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ABSTRACT Viral structural proteins can have multiple activities. Antivirals that target
structural proteins have potential to exhibit multiple antiviral mechanisms. Hepatitis B vi-
rus (HBV) core protein (Cp) is involved in most stages of the viral life cycle; it assembles
into capsids, packages viral RNA, is a metabolic compartment for reverse transcription,
interacts with nuclear trafficking machinery, and disassembles to release the viral ge-
nome into the nucleus. During nuclear localization, HBV capsids bind to host importins
(e.g., Impb) via Cp’s C-terminal domain (CTD); the CTD is localized to the interior of the
capsid and is transiently exposed on the exterior. We used HAP12 as a representative
Cp allosteric modulator (CpAM), a class of antivirals that inappropriately stimulates and
misdirects HBV assembly and deforms capsids. CpAM impact on other aspects of the
HBV life cycle is poorly understood. We investigate how HAP12 influences the interac-
tions between empty or RNA-filled capsids with Impb and trypsin in vitro. We show
that HAP12 can modulate CTD accessibility and capsid stability, depending on the satu-
ration of HAP12-binding sites. We demonstrate that Impb synergistically contributes to
capsid disruption at high levels of HAP12 saturation, using electron microscopy to visu-
alize the disruption and rearrangement of Cp dimers into aberrant complexes. However,
RNA-filled capsids resist the destabilizing effects of HAP12 and Impb . In summary, we
show host protein-induced catalysis of capsid disruption, an unexpected additional
mechanism of action for CpAMs. Potentially, untimely capsid disassembly can hamper
the HBV life cycle and also cause the virus to become vulnerable to host innate immune
responses.

IMPORTANCE The HBV core, an icosahedral complex of 120 copies of the homodi-
meric core (capsid) protein with or without packaged nucleic acid, is transported to
the host nucleus by its interaction with host importin proteins. Importin-core interac-
tion requires the core protein C-terminal domain, which is inside the capsid, to “flip”
to the capsid exterior. Core protein-directed drugs that affect capsid assembly and
stability have been developed recently. We show that these molecules can, synergis-
tically with importins, disrupt capsids. This mechanism of action, synergism with
host protein, has the potential to disrupt the virus life cycle and activate the innate
immune system.
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Chronic hepatitis B virus (HBV) infection is endemic and, though not a regular dis-
cussion in the daily news, a global health crisis (1). Chronic HBV afflicts approxi-

mately 300 million people and can lead to cirrhosis, hepatocellular carcinoma, and liver
failure; it contributes to about 880,000 deaths annually (2). Although there is an effec-
tive vaccine available, it does not help those who are chronically infected. Current
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therapeutics (mainly directed against the viral DNA polymerase) are rarely curative, so
there is a great need to develop new and better antivirals.

An attractive drug target for new HBV therapeutics is the core protein (Cp) (3). The
Cp plays roles in most stages of the viral life cycle: assembling on and encapsidating vi-
ral RNA and polymerase, acting as a metabolic compartment for reverse transcription
to DNA, and regulating capsid transport to the nucleus to maintain infection or to the
endoplasmic reticulum (ER) to be secreted (4–6). Most capsids are composed of 120
homodimers arranged with T = 4 icosahedral symmetry. A small fraction of capsids
have 90 dimers with T = 3 symmetry. Dimers associate through weak hydrophobic con-
tacts at the interdimer interfaces (7). Cp has an assembly domain (residues 1 to 149)
and a nucleic acid-binding C-terminal domain (CTD; residues 150 to 183). During viral
replication, approximately 90% of capsids are without a viral genome (8). In T = 4 cap-
sids, Cp is found as quasi-equivalent A, B, C, and D monomers, which form AB and CD
dimers. The interface between two dimers forms a small hydrophobic pocket, which
can be probed with small molecules (4, 9).

Core protein allosteric modulators (CpAMs) are small molecules that can probe HBV
capsids by binding to interdimer contacts (10). Heteroaryldihydropyrimidines (HAPs)
are a class of CpAMs that have been extensively studied for their ability to accelerate
and misdirect capsid assembly (11–13). When bound at Cp-Cp contact sites in the HAP
pocket, HAPs increase the association energies of dimer-dimer contacts. Cp assembled
in the presence of HAPs can produce aberrant structures with various morphologies,
depending on the CpAM chemotype (13–15). HAPs can also cause capsid deformation
by disturbing the capsid’s icosahedral geometry. When incubated with the molecule
HAP–6-carboxytetramethylrhodamine (TAMRA), capsid quasi-6-fold vertices became
flattened, a defect that can propagate to yield highly irregular particles (15). Thus, not
only do these antivirals impair capsid assembly, they can also target morphologically
“normal” capsids, even “melting” virions to prevent infection (16, 17). Although we
understand how HAPs influence the capsid’s structure, it is still poorly understood how
HAP-induced deformation impacts HBV biology in an infected cell.

Much of HBV Cp biology is a function of the CTDs. The CTDs are intrinsically disor-
dered and positively charged (16 arginines out of 34 residues). In the context of an icosa-
hedral capsid, CTDs are clustered around quasi-6-fold and 5-fold vertices (18). CTDs play
important roles in RNA packaging and regulating reverse transcription (19–21). Though
they are ostensibly on the inside of the capsid, they can transiently flip out to the capsid
exterior to expose nuclear localization signals (22–26). The organization and mobility of
CTDs are influenced by phosphorylation and nucleic acid content (27–30). In the nucleic
acid-filled particles, CTDs electrostatically interact with the negatively charged nucleic
acid and stay primarily internalized (18). During infection, capsids, containing relaxed cir-
cular DNA (rcDNA), can localize to the nucleus via interaction with host importins a

(Impa) and b (Impb) (31). Once the capsid is imported into the nuclear pore complex,
the capsid protein interacts with nucleoporin 153, disassembles, and releases its genome
(32, 33). Previously, it was shown that both Impa and Impb were required for nuclear
trafficking (33–35). However, Impb can directly bind to the empty capsids or dimers
without the presence of Impa and can be internalized (26).

Here, we examine how CpAMs affect CTD mobility. How these antivirals impact other
aspects of the life cycle is still unclear. For these studies, we use the CpAM HAP12, which
has strong Cp-binding activity in vitro and efficacy in vivo (13). HAP12 is structurally very
similar to GLS4 (12). In this study, we investigated how HAP12 binding affects the CTD’s
ability to interact with Impb . We found that the CTD’s mobility increased with high
HAP12 stoichiometry, causing more CTD-Impb binding. Surprisingly, excess HAPs led to
capsid disruption in empty particles. However, despite excess HAPs, capsids with internal
RNA did not experience greater Impb binding and were able to maintain their structural
integrity. In this work, we show how two exogenous molecules work synergistically to
destabilize HBV capsids. Our study also investigates how a second antiviral mechanism
of action, capsid dissociation, is modulated by CpAMs and host proteins.
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RESULTS
Capsid proteolysis and Impb binding experimental schematic. HAPs, like many

CpAMs, cause capsid deformation and even disruption on a global level (14, 15). Because
Cp dimers appear to be relatively rigid and CpAMs bind at the interface between dimers,
deformation is likely to be manifested in the dimer-dimer geometry and at vertices.
CTDs are clustered around 5-fold and quasi-6-fold vertices; therefore, we anticipated that
HAPs would change the external exposure of CTDs.

