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Cryo-EM structures of human hepatitis B and 
woodchuck hepatitis virus small spherical  
subviral particles
Haitao Liu1, Xupeng Hong1, Ji Xi1, Stephan Menne2, Jianming Hu1, Joseph Che-Yen Wang1*

The loss of detectable hepatitis B surface antigen (HBsAg) is considered a functional cure in chronic hepatitis B. 
Naturally, HBsAg can be incorporated into the virion envelope or assembled into subviral particles (SVPs) with 
lipid from host cells. Until now, there has been no detailed structure of HBsAg, and the published SVP structures are 
controversial. Here, we report the first subnanometer-resolution structures of spherical SVP from hepatitis B virus 
(HBV) and the related woodchuck hepatitis virus (WHV) determined by cryo–electron microscopy in combination 
with AlphaFold2 prediction. Both structures showed unique rhombicuboctahedral symmetry with 24 protruding 
spikes comprising dimer of small HBsAg with four helical domains. The lipid moiety in the SVP is organized in a 
noncanonical lipid patch instead of a lipid bilayer, which can accommodate the exposed hydrophobic surface and 
modulate particle stability. Together, these findings advance our knowledge of viral membrane organization and 
the structures of HBV and WHV spherical SVPs.

INTRODUCTION
Hepatitis B virus (HBV) infection is a substantial global public health 
concern. Although there is a vaccine to prevent new infection, approx-
imately 240 million people have chronic HBV infections, which 
results in approximately 887,000 people dying from HBV-related 
complications, including fibrosis, cirrhosis, and hepatocellular 
carcinoma (1). Patients may be treated with interferon- and/or 
reverse transcriptase (RT) inhibitors. Both treatments have a low 
probability of clearing the virus. RT inhibitors substantially decrease 
viral load and reverse liver damage. However, cessation of treatment 
can result in life-endangering viral flares. Once therapy is initiated, 
patients can expect lifelong treatment. There is an unmet medical 
need for new therapeutics that could lead to sustained inhibition of 
viral replication and the loss of hepatitis B surface antigen (HBsAg) 
(2), an important serological marker for HBV infection.

There are four major types of particles found in the sera of 
chronically HBV-infected patients, including infectious virions, 
genome-free empty virions, spherical subviral particles (SVPs), and 
tubular SVPs (3). The highly immunogenic spherical SVPs typically 
outnumber virions by 103 to 105 fold (4) and are the basis of pro-
phylactic vaccines used against HBV infection to date (5). The HBV 
virion contains an icosahedral nucleocapsid surrounded by a lipid 
envelope that is composed of three different surface proteins (HBs) 
termed L (large), M (medium), and S (small). They are all translated 
from the same open reading frame but are variable in length at the 
N-terminal end (4). The S-HBs contains the S domain that is pre-
dicted to have four transmembrane helices (TM) (Fig. 1A). M-HBs 
is extended by an additional PreS2 domain at the N terminus, 
while L-HBs further adds the PreS1 domain to M-HBs (Fig. 1A). The 
S domain of all three surface proteins is glycosylated (6, 7). M-HBs 
also harbors the second N-glycosylation site at its N-terminal region, 
but it is not used in L-HBs because of cotranslational retention of 

the PreS (PreS1 + PreS2) domain in the cytosol. The TM1 and TM2 
are separated by the cytosolic loop (CYL), which directs the S-HBs 
for intracellular trafficking (8) and is essential for HBV SVP secre-
tion (9) and virion formation (10). The residues between TM2 and 
TM3 form the major antigenic loop (AGL) at the surface of the viral 
particle (11, 12). The ratio of surface proteins L, M, and S distributed 
on the membrane of virion (3:2:5) is quite different to the ratio of 
1:1:4 in tubular SVP (13). Spherical SVP consists almost exclusively 
of S-HBs, ~10% M-HBs, with only a trace of L-HBs (4).

Now, there are no high-resolution structures for SVPs, although 
some models at moderate resolution have been obtained by cryo–
electron microscopy (cryo-EM) (14–17), atomic force microscopy 
(AFM) (18), and x-ray scattering data (19). In particular, the particle 
geometry and membrane organization of spherical SVPs are still 
under debate. Cyro-EM reconstruction of spherical SVPs produced 
in transgenic mice showed two predominant sizes with octahedral 
symmetry and no clear lipid bilayer at 12 Å (14). Cao et al. (17) 
recently reported that the spherical SVPs obtained from sera of HBV 
carriers were irregular and contained a lipid bilayer by cryo-EM.  
Moreover, the yeast-derived HBs virus-like particles (VLP) show a 
roughly spherical morphology that consists of 96 recombinant S 
proteins. Although the resolution is limited at 15 Å, the authors 
proposed that the lipid membrane comprises two discrete regions, 
an outer uniform lipid monolayer and an inner amorphous layer 
composed of nonpolar triglycerides (16). In addition, the tubular 
SVPs purified from human serum also revealed spike-like protru-
sions across the lipid bilayer packed in a helical lattice. The spikes 
are modeled with external regions of S domain and PreS regions 
from L-HBs and M-HBs (15). Last, biochemical analysis of SVP re-
vealed that the lipids in the particles are closely intercalated with the 
proteins (20–22); however, contradictory results by solid-state 
nuclear magnetic resonance, light scattering, and cryo-EM suggest 
that the SVP displays a moderately rigid lipid bilayer (23). It appears 
that these SVPs are morphologically different depending on their 
source and sample preparation.

