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Venezuelan equine encephalitis virus (VEEV) is a pathogenic alphavirus, which circulates in the Central, South, and North
Americas, including the United States, and represents a significant public health threat. In recent years, strong progress has been
made in understanding the structure of VEEV virions, but the mechanism of their formation has yet to be investigated. In this
study, we analyzed the functions of different capsid-specific domains and its amino-terminal subdomains in viral particle forma-
tion. Our data demonstrate that VEEV particles can be efficiently formed directly at the plasma membrane without cytoplasmic
nucleocapsid preassembly. The entire amino-terminal domain of VEEV capsid protein was found to be dispensable for particle
formation. VEEV variants encoding only the capsid’s protease domain efficiently produce genome-free VEEV virus-like particles
(VLPs), which are very similar in structure to the wild-type virions. The amino-terminal domain of the VEEV capsid protein
contains at least four structurally and functionally distinct subdomains, which mediate RNA packaging and the specificity of
packaging in particular. The most positively charged subdomain is a negative regulator of the nucleocapsid assembly. The three
other subdomains are not required for genome-free VLP formation but are important regulators of RNA packaging. Our data
suggest that the positively charged surface of the VEEV capsid-specific protease domain and the very amino-terminal subdomain
are also involved in interaction with viral RNA and play important roles in RNA encapsidation. Finally, we show that VEEV vari-
ants with mutated capsid acquire compensatory mutations in either capsid or nsP2 genes.

The alphavirus genus in the Togaviridae family contains a wide
variety of human and animal pathogens (1, 2). Most of the

alphaviruses are transmitted by mosquito vectors between verte-
brate hosts (3). In mosquitoes, they cause persistent, lifelong
infection and do not cause noticeable effects on the biological
functions of the vector. In vertebrates, alphavirus infection is
characterized by high-titer viremia, which is required for virus
transmission to mosquitoes during the next blood meal (4, 5).
Many alphaviruses also enter the brain, where they replicate to
very high titers and cause severe meningoencephalitis with fre-
quent lethality or neurological sequelae (6).

Venezuelan equine encephalitis virus (VEEV) may represent
the most significant public health threat of all alphaviruses (7). It is
found in Central, South, and North America, including the
United States. It causes periodic, extensive equine epizootics and
epidemics of encephalitis with frequent sequelae in humans. It has
the potential to be “weaponized” and used by bioterrorists due to
its numerous “user-friendly” characteristics. These include, rela-
tively simple large-scale production, high stability, and efficient
transmission by aerosol, resulting in severe disease symptoms. In
spite of this, no safe, efficient vaccine or therapeutic means have
been developed against VEEV infection. The only live experimen-
tal vaccine VEEV TC-83 strain was developed more than 4 decades
ago by serial passage of the virulent Trinidad donkey strain (8) and
has been reported to induce disease-like symptoms in 40% of
vaccinees (8–10). Its attenuated phenotype is a result of only two
mutations: one in the 5=-untranslated region of the viral genome
and the second in the E2 glycoprotein (11). Thus, TC-83 can easily
revert to a more pathogenic phenotype (12). Other live attenuated
vaccine candidates also demonstrate adverse effects in vaccinees,
and their application remains questionable, particularly for im-
munocompromised individuals. Inactivated viral vaccines are

safer than live attenuated viruses but are more expensive, less ef-
ficient, and require large-scale production of the virus (10). Sub-
viral particles or virus-like particles (VLPs), produced either in
vitro or in vivo, represent an important alternative to inactivated
vaccines (13–15). In contrast to subunit vaccines, they closely
mimic the antigenic structure of natural virions and induce a
more natural spectrum of neutralizing and protective antibodies
but transmit no viral genetic material and are incapable of devel-
oping a spreading infection or viremia.

The development of VEEV and other alphavirus VLP-based
vaccine candidates requires a detailed knowledge of virion struc-
ture, of its assembly and, most importantly, of the mechanism of
viral RNA encapsidation. These characteristics have been inten-
sively studied in Sindbis virus (SINV) (16–20) and Semliki Forest
virus (SFV) (21–23), which are representative members of the Old
World alphaviruses, but our knowledge of VEEV, the most impor-
tant representative of the New World alphaviruses, remains in-
complete. VEEV virions have been analyzed by cryo-electron mi-
croscopy (cryo-EM) (24), but there are no data regarding their
assembly process.

The VEEV genome encodes four structural proteins, which are
translated from the subgenomic RNA, synthesized during virus
replication (25). Capsid protein is required for packaging of the
viral 11.5-kb RNA genome into nucleocapsid (NC) and also serves
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as a self-protease, which mediates the cotranslational cleavage of
capsid during structural polyprotein synthesis (2). The down-
stream E3 glycoprotein is a signal peptide for the E2 glycoprotein
and, together with the E2 transmembrane domain, it mediates
transport of E2 to the plasma membrane. E3 is eventually cleaved
from E2 by a cellular furin protease. The last structural glycopro-
tein E1 is transported to the plasma membrane as an E2/E1 het-
erodimer, most likely in the already-assembled trimeric spikes
(26). E3 is not a component of the released virions in most alpha-
viruses, but in VEEV it remains a structural component of the
glycoprotein spikes on the surfaces of viral particles (24). The
commonly accepted hypothesis regarding alphavirus particle as-
sembly is that NCs are formed in the cytoplasm of infected cells,
and this process is mediated by interaction of the capsid protein
with the RNA packaging signal (PS), which is present in genomic,
but not subgenomic, RNA. The NCs are then transported to the
plasma membrane either by themselves or on the surfaces of
membranous vesicles, the so-called CPVII, and then bud from the
cells while acquiring their lipid envelope with glycoprotein spikes
(27, 28). NC itself has an icosahedral geometry and apparently
determines the final alphavirus T4 symmetry. Previously pub-
lished data from SINV and SFV demonstrated the possible exis-
tence of an alternative virion assembly mechanism, suggesting
that preformation of NCs is not absolutely essential and that NC
assembly might proceed at the plasma membrane concomitantly
with virion budding (21–22, 29). However, these experiments
were performed on capsid deletion mutants exhibiting a low effi-
ciency of particle release, and thus a question was raised about the
biological significance of this phenomenon.

Previously, we have shown that VEEV-specific capsid protein
could also form NC at the plasma membrane during the virion
budding process (30). This process did not require NC preassem-
bly, and in mutants where the positively charged amino acids in
the capsid amino terminus were no longer present the released
VLPs lacked RNA.

In the present study, we investigated the mechanism of VEEV
particle assembly in infected cells in more detail. Our new data
reveal an elegant mode of function for VEEV capsid protein in
virion assembly. We show that its conserved carboxy-terminal
domain is sufficient for particle formation. Expression of this do-
main and viral glycoproteins leads to VLP formation and release.
The amino-terminal domain (amino acids [aa] 1 to 126) of the
VEEV capsid protein is generally dispensable for particle forma-
tion. However, it contains four subdomains, which have regula-
tory functions in the particle assembly process and only allow it to
proceed if the viral genome is packaged into NC. These sub-
domains determine the specificity of RNA encapsidation, NC
physical stability, and RNA presentation for the encapsidation
process.

MATERIALS AND METHODS
Cell cultures. The BHK-21 cells were kindly provided by Paul Olivo
(Washington University, St. Louis, MO). They were maintained at 37°C in
alpha minimum essential medium (�MEM) supplemented with 10% fetal
bovine serum (FBS) and vitamins.