To test our prediction that CpAMs modulate CTD exposure, we determined the
effect of the CpAM HAP12 on CTD susceptibility to proteolysis and the CTD’s ability to
bind Impb (Fig. 1A and B). Impb binds a basic peptide of ca. 40 amino acids (36),
much longer than a typical nuclear localization sequence (NLS); therefore, Impb is a
sensitive tool for probing CTD exposure. The impact of CpAMs on CTD exposure has
not previously been tested. Complicating this test, the effect of a HAP on assembly is
highly dose dependent. At low ratios of HAP to Cp, morphologically normal capsids
form, whereas when HAP is superstoichiometric—that is, there is more than one active
HAP per subunit—abnormal polymers assemble (13, 14). For this reason, we wanted to
examine how different ratios of CpAM modulated CTD exposure.

High concentrations of the CpAM HAP12 change the CTD proteolysis pattern.
Low HAP12/dimer ratios stabilize empty capsids and were predicted to decrease CTD pro-
teolysis. Conversely, supersaturating ratios of HAP12, which cause capsid deformation
even with intact capsids, were predicted to make empty capsids more vulnerable to prote-
olysis. To test this, empty capsids were treated with HAP12 and proteolyzed with trypsin,
and the digested products were analyzed by SDS-PAGE and liquid chromatography-mass
spectrometry (LC-MS). For these experiments, 7mM Cp183 dimer was used. The HAP12 ra-
tio was calculated by accounting for HAP12’s racemic mixture, half of which is inactive,
and by taking into account that each dimer forms two HAP-binding sites. Therefore, we

FIG 1 Capsid proteolysis and Impb binding experimental schematic. (A) Empty and RNA-filled capsids
were initially treated with various concentrations of the CpAM HAP12 and then interrogated by
proteolysis or Impb binding. Trypsin is represented by scissors, and Impb is represented by trucks.
HAP12 treatment was characterized in terms of “saturation”: at saturating HAP12 concentrations, there
is one active HAP12 molecule for every HAP pocket. (B) HAP12-treated empty, pgRNA-filled, and E. coli
RNA-filled capsids were digested with trypsin, and reactions were quenched before proteolyzed
products were resolved using SDS-PAGE and LC-MS. (C) HAP12-treated empty and E. coli RNA-filled
capsids were mixed with Impb and dialyzed into a low-NaCl-concentration buffer to allow binding.
Impb-bound capsids were analyzed using SEC, SDS-PAGE, TEM, and CDMS.
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used 14 mM HAP12 as a subsaturating concentration, 28 mM as saturating, and 56 mM as
supersaturating. These concentrations are well above the dissociation constant of HAP12
for capsid, so it is assumed that all active HAP12 is bound (13). These concentrations corre-
sponded to 1 active HAP12 molecule per dimer, 2 active HAP12 molecules per dimer, and
4 active HAP12 molecules per dimer, respectively.

Because different HAP12 regimens have different effects on capsid stability, we
examined how they affected the kinetics of CTD exposure. The trypsin concentration
for these experiments was chosen to avoid the much slower cleavage of the assembly
domain (37). The loss of the parent, Cp183, was expected to yield first-order kinetics.
Cp183 and cleavage products were visualized by SDS-PAGE and normalized to the total
optical density of a given lane. For all nontreated and HAP12-treated data sets, a single
exponential fit showed systematic differences in the rates of proteolysis. Data were
well fit by two first-order decays: [Cp183] = B1e(–x � [1/k1]) 1 B2e(–x � [1/k2]) 1 (1 – B1 – B2).
Coefficients B1 and B2 are the fractions of Cp183 in each of two populations of CTDs
(Table 1), with k1 and k2 as the respective rate constants. A population of uncleaved
CTD is explicit in the final term of this equation. With from no HAP12 to saturating
HAP12, the fast-cleaving CTDs of empty capsids accounted for 33% 6 5% of the
Cp183, with a half-life of 0.4 6 0.03 min. For the slow-cleaving population, the proteol-
ysis accounted for 51% 6 8%, with a half-life of 7 6 2 min. At superstoichiometric
HAP12, 74% of CTDs were rapidly cleaved, with a half-life of 0.47 min; the remaining
25% had a half-life of 2.40 min.

The cleavage kinetics for drug-free to saturated-HAP12 data sets were very similar. It is
not until there was supersaturating HAP12 that we observed significant changes. Our data
showed that HAP12 does not change CTD exposure in empty capsids until HAP12 reaches
superstoichiometric concentrations, at which it can induce capsid deformation that would
expose more CTDs. Another issue to consider is whether the T = 4 symmetry modulates
cleavage kinetics; i.e., rates correspond to the A, B, C, and D subunits. The 33% average
coefficient for the fast cleavage rate is far enough from the value of 25% predicted by
quasi-equivalence that quasi-equivalence seems an unlikely explanation. We suggest that
cleavage rates may be affected by progressive charge changes within the capsid during
proteolysis, as well as capsid heterogeneity along with quasi-equivalence.

The pattern of CTD cleavage is also affected by capsid content. For HAP12-free
empty capsids, proteolysis with trypsin yielded three doublets of cleaved Cp183 and a
faint seventh band by SDS-PAGE (Fig. 2A). For empty capsids treated with supersaturat-
ing HAP12, all Cp was proteolyzed to the lowest-molecular-weight band (Fig. 2A).
Reaction mixtures were further analyzed by LC-MS to identify SDS-PAGE bands. The
highest-molecular-weight band corresponded to Cp183, and the lowest-molecular-
weight band corresponded to the 150 N-terminal residues of Cp (Fig. 2A). Other LC-MS
data indicated cleavage after residues 175, 157, 152, and 151 (Fig. 2A). These findings
are consistent with those of previous CTD proteolysis studies (28).

We anticipated that pregenomic RNA (pgRNA)-filled capsids would be more resist-
ant to proteolysis than empty capsids since electrostatic interactions between the RNA

TABLE 1 Curve fitting of CTD proteolysis data as a 2-first-order decaya

Sample
Population 1
mole fraction

Population 1
t1/2 (min)

Population 2
mole fraction

Population 2
t1/2 (min) RMSD

Empty capsid 0.37 0.42 0.43 6.58 0.0065
Empty1 subsaturating HAP12 0.35 0.35 0.50 9.37 0.0105
Empty1 saturating HAP12 0.28 0.40 0.60 5.51 0.0132
Empty1 supersaturating HAP12 0.74 0.47 0.25 2.40 0.0033
pgRNA-filled capsid 0.21 0.36 0.65 9.83 0.0101
pgRNA capsid1 supersaturating HAP12 0.24 0.29 0.72 7.73 0.0099
E. coli RNA-filled capsid 0.24 0.28 0.12 13.97 0.0041
E. coli RNA capsid1 supersaturating HAP12 0.20 0.05 0.53 15.51 0.0068
aCp183 cleavage is in terms of populations cleaved rapidly (population 1), cleaved slowly (population 2), and uncleaved (1.0 – population 1 – population 2). The mole
fractions of these three populations sum to 1.0. t1/2, half-life; RMSD, root mean square difference.
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and CTDs would keep these flexible peptides inside (18). We also predicted that
pgRNA capsids would become more susceptible to proteolysis after HAP12 treatment,
based on our proteolysis results with empty capsids (Fig. 2A). For these experiments,
purified Cp183 dimers were assembled with in vitro-transcribed pgRNA to produce
RNA-filled capsids. In the absence of HAP12, pgRNA-filled capsids were slightly slower
to show signs of proteolysis. However, the pgRNA-filled capsids yielded a cleavage pat-
tern distinctly different from those of empty capsids (Fig. 2A). An important difference
was that pgRNA-filled capsids had a prominent band for cleavage at residue 150,
almost absent in empty capsids, suggesting that for at least a subset of subunits, the
CTDs were more easily digested at the junction with the assembly domain. The pgRNA
capsids also had a different relative distribution of the cleavage doublets. In the pres-
ence of supersaturating HAP12, pgRNA-filled capsids were more resistant to proteolysis
than empty capsids, retaining small amounts of partially cleaved Cp183 after 1 h, but
more sensitive to proteolysis than pgRNA-filled capsids without HAP (Fig. 2A).

