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ABSTRACT 

Immature hepatitis B virus (HBV) captures nucleotides in its capsid for reverse transcription. The 

nucleotides and nucleotide analogue drugs, which are triphosphorylated and negatively charged 

in the cell, approach the capsid via diffusion and are absorbed into it. In this study, we performed 

a long-time molecular dynamics (MD) calculation of the entire HBV capsid containing 

pregenome RNA to investigate the interactions between the capsid and negatively charged 

substances. Electric field analysis demonstrated that negatively charged substances can approach 

the HBV capsid by thermal motion, avoiding spikes. The substances then migrate all over the 

floor of the HBV capsid. Finally, they find pores through which they can pass through the HBV 

capsid shell. Free energy profiles were calculated along these pores for small ions to understand 

their permeability through the pores. Anions (Cl-) showed higher free energy barriers than cations 

(Na+ and K+) through all pores, and the permeation rate of Cl- was eight times slower than that of 

K+ or Na+. Furthermore, the ions were more stable in the capsid than in the bulk water. Thus, the 
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HBV capsid exerts ion selectivity for uptake and provides an environment for ions, such as 

nucleotides and nucleotide analogue drugs, to be stabilized within the capsid. 

I. INTRODUCTION

According to a report by the World Health Organisation (WHO), 257 million people were

infected with hepatitis B virus (HBV) in 2015, among which 887,000 were killed as a result of 

this disease.1 HBV consists of a spherical protein capsid inside an envelope that contains DNA. 

After the virus enters a host cell, it copies the pregenomic RNA (pgRNA) from the DNA. An 

immature HBV is then formed, containing the pgRNA in the capsid copy. Immature HBV in the 

cell collects nucleotides in the capsid and uses them to perform reverse transcription to produce 

DNA. During this process, the nucleotides in the capsid do not use external sources of energy, 

such as ATP, and instead spontaneously follow a free energy gradient to enter the capsid. The 

capsid shell and pgRNA are ionized and covered with negative charges. Negatively charged 

nucleotides enter the capsid easily despite the negatively charged capsid shell and pgRNA inside 

it. 

Some of the most commonly used antiviral reagents are nucleotide analogs. They enter the 

capsid, connect with a polymerase inside the capsid, and inhibit reverse transcription. These 

reagents include entecavir, lamivudine, and adefovir. They must permeate the capsid shell to 

efficiently reach the polymerase. The permeation mechanism should be similar between the 

nucleotides and reagents. Recently, viruses resistant to these drugs have been identified, and a 

need to develop new antiviral reagents has emerged. Thus, understanding the drug delivery 

mechanism inside the HBV capsid has become very important, namely the physico-chemical 

mechanism that generates the free energy gradient that makes it possible for the HBV capsid to 

efficiently collect nucleotides and reagents. 

Physico-chemical studies of HBV have focused on the capsid structure based on electron 

microscope measurements.2-7 A detailed three-dimensional crystal structure was obtained by 

Zlotonic et al.,7 who reported that the pores along the 5-fold rotational symmetry axis are small, 

while the pores along the 2-fold and 3-fold rotational symmetry axes are large enough for 

nucleotides to pass through. Thus, from a geometrical viewpoint, the nucleotides are believed to 

enter the capsid through the pores along the 2-fold or 3-fold rotational symmetry axes, and the 

surfaces of these pores are hydrophilic and hydrophobic, respectively. Because the chemical 

environment differs in these pores, we cannot discuss the capture of nucleotides solely in terms 
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of pore size. Wynne et al. investigated the mechanical properties of the HBV capsid based on 

atomic force microscopy (AFM) measurements and reported that the HBV capsid is not as hard 

as that of other viruses, but it is robust and flexible enough to allow for reverse transcription to 

occur inside it.8 Thus, although the HBV capsid has been investigated, the field in which HBV 

exerts its surroundings has yet to be determined. 

All-atom molecular dynamics (AA-MD) simulations are a powerful tool for studying viruses 

in solution. Many AA-MD simulations of viruses have been conducted. For example, small 

viruses such as small satellite tobacco mosaic viruses,10 satellite tobacco necrosis virus,11 and 

porcine circoviruses12, but also larger viruses13 such as polioviruses, hepatitis B viruses 

(HBV),14,15 and immunodeficiency virus16,17, have been investigated. Hadden et al.14 investigated 

the physical properties of an HBV without RNA, that is, with an empty capsid, in an aqueous 

electrolyte solution. They observed asymmetric structural fluctuations in the HBV capsid, and 

reported that the permeation of sodium ions was faster than that of chloride ions. The authors 

noted that this difference may be related to the permeation of nucleic acids across the HBV capsid 

shell. However, the microscopic origin of the difference in the permeation rates remains unclear. 

The purpose of the present study was to examine the microscopic physicochemical 

environment of negatively charged substance, such as nucleotides and antiviral reagents, that 

approach the surface of negatively charged HBV capsids and penetrate the interior, where 

negatively charged pgRNA is present. We performed a long AA-MD calculation for an entire 

HBV capsid containing pgRNA; the capsid was in solution. Electric field analysis of the resultant 

trajectory showed how negatively charged particles approach the surface of the HBV capsid. The 

free energy profiles of water molecules and ions were calculated as functions of the distance from 

the center of mass of the HBV. Pore selectivity by the water molecules and ions was also explored. 

The MD calculations are presented in the Methods section, followed by the Results and 

Discussion section, before a final overview of the physical properties of HBV with pgRNA in the 

Conclusion section. 