Plasmid constructs. Standard recombinant DNA techniques were ap-
plied for plasmid construction. The PCR fragments containing deletions
in the capsid gene were cloned into pVEEV/GFP (31) to replace the wild-
type (wt) capsid sequence. The resulting plasmids were designated
pVEEV�1, pVEEV�2, pVEEV�3, and pVEEV�4. Other sets of deletions
were performed by using the previously published VEEV/GFP genome

with a strongly modified capsid gene, pVEEV/CRK4-/GFP (30), which was
designated pVEEV/Cm in the present study to simplify presentation of the
data. The resulting plasmids containing corresponding deletions in the
modified capsid gene were cloned and are designated pVEEV/Cm�1,
pVEEV/Cm�2, pVEEV/Cm�3, pVEEV/Cm�4, pVEEV/Cm�23, pVEEV/
Cm�234, pVEEV/Cm�1234, pVEEV/Cm�12, pVEEV/Cm�14, and
pVEEV/Cm�124. The pH/C plasmid, encoding VEEV helper RNA capa-
ble of expressing wt VEEV capsid protein, was described elsewhere (30).
All of the indicated mutations and the identified adaptive mutations were
made by PCR-based mutagenesis. In all of the plasmids, cDNAs of VEEV
modified genomes were placed under the control of the SP6 RNA poly-
merase promoter. They also contained a green fluorescent protein (GFP)
gene under the control of a subgenomic promoter. GFP expression was
used to monitor virus replication and to measure titers because many of
the constructs used were unable to develop plaques or cause a cytopathic
effect (CPE). Sequences of the recombinant genomes and details of clon-
ing procedures can be provided upon request.

In vitro RNA transcription and electroporation. Plasmids were pu-
rified by centrifugation in CsCl gradients. Before the transcription reac-
tion, plasmids were linearized with MluI. RNAs were synthesized by SP6
RNA polymerase in the presence of a cap analog according to the manu-
facturer’s recommendations (Invitrogen). The yield and integrity of the
transcripts were analyzed by gel electrophoresis under nondenaturing
conditions. Aliquots of transcription reactions were used for electropora-
tion without additional purification. Electroporation of BHK-21 cells was
performed under previously described conditions (32). Many of the res-
cued mutant viruses were unable to replicate to infectious titers, sufficient
to infect cells in the following experiments with a multiplicity of infection
(MOI) of �1 infectious unit (inf.u)/cell. Therefore, such defective ge-
nomes were packaged into infectious virions with titers �109 inf.u/ml by
coelectroporating their in vitro-synthesized RNA and helper RNA ge-
nomes. Viral stocks were harvested within 24 h postelectroporation. Ti-
ters of plaque-forming viruses were determined by a standard plaque
assay on BHK-21 cells (33). The infectious titers of noncytopathic viruses
were determined by infecting BHK-21 cells (5 � 105 cells/well) in six-well
Costar plates with 10-fold dilutions of the samples and counting the num-
ber of GFP-positive cells at 6 h postinfection.

Selection of variants replicating to higher infectious titers. The orig-
inal stocks of VEEV variants encoding mutated capsids were generated by
electroporation of the in vitro-synthesized RNA without coelectropora-
tion of RNA helper. Stocks were passaged four times on BHK-21 cells. To
select the most efficiently replicating variants, at each passage, we used
decreasing volumes of samples harvested at the previous passages for in-
oculation. Stocks demonstrating more efficient, spreading infection were
plaqued on BHK-21 cells, plaque-purified variants were used to infect
naive cells, and then RNA was isolated from the cells at 20 h postinfection
and used for sequencing of the viral genomes. The identified putative
adaptive mutations were cloned back into original constructs, and rescued
viruses were additionally tested in terms of rates and titers of the released
infectious viruses.

Concentration of viral particles. BHK-21 cells in 150-mm dishes
were infected with the designed mutants at an MOI of 20 inf.u/cell for 1 h
and then incubated at 37°C in complete, serum-containing media. At 6 h
postinfection, the cells were washed three times with serum-free media
and further incubated in serum-free VP-SFM medium (Invitrogen). Me-
dia were harvested at 20 h postinfection before cells demonstrated a pro-
found CPE, the pH was stabilized by adding HEPES buffer (pH 7.5) to
0.005 M, and possible cell debris was pelleted by centrifugation at 4,500 �
g for 20 min. Particles were concentrated using centrifugal Ultracel-100K
filters (Millipore) at 700 � g. In many experiments, particles were also
pelleted at 54,000 rpm for 1 h at 4°C in a TLA-55 rotor in a TL-100
tabletop ultracentrifuge (Beckman). Concentrated or pelleted samples
were analyzed by SDS-PAGE, followed by either Coomassie blue staining
or Western blotting. Western blots were performed using anti-VEEV
TC-83 antibodies (a generous gift from R. Tesh [University of Texas Med-
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ical Branch at Galveston]), followed by treatment of the membranes with
infrared dye-labeled secondary antibodies. Ribosomal proteins were de-
tected using antibody against RPL23 (Sigma) and RPS3 (Cell Signaling
Technology), and this was also followed by treatment with infrared dye-
labeled secondary antibodies. For quantitative analysis, the membranes
were scanned on a LI-COR imager. All of the experiments were highly
reproducible and were repeated three to four times. Nevertheless, we al-
ways compared only samples produced in the same experiment on exactly
the same numbers of cells and purified at the same time.

Fractionation of intracellular nucleocapsids. A total of 2.5 � 106

BHK-21 cells in 100-mm dishes were infected with infectious viral parti-
cles containing packaged mutant viral genomes at an MOI of 10 inf.u/cell.
These samples were incubated at 37°C for 16 h and then harvested and
lysed in phosphate-buffered saline (PBS) containing 10 mM EDTA and
1% Triton X-100. The undissolved material was pelleted at 14,000 rpm for
15 min at 4°C, and then clarified lysates were applied to linear 10 to 50%
sucrose gradients prepared with PBS containing 10 mM EDTA. Centrif-
ugation was performed in a SW-40 rotor at 38,000 rpm for 3 h at 4°C.
Gradients were fractionated, collected fractions were diluted with PBS,
protein complexes were pelleted at 54,000 rpm for 2 h at 4°C in a TLA-55
rotor using a TL-100 tabletop ultracentrifuge (Beckman), and the pres-
ence of capsid and ribosomal proteins in the pellets was analyzed by SDS-
PAGE, followed by Western blotting. For quantitative analysis, the mem-
branes were scanned on a LI-COR imager.

Electron microscopy. Droplets (3 �l) of virus suspension were placed
onto a freshly glow-discharged, 400-mesh copper electron microscope
grid covered with a thin carbon film. After �15 s, the grid was blotted dry,
washed with EM buffer (10 mM Tris-HCl [pH 8.0], 20 mM NaCl, 2 mM
MgCl2), blotted dry, and then stained for �30 s using 1% uranyl acetate.
Images were acquired at magnification of �50,000 using a FEI Tecnai F20
electron microscope in the in the UAB cryo-EM core facility.

Quantitative reverse transcription-PCR (RT-qPCR). For analysis of
the RNA present in the released particles, samples were pelleted from
concentrated stocks corresponding to 6 ml of the harvested media. Sam-
ples for RNA analysis also contained 0.1 ml of SINV stock of known
concentration. SINV was added prior to centrifugation and used for nor-
malization of the data and to control the quality and reproducibility of
RNA isolation. RNA from pelleted samples was isolated using the RNeasy
minikit (Qiagen). cDNA was synthesized using equal aliquots of isolated
RNA with the QuantiTect reverse transcription kit (Qiagen). Both ran-
dom and virus-specific reverse primers were used for synthesis. VEEV
nsP2- and E1-specific primers were used to quantify genomic and total
viral RNAs, respectively. The concentration of �-actin RNA in viral par-
ticles was measured by using a pair of �-actin-specific primers. SINV
nsP2-specific primers were used to quantify SINV genomic RNA in the
samples. Quantitative PCR was performed using SsoFast EvaGreen Su-
permix (Bio-Rad) in a CFX96 real-time PCR detection system (Bio-Rad)
for 40 cycles with two steps per cycle. The specificity of the quantitative
PCR was confirmed by analyzing the melting temperatures of the ampli-
fied products. The results of quantification were normalized to the
amount of SINV RNA in the same sample. The fold difference in RNA
concentration was calculated by using the ��CT method. Each quantita-
tive PCR was performed in triplicate, and the means and standard devia-
tions were calculated.