As an alternative to in vitro-assembled pgRNA-filled capsids, we also tested
Escherichia coli RNA-filled capsids. When expressed in E. coli, Cp183 dimers assemble
around nonspecific E. coli RNA (20, 38, 39). For E. coli RNA-filled capsids in the absence
of HAP12, the most prominent band after trypsin treatment remained intact Cp183,
showing that these capsids were more resistant to proteolysis than empty and pgRNA-
filled capsids (Fig. 2A). Digestion of E. coli RNA-filled capsids with supersaturating
HAP12 produced almost equal distributions of each proteolysis product. The E. coli
RNA capsids were much more resistant to trypsin than pgRNA-filled capsids. E. coli
RNA-filled capsids had a larger population of uncleaved CTDs at 1 h (64% and 27%,
respectively) than did pgRNA-filled capsids (14% and 4%, respectively) (Table 1).
However, with no HAP12 or excess HAP12, both RNA capsids had similar fast-cleaving
populations of 22% 6 2%, which is close to the 25% predicted for quasi-equivalence.
The data suggest that a quasi-equivalent class of monomers is less protected by the in-
ternal RNA and more accessible for proteolysis.

FIG 2 Excess HAP12 changed the proteolysis pattern and led to faster and more complete proteolysis of CTDs. CTD exposure was measured as a function
of trypsin digestion. Empty, pgRNA-filled, and E. coli RNA-filled capsids were treated with HAP12 and then exposed to trypsin at room temperature. Capsid
and trypsin concentrations were 7 mM and 0.04 mM, respectively. Reactions were quenched by acidification and analyzed by SDS-PAGE and LC-MS. (A)
SDS-PAGE of proteolyzed, drug-free capsids (–HAP12) and capsids treated with a supersaturating concentration of HAP12 (1HAP12) capsids. These samples
were digested for 60 min. Prominent bands, identified by LC-MS, are labeled in the rightmost image. Untreated capsids retained substantive fractions of
intact Cp183. With excess HAP12, the CTDs of empty and pgRNA-filled capsids were almost completely digested; E. coli RNA-filled capsids exhibited about
equal distributions of different proteolyzed bands. (B to D) Time courses of cleavage at various HAP12 concentrations (B), various capsid contents (empty,
pgRNA-filled, and E. coli RNA-filled) without HAP12 (C), and various capsid contents with supersaturating HAP12 (D). The relative band density is defined as
the optical density of undigested Cp183 divided by the total optical density of the lane.
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The differences in cleavage pattern and extent suggested fundamental mechanistic
differences in CTD exposure. To compare the differences, we measured the rates of
loss of Cp183 for empty, pgRNA, and E. coli RNA capsids, with and without supersatu-
rating concentrations of HAP12. On a relative scale, depending on the presence of
HAP12, empty capsids exhibited the fastest hydrolysis, pgRNA-filled capsids showed an
intermediate rate, and E. coli RNA-filled capsids had the slowest hydrolysis (Fig. 2B to
D). In the absence of HAP12, digestion appeared to stall for all three capsid types
tested. In the presence of supersaturating concentrations of HAP12, empty and pgRNA
capsids lost approximately 100% of the initial Cp183 (Fig. 2D and Table 1). For E. coli
RNA-filled capsids, CTDs were hydrolyzed slightly faster than in the absence of HAP12
but were still the slowest of the HAP-bound capsids; also, it was not clear whether
digestion would proceed to completion with longer incubation. For both untreated
and treated conditions, our data demonstrated that the RNA content of a capsid can
modulate the kinetics of CTD exposure. However, the RNA-CTD interaction does not
completely trap CTDs within the capsid and prevent exposure.

HAP12 treatment causes capsid deformation. Our proteolysis data indicated that
HAP12 caused local structural changes that increased CTD exposure. To determine
how these observations correlate with global changes in capsid morphology, we
treated empty capsids with saturating HAP12 and examined them by negative-stain
transmission electron microscopy (TEM). Previous work with HAP-TAMRA and Cp149
capsids showed that HAPs cause deformation of normal capsids (15); similar behavior
was seen with a dibenzodiazepine CpAM (40). We anticipated that HAP12 treatment of
empty Cp183 capsids would also lead to capsid deformation. Capsid samples were
stained with ammonium molybdate and trehalose; trehalose was used to maintain the
three-dimensional (3D) structure of capsids by minimizing the sample flattening that
occurs when grids are dried. In representative micrographs, HAP-treated capsids show
a relatively small number of divergences from control particles (Fig. 3A and B). 2D class
averages tell a more detailed story. Class averages of untreated capsids showed nearly
circular particle projections (Fig. 3C); this morphology is also seen in cryo-EM (15). Class
averages of HAP12-treated capsids displayed distinctly deformed structures; capsids
were faceted, elongated, and broken (Fig. 3D). Faceted and elongated capsids were
the most common. The first 10 classes accounted for 92% of the images. It was not
clear how their global structural changes affected local regions of the capsid and led
to greater CTD mobility. The broken capsid classes, which accounted for only 4% of
the images, showed unambiguously how internal CTDs could be probed by proteoly-
sis. It is possible that local changes led to greater CTD exposure or that HAP treatment
promoted transient ruptures. In addition, we noted that the asymmetry of these classes
may explain why the populations from our proteolysis curve fitting (Table 1) were not
consistent with quasi-equivalence.

HAP12 with Impb led to disruption of empty capsids, but E. coli RNA-filled
capsids appeared unperturbed. The proteolysis data indicated that high HAP12 con-
centrations led to more CTD exposure in terms of the fraction of CTDs exposed, the
length of the exposed peptide, and the rate of exposure. TEM data confirmed that
HAP12 treatment causes capsid deformation, which correlates with greater CTD acces-
sibility. This led us to question whether HAP12 treatment increased capsid binding to a
biologically relevant ligand, the nuclear transport protein Impb , and whether the stress
of two different capsid ligands, HAP12 and Impb , changed capsid integrity. Initially, we
tested and confirmed Impb binding to empty capsids under HAP12-free and HAP12-
treated conditions using size exclusion chromatography (SEC) and SDS-PAGE (Fig. 4A
to C). To observe capsid morphology, untreated and HAP12-treated empty and E. coli
RNA-filled capsids were mixed with Impb , dialyzed into low salt, and observed via neg-
ative-stain TEM. Control micrographs show that untreated capsids, empty and E. coli
RNA filled, appeared spherical and intact (Fig. 5). Addition of Impb had little effect on
capsid morphology. We observed a similar capsid morphology when subsaturating
HAP12 and Impb were added to empty and E. coli RNA-filled capsids. However, we
note that, at subsaturating HAP12, the capsid border appeared uneven and thicker
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than those of nondrugged capsids. The thicker capsid shells may be due to bound
Impb . The observation of thicker capsid walls made us curious if subsaturating HAP12
stabilized empty capsids, reduced the internalization of Impb , and led to more exter-
nally bound Impb . To test this, 2D class averages were generated to determine the
morphologies of these capsids.

