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ABSTRACT: Hepatitis B virus (HBV) is an enveloped DNA virus with a spherical capsid (or core). The
capsid is constructed from 120 copies of the homodimeric capsid protein arranged withT ) 4 icosahedral
symmetry. We examined in vitro assembly of purifiedE. coli expressed HBV capsid protein. After
equilibration, concentrations of capsid and dimer were evaluated by size exclusion chromatography. The
extent of assembly increased as temperature and ionic strength increased. The concentration dependence
of capsid assembly conformed to the equilibrium expression:Kcapsid ) [capsid]/[dimer]120. Given the
known geometry for HBV capsids and dimers, the per capsid assembly energy was partitioned into energy
per subunit-subunit contact. We were able to make three major conclusions. (i) Weak interactions (from
-2.9 kcal/mol at 21°C in low salt to-4.4 kcal/mol at 37°C in high salt) at each intersubunit contact
result in a globally stable capsid; weak intersubunit interactions may be the basis for the phenomenon of
capsid breathing. (ii) HBV assembly is characterized by positive enthalpy and entropy. The reaction is
entropy-driven, consistent with the largely hydrophobic contacts found in the crystal structure. (iii)
Increasing NaCl concentration increases the magnitude of free energy, enthalpy, and entropy, as if ionic
strength were increasing the amount of hydrophobic surface buried by assembly. This last point leads us
to suggest that salt acts by inducing a conformational change in the dimer from an assembly-inactive
form to an assembly-active form. This model of conformational change linked to assembly is consistent
with immunological differences between dimer and capsid.

For many spherical viruses, the related reactions of capsid
assembly and subsequent dissociation are central to the life
cycle of the virus. The capsid must be stable enough to yield
a structure that will survive between hosts. Paradoxically,
for many viruses, such as hepatitis B virus (HBV)1 (1, 2),
the capsid must dissociate to release its nucleic acid and
infect the next host. Understanding capsid assembly and
stability are critical to understanding virus function.

HBV is an enveloped DNA virus with an icosahedral
capsid, or core. In vivo, the capsid protein assembles around
a complex of viral RNA-reverse transcriptase(3) and host
proteins (4, 5). After assembly, the RNA pregenome is
reverse-transcribed in situ. Later, the virus acquires its
envelope and is secreted via the endoplasmic reticulum(6,
7). Most capsids appear to haveT ) 4 quasi-symmetry (240

subunits), though a fraction forms smallerT ) 3 particles
(8, 9). A second form of the capsid protein, which includes
10 additional N-terminal residues but lacks the 34 residue
C-terminal RNA-binding domain, is secreted as a dimer. The
secreted dimer, the e antigen (HBeAg), stimulates a distinctly
different set of antibodies than the capsid (HBcAg). Some
‘c’ and ‘e’ epitopes map to the same sequence, but selective
antibodies do not cross-react, suggesting a conformational
difference. The difference in antigenicity correlates with
particle assembly(10).

We study the in vitro assembly of empty HBV capsids as
a first approximation of virus assembly. The full-length
capsid protein has 183 residues. However, the first 149
residues, lacking the C-terminal RNA-binding domain, form
an assembly domain that spontaneously assembles when
expressed inE. coli (11). The truncated form of the capsid
protein is dimeric, Cp1492, and can be isolated and reas-
sembled in response to high ionic strength and protein
concentration(10, 12-15). Capsid protein is dimeric; folded
monomers have not been isolated [see Figure 1 and reference
(13)]. The reassembled particles are>95% T ) 4 (14).
Reconstructions ofE. coli expressed capsids and reassembled
particles(14, 16, 17)are essentially identical to those from
in vivo sources(9). High-resolution cryo-EM image recon-
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structions(18, 19)and a crystal structure(20) of theT ) 4
capsid suggest that the dimeric subunit is stabilized by a large
four-helix bundle that forms protruding spikes over the capsid
surface. The interdimer contacts are much smaller. The
contact between each pair of dimers is isolated from other
contacts. The observed geometry is consistent with describing
the T ) 4 capsid as a complex of 120 copies of tetravalent
Cp1492.