Analysis of viral RNA synthesis. To analyze the synthesis of virus-
specific genomic and subgenomic RNAs, 5 � 105 BHK cells in six-well
Costar plates were infected at the same MOI of 20 inf.u/ml, with samples
of mutant viral genomes packaged into infectious virions. At 3 h postin-
fection, the media in the wells were replaced by 0.8 ml of �MEM supple-
mented with 10% FBS, actinomycin D (1 �g/ml), and [3H]uridine (20
�Ci/ml). After 4 h of incubation at 37°C, the total cellular RNAs were
isolated by TRizol reagent according to the manufacturer’s protocol (In-
vitrogen), denatured with glyoxal in dimethyl sulfoxide, and then ana-
lyzed by agarose gel electrophoresis using previously described conditions

(34). Gels were impregnated with 2,5-diphenyloxazole, dried, and auto-
radiographed.

RESULTS
Deletions of the amino-terminal subdomain SD1, but not SD2,
SD3, or SD4, affect genome-free VLP release. In our previous
studies, we have designed a number of VEEV variants encoding
strongly modified capsid protein, in which the amino-terminal
domain had all of the positively charged amino acids replaced by
amino acids with no charge (30, 35). These numerous mutations
had a deleterious effect on viral genome packaging but, surpris-
ingly, demonstrated only a minor effect on viral particle release
and did not noticeably affect the overall three-dimensional struc-
ture of the released virions (30). However, upon removal of the
lipid envelope by nonionic detergents, the NCs were highly unsta-
ble. Fewer than 1 virion per 1,000 contained genomic RNA; there-
fore, they were termed virus-like particles (VLPs). It was also ob-
served that the preassembled NCs were not present in the infected
cells. These data suggested that VEEV virions can be formed very
efficiently without preassembly of cytoplasmic NC, and this alter-
native pathway mediates efficient particle release to high concen-
trations. In the present study, we initiated a detailed investigation
of VEEV egress, focusing on the mechanism of function of VEEV
capsid domains in RNA encapsidation and virion formation.

Based on the available structural and functional data of SINV-
specific capsid protein, we provisionally divided the amino-termi-
nal domain of VEEV capsid protein into four smaller structural
subdomains (SDs) (Fig. 1). (i) SD1 was represented by aa 1 to 37.
No functions have been previously assigned to this peptide in
either VEEV or other alphaviruses. (ii) The next subdomain, SD2
(aa 38 to 51), was previously predicted to fold into a small alpha
helix, helix I. In the case of SINV, helix I was shown to be respon-
sible for dimerization of capsid molecules, required for virus as-
sembly (17). In the case of VEEV, it was demonstrated to function
as a nuclear export signal (NES) playing a critical role in inhibition
of nuclear pore trafficking (36, 37). In a recent study, we also
showed that in VEEV capsid, SD2 was capable of accumulating
adaptive mutations (35). These mutations increased the efficiency
of VEEV genome packaging by capsid protein mutants by a few
orders of magnitude and compensated, to some degree, for the
decrease in the capsid’s positive charge in these mutants. These
adaptive mutations did not generate additional positive charge
and functioned synergistically with adaptive mutations accumu-
lating in VEEV nsP2 protein (35). (iii) SD3 (aa 52 to 110) is a
highly positively charged subdomain. It appears to mediate most
of the RNA-capsid protein binding (19). (iv) SD4 (aa 111 to 126)
is the last N-terminal subdomain, which is highly conserved
among all of the alphaviruses. In SINV, this subdomain was
shown to determine the specificity of viral genome packaging (38)
and was proposed to interact with the SINV RNA packaging signal
(PS) (39).

The previous data suggested that VEEV NC formation can pro-
ceed in the absence of RNA encapsidation (30). To further dissect
NC assembly and the roles of SDs in this process, we utilized a
VEEV variant (VEEV/Cm), in which the capsid protein gene had
all of the codons for positively charged amino acids in the amino
terminus mutated (Fig. 1). This experimental system provided us
with the opportunity to study NC and particle assembly in the
absence of viral RNA packaging and thus to separate the roles of
RNA-capsid binding and capsid-capsid interactions in the encap-
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sidation process. VEEV/Cm also encoded GFP under the control
of a second subgenomic promoter. In these and other constructs,
its expression was used for evaluation of virus titers and to mon-
itor the spread of infection, since many of the variants were defec-
tive in CPE development and spreading.

In the VEEV/Cm-specific capsid gene, we sequentially deleted
fragments encoding each of the proposed SDs (Fig. 2A). The de-
fective viral genomes (VEEV/Cm, VEEV/Cm�1, VEEV/Cm�2,
VEEV/Cm�3, and VEEV/Cm�4) were synthesized in vitro and
coelectroporated into cells with the helper RNA encoding the
RNA binding-competent capsid protein (see Materials and Meth-
ods for details). All of the genomes were packaged into infectious
virions to titers exceeding 109 inf.u/ml. These samples were used
to infect naive cells at the same MOI, and the released particles
were analyzed as described in Materials and Methods.

All of the deletions, other than �SD1, had either minor (�SD2
and �SD4) or no detectable negative effect (�SD3) on the amount
of released particles. After applying an identical concentration
procedure, they were readily detectable by SDS-PAGE, followed
by Coomassie blue staining (Fig. 2B), and by quantitative Western
blotting (Fig. 2C). Moreover, the deletions did not noticeably af-
fect the sizes of the released VLPs or their overall morphologies
(Fig. 2E). However, the deletion of SD1 had a profound effect on
particle accumulation in the media. Since the alphavirus capsid-
specific SD1 domain was not previously suggested as being criti-
cally involved in NC and virion assembly, the most plausible ex-

planation could be, as has been shown for SINV and SFV (40–42),
that the VEEV SD1-coding sequence contains a translational en-
hancer. Therefore, the SD1 deletion mutant was tested in terms of
efficiency of structural polyprotein synthesis and accumulation of
structural proteins in the infected cells. Cells infected with VEEV/
Cm�1 demonstrated the presence of VEEV glycoproteins at ex-
actly the same level as those found in the cells infected with other
mutants (Fig. 2D). We also failed to detect a difference in struc-
tural protein synthesis using pulse-labeling of the cells infected
with different mutants, with [35S]methionine, followed by SDS-
PAGE analysis (data not shown). This was an indication that
structural protein synthesis was not affected by the introduced
deletion. No degradation products of mutated capsid were de-
tected either. We noticed a lower level of capsid protein in the
infected cells using Western blot analyses (Fig. 2D); however, sub-
sequent experiments demonstrated that SD1 contains epitope(s)
recognized by the available VEEV-specific antibodies. Thus, cap-
sid proteins, which lacked SD1, always demonstrated lower signals
on Western blots (Fig. 2C and D and data not shown). Taken
together, the data demonstrated that SD2, SD3, and SD4, but not
SD1, were dispensable for particle release, at least in the context of
virus with a mutated RNA-binding domain in the capsid protein.

