120. 

Each sample was boiled and stored at -20°C till the reaction was completed. The samples 

run on SDS-PAGE gels and the bands quantitated using Image J software. The intensity of 

the intact capsid at time zero was taken as the reference and the data was normalized 

according to this value. The results are shown in Figure 5. 
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Results 

 

 

Thermal Stability Measurements  

Show Distinct Differences 

 

 Thermal denaturation experiments are an important tool for the study of protein 

stability and provide detailed biophysical information about complexes as well. Capsid 

thermal stability information was obtained from Differential Scanning Fluorimetry. 

Briefly, the dye shows an increase in fluorescence intensity when bound to hydrophobic 

pockets in proteins which are exposed during unfolding. The melting temperatures 

obtained from DSF curves (Figure 2a and 2b) showed profound differences between the 

four different forms and between the wildtype and K42R mutant. The closed forms of the 

WT and SS showed a significant but not a drastic difference between them (~2°C). The 

melting temperatures do not change when the pH was kept constant and the Ca2+ was 

stripped away using EDTA (WTPS and SSPS forms), while the melting temperatures 

reduce by ~19°C and ~4°C when the pH is increased in the presence of Ca2+ (WTPC and 

SSPC forms). High pH and the absence of Ca2+ induce the swollen form and decreases the 

melting temperature of the WTS by ~22°C and SSS by ~8°C.  The DSF curves are shown 

in Figure 2. Differences seen in association energies of the WT and K42R from crystal 

structure (VIPERdb) though mostly localized to the quasi-six fold axis with the K42R 

being higher by about 24 kcal/mol per hexameric unit while the pentameric units showed 

values of 20kcal/mol higher. The buried surface area is greater in the K42R compared to 

the WT. 
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Figure 2A and 2B - DSF profiles of WT and SS conformations 
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High Resolution Analysis of  

Capsid Hydrodynamic Radii 

 

 Distinct changes in DSF were seen with change in pH or Ca2+ ion concentration. 

To investigate the progression of the capsid from a closed to a swollen form we probed the 

change in its hydrodynamic radius with change in solution conditions using size-exclusion 

chromatography. The closed forms of the WT and SS eluted almost at the same time while 

 

 

Figure 3A and 3B. Size-exclusion profiles of the conformations of the WT and SS capsids. 

Samples were run on a tandem setup of Agilent SEC-5 (1000Å) columns at a 500uL/min 

constant flowrate on an Agilent 1200 HPLC. The error on the elution times was less than 

± 0.01 minutes on all the runs. 
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the pseudo-swollen forms showed a slight but definite difference with the SS eluting first 

(Figure 3A and 3B). The elution difference increased with the WTPC and SSPC samples. 

Both the WTS and SSS showed a much broader peak while the SSS capsid peak, which 

eluted at the same time as the SSPC, was preceded by a smaller, lower intensity shoulder. 

The SSS form eluted much later compared to its corresponding WTS form. 

 

Intact Protein HDX-MS Differentiates 

Swollen and Pseudo-closed Forms 

 

 The swollen form of the CCMV capsid has been implicated to be involved in 

genome release and virus replication. To understand the dynamics of the swollen forms 

and to tease out the differences between the extent and effect of swelling in WT and K42R 

mutant, intact protein hydrogen-deuterium exchange experiments were performed on the 

swollen forms. To also investigate the effect of Ca2+ on the swollen forms, the HDX 

experiments were repeated for the respective pseudo-closed forms. The swollen form of 

the WT showed ~86 daltons of exchange per subunit in comparison with the K42R mutant 

which showed only 46 daltons of exchange after 1 hour of incubation with D2O. The protein 

has 182 amide hydrogens (7 of 190 residues are proline) and the exchange rate indicates 

that isotope exchange was incomplete on this time scale. These results show that exchange 

in the virus particle occurs over a time scale of several orders of magnitude. At the intial 

time point (0.5 minutes), the exchange rate was also much higher for the WTS form (~67% 

of total exchange) while only ~22% of the exchangeable protons were replaced in the SSS 

form. A similar trend was seen with the pseudo-closed forms with WTPC showing ~79Da 
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of total exchange while the SSPC reached only 49Da of exchange. The data is shown in 

Figure 4. 

