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ABSTRACT: The hepatitis B virus (HBV) must release its contents to initiate
infection, making capsid disassembly critical to the viral life cycle. Capsid assembly
proceeds through a cascade of weak interactions between copies of capsid protein
(Cp) to yield uniform particles. However, there is a hysteresis to capsid
dissociation that allows capsids to persist under conditions where they could not
assemble. In this study, we have sought to define the basis of hysteresis by
examining urea-induced dissociation of in vitro-assembled HBV capsids. In general,
capsid samples show a mixture of two pools, differentiated by stability. Labile
capsid dissociation corresponds to an ∼5 μM pseudocritical concentration of
assembly (pcc), the same as that observed in assembly reactions. Dissociation of
the stable pool corresponds to a subfemtomolar pcc, indicative of hysteresis. The
fraction of stable capsids in an assembly reaction increases with the integrity of the
Cp preparation and when association is performed at a higher ionic strength, which modifies the Cp conformation. Labile complexes
are more prevalent when assembly conditions yield many kinetically trapped (incomplete and overgrown) products. Cp isolated
from stable capsids reassembles into a mixture of stable and labile capsids. These results suggest that hysteresis arises from an ideal
capsid lattice, even when some of the substituents in that lattice have defects. Consistent with structural studies that show a subtle
difference between Cp dimers and Cp in capsid, we propose that hysteresis arises when HBV capsids undergo a lattice-dependent
structural transition.

The hepatitis B virus (HBV) is an icosahedral, partially
double-stranded DNA virus that poses a global health

problem.1 As of 2019, ∼1.5 million people are infected yearly
by HBV and 820,000 people die yearly from liver failure,
cirrhosis, and hepatocellular carcinoma resulting from HBV
infection.2 A vaccine protects against new infection, and there
are therapeutics to control HBV; however, there is no cure for
chronic HBV.
In the HBV life cycle, the capsid or core protein (Cp) plays

a role in almost every step.3 Capsids assemble around an RNA
transcript of the viral genome and viral polymerase, act as a
metabolic compartment for reverse transcription, traffick
within a cell, and bind surface protein to obtain an envelope
for secretion or deliver their mature genome to the nucleus. As
important as capsid assembly is to the HBV infection cycle so
too is capsid disassembly. Each infectious particle must go on
to successfully disassemble during infection to continue the
HBV life cycle.4 The HBV disassembly process and mechanism
have been studied little relative to HBV assembly. The details
of the disassembly process also have implications for better
understanding HBV capsid thermodynamics and stability. For
nearly two decades, it has been established that HBV exhibits a
hysteresis to disassembly.5 An indication of hysteresis in the
context of HBV is that the energy of disassembly is much

greater than the energy of assembly. Once the HBV capsid is
fully formed, it is very difficult to disassemble in vitro.
The wild-type HBV Cp is a homodimer in which each

subunit has 183 amino acids (Cp183), which comprise the
dimer-forming assembly domain and the arginine-rich C-
terminal domain. For in vitro studies, it is common to truncate
the Cp to 149 amino acids (Cp149), eliminating the C-
terminal domain and thereby isolating protein−protein
interactions. Cp183 and Cp149 dimers are very stable and
do not measurably dissociate in solution.6 Cp183 and Cp149
self-assemble into T = 4 capsids (∼95%) and T = 3 capsids
(∼5%).7 In assembly reactions, the assembly association
energy can be characterized by a pairwise contact energy
(ΔGcontact) between a pair of dimers or a pseudocritical
concentration (pcc), analogous to a critical micellar concen-
tration (see the equations in Methods).8 The ΔGcontact is
approximately −3.4 kcal/mol at a physiological ionic strength,9
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corresponding to a millimolar dissociation constant. Because
each subunit is tetravalent and the interactions are pairwise, the
pcc is proportional to twice the ΔGcontact,

10 or ∼15 μM. At Cp
concentrations below the pcc, very little dimer assembles, while
almost all Cp above the pcc is found in the form of capsid.9,11

Though assembled from weak dimer−dimer interactions,9

HBV capsids can be purified and stored at very low
concentrations for months without exchange of subunits with
subunits.12 This in vitro hysteresis has important implications
in vivo where a virus must stay intact when between hosts.
In vitro disassembly of HBV capsids requires the addition of

chaotropes such as guanidinium hydrochloride or urea to
disrupt the hydrophobic dimer−dimer contacts.6 Dilution of
the capsids below the pcc is insufficient for disassembly.5

