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ABSTRACT Venezuelan equine encephalitis virus (VEEV) is one of the important hu-
man and animal pathogens. It forms replication enzyme complexes (RCs) containing
viral nonstructural proteins (nsPs) that mediate the synthesis of virus-specific RNAs.
The assembly and associated functions of RC also depend on the presence of a spe-
cific set of host proteins. Our study demonstrates that the hypervariable domain
(HVD) of VEEV nsP3 interacts with the members of the FXR family of cellular proteins
and also binds the Src homology 3 (SH3) domain-containing proteins CD2AP and
SH3KBP1. Interactions with FXR family members are mediated by the C-terminal re-
peating peptide of HVD. A single short, minimal motif identified in this study is suffi-
cient for driving efficient VEEV replication in the absence of HVD interactions with
other host proteins. The SH3 domain-containing proteins bind to another fragment
of VEEV HVD. They can promote viral replication in the absence of FXR-HVD interac-
tions albeit less efficiently. VEEV replication can be also switched from an FXR-
dependent to a chikungunya virus-specific, G3BP-dependent mode. The described
modifications of VEEV HVD have a strong impact on viral replication in vitro and
pathogenesis. Their effects on viral pathogenesis depend on mouse age and the ge-
netic background of the virus.

IMPORTANCE The replication of alphaviruses is determined by specific sets of cellu-
lar proteins, which mediate the assembly of viral replication complexes. Some of
these critical host factors interact with the hypervariable domain (HVD) of alphavirus
nsP3. In this study, we have explored binding sites of host proteins, which are spe-
cific partners of nsP3 HVD of Venezuelan equine encephalitis virus. We also define
the roles of these interactions in viral replication both in vitro and in vivo. A mecha-
nistic understanding of the binding of CD2AP, SH3KBP1, and FXR protein family
members to VEEV HVD uncovers important aspects of alphavirus evolution and de-
termines new targets for the development of alphavirus-specific drugs and direc-
tions for viral attenuation and vaccine development.

KEYWORDS CD2AP, FMRP, FXR1, FXR2, SH3KBP1, Venezuelan equine encephalitis
virus, viral pathogenesis, alphaviruses, intrinsically disordered proteins, nsP3

The Alphavirus genus in the Togaviridae family contains a wide variety of human and
animal pathogens, which are present on all continents (1). Based on geographical

distribution, alphaviruses are divided into New World (NW) and Old World (OW) species.
The NW alphaviruses most relevant to human health are exemplified by Venezuelan
(VEEV), eastern (EEEV), and western (WEEV) equine encephalitis viruses (2, 3). They are
highly pathogenic and in humans, induce debilitating diseases characterized by severe
meningoencephalitis that may result in lethal outcomes or neurological sequelae (4).
Naturally circulating encephalitogenic NW alphaviruses are lethal for equids and in
small-animal models. They can replicate to high titers in many commonly used cell lines
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of vertebrate and mosquito origins, are highly stable in lyophilized form, and can be
very efficiently transmitted by aerosol (5). There is a possibility for the application of
VEEV and other NW alphaviruses in biological warfare. Therefore, they are classified as
category B select agents by the CDC. Despite public health and national security
threats, to date, no licensed vaccines and therapeutic means have been developed for
VEEV and other NW alphaviruses.

The VEEV genome is a single-stranded �11.5-kb RNA of positive polarity (6, 7). It
mimics the structure of cellular mRNAs, in that it contains a cap at the 5= terminus and
a poly(A) tail at the 3= terminus (1, 8). The genomic RNA (G RNA) encodes only a few
proteins. Four viral nonstructural proteins (nsP1 to -4) are translated directly from G
RNA and function in RNA replication and transcription of the subgenomic RNA (SG RNA)
(1, 9). The latter SG RNA is translated into viral structural proteins, which ultimately form
G RNA-containing, infectious virions.

The distribution of alphaviruses in different geographical areas led to their adapta-
tion to specific mosquito species that serve as transmitting vectors and vertebrates that
are used by alphaviruses as amplifying hosts during natural viral circulation. This
adaptation is strongly determined by the evolution of viral structural proteins. They
mediate viral interactions with cellular receptors and, ultimately, the delivery of G RNA
into the cytoplasm. To date, alphavirus evolution has resulted in the development of at
least four serocomplexes with �40% identity in the amino acid sequences of the
envelope glycoproteins (1). In contrast to viral structural proteins, the nonstructural
proteins are more conserved. Their evolution is constrained by enzymatic functions of
the nsPs in the synthesis and posttranscriptional modifications of virus-specific G and
SG RNAs. The catalytic activities of nsP1, nsP2, and nsP4 have been relatively well
characterized (10–17). However, the roles of nsP3, and VEEV nsP3 in particular, in viral
replication remain poorly understood. The nsP3 protein contains two conserved,
structured N-terminal domains, the macrodomain and the alphavirus unique domain
(AUD) (18, 19). As do other nsPs, these domains demonstrate a high level of conser-
vation between viral species. The macrodomain exhibits mono-ADP-ribosylhydrolase
activity (18, 20–22). The mutations introduced into Sindbis virus (SINV) and chikungu-
nya virus (CHIKV) macrodomains affect the pathogenesis of the viruses (22) and the
ability to inhibit cellular translation in in vitro experiments (23–25). Some of the
mutations in AUD were shown to have deleterious effects on the synthesis of SG RNA,
suggesting its function in the regulation of the activity of the SG promoter (26). AUD
can also acquire adaptive mutations that can partially compensate for the negative
effects of amino acid substitutions in other domains and increase the replication of viral
G RNA (27) (data not shown). The last, C-terminal domain in alphavirus nsP3 is highly
variable in both length and amino acid sequence. Therefore, it was termed a hyper-
variable domain (HVD). In all studied alphaviruses, it is also phosphorylated (27–30), but
the role of this posttranslational modification in viral replication remains to be under-
stood. The most recent studies demonstrated that (i) HVD is a prerequisite for the
replication of G RNA of VEEV and other alphaviruses (27, 31, 32), (ii) alphavirus HVDs
contain multiple linear motifs that interact with sets of host factors in virus- and
cell-specific modes (33–36), (iii) HVDs function as hubs for recruiting cellular proteins
during replication complex (RC) assembly at the plasma membrane (37), and (iv) the
high variability of alphavirus HVDs suggests that their evolution may play a critical role
in viral adaptation to new species of hosts and/or mosquito vectors. HVDs of the OW
alphaviruses, such as CHIKV, SINV, and Semliki Forest virus (SFV), were found to interact
with both members of the G3BP family of cellular proteins, G3BP1 and G3BP2, via a
short, conserved, C-terminal, repeating peptide (34, 38, 39). HVDs of the NW alphavi-
ruses, which include VEEV and EEEV, interact with all three FXR family members, FXR1,
FXR2, and FMRP (31). The EEEV HVD also binds both G3BP proteins (33). These
interactions are critical determinants of RC formation and the synthesis of viral RNAs.
Other host factors that demonstrate binding to VEEV HVD include CD2AP and SH3KBP1
(33, 34). The interaction of the latter Src homology 3 (SH3) domain-containing proteins
with CHIKV HVD has been previously characterized by nuclear magnetic resonance
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(NMR), and its biological function in viral RC formation has been established (40).
However, CHIKV/SINV and VEEV HVDs fundamentally differ in amino acid sequences
and spectra of binding host factors (33, 34, 41); the mechanistic data obtained for CHIKV
and SINV HVD functions in viral RNA replication are not directly applicable to the VEEV
counterpart. Therefore, in this study, we have analyzed the host protein-binding motifs
in VEEV nsP3 HVD and the roles of HVD-interacting host partners in viral replication and
pathogenesis.

