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Hepatitis E virus (HEV) induces acute hepatitis in humans
with a high fatality rate in pregnant women. There is a need for
anti-HEV research to understand the assembly process of HEV
native capsid. Here, we produced a large virion-sized and a small
T=1 capsid by expressing the HEV capsid protein in insect cells
with and without the N-terminal 111 residues, respectively, for
comparative structural analysis. The virion-sized capsid dem-
onstrates a T=3 icosahedral lattice and contains RNA fragment
in contrast to the RNA-free T=1 capsid. However, both capsids
shared common decameric organization. The in vitro assembly
further demonstrated that HEV capsid protein had the intrinsic
ability to form decameric intermediate. Our data suggest that
RNA binding is the extrinsic factor essential for the assembly of
HEV native capsids.

Hepatitis E virus (HEV),” the causative agent of acute hepa-
titis in humans, is primarily transmitted through contaminated
water and generally results in epidemic outbreaks in many
developing countries. Sporadic cases have also been reported
between outbreaks in HEV-endemic regions as well as in non-
endemic areas, and these cases are transmitted through zoo-
notic route. The overall mortality rates of HEV during out-
breaks range from 1 to 15% in general, and the highest mortality
occurs in pregnant women, with fatality rates of up to 30% (1).
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HEYV consists of a non-enveloped icosahedral capsid and a
single-stranded, positive-strand RNA genome of ~7.2 kb that
encodes three open reading frames (ORFs) (2). The capsid pro-
tein, encoded by the ORF2, is composed of 660 amino acids and
responsible for most capsid-related functions, such as virion
assembly, host interaction, and immunogenicity. Like other
hepatitis viruses, HEV is unable to propagate in currently avail-
able cell culture systems, and the research of HEV relies largely
on the recombinant HEV capsid proteins (3—6). Virus-like par-
ticle (VLP) was obtained when the truncated HEV capsid pro-
tein was expressed in insect Tn5 cells with deletion of 52 resi-
dues from the C terminus and 111 residues from the N
terminus (PORF2) (7). Our previous structural analysis of this
HEV-VLP by cryo-electron microscopy (cryo-EM) provided a
basic understanding of the quaternary arrangement of PORF2,
where the reconstructed VLP displayed a 7= I icosahedral par-
ticle composed of 60 copies of PORF2 (8). The essential element
of PORF2 protein for 7=1 VLP assembly includes amino acids
125-600 (9). Recently, the structural information was further
refined by the crystal structures of genotype-3 T=1 VLP (10)
and genotype-4 T=1 VLP (11), which revealed the tertiary
structure of PORF2 to the level of amino acids. However, the
T=1 VLPs used in these experiments were much smaller than
that of the native virion, which has a diameter of 320 -340 A, as
determined by immuno-EM (12). There is still a need to inves-
tigate the assembly pathway of HEV capsid.

HEV virion is hypothesized to be made of 180 copies of the
capsid protein (8, 11). To test this hypothesis, we screened for
HEV genotype expression and successfully produced a virion-
sized VLP from the HEV genotype-3 ORF2 protein after delet-
ing 52 residues from the C terminus. This VLP allowed us to
investigate the molecular interactions that govern HEV virion
assembly.

EXPERIMENTAL PROCEDURES

Production of HEV-VLPs and in Vitro Disassembly and Reas-
sembly—HEV-VLPs were produced and purified according to
the protocol described previously (7, 13). Briefly, the re-
combinant baculovirus Ac(G3n130RF2), which harbored the
genome of the N-terminal 13 amino-acid-deleted genotype-3
HEV ORF2, was infected into Tn5 cells with recombinant bacu-
lovirus at a multiplicity of infection of 10. The recombinant
baculovirus-infected Tn5 cells were harvested at 7 days after
infection. The medium and cells were separated by centrifuga-
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tion at 3,000 rpm for 15 min at 4 °C. The cells were treated with
adenaturation buffer containing 50 mm sodium borate, 150 mm
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 5%
2-mercaptoethanol and gently rocked at room temperature for
2 h. The lysate was diluted with EX-CELL 405, and centrifuged
at 32,000 rpm for 3 h in a Beckman SW32Tirotor, and the pellet
was resuspended in EX-CELL 405. The VLP was purified by
multiple ultracentrifugations followed by separation on a CsCl
density gradient. The final pellet was resuspended in 10 mm
potassium MES buffer, pH 6.2. A homemade dialysis device was
used in the disassembly and reassembly experiments because it
allowed dialysis with a small amount of sample (20-40 ul).
Purified VLP was disrupted by dialysis against buffer containing
EDTA (10 mm) and DTT (20 mm) at different pHs. After VLP
dissociation, 150 mm NaCl in Tris-HCI buffer (pH 7.5) was
added, and sample was examined under the electron micro-
scope after a 1-h incubation in the presence of the divalent ion
Ca* (20 mm).

Scanning Transmission Electron Microscopy Analysis of HEV-
VLPs—Scanning TEM (STEM) was performed at the Brook-
haven National Laboratory STEM facility, with tobacco mosaic
virus (TMV) as an internal control. The mixture of VLP and
TMYV was quickly frozen in liquid nitrogen and then main-
tained at —150 °C during data collection to eliminate contam-
ination and reduce mass loss. The specimen was scanned by a
40-keV electron beam of 0.25 nm in size, and images were col-
lected with a preamp gain of 10 for both large and small angle
detectors (14). The image was recorded with a pixel size of 10 A
and was analyzed with the PCMass29 program. After normal-
izing the background, the mass of the VLPs was selected with
the murine sarcoma virus (MSV) shell model provided by the
program. Mass measurements for TMV and HEV-VLPs were
always performed from the same image. The HEV-VLP mass
was measured in MDa (mass per particle), and the TMV mass
was measured in KDa/A (mass per unit length) (15).

Cryo-electron Microscopic Structure Determination of HEV
T=3 VLP—The collection of cryo-EM data for image recon-
struction was performed on a JEOL JEM-2100F TEM operating
at 200 kV according to the procedure described in detail previ-
ously (8). Briefly, a 3-ul solution containing VLP or reassem-
bled ORF2 complex was placed on holey carbon film-coated
copper grids and then quickly plunged into liquid ethane after
the removal of excess solution. The VLPs were embedded into a
thin layer of vitrified ice and transferred into the EM using a
Gatan 626 cryo-transferring system. The specimen was ob-
served under 50,000 X magnification, and the area of interest
was recorded on a TVIPS CCD camera (TemCam-F415). The
micrographs were recorded with a pixel size of 2.0 A at a spec-
imen space and defocus level of 0.7-3.5 A (supplemental Fig.
1A). Digital images with no stigmatism or drift were selected for
later image processing. Images of individual HEV T=3 VLPs
were then boxed out and processed with an established soft-
ware package for icosahedral particles (16, 17). In total, 7,720
individual images were included in the process, and their defo-
cus levels were distributed mainly within 1.0-2.5 A.

To correct contrast transfer function effect, we applied phase
flipping on each image with an in-house program. The density
maps were initially reconstructed by combining 1,812 individ-
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ual images to an effective resolution of 14 A. Next, amplitude
correction was applied during map reconstruction while new
data were added. The final density map was reconstructed by
combining images of 4,348 individual particles, and the final
resolution was assessed as 10.6 A by Fourier shell correlation
with a cutoff of 0.5 (supplemental Fig. 18).

Docking of the T=1 crystal structure into the 7=3 cryo-EM
density map was first done manually with the program O (18)
and then refined with the Situs software package (19). The
PORF2 monomer was treated as a rigid body during the initial
fitting and refinement processes.

