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ABSTRACT OF THE DISSERTATION 
 
 
 

Molecular Models for the Assembly and Replication of Hepatitis B Virus 
 
 

by 
 
 

Jehoon Kim 
 
 

Doctor of Philosophy 
Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, March 2015 
Professor Jianzhong Wu, Chairperson  

 

Hepatitis B virus (HBV) infects more than 2 billion people alive today and is 

responsible for over 1 million deaths caused by acute and chronic hepatitis and 

hepatocellular carcinoma every year. Although remarkable progress has been made in 

recent years, effective treatment and eradication of chronic HBV infection remain as a 

tremendous therapeutic challenge. Experimental investigations over the past few decades 

have resulted in vast information on the characteristic features of viral replication and 

molecular structures of the HBV genome as well as the viral proteins. However, it has 

long been recognized that the viral replication process is regulated by a balanced 

interaction of the geometric material and its viral proteins in a crowded cellular milieu 

that is hardly detectable with direct experimental means. Molecular modeling that 

provides a quantitative analysis of important intermolecular interactions will be 

invaluable for unraveling the microscopic details of physicochemical processes 
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underlying viral formation and replication cycle and for designing new experiments to 

develop novel anti-viral strategies.  

This Ph.D. research focuses on molecular modeling of capsid formation, genome 

packaging and maturation of HBV particles under various mutagenesis and physiological 

conditions. A suite of theoretical models has been developed to facilitate better 

understanding of the fundamentals of viral replication cycles and enabling new 

therapeutic breakthrough for future treatment of HBV infection. Specifically, I applied an 

effective coarse-grained model for the key viral components and quantified the stability 

of nucleocapsids based on statistical mechanics. The theoretical model yields faithful 

results for describing the effects of temperature and ion concentration on viral particle 

formation, supporting an experimentally derived hypothesis that suggests the balanced 

electrostatic interaction for the capsid stability and genome encapsidation. In addition, I 

analyzed the thermodynamic basis for the viral genome packaging, the dynamic 

structures of nucleocapsids at different stages of the replication cycle, and the correlation 

between the viral structure to the maturing signals of HBV nucleocapsids by using the 

classical density functional theory (DFT). The DFT analysis provides a quantitative 

description of the microscopic structure of the protein-RNA/DNA complex underlying 

nucleocapsid formation and the related thermodynamic properties. The theoretical 

predictions on the optimal genome length and nucleocapsid structure are in good 

agreement with available experiments for the wild type HBV and mutants with truncated 

C-terminal domain of the capsid proteins. To establish concrete connection between the 

capsid structure and HBV maturing signals, I further investigated molecular recognition 
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between viral envelope and capsid proteins. Specific protein-protein interactions were 

identified through molecular docking and molecular dynamic (MD) simulations. It is 

expected accomplishments from this work will contribute to broadening a fundamental 

understanding of the HBV replication cycle.   
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Chapter 1. Introduction 

 

1. 1 Background of HBV 

Hepatitis B virus (HBV) causes acute and chronic liver diseases such as 

hepatocellular carcinoma1, 2. The estimated number of HBV carriers is about 350 million 

worldwide. Although HBV vaccine was developed decades ago and there have been 

tremendous progress in understanding the biological basis of the viral replication cycle, 

current medical treatments are unable to eliminate the HBV infection3.  

As shown in Figure 1, a HBV virion (i.e. Dane particle) has a double layered 

structure with an inner icosahedral capsid core and an outer proteolipid envelope. The 

capsid is formed by 180 or 240 copies of the core protein (HBc) arranged in a icosahedral 

structure with a triangulation (T) number 3 or 4. Virions with the T4 capsid are the major 

form under the physiological condition. A T4 virion has an inner capsid shell of 28 nm in 

diameter and an outer envelope shell of 44 nm in diameter4-6.   

A wild-type core protein (HBc) consists of 183 amino-acid (aa) residues, with an 

assembly domain (1-140 aa), a linker (141-149), and the C-terminal domain (CTD, 150-

183 aa). The assembly domain has a rigid structure and contributes to the construction of 

the capsid scaffold. Both the linker and the CTD are flexible; the latter is often termed as 

a ‘protamine tail’ because it riches in arginine residues7, 8. Because of the strong 

electrostatic interactions between the CTD tails and oppositely-charged genomic 

materials, HBV nucleocapsids are thermodynamically more stable than empty capsids9, 

10. If the CTD is truncated by mutation, the CPs are unable to encapsidate the full content 
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of the pregenomic (pg) RNA, producing capsids with only a smaller amount of DNA or 

empty capsids7. 

CTD has three phosphorylation sites (S155, S162 and S170), which are important 

for regulating the HBV life cycle7, 11. It has been shown that the CTD chains are 

phosphorylated at the early stage of viral replication (with pgRNA or intermediate 

DNA)12, but are dephosphorylated at the matured stage (with dsDNA)13, 14. Replacing 

those serine residues with charged amino acids to mimic the transient phosphorylation 

state affects pgRNA encapsidation and DNA synthesis15-18.  

The CTD chains are also know to play an important role in viral replication 

because only phosphorylated capsids were allowed to transport into cellular nucleus19. 

Whereas the assembly domain of HBV capsids has a rigid structure, the distribution of 

CTD chains is highly dynamic and changing in response to the evolving genome19-24.  

The capsid shell is fenestrated with symmetrical pores that allow mass transport 

and the extrusion of the CTD tails25-27. Apparently, the distribution of the CTD tails plays 

a key role in genome packaging, nuclear entry, capsid envelopment and egress. In 

addition to pgRNA packaging and reverse DNA polymerization7, 8, it has been recognized 

that the CTD tails are involved in signaling capsid maturation22, 28, 29.  

The viral envelope is composed of the surface proteins (HBs) imbedded in a lipid 

bilayer membrane. The glycoprotein expresses in three forms (small, middle and large), 

differing in terms of the extended N-terminal domains (Pre-S1 or Pre-S2) after a common 

S domain. The small form (S-HBs) has 226 amino-acid (aa) residues, which are 

associated with lipid having four trans-membrane domains. Meanwhile, an additional 
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Pre-S2 (55 aa) exists in the middle form (M-HBs), and Pre-S1 (108 aa) plus Pre-S2 

extension in the large surface protein (L-HBs). Such Pre-S domains are flexible 

polypeptide chains, not imbedded in the lipid membrane. The S and L form of HBs are 

required for envelopment and infectivity but the M-HBs is not essential for virion 

formation27, 30. 

In addition to the virion, HBV replication results in protein particles secreted from 

the infected cells. The so-called subviral particles (SVPs) have either a spherical or  

filamentous shape of variable lengths with 22 nm in diameter. SVP mainly consists of 

lipid and envelope proteins devoid of the capsid core31. In the serum of a HBV patient, 

SVP outnumbers the virion particles. However, the biological function of SVP remains 

little known. It has been suggested that SVP contributes to persistent viral infection by 

enhancing the immune tolerance32. A spherical SVP is predominately composed of S-

HBs, but a tubular SVP is rich in L-HBs33. SVPs may induce immunological responses 

the same as the virion, and thus they can be used as effective immunogens for HBV 

treatments. The first human vaccine for HBV was developed from expression of S-HBs 

particles in yeast34.  

A critical step in HBV replication entails nucleocapsid binding with a pre-Golgi 

membrane before undergoing the secretory pathway32, 35. It was shown that L-HBs play a 

critical role in envelope formation36, as well as in signaling subsequent interactions with 

the receptors of hepatocytes37. The Pre-S domain located either at inside or outside of the 

viral membrane. It has been suggested that the internal Pre-S domain mediates the 

interaction of L-HBs with cytosolic nucleocapsids38, 39. Mutagenesis studies also 
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indicated candidate residues in HBc that interact with the envelope. Those residues are 

located at the tip of the HBc spike40, or around the base of the 4-helix spike where the C-

terminus residues are distributed close to the capsid pores41. Many questions remain on 

how the envelope and the capsid are associated in a HBV virion. One of the key 

questions is whether there are specific protein-protein interactions between HBs and 

HBc. Although electron microscopy analyses on the HBV virion point to a non-

icosahedral arrangement of HBs in the envelope42, Seitz et al revealed distinct packaging 

rule of HBs, implying specific interactions of the envelope with the capsid43.  

The pregenomic(pg) RNA is packaged into the lumen of capsid at the early stage 

of HBV nucleocapsid formation. It is within the capsid where the pg-RNA is converted 

into first a single-stranded (ss) DNA and then into a partially double-stranded (ds) DNA. 

Capsids containing the evolving genome at any stage can be found in hepatocyte cells. 

Interestingly, the secreted virion particles contain only matured nucleocapsids with a 

partially dsDNA or empty capsids44, 45. It has been hypothesized that immature capsids, 

i.e., those capsids with RNA or ssDNA chains, are not able to develop into a virion 

because the viral genome maturation induces a change in the capsid structure that signals 

envelopment46. This hypothesis corroborates at least in part previous mutagenesis 

experiments. It has been shown that the DNA synthesis and capsid envelopment were 

blocked by C-terminal truncation of HBV core proteins47, and that an inhibition of the 

reverse-transcriptase prohibits the maturation of nucleocapsids and their secretion48, 49. It 

has been suggested that the maturation signal arises from a structural difference in 

capsids with RNA and dsDNA50. HBV maturation may also be affiliated with the 
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phosphorylation state of capsid proteins13, 51, 52. For example, a point mutation of 

isoleucine to leucine at 97th amino-acid (aa) residue in the core protein (I97L) allows the 

envelopment of the immature capsids53. The I97L mutation changes the capsid 

conformation, exposing the envelopment signal at the early evolving stage50. It is also 

known that the additional mutation of proline to threonine at 130th aa (P130T) of the 

capsid proteins inhibits the premature signaling by I97L, and restores into wide-type 

maturation signal of HBV capsids54.  

From a therapeutic perspective, the HBV-polymerase has been well-recognized 

target for inhibiting the replication process, and several nucleoside-analogs have been 

utilized for treatment of HBV infection55-58. On the one hand, tremendous on-going viral 

studies aim to discover new polymerase inhibitors with increased the drug efficacy and 

resistance (e.g.,59, 60). On the other hand, there are numerous theoretical approaches to 

developing alternative anti-viral strategies, such as improving the vaccine treatment and 

immunogenic therapy(references?).  

The viral capsid assembly has been investigated extensively in the literature, 

mostly through atomistic simulations (e.g.,61, 62). The theoretical analysis is mostly 

limited into a certain range of parameters due to the requirement of large number of 

atoms and a long simulation time for representing the assembly pathway. One way to 

deal with such a limitation is by adoption of coarse-grained approaches and continuum 

modeling methods63-65. The semi-empirical methods can be used to rationalize the 

assembly thermodynamics in accordance with experimental measurements66-69. In 

addition, there have been a number of modeling efforts focused on genome packaging70-
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74, or the packaged genome conformation75, 76. In addition to thermodynamic properties, 

the coarse-grained models are applicable to study interesting dynamic properties of viral 

capsids62, 64, 65, 77 and viral maturation78-80. In stark contrast to the experimental literature, 

theoretical investigations are often concerned with the generic nature of viral self-

assembly rather than a specific virus like HBV. Regrettably, a general perspective  

provides little HBV specific information.   

 Several theoretical studies have contributed to understanding of the assembly 

thermodynamics and kinetics for the formation of empty capsids for HBV, 63, 81, 82. In 

particular, the empty capsid models provides a good starting point to investigate the  viral 

assembly process. Besides, it provides useful information to find inhibitors of viral 

assembly83-85.   

1. 2 Dissertation organization 

This dissertation is focused on the theoretical investigation of thermodynamic 

properties of HBV nucleocapsids such as the stability, basis of genome packaging, 

structural dynamics in replication cycles, the capsid-envelope interactions and the 

correlation to the maturation transition. The eventual goal is not only on the formation of 

empty capsids, but also on the formulation of effective nucleocapsid models that allows 

to evaluate the entire genome mediated viral processes. 

Chapter 2 covers the basic formulism of the classical density functional theory 

(DFT). Special attention is given to the construction of excess Helmholtz energy 

functional for the polyelectrolyte system considered in this work, including those related 
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to the hard-sphere repulsion, the chain connectivity, the direct Coulomb interaction, and 

the electrostatic correlations. 

Chapter 3 proposes a molecular thermodynamic model for predicting the stability 

of Hepatitis B virus (HBV) capsids either with or without nucleic acids. Based on coarse-

grained models for the key viral components, the stability of the viral particles is 

quantified in response to physiological cellular conditions with an explicit consideration 

of the hydrophobic association of capsid subunits, the electrostatic interactions, the 

conformational entropy and the excluded volume effects of all biomolecular species. 

Chapter 4 presents the microscopic model for the dynamic structure of HBV 

nucleocapsids. The DFT calculations provide useful information on the radial 

distributions of individual amino-acid residues of the CTD tails for both the empty and 

RNA-containing capsids . The theoretical data correspond well with recent experimental 

studies on the transient CTD distribution. 

Chapter 5 presents a thermodynamic basis of the pregenomic (pg) RNA 

encapsidation in HBV. The electrostatic regulation process in genome packaging is 

examined with detailed consideration of capsid properties including the accessibility of 

C-terminal domains (CTD) of the core proteins into outside capsid. The optimal RNA 

amount in nucleocapsids with variant CTD length is predicted with explicit consideration 

of all nonspecific interactions among key viral components,  

Chapter 6 investigates the capsid core - envelope association. The specific 

interaction between Pre-S domain of large surface protein (L-HBs) and the core protein 

(HBc) of HBV is determined by MD simulation and molecular docking analysis. The 
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binding site is identified for the interaction between HBc and a peptide fragment of L-

HBs related with the molecular recognition, and the binding free energy is calculated. 

The theoretical results lead to a new model for the selective HBV envelopment 

mechanism.   

Chapter 7 presents a statistical-mechanical investigation of hydrophobic effect, 

which constitutes an essential component of biomolecular interactions in general.  

Aiming at a more precise description of hydrophobicity from a molecular perspective, 

this study examines the structure of water molecules near a hydrophobic solute by a 

combination of thermodynamic analysis for Henry’s constants of several nonpolar gases 

over a broad range of temperatures and molecular dynamic simulations for the hydration 

energies using two popular molecular models of liquid water. 

Finally Chapter 8 summarizes key conclusions from this dissertation and 

perspectives for future work.  
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Figure 1. Schematic of a HBV virion with T4 capsid  
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Chapter 2. Basic Concepts of Classical Density Functional Theory  

  

 This chapter outlines the basic formulism of classical density functional theory 

(DFT). In comparison to conventional methods in molecular simulations, DFT is 

significantly more effective in quantifying the thermodynamic and microscopic structural 

properties of complex fluid systems from a molecular perspective. However, it requires 

various approximations for the free-energy functionals in terms of the one-body density 

profiles underlying the microscopic structure of molecular systems. In essence, DFT 

provides quantitative relationships between thermodynamic properties and microscopic 

structure. While molecular simulation is extremely time consuming for free-energy 

calculations, numerical implementation of DFT relies on variational computation for the 

equilibrium density profiles and the corresponding thermodynamic properties, which 

makes it computationally very efficient. The mathematical procedure is naturally 

applicable to complex molecular systems with intermolecular interactions spanning 

multiple time and length scales.  

2. 1 Density Profile 

 Density functional theory expresses the properties of a multi-body system in 

terms of the density profiles, i.e., the ensemble-averaged spatial-temporal distributions of 

individual elements (particles). Intuitively, the molecular density profiles represent the 

average spatial distributions of molecules. To illustrate this mathematical concept, 

consider a monatomic system with N identical spherical particles. At a given 
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configuration of the multi-body system, the instantaneous particle density at position  is 

a summation of the Dirac delta-functions:  

 , (2.1) 

where  stands for the 3-dimensional Dirac delta function 

 . (2.2) 

The Dirac function can be understood as a probability density to find the particle at 

position ; it satisfies the normalization condition 

 . (2.3) 

The density profile is defined as an ensemble average of the instantaneous local density 86 

 . (2.4) 

The density profile of a multi-body system is intimately related to its 

thermodynamic properties. For a one-component system with N identical spherical 

particles considered above, we may write the grand partition function  as 

  (2.5) 

where  stands for the thermal wavelength;  is a short notation for , 

i.e., the configuration of all particles in the system;  represents the total interaction 

potential among these particles;  is the chemical potential;  is the one-body 
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external potential, , and  is the Boltzmann constant. The one-body profile

 is given by 

 . (2.6) 

We can rewrite Eq. (2.6) in terms of a functional derivative of  with respect to the one-

body external potential 

 . (2.7) 

Because the grand potential  is defined as  

 . (2.8) 

Substituting Eq. (2.8) into Eq. (2.7) yields a simple relation between the one-body density 

profile and the grand potential 

 .  (2.9) 

2. 2 Density Functional Theory 

The basic ideas of DFT can be traced back to van der Waals’ pioneering work 

published in the late 19th century that concerned with the surface tension of a vapor-liquid 

interface. Functional minimization of the free energy was utilized as a criterion of 

equilibrium for inhomogeneous systems87. Modern developments in classical DFT is, 

however, based on the Hohenberg-Kohn (HK) theorem88, which states that, in an 

equilibrium system at a given temperature and the chemical potentials of individual 

species, the one-body external potential for each species can be uniquely determined by 
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the corresponding one-body density profile. The HK theorem enables the definition of 

intrinsic Helmholtz free energy, a thermodynamic quantity for inhomogeneous systems 

that is independent of the one-body external potentials89. For a one-component system, 

we can write the intrinsic Helmholtz energy  as   

 , (2.10) 

where  denotes the conventional Helmholtz energy. The conventional and intrinsic 

Helmholtz energies are related to the grand potential  

 . (2.11)  

Because the one-body external potential for each species can be uniquely 

determined by the corresponding one-body density profile, the intrinsic Helmholtz free 

energy and subsequently the grand potential are functionals of the one-body density 

profiles. According to the HK theorem, the equilibrium density profiles minimize the 

grand potential, i.e., for a one-component system, 

 . (2.12) 

Substituting Eq. (2.11) into Eq. (2.12) yields  

 . (2.13) 

Given an analytical expression for the intrinsic Helmholtz energy, the HK theorem thus 

provides a mathematical framework for solving the microscopic structure and 
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corresponding thermodynamic properties, viz., from the functional derivative of the grand 

potential with respect to the one-body density profiles.  

The mathematic procedure can be readily extended to mixtures including 

polymeric systems of interest in this thesis. In the latter case, we follow a coarse-grained 

model to describe polymeric species, i.e., polymers are represented as freely-joined 

chains of spherical particles. Approximately, the number of segments correspond to the 

degree of polymerization  and segment diameter  is about the same as that of a 

monomer. In consistent with the polymer model, we assume that monomeric species, 

such as cations and anions in an aqueous solution, can be represented by spherical 

particles of diameter  and the solvent is represented by a dielectric continuum. Clearly, 

the coarse-gained model does not provide atomic details. Nevertheless, we expect that it 

should be adequate for describing the properties of macromolecular systems significantly 

larger than atomic length scale.  

For most polymeric systems considered in this thesis, we assume further that, for 

simplicity, the bending potential or the effect of bond angles plays little role in both 

structure and thermodynamic properties. In that case, the polymer bond potential  

satisfies 

 , (2.14) 
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where  stands for the polymer configuration, i.e., a set of coordinates 

defining the segmental position . The proportionality constant in Eq. (2.14) is 

determined from the normalization condition 

 , (2.15) 

to  yield,  

 . (2.16) 

 For a multi-component system containing polymers and monomers, the grand 

potential can be expressed in terms of intrinsic Helmholtz free energy functional and one-

body external potentials,  

 , (2.17) 

where  is a set of differential volumes;  is a multi-dimensional 

polymer density profile as a function of the polymer configuration ;  is the 

segmental distribution of monomers;  is for the external potential of monomers, 

and  is the summation of the external potential of polymer segments, i.e. 

. As for a one-component system, the density profiles can be obtained 

from minimization of the grand potential and based on which thermodynamic properties 

can be calculated from standard thermodynamic relations.  
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2. 3 Intrinsic Helmholtz Energy Functional 

 For model systems considered in this thesis, the intrinsic Helmholtz energy can be 

decomposed into two parts: the ideal-gas term  and the excess term   

 . (2.18) 

The ideal-gas term can be obtained exactly; for a system of polymers and monomeric 

species, it is given by  

  .  (2.19)    

The excess intrinsic Helmholtz energy accounts for the thermodynamic non-ideality due 

to inter- and intra-molecular interactions. Unlike its ideal counterpart, the exact 

representation for the excess free energy is unknown. Indeed, attaining an accurate 

formulation of the excess intrinsic Helmholtz energy is critical to all DFT calculations.  

2. 4 Euler-Lagrange Equation 

For a polymeric system at equilibrium, the polymer and monomer density profiles 

can be determined from minimization of the grand potential (Eq. (2.12))  

 , (2.20) 

 . (2.21) 

The functional derivatives lead to a set of Euler-Lagrange equations: 

 , (2.22) 
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 . (2.23) 

In the above equations,  represents an effective potential field due to intra- and 

inter-molecular interactions90; . The functional derivative of the 

excess Helmholtz energy with respect to the density profile of a monomeric species gives 

the local excess chemical potential:  

 . (2.24)  

For a homopolymer consisting of identical segments, the number density  is 

defined as  

 , (2.25) 

where  is the local density of i-th segment. From Eq. (2.25),  is simplified to: 

 . (2.26)   

Substitution of Eq. (2.26) in Eq. (2.22) yields 

  (2.27) 

where  represents an effective one-body potential for i-th segment 

 , (2.28) 
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with  represents the contribution from the external potential. The segment density 

 is obtained from  

 . (2.29) 

Summation over all segments in the polymer chain gives 

 . (2.30) 

2. 5 Excess Helmholtz Free Energy 

Now we move on to define the one-body effective potential  or, 

equivalently, excess Helmholtz free energy . Formulation of these quantities are key 

in DFT calculations.    

For polymeric systems considered in this dissertation, the excess Helmholtz free 

energy includes several contributions arising from different molecular interactions and 

correlation effects. According to the coarse-grained model, the excess Helmholtz free 

energy can be decomposed into four inter-related contributions:  

 . (2.31) 

In Eq.(2.31), the subscripts indicate contributions to the excess Helmholtz energy due to 

the hard-sphere repulsion ( ), the chain connectivity ( ),  the direct Coulomb energy 

( ), and the electrostatic correlations ( ), respectively. Each contribution to the 

thermodynamic potential can be formulated based on a combination of physical insights 

and mathematic analysis. In the following, we give the final expressions for the excess 
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Helmholtz free energy functional. The mathematical details for derivations of these 

equations can be found from the literature.    