For empty capsids with Impb , based on class averages, 48% of particles showed
visible, externally bound Impb , while 36% of particles showed no Impb (Fig. 6A). One
class, accounting for 13% of particles, had density within the bounds of the capsid
walls, suggesting internalized Impb as observed in earlier studies (26). It is possible
that in classes without evident Impb , the importin adopted various conformations so
that the signal was blurred into background during averaging. With Impb and subsa-
turating HAP12, 90% of empty capsids showed unambiguous, externally bound Impb
(Fig. 5 insets and Fig. 6B). This observation suggests that these Impb proteins adopted
similar localizations. The Impb density (“U” or “J” shaped) and arrangement were clear
enough to allow us to determine the symmetry axis, based on the number of external
Impb proteins in each class. Ten external Impb proteins separated at the same inter-
vals on the particle surface suggested that we were looking down a 5-fold axis (Fig.
6B). Eight external Impb proteins suggested that we were peering down a 2-fold axis.

FIG 3 HAP12 treatment causes capsid deformation. Untreated (A, C) and treated (B, D) empty capsids
were compared by negative-stain EM. (A) A TEM of capsids with no HAP12 shows a narrow range of
diversity. (B) A TEM of capsids in saturating HAP12 shows that damage to capsids is evident even
without averaging. Blue arrows indicate deformed capsids. Samples were stained with ammonium
molybdate, with trehalose added to minimize sample flattening and distortion due to drying. (C)
Class averages of 5,307 nontreated-capsids from negative-stain TEM show a circular cross-section. (D)
Class averages of 1,160 capsids treated for 2 h with saturating HAP12, at 25°C, show elliptical,
faceted, and broken morphologies; capsid deformation by HAP12 is nearly universal but irregular. The
population of each class is shown in the bottom right corner.
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Two classes, accounting for 7% and 2% of classified particles, had strong internal den-
sity, and two (17% and 10%) had internal U-shaped features that were suggestive of
internalized Impb but could also be CTDs (some of these observations are addressed
in the charge detection mass spectrometry [CDMS] analysis below).

E. coli RNA-filled capsids appeared unperturbed and maintained a normal capsid mor-
phology even with excess HAP12 (Fig. 5). 2D class averages of these samples confirmed

FIG 4 SEC shows that supersaturating HAP12 led to elution of larger complexes. Impb-bound capsids were resolved on a Superose 6
column and fractions were analyzed by SDS-PAGE. (A) In the compiled chromatographs, the capsid peaks were slightly shifted to the
left with the addition of Impb and increasing HAP12. A mixture of Cp149 capsids and dimers was run as a control to designate
elution of capsids and dimers. The dashed-line boxes indicate the elution volumes for capsids (yellow), free Impb (pink), and free
dimers (blue). (B) The gel image shows co-elution of Cp183 and Impb at 7 to 9 mL, indicating Impb-bound capsids. (C) Free Impb
elutes at 15 to 19 mL.

FIG 5 HAP12 with Impb led to disruption of empty capsids. Empty and E. coli RNA-filled capsids were mixed
with Impb so that there were 80 Impb molecules per capsid (Cp183 dimer and Impb concentrations were
11.9 mM and 8 mM, respectively), dialyzed into low salt (150 mM NaCl) to facilitate binding, and visualized by
negative-stain TEM. Relative HAP12 concentrations are shown in white. Arrows highlight capsids of specified
morphology as follows: white arrows, round, “normal,” capsids; blue arrows, deformed/intact capsids; and red
arrows, broken capsids/aberrant structures. Drug-free empty capsids appeared spherical and intact, which is
reflected in its representative 2D particle projection (inset). After the addition of Impb , capsids with no HAP12
or subsaturating HAP12 concentrations similarly appeared round and intact; each has representative cross-
sections that show well-ordered, external Impb density (insets and Fig. 6). Introduction of Impb and saturating
or higher concentrations of HAP12 to empty capsids produced broken capsids and heterogenous complexes
(Fig. 5). E. coli RNA-filled capsids remained morphologically unchanged, even with treatment with a high
concentration of HAP12.
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that E. coli RNA capsids were able to maintain capsid geometry despite the presence of
Impb and superstoichiometric CpAM (Fig. 7B). It appears that the interaction between
internal RNA and CTDs reduces all or most subunit modulation caused by HAP12 bind-
ing. However, we note that our proteolysis data still indicated that supersaturating
HAP12 changed CTD exposure (Fig. 2 and Table 1).

When saturating or supersaturating HAP12 and Impb were added, empty capsids
became a heterogenous population of spherical capsids, deformed but intact capsids,
ruptured capsids, and large Cp oligomers. To avoid the artifacts of negative-stain TEM,
we performed cryo-electron tomography to characterize the diverse population of
deformed and disrupted particles. The tomograms showed new 3D structural features
(Fig. 8). As with negative-stain TEM, we observed a range of Cp oligomers. The largest
oligomers had clear regions of hexagonal patterning. We also observed areas of flat Cp
sheets not seen in negative-stain images. Some sheets were relatively small and sug-
gested a capsid that had unraveled in favor of planar geometry, leaving numerous
gaps. Other oligomers were much larger than capsids, indicating that subunits, or
oligomers of subunits, had been released and subsequently reassociated. The tomo-
grams show how small molecules that impair Cp assembly also disrupt capsids and
rearrange subunit geometry.

CDMS of empty capsids with and without Impb and with and without HAP12
showed shifts in mass and charge. The combination of HAP12 and Impb led to struc-
tural and physical-chemical changes to empty capsids. This suggested that HAP12-
induced capsid deformation may influence the number of Impb proteins binding to
capsids. We predicted that saturating HAP12 treatment would allow more Impb pro-
teins to bind to capsids than to apo capsids and that greater Impb binding would cor-
relate with more capsid disruption. To measure the number of bound Impb proteins,
capsid complexes were analyzed by CDMS. CDMS measures the mass-to-charge ratio

FIG 6 Empty capsids treated with subsaturating HAP12 appeared to have more externally bound Impb than drug-free
capsids. (A and B) Class averages of HAP-free empty capsids plus Impb (4,718 particles) and empty capsids plus
subsaturating HAP12 plus Impb (5,118 particles) were compared for differences in capsid morphology. (A) Empty capsids
were prepared as previously stated in the legend for Fig. 5. HAP12-free empty capsids showed four classes (48% of total
particles) with visible, externally bound Impb . (B) However, capsids treated with subsaturating HAP12 showed seven classes
(90% of total particles) with external Impb . These observations suggested that substoichiometric HAP12 stabilized Cp-Cp
interactions, preventing breakage of dimer-dimer contacts and internalization of Impb .
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(m/z) and charge (z) of each ion; these values are multiplied to give the mass of each
ion, making it particularly powerful when the sample is heterogenous. The surface area
of a particle dictates the number of charges on the ion; an approximation of the charge
on a spherical water droplet, the Rayleigh limit, is a predictor for the number of
charges on a spherical particle (41), while highly charged ions located above the limit
are likely to have more extended or textured surfaces (42).

