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Abstract: The hepatitis E virus (HEV) capsid protein has been demonstrated to be able to assemble
into particles in vitro. However, this process and the mechanism of protein-protein interactions
during particle assembly remain unclear. In this study, we investigated the assembly mechanism of
HEV structural protein subunits, the capsid protein p239 (aa368-606), using analytical
ultracentrifugation. It was the first to observe that the p239 can form particles in 4M urea as a
result of supplementation with salt, including ammonium sulfate [(NH;)>S0,], sodium sulfate
(Na;S0,), sodium chloride (NaCl), and ammonium chloride (NH,CI). Interestingly, it is the ionic
strength that determines the efficiency of promoting particle assembly. The assembly rate was
affected by temperature and salt concentration. When (NH,),SO, was used, assembling
intermediates of p239 with sedimentation coefficient values of approximately 5 S, which were
mostly dodecamers, were identified for the first time. A highly conserved 28-aa region (aa368-395)
of p239 was found to be critical for particle assembly, and the hydrophobic residues Leu®"?, Leu®’®,
and Leu®%%of p239 was found to be critical for particle assembly, which was revealed by site-
directed mutagenesis. This study provides new insights into the assembly mechanism of native
HEV, and contributes a valuable basis for further investigations of protein assembly by
hydrophobic interactions under denaturing conditions.
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Introduction

Hepatitis E, which is a major form of infectious viral hepatitis with high rates of mortality in pregnant
women, is caused by the hepatitis E virus (HEV).! The HEV, which is the sole member of the genus Hepevi-
rus within the family Hepeviridae, was first recognized in 1983.2 The spherical hepatitis E virion particle is
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27-30 nm in diameter, as visualized by immune elec-
tron microscopy.? Its 7.2 kb positive-sense RNA ge-
nome is encapsidated within a protein shell
arranged with 7' = 3 icosahedral symmetry. The ge-
nome contains three open reading frames (ORF),
and ORF2 encodes a capsid protein of 660aa resi-
dues that is responsible for most capsid-related func-
tions, including particle assembly, host interaction,
and immunogenicity.?

To date, there has been a lack of a robust cell
culture system for HEV propagation. However, the
expression of the ORF2 protein in heterologous sys-
tems has offered an excellent means to study HEV
particle assembly in vitro.** HEV virus-like par-
ticles (VLPs) with protruding spikes on the surface
can be created using recombinant capsid proteins.*
6.12-14 A capsid protein with an N-terminal trunca-
tion forms recombinant HEV (rHEV) particles that
are smaller than the isolated native virions and ex-
hibit T = 1 icosahedral symmetry.*® The crystal
structures of HEV VLPs demonstrate that 7' = 1
particles share a common structural organization
with virion-sized T' = 3 particles and that each cap-
sid protein contains four linear domains: the N do-
main (aal-111), the S domain (aall8-313), the P1
domain (aa314-453) and the P2 domain (aa454—
end).'271* In addition, the N domain has been sug-
gested to be involved in native particle assembly by
binding to RNA.'* Recently, we analyzed the struc-
ture of the protruding domain (the E2s domain,
aa459-602) of the capsid protein and found that the
dimerization of this domain is essential for HEV—
host interactions, including immunogenicity.*®

The assembly mechanism of native HEV par-
ticles remains unclear, which is primarily due to the
lack of an efficient cell system. The active principle
of an efficient particulate recombinant hepatitis E
vaccine (HEV 239) is a bacterially expressed
recombinant peptide, p239, which corresponds to the
aa368-606 region of HEV ORF2 of a genotype 1
strain of HEV.'® Previous studies have shown that
p239 (aa368-606) is able to assemble into particles
in vivo and could protect rhesus monkeys from HEV
infection.? The p239 particles could specifically bind
and penetrate susceptible host cells in a manner
similar to that of live viruses.!” These results sug-
gest that the p239 particles share many common
features with the native virus. Thus, the particles
formed by p239 can serve as an excellent model for
studies of viral assembly. In contrast, the N-terminal
truncation of 26 residues from p239 disables the re-
sultant E2 protein (aa394—606) from assembling into
particles,!%® which suggests that these 26 residues
are involved in the particle formation.