II. METHODS

AA-MD simulations were performed for an immature HBV with pgRNA to investigate the

physical properties of the virus in the electrolyte solution at the molecular level. The system was 

modeled as discussed in the following sections. 
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A. Capsid

The HBV capsid consists of 240 HBc proteins. The HBc protein consists of 183 residues and

has the following three regions:18 (1) residues 1-140, which comprise the N-terminal domain 

(NTD) that forms the capsid structure; (2) residues 150-183, which comprise the arginine-rich C-

terminal domain (CTD) that forms the inner surface of the capsid that attaches to pgRNA and 

polymerase; (3) the remaining residues 141-149 are known as linkers, which attach to the NTD 

and CTD. Although the amino acid sequence was the same among the three domains, they were 

classified into four conformationally different types: chains A, B, C, and D. The capsid is an 

icosahedron fabricated by 60 subunits, each composed of a set of A, B, C, and D chains. We 

produced the HBV capsid assuming icosahedral symmetry, as determined by Hong Zhou (PDB 

ID: 3J2V).5 Then, we modified its structure since several unstable geometries were found in the 

original PDB data. Furthermore, SER157, SER164, and SER172 were initially assumed to be 

phosphorylated. However, a recent study19 found that several phosphorylated amino acids are 

dephosphorylated when pgRNA is included in the HBV capsid, although the number of 

dephosphorylated amino acids has not yet been determined quantitatively. It has also been 

suggested that a phosphorylated CTD stabilizes the capsid.20 Despite several observations, the 

phosphorylation state of the amino acids has yet to be fully elucidated. In our MD system, all 

SER157, SER164, and SER172 in the CTD were phosphorylated, since the phosphorylated 

structure was considered to be the most stable. The protonation of each amino acid was 

determined randomly according to the probability of protonation. The probabilities were 

calculated according to the pKa values in the solvent at pH 7.2. For more details, see the 

Supporting Information. 

In general, pgRNA of immature HBV does not form a specific 3D structure,3 but it partially 

forms secondary structures.21,22 Thus, we prepared pgRNA with partial secondary structures and 

inserted it into the HBV capsid. Details are presented in the Supporting Information section. 

B. Capsid in electrolyte solution

TABLE I. System in a MD unit cell. 

Components Number of 
molecules 

Capsid 
protein 

240 
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pgRNA 1 

Water 2,382,166 

Mg2+ 138 

Na+ 613 

K+ 8,586 

Cl- 6,465 

Total atoms 7,995,566 

The degree of hydration of the protein was determined using a dowser.23 The water 

molecules were inserted into the MD cell using the solvate plugin of Visual Molecular Dynamics 

(VMD).24 Na+, K+, and Cl- ions were added by replacing water molecules. To avoid ion 

concentration gradients in the system, the MD cell was divided into three regions according to 

their distance (R < 8 nm, 8 nm < R < 16 nm, and 16 nm < R) from the center of mass of the capsid, 

and the above ion insertion was performed in each region. Ion insertion was performed using the 

Autoionize plugin of VMD. Since Mg2+ ions are believed to stabilize RNA significantly,25,26 the 

ions were placed around the pgRNA. Our ion concentrations were in good agreement with the 

experimental intracellular ion concentrations.27 The number of molecules in the MD unit cell is 

summarized in Table I. The total number of atoms was approximately eight million. 

C. Equilibration of the system

Three-step MD calculations were initially carried out to equilibrate the system. First, MD

calculations were performed for 3 ns in the NVT ensemble while constraining the positions of the 

C! atoms of the capsid and the radial distribution of the pgRNA around the capsid, with its partial 

secondary structures preserved to avoid any structural fracture in the capsid or pgRNA. Second, 

the constraints were removed step-by-step. This MD calculation was performed in the NVT 

ensemble at T = 310.15 K. The temperature was maintained using a velocity-scaling thermostat. 

The MD system was spatially divided into 64 regions (4 × 4 × 4) and an independent thermostat 

was adapted for each region. Finally, a 6-ns MD calculation was performed in the NVT ensemble 

at T = 310.15 K using a five-chain Nosé–Hoover thermostat.28 

Then, a 100 ns MD calculation was performed in the NPT ensemble at P = 0.1 MPa and T = 

310.15 K to reach thermal equilibration. This was followed by a further 100-ns production 

calculation for the analysis. The pressure was controlled using an Andersen barostat,29 and the 

temperature was controlled using a five-chain Nosé–Hoover thermostat. 
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D. MD calculation

The CHARMM36 potential set was used for the proteins,30 pgRNA,31 and ions32, while

CHARMM-modified TIP3P33 was used for the water molecules. The cutoff distance was set at 

1.2 nm for the short-range Lennard-Jones interaction, with a switching function from 1.0 to 1.2 

nm. The long-range Coulombic interaction was calculated using the fast multipole method 

(FMM)34,35 with a spherical harmonic expansion up to the fourth order, and the interaction with 

the multipole moments of the entire MD cell in the periodic boundary condition was calculated 

using the Ewald method. The barostat and thermostat were coupled every 0.5 ps. The equation of 

motion was integrated using the RESPA36 multi-time-step algorithm with 𝛥𝑡 = 0.5 fs for the 

intramolecular interactions, 𝛥𝑡 = 2 fs for the pair interactions, and 𝛥𝑡 = 4 fs for the FMM. With 

respect to the chemical bonds that involved hydrogen atoms, the bond length was constrained 

using SHAKE/ROLL and RATTLE/ROLL.37 The calculations were carried out on the K-

computer38 using MODYLAS34 developed by our group. 

