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A Specific Domain of the Chikungunya Virus E2 Protein Regulates
Particle Formation in Human Cells: Implications for Alphavirus

Vaccine Design

Wataru Akahata and Gary J. Nabel

Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

Virus-like particles (VLPs) can be generated from Chikungunya virus (CHIKV), but different strains yield variable quantities of
particles. Here, we define the genetic basis for these differences and show that amino acid 234 in E2 substantially affects VLP pro-
duction. This site is located within the acid-sensitive region (ASR) known to initiate a major conformational change in E1/E2.
Selected other mutations in the ASR, or changes in pH, also increased VLP yield. These results demonstrate that the ASR of E2

plays an important role in regulating particle generation.

he reemergence of Chikungunya virus (CHIKV) in Kenya in

2004 and its subsequent spread throughout Africa, Asia, and
Europe has stimulated efforts to develop an effective vaccine for
the resultant debilitating disease. We have found that expression
of CHIKV structural proteins gives rise to virus-like particles
(VLPs) that resemble replication-competent alphavirus. This
CHIKYV VLP-based vaccine efficiently induced high-titer neutral-
izing antibodies against homologous and heterologous CHIKV
strains in monkeys, and VLP-immunized animals showed com-
plete protection against challenge with a high titer of a heterolo-
gous CHIKYV strain (1). Interestingly, we also found that CHIKV
37997 strain VLPs (VLP5,49,) could be produced efficiently but
that yields of CHIKV OPY-1 strain (VLPpy._,) were low, despite
the fact that the two strains are highly related, with 95% amino
acid sequence similarity. Understanding the mechanism for pro-
duction of CHIKV VLPs will allow for improved vaccines against
CHIKYV and can potentially apply to other pathogenic alphavirus
VLP vaccines.

To identify the viral gene responsible for increased VLP gener-
ation, we prepared chimeric VLP expression vectors that intro-
duced different segments of the 37997 strain into OPY-1. Using
the C-E3-E2-6K-E1 region from an OPY-1 expression vector
(VLPopy.1), we inserted either capsid (C) alone, C-E3, C-E3-E2,
or C-E3-E2-6K regions from the 37997 strain (Fig. 1A) using an
overlap extension PCR as described previously (7). These chime-
ric vectors were expressed in 293F cells. VLP synthesis was deter-
mined by Western blotting directly in the supernatants without
purification of particles. Release of VLPs into the supernatants
differed significantly among these chimeras (Fig. 1B, top panel)
despite comparable expression of the capsid and E1/E2 in cell
lysates (Fig. 1B, bottom panel). Notably, the yield of VLPs in-
creased more than 10-fold when the E2 region from the 37997
strain was included in the vector (Fig. 1B, top panel, lane 1 versus
lane 4). To determine which region was responsible for this in-
crease, the different polypeptide regions of 37997 were inserted
into the OPY-1 expression vector. This analysis revealed that the
E2 region alone mediated the increase in VLP production. Re-
placement of E2 enhanced VLP yield more than 80-fold as deter-
mined by Coomassie blue staining of sucrose density sedimenta-
tion-purified particles (Fig. 1C, lane 7 versus lane 13). To map the
subregion responsible for this effect, we prepared chimeras that
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further subdivided E2. The NH,-terminal E2 domain (E2 amino
acids [aa] 1 to 290) or the COOH-terminal E2 domain (E2 aa
291-423) was replaced in the VLP,py_; expression vector. VLP
production in transfected cells revealed that the NH,-terminal
region (aa 1 to 290) was necessary and sufficient for efficient VLP
synthesis [VLPopy_; 5/ ga(37997)] (Fig. 1C, lane 14).

The sequences of 37997 and OPY-1 differ in this region by
12 amino acids (Fig. 2A). To determine the specific amino acid
residues critical for VLP generation, site-specific mutations
were introduced individually at these sites from the OPY-1
strain into the NH,-terminal E2 domain of the 37997 strain
(Fig. 2B). Eleven of the 12 mutants synthesized VLPs at levels
similar to those for VLPpy_ 1 5 g2(37997) (Fig. 2B, lane 2 versus
lanes 3 to 12 and 14). In contrast, the N234K mutation from
OPY-1 produced a >3-fold reduction in VLP release (Fig. 2B,
lane 13), suggesting that this amino acid residue plays a critical
role in the regulation of VLP synthesis.