Urea is usually used to denature or dissociate
proteins and particles.>1%2° Interestingly, this study
showed that p239 could form particles in urea when
a salt [e.g., (NH4)2SO4] was added. To the best of our
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knowledge, this is the first report to demonstrate
that intact VLPs can be assembled in the presence
of urea. We also varied the incubation conditions,
including the identity of the salt, the salt concentra-
tion, the temperature, and the incubation time, to
further evaluate the influences of these conditions
on p239 particle formation. The salt-mediated p239
assembly in 4M urea was characterized using vari-
ous approaches, including analytical ultracentrifuga-
tion (AUC), electron microscopy (EM), dynamic light
scattering (DLS), circular dichroism (CD), and gel
filtration chromatography (GFC). The results indi-
cated that the p239 assembly rate was largely
affected by the ionic strength and the temperature.
We also presented evidence to suggest that the
hydrophobic core of p239 plays an important role in
particle assembly.

Results

Particulate features of the p239 particles

Studies have previously reported that p239 particles
share similar immunogenicity with native virions.?
Various structural analysis were performed to char-
acterize the biochemical features of the p239 par-
ticles, which were obtained via previously described
methods® (Fig. 1). An EM study clearly revealed
that the p239 particles with a diameter of approxi-
mately 25 nm possess a morphology similar to that
of the T = 1 particles expressed in insect cells [Fig.
1(A)1.*% An AUC analysis, which was used to char-
acterize the size distribution of the p239 particles,
demonstrated that the p239 particles existed as a
single major species with an s value of approxi-
mately 22.6 S [Fig. 1(B)]. GFC demonstrated that
the particles were eluted at 13.7 min (kav = 0.1980)
[Fig. 1(C)]. Moreover, DLS indicated that the diame-
ter of the p239 particles was approximately 26 nm,
which was consistent with the EM analysis [Fig.
1(D)]. Taken together, these results demonstrated
the complete assembly and good homogeneity of the
p239 particles.

The effect of (NH4)>SO, on the overall refolding
of p239

Aminonium sulfate, (NH4)9SO,, contributed to the
self-assembly of p239 particles from 4M urea in our
previous study.?! To investigate the exact role of
(NH4)2SO, in the p239 assembly procedure, refolded
p239 particles with and without the (NH,4)2SO4 pre-
treatment before renaturation dialysis were ana-
lyzed using AUC. The original unfolded p239 and E2
were initially characterized. Unfolded p239 was
found to exist exclusively as a 1.7 S homodimer in
4M urea [Fig. 2(A)] with an apparent molecular
mass of 45,722 + 730 Da [Fig. 2(B)]. Similar to
p239, E2 also existed as a homodimer in 4M urea
with an s value of 2.0 S [Fig. 2(C)] and a molecular
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Figure 1. The characterization of the p239 particles. The p239 particles in PBS were analyzed using EM and determined to
have a diameter of approximately 25 nm (A, bar = 100 nm). AUC demonstrated a sedimentation coefficient of approximately
23 S (B), and the GFC results revealed an elution time of 13.7 min (kav = 0.1980) (C). In addition, the DLS analysis showed a
hydrated radius of approximately 13 nm (D), which is consistent with the EM data. The structural organization of HEV ORF2
and its different structural subunits containing cell-expressed rHEV and E. coli-expressed p239 and E2 were described (E).

mass of 40,981 = 1,523 Da [Fig. 2(D)]. These results
are the first to demonstrate that the capsid particle
of p239 assembles from its homodimer precursor.
Thus, the dimerization of p239 is intrinsically strong
in 4M urea as interpreted in the dimer crystal struc-
ture of its E2s moiety,'® which may not be involved
in the particle assembly process.

When refolded by overnight dialysis against PBS
without (NH4)»SO, pretreatment, p239 appeared to
have two major species (9.6 S and 18.1 S) [Fig. 2(E)].
With respect to the original unfolded p239 in 4M urea
(1.7 S), the larger components indicated that the as-
sembly occurred, and the existence of two components
indicated that the assembly was incomplete. When
p239 was renatured with (NH4)»SO, pretreatment
step in the presence of 0.3, 0.5, or 1.0M (NH,)2SOy,
single major component (s > 20) appeared, indicating
the complete assembly [Fig. 2(E)]. In contrast, the as-
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sembly of E2 did not show any differences with or
without the (NH,)2SO, pretreatment step (a single
major species with the same s value at 2.7 S)
[Fig. 2(F)]l. The RMSD of the best c(s) fitting was
below 0.01, and the grayscale patterns of the residual
bitmaps indicated a high quality fitting (data not
shown). These results suggested that (NH4)2SO4 facili-
tated the hierarchical assembly of p239.

