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ABSTRACT The genomic material of hepatitis B virus (HBV) is confined within a fenestrated nucleocapsid consisting of 240
identical copies of the capsid protein, which has a rigid core and a positively charged and highly flexible C-terminal domain
(CTD). Although previous mutagenesis studies have demonstrated the importance of the CTD in viral RNA packaging and
reverse transcription, the microscopic structure of the CTD and its interaction with encapsidated nucleic acids at various stages
of viral maturation remain poorly understood. Here, we present a theoretical analysis of the radial distributions of the CTD chains
and nucleic acids in the hepatitis B virus nucleocapsid at the beginning and final stages of viral reverse transcription based on
classical density functional theory and a coarse-gained model for the pertinent biomolecules. We find that a significant portion of
the CTD is exposed at the surface of the RNA-containing immature nucleocapsid and that the CTD is mostly confined within the
DNA-containing mature nucleocapsid. Large accumulation of cations is predicted inside both immature and mature nucleocap-
sids. The theoretical results provide new insights into the molecular mechanism of CTD regulation of viral reverse transcription

and nucleocapsid trafficking during various stages of the viral replication processes.

INTRODUCTION

Hepatitis B virus (HBV) is a major human pathogen that
causes chronic and acute hepatitis infections. A central
step during HBV replication involves encapsidation of a
pregenomic RNA (pgRNA) along with a virally encoded
polymerase to form an immature nucleocapsid (NC) in
the cytoplasm of the host cell (1,2). The encapsulated
pgRNA provides a template for the synthesis of a com-
plete (—)-DNA strand and subsequently a complementary,
incomplete (+)-DNA strand (3). The viral reverse transcrip-
tion is concomitant with stepwise degradation and removal
of the RNA template. In a mature HBV virion, the genome is
a partially double-stranded (ds) DNA with a relaxed circular
(rcDNA) conformation.

The majority of HBV capsids have an icosahedral
structure with T = 4 symmetry. Each T4 capsid consists of
120 dimers of the capsid protein or the core antigen (HBcAg)
that contains 183 amino acid (aa) residues. HBcAg is
conventionally divided into an N-terminal assembly domain
(residues 1-140), a linker (residues 141-149), and a highly
charged C-terminal domain (CTD) (residues 150-183).
Arginines comprise 16 of 34 residues in the CTD, making
this domain highly flexible and strongly binding to the en-
capsidated nucleic acids. The N-terminal assembly domains
of HBcAg form a rigid capsid fenestrated with pores (4).
These pores, varying from 1.2 nm to 1.7 nm in diameter,
allow access to the capsid lumen by monomeric nucleotides
and other small molecules in the cytosol. The linkers and the
CTD tails of HBcAg are positioned near the capsid pores
(5,6). Because the pore size is much larger than the diameters
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of typical aa residues, aa residues from CTD can be distrib-
uted either inside or outside the HBV NC.