The entire amino-terminal domain of VEEV capsid protein
is dispensable for VLP release. The next experiments were aimed
at analysis of the effects of more extensive deletions in the amino-
terminal domain on particle assembly. The designed variants con-
tained deletions of either two, three, or all four SDs (Fig. 3A).
These constructs were also packaged into infectious virions using
helper RNA and were used to infect naive cells. In spite of having
a large portion the amino-terminal domain or the entire fragment
deleted, all of the constructs were capable of efficient VLP release
and were readily detectable on Coomassie blue-stained gel (Fig.
3B). Quantitative Western blots demonstrated that deletions of
SD2�3�4 or SD1�2�3�4 caused only a 5-fold decrease in VLP
formation. These large deletions did not affect the accumulation
of viral structural proteins in the cells, and the released particles
demonstrated morphologies and sizes similar to those of the
VEEV/Cm (Fig. 3E) and wt virus (data not shown). Surprisingly,
even the SD1234 deletion mutant produced VLPs, despite retain-
ing only the protease domain of the capsid protein.

There was a noticeable difference in the results of experiments
with VEEV/Cm�1 and VEEV/Cm�1234 in terms of particle re-
lease. In multiple experiments, VEEV/Cm�1234 was reproduc-
ibly more efficient in VLP production than VEEV/Cm�1, which
had a smaller deletion. Therefore, in additional experiments, we
compared particle release achieved by VEEV/Cm�1, VEEV/
Cm�12, VEEV/Cm�14, VEEV/Cm�124, and VEEV/Cm�1234
(Fig. 4A). The results shown in Fig. 4B, exhibiting the Coomassie
blue-stained gel, and Fig. 4C, which presents the quantitative
Western blot, demonstrate that deletion of SD1 has a strong neg-
ative effect on particle formation only in the presence of mutated
SD3. As in the previous experiments, this was not a result of dif-
ferent levels of viral structural protein expression (Fig. 4D). Thus,
SD3 appears to have a regulatory role in VLP formation/release.
The experiments presented in the following sections provide ad-
ditional experimental support to explain this phenomenon.

The carboxy-terminal, protease domain of VEEV capsid pro-
tein can evolve to achieve more efficient RNA packaging. In one
of our previous studies, we detected and analyzed the evolution of
a VEEV TC-83-based variant, which had numerous mutations

FIG 1 Schematic representation of the originally designed VEEV genomes,
encoding wt and mutated capsid proteins, and schematic representation of the
domain structure of the capsid protein and sequences of the amino-terminal
domains. The amino-terminal subdomains SD1, SD2, SD3, and SD4 are
indicated. The sequences of the amino termini of the wt and mutated
capsid proteins are aligned, and the introduced mutations are indicated.
The arrows above the genome diagrams indicate the positions of the sub-
genomic promoters.
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eliminating the positive charge of the amino-terminal domain of
capsid protein (35). This variant managed to achieve a goal, which
was deemed to be impossible to reach: it evolved in tissue culture and
started to produce infectious virus particles a few orders of magnitude

more efficiently than the originally designed variant (35). The in-
crease in the ability to package RNA was the result of accumulation of
adaptive mutations in SD2 (helix I) and the nsP2-coding gene whose
synergistic effects led to increases in infectious titer.

FIG 2 The formation of subviral particles does not depend on the N-terminal SD2, SD3, or SD4, but the deletion of SD1 has a deleterious effect on particle formation.
(A) Schematic representation of the VEEV/Cm genome and its variants with sequentially deleted SD1, SD2, SD3, and SD4. (B) Analysis of viral particles released from
cells infected at an MOI of 20 inf. u/cell at 20 h postinfection. Particles were collected, concentrated, pelleted, and analyzed by SDS-PAGE as described in Materials and
Methods. The gel was stained by Coomassie brilliant blue and represents aliquots corresponding to 2.25 ml of the harvested media. (C) Quantitative analysis of VEEV
structural proteins by Western blotting of the samples presented in panel B. The gel contains aliquots corresponding to 0.15 ml of the harvested media. (D) Analysis of
viral protein expression in BHK-21 cells infected with the indicated mutants. Cells were infected at an MOI of 20 inf.u/cell and harvested at 8 h postinfection, and the
accumulation of virus-specific structural proteins was analyzed by Western blotting with VEEV-specific antibodies. The lower panel represents the same membrane
stained with�-actin-specific antibodies. (E) Negative staining and EM analysis of concentrated VLPs released from the cells infected with different mutants (see Materials
and Methods for details). The mean sizes of the particles and the standard deviations are presented. Scale bars, 100 nm.
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FIG 3 The entire amino-terminal domain of VEEV capsid protein is dispensable for VLP formation. (A) Schematic representation of the VEEV/Cm genome and
mutants with multiple subdomains deleted. (B) Analysis of viral particles released from cells infected at an MOI of 20 inf. u/cell at 20 h postinfection. Particles were
collected, concentrated, pelleted, and analyzed by SDS-PAGE as described in Materials and Methods. The gel was stained by Coomassie brilliant blue, and aliquots
corresponding to 2.25 ml of the harvested media are presented. (C) Quantitative analysis of VEEV structural proteins by Western blotting of the samples presented in
panel B. The gel contains aliquots corresponding to 0.15 ml of the harvested media. (D) Analysis of viral protein expression in BHK-21 cells infected with the indicated
mutants. Cells were infected at an MOI of 20 inf.u/cell and harvested at 8 h postinfection, and the accumulation of virus-specific structural proteins was analyzed by
Western blotting with VEEV-specific antibodies. (E) Negative staining and EM analysis of concentrated VLPs released from cells infected with different mutants (see
Materials and Methods for details). The mean sizes of the particles and the standard deviations are presented. Scale bars, 100 nm.
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All of the newly designed deletion mutants, containing either
one or more SDs deleted, were passaged in BHK-21 cells; however,
only VEEV/Cm�3 and VEEV/Cm�23 evolved variants capable of
developing a spreading infection. Independent stocks of VEEV/
Cm�23 repeatedly acquired the same mutation G262R (the nu-
meration of amino acids corresponds to the wt capsid protein)
and, as in the previously described evolution of capsid protein
containing intact SD2, VEEV/Cm�3 also acquired mutations
both in the capsid-coding sequence and in nsP2. Further selection
experiments with VEEV/Cm�3 showed that replicating variants
contained mutations in two proteins—V555M or N75L muta-
tions in nsP2 and G262R or E194K mutations in capsid protein,
respectively. Cloning of these mutations into the originally de-
signed constructs confirmed their positive effect on RNA encap-
sidation. The G262R mutation increased the rates of infectious
VEEV/Cm�3 and VEEV/Cm�23 release. The final titers were 10-
to 50-fold higher than those of the original constructs, and thus
the viruses became capable of developing spreading infection.

Surprisingly, they also became more cytopathic. The capsid-spe-
cific mutations were modeled into known structure of VEEV cap-
sid (PDB 3J0C). Surprisingly, both of them were closely located on
the surface of the protease domain of capsid protein, which is
exposed to RNA. Moreover, both mutations led to an increase of
basic charge of this surface (Fig. 5). According to the crystal struc-
ture, this surface already contains a strong positive charge, and the
identified mutations led to its additional increase, which lends
further support to the perceived importance of the carboxy-ter-
minal protease domain in RNA binding.

Taken together, these results strongly suggest that the amino-ter-
minal domain of VEEV capsid protein is not essential for particle
assembly; the glycoproteins and the carboxy-terminal protease do-
main of the capsid are capable of efficient VLP formation. This is a
clear indication that VEEV particles can be efficiently formed due to
protein-protein interactions in the absence of RNA binding.

