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The 80 trimeric, glycoprotein spikes that cover the surface of alphavirus particles are required for mediating viral entry into a
host cell. Spike assembly is a regulated process that requires interactions between five structural proteins, E3, E2, 6K and its
translational frameshift product TF, and E1. E3 is a small, �65-amino-acid glycoprotein that has two known functions: E3 serves
as the signal sequence for translocation of the E3-E2-6K-E1 polyprotein into the endoplasmic reticulum (ER), and cleavage of E3
from E2 is essential for virus maturation. Nonetheless, when E3 is replaced with an ER signal sequence, spikes do not form and
infectious particles are not assembled, suggesting an additional role(s) for E3 in the viral life cycle. To further investigate the role
of E3 in spike assembly, we made chimeric viruses in which E3 from one alphavirus species is replaced with E3 from another spe-
cies. Our results demonstrate that when E3 is interchanged between alphavirus species that belong to the same virus clade, viral
titers and particle morphologies and compositions are similar to what are observed for the parental virus. In contrast, for chime-
ras in which E3 is derived from a different clade than the parental virus, we observed reduced titers and the formation of parti-
cles with atypical morphologies and protein compositions. We further characterized the E3 chimeras using a combination of
structure-function and revertant analyses. This work revealed two specific interactions between E3 and its cognate E2 glycopro-
tein that are important for regulating spike assembly.

Alphavirus particles are characterized by the presence of 80
trimeric, glycoprotein spikes that protrude from the surface

of the virion (5, 49). The spikes, which are composed of trimers of
E2 and E1 heterodimers, are embedded in a host-derived lipid
membrane and are required to initiate infection; E2 is responsible
for receptor binding (4, 18, 39) and E1 mediates fusion between
the viral and host cell membranes during entry (11, 32, 47). Inter-
nal to the viral membrane is the nucleocapsid core. The core con-
sists of 240 copies of the capsid protein, which encapsidate the
single-stranded, positive-sense RNA genome (5, 49). The glyco-
protein spikes and the nucleocapsid core are linked through inter-
actions between the cytoplasmic tails of E2 and the capsid protein
(10, 12, 27, 35). Thus, misfolded or misarranged spikes on the
particle surface or aberrant interactions between the spikes and
the nucleocapsid core may affect viral entry into a new host cell.

Alphavirus spike assembly is a highly regulated process that
requires interactions between both viral and host cell factors. The
viral structural proteins are translated as a polyprotein, capsid-E3-
E2-6K-E1 (or capsid-E3-E2-TF), from a subgenomic RNA (8, 43).
Early in translation, capsid is autoproteolytically cleaved from the
rest of the polyprotein (30). Following capsid cleavage, E3 serves
as the signal sequence to translocate E3-E2-6K-E1 (or E3-E2-TF)
into the endoplasmic reticulum (ER) (2, 3, 8, 23). Multiple cleav-
age and oligomerization steps within the host ER and secretory
system are necessary to form functional spikes. In the ER, the
structural polyprotein is processed by the cellular enzyme sig-
nalase to yield E3-E2 (also referred to as pE2 or p62), 6K, and E1
(23, 51). After processing, pE2 and E1 form heterodimers, which is
followed by the oligomerization of three heterodimers to form the
immature, nonfusogenic spike complex (25, 26, 31). Once
formed, the immature spikes are transported to the plasma mem-
brane through the host secretory system (6). In the trans-Golgi
network, the cellular enzyme furin cleaves E3 from E2, which ren-
ders the spikes fusogenic (17, 37, 38, 46, 51). Lateral spike-spike
interactions at the plasma membrane arrange the spikes into hex-
agonal arrays, which are hypothesized to serve as the sites for E2

and nucleocapsid core interactions to initiate budding from the
host cell (44). Improper regulation of spike assembly at any of
these steps could have drastic effects on particle formation and
infectivity.

The observations from several independent lines of work sug-
gest that E3 may function as a chaperone, possibly to mediate E2
folding, during spike assembly. First, when E3 is replaced with an
ER signal sequence, the structural proteins are translated; how-
ever, spikes do not form and E1 and E2 are retained in the ER (26).
Second, when the furin cleavage site is mutated, uncleaved pE2 is
incorporated into the released virions, but particle infectivity is
severely attenuated. The reduced infectivity is presumably due to
the inability of the E2-E1 heterodimers to dissociate during viral
entry (17, 45). Third, distinct assembly defects were observed
when single amino acid mutations were made in Sindbis virus
(SINV) and Ross River virus (RRV) E2, indicating that E2 folding
and function are species dependent, possibly due to interactions
with a virus-specific chaperone (40). Fourth, in the atomic struc-
ture of the Chikungunya virus (CHIK) pE2-E1 heterodimer, E3
contacts E2 only and does not interact directly with E1 (45). There
are eight predicted interaction sites between E3 and E2 (through
either hydrogen bonds or salt bridges) that are distributed
throughout the CHIK E3-E2 interface, but none of these are near
the E2 receptor-binding site (4, 18, 39, 45). It is hypothesized that
these contact sites are necessary to stabilize the pE2-E1 het-
erodimer during assembly of the viral spike complex.

To investigate if E3 regulates folding of its cognate E2 glyco-
protein and subsequent pE2 and E1 heterodimerization, we gen-
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erated chimeric viruses in which E3 from one virus species is re-
placed with E3 from another species. Our results demonstrate that
when E3 is interchanged between virus species that belong to the
same virus clade, there are minimal effects on viral titer, particle
morphology, and particle composition. In contrast, we observed
attenuated virus growth and defects in particle morphology and
composition for chimeras in which E3 was derived from a differ-
ent clade than the parental virus. Furthermore, second-site rever-
tants map to two binding sites between E3 and E2, demonstrating
that the maintenance of a small number of specific E3-E2 contacts
can restore E3 function in chimeras that are defective in particle
assembly. Taken together, our results indicate that E3 makes spe-
cific interactions with its cognate E2 glycoprotein and these inter-
actions are important for regulating spike assembly.