Empty capsids exhibited a narrow peak at 5.3 MDa, which is consistent with the
mass expected for a T = 4 capsid (5.05 MDa) plus about 1% for counterions, salts, and

FIG 7 After treatment with supersaturating HAP12 and Impb , E. coli RNA-filled capsids appeared intact and
spherical. (A and B) Class averages of E. coli RNA-filled capsids with no HAP12 (4,319 particles) or with
supersaturating HAP12 plus Impb (4,247 particles) were compared for differences in capsid morphology. (A) E.
coli RNA capsids were prepared as previously stated in Fig. 5. Untreated E. coli RNA capsids appeared intact
and round. (B) Similarly, E. coli RNA capsids treated with supersaturating HAP12 and Impb also appeared to be
intact and spherical, suggesting that internal RNA prevented capsid deformation and disruption.

FIG 8 Cryo-electron tomographs of Impb and HAP12-bound empty capsids revealed a diverse group of
particles and Cp oligomers. Selected slices from tomograms of capsids treated with saturating HAP12 (for 2 h)
and Impb (16 h) suggest a progression of events. Capsid-sized objects, some of which are clearly distorted and
broken are the most common species (left column). Large Cp oligomers have many more dimers than a capsid
and have a much larger radius of curvature (middle column). Flat Cp sheets are seen in some tomographic
sections; these may result from a capsid unfurling or may result from free dimers self-assembling with planar
geometry (right column).
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water that remained closely associated with the particle (Fig. 9A1). In the charge-ver-
sus-mass plot, where each point represents an individual ion, we see that empty cap-
sids were closely distributed along the Rayleigh limit (Fig. 9B1). The 3D heatmap gives
a clearer and more quantitative view of the distribution of ions in terms of mass and
charge (Fig. 9C1).

When Impb is added to empty capsids, the mass peak shifts to 9.0 MDa, indicating
a modal average of about 38 Impb molecules (97 kDa each) binding to each capsid
(Fig. 9A2). The charge-versus-mass plot shows two main populations of ions: a distribu-
tion near the Rayleigh limit and a vertical plume extending away from the limit
(Fig. 9B2). The charge plot suggests that this sample contained both compact spherical
particles and extended or more textured particles. As the corresponding TEM data
showed no broken capsids or other extended structures, we suggest that the highly
charged distribution was attributed to Impb-decorated capsids, which would be highly
textured and could accept more charge. The 3D heatmap revealed that most of the
ions were spherical (Fig. 9C2). When subsaturating HAP12 and Impb were added, a
similar mass was detected at 8.95 MDa, also corresponding to 38 Impb proteins per
capsid (Fig. 9A3). However, unlike with the sample without HAP12, the 3D heatmap
indicated that subsaturating HAP12 led to more ions in the plume than in the cluster
(Fig. 9C3). This observation and the previous 2D class averages indicated to us that
adding substoichiometric HAP12 to empty capsids led to more externally bound Impb .
As a working hypothesis, in the absence of HAP12 and when a CTD binds Impb , the
capsid may internalize the host protein to relieve some of the mechanical strain on the
capsid. However, with subsaturating HAP12, CpAMs can strengthen Cp-Cp contacts
and consequently suppress transient ruptures so that bound Impb remains outside.

FIG 9 CDMS of empty capsids with and without Impb and with and without HAP12 showed shifts in mass and charge. (A1 to A5) Mass spectra; (B1 to B5)
charge-versus-mass plots to identify individual ions (the Raleigh limit [red] shows the theoretical limit for the of charges on a spherical ion); (C1 to C5) 3D
heat maps to identify distributions of populations. For empty capsids, mass shifts indicated Impb binding to capsids. Most capsids showed two charged
populations: a population near the Rayleigh limit, suggesting spherical particles, and a second, more highly charged plume, suggesting extended or highly
textured structures. Columns 1 to 4 show how empty capsids change mass and charge distributions in response to Impb and/or HAP12. E. coli RNA-filled
capsids (column 5) with and without Impb and with and without HAP12 exhibited no significant changes in their mass spectra, charge-versus-mass plots,
or 3D heatmaps.
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Supersaturating HAP12 and Impb led to a shift in mass to 11.2 MDa, corresponding
to approximately 64 Impb proteins per capsid (Fig. 9A4). We also observed the presence
of many small and large ions, suggesting that some capsids had fragmented and some
Cp183 dimers had coalesced into larger complexes (Fig. 5 and 9A4). This is consistent
with tomographic data showing loosely connected sheets of protein and free subunits
rearranging to create new structures (Fig. 8). Of note, we observed a small broad peak at
22.92 MDa, which may be a dimer of two capsids; examination of the other mass spectra
showed the same double capsid peak. Most of the ions attributed to capsids with Impb
and supersaturating HAP12 were near the Rayleigh limit, suggesting that most had a
spherical morphology (Fig. 9B4 and C4). The corresponding TEM images showed many
normal-sized particles and a heterogeneous population of large oligomers (Fig. 5). We
also note that the addition of saturating HAP12 produced mass and charge results simi-
lar to those seen in the supersaturating HAP12 samples (Fig. 10A5, B5, and C5).

While empty capsids showed evidence of CTD exposure and capsid deformation, at
supersaturating HAP12, CDMS of E. coli RNA-filled capsids exhibited no mass shifts
(Fig. 9A5). Independently of all HAP12 concentrations, the peak attributed to E. coli
RNA-filled capsids ranged from ;6.5 to 6.9 MDa, indicating little-to-no Impb binding
(Fig. 9A5 and Fig. 10A1 to C4). This ;1.4-MDa mass difference from that of an empty
capsid is attributable to about 4,200 nucleotides of RNA. Most of the ions were near the
Rayleigh limit, suggesting intact round capsids (Fig. 9B5 and Fig. 10B1 to B4).

DISCUSSION

Our study shows that exogenous molecules can work synergistically to disrupt HBV
capsids. HAP12 globally disrupts capsid geometry and also modulates the accessibility of

FIG 10 CDMS of E. coli RNA-filled capsids with and without Impb and with and without HAP12 showed no significant shifts in mass and charge. (A1 to A5)
mass spectra; (B1 to B5) charge-versus-mass plots with Rayleigh limit (red curve); (C1 to C5) 3D heatmaps. For E. coli RNA-filled capsids, no mass shifts were
observed despite the addition of Impb or HAP12. For all E. coli RNA capsid samples, a concentration of ions was detected along the Rayleigh limit,
suggesting spherical capsids. The 3D heatmaps show that E. coli RNA capsids fall into a single population of ions. Conversely, after addition of saturating
HAP12 and Impb , empty capsids undergo a mass shift and ion population changes that are similar to those of empty capsids treated with supersaturating
HAP12 (Fig. 9).
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CTDs. CTD mobility and capsid stability are differentially modulated, depending on the
saturation of HAP sites. At low HAP12 saturation, CTD exposure remains unchanged
from that of an unmodified capsid, but capsids appear to be more stable. At saturating
or excess HAP12, CTD accessibility to protease increases, and capsids become disrupted
with the addition of Impbs. Additionally, encapsidated RNA modulates CTD exposure
and increases capsid stability. E. coli RNA-filled capsids did not experience significant
HAP-induced changes to their capsid geometry, as was observed with empty capsids.
The RNA content of these capsids appeared to protect them against disruption. Though
we were unable to test the sensitivity of a mature double-stranded DNA (dsDNA)-filled
capsid to CpAMs and Impb , the predicted and observed fragility of these particles (43,
44) led us to predict that they are about as sensitive to disruption as empty particles.