It has been well recognized that the CTD may be involved
in generating the maturation signal of the NC and could have
significant effects on NC trafficking (7,8). Although its expo-
sure would drastically alter the surface properties of NCs, the
structure of the CTD is not directly detectable through
regular imaging methods such as cryo-electron microscopy
(cryo-EM) (9,10). Previous studies have given inconclusive
and occasionally contradictory hypotheses as to the struc-
tural differences between immature and mature capsids,
i.e., for capsids containing pgRNA and rcDNA, respectively.
Early articles in the literature suggested that in mature NCs,
the CTD is normally located inside the capsid shell (5,6).
Interior localization is intuitively appealing, because the
CTD plays an important role in pgRNA packaging and
DNA synthesis (11,12). It was suggested that the CTD tails
may become surface-exposed only when the capsid binding
of the nucleic acids is weakened or prevented (13). For
example, chimeric HBcAg proteins, in which the CTD was
replaced with certain epitopes, were found to assemble into
capsidlike structures in which these epitopes were surface-
accessible. More recently, Kann et al. showed that the
CTDs of RNA-containing recombinant capsids were
exposed at the particle surface once they were phosphory-
lated in vitro by protein kinase C (14). In addition, heterolo-
gous sequences fused to the CTD have been found to localize
at the capsid exterior (15,16). The sensitivity of the CTD to
proteolysis and antibody binding also suggests that its loca-
tion is exterior (17-19), but perhaps this is selective at the
mature NC stage (20). Rabe et al. conjectured that ~50%
and 100% of CTDs were exposed in the immature and mature
NCs, respectively (21).
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Previous studies indicate that the CTD is phosphorylated
at multiple serine and threonine sites (22—-24). Phosphoryla-
tion is required to facilitate pgRNA packaging and DNA
synthesis (25). Furthermore, at least for the duck HBV
(DHBV), the CTD has to be dephosphorylated at a later
stage of reverse transcription to allow completion of the
second-strand DNA synthesis and accumulation of mature
NCs (26). Since CTD dephosphorylation has to occur after
NC assembly, and since there is no indication that NCs en-
capsidate a phosphatase, the CTD is most likely at least
partially exposed to the exterior of immature capsids to be
accessible to an extracapsid phosphatase. Consistent with
external exposure of the CTD, in vitro phosphatase treat-
ment can remove the CTD phosphates from intact capsids,
albeit after an extended period of time (overnight) (27),
whereas after NC disruption, much more rapid CTD dephos-
phorylation occurred with phosphatase treatment (19). In
fact, translocation of a protein domain through pores of
intact capsid shells has been demonstrated in polio- (28)
and parvoviruses (29). In particular, insertion of its DNA
genome into parvovirus capsids induces externalization of
an internally located domain of one of its capsid proteins
through a channel on the capsid shell (30-33).

The importance of the CTD throughout the life cycle of
HBYV has been well documented (4). For example, it has
been shown that only mature NCs, i.e., those containing
rcDNA, can be imported into the nucleoplasm of the host
cell for genome amplification or enveloped with surface
proteins for extracellular secretion (34-36). Despite
numerous experiments to reveal the molecular mechanism
behind the exclusion of immature NCs from envelopment
and nuclear import (37,38), little direct evidence is available
at the present time on the variation of the NC structure
during reverse transcription. Such microscopic details will
be important for understanding HBV replication including
NC interactions with the nuclear pore complex and with
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the viral envelope proteins. Because CTD tails are highly
flexible, variation of the NC structure most likely is reflected
in the CTD distribution relative to the capsid surface.

In this study we aim to address theoretically the question
regarding the dynamic structure of the CTD within HBV
NCs at the beginning and final stages of viral reverse tran-
scription. Although there have been numerous theoretical
studies on the internal structures of viral capsids (e.g., Dev-
kota et al. (39), Toropova et al. (40), and Arkhipov et al.
(41)), we are unaware of published theoretical work that
analyzes the exposure of cationic protein tails at capsid
surfaces. Because viral replication in vivo is not amenable
to direct atomic simulations, we use a coarse-grained model
for the pertinent biomolecules so that the structural and ther-
modynamic properties of the nucleocapsid can be described
by classical density functional theory (42). We examine the
distributions of the CTD tails, nucleic acids, and small ions
for both the RNA-containing, immature NC and the dsDNA-
containing, mature NC under physiological conditions. Our
theoretical results indicate that for immature NCs, a remark-
able portion of the CTD is exposed at the capsid surface. By
contrast, for mature NCs, virtually all CTD tails are located
within the lumen. Furthermore, our theoretical model
predicts that cations are highly concentrated within the
capsid lumen and the ion concentration in mature NCs is
roughly three times higher than that in immature NCs.
The theoretical results provide new insights into CTD regu-
lation of reverse transcription and nucleocapsid trafficking
during viral replication.

MOLECULAR MODEL AND THEORY

As explained in a previous study (43), we use a coarse-
grained model to describe the key components of both
immature and mature HBV nucleocapsids. Fig. 1 shows
schematically the molecular model studied in this work.
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(A) Schematic representation of the HBV nucleocapsid. The capsid shell is represented by a spherical shell (dashed lines) permeable to small

ions (small dots) and the coarse-grained segments of the C-terminal domain but not to the segments of pgRNA or dsDNA. (B) Coarse-grained representation
of pertinent biomolecules. Shown here are only portions of the coarse-grained chains of biomacromolecules.
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Specifically, the nucleic acids and the CTD tails are repre-
sented by tangentially connected chains of hard spheres,
and the capsid is represented by a semipermeable spherical
shell. The surrounding electrolyte solution is described by
the primitive model, where small ions are represented by
charged spheres and the solvent is a dielectric continuum.
Similar coarse-grained models have been used extensively
to describe structural and thermodynamic properties of bio-
macromolecular systems, including packaging of DNA/
RNA, protein folding, and assembly of viral capsids
(44-48).