X-ray Crystallographic Structure Determination of T=1 HEV-
VLP—Crystallization of the VLPs was performed according toa
previously described method (20). Crystals were directly flash-
frozen in liquid nitrogen, and x-ray diffraction experiments
were performed. All x-ray experiments of the HEV-VLP crys-
tals were performed at SPring-8 in Hyogo, Japan. Particle ori-
entation in the unit cell was determined with a self-rotation
function (21), and the particle position was determined by a
translation search with the cryo-EM structure as the model.
The asymmetric crystal unit contains one particle; as a re-
sult, 60-fold non-crystallographic symmetry averaging was
enforced. The cryo-EM structure (8) was used to obtain the
initial phases of Data I (supplemental Table 1) and generated
the envelope (mask) used for non-crystallographic symmetry
averaging. The phases were refined by real space electron density
averaging with icosahedral symmetry elements and solvent flat-
tening. The resolution was gradually extended to 8.3 A (R-factor =
0.21, correlation coefficient = 0.92). This structure was used for
the phasing of Data II (supplemental Table 1), and the phases were
refined and extended to a 3.8 A resolution (the overall R-factorand
correlation coefficient were 0.18 and 0.97, respectively). The elec-
tron density map revealed a clear main chain structure. Thus, we
built an atomic model into this electron density map using the
program O (18) without difficulty.

Sixty icosahedrally related S-subunits were treated as identi-
cal, and strict non-crystallographic symmetry constraints were
applied during refinement. The data with the resolution range
of 20-3.8 A were included in the refinement (supplemental
Table 1 and supplemental Fig. 2) using the CNS program (22).
The subunit position and orientation were again clarified by rigid
body refinement (R-factor of 0.391 (R,.. = 0.395)). After the first
cycle of simulated annealing refinement, positional and B-factor
refinement followed, and the model was enhanced to an R-factor
of 0.261 (R;,.. = 0.264). Further positional and B-factor refine-
ment, followed by manual revision of the model, resulted in an
R-factor of 0.242 (R;,.. = 0.245) with reasonable stereochemistry
(root mean square deviations in bond lengths and bond
angles were 0.010 A and 1.68°, respectively). Because of the
high non-crystallographic symmetry, the R-factor and R,
factor were almost identical. After refinement, the stereo-
chemistry of the structure was checked with Procheck (23).
98.1% of the non-glycine residues were within the most
favored and the additional allowed regions of the Ramachan-
dran plot, and none of the residues were in the additional
regions. Atomic structure representations were generated
using MolScript (24) and Raster3D (25).
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Assembly of HEV T=3 Virion-sized Particle

For detection of HEV RNA in
VLPs, the extracted RNAs from
VLPs were mixed with sample
buffer (final concentration: 2%
formaldehyde, 50% formamide in
MOPS buffer containing 20 mm
MOPS, 5 mMm sodium acetate, and 1
mm EDTA (pH 7.0), Sigma-Aldrich,
Tokyo, Japan). The solution was
denatured at 65 °C for 10 min and
cooled immediately in ice-cold
water and then mixed with 6X load-
ing buffer (80% formamide, 0.25%
bromphenol blue, 0.25% xylene cya-
nol, 6 mm EDTA, Sigma-Aldrich).
After separation on the formalde-
hyde-denatured agarose gel (18%
formaldehyde, 1% agarose, Sigma-
Aldrich) in 1X MOPS buftfer, the gel
was washed twice for 15 min with
20X SSC (3 m NaCl, 0.3 M trisodium
citrate dehydrate (pH 7.0), Roche
Applied Science, Tokyo, Japan) and
transferred onto a Hybond N
membrane filter (GE Healthcare,
Tokyo, Japan) by the capillary
method. RNAs were fixed on the
membrane by irradiation with UV

b Mass (m/z) light (Stratalinker UV crosslinker,

0
49988.0 70091.4 90194.8 110288.2

D
, Mass of HEV VLP (D)

12.5

130401.6

150505.0 Stratagene, Tokyo, Japan) and dried
in the air. RNAs on the membrane
were hybridized with DIG-labeled
probe. DIG-labeled RNAs were
detected by using a DIG Northern
starter kit (Roche Applied Science)
according to the manufacturer’s
protocol and visualized by the LAS-
3000 imaging analyzer, Fujifilm,
Tokyo, Japan). The purified tem-
plate DNA for the probe RNA was

the large HEV-VLP was calculated as 11.8 MDa (asterisk). MD, megadalton.

Nucleic Acid Extraction and Characterization—100 pg of
purified large and small VLPs were treated with DNase I (final
concentration; 0.01 mg/ml) (Sigma) and RNase A (final concen-
tration; 0.5 pwg/ml) at 37 °C for 1 h and then followed by centri-
fugation at 50,000 rpm for 2 h at 4 °C in a Beckman TLA55Ti
rotor. After removal of the supernatant, the pellets were resus-
pended in 200 pl of PBS minus buffer. The nucleic acids were
extracted with RNAzol-LS reagent (Tel-test, Inc., Friendswood,
TX) and analyzed on 1% agarose gels.

BEHE
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FIGURE 1. The large HEV-VLP is composed of 180 copies of ORF2 protein. A, STEM micrograph of HEV-VLPs.
Both large and small T=1 HEV-VLPs are projected as spherical images, and their corresponding particle mass
was calculated. The long straight rod is TMV, which was added as an internal mass standard. (Bar = 1,000 A.)
B, the large HEV-VLP appeared as an intact particle decorated with a dot-like pattern on the surface on cryo-EM
of the large HEV-VLP. (Bar = 500 A.) C, mass spectrum of the large HEV-VLP showing that the molecular mass of
the ORF2 protein is 65.5 kDa. D, plot showing the observed mass/length of TMV against the observed mass of
the large HEV-VLP from different image conditions. For a known TMV mass/length of 13.1 kDa/A, the mass of

17 prepared by digesting the plasmid
carrying 584-base cDNA of HEV
ORF2 (5,903-6,486 nucleotides)
under the T7 promoter with
BamHI. The probe RNA was pre-
pared using the DIG Northern
starter kit according to the manu-
facturer’s manual (incorporation of
DIG-UTP during RNA transcrip-
tion). The norovirus-like particles that were produced by the
recombinant baculovirus were used as a control, and the same
procedure was used with the HEV-VLPs.

RESULTS

STEM—The virion-sized HEV-VLP was recovered when the
genotype-3 ORF2 sequence was expressed in insect cells. This
VLP projected as a spherical image with a diameter of ~40 nm,
larger than the 7=1 VLP (27 nm in diameter) (Fig. 1A4). In
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FIGURE 2. Three-dimensional structure of HEV T=3 VLP. A, overall structure of the large HEV-VLP reveals the
T=3icosahedral lattice of the ORF2 proteins. One icosahedral facet is defined as the triangular area within the
three adjacent five-fold axes. B, there are two unique dimeric ORF2 spikes on the HEV T=3 VLP surface. The A-B
dimer is located around the five-fold axis, and the C-C dimer is located at the two-fold axis. C, HEV T=3 VLP has
aradius of 205 A and contains a low density cavity with a radius of 85 A in the particle center. The distribution
of the cryo-EM density revealed four ORF2 domains, P, M, S, and N, at 50 A from the equatorial section. D, the
crystal structure of the HEV subunit from 7= 1 VLP docks well with the cryo-EM density in the shell region of HEV

T=3VLP, with the N-terminal loop pointing toward the center.

cryo-electron micrographs, the images of HEV-VLP are deco-
rated with spike-like features and are homogeneous in contrast
(Fig. 1B).