RESULTS
Mapping of the host factor-binding sites in VEEV HVD. In our previous studies

(31, 33), we applied coimmunoprecipitation (co-IP) followed by mass spectrometry
analysis to identify host factors that interact with VEEV nsP3 HVD. In murine NIH 3T3
cells, the VEEV-specific HVD was found to efficiently bind two SH3 domain-containing
proteins, CD2AP and SH3KBP1. All three members of the FXR protein family (FXR1,
FXR2, and FMR1) were also identified as major and specific HVD-interacting host factors.
A few other host proteins were detected in co-IP samples, but their levels were
relatively low. To continue the investigation of HVD interactions and map the binding
sites of the identified host proteins, we applied SINV-based replicons (SINrep) to
express HVD of VEEV fused with green fluorescent protein (GFP) containing Flag at the
N terminus (Flag-GFP-HVDveev). The basic construct encoded the entire 220-amino-
acid (aa)-long VEEV HVD (aa 330 to 550 of nsP3). In others, HVD was divided into 3
fragments (fragments A, B, and C). In these fragments, we changed the order of amino
acids, closely located in the wild-type (wt) sequence, to modify the binding motifs
without alteration of the predicted disordered structure and hydrophobicity profile of
HVD. For simplicity of presentation, the modified A, B, and C fragments were labeled 1,
2, and 3, respectively. The designed constructs are schematically presented in Fig. 1A.
An additional HVD (ABCΔRep) had a wt amino acid sequence with only the C-terminal
amino acid repeat deleted, and it retained the 13-aa-long peptide of fragment C, which
is located upstream of the repeat in wt HVD.

The in vitro-synthesized SINV-based replicons and helper SINV RNAs were coelec-
troporated into BHK-21 cells, and the collected replicon-containing viral particles were
used to infect NIH 3T3 and HEK 293 cells at the same multiplicity of infection (MOI) of
20 infectious units (inf.u)/cell. Cells were harvested at 3 h postinfection (p.i.), after the
time when GFP expression became visible under a fluorescence microscope. VEEV nsP3
HVD-containing protein complexes were isolated using magnetic beads loaded with a
Flag-specific monoclonal antibody (MAb) (see Materials and Methods for details). Their
contents were analyzed by Western blotting using CD2AP-, SH3KBP1-, and FXR1-
specific antibodies (Abs) (Fig. 1B). The results of the analysis can be summarized as
follows: (i) the binding patterns of host proteins that bind to VEEV HVD in human HEK
293 cells and mouse NIH 3T3 cells are alike; (ii) CD2AP and SH3KBP1 interact with wt
fragment B of the HVD (aa 392 to 464 of nsP3), but additional weak binding of both
proteins to fragment C is also detectable; and (iii) both human and mouse FXR1
proteins interact with fragment C. This binding is mediated by the C-terminal repeat
because its deletion in the fusion protein expressed by SINrep/Flag-GFP-HVDΔRep
makes it incapable of interaction. A defined map of HVD-specific binding sites is
presented in Fig. 1C.

Lack of binding sites for host factors in VEEV HVD affects viral replication. In
our previous studies (31, 41), the engineered VEEV variants, which had the entire HVD
either deleted or replaced with heterologous sequences, were not viable. Thus, VEEV
HVD plays a critical role(s) in driving viral replication, but the mechanism of its function
remained unclear.

To continue the investigation of VEEV nsP3 HVD structure and function, we used the
above-described data on mapping of the binding sites (Fig. 1C) of host proteins and
designed a set of VEEV TC-83 mutants with strongly modified HVDs (Fig. 2A and B). The
recombinant genomes contained the gene for GFP under the control of the sub-
genomic promoter to monitor the numbers of infected cultured cells and viral spread.
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The parental VEEV/GFP encoded wt nsP3 HVD. The VEEV/artHVD/GFP variant had the
entire HVD mutated (artificial HVD) and was incapable of interaction with the SH3
domain-containing host proteins and FXR family members. The encoded HVD was
similar to that in the FlagGFP123 cassette presented in Fig. 1A. However, in addition to
changing the positions of closely located amino acids, all serines and threonines in
artHVD were replaced by other noncharged, hydrophilic amino acids (glycines and
alanines) to eliminate potential sites of phosphorylation. Another mutant, VEEV/Rep/
GFP, encoded only one element of the C-terminal VEEV HVD-specific repeat, which was
left in the context of the above-described artHVD (Fig. 2A and B). Prolines in the short
amino acid sequence corresponding to fragment C located upstream of the retained
element of the repeat were replaced by alanines (Fig. 2A). The latter mutations were
introduced to affect the detected weak interaction with SH3 domain-containing pro-
teins described above. A third variant with a mutated HVD, VEEV/ΔRep/GFP, encoded
the wt HVD sequence, except that both elements of the C-terminal repeat, which
mediate the interaction with FXR family members, were deleted (Fig. 2A and B). Thus,
the replication of the designed constructs was expected to be either (i) dependent on
all HVD-binding motifs (VEEV/GFP) or (ii) determined by only a single element of the
repeat that mediates interactions with FXR family members in the absence of interac-
tions with CD2AP, SH3KBP1, and other possible SH3 domain-containing proteins
(VEEV/Rep/GFP), or (iii) the replication of VEEV/ΔRep/GFP was determined by HVD
interactions with CD2AP and SH3KBP1 in the absence of interactions with the proteins
of the FXR family.

