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Hypervariable Domain of Nonstructural Protein nsP3 of Venezuelan
Equine Encephalitis Virus Determines Cell-Specific Mode of Virus
Replication
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Venezuelan equine encephalitis virus (VEEV) is one of the most pathogenic members of the Alphavirus genus in the Togaviridae
family. This genus is divided into the Old World and New World alphaviruses, which demonstrate profound differences in
pathogenesis, replication, and virus-host interactions. VEEV is a representative member of the New World alphaviruses. The
biology of this virus is still insufficiently understood, particularly the function of its nonstructural proteins in RNA replication
and modification of the intracellular environment. One of these nonstructural proteins, nsP3, contains a hypervariable domain
(HVD), which demonstrates very low overall similarity between different alphaviruses, suggesting the possibility of its function
in virus adaptation to different hosts and vectors. The results of our study demonstrate the following. (i) Phosphorylation of the
VEEYV nsP3-specific HVD does not play a critical role in virus replication in cells of vertebrate origin but is important for virus
replication in mosquito cells. (ii) The VEEV HVD is not required for viral RNA replication in the highly permissive BHK-21 cell
line. In fact, it can be either completely deleted or replaced by a heterologous protein sequence. These variants require only one
or two additional adaptive mutations in nsP3 and/or nsP2 proteins to achieve an efficiently replicating phenotype. (iii) However,

the carboxy-terminal repeat in the VEEV HVD is indispensable for VEEV replication in the cell lines other than BHK-21 and
plays a critical role in formation of VEEV-specific cytoplasmic protein complexes. Natural VEEV variants retain at least one of

the repeated elements in their nsP3 HVDs.

he Alphavirus genus in the Togaviridae family contains a num-

ber of human and animal pathogens (1). Under natural con-
ditions, alphaviruses circulate between mosquito vectors and ver-
tebrate hosts (2). In mosquitoes, they cause a persistent, life-long
infection and accumulate to high titers in salivary glands. This
concentration of viral particles in the saliva leads to virus trans-
mission to vertebrates during the next blood meal. In mammalian
and other hosts, alphaviruses induce high-titer viremia, which is
required for transmission of the virus to new mosquito vectors
(3). Some of the alphaviruses, such as Venezuelan equine enceph-
alitis virus (VEEV), eastern equine encephalitis virus (EEEV), and
western equine encephalitis virus (WEEV), are capable of causing
severe meningoencephalitis with frequently lethal outcomes, not
only in small animals and birds but also in humans and equids (2).
Others, such as Ross River virus, o’nyong nyong virus, chikungu-
nya virus (CHIKV), and Sindbis virus (SINV), cause less severe
disease, characterized by rash, arthritis, and fever (4). Continuous
circulation of alphaviruses on all continents and their ability to
cause diseases of different severities in humans make them a sig-
nificant public health threat. Moreover, a recent outbreak of
CHIKV with millions of people infected and the ability of this
virus to develop a severe disease strongly indicate that the impor-
tance of alphaviruses as human pathogens is quite underappreci-
ated (5-8). To date, no efficient therapeutic means against any
alphavirus infection have been developed, primarily due to our
insufficient knowledge of the molecular mechanism of virus rep-
lication and their interactions with the hosts.

The alphavirus genome is represented by a single-stranded,
11.5-kb RNA of positive polarity (9). It mimics the structure of
cellular mRNA templates, in that it has a cap at the 5" terminus
and a poly(A) tail at the 3’ terminus. This RNA encodes only a few
proteins. Four nonstructural proteins, nsP1 to nsP4, are translated
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as P123 and P1234 polyproteins directly from the genomic RNA
after its release from the nucleocapsid to the cytoplasm. Together
with host protein factors (10-14), partially or completely pro-
cessed nsPs form replication enzyme complexes synthesizing neg-
ative-strand RNA genome intermediates, positive-strand ge-
nomes, and subgenomic RNA. The subgenomic RNA serves as a
template for translation of viral structural proteins, capsid, and
glycoproteins E2 and E1, which ultimately interact to form viral
particles (3). Functions of the structural proteins in viral particle
formation are reasonably well understood (15), but the mecha-
nism of the nsPs’ function in viral RNA synthesis and virus-host
cell interactions remains poorly studied. At this point, we know
that the initially synthesized P123 and P1234 polyproteins are se-
quentially processed into individual nsP1, nsP2, nsP3, and nsP4
by nsP2-associated protease activity, and this processing regulates
the specificity of the replication complex in the synthesis of differ-
ent virus-specific RNAs (16). The initially formed P123- and
nsP4-containing complexes can synthesize the negative-strand
RNA in a double-stranded RNA (dsRNA) intermediate form. Af-
ter complete processing, nsP1 to nsP4 form mature replication
complexes, which are active in the synthesis of both the viral ge-
nome and subgenomic RNAs but no longer synthesize the nega-
tive-strand RNA (17, 18). In these complexes, nsP1 accomplishes
most of the RNA-capping functions (19). nsP2 demonstrates

Received 13 March 2013 Accepted 20 April 2013

Published ahead of print 1 May 2013

Address correspondence to llya Frolov, ivfrolov@UAB.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.00720-13

jviasm.org 7569


http://dx.doi.org/10.1128/JVI.00720-13
http://jvi.asm.org

Foy et al.

NTPase, RTPase, and RNA helicase activities (20-23). The roles of
its amino-terminal, protease, and S-adenosylmethionine (SAM)-
methyltransferase-like domains in complex formation and RNA
synthesis remain to be further determined (23-26). nsP4 is an
RNA-dependent RNA polymerase, and it also appears to be di-
rectly involved in recognition of the promoters on the negative-
strand RNA intermediate (27, 28). To date, no defined functions
have been assigned to the nsP3 protein. Information about nsP3
activities in viral replication is quite limited. However, it has been
shown that some mutations in the nsP3 gene differentially affect
synthesis of alphavirus-specific RNAs and can have deleterious
effects on virus replication (29, 30). In SINV-infected cells, nsP3
was found to form at least two types of complexes with distinct
protein contents and functions (14). It was also demonstrated that
alphavirus nsP3 contains two conserved domains and a hypervari-
able domain (HVD), which is characterized by a lack of defined
folding and appears to be strongly phosphorylated (29, 31, 32).
Compared to other nsPs, nsP3 and its HVD in particular demon-
strate low levels of identity between the members of the alphavirus
genus (31). Efforts to analyze the crystal structure of nsP3 have
been partially successful. Crystal structures of more conserved
amino-terminal nsP3 domains (macro domains) of VEEV and
CHIKYV and a fragment of SINV nsP2 followed by the conserved
domain of nsP3 were solved (33, 34). The macro domain was
found to exhibit a high level of similarity with the ADP-ribose
1”-phosphate phosphatases in terms of protein folding (33, 35). In
biochemical tests, it demonstrated some activities characteristic of
the human homologs of the enzyme (33). It was also proposed that
the macro domain is involved in processing of Semliki Forest virus
(SFV)-specific P23 (36). The role of the second conserved nsP3
domain, located between the macro domain and the HVD, also
remains to be understood.