We have developed a description of capsid assembly that
is based on fundamental thermodynamic and kinetic prin-
ciples (15, 21, 22). This model describes assembly as a
cascade of low-order reactions. The basic model can be
modified to include features such as nucleation. Using kinetic
simulations, we found that assembly reactions closely
approach equilibrium; they do not stall or become kinetically
trapped except under extreme conditions(22). Conversely,
simulations of dissociation display a marked hysteresis
(Singh and Zlotnick, unpublished results).

In this paper, we determine the thermodynamic parameters
of HBV capsid protein self-association using data from
assembly reactions. For the first time to our knowledge, we
are able to dissect pairwise energetics for a spherical virus.
Our experimental results were in qualitative agreement with
the thermodynamic terms estimated from the crystal structure
of theT ) 4 capsid. We observed that the association energy
becomes progressively stronger in increasing concentrations
of NaCl, approaching the values calculated from the structure.
We hypothesize that the effect of high salt is to induce the
capsid protein to adopt an assembly-active conformation.

MATERIALS AND METHODS

Proteins. A 149 residue form of HBV capsid protein,
lacking the C-terminal RNA-binding domain, was expressed
in E. coli. The dimeric protein, Cp1492, was purified as
previously described(23). The concentration of Cp1492 was
quantified by absorbance usingε280 ) 60 900 M-1 cm-1.

Assembly Reactions.Prior to assembly, Cp1492 was
dialyzed into assembly buffer, 50 mM HEPES, pH 7.5, 1
mM DTT. Different dimer concentrations (1-25 µM) were
assembled by mixing with an equal volume of high-salt
assembly buffer to final NaCl concentrations of 0.15, 0.3,
0.5, and 0.7 M. Protein solutions and buffer were preequili-
brated to reaction temperatures (17-41 °C) before initiating
assembly.

After incubation, capsid and dimer concentrations were
determined by size exclusion chromatography (SEC). Samples
(50 µL) were injected onto a 28 mL Sephacryl S-300 HR
column or a 21 mL Superose 6 column (Amersham-
Pharmacia Biotech, Piscataway, NJ), connected to an AKTA-
FPLC. Peaks were observed by absorbance at 280 nm and
integrated using Unicorn software. Typically, reactions were
about 80% complete in 1 h and reached equilibrium by 24
h.

Multi-angle laser light scattering analysis of SEC (MALLS-
SEC) was performed using a Superose 6 column in line with
a Dawn 17 angle MALLS detector and a DSP refractometer
(both from Wyatt Technology, Santa Barbara, CA). Debye
analysis of the data was performed using the program
ASTRA (also Wyatt), assuming a refractive index increment
of 1.85 for protein.

Data Analysis.The data obtained by SEC were analyzed
to determine thermodynamic parameters. The reaction for

capsid formation is represented in eq 1:

From eq 1, an equilibrium expression can be derived:

The logarithmic form of eq 2 was used for actual calculation
of Kcapsid (23). The units forKcapsid are M-119, units which
are difficult to interpret. However, given the capsid geometry,
where 120 tetravalent subunits form 240 intersubunit con-
tacts,Kcapsidcan be related to the bimolecularKcontactby eq
3, as previously shown(22, 24).

The term Πjsi is a statistical term that describes the
degeneracy of association based on capsid geometry. The
value ofΠjsi for T ) 4 HBV is 2119/120, so that ln(Πjsi) is
77.7. Kcapsid can be related to another practical value, the
apparent dissociation constant,KD,apparent(eq 4), where there
are equal concentrations of reactant and product(21, 22).

Kcontact is also related to the free energy per contact of each
dimer (eq 5):

where R is the gas constant andT is the temperature in
degrees kelvin.

Calculation of Thermodynamic Parameters from Structural
Data.Values for∆G, ∆H, ∆S, and∆Cp of association were
calculated from the crystal structure of theT ) 4 capsid(20)
by the method of Baker and Murphy(25). This empirical
method is based on evaluating the change in the polar and
nonpolar accessible surface areas,∆ASAp and ∆ASAnp,
respectively. Briefly,∆ASAp and∆ASAnp were calculated
for free dimer and different quasi-equivalent contacts using
the rolling probe algorithm(26) as implemented in the
program NACCESS(27). The probe size was the 1.4 Å
diameter “water molecule”, as suggested(25). The change
in surface area was used to calculate∆H and∆Cp. Entropy
was partitioned into three components. The first, solvation
entropy, was∆ASA-dependent. The second component
describes immobilization of each amino acid side chain that
becomes buried. The third component accounts for the loss
of molecular rotational and translational entropy due to
association of subunits into a larger assembly. In the Baker
and Murphy algorithm, loss of rotational and translational
entropy is parametrized for a value of-8 cal mol-1 deg-1,
which is in good agreement with experimental observations
(28-30). Though this value is equal to cratic entropy, the
entropy for ideal mixing at standard state, the actual
physical-chemical explanation and calculation of an entropy
of mixing remain controversial [see(30)and references cited
therein].

