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ABSTRACT 

 

 

The dsDNA tailed bacteriophages comprise the largest evolving life form in the 

biosphere. They are not only the most abundant organism on Earth, but also plausibly the 

most ancient. The ancient origin of phage suggests that they have had the ample 

opportunity to undergo the evolutionary changes necessary to perform intricate coordinated 

biological functions. Therefore, characterizing a tailed bacteriophage will help not only to 

understand biology, but also help us to establish a relationship between structure and 

function. Viruses display a dynamic equilibrium between structural conformations, 

stability, flexibility and rigidity which is essential for the perpetuation of life cycle. 

Understanding this complex biophysical relationship is a daunting task and requires a 

combination of multidimensional approaches. P22 is a tailed bacteriophage and displays a 

series of structural transitions during maturation. To understand the important biophysical 

changes in the P22 at different stages of maturation, we have introduced a suite of 

orthogonal techniques to address the distinct properties of intermediates. These include 

Differential Scanning Fluorimetry which probes the thermal stability of P22 capsids, 

Hydrogen-Deuterium Mass Spectrometry, which probes the conformational flexibility and 

Atomic Force Microscopy and Quartz Crystal Microbalance with dissipation, which probe 

the biomechanical transformation in the capsids. P22 investigation using these techniques 

reveals the large scale structural arrangements along with the expansion. Global 

rearrangement results in an increase in stability, rigidity and reduced dynamics. The sum 

results of these studies indicate that expansion is accompanied by large scale inter-subunit 

rearrangements which lead to the enhanced hydrophobic core at different quasi-equivalent 

axes. We have also studied Adeno-associated viruses, which is used as a gene delivery 

vehicle for the treatment of genetic disorders. AAVs lipase contains a lipase domain and 

its activation is important for the successful infection. Activation mechanism of lipase 

domain is not thoroughly understood. To understand the mechanism, we have developed a 

Liquid Chromatography-Mass Spectrometry assay sensitive enough to measure lipase 

products. This assay confirms that prolonged incubation of AAVs with liposome is able to 

activate the lipase domain without the involvement of receptors and co-receptors.  
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

Viruses have been proposed to exist for billions of years and they are probably as 

old as cells. Viruses display the potential of rapid multiplication in different host cells. In 

general, multiplication and propagation in viruses occurs as a cyclic process. Infectious 

viruses first incorporate their genomic content into host machinery where it multiplies and, 

is released from the host in favorable conditions. These particles are ready to infect, 

multiply, and propagate in the new host cells under favorable circumstances. These 

repeated events are termed as the virus life cycle. Viruses are often considered as pathogens 

spreading disease to human beings. But, along with the advent of advanced molecular 

biology, viruses have become an important tool to understand the structure and function 

relationship in larger biomolecular complexes. Understanding this relationship is 

extremely important to characterize the stability, dynamics, and function of nano-size mega 

Dalton complexes. Currently, viruses are used as gene therapy vectors, nano-containers, 

vaccine development, and other bioinspired materials. Characterization of viruses will 

facilitate the understanding of biology as well as the exploitation of nano-containers with 

different cargo in the diverse range of in-vivo and in-vitro applications. 

Among viruses, approximately 1031 tailed bacteriophages are present in the 

biosphere (1, 2). Many structural and genomic studies have argued that tailed 

bacteriophages were already present even before the time when the three domains of life 

diverged approximately 3 billion years ago (1, 3–5). Investigating structure function 
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relationship of the tailed bacteriophages is necessary to understand the complex and highly 

coordinated mechanism behind their assembly. Tailed bacteriophages have been evolved 

along with time, many of them adapted different sequences, structure and function. 

Therefore understanding of different tailed phages will help us to understand “why 

different phages have chosen different pathways of maturation?” Another question which 

arises is “what are the fundamental differences between the evolution of different phages?” 

Understanding of the assembly behavior will help scientists to discover a common 

recurring hypothesis between different viruses.  

Tailed bacteriophages have been under investigation for decades and we have 

understood that capsid assembly across diverse groups of viruses (bacteriophages and 

adenoviruses) share a common fundamental assembly process (3, 6, 7).  There are 

approximately 1031 viruses to be present in the biosphere (1) are the tailed double stranded 

DNA bacteriophage (8). Viruses display different shapes including filaments, bullet-

shaped, irregular and spherical. Nearly 50% of the viruses are spherical, usually 

icosahedral, and they display a unique maturation mechanism (9). Assembly of an 

icosahedral capsid is regulated by sequential and highly coordinated inter-coat protein 

interaction. Large protein complex assembly is governed through the weak interactions to 

avoid kinetic traps during assembly. Weak contact energies between coat subunits result in 

the formation of a stable icosahedral intermediate. This intermediate is capable of 

encapsulating genomic material and other host proteins. This rate limiting step provides 

precise annealing of subunits and proper positioning to propagate the maturation process 

(10, 11).  
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Maturation in Icosahedral Viruses 

 

 

Investigating the assembly mechanism of a virus requires an understanding about 

the assembly behavior of the particular class including the formation of oligomers or direct 

assembly into meta structural intermediates (8, 9, 12, 13,  14). Icosahedral capsid assembly 

is generally associated with a maturation event primarily involving quaternary level 

structural rearrangements. Icosahedral virus assembly often initiates as a spherical form 

but, along with maturation, it undergoes a series of structural intermediates to attain a 

mature icosahedral capsid form. Icosahedral viruses have been under investigation for 

many decades and HK 97 phage and P22 phage are the most studied model systems. (15–

17) (14, 18, 19) . In-vitro assembly systems mimicking in-vivo mechanisms have provided 

us the window of opportunity to understand important biological processes. Investigating 

the poised relationship between stability, structural integrity, rigidity and dynamics in 

icosahedral viruses is not only a key to understanding biology but also can be helpful in 

characterizing the cargo bound synthetic capsid for nanomaterials applications. 

Understanding the differences between characteristics of individual capsids and the 

characteristics that are a result from averaging the structures across a diverse population 

set the platform to understand natural and cargo modified capsids (20). Icosahedral viruses 

have been studied in good detail. In this group, HK97 is the most thoroughly studied, and 

it undergoes structural transitions involving expansion similar to P22. HK97 and P22 both 

share a common structure with high α-helix content and the HK97 fold. This structural core 

lays the foundation of the recurrent theme of the icosahedral assembly (21, 15, 16). HK97 

maturation involves the formation of cross linking in the mature capsid while in the P22 
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capsid, it mainly involves the large scale structural rearrangements without any 

crosslinking (15, 16) (18, 22–24). Both display structural transition, HK97 with 

crosslinking and P22 without crosslinking, but the resultant mature capsid is an icosahedral 

expanded capsid. Therefore, comparing the biophysical properties of these two 

bacteriophages will help us set a recurring theme among dsDNA bacteriophage maturation. 

The understanding of a virus can be classified into different steps (Figure 1.1). 

 

 

 

 

Figure 1.1. Steps to understand virus maturation 

 

 

Maturation in HK97 Bacteriophage 

 

 

HK 97 is an Escherichia coli phage isolated in 1977 in Hong Kong  (25).  In vitro, 

assembly of HK97 is initiated by expressing major capsid protein gp5. The capsid shell 

consists of 420 copies of subunits arranged into Prohead I. This structure is unstable when 

expressed with protease gp4. When co-expressed, gp4 cleaves the N terminus (102 

residues) from each subunit resulting in a spherical morphology, Prohead II.  At this stage, 

DNA begins to encapsulate inside causing the particle to expand and facet, resulting in 
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fully mature Head II. In the cross link mutant, final morphology is termed as Head-I (Figure 

1.2). This transition results in major morphological changes from spherical to icosahedral 

shape. Change in shape results in intra- and inter-subunit arrangements (26, 27). In both 

mutant and wild type expansion several intermediates are proposed to exist along the 

maturation pathway. Among these intermediates, structural intermediate (EI) was trapped 

using acidic conditions (26, 28, 29). The transition to EI has a very short life span of 

approximately 3 minutes. E1 particles are cross linked hexamers with six fold symmetry. 

Approximately 60% of cross links are generated immediately after the formation of E1 

intermediate. Formation of cross links follow a Brownian rachet process in which the loop 

containing K269 fluctuates until it forms the covalent bond with N356. Formation of 

sufficient cross links help the particle to overcome the energy barrier and the transition to 

EI-IV is observed. EII, III and EIV have the same morphology but with increased cross 

link interactions (Figure 1.2).  By the EIV stage, 60 cross links were observed at pH 4.0. 

When pH is neutralized, pentamers also form the cross link to a final, mature particle with 

65 nm diameter Mass spectrometry involving protease revealed the cross link between 

N356 and Lys169. It was proposed to form an isopeptide bond with release of NH3. This 

cross linking is remarkable in a sense that it is autocatalytic in nature (30, 31). 
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Figure 1.2.  Schematic of HK97 bacteriophage maturation event in Escherichia Coli  

(21).  

Maturation in P22 Bacteriophage 

Bacteriophage P22 is a double stranded DNA phage of the Podoviridae family 

infecting Salmonella typhimurium. P22 is a T=7 model virus system used to understand 

macromolecular assembly in dsDNA icosahedral viruses. During capsid assembly and 

insertion of the genome into the capsid, P22 undergoes a series of structural 

transformations which result in maturation. Assembly of P22 is initiated by interaction and 

copolymerization  of  420 molecules of coat proteins with 60-300 molecules of scaffold 

proteins along with 12 portal proteins and three ejection proteins to form a metastable 

procapsid (32–34). Scaffold protein plays an important role not only in initiation of 
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assembly but also for continuous polymerization. It maintains both assembly fidelity and 

activity (35). Packaging of phage DNA is mediated by action of ATP dependent terminase. 

Characteristic changes observed during packaging involve release of electrostatically 

bound internal scaffold proteins followed by readjustment in the lattice and expansion of 

the viral capsid. Lattice reorganization results in 10% increase in diameter along with the 

angular architecture of an icosahedral capsid (14, 36, 37). Once the DNA incorporation is 

complete, the portal is closed and the tail spike is associated to generate the infectious P22 

particles (Figure 1.3). HK97 and P22 bacteriophage share the similarity of multiple 

structural transitions, but the principle behind biomechanical transformation is very 

different. Comparison of HK97 and P22 phage will help us to understand the underlying 

recurring theme in both phages. 

Figure 1.3.  Schematic of P22 bacteriophage maturation event in Salmonella typhimurium. 
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Methods for Studying Viruses in Solution 

We know primarily about viruses through capsid structure. Structural information 

was mainly derived through the capsid structure resolved by electron microscopy and X-

ray crystallography. Understanding of assembly of icosahedral viruses resulted in the 

development of structural models which can be implemented to other categories of viruses. 

Along with the advancement of biophysical and biochemical tools, virologists began to ask 

questions about established models and started to pursue information beyond structural 

models. HK 97 virus has been studied for years, along with structural models various 

biophysical aspects have been studied. P22 has been under investigation for years, but the 

information regarding its maturation is not yet complete due to lack of biophysical and 

biochemical experimental data.  In addition, P22’s different morphologies are currently 

being used as supramolecular platforms for the vast variety of synthetic manipulations 

including bioinspired materials, MRI contrast agents to nano-medicine. Therefore, 

understanding the biophysical properties of P22 is important to implement as nano-

container for nano-technological applications (41–45). We have introduced a suite of 

different techniques to understand the important biophysical changes in P22 along with 

maturation.  

Differential Scanning Fluorimetry (DSF) 

Differential scanning fluorimetry (DSF) also called Thermoflour is a rapid, 

sensitive, efficient and high throughput technique to detect step by step unfolding events 

of the protein or protein complexes. The basic principle behind this method is that the 
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unfolded protein with exposed hydrophobic residues can interact and bind with a 

hydrophobic sensitive fluorescent probe to generate high fluorescent intensity. When a 

protein starts to unfold due to high temperature, hydrophobic parts of the protein are 

exposed to the probe. The exposed hydrophobic parts of the protein bind to the fluorescent 

probe resulting in high fluorescent intensity as showed in Figure 1.4 (46–48). Generally, 

small molecule (ligand) binding can cause an increase in the free energy of unfolding which 

results in a positive shift in melting temperature (Tm). This positive shift in Tm is related 

to both the affinity and concentration of the respective ligand. Tm is calculated as the ratio 

of dF/dT from raw fluorescent data.  Various probes are available to understand the 

different applications of DSF but SYPRO-orange dye is primarily used in many protein 

and ligand binding studies because of its perky fluorescence, high stability to chemicals, 

pH and other spectral features causing it to be effective and sensitive in the filter range of 

qPCR instrument (47). DSF is a well-established technique to characterize a megadalton 

viruses for example: Adeonoassociated viruses (49).  

Figure 1.4.  Thermal unfolding of a protein in the presence of SYPRO dye. 
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Circular Dichroism (CD) 

Circular dichroism (CD) provides details more specific to secondary structure. This 

technique works on the principle of differential absorption of left and right circular 

polarized light by chiral molecules. CD can be used to study protein unfolding as a function 

of temperature or denaturants as well as local conformational events. (50–52). Alpha 

helices, beta sheets and random coil have a specific absorption of circular polarized light 

(Figure 1.5).  

Figure 1.5. CD spectra showing the absorption of different secondary structure. 

Hydrogen Deuterium Exchange 

Mass Spectrometry (HDX-MS) 

Proteins are dynamic molecules which undergo breathing and local or global 

folding/unfolding in real situations. HDX is a very important and effective tool to 

understand and quantitate these dynamic regions. The process of hydrogen deuterium 
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exchange in proteins is a chemical reaction in which labile hydrogen atoms are replaced 

with surrounding deuteriums.  A number of studies have been done in recent years on 

protein folding events and protein-protein interactions (53). Based on the rate of exchange, 

replaceable hydrogens in proteins can be classified into three categories:  

1. Amide hydrogens (NHs): Peptide back bone hydrogens can be replaced with

deuterium in different time scales from a millisecond to days.

2. Fast replaceable hydrogens: Side chain hydrogens attached to Nitrogen, Oxygen,

or Sulphur atoms can be exchanged with deuterium very fast in the scale of a

microsecond.

3. Non-replaceable hydrogens: Hydrogen atoms bonded to carbon not exchange with

deuterium in standard HDX conditions (Figure 1.6).

The mass shift (+1) due to deuterium exchange can be identified by liquid 

chromatography-mass spectrometry. There is always a possibility of back exchange of 

deuterium and it needs to be controlled very carefully. Hydrogen-deuterium exchange is 

governed by a number of critical factors such as temperature, pH, and quenching 

conditions. 

High temperature can increase the back exchange by altering the ionization of H2O 

molecules and also the rate of collisional diffusion. Rate of exchange is slowed down by 

an order of magnitude when the temperature drops down from room temperature to 0OC.  

pH is very critical in regulating the deuterium back-exchange.  The minimum rate of 

exchange is reported to be in the range of pH 2.4-2.6. Other factors such as solvent 
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accessibility and hydrogen bonding can also determine the rate at which a peptide hydrogen 

is exchanged with a deuterium atom. 

Figure 1.6. Types of exchangeable hydrogen in proteins. 

In a folded protein, secondary structures like alpha helices and beta sheets where 

peptide NH atoms are involved in hydrogen bondings show more protection against 

deuterium exchange. Unstructured regions and loops are fairly accessible to deuterium and 

can exchange very fast. There are three possible mechanisms to explain HD exchange: 

fluctuations in folded state, local unfolding and global unfolding (Figure 1.7). 
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Figure 1.7. Three mechanisms of Hydrogen Deuterium exchange (54). 

Atomic Force Microscopy (AFM) 

AFM has been used for decades for the characterization of non-biological samples 

for example surface visualization of different silicon chips. In recent times, the AFM has 

been evolved to be applicable to biological materials. AFM instruments can be operated in 

either contact or tapping mode. In contact mode, the probe made up of either silicon or 

silicon nitride is in touch with the surface (for example P22 bacteriophage). The AFM 

probe is a sharp stylus with a very sharp radius of curvature. The probe is positioned at the 

end of cantilever (100-250 um length). The probe has a low spring constant to minimize 

the force between tip and material. Scanning is accomplished by moving the sample 
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underneath the probe tip with the help of a piezoelectric crystal positioned x-y stage. 

Interactions of the probe with material sub structure results in vertical displacement of tip 

as the probe tip moves across. This very small displacement is amplified by the deflection 

of a laser beam which is reflected from the top surface of cantilever. Deflections are 

detected and tracked by a split photodiode. A photoelectric circuit translates the deflection 

signal to height. All results are combined to generate a topographical image. Contact mode 

data can be collected in either height or deflection. In height mode, the surface and probe 

tip is positioned at a fixed distance. The observed deflection is very small. In deflection 

mode, the sample position is fixed and cantilever deflection data are recorded. Advanced 

cantilevers exert the force in the range from 10-9 to 10-12 N/m. The resolution of AFM is 

dependent upon the applied force by tip probe, but the greater force may damage the 

adsorbed material. By applying higher forces, relative comparison of rigidity can be 

obtained by determining the forces required by different materials to damage the surfaces. 