Utilizing a chaotrope for disassembly also allows us to
analogously apply established thermodynamic analyses for
protein denaturation to our study of HBV disassembly.13

Protein unfolding can be carried out by titrating the protein
with a chaotrope, and the observed unfolding energy at a given
chaotrope concentration can be extrapolated to zero chaotrope
to obtain the calculated ΔGunfolding. We directly apply this
analysis to HBV disassembly to obtain ΔGdisassembly.
In this report, we show that HBV capsid disassembly can

have two phases that had not been previously observed. The
first phase appeared to be in equilibrium with free dimer and
had no hysteresis, while the second phase contained capsids
with a substantial hysteresis. Treating wild-type Cp149 capsids
with modest urea concentrations caused flawed T = 4 capsids
to dissociate and allowed isolation of highly stable capsids. We
also found that highly stable capsid populations were enriched
by assembly at a higher ionic strength, suggesting that flawed
subunits could be cured by the kosmotropic effects of NaCl.
The last part of this study sought to purposefully introduce
defects into capsids by using a mutant with a weak association
energy. We observed that small amounts of the mutant subunit
had no effect, indicating the importance of the larger capsid
lattice for regulating disassembly, while even capsids wholly
composed of mutant subunits still exhibited some hysteresis.

■ METHODS

Protein and Capsid Preparation. The HBV capsid
protein assembly domain, dimeric Cp149, was expressed in
Escherichia coli and purified as previously described with minor
modifications.14 The final storage buffer for the Cp149 dimer
consisted of 50 mM sodium bicarbonate (pH 9.5) and 1 mM
dithiothreitol. The older protocol called for E. coli lysis via
sonication. The resulting Cp149 dimer is termed the “sonicator
dimer” throughout. The Cp149 purification protocol was
modified to use an emulsifier (Avestin) to lyse the cells. This
resulting Cp149 dimer is termed the “emulsifier dimer”. For
dissociation studies, capsids were assembled by diluting the
Cp149 dimer to 25 μM in 300 mM NaCl, 50 mM Tris-HCl
(pH 8), and 5 mM DTT at 4 °C and incubating for 24 h.
Capsids were isolated from the unassembled dimer by size
exclusion chromatography (SEC) using a Superose-6 column
equilibrated in assembly buffer. Capsid fractions were pooled
and concentrated using Amicon Ultra 15 centrifugal filters with
10 kDa cutoffs. Protein concentrations were determined by
absorbance using an extinction coefficient of 60900 M−1

cm−1.14 Assembly at varying salt concentrations (150, 300,
and 500 mM NaCl) was initiated, and capsids were resolved
under the conditions described above.

Fluorescence Spectroscopy and Capsid−Dimer Equi-
libria. Tryptophan fluorescence spectra were recorded at 25
°C with a Photon Technology International (Irvine, CA)
fluorometer using a 3 mm path length cuvette (Hellma, Forest
Hills, NY). The excitation wavelength was 280 nm, and the
fluorescence emission scans were conducted from 290 to 400
nm. For most single-wavelength experiments including urea
titrations, we examined intrinsic fluorescence using a Synergy
H1 or Neo2 plate reader (BioTek, Winooski, VT). All
reactions utilized Greiner 96-well black, flat bottom, Fluotrac
plates. Purified capsids were diluted to 10 μM in assembly
buffer with urea added last to a final concentration adjusted in
0.1 M steps from 0 to 4 M. The intrinsic fluorescence for each
reaction was recorded once per minute for 60 min. The
excitation and emission wavelengths were 280 and 330 nm,
respectively. After 60 min, plates were covered with aluminum

Table 1. Parameters for Dissociation Curvesa

figure, sample, phase ΔGcontact,disassembly (kcal/mol) pseudocritical concentration (pcc) (M) mole fraction