The encapsidated RNA is represented by a homochain
with identical segments, i.e., the coarse-grained model
ignores the RNA sequence and the secondary structure.
Each RNA segment has a diameter of og = 0.75 nm and
valence of Zg = —1. These parameters reflect the average
size and the electrical charge of individual nucleotides
(47). The RNA chain is assumed to be fully flexible such
that the bonding potential, V,(R), between RNA segments
can be described by the Dirac ¢-function,

M—1

exp[ — BVrna(R)] = H

i=1

o(|ripy — ;| — og)
Aol

;D

where = 1/(kgT), kg is the Boltzmann -constant,
T =298.15 K, and R = (r,ry, ..., ryp) specifies the RNA
configuration or the positions M = 3400 coarse-grained
segments for pgRNA. Whereas biologists have long recog-
nized the importance of the secondary structure of RNA
on initialization of viral encapsidation, its role on the
genome packaging inside the virus remains unknown.
Because viral packaging, HBV included, is dominated by
electrostatic interactions insensitive to the RNA sequence,
we conjecture that the coarse-grained model is sufficient
for capturing the essential features of the NC structure,
including the distribution of CTD chains (43).

Similar to pgRNA, the CTD tails are represented by
tangentially connected chains, with each segment desig-
nating one amino acid residue. For simplicity, we assume
that all amino acid residues have the same diameter of
ot = 0.5 nm, derived from the average van der Waals diam-
eters of amino acids given in the Brookhaven Protein Data
Bank (49). The CTD segments can be neutral, positively,
or negatively charged, depending on the characteristic of
the amino acid residues (see Fig. 1 B). To assign the valence
of each CTD segment, we assume that under physiological
conditions, each arginine residue carries one positive
charge, each glutamate residue carries one negative charge,
and all other amino acid residues in the CTD are free of
electrostatic charge. In the immature NC, a negative charge
is also assigned to each phosphoserine residue (155, 162,
and 170) (26). After dephosphoration, these electrostatic
charges are removed in DNA-containing mature NCs.

The rcDNA in a mature nucleocapsid is also represented
by a coarse-grained model. Specifically, we assume that
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each DNA segment has a diameter the same as the cross-
section diameter of a DNA double helix (6p = 2 nm)
(50). Because the separation between two neighboring
DNA basepairs in the DNA helix is 0.34 nm, each segment
corresponds to 5.9 basepairs and carries a negative charge of
Zp = —11.8. In contrast to that for pgRNA, the coarse-
grained model for rcDNA includes a bending energy to
account for both the chain connectivity and the backbone
rigidity. The DNA bonding potential has the form

N—1 N—1
exp[ — BVona(R)] = Hvl(ri+1,rf)HV2(l'i+1,l'i, ri1),
i e
)
with
o(lrip — 1| — o
Vl(l’i+1,l'i) = (l +1 | D) 3)

2
4mop

to account for chain connectivity and

Vo (Tigr, Ty, 1) Zexp[—ED(H-rl ri | 2\1‘1+1 rJCOS@)}
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“)

to account for the bending potential. In Egs. 2-4, N = 508
corresponds to the number of coarse-grained segments for
the partially double-strained rcDNA (~3200 basepairs), v,
and v, represent the Boltzmann factors of the backbone
potential due to bond stretching and bond bending, respec-
tively, @ is the angle between two neighboring bond vectors,
and ep characterizes the stiffness of the rcDNA chain. If
ep = 0, the DNA bonding potential becomes identical to
that for the tangent-chain model. Conversely, ep, = o corre-
sponds to a rigid-rod chain.