Here, we used cryo-EM to study the spherical SVPs from woodchuck 
hepatitis virus (WHV), a closely related hepadnavirus to HBV in 
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regard to the nucleic acid sequence, genome organization, virion 
and capsid morphology, and mechanisms of infection and replica-
tion (6,  24). The 6.5-Å three-dimensional (3D) model revealed 
that the spherical SVP exhibits a novel rhombicuboctahedral symme-
try with 24 protruding spikes at the particle surface. Each protru-
sion is a dimer of S surface proteins (WHs) with four helices. We 
also found that the spherical SVP contains a noncanonical lipid or-
ganization, the density at the outer layer is composed of discrete 
amorphous lipid, and the density at the inner layer is characterized 
by protein from the S domain. To see whether the spherical SVPs 
from HBV also exhibited a similar architecture, we used cryo-EM to 
solve the structure of spherical SVPs purified from the serum of an 
HBV carrier to 6.3-Å resolution. In combination with predicted 
atomic models from AlphaFold version 2 (AlphaFold2), we depicted 
the first detailed structural models of SVP for both WHV and HBV 
and provide a mechanistic model for subunit-subunit interactions 
in the spherical SVP. Together, these results deepen our current 
understanding of spherical SVP morphogenesis that can improve 
the efficacy for SVP-based anti-HBV antibodies and enhance the 
efficiency in using SVP as platforms for delivery of medically rele-
vant antigenic sequences in the future.

RESULTS
WHV SVP purification and reconstruction
The WHV-infected Eastern woodchuck is a critical experimental 
model for studying immunopathogenesis of HBV infection, liver 
cancer development, and antiviral therapy against HBV (25). Similar 
to HBV, WHV also encodes three envelop proteins that contain the 
common C-terminal S domain (6). The S domain shares 63% amino 
acid sequence identity to that of HBV and was predicted to have 
four transmembrane helices, each consisting of an average size of 
22 ± 2 amino acid residues (Fig. 1B). The high degree of identity 
makes the S domain interchangeable between WHV and HBV with 
minimal effects on the SVP formation (26) and presumably leads to 
substantial structural-functional conservations.

WHV SVPs were purified from the serum of a woodchuck 
chronically infected with WHV strain 7 (WHV7) woodchuck by 
isopycnic CsCl density gradient. Selected fractions were resolved by 
native agarose gel electrophoresis (NAGE), analyzed by Western blot, 
and prepared for negative-stain transmission electron microscopy 
(TEM). The majority of the surface protein located in F16 (fraction 16) 
to F18 (Fig. 2A, lanes 7 to 9). TEM images showed that F16 had the 
vast majority of spherical SVPs, whereas F17 contained more tubular 
SVPs, and virion-like particles started to become detectable in F18 
(Fig. 2B). To further investigate the structure of spherical SVPs, F16 
was selected, freed from cesium salts, and subjected to cryo-EM 
single-particle analysis.

Frozen-hydrated cryo-EM images revealed that WHV SVPs 
were morphologically heterogeneous (Fig. 2C). Successive runs of 
reference-free 2D classification were performed to discard classes 
with blurry and ice-contaminated density. Despite some classes 
having large diameter with incomplete closed shells, they all had 
two common features: (i) multiple protruding spikes projected from 
the particle surface and (ii) two uncommon layers of density where 
the outer layer seemed to be amorphous and the inner layer con-
tained a knitted mesh-like network (Fig. 2D and fig. S1). We selected 
the classes with complete closed shell and ordered density for fur-
ther 3D refinement structural analysis (Fig. 2D). Note that in some 
of the class images, the particles show clear features of rotational 
twofold (Fig. 2D, left, 1 to 3) and fourfold (Fig. 2D, right) density. 
An initial 3D model was reconstructed asymmetrically using Relion 
software (27). This map exhibited an overall symmetric feature of 
twofold, threefold, and fourfold spatial arrangement—a characteristic 
of an octahedral symmetry (fig. S2A). We then applied octahedral 
symmetry and refined the 3D model to 6.5 Å (Fig. 2E and fig. S2C).

Overall structure of WHV SVP
The 3D reconstruction of WHV spherical SVP resembles a rhom-
bicuboctahedral geometry with a total of 24 spikes protruded from 
the symmetrical vertices (Fig. 2E and fig. S3A). The height of the 
spike is approximately 2.5 nm measured from the surface, and the 
distances between each spike at threefold and fourfold axes are 8 
and 6.5 nm, respectively. This results in 8 triangular, 6 squared, and 
12 rectangular facets—an elongated derivative of a rhombicubocta-
hedron. From the outer surface, we observed two different types of 
density: thick wide density projected sideways from the bottom of 
the spike and a patch of thin short string-like density filled in the 
gap at each twofold location. The former density appears as two short 
tubes arranged in a V shape and laid flat on the particle surface. The 
short string-like density is comparable to the unspecific density of 
the lipid observed in the membrane of enveloped viruses (28). From 

Fig. 1. Proposed surface protein topology and sequence alignment of WHV 
and HBV. (A) Current purposed models for WHV and HBV S, M, and L protein topol-
ogies. The blue boxes indicate transmembrane helices (TM). The zigzag line in 
L protein indicates the N-terminal myristoylation. G, N-glycosylation; CYL, cytosolic 
loop; AGL, antigenic loop. (B) Sequence alignment of WHV7 and HBV genotype E 
(GtE) small surface proteins. The TMs were predicted by the TMHMM server, which 
are indicated by the dashed boxes with their designated position. The helix assign-
ment from this study was presented in transparent colored boxes (orange, WHV; 
blue, HBV) with their designated position. Identical (*), conserved (:), and semi-
conserved (.) amino acids are indicated. Blue and purple indicate negatively or 
positively charged residues, respectively. Red indicates amino acids with hydro-
phobic side chains.
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the bottom half view (Fig. 2E, right), multiple folded tubular densities 
are connected together to form a thickness of 50-Å inner layer. 
The boundaries of each tube were visible at the high contour level. 
One curved tubular density comes down from the surface and turns 
outward to form a U-shape morphology. The other straight tubular 
density, on the other hand, spans through the inner layer and joins 
at the ends to form a density layer at the lower radii. Because S protein 
has been found to have a majority of alpha helices according to the 
previous prediction (29), we hypothesized that the observed tubular 
density represents helical regions of the protein.

