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STRUCTURAL BIOLOGY

Structural basis for nuclear import of hepatitis B virus

(HBV) nucleocapsid core

Ruoyu Yang', Ying-Hui Ko?, Fenglin Li', Ravi K. Lokareddy?, Chun-Feng David Hou',
Christine Kim?3, Shelby Klein*, Santiago Antolinez’, Juan F. Marin®, Carolina Pérez-Seguras,
Martin F. Jarrold*, Adam Zlotnick?, Jodi A. Hadden-Perilla®*, Gino Cingolaniz"<

Nuclear import of the hepatitis B virus (HBV) nucleocapsid is essential for replication that occurs in the nucleus.
The ~360-angstrom HBV capsid translocates to the nuclear pore complex (NPC) as an intact particle, hijacking hu-
man importins in a reaction stimulated by host kinases. This paper describes the mechanisms of HBV capsid rec-
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ognition by importins. We found that importin a1 binds a nuclear localization signal (NLS) at the far end of the
HBV coat protein Cp183 carboxyl-terminal domain (CTD). This NLS is exposed to the capsid surface through a pore
at the icosahedral quasi-sixfold vertex. Phosphorylation at serine-155, serine-162, and serine-170 promotes CTD
compaction but does not affect the affinity forimportin a1. The binding of 30 importin a1/p1 augments HBV cap-
sid diameter to ~620 angstroms, close to the maximum size trafficable through the NPC. We propose that phos-
phorylation favors CTD externalization and prompts its compaction at the capsid surface, exposing the NLS to

importins.

INTRODUCTION

Chronic infection by hepatitis B virus (HBV) endangers ~300 million
people globally and results in ~800,000 deaths annually (1). HBV is
localized to the liver and may develop into cirrhosis and carcinoma.
Although a vaccine is available, there are no effective drugs to elim-
inate HBV chronic infection because of the virus’ high persistence
in the liver (2). Thus, a deeper understanding of the HBV life cycle
is required to identify new pharmacological targets and develop
novel therapeutics.

HBYV, the prototypical member of the Hepadnaviridae family,
consists of an outer lipid envelope studded with surface protein sur-
rounding an icosahedral nucleocapsid core that contains a partially
double-stranded DNA genome (3). HBV surface protein recognizes
the sodium taurocholate cotransporting polypeptide as its receptor.
The virion enters cells via clathrin-mediated endocytosis, is trans-
ported in the endosomal network, and escapes endosomes by an
incompletely understood mechanism. Localization of HBV to late
endosomes is crucial for the productive fusion of the virion lipid
membrane to the endosome, releasing the nucleocapsid core in the
cytoplasm (4). The nucleocapsid comprises a ~36-nm icosahedron
with triangulation number T = 4, built by 240 copies of the core
protein, Cp183 (5). HBV replication requires trafficking the entire
nucleocapsid to the nuclear pore complex (NPC) into the cell nucle-
us (6). Four arginine-rich motifs in the 34-residue C-terminal do-
main (CTD) of Cpl83 have nuclear localization signal (NLS)
activity and are responsible for HBV core nuclear import (7-9).
Nuclear translocation of HBV core particle depends on the host
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nuclear import machinery, and phosphorylation of the C terminus
of the core protein Cp183 allows HBV capsid to dock to the NPC in
an importin-mediated pathway (10, 11).

Phosphorylation of HBV capsid protein affects many aspects of
the virus life cycle (12). HBV capsid is phosphorylated mainly in the
CTD at residues S155, S162, and S170 (13-19). In addition to play-
ing a role in the nuclear import of HBV nucleocapsid (10, 11), CTD
phosphorylation is also linked to the progression of reverse tran-
scription (20), pregenomic RNA encapsidation (14-17, 19), capsid
stability and CTD exposure (13), and stabilization of electrostatic
interactions inside the capsid (21). HBV capsid phosphorylation
may occur on the capsid exterior or before assembly. Empty capsids
(ECs) are notably hyperphosphorylated (22). Multiple host kinases
have been implicated, including protein kinase C, serine arginine
protein kinase (SRPK), cyclin-dependent kinase 2 (CDK2), and
Polo-like-kinase 1 (PLK1), of which only SRPK and CDK2 were
confirmed to phosphorylate S155, S162, and S170 in the CTD (23).
SRPK binds the HBV capsid at the quasi-sixfold vertex, which sup-
ports a model where SRPK phosphorylates serines when CTD is
exposed through the quasi-sixfold pores (24). However, overexpres-
sion of SRPK down-regulates the replicated HBV DNA without
affecting the RNA level, suggesting that SRPK plays a posttran-
scriptional role (25). Inhibiting CDK2 did not notably affect viral
replication (26). CDK2 functions as a primer for a second round of
phosphorylation performed by PLK1 (27) at S168, S176, and S178,
which serve as positive effectors of HBV replication (28). Evidence
also shows that dephosphorylation occurs during pregenome en-
capsidation or maturation (22, 29), perhaps via a host phosphatase
packaged by HBV. In agreement with this idea, Cp183-CTD
phosphorylation at S155, S162, and S170 decreases the Cp183-
CTD function as a nucleic acid chaperone that binds to the viral
DNA via basic residues (30).

Nuclear import of cytoplasmic cargos bearing a classical NLS is
an energy-dependent process that requires the receptor importin f1
and its adaptor importin al (31, 32). Importin ol makes direct con-
tact with the cargo by accommodating the NLS at its major and/or
minor binding site (33, 34) and interacts with importin 1 via the
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importin f binding domain (IBB) (35). The trimeric complex is
then carried into the nucleus, where importin 1 binds to RanGTP
with a high affinity, triggering a conformational change that re-
leases the import cargo (36). Most cellular cargos are proteins with
a size rarely exceeding 0.5 MDa, but the NPC also allows the im-
port of large particles (37). Several viruses translocate through
the NPC and uncoat in the nucleus, where replication occurs (38).
Among them are icosahedral DNA viruses such as HBV and rod-
shaped baculovirus and RNA viruses such as cone-shaped HIV
(39). Phosphorylation in the proximity of an NLS has been shown
to modulate nuclear import for both cellular and viral cargos (40).
For instance, the nuclear factor of activated T cells is retained in
the cytoplasm by phosphorylation in its NLS. In contrast, nuclear
import of the simian virus 40 T-large antigen is stimulated by
phosphorylation upstream of the NLS. Phosphorylation of the
Epstein-Barr virus nuclear antigen 1 results in both up- and
down-regulation of nuclear import, suggesting a dynamic and
tunable control of nuclear import by phosphorylation. In the case
of HBV nucleocapsid, phosphorylation of the CTD is essential for
capsid nuclear import by a mechanism that has remained unknown
for nearly three decades (10, 11).

This paper comprehensively analyzes how importin a1/p1 recog-
nizes the HBV EC devoid of nucleic acid. Our data shed light on the
location and recognition of the HBV-NLS, the stoichiometry of the
EC import complex, and the poorly understood role of phosphoryl-
ation in HBV nuclear import.