 The excess Helmholtz energy due to the hard-sphere repulsion  accounts for 

molecular excluded-volume effect. It is determined from the modified fundamental 

measure theory (MFMT)91, 92: 

 , (2.32) 

where { , 1, 2,3, 1, 2}n V Va a=  stand scalar and vector weighted densities as defined in the 

original version of the FMT93:  

 ( ) ( ) ( ) ( )( )' ' 'i i i
i i

n n dα
α α= = ρ ω −∑ ∑∫ρρρρρρ      . (2.33) 

In comparison to the original FMT, MFMT utilizes the Boublik-Mansoori-Carnahan-

Starling-Leland (BMCSL) equation of state for hard-sphere mixtures,94 which is more 

accurate than the original counterpart as described by the Percus-Yevck (PY) equation for 

bulk systems.  As a result, MFMT provides a more accurate description of the density 

profiles of inhomogeneous hard-sphere fluids and the pair distribution functions of bulk 

systems.  In general, MFMT is applicable to inhomogeneous hard-sphere fluids at all 

densities. 

 The excess Helmholtz energy due to chain connectivity describes thermodynamic 

properties related with correlation effects arising from the polymer bond potential. This 

term is represented by the generalized thermodynamic perturbation theory (TPT) 
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proposed by Yu and Wu in 2002. As in original TPT for bulk systems, we use the 

corresponding monomeric system as a reference. For uniform systems, TPT was first 

proposed by Wertheim95 to investigate association in a monomeric hard-sphere fluid. The 

first-order thermodynamic perturbation theory (TPT1) can be empirically generalized for 

inhomogeneous systems96:  

 0
1 ln ( , )ex

ch p p p
MF n y n d

M ωβ ζ σ−
= ∫ r , (2.34) 

where 2
21 pp nV2pV2pnn−=ζ  describes the effect of local density variation, and 

),( ωσ ny p  presents the contact value of the cavity correlation function (CCF) of 

segments.  

For an inhomogeneous system of monomeric charged particles, we use the mean-

spherical approximation (MSA) 97 for  ),( ωσ ny p :  

 
2 2 2 2

2 2
2 2

3 3

(1 / )1( , ) exp exp
1 4(1 ) 4

p p B p
p

B p p

n n a l Z
y n

n n lω

σ
σ

p σ σ
    − Γ

= + −        − −      

V2 V2n n
, (2.35)     

where Γ  and pa  are described as 
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 1 3
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2 31
1 (1 ) 1
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k p k pk k
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 
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∑ ∑ . (2.38) 

In above equations, we adopted the weighted densities from FMT. The DFT equations 

can be applied to systems containing both homogeneous and heterogeneous polymers 

(composed of segments with different charges and sizes).  

  There are two contributions to the non-ideality due to electrostatic interactions, 

one from the direct Coulomb interaction and the other from charge correlations. The 

contribution to excess Helmholtz energy from the direct Coulomb interaction is the same 

as that from the conventional Poisson-Boltzmann (PB) equation98:  
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i j i jex B
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i j p

Z ZlF d d
ρ ρ

β
= + −

=
−∑ ∫ ∫
ρρ
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. (2.39) 

Because the integral on the right side of Eq. (2.40) diverges for any pair potential owing 

to the long-range nature of the Coulomb potential, the electrostatic energy is usually 

calculated by defining the local mean electrostatic potential ( )ψ r : 

 ( ) ( )
, ,

'
'

4
j j

j p

Z e
d

ρ
ψ

pe= + −

=
′−∑∫

ρ
ρρ

ρρ
. (2.41) 

This local mean electrostatic potential satisfies the Poisson equation 

 ( ) ( )2 4
c

eπψ ρ
e

∇ = −ρρ  , (2.42) 

where ( ) ( )
, ,

c i i
i p

Zρ ρ
= + −

= ∑ρρ  .  

The Poisson equation can be numerically solved with appropriate boundary 

conditions. As an example, we consider the ionic density profiles inside a spherical 
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cavity, Because of the spherical symmetry, the ionic density distributions depend only on 

the radial r  direction. In that case, the Poisson equation is reduced to: 
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With boundary conditions  
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= , (2.44) 

 ( ) 0
cr r

rψ
=

= , (2.45) 

where cr  is the calculation range at which the electrolyte solution reaches to the bulk 

properties. An integration of Eq. (2.46) with the boundary conditions gives  
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 We calculate the excess Helmholtz free energy due to electrostatic correlations 

from the hypernetted chain approximation (HNC). It has been shown that HNC provides 

a faithful description of the long-ranged electrostatic correlations99, 100. According to 

HNC, the excess Helmholtz energy is represented by a quadratic functional expansion 

with respect to the property for a bulk fluid with uniform densities }{ b
iρ : 
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where el
iµ  denotes the excess chemical potential due to electrostatic correlations for 

specie i  in the bulk; el
ijc  represents the corresponding second-order direct correlation 

functions (DCF). We assume that the chain connectivity effect on that electrostatic part of 

the DCF can be neglected101. In that case, the direct correlation function can be obtained 

from MSA 102:  

 ( ) ( ) ( ) ( )el C hs
ij ij ij ijc r c r c r c r= − − . (2.49) 

The DCF due to direct Coulomb interaction is ( ) /C
ij B i jc r l Z Z r= − ; that due to the hard-

sphere repulsion is calculated from the PY equation, ( )hs
ijc r 103.  

It has been demonstrated in our previous work that the DFT provides an accurate 

description of the thermodynamic properties of free and tethered polyelectrolytes in 

comparison with experiment and simulation104-109. In addition, the DFT has been used to 

describe the equilibrium properties of HBV nucleocapsids and provides proper accounts 

of all important factors in genome packaging110, 111 as well as the structural change during 

HBV replication112.  

2. 6 Numerical method  

Here we review briefly the numerical procedure for application of the DFT to 

tethered polyelectrolytes. For a one-dimensional system with spherical symmetry, the 

density distribution varies only in r  direction. As a result, Eqs. (2.23) and (2.30) can be 

simplified to 

 ( ) ( ) ( )
exp

ex

a a a
a

Fr r
r

βr βµ β
r

 ∂
= − Ψ − ∂ 

, (2.50) 
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Substituting Eq. (2.16) into Eq. (2.51), we have 
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where ( )iG r  is a chain propagator function (i.e., Green function), which is described by 

the recursive relation: 
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σ
+ −

−
= −∫  (2.53) 

for 2, ,i M= 
, while 1( ) 1G r =  with pσ denoting the segment diameter.  

The tethered polyelectrolytes possess unique properties in comparison to free 

polyelectrolytes because of the tethering effect and end segments distribution. Such 

properties are reflected in the oscillation of the polyion density near the tethering point 

and in the distinguished behaviors of the end segments distribution. If the chain length 

approaches infinity, however, the effect of end segments becomes less significant and all 

segments in polymer become indistinguishable. In that case, the Green function  

approaches to a limiting function ( )G r , which can be solved self-consistently from the 

relation 113, 

 ( ) ( ) ( ) ( )
'

'exp ' '
2

p

p

r r
G r dr r G r

θ σ
βλ

σ

− −
= −  ∫ . (2.54) 

Subsequently, Eq. (2.52) is simplified to 

 ( ) ( )( ) ( ) 2
expp Mr M r G rr βµ βλ= −    . (2.55) 
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 In this work, the density distributions of polyelectrolyte components are predicted 

through above equations for tethered and free polyelectrolytes, respectively, using the 

Picard iteration method. From an initial input for the density profiles, we obtain relevant 

quantities such as the reduced electrostatic potential ( *( )rψ ), the effective one-body 

potential for particles ( ( )k rλ ), and the Green function ( ( )iG r ). The new density profiles 

are then calculated and selected as an updated input for the density profiles. If the change 

between input and output profiles is beyond a certain threshold, the iteration cycle is 

continued. For DFT calculations in this work, the iteration is considered converged when 

the variance on the density distributions of monomeric ions and polyions at all positions 

is smaller than 0.01%.  
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Chapter 3. A Molecular Thermodynamic Model for the Stability of Hepatitis B 

Capsids 

Reprinted in part with permission from [Jehoon Kim and Jianzhong Wu, Journal of 

Chemical Physics, Volume 140, Issue 23, Page 235101, 2014]. Copyright (2014), 

American Institute of Physics. 

Abstract 

Self-assembly of capsid proteins and genome encapsidation are two critical steps in the 

life cycle of most plant and animal viruses. A theoretical description of such processes 

from a physiochemical perspective may help better understand viral replication and 

morphogenesis thus provide fresh insights into the experimental studies of antiviral 

strategies. In this work, we propose a molecular thermodynamic model for predicting the 

stability of Hepatitis B virus (HBV) capsids either with or without loading nucleic 

materials. With the key components represented by coarse-grained thermodynamic 

models, the theoretical predictions are in excellent agreement with experimental data for 

the formation free energies of empty T4 capsids over a broad range of temperature and 

ion concentrations. The theoretical model predicts T3/T4 dimorphism in good agreement 

with the capsid formation at in vivo and in vitro conditions. We have also studied the 

stability of the viral particles in response to physiological cellular conditions with the 

explicit consideration of the hydrophobic association of capsid subunits, electrostatic 

interactions, molecular excluded volume effects, entropy of mixing, and conformational 

changes of the biomolecular species. The course-grained model captures the essential 

features of the HBV nucleocapsid stability revealed by recent experiments. 
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I. Introduction    

Understanding the stability of viral capsids under various intracellular 

environments is vitally important for studying the molecular basis of viral replication 

cycles and for developing efficient therapeutic strategies against viral infection114, 115. 

Controlling capsid stability is also imperative for the development of robust viral vectors 

for gene delivery. Whereas the thermodynamic basis of capsid formation and stability is 

not much different from that for a wide variety of cooperative processes in nature 

including micellization and polymerization, viral assembly is unique for its precise 

coordination of a large number of capsid proteins and the generic materials in 

exceedingly complicated intracellular surroundings of the host cell. The environmental 

complexity and atomic-level precision of viral replication make a quantitative description 

of the self-assembly processes extremely difficult116-119. Fundamental studies have greatly 

advanced our knowledge on the generic mechanisms of viral assembly, stability and 

dynamics, as shown in recent theoretical investigations120-122. However, relatively few 

investigations have been dedicated to their applications to specific viruses of practical 

concern. The purpose of this work is to present a theoretical framework for predicting the 

stability of hepatitis B virus (HBV) capsids. By using coarse-grained models for the key 

components, i.e., capsid subunits, nucleic acids, and the protamine tails of the capsid 

proteins, we demonstrate that the molecular thermodynamic model is able to predict the 

free energies of capsid formation in good agreement with experimental data for both 

empty capsids and nucleocapsids over a broad range of solution conditions. 
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HBV is a para-retrovirus that replicates through an RNA intermediate123. 

Although the viral infection is now preventable through vaccination, HBV affects more 

than 2 billion people alive today and is responsible for over half a million deaths every 

year. Despite remarkable progress in understanding the natural history and pathogenesis 

of HBV, effectual treatment and eradication of chronic infection continue to be a clinic 

challenge. The HBV virion consists of a double-shelled structure with an icosahedral 

nucleocapsids (NC) and a spherical shell of lipoproteins known as HBV surface antigen 

or HBsAg2, 27, 124. The wild-type virus contains a relaxed circular, partially double-

stranded (ds) DNA of about 3200 base pairs (bp) in length. The native NCs exist in two 

different forms, with the majority (>90%) having T = 4 icosahedral symmetry and a small 

fraction with T = 3 symmetry125. The dimorphism composition of HBV capsids produced 

in vitro is quite different from that of native NCs, sensitive to the capsid charge and the 

genome content5, 126. The wild-type capsid protein, referred to as HBV core antigen or 

HBcAg, consists of 183 amino acid (aa) residues, which can be divided into three 

domains: the N-terminal assembly domain (1-140), the nonapeptide linker (141-149), and 

the highly basic, protamine-like C-terminal domain (CTD) (150-183). A T4 capsid is 

composed of 120 dimers of the capsid protein and, for a T3 capsid, 90 dimers. As shown 

schematically in Figure 3-1, the capsid dimers are arranged at the triangulation lattices of 

the icosahedral surfaces. The T4 capsid is fenestrated with hydrophilic pores 1.4 nm in 

diameter around the 3-fold axes, hydrophobic oval pores about 2.4 nm long and 1.8 nm 

wide at the 2-fold axes, and smaller pores 0.3 nm in diameter at the positions of the 5-

fold icosahedral axes6. The T3 capsids have similar pores but with slightly different 
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shape5. These pores make nucleotides and small chemical species directly accessible to 

the capsid lumen127, 128.  

HBV replication in vivo undergoes sequential events that require spatially and 

temporally coordinated interactions of the key components of the infectious virion129. The 

replication cycle begins with the binding of surface proteins to hepatocytes and 

subsequent internalization of the entire virion by membrane fusion124. After uncoating the 

surface proteins by lipid molecules, the viral capsid migrates into the cytosol of the 

infected cell and is destabilized during its transport to the cellular nucleus due to the 

change in the local environment. Within the nucleoplasm, the partially dsDNA is first 

repaired to complete the double strand and then converted into a covalently closed 

circular (ccc) DNA, which serves as the transcriptional template to generate multiple 

copies of pregenomic (pg) and subgenomic (sg) RNAs22. The self-assembly of progeny 

NCs starts with the specific binding of pgRNA with the reverse transcriptase and capsid 

proteins. Within the newly formed NC (immature), pgRNA is reversely transcribed into 

the partially completed dsDNA genome130, 131. A remarkable feature of HBV replication 

is that only the dsDNA-containing NCs (mature) can be transported back to the 

nucleoplasm for intracellular amplification or translocated to the endoplasmic reticulum 

(ER) of the host cell for envelopment and egress27. It has been shown that NCs containing 

single stranded (ss) DNA or RNA are blocked from importing to the nucleoplasm or 

binding with the surface proteins despite their striking external similarity132. More 

interestingly, recent in vivo experiments indicate that HBcAg form empty capsids that 

exhibit envelopment and egression properties similar to the matured capsids132. It has 
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been speculated that the dynamic structure of CTD (C-terminal domain with 34 residues) 

plays an essential role in HBV replication133-135.  

In vitro assembly of HBV capsids devoid of CTD and nucleic acids has been 

analyzed in detail5, 126. By describing the process in terms of a cascade of low-order 

association reactions, Zlotnick and coworkers found that the intermediate concentrations 

were extremely low and thus the kinetic of self-assembly followed essentially a one-step 

process81. The single-step model allows for the quantification of the thermodynamic 

stability of empty HBV capsids on the basis of the concentrations of the capsomers and 

the fully-assembled capsids at various solution conditions136. It has been shown that the 

thermodynamic stability increases at higher temperature or salt concentration and such 

effects can be rationalized with hydrophobic and electrostatic interactions between capsid 

proteins118, 136, 137. Numerical analysis confirmed the dependence of protein-protein 

interactions on temperature and ionic strength119, 121, 138. It is worthwhile noting that other 

effects may also influence the capsid satiability. For example, it has been proposed that 

the increase in ionic strength might lead to the conformation change of the capsid protein 

thereby enhancing the capsid stability136. It is also known that chemicals such as zinc ions 

or heteroaryldihydropyrimidines alter the conformation of the capsid protein preventing 

their proper assembly83-85, 139. Besides, recent experiments indicate that mutation on 

certain residues of the capsid protein modulates the tendency of capsid assembly140-143.  

Whereas existing experimental analyses of capsid stability were mostly performed 

on empty capsids devoid any nucleic material or CTD tails, there have been a number of 

investigations on the role of CTD in HBV replication, such as its relations with the 
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genome size134 as well as the unknown functions associated with phosphorylation135. 

Besides, several experimental studies have also been reported on the in vitro assembly of 

empty or RNA-containing HBV capsids with the full-length CTD18, 144, 145. In comparing 

to that for empty capsids without CTD, the assembly of the full-length capsids occurs 

only at high ionic strength (≥0.25 M) because of the strong electrostatic repulsion among 

the basic tails. Capsid destabilization due to the increased charge repulsion is evident by 

digesting the encapsidated RNA in nucleocapsids (NC)144. On the other hand, favorable 

electrostatic attractions between CTD and RNA chains are expected to make 

nucleocapsids (NC) more stable than corresponding empty capsids18, 126, 144, 145. It has 

been suggested that NC particles undergo significant stability changes during the 

replication cycle, and NCs with dsDNA are relatively unstable in comparison to those 

containing ssRNA or ssDNA146, 147. Further evaluation of the NC stability is much 

desirable in particular with respect to different genome contents and characteristics. 

II. Theory and Methods 

A. Thermodynamics of capsid formation 

  The stability of HBV capsids has been analyzed by in vitro experiments either 

with or without the genomic materials. In both cases, the intermediate structures are 

insignificant such that the thermodynamics of capsid formation can be approximately 

described in terms of a one-step process similar to that commonly used for micellization. 

Unlike micelles that show broad size and shape polydispersities, however, viral capsids 

typically adopt a uniform size with the capsid proteins arranged in a lattice-like structure. 

In particular, many viral capsids take an icosahedral structure with the capsid proteins 
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forming a near spherical shell. The intrinsic symmetry of 20 equilateral triangular facets 

requires that an icosahedral capsid must consist of multiples of 60 identical proteins. The 

integer multiplication is known as triangulation number or T number. Natural HBV 

capsids may exist in either T4 or T3 icosahedral structures, and the dimorphism persists 

in vitro synthesis but with significantly different composition.   

a) Stability of CTD-free empty capsids   

 In vitro formation of empty HBV capsids free of CTD can be described by a 

quasi-chemical reaction for the core protein dimers (viz. capsomers) 148  

 N  Dimer  Capsid× ↔ , (3.1) 

where 90N =  for a T3 capsid and 120 for a T4 capsid 149. In a dilute solution, the 

equilibrium dimer concentration (D0) and that of the fully assembled capsids (C) satisfy 

the mass action law 

 0= [C] / [D ]N
CK , (3.2) 

where CK  denotes the apparent equilibrium constant. In terms of the mole fractions of 

dimers (
0DX ) and capsids ( CX ), the equilibrium constant is dimensionless 

 
0

0
X= C

N
D

K
X

, (3.3) 

One can easily find the connection between the two equilibrium constants by converting 

the molar concentrations into the corresponding mole fractions:  

 
[ ] [ ]
[ ] [ ]

0 D0

C

D   W  · X

C   W  · X

=

=
, (3.4) 

where [W] is the molarity of pure water. Substituting Eq. (3.4) into Eq. (3.3) gives  
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 0 cln ln ( 1) ln[W]K K N= + − ⋅ , (3.5) 

 The free energy of capsid formation is related to the dimensionless equilibrium 

constant  

 0 0lnBF k T K∆ = − , (3.6) 

where Bk  is the Boltzmann constant and T  is the absolute temperature. According to Eq. 

(3.6), the free energy of capsid formation is defined as the difference between the 

chemical potential of the empty capsid and that of the CTD-truncated protein dimers at 

the standard conditions, i.e., in their corresponding hypothetical pure states118. With the 

concentrations of the core-protein dimers and the fully assembled capsids measured at 

various equilibrium conditions, one can quantify the equilibrium constant and 

subsequently the free energy of capsid formation115.  

 It has been shown that the self-assembly of empty HBV capsids from CTD-

truncated core proteins is entropy driven, primarily due to inter-dimer hydrophobic 

interactions136. If one divides the free energy of capsid formation into the contact values 

between nearest neighboring dimers, the equilibrium constant provides an indirect 

measure of the pair association constant115 

 1 2/
contact 0( / )N cNK NK j −= , (3.7) 

where j  represents the degeneracy of the capsid with N dimers, and c  stands for the 

number of contacts per dimer. The association free energy per contact (for each dime 

pair) is given by  

 contact contactlnBF k T K∆ = − . (3.8) 
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Experiments for in vitro assembly of empty HBV capsids indicate that the average value 

for the contact free energy is between -3 and -4 kcal/mol, which is “surprisingly” small in 

comparison to alternative estimations based on the dimer structure (~ -10 kcal/mol)136. 

The discrepancy had been attributed to multiple causes including possible changes in the 

protein structure due to the self-assembly, the pairwise additivity assumption for the 

binding free energy, or the imprecise calculation of the hydrophobic interactions. 

b) Stability of nucleocapsids   

 The above thermodynamic analysis can be similarly applied to the assembly of 

HBV nucleocapsids with native core protein dimers in the presence of either RNA or 

DNA. In this case, the quasi-chemical reaction becomes  

 ( ) ( ) ( )N  Dimer D  Nucleic Acids NA   Nucleocapsid NC× + ↔ , (3.9)  

and the corresponding equation for the mass action law is 

 [ C]=
[D] [ ]NC N

NK
NA

, (3.10) 

In a dilute solution, the apparent equilibrium constant is related to the free energy of 

capsid formation  

 ln ln[W]NCF K Nβ∆ = − − ⋅ , (3.11) 

where 1/ ( )Bk Tβ = .  

 Assuming that NC capsids maintain the structure integrity for both the core-

protein assembly domain as well as the capsid shell, we may divide the free energy of 

nucleocapsid formation in terms of that corresponding to the formation of a CTD-free 
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empty capsid, designated as 0F∆ , and a contribution due to CTD-RNA/DNA interactions 

and biomacromolecules encapsidations:  

 0 plexF F F∆ = ∆ + , (3.12) 

where plexF  denotes the free energy of polyelectrolyte complexation between CTD and 

nucleic acids. Interestingly, complex formation between oppositely charged 

polyelectrolytes is also entropy driven, primarily due to the release of a large number of 

counterions associated with the electrostatic binding, here between the positively charged 

CTD chains and negatively charged nucleic acids150. Whereas in vitro assemblies of both 

empty and RNA-containing nucleocapsids with intact CTD into have been recently 

demonstrated132, 144, 145, 151, we are unaware of explicit quantification of the formation free 

energy for HBV nucleocapsid at different solution conditions. Because the native HBV 

core proteins are able to assemble into empty capsids both in vitro and in vivo, the 

competition between formations of empty and nucleocapsids makes the experimental 

procedure for studying nucleocapsid formation conceivably much more difficult than that 

for empty capsids.     

B. Energetics of viral assembly 

 The experimental investigations on the formation of viral capsids and 

polyelectrolyte complexes render an excellent starting point for interrogating the 

molecular driving forces of the capsid assembly processes. As mentioned above, capsid 

formation is entropy driven associated with the reorganization of water molecules for 

hydrophobic interactions and the release of massive counterions due to the binding of the 

nucleic acids with oppositely charged polypeptides. Whereas a first-principles approach 
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for quantifying either cause has been actively pursued for decades and remains of interest 

in physical chemistry, a number of semi-empirical models are readily available to capture 

the entropic forces leading to virus assembly. In this work, we use such models to 

describe hydrophobic and polyelectrolyte interactions underlying the formation of empty 

and RNA-loaded capsids. While the discussion here is mainly focused on HBV, we 

expect similar procedures applicable to capsid formation for other viruses in general. 

a) Rigid capsids  

  It was proposed first by Crick and Watson that the capsids of most small viruses 

exhibit an icosahedral structure with near perfect arrangement of the protein subunits152. 

The lattice structure ensures regular packing of the repeating subunits in identical 

environment and allows a good estimation of the formation free energy simply based on 

the contact value of the protein-protein interactions136. In this work, we propose an 

icosahedral lattice model to estimate the association free energy of empty capsids 

consisting of the assembly domain of the HBV core proteins (viz., without CTD). While a 

similar thermodynamic model has been proposed before for empty HBV capsids133, our 

estimation of the binding free energy is based on explicit coarse-grained representations 

of the core-protein subunits and free of any adjustable parameters.  