To determine the composition of the large HEV-VLP, we
performed mass measurements by using STEM, a technique
that measures the amount of electrons scattered from the
objects, such as VLPs, on an EM grid. A mixture of purified
large and small HEV-VLPs was freeze-dried onto EM grids for
STEM mass measurement. TMV with a known mass-to-length
ratio was used as an internal standard. The HEV-VLPs
appeared as spherical projections with white contrast on the
dark field STEM images (Fig. 14). White cloud-like objects
were present in the background, which might be the VLPs bro-
ken during sample preservation. The mean mass of large VLP
and TMV in the images was measured to generate a plot of the
mean TMV mass per unit length versus mean VLP mass per
particle (Fig. 1A). A first-order fit was calculated, and the mass
of the large HEV-VLP was determined to be 11.8 MDa (Fig. 1D).
The mass of the genotype-3 ORF2 protein, which was recov-
ered from the large VLP, was measured as 65.5 KDa by mass
spectrometry (Fig. 1C). Therefore, the large HEV-VLP contains
180 copies of ORF2 proteins, suggesting that the large HEV-

33178 JOURNAL OF BIOLOGICAL CHEMISTRY

VLP is a T=3 icosahedral particle
(T=3 VLP). We further performed
element analysis with x-ray photo-
electron spectroscopy. X-ray photo-
electron spectroscopy, also known
as electron spectroscopy for chemi-
cal analysis, determines the chemi-
cal composition of the sample with a
depth of 50-70 nm. Phosphorus
element, as a characteristic element
of nucleic acid, was detected from
the G3-VLP that was applied to the
carbon-coated copper grid
(supplemental Fig. 1C). Although
the signal of phosphorus element is
weak when compared with that of
carbon, the phosphorus peak is not
detectable in the control grid with-
out VLP materials. This result sug-
gests the co-existence of nucleic
acid within the large G3-VLPs.

Three-dimensional Reconstruction
of the HEV Virion-sized Particle—
The cryo-EM structure of the large
HEV-VLP revealed 90 protruding
spikes on a complete icosahedral
shell (Fig. 2A), which is consistent
with the T=3 icosahedral symmetry
and the results of the STEM mass
measurements. The VLP had an
overall diameter of 410 A and a cen-
tral cavity of 170 A in radius as
measured from the three-dimen-
sional density map (Fig. 2C). The
single-layer capsid contained 180
copies of the ORF2 protein, which
were grouped into three unique monomers according to their
geometric environments. Although monomers A and B formed
dimeric spikes (A-B dimers) around each of the five-fold axes,
two two-fold related C monomers formed a spike (C-C dimer)
at each of the icosahedral two-fold axes (Fig. 2B). The surface
lattices of ORF2 proteins in HEV T=3 VLP were similar to the
capsid arrangement of caliciviruses. When compared with the
A-B dimer, the morphology of the HEV C-C dimer was less well
defined, perhaps due to flexibility in the angle of the protruding
domain toward the icosahedral shell.

The density map of the 7=3 VLP displayed four discrete
domains, designated from the outside inward as P, M, S, and
N, on a section 52 A from the equatorial plane (Fig. 2C). The
density profile of the P, M, and S domains displayed less
variation from that observed in T=1 HEV-VLP, and the
docking of the crystal structure of the 7=1 PORF2 protein to
the density map of =3 HEV-VLP showed a very good agree-
ment between the two structures (Fig. 2D). The docking
positioned N-terminal tail of the PORF2 protein at the cap-
sid inner surface aligned well with the density linker in 7=3
VLP (Fig. 2D). The linker density served as a tag to connect
the N domain with the icosahedral capsid, indicating the
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FIGURE 3. The structure of genotype-1PORF2 protein. A, ribbon representations of S, M, and P. The structure
is covered from blue (N terminus of the domain) to red (C terminus of the domain). B, dimer structure of the
capsid protein. One subunit is colored red, and the other subunit is colored according to its domain structure
(blue, S domain; green, M domain; orange, P domain). C, surface areas that buried at the interfaces between two
adjacent subunits are overlapped with a PORF2 hexamer (left) and at the PORF2 dimeric interface (right). One
icosahedral facet is defined as the triangular area within the three adjacent five-fold axes.

location of the N-terminal 111 amino acids of the ORF2
protein in 7=3 HEV-VLP.

Crystal Structure of the Genotype-1 T=1 HEV-VLP—The
crystal structure of the truncated genotype-1 capsid protein
(PORF2, containing residues 112—608) can be separated into
three domains, S, M, and P, with a less resolved region covering
residues 555-560. The S domain formed by residues 118 -317
folds into a classical eight-stranded B-barrel with a jelly roll
motif (Fig. 34), as observed in many 7=3 viral capsid proteins
(26, 27). Uniquely, three additional short «-helixes were
observed in the S domain between strands E and F and strands
G and H. The capsid shell was mainly stabilized by intersubunit
interactions between the S domains. The folded M domain,
consisting of residues 318451, was a twisted antiparallel
B-sheet with an a-helix between the B” and C' strands (Fig. 3A4).
The P domain, composed of residues 452—606, folded into a
B-barrel composed of antiparallel B-sheets, F’A”"Bb” and
Ba"E"D"C" (Fig. 34), and was connected with the M domain
through a long proline-rich hinge (PTPSPAPSRP of residues
452-461) (Fig. 3A4). Although both the M and the P domains
existed above the S domain, the protruding spikes in the HEV
cryo-EM map contain only the P domain density, which is a
clear difference to those caliciviruses (supplemental Fig. 3). The
PORF2 dimers have the largest buried surface area between
monomers (5,900 A?) mainly due to the interface between P
domains (Fig. 3B). The buried surface area is 3,400 and 1,600 A”
for the two adjacent PORF2 subunits around a three-fold axis
and a five-fold axis, respectively (Fig. 3B). Moreover, the buried
surface area of three molecules around a three-fold axis (9,500
A?) is much wider than that around a five-fold axis (4,700 A?).

Sequence alignment of genotype-1 PORF2 with the se-
quences of genotype-3 (10) and genotype-4 (11) revealed that

YASEVB
<121
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the S domain is the most conserved
region among HEV genotypes,
whereas greater divergence was
seen in the N-terminal region
(supplemental Fig. 44). Among the
solved structures, genotype-3 ap-
peared flexible at the N-terminal
end and was 11 amino acids shorter
than the others, whereas the struc-
ture deviation from genotype-1
PORF2 is very small (total root
mean square deviation is 0.62 for
the 472 equivalent amino acids)
(supplemental Fig. 4B). Because
amino acids 118-129 play an
important role in bridging the
N-domain to the S-domain in 7=3
VLP and serve as a docking register,
we used the crystal structure of
genotype-1 to decipher the 7=3
cryo-EM density map.

Consistent Interdimeric Interac-
tions between T=3 and T=1I
HEV-VLPs—To understand the
mechanism of ORF2 protein transi-
tion between 7=1 and 7=3 assem-
blies, we docked the T=1 decamer and hexamer into the 7=3
cryo-EM density map. The decamer of 7=1 VLP consisted of
10 adjacent PORF2 monomers corresponding to five dimers
around a five-fold axis, whereas the 7=1 hexamer corre-
sponded to three adjacent dimers around a three-fold axis.
Unlike the hexamer, the coordinates of the PORF2 decamer
fitted very well with the curvature of the 7=3 density map at the
five-fold vertex (Fig. 44) and with the domain separation (Fig.
4B). The curvature of T=3 capsid at the three-fold axis did not
agree with the coordinates of the PORF2 hexamer as one of the
dimers appeared to be sticking out of the cryo-EM density map
(data not shown). Besides, the orientation of the P domain of
the C-C dimer relative to its M/S domains was 90° different
from that of the A-B dimer (Fig. 5). This suggests that the
molecular interactions among A-B dimers in the 7=3 icosahe-
dron are consistent with the dimer-dimer interactions in the
T=1 icosahedral assembly, whereas the interaction between
the A-B dimer and C-C dimer is unique to the 7=3 assembly.