Figure 1.8. Operational mode in AFM. A) Basics of AFM and B) Operational modes in 

AFM. 
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Icosahedral viruses can be characterized in terms of rigidity by calculating the 

threshold force required before it collapses onto the bound surface. In tapping mode, the 

probe tip is not in continuous touch rather it oscillates up and down as it walks over the 

surface. In this mode, vertical position of sample is adjusted by a feedback system which 

maintains the amplitude of freely oscillating probe constant. This mode minimizes the 

lateral forces between sample and tip (55, 56). Tapping mode has emerged as a major tool 

for imaging and characterization of soft biological samples that would otherwise be too 

fragile to withstand contact mode operations (Figure 1.8).. AFM has already been used to 

determine the rigidity of wide class of viruses (57–61). 

Quartz Crystal Microbalance with Dissipation (QCMD) 

Piezoelectricity is a phenomenon in which a material generates electric potential 

when a mechanical stress/strain is applied to it. The Quartz Crystal Microbalance with 

Dissipation technology is based on the concept of piezoelectricity which measures the 

frequency and dissipation from an oscillating gold quartz coated crystal.  It is a 

piezoelectric crystal which can oscillate at fundamental frequency as well as on different 

overtones (resonating frequencies) in response to applied mechanical stress. When any 

molecule is adsorbed on the quartz gold crystal the oscillation frequency decreases in 

response to the mass applied to it. The loaded mass of rigid material can be calculated by 

the Saurbey equation which correlates frequency change (Δf) and loaded mass (Δm) (62).  

∆𝑚 =  
𝐶

𝑛 
 ∆𝑓,       𝐶 =

 𝑡𝑞𝜌𝑞

𝑓𝑛

tq = thickness of quartz, ρq = density of quartz and n= harmonic number 
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Q-Sense D300 can measure both change in frequency and dissipation at different

overtones.  The damping factor (or Dissipation) is the ratio of the Energy dissipated in each 

oscillation to the total energy stored. 𝐷 =  
𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
Dissipation is measured by 

periodically stopping the drive oscillation and measuring the decline in frequency to 

calculate the damping factor. 

Figure 1.9. Qsense D 300 instrument, relation of change in frequency and dissipation (Q 

sense). 

A soft material can undergo more deformation which results in partial uncoupling 

with the oscillation of the crystal. The more structural deformation, the more energy lost 

and the higher the dissipation value (Figure 1.9). By calculating the dissipation, we can 

measure and compare the relative rigidity of biomolecules (63). This technique can be used 
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as a complement to atomic force microscopy (AFM), though AFM uses nano-dentation to 

calculate the elastic modulus. This can be an alternative to AFM for the calculation of the 

elastic modulus used to calculate the rigidity of proteins. This technique is useful to 

investigate the relative structural changes in conformation in response to different solution 

conditions. The Q-Sense D300 instrument can measure both the fundamental frequency 

and dissipation of resonant energy at different overtones (15MHz, 25MHz and 35MHz).  

The damping factor calculation will provide an insight about the rigidity of the different 

proteins.  

Summary 

Investigations of virus particles in solution are mandatory to understand the in-vivo 

behavior. Biophysical and biochemical approaches are critical to comprehend the 

relationship between the structure and function. Comparison of biophysical data and 

informations from structural models set the recurring theme for the virus assembly. 

Understanding assembly of virus models will be critical to implement them as an effective 

nano-container for wide variety of applications. 
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CHAPTER 2 

STABILITY, BIOMECHANICS AND STRUCTURAL CHANGES IN P22 

BACTERIOPHAGE DURING MATURATION 

Abstract 

The capsid of P22 bacteriophage undergoes a series of structural transitions during 

maturation that guide it from a spherical to an icosahedral morphology. These transitions 

include the release of scaffold proteins and subsequent capsid expansion. Though P22 

maturation has been under investigation for decades, a unified model that incorporates 

thermodynamic and biophysical properties is not available. Therefore a thorough, 

understanding of stability, rigidity, and structural changes during maturation is essential. 

To understand these changes and to establish a structural model describing the maturation 

process, we harnessed the integrated power of differential scanning fluorimetry, atomic 

force microscopy, circular dichroism, and hydrogen-deuterium exchange mass 

spectrometry. We show that P22 maturation mechanism is driven by small scale structural 

rearrangements. Our results show that the release of the scaffold proteins does not induce 

a major biophysical or structural change. However, after maturation, the coat proteins enter 

a quasi-equivalent environment and this results in increased thermal and chemical stability, 

higher structural rigidity and brittleness, lesser solvent accessibility and an enhanced 

hydrophobic core. We show that the maturation event increases the thermodynamic 

stability and drives the two mature forms, the expanded shell and the wiffle ball, to a lower 

free energy state. We also show that two different mature forms, expanded shell and wiffle 
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ball are different structures. Wiffle ball is structurally more elastic and solvent accessible 

than EX.  

Introduction 

Many important biological processes are carried out by supramolecular-protein 

complexes.  These complexes require assembly, the directions for which are programmed 

into the amino acid sequence and coordinated via allosteric interactions. Icosahedral virus 

capsids are excellent systems for studying the process of assembly. In viruses, assembly of 

a symmetric capsid is orchestrated through a balance of polar and nonpolar interactions of 

asymmetric subunits (1–3). Viral capsids often utilize conformational switching to 

coordinate assembly (4–7). The subunit organization associated with capsid maturation 

from spherical to quasi-equivalent icosahedral symmetry can be classified into global and 

local rearrangements. Large global reorganizations are for the most part irreversible and 

often involve the crossing of a significant energy barrier on the conformational landscape. 

This is initiated by a specific stimulus, for example, genome packaging, receptor binding, 

and pH. Local reorganizations are transient, resulting from the sampling of different 

conformations and have been referred to as capsid breathing (8–10). There are an 

increasing number of protein-based nano-compartments in the field of applied 

nanotechnology (11, 12). These compartments are assembled from multiple subunits and 

this self-assembly property can be exploited to incorporate different active molecules 

inside it. Viruses are pertinent examples of a precise, self-assembling and highly stable 
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nanoparticles. Knowledge and understanding of a virus and its assembly mechanism can 

be helpful to engineer a nanoparticle for a variety of bioinspired applications (12, 13). 

Among icosahedral viruses, P22 capsid is a well-studied model of assembly and 

maturation. P22 capsid has T=7 icosahedral symmetry. During assembly of the capsid and 

packaging of the genome, P22 undergoes a series of structural transformations through 

which a spherical procapsid adopts icosahedral symmetry (Figure 2.1).  

Figure 2.1. Capsid forms and maturation of P22.  (A) In vivo maturation event of 

Bacteriophage P22 which leads to infectious form. (B) It shows the different assembled 

intermediates of P22 VLPs. Procapsid is composed of both coat and scaffold proteins, 

while Empty shell is devoid of scaffold proteins and only composed of coat proteins. 

Expanded shell is enlarged icosahedral shell made up of coat protein. Wiffle ball is same 

as expanded shell except missing pentons from fivefold vertices.  (PDB ID 3iyi-Procapsid, 

2xyz-Expanded shell, Wiffle ball- 3iyh). 
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This process of maturation results in a 10% increase in diameter. To assemble P22, 

approximately 420 molecules of coat proteins interact and co-polymer with 60-300 

molecules of scaffold protein along with 12 portal proteins and 3 ejection proteins to form 

a metastable procapsid (14–16). Scaffold protein plays an important role not only in an 

initiation of assembly, but also in polymerization, helping to maintain both fidelity and 

active assembly (17). The packaging of DNA is an ATP-dependent process involving a 

terminase. During packaging release of electrostatically bound internal scaffold proteins is 

followed by a readjustment of the protein lattice and expansion of capsid. Expansion results 

in the formation of non-identical quasi-equivalent contacts between subunits. Quasi-

equivalence results in conformational switching which involves the formation of hexamers 

and pentamers from same coat proteins (18). Thus maturation in P22 results in small 

differences in subunit interactions and conformations.  

Maturation of P22 capsid can be mimicked in vitro by applying stress. Heat or 

denaturants will trigger expansion (19–21). In vitro studies have shown that heating of P22 

procapsid at pH 7.6 mimics shell transformations that are the part of maturation (21). 

Heterologous expression of the coat and scaffold protein results in self-assembly of the 

spherical procapsid (PC) with a diameter of 58nm. Incubation of PC in 0.5M guanidine 

hydrochloride (GdmHCl) releases scaffold protein, producing an empty shell (ES) (16). 

Heating of ES at 65OC for 20 minutes induces an irreversible expansion resulting in an 

expanded shell (EX) with a diameter 64nm (22). Heating of ES at 75OC for 20 minutes 

causes the release of pentons from fivefold axes producing the wiffle ball (WB) form (23, 

24).  Due to an established in-vitro assembly system, P22 has been established as a nano-
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platform for the directed assembly. Above morphologies of P22 are now being used as 

supramolecular platforms for the vast variety of synthetic manipulations covering the range 

from bioinspired materials, MRI contrast agents to nano-medicine.  

The first three morphologies mimic structural intermediates occurring during 

expansion (24). While the morphological forms may be similar to that in-vivo, thermal 

activation is not an in-vivo mechanism. Changes in pH have been as an alternative to induce 

structural transitions in a variety of viruses, including Cowpea chlorotic mottle viruses 

(CCMV) and Nudaurelia ω capensis (4, 25). Therefore, it is important to understand the

effect on pHs on structural intermediates. Capsid maturation has been studied in different 

icosahedral viruses, the best example of which is HK97. P22 and HK97 has a common 

structure with high α-helix content and the HK97 fold. This subunit fold is the foundation 

of a recurring theme of the icosahedral assembly (26–28). The comparative study of 

structural intermediates of HK97 by atomic force microscopy (AFM) shows an increase in 

Young’s modulus and mechanical strength after maturation (29). The P22 maturation 

mechanism is different from HK97 in that P22 does not form covalent cross-linking. The 

P22 maturation mechanism is different from HK97 in that P22 does not form covalent 

cross-linking. Therefore, comparing them would help us to understand, if small scale 

rearrangements in P22 after maturation are significant enough to contribute to the 

mechanical changes after maturation. As detailed above, numerous studies describe the 

global rearrangements associated with P22 maturation, however, biophysical 

measurements of mechanical changes are few. 
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Biophysical and mechanical properties of proteins and protein complexes can be 

investigated by differential scanning fluorescence (DSF), circular dichroism (CD), atomic 

force microscopy (AFM) and hydrogen deuterium exchange mass spectrometry (HDX-

MS). DSF is an established technique for following the thermal transitions of protein 

complexes and viruses (30). AFM can be used to image and make measurements of 

deformation by mechanical force. It has been applied to viruses such as HK97, PBCV and 

CCMV (29, 31, 32). HDX-MS is sensitive to changes in protein conformation and solvent 

exposure, demonstrating great utility in the study of capsids (6, 33–36). By applying these 

four analytical techniques to the structural intermediates of P22 capsids, we report a two-

step mechanism in P22 maturation. In the first step, assembly is regulated by the formation 

of a weaker structure (procapsid) with identical coat protein environment. Second step 

involving expansion, results in a mature and stable capsid with icosahedral symmetry and 

quasi-equivalence. Our results show that full transitioning to quasi-equivalence results in 

increase inter-coat protein interaction, stability to heat and denaturant, higher rigidity and 

enhanced global hydrophobic core at different quasi-axes. Therefore, study of P22 

bacteriophage provides an alternative paradigm where maturation is driven by small scale 

rearrangements between coat subunits and the mature capsid represents a global minimum. 

Materials and Methods 

Protein Purification of WT P22 

P22 WT procapsid made up of 420 subunits, was produced by a heterologous 

expression system in E. coli. BL21 (DE) E.coli was grown in 1L cultures inoculated with 
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1 mL starter culture (37ºC, 220rpm).  After 2 hours (OD600 = 0.6), the cultures were induced 

with 1mM IPTG and grown for 4 more hours. Cells were harvested by centrifugation at 

3700g for 20 min.  The cells were resuspended in PBS pH 7.6 and were incubated with 

DNase, RNase, and lysozyme (all Sigma-Aldrich) for 30 minutes at room temperature. 

Cells were lysed further by sonication on ice (Branson Sonifier 250, Danbury, CT, power 

4, duty cycle 50%, 3 × 5 min with 3 min intervals). Bacterial cell debris was removed via 

centrifugation at 12000g for 45 min. The supernatant was then loaded on a 35% sucrose 

cushion and centrifuged at 48,000 rpm for 50 min in an ultra-centrifuge (50.2Ti ultra 

centrifuge rotor). The resulting virus pellet was resuspended in PBS, pH 7.0 and dialyzed 

to remove sucrose.  The P22 ES was prepared by repeated extraction of the scaffolding 

protein with 0.5M guanidine-HCl. Purified ES were heated at 65ºC for 20 min to obtain 

P22 expanded and at 75ºC for 20 min to obtain P22 wiffleball. Each individual capsid form 

was routinely characterized using SDS-PAGE, native agarose gels, transmission electron 

microscopy (TEM, Leo 912 AB), and dynamic light scattering (DLS, Brookhaven 90Plus, 

Brookhaven, NY). The protein concentration was determined by absorbance at 280nm 

using the extinction coefficient (44,920 M−1 cm−1). 

Differential Scanning Fluorescence (DSF) 

A) In Different pH Conditions: Differential Scanning Fluorescence scans of P22

morphologies (PC, ES, EX and WB) were performed in citrate phosphate buffer pH 7 

(prepared from stock, 100mM citric acid and 200mM disodium hydrogen phosphate). P22 

samples were diluted in citrate phosphate buffer with 50mM NaCl concentration to obtain 
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the final virus concentration (0.15mg/ml). To each sample, 2.5 µL of 1% Sypro-Orange 

dye (Invitrogen 140 Inc. S6651) was added to obtain the final reaction volume to 25 µL. 

The assays were conducted in a qPCR instrument (Corbett Research, RG-3000) with 

temperature elevating from 25-99 °C, increasing 0.5 degrees every 30 seconds. Lysozyme 

was run as positive control at final concentration of 0.3mg/ml. DSF assays were also 

performed in different pH (2.6, 4, 5, 6, 8, and 9) citrate phosphate buffer with the same 

experimental set up. Melting temperature of samples was determined by calculating the 

first derivative (dF/dT) from raw fluorescence data. For partial convoluted peaks, tip of the 

peak is used to calculate the melting temperature.  

B) In Guanidine-Hydrochloride: Thermal denaturation of P22 samples were also

studied in the presence of fixed concentration of guanidine-hydrochloride concentration 

(0.5, 1, 2, 3 M) at neutral pH. The reaction conditions and experimental set up in this 

experiment were same as for different pH DSF assays.  

Circular Dichroic Spectroscopy 

Circular dichroic (CD) spectra were recorded on JASCO-815 spectrometer. CD 

measurements were performed on PC, ES, EX and WB samples placed in fused silica 

cuvette with pathlength 10mm (Starna Cells, Atascadero, CA). Tight fitting stopper was 

placed on sample filled silica cuvette to prevent sample evaporation. CD spectra were 

performed between 25°C and 95°C with the ramping rate of 1°C/min controlled by a 

JASCO programmable Peltier-cooled temperature controller. Final concentration of 

samples was maintained at 0.03mg/ml. For thermal dependent scan, the parameters were 
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set in measure range 190-300nm, scan speed of 100 nm/min, with a 1 nm bandwidth and 1 

nm data pitch. The UV data was recorded at every 5°C and the dichroic activity was 

supervised unceasingly and each observed spectrum was an average of 3 scans. 

AFM Experiments 

Measurements were performed with an AFM microscope (Nanotec Electrónica 

S.L., Madrid, Spain) operating in Jumping mode plus. Rectangular silicon-nitride

cantilevers (Olympus, RC800PSA) with a nominal spring constant of 0.05 N/m were used 

and calibrated using Sader’s method. Maximum imaging force during the measurement 

was 100 pN. The experiments were carried out under physiological conditions. One 20 l 

drop of diluted stock solution was incubated on a silanized glass surface and, after 30 

minutes, washed with buffer until a volume of 60 l was reached. The tip was also pre-

wetted with a 30 l drop of buffer. 