MATERIALS AND METHODS
Viruses and cells. The virus strains used in this work were the TE12 strain
of SINV (29), the T48 strain of RRV (19), the pSP6-SFV4 infectious clone
of Semliki Forest virus (SFV) (24), and the BeAR 10315 strain of Aura
virus (AURA) (36). BHK-21 cells (American Type Culture Collection,
Manassas, VA) were grown in minimal essential medium (Mediatech,
Manassas, VA) supplemented with 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, GA), nonessential amino acids, L-glutamine,
and penicillin-streptomycin. BHK-21 cells were grown at 37°C in the
presence of 5% CO2. C6/36 cells (American Type Culture Collection,
Manassas, VA) were grown in identical medium but at 28°C in the pres-
ence of 5% CO2.

Generation of chimeric and mutant viruses. All chimeric and mutant
viruses of the TE12 cDNA clone and the T48 cDNA clone were generated
using QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA).
No additional changes were introduced into the chimeras during cloning.
For each construct, the region corresponding to the E3 glycoprotein
and/or the E2 glycoprotein was sequenced. Wild-type, chimeric, and mu-
tant cDNA clones were linearized with SacI and in vitro transcribed with
SP6 polymerase (33).

Electroporation of BHK-21 cells was performed as previously de-
scribed (34). Briefly, approximately 107 BHK-21 cells were trypsinized,
washed three times with phosphate-buffered saline (PBS), and resus-
pended with PBS to a final volume of 500 �l. The cells were mixed with in
vitro-transcribed RNA in a 2-mm-gap cuvette and pulsed once at 1.5 kV,
25 �F, and 200 � using a Bio-Rad Gene Pulser Xcell electroporation
system (Bio-Rad Laboratories, Hercules, CA). Following a 10-min recov-
ery at room temperature, the cells were diluted 1:10 in BHK cell medium
and incubated at 37°C in the presence of 5% CO2. At the indicated time
points, virus was harvested and the titer was determined using a standard
plaque assay procedure (33).

Electroporation of C6/36 cells was performed as previously described
(40). Briefly, approximately 107 C6/36 cells were washed twice with PBS
and resuspended in PBS to a final volume of 500 �l. The cells were mixed
with in vitro-transcribed RNA in a 2-mm-gap cuvette and pulsed twice at
0.4 kV, 25 �F, and 800 � using the Bio-Rad Gene Pulser Xcell electropo-
ration system (Bio-Rad Laboratories, Hercules, CA). Following a 1-min
recovery at room temperature, the cells were diluted 1:10 in C6/36 cell
medium and incubated at 28°C in the presence of 5% CO2. At 25 h post-
electroporation, virus was harvested and the titer was determined on
BHK-21 cells using a standard plaque assay procedure (33).

Quantitation of genome copies by RT and qRT-PCR. Quantitation of
genome copies was performed as previously described (40). Briefly,
BHK-21 cells were electroporated with in vitro-transcribed wild-type or
chimeric viral RNA, resuspended in BHK cell medium, and incubated at
37°C in the presence of 5% CO2. At 25 h postelectroporation, the medium
was harvested and spun at 3,500 � g for 15 min at 4°C to remove cells and
cell debris. The cleared medium containing either wild-type or chimeric
virus (5 �l) was mixed with 500 ng of both nsP1 and either E1 or E2

reverse transcription (RT) primers (SINV nsP1 [5=-AACATGAACTGGG
TGGTG-3=] and SINV E1 [5=-ATTGACCTTCGCGGTCGGATTCAT-3=]
or RRV nsP1 [5=-GCTCTGGCATTAGCATGG-3=] and RRV E2 [5=-GAA
CATCATGACCAGCCATA-3=]). The samples were incubated at 94°C for
5 min and then 70°C for 5 min and transferred to ice. Once on ice, an RT
mixture containing 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 10 mM dithio-
threitol, 3 mM MgCl2, 0.5 mM deoxynucleoside triphosphates, RNase
inhibitor (GenScript, Piscataway, NJ), and ImProm-II reverse transcrip-
tase (Promega, Madison, WI) was added to each sample. Following addi-
tion of the RT mixture, the samples were incubated at 25°C for 5 min,
42°C for 45 min, and 75°C for 15 min.

The cDNA prepared as described above (2 �l) was mixed with 1�
Brilliant SYBR green III reagent (Stratagene, La Jolla, CA) and 250 nM
forward and reverse detection primers to a final volume of 25 �l per well
in a 96-well plate. Multiple quantitative RT-PCR (qRT-PCR) measure-
ments were made for each sample. Standard curves were generated by
serially diluting wild-type SINV or RRV cDNA clones. All data sets in-
cluded paired standard curves, which were generated by plotting the ob-
served threshold cycle (CT) value using an exponential regression. The
number of genome copies present within each qRT-PCR mixture was
calculated using the observed CT values for each sample and the equation
obtained from the standard curve.

TEM. Transmission electron microscopy (TEM) analysis was per-
formed as previously described (40). Briefly, medium containing ei-
ther wild-type or chimeric virus was spun at 3,500 � g for 15 min at
4°C to remove cells and cell debris. The cleared medium was overlaid
onto a 27% sucrose cushion and spun at 185,000 � g for 2.5 h at 4°C.
Pelleted virus particles were resuspended in HNE buffer (20 mM
HEPES, pH 7.5, 150 mM NaCl, and 0.1 mM EDTA). Following puri-
fication, 3 �l of virus was applied to a Formvar- and carbon-coated
400-mesh copper grid (Electron Microscopy Sciences, Hatfield, PA)
and stained with 1% uranyl acetate. The stained grids were analyzed
using a JEOL 1010 transmission electron microscope (Tokyo, Japan)
operating at 80 kV. Images were recorded using a Gatan UltraScan
4000 charge-coupled-device camera (Pleasanton, CA).

Production of radiolabeled virus and purification using a step gra-
dient. Production and purification of radiolabeled virus were performed
as previously described (40). Briefly, BHK-21 cells were electroporated
with in vitro-transcribed wild-type, chimeric, or mutant viral RNA, resus-
pended in BHK cell medium, and incubated at 37°C in the presence of 5%
CO2. At 15 h postelectroporation, the medium was replaced with L-me-
thionine- and L-cysteine-free Dulbecco’s minimum essential medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 5% dialyzed fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA). The cells were
incubated at 37°C in the presence of 5% CO2 for 15 min. Following the
15-min incubation, 50 �Ci/ml [35S]cysteine-methionine (PerkinElmer,
Waltham, MA) was added to the medium and the cells were incubated for
an additional 24 h.