E. Pore size

The capsid has four kinds of pores around the 2-fold, 3-fold, pseudo-3-fold, and 5-fold

rotational symmetry axes. However, the shape of the pores is not a simple straight cylinder. To 

characterize the shape of the pores, the pore size rpore(R) was defined as the distance between the 

rotational symmetry axis and the closest atom of the NTD. The size was calculated as a function 

of the distance R along the rotational symmetry axis from the center of mass of the HBV capsid. 
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FIG. 1. Schematic diagram of the cross section of the rotational symmetry axis of the capsid. 
The pore size rpore is a function of the distance R from the center of mass of the HBV capsid. 

F. Free energy profile of the water molecules and ions 

The free energy profiles of the water molecules and various ions were calculated along the 

trajectory when they passed through the pores and entered the HBV capsid. A free energy profile 

can be calculated as a function of the distance R from the center of mass of the capsid, as follows: 

∆𝐺(𝑅) = 𝑘"𝑇 ln
#(%)
#!

     (1) 

where kb and T are the Boltzmann constant and system temperature, respectively. 𝜌(𝑅) is the 

number density of the water molecules or ions. The reference density, 𝜌', was taken to be 𝜌(𝑅) 

at R = 20 nm, where is the bulk aqueous solution region out of the capsid. To calculate 𝜌(𝑅) =

𝑁(𝑅)/𝑉(𝑅), we evaluated the number of water molecules or ions, 𝑁(𝑅), and the volume 𝑉(𝑅) 

of the space where water molecules and ions are accommodated. We measured a cylinder of 

radius of 2 nm centered on the rotational symmetry axis and sliced this cylinder into sections with 

a width of 0.15 nm in the direction of the rotational symmetry axis (side view in Fig. 2). The 

𝑁(𝑅) in each section is calculated. Next, we divided this section into meshes of 0.05 × 0.05 nm 

(top view in Fig. 2). 𝑉(𝑅) was calculated by summing the volumes of the meshes, excluding the 

meshes occupied by the capsid or RNA atoms. Here, the atoms were considered to be spheres 

with a radius of 0.15 nm. V(R) is the volume that follows the shape of the pores.  

 

FIG. 2. Illustration of the volume profile calculation along the rotational symmetry axis as a 

function of distance R from the center of mass of the HBV capsid. 
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The free-energy profile, described by Eq. (1), is a simple function of the radial direction, R, 

from the center of mass of the capsid. In other words, it is the free energy averaged in the latitude 

and longitude directions within the pore. Therefore, although heterogeneity in the lateral direction 

within the pore is ignored in the analysis, the free energy profile of small molecules along the 

HBV capsid pore can be effectively discussed. 

III. RESULTS AND DISCUSSION 

A. Equilibration calculation 

The root mean square deviation (RMSD) was calculated for the backbone atoms of the amino 

acid residues of the capsid, except for the CTD and the loop, which are known to have disordered 

structures. The RMSD was also calculated for the pgRNA nucleic acids. In addition to these 

RMSD values, the number of hydrogen bonds and the distance from the center of mass of the 

capsid to the top of the spike were also calculated to examine equilibration. The RMSDs are 

shown in Fig. 3. The RMSD for the capsid converged to an equilibrium value of 0.455 nm in 100 

ns. It was on the same order of magnitude as that of ordinary proteins. This implies that the capsid 

structure reached a stable structure. In contrast, the RMSD of the pgRNA continued to increase 

during the entire calculation period of 200 ns. This result suggests that the pgRNA is weakly 

bonded to the C-terminus of the capsid and that the pgRNA structure may not be strongly 

constrained. As a result, pgRNA can move freely. The cryo-EM experiment showed that the 

pgRNA in the HBV capsid does not have a specific structure. The present calculation is in good 

agreement with the experimental results. 

	

FIG. 3. RMSDs of the HBV capsid (red) and pgRNA (blue) as functions of time. 
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FIG. 4. The number of hydrogen bonds of (a) the HBV capsid and (b) the pgRNA as functions of 
time. 

An equilibration run of 100 ns was required until the number of hydrogen bonds in the HBV 

capsid converged to an equilibrium value. The structural stability of the HBV capsid increased as 

the number of hydrogen bonds increased. The calculated number of hydrogen bonds in the 

pgRNA was almost constant during the MD calculation; that is, the pgRNA structure remained 

stable. 

 

FIG. 5. Distance from the center of mass to the top of the HBV spike. 

The distance from the center of mass of the HBV capsid to the top of the spike (RESID: 76–

80) converged to 17.2 nm after 100 ns. Thus, our calculated capsid radius was 17.2 nm, which is 
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in agreement with the experimental value of 17.4–18.0 nm.2,7 The function shows good 

convergence to a stable structure of the capsid during our equilibration run. 

 

FIG. 6. The calculated (solid line) and experimental (dotted line) RMSFs of the a-carbon of each 

chain. 

The root mean square fluctuation (RMSF) of the a-carbons of each chain is shown in Fig. 6. 

The fluctuation was averaged over the last 100 ns of the trajectories. The experimental RMSF 

shown in Fig. 6 was calculated using the equation,39 RMSF(𝐵() = 	
)*"
+√+-

, where RMSF (𝐵() and 

𝐵(  are the experimental RMSF and Cryo-EM5 temperature factors of the i-th a-carbon, 

respectively. The value of the experimental RMSF was smaller than the calculated value because 

the temperature factor was measured at extremely low temperatures (77 K). Despite this 

difference, the peak positions of our RMSF were consistent with the experimental positions. Thus, 

we succeeded in reproducing the capsid structure, including the fluctuating motion of the capsid 

atoms. The RMSFs of the N-terminals (RESID: 1–4), spikes (RESID 65–95), and C-terminals 

(RESID: 150–183) were larger than those in other regions. While the HBV capsid was relatively 

hard with smaller fluctuations in solution, the terminals and spikes exhibit larger fluctuations. 