The above-described viral genomes were synthesized in vitro from plasmid
DNAs, and BHK-21 cells were electroporated with equal amounts of RNAs. In an

FIG 1 VEEV nsP3 HVD interacts with murine and human FXR1 and SH3 domain-containing proteins via different fragments. (A)
Schematic presentation of the designed SINV replicons and the encoded different fusions of Flag-GFP-HVD. Fragments with wt amino
acid sequences are indicated by A, B, and C. The corresponding mutated fragments are labeled 1, 2, and 3, respectively. The elements
of the C-terminal repeat in VEEV HVD are indicated by red boxes. Numbers indicate positions of amino acids in VEEV nsP3. Fl indicates
position of Flag. (B) NIH 3T3 and HEK 293 cells were infected at an MOI of 20 inf.u/cell with viral particles containing SINV replicons
encoding the indicated fusion proteins. Protein complexes were isolated using magnetic beads loaded with Flag-specific MAbs as
described in Materials and Methods. Complexes were analyzed by Western blotting using the indicated primary and corresponding
secondary Abs. Membranes were scanned on a Li-Cor imager. MW, molecular weight. (C) Schematic presentation of the positions of
binding sites of the indicated host proteins in VEEV HVD.
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infectious center assay (ICA), VEEV/artHVD/GFP RNA reproducibly demonstrated
10-fold-lower infectivity (Fig. 2B) and produced a mixture of both small foci of
GFP-positive cells and very small plaques of noticeably heterogeneous sizes
(Fig. 2B). The lower RNA infectivity was an indication of the inefficient initiation of
RNA replication. As in the above-described studies, the heterogeneity of plaques/
foci suggested rapid viral evolution and the generation of numerous variants that
can replicate in BHK-21 cells. However, at any time postelectroporation, titers of the
released VEEV/artHVD/GFP progeny remained 3 to 4 orders of magnitude below
those of parental VEEV/GFP (Fig. 2C). In repeat experiments, RNA infectivities of
other variants, VEEV/Rep/GFP and VEEV/ΔRep/GFP, were essentially the same as
those of parental VEEV/GFP (Fig. 2B), and plaques were homogeneous. Compared
to VEEV/GFP, the variant that lacked the C-terminal amino acid repeat, VEEV/ΔRep/

FIG 2 Lack of host protein-binding motifs in VEEV HVD differentially affects viral replication. (A) Alignments of wt and mutated VEEV HVDs. Sequences of two
elements of the repeat are indicated in red. Deleted amino acids are indicated by dots on a gray background. (B) Schematic presentation of designed HVDs,
infectivities of the in vitro-synthesized G RNAs in ICAs, and comparative plaque sizes. wt amino acid sequences are indicated by open boxes, and mutated
sequences are indicated by black boxes. Red boxes show positions of the elements of the C-terminal repeat. (C) BHK-21 cells were electroporated with 3 �g
of the in vitro-synthesized RNAs. Media were collected at the indicated time points, and viral titers were determined by a plaque assay on BHK-21 cells. This
experiment was performed twice, with reproducible differences. The results of one of the experiments are presented.
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GFP, demonstrated low rates of replication (Fig. 2C), which correlated with its small
plaques formed on BHK-21 cells (Fig. 2B). VEEV/Rep/GFP, in contrast, replicated with
an efficiency comparable to that of parental VEEV/GFP (Fig. 2B and C).

These results demonstrated that (i) the lack of all protein-binding motifs in the HVD
had a deleterious effect on the replication of the VEEV/artHVD/GFP mutant and induced
rapid viral evolution to a more efficiently replicating phenotype, (ii) the presence of a
single VEEV HVD-specific element of the FXR protein family-binding repeat in the
context of the artificially designed HVD had a strong positive impact on viral replication,
and (iii) the deletion of the C-terminal repeating peptide in wt VEEV nsP3 HVD had a
profound negative effect on viral replication. However, importantly, the deletion did
not make virus nonviable. This was an indication that interactions with host proteins,
most likely with CD2AP and SH3KBP1, were capable of facilitating VEEV replication in
the absence of FXR binding albeit not to the wt level.

Mapping of the functional peptide in the repeating element of VEEV HVD. The
above-described and our previous (27) data strongly suggested that the C-terminal
FXR-binding repeat in VEEV HVD plays a critical role in viral replication. Each element
of this repeat is 33 aa long. These peptides are significantly longer than the previously
identified �6-aa-long repeating peptides that mediate interactions of the OW alpha-
virus HVDs with G3BP proteins (31, 39). Moreover, the FXR-interacting peptide found in
the HVD of another NW alphavirus, EEEV (33), demonstrates a readily detectable level
of identity with its VEEV-specific counterpart but also appears to be shorter (Fig. 3A).
Therefore, in the next experiments, we further mapped the amino acid sequence in the
VEEV HVD repeat that is sufficient for supporting viral replication.

First, we additionally modified the VEEV/Rep/GFP mutant. The new variant, termed
VEEV/minRep/GFP, also encoded artHVD with a single copy of the FXR-binding motif.
However, the 10-aa-long fragment of the original single repeat was deleted to make it
similar to the FXR-binding counterpart of EEEV HVD (Fig. 3B). The replication of the
newly designed VEEV/minRep/GFP recombinant virus was compared to that of the
above-described parental VEEV/Rep/GFP, which encoded in its HVD a single complete
element of the repeat. The in vitro-synthesized RNAs of both VEEV/minRep/GFP and
VEEV/Rep/GFP were electroporated into BHK-21 cells, and the release of the viruses was
assessed at different times posttransfection (Fig. 3C). No differences in viral replication
rates and final infectious titers were detected. Hence, we concluded that the designed
shorter motif was supporting VEEV replication as efficiently as the natural full-length
FXR-interacting peptide.

Next, we introduced a series of small deletions into a minRep peptide-coding
sequence and evaluated their effects on viral replication. The designed deletions are
presented in Fig. 4A. Equal amounts of the in vitro-synthesized mutant RNAs were
electroporated into BHK-21 cells to assess their infectivities and viral titers at 24 h
posttransfection. Each small 3-aa-long deletion in the proposed minimal peptide but
not in the upstream-located amino acid sequence (Δ0) had negative effects on RNA
infectivity (Fig. 4B) and virus release (Fig. 4C). Plaques formed by the deletion mutants
also became very small (data not shown). These results strongly suggested that all of
the amino acids in the peptide exhibiting a high level of identity with the EEEV-specific
FXR-binding motif (Fig. 3A and Fig. 4A) are critical for viral replication. Thus, the size of
the proposed FXR-interacting minimal peptide cannot be further reduced without
compromising viral replication.