 In our coarse-grained model of HBV capsids, we assume that each capsomer has a 

rigid structure that can be represented by three tangentially connected spheres mimicking 

the topology of HBcAg determined from experiments. Figure 3-1 shows schematically 

the coarse-grained model for capsomers and the arrangements of the protein subunits at 

the triangular facets of T3 and T4 capsids. The diameters of these coarse-grained 
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segments are selected such that they approximately reproduce the protein volume as 

determined from the crystal structure153. The large sphere of the capsomer, 3.2 nm in 

diameter, corresponds to the 4-helix bundle of each subunit; it is flanged between two 

small spheres, each 1.6 nm in diameter, representing the base part of the HBcAg 

assembly domain. According to the crystalline structure of the HBV capsids and the 

icosahedral symmetry149, each subunit has 4 nearest neighbors in both T3 and T4 capsids, 

joined together through hydrophobic contacts. Whereas the coarse-grained model ignore 

atomistic details, it allows us to quantify the hydrophobic association leading to the self-

assembly of capsomers to both T3 and T4 capsids. The simplified representation of 

hydrophobic interactions is useful to interpret the T3/T4 isomorphism and the mutation 

effects of HBV capsid formation.  

 The free energy of capsid formation corresponds to the reversible work to bring 

the subunits from infinitely apart to the T3 or T4 icosahedral lattice. Approximately, it 

can be decomposed into contributions due to hydrophobic ( hydF ), van der Waals ( vdwF ), 

and electrostatic ( elF ) interactions: 

 0 hyd vdw eleF F F F∆ = + + . (3.13) 

As well documented154, the hydrophobic interaction is short-ranged and can be related to 

the solvent accessible surface area of the protein subunits. While both van der Waals and 

electrostatic interactions are longer-ranged, depending on the protein-protein separations 

and the salt concentration. The long-range potentials are relatively insignificant for the 

formation of empty HBV capsids because of the low charge density of the assembly 
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domain of the core proteins and the small Hamaker constant for proteins in an aqueous 

solution115.        

 A conventional way to estimate the hydrophobic free energy is based on the 

reduction of the surface area of the hydrophobic domain of the subunits due to capsid 

formation118. For a HBV capsid with the T4 structure, bringing together each pair of the 

capsid subunits reduces the hydrophobic area on the order of 1100 ~ 1520 Å2. Applying 

this model to fit the experimental values for the free energy of capsid formation would 

lead to an interfacial tension of ~γ 5.5 /mN m 136, which is much too small in 

comparison with the common value of the interfacial tension for a hydrophobic surface 

( ~γ 50 /mN m ). The coarse-grained model for the subunits shown in Figure 3-1 allows 

us to estimate the hydrophobic free energy without explicitly evoking the protein surface 

area. Because the subunits are in contact only through the small spheres, the total 

hydrophobic free energy of association corresponds to a summation of their contact 

hydrophobic potentials. According to a recent work on hydrophobic interactions155, the 

potential of mean force between two hydrophobic spheres of diameter 1.6σ =  nm at 

contact can be estimated from the overlapping volume of the hydration layers: 

 2= (2 3 )hyd W Ww Aβ σ σ σ− + , (3.14) 

where 2.8Wσ =  Å denotes the diameter of a water molecule, and A  is a constant 

reflecting the difference in the entropy of water molecules within the solvation shell and 

that in the bulk155. Based on the solubility of small hydrocarbons in water over the 

temperature range of interest in this work, we find that parameter A  (in units of nm-3) 

can be linearly correlated with the absolute temperature 
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 = 0.067 4.481A T + , (3.15) 

Substituting the expression for A  into Eq.(3.14) gives the hydrophobic free energy for 

each inter-dimer contact  

 = 0.028 1.883hydw Tβ − − . (3.16) 

According to Eq.(3.19), the hydrophobic free energy between the neighboring dimers is 

around -6 kcal/mol at room temperature (T=298 K). The value is close to that estimated 

by Ceres and Zlotnick136 and comparable to the binding free energy used in molecular 

simulation of capsid assembly156. In a T4 HBV capsid, our coarse-grained model predicts 

120×4/2=240 direct contacts between small hydrophobic spheres, which yields a 

hydrophobic free energy of 240hyd hydF w= . For a T3 capsid, the hydrophobic free energy 

is 180hyd hydF w= . 

 We can estimate the van der Waals interaction between the subunits based on the 

standard equations from the colloids literature157. Because the solvent-mediated van der 

Waals force between small spheres is insignificant in comparison with the hydrophobic 

potential, we consider the van der Waals interactions only between the large spheres. For 

spherical particles much larger than water molecules, the van der Waals free energy is 

given by 

 =
24

L
vdw

Hw
d
σ

− . (3.17) 

In Eq.(3.17), 3.2Lσ = nm is the diameter of the large sphere in our coarse-grained model 

of the capsomers, H  denotes the Hamaker constant, and 0.8d =  nm is the surface-to-

surface distance between the large spheres. For proteins in water, the Hamaker constant is 
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not subject to large variations158. In this work, we assume , independent 

of temperature. Using this Hamaker constant, we can calculate the van der Waals 

attraction between two neighboring dimers, which is about -0.1 kcal/mol. As expected, 

the contribution of van der Waals energy to the free energy of capsid formation is much 

smaller than that of the hydrophobic interaction. Nevertheless, each big sphere interacts 

with four nearest neighbors and, in a T4 HBV capsid, the total van der Waals free energy 

is 40vdwF H≈ − . For a T3 capsid, the total van der Waals free energy is 30vdwF H≈ − . 

 We follow Kegel and van der Schoot118 to estimate the electrostatic repulsion 

among the subunits. In this model, all electrostatic charges are assumed to distribute 

uniformly at the surface of a spherical capsid shell and the free energy of surface 

charging is given by 

 2 1=ele c B BF A l k Tσ k −⋅ ⋅ ⋅ ⋅ , (3.18) 

where cA  represents the total charged surface area, σ  is the charge density, Bl  stands for 

the Bjerrum length, 1 = 1 8 B Slκπ  ρ−  is the Debye screening length, and sρ  is the overall 

number density of ions in the electrolyte solution. The Bjerrum length depends only on 

temperature and the solvent dielectric constant: 

 2
0= / (4 )B r Bl e k Tπe e , (3.19) 

where e is the unit charge, 0ε  is the vacuum permittivity, and rε  is the solvent dielectric 

constant. Over the temperature range considered in this work (273K to 318K), the water 

dielectric constant can be accurately represented by a quadratic function of the absolute 

temperature159 
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 3 2( ) = 249.21 0.79069 (0.72997 10 )r T T Tε −− + × , (3.20) 

 In Eq.(3.18), the effective charge density can be estimated from the number of 

charged residues in the region of α-helical hairpins (50-110 aa) of the capsid proteins. 

This region forms spikes at the capsid surface and is depicted as a large sphere in our 

dimer model. At the physiological condition, each native HBV core protein contains 8 

charged residues in the α-helical domain153. The same number was used in an earlier 

work for the capsid charge without CTD118. We assume that these charges are uniformly 

distributed at a spherical surface of R = 15 nm in radius, approximately equal to the inner 

radius of the T4 capsid. From the spherical cavity model, we can estimate parameters σ  

and cA .  

b) Nucleocapsids  

 We now extend the coarse-grained model for the free energy of empty capsid 

formation discussed above to nucleocapsids by considering additional contributions due 

to the confinement of CTD tails and the nucleic acid. While both T3 and T4 HBV capsids 

may contain ssRNA, ssDNA or dsDNA, depending on the stage of viral replication, here 

we consider only T4 capsids with ssRNA for simplicity. Similar models can be applied to 

capsids containing ssDNA or dsDNA. 

We assume that, at the physiological condition, every arginine residue from CTD 

carries one positive charge, every glutamate residue or phosphorylated serine (155, 162 

and 170th residue) carries one negative charge, and all other residues from the CTD are 

electrostatically neutral. Accordingly, the CTD chain of the wild type capsid has 16 

positive ( iZ = 1), 4 negative ( iZ = -1), and 14 neutral ( iZ =0) amino-acid residues. To 
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estimate the molecular excluded volume effects, we represent the CTD chains as 

tangentially connected hard spheres, each sphere standing for one aa residue. These 

coarse-grained segments have the same size (with diameter ca = 0.5 nm) but different 

electrostatic valences. Similarly, the confined RNA chain is represented by a tangentially 

connected chain of charged spheres with identical diameter and valence, ra = 0.75 nm and 

rZ = -1, respectively. While recent theoretical studies suggest the importance of the 

secondary structure of RNA on formation of nucleocapsids,160, 161 it is known that RNA 

encapsidations in HBV is not sensitive to the origin of the genome, and the nucleocapsid 

formation is driven by strong and non-specific RNA-CTD interactions144. As a result, we 

assume that the RNA secondary structure has no effects on capsid formation. In both wild 

type and E-coli regenerated T4 capsids, the number of RNA segments is about 3400, and 

the RNA content is slightly less in a T3 nucleocapsid126.  

    In comparison to that for empty capsids, the additional free energy for nucleocapsid 

formation includes contributions due to the change in polymer conformations, molecular 

excluded volume effects, entropy of mixing, and electrostatic interactions. We may 

estimate these contributions using a simple model shown schematically in Figure 3-2. 

The confining effect of the capsid is now considered as a spherical cavity of radius R, 

with the inner space divided into two regions: region 1 is free of polymers and region 2 

consists of the nucleic acids binding to the tethered CTD chains. The division between 

these two regions, i.e., the thickness of the complex region D, can be determined by 

minimization of the complexation free energy 
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 plex ( )
0

F D
D

∂
=

∂
, (3.21) 

We assume that the electrolyte solution in Region 1 is fully equilibrated with the 

surroundings and makes negligible contribution to the free energy of capsid formation. 

The assumption is consistent with our coarse-grained model for the formation of empty 

capsids. For the formation of polyelectrolyte complex between RNA and CTD tails in 

Region 2, the concentrations of cations and anions, 2ρ
+  and 2ρ

− , are defined by the 

Donnan equilibrium:  

 2
2 2 oρ ρ ρ+ − = , (3.22) 

 2 2 0pρ ρ ρ+ −− − = , (3.23) 

where pρ stands for the total charge density of RNA and CTD chains, 0ρ  denotes the 

overall number densities of small ions in Region 1. The total charge density of the 

biomacromolecules is related to their molecular characteristics and the volume of Region 

2 

 2 2 3
2 4 ( / 3)V R D RD Dπ= − + . (3.24) 

The free energy of complex formation reflects the difference between the free 

energy of the confined polymer chains and those corresponding to isolated RNA and 

CTD chains at infinite dilution. Approximately, this free energy includes contributions 

due to the changes in polymer elastic energies (elas), segment excluded volume effects 

(exc), electrostatic interactions and entropy of mixing (els)   

 plex
elas elas exc els

r cF FF F F= ∆ + ∆ + ∆ + ∆ . (3.25) 
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We can calculate the change in elastic energy for transferring the RNA from an isolated 

state to that in the spherical shell from the freely rotating chain model  

 
2 2

2=
6

elas r r
r

n aF
D

πβD , (3.26) 

where 3400rn ≈  is the number of nucleotide segments in the RNA chain, and ra  is the 

monomer diameter. In Eq.(3.26), the proportionality constant accords with the ground-

state dominance approximation162. Similarly, the conformation free energy associated 

with the confinement of CTD tails is obtained from163 

 
2 2

2 2

R3=
2 R

elas e
c t

e

DF N
D

β
 

D + 
 

, (3.27) 

where 240tN =  is the number of CTD tails in each T4 capsid, and eR  is the average 

end-to-end distance for a free CTD chain. Assuming that each CTD tail is a freely 

rotating chain with a bond angle of 116°, we have  where  is the 

number of amino acid residues and ca  is the segment diameter.  

 Because the excluded volume is negligible for CTD and RNA chains at infinite 

dilution, the excluded-volume free energy corresponding to the polyelectrolyte complex 

can be estimated from the modified Flory theory133 

 
2 2

2=
4

r r rc r ce c cx cN N N N
R D

F ν ν νβ
π

+ +
D , (3.28) 

where  stands for segmental excluded volume. While in principle ν  depends on both the 

segment size and electrostatic interactions161, 164, 165, we use the “bare” excluded volumes 

of the polymers on the right side of Eq.(3.28), i.e., 24 3r rv aπ= , 34 3c cv aπ=  and 
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{ }34 ( ) 2 3rc r cv a aπ= +  for RNA, CTD and RNA-CTD interactions, respectively. As 

detailed in the following, we will take into account the charge effects along with their 

Coulomb interactions with the small ions.  

 As in conventional polyelectrolyte complexes, the excess free energy due to 

electrostatic interactions and entropy of mixing can be calculated from the Overbeek-

Voorn (OV) theory 166  

 
3

2 2= ln
12

e

i

ls
i iF V Nκβ φ

π
− +∑ , (3.29) 

where 2κ
 

represents the Debye screening parameter in Region 2, iN  stands for the 

number of RNA or CTD chains or salt ions, and 2/i i i in v N Vφ =  represents the volume 

fraction. Such the excess property determines the deviation from the ideal behavior of 

elements. For simplicity, we assume that 1in =  for salt ions and that the ion molar 

volume is the same as that for water molecules, iv =18 cm3/mol. For RNA and CTD 

chains, the volume of individual segments is related to the segment diameter, 

3 / 6i iv aπ= .  

 Because the OV theory includes the electrostatic energy and the entropy of 

mixing among small ions, we must subtract Eq.(3.30) with that corresponding to the 

background electrolyte occupying the same volume and the free energies of RNA and 

CTD chains at infinite dilute. In calculating the background free energy, we use Eq. 

(3.30) by setting the polymer concentrations to zero and the salt concentrations equal to 

their bulk values. To use the OV theory for RNA and CTD chains at infinite dilution, we 
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assume that the electrostatic energy and entropy of mixing are the same as those 

corresponding to a confined chain in a spherical cage with the cavity radius the same as 

the polymer gyration radius. According to the literature167-170, the radius of gyration for a 

single RNA chain depends on its chain length and the surrounding salt concentration 

 1 3 1 8
, 5.84g r r sR n C −= ⋅ , (3.30) 

where Rg has the units of Å and Cs in M. We calculate the radius of gyration for each 

CTD chain according to the freely rotating chain model with a bond angle of 116o  

 ( )1 22
, 0.43 6g c c cR n a= , (3.31) 

We used different models for RNA/CTD in energetic and geometric characterizations 

because the former is divided into several interrelated contributions (e.g., elastic, 

electrostatic, etc.) while the latter (e.g., the radius of gyration) represents the overall 

behavior. 

III. Results and Discussion 

 In the following, we will first validate the theoretical predictions with 

experimental data for the formation of empty T4 capsids. Subsequently, we discuss the 

effects of HBV “modulators” on capsid stability, the thermodynamic basis of T3/T4 

dimorphism, and the relative stability of empty and nucleocapsids. Because the 

equilibrium constants and the free energy of nucleocapsid formation have been rarely 

quantified, we will present the theoretical predictions in the context of recent 

experimental investigations. Despite the simplicity of molecular models from a 

microscopic perspective, we should emphasize that our theoretical analysis of capsid 

stability entails no adjustable parameters. As discussed above, the theoretical calculations 
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are all based on the basic characteristics of the pertinent biomacromolecules and protein-

protein interactions.       

A. Equilibrium constant for the formation empty T4 capsids  

 We first consider formation of CTD-free empty capsids and compare the 

theoretical results with in vitro experiments. Figure 3-3 shows the equilibrium constants 

of empty T4 capsids over a large range of temperatures and salt concentrations136. Here 

the symbols represent the experimental data from the in vitro formation of CTD-free 

empty T4 HBV capsids, all lines are from the theoretical predictions. Clearly the coarse-

grained model captures both the effects of temperature and salinity on the capsid stability. 

In light of the simplicity of the theoretical model and noticeable scattering in the 

experimental data, the quantitative agreement between the theory and experiment is 

remarkable. Our theoretical results further support the conjecture that capsid formation is 

mainly driven by hydrophobic interactions136 and that the contact hydrophobic free 

energy can be quantitatively described with the solvation shell model155. 

 Although the hydrophobic attractions are mainly responsible for capsid formation, 

it is worthwhile mentioning that electrostatic interactions and van der Waals forces are 

indispensable for the quantitative performance of the theoretical model. For example, 

Figure 3-4 shows the equilibrium constant versus temperature at 0.15 M salt condition. 

Excluding van der Waals association free energy ( vdwF ) would result in a systematic 

deviation from the experimental values. The sensitivity of the numerical results is related, 

in part, to the partial cancelation of the electrostatic and hydrophobic interactions and to 

the large number of proteins for the formation of capsid. Besides, the sensitivity also 
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reflects the exponential relationship between the formation free energy and the 

equilibrium constant.  

B. Modulation of capsid assembly and stability  

Recently several strategies have been suggested to design new drug molecules for 

HBV by controlling the kinetics of capsid assembly and stability. For example, 

heteroacryldihydropyrimidine (HAP) is well known as a potent HBV capsid modulator, 

which may misdirect the capsid formation83-85. Because of the potential therapeutic 

values of such molecules, it is worthwhile testing whether our molecular thermodynamic 

model is able to capture their effects on the capsid formation.  

According to previous publications83-85, HAP molecules are able to intercalate at 

the dimer-dimer contact regions of the capsid proteins and the HAP intercalation 

enhances dimer-dimer association. HAP disrupts capsid formation mainly by kinetic 

trapping of the assembly intermediates. HAP molecules strengthens hydrophobic 

association between capsid proteins by keeping the dimer-dimer distance unchanged 

while filling the void hydrophobic regions84. Such wedging effect is naturally accounted 

for within our hydrophobic model for the capsomers association. We expect that the 

modulation effect would be most significant if the size and shape of the hydrophobic 

molecule could match those corresponding to the hydrophobic pores of two-fold 

symmetry (Fig. 3-1B &C) or wedge between dimer-dimer contact regions.  

We may also predict a situation such that hydrophilic molecules are able to bind 

the dimer contact regions of the capsid proteins. In this case, the association energy 

would be decreased due to the reduction of the dimer contact area. Figure 3-5 shows that 
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a reduction of hydrophobic patch area of the protein dimers by 10% would decrease the 

capsid stability by ~200 of lnK value. For comparison, we may consider the effect of 

electrostatic interactions on the capsid stability by increasing either the charged surface 

area or the surface charge density. Figure 3-5 shows that the influence is much less 

significant in comparison to the hydrophobic effect. According to our thermodynamic 

model, an efficient HBV “modulator” should bind specifically to the base part of the 

HBcAg assembly domain while enhance repulsion among the protein subunits, such as an 

amphiphilic molecule with a hydrophobic binding domain associated with a charged 

group or a hydrophilic chain.         

The hydrophobic interactions, and subsequently the capsid assembly, can also be 

influenced by mutations on certain core protein residues. We may describe the mutation 

effect in a way similar to that for the changes in the hydrophobic potential. For example, 

a recent study by Alexander and coworkers 140 indicates that 3 critical mutations, F23A, 

L42A, and Y132A, significantly inhibit capsid formation in vitro. It shows that the 

equilibrium composition of the assembled capsids decreases to 1~2% in comparison to 

80% for the wild type. In particular, F23 and Y132 mutations greatly hinder the inter-

dimer interactions. It was speculated that L42 mutation induces the allosteric structural 

change on the capsid protein dimer, not directly altering the inter-dimer contact because 

L42 is close to the surface exposed region. According to our thermodynamic model, the 

inter-dimer hydrophobic interaction is directly related to the hydration shell of the 

hydrophobic domain. The change of residue F23 or Y132 at the inter-dimer contact 

region into alanine, a non-hydrophobic and also non-aromatic small residue, decreases 
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the size of the hydrophobic patch domain thereby reducing the hydrophobic attractions. 

Besides, L42 mutation may alter the hydrophobic interactions by allosteric structural 

changes. According to our thermodynamic model, the hydrophobic interaction depends 

on the proper arrangement of the hydrophobic domains of the capsid proteins. In 

principle, we may estimate the mutation effects by quantifying their modulation on 

hydrophobic interactions.   

C. T3/T4 dimorphism  

T3 and T4 capsids occur concurrently during both in vivo and in vitro syntheses of 

HBV capsids, and the dimorphism reflects the difference in the free energy of capsid 

formation. In a T3 capsid, each dimer maintains the same number of contact neighbors as 

that in a T4 capsid (see Figure 3-1). As the result, it appears that the interactions between 

small and large dimer units have little influence on T3 and T4 dimorphism except that the 

number of dimers being 90 in T3 instead of 120 in T4. However, the size of an empty T3 

capsid is slightly larger than that would be expected according to the degree of 

association. The average radius of a T4 capsid is around 15 nm, and that of T3 capsid is 

13.3 nm5. Accordingly, the ratio of spherical surface area is 13.32 : 152= 0.786 : 1, which 

is slightly larger than the ratio for the number of capsomers (0.75 : 1). Such a loosely 

assembled structure can be depicted in our capsid model by setting two small units at 

each dimer contact slightly farther apart, i.e., by setting the distance between small units 

to 1.5 nm for a T3 capsid instead of 1.4 nm as for the T4 capsid. Table 3-1 presents the 

hydrophobic contact energy and the electrostatic repulsion energy calculated from our 

thermodynamic model. Due to the reduced hydrophobic potential, the free energy for T3 
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capsid formation per each monomer (-4 kBT) is significantly less negative that that of T4 

form (-7.7 kBT). The higher energy state for T3 capsids explains the prevalence of T4 

capsids at both in vivo and in vitro conditions5. The higher energy for T3 capsids agrees 

with an earlier analysis of the capsid stability in vacuum171. 

It has been suggested that the capsid protein plays an important role in T4/T3 

dimorphism 5, 126. Without CTD, T4 capsids are more prevalent than T3 capsids. 

However, truncation of more than 34 C-terminal residues inverses the relative 

composition, i.e., T3 capsids may be preferred than the T4 form at the same assembly 

condition5, 126. We demonstrated above that the coarse-grain model provides a good 

description of empty capsid formation without CTD (CP149). For comparison, we have 

also quantified another truncation case that only 3-144 residue of the wild type capsid 

protein (denoted as ‘HBeAg’) are maintained. Such a system was studied many years ago 

by Wingfield et al.126. Following their data, the mean radius of HBeAg T3 capsid is 12.9 

nm, while that for T4 is 15.1 nm. Because the ratio of spherical surface area is now 

slightly smaller than the dimer number ratio, the T3 HBeAg capsid is more tightly 

assembled in comparison to that for a conventional HBcAg capsid. We estimate that the 

contact distance between nearest dimers (r) is about 1.38 nm. Although the change of r is 

small (about 10% of the small unit overlap distance), the contact free energy per each 

monomer increases up to -8.6 kBT, which makes prevalence of the T3 capsids (Table 3-1). 