In Vitro Reassembly of the ORF2 Protein—To understand the
role of ORF2 decamer in T=3 VLP assembly, we analyzed the
self-assembly process of HEV-VLP in vitro. A combination of
chelating (EDTA) and reducing (DTT) agents was found to dis-
assemble 7=3 VLP in a high alkaline environment (pH 10)
without denaturating the ORF2 protein (data not shown). The
addition of 20 mm CaCl, into the disassembly solution led to the
association of the ORF2 dimers into star-shaped complexes,
and no refolded VLP was found (Fig. 4C). When we examined
the star-shaped complexes, we found that the distance between
two opposite vertices was ~18 nm, close to the diameter of
TMV (Fig. 4D). This size was consistent with that measured
from PORF2 decamers. Thus, the star-shaped complexes
resembled not only the appearance but also the size of the ORF2

SIM - SIM 3400 A2

JOURNAL OF BIOLOGICAL CHEMISTRY 33179

— 141 —

LL0Z ‘9 YdJe N U0 ‘NYMYDIVA YMI IHOIN ¥e B10°0g mmm woy pspeojumoq



Assembly of HEV T=3 Virion-sized Particle

TITEE o
E i<<< f:’
v oo @
==
X Xoo (=)=

Kb

FIGURE 4. Structure of ORF2 decamer is consistent in both T=1 and T=3 VLPs. A, the cryo-EM density of HEV
T=3VLPagreeswell with the coordinates of T=1VLP at the region around the five-fold axis. The P, M,S,and N + RNA
mark the corresponding density layer. B, consistent features between the decamer in HEV T=3 and T=1 VLP were
revealed by the crystal structure docking of PORF2 dimers into the cryo-EM density map of HEV T=3 VLP. C, reas-
sembly of the ORF2 protein in vitro led to ORF2 star-shaped complex formation (white arrows). The size of this
complex fits well into that of the ORF2 decamer after calibration with TMV (black arrow) as an internal standard.
D, one ORF2 complex was zoomed in twice and is displayed in comparison with the crystal structure of PORF2
decamer (ribbon drawing). E, nucleic acids were extracted from HEV T= TVLP (lane A) and T=3 VLP (lane B) and
degraded in the presence of RNase A but remained as intact when incubated with DNase I. No nucleic acid
was detected from T=1VLP (lane A). DNA maker (lane M): A-Hindlll + ¢-174 Hincll. F, Northern blotting to detect HEV
RNA. RNA marker (lane M): 0.5-10-kb RNA ladder. RNA extract from large HEV T=3 VLP, small HEV T=1 VLP, and
noravirus VLP was loaded in lane marked with HEV-L-VLP, HEV-S-VLP, and nora-VLP, respectively.

decamer (a pentamer of dimers). Although the overall buried
surface area around the three-fold axis is larger than that
around the five-fold axis, we did not find any complexes that
could fit with the PORF2 hexamer.

The in vitro disassembly and reassembly suggested that other
factors than ORF2 protein contribute to 7=3 VLP assembly.
Considering the electropositivity of the ORF2 N-terminal 111
amino acids, we performed nucleic acid extraction from both
the 7=3 and the 7=1 VLPs. Electrophoresis results demon-
strated the presence of nucleic acids in the 7=3 extract,
whereas the 7=1 VLP extract was negative for nucleic acids
(Fig. 4E). The extracted nucleic acids were sensitive to RNase
treatment and resistant to DNase treatment. To further char-
acterize the nucleic acid, we performed Northern blotting
according to the protocol described under “Experimental Pro-
cedures.” An RNA band about 2 kb in size was detected from large
particles, whereas no band was detected from the small particles
and the control norovirus-like particles (Fig. 4F). This result is con-
sistent with the VLP profiles observed from the cryo-electron
micrographs and further indicated that the 7=3 particles encap-
sulated the HEV gene encoding the ORF2 protein.

DISCUSSION

Hepatitis E virus is a human pathogen that causes acute liver
failure. Like other hepatitis viruses, HEV cannot be propagated

33180 JOURNAL OF BIOLOGICAL CHEMISTRY

with currently available cell culture
techniques. The capsid protein of
genotype-3 HEV can be expressed
in insect cells as PORF2 protein,
including amino acids 112— 608 that
self-assemble into 7=1 VLP, and as
ORF2 protein, including amino
acids 14 — 608 that form T=3 VLP.
The crystal structures of PORF2
revealed three functional domains,
S, M, and P, and the function of each
domain constrained its sequence

F o ; ; flexibility. The S domain formed an
>6 & 3 icosahedral shell that served as the
MSE m base for arranging M and P do-
Zxz x mains; hence, the subunit surface

Kb

should be highly conserved among
genotypes. Sequence alignment
agreed very well with this function,
identifying the S domain as the most
conserved region among HEV gen-
otypes (28). The P domain serves as
the putative binding site for both
neutralizing antibody and cellular
receptor (29) and contains 19 diver-
gent amino acids across four geno-
types (supplemental Fig. 4). Only
nine of these amino acids were
exposed at the surface of the P
domain. Inspection of the binding
footprint of antibodies on the
cryo-EM density map indicated that
only one amino acid was buried
within the antibody-binding interface®. This explains why the
HEV serotype is non-divergent despite sequence variation
among HEV genotypes. The direct correlation between se-
quence variability and domain functionality may be necessary
for the HEV capsid to carry multiple functions and to ensure
error-free assembly. It also explains why the transition of HEV-
VLP from the 7=3 to the 7=1 lattice does not disturb its anti-
genicity and why T=1 VLP can be disassembled and reassem-
bled in vitro to carry foreign antigenic epitopes (30) or DNA
plasmids (31).

The T=3 HEV-VLP has a similar morphology to that of cali-
civirus; however, the crystal structures of PORF2 revealed a
distinctive M domain arrangement, although the folding of the
HEV M domain is similar to the folding of the P1 domain in
caliciviruses (supplemental Fig. 3). In HEV, the P domain is
located at the C-terminal end of the M domain, whereas the P2
domain of caliciviruses is inserted into the P1 domain at the
region between the A’ and B’ strands (32, 33). Furthermore, the
M domain of HEV interacts strongly with the S domain and
connects to the P domain via a long proline-rich hinge, whereas
the P1 domain in caliciviruses is a subdomain of the protrusion
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HEV A-B dimer HEV C-C dimer
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Assembly of HEV T=3 Virion-sized Particle

NV C-C dimer

A-B dimer
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FIGURE 5. The orientation of P domain relative to the M and S domain in the C-C dimer appears different from that in A-B dimer. A, the dimeric
interactions in the HEV A-B dimer, the HEV C/C dimers, and the Norwalk virus C-C dimer are shown in space-filling models as observed from the outside
of the particles. S, M (P1) and P (P2) domains in a subunit are highlighted in dark/light blue, dark/light green, and brown/chocolate, respectively. B, in the
T=3 cryo-EM density map, the orientation of the P domain is shown as the angle between the platform of the spike (yellow circles) relative to the M/S
domains in the C-C dimer (white line passing through the two adjacent three-fold axes) or the M/S domains in the A-B dimer (white line passing through
a five-fold axis and the neighboring three-fold axis). C, the crystal density map showing the position of the proline-rich hinge within the cleft of the M
domains. D, the cleft in between the M/S domains provides sufficient room to accommodate the proline-rich hinge in the A-B dimer, where the domains
take a bent conformation. The cleft is narrowed down in the C-C dimer due to the flat conformation between the M/S domains, thus pushing the hinge

up and out of the cleft.