Following virus production, medium containing either radiolabeled
wild-type, chimeric, or mutant virus was spun at 3,500 � g for 15 min at
4°C to remove cells and cell debris. The cleared medium was then overlaid
onto a 27% and 60% sucrose step gradient and spun at 250,000 � g for 2.5
h at 4°C. Following ultracentrifugation, virus present at the 27% and 60%
sucrose step interface was extracted. Radiolabeled virus was solubilized in
reducing SDS sample buffer and analyzed by SDS-PAGE.

Pulse-chase analysis of viral glycoprotein expression. BHK-21 cells
were electroporated with in vitro-transcribed wild-type or chimeric viral
RNA, resuspended in BHK cell medium, and incubated at 37°C in the
presence of 5% CO2. At 15 h postelectroporation, the medium was re-
placed with L-methionine- and L-cysteine-free DMEM (Invitrogen, Carls-
bad, CA) supplemented with 5% dialyzed fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA) and 2 �g/ml actinomycin D (Invitrogen,
Carlsbad, CA). The cells were incubated at 37°C in the presence of 5% CO2

for 15 min. After the 15-min incubation, 50 �Ci/ml [35S]cysteine-methi-
onine (PerkinElmer, Waltham, MA) was added to the medium and the
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cells were incubated for an additional 15 min. After radiolabeling, the cells
were either immediately lysed with BHK cell lysis buffer (10 mM Tris, pH
7.4, 20 mM NaCl, 0.4% deoxycholic acid, 1% NP-40, and 1 mM EDTA)
(0-h-chase time point) or the medium was replaced with unlabeled BHK
cell medium. The cells were chased in unlabeled medium for 1 h and then
lysed with BHK cell lysis buffer (1-h-chase time point). The cell lysates
were solubilized in reducing SDS sample buffer and analyzed by SDS-
PAGE.

Biotinylation analysis of glycoprotein cell surface expression.
BHK-21 cells were electroporated with in vitro-transcribed wild-type or
chimeric viral RNA. At 15 h postelectroporation, the medium was re-
placed with L-methionine- and L-cysteine-free DMEM (Invitrogen, Carls-
bad, CA) supplemented with 5% dialyzed fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA). The cells were incubated at 37°C in the
presence of 5% CO2 for 15 min. Following the 15-min incubation, 50
�Ci/ml [35S]cysteine-methionine (PerkinElmer, Waltham, MA) was
added to the medium and the cells were incubated for an additional 2 h.
After radiolabeling, the cells were washed with PBS and cell surface pro-
teins were biotinylated for 30 min at room temperature with 2.5 mM
sulfosuccinimidyl-6-[biotin-amido]hexanoate (sulfo-NHS-LC-biotin;
Pierce, Rockford, IL). The biotin solution was prepared in PBS immedi-
ately before use. The biotinylated cells were lysed with BHK cell lysis
buffer (10 mM Tris, pH 7.4, 20 mM NaCl, 0.4% deoxycholic acid, 1%
NP-40, and 1 mM EDTA), and cell lysates were incubated with streptavi-
din resin (Pierce, Rockford, IL) for 1 h at room temperature with rocking.
Following incubation, the resin was pelleted and washed three times with
PBS. Biotinylated proteins were eluted from the resin by adding reducing
SDS sample buffer and boiling at 95°C for 10 min. The eluted proteins
were analyzed by SDS-PAGE.

Screening for second-site revertants of the interclade RRV chime-
ras. Chimeric viruses were serially passaged on BHK-21 cells, and the
presence of second-site revertants was monitored by plaque size. Large

plaques observed at passage 3 were isolated and used to infect BHK-21
cells. The infected cells were lysed at 8 h postinfection with TRIzol reagent
(Invitrogen, Carlsbad, CA), and cytoplasmic RNA was isolated using phe-
nol-chloroform extraction. The coding sequence of the structural poly-
protein was amplified from the viral RNA using RT-PCR. The region
corresponding to the structural polyprotein was sequenced to identify the
location of second-site mutations. To verify that the large plaque pheno-
types were due to the mutation identified in sequencing, the revertant sites
were introduced back into the chimeric viruses and growth kinetics and
plaque sizes were analyzed.

RESULTS
The interclade E3 chimeras produce fewer infectious particles
than wild-type virus. Phylogenetic analysis of the entire viral ge-
nome divides alphaviruses into four clades: the Venezuelan
equine encephalitis (VEE) clade, the Eastern equine encephalitis
(EEE) clade, the Western equine encephalitis (WEE) clade, and
the Semliki Forest virus (SFV) clade (Fig. 1A) (9). Pairwise analy-
sis of amino acid sequence identities shows that E3 glycoproteins
derived from the same clade have, in general, comparatively
higher percent identities than E3 glycoproteins derived from dif-
ferent clades (Fig. 1A) (13, 20).

To determine how interchangeable E3 is between virus species,
we made and characterized E3 chimeric viruses. E3 was inter-
changed between viruses in the same clade and different clades. If
E3 does not play a specific chaperone role with E2 during spike
assembly, E3 should be interchangeable between different alpha-
viruses, including those from different clades; however, if specific
contacts between E3 and E2 that promote folding and oligomer-
ization of the viral spike complex are made, the chimeric viruses

FIG 1 Design of SINV and RRV chimeras. (A) Matrix of amino acid percent identities calculated pairwise between different alphavirus E3 glycoproteins. The
phylogenetic clade to which each alphavirus is classified is indicated to the left of the matrix (9). Percent identities calculated between the E3 glycoproteins
interchanged in this work are indicated (*). Percent identities were calculated using the ClustalW program (13, 20). (B and C) Schematics of the intra- and
interclade E3 chimeras, respectively.
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may have assembly defects that are not observed for wild-type
virus. Using Sindbis virus (SINV) and Ross River virus (RRV) as
the parental viruses (members of the WEE clade and the SFV
clade, respectively), we designed two sets of E3 chimeras (Fig. 1B
and C): intraclade chimeras in which E3 is derived from the same
phylogenetic clade as the parental virus (AURA E3 in SINV and
SFV E3 in RRV) and interclade chimeras in which E3 is derived
from a different phylogenetic clade than the parental virus (SFV
E3 in SINV, RRV E3 in SINV, AURA E3 in RRV, and SINV E3 in
RRV).