Hadden et al.14 reported similar results. 
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FIG. 7. The radial electronic density profile as a function of the distance from the center of mass 

of the HBV capsid. The solid and dotted lines denote the calculated and experimental results,2 

respectively. 

Fig. 7 shows the calculated and experimental radial electronic density profiles as functions 

of the distance from the center of mass of the HBV capsid. Both the experimental and calculated 

profiles exhibited two peaks at the same position. However, the height of the distribution differed 

slightly between the two. The experimental values had an error of approximately 1.4–2.0 nm on 

the horizontal axis.2 Furthermore, the calculation was the average of 100 ns for a single HBV. 

Considering these factors, we can conclude that the experimental and calculated electron densities 

do not contradict each other within the error. The peak at 8 < R < 12 nm had a large contribution 

from pgRNA and CTD, and the peak at 12 < R < 16 nm was also attributable to the NTD. 

In any case, as discussed above, the system reached thermal equilibrium after a 100 ns MD 

run, and the RMSF and radial electronic density profile were in qualitative agreement with the 

experimental results. In the following analysis, the trajectories observed after 100 ns were 

examined. An image of the equilibrated system is shown in Fig. 8. 
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FIG. 8. The entire HBV after a 100-ns equilibration calculation. The capsid is shown in red, green, 

blue, and yellow. The white lines in the capsid represent pgRNA. The small red and white spheres 

in the background indicate water molecules. The right half front of the capsid proteins were 

omitted to show the inner structure of the capsid.  

B. Electric field 

The HBV capsid without the CTDs were charged by negative electricity of ‒1535e. The 

pgRNA in the HBV capsid were also charged negatively by ‒3396e. Despite the negative charges 

in the capsid and pgRNA, nucleotides, which are also negatively charged, were found to approach 

and enter the capsid and bond with the polymerase near the pgRNA. Therefore, we analyzed the 

electric field produced by the capsid and pgRNA to determine the mechanism by which the 

nucleotides were able to approach and enter the HBV capsid. 

The electric field was calculated in three dimensions. The field was approximately obtained 

from the coulombic force acting on each atom of the water molecule divided by its electric charge. 

This corresponds to the measurement of the electric field using the atomic charge of the water 

molecule as a probe. Furthermore, the calculated electric field was further averaged by utilizing 

the icosahedral symmetry of the capsid to obtain a high accuracy. Fig. 9 shows a diagram of the 

geometrical relationship between the capsid structure and rotational symmetry axis. The electric 

field was measured by the probe located at a distance 𝑅 from the center of mass of the capsid, and 

Fig. 10 shows the measured electric field. This value is directly related to the force acting on 

negatively charged substances, such as nucleotides and drugs above the capsid. The red and blue 
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colors represent the outward (repulsive) and inward (attractive) forces, respectively. The white 

region is the region where negligibly weak or zero electrostatic forces act between the capsid and 

negatively charged particles. 

 

	

FIG. 9. (a) The entire capsid and symmetry axis. Yellow indicates the spikes of the capsid (ResID: 

63-94). The pentagons, triangles, and rectangles shown in black represent the positions of the 5-, 

3-, and 2-fold rotational symmetry axes, respectively. (b) Enlarged view around the 5-, 3-, and 2-

fold rotational symmetry axes. The red, green, and blue areas indicate the floor region. (c) The 
5-, 3-, and 2-fold rotational symmetry axes. 
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FIG. 10. The averaged electrostatic field produced by the HBV capsid in solvent expressed in 

units of force acting on a negatively charged particle with ‒e measured over the spheres with 

several different radii 𝑅 around the capsid. Red and blue indicate the outward (repulsive) and 

inward (attractive) forces, respectively. White indicates a negligibly weak or zero force. 

Fig. 10 shows that at R = 21.5 nm from the capsid, an almost zero mean electric force acts 

on a negatively charged particle in solution. At R = 20 nm, the force certainly acts, although it is 

negligibly weak. These zero or very weak forces may be understood when we consider the Debye 

length of the present electrolyte solution (150 mM), which is 0.77 nm. At 𝑅 = 20 nm, the distance 

measured from the tip of the capsid spike was 2.8 nm. This is 3.6-times the Debye length. The 

shielded force has little effect on the motion of negatively charged substances, such as nucleotides 

and antiviral reagents. In other words, the negatively charged particles cannot recognize the HBV 

capsid at a distance further than 20 nm, and the particles can approach the capsid by a random 

walk. 



	

15	

	

Next, at 18 < 𝑅 < 20 nm in the region above the spike tip, repulsive forces were found to 

act on the negatively charged particles in solution. This is because negatively charged residues 

are present on the top of the spike (D77, D78, E83). In contrast, in the regions between the spike 

tips, the forces acting on the negatively charged particles, were still negligibly weak, and negative 

ions were able to approach the capsid by random walks, avoiding the spikes. 

At R=17 nm, above the floor, attractive forces act on the negative charges. The attractive 

force areas exist around a pore along the 5-fold rotational symmetry axis located on the floor. Ten 

positively charged residues, ARGs (RESID: R127, R133), exist around the axis of symmetry. 

Negative ions thus tend to come around the 5-fold rotational symmetry axis. The attractive force 

was weak, ca. −0.5 × 10./' N. However, if this small force acts over a range of 1 nm, from R = 

18 to 17 nm, then the free energy of transfer of the negative charge to the capsid surface is 

approximately ‒30 kJ/mol, which is very large. Thus, negatively charged substances tend to 

gather around the 5-fold rotational symmetry axes of HBV. Furthermore, in Fig. 10 for R = 17 

nm, the white area spreads over the entire surface of the capsid, except for the areas surrounding 

the 3-fold symmetry axis, where a small electrostatic force acts on the negatively charged particles. 