spike (supplemental Fig. 3). This seems to have an impact on
VLP stability; the spike of the HEV C-subunits appeared weakly
defined when compared with that in the A-B dimer, whereas
the spike of the Norwalk virus C-subunit appeared rigid and
similar to that in the A-B dimer in the cryo-EM structure (34).
Additionally, deletion of the N-terminal positively charged
amino acids from the Norwalk virus capsid protein does not
induce 7=1 VLP because the Norwalk virus capsid protein only
contains a short N-terminal tail of 20 amino acids (35).The
HEV C-C dimer is profoundly different from the HEV A-B
dimer in the orientation of the P domain relative to the M/S
domain (Fig. 5). Conformational difference between the A-B
dimer and C-C dimer has been reported earlier 7=3 viruses. In
tomato bushy stunt virus, binding of RNA plays an important
role to differentiate the C-C dimer from the A-B dimer. The
N-terminal arm of the C-C dimer is well ordered and interacts
with the RNA genome, whereas the A-B dimer is disordered
and free from RNA interactions (36). In the flock house virus,
the C-C dimeric contact acquires a flat conformation to accom-

OCTOBER 22, 2010+ VOLUME 285+-NUMBER 43

modate the RNA duplex, whereas the A-B dimer is in a bent
conformation and involves no RNA (37). The different orienta-
tion observed between the HEV C-C dimer and A-B dimer may
result from the difference in RNA occupancy. The A-B dimers
do not interact with RNA and have a bent conformation. As a
result, the angled contact of the M/S domains accommodated
the proline-rich hinge within the V-shaped cleft, similar to that
in the T=1 VLP, thus solidifying the orientation of the P
domain (Fig. 5C). In contrast, the contact with the RNA led the
C-C dimer to a flat conformation that pushes the hinge out of
the cleft. Thus, the P domain in the C-C dimer is flexible and
could take a 90° rotation from the orientation in the A-B dimer
(Fig. 5D).

The native HEV capsid was predicted to possess T=3 icosa-
hedral symmetry (8, 11), and Guu et al. (11) suggested that such
T'=3 capsids require the dimer to have both flat and inwardly
bent conformation at quasi-two-fold and icosahedral two-fold
positions, respectively. Here, with detailed features, our
cryo-EM structure of 7=3 VLP provided direct observation of
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FIGURE 6. Diagram showing the putative assembly process of HEV T=1
and T=3 VLP. The ORF2 subunit encodes information that governs the
assembly of decamers. Interaction with the RNA fragment induces flat
dimeric contact and the formation of C-C dimers, which guides the assembly
of the complete icosahedral capsid.

the two unique conformations between the A/B and C/C dimer
at the foothold of S-domain contact but also in the arrangement
of the protruding P-domain.

It is suggested by molecular simulation that 7=3 icosahedral
capsid assembly utilizes a mechanism in which preformed
aggregates of intermediates combine in contrast to the forma-
tion of the 7=1 icosahedral capsid that includes the addition of
predominately monomers (38). The ORF2 decamer is therefore
the assembly intermediate of 7=3 HEV capsid and is located at
each of the five-fold vertexes. The appearance of a hexameric
ring at icosahedral three-fold positions is the critical step in
T=3 capsid assembly and depends on the C-C dimer. The in
vitro disassembly and reassembly also indicates the involve-
ment of an extrinsic factor other than the ORF2 protein in the
assembly of 7=3 VLP and the C-C dimer is in a flat conforma-
tion that is concomitant with RNA binding. The induction of
C-C conformation has been reported with bacteriophage MS2,
where the complete assembly of capsid requires the presence of
synthetic RNA fragment (39). Therefore, the pentamer of
dimer (Fig. 4C) may be the assembly intermediate that is com-
mon for the T=3 virus. The interaction of RNA with the N-ter-
minal end of ORF2 is the driving force leading the C-C dimer to

33182 JOURNAL OF BIOLOGICAL CHEMISTRY

the flat formation and ultimately full capsid formation through
the integration of 30 copies of C-C dimers with 12 copies of A-B
decamers (Fig. 6).

The existence of the N-terminal amino acids 14-111 pre-
vents ORF2 proteins from forming 7=1 VLP. The capsid of
T=1 VLP encloses a central cavity with a volume allowing a
maximum of 55 additional residues on each copy of PORF2
protein, if the average protein density is considered to be 1.30
g/ml. The maximum diameter of the central cavity is about 340
A for the T=3 VLP and thus is sufficient to accommodate both
the HEV genome and the ORF2 N-terminal domains. By char-
acterizing the size and the sequence of the encapsidated RNA,
we found that the 7=3 HEV VLP selectively encapsidated the
RNA fragment that encodes the ORF2 protein. Thus, it is very
possible that the native HEV capsid is the 7=3 icosahedron.
There, the encapsulated genomic RNA may play a direct role in
the assembly of the HEV infectious virion. Our data demon-
strated here that HEV was different from caliciviruses in its
assembly pathway, protein domain arrangement, and genome
organization, although both viruses are 7=3 icosahedral parti-
cles with dimeric spikes. Hepatitis E virus showed a high simi-
larity to some plant viruses in its assembly pathway: the utiliza-
tion of a long electropositive N-terminal domain to interact
with genomic RNA. Although the evolutionary origin for such
similarities requires further investigation, our data place the
HEV structure in a unique position, deviating from that of
human caliciviruses and approaching that of 7=3 small plant
viruses.
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Supplementary Figure 1: Electron microscopic data for large HEV-VLP. (a) Distribution of
cryo-EM with a defocus level of 0.7-3.5 um. (b) Fourier shell correlation indicating that the
resolution of the final density map is 10.6A (cutoff of 0.5). (c¢): X-ray photoelectron spectra of
HEV-G3 large VLPs. 3ul. of large 7=3 VLPs was applied on glow discharged carbon coated
copper grid and was blotted with a filter paper to remove excess liquid. No chemical staining
was applied. The grid was placed in an ultra high vacuum chamber and irradiated with a

monoenergetic soft X-rays. The emitted electrons were collected and was plotted relative to its

electron binding energy.