Figure 2, sonicator dimer, low urea −3.4 ± 0.01 4.9 × 10−6 0.60
Figure 2, sonicator dimer, high urea −13.0 ± 0.35 3.1 × 10−20 (10−17 to 10−23) 0.40
Figure 2, emulsifier dimer, low urea −3.7 ± 0.01 1.7 × 10−6 0.25
Figure 2, emulsifier dimer, high urea −10.5 ± 0.98 2.0 × 10−16 (10−15 to 10−17) 0.75
Figure 5A, 150 mM NaCl, low urea −3.6 ± 0.06 1.10 × 105 0.20
Figure 5A, 150 mM NaCl, high urea −11.2 ± 0.39 1.92 × 1016 0.80
Figure 5A, 300 mM NaCl, low urea −4.1 ± 0.09 6.04 × 105 0.20
Figure 5A, 300 mM NaCl, high urea −8.0 ± 0.27 3.55 × 1011 0.80
Figure 5A, 500 mM NaCl, low urea −4.1 ± 0.03 6.04 × 105 0.40
Figure 5A, 500 mM NaCl, high urea −9.9 ± 0.35 2.29 × 1014 0.60
Figure 6, 1% V124A, low urea −3.4 ± 0.04 5.56 × 104 0.30
Figure 6, 1% V124A, high urea −7.7 ± 0.40 1.28 × 1011 0.70
Figure 6, 10% V124A, low urea −3.8 ± 0.10 2.17 × 105 0.25
Figure 6, 10% V124A, high urea −7.1 ± 0.33 1.65 × 1010 0.75
Figure 6, 50% V124A −3.7 ± 0.04 1.55 × 105 1
Figure 6, 100% V124A −4.6 ± 0.84 3.31 × 106 1

aΔGcontact values are calculated (eq 3) from the capsid and dimer concentrations, assuming equilibrium. The calculated pseudocritical concentration
(eq 4) is equivalent to the amount of free dimer left in solution in an equilibrated assembly reaction mixture. A range is provided for several high-
urea phases. The mole fraction is the fraction of the input capsids in the low- or high-urea phases of dissociation.
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foil plate sealers, stored at room temperature, and then re-read
at 24 h.
The fluorescence intensity for each sample was background

subtracted and corrected for photobleaching. To correct for
photobleaching, the slope of the plot of fluorescence versus
time of the 0 M urea sample was used to correct the
fluorescence intensity at all urea concentrations. Error bars are
a standard deviation calculated from the average of three
independent measurements. The corrected fluorescence at
each urea concentration was assumed to be a sum of the capsid
and dimer fluorescence and used to calculate Kcapsid, Kcontact,
and ΔGcontact,urea (eqs 1−3).5 The value for the pcc was
calculated from ΔGcontact as described in eq 4.10 The value for
ΔGdisassembly was calculated by linearly extrapolating
ΔGcontact,urea to 0 M urea. The error in Table 1 was calculated
from the difference between the experimental data and the
linear fits of the zero urea extrapolations.
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SEC Analysis of Capsid−Dimer Equilibria. Purified
capsids were diluted to 3, 5, or 10 μM in assembly buffer with
final urea concentrations in 0.2 M steps from 0 to 4 M for 24 h.
Reactions were resolved using a 21 mL Superose-6 column

(GE) equilibrated in assembly buffer and mounted on a high-
performance liquid chromatography (HPLC) instrument
(Shimadzu). To evaluate assembly as measured by SEC, the
capsid and dimer peaks were integrated and correlated with the
total amount of protein injected onto the column. Error bars
were derived from the average of three independent measure-
ments. The resulting concentrations were used to calculate
ΔGcontact,urea and ΔGdisassembly as described above.

Liquid Chromatography Mass Spectrometry (LCMS)
Analysis of Cp149-V124A Co-assembled Capsids.
Proteins were analyzed on a Synapt G2S device equipped
with an iClass HPLC instrument (Waters Corp.). Buffer A
consisted of 0.1% formic acid in water, and buffer B 0.1%
formic acid in acetonitrile. Protein samples were injected and
separated over a column [5 cm × 0.020 in. (inner diameter)]
in-house packed with C4 resin (Jupiter 5 μm, Phenomenex)
using a gradient from 5% to 100% B over 10 min. MS spectra
were recorded every second in resolution mode. Spectra were
deconvoluted using the MaxEnt1 algorithm.

Charge Detection Mass Spectrometry (CDMS) Anal-
ysis of Urea-Treated Cp149 Capsids. CDMS is a single-
particle technique in which the mass of each individual ion is
obtained by simultaneously measuring its mass-to-charge ratio
(m/z) and charge. CDMS allows mass distributions to be
measured for heterogeneous and high-molecular weight
samples that cannot be measured by conventional MS. Here,
CDMS was used to measure the mass distributions for Cp149
capsids that were treated with urea. CDMS instrumentation
and methods have been described in detail elsewhere.15−18

Briefly, samples were buffer exchanged into an ammonium
acetate solution before being subjected to nanoelectrospray
(Advion Triversa Nanomate). Ions enter the home-built
CDMS instrument by ambient gas flow through a metal
capillary. The ions pass through three differentially pumped