RESULTS

We evaluated assembly reactions with SEC (Figure 1A).
SEC is a simple and direct method for determining concen-

120 dimerS capsid (1)

Kcapsid ) [capsid]/[dimer]120 (2)

Kcapsid) Πjsi Kcontact
240 (3)

KD,apparent) Kcapsid
(1/(-119)) (4)

∆Gcontact) -RT ln(Kcontact) (5)
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trations of capsid and subunit(15). More than 96% of the
recovered mass was in capsid and dimer peaks. The capsid
peak, eluting at 8 mL from a Superose-6 column, was
asymmetric. MALLS mass determination showed that this
broad peak was homogeneous, with a single molecular mass
of 3.7 ( 0.3 MDa. This molecular mass was in agreement
with the value predicted for a mixture of 95% of 4 MDaT
) 4 capsid and 5% of 3 MDaT ) 3 capsid(14). The
symmetrical dimer peak eluted at about 17 mL. Typically,
MALLS analysis of this peak yielded a molecular mass of
40 kDa. No monomer peak was observed. Only a small
amount of material migrated between capsid and dimer peaks
with an intermediate molecular mass, in agreement with
theoretical predictions for an assembly reaction at equilibrium
(22, 24).

Using different Cp1492 concentrations, we generated
isotherm-like assembly curves (Figure 1B).Kcapsid was
evaluated for individual reactions and averaged. Theoretical
curves based on averageKcapsidwere in excellent agreement
with data. Note that we predict no assembly at low Cp1492

concentrations. This pseudo-critical concentration is a natural
consequence of the steep concentration dependence defined
in eq 1. The pseudo-critical concentration approximates the
concentration where equal molar concentrations of dimer and
capsid coexist, which we refer to asKD,apparent(22, 24). At
concentrations aboveKD,apparent, the concentration of dimer
is nearly constant (eq 2); for this reason, we plot the mass
fraction of capsid against total Cp1492, rather than free dimer
as seen in a typical isotherm.

Kcapsid is independent of protein concentration but is
sensitive to temperature and [NaCl] (Figure 2A). The rate
of assembly also increased with temperature (not shown) and
ionic strength(31). An average of 7-9 measurements at
different Cp1492 concentrations were used to calculate each
Kcapsid; about 200 chromatograms were used to generate
Figure 2A. All experiments used for the calculations
described in this paper were given 24 h to approach
equilibrium. Results were no different at longer incubations
of 72 and 96 h (not shown). At high salt (0.7 M) and
temperature (>29 °C), concentrations of free dimer were so
low that they were approaching the limits of our ability to
accurately measure them. Also, we cannot exclude the
possibility that those high-salt reactions had not equilibrated,
but were stalled due to depletion of free subunit(22). Thus,
the ∆H and∆S may be low estimates for the 0.7 M NaCl
reactions from 29 to 37°C.

The equilibrium constantKcapsidis in units of M-119, which
is not easily compared to the equilibrium constants of other
reactions. However, fromKcapsidwe extracted the association
constant for individual intersubunit contacts,Kcontact (eq 2,
Figure 2B). In this calculation, we have assumed that all
240 quasi-equivalent interdimer contacts (in 4 distinct
classes) have the same value forKcontact and association
energies are additive.

