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ABSTRACT Polyprotein processing has an important regulatory role in the life cycle
of positive-strand RNA viruses. In the case of alphaviruses, sequential cleavage of the
nonstructural polyprotein (ns-polyprotein) at three sites eventually yields four ma-
ture nonstructural proteins (nsPs) that continue working in complex to replicate viral
genomic RNA and transcribe subgenomic RNA. Recognition of cleavage sites by viral
nsP2 protease is guided by short sequences upstream of the scissile bond and, more
importantly, by the spatial organization of the replication complex. In this study, we
analyzed the consequences of the artificially accelerated processing of the Semliki
Forest virus ns-polyprotein. It was found that in mammalian cells, not only the order
but also the correct timing of the cleavage events is essential for the success of viral
replication. Analysis of the effects of compensatory mutations in rescued viruses as
well as in vitro translation and trans-replicase assays corroborated our findings and
revealed the importance of the V515 residue in nsP2 for recognizing the P4 position
in the nsP1/nsP2 cleavage site. We also extended our conclusions to Sindbis virus by
analyzing the properties of the hyperprocessive variant carrying the N614D mutation
in nsP2. We conclude that the sequence of the nsP1/nsP2 site in alphaviruses is un-
der selective pressure to avoid the presence of sequences that are recognized too
efficiently and would otherwise lead to premature cleavage at this site before com-
pletion of essential tasks of RNA synthesis or virus-induced replication complex for-
mation. Even subtle changes in the ns-polyprotein processing pattern appear to lead
to virus attenuation.

IMPORTANCE The polyprotein expression strategy is a cornerstone of alphavirus repli-
cation. Three sites within the ns-polyprotein are recognized by the viral nsP2 protease
and cleaved in a defined order. Specific substrate targeting is achieved by the recogni-
tion of the short sequence upstream of the scissile bond and a correct macromolecular
assembly of ns-polyprotein. Here, we highlighted the importance of the timeliness of
proteolytic events, as an additional layer of regulation of efficient virus replication. We
conclude that, somewhat counterintuitively, the cleavage site sequences at the nsP1/
nsP2 and nsP2/nsP3 junctions are evolutionarily selected to be recognized by protease
inefficiently, to avoid premature cleavages that would be detrimental for the assembly
and functionality of the replication complex. Understanding the causes and conse-
quences of viral polyprotein processing events is important for predicting the properties
of mutant viruses and should be helpful for the development of better vaccine candi-
dates and understanding potential mechanisms of resistance to protease inhibitors.

KEYWORDS alphavirus, protease, replicase, polyprotein processing, hyperprocessive
mutants

The genus Alphavirus from the Togaviridae family of positive-strand RNA viruses
includes several members that are of significant medical importance, such as

chikungunya virus (CHIKV) and Ross River virus (RRV), both of which belong to the
Semliki Forest virus (SFV) antigenic complex. Relatively nonpathogenic SFV is consid-
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ered to be one of the best studied alphaviruses, serving as an excellent model in studies
of the viral replication strategy. According to current understanding, the foundation for
which was established in the early 1990s by experiments performed in the laboratories
of Strauss, Rice, and Sawicki, the formation of the alphaviral replication complex
depends on the production of its enzymatic and scaffolding components in the form
of the nonstructural polyprotein (ns-polyprotein) P1234 precursor (reviewed in refer-
ences 1 and 2). During the course of infection, the polyprotein-embedded protease
nsP2 performs three sequential cleavages, ultimately releasing four mature nonstruc-
tural proteins, nsP1 to -4 (3). Cleavage of the processing site between nsP3 and nsP4
(3/4 site) occurs cotranslationally or immediately after polyprotein translation. The
recognition of the processing site between nsP1 and nsP2 (1/2 site) is delayed, but its
actual cleavage immediately triggers the processing of the last site between nsP2 and
nsP3 (2/3 site) (4). It has been shown that the polyprotein stage is essential for the
correct assembly and subcellular localization of the viral replicase (5). In early stages of
infection, free nsP4 (RNA-dependent RNA polymerase) recognizes the viral RNA tem-
plate and remains associated with the P123 polyprotein to establish the negative-
strand RNA polymerase complex of alphaviruses (6). These complexes localize to mem-
brane invaginations, termed spherules, which are formed on the plasma membranes of
vertebrate cells (7), whereas the presence of polyproteins P123 and/or P23 is crucial for
spherule formation (8). Subsequent processing of P123 into mature nsP1, nsP2, and
nsP3 leads to the formation of stable late replicase complexes synthesizing genomic
and subgenomic (SG) RNAs (3). New replication complexes and negative-strand RNAs
are made only during early stages of infection, typically up to 3 to 4 h postinfection
(hpi) (9), because during later stages of infection the accumulation of free nsP2 in
infected cells reroutes processing of ns-polyprotein to the nonproductive P12�P34
pathway (4).