The designed Δ1 to Δ6 viral mutants were similar to VEEV/artHVD/GFP (Fig. 2) in
terms of reaching low infectious titers at 24 h p.i. (PFU per milliliter) and the develop-
ment of pinpoint plaques. As did VEEV/artHVD/GFP, most of the mutants demonstrated
noticeable evolution to higher replication rates and a larger-plaque-forming pheno-
type. After an additional passage of electroporation-derived viral samples on BHK-21
cells, we purified viruses from large plaques formed by VEEV variants with Δ1, Δ2, and
Δ3 deletions in the nsP3-specific HVD and sequenced viral nonstructural genes. The
putative adaptive mutations were detected in either the nsP2 helicase and protease
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domains or the nsP3 macrodomain. They were cloned back into the genomes of the
original deletion mutants (Fig. 5A). Equal amounts of the in vitro-synthesized RNAs of
the parental mutants and their derivatives with identified mutations were electropo-
rated into BHK-21 cells, and viral titers were assessed at 24 h postelectroporation. The
introduced nsP2- and nsP3-specific mutations had strong positive impacts on viral
replication (Fig. 5B). However, their effects on RNA infectivities in the ICA were
statistically insignificant (data not shown). The infectivities remained like those of
parental deletion mutants and 10-fold below the level demonstrated by the in vitro-
synthesized RNA of VEEV/GFP (Fig. 4B). This was an indication that in the in vitro
experiments, the introduced compensatory mutations likely had no positive effects on
the initiation of replication of the G RNAs encoding a defective HVD repeat but were
able to increase the rates of RNA synthesis after replication had already been estab-
lished.

VEEV variants that lack FXR- or SH3 domain-binding motifs can replicate in a
variety of cell lines. In previous studies, we found that BHK-21 cells are exceptionally

FIG 3 The C-terminal element of the repeat in VEEV nsP3 HVD can be shortened without a negative
effect on viral replication. (A) Alignment of the amino acid sequences of the very C-terminal element of
the repeat in VEEV/Rep/GFP (indicated in red) and the FXR-binding sequence in the C terminus of EEEV
HVD. Identical amino acids are shown by dashed lines. The box indicates putative common FXR-binding
sequences. (B) Schematic presentation of the viral genome, mutated HVDs, and amino acid sequences of
the FXR-binding peptides in VEEV/Rep/GFP and VEEV/minRep/GFP. Black boxes indicate fragments
derived from artHVD. Red boxes indicate the residual element of the repeat. Dashed lines indicate
identical amino acids. The gray box indicates deleted amino acids. (C) BHK-21 cells were electroporated
with 3 �g of the in vitro-synthesized RNAs. Viral samples were collected at the indicated time points, and
titers were determined by a plaque assay on BHK-21 cells. LOD indicates the limit of detection. The
experiment was performed twice, and no difference in replication rates between these viruses was
detected. Data from one of the experiments are presented.
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efficient in supporting replication of alphavirus mutants with severely altered functions
of nsP3 and nsP2 (27). The same mutants or their second-site revertants (pseudorever-
tants) could be nonviable or very poorly replicating in other cell types (27, 41).
Therefore, we next compared the efficiencies of VEEV/GFP, VEEV/minRep/GFP, and
VEEV/ΔRep/GFP replication in MRC-5 (human), NIH 3T3 (murine), BHK-21 (hamster), and
C7/10 (mosquito) cells. These cell lines were infected with VEEV mutants at the same
MOI, and titers of the released viruses were assessed 8 and 24 h after infection of
vertebrate cells and 20 and 48 h after infection of C7/10 cells (Fig. 6). As we expected,
HVD mutants demonstrated the most efficient replication in the BHK-21 cell line.
Compared to parental VEEV/GFP, the lack of HVD repeats in VEEV/ΔRep/GFP had a
stronger negative effect on virus release from human and mosquito cells than from
BHK-21 and NIH 3T3 cells. The replication of VEEV/minRep/GFP, which contained a
single minimal FXR-binding element of the repeat in the context of artHVD, was less
affected in the vertebrate cells used. However, in C7/10 cells at 48 h p.i., this mutant
accumulated in the medium to �100-fold-lower titers (Fig. 6).

FIG 4 Small deletions in the minimal FXR-binding motif have deleterious effects on VEEV replication. (A)
Schematic presentation of the VEEV/minRep/GFP genome, its HVD, and deletions introduced into the
minRep sequence. The black box indicates a mutated HVD derived from artHVD. The red box indicates the
position of the minimized element of the repeat. Dashed lines indicate identical amino acids. Gray boxes
indicate positions of the deletions. (B) BHK-21 cells were electroporated with 3 �g of the in vitro-synthesized
RNAs, and these cells were used to assess RNA infectivity in an ICA (see Materials and Methods for details).
(C) The rest of the electroporated cells were seeded into 100-mm dishes. Media were harvested at 24 h
postelectroporation (post EP), and viral titers were determined by a plaque assay on BHK-21 cells. The
experiments were performed 2 times and demonstrated very similar differences. Significances of differ-
ences among the values were determined by one-way analysis of variance (ANOVA), followed by Dunnett’s
multiple-comparison test (n.s., not significant; **, P � 0.01; ****, P � 0.0001). Data are presented as means
with standard deviations (SD) (n � 3).
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Interestingly, in Vero cells, VEEV/ΔRep/GFP demonstrated essentially no replication
(Fig. 7A). Since Vero cells are very susceptible to the replication of wt VEEV TC-83 that
has an unmodified HVD (42), we evaluated the levels of CD2AP, SH3KBP1, and another
SH3 domain-containing protein, BIN1, in this cell line. The expression of BIN1 was
evaluated because this protein was found to interact with HVDs of other alphaviruses
(31, 33). Compared to MRC-5 (Fig. 7B) and other cell lines (40), all the isoforms of the
indicated proteins were present in Vero cells at very low concentrations (Fig. 7B). HVD
of the VEEV/ΔRep/GFP mutant does not contain the FXR-binding motif, which could
drive interactions with FXR family members and subsequent RC formation. In Vero
cells, this inability may be not compensated for by interactions with the SH3 domain-
containing cellular proteins that were able to support to some extent VEEV RNA
replication in other cells (Fig. 6). However, the role of other possible genetic defects in
Vero cells cannot be ruled out. Interestingly, attempts to generate stable Vero cell lines
expressing higher levels of CD2AP or SH3KBP1 were unsuccessful, and the indicated
ectopically expressed fusions of these proteins with Cherry were rapidly degrading
(data not shown).