Together, no conventional lipid bilayer morphology was observed 
in the WHV spherical SVP. The outer layer contains density of lipid 
patch mixed with protein density, and the inner layer is formed by 
complicated but ordered protein structure.

Modeling of small WHs
To understand the molecular building block of WHV spherical SVP 
at the current resolution, we traced the helix density, defined the 

boundary between closely associated protein density, and segmented 
one spike from the entire spherical SVP (fig. S3B; see Material and 
Methods for details) (30). The segmentation can be further separated 
into two units having virtually identical folds (fig. S3B). Therefore, 
it is possible to assign the segmented density as two independent 
monomers. Looking at each monomer, we found two straight helices 
(named helix 1 and helix 2) interacted at the lower radius of the 
particle. The helix 2 continuously extends outward to form a mass 
of density at the site where the spike is located. This density is rela-
tively weak and disappears quickly at high contour level, suggesting 
the protein conformation in this region is more flexible. Continuing, 
the density forms a V-shaped helix (helix 3), which lays flat at the 
particle surface, is not a typical transmembrane helix, and is embedded 
in the lipid patch as described earlier (fig. S3B, middle). Part of this 
helix was defined as amphipathic (31, 32). Proceeding inward, the 
density arranges into the last U-shaped helix (helix 4) that turns in 
halfway and back up to the surface. This helix overlapped with the 
hydrophobic C-terminal region identified previously. The resulting 

Fig. 2. Structural analysis of WHV SVP. (A) Western blot of fractions probed for WHV surface proteins. WHV7-infected woodchuck serum was fractionated on CsCl density 
gradients. Selected fractions (F11 to F23) were resolved by NAGE and analyzed by immunoblotting using a polyclonal antibody (pAb) against HBsAg (ViroStat). (B) Negative-stain 
images of selected fractions from the CsCl gradient. Scale bar, 100 nm. (C) Cyro-EM micrograph of purified WHV SVP from F16. Small and large spherical particles are indicated 
by a red arrow or an empty triangle, respectively. Tubular SVP is indicated by red solid triangle. (D) 2D class averages of WHV small spherical SVP. The particle diameter is 
around 23 nm. (E) Cryo-EM 3D reconstruction of WHV small spherical SVP at 6.5 Å. The map was contoured at ~2.5 . Front half (left) and bottom half (right) of radially 
colored surface representations were viewed at fourfold axis. The asymmetric unit is encompassed by three symbols. Twofold, threefold, and fourfold axes were indicated 
by oval, triangle, and square, respectively. Red number indicated the particle inner core diameter. (F) Fitting of S-WH dimer. The segmented cryo-EM map is shown as 
transparent surface. Two subunits and helices 1 to 4 are indicated. The inset shows the residues’ position in the helices in subunit A.
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model is similar to the predicted topology defined by Suffner et al. 
(31). Together, our cryo-EM density map suggests that a single spike 
is made of two S-WHs interacting at the AGL, C terminus of helix 2, 
and the bottom region of helices 1 and 2.

To better understand the detailed structure, we generated in silico 
3D molecular models using AlphaFold2 (33) and subsequently used 
cryo-EM density map to constrain the predicted protein conforma-
tion. The C protein backbone was flexibly modeled into the cryo-EM 
density map using ISOLDE and Coot (34, 35). The resulting struc-
ture of S-WHs shows four helical segments and two flexible loop 
regions (Fig. 2F and fig. S3C). Because of the high confidence in the 
predicted helical segments, we could unambiguously assign each 
helix to the corresponding cryo-EM density (Fig. 2F). The two loop 
regions that connected helices 1/2 and helices 2/3 had the lowest 
confidence score in the prediction (Fig. 2F). In all five models pre-
dicted by AlphaFold2, the loop regions showed substantial differ-
ences (fig. S4A). The first loop region connecting helices 1 and 2 is 
the CYL, which has been shown to be important for maintaining 
oligomerization of the S domain (31). Despite that there is an exten-
sive amount of cryo-EM density connecting helix 1 and helix 2, the 
overall volume was insufficient to accommodate the approximate 
30 residues of the CYL (Fig. 2). The absence of density is the result 
of averaging at the flexible region of the protein. The second loop, 
located between helices 2 and 3, is the AGL, which has been shown 
to independently mediate S domain oligomerization by mutational 
analysis (31). The AGL has eight cysteine residues that were found 
to be cross-linked during the S domain dimerization (12, 36). 
Although it was predicted to contain two short  strands, the loca-
tion of the strands in the density was unclear because of the weak 
cryo-EM density and the low local resolution in this region (Fig. 2F 
and fig. S2D).

Superimposition of subunits A and B revealed a subtle difference 
in the tilting angle at both helix 1 and helix 4 (fig. S4, C and D). 
Thus, our results indicated that the dimer of the asymmetric small 
surface protein is the building block of the spherical SVP.

Does HBV spherical SVPs have similar architecture?
We were surprised by the overall molecular architecture derived 
from WHV spherical SVP as described above and were wondering 
whether the HBV spherical SVP also exhibits similar spatial organi-
zation despite that different results were reported earlier (14–17). 
To determine the structure of HBV spherical SVP, we isolated SVPs 
from the serum of a patient infected with genotype E (GtE) and 
performed the same analysis as described earlier for WHV SVP. As 
expected, the majority of the HBsAg located in F16 to F18 with 
densities of 1.190 to 1.239 g/cm3 (Fig. 3A, lanes 7 to 9). Images of 
negatively stained samples indicated F16 has more spherical SVPs 
compared with other fractions (Fig. 3B) and was used for cryo-EM 
data collection (Fig. 3C). Like WHV, the HBV SVPs were variable 
in sizes and shapes (Fig. 3C). The observation is consistent with the 
previous finding (4, 15).