To determine whether modification of amino acid residue 234
from strain 37997 could improve VLP yield, this site was mutated
from K to N in the OPY-1 expression vector (VLPqpy.; K234N).
Introduction of this single amino acid change into the OPY-1
vector increased VLP release by >10-fold compared to that of
the parental VLP oy, (Fig. 3A, lane 1 versus 2). Notably, since the
release of capsid relative to E1/E2 with VLPpy_; plasmid (lane 1)
was higher than with the VLP5,4,, plasmid (lane 4), we examined
whether a plasmid encoding the capsid gene product (aa 1 to 261)
alone could release capsid into the media. The release of capsid
expressed from this plasmid into the medium was approximately
70% of levels released by the VLPypy_; plasmid (Fig. 3A, lane 5
versus 6), suggesting that production of capsid from strain OPY-1
occurs in the absence of envelope proteins. We performed buoy-
ant density gradient centrifugation of supernatants from cells
transfected with a plasmid encoding capsid gene product alone.
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FIG 1 Characterization of chimeric CHIKV VLPs. (A) Schematic representation of the CHIKV genome and the chimeric CHIKV capsid-envelope (C-E)
expression vectors used for VLP production from strains 37997 (blue) and OPY-1 (white). The CHIKV genome consists of the nonstructural polyproteins nsP1,
nsP2, nsP3, and nsP4 and the structural polyproteins capsid (C) and envelope (E; E3, E2, 6K, and E1) (top). (B) Expression of chimeric VLP vectors in 293F cells.
293F cells (4.5 X 107) were transfected with the 293fectin transfection reagent and 30 g of each VLP plasmid as previously described (1). Western blotting was
performed on the supernatant directly without purification of particles (top) or cell lysate fractions (bottom) 48 h after transfection using antisera reactive with
CHIKYV as a primary antibody and goat anti-mouse immunoglobulins linked to horseradish peroxidase as a secondary antibody. The levels of expression of capsid
and E1/E2 from all of the chimeric VLPs in cell lysates were within 1.1-fold of each other. (C) VLP yield from chimeric expression vectors. VLPs from supernatants
of the indicated transfected 293F cells were purified using OptiPrep buoyant density gradient centrifugation as previously described (1).

The capsid proteins migrated at a density greater than that of
VLPs, suggesting that the capsids do not form particles and likely
represent aggregates released from dying transfected cells. At the
same time, cell surface expression of envelope in the
VLPopy.; K234N was similar to that of wild-type VLPpy_, (Fig.
3B), indicating that this mutation affected production without
affecting E2 protein membrane expression. In fact, the yield of
VLP4py.; K234N was more similar to that of wild-type VLPs4q,
or the swap mutant, VLP5py_; y(37997)- These data suggest that E2
234N plays a critical role in increasing VLP yield.

Based on the alignment of alphaviruses from the NCBI data-
base (http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgituid
=pfam00943), we found that these viruses conserve K at position
234 on E2 (15), except for a few isolated strains, such as the 37997
strain, suggesting that 234K plays an important role in the virus
life cycle. Structural analysis of E2 suggested that 234K resides
within the ASR (aa 159 to 171 and aa 231 to 258 of E2). The ASR
has been observed in another alphavirus, Sindbis virus, and the
structure was disordered by low pH (9, 15). This region is believed
to be responsible for initiation of conformational changes in
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E1/E2 virus spikes. These irreversible conformational changes
triggered by low pH cause the hydrophobic fusion peptide loop of
El to interact with the cellular membrane and initiate fusion.
Analysis of Semliki Forest virus has shown that E1/E2 conforma-
tion changes are caused by exposure to different pH conditions
(18). Interestingly, pH has also been shown to be important for
alphavirus budding. Budding of Semliki Forest virus became effi-
cient when the infected cells were incubated at pHs greater than
7.5 compared to pHs below 7.0 (11). Therefore, we examined
whether pH affected the yield of VLPpy_,. We observed an ~10-
fold-increased yield when VLPs were generated at a pH higher
than 7.0 (Fig. 4A, top left). In contrast, green fluorescent protein
(GFP) expression levels in the cells as measured by flow cytometry
were similar in different pH conditions, suggesting that pH had no
effect on protein expression in the cells (data not shown).