The alphavirus nsP3-specific HVD appears to be the most
poorly understood protein fragment in terms of its function in
virus replication. On one hand, it demonstrates a lack of conser-
vation between alphaviruses belonging to different serocomplexes
and a considerable diversity between the members of the same
serocomplex. On the other hand, all the alphaviruses contain such
a domain in nsP3, suggesting that it plays an essential role in virus
replication.

In this study, we used a combination of reverse genetics and
selection approaches to further analyze the function of nsP3 in the
replication of one of the most pathogenic members of the genus,
VEEV. Our data demonstrate that similarly to other alphavirus
structural and nonstructural proteins, VEEV nsP3 has numerous
functions in virus replication. The VEEV HVD was found to be
nonessential for virus replication in highly permissive BHK-21
cells. A small number of adaptive point mutations was sufficient
for restoring replication of VEEV mutants having the HVD re-
placed by a heterologous amino acid sequence or having the entire
nsP3 HVD deleted. However, replication of VEEV in other cell
types required the preservation of a unique repeating amino acid
sequence in the carboxy terminus of the HVD, and the presence of
at least one of the repeats rendered the virus capable of replication
to high titers.

MATERIALS AND METHODS

Cell cultures. BHK-21 cells were kindly provided by Paul Olivo (Wash-
ington University, St. Louis, MO). NIH 3T3 cells were obtained from the
American Type Culture Collection (Manassas, VA). These cell lines were
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maintained at 37°C in alpha minimum essential medium (aMEM) sup-
plemented with 10% fetal bovine serum (FBS) and vitamins. Mosquito
C7/10 cells were kindly provided by Henry Huang (Washington Univer-
sity, St. Louis, MO). These cells were maintained at 30°C in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% heat-inacti-
vated FBS and 10% tryptose phosphate broth (TPB).

Plasmid constructs. A plasmid harboring the original VEEV genome,
pVEEV/GFP, was described previously (37). This plasmid contained
c¢DNA of the VEEV TC-83 genome, which also harbored the green fluo-
rescent protein (GFP) gene under the control of the subgenomic pro-
moter. This plasmid was used for modifications of the nsP3-encoding
sequence using PCR-based techniques. The schemes of recombinant viral
genomes, the critical sequences, and introduced mutations are presented
in the relevant figures. All of the sequences and details of the cloning
procedures can be provided upon request.

RNA transcriptions. Plasmids were purified by centrifugation in CsCl
gradients. They were linearized by using the Mlul restriction site located
downstream of the poly(A) sequence of the cDNA of viral genomes. RNAs
were synthesized by SP6 RNA polymerase in the presence of a cap analog
under conditions described previously (38). The yield and integrity of
transcripts were analyzed by gel electrophoresis under nondenaturing
conditions, and transcription mixtures were used for electroporation
without additional purification (39). Standard electroporations were per-
formed by using 1 pg of the in vitro-synthesized RNA. Released viruses
were harvested at 24 h postelectroporation, and titers were determined by
a plaque assay on BHK-21 cells (40).

For most of the electroporations, to assess RNA infectivity and test
whether virus replication required adaptive mutations in viral genes, we
also performed an infectious center assay. For this assay, different num-
bers of electroporated cells were seeded onto monolayers of naive BHK-21
cells and, after 1 h of incubation at 37°C, covered by 0.5% agarose supple-
mented with media and 3% FBS. Depending on the ability of mutant
viruses to spread and cause a cytopathic effect (CPE), either plaques were
stained with crystal violet at 48 h postelectroporation or numbers of GFP-
positive foci were measured by using a fluorescence microscope. Thus,
RNA infectivity was measured in either PFU or focus-forming units
(FFU) per microgram of RNA.

Viral replication analysis. Many of the mutants designed in this study
demonstrated rapid evolution to a more efficiently replicating phenotype,
and this strongly complicated the analysis of the originally designed con-
structs. Therefore, most of the analyses of virus replication efficiencies
were performed directly on RNA-electroporated cells. One-fifth of the
electroporated cells (see above) were seeded into 35-mm dishes, and me-
dia were replaced at the time points indicated in the figures. In other
experiments, naive cells were seeded into 35-mm dishes. After a 4-h-long
incubation at 37°C, monolayers were infected at the multiplicities of in-
fection (MOIs) indicated in the figures or figure legends, washed with
phosphate-buffered saline (PBS), and overlaid with 1 ml of complete me-
dium. At the times indicated in the figures, media were replaced by fresh
media, and virus titers were determined by a plaque assay on BHK-21
cells, as previously described (40).

Immunofluorescence analysis. For confocal microscopy, cells were
seeded onto 8-well -slides (Ibidi GmbH, Munich, Germany), infected at
an MOI of ca. 20 PFU/cell, and incubated at 37°C in a CO, incubator. At
the indicated times, the cells were fixed in 4% paraformaldehyde (PFA) in
PBS for 20 min at room temperature, permeabilized, and blocked with
PBS supplemented with 0.5% Triton X-100-5% goat serum for 30 min.
The cells were then stained with mouse monoclonal antibodies (MAbs)
specific to VEEV nsP3, which were described previously (41), and second-
ary goat anti-mouse antibodies labeled with Alexa Fluor 555 (Invitrogen).
Hoechst 34580 (Invitrogen) was used for staining of nuclei. Images were
acquired on a Zeiss LSM700 confocal microscope with a 63X, 1.4-numer-
ical-aperture (NA) PlanApochromat oil objective. Each image represents
multiple-intensity projections of 6 optical sections.
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FIG 1 VEEV can tolerate mutations of all of the Ser and Thr residues in the
HVD of nsP3. (A) Amino acid sequences of the VEEV-specific HVD and its
mutated ST~ variant. (B) Schematic representation of the recombinant VEEV/
ST HVD/GFP and control VEEV/GFP virus genomes and infectivities of the
in vitro-synthesized RNAs in the infectious center assay. (C) Replication of
VEEV/ST™HVD/GFP and VEEV/GFP in BHK-21 cells after electroporation of
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RESULTS