The 2D class averages exhibited similar features as described 
above for WHV. All classes showed two layers of densities (Fig. 3D); 
the density at the outer layer is amorphous, while the density at the 
inner layer has a complicated protein-protein interaction network. 
We selected two classes that had complete surface density for further 
image analysis (Fig. 2D, right two classes). Using asymmetric re-
construction, we found that HBV spherical SVPs also have twofold, 
threefold, and fourfold characteristics. The four spikes at the twofold 

facet appeared in a rectangular arrangement instead of a square orga-
nization (fig. S2B); therefore, it is also having a rhombicuboctahedron- 
like symmetry. We further applied octahedral symmetry during model 
refinement and yielded a final 3D reconstruction at 6.3-Å resolution 
(fig. S2, C and E).

Like WHV, the HBV spherical SVP also has a diameter of 23 nm 
and contains 24 protruding spikes (Fig. 3E). Each spike is a dimer of 
S-HBs encompassing four helical segments. Using AlphaFold2 pre-
diction together with the cryo-EM density map, we were able to 
generate the first atomic model for S-HBs (Fig. 3F and fig. S4B). The 
unassigned surface density for the lipid moiety is noticeably lower 
in HBV than in WHV spherical SVPs (Figs. 2E and 3E and fig. S5).

Structural comparison between WHV and HBV 
spherical SVPs
The structure of S-HBs is virtually identical to S-WHs at the mono-
mer and dimer levels except that the angles that govern curvatures 
of the helices are slightly different (fig. S4C). The building block 
consists of a dimer of two subunits; each subunit contains an AGL 
(WHV: Lys99-Trp152; HBV: Gln101-Ser155), a CYL (WHV: Ser38-Cys67; 
HBV: Phe41-Cys69), and four helical domains (WHV: Pro3-Ser38, 
Asn68-Lys99, Ala153-Gly181, and Leu184-Tyr221; HBV: Leu9-Asn40, 
Pro70-Tyr100, Trp156-Ala184, and Pro188-Tyr225) (WHV monomers A 
and B have one residue difference; Fig. 1B). Both AGL and CYL are 
highly hydrophilic (figs. S6 and S8).

In the monomer, the interactions between H1 and H2 occur in-
side the particle at the lower radius via salt bridges, hydrogen bonds, 
hydrophobic interactions, and van der Waals forces bonding (table S1 
and fig. S7). The H3, which lies flat at the particle surface, has the 
hydrophilic residues facing outside of the particle (fig. S6). The inter-
actions found between H2 and H3 could help to maintain the loca-
tion of H3 on the surface (fig. S7), and the exposed hydrophobic 
residues at the side are stabilized by the isolated lipid moiety. A 
recent report suggests that part of the H3 (Trp156 to Arg169) plays a 
critical role in the morphogenesis of HBV SVPs (32). Last, the H4 
forms a hydrophobic core at the center of the U shape and turns the 
CTD to the particle surface (figs. S6 and S7). Overall, we found that 
S-WHs have more protein-protein interactions at the monomer 
level as compared to HBV, and these interactions are asymmetrically 
within the two subunits (table S1).

Dimeric hydrophobic interactions were found at the H1/H4 
and H2/H2 helices. According to the literature, the disulfide bonds 
formed at AGL and CYL also contribute to the intermolecular homo- 
oligomerization (9, 10, 31, 37). However, because of the low local 
resolution and the high flexibility at these two loop regions, we 
were unable to model the interactions confidently. The orientation 
of the dimer in WHV and HBV spherical SVPs was different. In 
WHV, the tip of each H3 (Gly180–181) faces to threefold and fourfold 
centers, while in HBV, it faces to the twofold center (fig. S5). There is 
an approximately 70° rotation between WHV and HBV. Consequent-
ly, the resulting interactions between dimers at different interfaces 
were quite distinct between WHV and HBV spherical SVPs.

In WHV, surface exposed hydrophobic residues located at the 
twofold, threefold, and fourfold axes where the lipid density was 
observed in the cryo-EM density map (Figs. 2E and 4A and fig. S6A). 
Likewise, the hydrophobic residues were mostly exposed at the 
twofold and threefold axes in HBV, which was coincidental with the 
observed lipid moiety (Figs. 3E and 4B and fig. S8). The extra density 
around threefold and fourfold centers was the result of averaging 
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N-terminal residues of S-HBs (Figs. 1B and 3E). Overall, the hy-
drophobic interactions at different dimer-dimer interfaces were 
the main force for holding the particle together (fig. S8, right most). 
The hydrophobic buried surface area without considering loop 
regions was most dominant at the twofold area (fig. S8 and table S2). 
Together, WHV spherical SVPs have more discrete lipid density 
and pose a different quaternary structural arrangement than HBV 
spherical SVPs.

Lipid in the SVP of both WHV and HBV
Structurally, we observed a different amount of lipid distribution in 
WHV and HBV spherical SVPs through cryo-EM reconstructions. 
Our data indicated that the particles were held by hydrophobic 
interactions (fig. S8). Each dimer was arranged to have the hydro-
philic residues exposed at the outmost and inmost surfaces of the 
particles (fig. S8). We wondered what would happen to the particle 
if the lipids were removed.

To test the role of lipid in particle stability, we used nonionic 
detergent Nonidet P-40 (NP-40) at different concentrations to re-
move the lipid from SVPs without denaturing the proteins (Fig. 4C). 
Remarkably, NP-40 decreased the SVP integrity of both WHV and 
HBV as judged by NAGE Western blot analysis and negative-stain 
TEM (Fig. 4C). The HBV SVPs were completely collapsed into smaller 
density under only 0.1% NP-40 treatment (Fig. 4C, top). The pro-
tein band migrated slightly faster compared to the untreated sample 
(Fig. 4C, top, lanes 1 and 2). Increasing NP-40 concentrations fur-
ther broke these structures into smaller globular density with different 
sizes, resulting in slower and broader migration on NAGE (Fig. 4C, 
top, lanes 3 and 4). A possible explanation is that the small surface 
antigen contains overall positive net charges, which could slow down 
the protein migration if totally exposed in the disassembled inter-
mediates. Nevertheless, the surface antigen signals were noticeably 
reduced with the amount of added NP-40 (Fig. 4C), which is con-
sistent with an earlier finding (38).