Using the bonding potential described by Egs. 24,
Woodward and Forsman (51) showed that without the
self-avoiding effects, the polymer persistence length, A,
can be approximated by A, = &po, where o is the diameter
of the polymer segment. Accordingly, we estimate the stiff-
ness constant (ép = 25) of the coarse-grained model for
rcDNA based on the intrinsic persistence length (~50 nm).
In this study, we find from calculations over a range of ¢p
values that the final results are not sensitive to a small vari-
ation of the stiffness constant.

The HBV capsid is fenestrated with >120 holes, ~1.5 nm
in diameter on average, uniformly distributed on the surface.
These holes occupy ~30% of the surface area. As a result,
the HBV capsid is permeable to small ions but not to nucleic
acids. Because small ions and the CTD segments are not
restricted to the viral lumen, we assume that the HBV capsid
can be depicted as a rigid, semipermeable spherical shell of
finite thickness (7 = 2 nm, approximately the same as the
diameter of the core domain of the capsid protein) (6).
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Based on the NC structure reported by Wynne et al. (52), the
inner radius of the capsid is Rc = 13 nm. The capsid inner
surface is tethered with 240 copies of the CTD tails, one
from each capsid protein. In addition, the capsid surface
carries uniform charge density Qc = 0.7 nm 2 (53). These
charges are uniformly distributed over a spherical surface
located at Rc + o1/2 from the capsid center. Because the
capsid pores (1.2-1.7 nm in diameter) are much larger
than individual amino acid residues (~0.5 nm), the CTD tails
are able to distribute on both sides of the capsid wall. On the
other hand, protection of the viral genome from nuclease
digestion requires that the encapsulated RNA/DNA
segments are fully contained within the capsid.

Viral replication occurs on a timescale of days, but given
a viral configuration, the structure is relaxed at microscopic
timescales. As a result, the nucleocapsids are virtually in
thermodynamic equilibrium with their surroundings at
each stage of replication. In this work, the viral environment
is represented by a bulk NaCl solution at physiological
concentration (i.e., Cs =140 mM). Because viral packaging
entails strong electrostatic interactions, we expect that the
intracellular osmotic pressure arising from macromolecular
crowding has a relatively insignificant effect on the viral
packaging (43). As in the primitive model of aqueous elec-
trolyte solutions, the cations (Na™) and anions (CI ™) are rep-
resented by spherical particles with diameters of oy, =
0.39 nm and o¢; = 0.36 nm, respectively. Water is repre-
sented by a continuous dielectric medium with a dielectric
constant of 78.4.

According to our coarse-grained representations of
biomolecules (DNA/RNA/CTD), the pair potential between
nonbonded segments is identical to that between a pair of
small ions in the primitive model of aqueous electrolyte
solutions. This potential includes a term accounting for
the hard-sphere repulsion and the direct Coulomb energy:

r<oj;

20, s)

)

w7
Buij(r) = {Z,-Zle

r

where 0;; = (0; + 0)/2 and lg= 0.714 nm stands for the
Bjerrum length of pure water at 298 K. The CTD chains
are tethered at the inner surface of the capsid with the
ends freely distributed both inside and outside the capsid
lumen. Because of the strong electric charge, we assume
that the high affinity of CTD for nucleic acids mainly arises
from electrostatic interactions.

In addition to interacting with CTD, the DNA/RNA
segments experience a confining potential due to the capsid
shell:

o0, I’ZRC - O.SO'R/D

Ponarnalr) = {0 otherwise ©

Because the total pore volume is negligible in comparison
with the total volume of the capsid shell, we assume that the
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small ions are distributed either inside or outside the nucle-
ocapsid, but not within the shell.

A classical density functional theory (DFT) is used to
calculate the radial distributions of nucleic acids, CTD
segments, and small ions in both immature and mature
nucleocapsids (54). Since macroscopic units are not appro-
priate for measuring the local distributions of bio-
macromolecules within a capsid of no more than 30 nm in
diameter, in this work all the radial distributions are reported
in the units of the number densities (nm ). In the DFT
calculations, the total numbers of nucleic acids and CTD
segments are fixed to prescribed values, whereas chemical
potentials of small ions are kept constant to the values of
bulk solutions. The numerical performance of the non-
mean-field method has been well documented for inhomo-
geneous electrolyte solutions and for polymers (42,55-57).
As detailed in the Supporting Material, the DFT equations
are essentially identical to those for confined polyelectro-
lytes, and their application to viral packaging has been re-
ported before (43,50).