Supplementary Figure 2. Stereoimage of the 7=/ VLP electron density map with modeled

amino acid residues in the S domain.
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Supplementary Figure 3: Structure of HEV M and P domain and their difference from
calciviruses. (A) Ribbon representations (7op leff) of the M domain in HEV and the P1 domain
in Nowalk virus (NV) along with their respective topology diagrams (Zop right). The
polypeptide chain colored from blue (the amino terminus) to red (the carboxyl terminus), while
the B-strands are labeled from A' to F'. Ribbon representations (Bottom left) of the P and P2
domains in HEV, SMSV and NV along with their respective topology diagrams (Bottom right).
The polypeptide chain colored from blue (the amino terminus) to red (the carboxyl terminus) and
the P-strands are labeled from A" to F", following the nomenclature of NV. (B) Dimer
interactions and interdomain orientations. The dimeric interactions in the dimer of HEV structure
and the C/C dimers of San Miguel sea lion virus (SMSV) and NV structures are shown in ribbon
representations. S, M and P domains in a subunit are highlighted in skyblue, green and orange,
respectively. The dimer as viewed along the line joining the icosahédral three- and five-fold axes

(Upper) and after 30° rotation (Lower).
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Supplementary Figure 4. Comparison between HEV capsid proteins of genotype-1, -3, and -4.
(A) Sequence alignment of HEV genotypes-1, -3, and -4. Amino acid residues are boxed
according to the alignment generated by CLUSTAL-X. Red background indicates identical
amino acids and a red character with a white background indicates residues that are similar
according to a Risler matrix. Secondary structural elements are labeled above the sequence in
blue for the S domain (residues 118-317), green for M domain (residues 318-451), and orange
for P domain (residues 452-606). (B) Ribbon representations of the monomer structures of the
HEV-VLP PORF2 protein of genotype-1 (red), genotype-3 (green) and genotype-4 (blue).Note
the position of the genotype-3 N-termini (green arrow). (C) Structures of HEV PORF2 proteins

after a 90° rotation to show the locations of the N-termini.
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Supplementary Table 1: Data collection and refinement statistics (Molecular Replacement)

Crystal 1 Crystal 2

Data collection
No. Crystals 1 2
Space group P2,2,2, P2,2,2,
Cell dimensions

a, b, c (A) 337.00,343.00,346.00 337.00,347.00,354.00

o, B,y (°) a=p=y=90° a=P=y=90°
Resolution (A) 70.0-8.30 (8.60-8.30) 70.0-3.80 (3.94-3.80)
Rsym OF Rinerge 0.136 (0.500) 0.136 (0.626)
1/ ol 8.3(2.2) 6.3 (1.0)
Completeness (%) 87.6 (89.4) 68.4 (24.8)
Redundancy 3.0(3.0) 34(1.4)
Refinement
Resolution (A) 20.00-3.80
No. reflections 275,008
Ruork / Riree 0.242 /0.245
No. atoms

Protein 3,659

Ligand/ion 0

Water 0
B-factors

Protein 140.7

Ligand/ion

Water
R.m.s deviations

Bond lengths (A) 0.010

Bond angles (°) 1.7
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Hepatitis E virus (HEV) is a human pathogen that causes acute hepatitis. When an HEV capsid protein
containing a 52-amino-acid deletion at the C terminus and a 111-amino-acid deletion at the N terminus is
expressed in insect cells, the recombinant HEV capsid protein can self-assemble into a T=1 virus-like particle
(VLP) that retains the antigenicity of the native HEV virion. In this study, we used cryoelectron microscopy and
image reconstruction to show that anti-HEV monoclonal antibodies bind to the protruding domain of the
capsid protein at the lateral side of the spikes. Molecular docking of the HEV VLP crystal structure revealed
that Fab224 covered three surface loops of the recombinant truncated second open reading frame (ORF2)
protein (POREF2) at the top part of the spike. We also determined the structure of a chimeric HEV VLP and
located the inserted B-cell tag, an epitope of 11 amino acids coupled to the C-terminal end of the recombinant
ORF?2 protein. The binding site of Fab224 appeared to be distinct from the location of the inserted B-cell tag,
suggesting that the chimeric VLP could elicit immunity against both HEV and an inserted foreign epitope.
Therefore, the T=1 HEV VLP is a novel delivery system for displaying foreign epitopes at the VLP surface in

order to induce antibodies against both HEV and the inserted epitope.

Hepatitis E virus (HEV) is a causative agent of acute hep-
atitis in humans and is primarily transmitted via the fecal-oral
route. HEV is thus resistant to the low pH and digestive en-
zymes associated with the stomach and gastrointestinal tract.
HEYV regularly causes epidemics in many tropical and subtrop-
ical countries. In India, 101 outbreaks were confirmed by se-
rological analysis in the state of Maharashtra in the last 5 years
(6), and the lifetime risk of HEV infection exceeds 60% (28).
Sporadic cases have also been reported in regions where HEV
is endemic, as well as in areas where it is not endemic. Al-
though some of these cases were associated with travel, many
cases involved patients without a history of travel to regions
where HEV is endemic. Accumulating evidence suggests that
sporadic infection occurs through a zoonotic route and is not
limited to developing countries. Seroprevalence suggests hep-
atitis E infection may also be prevalent in high-income coun-
tries (21), such as the United States (17), the United Kingdom
(3), and Japan (18). The overall mortality rate of HEV infec-
tion during an outbreak generally ranges from 1 to 15%, and
the highest mortality occurs in pregnant women, with fatality
rates of up to 30% (19).

The HEV virion is composed of a 7.2-kb single-stranded
RNA molecule and a 32- to 34-nm icosahedral capsid. The
HEV genome contains three open reading frames (ORFs).
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The capsid protein, encoded by the second open reading frame
(ORF2), located at the 3" terminus of the genome, comprises
660 amino acids and is responsible for most capsid-related
functions, such as assembly, host interaction, and immunoge-
nicity. Recombinant ORF2 proteins can induce antibodies that
block HEV infection in nonhuman primates (12, 27). Four
major antigenic domains were predicted to be located within
the C-terminal 268 amino acids of the ORF2 protein; one
domain was experimentally identified as a neutralization
epitope in the Sar-55 ORF?2 capsid protein (25, 26). However,
the minimal peptide needed to induce anti-HEV neutralizing
antibodies contains residues 459 to 607 of the ORF2 protein
(33), which is much longer than a linear antigenic epitope,
suggesting that the neutralization epitope is conformational.
Therefore, the detailed structure of the HEV capsid protein is
required in order to understand the organization of HEV
epitopes.

Currently, there are 1,600 HEV genomic sequences avail-
able through the International Nucleotide Sequence Database
Collaboration. They are classified into four genotypes which
vary by geographic distribution and host range (10). In con-
trast, only a single serotype has been identified, suggesting that
the immunodominant domain of HEV is highly conserved
among genotypes. Antibodies from any one of the four geno-
types cross-react with the capsid protein of genotype 1 (7).

Like other hepatitis viruses, HEV does not propagate well in
currently available cell culture systems. Hepatitis E preventive
strategies so far rely on the use of ORF2-derived recombinant
protein (16). When expressed in insect cells, recombinant trun-
cated ORF2 protein (PORF2), with 52 residues deleted from
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the C terminus and 111 residues deleted from the N terminus,
self-assembles into virus-like particles (VLPs) (15). Our previ-
ous structural analysis of recombinant HEV VLP by cryoelec-
tron microscopy (cryo-EM) provided the first understanding of
the quaternary arrangement of PORF2.

The essential assembly element of the PORF2 protein con-
tained amino acids 125 to 600 (13), and the reconstructed VLP
displayed a T=1 icosahedral particle composed of 60 copies of
truncated PORF2 (30). Recently, crystal structures were re-
ported for genotype 1 T=1 VLPs (31}, genotype 3 T=1 VLPs
(32), and genotype 4 T=1 VLPs (8), revealing that PORF2 is
composed of three domains, the S domain, M domain, and P
domain. The T=1 icosahedral shell is composed of 60 copies of
S domains, while the M domain binds tightly to the S domain
and interacts with two 3-fold-related M domains to form a
surface plateau at each of the 3-fold axes. Two P domains are
tightly associated as a dimeric spike that protrudes from each
of the icosahedral 2-fold axes. As a result, on a low-resolution
cryo-EM density map, the HEV T=1 VLP appears as an ico-
sahedral particle with 30 spikes (30).