We therefore hypothesized that 234K would affect VLP yield at
different pHs and that the VLPpy_; K234N mutant and VLP;,49,
would be less sensitive to the pH change. To test this hypothesis,
the yields of VLP mutants at pH 7.0 and 7.9 were compared (Fig.
4A, top middle and top right). The VLPpy_, yield increased more
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FIG 2 Structural models for the CHIKV OPY-1 E1/E2 complex compared to the CHIKV E2 37997 sequence, and effect of the single amino acid mutation N234K on
CHIKV VLP production. (A) Location and structural orientation of relevant amino acid differences between CHIKV E1/E2 in the OPY-1 and 37997 strains. The CHIKV
E1/E2 (OPY-1 strain) was modeled based on Protein Data Bank (PDB) code 3N43 and displayed using PyMOL (http://www.pymol.org). E2 is shown in red, and E1 is
shown in light blue. The green spheres indicate the E2 234 site; amino acids shown as orange spheres show the differences in amino acids between OPY-1 and 37997 in
E2aa 1 to 290. (B) Expression of mutant VLPs produced from transfected 293F cells by Western blotting. The indicated amino acid sequence from the OPY-1 strain was
introduced into the NH,-terminal E2 domain of chimeric VLPpy ; 5/ g5 (37097): lane 1, control; 2, VLPpy ; 5/ g5 (37997 (Wild type [WT]); 3, 132V; 4, S72N; 5, T74M; 6,
L84F; 7, T124S;8,E132D; 9, R140K; 10, A164T; 11, T182S; 12,1222V; 13, N234K; 14, T2841; 15, VLP 5 py_ ;. The supernatants harvested were analyzed by Western blotting
as described in the legend to Fig. 1B. The yields of the mutant VLPs were between 0.9- and 1.1-fold (lane 2 versus lanes 3 to 12 and 14).

than 10-fold at pH 7.9 (Fig. 4A, lane 6 versus lane 7), while the the same conditions (lane 12 versus lane 13). These data sug-
VLPopy.; K234N mutant yield did not increase at this pH (lane 8  gest that 234K plays an important role in pH-dependent VLP
versus lane 9). Conversely, the yield of VLPj.44, did not change  release.