 

 
 

Figure 4. HDX-MS profile of the WT and SS pseudo-closed and swollen forms. The X-

axis shows the time points at which the deuteration was measured and Y-axis shows the 

change in m/z. 
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digested, Figure 5A, Figure 5B and Figure 5C show the proteolysis profiles of the pseudo-

closed forms of WT and SS-CCMV capsids over a period of 120 minutes. The WT intact 

protein disappeared at a slower rate compared to the SS intact protein. There were four 

prominent peptides (Peptides I, II, III and IV) that appeared with time as the intact subunit 

disappeared. The intensity of peptide I seemed to be low due to the limited accessibility of 
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the cleavage site by Trypsin. Peptide II appeared almost instantaneously with the intensity 

plateauing off and decreasing over time. Peptide III also appeared along with Peptide II 

while its intensity increased linearly with time till the end of the proteolysis. The intensity 

of peptide IV increased gradually over the course of the reaction. The time-course 

proteolysis of the SS-CCMV had different kinetics. All the four  prominent  peptides  

showed  up  during  the  course  of  the  experiment  with  much  higher relatives  abundances  

compared  to  the  WT-CCMV.  Peptide III appeared first immediately followed by Peptide 

I. After the initial rise, the relative abundances of both, peptide I and III, reduced to half its 

maximal level. Peptide IV showed an almost linear increase till the end of the reaction 

where it started to taper off. These cleavage sites were mapped to residues, R15, R23, R26 

and K42 on the N-terminus of the CCMV subunit.  Peptide I is mapped to residues 16-190.  

 The WT-CCMV intact capsid protein concentration decreased linearly with time. 

The intensity of the intact protein of wildtype swollen form almost disappeared while 20% 

of the WTPC remained by the end of the reaction. The intact protein profile of the SS-

CCMV showed an exponential decay which was the most dramatic change of all. The intact 

peptide of SS-CCMV showed an initial higher rate of decay compared to the WT-CCMV 

and then tapered off. The intensities of the SSPC and SSS remained almost the same (~35% 

intact) till the end of the reaction with a very similar reaction profile. 
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Figure 5 A). Proteolysis profile of WTPC. B). Proteolysis profile of SSPC. C) The plot 

shows the relative intensity of the disappearance of intact capsid protein (WTPC, WTS, 

SSPC, and SSS) over a period of 120 minutes. Samples were collected at each time point 

and run on an SDS-PAGE gels and the intensities of the bands were obtained by 

densitometric analysis using ImageJ. 

 

 

Discussion 

 

 CCMV has been one of the most studied model systems for the past 40 years and 

yet we continue to discover something new in the system. Researchers have developed 

intricate systems using CCMV for a barrage of medical applications and yet our approach 

has brought forth the existence of two novel conformations of this "well understood" 

capsid. Our study has focused on characterizing the solution phase properties of WT and 

SS CCMV and the capsid conformational changes due to change in pH and Ca2+ 
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concentration. CCMV has been well studied and is considered a model system yet the 

solution phase dynamics have not yet been fully characterized. A premise behind this work 

is that pH changes and Ca2+ concentration affect the capsid dynamics, structure and 

stability in not just a concerted fashion but also individually extend their effects. These 

solution conditions were targeted by the described experiments and the results showed 

profound differences among the capsid conformations while helping us follow up and 

extend the work done by Bancroft et al (1). For example, the conformational change from 

the closed to the swollen form involves rigid body movements of the subunits around the 

quasi 3-fold axes leading to the formation of a 2nm pore. It has been generally agreed the 

the more fenestrated swollen form is less stable. The intertwining of the N-termini is 

attributed to the formation of the β-hexamer in the quasi 6-fold axes. The observed 

differences in capsid stability and dynamics are influenced by the conformational changes 

and the presence or absence of the extra bonds around the β-hexamer. 

 Thermal denaturation of intact capsids showed that the melting temperatures of the 

WT samples varied by more than 20°C though the difference for the SS samples was  

only by 8°C highlighting 1) the concerted effect of pH and Ca2+ in swelling 2) the 

stabilizing effect of the extra 660 bonds formed in the β-hexamer of the SS 3) the effect of 

subunit-subunit interactions in enhancing the global stability of the capsid. These results in 

conjunction with the association energy data (Table 1) obtained from VIPERdb clearly 

indicate that the enhanced capsid stability of the closed forms and of the SS compared to 

the WT is primarily due to the quasi 6-fold axes. The general trend of the DSF curves is 

smooth and states that there is a single melting transition that takes place. DSF curves is 
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smooth and states that there is a single melting transition that takes place. Thermal melting 

of multimeric proteins involves the simultaneous disruption of subunit-subunit interactions 

and the melting of the subunit. The single transitions seen in DSF indicate such behavior. 

The differences in thermal stability of samples also suggests that these are 

thermodynamically distinct particles.  