The SINV and RRV chimeras were initially characterized to
determine the amount of infectious virus produced over time fol-
lowing electroporation (Fig. 2A and B). The intraclade E3 chime-
ras produced infectious virus at the same rate and to similar levels
as the parental viruses, either wild-type SINV or RRV. Plaque sizes
for these chimeras were also similar to those for the parental vi-
ruses (data not shown). In contrast, the interclade E3 chimeras
produced smaller amounts of infectious virus. The interclade
SINV chimeras (SFV E3 in SINV and RRV E3 in SINV) were
reduced in titer by 2 to 3 log units, respectively, compared to those
in wild-type SINV (Fig. 2A). The interclade RRV chimeras (AURA
E3 in RRV and SINV E3 in RRV) displayed a more severe pheno-
type, producing at most 102 PFU/ml at 48 h postelectroporation.
As expected, plaque sizes for each of the interclade E3 chimeras

were smaller than those for the parental viruses (data not shown).
We observed similar patterns of infectivity and similar differences
in plaque size when the chimeric viruses were grown in the C6/36
mosquito cell line derived from Aedes albopictus (data not shown),
indicating that the capacity of the E3 chimeras to assemble infec-
tious virions is not cell type specific.

The lower titers observed for the interclade E3 chimeras could
be due to an overall reduction in the total number of particles
produced. qRT-PCR was used to quantify the number of viral
RNA genome copies (or total number of particles) present in the
medium of infected cells (41, 55). As expected, the intraclade E3
chimeras did not produce fewer particles than wild-type virus and
had particle-to-PFU ratios that were similar to those of wild-type
virus. For each of the interclade E3 chimeras, we observed only a 1-
to 2-log-unit decrease in the total number of particles produced
compared to that for the parental viruses; however, the differences
in titer between the SINV and RRV interclade E3 chimeras led to
significantly different particle-to-PFU ratios (Fig. 2B and C). The
interclade SINV chimeras (SFV E3 in SINV and RRV E3 in SINV)
had particle-to-PFU ratios that were only 1 to 2 log units higher
than those of wild-type SINV. Alternatively, the particle-to-PFU
ratios determined for the AURA E3 in RRV and SINV E3 in RRV
were 4 to 5 log units higher than those determined for wild-type
RRV. Taken together, the elevated particle-to-PFU ratios ob-

FIG 2 Infectivities of SINV and RRV chimeras. (A and B) Production of infectious virus by SINV and RRV chimeras, respectively. BHK-21 cells were
electroporated with in vitro-transcribed wild-type or chimeric viral RNA. At the indicated time points, the medium was harvested and titers were determined by
a standard plaque assay procedure (33). The experiments to obtain growth curves were performed twice for each E3 chimera. The results from one representative
experiment are shown. (C) Quality of the released SINV and RRV chimera particles. BHK-21 cells were electroporated with in vitro-transcribed wild-type (WT)
or chimeric viral RNA. At 25 h postelectroporation, the medium was harvested and the particle number was quantitated using qRT-PCR. Virus titer was
determined using a standard plaque assay procedure (33). For each virus, the experiments used to obtain the total number of particles released and titer were
performed on three independent samples. The range of values obtained from these experiments is shown.
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served for the interclade E3 chimeras demonstrate that these vi-
ruses assemble particles that are not as competent to infect a new
cell as the particles assembled by the parental viruses.

The interclade E3 chimeras produce particles with atypical
morphologies and protein compositions. The interclade RRV
chimeras showed only a moderate reduction in the total number
of particles produced but had significantly elevated particle-to-
PFU ratios (Fig. 2C). These observations suggest that the virions
formed by these chimeras have severe defects in terms of particle
assembly, including the incorporation of misfolded or misar-
ranged spikes or the incorporation of improperly processed spike
proteins, such as uncleaved pE2 (E3-E2), into the released parti-
cles.

To examine the morphology of the released E3 chimera parti-
cles, virus particles present in the medium of infected cells were
pelleted through a 27% sucrose cushion, resuspended in HNE
buffer, and analyzed by negative-stain TEM (Fig. 3A). Wild-type
SINV and RRV assembled spherical particles that were 70 nm in
diameter, which is consistent with previous findings (5, 49). The
intraclade E3 chimeras also produced homogeneous, spherical
particles that were approximately 70 nm in diameter (Fig. 3A).

In contrast, we observed mixed morphologies for the inter-
clade E3 chimeras (Fig. 3A). The interclade RRV chimeras pro-
duced only a small percentage of particles that were similar in size
and morphology to those of wild-type RRV. The majority of the

particles assembled by AURA E3 in RRV and SINV E3 in RRV had
a large, pleomorphic phenotype. The defects in particle morphol-
ogy observed for the interclade SINV chimeras were not as severe
as those observed for the interclade RRV chimeras. SFV E3 in
SINV and RRV E3 in SINV predominantly produced particles that
were similar in size to wild-type SINV particles, with only a small
percentage of particles displaying a large, pleomorphic phenotype.
These results are consistent with the growth analysis and the par-
ticle-to-PFU data, in which the interclade RRV chimeras had
more deleterious phenotypes than the interclade SINV chimeras
(Fig. 2).