Specific salt effect on p239 assembly

AUC sedimentation velocity (SV) experiment allows
discerning wide scale of soluble species in solutions
in terms of the sedimentation coefficient of the
molecular or its ensemble form, which span from di-
meric, oligomeric to particulate forms. It is unprece-
dented that a protein, p239 dimer, initiates particle
assembly with the presence of (NH,)»SO, in 4M
urea as shown in Figure 3 (NH4)2SO, panel. To

Particle Assembly of HEV Capsid Protein
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Figure 2. The size distribution of refolded p239 and E2 were investigated using AUC. SV (A) and SE (B) experiments show
that the unfolded p239 existed as a dimer in urea. SV (C) and SE (D) experiments show that the unfolded E2 existed as a
dimer in urea. The refolding of p239 (E) resulted in differences between the nontreated p239 [no (NH,4)»SO,4] and the
(NH4)2SO4-treated p239 (the concentrations are labeled). The refolding of E2 (F) was similar between the nontreated E2 [no
(NH4)2S0O,4] and the (NH,4).SO,-treated E2 (the concentrations are labeled). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

further investigate whether ionic strength instead of
specific salts facilitating particle assembly, p239 was
treated with three other kinds of salts (NasSOy,
NaCl, and NH4C]) in successively increased concen-
tration 0.3, 0.5, and 1.0M, and incubated at 37°C
overnight and analyzed using AUC in the presence
of 4M urea. The addition of 1.0M NaySO4 resulted in
the precipitation of p239, and no difference was
observed between the 0.3M and 0.5M treatments
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with NaCl and NH,CI. Thus, the AUC profiles of the
1.0M NaySO4, 0.5M NaCl, and 0.5M NH,CI treat-
ments are not shown.

As shown in Figure 3, a variation in the salt
concentrations has the most striking effect on the
activation of the p239 assembly. For NaySO, and
(NH4)2SOy4, 0.3M was sufficient to initiate the p239
assembly, and larger components (>2 S) were
observed. In contrast, the treatments of p239 with
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Figure 3. Sedimentation coefficient distribution analysis of p239 with different salt treatments in 4M urea. The salts and their
concentrations are labeled in the panels. The assembly of p239 was activated by incubation with 0.3M (NH;)»SO,4, 0.3V
Na,SO,4, 1.0M NaCl, or 1.0M NH4CI, indicating the minimum ionic strength required for particle assembly.

0.3M NaCl or NH,CI did not result in aggregation,
and their AUC profiles remained the same as that of
unfolded p239 (1.6 S). Some irregular larger compo-
nents were observed after 1.0M NaCl or NH,C] was
added, which indicated that a critical ionic strength
was required to initiate particle assembly because
the ionic strength is similar among 0.3M NaySOy,
0.3M (NH4)2SO,4, 1.0M NaCl, and 1.0M NH,CI In
the presence of 1.0M NaCl, the unfolded component
(with a sedimentation coefficient of 1.6 S) made up
approximately 50% of the sample, whereas the 1.6 S
component appeared to be the dominant species
after the 1.0M NH,CI treatment (over 90%), which
indicated an incomplete assembly of p239 and differ-
ent ion effects on the assembly. The relative effects
of the salts on particle assembly activation are
ranked in the sequence: NaySO, > (NHy)>SO, >
NaCl > NH,CI.

The assembly process of (NH4)>SO,-treated
p239 in urea

Although HEV particles can assemble in vitro, the
actual steps required for the protein to assemble
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into the final particle have not been analyzed.
Therefore, a series of experiments was performed to
observe the (NH4)2SO4-mediated p239 assembly pro-
cess in 4M urea.

The states that exist during the (NH,),SO4-medi-
ated assembly procedure (1-8 h) were analyzed using
AUC (Supporting Information Fig. S1). The time-scale
sedimentation coefficient analysis of p239 is shown in
a histogram, which is indicated in the figure legend of
Figure 4(A). During the treatment with 0.3M
(NH,)2SOy4, p239 primarily existed as three sediment-
ing fractions (1.6 S, ~5 S, and 12-13 S) during the
first 2 h. The approximately 5 S species disappeared
at 3 h, and p239 became exclusively a single species
(1213 S) after 6 h of incubation. During the 37°C
incubation with 0.3M (NH4)>SO,, the state of p239
changed from two sedimenting components (~2 S and
~12 S) to a single component (13—14 S) after 4 h of
incubation. Interestingly, we observed a difference
during the treatment with 0.5M (NH4)2SO, that was
dependent on the incubation temperature. After incu-
bation at 25°C, three species (~2 S, ~5 S, and ~10 S)
existed in the first 3 h and then became one species

Particle Assembly of HEV Capsid Protein
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after 6 h. The extended existence of the approximately
5 S species for 5 h may be due to the stronger interac-
tion formed in the intermediate. Incubation at 37°C
led to an entirely different assembly pattern: only a
predominant rapidly sedimenting fraction (~10 S)
existed during the entire procedure, which indicated
that the complete assembly occurred rapidly. Regard-
ing the treatment with 1.0M (NH,)>SO,, the same as-
sembly pattern [i.e., only one species (6—7 S) during
the entire procedure] was observed during the 37°C
incubation. During the incubation at 25°C, p239
reached its homogeneity after 6 h, with a transition of
two species (~6 S and ~7 S) during the 5 h incubation
[Fig. 4(A)].