The values forKcontactwere surprisingly weak. Though it
increased as temperature and NaCl concentration increased,
it varied over a relatively narrow range corresponding to per

FIGURE 1: Analysis of Cp1492 capsid assembly by size exclusion
chromatography. (A) A typical assembly reaction of 15µM Cp1492
and 0.3 M NaCl resolved by SEC using a Superose-6 column 2 h
after initiating assembly. Masses (diamonds) were determined by
MALLS; the two major components were 4 MDa capsid and 35
kDa dimer. (B) Mass fraction of capsid formed as a function of
total capsid protein in the reaction at 24 h. Reactions were
performed at 25°C with assembly induced by addition of 0.3 M
(squares), 0.5 M (circles), and 0.7 M (triangles) NaCl. The solid
curves are based on the equilibrium expression for capsid formation
(eq 2).

FIGURE 2: Kcapsid and Kcontact vary as a function of temperature.
(A) Kcapsidis independent of Cp1492 concentration, but sensitive to
both NaCl concentration and temperature. The units forKcapsidare
M-119. (B) ∆Gcontact, derived fromKcapsid(eq 3), becomes stronger
as a function of ionic strength and temperature. Symbols are 0.15
M (diamonds), 0.3 M (squares), 0.5 M (circles), and 0.7 M
(triangles) NaCl. Error bars represent 1 standard deviation based
on 7-9 measurements for each solution condition.
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contact dissociation constants from 0.75 to 7.8 mM. Small
changes inKcontactcan be measured accurately because they
cause a dramatic difference in stability due to the 240
contacts contributing toKcapsid. Viewed from a different
perspective, the corresponding values forKD,apparent, the
pseudo-critical concentration of assembly, range from 0.7
to 15 µM [Table 1, eq 4; and see(24)].

Based onKcontact, we were able to describe the thermody-
namic forces that affect HBV assembly. In a van’t Hoff plot
(Figure 3A), we relate the temperature dependence ofKcontact

to enthalpy. The enthalpy of assembly is positive for all
conditions that we examined. It became more positive with
increasing NaCl concentration. We approximate enthalpy as
a temperature-independent parameter because the data are
insufficient to describe heat capacity-dependent curvature of
the van’t Hoff plots.

The positive∆Hcontact was compensated by a positive
∆Scontact (Figure 3B), calculated from∆G ) ∆H - T∆S.
HBV capsid assembly is an entropy-driven reaction. Positive
values for∆H and∆Sare characteristic of reactions where
there is a net loss of hydrophobic surface(32-34).

Our experimental results qualitatively agree with the
predictions based on structure (Tables 1 and 2). We examined
each of the four unique interdimer contacts: A-A contacts
at the icosahedral 5-fold and B-C, C-D, and D-B contacts
around the quasi-6-fold vertex (Figure 4, inset). For this
calculation, we made the simplifying assumption that AB
and CD dimers as described in the crystal structure(20) are
rigid bodies. Between 1100 and 1520 Å2 of surface area is
buried at interdimer contacts, resulting in a contact surface
of 550-760 Å2. The buried surfaces are about 75%
hydrophobic, which is greater than the∼60% typical for a
relatively small protein-protein interface(35, 36). Consistent
with burial of nonpolar surface, the calculated entropy and
enthalpy were large and positive (Table 2)(25); the heavily
compensated free energy was relatively small and negative.
Though the calculated enthalpy and entropy varied by 20%
for the different interfaces, free energy varied by only 10%
because of compensation.

The structure is not consistent with the observation that
high salt increases association energy (Table 2, Figure 4).
The intersubunit contact is stabilized by putative salt bridges,
as well as hydrophobic surface. One would expect that
increasing ionic strength should weaken salt bridges and have
little effect on the strength of hydrophobic interactions(32).
This suggested that the role of high salt concentration might
be to decrease water activity. However, when we examined
the effect of a nonionic osmolyte [see(37) and references
cited therein], we found that sucrose at concentrations of up
to 1.2 M could not induce assembly of 10µM Cp1492 at 21
°C (not shown).