All AFM images were processed using WSxM software.  Capsids stiffness and 

breaking force was determined as described in (37). Viral particles were considered as thin-

shells that presented a linear elastic response upon deformation with the tip. The elastic 

constant (stiffness) of the particle was obtained from the slope of the initial linear part of 

the indentation curve. The breaking force was defined as the maximum force reached in 

the indentation before the breakage of the shell. In particular, we defined the critical strain 

as the ratio between the maximum deformation that the particle can withstand before 

rupturing and the height of the particle (i.e.,ε𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 =
 𝛿𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙

ℎ𝑒𝑖𝑔ℎ𝑡
, where is the critical

indentation). 
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Hydrogen Deuterium Exchange 

Mass Spectrometry (HDX-MS) 

Conformational flexibility of P22 samples were studied by intact protein hydrogen 

deuterium exchange mass spectrometry. Exchange reaction was instigated by 10 fold 

dilution of P22 stock concentration by D2O buffer (10mM NH4HCO3, 50mM NaCl, pH 

7.4). Final concentration of all samples after dilution was 0.1mg/ml. Hydrogen deuterium 

experiments were performed on 1290 UPLC series coupled to micro-TOF spectrometer 

(Bruker Daltonics) operated in positive electrospray ionization mode. Auto sampler was 

set to draw samples from the vial at different time points (0.5, 2.5, 5.5. 12.5, 37.5, 60.5, 

90.5, 720 minutes). For Quenching of reaction, HxSil C8 reversed phase Hamilton column 

(20 x 2.3mm), frit porosity 2µm is pre-equilibrated with acid quenching conditions [20% 

(v/v) acetonitrile, 80% H2O and 0.1% formic acid (w/v), pH 2.4]. The gradient conditions 

were set as follows: 0.5min, 40%B; 0.5-0.7 min, 40-95%B; 1.3min, 95%B, 1.5 min 20% 

where solvent A: 0.1% formic acid in water and solvent B: 0.1% FA in acetonitrile. The 

flow rate was 0.5 ml/min, auto sampler and column compartment temperature was set at 

temperature 25°C and 37°C. Data processing and analysis was performed with the help of 

Bruker Data Analysis package version 4.0. The maximum entropy deconvolution 

algorithm was used to calculate the increase in the mass of the P22 sample at different time 

points in the spectral range of 800 m/ z to 1600 m/z, which covers the majority of subunit 

charge envelope. Mass of deuterated samples at different points is calculated and the mass 

of control sample is subtracted from them to determine the total exchanged deuteriums. 

The relative mass difference between deuterated and undeuterated samples were calculated 

and plotted against time. 
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Calculation of Solvent Excluded Surface Area 

The cryo-EM structures of P22 were not solved at atomic resolution and could not 

provide the positions of the side chains. Side-chains were necessary to compute the solvent 

excluded surface areas of subunits. To address this issue, Cα chains from the cryo-EM 

structures  (2xyy, 2xyz, 3iyi, 3iyh) were extracted and were submitted to the Phyre2 server 

(38) for a template based side chain structure modeling. In brief, the P22 aminoacid

sequence was submitted to the Phyre2 server (38) along with Cα chain extracted from the 

cryo-EM structure. The Cα chain was used as the template to make sure the output model 

structurally aligns well with the cryo-EM. During this process, the side-chains were also 

predicted and included in the output model. The structures 3iyi and 3iyh were solved by 

Parent et al. whereas the structures 2xyy and 2xyz were solved by Chen et al. In the case 

of 3iyi and 3iyh, the Cα structures were missing a number of residues (~40 amino acids). 

This discrepancy was accounted for during sidechain modeling by submitting only the 

sequence seen in the structure. To account for quasi-symmetry and for conformational 

polymorphism, Cα chains from multiple subunits were submitted to the Phyre2 server. For 

each of the structures obtained from Phyre2, clashes were eliminated and refinement was 

done using ModRefiner (39). The refined models were then structurally aligned into their 

respective quasi and icosahedral positions in the P22 capsid using the cryo-EM structure 

as the guide. Solvent excluded surface area (SESA) was computed from these aligned 

models with a probe radius of ~1.4Å for each subunit using UCSF Chimera software (40). 

The structure alignment was done using the match maker tool in UCSF Chimera software 

and SESA calculations were also performed in the same software. A guide cage was created 
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to correctly position the modeled protein subunits on their respective icosahedral axes. As 

the procapsid has a more spherical structure, the sphere factor of the guide cage (29nm 

radius) created was set to maximum. Similarly, sphere factor for the expanded shell and 

the wiffle ball guide structures (34nm radius) was set to the minimum to show the 

icosahedral nature of the actual capsid (Figure 2.7 A, B). Each corresponding subunit in all 

the forms is colored the same. The numeric values for specific interactions are listed in the 

table in the supplemental material (Table S1).   

Results and Discussion 

Differential Scanning Fluorescence  

Reveals Heat Triggered Structural Transitions 

P22 maturation involves a significant expansion of the capsid driven by subunit 

rearrangement. This prompted us to test if changes in particle stability were associated with 

the transitions. In order to understand the thermal stability of P22 bacteriophage pre and 

post expansion, DSF was used. DSF is a high throughput, straightforward, and sensitive 

technique for tracking, thermal unfolding transitions of proteins. It uses a fluorescent dye 

that is quenched in an aqueous environment. An increase in fluorescence intensity is 

observed upon interaction with hydrophobic regions of a protein (41). This technique is 

useful for studying thermal transitions and measuring the thermal stability of viruses and 

virus-like particles (42). DSF thermal scans of PC, ES, EX and WB were performed from 

25 to 99OC at pH 7.0.  The scan of the PC, which contains both coat and scaffold proteins, 

exhibited three transitions labeled I, II, III at 43.5OC 75OC, and 88.5OC, respectively 

(Figure 2.2). Heating of ES, which no longer contains scaffold protein, had two thermal 
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transitions that precisely matched II and III from PC. The EX form of capsid also displayed 

two transitions, again matching II and III. WB, which is missing the pentamers, showed a 

single transition at the same temperature as III (Figure 2.2, Table 2.1). 

Table 2.1. Transition temperature from DSF analysis of P22 morphologies at different pHs. 

*Tm of transition I and II is same for procapsid in pH 2.6 as these events are convoluted.

A comparison of DSF scans of PC and ES revealed the absence of transition I in 

the ES (Figure 2). The major difference between PC and ES is the absence of scaffold, 

strongly suggesting that transition I is associated with scaffold release. Galisteo and King 

demonstrated that there is no distinct thermal transition during unfolding of scaffold 

proteins possibly, due to a general lack of tertiary structure (21). Transition I was broad 

and occurred at relatively low temperature (30OC to 50OC) which is consistent with this 

interpretation. A comparison of thermal profiles from PC, ES, EX and WB revealed the 

absence of transition II in WB. WB is structurally similar to the EX, both have icosahedral 
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symmetry and a diameter of 64nm. The difference is the absence of pentamers in WB. 

Together, these data strongly advocates that transition II is the release of pentamers. 

Figure 2.2. Heat triggered maturation of P22 PC, ES, EX and WB. DSF analysis of capsid 

was conducted by heating from 25 to 99 OC (pH 7.0) while monitoring fluorescence 

intensity of Sypro Orange. Thermal scan of PC (front) shows the presence of three 

transitions (I, II, III) which correspond to different stages of maturation (as shown in Figure 

2.2). ES, which has lost scaffold proteins shows only two transitions (II, III). EX also shows 

the two transitions (II, III), while WB, which is devoid of pentamers at fivefold axis has 

one transition (III). 

Previous experiments using differential scanning calorimetry (DSC) to analyze P22 

maturation observed three endothermic transitions. The temperature of these transitions 

48.5OC, 71.4OC and 87.3OC correspond with what we have observed by DSF. A single 

exothermic transition was also observed by DSC at 61OC. Electron microscopy, size 

exclusion chromatography and agarose gel electrophoresis also confirmed the release of 

scaffold at 48.5OC and expansion of procapsid at 61OC. Complete denaturation of particles 

I

II

III
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was reported at 85OC (21). This data is consistent with our DSF experiments.   The 

transitions are independent, as each form of capsid occupies a local energy minimum. 

Transition I am associated with the release of scaffold protein, transition II is associated 

with the release of pentamers at the fivefold axis, and transition III is the final denaturation 

of expanded capsids.  

Structural studies indicate that large movements of pentons along the fivefold axes 

are similar both in-vivo and in-vitro expansion (43). Difference maps of in-vivo and in-

vitro expanded particles show noteworthy similarity, further validating the use of thermally 

induced transition to study the maturation of P22 (24). The release of pentamers is not an 

in-vivo event, rather it is only observed during heat induced maturation. This loss of 

pentons suggests a destabilization of penton and hexon units at higher temperature and a 

possible mechanism for relieving stress in an icosahedral particle. Continuum elasticity 

theory, predicts that there is high lateral compression in pentamer units and this stress 

increases significantly with Triangulation number (44). A previous investigation has 

demonstrated that the penton moves radially outward by ~37Å upon heating. This 

movement is followed by the release of pentamers at the icosahedral fivefold axis (43). In-

vivo the interaction between capsid protein, the DNA genome, and pilot proteins has been 

proposed to stabilize the pentons, averting release of pentamers during in-vivo expansion 

and DNA packaging (24). 

 pH Affects Thermal Structural Transitions  

While temperature is a convenient tool for nudging capsids over energy barriers 

associated with maturation, it is of course not a part of the biological process. A more 
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relevant parameter is pH, which can initiate maturation by altering electrostatic interactions 

between subunit interfaces. The small icosahedral RNA tetravirus, Nudaurelia ω capensis 

(NωV), can be induced to mature from procapsid to capsid by decreasing the pH from 7.0 

to 5.0. The mature capsid form is morphologically distinguishable, and smaller in diameter 

(4, 45). Another example is cowpea chlorotic mottle virus (CCMV), which at pH 5.0 is 

found as a closed 28nm particle. At pH 7.0 and low ionic strength, CCMV transitions to a 

swollen fenestrated form with the diameter increasing by 10% (25). Inspired by these 

studies, we were interested in the impact of pH on heat induced structural transitions in 

P22. To test this, DSF of each form was repeated at pH 2.6, 4.0, 5.0, 6.0, 8.0 and 9.0. DSF 

results at pH 5.0 - 9.0 showed the same transitions and similar temperatures as those 

observed at pH 7.0. (Figure 2.3). At pH 4.0 PC transition I lower by 5OC, transition II by 

3OC and transition III by 4OC (Table 1). No significant changes in Tm were observed for 

transitions associated with ES, EX and WB at pH 4.0. This suggests that protonation leads 

to partial disruption of the interaction between coat and scaffold proteins, resulting in early 

release of scaffold from PC and subsequent transitions (Figure 2.3). P22 particles remain 

intact at even lower pH, however, DSF scans at pH 2.6 revealed that they were destabilized. 

The DSF scan of PC at pH 2.6 had only two transitions, the first (I/II) centered at 37OC and 

second transition (III) centered at 62.5oC. ES and EX had two transitions (II and III) at 

slightly higher temperatures than in PC (table 1).  As expected, WB showed only the final 

transition (III) at 65.5OC, associated with particle disruption. These results show that with 

the exception of the PC, all forms of P22 capsid remained stable between pH 4-9. Below 

pH 4, P22 particles showed substantial thermal destabilization. But the relative intensity of 
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transition III increases in the order of PC<ES<EX/WB suggests high thermal stability after 

expansion (Table1). From this, we can conclude that pH has little effect on P22 from a 

biological perspective, however, for use as a nanomaterial, exposure to pH below 4 should 

be considered with caution. 

Figure 2.3. DSF thermal scan on PC, ES, EX & WB. (A) Measurement of fluorescence 

intensity of PC during heating in pH range 4.0 to 9.0 shows the presence of three transitions 

(I, II, III). (B) DSF scan of ES lacking scaffolds in the pH buffer 4.0 to 9.0 shows the 

presence of two transitions (II, III). DSF scan of in pH 2.6 showed only two transitions 

which occurred at relatively lower temperature. (C) DSF scan of EX shows two transitions 

(II, III) (D) Wiffle ball, which is lacking pentamers at fivefold axis shows only one 

transition (III). Graphs shown are the normalized average of three independent runs. (x axis 

represents time, y axis represents fluorescence intensity, z axis represents different pH 

range). 

II
III

II

II

II

II II

A) Procapsid
B) Empty shell

D) Wiffle ball
C) Expanded

shell
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Maturation Increases Resistance to Denaturant 

To gain a deeper understanding of the nature of capsid protein interactions during 

maturation, the impact of denaturant GdmHCl was investigated. At low concentration, 

0.5M, GdmHCl denaturant is used to release scaffold protein without changing the integrity 

of capsid (16). At higher concentrations, GdmHCl changes the free energy of folding, 

making the folded form less favorable. Studies of model proteins indicate that the ionic 

nature of GdmHCl masks electrostatic interactions leading to unfolding (46–48). A  recent 

study involving solvent effects on protein unfolding has also reported the destabilizing 

effect of GdmHCl on protein by facilitating the aqueous solvation of non-polar side chains 

and back bone surface area (49). Irrespective of the mechanism, GdmHCl is a much used 

tool for investigating to protein denaturation.  

DSF thermal scans of PC, ES, EX and WB were performed at different 

concentrations of GdmHCl (0.5, 1, 2 and 3M) at pH 7.0.  In 0.5M GdmHCl, PC Showed a 

decrease in intensity of transition I and partial convolution of transitions II and III (Figure 

2.4A and S1). Compared with untreated particles, temperature of transitions II and III were 

lowered by 2OC and 6OC respectively (Table 2.2). GdmHCl release of scaffold from 

procapsid could account for the near absence of transition I. (Figure 2.4A). This 

interpretation is consistent with a previous study where incubation in 0.5M GdmHCl was 

shown to remove scaffold subunits from purified procapsids. The DSF curve of ES 

revealed a partial convolution of transition II & III. This partial convolution of transitions 

II and III suggests they are less distinct energetically. In ES the fluorescence intensity ratio 

of transitions II: III was nearly 1:1, whereas in PC, transition II intensity was higher than 
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transition III (Figure 2.4A). The melting temperature of ES transitions II and III were 

centered at 73OC and 82.5OC as for PC (Table 2.2).  

Figure 2.4. DSF monitoring of chemical stability of P22 morphology. DSF scans on PC, 

ES, EX & WB were performed in different guanidine hydrochloride concentration (A) 

0.5M Gdn-HCl (B) 1M Gdm-HCl. Graphs shown are the normalized average of three 

independent experiments. (x axis represents time, y axis represents fluorescence intensity, 

z axis represents type of P22 morphology). 

At higher concentration (1M GdmHCl) heating of PC resulted in the complete 

convolution of transitions II and III in a single transition. This suggests the concomitant 

release of pentamers and particle denaturation. ES behaves much the same, with the 

exception of a very small shoulder peak in the later half of the transition (Figure 2.4B), 

indicating that it maintains a structural transition to a greater extent than a PC. The melting 

temperature of the convoluted transitions for both PC and ES was centered at 68.5OC 

(Table 2.2). In contrast to the PC and ES, EX retained transitions II and III distinctly. The 

melting temperature of the prominent transition III was 84OC for both EX and WB. In 1M 

II 
II
I

I 

II 
II
I

I 

A) 0.5M Gdm-HCl B) 1M Gdm-HCl
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GdmHCl thermal transitions differed by nearly 11ºC between non-expanded (PC, ES) and 

expanded particles (EX, WB) for transition III. Heating in 2M GdmHCl resulted in 

significant loss of structural transitions for PC and ES, contrary to EX and WB which 

retained distinct transitions (Table 2.2). Furthermore, heating in 3M GdmHCl showed 

complete loss of all transitions for each morphology (2M, 3M data not shown).   

Table 2.2. Transition temperature from DSF analysis of P22 samples. 

The addition of GdmHCl had a more pronounced destabilization on spherical (PC 

and ES) compared to icosahedral capsids (EX and WB). In DSF, melting temperature is 

defined as the temperature at which maximal binding of the hydrophobic dye SYPRO 
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Orange is observed. Therefore, DSF reports on the destabilization of hydrophobic protein 

regions. Our observation is supported by Raman spectroscopy of P22, PC and EX (50). 

This study revealed that all six tryptophans in PC readily exchange hydrogens, whereas 

after conversion to EX exchange decreases. The large increase in Tm associated with 

expansion suggests that the changes in protein stability go beyond the tryptophan residues. 

Circular Dichroism is Inconsistent 

with Refolding during Maturation 

To gain further insight to the structural changes associated with P22 maturation, we 

turned to Circular Dichroism (CD), which provides details more specific to secondary 

structure. CD is a sensitive technique to monitor the changes in secondary structure, 

making it useful for the study of local or global protein unfolding as a function of 

temperature or denaturants (51). Spectra of all four P22 morphologies were recorded from 

25 to 95OC. Our CD data showed that P22 capsid secondary structure is rich in β strands. 

This data is consistent with previous CD data collected on purified coat proteins (52). 