The time-scale c(s) distribution analysis of the
25°C incubation of p239 is shown in Figure 4(B) to
identify the quantity of different species in solution.
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Regarding the treatments with 0.3M (NH,)»,SO,4 and
0.5M (NH,4)2SOy4, three species existed in the begin-
ning, including unfolded p239 (~2 S), the assembly
intermediate (~5 S) and the end assembly product of
0.3-M-mediated p239 (~13 S) and 0.5-M-mediated
p239 (~10 S). The unfolding species existed predomi-
nantly in the first 4 h, after which point it rapidly
disappeared. The end product was the predominant
species during the entire procedure with 0.5M
(NH,)2SO, treatment. A small amount of the assem-
bly intermediate existed in the beginning, but this
species disappeared. During the treatment with
1.0M (NH4)>SO,4, no unfolded p239 or the assembly
intermediates were observed, which indicated an
acceleration in assembly. However, a transition from
the approximately 6 S species to the approximately
7 S species was observed after 5 h.
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urea formed particles with a radius of approximately 19 nm (D). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

These results revealed that the (NH4)9SO4-medi-
ated assembly of p239 was concentration- and tem-
perature-dependent. At a given temperature, p239
assembled slower at a lower (NH4),SO4 concentra-
tion. Conversely, in the presence of a fixed salt con-
centration, p239 assembled more rapidly at a higher
temperature (37°C). An incubation period was a pre-
requisite for the complete assembly of p239 with
ideal stability and homogeneity. As shown in Figure
4(C), the sedimentation coefficient of E2 decreased
when treated with increasing concentrations of
(NH4)2S0O4. E2 could not assemble in any conditions.
Thus, the decreased sedimentation coefficient was
merely a result of the ion effect on the AUC analy-
sis. Interestingly, p239 exhibited a similar concen-
tration-dependent tendency as E2, which indicated
that p239 reached the same assembly state with dif-
ferent (NH,)>SO4 treatments, although the size dis-
tributions were different.

320 PROTEINSCIENCE.ORG

Particle formation of p239 in urea

To test the hypothesis that p239 reached the same
final assembly with different ammonium treatments,
other analysis methods were applied to investigate
the final states of p239 in urea, including EM, GFC,
CD, and DLS (Fig. 5). Both the far-UV CD spectrum
and the near-UV CD spectrum [Fig. 5(A)] of p239
following (NH4)2SO,4 treatment were similar to those
of the p239 particles in PBS; however, there was a
considerable change compared with the unfolded
p239, which suggested similar secondary and terti-
ary structures between the (NH,)2SO4-treated p239
and the p239 particles. Particles were observed in
all (NHy)2SOy-treated p239 samples (0.3, 0.5, and
1.0M) in urea by EM analysis [Fig. 5(B)]. Based on
the GFC data, the major peaks of 0.3M, 0.5M, and
1.0M (NH4)9SOy-treated p239 in 4M urea all eluted
at a similar time as the p239 particles (kav =
0.1980). Unfolded p239 exhibited a delayed elution

Particle Assembly of HEV Capsid Protein



of the major peak compared with the p239 particles.
A comparison between the (NHy)2SO4-treated p239
and the p239 particles confirmed the presence of the
p239 particles in 4M urea [Fig. 5(A-C)]. The DLS
results also confirmed the particle formation of p239
[Fig. 5(D)] following the 0.3M (NH,4)2SO, treatment
(p239 existed as particles with a radius of ~19 nm).
Taken together, these results demonstrated that
p239 could form particles in urea.