To examine the protein composition of the released particles,
[35S]cysteine-methionine-labeled virus was purified from the me-
dium using a two-step (27% and 60%) sucrose gradient. Virus
present at the 27% and 60% sucrose step interface was extracted
and analyzed by SDS-PAGE (Fig. 3B). This purification method
was used because it is gentler than pelleting of the virus, which can
disrupt unstable particles. As expected, capsid and E1/E2 were the
predominant proteins present in wild-type SINV, wild-type RRV,
and the intraclade E3 chimeras (AURA E3 in SINV and SFV E3 in
RRV). Furthermore, the relative levels of capsid to E1/E2 were
similar for each of these viruses. These observations are consistent
with the intraclade SINV chimeras predominantly forming parti-
cles that are morphologically similar to those of the parental vi-
ruses (Fig. 3A). The interclade SINV chimeras (SFV E3 in SINV

FIG 3 Characterization of released SINV and RRV chimera particles. (A) TEM images of pelleted E3 chimera particles. Wild-type and chimeric viruses were
pelleted from the medium of infected cells, resuspended in HNE buffer, and stained on a Formvar- and carbon-coated 400-mesh copper grid. The stained grids
were imaged at �40,000 magnification. (B) Composition of radiolabeled E3 chimera particles. [35S]cysteine-methionine-labeled wild-type and chimeric viruses
were harvested from the medium of infected cells, purified using a two-step sucrose gradient, solubilized in reducing SDS sample buffer, and analyzed by
SDS-PAGE. For each virus, 107 to 108 particles were loaded onto the gel. Particle number was quantitated using qRT-PCR. Migration of E1/E2 and capsid bands
is indicated to the left of the images. The band that migrated slower than E1/E2 in SFV E3 in SINV is indicated with an asterisk to the right of the SINV chimera
images. Longer exposures of the indicated regions for AURA E3 in RRV and SINV E3 in RRV are shown to the right of the RRV chimera images.
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and RRV E3 in SINV) also showed discrete capsid and E1/E2
bands, though the relative amounts of each band appeared to be
slightly different from those for wild-type SINV. Interestingly,
SFV E3 in SINV incorporated an additional protein species that
migrated where uncleaved pE2 (E3-E2) would be expected to run
on an SDS-polyacrylamide gel (Fig. 3B; migration of the extra
band is indicated with an asterisk to the right of the SINV chimera
images).

In contrast, the interclade RRV chimeras (AURA E3 in RRV
and SINV E3 in RRV) did not have discrete bands corresponding
to E1 and E2. At longer exposure times, it appeared that multiple
bands were present, possibly indicating different folded forms of
E1/E2 (Fig. 3B; longer exposures of the glycoprotein bands are
indicated to the right of the RRV chimera images). Furthermore,
these chimeras had an abundance of capsid relative to E1/E2,
which is consistent with the TEM images that show potentially
multicored particles (Fig. 3A). Additionally, if the interclade RRV
chimeras were damaged during step gradient purification, these
particles may have lost their viral envelope. Thus, the purified
particles would be expected to have reduced levels of E1/E2 rela-
tive to capsid, which is consistent with the findings presented in
Fig. 3B. This interpretation would support our conclusion that the
interclade RRV chimeras are less stable than either wild-type RRV
or the intraclade RRV chimeras.

Thus far, our results demonstrate that when E3 is interchanged
between virus species that are classified in the same clade, there are
minimal effects on particle assembly. The intraclade E3 chimeras
had titers and particle-to-PFU ratios that were comparable to
those of the parental viruses (Fig. 2). Furthermore, TEM and SDS-
PAGE analysis of purified particles indicated that the intraclade E3
chimeras assembled virions that were similar in size, morphology,
and protein composition to the parental viruses (Fig. 3). In con-
trast, the interclade E3 chimeras had reduced infectivity (Fig. 2)
and assembled particles with atypical morphologies and protein
compositions (Fig. 3). Interestingly, the interclade RRV chimeras
showed consistently more severe assembly defects than the inter-
clade SINV chimeras.

The interclade RRV chimeras have reduced levels of intracel-
lular and cell surface spike glycoprotein expression within in-
fected cells. The small amounts of E1/E2 relative to capsid in the
released interclade RRV chimera particles (Fig. 3B; see AURA E3
in RRV and SINV E3 in RRV) suggest that there is either reduced
intracellular or reduced cell surface expression of the spike glyco-
proteins during infection. Using pulse-chase and biotinylation
analyses, we investigated what stage(s) of assembly, either spike
protein expression or spike transport to the cell surface, is affected.

We first examined the total amounts of E1/E2 expressed in
infected cells (Fig. 4A, 0-h chase). For the interclade RRV chime-
ras, pE2 and E1/E2 were present at lower levels in cell lysates than
those for either wild-type RRV or SFV E3 in RRV. We examined
the levels of pE2 and E1/E2 after a 1-h chase to determine the
lifetime of the spike proteins in the intra- and interclade RRV
chimeras. Wild-type RRV and SFV E3 in RRV showed a decrease
of pE2 levels, presumably because of cleavage of E3 from E2. The
interclade RRV chimeras. showed reduced levels of E1/E2, consis-
tent with what was observed at the 0-h chase. These results dem-
onstrate that a mismatched E3 affects the folding and stability of
the spike glycoproteins within infected cells.

To address if E1/E2 are transported to the plasma membrane,
cell surface proteins were biotinylated, purified with streptavidin

resin, and analyzed by SDS-PAGE (Fig. 4B). As expected for SFV
E3 in RRV, the spike proteins were present at the cell surface at
levels comparable to those of wild-type RRV. In contrast, small
amounts of E1/E2 were present at the plasma membrane in cells
infected with either of the interclade RRV chimeras, consistent
with the overall small amounts of E2 and E1 present during an
infection (Fig. 4A). For wild-type RRV and SFV E3 in RRV, we
also observed low levels of capsid protein, which is consistent with
the spike proteins interacting with the nucleocapsid core at the
plasma membrane prior to budding. The results of immunofluo-
rescence experiments probing for cell surface glycoprotein expres-
sion were consistent with the biotinylation data (data not shown).
Taken together, the reduced intracellular and cell surface spike
glycoprotein expression observed for the interclade RRV chimeras
is consistent with overall spike misfolding.

Deletion of the CXXC motif from RRV E3 does not affect the
production of infectious virus. To investigate why E3 is not in-
terchangeable between different clades, we compared the amino
acid sequences of a representative group of E3 glycoproteins. This
analysis revealed a subset of E3 glycoproteins that contain an extra
CXXC motif (Fig. 5A). This motif is characteristic of many redox
proteins, such as protein disulfide isomerase, and proteins that
undergo disulfide reshuffling during folding (48, 50). Interest-
ingly, the E3 proteins of both RRV and SFV (members of the SFV
clade) contain this motif, whereas the E3 proteins of SINV and
AURA (members of the WEE clade) do not. In the atomic struc-
ture of CHIK E3, the CXXC motif is part of an extended loop that
does not make direct contacts with E2 (45).