Fig. 3. Isolation of HBV SVP and analysis by Cryo-EM and 3D image processing. (A) Western blot of fractions probed for HBV surface proteins. HBV-infected human 
serum was fractionated on isopycnic CsCl density gradients. Selected fractions (F11 to F23) were resolved by NAGE and analyzed by immunoblotting using the pAb 
against HBsAg (ViroStat). (B) Negative-stain images of selected fractions from CsCl gradient. Scale bar, 50 nm. (C) Cyro-EM micrograph of purified HBV SVP from F16. Small 
and large spherical particles are indicated by a red arrow or an empty triangle, respectively. Tubular SVP is indicated by red solid triangle. (D) 2D class averages of HBV 
small spherical SVP. The particle diameter is around 23 nm. (E) Cryo-EM 3D reconstruction of HBV small spherical SVP at 6.3 Å. The map was contoured at ~3.0 . Front half 
(left) and bottom half (right) of radially colored surface representations were viewed at fourfold axis. The asymmetric unit is encompassed by three symbols. Twofold, 
threefold, and fourfold axes were indicated by oval, triangle, and square, respectively. Red number indicated the particle inner core diameter. (F) Fitting of S-HBs dimer. 
The segmented cryo-EM map is shown as transparent surface. Two subunits and helices 1 to 4 are indicated. Inset shows the residues position of helices in subunit A.
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In contrast to HBV, some WHV SVPs maintained the particle 
integrity even under 1% NP-40 treatment (Fig. 4C, bottom), suggest-
ing qualitatively that the amount of lipid content was higher in the 
WHV SVPs or that the lipid was more difficult to be extracted. We 
attempted to reconstruct WHV SVP treated with 0.1% NP-40 using 
cryo-EM; however, the resolution was limited to 9.7 Å. The low par-
ticle number and the possible partially defected surface organiza-
tion could account for the reduction of the final resolution (Fig. 4D). 

Discernable differences on the helical region were observed. First, 
weaker densities appeared at H1, H2, and H4 helices (Fig. 4E). The 
weaker densities suggest that parts of the helical domain at these 
regions (H1, amino acids 3 to 21; H2, amino acids 80 to 93; and H4, 
amino acids 209 to 222) correspond to a transiently occupied con-
formation. Second, the helices at the threefold axis (A subunit: H3 
and H4) have less lipid content compared to the equivalent helices 
at the fourfold axis (B subunit: H3 and H4). Once these lipids were 

Fig. 4. Effects of lipids on the maintenance of the WHV and HBV SVP integrity. Location of lipid density in the WHV (A) and HBV (B) SVPs. Superimposing side (left) 
and top (right) views of S protein dimer (colored by local hydrophobicity) with segmented cryo-EM density map of dimers (purple, excluding AGL region) showed that 
the WHV SVP contains more lipid density. (C) Effects of lipid removal on WHV and HBV SVP stability. The dialyzed SVP-containing CsCl F16 from WHV and HBV, without 
any further treatment (untreated) or treated with increasing concentrations of NP-40 (0.1, 0.5, and 1%) for 30 min at room temperature, before further analysis. The samples 
were resolved by 1% NAGE and immunoblotting by the pAb against HBsAg (ViroStat). The samples were visualized by negative-stain EM. Scale bar, 50 nm. Intact particles 
are indicated by red arrows. (D) Cryo-EM 3D reconstruction of the WHV small spherical SVP under 0.1% NP-40 treatment. The 9.7-Å cryo-EM density map was radially 
colored and viewed at twofold axis. The asymmetric unit is encompassed by three symbols. Octahedral symmetry axes are indicated with red symbols: twofold (oval), 
threefold (triangle), and fourfold (square). The 3D reconstruction was contoured at the level where the electron density covers the atomic structure. (E) Segmented cryo-EM 
density map of S-WH dimer was flexibly fitted with atomic structure.
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removed, the helical domains became more flexible (39). Together, 
our results indicated that lipids play an important role in stabilizing 
the structure of SVPs.

DISCUSSION
For many years, the reported structures of HBV spherical SVP were 
substantially conflicting (14–17). None of the 3D reconstructions 
have shown clear density of the helices, although it has been long 
proposed on the basis of sequence, mutational, and biophysical analy-
sis (Fig. 1). The lack of high-resolution structure has hampered our 
understanding of the spatial organization of the surface antigen and 
the SVPs. In this study, we used cryo-EM single-particle analysis to 
examine WHV and HBV spherical SVPs isolated from the serum 
samples from infected woodchucks and patients, respectively. To our 
knowledge, these are the first 3D models of spherical SVPs resolved to 
subnanometer resolution (Figs. 2E and 3E). Our cryo-EM structures 
showed that both SVPs were organized into rhombicuboctahedral- 
like particles with approximately 23-nm diameter. Each particle 
contains 24 asymmetric S surface protein dimers assembled with 
discrete lipid patches, which is different from the canonical lipid 
bilayer organization. To understand the mechanism of particle for-
mation, we further used cryo-EM density map to model the predicted 
structures from AlphaFold2 and obtained the first reliable atomic 
structures for both WHV and HBV S proteins (Figs. 2F and 3F).