DISCUSSION

We have developed a protocol that allows evaluation of
the thermodynamics of capsid formation in terms of indi-

Table 1: Thermodynamics of HBV Assembly at 25°C Based on Experimental Data

[NaCl], M

per contact energya 0.15 0.3 0.5 0.7 calculatedb

∆G (kcal/mol) -3.1( 0.1 -3.7( 0.2 -3.7( 0.2 -4.0( 0.2 -8.5( 0.8
∆H (kcal/mol) +2.0( 1.0 +4.3( 0.4 +6.1( 0.8 +6.2( 0.2 +9.4( 2.6
T∆S(kcal/mol) +5.1( 1.1 +8.0( 0.6 +9.8( 1.0 +10.1( 0.4 +18 ( 3.7
∆S[cal/(mol‚deg)-1] +17 ( 3.7 +27 ( 2.0 +33 ( 3.3 +34 ( 1.3 +60 ( 12
KD,apparent 14 µM 1.9 µM 1.8 µM 0.77µM 0.14 pM

a Free energy per contact (∆G) was from Figure 2B, enthalpy (∆H) from the van’t Hoff plots in Figure 3A, and entropy from∆G ) ∆H - T∆S.
b For calculated values, see Table 2.

FIGURE 3: Thermodynamics of HBV capsid formation. (A) A van’t
Hoff plot shows the enthalpy of association is positive; the slope
of the lines is equal to-∆H/R, whereR is the gas constant.∆H
increases as NaCl concentration increases. NaCl concentrations are
0.15 M (diamonds), 0.3 M (squares), 0.5 M (circles), and 0.7 M
(triangles). Error bars are 1 standard deviation calculated from at
least 7 measurements. (B) The thermodynamic parameters for HBV
capsid formation at 25°C are shown as a function of [NaCl],
∆Gcontact (squares),∆Hcontact (circles), andT∆Scontact (triangles).
Thermodynamic parameters, calculated from the structure(25)
(open symbols), are in qualitative agreement with observed values.

Table 2: Thermodynamic Parameters Calculated from the Capsid
Structure (25)a

contact ∆ASAp ∆ASAnp ∆Cp ∆H60°C ∆H25°C ∆S25°C ∆G25°C

A-A -306 -1040 -0.37 -1.35 +11.7 +68.1 -8.59
B-C -324 -743 -0.25 -3.82 +5.05 +42.8 -7.70
D-B -292 -931 -0.40 -1.75 +9.8 +59.6 -7.94
C-D -378 -1140 -0.40 -2.74 +11.2 +69.9 -9.66
average -325 -972 -0.36 -2.41 +9.43 +60.1 -8.47

a Units: ∆ASA are in Å2; ∆Cp and∆S are in cal/(mol‚deg)-1; ∆H
and∆G are in kcal/mol. See the inset in Figure 4 for a description of
interdimer contacts.
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vidual subunit-subunit interactions. Making few assump-
tions, we are able to partition the overall association constant
into the more readily understood bimolecular per contact
energy. Our results with HBV show that a globally stable
capsid can be the result of many weak intersubunit contacts.

The temperature sensitivity of capsid assembly indicates
positive enthalpy and entropy resulting in a negative free
energy, hallmarks of association by burial of hydrophobic
surface. The experimentally determined thermodynamic
parameters qualitatively agree with calculations based on the
capsid structure. We expect that this same approach will be
applicable to other viruses. An important caveat is that HBV
represents a structurally simple case because quasi-equiva-
lence is so well maintained. In some other viruses, there are
distinct differences between interfaces and there are more
complex interactions involving several proteins [see(38)].
Nonetheless, it will be possible to calculate an average per
subunit energy for any virus so long as there is an assembly
reaction that will yield measurable quantities of capsid and
subunit as it approaches equilibrium.

The peculiar geometry of HBV, where each intersubunit
contact is well-defined and separate from others, facilitates
comparison of experimental and calculated intersubunit
contact energies. The experimental values are internally
consistent and support our earlier prediction(21) that capsid
assembly can be supported by a network of weak interactions.
The experimental thermodynamic values were smaller than
calculated values. This difference may be related to param-
etrization (21) or neglect of protein binding to NaCl.
Alternatively, the difference may be due to a second energetic
cost that is linked to the assembly reaction(34, 39), i.e.,
folding or conformational change.

It is easy to conceptualize that locally weak interactions
are the physical basis for the “breathing” that has been
observed in the capsids of poliovirus(40), Flockhouse virus
(41), and rhinovirus(42), and also for the transient exposure
of large epitopes appended to the C-terminus of Cp149(43).
To breathe, capsids would transiently crack and re-form as
individual contacts broke and, due to elevated local concen-
tration, reassociated. Stronger association between subunits
would reduce the frequency of breathing.