Figure 1. Thermodynamic working models for Cp149 capsid assembly and disassembly. (A) A simple model of capsid assembly describes a
reaction in which no hysteresis is observed. Subunit goes through a transition state and assembles into capsid. The forward and reverse reactions are
in equilibrium, and no hysteresis is expected. (B) A capsid maturation model describes an assembly reaction from subunit to immature capsid
followed by a post-assembly maturation step, leading to hysteresis. (C) A subunit-based hysteresis model describes a reaction in which subunit
must undergo an assembly active conformational change into subunit⧧ before assembling into capsid. The difference in observation between capsid
dissociating to subunit⧧ or back to subunit leads to the observed hysteresis.
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regions where they are separated from the ambient gas flow.
They are then focused into an electrostatic linear ion trap
(ELIT). The potentials on the end-caps of the ELIT are
switched from transmission mode to trapping mode, and ions
inside the ELIT are trapped. The trapped ions oscillate back
and forth through a conducting cylinder, and the induced
charge is detected by a charge sensitive amplifier. The resulting
signal is digitized and transferred to a computer where it is
analyzed by fast Fourier transforms (FFTs). The m/z is
obtained from the oscillation frequency, and the FFT
magnitude is proportional to the charge. Multiplying the m/z
by the charge gives the mass of the ion. Measurements are
performed for thousands of ions, and the masses are binned to
give a mass spectrum.

■ RESULTS

Models of Hysteresis. HBV capsids have a characteristic
hysteresis to dissociation: the association energy measured
during an assembly reaction (per pairwise dimer−dimer
interaction, ΔGcontact,assembly) is much weaker than the dimer−
dimer association energy measured during disassembly
(ΔGcontact,disassembly).

5 To explain hysteresis in HBV, we propose
basic models describing capsid assembly and disassembly
(Figure 1). In a simplest case model, no hysteresis is expected
(Figure 1A). In this model, the capsid protein, “subunit”, goes
through a single transition state, subunit⧧, associated with
assembly into the capsid. This simplified diagram implicitly
includes the 120 assembly reactants needed to build a T = 4
capsid. Capsid assembly reactions are steeply “downhill”
because subunits are multivalent and the average number of
contacts per subunit increases with each added subunit.19 The
simplified reaction coordinate shows assembly and disassembly
reactions in equilibrium, and thus, no hysteresis to disassembly
is expected. The observed association energy is ΔGassembly. The

rate of assembly is proportional to eΔG
⧧
, and the rate of

dissociation to eΔG
⧧
Disassembly. Note that ΔG⧧

Disassembly is equal to
ΔGassembly + ΔG⧧. Dissociation of an icosahedral complex is
more complex than depicted by this simple model, as capsid
closure has the effect that every subunit makes the maximum
number of contacts. Simulations of dissociation reactions
showed that closure can contribute to a kinetic barrier to
dissociation.5 However, in those simulations, it is clear that
biochemical modulation of assembly may have an outsize
effect, leading to the following models.
The second model, the capsid maturation model, incorpo-

rates an additional step of postassembly maturation of the
capsid (Figure 1B). This model can obviously be applied to
those bacteriophages where capsid assembly is followed by a
maturation reaction that involves a substantial change in
conformation.20−22 However, conformational changes need
not be extremely obvious and may only be evident in energetic
terms.23 In the capsid maturation model, subunit assembles
into an immature capsid, Cimmature, which subsequently
undergoes a maturation transition, advancing through the
Cmature

⧧ transition state to the final mature form. The details of
the transition state may be elaborateconsider a wave of
conformational change across the maturing capsidor purely
entropic.23,24 In this model, hysteresis to disassembly is
observed because the observed energy of association is
ΔGimmature and the apparent energy of dissociation is ΔGimmature
+ ΔGmature.

A third model of hysteresis is based on a conformational
change to the subunit prior to assembly. In this subunit-based
model, a subunit in an assembly inactive state advances to an
assembly active state (subunit*), which then assembles. The
observed assembly reaction energy is then ΔGassembly; the cost
of forming subunit* is not visible in ΔGassembly. The
disassembly energy is the energy required to reach subunit*
(ΔGconformation + ΔGassembly). This model is particularly
attractive with HBV as it is consistent with the hypothesis
that HBV Cp dimers undergo an allosteric transition to an
assembly active state.6,25−27