at high pHs (lane 10 versus lane 11); however, the yield of the We next added an anti-E2 monoclonal mouse antibody (Ab;
VLP;,49; N234K mutant increased more than 4.0-fold under m242) to determine whether VLP yield is affected by an antibody
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FIG 3 Effect of a single amino acid mutation in E2 on CHIKV OPY-1 VLP production. (A) Expression of E2 mutants (left) and capsid (right) in transfected 293F cells
by Western blotting. The VLP expression vectors with the indicated amino acid sequences from the 37997 strain were substituted into the E2 region of VLPpy_, or the
OPY-1 capsid expression vector (aa 1 to 261) and were transfected as follows: lane 1, VLPpy 15 2, VLPopy ; K234N; 3, VLPpy | £2(37997) 4 VLP370973 5, capsidpy 5 6,
VLPpy. ;. Supernatants were harvested 72 h after transfection and analyzed by Western blotting as described in the legend to Fig. 1B. (B) Envelope expression on the
surface membranes of the indicated transfected cells 72 h after transfection was assessed by flow cytometry with a CHIKV E2 monoclonal antibody (m10-18, red line) or
a control mouse monoclonal antibody (black line) as a primary antibody and a phycoerythrin secondary antibody and an amine-reactive dye, ViViD, to exclude the dead
cell population. Monoclonal antibodies against CHIKV E2 were developed from mice immunized with VLP5,4,, based on methods described previously (19).
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FIG 4 Effect of pH and amino acid mutations in the E2 ASR on VLP production.
(A) Expression of VLPs in normal, basic pH buffers or adding E2 monoclonal
antibody (m242) by Western blotting 48 h after transfection. At 24 h after trans-
fection, Tris-HCI buffer at pH 7.5, 8.0, or 8.8 was added to the culture medium
(final concentration, 40 mM) to change the pH to 7.3, 7.5, and 7.9, respectively
(top left) or to change the pH to 7.9 (top middle and right; +). The supernatants
were analyzed by Western blotting as described in the legend to Fig. 1B. The yields
ofthe VLPpy_; K234N and VLP;.,, were within 1.1-fold of each other at a higher
pH (+) versusatanormal pH (—) (lane 8 versuslane 9 and lane 10 versuslane 11).
At 24 h after transfection of the VLPpy_; plasmid, a mouse control antibody or a
mouse anti-E2 monoclonal antibody (m242) was added (bottom left and middle,
antibody final concentration was 0.16 pg/ml, 0.63 pg/ml, 2.5 wg/ml, or 10 pg/ml,
respectively). Supernatants were analyzed by Western blotting with a rabbit serum
immunized with VLP;,,, as a primary antibody and goat anti-rabbit immuno-
globulins linked to horseradish peroxidase as a secondary antibody. At 24 h after
transfection of the furin cleavage site mutant VLPs (E3 R64E), the Tris-HCl buffer
was added to change the pH to 7.9 (+) (bottom right). The supernatants were
analyzed by Western blotting as described in the legend to Fig. 1B. The yields of the
mutant VLPs (E3 R64E) were within 1.1-fold of each other at a higher pH (+)
versus at a normal pH (—) (lane 24 versus 25). (B) Structural model of the E1/E2
dimer (left) and p62 (E3-E2)/El dimer (right) indicating the ASR of CHIKV,
modified from PDB code 3N43. The E2 aa 170, 233, 252, and 256 positions in
OPY-1 are shown in blue. The E2 aa 234 position in OPY-1 is shown in white. The
E2 domain B is shown in green, the E2 domain A is shown in cyan, the E2 domain
Cis shown in pink, the E2 B-ribbon connector is shown in purple, and the E2 ASR
domain (aa 231 to 258) in the E2 B-ribbon connector is shown in red. The E1 is
marked in yellow. The E3 region is marked in gray. (C) Yield of VLP in normal or
basic pH buffer determined by Western blotting. At 24 h after transfection of the
indicated plasmids, Tris-HCIl buffer was added to change the pH to 7.9 (+) as
described above. The supernatants were analyzed by Western blotting as described
in the legend to Fig. 1B. The yields of all the mutant VLPs were within 1.3-fold of
each other at a higher pH (+) versus at a normal pH (—) (lane 28 versus lane 29,
lane 30 versus lane 31, lane 32 versus lane 33, and lane 34 versus lane 35).

that prevents the E1/E2 conformational change (Fig. 4A, bottom
left). The m242 Ab has high neutralizing activity against both the
OPY-1 and 37997 strains. We found that addition of the m242 Ab
(lanes 18 to 21) increased VLP production up to ~4.5-fold in a
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dose-dependent manner. The m242 Ab probably binds to, or
near, the ASR and could prevent the initiation of the E1/E2 con-
formational change. The stabilization of E1/E2 could therefore
either stimulate the release or enhance the stability of VLPs and
thus improve the yield. These data support the notion that a sta-
bilization of the prefusion form of E1/E2 increases VLP yield by
facilitating budding/release or by preventing premature degrada-
tion/fusion. To explore this mechanism further, we tested a mu-
tant E3 expression vector with a noncleavable E3/E2 furin site
(Fig. 4A, E3 R64E, bottom right). This mutation leads to the re-
tention of E3. E3 prevents the conformational change in E1/E2
during transport to the cell membrane by clamping the ASR in
place until furin cleaves and releases E3 during virus maturation
(15). The yield of the furin mutant VLPs increased >4.0-fold
compared to results for the WT (Fig. 4A, lane 22 versus lane 24),
documenting that stabilization of E2/E1 by engagement of the
ASR increases VLP yield. In addition, there was no difference in
the yield of the mutant VLPs at pH 7.0 versus pH 7.9 (lane 24
versus lane 25), suggesting that the mutant was insensitive to the
pH change. Dimers of p62/E1 are stable at low pHs, while dimers
of E2/E1 dissociate more readily (16). Taken together, these data
suggested that stabilization of E1/E2 increased the efficiency of
VLP production. Interestingly, p62, the E3-E2 precursor, was not
detectable in supernatants or cell lysates (Fig. 1B and C), suggest-
ing that it is cleaved efficiently by furin in VLP plasmid-trans-
fected cells.