The amino-terminal domain of capsid protein is a regulator
of infectious virion assembly. The experiments described in the

FIG 4 SD1 plays a critical role in VLP formation in the presence of SD3 in the amino-terminal domain of capsid protein. (A) Schematic representation of the
VEEV/Cm genome and its variants containing different combinations of SD deletions. (B) Analysis of viral particles released from cells infected at an MOI of 20
inf. u/cell at 20 h postinfection. Particles were collected, concentrated, pelleted, and analyzed by SDS-PAGE as described in Materials and Methods. The gel was
stained by Coomassie brilliant blue and displays aliquots corresponding to 2.25 ml of the harvested media. (C) Quantitative analysis of VEEV structural proteins
by Western blotting in the samples presented in panel B. The gel contains aliquots corresponding to 0.15 ml of the harvested media. (D) Analysis of viral protein
expression in BHK-21 cells infected with the indicated mutants. Cells were infected at an MOI of 20 inf.u/cell and harvested at 8 h postinfection, and the
accumulation of virus-specific structural proteins was analyzed by Western blotting with VEEV-specific antibodies.
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previous section demonstrated that VEEV RNA and the capsid’s
amino terminus are dispensable for virion formation. However,
thus far there are no data showing that particles released from wt
VEEV-infected cells contain a detectable concentration of RNA-
free virions. This suggests that either RNA packaging is an incred-
ibly efficient process, or the amino-terminal domain is a negative
regulator of particle formation unless it is bound to RNA. To
experimentally test these possibilities, we introduced capsid pro-
tein-RNA interactions back into the experimental system and in-
vestigated their roles in infectious particle release. The experi-
ments were performed in the context of VEEV TC-83, which
encoded a wt capsid gene with a natural, positively charged ami-
no-terminal domain. Thus, it was fully capable of packaging viral
genome. As in the above sections, the individual SDs were sequen-
tially deleted (Fig. 6A) from the VEEV TC-83 genomes, and the in
vitro-synthesized RNAs were transfected into BHK-21 cells. All of
the introduced deletions had negative effects on infectious titers
and, at 24 h postelectroporation, these titers remained too low to
perform any further experiments, requiring infection of the cell
monolayer with an MOI higher than 1. Therefore, the defective
genomes were packaged into infectious virions using helper, wt
capsid-producing RNA. All of the generated stocks had titers of
�109 inf.u/ml, and they were used in the following experiments.

BHK-21 cells were infected with the packaged deletion mu-
tants at an MOI of 20 inf.u/cell, and infectious virus titers were
assessed at different times postinfection (Fig. 6B). All of the dele-
tions resulted in a profound decrease in infectious virus release,
suggesting that all of the SDs—SD1, SD2, SD3, and SD4 —play
important roles in RNA packaging. However, decreases in infec-
tious titers do not necessarily mean that particles are formed inef-
ficiently. Therefore, in the next experiments, we analyzed concen-
trations of the released particles at 24 h postinfection of BHK-21
cells (see Materials and Methods for details). The deletions had no
effect on synthesis of viral structural proteins (Fig. 6C), but most
of them, except �3, had a deleterious effect on particle formation
(Fig. 6D). The variant with deleted SD3 produced viral particles at
a level comparable to that of wt VEEV TC-83, but the infectious
titers were lower (Fig. 6B and D). The most plausible explanations
for these data are that (i) a high positive charge of SD3 prevents
RNA-free NC formation, and SD3 functions as a negative regula-
tor of VLP formation, unless its positive charge is neutralized by
bound RNA, and that (ii) deletions of any other subdomains have
strong negative effects on the ability of SD3 to interact with viral

and possibly other RNAs and thus alter the neutralization of the
SD3’s positive charge and VLP release. In support of this, the data
presented in Fig. 6E demonstrate that, indeed, the deletions of
SD1, SD2, or SD4 lead to efficient packaging of cellular mRNAs
(right panel) and the deletions of SD4 or SD3 result in efficient
packaging of subgenomic rather than genomic RNA (left panel).
Another interesting effect was the noticeable decrease of PFU/
genome equivalent (GE) ratio demonstrated by the mutants (cen-
tral panel). This result is indicative of lower infectivity of particles,
but since numerous explanations are possible for this effect, we
chose not to investigate it further.

VEEV with deletions of individual SDs in capsid protein
adapt and replicate to high infectious titers. Alphaviruses and
other viruses with RNA genomes of positive polarity demonstrate
high level of adaptation to mutations introduced into their non-
structural and structural proteins. They are able to acquire second
site mutations, which compensate for the introduced defects, and
these adaptive mutations often generate important information
about protein-protein and protein-RNA interactions. Therefore,
inefficiently replicating VEEV variants, which had deletions of
individual SDs and rescued without using helper RNA, were pas-
saged three to five times in BHK-21 cells to test the possibility of
their evolution to higher infectious titers. VEEV �2, VEEV �3,
and VEEV �4, but not VEEV �1, developed variants producing a
few orders of magnitude higher infectious titers. We randomly
selected two plaques for each adapted variant and sequenced cap-
sid-, nsP2-, nsP3-, and packaging signal-coding sequences in their
genomes. The identified mutations were consequently cloned
back into the original variants and tested in terms of their positive
effect on the rates of virus replication and infectious titers.

The ability of VEEV encoding Cm, the capsid protein lacking
the positive charge in the amino-terminal domain, to form virions
without NC preassembly certainly cannot be considered conclu-
sive evidence that plasma membrane is the only location of parti-
cle formation. In wt alphavirus-infected cells, cytoplasmic NCs
are formed, and it is unlikely that they are not later involved in
virion formation. Therefore, in the following experiments, besides
other characteristics, we studied the preformation of cytoplasmic
NCs using the originally designed viral mutants and their adapted
variants. Infected cells were treated with nonionic detergent, and
the NCs were analyzed by ultracentrifugation in sucrose density
gradients. In the same experiment, we compared the NC levels in
infected cells and infectious virus release. Figure 7A presents the

FIG 5 Adaptive mutations in VEEV/Cm�3 increase the positive charge of the capsid surface exposed to the RNA core. The three copies of capsid were extracted
from PDB 3J0C structure. The view is from the inside of the RNA core of the nucleocapsid. The positions of the acquired mutations are marked by arrows. The
electrostatic potential surface is drawn with limits of 	10 kT/e.
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results of an analysis of the control NC samples isolated from
virions and cells infected with VEEV TC-83. It also shows the position
of capsid protein bound to the ribosomes, whose location in the gra-
dient was analyzed using specific antibodies. Importantly, no NCs
were detected in another control, VEEV/Cm-infected cells, and no
capsid was associated with ribosomes (Fig. 7A).

(i) VEEV �1 variant. The VEEV �1 variant demonstrated no
evolution toward higher infectious titers or the formation of larger
plaques. This was the only subdomain whose function apparently
could not be compensated for by acquiring adaptive mutations.
VEEV �1 was completely incapable of forming intracellular NCs
and replicated to titers 100-fold lower than those of the wt virus.