This work shows that Cp-Cp interactions and consequently capsid stability can be
exploited by small molecules. Like other CpAMs, HAPs exert seemingly paradoxical
effects when bound to HBV capsids (16, 17). These small molecules increase the associa-
tion energy of interdimer contacts (13, 15). However, by locally distorting the interdimer
interface, HAPs can disturb global icosahedral geometry (15–17, 40, 45, 46). As more
HAPs bind, a global cascading effect on capsid structure leads to deformation and even-
tually disruption (14–17, 40). HAP12 concentration also differentially affects CTD and cap-
sid dynamics. In a T = 4 capsid, there are A, B, C, and D pockets, each capped by a neigh-
boring subunit. HAPs preferentially bind B and C sites; A and D sites are sterically
hindered (see Fig. 3a in reference 40). Under subsaturating conditions, when HAP fills B
and C sites, capsids are stabilized (13). We observe that when there is enough HAP to fill
all four classes of site, capsids are destabilized because HAPs disrupt icosahedral geome-
try (14, 40). We showed that untreated or subsaturating HAP12 conditions do not
increase CTD sensitivity to protease activity in empty capsids. CTD accessibility increases
only when HAPs reach a concentration threshold of saturating or higher. Therefore, Cp-
Cp interactions experience a local stabilizing effect and global destabilizing effects from
HAPs, depending on concentration; CTD mobility is not directly affected by CpAMs.

The stabilizing and destabilizing effects of CpAMs can be exacerbated by Impb . At
subsaturating HAP12, empty capsids do not show deformation but exhibit more exter-
nally bound Impb than seen with undrugged empty capsids. This assertion is based on
CDMS data showing that the supersaturating HAP12 and supersaturating Impb empty
particles have a larger population of ions with a charge in excess of the Rayleigh limit
than the subsaturating HAP12 particles, suggesting that the supersaturating HAP12
particles have more textured surfaces (Fig. 9C2 and C3). This observation is consistent
with a subsaturating HAP12, bound at a subset of pockets, that strengthens dimer-
dimer interactions to prevent capsids from transiently breaking and internalizing
bound Impbs (26). In addition, externally bound importins may further stabilize the
capsids by neutralizing some of the positive charges at CTD clusters around the quasi-
6-fold vertices (18). When we add saturating or supersaturating HAP12 along with
Impb , empty capsids deform, disrupt, and form Cp oligomers. Even though CpAMs
strengthen interdimer contacts, it is not enough to offset the perturbance to capsid ge-
ometry which results in rearrangement of subunits. In addition to the effect of the
CpAMs, the Impb binding site extends beyond the CTD, which may exert a “pulling”
force, partially unfold the dimer, or generally disturb the capsid’s quaternary structure
(26). This interaction further compounds the mechanical strain on the capsid.

Nucleic acid also impacts CTD and capsid molecular motion. Internal RNA influences
the organization of CTDs (18). Here, we observed that differences in RNA content affect
capsid behavior. In this study, we observed that CTD exposure was slower with both
RNA capsid types that were tested. Surprisingly, pgRNA-filled capsids were much more
protease sensitive than E. coli RNA-filled capsids. Similarly, our data indicated that no
Impb bound to E. coli RNA-filled capsids (Fig. 9A5, B5, and C5; Fig. 10A1 to C4), despite
the presence of excess HAPs and CTD accessibility to proteases (Fig. 2A to D and Table
1). This lack of binding to E. coli RNA-filled capsid was also observed with serine-argi-
nine protein kinases (25). We surmise that electrostatic RNA-CTD interactions inhibit
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CTDs from externalizing to the capsid exterior. We also observed that E. coli RNA cap-
sids do not experience detectable capsid deformation after treatment with excess
HAP12 (Fig. 5). We suggest that CTDs electrostatically cross-link dimers via their inter-
action with packaged nucleic acid to overcome capsid distortion.

Although RNA-filled capsids appeared more stable than empty capsids, their stabil-
ities were further differentiated by their net internal charges. Our pgRNA-filled capsids
have a net 1200 charge: 23,200 for the RNA and 13,360 for the CTDs (114 per Cp
monomer from 16 arginines, one glutamate, and the C terminus). Based on our CDMS
data, the E. coli RNA-filled capsids used in these experiments have about 1.4 MDa of
RNA, about 4,200 nucleotides from an undetermined number of polynucleotides,
resulting in a net 2840 charge (Fig. 9A5, B5, and C5 and Fig. 10A1 to C4). With or with-
out excess HAP12, pgRNA capsids showed more cleavage than E. coli RNA capsids (Fig.
2A to D and Table 1). The excess positive charge of pgRNA-filled capsids indicates that
not all CTDs can be protected. Furthermore, the single long pgRNA may have limited
access to CTDs (47); pgRNA is just long enough to coat the interior surface of the cap-
sid (48). Conversely, the packaged E. coli RNA is present in shorter and longer sizes that
can avoid the constraints of a single polynucleotide (19, 47, 49).

We propose that HAP12 and Impb can strain a capsid and that above a threshold
of strain, a ruptured capsid is more stable than an intact one, an accumulated strain
model applied to icosahedral viruses (40, 50). We propose that the free energies of a
HAP12 and Impb-bound capsid in its strained (equation 1) and ruptured states (equa-
tion 2) are defined as follows:

DGstrained ¼ NDGcont1PsitesDGHAP121XImpbDGImpb1 ðCHAP12DGstrain;HAP12

1CImpbDGstrain Impb Þ (1)

DGruptured ¼ N –Nbrokenð ÞDGcont1 Psites –Pbrokenð ÞDGHAP121 XImpb –Xbrokenð ÞDGImpb

1 ðCHAP12DGstrain;HAP121CImpbDGstrain Impb Þ (2)

First, consider an intact capsid (equation 2). N accounts for the 240 contacts made by the
120 dimers in a T = 4 capsid. Based on structures of capsids with bound HAPs (15, 46), we
assume that HAP12 binds to the 120 B and C sites in a T = 4 capsid, noted as Psites (15, 46);
HAP bound to the 120 disfavored (and destabilizing) A and D sites is accounted for by
DGstrain, HAP12. The values for DGcont, where “cont” is “contact,” and DGHAP12 are 23.1 kcal �
mol21 and 21.9 kcal � mol21 per contact, respectively. DGImpb is the increment that a
bound Impb stabilizes a capsid, presumably by neutralizing some electrostatic repulsions
of the CTDs; empty capsids disassemble and precipitate in the absence of excess ionic
strength (28) or Impb . XImpb is the number of bound Impb molecules and is less than or
equal to 240. Finally, in an intact capsid, there are strain terms attributable to excess bound
HAP (accounting for geometric effects and binding to disfavored sites) and Impb .