Hysteresis and Heterogeneous Capsids. To differ-
entiate these models with respect to HBV, we examined capsid
stability during dissociation. During preparation of the core
protein from E. coli, we initially isolate capsids, dissociate them
by treatment with 3 M urea, reassemble the isolated Cp with a
high NaCl concentration, isolate the resulting capsids
(typically 40% of the input dimer), and then re-dissociate
the capsid with 3 M urea to obtain the dimer. On the basis of
its ability to assemble, we have considered the reassembled Cp
dimer to be the “best” Cp; the resulting capsids can last
months at refrigerator temperatures with little or no
dissociation due to dilution.5 However, we observed several
recent HBV preparations yielded capsids that were more
susceptible to dissociation. This observation gave us the
opportunity to directly compare stable and labile capsids.
To quantify capsid dissociation and test for capsid

heterogeneity, we examined urea titrations of the purified
capsid by changes in the intrinsic Cp dimer fluorescence and
integrated peak areas on SEC. Each Cp dimer contains eight
tryptophan residues, and their intrinsic fluorescence approx-
imately doubles when dimers are assembled into capsids.
Chaotropes up to a threshold concentration, 4 M urea and 1.5
M guanidine HCl, result in reversible disassembly with little
evidence of protein unfolding.5,6,28

We initially examined the capsid stability of two recent
preparations of the Cp149 dimer, one prepared by lysing cells
by sonication and the other by lysing cells with an emulsifier.
For these experiments, capsid was assembled from both
preparations by adjusting the NaCl concentration to 300 mM
and allowing 24 h for equilibration prior to SEC purification.
In the urea titrations, it was immediately evident that
disassembly of Cp149 capsids took place in two distinct
transitions (Figure 2A). The first, the low-urea phase, began
around 0.8 M urea and ended at 2.5 M urea. The second, the
high-urea phase, began around 2.5 M urea and ended around 3
M urea. To facilitate interpretation of dissociation of a 120-
dimer complex, we calculated the association energy per
dimer−dimer contact (described in Methods).9 The free
energy of disassembly from the titration, extrapolated to 0 M
urea, ΔGdisassembly,urea, was calculated for each phase (Figure
2B). The ΔGdisassembly,urea for the low-urea phases was −3.4
kcal/mol per dimer−dimer contact (Table 1). The high-urea
phase for the sonicator dimer accounted for 40% of the protein
with a ΔGdisassembly,urea of −13.0 kcal/mol per dimer−dimer
contact. For the emulsifier dimer, the high-urea phase
accounted for 75% of the proteins and had a ΔGdisassembly,urea
value of −10.5 kcal/mol (Table 1). Thus, the emulsifier sample
had almost twice as much high-urea capsid. We note that the
energy for the low-urea transition is approximately the same as
the association energy measured during assembly, correspond-
ing to a pcc of ∼5 μM (Table 1), indicating that capsids in the
first transition had no hysteresis to dissociation. Capsids from
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the high-urea transition were markedly more stable, resulting
in a sub-femtomolar calculated pcc.
We reasoned that a likely and testable explanation for two

phases was that (i) a fraction of capsids had flawed subunits
that led to unstable particles and (ii) the remaining robust
capsids were enriched with the unflawed Cp149 dimer. It was
striking that the gentler lysis technique, via an emulsifier, led to
an improved yield of stable capsids. An alternative explanation

for two phases in dissociation is that a subset of subunits was
selectively removed from all capsids upon treatment with urea.
To distinguish between these explanations, we examined
capsids by charge detection mass spectrometry (CDMS), a
single-molecule mass spectrometry technique. If the first
explanation was correct, then we should be able to selectively
dissociate capsids with flawed subunits and isolate robust
capsids. If the second were correct, urea treatment should
enrich the population of incomplete capsids. To accomplish
this, Cp149 capsids assembled in 300 mM NaCl were treated
with 2.7 M urea for 24 h and separated from the free dimer by
SEC. When the resulting capsid pool was examined in a urea
titration, the low-urea transition was conspicuously absent and
a single, high-urea transition was observed (Figure 2C). CDMS
demonstrated that capsids before and after treatment with 2.7
M urea displayed similar distributions of T = 3 and T = 4
particles (Figure 3). After urea treatment, capsids that were
intermediate between T = 3 and T = 4 particles were depleted,
indicating that urea treatment induced dissociation of T = 4
capsids with flaws and gaps. The high-mass tail on the T = 4
peak may be due to nonvolatile solutes (in particular, residual
urea), ions, and water that remained associated with individual
particles.
To test if the 2.7 M urea-treated capsids were enriched with

subunits that formed highly stable capsids, the capsids were
dissociated and the resulting dimers reassembled (Figure 4). It
was immediately evident that two disassembly phases were
present again and the curve shifted to transitions at ∼1 M urea
(Figure 4). These capsids are weaker than the untreated
emulsifier dimer. This result suggests that the highly stable
capsids from which these dimers were isolated were not highly
enriched with subunits that would favor more of the high-urea
capsids (Figure 2C). A caveat is that the dimers used in this
experiment are likely to have become damaged and/or
oxidized over the course of their repurification and isolation,
which will affect capsid stability. A C61−C61 disulfide at the
dimer interface, which oxidizes slowly in the free dimer and
more rapidly in the capsid, yields a less stable capsid.29