Modification of all potential phosphorylation sites in the VEEV
nsP3 HVD affects virus replication in mosquito, but not BHK-
21, cells. Our study was aimed at a further understanding of the
function(s) of nsP3, and the HVD in particular, in VEEV replica-
tion. Alphavirus nsP3-specific HVDs demonstrate a very high
level of evolution, and almost no homology in the amino acid
sequences of this fragment between different members of the al-
phavirus genus has been found (41). Another characteristic fea-
ture of the nsP3-specific HVD is an unusually high percentage of
Thr and Ser, which were proposed to represent a substrate for the
previously described abundant nsP3 phosphorylation (31, 32, 42,
43). Functional significance of phosphorylation sites can be deter-
mined by sequential introduction of point mutations or making
small deletions in the fragments of interest, followed by analysis of
the virus phenotype. The VEEV nsP3-specific HVD contains 53
potential phosphorylation sites with possible redundant func-
tions. Therefore, application of the first, point mutation-based
approach is not feasible. The results of deletion analysis might be
difficult to interpret because of the possible effect of deletion-
induced changes on the overall protein folding and function. To at
least partially avoid these problems, we replaced all of the 53 Ser-
and Thr-specific codons in the nsP3 HVD-encoding sequence of
the VEEV TC-83 genome (Fig. 1A) by those encoding Gly, Ala,
Glu, and Gln and tested the effect of this extensive protein modi-
fication on virus replication. The choice of amino acid used was
based on the attempt to save the hydrophilic profile of the HVD.
Based on our previous experience, virus nonstructural polypro-
tein mutants can become noncytopathic and incapable of forming
plaques (37, 44—46). Therefore, in these and most of our other
experiments, we used viruses encoding GFP under the control of a
subgenomic promoter. Thus, we could control virus viability and
monitor their replication and spread by evaluating GFP expres-
sion in the monolayer of infected cells. The designed VEEV/
ST HVD/GFP genome, encoding the mutated nsP3, is presented
in Fig. 1B.

Equal amounts of the in vitro-synthesized RNAs of VEEV/
ST HVD/GFP and the VEEV/GEFP control (Fig. 1B) were electro-
porated into BHK-21 cells. We compared RNA infectivity by the
infectious center assay and also analyzed the rates of virus replica-
tion (Fig. 1B and C). The introduction of 53 amino acid (aa)
substitutions did not affect the RNA infectivity. The small differ-
ences observed remained within the limits of accepted variations
between the experiments. This suggested that for at least the ini-
tiation of replication, no additional, adaptive mutations were re-
quired. Fifty-three mutations had a detectable but minor effect on
the rate of virus replication in BHK-21 cells (Fig. 1C). The VEEV/
ST HVD/GFP variant demonstrated similarly efficient replica-
tion in another cell line of vertebrate origin, NIH 3713 cells (data
not shown), but virus growth was strongly affected in mosquito
C7/10 cells (Fig. 1D). Thus, the data suggested that VEEV can

1 pg of in vitro-synthesized RNA. One-fifth of the electroporated cells were
seeded into 35-mm dishes, and media were replaced at the indicated time
points. Virus titers were measured by a plaque assay on BHK-21 cells. (D)
Replication of the designed VEEV/ST HVD/GFP and control VEEV/GFP vi-
ruses in mosquito C7/10 cells. Cells were infected by the indicated viruses at an
MOI of 5 PFU/cell. Media were harvested at the indicated time points, and
titers were measured by a plaque assay on BHK-21 cells. The experiments were
repeated 2 times, with very similar results.
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FIG 2 Extensive mutagenesis of the ST~ HVD has a negative effect on VEEV
replication. (A) Schematic representation of VEEV/GFP, VEEV/synthHVD/
GFP, and VEEV/synthHVD/GFP/1 virus genomes and infectivities of the in
vitro-synthesized RNAs in the infectious center assay. VEEV/synthHVD/
GFP/1 contained a G31R adaptive mutation in nsP3 (see Results for details).
(B) One microgram of each in vitro-synthesized RNA was electroporated into
BHK-21 cells. One-fifth of each sample was seeded into 35-mm dishes, and
media were replaced at the indicated time points. Virus titers were measured
by a plaque assay on BHK-21 cells. This experiment was repeated three times,
with very similar results.

tolerate extensive mutagenesis in the HVD without a strong neg-
ative effect on virus titers in vertebrate cells. The overall effect of
these 53 mutations is detectable but would probably be difficult to
study and interpret because of the small difference in replication
rates between the original and mutant viruses. However, the re-
moval of the potential phosphorylation sites, represented by Ser
and Thr, from the HVD has a more marked effect on VEEV rep-
lication in a mosquito cell line.

VEEV can tolerate strong modifications to the HVD and
evolves to more efficient replication. The experiments described
above demonstrated that 53 point mutations in the VEEV HVD
had no profound effect on VEEV replication in vertebrate cells,
suggesting that the amino acid sequence of the HVD does not play
a significant role in the fragment’s function. However, the follow-
ing experiments demonstrated that this was not the case. Our next
step was to introduce additional mutations into the nsP3 HVD of
the VEEV/ST HVD/GFP variant by changing the positions of all
of the encoded amino acids in this already modified nsP3 domain.
Thus, neither the codon usage in the gene nor the amino acid
composition of the HVD was additionally changed. The muta-
tions also did not change the overall hydrophobicity profile of the
HVD, and based on computer modeling, this domain did not
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FIG 3 Replacement of the VEEV HVD with the amino terminus of mutated
VEEV capsid protein has a negative effect on VEEV replication. (A) Schematic
representation of VEEV/GFP, VEEV/Cmut-HVD/GFP, and VEEV/Cmut-
HVD/GFP/1 virus genomes and infectivities of the in vitro-synthesized RNAs
in the infectious center assay. A description of the amino-terminal fragment of
VEEV capsid is presented in Results, and the sequence was reported previously
(47). VEEV/Cmut-HVD/GFP/1 contained additional adaptive mutations in
nsP3, which strongly increased virus replication. (B) One microgram of each in
vitro-synthesized RNA was electroporated into BHK-21 cells. One-fifth of each
sample was seeded into 35-mm dishes, and media were replaced at the indi-
cated time points. Virus titers were measured by a plaque assay on BHK-21
cells. This experiment was repeated three times, with very similar results.