The critical role of hydrophobic interactions in
particle assembly

The domain (aa368-395) located at the N terminus of
p239 is not present in E2; thus, this domain is likely
involved in particle formation. The highly conserved
sequence of hydrophobic amino acids among the 28
residues of this domain suggests that the hydropho-
bic interaction might be the dominant molecular
interaction during particle assembly (Supporting In-
formation Table S1). Because particle assembly could
be triggered by the addition of salts (Fig. 3), and con-
served hydrophobic residues have been verified to be
required for the capsid particle assembly of the hepa-
titis virus,?? we wanted to determine the role of the
hydrophobic residues in the N terminus during the
particle assembly process. Three hydrophobic leucine
residues (Leu®", Leu®"®, and Leu®®®) were replaced
with Glu individually to perturb the hydrophobic
interaction to investigate their strategic action con-
tributed for particle assembly, and the mutants
L372E, L375E, and L395E were generated. For the
sake of folding maintenance monitoring, Ala replace-
ment on the interest sites was performed as control
and constructs L372A, L375A, and L395A were pro-
duced. SDS-PAGE was used to verify the dimeriza-
tion of the mutants. The mutants were efficiently
expressed, and they all mainly migrated as dimer
and reacts with neutralizing mAb 8C11 in Western
blotting, which demonstrates that the mutations on
L372, L375, and L395 not lead unfavorable effect on
protein folding [Fig. 6(A,B) left panel]. A GFC analy-
sis was performed to further determine the nature of
the assembly of the mutants, and we observed that
the mutants L372E, L375E, and L395E failed to form
p239-like particles [Fig. 6(A) right panel]. Although
Ala replacement maintained the assembly ability of
p239 [Fig. 6(B) right panel], the assembly ratio of
particle component with respect to the dimer form
decreased (Supporting Information Fig. S3), which
suggested that the reduced hydrophobicity of side
chain via Ala replacement leads to the lower particle
assembly efficiency. To further confirm the important
role of these three residues in the particle assembly, a
mutant with triple-site mutation (L372A, L375A, and
L395A) was constructed and its particle formation
was checked. The results showed that the similar
function of triple-site Ala mutation to that of single-
site Glu mutation, which maintained dimerization
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architecture and mAb 8C11 reactivity [Fig. 6(C) left
panel] but failed to form p239-like particles [Fig. 6(C)
right panel]. These results suggested that the hydro-
phobic nature of the three leucine residues (Leu®"?,
Leu®, and Leu®®) is crucial for particle assembly,
which can be triggered by salt addition. Furthermore,
the weight of these three strategic leucine residues
involved in particle assembly were quantitated and
ranked as Leu®”? > Leu®”® > Leu®® (Supporting In-
formation Fig. S3A).

A structural analysis provided new insight into
the importance of the N-terminal domain (aa368—
395) [Fig. 7(A,B)]. This region (aa368-395) stabilized
the other two strands of the B-sheet via hydrogen
bonds, formed a tight anti-parallel B-sheet architec-
ture and promoted the formation of a hydrophobic
Leu®™, Leu®”, and Leu®® were directly
engaged in the formation of the hydrophobic core,
which consists of three strands of p-sheets. Leu®"? is
involved in the intramolecular hydrogen bonding
contacts between two p-sheets, whereas Leu®"® and
Leu®®® did not exhibit any hydrogen bonding con-
tacts. A similar hydrophobic core has been observed
in the case of other anti-parallel B-sheet folding pro-
teins.?324 Because a hydrophobic force often plays
an important role in protein—protein interactions,
we hypothesized that this hydrophobic core may be
crucial for particle assembly. The hydrophobic core
may be involved in the trimer formation of the P1
domain near the 3-fold axis [Fig. 7(C,D)], and the
trimer formation is responsible for the particle for-
mation. Leu®"?, Leu®”®, and Leu®®® may be impor-
tant for maintaining the structure of the hydropho-
bic core; therefore, mutating the leucine residues to
hydrophilic residues destroyed the hydrophobic core
and perturbed the particle assembly.

core.

Discussion

Most recombinant ORF2 proteins form VLPs when
expressed in eukaryotic cells, which makes it difficult
to elucidate the individual steps involved in particle as-
sembly. #4123 Our p239 protein was expressed by
E. coli and assembled into particles via a refolding step
in vitro, which allowed for assembly studies of HEV.

The effect of salt on p239 particle assembly
In this study, we successfully demonstrated that
p239 underwent an association step to result in par-
ticle formation after treatment with (NH4).SO4 in
urea (Fig. 5). The finding that the appearance of
particles was unaffected by urea was consistent with
the ability of native virions to survive in the intesti-
nal tract.2526

These results suggest that the assembly rate pri-
marily depends on the temperature, and to a lesser
extent, on the concentration of the salt. To ascertain
the importance of salts, we applied three different
salts in the assembly experiments. These salts were
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Figure 6. Mutational studies of the N-terminal region of p239.
single-site Glu mutants (p239-L372E, p239-L375E, and p239-L