S dimerization is the building block of small spherical SVP 
for both WHV and HBV
Previous studies postulated the presence of S protein dimerization 
through molecular modeling (14) and mutagenesis (9, 31, 32, 40, 41), 
yet controversial results were also reported on the basis of fluores-
cence correlation spectroscopy, AFM, and cryo-EM (16, 18, 42). Our 
cryo-EM 3D reconstruction and segmentation provided direct 
visualizing evidence for identifying the oligomerization state of 
S protein in the SVPs (Figs. 2F and 3F and fig. S3B). Using asym-
metric reconstruction, we have revealed that the SVPs arranged 
into a rhombicuboctahedron-like surface lattice with 24 protruding 
spikes (fig. S2). Similar symmetrical architecture exists in the COPII 
(coat protein complex II)–coated vesicular transportation machinery 
at the endoplasmic reticulum (ER) (43). Whether the SVPs utilize 
COPII vesicles for trafficking to the ER-Golgi intermediate com-
partment needs further investigation (44). By imposing octahedral 
symmetry, we were able to increase the final resolution and identi-
fied that each spike is composed of an asymmetric S protein dimer. 
Therefore, a total of 48 S proteins were found in the spherical SVP.  
Our result is markedly different to the number of 70 to 100 copies 
of S protein per particle reported earlier (14, 16, 18, 41, 42, 45). This 
discrepancy can be explained by different level of heterogeneity in 
the SVP samples. We have observed a wide range of particle sizes 
(Figs. 2D and 3D and fig. S1). The particles with larger diameter 
have noticeable defects at the surface (fig. S1) and were excluded 
from the image analysis. Likewise, the tubular SVPs, which have 
more surface proteins, were also excluded. These particles could 
contribute to the calculations of the S protein number in these 
earlier studies.

Combining cryo-EM density map and predicted AlphaFold2 
structure, we identified that H1/H4, H2/H2, AGL, and CYL were 
involved in the S protein dimerization contact. Mutagenesis analysis 
on S-HBs showed the replacement of residues Phe158, Trp165, and 

other residues involved in the hydrophobic surface of the amphipathic 
helix (amino acids 156 to 169 in H3), as well as Arg79 and part of the 
H2 (amino acids 80 to 98) significantly reduced SVP secretion 
(10, 31, 32), which were also found to be involved in multiple protein 
interactions at intrasubunit (monomer) or intersubunit (dimer) 
(fig. S7). Moreover, our structure confirmed the unique epitope 
sequence (amino acids 178 to 186) recognized by anti-HBsAg mono-
clonal antibody (Mab) 4-7B is surface exposed at H3 (46). Consistent 
with our 3D model, mutational analysis at amino acids 8 to 22 (H1), 
deletion of amino acids 24 to 28 (H1), and deletion of amino acids 
178 to 226 (H3 and H4) still allowed SVP formations, suggesting 
that these regions are not essential for S protein oligomerization 
(31). Despite that AlphaFold2 predicted models with high precision 
for the four helical domains, including a horizontal H3 helix laid 
parallelly on the particle surface, the results for nonsecondary struc-
tural regions need to be viewed with great caution (figs. S3, S4, and 
S7 and table S1). Among all predicted models, the spatial organi-
zation for the loop regions was highly divergent and the angles for 
the preceding and following helices were different. In WHV and HBV, 
the orientation of the S protein dimer residing within the particles 
was different (figs. S4 and S5). We speculate that this difference 
originates from the distinct protein folding in the AGL region. Al-
though the protein sequence at AGL is variable (Fig. 1B), the eight 
cysteine residues in this region are highly conserved and directly 
involved in disulfide bridge formation and/or particle secretion 
(9, 47). It is possible that the disulfide isomerase at the ER catalyzes 
a different level of intra- and intermolecular disulfide bond for-
mation between human and woodchuck surface proteins, which al-
lows proteins to fold differently and supports the rotation of the 
S dimer observed here (Figs. 2E and 3E and fig. S5). Our cryo-EM 
density maps do not have a resolution high enough to allow di-
rectly modeling the loop region, which needs to be clarified in fur-
ther research.

Noncanonical membrane organization of WHV and  
HBV spherical SVPs
We did not observe a typical lipid bilayer structure in both WHV 
and HBV spherical SVPs (Figs. 2 and 3 and fig. S6). Although 2D 
class averages and 3D reconstruction vaguely showed two layers of 
density, our cryo-EM analysis revealed that the outer layer density 
was composed of H3 laid parallelly to the plane of the particle sur-
face together with discrete lipid patches that were located between 
different helices. The inner-layer density, which originally faced the 
cytosolic side when inserted at the ER membrane, was formed by 
the C-terminal region of H1, CYL, and the N-terminal region of H2 
to give rise to a highly curved hydrophilic surface (Figs. 2 and 3and 
fig. S8). The tubular-shaped helical domain has much higher density 
than the mass of lipid moiety, which makes it more apparent when 
contoured at the higher density threshold (fig. S3B).

The orientation of the surface antigens in the spherical SVP al-
lowed the innermost and outermost surface to be hydrophilic and 
enclosed the hydrophobic helices in the middle (fig. S8). This spatial 
arrangement and the protein-protein interaction make SVPs quite 
different from low-density lipoproteins (LDLs). Unlike LDLs, 
spherical SVPs have a higher protein-to-lipid ratio (table S3) and an 
ordered inner core (fig. S2) (23, 42). The exposed hydrophobic areas 
were covered by the lipid patches (Fig. 4, A and B, and fig. S6), pre-
sumably to stabilize the particles. We have found that removing 
the lipid content by NP-40 destabilized the particles (Fig. 4C) and 
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unwound part of the helix domains (Fig. 4, D and E). Furthermore, 
electron spin resonance, AFM, and time-resolved fluorescence spec-
troscopy experiments suggest that the lipid molecules are in tight 
association with the S protein, resulting in an immobilized state 
(14, 22, 41, 42), different from the fluid mosaic lipid molecules in 
the traditional bilayer conformation. On the basis of the protein 
arrangements and the noncanonical lipid patches revealed in both 
WHV and HBV SVPs, our results indicate that spherical SVPs are 
lipid-stabilized “protein-like” particles (Figs. 2E and 3E).