Intuitively, the DFT used in this work can be understood
as an extension of the polyelectrolyte Poisson-Boltzmann
equation (PBE). Different from conventional applications
of PBE, however, the DFT incorporates the packaging
effects due to molecular volume, and the electrostatic and
chain correlations that are ignored by the mean-field
method. It has been shown before that the DFT is accurate
for both the electrostatic interactions and the excluded-
volume effects important for RNA/DNA packaging (43,50).

RESULTS AND DISCUSSION
Structure of immature HBV nucleocapsid

We first examine the radial distributions of CTD segments,
nucleic acids, and small ions in an immature NC. In a wide-
type HBV capsid, the pgRNA consists of 3400 nucleotides
and each CTD chain includes 34 amino acid residues.
Accordingly, the number of coarse-grained segments for
the encapsidated pgRNA and that for CTD are M = 3400
and 34, respectively. Phosphorylation of S155, S162, and
S170 at the CTD are considered by assigning a negative
charge to each of the phosphoserine residues.

Fig. 2 shows the local density profiles for the coarse-
grained segments of the RNA and CTD in an immature
NC. As observed in the cryo-EM map of an RNA-containing
HBYV capsid (10), RNA is mainly located within a thin layer
near the inner surface of the NC. The theory predicts a strong
shell (8—12.5 nm) of the packaged RNA and parts of the
C-terminal basic tails in very good agreement with the
cryo-EM images. The thickness of the RNA-CTD complex
is approximately the same as that for the CTD on the inner
surface of the capsid, which is best described as a brush teth-
ered to the inner capsid wall. Beyond the brush region of the
tethered CTD, the density of RNA segments reaches a low
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FIGURE 2 Density profiles for the coarse-grained segments of pgRNA
and CTDs in an immature HBV nucleocapsid. In this and other figures, the
position of the capsid wall is indicated by the perpendicular dashed lines.

plateau and remains approximately the same through the NC
center. The central region is mainly occupied by a small
number of RNA segments and cations that help to maintain
the charge neutrality (see also Figs. 4 and 8). Because the
shell-CTD interaction was not considered other than the
CTD tethering at the inner surface, the segment density
within the capsid shell represents only a mean-field average.
Nevertheless, it is clear that the capsid pores allow a signif-
icant number of the CTD tails to extend outside the NC
surface (Fig. 2).

The DFT calculation also allows us to examine in detail the
distributions of individual CTD segments both inside and
outside the capsid. As shown in Fig. 3, a great number of posi-
tively charged amino acids are associated with the RNA at the
inner surface of the NC (Fig. 2). Because of the chain connec-
tivity, the density profiles of neutral and negative segments of
CTD also show strong accumulation near the capsid inner
surface. The weak CTD brush at the NC external surface
closely resembles the electronic radial density profile of
HBYV capsid produced in Escherichia coli. (Fig. 4 A d of
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FIGURE 3 Radial distributions of positively charged (4), negatively
charged (—), and neutral (0) amino acid residues from the CTDs of an
immature HBV nucleocapsid.
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FIGURE 4 Density profiles of cations and anions inside and outside of an
immature HBV nucleocapsid.

Wingfield et al. (6)). Exposure of the CTD tails increases
the dimension of HBV capsid by up to 2 nm, which is also
in good agreement with the experiment.

That some of the CTD is exposed at the surface of an
immature NC is consistent with previous experiments by
Kann (14,58). It was shown that CTD in purified recombi-
nant capsids is phosphorylated by protein kinase C
in vitro. Because the CTD of the immature NC needs to
be dephosphorylated as it matures, and because serine/thre-
onine phosphatases are not allowed to enter into the NC due
to their size (59,60), the phosphorylated serines in the CTD
are most likely exposed outside and dephosphorylated. In
the presence of phosphoserines, the exposed CTD could
be transported to the nuclear pore complex (NPC) via im-
portin o/ complex.