(A) SDS-PAGE, Western blotting, and GFC analysis of three
395E). (B) SDS-PAGE, Western blotting and GFC analysis of

three single-site Ala mutants (p239-L372A, p239-L375A, and p239-L395A). (C) SDS-PAGE, Western blotting, and GFC
analysis of the triple-site Ala mutant (p239-L372A-L375A-L395A). The lanes labeled with H indicate samples in the reduced
condition that were heated to 100°C for 3 min, and these samples were primarily resolved as monomers. The lanes labeled

with N indicate samples under non-reducing conditions, which

only contained 0.1% SDS, and the samples were not heated.

p239 and its mutants were reacted with the neutralizing mAb 8C11 of HEV. Western blotting analysis showed that all the
mutants remained the strong reactivity with mAb 8C11 with respect to the prototype p239. Three single-site Ala mutants
could partially assemble into particles with similar elution time to p239 particles, while three single-site Glu mutants and the

triple-site Ala mutant failed to form p239-like particles. [Color fi
wileyonlinelibrary.com.]

all able to activate the particle assembly of p239, and
multivalent salts [(NH4)2SO,4 and NaySO,4] had stron-
ger effects, which were likely due to the larger ionic
strength at the same concentration compared with
the monovalent salts (NaCl and NH,4Cl). A previous
structural study on HEV VLPs demonstrated that
salts and acidic pH conditions induce ORF2 peptides
to form particles during crystallization, and the hy-
pothesis that salt may be crucial for particle assembly
has previously been raised.'? This study verified that
salt is involved in the assembly of HEV particles.
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gure can be viewed in the online issue, which is available at

The identification of intermediates in the
(NH,)>SO,-mediated assembly

The assembly intermediate of the HEV has not been
captured. An analysis of the assembly process of
p239 using AUC makes it possible to demonstrate
the existence of an intermediate. The appearance
and disappearance of a component with a sedimen-
tation coefficient of approximately 5 S were identi-
fied using AUC during the assembly procedures of
the 0.3 and 0.5M (NH4)2SO4-treated p239 at 25°C.
Indeed, the extended existence of an intermediate in
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Figure 7. Structural model of the N-terminal domain (aa367-442) and the trimer of p239. (A) Backbone structure of the
N-terminal domain of p239 with the residues, strands, and hydrogen bonds labeled. (B) Backbone structure the N-terminal
domain of p239 with the surface of the hydrophobic core shown in blue. In A and B, the leucine residues in the hydrophobic
core chosen for the mutagenesis are identified using red ovals. The buried hydrogen bonds are shown in red, whereas the
other hydrogen bonds are not shown. (C) and (D) Structural model of the p239 trimer from an inside particle view (C) and an
outside particle view (D). The P1 domain is shown using a backbone representation, and the surface of the hydrophobic core
is shown in blue. The P2 domain and the hinge linker connecting the P1 and P2 domains are shown in pink. The hydrophobic
interactions between the p239 monomers are indicated by arrows. The N-terminal region of p239 played an important role in
stabilizing the folding of Strand 2 and Strand 4 and determined the formation of a small hydrophobic core that was critical for
the trimer formation. The structural model was derived from the crystal structure of genotype 3 HEV ORF2 (PDB ID: 2ZTN).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the presence of a higher (NH4),SO, concentration
indicated that the stability of the intermediate may
be dependent on the concentration of the salt
[Fig. 4(B)]. Urea may also be essential for the identi-
fication of the assembly intermediate because it
reduced the rate of the assembly and made it possi-
ble to record the assembly process.

Subunit interactions involved in particle
formation

Three contacts that are essential for placing the cap-
sid proteins into a T' = 1 shell domain were charac-
terized using a structural study, namely, the tight
clusters at the 5-fold, 3-fold, and 2-fold axes.!'?!?
The S domain was not included in p239, and we
verified that dimerization was not involved in parti-
cle assembly [Fig. 2 and Supporting Information
Fig. S2). Therefore, trimer formation may be the
crucial contact for placing the capsid proteins into
the VLPs. Based on the structural analysis, the clus-
tering at the 3-fold axis results from weak hydropho-
bic interaction, thus, trimers could not be observed
on the gel (Supporting Information Fig. S2).

The characteristics of p239 and E2 revealed
that the N-terminal region is crucial for particle as-
sembly. We performed further structural analysis of
the region and found that the aa368-395 region,
which contains hydrogen bonding contacts, stabi-
lized the other two B strands and promoted the for-
mation of a hydrophobic core (Fig. 7). To further
determine the mechanism of p239 particle assembly,
site-directed mutagenesis was utilized to disrupt the
hydrophobic core of the P1 domain. Three mutations
to amino acids involved in the hydrophobic core (i.e.,
L372E, L375E, and L395E) led to a failure in the
particle formation process. These results confirm
that the hydrophobic core is crucial for particle as-
sembly. We speculate that the hydrophobic core is
important for subunit interaction near the 3-fold
axis via hydrophobic interactions.