As discussed in the following, the dimorphism of HBV capsid is also sensitive to the 

variation of C-terminal domain of the capsid proteins.   
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D. Stability of T4 nucleocapsids 

Figure 3-6 shows the free energy for the encapsidation of RNA and CTD chains 

versus the thickness of the polyelectrolyte complex, D. As expected, the free energy 

shows a minimum at an optimal D, which varies with the solution conditions. In these 

calculations, we use R =13 nm for the inner radius of the HBV capsid, and calculate the 

ion concentrations from the Donnan equilibrium with polymer charge density ρp = 

520/V2. For the range of bulk salt concentrations (0.1 ~ 0.7 M) considered in this work, 

the optimal complex thickness lies around 10.5 ~ 11 nm, much larger than that detected 

in cryo-EM measurements. As demonstrated in our previous work172, 173, the complex 

structure can be captured with more sophisticated polymer theories that account for the 

CTD tethering effect. Nevertheless, it is shown that the suggested formulation on viral 

components in this work is effective enough to depict the swelling of the complex in 

response to salt concentration, which is a characteristic feature in the polyelectrolyte 

system. Moreover, this level of approximation is expected to be a relatively efficient way 

to calculate the strong electrostatic interaction between RNA and CTDs. 

Figure 3-7 shows the effects of salt concentration on the total free energy of 

CTD/RNA encapsidation. For all conditions considered in this work, Fplex is negative, 

indicating that RNA encapsidation generally stabilize the T4 capsid. The nucleocapsids 

are thermodynamically more stable than the corresponding empty capsids due to the 

encapsidation of RNA and CTD chains. As expected, the complex formation free energy 

becomes less negative as the salt concentration increases. Experimental studies confirmed 

that the nucleocapsids are relatively more stable than the corresponding empty capsids126, 
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145, and such an enhanced stability has been implied by a previous theoretical 

investigation173. Figure 3-7 also shows that the encapsidation free energy approaches to 

zero at sufficiently high salt concentration (Cs), and the stabilizing effect of complex 

formation is more effective when Cs is relatively low. In Figure 3-8, we compare Debye 

screening length in the complex region with that in bulk salt condition. It shows that the 

deviation of the parameter from bulk state approaches to small as Cs increases, implying 

the stabilization by electrostatic interaction is to be reduced by the charge screening. 

Experiments on the effect of salt on the interaction between capsid proteins and the viral 

genome indicate that the complex binding energy decrease with higher salt 

concentration145.  

Figure 3-9 shows the thickness of RNA-CTD complex inside the nucleocapsid 

versus the salt concentration. The reduced complex formation free energy is responsible 

for the swelling of the RNA-CTD complex at high salt concentration. We may explain 

the overall salt effect on the nucleocapsid stability as a balance of protein-protein and 

RNA-CTD interactions. While the salt ions reduce the electrostatic repulsion between 

capsid proteins, they also reduce the electrostatic binding energy between CTD and RNA 

chains. As a result, nucleocapsid assembly would be most favorable at an intermediate 

salt condition. Indeed, an intermediate salt condition (0.25 ~ 0.35 M) must be applied for 

in vitro nucleocapsid assembly (e.g., ref145, 174). Moreover, our result provides key 

information in evaluation of experimental data which are conducted in a wide range of 

ionic condition. For several in vitro analyses on viral capsids, it is required to specify a 

composition of ionic elements according to the purpose of measurement. If the analyzing 
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result is supposed to be related with the capsid stability, then the salt effect is to be 

significant in overall assay. Electrophoresis or chromatography is one of key methods to 

purify the capsid and calibrate its thermodynamic property. Unless we properly consider 

the resultant effect of ionic strength, there is a possibility that a certain portion of less 

stable capsids might be selected out during a course of the analysis. In addition, a 

quantification of viral genome in a certain evolving stage of nucleocapsid may be varied 

due to the salt effect, not only by a direct role of ionic elements in genome replication 

process but also by a possibility that the amount of nucleocapsid product might depend 

on the salt concentration. 

We have also evaluated the effects of RNA-CTD interaction on the dimorphism 

of HBV nucleocapsids. It is well known that T3 nucleocapsids are rare (< 5%) in both in 

vivo or in vitro assembly175. To check the dimorphic probability using our nucleocapsid 

model, we estimate the pgRNA and CTD encapsidation free energy in a way similar to 

that for T4 nucleocapsids. For T3 nucleocapsids, we set the radius of the inside shell to 

11 nm, considering that the capsid thickness is about 2 nm. Whereas the encapsidation 

free energy on T4 capsid is to be obtained in a self-consistent way with respect to an 

optimal thickness D for RNA-CTD complex region, the complex region for a T3 capsid 

tends to expend up to all of inside capsid lumen without maintaining a certain point that 

retains a free energy minimum. The absence of a polymer-free Region 1 is probably 

because the excluded volume effect is too large to package pgRNA into a narrow T3 

capsid. A recent study on in vitro encapsidation of nanoparticles also indicates that the 

volumetric restriction makes T3 capsids less stable than T4 capsids176. For pgRNA 
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encapsidation in wild-type T3 capsids, our model predicts that the free energy of CTD-

RNA complex formation, Fplex = -1863 kBT at 37°C with 0.15 M salt condition. At the 

same condition, Fplex = -4582 kBT for a T4 nucleocapsid. Because the stabilizing effect by 

RNA-CTD complex formation is much smaller for T3 nucleocapsids, we ascertain that 

the energetics in genome encapsidation results in the prevalence of T4 nucleocapsids. 

IV. Conclusions 

 We present a comprehensive thermodynamic model for describing the stability of 

various Hepatitis B virus (HBV) capsids that have been subjected to a number of recent 

experimental studies. The systems considered include empty T3 and T4 capsids without 

the C-terminal domain (CTD), T3 and T4 nucleocapsids with CTD and RNA 

encapsidation, and capsids with various site mutations. Our thermodynamic analysis is 

based on the quasi-chemical equilibrium for capsid formation from the core protein 

dimers with or without the presence of nucleic acids. The free energy is described in 

terms of an icosahedral lattice model for the arrangement of core proteins, which are 

represented by hard-sphere trimers mimicking the protein topology, and a coarse-grained 

model for CTD and RNA encapsidation. We developed analytical expressions to quantify 

various thermodynamic driving forces of the self-assembly process such as hydrophobic, 

electrostatic, van der Waals, biomolecular conformation, excluded volume and mixing 

effects. We find that capsid formation is dominated by entropy changes thereby involving 

little heat effects. Whereas the association between the core protein dimers is mainly 

driven by hydrophobic interactions, electrostatic attraction between CTD and RNA 

chains is accompanied by the release of a large number of counterions.  
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We have validated the numerical performance of the molecular thermodynamic 

model by extensive comparison with experimental data for in vitro assembly of T4 

capsids over a broad range of temperatures and salt concentrations. While the capsid 

assembly is mainly controlled by the competing interactions of hydrophobic association 

and electrostatic repulsion, van der Waals attraction among the core proteins is 

indispensible for the quantitative theoretical performance. The van der Waals free energy 

was often omitted in previous investigations of viral assembly because of its relatively 

small strength in comparison to the hydrophobic attractions.  

An important feature of our thermodynamic model is that all parameters can be 

independently estimated from the molecular characteristics of the key components of the 

viral capsid. In particular, the solvation shell model for hydrophobic interactions allows 

us to rationalize different chemicals for efficient modulation of the capsid stability. Our 

model predicts that a mutation on the hydrophobic domain may significantly alter the 

capsid stability and thus the process for the viral assembly. Although precise 

experimental data are not yet available for direct comparisons, it appears that our model 

captures the qualitative features of the experimental results for stability modulation by 

either capsid mutation or chemical binding. We expect that this model may be utilized to 

guide further experiments to optimize for the mutual sites or the design of efficient capsid 

modulators.  

 We have also studied the relationship between the HBV capsid stability and 

T3/T4 dimorphism for both empty capsids and nucleocapsids. Although the connectivity 

among the core protein dimers is rather similar, T3 and T4 capsids have slightly different 
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protein packing density thereby different assembly free energy per protein. The 

dimorphism of HBV capsids can be explained by analyzing the free energy difference on 

the basis of the structural data. Our theoretical model predicts that, in good agreement 

with experiments, T4 capsids are energetically more favorable than T3 capsids for in 

vitro assembly of CTD-free empty capsids and for all nucleocapsids. However, the T3 

form becomes more favorable if the capsid retains only up to 144th C-terminal residue.  

Finally, we have studied the stability of nucleocapsids (NC) by taking into account all 

pertinent biomolecular components including capsid proteins with CTD, nucleic acids, 

and small ions in the electrolyte background. The interactive energies on those confined 

molecules resemble those appeared in a polyelectrolyte complex and can be described 

qualitatively with the Overbeek-Voorn (OV) theory. We ascertain that RNA 

encapsidation enhance the NC stability in both physiological and conventional in vitro 

assembly conditions. The NC is most stable at an intermediate salt concentration because 

the electrostatic interaction disfavors capsid formation at low concentration and RNA and 

CTD binding decreases at high salt condition. The effect of CTD-RNA complex 

formation is more predominant for T4 than T3 capsids, which explains the overwhelming 

population of T4 capsids at both in vivo and in vitro conditions. 
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Figure 3-1 (A) A course-grained model for HBV capsomers. Each capsomer consists of 

two core proteins (HBcAg), depicted as 3 tangentially connected spheres with their radii 

determined from the protein crystal structure. (B) A lattice model for the arrangement of 

capsid proteins at a triangular facet of a T3 capsid. (C) The lattice model for a T4 capsid. 

In both cases, the major capsid holes are shown as hexagons and triangles. 

 

(A) 

 

 

(B) 
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Figure 3-2 A schematic representation of HBV nucleocapsid containing CTD and RNA 

chains. Here D denotes the thickness of Region 2 and R the capsid radius. The electro-

microscopy image of HBV capsid is adapted from the literature174. 
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Figure 3-3 The equilibrium constant for the formation of CTD-free empty T4 capsids. 

Symbols are experimental data136 and lines are theoretical predictions. The salt 

concentration (M) is denoted beside each line.  

 

  



62 
 

Figure 3-4 The effect of van der Waals force on capsid stability. The symbols and the 

dashed line are the same as those shown in Figure 3-3, and the solid line represents lnK0 

without considering van der Waals interactions.  
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Figure 3-5 Hydrophobic and electrostatic effects on the equilibrium constant of empty 

HBV capsids. The solid line corresponds to the theoretical results if there is a 10% 

reduction of the buried hydrophobic area at each dimer contact; the dotted line is for a 

10% increase of the capsid charged area; and the dashed line is for an increase of one unit 

charge for each capsid protein. For comparison, also shown in this figure are the 

equilibrium constants of wild-type capsids from theory (WT, dash-point line) and 

experiment (circle points) at 0.15 M.  
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Figure 3-6 The free energy of encapsidation for CTD and RNA chains as a function of 

the thickness of the complex layer. The concentration (M) is denoted beside each line, 

and the minimum points are indicated by triangle symbol. 
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Figure 3-7 The encapsidation free energy for CTD and RNA chains in a T4 capsid 

( plexFβ ) as a function of the salt concentration ( SC ). 
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Figure 3-8 The Debye screening length ( 1κ − ) in the region with CTD-RNA complex 

(Region 2) and in the bulk as a function of the bulk salt concentration ( SC ). 
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Figure 3-9 The thickness of CTD-RNA complex region (D) as a function of the salt 

concentration ( SC ). 
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Table 3-1. Free energy of capsid formation  
 

  

 T4 (Cp149*, HBeAg**) T3 (Cp149*) T3 (HBeAg**)  

       
Number of 

monomers (n)  240  180 180  

       
Rave  15  13.3* 12.9**  

       
Fcap  -1856.19  -725.99 -1540.13  

Fcap/n  -7.73  -4.03 -8.55  

       
Fhyd+vdw  -2592.44  -1252.77 -2100.08  

Fhyd+vdw /n  -10.80  -6.96 -11.67  

       
Fele  736.25  526.78 559.95  

Fele /n  3.07  2.93 3.11  

       

The average radius (Rave) is obtained from Zlotnick et al. for Cp149 capsid* 5, and from 
Wingfiled et al. for HBeAg capsid**126. Unit of R is nm. The free energy of capsid formation, 
Fcap , and its division into hydrophobic and van der Waals interactions, Fhyd+vdw , and electrostatic 
interaction Fele are compared with the corresponding values per monomer for both T4 and T3 
capsids. Here the unit of energy is kBT, and the solution condition is 37°C and 0.15M salt. 
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Chapter 4. A theoretical study on SRPK interaction with the flexible domains of 

Hepatitis B capsids 

Reprinted in part with permission from [Jehoon Kim and Jianzhong Wu, Biophysical 

Journal, Volume 107, Issue 6, Page 1453-1461, 2014]. Copyright (2014), The 

Biophysical Society. 

Abstract 

Hepatitis B virus (HBV) regulates genome encapsidation and reverse transcription 

from a single-stranded RNA to a double-stranded DNA through the flexible C-terminal 

domain (CTD) of the capsid proteins. While the microscopic structure of the 

nucleocapsid (NC) plays a critical role in the life cycle of HBV, the location of CTD 

residues at different stages of viral replication remains poorly understood. In this work, 

we report the radial distributions of individual amino-acid residues of CTD tails for both 

empty and RNA-containing HBV capsids by using a coarse-grained model for the key 

biological components and the classical density functional theory (DFT). The DFT 

calculations reveal substantial exposure of the CTD residues outside the capsid shell, in 

particular when the capsid is devoid of any nucleic materials. The outermost layer of the 

capsid surface mainly consists of residues from 170Ser-175Arg of the CTD tails, i.e., the 

serine-arginine protein kinase (SRPK) binding motif. The theoretical description 

corroborates with recent in vitro studies that show transient CTD distribution captured by 

SRPK binding. We have also investigated the NC structural changes due to 

phosphorylation of serine residues and demonstrated a correlation between the CTD 

location and the internal distribution of RNA.  
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Introduction    

Hepatitis B virus (HBV) is a human pathogen infecting around 2 billion people 

worldwide. Acute and chronic HBV infection may cause serious dysfunctions including 

liver fibrosis, cirrhosis and cancer177. The HBV virions, also known as Dane particle, 

have a double-shelled structure consisting of surface proteins and nucleocapsid (NC) 

containing a circular partially double-stranded DNA (dsDNA). The HBV capsid is 

formed by the self-assembly of the capsid proteins with a pregenomic RNA (pgRNA) and 

the viral polymerase (Pol), a reverse transcriptase for transformation of pgRNA to 

dsDNA2, 46, 178. Each NC has an icosahedral structure with triangulation number T = 3 or 

4. T4 is the major form (95%) in vivo, which is made of 240 copies of the core protein 

(CP)5, 6, 179. A wild-type CP has 183 amino-acid (aa) residues, including an assembly 

domain (1-140 aa), a nonapeptide linker (141-149 aa), and the C-terminal domain (CTD, 

150-183 aa). The assembly domain has a rigid structure that contributes to the capsid 

scaffold. However, both the linker and the CTD chains are flexible; the latter is referred 

to as ‘protamine tails’ because they are rich in arginine residues7, 8.  

It has been long recognized that CTD plays an essential role in the life cycle of 

HBV7. The capsid shell is fenestrated with symmetrical pores that allow mass transport 

and the extrusion of the CTD tails25-27. The exposure of the CTD tails affects genome 

packaging, nuclear entry, as well as capsid envelopment and egress7, 11, 12. In addition, it 

has been recognized that the CTD tails are involved in signaling capsid maturation22, 28, 29. 

Because CTD exposure alters the surface properties of the NC particle, its location at 

different stages of replication is critical to differentiate the mature and immature NCs. If 
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the CTD chains were truncated by mutation, the CPs would be unable to encapsidate the 

full content of the pgRNA, generating capsids with a smaller amount of DNA or empty 

capsids7. Besides, each CTD chain has three phosphorylation sites (S155, S162 and 

S170) that are important for RNA encapsidations and reverse transcription7, 11. For wild-

type viruses, the CTD chains are phosphorylated at the early stage of replication (with 

pgRNA or intermediate DNA)12, but dephosphorylated for matured capsids (with 

dsDNA)13, 14. Replacing three serine residues with charged amino acids to mimic the 

transient phosphorylation state affects pgRNA encapsidation and DNA synthesis. A 

phosphorylated analog with replaced serine by glutamic acid succeeded to package the 

pregenomic RNA but failed to support viral DNA replication11. Meanwhile, a substantial 

reduction of RNA packaging was observed in a case of aspartic acid substitution to 

mimic phosphorserine15, 16. The CTD chains have also an important role in viral 

replication because only phosphorylated capsids were allowed to transport into cellular 

nucleus19. Despite such significance, the kinase responsible for the CTD phosphorylation 

remains little known. Because all phosphorylated serine residues at CTD are followed by 

repeated arginine residues, serine/arginine protein kinase (SRPK) was suggested as one 

of the candidates 180, 181. SRPK is effective to phosphorylate capsid proteins in vitro10.  

 In order to clarify how CTD chains regulate genome evolvement as well as 

intracellular trafficking of HBV capsids19, 28, it is imperative to determine the spatial 

distribution during different stages of replication. Regrettably, experimental detection of 

the CTD structure has been very difficult. Whereas the assembly domain of HBV capsids 

maintains a relatively rigid structure, CTD chains are highly flexible and their structure is 



72 
 

changing in response to the evolving genome19-24. Recently, the enzymatic recognition of 

SRPK was utilized to analyze the location of CTD tails 182. The in vitro experiments 

examined the binding affinity of SRPK with the CTD of HBV capsids. It was found that 

CTDs are exposed at the surface when the capsid does not include any nucleic materials. 

Conversely, the CTD tails are mainly distributed inside the capsid for the RNA-

containing nucleocapsids182. However, the CTD chains were not visible through a 

conventional microscopy such as cryo-EM6, 183. Only a few recent studies capture a trace 

amount of CTD chains through reconstructed EM images24, 184. Besides, HBV capsids 

expressed in E. coli contain the bacterial RNA instead of pgRNA9, 10 19, 24, 182. The in vitro 

assembly of HBV capsids typically occurs at an electrolyte concentration much larger 

than that corresponding to the physiological condition. The high salinity is required not 

only to avoid capsid aggregation but also to maintain the thermodynamic stability of the 

reassembled capsids10. While DNA-containing viral particles are available from 

expression in mammalian cells at physiological conditions, a discrete separation of the 

capsids at each maturation state is currently impracticable. Detection of the capsid 

structure is also complicated by the intracellular environmental effects185.  

Previously we developed a theoretical platform for predicting the microscopic 

structure and thermodynamic properties of HBV nucleocapsids using a coarse-grained 

model for the key viral components and the classical density functional theory (DFT)112, 

186. Our model predicted a quantitative relationship between the CTD length and the 

genome content in good agreement with experimental data. In this work, we apply the 

same model to locate the SRPK binding motif by analyzing its affinity with HBV capsids 
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at different distributions of CTD tails. Specifically, we consider CTD distributions in 

HBV capsids either with or without RNA as examined in recent experiments24. In 

addition, we examine the structural reorganization of RNA chains due to CTD 

phosphorylation.  

Molecular model and methods   

As in our previous work112, 186, we use a coarse-grained model to account for  

non-specific interactions among the key ingredients of the HBV capsid, i.e., RNA and 

CTD chains in an electrolyte background. Whereas the atomistic details, including the 

secondary structure of RNA, are unquestionably important to the biological functions and 

the kinetics of encapsidation, the essential features of the genome packaging and its 

interaction with the flexible domains of the capsid proteins are mainly affiliated with 

electrostatic interactions and molecular excluded volume effects. The nature of non-

specific interactions can be justified by the fact that HBV capsids expressed in 

Escherichia coli have RNA content similar to that in the wild-type capsids27. 

In our theoretical calculations, the electrostatic interactions and molecular 

excluded-volume effects are described with tangentially connected chains of hard spheres 

that each corresponds to one amino-acid residue or nucleotide. We assume that all RNA 

segments have the same diameter, 0.75R nmσ = , and electrostatic valence of 1RZ = − 187. 

The diameter of CTD segments, 0.5T nmσ = , reflects the average van der Waals 

diameter of amino acid residues188. The electrical charge corresponds to the characteristic 

value of each amino-acid residue under physiological condition, and is assigned with the  
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valence of +1, 0 and -1. Specifically, 1Z = +  is assigned to arginine, -1 for glutamate, 

and all other residues carry no net charge.  

 The primitive model of electrolyte solutions is used to describe the salt ions and 

water molecules in the background. As in the experimental work24, the surrounding 

environment for the HBV capsids is represented by a NaCl solution at concentration of 

0.14 M. Approximately, Na+ and Cl−  have the diameters of 0.39Na nmσ =  and 

0.36Cl nmσ = , respectively, and the dielectric constant for water is 78.4189. The pair 

potential between ions includes a hard-sphere repulsion and a Coulomb energy:  
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where 1/ Bk Tβ = , Bk is Boltzmann constant, T=298K, ( ) / 2ij i jσ σ σ= +  , and 

0.714nmBl =  is the Bjerrum length. Eq.(1) is also applied to the pair interaction between 

the polymeric segments. The bonding potential between the coarse-grained RNA 

segments is described by the Dirac δ-function: 
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where M  is the degree of polymerization, and 1 2( , , )MR r r r= ⋅⋅⋅  specifies the positions of 

monomeric segments. The CTD tails (and 9 aa linkers) are also modeled as tangentially 

connected spheres of the same size but different valences.  

As mentioned early, the HBV capsids are fenestrated with pores about ~ 1.5nm  in 

diameter, allowing the permeation of salt ions and CTD tails but not the RNA genome9, 
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26, 190. The inner and outer radii of the capsid are 13inR nm=  and 15outR nm= , 

respectively 191. The confinement effect for the RNA segments can be described as a 

spherical cavity with a hard-wall potential  

 
,

( ) 2
0,

R
in

RNA
r R

r
otherwise

s
φ

 ∞ > −= 


. (4.3) 

The linker-CTD tails are partially confined with the first linker segment tethered at the 

inner surface of the capsid. Whereas certain capsid pores are more favorable for tail 

permeation9, 26, 190, we estimate the overall probability (10%) considering the 

approximated ratio of total pore area to inner capsid area. Accordingly, we set an external 

potential for the tail segments, 
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We assume the charges on the capsid are uniformly distributed over a spherical 

surface located at 15r nm= . The small ions are distributed either inside or outside the 

HBV capsid. According to previous investigations63, 192, the charge density of the capsid 

is 20.7 /cQ e nm= , where e  denotes unit charge. The linker-CTD tails are tethered on the 

inner capsid surface.  

Application of the DFT to electrolyte solutions and polymers has been well 

documented 193-196. In our previous work186, 189, we demonstrated that the DFT performs 

well for the electrostatic interactions and the excluded volume effects.  
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Results 

Empty capsid versus RNA-containing NC 

We consider first the radial distributions of the polymeric segments and small ions 

for empty and RNA-containing capsids. Figure 4-1 shows that, in the absence RNA, the 

CTD chains distribute like that of a typical polymer brush on both sides of the capsid. 