attain a stable secondary structure (data not shown). However,
this scrambled version of the HVD produced a profound negative
effect on virus replication. In the infectious center assay, the in
vitro-synthesized RNA of the designed VEEV/synthHVD/GFP
variant generated a mixture of GFP-positive cell foci and plaques,
and the overall efficiency of their formation was almost 20-fold
lower than that of the control VEEV/GFP RNA (Fig. 2A). In mul-
tiple repeated experiments, after electroporation of the in vitro-
synthesized RNA into BHK-21 cells, VEEV/synthHVD/GFP dem-
onstrated lower replication rates, with titers not exceeding 10
PFU and FFU per ml (Fig. 2B). Thus, extensive mutagenesis of the
VEEV HVD sequence strongly affected virus replication. How-
ever, VEEV/synthHVD/GFP rapidly evolved to a more efficiently
replicating, plaque-forming phenotype. Based on our previous
experience, we surmised that the 20-fold difference in RNA infec-
tivity indicated that the initially designed variant was capable of
inefficient replication in this cell line and that evolution leading to
more efficient infection spread and plaque formation was likely
the result of a very limited number of adaptive mutations (most
likely a single mutation) in the viral genome. The development of
both plaques and foci in the infectious center assay was also sug-
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FIG 4 Replacement of the VEEV HVD with GFP strongly affects virus replication in BHK-21 cells. (A) Schematic representation of VEEV/GFP,
VEEV/HVD:GFP, VEEV/HVD:GFP/1, and VEEV/HVD:GFP/2 virus genomes and infectivities of the in vitro-synthesized RNAs in the infectious center
assay. VEEV/HVD:GFP/1 and VEEV/HVD:GFP/1 contained additional adaptive mutations in nsP3. These mutations strongly increased virus replication.
(B) One microgram of each in vitro-synthesized RNA was electroporated into BHK-21 cells. One-fifth of each sample was seeded into 35-mm dishes, and
media were replaced at the indicated time points. Virus titers were measured by a plaque assay on BHK-21 cells. This experiment was repeated twice, with
very similar results. (C) Compartmentalization of (i) VEEV nsP3, containing a GFP replacement of the HVD and an adaptive mutation in the amino-
terminal domain, and (ii) virus-specific dsSRNA in BHK-21 cells. BHK-21 cells in Ibidi 8-well p-slides were infected with the indicated viruses at an MOI
of 20 infectious units/cell. At 6 h postinfection, cells were fixed, permeabilized, and stained with a dsRNA-specific MAb, an Alexa Fluor 555-labeled
secondary antibody, and Hoechst dye (nuclei). Images are presented as multiple-intensity projections of six optical sections in the middle plane of the
nuclei. Bars correspond to 10 wm. The VEEV/nsP3-GFP variant was used to demonstrate the natural distribution of nsP3 and dsRNA in VEEV-infected
cells. This mutant contained a GFP insertion into the wt HVD and was described previously (41). The insertion has been shown to have no effect on VEEV
replication and formation of protein complexes.
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gestive that the acquired adaptive mutations had different effects
on virus replication.

In another mutant, we replaced the entire HVD-encoding se-
quence, with the exception of the last 5 aa, with either a fragment
encoding the 97-aa-long amino-terminal domain of the wild-type
(wt) VEEV capsid protein or the same-length fragment represent-
ing a mutated version of the amino-terminal capsid’s domain,
which we developed in our previous studies (Fig. 3A) (47, 48).
This choice was made based on the fact that the amino terminus of
VEEV capsid, except for a very short predicted helix I, is not folded
into a secondary structure. Replacement of the nsP3 HVD with
the wt capsid sequence was lethal, and no viable virus was recov-
ered after repeated electroporations of the in vitro-synthesized
RNA (data not shown). However, the second, mutated, capsid-
specific amino acid sequence had almost all of the positively
charged amino acids replaced by Gly, Ala, Ser, and Asn. Thus, the
latter sequence mimicked to some extent the natural VEEV nsP3
HVD, although it was 2-fold shorter. In the infectious center as-
say, the in vitro-synthesized RNA of VEEV/Cmut-HVD/GFP
demonstrated very low infectivity. Very few cells demonstrated
GFP expression and induced the formation of GFP-positive foci
(Fig. 3A). However, as in the above-described experiments with
VEEV/synthHVD/GEFP, the new variant was capable of evolving to
a more efficiently replicating phenotype, and after three passages
on BHK-21 cells, we selected variants demonstrating efficient rep-
lication and plaque formation. This indicated that after acquiring
a small number of adaptive mutations, the VEEV/Cmut-HVD/
GFP variant was capable of replication in BHK-21 cells.

In complementing experiments, another substantial change
was introduced into VEEV nsP3 by replacing its HVD with that
encoding the completely unrelated GFP (VEEV/HVD:GFP). The
only remnants of the wt HVD amino acid sequence were the 5
carboxy-terminal amino acids, which were retained to allow
proper function of the stop codon, located between nsP3- and
nsP4-encoding sequences, and a few amino acids upstream of the
P34 cleavage site. In contrast to the above-described replacement
fragments, which were unfolded, GFP has a well-defined globular
structure, and no GFP interaction with any cellular proteins has
previously been described. This major replacement initially had a
strong negative effect on the infectivity of the in vitro-synthesized
RNA (Fig. 4A), but as in the cases of VEEV/synthHVD/GFP and
VEEV/Cmut-HVD/GFP, efficiently replicating variants of VEEV/
HVD:GFP were selected within a few passages. In BHK-21 cells,
they demonstrated a plaque-forming, cytopathic phenotype.
Thus, VEEV nsP3 was able to support virus replication even when
its natural unstructured HVD was replaced by the highly struc-
tured GFP. However, adaptive mutations were also required.

To further analyze the adaptive mutations, we passaged VEEV/
synthHVD/GFP, VEEV/Cmut-HVD/GFP, and VEEV/HVD:GFP
virus populations using gradually decreasing volumes of media
harvested after each previous passage. This passaging was aimed at
enriching virus populations with the most efficiently replicating
variants. The adapted variants were then isolated from 2 or 3 ran-
domly selected plaques, and their nsP3 and nsP2 genes were se-
quenced to identify adaptive mutations. Sequencing produced
strikingly consistent results. The evolved, efficiently replicating
variants of all three constructs contained mutations in the same
position, Gly31 of nsP3 (G31R mutation). Only one of the plaque
isolates of VEEV/HVD:GFP contained a double mutation in nsP3
(G30S and G31R). The isolates of VEEV/Cmut-HVD/GFP con-
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FIG 5 Deletion of the entire VEEV HVD has a deleterious effect on VEEV
replication in BHK-21 cells. (A) Schematic representation of the VEEV/GFP
and VEEV/delHVD/GFP genomes and infectivities of the in vitro-synthesized
RNAs in the infectious center assay. A description of the deletion is presented
in Results. (B) One microgram of each in vitro-synthesized RNA was electro-
porated into BHK-21 cells. One-fifth of each sample was seeded into 35-mm
dishes, and media were replaced at the indicated time points. Virus titers were
measured by a plaque assay on BHK-21 cells. This experiment was repeated
twice, with very similar results.

tained, in addition to G31R, a T289I mutation in nsP3. This dou-
ble mutation correlated with a relatively low efficiency of appear-
ance of adapted, plaque-forming variants (Fig. 3A). Therefore, in
the following experiments, both of these mutations were cloned
into the originally designed construct.