FIG 6 All of the SDs in the amino terminus of wt VEEV capsid protein play critical roles in packaging of viral genome and infectious virus release. (A) Schematic
representation of the wt VEEV capsid protein and its variants with deleted amino-terminal subdomains. (B) A total of 5 � 105 BHK-21 cells in 35-mm dishes were
infected with VEEV/GFP and mutated genome-containing particles at an MOI of 20 inf.u/cell. Media were replaced at the indicated times postinfection, and the
infectious titers were determined as described in Materials and Methods. (C) Analysis of viral protein expression in BHK-21 cells infected with the indicated
mutants. Cells were infected at an MOI of 20 inf.u/cell harvested at 8 h postinfection, and the accumulation of virus-specific structural proteins was analyzed by
Western blotting with VEEV-specific antibodies. (D) Quantitative analysis of VEEV structural proteins by Western blotting. The gel contains aliquots corre-
sponding to 0.15 ml of the harvested media. (E) Comparative analysis of total viral RNA, genomic RNA, and actin RNA ratios in the released viral particles were
determined by RT-qPCR. GE, genome equivalent.
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(ii) VEEV �2 variant. The selected VEEV �2 variant produc-
ing higher infectious titers contained a single point mutation,
K64E (the numbering corresponds to the wt capsid), in the capsid-
coding sequence (Fig. 8A), and cloning of this mutation back into
the original construct confirmed its stimulatory effect on infec-
tious virus release (Fig. 8A and D). Comparative analysis of NC
accumulation in the cells infected with VEEV �2 and its adapted
variant VEEV �2ad demonstrated that the identified mutation
caused a strong increase in accumulation of preformed NC (Fig.
8B and C), which could result in higher infectious titers. The iden-

tified mutation was in an interesting position, in the capsid-spe-
cific NLS (36, 37). SD2 has a common function in the alphaviruses
in assembly of NC, but in VEEV it also functions as an NES (36,
37), required for blocking the nuclear pores. Therefore, as we have
demonstrated in our previous extensive studies (43, 44), deletion
of NES likely led to a higher level of VEEV capsid accumulation in
the nuclei and thus made it incapable of forming NC. On the other
hand, the indicated K64E mutation also added a negative charge to
the highly positively charged capsid, and this could lead to more
efficient electrostatic interaction between the capsid molecules.

FIG 7 Deletion of SD1 in wt capsid protein has a deleterious effect on the accumulation of NCs in the infected cells. (A) Results of one of the reproducible
analyses of NC and capsid protein distribution in sucrose gradients. Cells were infected and lysed as described in Materials and Methods. The details of
ultracentrifugation, fractionation of the gradients, and analysis of fractions by Western blotting were performed according to the protocols presented in detail in
Materials and Methods. Titers of the released viruses were determined at the time of cell harvesting, at 16 h postinfection. The same membranes were stained with
antibodies specific to ribosomal proteins, and two representative blots are presented. (B) Results of quantitative analysis of capsid and ribosomal protein
distribution in various fractions in panel A. In each gradient, values were normalized to the signal detected in the fraction with the highest concentration of capsid
protein. Pink boxes indicate the distribution of cytoplasmic NCs. Green lines indicate positions of the ribosome-bound fraction of capsid proteins.
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To distinguish between these two possibilities, we designed an
additional mutant. It contained a double mutation K64A�K65A
in the NLS (VEEV �2AA) (Fig. 8A). It also demonstrated a strong
positive effect on infectious virus titers (Fig. 8C), suggesting inac-
tivation of the NLS rather than an additional negative charge de-
termined the increase in infectious titer. However, it should be
noted that adapted variants still demonstrated replication rates
and final titers �10-fold lower than those of the wt virus. Impor-
tantly, in repeated experiments, the increase in the rates of infec-
tious VEEV �2AA release did not correlate with the intracellular
NC accumulation. This finding was suggestive that another, NC-
preassembly-independent, mechanism of particle formation is in-
volved.

(iii) VEEV �3 variant. The VEEV �3 variant, containing a
deletion of the positively charged subdomain SD3 (Fig. 9A), had
an interesting phenotype. Upon delivery into the cells, it produced

capsid protein, which was still able to make large intracellular
complexes, which sedimented similarly to the wt NCs in sucrose
gradients (Fig. 9B). Cells efficiently released VLPs (Fig. 6D), and
infectious titers were always 3 to 4 orders of magnitude lower than
those of wt VEEV (Fig. 6B and 9A). Thus, large capsid-containing
complexes, apparently formed in the cells without RNA, based on
the interactions of the residual SDs. Next, VEEV �3 rearranged its
capsid gene to restore the protein’s positive charge. This was
achieved by duplicating a part of SD2-coding and the entire SD4-
coding sequences in the originally designed mutated capsid gene.
This duplication led to the appearance of 11 additional positively
charged amino acids in SD3 (producing 13 instead of the wt 21),
which appeared to be sufficient for better RNA binding (Fig. 9A)
and made it capable of packaging viral genomes to �100-fold-
higher infectious titers. However, we cannot rule out the addi-
tional possibility that the duplicated SD4 might have a positive

FIG 8 Mutations in the capsid protein-specific NLS compensate for the deletion of SD2 and increase the infectious titers of the VEEV �2 mutant. (A) Schematic
alignment of the amino-terminal domain of the originally designed capsid protein of VEEV, the VEEV�2 mutant, the adapted variant VEEV �2ad, and the
mutant containing a double mutation introduced into the NLS (VEEV �2AA). (B) Results of one of the reproducible analyses of NC and capsid protein
distribution in sucrose gradients. Virus titers were determined at the time of cell harvesting at 16 h postinfection. (C) Results of quantitative analysis of the capsid
and ribosomal protein distribution in the fractions presented in panel B. In each gradient, the values were normalized to the signal detected in the fraction with
the highest concentration of capsid protein. Pink boxes indicate the distribution of cytoplasmic NCs. Green lines indicate the positions of the ribosome-bound
fraction of capsid proteins. (D) Comparative analysis of the infectious virus release by the originally designed mutant and its adapted variant. BHK-21 cells were
electroporated with 4 �g of in vitro-synthesized RNA of VEEV �2, VEEV �2ad, and VEEV �2AA. Media were replaced at the indicated time points, and infectious
titers of released viral particles were determined as described in Materials and Methods.
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effect on RNA packaging. Interestingly, the dramatic increase in
infectious titers did not correlate with changes of distribution of
the capsid-containing protein complexes in sucrose gradients,
suggesting that the formation of stable genome-containing NCs in
the cytoplasm remained low. Based on the available data, we spec-
ulate that the originally designed VEEV �3 mutant preferentially
encapsidated viral subgenomic RNA (Fig. 6F), which has a length
sufficient to neutralize the reduced positive charge of the NC.
However, the evolved capsid protein required larger, genomic

RNA to neutralize the charge introduced by the newly evolved Arg
and Lys in the NC. This strongly increased the frequency of
genomic RNA encapsidation (Fig. 9D). Importantly, this evolved
capsid protein demonstrated a positive effect on the synthesis of
viral genomes (Fig. 11), and this could be an additional contribu-
tion to more efficient genome packaging.