RESULTS
The adaptor importin a1 bridges HBV capsid to the receptor
importin 1
The association of importin p1 with purified HBV EC has been
studied in vitro (41), but in cell lines, both the adaptor importin al
and the receptor P1 are required for efficient HBV nuclear import
(10, 11). Therefore, we set off to determine whether importin f1 is
necessary and sufficient for high-affinity binding to HBV EC or
whether the adaptor importin al bridges HBV capsid to importin
B1. We purified recombinant importins (fig. S1, A and B), along with
Cp183 that we assembled into EC (fig. S1C). The EC was titrated
against increasing quantities of purified importin a1/f1 heterodimer,
individual importin a1 lacking the autoinhibitory IBB (AIBB-Imp
al) (42), or importin P1 and the resulting mixture analyzed by na-
tive agarose gel electrophoresis (Fig. 1, A to C). We found that 20 to
40% molar excess (with respect to the concentration of 240-subunit
capsid) of importin a1/B1 was sufficient to entirely shift the migra-
tion of EC, giving rise to an intermediate band (Fig. 1A, lanes 8 and
9). In contrast, a vast excess of AIBB-Imp a1, as great as 160X, was
necessary to fully saturate 1x EC (Fig. 1B, lane 11), displaying a new
band with enhanced mobility. EC could also associate with excess
importin p1 alone, although the reaction did not reach saturation,
suggesting a weak, nonspecific interaction (Fig. 1C, lanes 7 to 11).
To accurately quantify how many copies of the importin al/p1
heterodimer can associate with one EC, we conducted charge detec-
tion mass spectrometry (CD-MS) experiments. CD-MS is a single-
molecule technique capable of resolving complex mixtures of
particles in the kilodalton to megadalton mass range (43). The mass
of HBV EC, ~5.23 MDa (Fig. 2A), was increased to ~10.15 MDa in
the presence of a 160X excess of importin al/p1 (Fig. 2B), suggest-
ing that most EC bound to ~30 copies of the 160-kDa importin a1/

Yang et al., Sci. Adv. 10, eadi7606 (2024) 10 January 2024

B1 complex. The charge distribution is consistent with a compact
structure for EC, where charge is clustered at the Rayliegh limit (the
expected charge for a spherical molecule), and a more extended
structure for importin-decorated particles. Previous CD-MS experi-
ments determined that HBV EC engulfs importin p1 alone in copi-
ous amounts (41), as also suggested by native gel electrophoresis
(Fig. 1C). Thus, native agarose gel electrophoresis and CD-MS con-
firmed that the importin «1/p1 heterodimer has the highest speci-
ficity for EC and forms a regular complex. Namely, 30 copies of
importin B1 can associate with one HBV capsid via the adaptor im-
portin al.

HBV capsid protein contains a C-terminal monopartite NLS

To identify the functional HBV-NLS recognized by importin al, we
crystallized AIBB-Imp al in complex with a peptide encompassing
Cp183-CTD residues 150 to 178 that contain four arginine-rich
boxes (Fig. 3A). We solved a structure of AIBB-Imp al:HBV-NLS
complex by molecular replacement and refined the atomic model to
a Ryori/free Of 18.4/21.4% at 2.0-A resolution (Table 1). The crystal
structure revealed that the HBV-NLS binds to importin al at the
major binding pocket as a monopartite NLS (Fig. 3B). Spurious
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g€ | =]
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Fig. 1. Binding of purified importins to HBV EC by native agarose gel electropho-
resis. Purified EC was incubated with an excess of the importin «1/81 heterodimer (A)
or individually purified AIBB-Imp a1 (B) and importin 31 (C).
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density was visible at the minor NLS site at low contour, possibly
reflecting excess peptide picked up in the crystallization droplet.
Ten Cpl83 residues spanning 168-SQSPRRRRSQ-177 had clear
electron density at the major site (Fig. 3B), while no density was
observed for the N-terminal residues 150 to 167, which, we con-
clude, are not part of this NLS. Notably, Cp183 R173 occupies the
conserved position P, in the NLS, with the guanidinium group vis-
ible in two equally populated conformations (Fig. 3B), possibly
mimicking a lysine commonly found at this position (33, 34). Cp183
residues at Py, P3, and P4 are also arginines, again a rather unusual
feature distinct from classical NLSs. The refined B factor for Cp183-
NLS residues at the major site is 50.4 A% similar to importin al
(~41.5 A?) (Table 1). The association between the HBV-NLS and
importin al is mainly stabilized by contacts between Cp183 resi-
dues 172-RRRR-175 (P; to P4) and importin ol major NLS pocket,
including 22 hydrogen bonds and three salt bridges (Fig. 3C). The
most commonly phosphorylated sites in Cp183, S155, S162, and
$170 (red in Fig. 3A), do not appear to make important contacts
with importin al. S155 and S162 were disordered in the crystal
structure, and S170, at position P_; makes only one hydrogen bond
with W231 (Fig. 3C).

A previous study found that a peptide representing core protein
amino acids 156 to 166 (PRRRTPSPRRR) facilitated efficient nucle-
ar transport, while a peptide representing amino acids 163 to 173
(PRRRRSQSPRR) showed only a poor import reaction (fig. S2A)
(9). These data can be reconciled with our HBV-NLS crystal struc-
ture and suggest the minimal motif for importin al-mediated

200 T TT
175 5.23 MDa EC ]
150 -
ﬂ 125 wl
[
=}
O 1004 B
(@]
754 -
50 4 4
254 R
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Mass (MDa)
B 60 T T T T T T
10.15 MDa
50 4 EC +
" Imp a1/pB1
<
8 304
O
204
'°10.37 MDa
0 e oo S
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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nuclear entry of HBV. The first sequence, although associated with a
portion of the CTD upstream of our crystallized NLS (SQSPRRRRSQ),
contains a similar motif TPSPRRR (fig. S2B), where T provides a
chemically suitable substitution for S168, and P can satisfy the ob-
served backbone conformation of Q169 (¢ = —75°), whose side
chain only makes one hydrogen bond with the adaptor. The second
sequence overlaps the NLS identified in our crystal but, despite two
possible alignments, does not contain a complete binding motif, as
either the preceding SQS or terminal R residue (P4) that makes five
contacts in the crystal structure (Fig. 3C) is missing (fig. S2C). These
results suggest that the minimal NLS sequence is SQSPRRRR, cor-
responding to amino acids 168 to 175, in agreement with our crystal
complex. Thus, Cp183 NLS lies at the far C-terminal end of the cap-
sid protein between amino acids 168 to 175 and binds exclusively to
the major NLS site of importin «l.

Cryo-electron microscopy reconstructions of HBV EC in the
presence of importins

To investigate how importins associate with HBV EC, we deter-
mined cryo-electron microscopy (EM) reconstructions of HBV EC
alone and in complex with AIBB-Imp a1 and importin «1/p1 het-
erodimer using single-particle analysis (SPA) (Table 2 and figs. S3
and $4). A 3.0-A reconstruction of EC (Fig. 4A) revealed visible
pores between neighboring subunits and a hollow interior devoid of
the genome. Previous work found that EC can nonspecifically en-
gulf importin Pl (~97 kDa) (41), pointing to extreme capsomer
plasticity. In agreement with this idea, the reconstruction of EC with

600
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Fig. 2. Binding stoichiometry between EC and the importin «/p1 heterodimer determined by CD-MS. (A) EC peaked at 5 MDa, while (B) the EC:importin a1/f1 com-
plex was detected at 10.15 MDa, which is consistent with one capsid bound to 30 copies of the ~160-kDa importin «1/p1 heterodimer. The charge distribution for ions
(right column) is consistent with a compact structure for EC where the ion distribution is close to the Rayleigh limit (red line) and a much less compact structure for

importin-decorated capsids.
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an excess of AIBB-Imp a1 had continuous density inside the cap-
sid that we ascribed to nonspecifically engulfed AIBB-Imp ol
(~55 kDa) (Fig. 4B). This reconstruction explains the superstoichio-
metric association of a ~160X molar excess of AIBB-Imp al with
EC probed by native agarose gel electrophoresis (Fig. 1B). In con-
trast, a reconstruction of EC bound to importin a1/p1, resolved to
3.4-A Fourier shell correlation (FSC) resolution, revealed 30 dis-
crete densities decorating the capsid surface at the icosahedral
twofold (quasi-sixfold) axes (Fig. 4C). The number of noncapsid
densities visible in the reconstruction agrees with the estimated
number of importin «1/p1 heterodimers bound to EC observed by
native gel electrophoresis (Fig. 1A) and CD-MS (Fig. 2B), suggest-
ing that each density at the quasi-sixfold represents one importin