 The genetic material in CCMV has been found to interact with  13 specific residues 

in the capsid which imparts stability to the capsid (9). It is known from cryo-EM and 

pseudo-atomic models that the capsid swelling is maximum along the icosahedral and quasi 

2-fold axes disrupting RNA-protein interactions while leaving the β-hexamer virtually 

intact.  These conformational changes lead to a decrease in solution phase stability for the 

swollen forms. This decrease can be attributed to a concerted effect of the increased pH 

and absence of Ca2+. The effect of pH or Ca2+ alone is seen with WTPS/SSPS and 

WTPC/SSPC samples. The change in melting temperatures is insignificant in the case of 

pseudo-swollen samples while the change is quite drastic with the pseudo-closed samples. 

These observations led us to believe that pH is the major effector in the structural 

transitions while Ca2+ plays a secondary role helping in amino acid charge neutralization. 

Information obtained from size-exclusion chromatography clarified, strengthened 

and extended the results of DSF. The tandem column setup clearly resolved all four forms 

of the viruses. The lower pH induces deprotonation of the metal binding aminoacids though 

the pH 4.8, being closer to the pK values of the side chains, induces only partial/transient 

deprotonation. This deprotonation aids the formation of a salt bridge using Ca2+ as the 

metal ion hence neutralizing the charges and keeping the capsid in a stable, closed 
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conformation. When the Ca2+ is chelated out with EDTA, these partial charges are exposed 

to each other causing weak repulsions among the metal binding residues. This causes an 

 

Table 1. Subunit contact energies as calculated by VIPER (virus particle explorer). 

 

 

 

 

 

 

 

 

 

 

 

 

       

 

incomplete swelling of the capsid. On the other hand, at pH 7.15, the metal binding residues 

are completely deprotonated and the presence/absence of Ca2+ has a more profound effect 

on swelling. This is clearly seen with earlier elution times and greater separation between 

the swollen and the pseudo-closed forms compared to the closed and the pseudo-swollen 

forms. 

Symmetry axis  Association 

Energy(kcal/mol) 
Buried Surface 

Area(Å
2
) 

Icosahedral 2-fold -69.9  3218.5  

Quasi 2-fold -69.9  3216.2  

Quasi 6-fold -48.6  2404.3  

Quasi 6-fold -48.3  2390.7  

Icosahedral 5-fold -23.2  1260.4  

Symmetry axis  Association 

Energy(kcal/mol) 
Buried Surface 

Area(Å
2
) 

Icosahedral 2-fold -70.0  3243.4  

Quasi 2-fold -69.9  3186.2  

Quasi 6-fold -53.3  2606.9  

Quasi 6-fold -50.6  2520.6  

Icosahedral 5-fold -27.4  1425.2  
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 CCMV genome is divided unequally into 3 structurally identical particles and all 3 

particles are needed for a successful infection. Except for the study that identified the 3 

particles that are needed for infection, there are no studies that have tried to characterize 

these particles. What we see with the swollen forms may imply differential swelling of 

these 3 different particles. The swollen form of the SS shows an almost discernible smaller 

front peak indicating at least two sub-populations. Finally, the overall change in the 

hydrodynamic size of the SS capsid is approximately 40% lesser than the WT. This could 

imply that the extra bonds in the β-hexamer of the SS influences the interactions in the 

icosahedral and quasi 2-fold axes and hence prevent the capsid from swelling as much as 

the WT.  

 Global conformational changes in the CCMV capsid are caused by local rigid body 

movements in the subunits. The dynamics involved in such movements have been briefly 

documented before using mass-spec limited proteolysis (10). As an extension of this work, 

conformation dependent change in dynamics were explored by us using Hydrogen 

Deuterium exchange experiments. We were specifically interested in the pseudo-closed 

and swollen forms as they were the ones that showed the maximum differences with respect 

to DSF and size-exclusion. The results obtained were congruent with the other experiments 

and showed that the exchange rates and therefore the flexibility of the WT forms (pseudo-

closed and swollen) were much higher than that of their corresponding SS forms. The 

results from the initial timepoint (0.5minutes) also indicate that the WT samples are much 

more accessible to deuterium compared to the SS. Similar studies done with Brome mosaic 

virus (family: Bromoviridae) showed that the deuterium exchange after capsid swelling 
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localized to the quasi-three fold axes implying the weakening of interactions around here. 

We see a similar trend in deuterium-exchange with swelling of the CCMV capsid. 

 Probing the dynamics using HDX-MS showed us that there are very important 

differences between the WT and the SS forms. Such differences could be teased out with 

a targeted approach using Limited Proteolysis. The cleavage sites from the proteolysis 

reaction were residues, R15, R23, R26 and K42 on the N-terminus of the CCMV 

subunit(10). One hypothesis would be that secondary cleavage took place at R26 on peptide 

II resulting in increase of peptide III intensity (residues 27-190). Peptide III appeared 

almost immediately and its concentration increased linearly with time till the end of the 

proteolysis. Residues 1-26 are predominantly basic and are expected to interact with the 

RNA. Dominance of cleavage at R26 tells us that this stretch of the protein is very dynamic 

and was exposed to Trypsin (a 24 kDa protein) which is present only outside the capsid. 