To determine if the CXXC motif plays a role in the clade spec-
ificity observed for the E3 chimeras, we inserted all or parts of the
CXXC motif into SINV E3 (Fig. 5B). We inserted CXXC, CXX,
and C alone (�CXXC, �CXX, and �C, respectively) into wild-
type SINV, so SINV E3 was more similar in amino acid sequence

FIG 4 Intracellular and cell surface spike glycoprotein expression in cells
infected with RRV chimeras. (A) Pulse-chase analysis probing for intracellular
spike glycoprotein expression. BHK-21 cells were electroporated with in vitro-
transcribed wild-type or chimeric viral RNA. At 15 h postelectroporation, the
cells were labeled with [35S]cysteine-methionine for 15 min. After radiolabel-
ing, the cells were either immediately lysed (0-h-chase time point) or chased
for 1 h in unlabeled medium and then lysed (1-h-chase time point). Cell lysates
were solubilized in reducing SDS sample buffer and analyzed by SDS-PAGE.
Migration of spike glycoprotein bands is indicated to the left of the image. (B)
Biotinylation analysis probing for cell surface spike glycoprotein expression.
BHK-21 cells were electroporated with in vitro-transcribed wild-type or chi-
meric viral RNA. At 15 h postelectroporation, the cells were labeled with
[35S]cysteine-methionine medium for 2 h. After incubation, cell surface pro-
teins were biotinylated with 2.5 mM sulfo-NHS-LC-biotin. Following biotiny-
lation, the cells were lysed with BHK cell lysis buffer and biotinylated proteins
were purified from cell lysates using streptavidin resin and eluted by adding
reducing SDS sample buffer and boiling at 95°C for 10 min. The eluted pro-
teins were analyzed by SDS-PAGE. Migration of spike glycoprotein and capsid
bands is indicated to the left of the image.
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to RRV E3. SINV E3 �CXX was the only mutant that produced
less infectious virus than wild-type SINV, which is consistent with
previous findings (Fig. 5D) (34).

Next, we designed mutants in which all or parts of the CXXC
motif were deleted from RRV E3 (Fig. 5C). We deleted CXXC,
CXX, and C alone (�CXXC, �CXX, and �C, respectively) from
wild-type RRV, so RRV E3 was more similar in amino acid se-
quence to SINV E3. At 25 h postelectroporation, each of the RRV
E3 CXXC mutants produced infectious virus at levels comparable
to those of wild-type RRV, demonstrating that this motif is not
required for RRV assembly (Fig. 5E). Together, these results sug-
gest that the different phenotypes observed for the inter- and in-
traclade E3 chimeras are likely not a result of the absence or pres-
ence of the CXXC motif.

Restoring proper interactions at the E3-E2 interface en-
hances assembly of the RRV E3 in SINV chimera. To understand
how E3 may affect E2 folding and function, we examined the
atomic structure of the pE2-E1 heterodimer of CHIK (a member
of the SFV clade). In this structure, there are eight residues in E3

that interact with E2 through either hydrogen bonds or salt
bridges (Fig. 6A; residues colored in red and orange) (45). Se-
quence alignments show that three of the eight amino acids are
significantly different in terms of charge and/or size between the
SFV and WEE clades (Fig. 6A; residues colored in red). Further-
more, the three E3 contact residues fall into three distinct pockets
that are distributed throughout the E3-E2 interface (Fig. 6B and
C). We termed these pockets A, B, and C (Fig. 6A to D). To test if
one or more of the three E3 pocket residues are important for
assembly, we mutated amino acids RRV E3 E27, R35, and Y47
(pockets A, B, and C, respectively) in the RRV E3 in SINV chimera
by changing these residues in RRV E3 to the residues that are
found at the corresponding positions in SINV E3 (Fig. 6A and B).
If any of the three E3 contacts are required for particle formation,
these changes were predicted to increase the titer of the RRV E3 in
SINV chimera. If multiple sites are important, making double or
triple mutations should increase the production of infectious
virus.

We made the single amino acid mutations RRV E3 E27T,

FIG 5 Characterization of the RRV and SINV E3 CXXC mutants. (A) Amino acid sequence alignments of a representative group of alphavirus E3 glycoproteins.
The E3 CXXC motif is indicated with a box. VEE, Venezuelan equine encephalitis virus; WEE, Western equine encephalitis virus; SINV, Sindbis virus; AURA,
Aura virus; OCK, Ockelbo virus; EEE, Eastern equine encephalitis virus; ONN, o’nyong nyong virus; SFV, Semliki Forest virus; RRV, Ross River virus; CHIK,
Chikungunya virus. (B and C) Amino acid sequences of SINV and RRV E3 CXXC mutants, respectively. (D and E) Infectivities of SINV and RRV E3 CXXC
mutants, respectively. BHK-21 cells were electroporated with in vitro-transcribed wild-type or mutant viral RNA. At 25 h postelectroporation, the medium was
harvested and titers were determined by a standard plaque assay procedure (33). For each virus, the mean titer determined from three independent experiments
is shown. Error bars indicate standard deviations.
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R35D, and Y47D as well as double and triple mutations within
the RRV E3 in SINV chimera. The titers of the mutant chimeras
were analyzed at 25 h postelectroporation (Fig. 7A). RRV in
SINV/E3 E27T (pocket A) and RRV E3 in SINV/E3 R35D
(pocket B) produced fewer infectious particles than RRV E3 in
SINV. The reduced titers suggest that there may be alternative
interactions in pockets A and B that are important for particle
assembly. In contrast, we observed a 1- to 2-log-unit increase in
titer for RRV E3 in SINV/E3 Y47D (pocket C) compared to that
for RRV E3 in SINV. We did not observe significant increases in
infectivity for any of the double or triple mutants (data not
shown). These results demonstrate that the interactions in
pocket C are important for E3 function during assembly of the
RRV E3 in SINV chimera.