Fig. 4 shows the distributions of cations and anions both
inside and outside the NC. Qualitatively, the ionic density
profiles at the external surface of the NC are virtually iden-
tical to those in a conventional electric double layer. The
capsid surface is positive primarily because of the surface
charge and the exposure of the arginine segments of the
CTD. As a result, the anions are concentrated near the NC
outer surface, declining to the bulk value within 5 nm from
the NC outer wall. Despite the lining of RNA segments at
the inner surface, there is also a significant accumulation of
anions in this region. The accumulation of anions in this
region occurs because most CTD segments are positively
charged near the tethering surface. The drastic difference in
the densities of cations and anions at the center of the capsid
arises from the small but finite density of RNA segments.

Structure of mature HBV nucleocapsid

Next we examine the radial distributions of DNA, CTD, and
small ions in the mature NC. As mentioned before, the
partially double-strained DNA is represented by a semiflex-
ible chain with N = 508 coarse-grained segments, approxi-
mately corresponding to the DNA length in a wide-type
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virus. A value of ep = 25 is used for the stiffness parameter
so that the dsDNA has an intrinsic persistence length of
~50 nm. Based on the results of Perlman et al. (26) and
Basagoudanavar et al. (25), we assume that the three phos-
phoserine residues at CTD are dephosphorylated after the
reverse transcription, i.e., the electrical charges assigned
to these residues are removed accordingly.

Fig. 5 shows the density profiles for the coarse-grained
segments of rcDNA and the CTD tails in a mature capsid.
In comparison to the RNA distribution in the immature
NC, rcDNA segments are even more strongly accumulated
near the inner surface of the NC. The narrower shell (9—
12 nm) of the nucleic-acid-CTD complex in the mature
NC is consistent with the cryo-EM images (10). Because
rcDNA is extremely condensed near the NC inner surface,
there is virtually no DNA density at the capsid center. The
strong localization of DNA segments at the inner surface
makes the density profile for CTD segments significantly
contracted, giving rise to strong density oscillations in the
CTD brush. In dramatic contrast to the presence of a CTD
brush outside the immature NC, in the mature NC virtually
all CTD segments are confined within the lumen. The
containment of CTD segments can be attributed to the
stronger electrostatic interaction with the localized DNA
segments. Although the CTD becomes less exposed in
mature capsids, our theoretical model does not preclude
their instantaneous accessibility outside the capsid due to
thermal fluctuations.

Fig. 6 presents the density profiles of amino acid residues
from CTD according to their electrostatic charges. Similar
to the distributions in the immature capsid, positively
charged residues are strongly accumulated at the inner
surface of the NC, accompanied by slight depletion of nega-
tively charged amino acid residues. Beyond the dense layer
of nucleic acid, the distribution of positively charged resi-
dues approximately coincides with that for the neutral
segments. Different from that in an immature capsid, the
density profile for the positively charged residues displays
a significant layering structure.
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FIGURE 5 Density profiles for the coarse-grained segments of dsDNA
and CTDs in a mature HBV nucleocapsid.

2481
1.2 CTD segments ™ T k
s |} dsDNA case
1.04 ----neutral oo 1
—_— Iy 1
08 Vo -
("_’ 1 1
E . v Bl
L 097 Sy N 1
= f‘;!.’ E E
< 041 2 /V T 1
* 1 1
i 1 1
0.2- / v |
K . !
0.0 +———E ‘L‘k; ” .
0 5 10 15 20

r’mm

FIGURE 6 TRadial distributions of positively charged (+), negatively
charged (—), and neutral (0) amino acid residues from the CTDs of a mature
HBYV nucleocapsid.

Fig. 7 shows the density profiles of small ions in the
mature capsid. Although encapsidation of rcDNA and de-
phosphorylated CTD significantly increases the total
amounts of negative charges in mature capsid, the NC
particle as a whole exhibits only a small amount of positive
net charge at the surface. The overall charge neutrality is
evident from the weak density inhomogeneity outside the
capsid shell. The ionic distributions quickly decline with
distance to the bulk concentration. Because of the encapsi-
dation of a highly charged dsDNA, the anions are almost
completely excluded from the NC lumen, with only a small
amount of anions accumulating near the NC wall due to the
tethered, positively charged CTD. On the other hand, the
cation density inside the NC is significantly larger than
the bulk density. As mentioned above, the structure of
mature capsid is little influenced by the DNA bending
energy. A calculation with the bending energy turned off
shows almost indistinguishable changes in the density
profiles (data not shown), indicating that the electrostatic
charge is the determining factor.