A

150

- RRRGRSPRRRTPSPRRRRSQSPRRRRSQS-178

Box 1 Box 2 Box 3 Box 4
N
B
C
231 235 192 152 155 104 106 107
C W N D S T L R E
< N YN \ AANFTS
SN Ny ke u”

172 173 174 79
R—R~—C

168 169 170 171
N=8§—Q@—S—P—R™T|R
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< e S -

K 238 270 188 184 181 146 142 1(y
R D N w Q N W S

Fig. 3. Crystal structure of HBV-NLS bound to AIBB-Imp a1. (A) A ribbon dia-
gram of dimeric Cp183 showing the amino acid sequence for the unresolved
CTD. Four arginine-rich boxes are underlined with arginines and phosphoaccep-
tors colored in black and red, respectively. (B) The crystal structure of AIBB-Imp o1
(shown as a yellow solvent surface) bound to the HBV-NLS (in green sticks) refined
at 2.0-A resolution. A magnified view of the HBV-NLS overlaid to the experimental
Fo-Fc electron density contoured at 26 shows that the guanidinium group of R173
at the P; site exists in two conformations. (C) Schematic diagram of all major con-
tacts between HBV-NLS and AIBB-Imp a1 observed at the major NLS binding site.

Hydrogen bonds and salt bridges are shown as dashed black and green lines. A red
frame highlights R173 at the P, position.
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al/p1 complex. In addition, no random density was observed inside
the capsid (Fig. 4C), indicating that the importin «1/p1 heterodimer
is not readily engulfed.

One NLS per quasi-sixfold is sufficient to bind importin a1
We built the icosahedral asymmetric unit of EC, EC:AImp a1, and
EC:Imp al/p1, each composed of four Cp183 monomers and sub-
jected all atomic models to real space refinement (Table 2). The full
capsids were built by applying icosahedral symmetry and then com-
pared. We found that EC incubated with a 160-fold molar excess of
AIBB-Imp ol (Fig. 1B, lane 11) was expanded by 17 A (fig. S5A),
and EC bound to 30 copies of importin al/p1 was also slightly larg-
er (~8 A) than wild-type (WT) EC (fig. S5B). Importin al is very
acidic (isoelectric point, ~4.5), and so is importin p1 (isoelectric
point, ~4.7), while the inner surface of HBV capsids (lacking or ex-
truding CTDs to the outside) is mildly basic (19), suggesting that
electrostatic forces that drive the nonspecific engulfment of indi-
vidual importins also cause transient capsid rupture.

We next focused on the HBV quasi-sixfold channel, where the
density for importin al/p1 was observed in the cryo-EM recon-
struction (Fig. 4C). A pore of varying diameter between 9 and 13 A
is visible at the quasi-sixfold (fig. S6A) (44). In section view, the last
Cp183-CTD residue resolved in the density was G153, while the
functional NLS (residues 168 to 175) was invisible, likely because of
its structural flexibility. A portion of the CTD (residues150 to 153)
was built by tracing the density extending from one of the six chains
that form the hexameric pore. The remaining Cp183 residues, in-
cluding the NLS, were modeled as projecting outside the capsid
(fig. S6B). The narrow size of the quasi-sixfold pore makes it un-
likely for more than one CTD to thread through (44), suggesting
only one NLS per hexamer protrudes outside the capsid, totaling 30
NLSs per nucleocapsid core. This stoichiometry agrees with the ma-
jor population observed by CD-MS with a mass consistent with 30
copies of importin al/f1 bound to one EC, one importin complex
per quasi-sixfold (Fig. 2B).

Importin a1 decorates the HBV capsid, while importin 1 is
highly mobile
We generated a difference map for importin al/f1 by subtracting
the density for EC from the EC:Imp ol1/p1 map, which yielded 30
cauliflower-shaped blobs. The central blobby density was masked
and subjected to localized three-dimensional (3D) classification and
refinement (fig. S3) that gave an arched density laying on top of the
quasi-sixfold pore, positioned with the concave surface facing the
capsid (Fig. 5A). This density resembles the N terminus of importin
al, corresponding to Armadillo (Arm) repeats 1 to 5. In contrast,
importin B1 is not visible in the EC:Imp a1/f1 reconstruction, likely
because it moves around the HBV-tethered importin ol core with
high frequency, which makes it impossible to align for SPA. Although
limited in resolution, the reconstruction gave us sufficient structural
restraints to fit the crystal structure of importin «al:HBV-NLS (resi-
dues 168 to 177) inside the arched density and determine the posi-
tion of the Cp183 NLS with respect to the capsid surface. We also
modeled the missing residues in the CTD not visible in the recon-
struction (Fig. 5B). This structural model suggests that Cp183 CTD
emerging from the quasi-sixfold pore folds back toward the capsid
surface to position the NLS antiparallel to importin a1 Arm core.
To confirm that the density seen above the quasi-sixfold pore
corresponds to importin ol instead of importin p1, we bound HBV
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Table 1. Crystallographic data collection and refinement statistics. Values in parentheses are for the highest-resolution shell.

HBV-NLS:AIBB-Imp a1

Data collection

Beamline SSRL 12-1
Wavelength (A) 0.976
Space group P21 2124
Cell dimensions

a,b,c(A) 78.4,90.7,97.2
o B,y () 90.0, 90.0, 90.0
Reflections (tot/unique) 343,307/47,594
Resolution (A) 50.0-2.0 (2.06-1.99)
Completeness (%) 98.8 (99.3)
Redundancy 34(34)
Rsym 5.2 (73.9)
Rpim 3.3 (60.5)
/ol 22.5(1.5)
Wilson B factor (A% 342
Refinement

PDB entry 7UMI
Resolution limits (A) 41.09-1.99
No. of reflections 47,537
Ruork/Riree™ 18.4/21.4
No. of protein atoms 3313

No. of solvent molecules 274

B factor (A?)

Importin a1/NLS 41.5/50.3
Waters 45.7
Ramachandran plot (%)

Core allow/gen. allow/disallow 98.4/1.4/0.2
Root mean square deviations from ideal

Bond lengths (A) 0.008
Bond angles (°) 0.95
MolProbity/clash score 1.2/4.0

*The Rfee Value was calculated using ~2000 randomly selected reflections.

EC to AIBB-Imp al fused to an N-terminal maltose binding pro-
tein (MBP-al) and imaged EC in the presence of an excess of
MBP-al and an anti-MBP monoclonal antibody (table S1). A cryo-
EM reconstruction of the EC:MBP-al:antibody complex revealed
30 copies of density at the quasi-sixfold pores similar to that ob-
served with the full-length importin al/B1 heterodimer (fig. S7).
Thus, cryo-EM difference analysis confirmed that the density bound
to the HBV capsid corresponds to importin ol.