This implies that negatively charged substances can migrate freely over the floor of the capsid. 

Migrating substances can find the pores of HBV. 

In summary, negatively charged substances, such as nucleotides and antiviral reagents, can 

approach the HBV capsid by thermal motion, avoiding the spikes. The substances then migrate 

all over the floor of the HBV capsid. Finally, they find pores through which they can pass through 

the HBV capsid shell. In the next section, we investigate the properties of the pores related to the 

permeability of the substances to the free energy profile of water molecules and ions. 

C. Exchange of water molecules and ions across the capsid shell 

Water molecules and ions can enter and exit the HBV capsid through the capsid pores. The 

number of water molecules and ions moving from the inside to the outside or from the outside to 

the inside of the capsid per 1 ns was calculated, and the data are shown in Table II, together with 

results reported previously for other viruses. In our calculation, specifically, water molecules or 

ions that existed within R = 13.6 nm but were found outside of the capsid (R > 14.0 nm) after 1 

ns were considered to have permeated from the inside to the outside. Likewise, the water 

molecules or ions that existed outside of the capsid with R >  14.0 nm but were found inside of 

the capsid with R < 13.6 nm after 1 ns were counted as molecules that permeated from the outside 

to the inside. 
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TABLE II. The calculated permeation rates of water molecules and ions between the inside and 
outside of viral capsids. 

Virus Components Water K+ ion Cl- ion Na+ ion 

 studied (ns-1) (ns-1) (ns-1) (ns-1) 

Present study 

HBV (inward) Capsid/pgRNA 3200 ± 250 11 ± 1 1.4 ± 0.2 0.6 ± 0.1 

HBV (outward) Capsid/pgRNA 3200 ± 250 10 ± 1 1.1 ± 0.3 0.7 ± 0.3 

Reported studies 

Polio virus13 Empty capsid 8 ± 2 0 0 0 

PCV212 Empty capsid 73 ± 3 — 0 0 

STNV11 Empty capsid 10 — — — 

HIV-117 Empty capsid 20100 ± 1600 — 9.4 ± 2.4 22.2 ± 2.9 

Empty HBV14 Empty capsid 4700 ± 0.04 — 1.8 ± 0.4 8.4 ± 0.7 

HBV: hepatitis B virus 
PCV2: porcine circovirus type 2 

STNV: satellite tobacco necrosis virus 

HIV: human immunodeficiency virus 

The calculated permeation rates of water molecules from the outside to the inside and from 

the inside to the outside were 3200 ns-1. The permeation rates of Na+, K+, and Cl- ions from the 

outside to the inside of the capsid were 11 ± 1 ns-1, 1.4 ± 0.2 ns-1, and 0.6 ± 0.1 ns-1, respectively. 

Similarly, those from the inside of the capsid to the outside were 10 ± 1 ns-1, 1.1 ± 0.3 ns-1, and 

0.7 ± 0.3 ns-1, respectively. The permeation rates were similar in both directions. These results 

clearly show that the exchange of water and ions between the inside and outside of the capsid 

occurred in thermal equilibrium. The permeation rate of potassium ions was 16 times higher than 

that of sodium ions. This was caused by the difference in the concentration. The concentration of 

potassium ions was 14 times higher than that of the sodium ions. Therefore, to compare the 

permeation rates of these two types of ions, we normalized the rates by the ionic concentrations. 

Thus, the quantity in the table should be normalized to the permeation rate of ions per 1 mol/dm3. 

The concentrations of potassium ions, chloride ions, and sodium ions in the present system were 

140 mM, 150 mM, and 10 mM, respectively. The normalized rates were 71 ns-1⋅(mol/dm3)-1, 8.7 

ns-1⋅(mol/dm3)-1, and 60 ns-1⋅(mol/dm3)-1 for potassium ions, chloride ions, and sodium ions, 

respectively. The values for positively charged potassium and sodium ions were almost the same. 

In contrast, the value for the negatively charged chloride ions was approximately eight times 

smaller than that of the positively charged ions. Therefore, the HBV capsid exhibits ion selectivity 
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when it captures the ions inside it. Hadden et al.14 also reported that the permeation rate of chloride 

ions in an empty HBV was five times slower than that for sodium ions. Whether the pgRNA is 

contained in the capsid, the positively charged substances can move in and out of the HBV capsid 

faster than negatively charged substances. This is because several residues prevent negatively 

charged particles from passing through the pores of the capsid. This will be discussed in detail in 

the following sections. 

Although it is difficult to compare these values for different viruses due to size differences, 

we can qualitatively discuss the exchange of water and ions between the interior and exterior of 

the viruses. The permeation rates of water and ions for the viruses reported thus far are 

summarized in Table II. Three viruses, poliovirus, porcine circovirus type 2 (PCV2), and satellite 

tobacco necrosis virus (STNV), do not have envelopes, while human immunodeficiency virus 

(HIV-1) and HBV have envelopes. The permeation rates of water for empty poliovirus, empty 

PCV2, and empty STNV were 8, 73, and 10 ns-1, respectively. The ions did not enter or exit these 

three virus capsids. In contrast, the exchange rates of water for HIV-1 and empty HBV were 

20,100 and 4,700 ns-1, the permeation rates of sodium ions were 22.2 and 8.4 ns-1, and the rates 

of chloride ions were 9.4 and 1.8 ns-1, respectively. Our calculations also show that the permeation 

rates of water molecules and ions through the present HBV with pgRNA are of the same order of 

magnitude as those reported previously for empty HIV-1 and HBV and greater than those of 

poliovirus, PCV2, and STNV. Fewer water molecules or ions can pass through poliovirus, PCV2, 

and STNV because they do not have large pores in their capsids. Since these viruses do not have 

an envelope, they most likely have small pores that limit the permeation of water and ions to 

maintain a constant condition inside the viral capsid. In contrast, the large pores in the capsids of 

HBV and HIV-1 allow many water molecules and ions to pass through their capsids. We can 

consider that the latter viruses may have large pores because they have an envelope that protects 

the capsid, keeping its environment separate from the external solution. 