The morphogenesis of spherical SVPs starts with S protein trans-
location at the ER membrane, dimer formation, transport to the 
ER-Golgi intermediate compartment, and oligomerization into 
particles (4, 32, 48). A perplexing and unanswered question is how 
the particle formation sheds the inner lipid layer. Although the 
detailed mechanism remains to be further elucidated, we can offer 
some possible explanations. Because of the lateral interaction be-
tween individual S protein dimers, the membrane curvature brings 
the CYL regions closely together and displaces the cytosolic lipids 
(21, 22). Our cryo-EM results also support this hypothesis. The 
spherical SVPs have an inner core of ~7.0 nm in diameter (181 nm3 
in volume), which can roughly accommodate all CYL regions from 
48 subunits (180 nm3 in volume), leaving almost no space left for 
the lipid membrane.

Docking the atomic models into cryo-EM density maps, we found 
that WHV spherical SVPs contain more lipid (~25% v/v) than HBV 
spherical SVPs (~20% v/v; table S3). Detergent-based lipid removal 
also showed that WHV spherical SVPs have a higher resistance 
to NP-40 treatment (fig. S4). Because lipid and protein interactions 
play an important role in functional and structural integrity of the 
S protein (41, 49), removal of lipids breaks the lipid-protein interface, 
decreases the helical content, reduces the antigenic activity of the 
particles, and affects the assembly of SVPs (13, 38). In WHV, 
the intrasubunit and intersubunit interactions of the S protein are 
stronger than in HBV (fig. S7 and table S1). The total hydrophobic 
interaction between S protein dimers at different symmetrical axes 
is also higher in WHV than in HBV spherical SVPs (table S2). 
Together, our results revealed that the WHV spherical SVP is more 
stable than its HBV counterpart.

Conformational flexibility of spherical SVP
The resolution of our cyro-EM 3D reconstruction was limited to 6.5 
and 6.3 Å for WHV and HBV, respectively. There are several potential 
reasons that hampered the overall resolution achieved here, and it is 
likely that more than one is a contributing factor. First, the two flexible 
loop regions CYL and AGL could affect the estimated resolution. 
The cryo-EM structure at the AGL region had the weakest density 
(fig. S3B) and had the lowest local resolution (fig. S2, D and E). 
Likewise, AlphaFold2 also predicted different structures with various 
secondary structural elements for the AGL and CYL regions at very 
low confidence score. Because of the poorly resolved density, we 
could not confidently model structures for these two loop regions 
into the cryo-EM density (fig. S3C). In addition, it is possible the 
asymmetry of each spike correlated with only half of the AGLs in the 
SVP was found to be N-glycosylated; yet the distribution and compo-
sition of the N-glycans on the particle remain to be determined (6, 7).

Second, the M protein also participates in the assembly of spher-
ical SVP, albeit at a lesser amount than S protein (50, 51). The addi-
tional residues of the PreS2 domain at its N terminus were found to 
be exposed at the particle surface (52) and may sterically hinder the 

neighboring subunits. If there were only a few M proteins randomly 
incorporated in the particle, then their densities would be averaged 
out by the applied octahedral symmetry during our data processing. 
It is intriguing to think that the particles with smear surface, as seen 
in fig. S1, were the result of several M proteins accumulated locally 
that interrupted the particle lattice. Last, the nonuniform lipid density 
on the SVP also affected the resolution estimation (fig. S2D). Lipid, 
whose density is less well defined compared to the helices, is im-
portant to stabilize the SVP structures. Although lipid molecules 
were tightly associated with the S protein (21, 22), they also have a 
low local resolution (fig. S2), probably because of their variation in 
fatty acid compositions and orientation related to the hydrophobic 
surface. Together, the conformational flexibility and compositional 
heterogeneity of the surface proteins and lipids could prevent the 
determination of high-resolution structures.

In summary, we have solved the highest resolution of spherical 
SVP for both WHV and HBV to subnanometer resolution using 
cryo-EM to date. In combination with predictions from AlphaFold2, 
we have presented the detailed atomic structure of small surface 
antigens for WHV and HBV. We have described the structure and 
assembly mechanisms of the spherical SVP, which are composed of 
24 dimers of small surface antigens. As the nanoparticle is a poten-
tially effective platform for modern vaccine design (53), improve-
ments in our understanding of these mechanisms might facilitate the 
design of new antiviral strategies in the future.

MATERIALS AND METHODS
Purification and identification of SVPs
Infection of woodchucks with the WHV7 has been described, and 
serum samples from a woodchuck with chronic WHV infection were 
used (54). Serum of HBsAg-positive patients infected with HBV GtE 
was obtained from BioCollections Worldwide Inc. (Miami, FL).

Serum sample containing SVPs was fractionated by CsCl gradient 
ultracentrifugation as described previously (55). Briefly, 1 ml of serum 
was subjected to CsCl [0.25 g/ml in 10 mM tris-HCl (pH 8.0), 1 mM 
EDTA (pH 8.0), and 100 mM NaCl] at 50,000g for 96 hours at 4°C.  
The purified fractions or serum samples were resolved on a 1% NAGE.  
After transferring the viral particles to a nitrocellulose membrane, 
SVPs were detected by a polyclonal rabbit anti-HB antibody 
(ViroStat), which cross-react with WHs (56). The refractive index 
of fractions was measured with a spectronic refractometer (Thermo 
Fisher Scientific, 334610).

All SVP fractions were negatively stained with 2% uranyl acetate 
on continuous carbon grids and examined by a JEOL 2100 (Lab6) 
transmission microscope operating at 200 kV. Selected samples were 
dialyzed against TNE buffer [10 mM tris-HCl (pH 8.0), 100 mM NaCl, 
and 1 mM EDTA (pH 8.0)] for future use.

Sequence alignment and helix prediction
Protein sequence alignments between WHV7 and HBV GtE were 
performed using Clustal Omega. The NCBI database accession 
numbers for WHV7 and HBV GtE surface protein are M18752.1 
and KU702884.1, respectively. The transmembrane helix was iden-
tified using the TMHMM server (57).

Negative-stain TEM
Samples were applied on a glow-discharged grid coated with con-
tinuous carbon film and stained with 2% (w/v) uranyl acetate. Images 
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were acquired using JEM-2100 equipped with Gatan UltraScan 4000. 
The particle number varied in different regions on the grid.