The importin a1/B1 heterodimer is intrinsically flexible

To rationalize why importin 1 is not visible in the EC:Imp a1/p1
reconstruction, we also studied the purified importin al/p1 het-
erodimer without NLS cargo using cryo-EM SPA. A homogeneous
importin «1/p1 heterodimer was purified using a histidine (his)-tag
in importin al (45), avoiding unwanted degradation (Fig. 6A). The
importin ol/PB1 heterodimer was vitrified on carbon-coated grids,
and ~8000 high-quality micrographs were acquired using a 300-kV
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Krios microscope equipped with Gatan K3 direct detector (Table 2).
Approximately 1 million picked particles were used to compute 2D
class averages that revealed the snail-like shape of importin p1
(Fig. 6B) (46). A further round of 3D refinement yielded a 3.95-A
density map (Fig. 6C) with clear features for importin f1 and the
IBB domain of importin al (residues 1 to 54) but no density C-
terminal of residue 55. The lack of density for the importin al Arm
core suggests that this part of the importin complex exists in infinite
poses, preventing classification into one or few homogenous classes,
as required for SPA. An atomic model of the importin $1:IBB com-
plex was built by docking the crystal structure into the density and
subjected to real-space refinement (Fig. 6D and Table 2). Cryo-EM
and x-ray (46) models are essentially identical (root mean square
deviation = 1), confirming the rigidity of importin 1 when bound
to the IBB.

The amino acid sequence between the end of importin al’s IBB
and the beginning of the well-folded Arm core, residues 53 to 77,
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Table 2. Cryo-EM data collection, map, and model refinement statistics.
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H atoms
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mCIash wcore TN 3 56

“‘Rotamer outllers (%) R
HWFavored (%) e
WAIIowed (%)

"‘0ut|.er5 (%)

97'I'I
289

Ramachandran plot

has low complexity and is predicted to be unstructured (Fig. 6E).
Accordingly, this linker is readily cleaved by proteases in vitro (47).
The linker allows the Arm core to move around the rigid importin
B1:IBB complex, explaining the lack of Arm-core density in the
cryo-EM reconstruction of the isolated importin al/p1 complex
(Fig. 6D). To reduce the flexibility between importin «l and p1, we
genetically removed residues 53 to 76 from importin al, purified
the importin A53-76-al1/B1 complex, and carried out cryo-EM
analysis in complex with HBV EC. Although the solubility of this
engineered importin complex was reduced, we obtained a medium-
resolution cryo-EM reconstruction that, when compared to the WT
EC:Imp al/B1 reconstruction at the same resolution and contour,
had a much-reduced density around the quasi-sixfold pore (Fig. 6, F
and G). The cauliflower-shaped density seen for the full-length im-
portin al/p1 complex likely represents an average of all possible
conformations importin f1 adopts around the HBV capsid when
tethered to the NLS by importin al (Fig. 6F). Removing the flexible
linker in importin a1l made the density much smaller and thinner
(Fig. 6G), suggesting that importin 1 becomes sterically restrained.
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However, the density was poorly resolved because of remaining flex-
ibility in the importin al/p1 heterodimer that is difficult to align
during SPA.

Phosphorylation upstream of the NLS enhances

CTD compactness

Cytoplasmic HBV nucleocapsids are heavily and heterogeneously
phosphorylated (48, 49), although maturation apparently reduces
the phosphate content in DNA-filled cores (22, 29). Nuclear import
has been shown to depend on phosphorylation of the CTD (10, 11),
but the mechanistic role of phosphorylation, including the function
of specific modification sites, is unknown. Although the CTD con-
tains seven possible phosphorylation sites, S155, S162, and S170 are
modified most frequently. In principle, the majority of CTD be-
tween residues 150 and 183 can be exposed to the capsid exterior,
and phosphorylation can be expected to affect NLS presentation.
Assuming a fully extended conformation, the CTD would project
about 85 A from the capsid floor, with an estimated radius of gyra-
tion (Rg) of 27 A (Fig. 7A, left). In contrast, the NLS modeled in the
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cryo-EM reconstruction of HBV bound to importin a1/p1 is only 39
A above the capsid floor, corresponding to an Rg of ~15 A (Fig. 7A,
right). To explore the relationship between phosphorylation and
NLS recognition, we performed all-atom molecular dynamics (MD)
simulations of the CTD (residues 150 to 183) in the unphospho-
rylated and S155, S162, and S170 phosphorylated states. Conforma-
tional sampling used the Anton 2 computer and totaled 30 ps per
system. MD simulation results indicate that the addition of these
phosphates causes the CTD to adopt a more compact conformation
owing to increased electrostatic contact with its constituent argi-
nines. The conformational space available for the unphosphorylated
CTD, characterized by its Rg and end-to-end distance, became re-
stricted upon phosphate modification at S155, S162, and S170
(Fig. 7B). The Rg drops from a maximum of 29.4 A for the unphos-
phorylated CTD to 18.9 A for the phosphorylated, with average val-
ues of 17.3 and 11.0 A, respectively. This means that while both CTD
systems sample conformations amenable to the positioning of im-
portin al/p1 observed in the cryo-EM reconstruction, phospho-
rylation enhances the stability of states that are more compact to

Fig. 4. Cryo-EM analysis of HBV EC bound to human importins. Icosahedral re-
constructions of HBV EC (A), EC bound to a molar excess of AIBB-Imp a1 (B), and
EC bound to a molar excess of importin a1/p1 (C). The three reconstructions were
determined at 3.0-, 3.8-, and 3.4-A FSC resolution, respectively, and are contoured
at 2.2 0. HBV EC is colored gray, while density features ascribed to importins are
colored yellow.
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display the NLS close to the capsid surface. Because compaction
increases CTD bulk, a CTD phosphorylated on the exterior of a cap-
sid will be trapped on the exterior, and if phosphorylated on the
capsid interior, then it will be less likely to escape through the quasi-
sixfold pore. Structural compaction is primarily dictated by intra-
peptide sidechain contacts between phosphorylated serines and
arginines instead of mainchain bonding (fig. S8, A and B).

MD simulations also revealed that compaction induced by CTD
phosphorylation at S155, S162, and S170 leads to a concomitant de-
crease in accessibility of the NLS (Fig. 7C). However, 64.5% of phos-
phorylated CTD conformers exhibited the minimum solvent-accessible
surface area (SASA) required for binding importin a1/p1, such that
structural compaction is balanced with favorable presentation of the
NLS. Loss of NLS accessibility is driven primarily by electrostatic
interactions between S170 and neighboring arginines, which are
almost negligible but increase markedly upon phosphorylation
(fig. S8B). In particular, a phospho-S170 to R172 salt bridge was ob-
served in over 90% of conformers: This preferred self-interaction
could potentially distort the required conformation of the NLS to fit
in the importin al groove (Fig. 3C), at odds with the stimulatory
role of phosphorylation on HBV nuclear import (10, 11).

Phosphorylation near the NLS does not affect importin
a1/p1 binding

To test the impact of phosphorylation on NLS recognition, we gen-
erated three CTD constructs fused to the C terminus of glutathione
S-transferase and encoding WT Cp183 CTD residues 150 to 178
(GST-WT-CTD); CTD lacking the NLS in Box4 (GST-ANLS-CTD);
CTD with three phosphomimetics at S155E, S162E, and S170E
(GST-EEE-CTD). All CTD variants were purified to homogeneity,
coupled to glutathione beads, and incubated with a physiological
concentration of purified importin al/p1. After 45 min of incuba-
tion, the beads were washed three times and analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) analysis to evaluate the
amount of bound importin al/pl. The experiment was repeated
three times to estimate an SD (fig. S9, A and B). This equilibrium
pull-down revealed that the triple-phosphomimetics CTD has
statistically similar binding to importin al/p1 as WT GST-CTD
(P = 0.0185). In contrast, the GST-ANLS-CTD has statistically re-
duced affinity for importin «1/f1 (P = 0.0017), in agreement with
the loss of a functional NLS. GST-ANLS-CTD retained some bind-
ing avidity for importin al/B1, as expected for a 20-residue peptide
that contains 11 arginine.