We next used structural information about E1/E2 (15) to test
whether additional alteration of this specific region of E2 affected
VLP production (Fig. 4B). We found that VLPpy_; K233N and
K252Q mutants increased the yield of VLPs >4.4-fold compared
to that of VLPqpy_, (Fig. 4C, lane 26 versus lanes 28 and 30). In
addition, there was no difference in the yield of the mutant VLPs at
pH 7.0 versus pH 7.9 (lane 28 versus lane 29 and lane 30 versus
lane 31), suggesting that the mutants were insensitive to the pH
change. We introduced another mutation, E2 H170M, into the
OPY-1 strain, since this amino acid is important for E1/E2 con-
formational changes and interacts strongly with a salt bridge and
one hydrogen bond between E2 and El1 (15). The mutant E2
H170M increased the VLP yield 3.8-fold compared to that for
wild-type VLPypy.; (Fig. 4C, lane 26 versus lane 32), and the yield
of VLP did not increase at a higher pH (Fig. 4C, lane 32 versus lane
33). Histidine amino acids are candidates to play important roles
in pH-dependent conformational changes, because the pK is in
the same range as the pH of the conformational transition (15).
Therefore, we also mutated 256H and found that this modifica-
tion increased the yield of VLPs 4.3-fold (lane 26 versus 34), but
we saw no additional change at the higher pH (lane 34 versus 35).
These data suggest that the insensitivity to pH in ASR plays an
important role in increasing VLP yield.

It has been shown that alphavirus assembly and budding effi-
ciency is related to several factors, such as palmitoylation of the
COOH terminal of E1 and E2 (6, 13), interactions between E1 and
E2 (20, 21) or between the cytoplasmic domain of E2 and capsid
proteins (8, 17, 22), the requirement for cholesterol in the cell
membrane (10, 12, 14), and pH (11). In this study, we have iden-
tified specific sequences in the E2 ASR responsible for robust
CHIKYV VLP yield and show that VLP release is sensitive to pH in
vitro. These findings suggest that the proper conformation of the
E1/E2, dependent on pH, is important for the efficient generation
of VLPs.
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Neutralizing antibody escape mutants have been characterized
in several alphaviruses. Most of these rescue mutants have been
found to contain E2 modifications on the outer side of domain B,
on the wings in domain A and in the ASR (4, 15). In the CHIKV
ASR mutants, modifications at the E2 amino acid positions 229,
231, 232, 233, and 234 were observed (4). These data suggested
that neutralizing antibodies recognize the E2 aa 229 to 234 region
in the ASR and that binding of the antibodies to these amino acids
prevented the conformational change necessary for the virus to
initiate the process of fusion and entry into the cells. The E2 aa 229
to 234 region in the ASR appeared critical for virus replication
partly due to its role in inducing pH-dependent conformational
changes, further supporting our observation that the K234N mu-
tation increased VLP yields by preventing the conformational
changes.

The most recent outbreak strain, OPY-1, is responsible for the
first reports of fatalities during a CHIKV epidemic, although po-
tential limitations in monitoring the outcomes of previous
CHIKV outbreaks may have resulted in underreporting. The
OPY-1 strain also caused significant pathogenicity compared with
an Asian strain in a mouse model (5). Analysis of replication-
competent viruses from the WT and E2-234 mutant of OPY-1 or
37997 strains in vitro and comparison of pathogenicity between
these replication-competent viruses in animal models would be
interesting. Although pathogenicity is affected by many factors,
particle formation during viral replication would likely contribute
to attenuation of viral pathogenicity.

VLPs are known to have advantages for vaccination, such as
a good safety profile and the ability to induce high levels of
immunogenicity (1-3). Thus, a VLP vaccine strategy may
prove to be optimal, and the results described here further the
development of alphavirus vaccines. Although ASR-mutant
VLPs as immunogens for vaccine development require further
evaluation with other alphaviruses, well-designed ASR-mutant
VLPs such as VLP;,49, would induce cross-neutralizing anti-
bodies, as we have shown previously (1). These results could
apply to development of VLP vaccines for many alphaviruses
and further an understanding of their mechanisms of assembly
and budding.
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