The oscillatory density profile within the protein shell reflects the molecular excluded 

volume effects amplified by an artificial wall potential. The distributions of small ions 

outside the capsid surface constitute an electric double layer (EDL), i.e., a strong 

accumulation of counterions accompanied by depletion of coions. Different from a 

typical EDL, however, the counterions are not directly in contact with the surface charge. 

Instead, counterion accumulation arises mainly from the CTD brush distributed inside the 

capsid. Within the CTD brush, the counterion density is significantly lower than the 

density of polymer segments. As a result, it swells significantly more in comparison with 

a normal polyelectrolyte brush104. The concentrations of cations and anions are nearly 

identical at the capsid center, where the salt concentration is virtually the same as that in 

the bulk solution. Because the CTD chains are tethered near the capsid pores, they do not 

contribute to the Donnon equilibrium. As a result, there is no uneven distribution of free 

ions far from the capsid shell.    

Figure 4-1(b) shows that the microscopic structure of the RNA-containing capsid. 

Interestingly, encapsidation of the RNA chain does not lead to significant changes on the 

density profiles of cations and anions within the EDL at the capsid out surface. However, 

the CTD brush outside the NC virtually disappears, indicating that the CTD tails are 
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mostly confined within the NC due to the strong electrostatic attraction between RNA 

and CTD chains. The microscopic structure of the NC inside is also quite different from 

that of the empty capsid. First of all, the counterions within the CTD brush are virtually 

replaced by the RNA segments. Indeed, the counterions are almost depleted as one may 

expect from the Donnon equilibrium. Because the CTD chains are mostly confined with 

the capsid, the brush in NC is slightly thicker than that in the empty capsid. Because the 

CTD chains are rather extended within the NC, the RNA segments distribute almost 

uniformly within the brush. Such structure inside the NC cannot be detected with 

conventional cryo-EM methods but probably measureable with neutron or x-ray 

scattering.   

The location of CTD residues 

A recent in vitro study of HBV structure by Chen et al. 182 indicates that the CTD 

chains are exposed outside the capsid shell for empty capsids, while they are confined 

inside the capsid for RNA containing-NCs. By analyzing CTD interaction with the 

surrounding molecules in the solution, Chen et al provided additional information for the 

specific sequence of exposed CTD segments. Motivated by these in vitro results for the 

HBV structure, we have examined the density profiles for the individual segments of the 

CTD tails.  

The DFT allows us to determine the distributions of individual residues of the 

CTDs. The distribution data may be analyzed in several ways. Here we first consider the 

accumulated number of linker-CTD residues as a function of the radial distance r from 

the capsid center. The sum of all residues at each radial distance is normalized by the 
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total number of amino acid residues, viz., 240. Except for the first tail segment, 42 of 

linker-CTD segments are traced, thus the accumulated number approaches from 0 to 42 

as r increases. For empty capsid case (Fig. 3(a)), we can see that the accumulated number 

of CTD residues is about 29 at inner capsid wall (r =13 nm) and 30 at outer surface (r = 

15 nm). Accordingly, except those 30 of inside segments, 12 of rest residues are exposed 

outside the empty capsid. However, for RNA-containing NC (Fig. 3(b)), the counted 

number is almost 40 at outer surface (r = 15 nm), indicating only rest of 2 CTD residues 

are distributed outside ( 15r nm> ). At 19r nm from center of the NC the counted CTD 

segments number reaches to final value of 42. On the other hand, for empty capsid (Fig. 

3(a)), CTD segments reside up to further distance ( 22r nm ) from capsid center. These 

results suggest how surface characters are different between the empty and NC due to the 

extruded CTD residues. We have also considered the distribution data in terms of charged 

or neutral amino-acid groups but find not much variation between the empty and RNA-

containing capsids. 

 Figure 4-3 compares the exposed ratio of individual CTD segments. A segment is 

‘100% of exposure’ if it is fully distributed in the outer region of the capsid, i.e.,

17r nm≥ . We assume that the residues in the outer region are able to fully interact with 

surrounding molecules like cellular enzymes. For convenience, we rand each residue 

according to its position at the CTD chain, i.e., 1 represents the amino acid tethered at the 

inner capsid surface, and 34 is the C-terminal residue. As expected, the empty capsid 

shows higher overall CTD exposure compared to the NC. Assuming that the RNA 

content is mainly responsible for the deviation between the empty capsid and the NC, we 
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find that the attraction between CTDs and RNA internalizes more than half of exposed 

CTD segments in the empty capsid. In the latter case, the exposed ratio peaks around 21-

26th residues (170Ser-171Pro-172Arg-173Arg-174Arg-175Arg,), which overlap with a typical 

binding motif of serine/arginine protein kinase (SRPK)197, 198. 

 Schematically Figure 4-4 depicts the distribution of CTD residues for the empty 

capsid according to our DFT calculations. Because the end residues have lower exposure 

rate than the 21-26th residues, a CTD tail must somehow bend in the middle, making it to 

have a hook like shape. The bended structure increases the possibility of the motif to 

contact with the SRPK. According to our DFT predictions, 30%  present of the residues 

in such motif are within the reach of the SRPK kinase.  

 The in vitro study by Chen et al. indicates the transient CTD location in HBV 

capsids 182. It revealed the association of SRPK on the outer surface of the empty capsid, 

mediated by the enzyme-binding motif in the CTD. The same assay was conducted for 

the NC containing RNA genome but in that case, the enzyme binding was mostly 

inhibited. The SRPK binding demonstrated unequivocally that the surface characteristics 

of the capsid change with the CTD location. Corresponding to the experimental approach, 

the DFT results capture the transient feature of the capsid surface, rendering additional 

evidence on the interaction of CTD with SRPK.  

The effect of phosphorylation  

 The CTD distribution is sensitive to the phosphorylation of serine (S) residues24. 

In wild-type capsids, three of the serine residues (S155, S162, S170) have been 

recognized as phosphorylated upon the capsid formation and packaging with pgRNA7, 11. 
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In our DFT calculations, phosphorylation can be studied simply by setting the valence of 

those three serine residues from 0 to -1 for the phosphorylated case. The addition of 

negative charges affects both the RNA distribution and the exposure of CTD chains.  

Figure 4-5 shows that the RNA structure inside the capsid varies significantly in 

respond to CTD phosphorylation. Compared to the unphosphorylated case, the RNA 

segments become more uniformly distributed and are positioned closer to the capsid 

surface. CTD phosphorylation makes the RNA distribution transduced to have relatively 

higher peak near the capsid surface. Phosphorylation reduces the extend CTD exposure 

outside the capsid. Because the addition of negative charge reduces intra-chain 

electrostatic repulsion, the CTD brush is slightly collapsed in comparison to the 

unphosphorylated brush. 

Discussion   

Implication of the CTD exposure 

Several recent investigations presented the transient exposure of CTDs to the 

capsid surface19, 21, 28, 191, 199, 200. It has been postulated that the exposed CTDs regulate the 

post-translational process of HBV core, i.e., the trafficking into nucleus and the 

enveloped secretion. Kann et al. determined the fraction of the exposed CTDs for NC in 

different maturation stages, and suggested the CTD-associated signal modulates the 

capsid delivery into cellular nucleus201. Ning et al. observed that the secreted HBV 

particles contained either empty capsids or NC with double stranded DNA, while the 

immature NCs, i.e., those filled with pgRNA or single-stranded DNA were excluded 

from secretion185. Accordingly, a hypothesis was set such that the immature NCs 
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negatively regulate the trafficking process24, 182, 185. Zlotnick’s group compared the 

structural characteristics of empty and RNA-NC, and suggested that the strong interaction 

of CTDs with RNA genome obstructs the CTD exposure.    

Our theoretical model supports the mechanism of genome-regulated exposure of 

CTDs. Although we are not describing the whole process of HBV replication, a 

substantial structural change of CTD implies its functional correlation with the 

maturation signaling. Our model predicted that about ten residues for each CTD tail (34 

residues) tend to be exposed outside the capsid when the tails are free from the genome 

contents. Thus, ~ 30% of CTD segments additionally extruding outside would modify the 

capsid surface characteristics, which trigger the cellular trafficking. For such the empty 

capsid, the CTD tails have been suggested to be outward into far space from the capsid 

center, so that the outermost reachable r to be ~ 19nm for RNA-NC but ~ 22nm for the 

empty capsid. Such a structural deviation between empty and RNA-filled capsid supports 

the hypothesis that the degree of CTD exposure may trigger selective selection upon the 

post-translational process 24, 182, 185. The hypothesis, specifically, the rational on the 

transient CTD structure was also endorsed by experiments 24, 182. In supporting those 

observations, our model gives the evidence on the CTD exposure and accessibility into 

outer capsid space.  

Structural changes associated with CTD phosphorylation 

It was postulated that HBV carries serine residues in different phosphorylation 

states during the process of the capsid assembly and reverse transcription of the genome. 

Specifically, in a duck hepatitis B virus (DHBV), the capsid proteins (CP) were in 
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phosphorylated form upon the capsid assembly. However, they were dephosphorylated 

for the mature NC filled with rcDNA 13, 202. The CTD in phosphorylation state is believed 

to control the pgRNA encapsidation as well as the reverse transcription. Mutation of 

phosphorylation sites on CTD to mimic unphosphorylation hindered RNA packaging15-17. 

Similar mutation studies showed CTD phosphorylation affects DNA synthesis12, 16, 17. We 

have investigated the structural effect of phosphorylation. DFT calculation shows that 

CTD phosphorylation induces RNA segments to be more localized toward inner capsid 

surface (Fig. 4-5). Such a RNA structure alteration was observed by Wang et al. 24. In the 

phosphorylation-mimic case, the pgRNA inside the capsid presented more ordered 

structure than that in E-coli derived nucleocapsid. Our theoretical analysis indicates that 

such a structural ordering of RNA is correlated with the CTD location. In phosphorylated 

state, more of CTDs are localized at region of 7 ~ 12 nm from capsid center, and the 

inner shell (< 7 nm) distribution of the phosphorylated CTDs is relatively depleted. It is 

expected that the RNA-CTD interaction would be reduced because of added negative 

charges to the CTD by the phosphorylation. Figure 4-5 shows such retarded complex 

formation between RNA and CTDs. At inside region (r < 7 nm), density profile of RNA 

for the phosphorylated case is higher than that for unphosphorylated one. However, 

corresponding densities of CTD segments for each case are inversed at the region, thus 

the unphosphorylated CTD chains show higher segmental density than phosphorylated 

CTD chains. In other words, CTD chains stay relatively apart from the RNA when they 

gain additional negative charges by the phosphorylation. Accordingly, phosphorylation 

results in higher RNA density close to inner surface of the capsid and it maintains 
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monotonic radial distribution except near the inner wall. By contrast, RNA in the 

unphosphorylated case shows more inhomogeneous distribution. 

Exposure of SRPK binding motif in the CTD 

Although the primary kinase responsible for HBV phosphorylation is still under 

active investigation, SRPK has been a well-speculated candidate 181, 203. SRPK is able to 

fulfill the in vitro phosphorylation of HBV CPs181. Moreover, the binding of this enzyme 

to every 2-fold pores of HBV empty capsid has been reported 182.  

Our DFT calculation provides the density distributions of individual CTD 

segments in HBV capsids. We find that a specific motif, 21th -26th CTD residues of the 

CTD, is located in the outer region ( 17 )r nm≥  with the highest probability. Such a 

serine/arginine repeats domain serves as an ideal substrate for SRPK binding and nuclear 

localization signals (NLS) 204, 205. At the physiological condition ( 0.14 ),sC M=  the 

exposure fraction of SRPK binding motif is expected to be ~ 30% of that corresponding 

to the empty capsid. A recent in vitro HBV study demonstrated the empty capsid was 

decorated by SRPKs at all of 2-fold capsid pores. However, RNA-NC failed in that 

binding assay indicating that CTDs are not substantially exposed to be accessible for 

outside SRPKs 182. Regarding the exposure of kinase binding motif, the deviation 

between the empty capsid and the NC has been confirmed by our DFT calculation. In the 

presence of the RNA, the exposed fraction of SRPK binding motif of 21- 26th CTD 

segments is reduced to ~5%.  

Chen et al. claimed that no interaction between RNA-NCs and SRPKs were 

observed in conducting a chromatography of capsids sample into the SRPK bound 



84 
 

column182. However, our theoretical model predicts that CTD chains are also partially 

exposed in RNA-containing NCs but in relatively much smaller portion. One explanation 

for this discrepancy is that the enzyme binding requires sufficient substrate contact as for 

the case of the empty capsids. For RNA-containing NCs, the target motif exposure is 

insufficient to retain capsids bound on the column. Also in experiment, the RNA-NCs 

were obtained from E. coli system, filled with the host RNA. Although the bacterial RNA 

contents have been regarded to mimic the authentic pgRNA regarding its amount6, but 

their characteristics can be different206. Accordingly, we assume that the trapped bacterial 

RNA induces relatively stronger interaction with CTDs than pgRNA does. The 

calculation shows that if the size of RNA in the NC model is set to have larger value than 

that of the authentic pgRNA (3.5 kb), the CTD exposure ratio decreases (data not shown). 

It was observed by Rabe et al. that the structure of E-coli-derived capsids and authentic 

immature capsids were clearly different22. In their analysis, RNA-NCs were obtained in 

vivo with inhibiting the reverse-transcription to maintain the pgRNA. Certain portion of 

CTDs was exposed outside capsid, so that cleaved by outside digesting enzyme. 

However, NCs obtained by expressing the capsid protein in E. coli were not affected by 

outside enzyme, suggesting their CTDs were not exposed.  

Even for E-coli-derived nucleocapsid with RNA, it was speculated that certain 

portion of CTDs are exposed. Vanlandschoot el al. observed the CTD-mediated 

attachment of nucleocapsids to glycosaminoglycans expressed on the plasma membranes 

of cells207. A recent structural analysis showed that a small portion of CTDs are stretched 

out through NC pores184. These results lead to hypothesize that RNA-filled NCs also 
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carry the exposed CTDs but its fraction is substantially small compared to the empty 

capsid. DFT calculation supports that hypothesis with quantified comparisons. The 

distinct structures of capsids suggest that the CTD location, specifically, the distribution 

of the kinase target motifs can be modulated in response to the inside genome. Thus, the 

phosphorylation process should be entangled with the genome contents by the CTD 

involvement.  

Conclusions  

To summarize, we have used a coarse-grained model to describe the radial 

distribution of the flexible domains of HBV capsids and encapsidated RNA segments. 

The molecular model captures the molecular excluded volume effects and electrostatic 

interactions among the key viral components. The predicted profiles of the CTD location 

correspond with experiments supporting the postulated CTD exposure outside capsids. 

The DFT predictions validate the role of CTD in signaling viral maturation. Furthermore, 

the theoretical model predicts the probable position of a SRPK binding motif in the CTD 

in good agreement with that determined by a recent experiment. In addition, we provided 

theoretical description on the reorganization of RNA and CTD distributions in response 

to phosphorylation.  
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Figure 4-1. The radial distributions of polymeric segments in empty and RNA-

containing HBV capsids. The density profiles of salt ions, segments of linker-CTDs and 

RNA chains are shown for the empty capsid (A) and the nucleocapsid (B). In this and 

other figures, the perpendicular dotted lines indicate the inner and outer positions of the 

capsid surface. 
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Figure 4-2. Schematic representation of HBV capsids. The structure of empty capsid 

and nucleocapsid with RNA (NC) are compared by schematic representation of spherical 

capsid shell (dashed lines) and coarse grained RNA, C-terminal domains (CTD) and salt 

ions. Relatively large portion of CTD tails on the empty capsid are exposed outside 

capsid, while RNA molecules in the NC associate with CTDs making a thin layered 

complex shell.  
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Figure 4-3. The accumulated number of CTD residues for the empty (A) and RNA-

containing (B) HBV capsids. The accumulated number is radially integrated from the 

density profiles shown in Figure 4-1 for the linker-CTD residues and normalized by the 

number of CTD tails (Nt = 240). Thus y-axis value indicates summed number of residues 

(per each tail) up to the radial distance from capsid center (r). As r increases, the sum 

value approaches to 42, which is number of traced residues on each tail. The accumulated 

values for charged (+ and -), neutral (·) residue groups are shown separately.  
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Figure 4-4. The ratio of the exposed CTD residues exposed to the outer region of 

HBV capsids. The CTD residues exposed in the region 17r nm≥  are counted for both 

the empty capsid and nucleocapsid. Each residue is ranked from the tethering site (1) to 

the end segment (34), and the panel above denotes amino-acid residues. 
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Figure 4-5. Schematic representation of the CTD location. (A) a 2-fold capsid pore 

and a dimer of the capsid core protein (CP). (B) 6 CTD tails in each 2-fold pore. (C) CTD 

tails of the empty capsid. Here the tails are distributed in both inside and outside the 

empty capsid through the 2-fold hole. Red segments indicate the SRPK binding motif.  
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Figure 4-6. Effect of phosphorylation on the distributions of RNA and linker-CTD 

tails. (A) RNA distribution in phosphorylated (pCTD) and unphosphorylated (CTD) 

capsids. (B) The distributions of phosphorylated (pCTD) and unphosphorylated CTD 

tails. 

 

Equation Chapter (Next) Section 1 
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Chapter 5. A thermodynamic model for genome packaging in hepatitis B virus 

 

Abstract 

Understanding the fundamentals of genome packaging in viral capsids is 

important for finding effective antiviral strategies and for utilizing benign viral particles 

for gene therapeutic applications. While the structure of encapsidated genomic materials 

has been routinely characterized with experimental techniques such as cryo-electron 

microscopy (cryo-EM) and X-ray diffraction, little is known about the molecular driving 

forces underlying genome assembly in an intracellular environment and its in vivo 

interactions with the capsid proteins. Here we study the thermodynamic basis of the 

pregenomic (pg) RNA encapsidation in human Hepatitis B virus (HBV) using a coarse-

grained molecular model that captures the essential components of non-specific 

intermolecular interactions. The thermodynamic model is used to examine how the 

electrostatic interaction between the packaged RNA and the highly charged C-terminal 

domains (CTD) of capsid proteins regulate the nucleocapsid formation. The theoretical 

model predicts optimal RNA content in the HBV nucleocapsid changing with the CTD 

length in excellent agreement with recent mutagenesis measurements, confirming the 

predominant role of electrostatic interactions and molecular excluded-volume effects in 

genome packaging. We find that the amount of encapsidated RNA is not linearly 

correlated with the net charge of CTD tails as suggested by earlier studies. Our 

thermodynamic analysis of the nucleocapsid structure and stability indicates that about 10 

% of the CTD residues are free from complexation with RNA, resulting in partially 
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exposed CTD tails that may play an important role in signaling HBV viral maturation. 

The thermodynamic model also predicts the free energy of complex formation between 

macromolecules, which corroborates experimental results for the impact of CTD 

truncation on nucleocapsid stability.  

Introduction 

Hepatitis B virus (HBV) is a human pathogen that causes severe liver diseases 

such as hepatocellular carcinoma and liver cirrhosis1, 2. While more than 350 million 

people alive today are chronically infected by HBV, current treatments are effective 

mostly in short terms and often plagued by adverse reactions such as drug resistance3. 

The life cycle of HBV replication starts with a single-stranded pre-genomic (pg) RNA 

binding with a large number of capsid proteins to form a fenestrated viral capsid. The 

encapsidated pgRNA undergoes reverse transcription, first to a single-stranded DNA and 

then a partially double-stranded DNA in a matured capsid. It has been well recognized 

that pgRNA encapsidation is primarily driven by nonspecific electrostatic interactions 

with the C-terminal domains (CTD) of the capsid proteins (CPs). Each CP contains 183 

amino-acid (a.a.) residues, which can be divided into an N-terminal assembly domain 

(140 a.a.), a nonapeptide linker (9 a.a.), and the CTD (34 a.a.) tails. It is known that CTD 

is rich in arginine residues and is indispensable for proper pgRNA packaging and DNA 

polymerization6, 16, 208.  

Previous mutagenesis studies indicate that pgRNA packaging is affected by the 

net charge of the CTD tails18, 209. A partial truncation of the flexible, highly charged 

domain reduces the size of packaged RNA, suggesting a charge balance for association 
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among macromolecules209. The regulative role of nonspecific electrostatic interactions 

has been indicated for many single-stranded viruses210-218. A conserved ratio (N/Q=1.61) 

of the genome size (N) to the overall charge of capsid proteins (Q) was proposed based 

on experimental results for over 30 wild-type viruses, and the change balance hypothesis 

has be partially justified with theoretical analysis219. However, the universal charge ratio 

is not applicable to HBV. The conserved N/Q value would predict the RNA size of ~4500 

bases, much too large compared with the size of pgRNA (3400 bases) in wild-type HBV. 

An alternative model for predicting the optimal genome size has been proposed to 

account for not only electrostatic interactions but also multi-body correlation effects, such 

as particle size, chain connectivity, and intermolecular correlations186. It has been shown 

that genome packaging is influenced by the capsid properties including capsid shell 

charge. For HBV, genome packaging is also related to the partial exposure of the CTD 

tails25-27. From a biological perspective, CTD exposure changes the surface properties of 

the viral particle important for posttranslational processes such as nuclear entry, capsid 

envelopment and virion secretion 22, 29, 220-222. 

Developing new therapeutic antiviral strategies for HBV can be helped with a 

good understanding of the molecular details of viral replication. One of the critical 

questions about the HBV replication process is how the RNA/DNA chains are associated 

with the flexible domains of the capsid proteins and how the macromolecular association 

stabilizes the nucleocapsid. It has been shown that, for many single-stranded (ss) 

DNA/RNA viruses, genome packaging is primarily driven by non-specific electrostatic 

interactions between the nucleic acids and oppositely charged, flexible domains of the 
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capsid proteins219, 223. Previous studies also suggest that the viral packaging conforms a 

fixed charge ratio between the nucleic acids and the capsid proteins219, 223-226. However, 

the charge balance model was challenged by more recent theoretical works indicating that 

genome packaging involves other mechanisms leading to nonlinearity in the 

macromolecular charges227. The charge balance hypothesis ignores the Donnan 

equilibrium228 and specific effects of the genome structure229.  

Previously, we described the thermodynamic basis of RNA encapsidation using 

an ion-explicit coarse-grained model for HBV capsids186.  The theoretical model accounts 

for important factors in regulating genome packaging including electrostatic interactions, 

molecular excluded-volume contributions, and correlation effects. It predicts the optimal 

size of packaged genome in fair agreement with existing experimental data for both wild 

type (WT) and mutant HBV nucleocapsids. In this study, we examine the regulatory role 

of electrostatic interactions by considering the exposable feature of the CTD tails. In 

addition to previous experimental references, we validate the thermodynamic model with 

more extensive in vitro data for partial RNA packaging in various HBV mutants that 

become available only recently. Although the universal ratio (N/Q) of the genome size to 

the charge of flexible tails is not applicable to HBV219, both theoretical and experimental 

results indicate near linear dependency of the RNA size to the net charge of the CTD 

tails. The discrepancies among previous studies may be reconciled by accounting for by 

the molecular excluded-volume effects and other nonspecific interactions among all viral 

components including salt ions. The thermodynamic model allows us to evaluate the free 
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energy of the capsid formation and the radial distributions of key viral components and 

quantify the relative stability of nucleocapsids at different levels of RNA encapsidation.  