Analysis of the thermal scans showed no significant change in the secondary structure from 

25 to 85OC at pH 7.0 (Figure S1). However, above 85OC there was a sharp transition in the 

CD curves, followed by a complete loss of signal (Figure S1). The spectra do not transition 

through a random coil signal, but rather a loss of signal.  This suggests that subunit 

dissociation was followed by rapid aggregation and precipitation. The temperature 

transitions observed by CD, DSF, and DSC are highly similar (21). Our CD experiments 

rule out the possibility of secondary structural changes as a driving force for the structural 

transitions. 
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AFM Analysis of the Mechanical Properties of P22 

The maturation of P22 through expansion and adoption of icosahedral symmetry 

increased particle stability to heat and denaturant. To study the mechanical changes of the 

particles we complemented our bulk biochemical experiments with single particles 

measurements by AFM. AFM is a suitable technique that permits the imaging and 

manipulation of particles at single particle level. Characterization of virus structure in 

liquids allowed us to identify and characterize the structure and height of the different 

particles after adsorption (Figure 2.5A and 2.5B). PC and ES showed spherical structures 

and presented heights of 50±1 nm and 48±1 nm, respectively (black and red bars in Figure 

2.5B). In comparison with the value obtained by cryo-EM (53),  these values represented 

only a 86% and 83% of the virus diameter, indicating that the particles were deformed in 

contact with the substrate. In contrast to PC and ES, EX presented a more faceted 

appearance and their orientation could be distinguished (for instance, the EX capsids shown 

in Figure 2.5A were adsorbed along the 5-fold symmetry axes). We saw that the height of 

the particle depended on the particle. EX particles presenting a S5 orientation were higher 

than particles along the S3/S2 orientation (we classified together S3 and S2 orientation 

because it was difficult to distinguish between them). Most of the WB that we found were 

presenting a S3 orientation (see Figure 2.5A, bottom) and we observed that the height of 

these structures was lower when compared to their expanded forms (Figure 2.5B, green 

bars), suggesting that the substrate induced a major deformation on the WB than on the EX 

forms. 
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Figure 2.5. AFM analysis of P22 morphology. (A) AFM images of individual P22 

particles before (left) and after the breakage (right). From top to bottom: procapsid, 

empty shell (lacking scaffolding protein), expanded capsids (along the 5-fold 

symmetry axes) and wiffle ball (along the 3-fold symmetry axes). Color bar, from 

substrate to the highest point: grey-red-yellow-white. (B) Force-indentation curves 

that rupture the particles shown in panel A. (C) Comparison of the height, elastic 

constant (k), and critical strain (ε
critical

) of the different morphologies. For EX and WB

the symmetry could be distinguished and particles were classified in two groups (S5 

and S3/S2). 
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To study the rigidity and brittleness of the particle we performed nano-indentation 

assays. Briefly, nano-indentation experiments consist on deforming individual particles 

with an AFM tip until inducing the breakage of the specimen (54). The deformation of the 

particle (indentation) is registered as a function of the force applied to the particle which 

leads to the force-indentation curve (FICs)(55). Figure 2.5C shows four different 

indentation curves performed on the particles shown in panel 5A that were done in order 

to produce the breakage of the shell. After rupturing the shell, an image on the particle was 

acquired to ensure that the damage was produced (see Figure 2.5A, right). From the FIC, 

information about the rigidity (elastic constant, k) or brittleness of the particle (critical 

strain, εcritical) can be obtained (Llauro et al, cargo-shell coupling, under revision). High 

values of εcritical indicate that the particle resist large deformations and is not brittle, whereas 

low values are characteristic of a brittle material. No significant changes in the mechanical 

properties were observed after scaffold protein removal (compare black and red bars in 

Figure 2.5D and 2.5E). However, after expansion the particles increase their rigidity and 

become more brittle (see blue bars in Figure 2.5D and 2.5E). The removal of pentons 

provoked to things, particles become softer, as it was previously predicted by continuum 

elasticity theory (56) but also increase the deformability capacity of the WB cages. Another 

study of P22 have also revealed that expansion from procapsid to virion results in thinning 

of shell wall (53).  These observations make it plausible that rigidity has to increase after 

expansion, otherwise mechanical strength of the intact virus would have been weakened 

drastically. Similar observations have already reported in HK97 where increase in Young’s 
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modulus is observed after expansion, although there is an involvement of cross linking 

between capsomers (29).   

Hydrogen-Deuterium Exchange of P22 Capsids 

Up to this point, our data has been consistent in that particle maturation increased 

capsid stability to thermal, chemical, and mechanical probing. A question remaining was 

how structural transitions impacted the conformational dynamics of protein subunits and 

their interactions. To investigate this, intact protein hydrogen deuterium exchange mass 

spectrometry (HDX-MS) was used. HDX-MS is a straightforward and versatile technique 

for probing conformational change and dynamics of protein complexes (6). P22 particles 

were rapidly diluted 10-fold in a buffered solution of D2O. The incorporation of deuterium 

in place of exchangeable protons was measured over time using LCMS (57). The rate and 

extent of deuterium uptake is dependent on protein backbone solvent exposure and 

Table 2.3. AFM measurements of P22 particles. 

# of 
particles 

K critical height 

N/m nm 

PC 32 0,094±0,006 0.18±0.010 50±1 

ES 12 0,105±0,005 0.17±0.01 48±1 

EX S5 8 0.218±0.015 0.12±0.01 62±1 

WB S5 3 0.17±0.04 0.26±0.05 52±6 

EX S3/S2 11 0.20±0.02 0.14±0.02 56±1 

WB S3/S2 9 0.13±0.01 0.16±0.03 51±1 
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structural changes. Under the denaturing conditions for LCMS, P22 capsid disassembled 

into coat proteins, allowing accurate mass measurement of the subunits. Measurements of 

the change in mass of coat protein at different lengths of incubation were completed. The 

P22 coat protein had a measured mass of 46,620 DA (expected 46,620). After dilution in 

D20, a rapid uptake of deuterium was observed for all four morphologies for the first five 

minutes of exchange (Figure 2.6A). EX showed the least uptake in comparison with others. 

The 0 -5 minute time window represents fast exchanging regions.  Fast exchange is 

generally attributed to solvent exposed and dynamic domains. These are often coils, loops, 

and regions undergoing conformational change. After one hour of exchange, PC and WB 

had a significantly greater level of exchange than ES and EX. During this time period, 

medium to slow exchanging amide nitrogens contribute to exchange, providing 

information on conformational change occurring on a relatively long time scale. The 

reaction was followed for 12 hours to ensure that slow exchanging regions were accounted 

for. Slow exchanging regions report on well-ordered secondary, tertiary, and quaternary 

structures offering a way to access protection from solvent. At 12 hours, samples had a 

progressive decrease in exchange from PC to EX as 18 additional residues were protected 

(Figure 2.6B). We hypothesize that the majority of the additional protection arises from 

increased interactions and protected residues could be participating in the formation of new 

quaternary contacts associated with the adoption of quasi-equivalent icosahedral 

symmetry. The WB showed an increase in exchange compared to the EX. This observation 

was initially unexpected due to the fact that WB showed a higher Tm and more resistance 
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toward GdmHCl denaturation. However, the absence of pentamers increased the average 

solvent accessible surface area, making direct comparisons with WB difficult to interpret.   

 

 

Maturation Increases Solvent Excluded Area 

To complete our biophysical model of P22 maturation, we needed to connect the 

solution-phase measurements with the known structure.  Models of P22 from cryo-EM at 

4.0 Å resolution showed that the change in the morphology from PC to EX involved a 

change from skewed to symmetric hexamers (53). Symmetric hexamers create a consistent 

interaction surface across hexameric and pentameric capsomers and allow additional 

A) B) 

Figure 2.6. Intact protein hydrogen deuterium exchange mass spectrometry of P22 

particles. Procapsid, empty shell, expanded shell & wiffle ball were diluted in 10mM 

ammonium bicarbonate, 50mM NaCl D
2
0 buffer, pH 7.0. (A)  Number of deuterations

incorporated (y axis) along with incubation time (x axis) for coat protein. (B) Total number 

of deuteriums exchanged after 12 hours. Total exchange reactions were carried out for 12 

hours and done in three technical replicates. Error bars represent + 1 SD.  
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interactions in the E loop/P domain as well (53). These interactions are suggesting an 

increased global interactions in the mature capsid. However, a direct analysis of subunit 

interfaces and solvent excluded surfaces had not been completed. To do this, we analyzed 

changes in quaternary organization, paying specific attention to the total solvent excluded 

surface area (SESA). Two sets of cryo-EM based structural models from two different labs 

were perused for this analysis. Due to lack of atomic level resolution of cryo-EM model 

and the requirement for side chain density to estimate SESA, PDB files 2xyy, 2xyz, 3iyi 

and 3iyh were submitted to Phyre2 (38) and Modrefiner (39) severs for side chain modeling 

and secondary structure refinement.  

The two data sets represented different morphological pairs corresponding to PC 

and EX and PC and WB. We compared the new models for EX and WB with their 

respective PC partner (2xyy with 2xyz and 3iyi with 3iyh). Comparison at the subunit level 

between the pairs of structures was avoided due to differences in the observed amino acids. 

In the case of 3iyi and 3iyh, the Cα structures were unassigned ~40 amino acids in the 

structure.  This discrepancy accounted for during side chain modeling by submitting only 

the sequence seen in the structure. A change in the number of residues involved in structure 

would have an influence on secondary structure prediction as well as calculation of SESA 

at different interfaces, hence comparison was avoided. Figure  2.7 A and B shows the 

subunits interfaces across different cryo-EM models taken into account in the SESA 

calculations, while panel C shows the relative difference in SESA values at regular (I) and 

quasi-equivalent  (Q) axes for both pair group. See Figure S2 for details. 
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Figure 2.7. Solvent excluded surface area (SESA) of P22 capsids. (A) Spacing 

filling models of selected subunits show the transformation between PC: 2xyy and 

EX: 2xyz (2) (B) Spacing filling models of PC: 3iyi and WB: 3iyh (16) display the 

transition from PC to WB. Absence of pentamers is observed around fivefold in 

WB. Solvent excluded surface area (SESA) was computed with a probe radius of 

~1.4Å for each subunit using UCSF Chimera software (25) after the addition of side 

chain density. (C) Difference in SESA is calculated and compared across both pairs 

(2xyy and 2xyz, black color column bar) and (3iyi and 3iyh, grey column bar) along 

with regular icosahedral axes (I) at 2, 3 and 5 fold and quasi-equivalent (Q) at 2, 3, 

5 and 6 fold axes. Numeric SESA values (Å2) is calculated for each axis by 

averaging all the interacting subunits SESA values at a given axis (Table S2). 

Differences in averaged SESA for each axis are compared across pairs. Asterisk * 

at I-5 and Q-3 indicates a reduction in SESA for WB.  
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Comparative analysis of PC: 2xyy and EX: 2xyz showed a net increase in SESA at 

both regular icosahedral and quasi-equivalent axis: I3, I5, Q-3, Q-5 and Q-6. The 

comparison of PC:3iyi and WB 3iyh showed a decrease in SESA at Q-3 and I-5. This was 

expected, because WB lacks pentamers so residues facing the I-5 axis are more solvent 

accessible. This is consistent with our HDX on WB, where an increase in deuteriums was 

observed (Figure 2.6). Structural model SESA analysis corroborated well with HDX data. 

In spite of this observation, there is a relative increase in SESA at quasi-equivalent axis 

(Q-5 and Q-6). Hence, quasi-equivalence formation is associated with an increase in SESA 

suggesting an enhanced hydrophobic core around quasi-axes. This indicates that the 

expansion is necessary for the attainment of icosahedral geometry which further induces 

the formation of an enhanced hydrophobic core which is supported by our biochemical 

experimental data. Therefore, we can say that the expansion of P22 is an important event 

involving major structural rearrangements mainly at quasi-equivalent axis and responsible 

for the attainment of important biophysical attributes required for the final stage of 

maturation. 

Maturation Leads to a Decrease in Free 

Energy by Enhancing Quaternary Interaction 

The interrelationship between physical properties (stability, rigidity and solvent 

accessibility) and maturation can be depicted in the context of an energy landscape (Figure 

2.8). The unique shape and architecture of viral capsids is a combination of geometrical 

principles and free energy minimization. This explains why favorable interactions among 

capsid proteins results in spontaneous self-assembly into a capsid (58). 
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Formation of a spherical viruses is the natural consequence of free energy 

minimization. But for icosahedral viruses where hexamers and pentamers coexist, energy 

state of the viruses is governed by a combination of either enthalpically or entropically 

driven structural changes during maturation (1–3). Therefore, free energy change as a result 

of structural transformation from identical to quasi-equivalence should explain the 

biophysical differences. The relative change in inter-quaternary interactions of a virus 

during maturation predicts its relative position on an energy land scape. Increased 

Figure 2.8. Schematic energy landscape of the assembly intermediates of P22. Y axis is 

free energy and the X axis is the direction of assembly. The broader minima for PC and 

ES indicate the morphology to less protected and less rigid. The sharp minimum for EX 

reflects the high rigidity due to an increase in inter-subunit interaction. Biophysical 

methods supporting the energy landscape are shown by different numbers: DSF (1), AFM 

(2), HDX (3). Ea represents the activation energy needed to transform into next transition. 

Underline term represents the driving mechanism stabilizing the corresponding transition. 
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quaternary interactions result in lowering of the free energy change (18, 33). The broad 

energy well represents the structure with more flexibility and increased solvent 

accessibility, while a narrow energy well represents a rigid structure (59). 

 Based on the results presented above, PC and ES are represented as broad energy 

wells. This is supported by their greater solvent accessibility and lower rigidity. Our DSF 

and HDX data showed ES to be slightly more stable and possessing less exchangeable 

amide hydrogens than PC. Therefore, ES occupied a slightly lower energy position than 

PC in the landscape (Figure 2.8). Our results have indicated that EX is the most rigid and 

least solvent accessible morphology which is supported by its lower position in the 

landscape. The sharp energy minimum for EX reflects the stability, rigidity, brittleness and 

relative increase in SESA as revealed by DSF, HDX, AFM and structural models. A 

previous study involving computational analysis of quaternary interactions in icosahedral 

viruses demonstrated that the association energy is an indicator of stabilities at quasi-

equivalent interfaces (60). EX represents a full quasi-equivalence state, therefore, 

comparison of association energy at different interfaces will address the inter-subunit 

stability. We extracted the association energy from VIPER (61) and compared across both 

models (PC:2xyy and EX:2xyz) at common interfaces. We observed a significant increase 

in association energy which has indicated an increase in stability after quasi-equivalence 

(Table S2A). Thus, the increase in inter-subunit interactions strongly suggests the free 

energy stabilization by primarily enthalpically driven mechanism. This interpretation is 

further supported by a HDX study on P22 where a large protection against deuterium 

exchange has been observed (10). The protection was distributed throughout the different 
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parts of coat proteins which resulted in global stabilization, thus supporting the enthalpy 

driven mechanism.  

Our data showed that WB is a less rigid structure and more solvent accessible than 

EX (Figure 2.5 & 2.6). This is supported by a limited proteolysis study on WB where 

release of pentamers exposed a cleavage site to Trypsin (23). This proteolytic site was 

previously shown to be inaccessible in genome filled EX particle (62).  But, the DSF results 

showed the same susceptibility of EX and WB toward heat and denaturant. Similar to EX, 

comparison of association energy of PC:3iyi and WB:3iyh showed an increase in inter-

subunit stability after expansion (Table S2B). AFM data comparisons also showed the 

highest deformability of WB compared to other P22 morphologies. These results indicate 

that release of pentamers has added extra elasticity to coat proteins which allow them to 

adapt and reorganize. This suggests that entropic contributions are responsible for the 

increased stability of WB. The global minimum energy well for WB is indicated much 

broader than EX, which represents its higher deformability.   

The scheme of maturation is encoded in the amino acid sequence of a coat protein. 

The coat proteins can arrange into different structures with varying quaternary interactions 

during maturation. P22 life cycle requires high fidelity during assembly and structural 

stability at the final stage to withstand high internal pressure imposed by genomic DNA. 

This balance can be achieved only through regulating inter-subunit interactions at the 

different stages of assembly. In P22 maturation, this change is regulated by a two-step 

mechanism. The first step in assembly of P22 is initiated using weaker interactions between 

coat subunits and scaffold proteins into a spherical procapsid. These weak interactions are 
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a critical requirement for the precise positioning of coat proteins to avert the formation of 

aberrant structures and kinetic traps (1–3, 18, 63–66). Hence, the procapsid represents a 

higher energy local minimum en-route to a global minimum (mature capsid). Maturation 

results in the transformation of structural geometry from spherical to icosahedral with an 

increase in diameter (17). This transformation resulted in a change in coat protein 

environment from identical to quasi-equivalent. This conformational switching results in 

increased subunit interactions, high rigidity, enhanced hydrophobic core and a global 

minimum. 

Conclusions 

The thermodynamics and molecular mechanisms behind the assembly and 

maturation of icosahedral virus capsids are highly complex. By using a suite of orthogonal 

techniques, we have been able to show that change from identical to quasi-equivalent 

environment is able to transform the ability of mature P22 capsid to sustain under different 

stresses. Besides, our studies support a domain interchange model in which after the 

expansion, domains of neighboring coat proteins interacted with each other to avoid the 

hydrophobic surface exposure. This model is supported by the lack of structural transitions 

for expansion during DSF, where the expansion does not involve the transient exposure of 

hydrophobic residues of coat proteins. Therefore, we are able to put together a mechanism 

for capsid maturation in which expansion enhances subunit interactions, which expand the 

hydrophobic core and enhance the high mechanical strength of the global structure. This 

biophysical transformation must be precisely regulated, with intermediates placed such that 
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the transformation does not get stalled in a local minimum, en-route to the final quasi-

equivalent icosahedral. Comparing with In-vivo maturation, where expanded genome filled 

matured capsid is under high pressure, the expanded capsid need to find a way to 

accommodate this change. Therefore, here we are suggesting that an increase in mechanical 

strength is a necessary biophysical transformation necessary for dsDNA viruses expansion. 