While S155 and S162 lie upstream of the NLS identified crystal-
lographically, S170 is located within the NLS and could affect im-
portin al binding via direct contact with the protein. To further
explore the relationship between phosphorylation and NLS recogni-
tion, we performed MD simulations of the complex in the un-
phosphorylated state and with phosphate modification at S170
(fig. S10A). Production simulations used the Delta computer and
totaled 1.2 ps of aggregate sampling per system. Free energies of
binding were computed with the molecular mechanics/generalized
Born surface area method (50). Relative to the unphosphorylated
state, phosphate modification at S170 had a modest but favorable
impact on binding (AAG = —3.0 kcal/mol; fig. S10B) resulting from
the combined contributions of two distinct conformational states
observed in MD simulations (fig. S10C). When phospho-S170
forms an intra-NLS salt bridge with R173 (fig. S10D), the resulting
NLS conformation introduces a new hydrogen bond between S168
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and importin al D270, replacing the Q169-D270 contact captured
in the crystal structure and stabilizing motion of the NLS N termi-
nus. Consistent with predictions based on the CTD in isolation
(fig. S8, A and B), when phospho-S170 forms intra-NLS salt bridges
with R172/R174 (fig. S10E), the resulting conformation induces lo-
cal compaction of the NLS, pulling its N terminus out of the groove
and eliminating importin al R238/D270 contacts. These conforma-
tional states increase and decrease binding affinity, respectively. The
average AAG value calculated for the system with phosphorylation
at S170 is within 0.4c for their respective distributions, emphasizing
the mobility of the NLS in the importin al binding groove and its
flexibility even when bound. Thus, combining experimental and
computational methods, we determined that CTD phosphorylation
at the three most commonly modified sites, S155, S162, and S170,
does not directly increase or decrease binding affinity for importin
al/pl. Phosphorylation likely induces a structural change in the
CTD (e.g., compaction) that indirectly promotes importin al/f1
recruitment.

Fig. 5. Importin a1 binds to the HBV-NLS exposed at the quasi-sixfold chan-
nel. (A) A global view of 30 importin «1/p1 blobs visible around the quasi-sixfold
channels of HBV EC. The zoom-in panel shows the arched electron density for im-
portin a1/f1 (yellow) obtained after focused refinement. (B) A model of importin
al (yellow ribbon) docked into the density observed at the quasi-sixfold bound to
the HBV-NLS (green stick). Phospho-S155, -5162, and -5170 are colored in red. Im-
portin 1 is schematized as a blue circle connected to importin a1 IBB by a flexible
linker (dashed black line).
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DISCUSSION

HBV has one of the smallest viral genomes known for a human
pathogen, just 3.2 kb of circular, partially double-stranded DNA
(51). To infect and replicate in human cells, the virus exploits mul-
tiple aspects of a cell’s molecular machinery, including secretory and
exocytic pathways (Fig. 8, i), the endosomal sorting complexes re-
quired for transport, autophagy pathways, as well as hijacks impor-
tins and uses the RanGTP gradient to enter the cell nucleus (52).
Consistent with its economical nature, HBV does not encode any
protein kinase or other modifying enzymes but uses host kinases to
modulate its trafficking inside the host (53).

Here, we have delineated the molecular determinants that allow
the HBV nucleocapsid core to be transported to the cell nucleus.
This reaction requires both importins and cellular kinases, although
the interplay between the two has remained elusive. We mapped the
functional NLS in HBV Cp183 that spans the most C-terminal of
four basic arginine-rich boxes. Cp183 NLS binds the major NLS
pocket of importin a1 and is unusually rich in arginine residues:
Even the crucial residue at P, is an arginine, visible in two confor-
mations in our crystal structure. Combining native gel electropho-
resis, CD-MS, and cryo-EM, we demonstrate that preferentially 30
copies of the importin «l/pl complex decorate HBV’s 30 quasi-
sixfold vertices. The center of each quasi-sixfold houses a narrow
pore, ~9 to 13 A in diameter, in our cryo-EM reconstruction, from
which only one NLS is likely to emerge at any given time. External-
ization of capsid protein moieties located inside the capsid that sud-
denly become surface exposed is not new to HBV but has been
described for several other viruses such as poliovirus (54), rhino-
virus 14 (55), swine vesicular disease virus (56), and flock house vi-
rus (57), reflecting the plasticity of capsid proteins. However, unique
to HBV biology is the fact that the CTD transiently exposes a func-
tional NLS. Our study provides experimental evidence that impor-
tin a1/P1 bind the HBV-NLS as it protrudes from the HBV capsid.
The way importin al/B1 recognizes the arginine-rich NLS is some-
what unexpected. Located at the C-terminal end of the intrinsically
disordered CTD (58), the NLS could, in principle, extend as much
as ~85 A above the capsid surface. Instead, our cryo-EM reconstruc-
tion of the EC:Imp a1/p1 complex showed that importin ol prefer-
entially collapses onto the quasi-sixfold pore, projecting its concave
surface toward the NLS that folds backward to bind importin «l
major NLS-binding site in an antiparallel manner. Heterogeneity of
the tolopology of the EC:Imp a1/p1 complex is implicit in the distri-
bution of charge seen in CD-MS. The favored interaction places the
NLS at a maximum 39-A distance from the capsid surface and oc-
curs, while importin p1 is flexibly tethered to the capsid, free to
move around the quasi-sixfold. Both the adaptor importin a1 and
importin B1 are required for NLS recognition, as individual impor-
tin 1 (molecular weight, ~97.5 kDa) (41) or importin al (molecu-
lar weight, ~60 kDa) (Fig. 4B) can be engulfed into the capsid that
would prevent nuclear import.

MD simulations of the isolated CTD support our experimental
structural data. The unphosphorylated CTD has a distribution of Rg
values consistent with an intrinsically disordered protein. However,
phosphorylation of §155, §162, and S170 markedly reduced the Rg,
inducing structural compaction (e.g., Rg of 11.0 A on average) con-
sistent with the cryo-EM reconstruction of HBV:Imp al/f1 com-
plex (Fig. 8, ii). CTD compaction upon phosphorylation is achieved
by an intramolecular network of side-chain contacts between phos-
phate moieties and CTD arginine side chains that latches the CTD
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A B

Importin a1/B1 heterodimer

Fig. 6. Cryo-EM single particle analysis of the purified importin «1/p1 heterodimer. (A) SDS-polyacrylamide gel electrophoresis (PAGE) analysis of the purified im-
portin «1/p1 heterodimer and (B) relative 2D class averages obtained using cryoSPARC. (C) Quality of the 3.95-A cryo-EM density (gray) contoured at 2.2 ¢ and overlaid
with the IBB (yellow). (D) Refined atomic models of importin p1 (cyan) bound to the IBB domain (yellow). (E) Cartoon model of the importin a1/81 complex. The flexible
linker in importin a1 (residues 53 to 77) is colored in black. Magnified view of WT importin a1/p1 (F) and the engineered importin A53-76-a1/p1 (G) bound to a quasi-
sixfold pore. The capsid is colored gray, while the importin is colored yellow. The small cartoon models on the top right illustrate the proposed arrangement of importin

al (yellow) and B1 (cyan).

polypeptide chains at distinct points, favoring a reduced spatial
footprint while maintaining the accessibility of the NLS in the ma-
jority of conformers. Our data agree with a recent solid-state nuclear
magnetic resonance study, which found that CTD does not form
specific secondary structures in the context of RNA binding or upon
phosphorylation and that phosphorylated CTDs exhibit restricted
motion (58). Furthermore, the decrease in conformational space
sampled by the CTD upon phosphorylation observed in MD