Although these VLPs are smaller (270 A in diameter) than
the native HEV virion (320 to 340 A), oral administration of
HEV VLPs to experimental animals can induce anti-HEV
antibodies that bind to native HEV (14). When a B-cell tag of
11 amino acids on glycoprotein D of herpes simplex virus was
covalently coupled to the C-terminal end of PORF2 (after
residue 608), the fusion protein retained the ability of PORF2
to assemble and form chimeric T=1 icosahedral VLPs that
were capable of eliciling systemic and mucosal antibodies
against both HEV capsid protein and the attached B-cell tag
(20). Therefore, the HEV T=1 VLP is a potential carrier for
delivering not only HEV antigen but also foreign antigens or
antiviral drugs to the host immune system. However, rational
design of HEV-based delivery vectors requires detailed infor-
mation on HEV VLP structure, as well as on HEV immuno-
dominant domains.

Here, we identified antigenic structures using cryo-EM and
three-dimensional reconstruction. Our results indicate that the
binding footprint of a neutralizing antibody covers the lateral
side of the P domain, while a B-cell tag at the C terminus does
not alter the assembly of T=1 HEV VLP.

MATERIALS AND METHODS

Production and purification of anti-HEV monoclonal antibody (MAb)
MAD224. Eight-week-old female BALB/c mice were immunized at 0 and 4 weeks
by intraperitoneal inoculation with HEV VLPs (100 pg/ml). Four weeks later, a
final boost containing an equal volume of antigen was administered. Three days
after the final boost, mouse spleen cells were fused with P3U1 mouse myeloma
cells using polyethylene glycol 1500 (50% [wt/vol]) (Boehringer, Mannheim,
Germany) essentially as described by Adler and Faine (1). Supernatants from
microplate wells positive for hybridoma growth were screened by enzyme-linked
immunosorbent assay (ELISA) using recombinant HEV VLPs as the antigen.
Hybridomas that secrete antibodies specific for HEV were subcloned three times
by limiting dilution, after which they were considered to be monoclonal. Anti-
bodies in the supernatants were isotyped using a mouse monoclonal antibody
isotyping kit (Amersham, Little Chalfont, Buckinghamshire, United Kingdom) in
accordance with the manufacturer’s protocol. Hybridomas were grown in bulk in
stationary flasks (Nunc, Roskilde, Denmark) using RPMI 1640 with 15% fetal
calf serum. Antibodies were purified from cell supernatants using HiTrap protein
G affinity columns (Pharmacia Biotech AB, Uppsala, Sweden) and stored at
—80°C. Among all of the antibodies that were gencrated, MAb224, an immu-
noglobulin G1 (IgG1) isotype, was chosen for structural analysis.

J. VIROL.

Preparation of Fab224 fragments. Isolated Fab224 fragments were prepared
from purified mouse monoclonal antibodies by papain cleavage. A reducing
1-cysteine buffer was used to activate the papain, and MAb224 was mixed with
papain at a molar ratio of 100:1. The mixture was incubated overnight at 30°C.
The reaction was stopped by the addition of iodoacetamide, and the product was
analyzed by SDS-PAGE. The Fab224 fragments were purified using a 5-ml
prepacked protein A chromatography column (Pierce Protein Research) accord-
ing to the manufacturer’s instructions. The Fe fragments and uncleaved MAb224
antibodies were trapped in the column due to their affinity for protein A, while
the Fab224 fragments were collected in the flowthrough fraction.

Production and purification of anti-HEV Fabd. Fab4 was prepared by phage
display and purified according to the protocol described previously (25). Briefly,
chimpanzee 1441 was infected with HEV strain SAR-55. Bone marrow was
aspirated from the iliac crest of this animal, and the antibody «-chain gene and
yl-chain gene were amplified and cloned into the pComb3H phage display
vector and pGEM-T cloning vector (Promega), respectively, and transformed
into Escherichia coli XL-1 Blue. The bacteria were then amplified and infected
with helper phage VCS M13 at a multiplicity of infection of 50 to produce a
library displayed on the surfaces of phage particles. Phage was panned on
SAR-55 ORF2-coated ELISA wells; four rounds of panning were performed.
After amplification of the selected library, the phagemid DNA was extracted and
the vector was modified to remove the bacteriophage coat protein IlI-encoding
region of the phage. The phagemid DNAs were religated and transformed into
E. coli XL-1 Blue to produce soluble Fabs. The vector pComb3H was con-
structed to encode a six-histidine tail at the end of the Fab fragment, thus
facilitating Fab purification. Fab4 purity was determined by SDS-PAGE, fol-
lowed by colloidal Coomassie brilliant blue staining.

Production and purification of HEV VLPs. The production and purification of
HEV VLPs were conducted as described previously (13, 15, 20, 30). Briefly,
DNA fragments encoding the N-truncated ORF2 protein (for the wild-type
VLP) and the chimeric ORF2 protein (for VLP-C-tag) were cloned using the
baculovirus transfer vector pVL1393 to yield pVLORF2. Insect Sf9 cells (Riken
Cell Bank, Tsukuba, Japan) were used to produce recombinant baculovirus. Tn3
insect cells were infected with the recombinant baculoviruses at a multiplicity of
infection of 5 and incubated in Ex-Cell 405 medium (JRH Biosciences, Lenexa,
KS) for 6 days at 26.5°C. The supernatant was collected after the removal of cell
debris by centrifugation at 10,000 x g for 90 min. The HEV VLPs were pelleted
at 100,000 X g for 2 h in a Beckman SW32 Ti rotor and resuspended in 4.5 ml
Ex-Cell 405. The VLPs were further purified by centrifugation through a CsCl
density gradient (1.31 g/ml) at 110,000 X g for 24 h at 4°C in a Beckman SW 55
Tirotor. The white virus band was collected and diluted 4 times with Ex-Cell 405
to decrease the CsCl concentration, and then the VLPs were centrifuged for 2 h
in a Beckman TLA 55 rotor at 100,000 X g. The VLPs were resuspended in 100
to 500 pl of 10 mM potassium-MES (morpholineethanesulfonic acid) buffer
(pH = 6.2) and stored at 4°C. To construct chimeric VLP-C-tag, recombinant
baculoviruses were prepared by inserting the B-cell tag epitope from herpes
simplex virus glycoprotein D (QPELAPEDPED) at amino acid position 608 (20).

Western blotting. A series of DNA fragments were constructed to encode
truncated ORT2 residues 112 to 660, 112 to 608, 112 to 602, 112 to 601, 112 to
600, 112 to 596, and 112 to 589. These recombinant ORF2 genes were inserted
into a baculovirus vector and expressed in insect cells using the protocol for VLP
production, except that the recombinant proteins were recovered from the cy-
toplasm after lysis of the cell. Recombinant proteins were heated in 4X Laemmli
sample buffer and electrophoresed under reducing conditions in a 10% SDS-
polyacrylamide gel. After transfer of proteins to a polyvinylidene difluoride
(PVDF) membrane, the membrane was blocked with TBS buffer (20 mM Tris,
pH 7.6, NaCl) containing 0.5% Tween 20 (vol/vol) prior to overnight incubation
with Fab224 fragments at a 1:10 dilution. After extensive washing with TBS
buffer containing 0.05% Tween 20 (volivol), alkaline phosphatase-conjugated
anti-mouse IgG (Fab specific) was incubated with the membrane for 1 h at room
temperature. The blot was then washed and developed with the p-nitrobiue
tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT-BCIP) reaction.