Further comparison P22 and HK97 maturation, we now also propose a recurrent theme and 

suggesting that such transformation may not only be a conserve mechanism for dsDNA 

phages infecting bacteria, rather such biomechanical transformations are likely to be found 

in other dsDNA viruses such as adenovirus and herpes virus. Above discussed biophysical 

methods are not only having the potential to characterize a P22 capsid, but also for the 

cargo filled P22 capsids. Therefore, a suite of techniques, we presented here, can be applied 

to characterize other unexplored natural viruses as well as synthetic-capsids. 
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CHAPTER 3 

UNDERSTANDING OF P22 BACTERIOPHAGE MATURATION BY QCM-D 

Abstract 

QCM-D is an established method to understand adsorption of proteins such as 

biomaterials and therapeutic diagnostics. We have extended the application of this 

technique to understand biophysical changes in a tailed bacteriophage P22. We show an 

increase in rigidity after expansion from the frequency and dissipation ratio. We also 

extend the study to viscoelastic modeling using Voigt model. We show an increase in 

elastic modulus, viscosity and thickness after expansion. Our modeling suggests that 

QCM-D technique has a potential to explore the biophysical properties for other 

complicated macromolecular complexes.  

Introduction 

There are approximately 1031 viruses to be present in the biosphere (1). They come 

in a variety of shapes and sizes including filaments, bullet-shaped, irregular and spherical. 

Among viruses, the most abundant are the tailed double stranded DNA bacteriophages (1, 

2). Nearly 50% of the them are spherical, usually icosahedral and they display a unique 

maturation mechanism (3). Assembly of an icosahedral capsid is regulated by sequential 

and highly coordinated inter-coat proteins interaction. Investigating the assembly 

mechanism requires an understanding about the mode of assembly for different virus 

system which includes the formation of oligomers or direct assembly into structural 
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intermediates (2–5) (6). In-vitro assembly systems mimicking in-vivo processes have 

provided the opportunity to understand important biological processes. Icosahedral viruses 

have been under investigation for many decades. Two of the most well studies systems are 

HK 97 phage (7–9) and P22 phage (10–12).  

Despite the long history of investigation, methods for studying the biophysical 

properties of nano-sized megadalton viruses remains a daunting task. Investigation of 

structural transformations are very crucial to understand the proper functioning and biology 

of a virus life cycle. Any defect during assembly may lead to the loss of biological function 

or infectivity in viral capsids  (3, 13). Viruses maintain the dynamic relationship between 

stability and structural integrity to ensure partial instability at the time of release of nucleic 

acids. Virus achieve this event by altering the mechanical stability at different stages of 

maturation. The biomechanical study (change in rigidity) has been conducted across a few 

virus system in the icosahedral class (14). Biomechanical studies are primarily studied in 

viruses by single particle techniques such as atomic force microscopy (AFM). The most 

studied system are Paramecium bursaria chlorella virus type 1 (a large algal virus), 

Cowpea chlorotic mottle virus (a plant virus) and HK 97 (bacteriophage) (15–20). Other 

bulk techniques like QCM-D (quartz crystal microbalance with dissipation) has not been 

explored much to understand and compare the rigidity among viruses.  

P22 bacteriophage is a model virus system for understanding the mechanism and 

driving forces behind icosahedral virus capsid assembly. However, even after years of 

investigation, changes in particle rigidity during structural transitions are not thoroughly 

understood. P22 is a T=7 bacteriophage which infect Salmonella typhimurium and the 
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assembly of this phage is initiated as procapsid. Procapsid assembly is regulated by the 

interaction and co-polymerization of 400 coat proteins and 60-300 scaffold proteins. Others 

accessory proteins (12 portal proteins and 3 ejection proteins) are also reported to assist in 

the formation of metastable procapsid (21, 22).  Subsequently, Incorporation of genomic 

DNA in procapsid is regulated by an ATP dependent terminase. During packaging, the 

characteristic changes involve in procapsid are the release of internal scaffold proteins and 

10% capsid expansion. Expansion results in large scale structural rearrangements and 

transformation in morphology from spherical to icosahedral form (6, 23, 24).  

Study of the mechanism behind P22 maturation is possible due to an in-vitro system 

mimicking in-vivo transitions. Procapsid is assembled by the heterologous expression of 

coat and scaffold proteins in E.coli (25). When ES is heated for 20 minutes at 65 OC, capsid 

is expanded to form expanded shell (EX) (22, 26, 27). Another expanded morphology 

termed as WB can be achieved by heating the ES 20 minutes at 75 OC (11, 22, 26, 27). PC 

and ES are spherical in shape with the diameter 58nm. Morphology EX and WB are 

icosahedral in symmetry with diameter 64nm (Figure 3.1A). These morphological 

transformation are irreversible. This complex cycle of P22 maturation asks for obvious 

questions: “how the structural rigidity do changes along the course of expansion in P22 

phage?” To really understand it, we need to know that “What is the difference between 

spherical and icosahedral capsid?” how the global rearrangements at different stage of 

maturation influence the global rigidity? Many research studies have inferred that in-vivo 

and in-vitro expanded particle are remarkably similar, thus all the studies on these in-vitro 

morphology are authentic to understand the biophysical transformation (11, 26). PC, ES 
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are structural intermediates while EX and WB are the matured form of P22 (Figure 3.1B). 

To characterize the biophysical change in the structural transitions, we have implemented 

a bulk measurement technique QCM-D on PC, ES, EX and WB. 

Figure 3.1. A) in-vitro maturation of P22 morphology. Procapsid is assembled from 

coat and scaffold proteins. Empty shell is generated by incubating procapsid in 0.5M 

guanidium hydrochloride (GdmHCl). Expanded shell and Wiffle ball are generated 

by heating procapsid at 65

0

C and 75

0

C for 20 minutes respectively. B) P22 capsid 
maturation pathway. 

A) 

B)
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Making Viscoelastic Measurements Using QCM-D 

QCM is a technique utilizing acoustic waves generated by a piezoelectric quartz 

crystal. Resonance in QCM occurs when the standing wave generated by alternating 

expansion and contraction is an odd integer of the thickness of gold coated quartz crystal. 

QCM has been established as an important balance technique based on Sauerbrey equation 

(Sauerbrey, 1959). It describes a linear relationship between change in frequency (Δf) and 

mass deposited (Δm). 

Δ𝑚 =
𝐶

𝑛
 Δ𝑓  𝐶 =

𝑡𝑞𝜌𝑞

𝑓0

 𝑛 =harmonic number and 

Where 𝑡𝑞 , 𝜌𝑞 and 𝑓0 represent the thickness, density and resonant frequency of the 

quartz crystal respectively. The Sauerbrey equation is based on three assumptions. 1. 

Relative mass of adsorbed material should be smaller than the mass of the quartz crystal. 

2. Adsorbed mass be rigid. 3. Mass is evenly distributed over the crystal (28). A drawback

of QCM measurements in liquid phase is that it often incorporates viscous and elastic 

contributions and thus violates a primary assumption of Sauerbrey model. The limitations 

of Sauerbrey equation prompted new models to addresses changes associated with 

viscoelastic materials. To address the adsorption related changes due to viscoelastic 

materials, dissipation (D) was introduced. A viscoelastic material related dissipation (D) 

were monitored by measuring decay of oscillation frequency after a rapid excitation at 

resonating frequency (29). This decay is proportional to energy dissipation of the 

oscillating quartz crystal (30). QCM-D (advanced version of QCM) measures both change 

in frequency and dissipation. QCM-D measurement follows the principle in which when 
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the driving power is switched off, the voltage decays as an exponential damped sinusoidal 

(31). 

𝐴(𝑡) = 𝐴0𝑒 −𝑡
𝜏⁄ sin(2π𝑓t + φ),

Where 𝐴0= amplitude at t=0, 𝜏= decay time constant and φ is the phase. D is related to 

decay time constant as follows  

𝐷 =
1

𝜋𝑓𝜏
           𝐷 =

1

𝑄
=

𝐸𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑆𝑡𝑜𝑟𝑒𝑑

𝐷 is dimensionless and Q being the quality factor. 

It measures both change in frequency and dissipation from an oscillating gold. 

Change in frequency at different overtones measures changes in the mass attached to 

surface, while (ΔD) relates to viscoelastic properties of the adsorbed layer (32–34). Rigid 

materials, when bound to oscillating crystals, exhibits low dissipation due to strong 

coupling, while soft materials due to weak coupling undergoes more deformation results 

in high dissipation (35). 

Here we have initiated a comparative study of the different forms of P22 capsids 

using QCM-D. The forms analyzed are conducted on PC, ES, EX and WB showed that 

release of scaffold don’t alter the capsid characteristics. But expansion results in major 

global rearrangements which leads to increase an increase in rigidity, viscosity and particle 

diameter. 

Materials and Methods 

Protein Purification of WT P22 

P22 purification is explained in chapter 2 (material and method section). 
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QCM-D Experiment 

The adsorption properties of different P22 morphologies (PC, ES, EX & WB) were 

explored by using QCM-D (Q-Sense D300 system, Q-Sense AB, Goteborg, Sweden). For 

these measurements, gold coated quartz crystal (AT cut) with a fundamental resonant 

frequency of 5MHz was used. Baseline was established with PBS buffer and recorded for 

10 minutes. P22 samples (0.01mg/mL, 0.6mL, PBS buffer at pH 7) were then gradually 

deposited on the crystal and allowed it to stabilize for 45min. To remove the loosely bound 

viral particles, gold surface was then washed with 0.6mL of same buffer for 10min. 

After every run the gold surface was cleaned and regenerated by soaking the crystal 

in a 1:1:5 mixture of H2O2 (30%), NH3 (25%), and distilled water at 60oC for 15min 

followed by exposure to UV light in UV chamber for 10 min. All four samples were run in 

random order in triplicate and every time fresh cleaned crystal was used. Frequency and 

dissipation values were obtained at fundamental frequency 5MHz and three overtones 

(15MHz, 25MHz and 35MHz).  

Viscoelastic Modeling 

After frequency and dissipation extraction for three overtones, data modeling and 

analysis were carried out with the Q sense Qtool 3.0. Both Sauerbrey and Viscoelastic 

model could be selected for data modeling. Sauerbrey equation assumes that adsorbed mass 

to be uniform, rigid and thin film and it follows a linear function of frequency change. Use 

of Sauerbrey equation is limited and it underestimate the adsorbed mas, when an increase 

in dissipation is observed. Since adsorption of P22 samples resulted in increased dissipation 

and hence Sauerbrey used is limited for P22 data modeling. To overcome this limitation, 
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Voigt model was implemented which is a simple representation of viscoelastic solid. By 

fitting the QCM-D data for all three overtones (n = 3, 5 and 7) with Voigt model, thickness, 

shear viscosity and shear modulus can be obtained. In data modeling fixed parameters were 

set as follows: fluid density (kg/m3) = 1000, fluid viscosity (kg/ms) = 0.001, P22 density 

(kg/m3) = 1100. Data fitting were also performed using three overtones (n=3, 5 and 7). 

Variable parameters were L1 visc [kg/ms]:0.0005 to 0.01, L1 shear [Pa]: 100 to 1E8 and 

thickness [m]: 1E-15 to 1E-6. Fitting were performed by applying different iteration steps 

to ensure a stable fit is obtained. 

Results and Discussion 

Capsid Rigidity Increases After Expansion 

To determine if there was a change in rigidity associated with capsid maturation, 

PC, ES and EX and WB were deposited onto oscillating gold coated quartz crystal in q-

sense D300 instrument. Figure 3.2 shows the typical QCM-D curve showing the decrease 

in frequency (Y1 axis in black), increase in dissipation (Y2 axis in gray) and time (min) at 

x axis. Change in frequency Δf and dissipation ΔD were measured simultaneously at three 

different overtones (n = 3, 5, and 7). After a stable base line with buffer was obtained, P22 

particles were allowed to adsorb to the crystal for 45min. This was followed by a wash step 

to remove loosely bound virus particles. Again a stable line after wash step indicated a 

strong adsorption of P22 virus particles onto gold surface. To compare and measure the 

capsid rigidity, change in frequency and dissipation was extracted for each morphology. 
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Rigidity is calculated from frequency/dissipation ratio of Third overtone data. 

Procapsid showed a Δf/ ΔD ratio of 6.03 ± 0.08, whereas empty shell showed a ratio of 

6.16 ± 0.1. There is no observed significant difference in the rigidity from PC to ES 

transition. However, EX showed a ratio of 7.62 ± 0.08 which indicates that transition from 

PC/ES to EX leads to increase in rigidity by approximately 19%. The Δf/ ΔD ratio of WB 

showed a ratio of 8.13 ± 0.08, which indicates that WB is the relatively more rigid than 

other morphological forms (Table 3.1). This shows that rigidity of expanded particles (WB, 

Figure 3.2. Typical QCMD spectra representing the change in frequency and dissipation 

along with time. Overtone (3
rd

) of WB is represented. X axis shows the time (minutes), 

Y1 axis shows the decrease in the frequency corresponding to mass deposited onto gold 

quartz crystal. Y2 axis shows the increase in dissipation. 
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EX) are much higher than unexpanded particles (PC, ES). Globally, increase in rigidity 

follows the following order PC/ES<EX<WB.  

Table 3.1. QCM-D data of different P22 morphology 

Relative increase in Δf /ΔD ratio is also an indicator of increased protein interaction 

in an icosahedral capsid. The viscoelastic properties changes are related to in the dynamics 

of the proteins which is evident from CCMV structural transitions. A previous report on 

QCM-D confirmed that closed form of CCMV is more rigid (Δf /ΔD = 15.4 MHz) than 

swollen form (Δf /ΔD = 12.9 MHz). It is explained that in swollen form, virus undergoes 

fenestration and resulting in increased of surface area by 5%. This expansion suggests that 

reduced subunit-subunit interaction decreased the rigidity of the entire particle (36, 37). 

Therefore, we suggest that transition from PC/ES to EX/WB results in structural 

rearrangements plausibly involving increased in coat protein interactions. 
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Voigt Viscoelastic Modeling 

Ratio of Δf /ΔD only provides qualitative information about P22 capsids. QCM-D 

data has a potential to provide quantitative information than Δf/ΔD ratio of these capsid. 

Therefore, QCM-D data was further analyzed using Voigt-based viscoelastic model (38). 

This model describes the propagation and damping of shear bulk acoustic waves in an 

uniformly adsorbed viscoelastic material which is in contact with bulk Newtonian fluid 

under no slip condition (38–40). This model allows the conversion of change in frequency 

Δf and dissipation ΔD numbers into three important global biophysical parameters: 

thickness of the layer, shear viscosity (ηVoigt), and shear modulus (µVoigt) (41, 42). All 

three overtones n= 3, 5 and 7 were subjected to data modeling with the parameters defined 

in the method section. Data was allowed to fit at different iteration steps with the defined 

set of parameters (see method section) to ensure the global minima is reached for each data 

set. Figure 3.3 shows the comparison of raw data and Voigt model fit of procapsid, empty 

shell, expanded shell and expanded shell. The graph showed that raw and modeled data 

corresponded well that suggests the model worked well and a good fit was observed. Shear 

modulus, viscosity and layer thickness were obtained from Voigt model and compared. 

Expansion Leads to Shear Modulus 

Comparison of shear modulus across P22 morphology showed no significant 

change in shear modulus from PC to ES transition suggesting that release of scaffold 

proteins has no effect on global rigidity of PC (Figure 3.4). Results were more exciting for 

EX where a significant increase in shear modulus (rigidity) was observed. These results 

suggest a major structural rearrangement after expansion.  
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Figure 3.3. Representation fit of QCMD raw data and modeled Voigt across different 

P22 morphology A) Procapsid B) Empty shell C) Expanded shell and D) Wiffle ball 

A) Procapsid B) Empty
shell

D) Wiffle ballC) Expanded
shell
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Up to this point, shear modulus trend followed with the Δf /ΔD ratio (PC/ES<EX). 

However modeling results for WB was slightly conflicting, where a relative decrease in 

shear modulus is observed for WB. This results wasn’t expected earlier as Δf /ΔD showed 

an increase in rigidity for WB. Though the result was unexpected but not too surprising. A 

previous study have shown the presence of pentamers as architectural defect. According to 

continuum elasticity theory, pentamers in icosahedral lattice at fivefold axis exert high 

lateral compression in the lattice. This stress increases with the complexity  (Triangulation 

number) of viruses (43). Therefore, release of pentamers at fivefold axis relaxes the strain 

from the icosahedral virus and EX particles become softer (less rigid), hence a relative 

reduction in rigidity from EX to WB was observed (Figure 3.4). 