Yang et al., Sci. Adv. 10, eadi7606 (2024) 10 January 2024

simulations is consistent with enhanced structural stability due to
the introduction of salt bridges. Experimentally, a CTD-fusion pro-
tein carrying three phosphomimetics at S155, S162, and S170 has
WT binding for importin al/p1, suggesting that phosphorylation
does not enhance or decrease the NLS binding affinity for impor-
tins. Previous work showed that HBV capsids containing three
phosphomimetics at S155, S162, and S170 (Cp183-EEE) have en-
hanced stability and exhibit a much slower rate of CTD proteolytic
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cleavage compared with WT capsids (13). Thus, we propose that
phosphorylation promotes and stabilizes CTD compaction, improv-
ing NLS presentation to importins and stimulating HBV nucleocap-
sid nuclear import (Fig. 8, iii) (10). CTD compaction could slow
NLS reinternalization (or inhibit externalization of the CTD), en-
hancing the window of opportunities for importins to bind the
NLS. Importin ol and p1 are highly abundant in the cytoplasm of
eukaryotic cells (~1 to 3 uM) (59), but many other NLS cargos com-
pete for their association (60), so extending the presentation of
HBV-NLSs could be advantageous to recruit importins. In addition,
CTD phosphorylation reduces the affinity of the capsid protein for
the packaged HBV genome inside the capsid, potentially promoting
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its externalization (11, 12). Protein kinase activity was found inside
hepatitis B virions, possibly via a capsid-trapped kinase (61), sug-
gesting that the CTD could be phosphorylated even before being
externalized. After externalization through the quasi-sixfold pore,
phosphorylated CTD would be prone to compaction, enhancing its per-
sistence outside the capsid and favoring importin al/p1-dependent
recruitment. Thus, CTD phosphorylation plays a multifaceted role,
favoring externalization by reducing intracapsid association with
nucleic acids and promoting NLS exposure and presentation to im-
portins after externalization through compaction.

Our analysis of the HBV EC decorated by 30 copies of the flexible
importin al/f1 heterodimer suggests that the total diameter of the
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Fig. 7. Role of phosphorylation in CTD. (A) Model of CTD residues 150 to 183 emerging at the quasi-sixfold pore assuming (left) an extended conformation that lacks
intramolecular bonding; (right) the conformation modeled in complex with importin «1/p1 (Fig. 5B). (B) CTD peptide end-to-end distance versus radius of gyration (Rg)
and (C) NLS SASA distributions for unphosphorylated (orange) and S155, S162, and $170 phosphorylated (blue) states. The minimum NLS SASA required for binding of
importin a1/p1 was estimated on the basis of the structure of AIBB-Imp «1:HBV-NLS complex by subtracting the SASA of the bound NLS from that of the unbound NLS

in its crystallographic conformation.
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HBYV import complex is close to 62 nm (Fig. 8, iv). One limitation of
this study is that we used HBV ECs instead of capsids filled with vi-
ral genome. We speculate that nucleic acid-filled capsids have fewer
CTDs available for bonding with importins due to the electrostatic
interactions between basic CTDs and the acidic genome inside the
capsid. Thus, it is possible that, in a cell, only a subset of the 30 avail-
able CTDs protrude outside the HBV nucleocapsid, unlike in vitro.
Multiple NLSs on a cargo enhance avidity for importins, ensuring
faster nuclear import, but are energetically more costly to be dis-
placed upon nuclear entry (37). Thirty importin «1/p1 copies per
HBV capsid is likely an upper estimate for unimpeded decoration by
importins, a “Vmax” observed using saturating quantities of importins.

CD-MS data show that exceeding 30 al/f1 copies is disfavored. Is
the NPC large enough to accommodate the HBV import complex?
The answer to this question comes from recent work on the nuclear
import of HIV-1 capsid. Similar to HBV, HIV-1 requires nuclear en-
try for replication, and its capsid protein carries an NLS recognized
by soluble nuclear transport receptors, including Karyopherin p2/
Transportin-1 and Transportin-3 (62). Cryo-electron tomography
(ET) revealed that the entire 60-nm cone-shaped HIV-1 capsid is
translocated through the NPC that dilates to ~64 nm at the inner
ring (39). A substantially wider NPC diameter and an increase in
the central channel volume by up to 75% were also observed in NPC
models obtained from lamellae prepared using cryo-focused ion

Cellular membrane
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Fig. 8. A model for HBV capsid nuclear import through the NPC. The diameter of the HBV capsid decorated by 30 importin a1/B1 is ~62 nm. The dilated NPC is esti-
mated to be ~69 nm (64). (i to vi) Proposed steps leading to HBV capsid nuclear import. The illustration was created using BioRender.
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beam (cryo-FIB) milling (63) compared to previous NPC recon-
structions obtained from purified nuclear envelopes. Similarly,
cryo-ET analysis of cryo-FIB lamellae obtained from yeast NPC re-
vealed that switching energy depletion to nutrients could also result
in NPC dilation, which expands the inner ring to 69 nm (64). The
cellular environment and sheer size of an import complex consider-
ably influence NPC dimensions and architecture, made possible by
the NPC’s inherent plasticity (65). Thus, the current literature sup-
ports that the ~62-nm-wide HBV capsid fully decorated by 30 im-
portin al/f1 heterodimers can snugly translocate through a dilated
NPC (Fig. 8, v). Several open questions remain as to the fate of HBV
at the NPC basket, likely at Nup153, which makes high-affinity
binding with importin 1 (Fig. 8, vi) (66). HBV is one of the rare
cargos found to arrest at Nup153 (67).

In summary, we have deciphered how human importins recognize
the HBV core. The exact spatial arrangements of the importin «1/f1
heterodimer with respect to the capsid could not be defined at atomic
resolution due to HBV’s unique NLS exposure mechanism. Each of
the 30 quasi-sixfold pores exposes only one of six available NLSs, sug-
gesting that our EC:Imp a1/P1 reconstruction is an average of up to
6™ possible HBV-NLSs bound to importin a1. In addition, the linker
connecting importin al Arm core to importin f1 is highly flexible, as
previously probed by limited proteolysis (47), preventing meaningful
alignment of importin p1 tethered to the HBV NLS by importin al.
This flexibility makes it impossible to determine the exact importin
al/P1 quaternary structure, even after shortening the flexible linker in
importin al. The importin «1/f1 heterodimer built-in flexibility al-
lows importin P1 to associate with phenylalanine-glycine nucleopo-
rinsand RanGTP during transport (68), promoting HBV nucleocapsid
passage through the NPC channel. Despite HBV-NLS complexity and
importins flexibility, combining structural and computational meth-
ods helped us define the association of importins with the HBV cap-
sid with remarkable precision. Our work provides a logical framework
to explain the role of phosphorylation in CTD that was previously
observed but not explained in molecular terms.