Thus, the results of these experiments demonstrated that (i) the designed VEEV/
minRep/GFP and VEEV/ΔRep/GFP mutants are viable in most of the tested cell lines; (ii)

FIG 5 The identified adaptive mutations in nsP3 and nsP2 have positive effects on the replication of VEEV
with a mutated HVD. (A) Schematic presentation of the VEEV/minRep/GFP genome, its HVD, and
deletions in the minRep sequence and the corresponding evolved variants. Mutations identified in the
plaque isolates and cloned into the genomes of the corresponding parental viruses are indicated in blue.
(B) BHK-21 cells were electroporated with 3 �g of the in vitro-synthesized RNAs of the indicated mutants,
and media were harvested at 24 h posttransfection. Viral titers were determined by a plaque assay on
BHK-21 cells. Significances of differences among the values were determined by a two-tailed unpaired t
test (***, P � 0.001; ****, P � 0.0001). Data are presented as means with SD (n � 3).
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the C-terminal FXR-binding motif of VEEV HVD plays a critical role(s) in viral replication
in the tested vertebrate and mosquito cells; and (iii) the rest of HVD, which contains the
SH3 domain-binding motif(s), appears to play a redundant role in VEEV replication and
is more important for viral replication in mosquito C7/10 cells.

Effects of modifications of HVD on VEEV pathogenesis. For the in vivo experi-
ments, we applied (i) the above-described VEEV variant that encodes no FXR-binding
repeats in the HVD (VEEV/ΔRep/GFP), (ii) VEEV that encodes a single minimal FXR-
binding element of the repeat and has the rest of HVD mutated (VEEV/minRep/GFP),

FIG 6 The designed FXR- or SH3-dependent VEEV mutants retain the ability to replicate in a variety of
cell lines. (A) Schematic presentation of the viral genome and the designed mutated HVDs. Open boxes
indicate wt amino acid sequences. The black box indicates a mutated, artHVD-derived fragment.
Positions of FXR-binding elements are shown by red boxes. (B) The indicated cell lines were infected with
VEEV/GFP and the designed mutants at an MOI of 1 PFU/cell, and titers of the released viruses were
assessed at 8 and 24 h p.i. by a plaque assay on BHK-21 cells. Significances of differences between VEEV
and mutants at different time points were determined by one-way ANOVA, followed by Dunnett’s
multiple-comparison test (n.s., not significant; *, P � 0.1; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). Data
are presented as means with SD (n � 3).
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and (iii) the parental VEEV/GFP. In addition, previous studies demonstrated that
VEEV TC-83 can tolerate a replacement of the entire natural HVD by those derived
from SINV and CHIKV (31, 41). These VEEV mutants with heterologous HVDs were
capable of efficient replication despite utilizing different host factors in RC forma-
tion and function. Therefore, we included in experiments another VEEV mutant,
VEEV/chikvHVD/GFP, which encoded a 185-aa-long fragment of the CHIKV HVD
instead of the natural VEEV-specific counterpart (Fig. 8A). Thus, the replication of
the chimeric virus was expected to become dependent on interactions with G3BPs
but not with FXR family members.

Six-day-old CD1 mice were subcutaneously (s.c.) infected with 2 � 105 PFU of
VEEV/GFP or the indicated nsP3 HVD mutants to compare levels of viremia, viral titers
in the brains, survival, weight gain, and titers of induced neutralizing Abs (Fig. 8B). On
day 1 p.i., all of the designed viruses induced readily detectable viremia, and by day 5
p.i., viremia became either undetectable or close to the limit of detection. VEEV/
chikvHVD/GFP replicated in the brains of suckling mice to titers similar to those of
VEEV/GFP and caused strong delays in weight gain, suggesting severity of the disease.
However, in contrast to parental VEEV/GFP, more than 60% of mice survived the
infection, indicating the negative effect of HVD replacement on virulence. The presence
of a single minimal FXR-binding element of the repeat in the artificial HVD decreased
the rates of VEEV/minRep/GFP accumulation in mouse brains, but by day 5 p.i., brain
titers of the virus approached 109 PFU/g. They also correlated with delays in gaining
weight. Nevertheless, despite strong signs of the disease, all of the mice remained alive
and eventually recovered. VEEV/ΔRep/GFP demonstrated the best performance in
terms of viral attenuation. Compared to VEEV/GFP, at day 5 p.i., this mutant was
detected in the brains at concentrations that were 6 orders of magnitude lower, if at all.
Mice exhibited no signs of the disease and were gaining weight as efficiently as the
uninfected group, and all of them survived the infection. Thus, the deletion of both
repeats made the resulting VEEV/ΔRep/GFP dramatically less neuroinvasive and likely
less neurovirulent for suckling mice.

All the surviving mice, including those infected with VEEV/ΔRep/GFP, responded to
infections with high titers of neutralizing Abs (Fig. 8B), which were not significantly
different between the groups. Taken together, these results suggested that manipula-

FIG 7 Vero cells support the replication of the VEEV/ΔRep/GFP mutant very inefficiently. (A) Subconfluent
Vero cells in 6-well Costar plates were infected with the indicated VEEV variants at an MOI of 1 PFU/cell,
and titers of the released viruses were assessed at 8 and 24 h p.i. by a plaque assay on BHK-21 cells.
Differences between VEEV and mutants at different time points had P values of �0.0001, as determined
by one-way ANOVA followed by Dunnett’s multiple-comparison test (****, P � 0.0001). Data are pre-
sented as means with SD (n � 3). (B) The presence of CD2AP, SH3KBP1, and BIN1 in MRC-5 and Vero cells
was analyzed by Western blotting using the indicated primary and corresponding secondary Abs.
Membranes were scanned on a Li-Cor imager. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIG 8 Modifications of HVD affect the pathogenesis of VEEV TC-83-based constructs in suckling mice. (A)
Schematic presentation of HVDs encoded by recombinant viral genomes. Open boxes indicate wt amino
acid sequences; the black box indicates a mutated, artHVD-derived fragment; and the gray box indicates
CHIKV HVD. VEEV repeats are shown in red, and CHIKV-specific, G3BP-binding repeats are shown in green.
(B) Six-day-old mice were infected s.c. with 2 � 105 PFU of the indicated VEEV HVD mutants or parental
VEEV/GFP. Panels show the levels of viremia and brain titers (means with standard deviations where
applicable), weight changes (means with standard deviations), survival, and titers of neutralizing Abs at day
21 p.i. (means with standard deviations) in surviving mice. Viral titers were assessed by a plaque assay on
BHK-21 cells. The dashed lines indicate the limits of detection.
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tions with nsP3 additionally contributed to VEEV TC-83 attenuation, which, in this strain,
is determined by mutations in the 5= untranslated region (UTR) and E2 glycoprotein (7,
43–46).