QCM-D studies including Voigt modeling have not been implemented to 

understand regular proteins and protein complexes. Numeric values of shear modulus have 

Figure 3.4. Shear modulus obtained from Voigt model is represented and compared 

across all morphology of P22.  
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been reported only in a few studies (42, 44, 45). For example: comparison of elastic shear 

modulus of P22 across limited studies showed different trends. A study on laminin (a cell 

adhesive protein) by QCM-D have shown the elastic modulus of 8 kPa on the homogenous 

surface (45). In contrast to above example, shear modulus of P22-EX is approximately an 

order of magnitude smaller than Mytilys edilus foot protein (Mefp). In this study, authors 

compared non-cross and cross linked protein, and as a result a substantial increase in the 

elastic shear modulus and shear viscosity is observed. The difference is not very surprising 

Mefp can form a thin film of 20nm that results in increased rigidity (42). These studies 

have also suggested that smaller range shear modulus output is consistent with higher level 

of hydration level. P22 capsid is an ensemble of 420 interacting proteins and therefore 

expected to be heavily hydrated. Therefore, the shear modulus output obtained for P22 

capsids is in lower range of kPa value. 

Expansion Leads to Increase in Viscosity 

Viscosity comparison of P22 morphology showed an increase in viscosity in the 

following order PC/ES<EX<WB (Figure 3.5). Increase in viscosity can be explained by 

decreased flexibility in a protein. A previous study on poly-L-lysine have showed that the 

alpha helix form is more viscous than β sheet. This increase may arise owing to intrastrand 

hydrogen in alpha helix bonding in poly-L-lysine. Intrastrand hydrogen bonding also 

resulted in the decreased back bone flexibility in a peptide (46). Therefore increase in 

viscosity can reflect information about reduced flexibility of a protein. This interpretation 

is well supported for our observation by cryoEM study on expanded P22 capsid. This 

model has suggested a relative increase in intracapsomere after capsid expansion (47). 
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Therefore, increase in viscosity after expansion can be interpret as the decreased back bone 

flexibility of EX and WB after expansion.  

 

Expansion Leads to Increase in Thickness 

Voigt model predicted an increase in layer thickness after expansion. The increasing 

order of layer thickness follows as PC/ES<EX<WB (Figure 3.6). Both PC and ES thickness 

were ~50nm while for EX was 56nm and WB was 60nm. Modeled thickness number was 

slightly less (4 to 8nm range) than reported for P22 capsid diameters (27, 48–50). This 

decrease is expected as particles were adsorb onto surface, a little distortion as a result of 

capsid and gold surface interaction is expected which may in turn affect the modeled output 

thickness. Closeness of modeled thickness and diameter strongly suggests that capsids 

were forming monolayer onto gold quartz surface (Table 3.1). In summary, conversion of 

PC to ES has no effect on the biophysical properties described above. The change is more 

Figure 3.5. Modeled viscosity value obtained from Voigt model is represented for all four 

morphology of P22. 
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substantial from PC/ES to EX/WB conversion, where an increase in rigidity, decrease in 

flexibility and increase in size are observed. Our results also show that WB is slightly less 

rigid than EX. 

 

These observations follow the biology that P22 maturation undergoes major 

structural reorganization at icosahedral and quasi three fold axis. In addition, hexamers 

undergo change from skewed to symmetric after expansion (11, 47). These arrangements 

result in biophysical changes after maturation. Increase in rigidity after expansion has been 

observed for the HK 97 virus (17) that undergoes structural transformations similar to P22 

except cross linking in HK97 capsid after expansion. We can’t directly compare these two 

techniques but we can certainly compare the trend in the capsid stiffness. AFM 

measurements depend on large scale deformations, while QCM-D measures the small scale 

Figure 3.6. Layer thickness value obtained from Voigt model is represented and compared 

across all morphology of P22.  
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protein perturbations and proteins are expected to conserve shape and structure (51). 

Moreover, AFM is directional in nature, whereas QCM-D is independent upon particle 

orientation and therefore measures global property. By comparing the maturation trend of 

HK 97 and P22, we can hypothesize that increase in rigidity is an inevitable transformation 

necessary for the expansion leads to maturation. 

Conclusion 

Till date, AFM is the major technique that has been implemented to understand 

rigidity in viruses. This is to our knowledge the first attempt to model QCM-D data to 

extract biophysical parameters of any virus. Despite the limitation of the model, we achieve 

the good fit and all the model outputs connect to the maturation of P22. Our study will 

encourage scientists to implement this technique to other unexplored macromolecular 

systems. P22 is also currently been used a nano-container for different applications ranging 

from bioinspired materials to nanomedicine (49, 52–55). Therefore investigation about 

layer properties, rigidity and viscosity could be a key for the development of a nanomaterial 

assembly and transformations. 
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CHAPTER 4 

PROLONGED INCUBATION WITH LIPOSOMES LEADS TO PLA2 ACTIVATION 

IN ADENO-ASSOCIATED VIRUSES  

Abstract 

Non-enveloped animal viruses face a major challenge in how to circumvent the 

plasma membrane.  A common theme involves conformational change of the capsid in 

response to host factors.  Adeno-associated viruses (AAVs) are small, non-pathogenic 

viruses showing great promise in human gene therapy. Escape of AAVs from endosomes 

involves activation of a capsid bound lipase domain.  Currently the mechanism responsible 

for lipase activation is unclear. To investigate lipase activation we developed a highly 

sensitive mass spectrometry based assay.  Using this approach, we show that prolonged 

incubation of AAV particles with liposomes stimulates the capsid tethered enzyme.  In 

vitro, activation does not require involvement of cellular receptors or a drop in pH.  

Introduction 

AAVs are small, non-enveloped, icosahedral viruses with a single stranded DNA 

genome. They are members of the parvoviridae (genus-Dependovirus), have a T1 

architecture, and are assembled from three capsid proteins VP1, VP2 and VP3 at a ratio of 

1:1:8/10 (1, 2). The proteins VP1 and VP2 share the same C-terminal amino acids with 

VP3, but have an additional domains at the N-terminus. VP1 is 137 residues larger than 

VP2, and VP2 is 65 residues larger than VP3 (3) (4). Despite being non-pathogenic, AAVs 
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have received considerable attention due to their promise as vectors in gene therapy (5–

10). 

AAVs enter a cell via receptor mediated endocytosis (11–13). According to the 

current model of AAV infection cycle, AAV enters into host cells within the first 60 

minutes of exposure (14). Almost 2/3 of the particles that initially bind to the plasma 

membrane are taken up by 10 minutes (15). After internalization, subsequent trafficking 

and escape of AAV from endosomes is not well understood and is believed to vary from 

cell type to cell type (16, 17). Among the common AAV serotypes, AAV2 is the best 

characterized with regard to cell entry and trafficking. Once AAV2 attaches to its primary 

receptor (heparin sulphate), entry is facilitated through dynamin dependent clathrin 

mediated endocytosis (18). Acidification of endosomes is important and has been proposed 

to trigger externalization of the N-terminus of VP1 without disrupting the integrity of 

capsid (3). The VP1 N-terminal domain contains a phospholipase (PLA2) and a nuclear 

localization signal (NLS). Deletion of either causes a multi-log reduction in titer (19). 

Current models of entry suggest that phospholipid cleavage results in the breakdown of 

endosomes, escape of virus particles into the cytoplasm and subsequent trafficking to the 

nucleus (19–21). 

Characterization of the lipase domain has largely been conducted in-vitro. Lipase 

activity is minimal in freshly purified particles.  Standard protocols for AAVs use heat to 

activate the lipase (22). The evidence for externalization as the trigger behind activity is 

based on seroconversion after heating when using antibodies specific to the PLA2 (3, 23–

25). A cryo-EM study of AAV2 capsids revealed that protein density inside the capsids at 
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2-fold axes was lost upon heating at 65 oC for 3 minutes. This density was interpreted to

be the N-terminal part of VP1 (26). In-vivo externalization is believed to be triggered by 

receptor binding and a drop in pH (19). However, in-vitro studies on AAVs have largely 

failed to identify the specific triggers and pH alone is insufficient for lipase activation or 

externalization as judged by antibody binding (19, 25) 

Each AAV particles contains on average five copies of VP1, five copies of VP2 and 

fifty copies of VP3 proteins and therefore 5 enzymes (1, 27–30). Characterization of 

heterologously expressed AAV2 PLA2 indicates that it has low activity compared to other 

soluble forms of the enzyme (3, 22). The most commonly used methods for measuring 

lipase activity include radioactive, colorimetric, and fluorescence based assays. When 

applied to AAVs, these techniques can be problematic due to low sensitivity, use of 

modified substrate, and accumulation of radioactive waste (31–37). A method based on 

Liquid Chromatography Mass Spectrometry (LC-MS) for quantification of released fatty 

acids has been described (38). Due to the low level of activity associated with AAV PLA2s 

and a desire to screen a large number of samples, we sought to develop an improved method 

that was sensitive, fast enough to collect data on enzyme kinetics and did not require 

modified lipid substrates. The LC-MS method that we arrived at uses HILIC-style (normal 

phase) chromatography in a conventional solvents system (0.1% formic acid in water and 

acetonitrile). This allowed us to measure and quantitate the cleavage products consistently 

and accurately. 
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Materials and Methods 

AAV Purification 

Virus-like Particle Production and Purification: Recombinant baculovirus encoding 

VP1, VP2, and VP3 of AAV2 was 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 (39–42). AAV2 was 

purified using a step iodixanol gradient followed by anion exchange chromatography (43, 

44). 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 1h 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 50ml of Buffer A, eluted with 

a gradient of 30ml of Buffer A and Buffer B (20Mm Tris, 15mM NaCl, pH8.5), and the 

peak fractions collected. 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. 
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Liposome Preparation 

Liposomes were prepared by transferring 0.05ml of 25mg/µl dissolved 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in chloroform (1.64umole) in a 

glass tube. Chloroform was then dried by gentle passing nitrogen gas in the test tube. To 

the dried POPC, 1.640ml of HBS (100mM NaCl, 20mM Hepes/NaOH, pH7.5) was added 

and incubated for 2h at room temperature. After incubation, lipid was re-suspended by 

vigorous mixing which resulted in a milky appearance of the resuspension indicated the 

presence of multilamellar vesicles. To form unilamellar vesicles, the multilamellar vesicles 

were broken down by sonication which was continued until the solution became 

transparent. Overheating of the vesicles was avoided by interrupting sonication, total time 

was 45 minutes. Unilamellar vesicles were stored at 4oC. This protocol was optimized from 

that previously published by the Morrissey lab (45). 

 Liquid Chromatography-Mass Spectrometry 

Lipase activity was measured with an Agilent 1290 ultrahigh pressure (UPLC) 

series chromatography instrument coupled to a Bruker MicroTOF mass spectrometer. The 

activity was measured in positive mode. Control lipase reactions were initiated by mixing 

0.002ml of Bee venom lipase A2 (0.1mg/ml) (Sigma: Product number P9279) and 0.005ml 

of unilamellar liposomes in the presence of 5mM CaCl2. Total reaction volume was set as 

0.04ml using 20mM universal buffer (20mM HEPES 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, 20mM MES 2-(N-Morpholino) ethanesulfonic acid, 20mM 

NaOAc (sodium acetate) and 50mM NaCl (sodium chloride) (46), pH 7.5 and reaction was 

incubated at 37°C. Substrate and reaction products were separated on a Kinetex™ HILIC-



97 

LC Column (2.6 µm, 100 Å, 30 x 2.1 mm) (Phenomenex) using a multi-linear gradient 

(solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid in acetonitrile) at 

0.5ml/min flow rate. The gradient conditions were set as follows: 0 min, 2%B; 0.7-3.0min, 

17-70%B; 3-3.2, 70-98%B, 3.2-4min, 2% at column temperature 40°C. Electrospray

conditions were: drying gas flow 8.0L/min, dry temperature 180°C, and capillary exit 

150V. Scan range was 200-3000 m/z. Data processing and analysis were performed using 

a Bruker Data Analysis package 4.0. Mass/charge ratio of substrate POPC was verified as 

760.56m/z. Lipase activity was verified by confirming two different cleavage products 

496.32 (PLA2 specificity) and 522.34 (PLA1 specificity). For AAV2 and AAV9 reactions, 

0.003ml of purified particles at 0.2m g/ml was used for each lipase assay. 

Results and Discussion 

Development of LC-MS Method 

Liposomes were formed using POPC, a major component of human plasma 

membranes (47, 48). Bee venom phospholipase A2 (bvPLA2) served as a positive control. 

The reaction was initiated by mixing the bvPLA2, liposomes, and CaCl2. The reaction was 

then placed in the HPLC autosampler at 370C. Aliquots of the reaction were analyzed at 

selected time points automatically using rapid HILIC chromatography and positive mode 

ESI. This method is unconventional in that the phospholipids lipids and their products were 

separated on a HILIC (normal phase) column using an increasing gradient of acidified 

organic solvent. We were able to detect the substrate (POPC) as well as enzymatic products 
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(lysoPC) generated by bvPLA2 (Figure 4.1). Chromatography gradient lasted 4 minutes 

and provided excellent separation of molecular species. 

POPC substrate was observed as 760.56 m/z (expected 760.57) (Figure 4.2). We 

observed two different lysoPC products from the reaction mixtures: PLA2 product 

(palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine) resulting from hydrolysis at the C-2 

position (major product) was observed as 496.32 m/z (MH+ expected 496.33 m/z). A minor 

product from a PLA1 type hydrolysis (1-hydroxy-2-oleoyl-sn-glycero-3-phosphocholine) 

was observed at 522.34 m/z (MH+ expected 522.34 m/z). In addition, to the protonated 

species, the singly charged sodium adduct ion species was observed. 

Figure 4.1. LC-MS analysis of POPC and the lysoPC product generated by bvPLA2. 

Dotted line indicates the time until which solvent was directed to waste. Extracted ion 

chromatograms (EIC) show POPC (black) and after 5min of reaction (blue). The two 

different lysoPC products are shown in different colors: PLA2 (blue) and PLA1 (red). 
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Measuring AAV Lipase 

Activity by LC-MS Method 

Having tested the LC-MS method, we were ready to measure AAV lipase activity. 

Heating of AAV2 at 650C for 3 minutes has been reported to externalize and activate the 

lipase domain (3, 22, 49). The AAV2 capsid maintains structural integrity during and after 

Figure 4.2. Mass spectra of the substrate and product generated by bvPLA2. LC-MS 

spectrum of intact POPC (upper panel). LC-MS spectrum of lysoPC products from 

PLA2 and PLA1 specific reactions (lower panel). 
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thermal treatment (50). After heating, capsids were cooled to room temperature. As a 

control, capsids were incubated at 370C for 3 minutes. Both heated and non-heated AAV2, 

were separately mixed with liposomes and CaCl2 as described in the method section. 

Reaction mixtures were separated and analyzed by LC-MS. Activity was quantified by 

integrating the area under the EIC of lysoPC products. Product accumulations were plotted 

against incubation time. A steady accumulation of product was measured for 3 hours 

(Figure 4.3).  This confirmed heat treated AAV2 contained an active lipase. Our LC-MS 

results corroborates the previous reports that heat act as a surrogate to expose the buried 

PLA2 domain in AAV2 (3, 22, 49). 

Figure 4.3. Production of lysoPC by AAV2 over time. Lipase reaction product formation 

by heat activated (black) and control (grey) AAV2. 
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Activation of AAV2 

Lipase Domain without Heat 

Up to this point, we have shown that we can monitor the activation of the PLA2 

domain by heat. This is clearly not relevant to in vivo activation, so we tested factors that 

could be important during endocytosis. Our initial experiments involved lowering the pH 

without heat, as occurs during endocytosis. Incubation of AAV2 at pH 5 for 60 minutes 

failed activate the lipase.  Temporal analysis of intracellular trafficking and un-coating of 

recombinant AAVs have reported that expression of reporter genes can require 8 to 24 

hours (51–53).  In addition, studies using green fluorescent protein tagged (GFP) AAV 

particles, have shown that 11 hours after contacting cells, the particles displayed 

perinuclear accumulation, with 90% of the GFP signal remained outside the nucleus (54). 

These studies prompted us to consider if prolonged exposure to membranes in the 

endosome could be an important factor for understanding the infection cycle. To test this, 

we extended the incubation of AAV2 with liposomes at 370C (5mM CaCl2) to 12 and 24 

hours.  Figure 4.4 shows the product abundance as determined by LC-MS of AAV2 control, 

heated (65oC), and with prolonged incubation with liposomes. The observed the lysoPC 

product after 12 and 24 hour incubations exceeded what was expected based on the 30 

minute and 1 hour control time points by 3.6 and 5.9 fold respectively. To confirm that the 

products were not generated by auto hydrolysis of liposomes under our experimental 

conditions, we ran an additional experiment. Liposomes were incubated in the presence of 

calcium for 12 and 24hr without AAV2 (negative control). We did not observe lysoPC 

products in this reaction. We have reported the lipase activity of AAV2 at pH 7.5. This pH 
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was selected because it has been reported to be the optimal pH for AAV2 lipase catalytic 

activity (22).  