MATERIALS AND METHODS

Biochemical methods

Expression plasmids encoding AIBB-Imp ol (69), importin p1
(46), and importin al/p1 complex (45) were expressed in bacteria
and purified as previously described (fig. S1). Importin A53-76-al
was generated by deletion polymerase chain reaction and coex-
pressed with importin f1, as described for the WT importin al/p1
complex (45). MBP-al was generated by cloning AIBB-Imp «l into
an engineered pET28a(+) vector containing the MBP gene down-
stream of a 6Xhis-tag and purified as described for AIBB-Imp ol
(69). The genes encoding GST-CTD fusions, e.g., WT Cp183 CTD
residues 150 to 178 (GST-WT-CTD), CTD lacking the NLS in Box4
(GST-ANLS-CTD), and CTD with three phosphomimetics at
S155E, S162E, and S170E (GST-EEE-CTD), were chemically syn-
thesized and cloned in a pGEX-6P (Novagen) expression plasmid.
All expression plasmids were transformed into BL21 DE3 cells us-
ing electroporation. A single colony was picked and inoculated in
100 ml of LB medium and incubated at 37°C overnight. The en-
riched culture was amplified in 2 to 4 liters of LB medium and in-
duced by 0.5 mM isopropyl-p-p-thiogalactopyranoside at 28°C for
3 hours. The cells were harvested by centrifuging at 4000 rpm for 20
min. Cells pellets were resuspended in lysis buffer [20 mM tris-HCl
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(pH 8), 75 mM NaCl, 3 mM f-mercaptoethanol (BME), 1 mM
phenylmethylsulfonyl fluoride] and homogenized by sonication.
The lysate was centrifuged at 14,000 rpm for 30 min. Supernatants
expressing his-tagged importins were combined with nickel agarose
beads and incubated at 4°C for 2 hours. The beads were washed us-
ing wash buffer [20 mM tris-HCI (pH 8), 50 mM NaCl, and 5 mM
Imidazole], and his-tagged importins were eluted by adding 10 ml
of elution buffer [20 mM tris-HCI (pH 8), 50 mM NaCl, and 75 mM
imidazole]. Untagged importin 1 was purified from the nickel im-
mobilized importin al/Bl complex as previously described (45).
GST-CTD variants were purified on glutathione beads using a lysis
buffer containing 0.1% Tween 20. All protein samples were further
subjected to size exclusion chromatography on an ENrich SEC 650
column (Bio-Rad).

Purification of HBV ECs

Cp183 was overexpressed in bacteria as described (70). Bacterial
RNA-filled capsids were disassociated to Cp183 dimers by overnight
dialysis in disassembly buffer [1.5 M guanidine HC], 0.5 M LiCl, 10 mM
dithiothreitol (DTT), and 20 mM tris-HCL (pH 8)] at4°C. Disassembled
dimers were centrifuged at 13,000 rpm for 5 min, and the super-
natant was subjected to ENrich SEC 650 equilibrated with disassem-
bly buffer. All fractions at the peak representing Cp183 dimers were
combined and dialyzed overnight in reassembly buffer [0.45 M
NaCl, 10 mM DTT, and 20 mM tris-HCI (pH 8)]. Reassembled ECs
were subjected to ENrich SEC 650 equilibrated with reassembly buf-
fer (fig. S1). All fractions at the peak representing the ECs were com-
bined and used for downstream assays.

Native agarose electrophoresis and pull-down binding assay
All samples used for native agarose electrophoresis were concen-
trated to at least 1 mg/ml, and the quantity of HBV ECs was fixed at
10 pg. After adding purified importins to EC, the mixture was incu-
bated for 2 hours at 4°C and then analyzed on a 1.5% agarose gel.
Native electrophoresis was performed in 0.5x TAMg bufter [20 mM
tris base, 20 mM acetic acid, and 0.5 mM MgSOy] at 100 V for
1 hour. The gel was then fixed in a fixing solution (25% isopropanol
and 10% acetic acid) and washed three times in 95% ethanol. The gel
was then dehydrated using a 583 gel dryer (Bio-Rad), stained by
Brilliant Blue (Thermo Fisher Scientific), and destained by fixing so-
lution. All gels were visualized using a Gel Doc XR+ (Bio-Rad). For
the pull-down assay, purified GST-CTD variants were coupled to
glutathione beads and incubated with 50 pl of 3 pM importin a1/p1.
After 45 min of incubation, the beads were washed three times with
1X phosphate-buffered saline, and an equal amount of beads were
analyzed by SDS-PAGE analysis. The experiment was repeated three
times to estimate an SD.

Charge detection mass spectrometry

CD-MS allows mass distributions to be measured for heteroge-
neous samples that cannot be analyzed by conventional MS. It is a
single-particle technique where the mass-to-charge ratio (m/z) and
charge (z) of an ion are measured simultaneously. CD-MS instru-
ments and methods have been described in detail elsewhere (71).
This study was performed on a home-built instrument at Indiana
University Bloomington. Briefly, ions are generated by nanoelec-
trospray and enter the instrument through a metal capillary. The
ions are thermalized and pass through several differentially pumped
regions before being focused into a dual hemispherical deflection
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analyzer set to transmit ions with a nominal kinetic energy of
100 eV per charge. The ions are then focused into an electrostatic
linear ion trap where trapped ions oscillate back and forth through
a conducting cylinder. The induced charge from the oscillating ions
is detected by a charge-sensitive amplifier. The resulting signal is
analyzed by fast Fourier transforms. The m/z is determined from
the fundamental frequency, while the charge is obtained from the
magnitude. The product of the m/z and z gives the mass. Measure-
ments are performed for thousands of individual ions and then
binned into a mass histogram. The results can also be presented in
a charge versus mass scatterplot. The plot can reveal correlations
between charge and mass. The charge distribution can be used to
infer information about the structure of the ions. Spherical ions are
expected to have a charge close to the Rayleigh limit. Ions with
more extended structures are expected to have higher charges (72).

Crystallographic methods

The peptide of Cp183 CTD was purchased from GenScript and dis-
solved to be a 5 mM solution. Purified mouse AIBB-Imp ol was
concentrated at 22 mg/ml. Hanging drop vapor diffusion was per-
formed for crystal screening where 2 pl of protein was first mixed
with 0.4 pl of peptide to reach a 1:2 mol ratio, then combined with
2.4 pl of the crystal solution [0.6 M sodium citrate, 0.1 M Hepes (pH
6.8 t0 7.8), and 10 mM DTT], and equilibrated against 600 pl of res-
ervoir. Crystals were harvested and cryoprotected with 27% ethylene
glycol. The crystals were diffracted at the Stanford Synchrotron Ra-
diation Lightsource (SSRL) using beamline 12-1. Data were indexed,
integrated, and scaled using HKL2000 (73). Initial phases were ob-
tained by molecular replacement using Phaser (74) and Protein Data
Bank (PDB) 1Y2A as a search model. Detailed information about
crystallographic x-ray data collection and model refinement are
in Table 1.

Vitrification and data collection

The sample (2.5 pl) was applied to a 200-mesh copper Quantifoil R
2/1 holey carbon grid that had been negatively glow-discharged for
60 s at 15 mA in easiGlow (PELCO). All grids were blotted for 7 to
10 s at blot force 2 and frozen in liquid ethane using Vitrobot Mark
IV (FEI). Micrographs were screened on 200-kV Glacios equipped
with a Falcon 4 detector at Thomas Jefferson University. EPU soft-
ware was used for data collection using accurate positioning mode.
For high-resolution data collection, micrographs were collected on
a Titan Krios microscope operated at 300 kV and equipped with a
K3 (Gatan) or Falcon 4 (Thermo Fisher Scientific) direct electron
detector camera at the National Cryo-EM Facility and National
Center for Cryo-EM Access and Training (NCCAT), the National
Cryo-EM Facility (NCEF) at NCI-Frederick National Laboratory,
and Stanford-SLAC Cryo-EM Center (S*C%). A total of 10,015,
10,273, 6653, 8778, 13,570, and 2044 movies of EC, EC:AIBB-Imp
al, EC:Imp al/p1, Imp al/p1, EC:MBP-al:antibody and EC:Imp
A53-76-a1/B1 were collected, respectively. All cryo-EM data col-
lection parameters are in Table 2 and table S1. The resolution of all
reconstructions in this paper was estimated at an FSC of 0.143
(fig. S4).