To determine if the released RRV E3 in SINV/E3 Y47D parti-
cles had protein compositions that were similar to those of wild-
type SINV particles, [35S]cysteine-methionine-labeled virions
were purified from the medium of infected cells and analyzed by
SDS-PAGE (Fig. 7B). Consistent with RRV E3 in SINV (Fig. 3B),
we observed discrete E1/E2 and capsid bands in the purified RRV
E3 in SINV/E3 Y47D particles.

RRV E3 in SINV/E3 Y47D also contained one extra band,
which migrated slower than E1/E2 (Fig. 7B; migration of the extra
band is indicated with an asterisk to the right of the images). The
additional band, which was also observed for SFV E3 in SINV (Fig.
3B), migrated where uncleaved pE2 (E3-E2) would be expected to
run on an SDS-polyacrylamide gel. Incorporating uncleaved pE2
into the released virions is consistent with the reduced infectivity

FIG 6 E3 contact residues mutated within RRV E3 in SINV. (A) E3 amino acid sequence alignments. E3 residues that interact with E2 through hydrogen bonds
or salt bridges are in either red or orange bold type (45). The residues mutated within E3 of RRV E3 in SINV and the corresponding residues in CHIK, SFV, AURA,
and SINV E3 are in red bold type. (B) Schematics of E3-E2-interacting pockets A, B, and C. E3 residues are represented in green, and E2 residues are represented
in blue. The residues mutated within E3 of RRV E3 in SINV (E27, R35, and Y47) (RRV numbering) are indicated with a red asterisk. (C) Atomic structure of the
CHIK pE2 glycoprotein and localization of the E3 contact residues mutated within E3 of RRV E3 in SINV (45) (Protein Data Bank accession number 3N40). The
E2 glycoprotein is represented in blue, and the E3 glycoprotein is represented in green. The residues mutated within E3 of RRV E3 in SINV are colored in red and
indicated with arrows (RRV numbering). (D) Structures of E3-E2-interacting pockets A, B, and C. E3 and E2 residues that comprise pockets A, B, and C are
represented as spheres. E3 residues are represented in green, and E2 residues are represented in blue. The residues mutated within E3 of RRV E3 in SINV are
colored in red.
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of RRV E3 in SINV/E3 Y47D compared to that of wild-type SINV
(Fig. 7A) (17). Alternatively, the additional band could indicate a
furin-processed E2 with an alternative glycosylation pattern. To
determine if this slow-mobility band in SFV E3 in SINV or the
RRV E3 in SINV/E3 Y47D mutant is due to aberrant glycosylation,
we treated purified mutant particles with N-glycosidase F
(PNGase F), which cleaves N-linked glycosylation. The treated
particles still showed three distinct bands, demonstrating that the
differences in mobility are not due to N-linked glycosylation (data
not shown).

Revertants of the SINV E3 in RRV chimera map to residues at
the E3-E2 interface. Thus far, our results indicate that the inter-
clade RRV chimeras are severely reduced in infectivity (Fig. 2B
and C). As a complementary strategy to examine how E3 affects E2
folding and/or function in a clade-specific manner, we used for-
ward genetics to isolate second-site revertants. Toward this end,
we serially passaged the SINV E3 in RRV chimeras. At passage 3,
we isolated and sequenced plaques that were 3 mm in diameter; in
comparison, the plaques that were initially observed for SINV E3
in RRV were �1 mm diameter (data not shown). Sequencing of
the large plaque isolates identified two amino acid changes in E2:
T171R and E166K (RRV numbering). These residues are found in
pockets B and C, respectively.

RRV E2 T171R and E2 E166K were introduced individually
and in combination back into the SINV E3 in RRV chimeras, and
titers were analyzed at 25 h postelectroporation (Fig. 8B). SINV E3
in RRV/E2 T171R (pocket B) increased infectivity by approxi-
mately 4 log units, bringing the virus titer back to wild-type levels.
SINV E3 in RRV/E2 E166K (pocket C) enhanced infectivity by
only 1 to 2 log units. Interestingly, introducing the second-site
changes together into SINV E3 in RRV generated virus that grew
to slightly higher titers than wild-type RRV (Fig. 8B).

To determine if the second-site changes also restored the
atypical protein compositions observed for the interclade RRV
chimeras (Fig. 3B), [35S]cysteine-methionine-labeled virus was
purified from the medium of infected cells and analyzed by
SDS-PAGE (Fig. 8C). Consistent with the growth data, both

SINV E3 in RRV/E2 T171R and SINV E3 in RRV/E2 T171R
E166K assembled particles that were similar in protein compo-
sition to wild-type RRV particles. In contrast, SINV E3 in
RRV/E2 E166K assembled particles that were similar in protein
composition to particles for SINV E3 in RRV. Taken together,
the data presented here show that maintaining a small number
of specific contacts at the E3-E2 interface is necessary to pro-
mote efficient and accurate alphavirus assembly.

DISCUSSION

E3 is a small, �65-amino-acid glycoprotein that is dispensable for
alphavirus attachment and entry into a new cell (17, 37, 38, 46,
51); however, E3 is absolutely required for particle assembly (2, 3,
23, 26). To further investigate a role for E3 in regulating spike
assembly, we made and characterized E3 chimeric viruses. We
observed defects in infectivity and in particle morphology and
composition for chimeras in which E3 was derived from a differ-
ent clade than the parental virus. In contrast, assembly proceeded
in a manner similar to that for wild-type virus for chimeras in
which E3 was derived from the same clade as the parental virus.