Can Dimer be “Cured”? The observations in Figure 2
suggest that a small fraction of subunits could lead to defective
particles. This led us to ask if it was possible to “cure” the
flawed subunits. In vitro capsid assembly is triggered by
increasing the solution ionic strength, typically through
addition of NaCl, which is hypothesized to favor an assembly
active form of Cp149.6,25,26 Increasing the ionic strength also
contributes to Cp149 assembly by screening electrostatic
repulsion between dimers.30 This suggests that high-NaCl
assembly can lead to Cp dimers that are better at assembling. A
competing effect of accelerating the assembly reaction with
increasing ionic strength is the possibility of generating
particles with kinetically trapped defects. Such trapped
particles are particularly notable at NaCl concentrations
greater than or equal to 1 M and can spontaneously anneal
over time or especially at reduced ionic strength.11,31−34 To
minimize the formation of kinetic traps, particles assembled at
different ionic strengths (150 mM, 300 mM, 500 mM, and 1
M) were buffer-exchanged into 300 mM NaCl before the
examination of urea-induced dissociation by fluorescence
(Figure 5A). The most stable capsids were assembled in 500
mM NaCl, while capsids from 150 mM NaCl were the
weakest. The capsids from 150 mM NaCl dissociated
completely by 3.2 M urea. The other capsid pools were
shifted by ∼0.4 and ∼0.8 M urea to the right, with a fraction of

Figure 2. Cp149 capsid urea titrations. (A) Two capsid pools were
subjected to increasing urea concentrations, and the amount of capsid
remaining was measured using the intrinsic fluorescence. The
fluorescence was plotted against the urea concentration to generate
the disassembly curves shown. (B) Calculated ΔGcontact,disassembly for
points in the disassembly transitions plotted vs urea concentration
using the data from panel A. Extrapolation of each phase back to 0 M
urea gives ΔGcontact,disassembly (Table 1). (C) Wild-type Cp149 capsids
were incubated with 2.7 M urea to dissociate capsids from the low-
urea phase and repurified to remove the excess dimer. The new capsid
pool was used in a standard disassembly reaction and measured by
fluorescence to generate the disassembly curve, which now shows a
single phase.
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500 mM NaCl capsids remaining until 4 M urea. A parallel
SEC experiment provides essentially the same result but
directly shows the loss of material from the “capsid” peak. We
note that the capsid and dimer peaks had baseline separation in
these experiments. In these SEC results, we also observe that

capsid assembled at 1 M NaCl, which is expected to include
particles with defects,31,32 had a large fraction of particles in the
low-urea phase followed by an extremely broad transition while
still producing a small subset of particles that are stable up to 4
M urea. Thus, it appears that NaCl may be acting as a
kosmotrope, stabilizing an assembly active state for Cp and/or
allowing damaged dimers to refold.
These data led to the working hypothesis that imperfect

dimers in Cp149 capsids led to the labile capsids of the low-
urea phase. We sought to replicate labile capsids using
deliberately flawed dimer. One approach to mimicking
imperfect dimers was an assembly deficient construct,
Cp149-V124A (V124A for short). V124A can assemble at a
very high ionic strength or co-assemble with wild-type Cp149.
The V124A mutation results in a weak association energy of
approximately −2.4 kcal/contact in 300 mM NaCl (a linear
extrapolation from data in ref 35). We co-assembled V124A
with Cp149 at mole percentages of 1%, 10%, and 50% of
V124A relative to the wild type, with pure V124A and the pure
wild type as controls (Figure 6). Because it was possible that
these mixed assembly reactions might exclude V124A, we
purified capsids by SEC and determined the V124A mole

Figure 3. CDMS of Cp149 capsids before and after urea treatment. Cp149 capsids were assembled and SEC-purified in 300 mM NaCl. (A) CDMS
mass distribution of untreated Cp149 capsids. The peaks at 3.01 and 4.02 MDa correspond to T = 3 and T = 4 sized particles, respectively. Note
the presence of intermediates between the two peaks. (B) CDMS mass distribution of capsids incubated with 2.7 M urea for 24 h and SEC-purified.
The peaks at 3.01 and 4.02 MDa correspond to T = 3 and T = 4 particles, respectively.