D. Pore sizes and free energy profiles of water molecules and ions 

Pores play a key role in the penetration of water and ions across the capsid shell. Here, we 

analyzed the size distribution of the pores and the free energy profiles of water molecules and 

ions permeating through the pores. 
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FIG. 11. Averaged pore size rpore(R) along the rotational symmetry axes. There are 30 pores, 20 

pores, 60 pores, and 12 pores along the 2-fold, 3-fold, pseudo-3-fold, and 5-fold rotational 
symmetry axes in an HBV capsid, respectively. The average was taken over all pores and over 

100 ns trajectories between t = 100 ns and 200 ns. The error bars represent the standard 

deviations calculated using the same statistics. Detailed time slices of the distributions for two 

pores are shown in the Supporting Information. 

The side chains of the capsid proteins protrude inside the pores. In other words, the spaces 

in the pores are narrow in some places and larger in others. As such, pore radius is a function of 

position in the pore. The calculated pore size profile, rpore(R), is shown in Fig. 11 for the pores 

around the 2-fold, 3-fold, pseudo-3-fold, and 5-fold rotational symmetry axes. First, the 

fluctuations (the error bars in the Figure) of rpore(R) are large for all the pores. This reflects not 
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only the difference in rpore(R) in the same rotational symmetry axis, but also the fact that the size 

of each pore fluctuates with time. Fig. S3 shows the time variation of the pore size profiles of the 

two selected pores along each rotational symmetry axis. We can see that the rpore(R) profiles are 

somewhat different, even between pores along the same rotational symmetry axis. In particular, 

the narrowest positions along the pores are different. The time variation of the rpore(R) profile is 

shown in Fig. S3. There is no plateau region rpore(R) profile in Fig. 11, indicating that the pore 

was  not a straight cylinder.  

 

FIG. 12. Distribution of the position of the narrowest space in the pores along the rotational 

symmetry axes. The distribution was calculated using all structural data from the production run 

between 100 ns and 200 ns. 

From the perspective of substance transportation, the minimum position of the rpore(R) profile 

should be related to the rate-determining step in the permeation. The distributions of the minimum 

positions of the rpore(R) profiles for the different pores are shown in Fig. 12. As shown in Fig. 12, 

a peak in the distribution of the minimum positions along the 5-fold rotational symmetry axis was 

found at the entrance of the pores (at a large R of 14.6 nm) for entry into the capsid. The 

distribution of the pores along the 2-fold rotation symmetry axis exhibited a peak at approximately 

R = 14.0. The pores were narrow in the middle. On the other hand, the pores of the 3-fold rotation 

symmetry axis were narrowest at R =13.7 nm, near the exit. The pores of the pseudo-3-fold 

rotation symmetry axis were also found to be narrow, in the range R = 13.7–14.2 nm, from the 

middle to the exit of the pores. 
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FIG. 13. Distribution of the narrowest space size (rporemin). 

Fig. 13 presents the distribution of the narrowest pore radius (rpore
min) in the pores. This 

indicates that the pores have various minimum radii. Furthermore, they were closed at times and 

open at others. For the 5-fold rotational symmetry axis, the peak was found at approximately 

rpore
min = 0.1 nm, indicating that the pores were essentially closed. In contrast, for the 3-fold and 

pseudo-3-fold rotational symmetry axes, the pores had a peak at approximately 0.5 nm, suggesting 

that the pores always maintain a large radius. For the 2-fold rotational symmetry axes, there was 

a peak at approximately 0.4 nm. Although this was slightly smaller than that of the pores near the 

3-fold and pseudo-3-fold rotational symmetry axes, there was clearly a hole. The average sizes of 

the pores of the 5-fold, 3-fold, pseudo-3-fold, and 2-fold rotational symmetry axes were 0.16, 

0.50, 0.44, and 0.43 nm, respectively. It should be noted that rpore
min is defined as the distance 

from the pore center to the atomic center. However, to investigate the pore size from the viewpoint 

of substance transport, the van der Waals (vdW) radius of the atom must be considered. Assuming 

a vdW radius of the atom of 0.1 nm, the size of the pore along the 5-fold, 3-fold, pseudo-3-fold, 

and 2-fold rotational symmetry axes was 0.06 nm, 0.40 nm, 0.34 nm, and 0.33 nm, respectively. 

In other words, the space in the 5-fold rotational symmetry axis was smaller than the sizes of the 

water molecules and ions. In contrast, the other pores were sufficiently large compared to the 

water molecules and ions. However, they were still smaller than the sizes of the hydrated water 

molecules and ions. This point is discussed further below, with a focus on the free energy. 
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FIG. 14. The calculated density profile and free energy profile of (A) water molecules, (B) 

potassium ions, (C) sodium ions, and (D) chloride ions as functions of the distance from the center 
of mass of the HBV. The blue, green, red, and yellow lines indicate the pores along the 5-fold, 2-

fold, 3-fold, and pseudo-3-fold rotational symmetry axes, respectively. 