The second group of VEEV HVD mutants was designed based on the enzootic strain
VEEV ZPC738 (wVEEV) (Fig. 9A). Similar to the VEEV TC-83-based construct, wVEEV/
minRep encoded an artificially designed HVD with only a single FXR-binding site and
with the rest of the HVD randomized. wVEEV/ΔRep had the FXR-binding repeat deleted,
and wVEEV/chikvHVDdel1 had the natural VEEV HVD replaced by the CHIKV-specific
counterpart. Since in the above-described experiments in suckling mice (Fig. 8), the
TC-83-based construct VEEV/chikvHVD/GFP did not demonstrate advanced attenuation
and remained neurovirulent, the CHIKV HVD fragment was additionally modified. We
deleted the first G3BP-binding motif in the CHIKV-specific sequence. All of the designed
constructs, including the parental wVEEV, were rescued in biosafety level 3 (BSL3)
containment, and adult 4- to 5-week-old CD1 mice were then infected s.c. with 1 � 103

PFU of each variant.
The parental wVEEV was universally lethal for all of the infected mice. They suc-

cumbed to the infection within 6 days (Fig. 9B). Despite strong modifications in the
HVD, wVEEV/ΔRep, wVEEV/minRep, and wVEEV/chikvHVDdel1 developed viremia at
day 1 p.i. and remained neuroinvasive (Fig. 9B). The differences in the levels of induced
viremia were particularly evident at day 3 p.i. However, all the mutants were able to
replicate in the brains of adult mice to the titers comparable to those of the parental
wVEEV. The infected mice were losing weight, and those that received wVEEV/minRep
died within 8 days p.i. Thus, the presence of even a single element of the FXR-binding
repeat in the absence of all other motifs was sufficient for supporting the lethal
phenotype of enzootic VEEV ZPC738-based virus. wVEEV/ΔRep was more attenuated,
but surprisingly, the effect of the deletion of the C-terminal repeat was not as strong
as that detected for the similar TC-83-based VEEV/ΔRep/GFP construct in suckling mice.
Nevertheless, despite virus replication in the brain and severe weight loss, about 30%
of mice survived the infection. None of the mice infected with the designed wVEEV/
chikvHVDdel1 died, indicating its strong attenuation compared to other HVD mutants.

Taken together, the results of experiments with HVD mutants in VEEV TC-83 and
ZPC738 backgrounds demonstrated that modifications of HVD have a negative effect
on viral pathogenesis. However, they do not eliminate neuroinvasiveness and, if
introduced alone, are insufficient for preventing both viral entry and replication in the
brain.

DISCUSSION

Among alphavirus nonstructural proteins, functions of nsP3 are the least under-
stood. This protein appears to be not directly involved in the synthesis of virus-specific
RNAs but is indispensable for viral replication. The mutations in the conserved
N-terminal macrodomain and the following AUD affect the efficiency of SG RNA
synthesis (26), mono-ADP-ribosylhydrolase activity (18, 20–22), inhibition of cellular
translation (23), and viral pathogenesis (22). In contrast to the macrodomain and AUD,
the C-terminal domains, HVDs, of different alphaviruses are predicted, and experimen-
tally demonstrated in the case of CHIKV (34), to be intrinsically disordered (1, 40). They
also exhibit essentially no identity at the amino acid level (1). The accumulating
experimental data strongly suggest that despite very high levels of variations in amino
acid sequence and length, alphavirus HVDs have common features, which are critical
determinants of viral replication in both vertebrate and mosquito cells. Alphavirus
HVDs contain multiple short linear motifs that interact with host factors, which are
required for RC assembly and function (33–36). In all of the alphaviruses studied to date,
the C-terminal HVD fragments contain short, often repeating peptides that mediate
interactions with the most critical host factors, such as G3BP/Rasputin and/or FXR family
members (31, 39, 47). The HVD fragments located upstream of the repeats contain
proline-rich sequences that can interact with multiple SH3 domain-containing proteins
of mammalian and mosquito cells (34, 35, 48, 49).
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FIG 9 Modifications of HVD in wVEEV (VEEV ZPC738) differentially affect viral pathogenesis in adult mice.
(A) Schematic presentation of HVDs encoded by recombinant viral genomes. Open boxes indicate wt
amino acid sequences; the black box indicates a mutated, artHVD-derived fragment; and the gray box
indicates CHIKV HVD. VEEV repeats are shown in red, and the CHIKV-specific element of G3BP-binding
repeats is shown in green. (B) Four- to five-week-old CD1 mice were infected s.c. with 1 � 103 PFU of each
indicated viral variant. Panels show the levels of viremia and brain titers (means with standard deviations
where applicable), weight changes (means with standard deviations), survival, and titers of neutralizing
Abs measured at day 18 p.i. (means with standard deviations) in surviving mice. Viral titers were assessed
by a plaque assay on BHK-21 cells. The dashed lines indicate the limits of detection.
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In OW alphavirus infections, the very C-terminal, repeating HVD elements interact
with both members of the G3BP family (39). In mosquito cells, the same repeats bind
the insect homolog of G3BP, Rasputin (Rin1) (47). Interestingly, the insect-specific
alphavirus Eilat virus (EILV) encodes the same HVD repeat as that found in viruses
capable of replication in vertebrate cells (50, 51). This is an additional indication of the
importance and conservation of this interaction in alphavirus evolution. Moreover, the
HVD of the NW alphavirus EEEV has acquired a G3BP-binding motif (33). Its sequence
is very different from that found in the C-terminal repeat in the HVDs of the OW
alphaviruses, but it supports interactions with G3BPs and EEEV replication in G3BP-
expressing cells (33).