The location of E3 in the atomic structure of the CHIK
pE2-E1 heterodimer has led to the model in which E3 acts as a
clamp to stabilize the interactions between E2 and E1 during
assembly (21, 45). Specifically, uncleaved E3 prevents prema-
ture disassembly or fusion of the heterodimer as the spikes are
exposed to changes in pH in the endoplasmic reticulum and the
host secretory system. When E3 is cleaved from E2 in the trans-
Golgi network (17, 37, 38, 46, 51), the spikes transition from a
stable conformation to a metastable conformation (16, 21, 45).
This transition is necessary so that the E2-E1 heterodimer read-
ily dissociates upon exposure to low pH and mediates fusion
between the viral and host cell membrane during viral entry
(17). Previous work has shown that a second-site revertant of a
furin cleavage-deficient strain of SFV maps to E2 R250 (SFV
numbering) (52). This residue is located in pocket B and inter-
acts with E3 through a putative hydrogen bond (Fig. 6 and 8)
(45). The second-site reversion is predicted to destabilize the

FIG 7 Characterization of RRV E3 in SINV pocket mutants. (A) Infectivities of RRV E3 in SINV pocket mutants. BHK-21 cells were electroporated with in
vitro-transcribed wild-type or chimeric viral RNA. At 25 h postelectroporation, the medium was harvested and titers were determined by a standard plaque assay
procedure (33). For each virus, the mean titer determined from three independent experiments is shown. Error bars indicate standard deviations. (B) Protein
composition of the released RRV E3 in SINV/E3 Y47D particles. [35S]cysteine-methionine-labeled wild-type and chimeric virus were harvested from the medium
of infected cells, purified using a two-step sucrose gradient, solubilized in reducing SDS sample buffer, and analyzed by SDS-PAGE. For each virus, 107 to 108

particles were loaded onto the gel. Particle number was quantitated using qRT-PCR. Migration of E1/E2 and capsid bands is indicated to the left of the images.
The band that migrated slower than E1/E2 in RRV E3 in SINV/E3 Y47D is indicated with an asterisk to the right of the images.
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E3-E2 contacts in pocket B, allowing E2 and E1 to dissociate
more readily during entry. For the interclade E3 chimeras stud-
ied in this work, we propose that nonoptimal interactions at
the E3-E2 interface prevent accurate spike assembly. The mis-
matched E3 glycoproteins are likely unable to stabilize the
pE2-E1 heterodimer during spike formation and transport to
the plasma membrane. Consequently, the heterodimers fold
into multiple conformations (Fig. 3) that either are targeted for
degradation by the host cell (Fig. 4) or oligomerize to form
labile spike complexes. Alternatively, the interclade E3 chime-
ras may assemble spikes that are more susceptible to premature
fusion with cellular membranes during transport in the host
secretory system.

Amino acid size and charge are likely to be key factors in main-
taining proper protein-protein interactions at the interface be-
tween E3 and E2. In pocket A, a putative salt bridge interaction is
made between the side chains of E3 E28 and E2 K10 (CHIK num-
bering). Pocket B is not as well-defined structurally; E2 residues in
this pocket are derived from mostly unstructured and loop re-
gions. Nonetheless, the peptide backbone of E3 R36 and the side
chain of E2 R251 (CHIK numbering) interact through a putative
hydrogen bond. Within pocket C of CHIK, the side chains of E3
Y48 and E2 E166 (CHIK numbering) associate through a putative
hydrogen bond.

Using both reverse and forward genetic approaches, we
identified mutations in pockets B and C that rescued assembly

of the interclade E3 chimeras. For RRV E3 in SINV, the RRV E3
Y47D change increased the viral titer. This mutation likely re-
stored proper E3-E2 contacts in pocket C (Fig. 6 and 7). For
SINV E3 in RRV, second-site reversions mapped to E2 residues
in pockets B and C (Fig. 8). The T-to-R mutation at RRV E2 171
(pocket B) changes the RRV residue to what is found at the
corresponding position in wild-type SINV, thus possibly re-
storing a putative interaction found naturally in SINV. The
change from E to K at RRV E2 166 (pocket C) is likely removing
a repelling charge and could be introducing a stabilizing salt
bridge. The second-site mutations in SINV E3 in RRV in-
creased the viral titer (Fig. 8B) and restored the presence of
E1/E2 in the released virus particles (Fig. 8C).

The E2 residues that comprise pockets B and C (Fig. 6 to 8) are all
part of the E2 acid-sensitive region (ASR). During viral entry, expo-
sure to low pH causes large conformational changes in the E2 ASR,
which contribute to heterodimer disassembly (21, 45). Recently, it
has been shown that mutating a single residue in the E2 ASR im-
proved the yield of virus-like particles generated from CHIK, dem-
onstrating that E3-E2 and E2-E1 interactions in this region are re-
quired for assembly (1). Our mutational results are consistent with
this finding (Fig. 6 to 8). It is important to note that pockets A, B, and
C were identified from the atomic structure of the CHIK pE2-E1
heterodimer in its fully folded conformation (45). There are poten-
tially more E3-E2 interactions that are required for assembly; how-

FIG 8 Characterization of SINV E3 in RRV revertants. (A) Schematics of E3-E2-interacting pockets B and C. E3 residues are represented in green, and
E2 residues are represented in blue. The location of the revertants within SINV E3 in RRV and the corresponding residues in wild-type RRV and SINV are
indicated with a red asterisk. (B) Infectivities of SINV E3 in RRV revertants. BHK-21 cells were electroporated with in vitro-transcribed wild-type or
chimeric viral RNA. At 25 h postelectroporation, the medium was harvested and titers were determined by a standard plaque assay procedure (33). For
each virus, the mean titer determined from three independent experiments is shown. Error bars indicate standard deviations. (C) Protein composition of
the released SINV E3 in RRV revertant particles. [35S]cysteine-methionine-labeled wild-type and chimeric viruses were harvested from the medium of
infected cells, purified using a two-step sucrose gradient, solubilized in reducing SDS sample buffer, and analyzed by SDS-PAGE. For each virus, 107 to
108 particles were loaded onto the gel. Particle number was quantitated using qRT-PCR. Migration of E1/E2 and capsid bands is indicated to the left of
the images.
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ever, the residues that make these contacts may not be in close prox-
imity to each other in the mature structure.

Similar to the alphavirus E3 glycoprotein, cleavage of the flavivirus
prM protein into the pr peptide and the M protein is a critical step in
particle maturation (7, 42). Uncleaved prM interacts with the enve-
lope (E) protein to prevent premature conformational changes from
occurring within the spikes (14, 15). It has also been proposed that
prM functions as a chaperone to aid in folding of the E protein (28).
This chaperone activity is mediated through a small number of inter-
actions at the prM-E interface (22, 53, 54). Taken together, many
viruses express small, indispensable viral proteins that are required
for assembly but whose precise functions are not clearly understood.
These proteins, including the alphavirus E3 glycoprotein, may regu-
late multiple stages of the viral life cycle.
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