In summary, we obtained properly assembled
HEV particles in a solution of 4M urea that was sup-
plemented with specific salts. Importantly, we
observed that the particle assembly from capsid p239
was initiated by homodimerization of the protein, and
the protein was further packed into oligomeric inter-
mediates via hydrophobic interactions triggered by
salts. We also showed that hydrophobic interactions
among the capsid protein molecules are crucial in
HEV particle assembly. Overall, we provide valuable
insights regarding how protein assembly mediated by
hydrophobic interactions may occur under denaturing
conditions when a salt is used, and propose a putative
assembly process of p239 T'= 1 VLP in urea (Support-
ing Information Fig. S4). Currently, the HEV 239 vac-
cine has been approved with high efficacy and safety
in a large-scale, randomized, double-blind placebo-con-
trolled phase 3 trial.'® This study provides well-
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defined information for the VLP assembly process
control during the manufacture of the vaccine.

Materials and Methods

Cloning of the p239 mutant genes

The three mutants were generated using site-directed
PCR reactions, which were amplified from the p239
gene.? The mutated DNA fragments were subcloned
into the pMD 18-T vector using a TA cloning kit
(TaKaRa, Dalian, China). The resulting plasmid was
digested with Ndel and EcoRI for 2 h at 37°C. The
flanking fragment was purified using agarose gel elec-
trophoresis and a gel extraction mini kit (Watson,
Shanghai, China) and ligated to a nonfusion pTO-T7
expression vector that had been previously?” linear-
ized with Ndel and EcoRI. All of the clones were
further characterized by sequencing and a restriction
enzyme analysis.

Production and purification of p239, E2, and
related mutant proteins

The plasmid-containing genes that encode the EV
capsid protein E2, p239,>1° and the p239 mutants
were transformed into E. coli ER2566 cells (Invitro-
gen). An overnight culture of the transformant was
grown at 37°C in LB medium with 50 pg/mL kana-
mycin until the optical density value reached 0.8 OD
at 660 nm. Isopropyl-p-D-thiogalactoside was added
to the culture to a final concentration of 0.2 mM,
and the culture was further incubated for 6 h. The
bacterial cells harvested from the culture were lysed
by sonication, and the proteins formed inclusion
bodies. The inclusion bodies were separated from the
cellular debris by treatment with 2% Triton X-100 at
37°C for 30 min, and the inclusion bodies were dis-
solved in 4M urea buffer [10 mM PB7.5 (phosphate
buffer, pH7.5), 4M urea]. The proteins were further
purified using an AKTA Explorer 100 FPLC chroma-
tograph system (GE) with a Q Sepharose FF column,
which was equilibrated in 10 mM PB7.5 + 4M urea,
and the proteins were eluted in 10 mM PB7.5 + 4M
urea + 50 mM NaCl. The purified proteins in 10
mM PB7.5 + 4M urea +50 mM NaCl were dialyzed
against 10 mM PB7.5 + 4M wurea overnight and
were used for further biological analyses and salt-
mediated assembly experiments.

Salt treatment

(NH,)2S0,4, NH,CI, NaCl, and NaySO, were pur-
chased from Sigma and used without further treat-
ment. All of the salts were dissolved in the 4M urea
buffer (10 mM PB7.5, 4M urea) at a concentration of
3.0M. All of the aqueous solutions were sterilized by
filtration through 0.22 pm Millipore filters prior to
their use in the salt-mediated assembly experiments.
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All of the salt treatment experiments were carried
out in 4M urea buffer unless otherwise stated.

The protein solution in 4M urea buffer (10 mM
PB7.5, 4M urea) were mixed with the 3.0M stock
buffer of the three salts to reach the final salt con-
centrations in the assembly experiments (0.3, 0.5,
and 1.0M). Overnight incubation of p239 with
(NH4)2SO4, NasS0O,, NH4CI, or NaCl at concentra-
tions of 0.3, 0.5, and 1.0M at 37°C were performed
to analyze the specific effects of salt on particle as-
sembly. In the assembly process study, p239 and E2
were incubated with 0.3, 0.5, and 1.0M (NH,)SO,4
at 25°C and 37°C, and the incubation times were 1—
8 h in 1 h intervals. The final concentration of p239
protein subjected to assembly was 1 mg/mL deter-
mined by BCA assay.