Cryo–electron microscopy
Grid preparation and data collection followed the standard protocol. 
Briefly, selected SVP fraction (F16) was dialyzed against TNE buffer 
[10 mM tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM EDTA (pH 8.0)] 
twice at 4°C to remove cesium salts using Slide-A-Lyzer mini dialysis 
devices [20 kDa, molecular weight cutoff (MWCO); Thermo Fisher 
Scientific]. Approximately 4 l of dialyzed SVP fraction was applied 
to either ultrathin continuous or Quantifoil R 2/2 holey carbon film 
coating grids that were glow discharged before use to improve surface 
hydrophilicity. The grids were then vitrified using Thermo Fisher 
Scientific Vitrobot (Mark IV; blotting force, 0; blotting time, 4 s; 
wait time, 15 s) at 18°C under 100% humidity. The cryo-EM micro-
graphs were taken on a Thermo Fisher Scientific Titan Krios operating 
at 300 kV by EPU software under superresolution and counting 
modes with nominal defocus range from −1.0 to −3.0 m (table S4). 
Low-dose (~30 e−/Å2) images at a magnification of ×64,000 (0.678 Å 
per pixel) for HBV SVPs and of ×105,000 (0.84 Å per pixel) for 
WHV SVPs were collected on Gatan BioContinuum using an energy 
slit of 30 eV (table S4).

Image processing and 3D reconstruction
Dose-weighted motion correction was done with MotionCor2, and 
contrast transfer function parameters were estimated using ctffind4 
in RELION (v3.1) software (27).

The same data process scheme was applied to the datasets of 
both WHV and HBV SVPs. In general, particles were semimanually 
picked and subjected to reference-free 2D classification using 
RELION (27). After building an initial model for each dataset using 
C1 symmetry, low-resolution 3D models were obtained and further 
used as reference templates for automated particle picking from all 
micrographs in RELION. Multiple times of reference-free 2D clas-
sification were performed to discard classes with blurred and ice- 
contaminated density. The model applied for particle picking was 
also used for initial 3D classification and 3D refinement using C1 
symmetry. Data processing started with downscaled pixel size at 
bin = 8 and gradually moved up to bin = 2. After defining the sym-
metry, cryo-EM density maps were subsequently refined using their 
C1 models aligned to octahedral symmetry from the 3D classifica-
tion results. The refinement process was continued until no further 
improvement occurred, which was followed by a postprocessing 
step using B-factor sharpening. A total number of 34,520 particles 
were used in the final 3D reconstruction at a resolution of 6.5 Å for 
WHV SVP, and 36,166 particles were used to build the final 3D re-
constructions at a resolution of 6.3 Å for HBV SVP. The resolution 
of the map is determined by Fourier shell correlation criteria at 
0.143 cutoff (fig. S2C).

Visualization is done in UCSF ChimeraX (v1.3) with “hide dust” 
function (4.3 for WHV and 6.8 for HBV) to remove some noise when 
composing figures (58). All protein subunit densities were segmented 
from DeepEMhancer (59) postprocessing maps using ChimeraX.  
Local resolution was estimated within Relion. We used the average 
protein density of 1.3 g/cm3 for volume calculation.

Protein structure predictions and atomic model buildup
At the current resolution, the information is insufficient to build a 
reliable atomic model directly from the density; however, the helices 

can already be identified (fig. S3B). AlphaFold2 was used to predict 
small surface protein structures using Google Colab notebook 
AlphaFold2_advanced.ipynb (33). No template information was 
used for structure modeling. Fast method from ColabFold was 
applied for multiple sequence alignment. For all targets, five models 
were generated. All of them had high confidence scores for helical 
regions but relative low confidence scores for loops. Despite the 
length and conformation of the helices from different models were 
virtually identical, the loops that connected between helices were 
orientated differently (fig. S4, A and B).

The predicted atomic models of the S surface protein were docked 
into the segmented cryo-EM density map as one rigid body using 
ChimeraX to find the best fitting model. Flexible model fitting was 
performed using ISOLDE (34), accessed through ChimeraX (58). 
Additional real-space refinement was performed using Coot (35). 
The side-chain orientation movement and the atom locations were 
refined locally according to the published data on the protein-protein 
interactions and used the weighted sum of the electron-density values 
over the atomic centers. Ramachandran plot, bond geometry, rota-
mers, and clashes were also optimized to obtain the final 3D models.

The optimized model was used to construct a dimer model ac-
cording to the segmented dimer density using flexible fitting steps 
as described above. Side-chain clashes and Ramachandran were de-
tected using MOLPROBITY (60). The dimer model was then rigid 
body fitted into the complete DeepEMhancer postprocessing map 
using the “Fit in Map” function in ChimeraX. Full particle model 
was then generated using octahedral symmetry operation.

Contact and interaction analysis between subunits was performed 
in ChimeraX. Lipid density calculation was performed by subtracting 
low-pass–filtered WHV and HBV SVP atomic structures (using 
molmap to generate maps at 6.5 and 6.3 Å, respectively) from the 
cryo-EM maps. CYL and AGL loop regions were excluded in the 
calculation. Buried surface area of hydrophobic residues (Ala, Val, 
Ile, Leu, Met, Phe, Tyr, and Trp) and surface hydrophobicity render-
ing were done in ChimeraX.

Removal of lipid from the SVP surface
The dialyzed CsCl fractions rich in SVPs from both HBV and WHV 
were incubated with NP-40 at room temperature for 30 min. The 
NP-40 was added before the start of incubation at a final concentra-
tion of 0, 0.1, 0.5, and 1%. The mixture was checked by NAGE and 
negative stain as previously described above. Cryo-EM analysis of 
0.1% NP-40–treated WHV spherical SVPs was performed following 
the same procedure described above (table S4).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4184

View/request a protocol for this paper from Bio-protocol.
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