A ruptured capsid loses stabilizing and destabilizing energy to reach a minimum (equa-
tion 2). Nbroken represents contacts that are lost after capsids rupture. Pbroken accounts for lost
HAP12 molecules that were initially bound at interdimer interfaces but are released once
their contacts break. Xbroken represents Impb-bound dimers that have disassociated after rup-
ture. Finally, strain is lost; DGstrain, HAP12 and DGstrain, Impb are influenced by capsid deformation,
so they are multiplied by the coefficients CHAP12 and CImpb, respectively. These strain coeffi-
cients range from 0 to 1 and increase nonlinearly as the HAP12 and/or Impb binding rises.

With subsaturating HAP12, icosahedral capsids are favored: DGstrained , DGruptured

(Fig. 11B and D). However, at saturating and supersaturating HAP12, DGstrain, HAP12 is
large, and capsids undergo disruption to relax that strain (Fig. 5 and 11E). An identical
argument holds with high Impb binding. Under conditions where rupture is favored,
the two C coefficients should be close to 0, so that CHAP12DGstrain, HAP12 and CImpbDGstrain, Impb

are relaxed. Saturating HAP12 or above is required to disturb capsid geometry and gener-
ate DGstrain, HAP12 (Fig. 11B). The addition of Impb compounds the capsid’s already strained
state further and drives the reaction to the ruptured state (Fig. 11F).
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This paper demonstrates and analyzes the dual antiviral activities of CpAMs and
their synergism with host proteins. Molecules like CpAMs have been documented for
their ability to modulate capsid assembly, but their ability to disrupt capsids has been
only implicit until recently (13–15, 40, 46, 52). Here, we also show that host proteins, in
particular, Impb , can contribute to capsid disruption. Destabilizing a capsid adds to
the arsenal of mechanisms of action for small-molecule HBV therapeutics. During the
HBV life cycle, empty and rcDNA-filled capsids interact with host importins and are traf-
ficked to the nucleus (53). When capsids enter the nuclear pore complex, capsid pro-
tein will interact with Nup153, which may facilitate uncoating (32). Capsid disassembly
at inopportune times can impair the virus’s ability to establish infection (16, 17).
Furthermore, if rcDNA-containing capsids disassemble in the cytoplasm, the exposed
viral DNA may be detected by the host’s innate immune system (e.g., cyclic GMP-AMP
synthase-stimulator of interferon genes, known as cGAS-STING [54]). Indeed, rcDNA
capsids are fragile and may be particularly sensitive to disruption (43, 44, 55). Because
Cp is involved throughout the HBV life cycle, CpAMs continue to be versatile and
attractive candidates for developing an efficacious cure for chronic HBV infection.

MATERIALS ANDMETHODS
Protein purification and preparation. E. coli RNA-filled Cp183 capsids were expressed and purified

as previously described (28). To isolate Cp183 for subsequent experiments, E. coli RNA-filled Cp183 cap-
sids were dialyzed in 1.5 M guanidine hydrochloride, 0.5 M LiCl, 10 mM dithiothreitol (DTT), and 20 mM
Tris-HCl, pH 7.5 (disassembly buffer), at 4°C overnight. The sample was centrifuged at 7,000 � g for 10
min to pellet the RNA. Cp183 dimers were purified from the supernatant using a Superose 6 column
(GE) equilibrated in disassembly buffer. To assemble empty capsids, dimers were dialyzed in 0.45 M
NaCl, 10 mM DTT, and 20 mM Tris-HCl, pH 7.5 (assembly buffer), at 4°C overnight. To remove unas-
sembled dimers, empty capsids were purified via size exclusion chromatography (SEC) with a Superose
6 column that was equilibrated with assembly buffer. To prepare pregenomic RNA (pgRNA)-filled Cp183
capsids, pgRNA was in vitro transcribed using the MegaScript kit (ThermoFisher) with plasmid 1135 (38),
which was modified to have a T7 promoter. The modified plasmid 1135 was a gift from Dan Loeb. To
assemble pgRNA-filled capsids, dimers and pgRNA were mixed in a 120:1 molar ratio and then dialyzed
in 0.15 M NaCl, 10 mM DTT, and 20 mM Tris-HCl, pH 7.5, at 4°C overnight. To produce E. coli RNA-filled

FIG 11 Free-energy diagram of an empty capsid in its strained (A to C, black line) and ruptured (D to
F, green line) states mediated by HAP12 and Impb . Because it has fewer interdimer contacts, an
untreated, ruptured capsid (D) is in a higher energy state than that of an intact, drug-free capsid (A).
(B) After enough HAP molecules (red dots) bind to cause capsid deformation, the strained, intact
capsid pays a global strain penalty and is at a higher energy level. (E) By rupturing, a HAP-bound
capsid relieves the global strain and achieves a lower energy state. Although Impb binding (black
trucks) provides some stability to capsids, this interaction applies further mechanical strain to the
capsid (C), which can be energetically compensated for by rupturing (F).
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capsids, stock E. coli RNA capsids were loaded onto a 10-to-40% continuous sucrose gradient and centri-
fuged at 40,000 rpm for 5 h; the capsid band was extracted and dialyzed into assembly buffer. Impb
expression and purification protocols were adapted from the work of Chen et al. (26).

Treatment of HBV capsids with the CpAM HAP12. For HAP12 treatment, empty and pgRNA-filled
capsids were incubated with HAP12 for 2 h away from light before they were used for experiments. To
prepare drug stock samples, HAP12 was resuspended in 100% dimethyl sulfoxide (DMSO). HAP12 stocks
contain a racemic mixture of 50% active and 50% inactive molecules; we always refer to HAP12 concen-
trations in terms of the whole racemic mixture. These concentrations correspond to the following
HAP12-to-dimer molar ratios: 2:1, 4:1, and 8:1, respectively. For example, at saturating concentration,
there would be 4 HAP12 molecules for every 1 dimer, which corresponds to 1 active HAP12 molecule
per pocket. For control samples, capsid samples were incubated with DMSO.

Proteolysis of HBV capsids. The limited proteolysis assay performed in this paper was adapted
from an assay in a previously published work (28). Reaction samples with empty, pgRNA-filled, and E.
coli RNA-filled capsids were diluted in 0.5 mM NaCl, 10 mM b-mercaptoethanol, and 80 mM Tris-HCl, pH
7.5, and incubated with 0.04 mM sequence-grade modified trypsin (Promega) for specific times.
Proteolysis was quenched with 4� Laemmli buffer and heating at 95°C for 6 min. Samples were then an-
alyzed by SDS-PAGE on a 20% denaturing polyacrylamide gel, containing 0.4% (vol/vol) 2,2,2-trichloroe-
thanol (TCE) to support direct fluorescent detection of protein samples (56). Gels were imaged with a
ChemiDoc imager (Bio-Rad). Protein bands were quantified using the Fiji software (57). Each data point
is the average of results from three independent trials, with a corresponding error bar. Curve fitting for
CTD exposure kinetics was performed using the Solver function in Excel. For liquid chromatography-
mass spectrometry (LC-MS), reactions were quenched by the addition of glacial acetic acid.