Fig. 14 presents the calculated density profile, 𝜌(𝑟), of water molecules, potassium ions, 

sodium ions, and chloride ions as functions of the distance from the center of mass of the HBV 

capsid. The free energy profile, calculated using Eq. 1, is also shown. The water molecule has 
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free energy barriers of 2.8 and 1.8 kJ/mol in the pores along the 5-fold and 2-fold rotational 

symmetry axes, respectively. The free energy barriers in the pores along the 3-fold and pseudo-

3-fold rotational symmetry axes were both 1.1 kJ/mol, which was the smallest among the pores. 

The vdW radius of a water molecule was approximately 0.14 nm.  The estimated pore sizes were 

0.06 nm, 0.40 nm, 0.34 nm, and 0.33 nm for the 5-fold, 3-fold, pseudo-3-fold, and 2-fold 

rotational symmetry axes, respectively. The size of the pores was not large enough for water to 

pass through without reducing the number of hydrogen bonds with the surrounding water. For 

this reason, an energy barrier was produced in all the pores. The free energy barrier in the pore 

along the 5-fold rotational symmetry axis was located near the entrance of the pore. The peak in 

the free energy profile was found in the middle of the pore along the 2-fold rotational symmetry 

axis. The pores along the 3-fold and pseudo-3-fold rotational symmetry axes were found to have 

barriers near their exits. Free energy barriers were found at the location of the minimum radius of 

the pore, as shown in Fig. 12. Because the free energy barrier heights were smaller than the 

thermal energy (2.5 kJ/mol) for all the pores, water molecules were able to easily migrate into the 

HBV capsid through these pores. Furthermore, although the pores around the 2-fold and 3-fold 

rotational symmetry axes were considered hydrophobic and hydrophilic, respectively, the present 

data demonstrated no significant difference in terms of the free energy barrier for water between 

these pores. 

Next, we investigated the density and free energy profiles of the ions. The radii of Na+, K+, 

and Cl- in the crystal structure were 0.10, 0.13, and 0.18 nm, respectively. However, the radii of 

the hydrated ions were estimated to be 0.38 nm, 0.41 nm, and 0.46 nm, respectively. Thus, the 

ions can not pass through the pores without dehydration. This resulted in the formation of free 

energy barriers. First, in terms of the cations Na+ and K+, a free energy barrier was formed in the 

pores along the 5-fold and 2-fold rotational symmetry axes. The positions of these barriers 

corresponded well to the location of the narrowest portions of the pores. Furthermore, the free 

energy was lower at 𝑟 = 13 nm for the pores along the 5-fold rotational symmetry axis. This was 

due to the negatively charged amino acid residues (RESID: GLU8, GLU117, GLU113, and 

GLU145). In contrast, hydrophobic residues, PROs, in the pores along the 2-fold rotational 

symmetry axis produced a free energy barrier for Na+ and K+ because the cations needed to be 

dehydrated there. The free energies of K+ and Na+ were lower inside the pores along the 3-fold 

and pseudo-3-fold rotational symmetry axes than that in the bulk (𝑟 = 20 nm). This was again 

caused by negatively charged amino acid residues (RESID: ASP2, ASP4, ASP40, GLU14, and 

GLU43) in the pores. Hadden et al.14 reported that many sodium ions were present in this region. 

This result is in good agreement with our results. There was a very small increase in the free 
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energy around R = 13 nm, as a result of the narrow pores. At 6 < R < 12 nm, the free energy of 

Na+ and K+ had a large negative value due to the negatively charged phosphate groups of CTD 

and pgRNA. 

The free energy barrier of Cl- was high in all pores along the rotational symmetry axes. 

Negatively charged amino acid residues were observed in the pores along the 5-fold, 3-fold, and 

pseudo-3-fold rotational symmetry axes. In contrast, hydrophobic amino acid residues were 

mostly found along the pores around the 2-fold rotational symmetry axis. In addition, owing to 

the pore size, Cl- needed to be dehydrated to pass through the pores. Taken together, these were 

the causes of the formation of the significant free energy barrier. In our previous study,15 we 

calculated the free energy profile of ETVTP along the pores around the 2-fold and 3-fold 

rotational symmetry axes. ETVTP is a nucleotide analog with a charge of 4e-. Although it contains 

a free energy barrier within the pore, a free energy minimum was found at the entrance of the pore 

along the 3-fold rotational symmetry axis. The free energy minimum was caused by a structural 

change in the positively charged N-terminal of the capsid (RESID: MET1). This is a sort of 

induced fit by the capsid. The capsid may also have structural flexibility to capture nucleotides 

for reverse transcription. At 6 < R < 12 nm, the free energy had a large positive value because of 

the negatively charged phosphate groups of CTD and pgRNA. 

The free energies of K+ and Cl- were slightly but significantly more negative inside the capsid 

than outside it by ∼0.5 kJ/mol. This indicates that the ions are stable, irrespective of their signs, 

when they are located inside the capsid. 

We obtained an approximate estimation of the permeation rate across the capsid shell with 

the aid of primitive transition state theory. The reaction rate constant, k, was proportional to the 

exponential of the activation free energy barrier height 𝛥𝐺‡: 

𝑘	 ∝ expE
−∆𝐺‡

𝑅𝑇
F,																	(2) 

where 𝑇 and 𝑅 are the system temperature and gas constant, respectively. We used the calculated 

free energy barriers for 𝛥𝐺‡. The ratio of k for each type of ion to that of water is presented in 

Table III. As shown in Table III, chloride ions were able to permeate through all pores except for 

5-fold at a rate only one-tenth of that of water molecules. The total number of chloride ions that 

permeated in 1 ns was approximately 1/3000 that of water (Table II). However, the number of 

water molecules in the system was 370 times that of the chloride ions. Considering this difference, 
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the permeation rate of chloride ions may be estimated to be approximately 1/10 that of water. This 

is in good agreement with the results presented in Table III. 