Cryo-EM single-particle analysis

All movies were imported and analyzed by RELION (75). Motion
correction was performed by RELION’s implementation, and CTF
estimation was done using CTFFIND-4.1 (76). An initial set of
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particles were manually picked from 100 micrographs and used for
an initial 2D classification. The best classes were chosen as templates
for reference picking all micrographs. A second round of 2D classifi-
cation was performed, and promising classes were selected for a 3D
initial model and then set as the template for 3D classification. The
best classes were selected for 3D autorefinement with icosahedral
symmetry imposed for all capsid reconstructions, but no symmetry
was applied for importin a1/p. For the EC:Imp a1/p map, the density
was segmented using UCSF Chimera (77) to isolate the density for
importin al/p1. The extracapsid density at the center of the quasi-
sixfold was picked and used as a template for mask creation in RE-
LION (75). The mask was then used for 3D classification with no
alignment and a regularization T value of 10. The 3D class with the
highest resolution was used as a template for a second round of mask
creation. A second round of no-alignment 3D classification was con-
ducted using the latest mask and a regularization T value of 40. The
3D class with the best resolution was used for 3D autorefinement of
the capsid complex, and the resulting map showed an arched density
at the center. A detailed workflow of all cryo-EM SPA methods used
to solve EC bound to importins is shown in fig. S3.

Experimental modeling

All models derived from crystallography and cryo-EM data were
built using Coot (78) and refined using phenix.real_space_refine
(79). The Cp183 dimer crystal structure (PDB: 1QGT) (80) was
docked into the cryo-EM density and used to generate the icosahe-
dral asymmetric unit. The complete HBV EC capsid was generated
using UCSF Chimera (77). S155, S162, and S170 of Cp183 CTD
were phosphorylated in silico using Coot (81). Atomic distances
were measured using UCSF Chimera (77). IBB-bound importin p1
(PDB: 1QGK) (46) was used to measure the diameter of importin
al/pl-decorated capsid. All ribbon diagrams and surface represen-
tations were generated using UCSF Chimera (77), Chimera X (82),
and PyMOL (83).

Computational modeling

HBV CTD simulation models are based on strain adyw (UniProtKB
accession code P03147.1) and encompass residues 150 to 183. Initial
CTD conformations for the unphosphorylated and phosphate-
containing systems were predicted de novo with ROSETTA (81, 84),
using phosphomimetic glutamates for the latter. Fragment files and
secondary structure predictions were produced using Robetta (85).
An ensemble of 10,000 candidate conformations was generated for
each system. Following ab initio folding, the structures were relaxed
using the fast relax protocol. The combinatorial averaged transient
structure clustering algorithm for intrinsically disordered peptides
was used to cluster each ensemble based on @/ backbone torsions
(86). Clusters were relaxed using a population cutoff o of 100, cor-
responding to 1.0% of the ensemble. The number of ignorable coor-
dinates  was set to 10, corresponding to ~15% of the structural
descriptor. The top 100 clusters were selected using an € value of 1.0.
The representative structures of the top three most populated clus-
ters from each ensemble were selected for MD simulation. Phospho-
mimetic glutamates were substituted with phosphoserine. Local
ions were placed around the CTD models using Clonize in visual
MD (VMD) (87). The systems were each immersed in an 88-A3 sol-
vent box containing 21,252 water molecules and neutralized in a salt
concentration of 150 mM NaCl. Simulation input files were pre-
pared with psfgen in VMD, applying the CHARMM36m force field
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(88) and TIP3P water parameters (89). Thus, the initial states for
three independent simulations were prepared for both the unphos-
phorylated and S150-, S162-, and S170-phosphorylated systems.

Models of the importin ®1:HBV-NLS complexes were construct-
ed on the basis of the crystal structure reported here. Simulation
input files were prepared with psfgen in VMD, then converted to
AMBER-compatible formats using ParmEd from AmberTools 22
(90). Local ions were placed around the complexes using Clonize in
VMD. The systems were immersed in 115-A” solvent boxes and
neutralized in a salt concentration of 150 mM NaCl. NLS peptide
termini were assigned neutral charges. Systems were described with
the CHARMM36m force field (88) and TIP3P water parameters
(89). Thus, the initial states were prepared for two simulations, each
run in triplicate for unphosphorylated (WT) and phosphate modifi-
cation at S170, respectively.

MD simulations

Equilibration of the isolated CTD systems was performed using
NAMD 2.14 (91). All MD simulations of the al:HBV-NLS complex-
es were performed using AMBER 22 pmemd.cuda (90). Each sys-
tem was subjected to energy minimization using the steepest descent
algorithm for 2000 cycles, first for the solvent and then for the pro-
tein side chains. The systems were heated gradually from 60 to 310
K, increasing the temperature by 5 K at intervals of 100 ps. Cartesian
backbone restraints of 5 kcal/mol were gradually released over an
additional period of 5 ns. Each isolated CTD system was equilibrated
for 50 ns in the isothermal-isobaric ensemble, followed by 20 ns in
the canonical ensemble before transfer to Anton 2. The al:HBV-
NLS complexes were equilibrated for 200 ns in the isothermal-
isobaric ensemble, followed by production runs of 400 ns. Each
simulation was performed in triplicate.

NAMD 2.14 and AMBER 22 simulations used an integration
time step of 2 fs. Bonds involving hydrogens were constrained with
the SHAKE algorithm. A cutoff of 12 A was used to split short- and
long-range electrostatic interactions. The particle-mesh Ewald algo-
rithm was used to compute long-range electrostatics with a grid
spacing of 1.0 A. The temperature was controlled at a target of 310 K
with the Langevin thermostat algorithm, using a damping coeffi-
cient of 1.0 ps™'. The pressure was controlled at a target of 1.0 bar
either with the Nosé-Hoover Langevin piston algorithm, using a
piston oscillation period of 200 fs and damping timescale of 100 fs
(NAMD 2.14), or with the Berendsen algorithm, using a pressure
relaxation time of 1 ps (AMBER 22).

Production MD simulations of the isolated CTDs were per-
formed on the Anton 2 special purpose computer using the simu-
lated tempering method (92). The temperature ladder ranged from
310 to 330 K, with rungs at intervals of 1 K. Rung weights were de-
termined using the approach proposed by Park and Pande (93).
Simulations were performed for 10 ps each in a mixed-canonical
ensemble using an integration time step of 2.5 fs.

MD trajectory analysis

Analysis of MD simulation trajectories, including the calculation
of the radius of gyration (Rg), peptide end-to-end peptide dis-
tance, SASA, hydrogen bonds, and salt bridges, was carried out with
VMD. Data from three independent simulations were combined
for each system. The minimum NLS SASA required for binding
of importin al/p was estimated on the basis of the structure of
AIBB-Imp ol:HBV-NLS complex by subtracting the SASA of the
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bound NLS from that of the unbound NLS in its crystallographic
conformation.

Binding free energies for the al:HBV-NLS complexes were cal-
culated using the molecular mechanics/generalized Born surface
area method (50), as implemented in MMPBSA.py from Amber-
Tools22. The GB model (igb = 5) corresponds to that developed
by Onufriev et al. (94), and molecular radii were taken from the
mbondi2 set. A salt concentration of 150 mM and a surface tension
of 0.00072 kcal/mol per A were used. Surface area for the nonpolar
contribution was calculated using linear combination of pairwise
overlaps method.

Supplementary Materials
This PDF file includes:

Figs.S1to S10

Table S1
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