LC-MS of proteolyzed Cp183. Two separate LC-MS methods were used to characterize the peptides
generated in the limited proteolysis experiments. The first focused on peptides with a molecular weight of
less than 3 kDa. Before analysis, samples with peptides were passed through a 3-kDa-molecular-weight-
cutoff filter (PALL) to remove larger peptides and undigested protein. The final concentration of peptides
was approximately 0.1 mg/mL. One microliter of the peptide mixture was injected onto a Dionex 3000
nano-high-performance LC (HPLC) (ThermoFisher) coupled to a maXis Impact quadrupole time of flight
(QTOF) mass spectrometer (Bruker Daltonics). Nano LC-tandem MS (MS/MS) analysis was performed as
previously described. (58, 59). Briefly, LC was carried out using an Acclaim PepMap C18 reverse-phase col-
umn (300mm by 5 mm) using a slow gradient: 0 to 2.5 min, 3% B; 2.5 to 20 min, 3 to 30% B; 20 to 23 min,
30 to 80% B; 23 to 25 min, 80% B; 25 to 28 min, 80 to 3% B; and 28 to 30 min, 3% B, where solvent A is
0.1% formic acid (FA; Sigma) in water (ThermoFisher) and solvent B is 0.1% FA in acetonitrile
(ThermoFisher). The peptides were analyzed using PeptideShaker (60) coupled to SearchGUI (61).

LC-MS of peptides greater than 3 kDa was performed using an Agilent 1290 ultrahigh-performance
LC (UPLC) series liquid chromatograph coupled to a micrOTOF (Bruker Daltonics). Ten microliters of the
peptide mixture at approximately 0.1 mg/mL was injected onto the LC. The LC was carried out using a
Phenomenex Onyx Monolithic C18 reverse-phase column (100 by 2 mm) at 50°C, with a flow rate of 400
mL/min. The following gradient was used: 1.0 min, 10% B; 1.0 to 8.0 min, 10 to 70% B; 8.0 to 8.5 min, 70
to 90% B; 8.5 to 9.0 min, 90 to 10% B; and 9.0 to 10.0 min, 10% B, where solvent A is 0.1% FA (Sigma) in
water (ThermoFisher) and solvent B is 0.1% FA in acetonitrile (ThermoFisher). MS settings were as fol-
lows: the nebulizer was set to 5.0 bar, the drying gas was set at 7.0 L/min, the drying temperature was
set at 200°C, and the capillary voltage was set at 4.5 kV. The capillary exit was set at 100 V, the skimmer
1 at 50 V, the hexapole 1 at 23 V, the hexapole RF at a 300 peak-to-peak voltage (Vpp), and skimmer 2 at
22 V. Data analysis was carried out using Bruker DataAnalysis with maximum entropy.

HBV capsid and importin b binding experiments. Impb was passed through a Superose 6 column
to exchange the buffer into 0.5 M NaCl, 10 mM DTT, and 20 mM Tris-HCl, pH 7.5. Empty and E. coli RNA-
filled capsids were mixed with Impb in a 1:80 ratio. Then, these samples were dialyzed into 0.15 M NaCl,
10 mM DTT, and 20 mM Tris-HCl, pH 7.5, at 4°C overnight to allow binding. The resulting complexes
were analyzed via SEC, SDS-PAGE, CDMS, and TEM. For SEC, complexes were resolved using a Superose
6 column, and the overnight dialysis buffer was the running buffer. SDS-PAGE was performed with a
denaturing polyacrylamide gel (4% stacking and 16% resolving).

Transmission electron microscopy. For negative-stain TEM of empty capsid morphology, capsids
were mixed with 6% (wt/vol) ammonium molybdate and 0.5% (wt/vol) Trehalose and applied to glow-
discharged continuous-carbon grids. For studies where sample flattening was not critical, samples were
first applied to grids and then stained with 0.45% (wt/vol) uranyl formate or 2% (wt/vol) uranyl acetate.
All grids were imaged using the JEOL 1400 FS microscope at 120 kV and at a magnification of �50,000.

Cryo-electron tomography. To prepare cryo-EM specimens, a drop of 4 ml of the sample mixture
was applied to a glow-discharged 300 mesh Quantifoil R2/2 holey carbon grid. The grid was plunged
into a liquid ethane bath cooled by liquid nitrogen, using a ThermoFisher Scientific (TFS) Vitrobot Mark
IV. The frozen hydrated cryo-EM grid was clipped into a cartridge and then transferred into a cassette
before being loaded into a TFS 300-kV Titan Krios equipped with a Gatan BioContinuum energy filter,
using a K3 direct electron detector camera. Data collection was set up using TFS Tomography software
(v 4) under counting mode. The nominal magnification was �53,000 (equal to 1.7 Å per pixel), and the
illumination had a dose rate of 0.7 e–/Å2. The zero-loss peak was aligned for each tilt series, using an
energy slit of 20 eV. Tilt series were acquired using a bidirectional scheme from 2600 to 600, with the tilt
step at 20. Therefore, the total accumulated dose is ;42.7 e–/Å2. Tilt series alignment, contrast transfer
function correction, and tomogram reconstruction were performed using IMOD (v 4.9.12) (62). The final
3D reconstruction was generated with data binned at 4. Nonlinear anisotropic diffusion was applied to
the final reconstruction to reduce noise (63).
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CDMS. Charge detection mass spectrometry (CDMS) is a single-particle technique in which the mass-
to-charge ratio (m/z) and charge (z) of each ion are measured simultaneously. Multiplying the m/z by the
charge gives the mass of an ion. Measurements are performed on many individual ions to generate a mass
distribution. This allows molecular weight distributions to be measured for large (.1-MDa) and heteroge-
nous species. These species cannot usually be analyzed with traditional mass spectrometry methods that
have an effective upper limit of about 1 MDa. In this work, a home-built CDMS instrument, described previ-
ously (64–66), was used. Briefly, the analyte is ionized by a nano-electrospray source (Advion TriVersa
NanoMate). The ions enter the instrument through a metal capillary and pass through three regions of dif-
ferential pumping. They are then focused into a dual hemispherical deflection energy analyzer which
transmits a narrow band of ion energies centered around the nominal ion energy of 100 eV/charge. The
transmitted ions are focused into an electrostatic linear ion trap, where they are trapped when potential
barriers are raised at both ends. As the ion oscillates back and forth in the trap, it passes through a con-
ducting cylinder. The ion induces equal but opposite charges on this cylinder; the signal from the induced
charge is amplified, digitized, and analyzed by fast Fourier transforms (66). The fundamental frequency is
proportional to the m/z of the ion, while the amplitude of the signal is proportional to the charge of the
ion. All mass spectra were generated using a 100-ms trapping time. Typical spectra contain thousands of
individual ion measurements and take 30 to 50 min to collect. Before CDMS analysis, empty and E. coli
RNA-filled capsid samples were buffer exchanged into a volatile buffer, 150 mM ammonium formate, pH
7.5, at 4°C. The CDMS data presented in this work include mass spectra, charge-versus-mass plots, and 3D
heatmaps. In addition, all charge-versus-mass plots contained Rayleigh limit curves. The Rayleigh limit is a
model that predicts the surface charge of a water droplet of a certain mass (41, 67–69).
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