It may seem counterintuitive that entropy should be the
driving force for organizing a regular structure. However, it
is expected that when hydrophobic surfaces are buried,
solvating water will be released, increasing the system
entropy at a cost of a local decrease in entropy. There are
many other examples of entropy-driven protein polymeri-
zation for fibers such as recA(44), tubulin(45), and collagen
(46). Entropy is also the driving force for assembly of rodlike
tobacco mosaic virus(47). Qualitatively, entropy was shown
to be important for the stability of the spherical capsids of
cowpea mosaic virus(48) and bacteriophage P22(49). The
fraction of hydrophobic surface buried in HBV assembly may
be atypically large compared to most protein-protein
interfaces(36); however, large hydrophobic contacts appear
to be typical of virus capsids [see VIPER(38)], which
suggests that entropy-driven capsid assembly may be a
common feature of viruses.

Our data do not explain how ionic strength drives
assembly. Increasing salt concentration increases the enthalpy
and entropy of assembly (this report) as well as the rate of
assembly(31). Salt does not affect assembly by altering the
activity of bulk water(37). If it did, one would expect that
a nonionic osmolyte such as sucrose would have at least as
great an effect; yet,>1 M sucrose was incapable of inducing
assembly. This suggests that assembly is induced because
Cp1492 binds NaCl, however weakly.

FIGURE 4: Representation of contact surfaces for the interdimer
contact between B (blue) and C (orange) subunits. A map of the
dimer-dimer interactions of aT ) 4 capsid is shown in the inset.
(A) A ribbon diagram shows that most contacts involve the N- and
C-terminal helices and the C-terminal extended structure of both
proteins. N- and C-termini are labeled for both subunits. Overall,
the buried surface of the B-C contact is 71% is hydrophobic. (B)
The surface of the C subunit is shown. Uncharged amino acids are
colored white, acidic residues are red, and basic residues are blue.
(C) The same diagram rotated 180° to show the complementary
surface of the B subunit. The A (red) and D (green) subunits were
removed for clarity. (D) Surfaces of both subunits show shape and
charge complementarity. Coordinates are from the crystal structure
(20).
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We propose that high ionic strength activates assembly
by inducing dimers to adopt an assembly-active conformation
(Figure 5). At low ionic strength, where most Cp1492 is in
the assembly-inactive state, assembly is limited by the low
concentration of active subunit and the energetic cost of
converting it into an assembly-active form. At high ionic
strength, most Cp1492 is assembly-active; consequently,
assembly results in a high yield of capsid.

Though we cannot exclude other mechanisms by which
NaCl may drive assembly that are not obvious from the
structure, our model is consistent with immunological
evidence for a conformational difference between free dimer
and dimer bound in capsid. Antibodies can be selective for
free dimer (anti-HBeAg) or capsid (anti-HBcAg) despite
binding to the same linear epitopes(50). The process of
capsid assembly and dissociation has been directly linked
to differences in antibody reactivity(10, 51). An image
reconstruction shows that a capsid-specific Fab, which does
not cross-react with free dimer, binds at the intradimer
interface that is also presumably a feature of free dimer(52).
These results demonstrate an antigenic difference between
dimer in the free (HBeAg-antigenicity) and capsid (HBcAg-
antigenicity) forms that is most likely due to a conformational
change within Cp1492. A conformational transition as a
prerequisite for assembly may not be unique to HBV; phage
P22 capsid protein also shows evidence of conformational
change concomitant with assembly(49). An implication of
our model of HBV assembly is that dimer structure will be
distinct from capsid structure.

By quantifying assembly energy, this study helps to open
the door for evaluating small molecules that interfere with
HBV capsid assembly(23). We have previously observed
that bis-ANS binds to Cp1492, but not capsid, and inhibits
formation of normal capsids. Depending on conditions,
assembly may be prevented or misdirected to yield noncapsid
polymers. These new data suggest that bis-ANS may prefer
to bind the assembly-inactive conformation.

This study of the assembly energetics of HBV has
experimentally demonstrated that weak interactions drive
capsid assembly and has provided new support for a second

conformational state for the capsid protein, Cp1492. The same
techniques developed theoretically and applied to HBV can
be used to determine the stability of other viruses and
evaluate the effect of assembly mutants and inhibitors.
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