The calculated k values of the sodium and potassium ions through the pores along the 5-fold 

and 2-fold rotational symmetry axes were also 4–7 times smaller than those of the water molecules. 

In Table II, the total number of potassium and sodium ions that permeated in 1 ns was 

approximately 1/300 and 1/5000 that of water, respectively. In addition, the numbers of potassium 

and sodium ions in the system are approximately 1/300 and 1/4000 that of water molecules, 

respectively (Table I). Considering the difference in the concentrations, the normalized 

permeation rates of potassium and sodium ions should be almost the same as that of water. 

However, this result was not consistent with the calculated k values of the sodium and potassium 

ions through the pores around the 5-fold and 2-fold rotational symmetry axes, as shown in Table 

III. Therefore, these ions mainly passed through the pores around the 3-fold and pseudo-3-fold 

rotational symmetry axes without any free energy penalty. 

TABLE III. Ratios of the calculated reaction rate constant of ions to that of water. Since chloride 

ions did not pass through the pore along the 5-fold rotational symmetry axis during the 200 ns 

MD run, k is not presented. The calculated k values of the sodium and potassium ions through 

the pores along the 3-fold and pseudo-3-fold rotational symmetry axes are also not shown, 

because there was no free energy barrier for the permeating ions through the pore along the 3-

fold and pseudo-3-fold rotational symmetry axes. 

 Water K+  Na+  Cl-  

5-fold 1 0.14 0.14 − 

2-fold 1 0.25 0.25 0.09 

3-fold 1 − − 0.09 

pseudo-3-fold 1 − − 0.11 

E. Local pressure 

In a previous study,13 we calculated the local pressure inside an empty poliovirus capsid. 

Surprisingly, the results were negative. In general, the pressure in a confined space smaller than 

the bubble nucleation size can be negative. This is known as a metastable state. The negative 

pressure found inside the capsid suggested that the capsid was organized in such a way that it can 

spontaneously contain RNA. In terms of the mechanism, when poliovirus contains RNA inside 

its capsid, the pressure becomes positive due to Van’t Hoff osmotic pressure. Subsequently, the 
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total system is stabilized. The local pressure of HBV with pgRNA is shown in Fig. 15. We set the 

bulk pressure at 𝑟 = 21.5 nm to be 0 MPa as a reference. It was clear that the pressure inside the 

capsid was positive, indicating that the virus with RNA was more stable than the empty capsid, 

through a process known as physicochemical stabilization. 

FIG. 15. The calculated local pressure as a function of distance from the center of mass of the 

HBV capsid. The bulk pressure at R = 21.5 nm was set to 0 MPa. 

IV. CONCLUSIONS

To clarify the microscopic physico-chemical properties of HBV (with pgRNA) in solution,

a 200-ns MD calculation was performed. The system reached thermal equilibrium within 100 ns. 

The calculated RMSF was in good agreement with the experimental results. The structural 

fluctuations observed in the terminal and spike regions were large, although those in the other 

regions were small. The calculated radial electric density distribution was in agreement with the 

experimental results, although the calculated radial electric density distribution reflected a 

detailed structure that was not observed in the experiment with large errors. 

Next, the electric field around the HBV capsid was calculated. The electric field yielded only 

a very small force on negatively charged substances, such as nucleotides, at distances greater than 

20 nm. In other words, negatively charged substances did not recognize HBV. At distances less 

than 20 nm, repulsive forces on negatively charged particles were detected only around spikes, 

although no force was detected in the other regions. Thus, negatively charged particles were able 

to approach the capsid by random walk trajectories while avoiding spikes. Weak attractive 

average forces acted on negative charges just above the floor of the capsid. Forces were produced 

by charged residues around the 5-fold rotational symmetry axis. However, the forces were weaker 
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than the thermal forces, allowing negatively charged substances to migrate over the floor to search 

for pores. 

We also calculated the permeation rates of water and ions through the pores in the HBV capsid. 

The permeation rates of the potassium and sodium ions were 71 and 60 ns-1 ⋅ (mol/dm3)-1, 

respectively, while that of chloride ion was as low as 8.7 ns-1⋅(mol/dm3)-1. Thus, the calculated 

exchange rate of chloride ions between the inside and outside of the capsid was eight times slower 

than that of potassium and sodium ions. This result shows that HBV exhibits ion selectivity when 

it captures the ions inside it.	

The free energy profiles were calculated for water molecules and ions as functions of the 

distance from the center of mass of the capsid along each pore. Free energy barriers for water 

molecules were observed in all pores, although they were smaller than the thermal energy. Thus, 

water molecules were able to enter and exit any pores of the HBV capsid. On the other hand, 

potassium and sodium ions had no free energy barriers in the pores along the 3-fold and pseudo-

3-fold rotational symmetry axes. Therefore, positively charged ions migrated into and out of the

pores around the 3-fold and pseudo-3-fold rotational symmetry axes. In contrast, free energy

barriers of more than approximately 8 kJ⋅mol-1 for chloride ions were observed in all the pores.

This indicates that chloride ions were able to permeate to a degree by crossing the barrier.

Furthermore, the difference in free energy between the inside and outside of the capsid was ‒0.5

kJ/mol for both potassium and chloride ions. The ions were more stable within the HBV capsid,

irrespective of their sign of charge. The HBV capsid can provide a stable environment for charged

particles, such as nucleotides, supporting their capture for reverse transcription.

SUPPLEMENTARY MATERIAL 

      See supplementary material for detailed HBV modeling methods. In addition, the 

supporting figure referred in the text is also provided in the supplementary material.
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