In contrast to the OW alphaviruses (SFV, SINV, and EILV), the C-terminal HVD of the
NW alphavirus VEEV does not interact with G3BPs but instead binds all three members
of the FXR protein family (31, 33, 41). The data from our previous study (27) and this
study suggested that the HVD-FXR interaction is mediated by the 33-aa-long repeat
located in the C terminus of VEEV nsP3 HVD. Our new data demonstrate that in this
repeat, the functional sequence is relatively short and is similar to the FXR-binding
motif that we have previously described for EEEV HVD (33). The presence of this
minimal peptide alone in the strongly mutated HVD is sufficient for driving VEEV
replication (Fig. 3), and VEEV ZPC738-based virus (wVEEV/minRep) remains neuroviru-
lent in a mouse model. Small deletions in the minimal FXR-binding motif of VEE/
minRep/GFP have a deleterious effect on viral replication. Such deletion mutants are
essentially nonviable unless they acquire compensatory mutations in nsP2 and/or nsP3
(Fig. 4 and 5). Thus, the FXR-binding motif is one of the key contributors to VEEV
replication and, ultimately, pathogenesis. Importantly, the identified minimal peptide is
not absolutely conserved among the NW alphaviruses. In the EEEV-specific FXR-binding
peptide, 7 aa are different from those in the VEEV-specific counterpart (Fig. 3A). To date,
it remains unclear why in natural isolates of VEEV the conserved FXR-binding peptide
is longer than the identified minimal interacting sequence. Moreover, based on Gen-
Bank data, some of the viruses in the VEEV serocomplex contain a single motif, and
others contain it in two copies (27). One of the possible explanations is that the
acquisition of the FXR-binding peptide by VEEV was a relatively recent event in viral
evolution and that the amino acid sequence has not yet been minimized.

Other results of this study unambiguously demonstrate that FXR-HVD binding is not
the only determinant of VEEV replication. The SH3 domain-containing proteins were
found to strongly interact with the motif(s) located between aa 391 and 465 of VEEV
nsP3 in the middle of its HVD, and an additional relatively weak interaction was
detected with the downstream-located HVD fragment (Fig. 1). The HVD interaction with
SH3 domain-containing proteins was found to be sufficient for supporting the replica-
tion of VEEV/ΔRep/GFP, which has no FXR-binding motifs in its HVD (Fig. 2). However,
its replication was less efficient than those of VEEV/GFP and VEEV/minRep/GFP, which
utilize the FXR-HVD interaction in RC assembly and function. In good correlation with
the in vitro data, VEEV/ΔRep/GFP became dramatically less pathogenic for suckling mice
(Fig. 8). Surprisingly, a similar ΔRep variant of VEEV ZPC738 remained pathogenic for
adult mice (Fig. 9). Thus, the SH3 domain-binding motifs are also important determi-
nants of VEEV replication and pathogenesis, supporting the hypothesis that the redun-
dant use of cellular host factors allows viral replication in multiple tissues where
expression can vary. However, their function also depends on the virus genetic back-
ground.

Importantly, other results of the analysis of nsP3 HVD structure and function
demonstrate that the entire natural VEEV HVD can be replaced by the CHIKV- or
SINV-derived counterpart without profound negative effects on viral replication in vitro
(31, 41). In this study, VEEV/chikvHVD/GFP remained lethal for suckling mice, and
despite lacking one of the G3BP-binding sites, wVEEV/chikvHVDdel1 induced readily
detectable disease in adult mice (Fig. 8 and 9). Thus, the NW alphavirus VEEV is capable
of replication using a G3BP-dependent mechanism. On the other hand, the reciprocal
replacement of HVD in CHIKV with the VEEV counterpart makes chimeric CHIKV
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nonviable (31). This suggests that SH3 domain-containing proteins and FXRs in partic-
ular, which bind to the VEEV HVD, are insufficient for supporting CHIKV replication.
Alternatively, there are additional interactions of G3BP with other cellular or/and viral
proteins that are important for CHIKV RC formation and function, but they remain to be
discovered. It is also possible that although VEEV apparently lost the G3BP-binding
motifs during its evolution and became capable of using FXRs, it has retained an ability
to utilize G3BP in RC function if the corresponding motifs are cloned back into its HVD.

It was tempting to expect that manipulations with VEEV HVD could be used as a
means of viral attenuation to make it less neurovirulent. The results of this study
suggest that HVD-specific changes certainly can be applied but not alone. wVEEV
variants with mutated HVD remained neuroinvasive and neurovirulent in adult mice.
However, the same mutants in the VEEV TC-83 background, particularly VEEV/ΔRep/
GFP, can be less pathogenic than the parental virus. Thus, modifications in HVD need
to be applied in combination with attenuating mutations in either glycoproteins and
the 5= UTR, which were acquired by serial VEEV passage (52, 53), or capsid protein
(54–56) and/or the packaging signal (57). The mutations in the capsid nuclear localiza-
tion signal (NLS) and the 5= UTR make VEEV a potent type I interferon (IFN) inducer and
more sensitive to one of the interferon-stimulated genes, IFIT1, respectively (44, 58, 59).
An additional complication in the application of HVD-specific mutations is that they
directly affect viral replication rates. This defect, in turn, opens an opportunity for viral
evolution to a more efficiently replicating phenotype by acquiring adaptive mutations
in the nsPs (60, 61). Such evolution has been detected in the experiments with
VEEV/artHVD/GFP and other mutants, and it is unlikely that it can be eliminated.

In summary, the results of this study demonstrate that (i) VEEV is fundamentally
different from CHIKV in terms of the assembly and function of HVD-specific protein
complexes; (ii) in contrast to CHIKV, either FXRs or SH3 domain-containing cellular
proteins can support VEEV replication albeit with different efficiencies; (iii) FXR-binding
peptides are located at the C terminus of VEEV HVD; (iv) the minimal FXR-binding site
is 15 aa long and exhibits a high level of identity with that of EEEV; (v) the binding site(s)
of the SH3 domain-containing proteins in the HVD is located between aa 391 and 465
of VEEV nsP3, with an additional, weak binding site located in the downstream amino
acid sequence; (vi) the effects of modifications of VEEV HVD on viral pathogenesis
depend on mouse age and the genetic background of the virus; and (vii) manipulations
with VEEV HVD, including its replacement with its CHIKV-specific counterpart, can be
used for viral attenuation but only if they are applied in combination with other
modifications that alter viral cell specificity and/or the ability to interfere with the
innate immune response.