To confirm the stimulatory effects of the mutations on virus
replication, all of them were cloned into the original, correspond-
ing cDNAs to generate (i) VEEV/synthHVD/GFP/1, having G31R
mutations (Fig. 2A); (ii) VEEV/Cmut-HVD/GFP/1, containing
G31R and T289I mutations (Fig. 3A); and (iii) VEEV/HVD:GFP/1
and VEEV/HVD:GFP/2, containing a G31R mutation and both
G31R and G30S mutations, respectively (Fig. 4A). The introduced
mutations resulted in RNA infectivities and virus replication rates
in BHK-21 cells that were very similar to those of the control
viruses encoding wt nsP3 (Fig. 2B, 3B, and 4B). In spite of con-
taining an essentially scrambled amino acid sequence in the HVD
(VEEV/synthHVD/GFP/1) or having this fragment replaced with
GFP (VEEV/HVD:GFP/1) or a mutated capsid protein-encoding
sequence (VEEV/Cmut-HVD/GFP/1), the adapted variants were
capable of developing productive, spreading infection in BHK-21
cells. The second G30S mutation in VEEV/HVD:GFP/2 did not
demonstrate a noticeable, additional stimulatory effect on repli-
cation. The distinguishing feature of VEEV/HVD:GFP/1 was its
inability to form the previously described, large, nsP3-containing
complexes, which are normally present in cells infected with
VEEV (Fig. 4C). Most of this fusion protein, which lacked the
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FIG 6 The VEEV/delHVD/GEFP variant rapidly develops adaptive mutations in nsP2 and nsP3, which increase virus replication in BHK-21 cells. (A) List of
putative adaptive mutations identified in VEEV/delHVD/GFP variants, which were plaque purified either directly after RNA electroporation in the infectious
center assay (ICA) or after a few rounds of passaging in BHK-21 cells. (B) Schematic representation of VEEV/GFP, VEEV/delHVD/GFP, and VEEV/delHVD/
GFP variants containing the most common mutations in their nsPs. RNA infectivities in the infectious center assay and virus titers at 24 h postelectroporation
(PEP) of 1 pg of the in vitro-synthesized RNAs into BHK-21 cells are indicated. (C) Plaques developed by the indicated variants in the infectious center assay.
Plaques were stained by crystal violet at 48 h post-RNA electroporation. (D) Replication rates of the indicated virus variants after electroporation of 1 pg of the
in vitro-synthesized RNAs into BHK-21 cells. One-fifth of each sample was seeded into 35-mm dishes, and media were replaced at the indicated time points. Virus
titers were measured by a plaque assay on BHK-21 cells. This experiment was repeated twice, with very similar results.

natural HVD, was diffusely distributed in the infected cells
(Fig. 4C). It formed more dense structures in close proximity to
the viral replication complexes, which were stained with dsSRNA-
specific MAD. This distribution of the nsP3:GFP fusion was simi-
lar to that of wt nsP3 at early times postinfection (p.i.) (2 h) with
wt VEEV (41).

Taken together, the data suggested that the VEEV HVD does
not play a critical role in VEEV replication in BHK-21 cells. It can
be replaced by heterologous polypeptides, and replication of such
variants requires only one or two adaptive mutations in the con-
served, amino-terminal nsP3 domain to become comparable to
replication of VEEV encoding wt nsP3.

Deletions in the VEEV HVD differentially affect virus repli-
cation. The data presented above suggested that the VEEV HVD is
dispensable for virus replication. However, the results of previ-
ously reported studies demonstrated that extensive deletions of
the nsP3 HVD of SFV made this virus nonviable (49). This dis-
crepancy could be explained by the abundant differences between
the Old World and New World alphavirus groups. Another pos-

July 2013 Volume 87 Number 13

sibility is that a lack of plaque-forming activity is not necessarily an
indication that viruses are not viable. They may exhibit a reduced
replication efficiency and become incapable of causing CPE but go
on to demonstrate further evolution, which is not easy to detect.
Therefore, to further understand the function of the HVD in the
context of VEEV, we performed an additional set of experiments
with the VEEV HVD deletion mutant.

We produced a cDNA for the VEEV/delHVD/GFP variant,
which lacked the entire HVD except for the last 5 aa located up-
stream of the termination codon. To detect viral RNA replication
and monitor the spread of infection, a GFP marker was cloned
into the viral genome under the control of a subgenomic pro-
moter, as in the above-described mutants (Fig. 5A). The infectious
center assay on BHK-21 cells demonstrated that the designed de-
letion mutant was capable of producing small foci of GFP-positive
cells with almost the same efficiency as VEEV/GFP (Fig. 5A).
Within 24 h post-RNA transfection, it also became capable of pro-
ducing cytopathic infectious virus, and samples harvested at 24 h
postelectroporation already contained plaque-forming variants
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FIG 7 The carboxy-terminal fragment of the VEEV nsP3-specific HVD plays a critical role in VEEV replication in BHK-21 and NIH 3T3 cells. (A) Schematic
representation of VEEV genomes containing the nsP3 HVD assembled from different fragments of the wt HVD and those derived from VEEV/synthHVD/GFP.
RNA infectivities in the infectious center assay, virus titers at 24 h postelectroporation, and plaque morphology of virus stocks are indicated. (B) Replication rates
of the indicated VEEV variants in NIH 3T3 cells. A total of 5 X 10> NIH 3T3 cells in 6-well Costar plates were infected with the indicated viruses at an MOI of
0.01 PFU/cell. At the indicated time points, media were replaced, and virus titers were determined by a plaque assay on BHK-21 cells. This experiment was

repeated twice, with very similar results.

(Fig. 5B). Thus, the deletion had a negative effect on virus replication,
but the deletion mutant likely accumulated adaptive mutations,
which compensated for the deletion’s negative effect.

In these experiments, we randomly selected both a few plaques
after titration of the serially passaged stocks and a few of those
formed in the infectious center assay. In all of the plaque-isolated
variants, both the nsP2 and nsP3 genes were sequenced, and the
identified mutations are presented in Fig. 6A. In contrast to the
pseudorevertants of VEEV/synthHVD/GFP, VEEV/Cmut-HVD/
GFP, and VEEV/HVD:GFP in the earlier experiments, mutations
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were identified not only in nsP3 but also in nsP2. We cloned the
most representative mutations (L425P in nsP2 and Q288R in
nsP3) and a combination of both into the originally designed
VEEV/delHVD/GFP cDNAs and tested their effects on virus rep-
lication. The adaptive mutations made viruses capable of forming
plaques, which were readily visible in the infectious center assay
(Fig. 6B); they also increased virus replication rates and final titers
(Fig. 6C and D). The VEEV/delHVD/GFP/1 variant containing
the adaptive mutation in nsP2 formed pinpoint plaques, pro-
duced low-titer stocks, and was unstable, capable of further evo-
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lution. The nsP3-specific mutation in VEEV/delHVD/GFP/2 pro-
duced a greater increase in virus titers but similarly did not
increase the cytopathogenicity. It formed only very small plaques.
However, a combination of both mutations in VEEV/delHVD/
GFP/3 strongly improved the ability of the virus to cause a cyto-
pathic effect and increased the plaque size. This was an indication
that the mutations functioned synergistically in the development
of a spreading and cytopathic virus phenotype.