Molecular model and theory 

Coarse-grained molecular model 

We investigate the thermodynamic properties of HBV nucleocapsids by 

representing the key viral components with a coarse-grained molecular model. While our 

model is not able to capture the atomic details or the secondary structure of pgRNA that 

may play a key role in the kinetics of viral genome encapsidation229, 230, it keeps essential 

ingredients of non-specific interactions among macromolecules underlying nucleocapsid 

formation. From in vitro assembly of HBV nucleocapsids in E. Coli, it has been noted the 

RNA packaging is insensitive to the origin of the genome or the RNA sequence16, 209. The 

nonspecific nature of RNA encapsidation suggests that the essential features of HBV 

capsids can be faithfully described with a coarse-grained molecular model112, 186, 231.  

As in our previous work186, the encapsidated RNA and the peptide tails of capsid 

proteins are modeled as tangential chains of charged hard spheres. Approximately, each 

segment corresponds to a nucleic acid or an amino-acid residue. The diameters of hard 

spheres are set as Rσ = 0.75 nm187 and Cσ = 0.5 nm232 for nucleic acids and amino-acid 

residues, respectively. We assume that each RNA segment bears a negative unit charge. 

At physiological conditions, a wild-type (WT) CTD tail contains 16 positively charged 

segments (all from arginine residues), 4 negative residues (1 glutamate and 3 

phosphorylated serine residues), and 14 neutral segments. The valence of Z = -1 or 1 is 

assigned for each nucleic acid ( RZ ) or a charged amino-acid residue ( CZ ). It has been 
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demonstrated before that the coarse-grained model is able to capture the essential features 

of macromolecular interactions187, 233-236.  

For fully flexible chains of tangentially connected hard spheres, the bonding 

potential, designated as ( )V R , satisfies 
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where 1/ ( )Bk Tβ = , T   is the absolute temperature, and Bk is the Boltzmann constant; 

 represents the configuration of a coarse-grained RNA/CTD chain with 

the positions of M  spherical segments specified by  . For a WT HBV virus, the 

total number of segments is M = 3400 for pgRNA, and 34 for each CTD tail. In addition 

to the bonding potential, we consider the non-bonded interactions among the RNA/CTD 

segments using the pairwise additive potential ( )u r : 
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where ( ) / 2ij i jσ σ σ= +  , and Bl =0.714 nm is the Bjerrum length for an aqueous solution 

at room temperature. The Coulomb and hard-sphere potentials are also used to describe 

the interaction of macromolecules with salt ions. In this work, the intracellular fluid is 

represented by an aqueous solution of NaCl at the physiological concentration sC = 0.14 

M. It has been well documented that thermodynamic properties of the aqueous electrolyte 

solution can be accurately reproduced with the primitive model assuming that the cations 
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and the anions are charged hard spheres with diameters 
Na

σ + = 0.39 nm and 
Cl

σ − = 0.36 

nm, respectively237.  

 As in our previous publications112, 231, we use a spherical shell model for the HBV 

T4 capsid with an inner radius CR = 13 nm and a shell thickness d = 2 nm. The symmetric 

pores on the capsid shell are modeled as a semi-permeable membrane that allows 

transport of monomeric nucleic acids and small ions.  Because the flexible CTD tails are 

able to extrude outside the capsid surface while the packaged RNA chain is fully 

confined, we use an effective external potential for biomacromolecules.  The confining 

potential for each RNA segment is given by 
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Each T4 HBV capsid is composed of 240 capsid proteins. Accordingly, 240 CTD tails are 

randomly tethered at the inner surface of the spherical shell. While the first segment of 

each tail is tangentially attached at the inner capsid surface, the rest of CTD segments are 

subject to an effective external potential that allows partial exposure (~10%, the 

approximated ratio of total pore area to inner capsid area) of the CTD chains due to the 

presence of the capsid pores: 
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In addition to the confinement effects, the HBV capsid exerts an electrostatic energy on 

all charged components: 

 ( ) ( )C
i i sr Z e rϕΨ = , (5.5) 
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where sϕ denotes the electrostatic potential corresponding to the capsid surface charge, 

and e represents the unit charge. For a HBV capsid, the charge density has been estimated 

to be 20.7 /cQ e nm= , assuming a uniform charge distribution63. The surface charge 

density is used to calculate the electrostatic capsid external potential CΨ .   

Thermodynamics of RNA encapsidation 

The thermodynamics of RNA encapsidation may be considered as an equilibrium 

partition of a long RNA molecule between the inner and outer space of the capsid.  

Figure 5-1 depicts schematically a packaged chain at the early stage of assembly. The 

RNA chain exposed will be eventually degraded by the cellular nuclease209, 238, and the 

inside portion defines the optimal size of the genome.  

The thermodynamic potential for RNA fragments both inside and outside the 

capsid can be written as 

 cap outF F F= + , (5.6) 

where Fcap accounts for the free energy of the entire nucleocapsids, and Fout  represents 

the energy of the exposed RNA in the local cellular environment outside capsid. At 

equilibrium, the optimal genome size in a stable nucleocapsid can be found by 

minimizing the overall potential  

 0
RNA

F
N
∂

=
∂

, (5.7) 

where RNAN  stands for the number of nucleotides of the packaged RNA chain.  

We may estimate the free energy of RNA outside capsid from the reversible work 

to insert the unpackaged RNA segments into the cellular environment. The free energy of 
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insertion is approximated by the volumetric work to create a cavity in a uniform 

electrolyte solution with the osmotic pressure of a cellular milieu (Π ≈5 bar239, 240 ) 

 ( )out R pgRNA RNAF v N N= Π − , (5.8) 

where Rv stands for the excluded volume of each RNA segment, and pgRNAN is the number 

of segments of the entire pgRNA chain. Because the free energy for the outside part of 

RNA is a linear function of RNAN , its derivative with respect to RNAN , i.e., the 

thermodynamic potential, is independent of the size of the unpackaged RNA. It has been 

shown that, under the cellular osmotic pressure, the contribution to the total 

thermodynamic potential due to the exposed RNA is relatively minor186.   

The thermodynamic potential within the nucleocapsid accounts for the genome-

capsid interactions with the participation of salt ions. The corresponding semi-grand 

potential (Fcap) is estimated from the molecular composition of RNA and CTD tails, the 

chemical potential of small ions, and interaction potential between those components and 

the capsid shell: 
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where subscripts α and M denote salt ions and macromolecules (R=RNA, T=CTD tail); 

1 2 Md d d d=R r r r
 stands for a set of differentials; αµ  is the chemical potentials of salt 

ions; M 1
( ) ( )M

p ii=
Ψ = Ψ∑R r  represents the external potential for the polyion, while 
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( )p iΨ r  is that of each segment; ( )αΨ r  is the external potential of small salt ions; ( )αρ ρ

and ( )Mρ R  are the density profiles of small ions and polymers, respectively, and exF is 

the excess potential due to intermolecular interactions, which is calculated from the 

classical density functional theory (DFT). We have demonstrated in our earlier works the 

theoretical performance of the DFT for inhomogeneous polyelectrolyte systems241, 242 and 

its successful applications to HBV nucleocapsids112, 186, 231.  

Results and discussion 

The optimal genome size of HBV nucleocapsid 

A newly formed WT HBV nucleocapsid contains pgRNA, which consists of 

about 3400 nucleotides. It has been shown that a similar amount of bacterial ssRNA can 

be encapsidated by expression of the full-length capsid proteins in E. coli.10 When the 

CTD tails are truncated, however, the capsid contains a smaller RNA chain. Figure 5-2 

shows our theoretical predictions for the packaged RNA size in WT and mutant 

nucleocapsids with different degrees of CTD truncation. The number of amino acid (a.a.) 

residues in the core protein (183 ~ 162) is used to denote the WT and C-terminally 

truncated mutants. The theoretical data for the optimal genome size is compared with 

mutagenesis studies in E. coli systems.  

In general, the theoretical predictions correspond well with those from 

experiments. The predicted values are slightly higher than the experimental data probably 

because our model determines the optimal genome size without considering the 

encapsidated polymerase protein. For WT and mutants with low degree CTD truncations, 

nevertheless, the theoretical predictions are excellent. By contrast, the calculated RNA 
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size for mutants with shorter CTD tail (e.g., with C-termini residue of 162 or 164) 

exhibits more significant deviation (10~20%) from the experimental data. Such a 

corroborated result confirms that RNA packaging in HBV is mostly regulated by 

nonspecific interactions between RNA and the CTD tails.  

The charge balance between packaged RNA and CTD tails 

It has been speculated that, for single-stranded (ss) viruses in general and HBV in 

particular, there might be a direct correlation between the net charge of flexible tails of 

capsid core proteins and the size of packaged genome18, 206, 209. For many ssRNA/ssDNA 

viruses, the genome packaging is controlled by the flexible peptide arms of the capsid 

proteins, and the genome size is determined by the charge balance between those 

macromolecules219. However, previous investigations suggest different values for the 

charge ratio between the nucleic acids and capsid proteins228.  

Figure 5-3 presents the packaged RNA size (NRNA) as a function of the net charge 

of CTD tails (Qtail) of the HBV core proteins. Both the DFT results and experiment data 

for the optimal genome size (shown in Figure 5-2) are assorted according to Qtail for WT 

and mutants. Although there is an overall trend that NRNA increases with Qtail, both 

experimental data and theoretical predictions show that the charge ratio (NRNA/Qtail) is not 

constant. For example, two mutants have same Qtail but different NRNA values (e.g., 167 

and 169).  

A number of thermodynamic models have been proposed to explain the optimal 

charge ratio between nucleic acids and capsid proteins of viral particles. Hu et al. argued 

that the optimal RNA size is dependent on the contour length of peptide tails, and 



103 
 

obtained the charge ratio of N/Q=2.223 Different values of fixed charge ratio (<1, 1 and 2) 

also have been predicted with an assumption of a uniform capsid charge placed at inner 

capsid surface224-226. Most notably, Belyi and Muthukumar determined N/Q ~ 1.6 based 

on the counterion-condensation theory for RNA and peptide tails219.  The linear relation 

is compared in Figure 5-3 together with our model and experimental data. Clearly, 

neither the WT nor mutant HBV nucleocapsids follow the “universal” charge ratio. 

Instead, the DFT calculations show that the charge ratio varies from 1.1 to 1.8 depending 

on specific mutants. A recent experiment also revealed the lack of universality for the 

charge ratio on RNA packaging in Brome Mosaic Virus (BMV)227. It was found that the 

number of charges in capsid protein arms is not a sole factor in controlling the RNA 

packaging. Our DFT calculations on HBV packaging draw a similar conclusion that the 

additional controlling factors beyond the net charge effect should be considered. As 

indicated before186, the excluded volume and correlation effects of macromolecules and 

salt ions contribute in the RNA packaging process. A proper consideration of such effects 

allows us to quantify the equilibrium thermodynamics and obtain the optimal size of the 

packaged genome.  

The stability of nucleocapsids 

Earlier experimental work suggests that encapsidation of pgRNA stabilizes HBV 

nucleocapsids in compared to empty capsids10. Besides, the nucleocapsid stability 

changes during the reverse transcription from RNA to DNA, indicating its potential 

correlation with viral maturation243. Moreover, mutagenesis experiments reveal that 

partial truncation of CTD influences the RNA packaging and DNA synthesis. For 
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example, Le Pogam et al. found that HBV mutants with a truncation of no more than 10 

of C-termini (e.g., 173 CP residues) were able to produce a comparable amount of DNA 

as WT, while additional deletion of CTD residues critically impeded the DNA 

production209. Nucleocapsids of those mutants (more of 10 C-termini residues are 

truncated) maintain a reduced stability, and their packaged genome is easily digested by a 

cellular nuclease. 

The stability of HBV nucleocapsids depends on the free energy of complex 

formation between the RNA/DNA genome and oppositely charged capsid proteins. 

Approximately, the free energy can be divided into contributions from the capsid 

structure formation by protein subunits (Fem) and that due to the interactions among the 

flexible domains of macromolecules (Fplex) 244:  

 NC em plexF F F= + . (5.10) 

In Eq.(5.10), the first term on the right side represents the energy change from diluted 

core protein subunits to assembled empty capsid, and the other is the complexation 

energy of RNA/DNA genome and CTD segments, which is determined from the free 

energy difference between confined macromolecules complex and isolated genome and 

CTDs chains at infinite dilution. Previously, this complexation free energy has been 

approximated by accounting for changes in the chain elastic energy, excluded volume 

effects, electrostatic interactions, and entropy of mixing244. Among HBV mutants, the 

contribution of empty capsid structure is same for all cases, and thus we only compare the 

free energy of chain complexation (Fplex) for mutants with different length of CTD tails.  
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 Figure 5-4 shows the complex formation free energy versus the CTD chain length 

for the HBV mutations considered above. Here a negative value means that the overall 

contribution by the encapsidation of macromolecules is energetically favorable. As 

expected, the Fplex is negative for WT nucleocapsids (CP183) and others with a small 

degree truncation (CP179 and CP173), and thus the corresponding nucleocapsids are 

more stable than the empty capsid without macromolecules. However, the complexation 

free energy is positive for those with a large degree truncation. We note a sigmoidal 

change of the complexation energy with regard to size of CTD tails as shown by the solid 

line in this plot. The exponential transition occurs around CP173 to CP171, where Fplex 

changes from a negative to a positive value.  

As mentioned before, earlier experiment shows that nucleocapsids of HBV 

mutants with a truncation up to 10 of C-termini residues (CP173) are relatively stable. 

We may rationalize such a stability variation according to our coarse-grained 

calculations. Our theoretical results indicate that encapsidation of RNA-CTD chains 

entails unfavorable positive free energy for higher order truncations than the case of 

CP173 (e.g., CP171). Accordingly, the population of those mutant particles with 

unfavorable RNA encapsidation should be relatively small, and the resultant DNA 

synthesis should be substantially constrained.  

Structure of HBV nucleocapsids 

Whereas the cryo-EM pictures are available for both WT and mutant HBV 

nucleocapsids186, the molecular structures for the flexible components of the virus remain 

poorly understood. With CTD tails fully confined, our previous DFT calculation 
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predicted a thin layer of RNA chain and a brush-like distribution of the CTD segments. 

Here we conduct similar structural analyses by expanding the computation range from 

inside capsid to the outside area. In addition, more detailed capsid features are 

implemented such that CTD segments are set to be exposable into the outside region. It 

has been shown that such semi-permeable characters are relevant to build the HBV 

capsid model231.  

Figure 5-5 presents the radial distributions of RNA and CTD segments at different 

levels of CTD truncation. Here the RNA content is selected from the optimal genome 

size calculated from DFT. As indicated in a previous report186, the RNA segments exhibit 

extremely high contact density at the inner capsid surface. Immediately following the 

RNA layer are tethered CTD segments, with the rest forming a brush-like structure. 

Noticeably, some CTD segments approach outside capsid region for both WT and CP179 

mutant. The last panel of Figure 5-5 compares the average number of exposed CTD 

residues for different mutants. For WT nucleocapsids, 3-4 CTD residues per capsid 

protein are supposed in the outside region. Because these residues do not participate in 

the complex formation with encapsidated RNA, we expect about 10% of CTD segments 

are not essential for the genome packaging.  

Our theoretical results for the multiregional distributions of CTD segments inside 

and outside capsid may help to explain how the CTD tails fulfill multiple roles the HBV 

life cycle. As discussed above, CTDs are indispensable for genome encapsidation and 

replication. Other roles have also been identified such as mediating the nuclear 

localization and maturating signal 22, 29, 220-222. Our model suggests the WT capsids are 
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optimized to fulfill pgRNA packaging while maintaining a portion of exposed CTD 

segments to conduct a potent signaling role. Mutant CP179 has less than 2 residues per 

CTD tail exposed, and such exposure is not observed for mutants with shorten CTDs. 

Consequently, those mutants may lose the capability to deliver the maturation related 

signal.  

Conclusions 

We have investigated the thermodynamics of HBV nucleocapsid formation based 

on a coarse-grained molecular model for the key viral components and the intracellular 

electrolyte solution. The genome sizes in stable nucleocapsids are determined following 

an equilibrium criterion that minimizes the thermodynamic potential for RNA 

encapsidation. The theoretical results are found in good agreement with existing 

experiments on the nucleocapsid formation for both wild type (WT) and mutant HBV 

capsids with truncated C-termini of the core proteins. The thermodynamic model 

confirms that the pgRNA encapsidation is mainly dominated by nonspecific electrostatic 

and excluded-volume interactions among oppositely charged macromolecules. In contrast 

to previous investigations, both experimental and theoretical results indicate that the 

RNA content is not linearly correlated with the net charge of the CTD tails.  

The thermodynamic stability of nucleocapsid is affected not only by the overall 

charge balance between oppositely charged macromolecules, but also by the molecular 

excluded volume effects and charge distribution in the CTD tails. The RNA 

encapsidation free energy indicates that nucleocapsids with shortened C-termini are less 

stable in comparison to the WT capsid. The reduction in stability explains why mutants 
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with higher degrees of truncation become easily degradable and fail to maintain its 

capability for DNA synthesis. We have also investigated the spatial distributions of RNA 

and CTD segments in both WT and mutant capsids. In a WT capsid, the majority of CTD 

segments are located near the RNA segments around the inner capsid shell, while 3-4 

residues from each CTD tail prefer to stay outside the HBV capsid.  The multi-regional 

distribution may help to rationalize the multifunctional roles of the CTD tails in 

assembly, maturation, and envelopment of HBV capsids. 
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Figure 5-1. (A) Schematic of key components in a HBV nucleocapsid. Optimal genome 

size can be determined from partial encapsidation of a RNA chain that minimizes the 

thermodynamic potential of the nucleocapsid in an aqueous electrolyte solution. The 

unpackaged RNA fragments are subjected to degradation by cellular nuclease. 
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Figure 5-1. (B) The sequences of amino-acid residues in the C-terminal domains (CTD) 

of the wild type (WT) and mutant capsid proteins (from residue 150 to the end). In this 

and other figures, the WT and mutants of the core protein are distinguished with the 

number of residues (e.g., 183 179, 173, 171 and 164). The electrostatic status of each 

CTD residue is labeled with different colors (red, black and blue for positive (+), neutral 

and negative (-), respectively). 
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Figure 5-2. Theoretical predictions (black open square) and experimental data (Exp. 1209, 

red circle; Exp. 2245, blue triangle) for the optimal RNA length (kb or kilo-base) in WT 

and mutant HBV nucleocapsids.   
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Figure 5-3. Correlation between the packaged RNA size (NRNA) and the net charge of C-

terminal tails (Qtail). The solid line (N/Q = 1.61) was proposed by Belyi and Muthukumar 

219.  
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Figure 5-4. The free energy of RNA encapsidation depends on the CTD length. The 

complexation free energy (Fplex) of RNA and CTD chains is determined for WT and 

mutants. The sigmoidal line is for the guidance of the eye.  
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Figure 5-5. Radial distributions of RNA (blue solid line) and CTD chains (red dashed 

line) in WT and mutant HBV nucleocapsids (A-E).  Here r stands for the radial distance 

from the capsid center; the perpendicular dashed lines indicate the position of the capsid 

shell. (F) The average number of amino acid (a.a.) residues from the CTD tails located 

outside the capsid wall for WT and mutants. 

Equation Chapter (Next) Section 1 
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Chapter 6. Molecular recognition in envelopment of hepatitis B virus 

 

Abstract 

Hepatitis B virus (HBV) virions have a double-layered structure with an icosahedral 

nucleocapsid at the inner core and an outer shell of proteolipids. Although the internal 

domains of envelope proteins interacting with cytosolic nucleocapsids have been 

recognized, molecular details about the envelope-capsid association remains little known. 

In this study, we identify probable interaction sites between the Pre-S domain of large 

surface proteins (L-HBs) and the capsid core proteins (HBc) based on a combination of 

Molecular dynamic (MD) simulations and molecular docking. The theoretical results 

suggest that the specific binding of Pre-S domain of L-HBs with HBc arises from 

recognition between proteins domains consisting of 101-108th residues from L-HBs and 

135-139th residues from HBc. A theoretical analysis based on the Molecular Mechanics-

Poisson-Boltzmann surface area (MM/PBSA) method indicates that the approximated 

binding energy is -6.7 kcal/mol, which is weaker than that for typical cellular receptor-

ligand binding.  The capsid-envelope association is enhanced by multi-body cooperative 

effects and may be regulated by the spatial location of flexible C-termini of HBc. The 

theoretical model provides insights on selective envelopment of HBV capsids at different 

degrees of maturation.  
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Introduction 

Hepatitis B virus (HBV) virions have a double-shell structure with an icosahedral 

capsid coated with a lipid membrane containing there types of surface proteins. The 

capsid consists of 180 or 240 copies of the core protein (HBc) arranged in an icosahedral 

structure with triangulation (T) number 3 or 4. The majority of wild-type (WT) virions 

contain T4 capsids, about 28 nm in outer diameter.  After envelopment with the surface 

proteins, the out diameter of the entire virion (Dane particle) is about 44 nm4-6.  The 

envelope is composed of the HBV surface proteins (HBs) imbedded in a lipid bilayer. 

The glycoproteins exist in three related forms, small, middle and large, defined according 

to extended N-terminal domains (Pre-S1 or Pre-S2) of the surface proteins after a 

common S domain. The small form (S-HBs) has 226 amino-acid (aa) residues; these 

proteins are associated with the lipid and have four trans-membrane domains. Addition of 

Pre-S2 (55 aa) to S-HBs become the middle form (M-HBs), and Pre-S1 (108 aa) plus Pre-

S2 extension to S-HBs become the large surface protein (L-HBs). The Pre-S domains are 

flexible and not imbedded in the lipid membrane. The S and L forms of HBs are 

indispensable for HBV envelopment and infection but the M-HBs are not essential for 

virion formation27, 30.  

In addition to the HBV virion, additional viral particles are secreted from infected 

cells. The so-called subviral particles (SVP) exist either in long filaments with 22 nm 

diameter in cross-section diameter and variable length or spherical particles 22 nm in 

diameter. SVP mainly consist of lipid molecules and the envelope proteins31. While SVP 

outnumber virions in the serum of HBV patients,  their biological function remains 
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unknown. It has been suggested that SVP contribute to a persistent infection by 

enhancing immune tolerance32. The spherical SVP are predominately composed of S-

HBs, and the filaments include also L-HBs33. SVP induce shared immunological 

responses with the virions, and thus can be used as effective immunogens for HBV 

treatments. For example, the first human vaccine for HBV was developed from 

expression of s-HBs particles in yeast34.  