Preparation of VLP-Fab complexes for cryoelectron microscopy. The VLP-
Fab complexes were prepared by incubating Fabs with VLPs at a molar ratio
exceeding 1:300 (VLP versus Fabs) at 4°C overnight. To reduce the background
density in the subsequent structural determination, highly pure VLP-Fab com-
plexes were obtained using a short column containing Sephacryl 300, which
resulted in the removal of the unbound Fab from the sample. The fractions
containing VLP-Fab complexes were collected based on their optical density
readings at a wavelength of 280 nm. The Fab binding occupancy was roughly
estimated by performing SDS-PAGE (8-to-25% gradient) on the purified VLP-
Fab complexes at a constant voltage using the Phast system (Pharmacia). The
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particle morphology of VLP-Fab complexes was examined by negative-stain
electron microscopy using 2% uranyl acetate.

Cryoelectron microscopy. Sample preparation and cryo-EM were performed
following previously described, well-established procedures (13, 30). Briefly, a
drop containing 3.5 pl of the sample was applied to a glow-discharged holey
carbon-coated copper grid, blotted with a piece of filter paper for 3 s to remove
the extra liquid, and quickly plunged into liquid ethane cooled by liquid nitrogen.
Samples were frozen in a thin layer of vitrified ice. The grid was then transferred
into a Gatan 626DH cryo holder and kept at a low temperature (—178°C) during
the subsequent data collection. Micrographs were collected under low-dose
conditions (<10 e /A?) using Kodak SO163 film at a magnification of x45,000
on an FEI CM-120 electron microscope operated at 120 kV, and particles were
photographed at a defocus range of 1,000 to 3,000 nm. Micrographs were visually
inspected and selected based on a suitable particle concentration, optimal ice
thickness, and minimal specimen drift. Only micrographs fulfilling these criteria
were analyzed.

Image processing. Selected micrographs were digitized using a Heidelberg
Primescan D8200 (Heidelberg, Germany) at a 14-pm scanning step size, corre-
sponding to 3.11 A per pixel of specimen space. Particles were manually picked
and centered by cross-correlating each one against the circular average image.
The astigmatism and defocus value were evaluated by the superimposed power
spectra from all particles within a single micrograph. The contrast transfer
function’s first zero was approximately within the range of 17 to 20 A~ for the
data used for the structural determination. The self-common-lines algorithm (4)
was used to yield the initial models for VLP-C-tag, VLP-Fab4, and VLP-Fab224.
The origin and orientation search for each particle was carried out iteratively
using the polar Fourier transformation (PFT) algorithm running on an AMD
MP1800 MHz dual-processor Linux workstation (2). Three-dimensional recon-
structions were computed by combining a set of particles with orientations that
spread evenly in an icosahedral asymmetric unit using the Fourier-Bessel algo-
rithm and by superimposing 5-3-2 icosahedral symmetry. To examine the reli-
ability of the three-dimensional reconstruction, the data set was evenly divided
into two parts at the final refinement step and two three-dimensional reconstruc-
tions were computed. The resolution was estimated using Fourier shell correla-
tion (FSC) by assessing the agreement between these two reconstructions in
Fourier space. Using a coefficient value of 0.5 as the criteria, the estimated
resolutions of the three-dimensional reconstructions of VLP-C-tag, VLP-
Fab224, and VLP-Fab4 were computed as 17.5 10\, 18.5 10&, and 24 A, respectively.

The three-dimensional reconstructions were rendered and visualized using the
Chimera program (22). The contour level was chosen at a value corresponding to
100% of the mass of the PORF2 protein. The electron density map was displayed
in the isosurface mode, which builds a barrier to contour the density about a
certain threshold.

Fitting the crystal structure into cryo-EM density maps. The density of the
bound Fab molecule was determined from a difference density map, which was
calculated by subtracting the cryo-EM map of unbound HEV T=1 VLP from the
density map of the Fab-VLP complex. The cryo-EM map of unbound HEV VLP
was published previously (30). Because the cryo-EM data for unbound VLP and
the Fab-VLP complex were collected with the same FEI CM-120 electron mi-
croscope under similar imaging conditions, the difference density map was cal-
culated by direct subtraction of the density of unbound VLP from the recon-
struction of the Fab-VLP complex after normalizing the contrast between the
two maps. The calculated difference map was used as a constraint in model
fitting. Manual fitting was carried out by translational and rotational movement
of the three-dimensional crystal structure of the PORF2 protein (PDB ID
277Q) (31) into the cryo-EM density maps using program O (9). To obtain the
best fit, the atomic model of the PORF2 subunit was treated as a rigid body. The
fitting was first manually refined by minimizing the crashes between symmetry-
related PORF2 molecules and then evaluated based on the cross correlation
coefficient (CC value) between the cryo-EM density and the density computed
from the fitted PORF2 coordinates. Fitting was halted when the CC value
reached 80%. The figures were prepared using the program PyMOL (5), and the
surface stereographic projection of the HEV VLP was prepared using the pro-
gram RIVEM (29).

RESULTS

Binding of antibody MAb224 to PORF2. The binding of the
monoclonal antibody Fab224 to PORF2 was examined via im-
munoblot analysis. A series of recombinant ORF2 proteins
with C-terminal truncations were separated by SDS-PAGE on
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FIG. 1. Characterization of VLP-C-tag and VLP-Fab224.
(A) Western blot assay of the C-terminally truncated ORF2 proteins
with Fab224. M, molecular weight markers; W, peptides recovered
from baculovirus-infected cells. (B) Diagram of the C-terminal mark-
ers. (C) Electron micrograph of frozen-hydrated VLP-C-tag. (D) Elec-
tron micrograph of frozen-hydrated VLP-Fab224. Black arrowheads
indicate the Fab molecules attached to the VLP. Both particles showed
an absence of density in the center. Note that the surface spikes in
VLP-Fab224 appeared as longer thorn-like densities compared to
those of VLP-C-tag.

a 10% gel under reducing conditions and blotted with Fab224
(Fig. 1A). Fab224 recognized both reduced and denatured
recombinant ORF2 proteins that contained amino acids 112 to
660, 112 to 608, 112 to 602, and 112 to 601. In contrast,
recombinant ORF2 proteins composed of residues 112 to 600,
112 to 596, and 112 to 589 did not bind to Fab224. These data
indicate that residues 597 to 601 are critical for Fab224 binding
to PORF2. Because the recombinant ORF2 proteins were
recovered from cell cytoplasm where multiple forms of PORF2
were reported (15), the positive bands observed at a low mo-
lecular weight may be the proteolytic products or degraded
forms of ORF2 that contain the Fab224 binding sequence.

Two-dimensional electron cryomicrographs. The chimeric
VLPs (Fig. 1C) and the Fab224-conjugated VLP complex (Fig.
1D) showed circular profiles with spike-like densities that ex-
tended from the surface. As we observed previously (15, 30),
they appeared to have a white, contrasting center, indicating
that they are empty particles lacking RNA (data not shown).
The sizes of both VLPs were approximately 27 nm without
taking into account the extra densities that extended from the
VLP-Fab224 surface (Fig. 1D).

Binding site of antibodies. The cryo-EM structure of HEV-
Fab224 was reconstructed from 615 images of individual par-
ticles and displayed T=1 icosahedral symmetry with 60 protein
subunits that were arranged into 30 dimeric protruding spikes
located at each icosahedral 2-fold axis (Fig. 2A). Sixty Fab
molecules were observed around each VLP particle, bound to
the shoulder of the P domain. The Fab density extended ~57
A radially away from the spike surface. The density corre-
sponding to the Fab was approximately equal in magnitude to
that of the HEV VLP, indicating that most or all of the 60
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