Thus, VEEV could tolerate the deletion of the entire HVD.
Such an extended deletion had deleterious effects on virus repli-
cation in BHK-21 cells and made it noncytopathic. However, the
deletion is not lethal and can be compensated for by adaptive
mutations in the viral nonstructural genes.

The repeating element in the VEEV HVD determines virus
replication in a cell-specific mode. The experiments described
above suggested that the HVD deletion and its replacement with
heterologous protein-encoding sequences could be compensated
for by point mutations, appearing mostly in the conserved do-
main of the nsP3 protein. These adapted mutants were capable of
replication and CPE development. However, this efficiently repli-
cating phenotype was specific exclusively for BHK-21 cells. None
of these pseudorevertants was able to develop efficient replication
and spreading infection in any other cells of either mosquito or
vertebrate origin, such as Vero cells, NIH 3T3 cells, IFN-a/BR '~
mouse embryonic fibroblasts (MEFs), HeLa cells, and HEK293
cells. Moreover, in spite of numerous attempts, these pseudor-
evertants demonstrated no adaptation to replication in these cell
lines to high titers (data not shown). These experiments indicated
that the HVD does function in virus replication and that it func-
tions in a cell-specific mode.

The availability of mutants such as (i) VEEV/synthHVD/GFP,
which is incapable of efficient, productive replication in vertebrate
cells, with the exception of BHK-21 cells, and (ii) wt VEEV/GFP,
which replicates efficiently in any tested cell type, suggested a
means for the identification of a particular nsP3 HVD fragment,
which plays a critical role in VEEV replication. Therefore, in the
next experiments, we designed a set of recombinant viruses which
contained combinations of fragments derived from VEEV/synth-
HVD/GFP and VEEV/GFP in their HVDs (Fig. 7A). These recom-
binant viral genomes were tested by the infectious center assay for
final titers at 24 h postelectroporation and for replication rates in
NIH 3T3 cells. Some of these mutants demonstrated inefficient
replication in BHK-21 cells, with subsequent rapid evolution to a
more cytopathic phenotype. However, the inability of nsP3 HVD
mutants to efficiently replicate in NIH 3T3 cells (regardless of the
presence of BHK-21-specific mutations) afforded us the opportu-
nity to accurately assess the effects of the various fragment com-
binations on VEEV replication and establish the relative impor-
tance of each region of the HVD for VEEV replication in this cell
line. Thus, we tested replication of the electroporation-derived
viruses in NIH 3T3 cells in spite of the heterogeneity of virus
populations used for infection (Fig. 7B). The replacement of the
amino-terminal fragment 1 from VEEV/synthHVD/GFP with the
corresponding sequence A, derived from the wt HVD (VEEV/
A23/GFP variant), had no positive effect on virus replication. In
NIH 3T3 cells, it was indistinguishable from VEEV/synthHVD/
GFP. The replacement of the carboxy-terminal fragment 3 of
VEEV/synthHVD/GFP with fragment C from the wt HVD
(VEEV/12C/GFP) strongly increased virus titers in BHK-21 cells
(Fig. 7A) and also made it capable of developing homogeneous
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FIG 8 The carboxy-terminal fragment of the VEEV nsP3 HVD plays a critical
role in protein complex formation. BHK-21 cells in Ibidi 8-well p.-slides were
infected with the indicated viruses at an MOI of 20 infectious units/cell. At 6 h
postinfection, cells were fixed, permeabilized, and stained with a VEEV nsP3-
specific MAb, an Alexa Fluor 555-labeled secondary antibody, and Hoechst
dye (nuclei). Images are presented as multiple-intensity projections of 6 opti-
cal sections. Bars correspond to 10 pm.

plaques and replicating in NIH 3T3 cells with almost the same
efficiency as that of VEEV/GFP. The replacement of the middle
fragment 2 in VEEV/synthHVD/GFP with fragment B from the wt
HVD (VEEV/1B3/GFP) also demonstrated a detectable positive
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FIG 9 The carboxy-terminal duplicated element in the VEEV nsP3 HVD strongly determines the efficiency of VEEV replication in BHK-21 cells. Shown is a
schematic representation of VEEV/12C/GFP and VEEV/GFP genomes with introduced mutations in the repeated elements, located at the carboxy terminus of
the HVD (fragment C). Repeat 1 is indicated in red, and repeat 2 is indicated in blue. RNA infectivities in the infectious center assay, virus titers at 24 h
postelectroporation, and plaque morphology of variants, which are present in virus stocks, are indicated.

effect on final virus titers in BHK-21 cells and its replication effi-
ciency in NIH 3T3 cells (Fig. 7B). Fragment B also made replica-
tion of VEEV/1BC/GFP detectably more efficient than replication
of VEEV/12C/GFP (Fig. 7B). However, the effect of the replace-
ment of this middle fragment was dramatically smaller than that
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of the carboxy-terminal fragment C. Thus, the data suggested that
the carboxy-terminal HVD fragment (aa 465 to 550) is a critical
determinant of VEEV replication in BHK-21 and NTH 3T3 cells in
particular.

We previously described that in any infected cells, wt VEEV
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nsP3 forms large spherical structures (spheroids), and their pat-
tern is determined by the HVD (41). Therefore, the designed mu-
tants were also analyzed in terms of nsP3-specific complex forma-
tion in infected cells. BHK-21 cells were infected with the newly
designed mutants and stained with MAD specific to the amino-
terminal nsP3 domain (41). nsP3 with synthetic HVD (VEEV/
synthHVD/GFP-infected cells) demonstrated a diffuse distribu-
tion (Fig. 8). Replacement of synthetic fragment 1 or 2 with the
corresponding wt fragment A or B, respectively, did not change
the diffuse intracellular distribution of the nsP3 mutant (VEEV/
A23/GFP- and VEEV/1B3/GFP-infected cells) (Fig. 8). However,
the replacement of fragment 3 with the corresponding fragment C
(VEEV/12C/GFP) restored the ability of nsP3 to form spheroid-
like structures albeit of a noticeably smaller size. VEEV/1BC/GFP,
which had wt B and C fragments, was indistinguishable from
VEEV/GFP in terms of nsP3-specific complex formation. Thus,
the C fragment was found to be a critical determinant of nsP3
protein complex formation.

The distinguishing feature of this carboxy-terminal fragment C
was the presence of 2 repeats of a 33-aa-long sequence (Fig. 9). In
the next round of experiments, we deleted either one of the re-
peated elements or both of them in the efficiently replicating
VEEV/12C/GFP construct. The deletion of one of the repeats had
no noticeable effect on virus replication in either the BHK-21 or
NIH 3T3 cell line (Fig. 9 and 10). VEEV/12CA1/GFP was capable
of developing large homogeneous plaques, and its growth rates
were indistinguishable from those of the parental VEEV/12C/GFP
construct. However, an additional deletion of only 15 aa, which
destroyed the second element, had a marked deleterious effect on
virus replication. Titers and growth rates of VEEV/12CA1+2/
GFP became 4 orders of magnitude lower than those of the paren-
tal VEE/12C/GFP construct. This indicated that the repeated se-
quence in the VEEV nsP3-specific HVD plays a critical role in
virus replication.