Figure 4. Disassembly of capsids made of repurified dimers isolated
from 2.7 M urea capsids. Capsids assembled from the dimers of 2.7 M
urea capsids were subjected to increasing urea concentrations for 24 h
before quantification of capsid and dimer peaks via SEC to calculate
the capsid fraction. The disassembly curve of the emulsifier dimer is
also plotted for comparison.

Figure 5. Capsid disassembly changes in response to the ionic strength of assembly. Cp149 capsids were assembled under a range of NaCl
conditions: 150 mM (○), 300 mM (□), 500 mM (△), and 1 M (◇). The resulting capsids were SEC-purified, buffer exchanged into 300 mM
NaCl, and then subjected to increasing urea concentrations for 24 h. Dissociation was evaluated by (A) intrinsic tryptophan fluorescence or (B)
SEC.
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percent in capsids by LCMS (Table 2). We observed that the
mutant was present in the capsid fraction at approximately the
same ratio as in the initial reaction mixture.

In urea titrations, the 100% V124A capsids were very fragile
and showed measurable dissociation under all tested urea
concentrations while wild-type capsids showed the two
expected phases of disassembly. The per contact association
energy of the 100% V124A sample was approximately −4.6
kcal/mol. This association energy is much weaker than that
observed for wild-type capsids (approximately −10 kcal/mol)
but is much higher than the V124A assembly energy of −2.4
kcal/mol per contact, indicating hysteresis even in these fragile
capsids. The dissociation curves for the 1% and 10% V124A
capsids were nearly indistinguishable from those of wild-type
capsids. Both 1% and 10% V124A had two disassembly phases
that closely mirrored those of the wild type with the low-urea
phase from 0.6 to 2 M urea and the high-urea phase from 2 to
3.2 M urea. In a 10% V124A capsid, on average 12 of the
dimers are mutants yet the similarity of the dissociation curve
indicates that dissociation is really a function of the capsid
lattice and is not necessarily sensitive to the weakest link.
However, for 50% V124A, a monotonic disassembly curve
began at 0.6 M urea and was completed by 3 M urea. It was
not clear whether there were one or two disassembly phases to
the 50% V124A curve. As a summary of these experiments,
small amounts of V124A are evidently tolerated in capsids
without changing the dissociation curve, whereas a large
fraction of V124A does weaken a capsid.

■ DISCUSSION

We have found that Cp149 capsids can display two
disassembly phases (Figure 2). A low-urea disassembly phase
lacks hysteresis as the calculated ΔGcontact,disassembly (−3.4 to
−3.7 kcal/mol) is close to ΔGcontact,assembly for 300 mM NaCl
(−3.5 kcal/mol). This phase correlates with a pcc of ∼5 μM
dimer. The average ΔGcontact,disassembly for the low-urea phases in
Table 1 is −3.7 ± 0.3 kcal/mol. This calculation shows that
across the capsid sample types the particles in the low-urea
phase appear to freely equilibrate with free dimer without
detectable hysteresis. The calculation excludes 50% V124A and
100% V124A co-assembled capsids because they began
dissociating at very low urea concentrations, making the
measurement of a low-urea phase impossible. Capsids in the
high-urea disassembly phase (Figure 2) had a ΔGcontact,disassembly
of −10 to −14 kcal/mol corresponding to a sub-femtomolar
pcc. Capsids from the second phase appear to be chemically
similar to the labile capsids but are energetically quite different
in their hysteresis to dissociation. The average
ΔGcontact,disassembly for the high-urea phases in Table 1 is
−10.5 ± 1.8 kcal/mol. This calculated average shows that the
high-urea phase particles exhibit hysteresis irrespective of the
capsid sample type (the high standard deviation is due in part
to the large extrapolation to 0 M urea). An extraordinary
example of the effect of hysteresis with HBV is the ability of
capsids to persist for 120 days with negligible subunit
exchange.12 This heightened stability can allow capsids to
persist even where they would never assemble. In the case of
HBV, which assembles in vivo on flexible ssRNA that is then
reverse transcribed into stiff dsDNA, that added stability may
allow the capsid to withstand the destabilizing internal force of
the packaged genome.36