This is also proven by the fact that residues 1-26 do not have an electron density in the 

crystal structure. This stretch is also known to be very basic and interacts with the RNA 

(12, 14). The intensity of peptide IV increased very slowly over the course of the reaction. 

Peptide IV is mapped to residues 43-190. This would imply that the R26 is much more 

accessible than the K42 site. The K42 is an ordered residue in the crystal structure of 

CCMV whereas the R26 is in the dynamic region (9) .  

 The time-course proteolysis of the SS-CCMV had different kinetics. The rate of 

appearance of all the four prominent peptides was much higher compared to the WT-

CCMV. Peptide III appeared first immediately followed by Peptide I. After the initial rise, 

the relative abundances of both, peptide I and III, reduced to half of its maximal level. 
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Peptide IV showed an almost linear increase till the end of the reaction where it started to 

taper off.  

 Compared to WT-CCMV, SS-CCMV has 660 extra bonds per capsid, localized 

around the β-hexamer. One of the reasons for these extra bonds is that the residue R26 is 

ordered in the B and C subunits of the SS-CCMV structure and interacts with R42. The B 

and C subunits also form the β-hexamer at the quasi six-fold axis. Peptide I and III map to 

residues R15 and R26 respectively. The increase in abundance of peptide III was 

exponential and not linear as compared to the WT-CCMV. Peptide I also followed a similar 

rise in abundance. R26 cleavages may primarily occur at the five-fold axes. The R15 

cleavage could be occurring at both the five-fold and the quasi six-fold axes because N-

termini of the B and C subunits are tethered at R26 exposing R15 for cleavage. The profile 

could be convoluted because of secondary cleavages occurring simultaneously though this 

could explain the linear increase of peptide IV with gradual decrease of peptide I and III. 

The proteolytic susceptibility of the WTS form was clearly evident while the SSS form 

seemed almost as resistant to protease as the SSPC. This trend agrees with our size-

exclusion and DSF studies clearly showing that the SSS swollen capsid dynamics are much 

more restricted compared to the WTS.  

 Our investigations in this particular study have shown that remarkable differences 

are still hidden and yet to be discovered in a well-studied model system like CCMV. 

Thorough investigation was necessary to tease out these differences that existed not only 

among the WT and its mutant form but also between the different conformations of the 

virus. Previous studies have been able to show the existence of these conformations though 
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further studies to bring out the differences were never conducted. CCMV swelling has 

intrigued structural biologists and virologists alike for decades. The data presented here 

adds a new dimension to the thoroughly studied CCMV model system. These results also 

emphasize the need for a multi-disciplinary approach towards understanding in general 

capsid integrity, conformational changes due to solution conditions and mechanical and 

thermal stability which in turn have direct implications for the development of bio-inspired 

nanomaterials(4), gene therapy(11) and specifically enzyme based nanoreactors in the case 

of CCMV(3).  

 Abbreviations used – CCMV, Cowpea chlorotic mottle virus; WTC, wildtype 

closed; WTPS, wildtype pseudo-swollen; WTPC, wildtype pseudo-closed; WTS, wildtype 

swollen; SSC, saltstable closed; SSPS, saltstable pseudo-swollen; SSPC, saltstable pseudo-

closed; SSS, saltstable swollen; QCM-D, Quartz crystal microbalance with dissipation 

technology (QCM-D); DSF, Differential scanning fluorimetry;  
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CHAPTER 5 

 

 

CONCLUDING REMARKS 

 

 

 Ever since the first structure of the virus was solved, we have known viruses as 

these static, rigid, robust molecules whose primary function was to protect and transfer the 

genome from one host to another at the expense of their outer shell. As science and 

scientific curiosity progressed, we have been able to develop technologies which have been 

able to show us the stochastic nature of these virus particles. The focus of this thesis has 

been to study, using various biophysical approaches, the dynamic nature of viruses. The 

two viruses under study, CCMV and AAV, belong to two different classes of viruses and 

infects completely different hosts. CCMV, a plant virus, is not expected to be neither very 

dynamic nor very stable though the results obtained here prove otherwise. AAV, an animal 

virus, impresses with its high stability and diversity even with very little sequence 

differences. Large scale quaternary changes and small scale local fluctuations have been 

attributed to such variability and functionality of capsids. The systems described here have 

tremendous implications in the development of many biomedical applications.  
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