Analytical ultracentrifugation

The SV was used to monitor the status of the salt-
treated p239 as previously described.!® The samples
were diluted to 1 OD at 280 nm in 1.2 cm lightpath,
and the reference buffer corresponded with the differ-
ent sample buffers. For example, we used 10 mM
PB7.5 with 4M urea as the reference buffer for non-
treated p239, 10 mM PB7.5 with 4M urea and 0.3M
(NH4)2S0, for the 0.3M (NH,)>SO, treatments, and
PBS for the refolding samples. The rotor speed was set
to 20,000 rpm and 40,000 rpm for p239 and E2, respec-
tively. The sedimentation coefficient was obtained
using the c(s) method?® with the Sedfit software that
was kindly provided by Dr. P. Schuck, National Insti-
tutes of Health (NIH) (http:/www.analyticalultracen-
trifugation.com). The accurate molecular masses of
p239 and E2 in urea buffer (i.e., the original state)
were determined from the results of the SE experi-
ments. p239 and E2 were both diluted to 0.7 OD, 0.35
OD, and 0.18 OD in 10 mM PB7.5 with 4M urea. The
samples were centrifuged sequentially at 14,000 rpm,
17,000 rpm, 20,000 rpm, and 42,000 rpm for solute
depletion. The data sets were processed as previously
described using a nonlinear least squares fit.'>?° In
subsequent models, the monomer molecular mass was
fixed at the value calculated from the p239 and E2
sequences (25,521 Da and 23,098 Da, respectively).

SDS-PAGE

The analysis of proteins using SDS-PAGE was per-
formed according to the method of Laemmli with
minor modifications. We used polyacrylamide gels
with 12% acrylamide in the separating gel and 5%
acrylamide in the stacking gel. The protein samples
were mixed with equal volumes of 2x loading buffer
(100 mM Tris—HCI, pH 6.8, 200 mM BME, 4% SDS,
0.2% bromophenol blue, and 20% glycerol). The sam-
ple mixtures were loaded onto the separating gel
without being heated.
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Gel filtration chromatography

The samples treated with different concentrations of
(NH,)2SO,4 were loaded onto a TSK Gel PW5000x1
7.8x300-mm column (TOSOH, Japan) equilibrated in
corresponding sample buffers using an 1120 Com-
pact LC HPLC system (Agilent Technologies, Ger-
man). The samples were diluted to 1 mg/mL and the
column flow rate was maintained at 0.5 mL/min,
and we determined whether particles were formed
by comparing the results to the p239 particles. Peak
area of particle and dimer component could be inte-
grated using peak area calculation, and the relative
content of particle component for each protein was
determined by area normalization to the sum of par-
ticle and dimer area.

Electron microscopy

The p239 particles were examined using negative-
stain EM. A sample was diluted to 1 mg/mL, applied to
a carbon-coated grid, and the sample was stained with
2% uranyl acetate after the removal of excess fluid.
The samples were examined using a JEM2100HC
transmission electron microscope (JEOL, Japan) oper-
ating at 200 kV to characterize the morphology of the
p239 particles.

Circular dichroism spectrometry (CD)

The CD spectra were obtained using a Jasco J-810
spectropolarimeter, and the samples were placed in
a 0.01-cm and 1.0-cm path-length cuvette for the
far-UV and near-UV measurements, respectively.
The spectra were the averages of three scans at a 50
nm/min scan speed, and the buffer baselines were
subtracted. The data were collected from 190 nm to
260 nm for the far-UV measurement at a protein
concentration of 4.5 mg/mL, whereas a protein con-
centration of 0.5 mg/mL was used for the 260-320
nm near-UV data collection. The CD ellipticity in
degrees was converted to the mean residue molar el-
lipticity, [0], using the formula

B =0xM/(n x10 x Cg x 1)

where 0 is the ellipticity in mdeg, [/ is the optical
path in cm, C; is the concentration in mg/mL, M is
the molecular mass, and n is the number of residues
in the protein. The mean residue molar ellipticity is
given in deg - cm? - dmol 1.

Dynamic light scattering

The hydrodynamic size distributions of the p239
particles were measured using a DynaPro-MS/X
(Protein Solutions,) DLS system.>® Samples (15 pL)
were loaded into a 1.5-mm path length 12 pL quartz
cuvette. Data were collected and analyzed with Dy-
namics software. The hydrodynamic radius (Ryg) of
the particles was calculated through the Stokes-Ein-
stein equation and 15 acquisitions were averaged.
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