The indicated repeats also played an important role in the rep-
lication of VEEV with the wt HVD. The replication rates of the
VEEV/A1/GFP variant with one of the repeats deleted were indis-
tinguishable from those of VEEV/GFP in both NIH 3T3 and
BHK-21 cells (Fig. 10C and data not shown), but the titers of
VEEV/A1+2/GFP, which no longer encoded both repeats, were at
least 100-fold lower than those of VEEV/GEP at any time postin-
fection or post-RNA transfection (Fig. 10B and C).

Importantly, the deletion of both, but not the single, repeats in
VEEV/12C/GFP made VEEV/12CA1+2/GFP incapable of form-

FIG 10 Deletion of one repeat element can be tolerated by the virus, but
deletion of both repeats has deleterious effects on VEEV replication in both
BHK-21 and NIH 3T3 cells. (A) Replication of VEEV/12C/GFP variants with
deletions of one or both repeats in fragment C in BHK-21 cells. A detailed
description of the deletions is presented in Fig. 9. (B) Replication of VEEV/
GFP and VEEV/A1+2/GFP variants in BHK-21 cells. A detailed description of
the deletion is presented in Fig. 9. For panels A and B, 1 pg of the in vitro-
synthesized RNAs was electroporated into BHK-21 cells. One-fifth of each
sample was seeded into 35-mm dishes, and media were replaced at the indi-
cated time points. Virus titers were measured by a plaque assay on BHK-21
cells. VEEV/A1/GFP was not used in this experiment, because its efficient
replication in this cell line was previously described (70). (C) Replication rates
of the indicated virus variants in NIH 3T3 cells. A total of 5 X 10° NIH 3T3 cells
in 6-well Costar plates were infected with the indicated viruses at an MOI of
0.01 PFU/cell. At the indicated time points, media were replaced, and virus
titers were determined by a plaque assay on BHK-21 cells.
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FIG 11 The carboxy-terminal repeat in the VEEV nsP3 HVD plays a critical
role in protein complex formation. BHK-21 cells in Ibidi 8-well p.-slides were
infected with the indicated viruses at an MOI of 20 infectious units/cell. At 6 h
postinfection, cells were fixed, permeabilized, and stained with a VEEV nsP3-
specific MAb, an Alexa Fluor 555-labeled secondary antibody, and Hoechst
dye (nuclei). Images are presented as multiple-intensity projections of 6 opti-
cal sections. All images were acquired and processed with the same settings.
Bars correspond to 10 pm.
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ing large, nsP3-specific complexes (Fig. 11). Similar deletion of the
repeats in the context of wt nsP3 (VEEV/A1+2/GFP) also had a
very strong negative effect on the complex appearance, but very
few and very small complexes could be found in essentially every
infected cell. Their inefficient formation correlated with less effi-
cient replication of the virus. However, the appearance of these
small, but detectable, complexes and the higher replication rates
of VEEV/A1+2/GFP than those of VEEV/12CA1+2/GFP also in-
dicated that other HVD fragments (most likely fragment B) can to
some extent compensate for the deletion of the repeats.

DISCUSSION

Within the last few years, great progress has been made in the
understanding of the structure of alphavirus particles and the
functions of both structural and nonstructural proteins in virus
replication. Alphavirus nsP1, nsP2, and nsP4 were assigned mul-
tiple roles in viral RNA synthesis and modification of the intracel-
lular environment (22, 23, 48, 50-62). However, one of the four
nonstructural proteins, nsP3, remains insufficiently explored, and
to date, its functions remain obscure. Similar to other viral non-
structural and structural proteins, nsP3 appears to be multifunc-
tional and involved in a variety of processes which determine both
RNA synthesis and intracellular-environment modification (10—
12, 14,29, 36,41, 43, 63-66). This protein is an integral element of
the alphavirus replication complexes, in which it interacts with
other nsPs, and mutations in the nsP3-encoding sequence affect
synthesis of the subgenomic RNA. The amino-terminal domain of
nsP3, which is termed the macro domain (or X domain), is ho-
mologous to similar domains found in the proteins of other vi-
ruses with RNA-positive genomes in bacterial and some cellular
proteins (33, 35). It has been experimentally demonstrated that
nsP3 is capable of binding ADP-ribose, poly-ADP-ribose and
short single-stranded RNA (ssRNA), although this has been
shown to be a low-affinity interaction, and its biological signifi-
cance is unclear (33). Mutations decreasing this interaction atten-
uate SINV, but this effect may have numerous explanations.

One of the most interesting structural features of alphavirus
nsP3 is the presence of an approximately 200-aa-long, noncon-
served HVD, whose function is far from being understood. In our
recent studies, we demonstrated that VEEV and SINV HVDs tol-
erate large insertions, such as GFP- and Cherry-encoding se-
quences, without any noticeable effect on RNA and virus replica-
tion (12, 41). In VEEV and SINV, the HVDs were also
interchangeable (41). The SINV- and VEEV-specific HVDs were
equally efficient in VEEV replication. However, in the context of
SINV, the VEEV-specific HVD functioned less efficiently in virus
replication. This could be a result of interactions of virus-specific
HVDs with different cellular proteins. In contrast to the SINV
HVD, the VEEV-specific HVD demonstrated no binding to either
G3BP1 or G3BP2, which is a hallmark of the Old World alphavirus
interaction with vertebrate cells and is believed to facilitate com-
petition with stress granule formation (10, 12, 14, 41, 63, 67). The
VEEV nsP3 HVD also does not appear to possess the motifs that
were recently proposed to interact with the Src homology 3 (SH3)
domain of host cell amphiphysins Amphl and Amph2. Their
presence was shown to have a small but detectable stimulatory
effect on RNA replication of the Old World alphaviruses (65).