Product Specificity Is Independent 

of the Mode of Lipase Activation  

After confirming the lipase activity of AAV2 without heat, we were interested in the 

impact of heating may have on the enzyme. To investigate this, we compared the % product 

specificity of heat activated and prolonged incubation activated AAV2. AAV2 enzyme has 

been categorized as a PLA2 class lipase. This is based on phylogenetic analyses (55) and 

Figure 4.4. Lipase activity of AAV2 after prolonged incubation with liposomes. Integrated 

area under EIC of lyso-PC is shown for each sample. All reactions were conducted at 

37oC. Control (black), heated (grey), prolonged incubation (blue). Significant lipase 

activation occurred with time. 
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the observed ability to hydrolyze fatty acids at the C-2 position (22). However, by using a 

phospholipid with different fatty acids chains at positions C1 and C2, we have clearly 

demonstrated that hydrolysis occurs at both positions. Relative product formation was 

determined from the LC-MS data. We measured the ion intensity based on EIC area for 

PLA2 and PLA1 products (Figure S2). This was used to calculate the enzyme specificity 

(Figure 4.5). No significant change is specificity was observed. This indicates that catalytic 

specificity is independent of the mode of activation. This result is important as most of the 

work on AAV lipases has used heated treated samples.    

Figure 4.5. Comparison of enzyme specificity of heat activated and non-heated 

activated (prolonged incubation) AAV2 lipase. Both the specific (PLA2) and non-

specific (PLA1) products are observed. 
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AAV9 Exhibits Lipase  

Activity after Prolonged Incubation  

Different serotypes of AAVs display distinct patterns of tissue tropism (56–58). 

This has led to speculation that there may be different triggers for lipase activation. 

Therefore, we extended this study to AAV9. This is a very unique human AAV serotype 

which can cross the blood-brain barrier and target the central nervous system (64). This 

has also reported to target cardiac and skeletal muscle, as well as the liver and pancreas 

(59–63). We measured the lipase activity of non-heated, heated (730C for 3min) and 

prolonged incubated AAV 9 samples as was done with AAV2 above. Mixed lipase 

products were observed following heat activation and prolonged incubated (Figure S2, S4). 

Furthermore, as with AAV2, lipase product specificity was independent of the mode of 

activation (Figure S3). This experiment confirmed that both AAV2 and AAV9 lipases can 

hydrolyze lipids as a PLA1 and PLA2 enzyme.  In addition, this extends our observation 

that incubation with membranes is a sufficient trigger to activate lipase activity.  

Conclusion 

The standard method for studying the role of capsid tethered AAV activity has been 

to uses heat to induce activation by causing VP1 domain externalization (3, 22). In this 

study we have shown AAV lipase activity in the absence of heat activation. The mechanism 

of lipase activation in AAVs has been much debated. Current models involve a series of 

events involving interactions between receptors, co-receptors and the acidic environment 

in the endosome (3, 3, 54). Our data show that prolonged interaction with a phospholipid 

membrane is itself sufficient to activate AAV2 and AAV9 PLA2 domain. Our results may 
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provide some insight into previously observations such as the delayed initiation of AAV 

enter and gene expression that has been observed with certain serotypes in particular cells 

(51–53). An obvious factor that may play a role in activation is pH. The effect of pH on 

the incubation time needed for activation must now be investigated. The fact that interfacial 

contact of particles with membranes leads to lipase activation, is consistent with 

observations that the N-terminal domain of VP1 maybe transiently exposed on the surface 

of the particle (50). This raises the question of why antibodies to AAV2 VP1 domain fail 

to recognize freshly purified particles. A plausible explanation is that the transient 

externalization of the VP1 N-terminus containing the PLA2 domain keeps the domain close 

to the capsid surface, inaccessible to an antibody yet within reach of a membrane surface.  

Once in contact with phospholipids, favorable interactions between the PLA2 domain 

could induce a more complete externalization. Our optimized method has a potential to be 

very useful tool for the characterization of different AAVs for the vector development and 

improvement in the gene therapy. This established assay has a potential to compatible with 

various substrates and pHs, therefore it can be applicable to wide range of biological 

systems involving lipase enzymes.  
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CHAPTER 5 

COMPARISON OF THE VISCO-ELASTIC PROPERTIES OF VIRUSES, VIRUS 

BASED NANOMATERIALS AND ACTIVE PROTEIN CAGES 

Abstract 

QCM-D study is conducted to compare and understand the biomechanical properties 

of different protein cages. Protein cages under study vary from non-icosahedral to 

icosahedral (viruses). A simple theoretical model is used to establish the relationship 

between diameter and particle rigidity. In addition, correlation between rigidity and 

triangulation number is compared. Our analysis suggest that change in rigidity simply do 

not correlate with diameter, triangulation number rather shares a more complex 

relationship. Therefore, we propose that altered subunit interactions contribute decisively 

to predict the change in protein shell rigidity.  

Introduction 

Viruses are the most abundant biological entities on earth. An important feature of 

icosahedral viruses is the symmetric supramolecular shell composed of protein subunits 

that serve to protect and deliver the encapsulated genome. The geometric arrangement of 

subunits imparts a multitude of physical properties that facilitate receptor binding, entry, 

genome release, virus assembly and maturation. Such an icosahedral architecture is 

stabilized by protein-protein and protein-nucleic acid interactions. Interestingly, this type 

of periodic arrangement of proteins is not limited to viruses and can be seen in other cages 
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like ferritins and heat shock proteins (1, 2) with the only difference being the lack of nucleic 

acid interactions. Viruses have evolved to accommodate genetic material of varying 

lengths by manipulating the arrangement of these proteins and varying the number of 

subunits that compose a capsid.   

Structure and function functional analyses of icosahedral particles have been 

studied for the years (3, 4), however, direct measurements of mechanical properties has 

only recently been possible (5–7). Nano-indentation experiments using atomic force 

microscopy (AFM) on viruses provide the relationship between the force exerted on the 

capsid and the resultant deformation. This is represented using the Force-Displacement 

Curves (FDCs), which allow the rigidity of the virus particle to be estimated. FDCs 

estimate the mechanical strength of the capsids which facilitates a direct comparison 

between viruses. QCM-D has been emerged as a very potent complementary technique to 

investigate the biomechanical changes in big protein complexes. QCM-D has the ability to 

detect a small scale and large scale changes that are associated with the  biological 

functions (8–10).  

QCM-D is a surface technique that takes advantage of the piezoelectric property of 

quartz. The gold-coated quartz crystal used in the measurements is driven by applying 

pulses of alternating current inducing it to oscillate at a precise frequency. A change in 

frequency, proportional to the mass change, is observed when a sample is deposited on to 

the surface of the crystal sensor. When the AC voltage is interrupted, the crystal oscillation 

decays exponentially, also known as “ringing down”. The rate of decay is recorded, and 

the frequency and damping (or dissipation) are extracted. While the frequency is relative 
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to the mass deposited on the crystal, dissipation is dependent on the viscoelastic properties 

of the sample. Dissipation is defined as the sum of all energy losses in the system per 

oscillation (Equation 1),  

𝐷 =  
𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
=

1

𝜋𝑓𝜏
(1) 

Where D is dissipation, Edissipated is the energy lost from the crystal, Estored is the energy 

retained in the crystal, f is frequency, and τ is the time constant. Samples that strongly 

couple to the crystal oscillation contribute less to the dissipation and are classified as 

relatively rigid materials. Similarly, soft materials show higher deformation and dissipate 

more energy. QCM-D is a well-established technique that has been implemented to 

understand various biomedical applications. These applications include DNA based 

sensors, DNA hybridization, DNA-protein interactions, lipid surface interactions and 

bioactive surfaces consisting of protein layers (biofilms) (11–17). Instead of wide spread 

applications, QCM-D has not been explored much to understand changes in big protein 

complexes. Viruses are multidalton protein complexes which are very primitive life forms, 

therefore a foundation to understand the structure functional relationship. QCM-D has a 

potential to display the biomechanical changes in viruses but hasn’t been explored enough. 

In the current study, we attempt to showcase the power of QCM-D and demonstrate 

its potential for a widespread application. The viral and protein platforms studied in the 

current work have been isolated from a range of different species, such as algae, bacteria, 

moths, plants and primates, and portray the diversity of these supramolecular complexes. 

Along with diversity in their host range, these complex platforms also represent a variety 

of size classes. To understand and compare the viscoelastic differences among different 
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protein cages, we provide the first instance of a carefully curated library of different viruses 

and protein cages using QCM-D (Figure 5.1).  

 

 

 

We chose a wide range of cages from non-icosahedral to icosahedral symmetry to 

understand the architectural differences. To also expand our understanding about nano 

assemblages, protein cages that were much smaller than the viruses were also included in 

the analysis. The samples utilized in the current study can further be broadly classified into 

Figure 5.1. Virus and protein cage library.  Protein cages and viruses of diameters 

ranging from 10nm to 190nm were used in this study. A. Dps-L, ~10nm (Gauss et al, 

2006) B. H-ferritin, ~12nm (Hempstead et al, 1997) C. AAV2, ~28nm (Xie et al, 2002) 

D. CCMV, ~29nm (Speir et al, 1995) E. HBV, ~35nm (Wynne et al, 1999) F. NωV,

~41nm (Canady et al, 2001) G. PBCV-1, ~190nm (Yan et al, 2000).
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three categories. 1) Nanomaterials that are under active development for drug and gene 

delivery for therapeutic purposes: AAVs (Adenoassociated viruses) CCMV, Dps-L, H-

ferritin 2) Those that pose a major threat to human health (HBV: Hepatitis B virus) 3) 

Model and proof of concept systems NωV (Nudaurelia capensis omega virus) and PBCV-

1 (Paramecium bursaria chlorella virus).  

Our comparison points to a complex relationship between the diameter, T-numbers, 

and protein-protein interactions of the virus/protein cages to its rigidity. Our work shows 

that QCM-D acts as a common platform to not only compare biological entities amongst 

themselves but also with their nanomaterial counterparts while providing insights into both 

biology and material design.  

Materials and Methods 

QCM-D Experiment 

The viscoelastic properties of different protein cages were explored by using QCM-

D (Q-Sense D300 system, Q-Sense AB, Goteborg, Sweden). For these measurements, gold 

coated quartz crystal (AT cut) with a fundamental resonant frequency of 5MHz was used. 

Baseline was established with their respective storage buffers and recorded for 10 minutes. 

Each sample (0.01mg/mL, 0.6mL) were then gradually deposited on the crystal and 

allowed it to stabilize for 45min. To remove the loosely bound viral particles, gold surface 

was then washed with 0.6mL of same buffer for 10min. For Nudaurelia capensis omega 

virus, after wash step, another buffer exchange step with pH 5.0 buffer was introduced and 
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sample were allowed to incubate for 2 hours. Buffer exchange control was run to take into 

account the buffer exchange effect. 

After every run, gold surface was cleaned and regenerated by soaking the crystal in 

a 1:1:5 mixture of H2O2 (30%), NH3 (25%), and distilled water at 60oC for 15min followed 

by exposure to UV light in UV chamber for 10 min. All samples were run in random order 

in triplicate and every time fresh cleaned crystal was used. Frequency and dissipation 

values were obtained at fundamental frequency 5MHz and three overtones (15MHz, 

25MHz and 35MHz). Rigidities were calculated by taking the ratio of change in frequency 

to change in dissipation, |ΔF/ΔD|.  

Rigidity Modeling 

We developed a theoretical model to understand the relationship between the 

diameter of the shell and its rigidity. We considered an icosahedral virus particle in buffer 

with hydrodynamic diameter of π. When the virus is overlaid onto a QCM-D quartz crystal 

and the crystal is excited, the virus is subjected to shearing forces from the surrounding 

buffer. These shearing forces cause stress and strain on the virus particle where stress is 

defined as the shearing force acting per unit virus surface area and strain is defined as the 

distortion occurring in the virus due to the force applied. A ratio of the stress to the strain 

is defined as the shear modulus and is a well-known parameter to describe the rigidity of a 

substance, in this case, the virus. The classical representation of shear (26) is given by, 

𝐹

𝐴
= 𝑆 

Δ𝑥

𝑦

Where F is the shearing force exerted by the liquid, A is the area on which the force is 

being exerted, S is the shear modulus, ∆x is the distortion occurring and y is the 
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length/diameter. Shear stress is expressed in SI Δf/ΔD units as Pascals (N/m2) and shear 

strain is unitless. Therefore, shear modulus is also expressed as Pascals.  

To attain a reasonable representation of the model we assumed that a) the virus 

particle with its hydrodynamic shell is a sphere, b) the force applied on the virus is constant 

during the course of all experimental runs and c) the virus particle on the crystal does not 

disintegrate due to the force applied. Virus particles are generally very rigid entities and 

resist high internal pressures to package their genomes (27, 28) and have been known to 

resist large external forces by AFM (29, 30). With these assumptions in place, we estimated 

that the area that the shearing forces act on would be equal to 2πr2 where r is the radius of 

the hydrodynamic shell. The length of the virus in this case is the diameter, π. There are 

three possible scenarios with the deformation of the virus. a) ∆x is constant for all viruses. 

In other words, the amount of change observed in all tested samples is relatively equal. For 

the ease of calculation and understanding we assigned an arbitrary value of 10 Δf/ΔD units 

to ∆x. Inputting these values into the equation, we get 𝑆 =  
𝐹

5𝜋2. In scenario b) ∆x increases 

with increase in virus particle size. For simplicity, we increased x by 1 unit with each 

increase in size of the virus. For example, if the virus size increased from π to 2π, we 

increased ∆x from 10 to 11. And finally scenario c) was the opposite of scenario b, where 

∆x decreased with each increase in virus particle size. For example, we decreased x by 1 

unit with each increase in size of the virus. We then calculated S for viruses with diameters 

2π, 3π and so on in all three scenarios. The three graphs obtained for the different virus 

diameters are plotted in Figure 5.3. 
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Results and Discussion 

Small Protein Cages Exhibits Higher Rigidity 

To explore the trend in rigidity across small and larger protein cages (viruses) 

QCM-D data was collected for the whole library (Table 5.1).  

Table 5.1. QCM-D library of different protein cages 

The smallest protein cages in the library are Dps-L and human H-ferritin. Dps-L is 

a 10nm, dodecameric cage-like particle isolated from the hyperthermophilic archaeal 

species Sulfolobus solfataricus. This is primarily involved in cellular response to oxidative 

stress. 24 subunits of recombinant human H-ferritin self-assemble with an octahedral 

symmetry into a 12nm empty shell and function to direct bio-mineralization of iron and 

maintain iron homeostasis. Our previous work with Cowpea chlorotic mottle virus 

(wtCCMV), was the first time QCM-D had been used to compare rigidities of viruses and 
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virus based nanomaterials (18). Comparing the values for Dps-L and H-ferritin to 

wtCCMV, an increase in rigidity was observed with decrease in particle size. Dps-L 

showed an increase of 37 Δf/ΔD units (~71%) while H-ferritin showed an increase of 21.2 

Δf/ΔD units (~42%) in rigidity. While the data fit into scenario #2 of our theoretical rigidity 

model well, it was intriguing that with a size reduction of only 3nm, Dps-L showed an 

increase in rigidity of 15.8 Δf/ΔD units (~70%) over H-ferritin. 

Cross Linking Leads to High Capsid Rigidity 

Adding the modified versions of CCMV (X-linked and M-X-linked) to this 

comparison provided a more significant perspective. X-linked CCMV showed an increase 

in rigidity of 34.2 Δf/ΔD units compared to its wildtype counterpart and almost all of this 

increase could be attributed directly to the cross-linking. With Dps-L, the rigidity was about 

2.8 Δf/ΔD units (~5%) higher than the X-linked. Taking these two comparisons together, 

we could say that the strength of protein-protein, protein-nucleic acid and cross-linking 

interactions in X-linked are equivalent to about 95% of the strength of protein-protein 

interactions seen in Dps-L. Out of the 95%, 30% are contributed by native protein-protein 

and protein-nucleic acid interactions while the remaining 65% are due to the cross-links.  

H-ferritin, on the other hand, shows 13 Δf/ΔD units with lower rigidity than the X-linked.

A comparison as above shows that the strength of protein-protein interactions in H-ferritin 

could be equivalent to ~74% of that in X-linked. Further, the rigidity imparted due to 

mineralization alone could be seen in the 9.4 unit increase (~16%) in M-X-linked compared 

to X-linked.  

C- Terminal Domain in HBV Leads To
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Increase in Protein-Protein Interactions 

This was a very striking observation and showed that the protein-protein interaction 

in small cages contribute to the higher rigidity. To further validate our observation to bigger 

cages, we tested the empty nucleocapsid core of Hepatitis B virus (HBV), a dsDNA virus 

with a nucleocapsid core diameter of ~35nm. HBV is an enveloped virus with T=4 

icosahedral symmetry and is the cause for Hepatitis B induced liver cirrhosis and cancer. 