The ratio of labile to stable capsids can be manipulated. The
low-urea phase is associated with damaged capsids and
damaged subunits. A very high ionic strength leads to labile
capsids (Figure 5B), probably by kinetically trapping defects. A
high ionic strength (where it does not lead to trapped
assembly) apparently favors subunits that are more assembly
competent and leads to a depletion of the low-urea phase
(Figure 5). Similarly, treatment of subunits with a chaperone
leads to more assembly,37 probably by repairing misfolded Cp
dimers or favoring an assembly active state. In contrast to
capsids with kinetically trapped defects, capsids in the high-
urea phase could be isolated by urea treatment correlated with
the loss of capsids containing flaws (Figure 3).
The hysteresis we observed with wild-type Cp149 was also

observed with a weakly assembling V124A mutant (Figure 6).
We saw no change in disassembly when as much as 10% of the
subunits were V124A. However, with 100% V124A, we
observed weaker capsids that, like the wild type, had hysteresis
to dissociation. Thus, dissociation and hysteresis are, at least in
part, a function of the capsid lattice, not specific just to the
wild-type protein.
Efforts to trap dimers that had improved assembly properties

were not successful. When the urea-treated capsids were
dissociated and reassembled, the resultant capsids were actually
weaker than capsids of untreated, wild-type Cp149. We suspect
that this was the result of Cp oxidation29 and of damage to Cp
during the lengthy isolation process, leading to the final capsids
(Figure 4). “Curing” flawed subunits with NaCl acting as a
kosmotropic agent was remarkably successful; independent of
increasing the amount of assembly, increasing the NaCl

Figure 6. Disassembly of capsids co-assembled with flawed dimers.
Capsids were co-assembled from a mixture of wild-type Cp149 dimers
with 1%, 10%, or 50% Cp149-V124A dimers and then SEC-purified.
Co-assembly was confirmed by LCMS of capsids (Table 2). A 100%
V124A capsid control and a 100% wild-type Cp149 control were also
SEC-purified. Each capsid pool was incubated with urea, and the
resulting capsid and dimer peaks were measured by SEC (to avoid
possible differences in intrinsic fluorescence) to quantify disassembly
and plot the curves in the figure.

Table 2. LCMS of Capsids in Which Cp149 and Cp149-
V124A Were Co-assembleda

mole percent

dimer
peak
(Da)

10% V124A co-
assembly

50% V124A co-
assembly

V124A
homodimer

33484 11 40

wild-type Cp149 33540 89 60
aThe LCMS produced two primary peaks, which have been assigned
to Cp149 V124A and wild-type Cp149. The mole percent of each
dimer species was calculated after peak integration.
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concentration from 150 to 500 mM increased the fraction of
capsids in the high-urea pool (Figure 5).
With respect to the hysteresis models presented in Figure 1,

it is now apparent that the capsid maturation model
encompasses much of the data presented in this report (Figure
1B) while the subunit curing experiments indicate that
preassembly defects and preassembly transitions can also
make an important contribution. The capsid maturation model
is based on a postassembly maturation transition that requires
a complete capsid lattice. This model is consistent with the
presence of capsids with missing subunits in the less stable
(low-urea) pool, the ability of normal subunits to overwhelm a
small pool of weakly assembling subunits [e.g., 10% V124A
(Figure 6)], and subunits isolated from high-urea capsids did
not yield intrinsically stable capsids. Conversely, the increased
fraction of capsids in the high-urea pool due to assembly at a
high NaCl concentration (Figure 5) and our improved
purification suggests the importance of subunit structure for
mature assembly. Therefore, we cannot preclude the subunit-
based conformational model (Figure 1C) in concert with the
capsid maturation model.
The capsid maturation model brings to mind the work of

Chevreuil et al.,38 who observed transient assembly inter-
mediate species that were thought to be disorganized
structures of Cp dimers, of T = 4 capsid size, which resolved
into capsids through thermodynamic editing (i.e., reversible
dissociation of subunits that are weakly bound because of
misassembly) and self-organization. Rearrangement of over-
grown or incompletely formed capsids has also been reported
for HBV in CDMS studies.31,39 This reorganization could well
be a part of the path that HBV capsids take to postassembly
maturation.
In summary, our data strongly support the contribution of

capsid maturation to hysteresis. They are also consistent with a
contribution of a subunit structural transition. Differences
between the free dimer and dimer in a capsid in HBV25 and
the closely related Woodchuck hepatitis virus40 suggest that
some of the energetic difference between labile and stable
capsids may arise from changes in the dynamics of the capsid,
directly analogous to ensemble-based allostery.23,41 Consistent
with this proposal, molecular dynamics simulations show the
HBV capsid to be highly dynamic42 and hydrogen−deuterium
exchange experiments indicate an allosteric network of
hydrogen bonds that affect assembly.43
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