The results of this study continue to demonstrate the unique
characteristics of the VEEV nsP3-specific HVD. First, it is gener-
ally believed that the high concentration of serines and threonines

Journal of Virology


http://jvi.asm.org

A)
gil4262315
91192090624
i449535940
gi[449535784
gil449536042
gi[449536066
i449535949
449535952
i449535943
i[449536063
449535923
gi[449536054
i[449536057
gi[5442473
il5442460
gil5442470
4689188
gi[449536075
i[449535961
i[449535905
449535914
i[449535911
gi[449535920
gil4262300
gi[449535790
449535935
449535902
gi[449535881
gi[449535839
gil449535970
gi[449536079
449535836
gi449535833
gi449535863
gi[449535857
gi449535860
gi449535824
gi[449535866
gi449535815
gi|449535854
gi|17865006
156789994
gil4262309
4262306
gil4262312
gil4262324
gil4262321
gil4262318

B)

FIG 12 Members of the VEEV serocomplex demonstrate distinct evolution of the repeat located in the carboxy terminus of the nsP3 HVD. (A) Sequence
alignment of the carboxy-terminal, repeat-containing fragments of the HVD of representative members of the VEEV serocomplex. All available sequences for
VEEV nonstructural proteins were aligned by using ClustalW2. After removing all redundant sequences using a cutoff of 99%, the sequence corresponding to the
carboxy-terminal repeated elements was copied and realigned by using the MATFF algorithm. Repeats are underlined using same colors as those used in Fig. 9.
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in the HVDs of SINV and SFV is an indication of high phosphor-
ylation levels of nsP3 and, thus, its importance for RNA and virus
replication (42). However, in our experiments, the replacement of
all of the serine- and threonine-specific codons, approximately
25% of the fragment, by those encoding other amino acids did not
have a deleterious effect on VEEV replication. The detected small
negative effect of the mutations on virus replication can be ex-
plained not only by a lack of phosphorylation but also by the
overall strong change of the amino acid sequence.

Second, further disturbances to the VEEV nsP3 HVD sequence
showed that, at least in the context of BHK-21 cells, the HVD can
tolerate rearrangements, replacements, and deletions, requiring
only one or two adaptive mutations in nsP3 or nsP2 to restore
RNA infectivity and its replication to levels close to those of the wt.
The strong colocalization of adaptive mutations in the codon for
the conserved G31 was very surprising, since this amino acid was
previously mutated in the context of wt SINV with only a small
effect on replication (68). However, SINV and VEEV consistently
demonstrate strong differences in their biology and virus-host in-
teractions in particular. In other experiments performed in this
study, we failed to select efficiently replicating SINV variants after
making extensive deletions and replacements in the nsP3 HVD,
which were similar to those described here for VEEV (data not
shown). These results strongly support the notion that one needs
to be very cautious when considering any alphavirus species to be
models for others.

Third, the apparent plasticity of the VEEV HVD leading to an
efficiently replicating phenotype was limited to the highly permis-
sive BHK-21 cell line, and neither the originally designed VEEV
nsP3 mutants nor the BHK-21-adapted variants could replicate
efficiently in other tested cell lines. It remains unclear which par-
ticular characteristic(s) makes BHK-21 unique in terms of sup-
porting replication of the mutant viruses. The most plausible ex-
planation is that they are missing the negative protein regulator(s)
of VEEV replication, whose activity is normally neutralized by the
VEEV nsP3 HVD. The nature of this regulator is now under in-
vestigation. Based on our data, it is reasonable to expect that the
critical element in this interaction might be the carboxy-terminal
fragment of HVD. It contains an almost perfect repeat of 33 aa.
The repeated elements demonstrate a redundant mode of func-
tion in virus replication. One of the repeats may be deleted with-
out a noticeable effect on virus replication, but deletion of both of
them has a profound negative effect on virus growth, particularly
in cells other than BHK-21. Importantly, all of the members of
the VEEV serocomplex demonstrate the presence of at least one
of the elements of the repeat found in the nsP3 HVD, and based on
the nsP3 HVD sequence alignment, naturally circulating VEEV
strains can be divided into three major groups (Fig. 12): group I
contains two repeats and groups Il and III contain only one repeat
at the nsP3 carboxy terminus. Interestingly, group I includes
VEEV species (serotypes IAB, IC, and ID) known to be associated
with high-level pathogenicity in humans and equids. It was previ-
ously demonstrated that the appearance of a duplicated amino
acid sequence in Ross River virus nsP3 led to an increase of its
pathogenicity in humans (69). In this study, the presence of two
repeats supported noticeably higher VEEV replication rates;
therefore, it is tempting to speculate that duplication of the de-
scribed amino acid sequence in VEEV also led to the development
of more pathogenic viruses. However, group II includes viruses
belonging to serocomplex IE, which are also capable of developing
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an epizootic phenotype. Importantly, this group contains an ad-
ditional motif in the HVD that is not found in any other strains.
Group III combined all other VEEV serotypes, which lack the
above-described duplication and were never associated with hu-
man diseases. However, all of these serotypes are represented by
single strains and have a high degree of heterogeneity in the HVD.
Thus, all of the VEEV strains sequenced to date have at least one
repeat in the HVD carboxy termini, and its duplication appears to
correlate with increased pathogenicity in humans.

The critical role of the carboxy-terminal peptide in VEEV nsP3
function and the lack of such a peptide in the HVDs of other
alphaviruses additionally demonstrate that each alphavirus ap-
pears to be unique in terms of virus-host interactions. In the case
of VEEV, the repeated peptide is responsible for the formation of
large, spherical, nsP3-containing protein complexes, which accu-
mulate in the cytoplasm of infected cells (41). Their exact function
remains unclear, since they are not sites of RNA replication and
are very difficult to isolate. However, the defects in virus replica-
tion strongly correlate with the inability of nsP3 mutants to form
these large complexes, despite the finding that, at least in BHK-21
cells, these mutants produce replication complexes and mem-
brane spherules, which are locations of viral RNA synthesis (data
not shown).

It appears to be unlikely that the carboxy-terminal repeat in the
VEEV nsP3 HVD is the only functional sequence. First of all, al-
phaviruses and other RNA viruses do not encode nonessential
genetic information. Second, the retention of the middle fragment
Binthe VEEV/1B3/GFP, VEEV/1BC/GFP, and VEEV/A1+2/GFP
nsP3 mutants had a detectable positive effect on virus replication
rates compared to those mutants lacking the B fragment. How-
ever, this effect was not as profound as that of the repeated se-
quences in the HVD carboxy terminus. This does not rule out the
possibility that it might play a more important role in virus repli-
cation in the cells other than those used in this study.

Taken together, the results of this study demonstrate the fol-
lowing. (i) Phosphorylation of the VEEV nsP3-specific HVD is
not a prerequisite for virus replication in cells of vertebrate, but
not mosquito, origin. (ii) The VEEV HVD can be deleted or re-
placed by heterologous amino acid sequences, and these mutants
rapidly attain the ability to replicate but only in BHK-21 cells. The
latter cells are traditionally used for studying the mechanism of
alphavirus replication, and thus, one needs to be more cautious in
the interpretation of the BHK-21-derived data. (iii) The VEEV
nsP3 HVD contains a carboxy-terminal repeated element, which
plays a critical role in VEEV replication in cells other than BHK-
21. This element plays a vital role in determining the formation of
VEEV-specific protein complexes. Taken together, the results of
this and previously reported studies suggest that the nsP3 HVD
functions in a cell-specific mode and might play a critical role in
virus adaptation to new cellular environments. This mode of ac-
tion explains the high level of variability of the HVD between
different alphaviruses, but this hypothesis needs further experi-
mental support.
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