This choice of sample was prompted due to three reasons. i. HBV is a DNA virus that 

infects animals, similar to AAV. ii. HBV is a T = 4 virus like NωV though smaller in size 

iii. HBV has had very big health and economic implications on the society. We compared

the nucleocapsid core assembled in vitro using truncated (residues 1-149) and non-

truncated capsid core (1-183). Truncated and non-truncated wt-HBV gave a value of 7.7 

and 15.0 Δf/ΔD units respectively (Figure 5.2). This shows that presence of CTD (C 

terminal domain) (150-183) provided rigidity (48% higher) to the capsid without increasing 

the capsid diameter. This strongly suggests that presence of extra amino acids leads to an 

effective interaction among coat subunits. Results were even more interesting while 

comparing the mutant EEE (three CTD serines were replaced with glutamate) and wild 

type non-truncated HBV samples. Mutant HBV showed a slightly increase in the rigidity 

(1.0Δf/ΔD unit) in comparison to wt HBV (Figure 5.2). A previous study comparing non-

truncated mutant and wt HBV has suggested that in mutant HBV is more thermally stable 

due to enhanced electrostatic interactions and also much slower rate of proteolytic cleavage 

than wild type (19). Therefore, higher rigidity was expected and we showed that QCM-D 

has the potential to detect even small changes in the structure. This is another relevant 
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example where proteins interactions contribute to increase in rigidity rather than increase 

in size. 

 

 

 

 

AAV5 Exhibits Highest Rigidity  

among Tested Adeno-Associated Viruses 

Inspired by the results from more complicated T=4 (240 subunits) HBV capsid, we 

sought to investigate a lesser complicated T=1 (60 subunits) human virus AAV capsids. 

Different serotypes of Adeno-associated virus (AAV1, AAV2, AAV5 and AAV8) were 

tested. There were 3 main reasons to test AAVs: i. AAV is an animal virus containing 

ssDNA, unlike CCMV, ii. AAV is a T=1 virus unlike HBV and with similar diameter to 

T3 

T1 

T4 

T3 T4 

T4 

T169 

T3 

Figure 5.2: Rigidity, size and T-number of the various samples used in the study. The 

column graph (y1 axis) represents the rigidity (|Δf/ΔD|) values while the respective sizes 

of each of the samples are represented using the line plot (y2 axis). The T numbers of the 

samples are listed on the top of their respective columns. Note that Dps-L and H-ferritin 

do not have a T-number listed on them. These are not viruses and hence are not classified 

according to the Caspar and Klug principles of virus structure (31).   
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CCMV (~29nm). iii. The 4 different serotypes belong to different clades (20) and have 

different solution phase properties (21). From the rigidity model, we predicted that the 

AAVs would have values similar to CCMV though this was not the case.  AAV5 showed 

the highest rigidity at 25.8 Δf/ΔD units closely followed by AAV8 at 25.6 Δf/ΔD units, a 

~40% increase in both cases compared to wtCCMV. AAV2 and AAV1 were at 22.2 and 

20.1 Δf/ΔD units, a ~30% and ~23% increase respectively. From the previous work on 

AAVs, we know that AAV5 also showed the highest thermal and proteolytic stability. So, 

it was not surprising to see it at the top of the rigidity list too. AAVs followed the same 

trend as HBV where increase in rigidity in rigidity is observed without a change in 

diameter. What intrigued us was the relatively high rigidity of all the AAVs compared to 

similar sized CCMV. The AAVs did not fit into our current rigidity model but this also led 

us to factors other than size that could have an influence on rigidity. 

Nωv Shows a High Rigidity Despite a Bigger Size 

In recent years, the structure and the biophysical properties of (NωV), another T=4 

virus, have been characterized to a point where it is now considered a model system for 

maturation in ssRNA viruses. Maturation involves the reduction in virus size from a 45nm 

procapsid at pH 7 to a 41nm capsid at pH 5. The procapsid is spherical with the subunits 

arranged as dimers while the capsid has the subunits arranged as trimers and in an 

icosahedron. More importantly, at the lower pH an autoproteolytic cleavage event is 

triggered which makes the transition from procapsid to capsid irreversible. It is easy to see 

why NωV acts as a great model platform for this work. It provides the option to test both 

the effect of size and the change in surface area of protein in a single system. In our studies, 
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we tested both forms with their genome packaged. It was surprising to see that even with a 

size change of ~4nm, the rigidities of the two forms were essentially the same and were 

17.5 and 18.2 for the procapsid and capsid respectively. With respect to the rigidity model, 

these values were much higher than expected for a virus of this size. An interesting thing 

to note here is that the NωV tested here is not an empty capsid, therefore, coat proteins and 

genome interaction plausibly contribute to high rigidity.  

PBCV Exhibits Least Rigidity in the Library 

Viruses come in a diverse set of sizes and we are willing to test other 

macromolecular system that did not fall into or was even close to the size ranges (10-

45nm). To test the validity of our hypothesis, we extended our QCM-D study to a larger 

and much more complicated system. So, we collected data on   PBCV-1 a 190nm, algal, 

dsDNA virus. PBCV-1 has a T=169 icosahedral symmetry and contains ~150 gene 

products in the mature virion. Although it is an algal virus, a related virus (ATCV-1) has 

been recently found in the oropharyngeal samples of healthy adults and has been associated 

with decrease in cognitive functions in human and mice (22). PBCV-1 not only represents 

the largest virus we’ve tested, but also has a highly complex virus structure as seen from 

the number of gene products incorporated into the mature virion. It also gave us the smallest 

rigidity value, 4.1 Δf/ΔD units, among all the viruses tested.   

Δf/ΔD Ratio Corroborates With The  

Proposed Theoretical Model with Some Outliers 

With the data from several different viruses and protein cages in hand, we compared 

our theoretical model with the collected data. The QCM-D data is plotted in Figure 4 along 
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with the data fitted to a single exponential fit. When this is compared to the previously 

simulated theoretical model, we noticed that the QCM-D data fits reasonably well to the 

proposed model. While the first two scenarios indicate predictable behavior for any 

hydrodynamic shells, this final scenario indicates that with an increase in size of the shell, 

resistance to distortion is observed. This could happen only if shells become more rigid as 

they become larger. In the context of protein shells, this is counterintuitive as we would 

expect proteins to behave mostly according to scenario 2. 

Figure 5.3: A scatter plot of simulated rigidity versus simulated diameter. Three 

different scenarios involving the change in strain are shown here. The term “Constant 

x” is used to describe a constant absolute amount of strain irrespective of the diameter 

of the sample being tested. “Increasing x” is used to describe a proportionate increase 

in strain with increase in diameter of sample. Similarly, “Decreasing x” is used to 

describe a proportionate decrease in strain with increase in diameter of sample.   
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Though it is difficult to precisely point out whether it fits scenario 2 or scenario 3 

(Figure 5.3). We could speculate and say that with an increase in the size of the virus, there 

would be an increase in the distortion. This puts our data in the regime of scenario 3. We 

noticed a decreased in rigidity along with an increase in diameter. This observation is valid 

till the comparison is among different protein cages. But this is not consistent when we 

compare the rigidity trend with in group example AAVs and HBVs. In both groups, 

different rigidity in different serotypes were observed without a change in diameter. The 

outliers to our data are also plotted in Figure 5.4.   

Figure 5.4: A scatter plot of rigidity (|Δf/ΔD|) vs the Diameter of the samples seen in 

Figure  5.2. The triangular markers represent a subset of the samples which were used to 

generate an exponential fit, shown as the dashed line. The square markers represent data 

from  M-X-linked, X-linked, truncated HBV (1-149), NωV capsid and procapsid 

samples. These were considered outliers.  
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Outliers include modified CCMVs, truncated HBV(1-149) and NωV. We expected 

modified CCMV as one due to induced interactions by means of cross linking. NωV came 

up as a really surprise where a high rigidity is observed that could be a combined effect of 

increased inter-coat proteins and genome-coat proteins interaction. HBV (1-149) is a 

nucleocapsid core made up of truncated dimers, hence not surprised to see as outliers. 

Rigidity and Triangulation  

Numbers Shows No Direct Relationship 

Although virus structures are considered best represented by their T-numbers, it is 

clear here that there are some subtle and not so subtle differences that also need to be 

accounted for. For example, while AAV and CCMV have similar diameters, their T-

numbers and rigidities are different. The AAV subunit protein is 3-4 times higher in 

molecular weight, occupies a much larger surface area, has many more protein-protein 

interactions and therefore has higher association energy in the capsid. All of these attributes 

contribute to the higher rigidity of AAV. On the other hand, NωV and HBV share the same 

T-number and still show very different rigidities with NωV being at least 10 Δf/ΔD units

(42-44%) higher than HBV. NωV capsid protein has 4 times higher molecular weight than 

that HBV capsid protein and consequently has a much larger surface area available for 

protein-protein interactions. This could enhance the overall rigidity of the NωV capsid as 

well as the procapsid. It is also important to note that the HBV sample was the empty 

nucleocapsid core assembled from non-truncated proteins is relatively less rigid despite 

belong to high triangulation number and relatively smaller size than NωV. Nevertheless, 

the observed difference is significant and may indicate that the nucleocapsid cores of 
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enveloped animal viruses are more flexible than previously thought. In fact, a recent study 

observed disordered nucleocapsid cores in Rossriver virus (24) an enveloped T=4 

alphavirus. This disorder could presumably facilitate genome release upon infection. The 

assembly competent HBV capsid protein has no known human homolog and therefore is a 

prime therapeutic target. Knowledge about the physical properties of HBV would promote 

rational and more efficient drug design.   

While on one end of this size spectrum stand the small protein shells, Dps-L and 

H-ferritin, the other end is described by PBCV-1, one of the largest viruses discovered.

While Dps-L and H-ferritin are not icosahedral and cannot be assigned a T-number, PBCV-

1 has a T-number of 169 with 5040 total proteins forming its shell. A straightforward 

comparison of hydrodynamic diameter tells us that Dps-L and H-ferritin would have a 

much higher rigidity compared to PBCV-1. But a more detailed comparison helps us 

understand the effect of protein-protein interactions in these systems. The number of 

proteins and hence the number of protein-protein interactions in PBCV-1 are at least 2 

orders of magnitude higher than the Dps-L and H-ferritin. But, interestingly, this increase 

does not translate to an increase in rigidity of the whole structure.  

Drawing a direct correlation between size/symmetry to the rigidity of a virus 

particle could lead to incorrect interpretations. We suggests that the increased subunit 

interactions play a decisive role in deciding the global rigidity of the protein cages. This 

interaction can be independent diameter, size and triangulation number. A previous study 

involving simulations on AFM nanoindentations done on 35 different viruses (25) showed 

that mechanical properties of protein shells depend on T-number, the number of amino 
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acids, the mean capsid radius, the capsid width and most importantly the backbone and 

side chain interactions in the subunits. The simulations compared CCMV, HBV and NωV 

among other viruses. Cieplak et al found that the mechanical properties of the viruses tested 

are a not a direct function of size or the symmetry but are strongly correlated to the number 

of interactions each amino acid makes (25). In fact, the full range of small scale 

deformations and large irreversible transitions noticed by them could be observed using 

just the viruses in a radius range of 13.0-13.4nm. Cieplak et al also observed that the 

mechanical properties of viruses with large shell thickness showed a larger variation (25). 

In our study, we noticed a weak correlation between increasing shell thickness and 

decreasing rigidity with PBCV-1 showing the largest shell thickness and the lowest 

rigidity. That said, it is difficult to correlate shell thickness directly to rigidity with our 

current data as most of the shell thicknesses of our samples fall in the range of 5-10 nm 

with the exception of PBCV-1 (~19nm). 

Conclusions 

The QCM-D results presented here follow similar trends demonstrated with AFM 

and AFM simulations. However, there are several key points where the power of QCM-D 

shines. QCM-D values are generated in near physiological conditions where the samples 

are being subjected only to shear forces by the liquid medium, as would be the case in 

biological systems. We also demonstrate that with minimal changes to the measurement 

protocols, we are able to measure extremely altered virus particles (Ex: X-CCMV and M-

X-CCMV) and with the same speed and reproducibility. This positions QCM-D as a semi-
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high throughput method for viral particle characterization. While rigidity obtained from 

simple QCM-D analysis is central to the technique, it can also be used to measure the 

thickness of the deposited layer and carefully design thin films with desired properties. 

These are essential details needed for material synthesis using biological components.  
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CHAPTER 6 

CONCLUDING REMARKS 

The focus of this thesis has been to investigate the stability, biomechanical changes 

and dynamics of a tailed bacteriophage by applying multiple biophysical approaches. 

These biophysical parameters are important to understand the maturation of the capsid. 

Two viruses under study P22 and AAV are very diverse and both infects two different host: 

P22 infect bacteria and AAV infect humans. Our study shows that presence of metastable 

transitions in P22 set the foundation for the advanced quaternary interactions after 

expansion. These interactions results in enhanced hydrophobic core which provides the 

capsid stability and structural rigidity. Beside biology, advent of P22 as cargo nano-

container, further asks for the biophysical characterization of the synesthetic capsid. This 

study is important that we have been able to put together a suite of complementary 

techniques that has a potential to explore the other natural and synthetic macromolecular 

systems. Our research on AAVs show that lipase domain activation is not mediated by 

complicated mechanism involving low pH and receptors. Rather, prolonged incubation is 

enough to circumvent the liposomal membrane to show the lipase domain activation. This 

study is very significant as AAVs are the vehicle for the gene transportation to treat 

different genetic disorders. We have been able to put together a method sensitive to detect 

event a trace amount of enzyme products. This LC-MS method has the potential to explore 

other of AAVs for understanding infection mechanism. This work also has the industrial 

application as lipase has been used for converting lipids to useful products for different 
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applications. Our set up has the ability to detect different products through efficient 

chromatography. Therefore, work in this thesis presented is important for many in-vivo and 

in-vitro applications. 
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 2 

SUPPLEMENTARY MATERIAL 
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Figure S1. It shows the circular dichroic thermal scan spectra of (A) procapsid (B) empty 

shell (C) expanded shell (D) wiffle ball. Samples were heated in the temperature range 

of 25°C to 95°C. CD scans exhibited of all four morphological forms showed single 

structural transition until loss of secondary structure at 90°C.(x axis represents change 

in circular dichroic signal and y axis represents scan wavelength). 
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Figure S2. Labeled P22 neighboring subunits for SESA calculations 
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Table S1. Intersubunit buried surface area 
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Table S2. Association energy calculation for P22 models 

A. 

B. 

2xyy (PC) 2xyh (EX) 

Interface Symmetry 
Association energy 

(kcal/mol) 

Association 

energy (kcal/mol) 

A1-F1 Q-6 -3 -20.4

E1-F1 Q-6 -11 -25.4

A1-B1 Q-6 -3.5 -25.8

C1-D1 Q-6 -4.1 -17.6

G1-G2 I-5 -8.6 -35.5

B1-C1 Q-6 -6.6 -19.5

D1-E1 Q-6 -4.8 -19.7

Sum -41.6 -163.9

3iyi (PC) 3iyh (WB) 

Interface Symmetry 

Association energy 

(kcal/mol) 

Association 

energy (kcal/mol) 

A1-F1 Q-6 -1.7 -5.7

A1-F2 Q-3 -7.2 -13.8

E1-F1 Q-6 -0.5 -17.1

B1-C1 Q-6 -4.4 -17.2

B1-E2 Q-3 -12.7 -23.6

D1-D7 I-3 -5.5 -24.1

B1-C10 Q-3 -14.2 -24.6

C7-E1 Q-3 -13.9 -28.7

Sum -60.1 -154.8

http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=A1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=E1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=A1-B1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=C1-D1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=G1-G2&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=B1-C1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=2xyz&face=D1-E1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=A1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=A1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=A1-F2&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=A1-F2&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=E1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=E1-F1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=B1-C1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=B1-C1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=B1-E2&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=B1-E2&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=D1-D7&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=D1-D7&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=B1-C10&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=B1-C10&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyi&face=C7-E1&data=association_nrg
http://viperdb.scripps.edu/energy_plot1.php?VDB=3iyh&face=C7-E1&data=association_nrg
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Figure S1. ESI-MS spectrum of mixed lipase products generated by heat activated 

AAV2 lipase domain. 

Figure S2. Comparison of lipase activity of AAV9 in non-heat, heat induced, and 

prolonged incubation with liposome conditions.  Integrated area of lysoPC is plotted 

versus incubation time. 
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Figure S3. Comparison of the % specificity of the cleaved product generated by heat 

activated and non-heated activated (prolonged incubation) AAV9 lipase. Both specific 

PLA2 and non-specific PLA1 products are observed.  

Figure S4. ESI-MS spectrum of mixed lipase products generated by heat activated AAV9 

lipase. 