The new positively charged domain acquired during VEEV �3
evolution was very different from the natural wt sequence. This
was suggestive that the latter domain’s function may be indepen-

FIG 9 The reduction in infectious titers caused by the deletion of SD3 in VEEV capsid protein can be compensated for by acquiring nonspecific peptides
with high positive charges. (A) Schematic alignment of the amino-terminal domain of VEEV capsid protein SD3 deletion mutant and the selected adapted
mutant, which replicates to higher infectious titers (VEEV �3ad). Black arrows indicate positively charged amino acids in the new SD3 fragment. (B)
Results of one of the reproducible analyses of NC and capsid protein distribution in sucrose gradients. Virus titers were determined at the time of cell
harvesting at 16 h postinfection. (C) Results of quantitative analysis of the Western blot membranes presented in panel B. In each gradient, the values were
normalized to the signal detected in the fraction with the highest concentration of capsid protein. Pink boxes indicate the distribution of cytoplasmic NCs.
Green lines indicate the positions of the ribosome-bound fraction of capsid proteins. (D) Comparative analysis of the infectious virus release by the
originally designed mutant and its adapted variant. BHK-21 cells were electroporated with 4 �g of in vitro-synthesized RNA of VEEV �3 and VEEV �3ad.
Media were replaced at the indicated time points, and titers of infectious viral particles were determined as described in Materials and Methods. (E)
Alignment of the SD3-specific amino acid sequences in wt SD3 and SD3 with randomized amino acid sequence in VEEV mut3. (F) Comparative analysis
of infectious virus release by the originally designed mutant and its adapted variant. Subconfluent BHK-21 cells in 35-mm dishes were infected with VEEV
or VEEV mut3, generated by electroporation of genomes into BHK-21 cells, at an MOI of 20 PFU/cell. Media were replaced at the indicated times
postinfection, and infectious titers were determined as described in Materials and Methods.
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dent of the amino acid sequence and simply requires a sufficient
number of positively charged amino acids. To test this possibility,
we designed an artificial SD3 in the context of the wt VEEV TC-83
genome. It had the same number of positively charged amino
acids as the wt, but these and other amino acids were positioned
differently (Fig. 9E). It spite of this extensive mutagenesis, the
designed VEEV mut3 replicated at exactly the same rates in terms
of infectious virus release (Fig. 9F), suggesting that the function of
the SD3 is independent of the amino acid sequence.

(iv) VEEV �4 variant. The VEEV variant containing the SD4
deletion used a different means to evolve to higher infectious ti-
ters. During passaging in BHK-21 cells, it acquired adaptive mu-
tations in the nsP2-coding sequence but not in the capsid gene
(Fig. 10A). The adaptive mutations induced a more efficient ac-
cumulation of intracellular NCs (Fig. 10B and C) and increased
plaque size and virus replication rates (Fig. 10D and E). They also
had a positive effect on RNA replication (Fig. 10F and 11). How-
ever, it remains unclear whether the detected 6- to 7-fold differ-
ences in RNA replication directly resulted in the dramatic increase
in NC formation and infectious virus release or whether the mu-
tated nsP2 itself had an additional positive effect on RNA encap-
sidation. In any case, this result was in agreement with our previ-
ous study, which showed that the inability of VEEV capsid to
package viral RNA could be compensated for by adaptive muta-
tions in viral nonstructural protein nsP2.

DISCUSSION

In recent years, great progress has been made in the understanding
of alphavirus virion structure (24, 45, 46). The results of crystalli-
zation of the individual proteins and their complexes were com-
plemented by cryo-EM-based studies of viral particles, which have
provided the field with a detailed knowledge of the structures of
alphavirus glycoprotein spikes and their interactions with NC.
However, the particle assembly process and the NC assembly in
particular remain poorly understood. The primary thesis of the
currently prevailing assembly model is that alphavirus nucleocap-
sids are formed in the cytoplasm, mostly at the sites of viral RNA
replication, and then are transported to the virion budding sites at
the plasma membrane. This hypothesis relies heavily on the pre-
viously published data, which showed that replication of viral
RNA proceeds in membrane spherules, which accumulate on the
surfaces of lysosomes and modified late endosomes (47). Accord-
ing to this scenario, the newly synthesized viral genomes, which
are released by the spherule-located replication complexes, are
encapsidated and then delivered to the plasma membrane on the
surface of CPV II vesicles and probably through a passive diffusion
process. The experimental data support this possibility: alphavirus
nucleocapsids accumulate in the cytoplasm (22) (Fig. 7), and the
published data suggest that upon delivery to the plasma mem-
brane, even in vitro-preassembled nucleocapsid-like complexes
can acquire the envelope (48). However, in the last few years, our
understanding of the alphavirus RNA replication mechanism has
undergone some modifications. It was demonstrated that for
some of the alphaviruses, such as SINV and VEEV, replication
complexes are formed at the plasma membrane, and a major frac-
tion of them remain there, even at later stages of the infection and
continue to function as sites of viral RNA synthesis (49–51). Thus,
RNA replication and its packaging into virions are likely to be
more closely compartmentalized than we previously thought. NC
preassembly may therefore not be an absolutely essential step in

viral particle formation. This possibility was also suggested by pre-
vious studies of replicating SFV and SINV mutants with large
deletions in the capsid protein (19, 21, 22, 29). These mutants
formed particles without detectable NC preformation in the cyto-
plasm, and this was suggestive of the existence of another mecha-
nism of virion release—a mechanism in which NC and virion
assembly proceed at the same time. Moreover, it was demon-
strated for SFV and CHIKV that structural proteins are able to
assemble into VLPs in the absence of genomic RNA (52). In addi-
tion, it has been recently shown for SINV that newly synthesized
capsid protein-recruiting and E2 protein-containing dynamic
structures are detectable at the PM, indicating their possible role
in virus assembly and egress (53).

The results of this new study suggest that in the case of VEEV,
this NC preassembly-independent mechanism also functions. It is
difficult to conclusively detect it in wt virus-infected cells, which
contain high concentration of already assembled NCs. However,
this NC preassembly-independent mechanism can be easily dis-
sected using VEEV variants expressing mutant capsid proteins,
which are incapable of forming stable NC. Cells infected with such
VEEV mutants, release viral particles with efficiency comparable
to that of the wt virus, suggesting that the second mechanism of
particle formation is very productive.

In the present study, we used this alternative pathway of VEEV
particle formation to further dissect the molecular mechanism of
their assembly and define the function of different capsid-specific
amino acid sequences in orchestrating this process. The entire
amino-terminal domain of VEEV capsid was found to be dispens-
able for particle formation and release (Fig. 3). Cells infected with
VEEV variants encoding VEEV glycoproteins and only the pro-
tease domain of capsid protein produced very high levels of ge-
nome-free virions. Thus, interactions between glycoprotein spikes
and capsid molecules were sufficient for the assembly process.

The amino-terminal, positively charged domain of the VEEV
capsid protein was in turn found to express a number of regula-
tory and structural functions, aimed to mediate selective packag-
ing of viral genome and to avoid release of particles lacking the
viral genome or containing heterologous genetic material. The
distinct small subdomains in the capsid’s amino terminus accom-
plished multiple levels of control to achieve the release of genome-
containing virions.

The most positively charged capsid-specific subdomain (termed
here SD3) contains 21 Arg and Lys amino acids and functions as an
efficient negative regulator in the virion assembly process. Deletion of
this domain or mutation of all of its positively charged amino acids
results in the high-level release of genome-free VLPs. A VEEV mu-
tant, lacking SD3 in the capsid protein but retaining the other SDs,
efficiently forms large complexes in the infected cells (Fig. 9). How-
ever, they sediment more slowly than wt NCs, and the majority of the
resultant viral particles lack viral genomes.