Finally, Fig. 8 shows the distributions of the electrostatic
potential (in units of kg7/e) in immature and mature NC
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FIGURE 7 Density profiles of cations and anions inside and outside of
a mature HBV nucleocapsid.
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FIGURE 8 Reduced electrostatic potential, W(r), inside and outside
a HBV nucleocapsid containing pgRNA (RNA case), icDNA (DNA case),
and rcDNA without dephosphorylation of CTD (DNA2 case).

capsids. Here, DNA2 stands for the scenario if the serine
residues (S155, S162, and S170) were not dephosphory-
lated. Consistent with strong accumulation of cations within
the NC, the electrostatic potential is highly negative at the
capsid center. The negative potential also explains the
very low concentration of anions at the capsid center. As
expected, dephosphorylation raises the electrostatic poten-
tial inside the NC, favoring DNA packaging in mature NCs.

CONCLUSIONS

We have analyzed the structure of immature and mature
nucleocapsids of HBV on the basis of a coarse-grained
model of the pertinent biomolecular components. Classical
DFT was used to quantify the radial distributions of the CTD
of capsid proteins, the nucleic acid chains, and small ions
both inside and outside the NCs. The theoretical investiga-
tions indicate that whereas the majority of CTD resides in
the capsid lumen to neutralize the negatively charged
pgRNA or rcdsDNA, a significant portion of CTD is
exposed on the surface of immature NC. In a mature capsid,
however, virtually all CTDs are confined within the capsid
lumen. The strong containment of CTD in the mature
capsid is mainly due to the electrostatic interactions between
arginine residues and rcDNA. To our knowledge, this work
represents the first theoretical investigation on the exposure
of the flexible domains of capsid proteins at viral surfaces.
The low-resolution computational method is adequate not
only because of its computational efficiency but also
because of the lack of atomistic details for the entire NC
and the in vivo environment associated with viral
replication.

The theoretical predictions for the structure of the imma-
ture NC appear to be in good agreement with most previous
experiments. As shown in cryo-EM images, pgRNA and
CTD form a complex located within a thin layer near the
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inner surface of the nucleocapsid. The CTD tails exposed
at the NC external surface closely resemble the electronic
radial density profile of HBV capsid produced in Escheri-
chia coli. Although the total amount of negative charge
from rcDNA in a mature NC is significantly larger than
that from pgRNA in an immature NC, the mature NC shows
less net charge due to an elevated concentration of counter-
ions inside the capsid lumen.

The predicted CTD topology as a function of capsid matu-
ration has obvious implications on viral replication and traf-
ficking. CTD has been shown to be dispensable for viral
capsid assembly but indispensable for RNA encapsidation
(61). This observation implies that negative charges derived
from encapsidated RNA must draw most, if not all, of the
CTD into the NC lumen. According to Perlman et al. (26)
and Basagoudanavar et al. (25), phosphoserines on CTD of
DHBYV in the immature NC are dephosphorylated as the
NC matures. Given that there is no report so far showing
that the NC has the phosphatase activity and serine/threonine
phosphatases are not allowed to enter into the NC (59,60), the
phosphoserines at the CTD must be dephosphorylated exter-
nally, indicating at least partial exposure of the CTD on the
NC exterior, consistent with our result.

Whereas our theoretical results demonstrate that the
reverse transcription of pgRNA to dsDNA makes the CTD
less exposed, the experimental evidence for the distribution
of the CTD in mature NCs is ambiguous. It is conceivable
that the increasing negative charge conferred by dsDNA
needs to be neutralized by more CTD if the charge balance
hypothesis plays a dominant role in DNA replication (62).
Although the strong confinement of the CTD in mature
NCs predicted by the DFT appears to be in good agreement
with the early literature (5,6), there is yet no consensus on
such distribution (21). Future scattering measurements
may be able to help validate the theoretical predictions.

SUPPORTING MATERIAL
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