MATERIALS AND METHODS
Cell cultures. BHK-21 cells were kindly provided by Paul Olivo (Washington University, St. Louis, MO).

NIH 3T3, MRC-5, HFF-1, HEK 293, and Vero cells were obtained from the American Type Culture Collection
(Manassas, VA). BHK-21, NIH 3T3, HEK 293, and Vero cells were maintained in alpha minimum essential
medium supplemented with 10% fetal bovine serum (FBS) and vitamins. MRC-5 cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS. C7/10 cells were provided by
Henry Huang (Washington University, St. Louis, MO). They were maintained in DMEM supplemented with
10% FBS and 10% tryptose phosphate broth (TPB) at 28°C with 5% CO2.

Plasmid constructs. A plasmid encoding infectious cDNA of VEEV TC-83, pVEEV/GFP, was described
previously (58). A plasmid encoding wt VEEV ZPC738 (62) was provided by Scott Weaver (University of
Texas Medical Branch at Galveston, TX). For this study, the original T7 promoter was replaced by the SP6
promoter. All of the modifications in the HVDs encoded by cDNAs of both plasmids were made by using
standard PCR-based techniques. To simplify the presentation of data in the text, all the constructs based
on the VEEV TC-83 genome were labeled VEEV, and those based on VEEV ZPC738 were labeled wVEEV.
Plasmids containing cDNA of the SINV replicon have been described previously (63). They encoded the
SINV genome with all of the structural genes replaced by heterologous sequences. DNA sequences
encoding different variants of Flag-GFP-HVDveev were also designed by PCR and cloned into cDNA of
the SINV replicon under the control of the SG RNA promoter using standard recombinant DNA
techniques. All of the constructs are schematically presented in the corresponding figures. The cDNA of
the SINV helper genome used had the fragment encoding viral nsPs deleted, and it retained the
subgenomic promoter and all of the viral structural genes (64). Nucleotide sequences of the plasmids are
available upon request.
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RNA transcriptions, RNA infectivity assay, and rescue of recombinant viruses. Plasmids con-
taining viral, replicon, and helper genomes were purified by ultracentrifugation in CsCl gradients. They
were linearized in restriction sites located downstream of the poly(A) tails. RNAs were synthesized in vitro
by using SP6 RNA polymerase (Invitrogen) in the presence of a cap analog (New England BioLabs)
according to recommendations of the manufacturers. The quality and yields of the transcripts were
analyzed by agarose gel electrophoresis. Aliquots of the reaction mixtures were used for electroporation
of BHK-21 cells under conditions described previously (65, 66). For packaging of SINV replicons into
infectious viral particles, their RNAs were mixed with the in vitro-synthesized helper RNA (64) and used
for electroporation. Viruses and packaged replicons were harvested at 24 h postelectroporation. Viral
titers were determined by a plaque assay on BHK-21 cells (67). Titers of the packaged replicons were
determined by infecting 5 � 105 BHK-21 cells in 6-well Costar plates by serial 10-fold dilutions of the
stocks. At 6 h p.i., titers were determined by evaluating the percentage of GFP-positive cells at appro-
priate dilutions.

Infectivities of the in vitro-synthesized G RNAs were analyzed by an infectious center assay (ICA).
Tenfold dilutions of electroporated BHK-21 cells were seeded into 6-well Costar plates with monolayers
of naive BHK-21 cells. After 2 h of incubation at 37°C, they were covered with 0.5% agarose supple-
mented with DMEM and 3% FBS. Plaques were stained with crystal violet at 2 days postelectroporation.
RNA infectivities were determined as PFU per microgram of electroporated RNAs.

Coimmunoprecipitation. NIH 3T3 and HEK 293 cells were infected with packaged SINV replicons at
an MOI of 20 inf.u/cell. At �3 h p.i., when GFP expression just became detectable under a fluorescence
microscope, cells were harvested, and their lysates were prepared for immunoprecipitation as previously
described (30). The postnuclear supernatants were incubated with magnetic beads with anti-Flag Abs.
Protein complexes were analyzed by Western blotting using anti-CD2AP rabbit polyclonal antibodies
(catalog number sc-9137; Santa Cruz Biotechnology), anti-SH3KBP1 mouse monoclonal antibodies
(catalog number sc-166862; Santa Cruz Biotechnology), anti-FXR1 rabbit monoclonal antibodies (catalog
number 12295; Cell Signaling), and anti-Flag mouse monoclonal antibodies (catalog number F1804;
Sigma). After incubation with the corresponding infrared dye-labeled secondary Abs, membranes were
scanned on a Li-Cor imager.

Animal studies. To evaluate the ability of candidate viruses to develop viremia and invade and
replicate in brains, 6-day-old CD1 mice were inoculated s.c. with 2 � 105 PFU of the designed VEEV
TC-83-based viruses in 20 �l of phosphate-buffered saline (PBS) supplemented with 1% mouse serum. At
1, 3, and 5 days p.i., mice were sacrificed, and viral titers in the blood and in the brain were assessed by
a plaque assay on BHK-21 cells. At 21 days p.i., sera were analyzed for the levels of neutralizing Abs.

Adult 4- to 5-week-old CD1 mice were inoculated s.c. with 1 � 103 PFU of ZPC738-based VEEV
variants diluted in PBS containing 1% mouse serum. Animals were monitored daily for weight changes
and signs of disease. At the times p.i. indicated in the figures, animals were sacrificed, and blood and
brain samples were collected and analyzed for either viremia or levels of neutralizing Abs. All the animal
studies were carried out under the approval of the Institutional Animal Care and Use Committee of the
University of Alabama at Birmingham (UAB). The experiments with VEEV TC-83- and ZPC738 (wVEEV)-
based mutants were carried out in animal biosafety level 2 (ABSL2) and ABSL3 facilities, respectively. All
the mice were sacrificed humanely after the completion of the study.

Neutralizing antibody titers (50% plaque reduction/neutralization titer [PRNT50]). Serum sam-
ples were incubated at 50°C for 1 h and then serially diluted in PBS supplemented with 1% FBS and 250
PFU/ml of VEEV TC-83. Samples were incubated at 37°C for 2 h, and aliquots were then applied to
monolayers of BHK-21 cells in 6-well Costar plates. After incubation at 37°C for 1 h, the cells were overlaid
with 0.5% agarose supplemented with DMEM and 3% FBS. After 2 days of incubation, plaques were
stained with crystal violet. The percentage of reduction was calculated using GraphPad Prism software.
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