In wt virus-infected cells, the high positive charge of natural
SD3 is neutralized by bound viral RNAs. Based on the presented
data, this RNA-binding function does not depend on the SD3-
specific aa sequence but is determined entirely by a high number
of positively charged amino acids. At first glance, it seems that they
can be easily neutralized by any other RNA species contained in
the cell. However, this does not appear to be the case. In the ab-
sence of either SD1, SD4, or SD2 in particular, virions become
capable of packaging other RNAs (Fig. 6E), indicating that they
can nonspecifically neutralize SD3, but particle production re-
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FIG 10 Adaptive mutations in nsP2 can increase infectious titers and plaque sizes of VEEV mutants with a deleted SD4 domain of the capsid protein. (A)
Schematic alignment of the amino-terminal domain of capsid protein in VEEV �4 and the nsP2-specific compensatory mutations identified in the nsP2 gene of
selected, more efficiently replicating variants. (B) Results of one of the reproducible analyses of NC and capsid protein distribution in sucrose gradients. Virus
titers were determined at the time of cell harvesting at 16 h postinfection. (C) Results of quantitative analysis of the Western blot membranes presented in panel
B. In each gradient, the values were normalized to the signal detected in the fraction with the highest concentration of capsid protein. Pink boxes indicate the
distribution of cytoplasmic NCs. Green lines indicate positions of the ribosome-bound fraction of capsid proteins. (D) Comparative analysis of the infectious
virus release by the originally designed mutant and its adapted variants, VEEV �4ad1 and VEEV �4ad2, at an MOI of 0.01 inf.u/cell. Media were replaced at the
indicated times postinfection, and infectious titers were determined as described in Materials and Methods. (E) Comparative analysis of the sizes of plaques
formed on BHK-21 cells by the originally designed mutant and its adapted variants. Virus stocks were titrated on BHK-21 cells as described in Materials and
Methods. Plaques were stained with crystal violet after 2 days of incubation at 37°C. (F) Subconfluent BHK-21 cells in 35-mm dishes were infected with an MOI
of 10 inf.u/cell. At 16 h postinfection, RNA was isolated by TRIzol and analyzed by RT-qPCR as described in Materials and Methods. The relative numbers of
genome equivalents (GE) were calculated and normalized to the cellular �-actin RNA.
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mains highly inefficient. Thus, other SDs appear to efficiently con-
trol the mispackaging of heterologous RNAs. SD1, SD2, and SD4
are dispensable for VLP formation but ensure that neutralization
of the charge of SD3 is achieved by the viral genome only.

It has been previously suggested that alphavirus SD4 deter-
mines specificity of capsid’s interaction with the PS in viral
genomic RNA (38, 54). Indeed, in the absence of SD4 in capsid
protein, infectious virus titers become 1,000-fold lower. However,
this function of SD4 appears to be just one of the components of
the mechanism that determines the specificity of RNA encapsida-
tion. The deletions of SD1 and SD2 lead to an increase in packag-
ing of cellular mRNA (Fig. 6E). Thus, SD1 and SD2 are not only
structural components of NC but are also actively involved in the
RNA genome packaging process. Moreover, our recent studies on
the evolution of VEEV capsid mutants demonstrated that VEEV
variants with highly mutated capsid protein acquire adaptive mu-
tations in SD2 (helix I) (35). These mutations dramatically in-
creased the efficiency of genome encapsidation, suggesting that
SD2 functions not only in the previously proposed capsid protein
dimerization but also in viral genome packaging.

Prior to the present study, the functions of SD1 were strongly
underappreciated and had not been investigated. Our data suggest
that, surprisingly, this peptide is critical for VEEV capsid function.
This was the only SD whose deletion could not be compensated
for by adaptive mutations in other SDs or nsPs. Adapted variants
of VEEV �1, which could replicate to higher infectious titers, were
not found in any of our experiments. In studies of SFV capsid
protein assembly (21), this subdomain was left unmodified be-
cause the corresponding coding sequence in the subgenomic RNA
contains a cis-acting element, the translational enhancer, which
determines the translation efficiency of the latter RNA in the in-
fected cells. In contrast to SINV and SFV, VEEV replication does
not induce profound translational shutoff in infected cells, and the
VEEV SD1-specific RNA sequence in the subgenomic RNA ap-
pears to either have no translational enhancer or perhaps contains
an enhancer with a different mode of function (55). Based on the
available data from this and other ongoing studies, we propose
that SD1 organizes the amino-terminal capsid domains in the NC
by forming an SD1 core. In the absence of other SDs, this function
appears to no longer be required, and particles containing capsid
with deleted SD1, SD2, SD3, and SD4 are efficiently formed. How-
ever, if the capsid contains other SDs, and SD3 in particular, these

subdomains need to be additionally organized. Both VEEV/
Cm�1 and VEEV �1 were very inefficient in particle release and,
in case of VEEV �1, we were unable to detect preformation of the
intracellular NC, despite this variant encoding wt RNA-binding
SD3, helix I/SD2, and SD4, which are supposed to be responsible
for specific interaction of the capsid with genomic RNA. The
mechanism of SD1 function is now under more detailed investi-
gation.

It is also apparent that the amino-terminal domain of VEEV
capsid is not the only domain involved in RNA encapsidation.
Capsid mutants defective in RNA binding demonstrated accumu-
lation of additional positively charged amino acids on the internal
surface of the carboxy-terminal protease domain, which already
has a high positive charge (Fig. 5). Thus, the protease domain is
likely to also be an active player in RNA packaging. This provides
a plausible explanation for the residual infectious virus particle
formation observed in VEEV mutants in which the entire amino-
terminal capsid domain was either deleted or contained no posi-
tively charged amino acids (30). Based on the experimental data, a
fraction of the particles released from the cells infected with such
mutants contained viral genomes, and the infectious titers ap-
proached 105 inf.u/ml.

Mutations in capsid protein induce virus evolution, which
results in compensatory mutations, which improve the capsid-
RNA interaction, in genes distinct from the capsid-coding
gene. This effect had also been observed in our previous capsid
studies (35). Some of the compensatory mutations found in
both capsid- and nsP2-coding genes (Fig. 10) led to detectable
increases in RNA replication and disproportionally strong in-
creases in genomic RNA packaging and infectious virus release.
Moreover, nsP2 evolution was possible only when mutated
capsid retained its SD2. These results suggest that VEEV non-
structural protein nsP2 and capsid protein have complex inter-
actions and functions and are likely to be involved in both RNA
replication and encapsidation. Thus, we need to be very cau-
tious in data interpretation, and further studies are required to
dissect these complicated phenomena.

Taken together, the present study produced a number of find-
ings, and these are summarized in Fig. 12. (i) VEEV particles can
be efficiently formed directly at the plasma membrane without
cytoplasmic NC preassembly. (ii) The entire amino-terminal do-
main of VEEV capsid protein is dispensable for particle formation
and release. In its absence, the carboxy-terminal protease domain
is capable of promoting efficient self-assembly and the release of
genome-free VEEV VLPs, which have sizes and morphologies
similar to those of the wt virions. (iii) The amino-terminal do-
main of VEEV capsid protein contains at least four functionally
distinct subdomains. They determine RNA packaging and the
specificity of packaging in particular. (iv) The highly positively
charged SD3 is a negative regulator of NC and particle assembly,
unless its positive charge is neutralized by bound viral genomic
RNA. (v) Both SD1 and SD2 function as important regulators of
RNA packaging, in addition to SD4, whose role in defining the
specificity of RNA packaging has been previously described (38).
They are not required for genome-free VLP formation but are
critically involved in VEEV genome packaging. (vi) Our data sug-
gest that the positively charged surface of VEEV capsid-specific
protease domain and the very amino-terminal SD1 are also in-
volved in interaction with viral RNA and play important roles in
its encapsidation. (vii) VEEV capsid protein and nsP2 regulate

FIG 11 Deletions of SDs in VEEV capsid protein affect viral RNA synthesis,
which can be restored through a number of compensatory mutations. Subcon-
fluent BHK-21 cells in 35-mm dishes were infected at an MOI of 10 inf.u/cell
with VEEV/GFP or mutated genome-containing particles, generated by co-
electroporation with in vitro-synthesized helper RNAs. Viral RNAs were met-
abolically labeled with [3H]uridine between 3 and 7 h postinfection and ana-
lyzed as described in Materials and Methods. The experiment was repeated
twice with very similar results.
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RNA synthesis and its encapsidation, but the mechanism of these
processes needs further investigation.
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