The HBV virions are generated from association of matured nucleocapsids with a 

HBs-containing Golgi membrane before undergoing the constitutive secretory pathway32, 

35. It was shown that L-HBs plays a critical role in the envelopment of nucleocapsids36, as 

well as in signaling cell binding with the receptors of hepatocytes37. The Pre-S domain of 

the L-HBs plays a critical role to mediate those interactions.  L-HBs take an alternative 

topology for binding the capsid proteins and hepatocyte receptors, with the Pre-S domain 

located at inside and outside the viral membrane, respectively. It has also been suggested 

that the internal Pre-S domain mediates the interaction with cytosolic nucleocapsids38, 39. 

Mutagenesis studies reveal candidate residues in HBc that interact specifically with the 

envelope proteins. Those residues may be located at the tip of the HBc spikes 40 or 

around the base of 4-helix bundle where the C-terminus residues exist close to the capsid 

pores41. However, it is unclear how the envelope and the capsid proteins are engaged in a 

HBV virion. One key question is whether there are specific interactions between HBs and 

HBc. Although electron microscopy measurements point to a non-icosahedral 

arrangement of HBs in the envelope42, Seitz et al. proposed a distinct packaging rule for 

HBs, which supports specific interactions of the surface proteins with the nucleocapsid43.  
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The putative interactions of HBc with the Pre-S domain of HBs may be 

considered as a special type of regulatory cellular processes that are mediated by protein-

peptide interactions. Although high-resolution analysis, such as NMR spectroscopy and 

X-ray crystallography, is able to uncover the atomic structure of many protein-peptide 

complexes, the structural information for the putative protein-peptide pair in HBV 

remains unavailable. Because the experimental procedure to determine the mechanism of 

recognition and binding processes is challenging, theoretical modeling and computations 

provide a valuable alternative. In this work, we identify probable interactions between the 

Pre S2 domain of L-HBs and the core protein HBc using MD simulation and molecular 

docking methods. We find a binding site in HBc that consists of amino acid (aa) residues 

from 139 to 142. It binds with a peptide made of 101-108 aa of L-HBs to form the HBc-

HBs complex. The binding free energy, estimated from the Molecular Mechanics-

Poisson-Boltzmann surface area (MM/PBSA) analysis, is -6.5kJ/mol for each HBc-HBs 

pair. Our theoretical analysis supports the specific binding of HBc with the Pre S domain. 

By docking with 4 residue sub-fragments of Pre S2 for HBc, we find that a Pre S2 

fragment (105-108 aa) shows a strong affinity with a binding site (around 139-142 aa) 

from HBc that is directly connected with the liker (141-149) and C-terminal domains 

(CTD). The dynamic structures of CTD at different stages of viral replication suggest that 

HBV envelopment coordinates with genome maturation within the nucleocapsids.  
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Materials and Methods 

Molecular Systems 

In this work, we chose the initial configuration of the HBc protein from the crystal 

structure for the HBV capsid core protein composite, PDB 1QGT191. The complex is 

composed of 4 quasi-equivalent HBc monomers, labeled as A, B, C, and D.  The 

structure for chain D is used as the initial input for the HBc monomer. The structure of 

HBs is currently not yet available; we use PEP-fold246-248 to obtain the conformation of 

the Pre-S domain in L-HBs. For effective computation of HBc-HBs binding free energy, 

we consider only the sub-fragments of in the Pre-S domain, as listed in Table 1. Initial 

conformations of these peptide fragments were directly taken from their 3-D coordinates 

in the Pre-S structure predicted by PEP-fold.  

MD Simulations 

We performed MD simulations with an implicit water model, which requires much less 

computation power and enables systematic analysis of the unknown protein-peptide 

binding. All simulations were carried out with a standard package, Gromacs 4.5249, with 

OPLA-AA force field250.. Generalized-Born (GB) potentials were applied in representing 

implicit water251, and no counter ions were added to neutralize the systems. After an 

energy minimization for 2000 steps, 10-ns production runs were performed for each 

system with HBc protein and a randomly positioned peptide fragment. The temperature 

was kept at 300 K by the velocity rescaling thermostat252. The resulting trajectories were 

collected every 2 ps with a 2-fs time step. For the analysis of the root-mean-square 

deviation (RMSD), we only considered trajectories from 2 – 10 ns.  
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To quantify the interaction free energy between HBc and the bound peptide fragment, we 

performed additional MD simulation with an explicit water model. We used the end point 

of previous MD run in implicit solvent as the starting input for the latter MD run in 

explicit water system. AMBER 10 package253 was used to obtain the additional 2 ns 

production run, with TIP3P water model254 and OPLS-AA force field250. To calculate the 

binding free energy, we applied the molecular mechanics/Poisson Boltzmann surface area 

(MM/PBSA) method255, 256, which is implemented in the AMBER package.  

Molecular Docking 

We used Autodock 4.2 with explicit consideration of the flexibility of the protein receptor 

and peptide ligand257. The Autodock procedure includes two steps, autogrid run to 

calculation the map of interactions upon the selected binding site in receptor with general 

atoms, and autodock run to pose the ligand with respect to the map of interactions. We 

employed the same initial structures of HBc protein and peptide fragments used in the 

MD simulation as the receptor and ligand respectively. We chose 30 of probable grid 

maps with grid spacing of 0.375 Å and dimensions of 30 x 30 x 30 points. These grids 

were centered at varied positons to cover the whole surface area of the HBc. For initial 

input structures, Gasteiger partial charge was applied258 and hydrogens were added by 

AutoDockTools. Lamarckian genetic algorithm (LGA) method was employed in the 

docking process259 .  
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Results and Discussion 

MD simulations for cases with HBc protein and each of 8-mer peptide were 

performed in implicit water system. 10 selected peptide fragments of pre-S1 domain in L-

HBs are listed in Figure 6-1. Each of the peptide (P1~P10) was placed at random position 

around HBc monomer initially, then parallel MD runs for each case were performed. In 

most cases, the peptide moved around the protein without making a fixed binding with 

the protein. However, P4 peptide fragment is associated with protein in an early time (< 

2ns), then the binding continued until the end point of simulation (100ns). Figure 6-2 

shows snap shots of the P4 peptide- HBc protein conformation during MD run. Within 

2ns time frame, the peptide made a contact to protein and stick on the surface of the 

protein, and such a bound state was preserved with a small position shift of the peptide on 

around similar binding domain in the protein. The binding domain is located at sequence 

135-139 of the protein, which is relatively flexible loop region located at initial portion of 

the linker domain of the HBc.  

 Within 2ns, the P4 peptide fragment associates with HBc monomer. And the 

binding is mediated at the domain of 135-139 aa in HBc. Figure 6-3(A) shows distance 

change between P4’s center of mass and that of putative binding domain (135-139) in 

HBc. In the plot, the initial up and down present the flowing around movement of the 

peptide. At ~1.1 ns, however, the distance converges within 2 nm. In comparison with 

RMSD data (Fig 3(B)), we can see the peptide get close to the protein at around 1ns, 

while its conformation converges into stable form slightly later as ~1.1ns. We can see a 

convergence of the peptide conformation within approximately 1.0 Å resulted from its 
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association with the protein at around 1.5 ns, while certain range of structural fluctuation 

exist indicating it may not reached to the final state of binding. In general, it has been 

indicated the equilibrated state of protein-peptide complex would be detected by quite 

long simulation analysis with several μs, which is order of magnitude beyond the time 

frame tested in this study. However, it is clear that there exist a selective binding between 

a certain fragment (P4, 101-108 aa) of pre-S1 domain in L-HBs and HBc protein, 

Although this binding is determined at the beginning step such as in the time frame, it 

still possesses general characteristics of the specific peptide-protein association.  

 To analyze the mechanism of binding, we determine the interaction energy 

between the P4 peptide and HBc monomer by MM/PBSA method. For that calculation, 

we performed additional MD run in explicit water system. As shown in Table 1, the 

approximated internal energy (ΔEtot) in the peptide-protein complex formation is ~-36 

kcal/mol, and corresponding entropic energy change (TΔS) is ~-29 kcal/mol. 

Accordingly, the binding free energy (ΔG) of -6.67 kcal/mol is obtained. Such an energy 

profile indicates the interaction is relatively weaker than general case of peptide-protein 

binding for ~8 mer peptide (~-10 kcal/mol260). However, in the cellular signaling process, 

such a weak ligand-receptor association is a specific aspect as shown in the T-cell 

response261, 262, and it could be expected the envelope coating process also requires the 

weak protein association. A comparison of polar (ΔUCoul + ΔWPB = 13.5 kcal/mol) and  

nonpolar (ΔUVDW + ΔWnp = -49.18 kcal/mol) contributions indicates that the overall 

binding is driven by the hydrophobic interactions. Such a favorable hydrophobic and 
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unfavorable electrostatic contribution in protein-peptide association has been observed in 

many promiscuous protein recognitions263-265.  

 To further confirm this molecular recognition, we conducted the docking analysis 

on the P4 peptide- HBc association. It has been suggested a probable docking of flexible 

peptide is mostly allowed for a short peptide composed by less than 5 residues. 

Accordingly, we considered 4-mer sub-fragments of the P4, as listed in Fig. 1(C), and 

conducted parallel trials of the docking procedure on to overall surface of HBc protein. 

Among 20 of selected grid positions for each of 5 sub-P4 fragments, 3 pairs of successful 

docking with negative binding energy were obtained. Interestingly, one of them is the 

case of P4-3 docked on the domain of 135-139 aa in HBc protein. This complex 

formation is clearly overlapped with the P4-HBc binding conformation predicted by MD 

simulation. As seen in Figure 6-4, the P4-3 peptide, representing 103-106 aa in L-HBs, is 

supposed to be well adopted into a narrow loop region that is close to linker domain in 

HBc. 

It is know that there is a selective mechanism in the HBV virion formation, such 

that only the mature nucleocapsids with dsDNA can be enveloped, while the immature 

nucleocapsids with ssRNA or ssDNA are excluded in that envelopment process. 

Regarding such a maturation depending mechanism, our results on the probable binding 

between L-HBs and HBc suggest a possible scenario. MD simulations and the docking 

analysis indicate the protein recognition is mediated by 135-139 aa domain in HBc, 

which is located beside the flexible C-terminal region. Accordingly, we consider that 

such a binding can be inhibited by C-terminal domain (CTD, 150-183 aa) of HBc. The 
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structural information of CTD is not currently available but the equilibrium structure of 

HBV nucleocapsid including the CTD chain location can be determined by the density 

functional theory (DFT) calculation112, 266. Figure 6-5 shows the DFT predictions on the 

radial distributions of CTD residues in 3 different capsids, the mature form with dsDNA; 

immature one with ssRNA; and empty capsid without any genome content. The CTD 

chains tend to be associated more strongly with dsDNA with all residues residing inside 

capsid. On the other hand, a marginal portion of CTD segments are to be located beyond 

inner capsid wall in the immature capsid. For empty capsid, even more portion of CTD 

residues are extruding outside capsid region. Such a varied CTD positioning with respect 

to genome contents strongly suggests the selective mechanism in the envelopment might 

depend on the CTD location. When CTD chains are totally internalized, i.e., in mature 

nucleocapsids, the putative core-envelope interaction should not be disturbed. However, 

if the CTD chains are placed close to inside capsid wall or block the pore area on the 

capsid, then the contact of L-HBs to the binding site in HBc (135-139 aa) could be easily 

inhibited. Such a scenario explains why only the mature nucleocapsid can be enveloped.  

Conclusion 

In this study, we investigate capsid-surface protein association using MD 

simulation and molecular docking. We find that HBV envelopment is mediated by the 

docking of Pre-S1 domain from L-HBs into pre-linker domain from HBc. The combined 

analysis of MD simulations using both implicit and explicit water models as well as 

molecular docking reveals specific peptide-protein binding underlying the HBs-HBc 

association. We found the domains of 101-108 aa in L-HBs and 135-139 aa in HBc are 
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critical in this molecular recognition. The L-HBs-HBc association has a lower binding 

free energy in comparison with typical cellular receptor-ligand binding, indicating that 

envelopment is a cooperatively driven multi-body process. Considering that the binding 

site is close to the C-terminal domain (CTD) of HBc, we expect that the core-envelope 

association is closely coordinated with the nucleocapsid maturation. In immature 

nucleocapsids, the putative docking of L-HBs to HBc is blocked because the CTD tails 

are partially exposed and cover the capsid surface. The dynamic nature of the CTD 

distribution explains the selective envelopment of HBV nucleocapsids during virion 

formation.  
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Figure 6-1. The sequence of amino-acid (a.s.) residues in the Pre-S domain of the large 

HBV surface protein (L-HBs). (A) N-terminal residues (1-174 aa) of L-HBs. (B) 8-mer 

peptides (P1 ~ P10) used in MD simulations. (C) 4-mer peptides (P4) used for molecular 

docking analysis. 

 

 

 

 

 

 

 

 

 

 

 



127 
 

Figure 6-2. Snap shots from MD simulation trajectory for a P4 peptide interacting with 

the HBc protein. (A) Initial conformation with P4 randomly placed around HBc. (B) The 

P4-HBc bound structure at 2 ns. 
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Figure 6-3. Dynamic properties of P4-HBc association. (A) Change of the distance 

between the averaged centers of P4 peptide and domains (130-134 aa; 135-139 aa) from 

HBc. (B) Root mean square distribution (RMSD) of the backbone atoms in the P4 

peptide. 
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Figure 6-4. Docking of sub-fragment P4-3 onto HBc. Shown here are the docked 

conformation for P4-3 (101-103 aa of L-HBs) and the approximated binding energy.  
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Figure 6-5. Radial distributions of CTD chains at different stages of maturation. Density 

profiles (ρ(r)) of CTD residues are compared for the mature (with dsDNA, red line), 

immature (with ssRNA, blue line) and empty (green line) capsids. Perpendicular dash 

lines indicate the capsid wall.  
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Table 6-1. Protein-peptide interaction energy (kcal/mol). ΔUVDW is the van der Waals 

energy; ΔUCoul is the electrostatic energy; ΔWPB and ΔWnp are the polar and non-polar 

contributions to the the solvation energy; ΔEtot is the total interaction energy, which is 

sum of ΔEpolar and ΔEnp; TΔS is the entropic energy term; ΔG is the binding free energy.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation Chapter (Next) Section 1 

ΔU
VDW

 ΔU
Coul

 ΔW
PB

 ΔW
np

 ΔE
total

 TΔS ΔG 
-43.37 -292.19 305.69 -5.81 -35.66 -28.99 -6.67 
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Chapter 7. Thermodynamic and structural evidences for reduced hydrogen bonding 

among water molecules near small hydrophobic solutes 

 

Abstract 

The structure of water molecules near a hydrophobic solute remains elusive 

despite a long history of scrutiny. Here we reexamine the subtle issue by a combination 

of thermodynamic analysis for Henry’s constants of several nonpolar gases over a broad 

range of temperatures and molecular dynamic simulations for the hydration energies 

using two popular molecular models of liquid water. Both the structural and 

thermodynamic data indicate that hydrophobic hydration reduces the degree of the 

hydrogen bonding among water molecules in particular at high temperature. Hydrogen 

bond formation is slightly hindered near a hydrophobic solute due to the anisotropic 

distribution of water molecules in the solvation shell, and the confinement effect becomes 

more significant as temperature increases. Reduction in the degree of hydrogen bonding 

is fully consistent with the positive contribution of a small hydrophobic solute to the 

solution heat capacity. As predicted by the scaled-particle theory, both Henry’s constants 

and simulation results suggest that the hydration entropy is determined primarily by 

cavity formation in liquid water, with its magnitude increasing with the solute size but 

declining with temperature.  

Introduction 

Hydrophobic effect constitutes an essential component of biomolecular 

interactions and has been subjected to extensive studies [see, e.g.154, 267-269 for recent 
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reviews]. While its macroscopic ramification is self-evident as immiscibility between 

water and oil or the tiny solubility of a nonpolar compound in liquid water270, a precise 

description of hydrophobicity from a molecular perspective has been an enduring 

challenge. A common wisdom is that hydrophobicity is intimately affiliated with the 

disturbance of the hydrogen-bonding network among water molecules in the vicinity of 

nonpolar solutes or surfaces. However, direct evidence on the structural variation is 

elusive. It has been long debated whether a hydrophobic solute promotes or hinders 

hydrogen bonding among water molecules in the solvation shell271-274.  

Based on the thermodynamic data for the aqueous solubility of hydrophobic 

compounds, Frank and Evans first suggested in 1945 that “When a rare gas atom or a 

non-polar molecule dissolves in water at room temperature, it modifies the water 

structure in the direction of greater ‘crystallinity’ − the water, so to speak, builds a 

microscopic iceberg around it”275. Although Frank and Evans cautioned at the outset that 

“iceberg” is by no means ice-like, the iceberg picture is often literally interpreted as 

formation of a cage-like ordered structure of water molecules near a hydrophobic solute, 

concomitant with an increased propensity for hydrogen bonding. While such an 

interpretation readily explains the negative hydration enthalpy and the entropy loss 

associated with solvation of a small nonpolar solute at room temperature,275-277 there have 

been ample experimental evidences revealing that hydrophobic hydration results in little 

change on hydrogen bonding among water molecules278-280. In stark contrast to the 

iceberg model, it has been suggested that, near the interface of an organic liquid and an 

aqueous solution, the degree of hydrogen bonding among water molecules decreases in 



134 
 

comparison to that in bulk water281. At the molecular scale, recent thermodynamic and 

neutron scattering studies render no direct evidence for enhanced ordering of water 

molecules near a hydrophobic solute282-284.  

Thermodynamics of hydrophobic hydration can be alternatively explained in 

terms of a balance between the loss in entropy due to cavity formation to accommodate a 

hydrophobic molecule and the gain in enthalpy due to van der Waals attraction between 

the solute and solvent molecules285-289.  Cavity formation and van der Waals forces are 

equally applicable to solvation in polar as well as nonpolar solvents290-292. Such an 

explanation entails no specific information on the self-organization or hydrogen bonding 

among water molecules. It has been argued that the entropy affiliated with hydrophobic 

hydration is particularly negative owing to the small size of water molecules, little 

affected by the variation of hydrogen bonding within the solvation shell293. The 

reorganization of hydrogen bonds around the nonpolar solute has little effect on the 

hydration free energy294.  

The lack of ice-like tetrahedral structure around hydrophobic solutes does not 

necessarily preclude the increase of hydrogen bonding among water molecules within the 

hydration shell267, 269, 271, 283, 289, 295-300. There have been substantial experiments revealing 

a moderate slowdown of water molecules around nonpolar solutes, suggesting more 

hydrogen bonding301-309. A recent study based on molecular dynamics (MD) simulations 

shows enhanced hydrogen bonding at least for a subset of water molecules around a 

hydrophobic solute272, 310. Because MD simulation typically employs a semi-empirical 
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force field with hydrogen bonding depicting as electrostatic interactions, the pairwise 

additive potential does not reflect the quantum characteristics of bond formation.  

Whereas a full quantum-mechanical calculation of hydrophobic solvation remains 

computationally demanding, hydrogen bonding is at least partially reflected in the 

thermodynamic data for the solvation of hydrophobic compounds. In this work, we 

investigate the solute effects on the degree of hydrogen bonding by a combination of MD 

simulation and experimental data for the solubility of several small nonpolar solutes in 

water over a broad temperature range. With the solvation free energy extracted from 

Henry’s constants at different temperatures, we are able to obtain entropic and energetic 

properties of different solutes using standard thermodynamic relationships. In 

conjunction with MD simulation for obtaining the van der Waals attraction between 

solute-solvent molecules, the hybrid approach allows us to acquire both energetic and 

structural signatures of local hydrogen bond formation without direct computation of the 

hydrogen-bonding energy using the electrostatic models.     

Molecular model and methods 

Thermodynamics of solvation 

Solvation free energy is conventionally defined as the reversible work to transfer 

a solute molecule from a hypothetical ideal-gas state into an ideal solution of the same 

temperature and the solute number density. Alternatively, it can be understood as the 

excess chemical potential of the solute molecule at infinite dilution in a solvent, here 

liquid water, at fixed temperature and pressure. In terms of the gas-liquid equilibrium, the 

solvation free energy ( sF ) can be related to Henry’s constant for the solute284: 
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 ln( )s BF k T HRT= − , (7.1) 

In Eq.(7.1), H denotes Henry’s constant in units of mol/(liter·atm), R = 0.082 

liter·atm/(mol·K) is the gas constant,  is the absolute temperature (K), and Bk  is the 

Boltzmann constant. The derivatives of the solvation free energy yield the entropy and 

enthalpy of solvation: 

 sFs
T

∂ ∆ = − ∂ 
, (7.2) 

 ( )sFh β
β

∂
∆ =

∂
, (7.3) 

where ( ) 1
Bk Tβ −= . In Table 1, we tablet the experimental data for Henry’s constants of 

four solutes, viz., argon, neon, methane and neopentane, in liquid water at 1 atm over the 

temperature range from 0 to 50° C. Henry’s constants for other noble gases 311 and low-

molecular weight alkanes312 are also available from the literature. Based on the 

experimental results, Eq.(1-3) allow us to determine the hydration free energy, hydration 

enthalpy, and hydration entropy of small hydrophobic molecules.  

Scaled-particle theory 

The scaled-particle theory (SPT) was originally developed for deriving the 

equation of state for hard-sphere fluids313. Similar concepts can be used to predict the free 

energy of cavity formation in any bulk liquid291. Augmented with a semi-empirical 

equation to estimate the solute-solvent van der Waals attractive energy, the SPT model 

has been successfully used to predict solubility, enthalpy of solvation, and partial molar 

volume for diverse gases in both organic and aqueous solvents286.  
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According to SPT, the solvation free energy consists of two contributions, one 

due to cavity formation to accommodate a solute molecule, and the other due to the long-

range interactions between the solute and solvent molecules. If the solute molecule is 

represented by a spherical particle of diameter , the free-energy cost for cavity 

formation in a liquid of molecular number density  and pressure  is given by313 
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where  stands for the packing fraction of solvent molecules,  represents the 

hard-sphere diameter of the solvent molecules, and . In deriving Eq.(7.4), it is 

assumed that the excluded volumes of both the solute and solvent molecules can be 

represented by hard-sphere interactions; the cavity is devoid of any solvent molecule with 

its center of mass located within a radial distance less than  from the center of 

the solute molecule.  

In this work, we use SPT to investigate the effect of solute size on the hydration 

entropy. Specifically, we consider the cavity formation free energies for Ne, Ar and CH4 

in water at 1 atm. To calculate cavity solvation free energy from Eq.(7.4), we need 

experimental data for the bulk solvent density as the input. The solvent density from 273 

to 323 K is obtained from an empirical correlation of the experimental data for water 

density314. At 298 K, for example, the number density of the solvent is , 

corresponding to the weight density of liquid water, . The hard-sphere 

diameter for the solvent is assumed identical to the Lennard-Jones size parameter for 
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liquid water according to the SPC/E model, i.e., = 3.166 Å. The hard-sphere diameters 

for Ne, Ar and CH4 are 3.09 Å, 3.56 Å and 3.73 Å, respectively. The cavity sizes for Ne 

and Ar are chosen according to Henry’s constants predicted by SPT315, while that for CH4 

is from the size parameter in the OPLS all-atom force field250.  

Molecular dynamic (MD) simulation  

All simulations reported in this work were conducted using the GROMACS 4.5.1 

program249. TIP3P254 and SPC/E316 water models were used to describe interactions 

between water molecules. The solute-solvent interactions were described with the 

Lennard-Jones (LJ) potential and the Lorentz-Berthelot combining rules. The LJ 

parameters for the solute molecules were obtained from the OPLS all-atom force field250. 

The simulation box consisted of a single non-polar solute fixed at the center and 466 

water molecules under the isothermal–isobaric (NPT) condition. In all simulations, the 

pressure was fixed at P = 1 bar, and the temperature varies from 273.15 K to 323.15 K at 

5 K interval. In MD simulation runs, we used the Berendsen thermostat for controlling 

the temperature with a coupling constant of 0.1 ps317, and the Parrinello-Rahman 

extended-ensemble coupling for the pressure control with a coupling constant of 2 ps318. 

Long-range electrostatic interactions were treated with the particle-mesh Ewald method 

and periodic boundary conditions319. The residual electrostatic and van der Waals 

interaction cutoffs were set to 1 nm. The equations of motion were integrated with the 

leapfrog algorithm at a time step of 2 fs, and the coordinates were saved at every 2 ps. All 

simulation results were obtained by averaging 100 ns MD steps after 100 ns equilibrium 

steps at a given temperature and pressure for each solute.  
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Van der Waals’ energy 

We estimated the van der Waals energy between a spherical solute and water 

molecules based on the Weeks-Chandler-Anderson (WCA) potential, 320  

 ( ) ( )vdw WCAF d r rr= Γ∫ r , (7.5) 

where  represents the local density of water molecules at radial distance  from the 

solute center. For the solutes studied in this work, the LJ parameters are Arσ = 3.345 Å 

and = 125.7 K for Ar 321, = 2.782 Å  and = 34.7 K for Ne 
250 , 

4CHσ = 

3.73 Å  and = 147.9 K for methane322, and 
3 4( )C CHσ = 5.759 Å  and = 

311.5 K for neopentane322. According to the SPC/E model316, the LJ parameters for water 

are waterσ = 3.166 Å and = 78.2 K. The TIP3P model gives slightly different LJ 

parameters for water molecules, i.e., waterσ = 3.151 Å and =76.5 K. The 

Lorentz-Berthelot combining rules are used for water-solute interactions. 

Number of hydrogen bonds 

We calculated the average number of hydrogen bonds among water molecules 

using Gromacs command ‘g_hbond’. A pair of water molecules are considered as 

hydrogen-bonded when the O-O distance Roo is within 3.5 Å and the HO-O bond angle is 

no greater than 30°. The local hydrogen-bonding propensity is measured in terms of the 

average number of hydrogen bonds within equally separated co-centric shells from the 

solute surface.  
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Results and discussion 

Distributions of water molecules around small hydrophobic solutes  

We consider the solvation of 4 nonpolar compounds, Ne, Ar, CH4 and C(CH3)4, in 

liquid water at P=1 atm and temperature varying from 273.15 K to 323.15 K. Both the 

SPC/E and TIP3P water models were used in our MD simulations. Figure 7-1 presents 

the radial distribution functions (RDF) of hydrogen and oxygen atoms of water molecules 

around each solute at 298.15 K. Approximately, the hydration shell for each solute may 

be identified as water molecules within the first peak of the RDF for oxygen atoms. 

Although inhomogeneity in distribution of water molecules is in evidence beyond the 

hydration shell, it is generally recognized that the long-range correlation makes a 

relatively minor contribution to hydrophobicity284. Qualitatively, the SPC/E and TIP3P 

models yield little difference in the radial distributions of hydrogen and oxygen atoms. 

Both models show that oxygen atoms are more preferred than hydrogen atoms in direct 

contact with a hydrophobic solute, and the trend becomes more distinctive as the solute 

size increases. The local density of hydrogen atoms also exhibits a maximum at the solute 

surface but the first peak is noticeably broader, more asymmetric, and smaller in 

magnitude in comparison to that for oxygen atoms. The RDFs of oxygen and hydrogen 

atoms show a near random angular distribution of water molecules in the solvation shell. 

Clearly, the orientation of water molecules near a nonpolar solute is distinctively 

different from that near a spherical ion323.  

To calculate the van der Waals energy between solute and water molecules, we 

divide the LJ potential into a repulsive and an attractive contribution following the WCA 
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method320. Figure 7-2 shows the total solute-solvent van der Waals energy versus 

temperature estimated from the RDF for the oxygen atoms and the WCA decomposition 

of the LJ potential. Here the error bars represent the discrepancies between the SPC/E 

and TIP3P models used in the simulation. The van der Waals energy for large solutes is 

more sensitive to the water models, especially for C(CH3)4 at low (273 K) and high (323 

K) temperature.  

Figure 7-2 indicates that the van der Waals solvation energy increases with the 

solute size but is little affected by temperature. For all solutes considered in this work, the 

overall change in van der Waals energy is less than 0.5 kJ/mol over the temperature range 

from 273.15 K to 323.15 K. At low temperature (~273 K), the solute-water energy is 

comparable to the solvation enthalpy, suggesting that, at such conditions, the hydrogen 

bonding makes negligible contribution to the solvation energy. Because the van der 

Waals energy is almost invariant with temperature, it has little effect on the solvation 

entropy and makes virtually no contribution to the solution heat capacity.  

The solvation enthalpy includes contributions not only from the solute-solvent 

van der Waals interaction discussed above, but also from additional terms due to the 

change in the system volume at constant temperature and pressure (-pΔV), and the 

changes in van der Waals energy  ( vdW
water waterU −∆ ) and hydrogen bonding among water 

molecules ( HBU∆ ). As indicated above, we can determine the solvation enthalpy (ΔH) 

from Henry’s constant using the Gibbs-Helmholtz equation. Besides, MD simulation 

provides direct information for both the changes in system volume and van der Waals 

attractive energy among water molecules. Figure 7-3 shows the simulation results for the 
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volumetric work (-pΔV), the change in van der Waals energy among water molecules 

( vdW
water waterU −∆ ), and the solute-solvent van der Waals energy ( vdW

solute waterU − ) for the four 

solutes at three representative temperatures. As expected, the volumetric work and the 

change in van der Waals energy among water molecules are much smaller in comparison 

to the solute-solvent energy, confirming a previous assumption that these terms are 

negligible in predicting the solvation energy of small molecule284. Meanwhile, the change 

in the van der Waals interaction among water molecules owing to the solute insertion 

( vdW
water waterU −∆ ) is also relatively small in comparison to the change in the internal energy 

of solvation (ΔU).  

Figure 7-4 shows the temperature dependence of the solvation enthalpy for the 

four nonpolar solutes considered in this work. As well documented, hydrophobic 

hydration results in a negative solvation enthalpy at low temperature, and its magnitude 

increases with the molecular diameter. At high temperature, the hydration enthalpy 

becomes positive for Ne, and those corresponding to other solutes remain negative 

because of stronger van der Waals attractions.  In comparison to the experimental results 

deduced from Henry’s constants, the MD simulation predicts the solvation enthalpy 

noticeably too large at low temperature but too small at high temperature for Ne, Ar and 

C(CH3)4. As a result, we expect that the classical models yield a heat capacity smaller 

than the experimental value over the temperature range considered in this work. Similar 

discrepancy was identified in a previous simulation for xenon solvation in SPC/E and 

TIP5P models of liquid water324. Evidently, both MD and experimental results show a 

positive hydration heat capacity for small hydrophobic solutes, indicating that the 
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solvation entropy is increased with temperature. The entropy increase has been 

interpreted as the “melting” of water structure in the hydration shell277, rendering a key 

evidence for the formation of clathrate-like structure near small hydrophobic solutes.  

Also shown in Figure 7-4 are different components of the hydration enthalpy by 

its decomposition into the energy changes due to van der Waals (VDW) and hydrogen 

bonding (HB) interactions plus the volumetric work: 

 vdW vdW HB
solute water water waterH U U U p V− −∆ = + ∆ + ∆ + ∆ , (7.6) 

where vdW
solute waterU −  denotes the solute-water van der Waals energy,  vdW

water waterU −∆  and HBU∆  

are, respectively, the changes in van der Waals and hydrogen-bonding energies among 

water molecules upon introducing a solute molecule. As discussed above, the hydration 

enthalpy is dominated by vdW
solute waterU −  and HBU∆ .  

Figure 7-4 indicates that the temperature dependence of the solvation enthalpy 

can be attributed mainly to the potential-energy change of the water molecules in the 

hydrophobic hydration shell. Near the normal freezing point of liquid water (273 K), the 

hydration enthalpy is virtually identical to the solute-water van der Waals energy, 

suggesting a negligible change in the total interaction energy among water molecules. As 

temperature increases, HBU∆  becomes more positive, with the magnitude increasing with 

the size of the solute. While the presence of a solute molecule may slightly disturb the 

strength of hydrogen bonds325, a more positive energy for the self-interaction reveals less 

hydrogen bonding among water molecules. In other words, the degree of hydrogen 

bonding within the solvation shell should be reduced in comparison to that in bulk water. 

While the reduction in the number of hydrogen bonds is insignificant at low temperature, 
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it becomes more appreciable as temperature rises. Clearly, the change in self-energy 

among water molecules contradicts to the prediction of the iceberg model. If a small 

nonpolar molecule induces a cage-like water structure, we would expect a decrease in the 

self-energy of water molecules.  

While the reorganization of water molecules within the solvation shell depends on 

temperature, it appears that the reduction in the degree of hydrogen bonding shows no 

qualitative difference between small and large hydrophobic molecules. It has been 

suggested before that neopentane defines a length scale for the observation of large-scale 

hydrophobicity, i.e., water molecules within the first solvation shell are similar to those 

near a paraffin wall, in contrast to those surrounding a small nonpolar solute such as 

argon and methane326. However, Figure 7-4 indicates that the change in the hydrogen 

bonding energy renders no clear evidence on the size-dependent crossover for 

hydrophobic hydration. As notated by Graziano327, no distinctive features can be 

identified as the solutes vary from neon to neopentane, the smallest and the largest 

solutes studied in this work. For both cases, the change in water self-energy is smaller 

than that corresponding to the formation or broken of a single hydrogen bond (~ 20 

kJ/mol).  

To provide further insights into water reorganization within the solvation shell, 

we determine the average number of hydrogen bonds per water molecule in spherical 

shells of equal width (0.1 nm) around each solute. At a given molecular configuration, 

the number of H-bonds is counted for following the criteria that a pair of water molecules 

is considered H-bonded when the O-O distance is within 3.5 Å while the angle between 
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the intramolecular O-H bond and the intermolecular O-O bond is less than 30°328. Figure 

7-5 presents the number of hydrogen bonds per water molecule near different solutes at 

three representative temperatures. In consistent with previous MD simulations based on 

SPC, SPC/E and TIP5P water models324, 326, the number of H-bonds per water molecule 

is reduced in comparison to that in the bulk. The magnitude of H-bond reduction is the 

highest for the largest solute, neopentane, and the effect becomes most significant at high 

temperature.  

According to a recent study by Davis et al based on Raman scattering 

measurements on water structure in dilute solutions of alcohol solutes274, hydrophobic 

hydration leads to less hydrogen bonding among water molecules as temperature 

increases within the entire liquid range (0 ~ 100 °C). While the temperature effect agrees 

qualitatively with the results shown in Figure 7-5, one of the key conclusions in that work 

is that, near room temperature, the hydration of alkyl group enhances H-bonding among 

water molecules in comparison to that in bulk water. The discrepancy may arise from the 

close connection of alkyl chains with the hydroxyl group. Although the latter effect was 

examined by a comparison between the hydration spectrum for aqueous solution of 1-

hexanol and 1,2-hexanediol, the water structure near alcohol solutes can be distinctively 

different from that near alkanes, resulting in opposite effects on hydrogen bonding among 

water molecules. Recent MD simulations with a polarizable force field indicate that the 

degree of H-bonding is enhanced only in the first water layer of solvation but reduced in 

subsequent water layers271. However, the overall change in H-bonding due to the 

hydration of a small solute such as methane is almost zero at room temperature, 
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confirming that the magnitude of H-bonding change is too small to imply any cage-like 

water ordering273.  

Origin of the solvation entropy  

The iceberg model attributes the negative entropy of hydrophobic hydration to the 

enhanced water ordering around the solute molecule, which contradicts to the positive 

energy change for the self-interaction among water molecules. Alternatively, the negative 

solvation entropy may be simply explained in terms of cavity formation, i.e., the entropy 

loss arises from excluding the water molecules to accommodate a hydrophobic solute 

rather than formation of a ice-like structure288. Intuitively, cavity creation decreases both 

configurational and translational entropy for water molecules, and such effects can be 

easily quantified with the SPT model. Figure 7-6 shows that, for a small hydrophobic like 

argon, neon or methane, the solvation entropy is a negative and its contribution to the 

solvation free energy ( ) declines almost linearly with temperature. The temperature 

dependence of the solvation entropy coincides well with that for a cavity of similar size 

as predicted by SPT. The discrepancy arises from the solute-solvent attraction that is 

absent for cavity solvation300, 329. Apparently, the increase in the solvation entropy with 

temperature is not unique for liquid water.  

Conclusions 

We have analyzed the effects of hydrogen bonding on hydrophobic hydration by 

combining the experimental data for Henry’s constants and MD simulations for the 

solvation of several hydrophobic solutes in water over a broad range of temperatures. 

Neither energetic nor structural evidence could be identified to support a clathrate-like 
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water structure around non-polar solutes. In consistent with the energetic data derived 

from Henry’s constants, the MD simulation indicates that H-bonding among water 

molecules is slightly reduced by the hydrophobic solvation and the effect becomes most 

evident as temperature increases. The reduction in H-bonding extent makes a key 

contribution to the positive hydrophobic solvation heat capacity. As predicted by the 

scaled-particle theory, the negative solvation entropy is mainly originated from cavity 

formation to accommodate the solute molecule, not from higher ordering of water 

structure.  

It has been suggested before that the impact of H-bonding among water molecules 

on the hydrophobic solvation is marginal because of the compensation of the 

corresponding enthalpy and entropy contributions294, 330-332. Supporting this view, we 

clarify a small but clear reduction of H-bonding due to the solvation of small nonpolar 

solutes. Because van der Waals interactions between the solute and solvent molecules are 

relatively insensitive to temperature, the reduction in the degree of H-bonding consists of 

a key contribution to the positive hydration heat capacity (ΔCp), which is a characteristic 

feature of the hydrophobic solvation.  

Despite extensive studies, the definition of H-bond in liquid water remains elusive 

due to different perspectives on bonding or non-bonding properties333, 334. According to 

conventional MD simulation and ultrafast infrared spectroscopy, non-H-bonded 

configurations persist only within a short life time (< 200 fs)333. Contradictory 

interpretations could be deduced from the same simulation or experimental data, 

depending on the precise definition of the H-bonds335. Besides, classical models assume 
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that H-bond configurations are continuous rather than disruptive such as ‘intact’ or 

‘broken’336. Disputed arguments had also been given on the reorientation dynamics of 

water molecules within the hydration shell. For example, experiments based on the 

polarization-resolved mid-infrared spectroscopy detected slower motion of water 

molecules around hydrophobic groups in comparison to that in bulk water304, supporting 

the iceberg picture. However, it has been suggested that the slowdown of hydration water 

motion may be attributed to a slower H-bond exchange due to the exclude volume effects 

by the solute, irrelevant to ice-like dynamics in the hydration shell337. 
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Figure 7-1. The radial distribution functions (RDF) of water oxygen (OW) and hydrogen 

(HW) atoms near Ne, Ar, CH4 and C(CH3)4 molecules at 298 K and 1 atm predicted by 

MD simulation. The results from the SPC/E model are shown in black lines, and those 

from TIP3P are in red; the solid lines correspond to solute (S)-water oxygen (OW) 

distributions, and the dashed lines are for solute (S)-water hydrogen (HW) distributions.  
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Figure 7-2. The temperature effect on the solute-solvent van der Waals energy for Ne, 

Ar, CH4 and C(CH3)4. Error bars reflect the differences between SPC/E and TIP3P 

models. 
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Figure 7-3. Different contributions to the hydration enthalpies of Ne, Ar, CH4 and 

C(CH3)4 at three representative temperatures (273, 298 and 323 K): the energy 

corresponding to the change of solution volume (pΔV), the change in van der Waals 

energy among water molecules ( vdw
wwU∆ ), and the van der Waals energy between the 

solute and water molecules ( vdw
swU∆ ).  
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Figure 7-4. Energetic properties of hydration for Ne, Ar, CH4 and C(CH3)4 from 270 K 

to 325 K. In each panel, the black line with filled squares represents the total hydration 

enthalpy deduced from Henry’s constants, ; the black line with opened squares 

represents the corresponding results from MD simulation, ; the green line with 

triangles designates the solute-solvent van der Waals energy, ; the blue line with 

diamonds is for the hydration enthalpy due to the overall change in the self-interaction 

among water molecules, , and the red line with circles denotes the contribution to 

the hydration enthalpy due to the variation in hydrogen bonding, .  
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Figure 7-5. The average number of H-bonds per water molecule in the hydration shell of 

Ne (black squares), Ar (red circles), CH4 (blue triangles) and C(CH3)4 (green diamonds) 

at three representative temperatures, 273, 298 and 323 K.  
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Figure 7-6. Effect of temperature on the hydration entropies deduced from Henry’s 

constants for Ne (black squire), Ar (red circle) and CH4 (blue triangle) and from the 

scaled-particle theory (solid lines).  
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Table 7-1. Experimental data for Henry’s constant (H) used in the thermodynamic 
analysis. 
 

 H (M/atm) 
T (K) Ne Ar CH4 C(CH3)4 
273 0.000517 0.002219 0.002556 0.002125 
278 0.000502 0.002010 0.002210 0.001555 
283 0.000487 0.001828 0.001938 0.001174 
288 0.000474 0.001667 0.001722 0.000912 
293 0.000462 0.001525 0.001549 0.000727 
298 0.000450 0.001400 0.001409 0.000595 
303 0.000439 0.001289 0.001295 0.000499 
308 0.000428 0.001189 0.001202 0.000427 
313 0.000419 0.001100 0.001126 0.000374 
318 0.000409 0.001020 0.001063 0.000334 
323 0.000400 0.000949 0.001012 0.000303 
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Chapter 8. Conclusions 

  

 In this dissertation, I have developed theoretical approaches for describing capsid 

self-assembly, genome encapsidation and maturation, and nucleocapsid envelopment of 

hepatitis virus (HBV). The theoretical results provide novel insights into the life cycle of 

HBV replication and fresh ideas toward developing new antiviral strategy.  

I have conducted a systematic investigation of the different stages of the viral 

structure using various molecular modeling techniques spanning different scales from 

macroscopic range to atomic level. A combination of the multi-scale methods allows us 

to reveal the thermodynamic basis for the capsid assembly, genome packaging, dynamic 

capsid structure, and capsid envelopment. Specifically, we use coarse-grained models to 

represent key viral components and intermolecular interactions under realistic 

intracellular environment. I demonstrate that the coarse-grained models provide an 

accurate description of the thermodynamic stability of HBV capsids at different stages of 

replication. Different from an earlier model for HBV stability, the new model accounts 

for genome contents, the semi-permeability nature of the capsid shell, and effects of salt 

ions explicitly. The theoretical results correspond well with experimental data and help to 

explain stability modulation of HBV capsids by the solution conditions such as the ionic 

strength. The theoretical model provides valuable information on how to regulate virus 

formation by controlling capsid shell assembly and genome encapsidation.   

 In comparison to alternative theoretical methods for investigating the equilibrium 

properties of HBV capsids at different stages of the replication, the density functional 
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theory (DFT) has the advantage of numerical efficiency. In particular, it provides direct 

information on thermodynamic properties that reflect various non-bonded intermolecular 

interactions beyond conventional mean-field approximations. By extensive comparison 

with experimental data, I find that the DFT is able to quantify the structure and 

thermodynamic properties of empty or genome containing nucleocapsids. 

 The encapsidated HBV genome and the flexible tails of the core proteins undergo 

structural transitions during maturation of the nucleocapsid.  The structure change is 

sensitive to phosphorylation of serine residues in the flexible tails of the core proteins. 

We predict the optimal RNA lengths in quantitative agreement with experiments for both 

the WT virus and mutants with C-terminally truncated core proteins. While genome 

packaging is dominated by nonspecific electrostatic interaction, we find substantial 

contributions from other factors including the inhomogeneous charge distribution and 

molecular excluded volume effects. 

 The surface structure of a nucleocapsid is intimately related to the signaling of its 

maturation for viral amplification and envelopment with surface proteins for egression.     

To unravel the molecular mechanism behind the surface-core protein recognition, I 

combine MD simulations and molecular docking to examine capsid-envelope association 

due to the interaction of a large surface protein and a capsid core protein. The simulation 

methods allow me to identify the specific binding sites on each protein and elucidate the 

capsid envelopment mechanism in terms of the location of CTD tails. Based on the 

numerical results, I provide a probable scenario about how the viral maturation is 

dependent on HBV nucleocapsid formation.  
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 The molecular models for various stages HBV replication established in this 

thesis will contribute to developing novel biophysical schemes to terminate the HBV life 

cycle. For example, we have demonstrated that the stability of HBV capsids requires a 

subtle balance of hydrophobic and electrostatic interactions.  New therapeutic strategies 

may be developed based on their stability at various solution conditions. Also the 

thermodynamic model for RNA encapsidation could facilitate the design of new 

experimental procedure for in vitro reconstitution of RNA-containing nucleocapsids. In 

addition, we identify new biophysical schemes to regulate HBV replication by controlling 

the charge statuses and the positions of CTD tails. The nucleocapsid formation and 

genome packaging depend on the charge density of CTDs. As a result, charge 

neutralization on the CTDs may block pgRNA encapsidation and its reverse transcription 

in the nucleocapsid. Moreover, we study the distributions of amino-acid residues in CTD 

tails at different replication stages and identify the possible signatures of a mature 

nucleocapsid that differentiates it from an immature one. We expect that the CTD tails 

provide a good target for modulating the post-transcriptional process of the viral 

particles. For the envelopment of the mature nucleocapsids, we have identified the 

specific binding site in the capsid proteins that mediates their association with the large 

surface proteins in the envelope shell. We believe that the particular interactive sequence 

in the surface protein renders a possible candidate for the design of polypeptide drugs as 

an inhibiter of the viral envelopment.  

 In conclusion, the fundamental research presented in this thesis allows us not only 

to attain a deeper understanding of the basic principles of viral replication but also to 
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identify unconventional targets for future therapeutic developments. The theoretical 

analyses have been validated with extensive experimental results and lead to insightful 

predictions that could be tested with new biochemical experiments. It is expected that 

such synergic efforts from theoretical and experimental investigations will facilitate most 

efficient discovery of powerful new therapeutic treatments against HBV infection.  
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