Elegant in its simplicity, the pathway of alphaviral replicase complex transformation
demands the presence of efficient mechanisms for regulating the protease activity. The
first layer of control may rely on the dissimilar affinities of the protease to three
different cleavage sites within the polyprotein. nsP2 is a papain-like cysteine protease,
which requires 6 residues upstream of the scissile bond for substrate recognition. The
P2 position of the cleavage site (nomenclature is according to Schechter and Berger
[10]) is invariably occupied by a Gly residue. For SFV, it was also revealed that the Arg
residue in the P4 position of the 3/4 site is the main determinant for its efficient
cleavage, whereas His in the P4 position of the 1/2 site is suboptimal for recognition
efficiency (11). Accordingly, in vitro cleavage of the SFV 3/4 site is several thousand
times more efficient than cleavage of the 1/2 site (4), which coincides with the order of
their processing. However, this explanation for processing order is difficult to apply to
either Sindbis virus (SINV), where cleavage sites are not recognized in the form of short
substrates at all, to Venezuelan equine encephalitis virus (VEEV), where all sites are
cleaved with similar efficiency (12), or to CHIKV, where the sequences of all three
cleavage sites are similar to each other and yet are processed with different efficiencies
(13). Thus, other factors that regulate processing, including site presentation and
protease competence, should exist. Thus, it has been found that cleavage of the 2/3 site
of SFV depends on long-range interactions involving the N-terminal region of nsP2, the
C-terminal protease domain of nsP2, and residues at the C-terminal region of the
macrodomain of nsP3 (11); the same phenomenon was also observed for CHIKV (14).
Extensive mutagenesis of the cleavage site sequences in the SFV ns-polyprotein
revealed a remarkable tolerance to substitutions: even a complete replacement of
affinity-determining P6 to P4 residues with alanines in all three cleavage sites could not
disrupt correct polyprotein processing (15). These findings clearly indicate that infor-
mation sufficient to maintain the correct processing pattern is present within the
architecture of the ns-polyprotein, and therefore the regulated processing of P1234 is
achieved by the interplay of macromolecular assembly and sequence-dependent rec-
ognition mechanisms.

Although the mode of cleavage for the 1/2 site is different from that for the 2/3 site,
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i.e., intramolecular (in cis) versus intermolecular (in trans), respectively (4), they are both
mostly dependent on the architecture of the polyprotein itself (15). However, in this
case, the seeming unimportance of the amino acid compositions of the 1/2 and 2/3
sites raises the obvious question of why the particular “inefficient” recognition se-
quences have been evolutionarily selected. Clearly, it is not accidental, as several results
indicate that altering the timing of P123 processing by an increased cleavage rate at the
1/2 (and, consequently, also the 2/3) site may have a major impact on the properties of
the alphavirus: for both SFV and SINV, the accelerated processing of P123 is associated
with a nonneurovirulent phenotype (16, 17). Furthermore, it has been demonstrated
that the N614D mutation in nsP2 of SINV results in a hyperactivated enzyme, causing
a lethal phenotype of the corresponding mutant virus (3, 18). However, the processing
of which of the three cleavage sites is accelerated by that mutation and the reasons
why this defect is detrimental for the infectivity of SINV genomes have not been
studied in sufficient detail.

In-depth knowledge of the mechanisms responsible for substrate recognition and
regulation of protease activity would be an essential prerequisite for elaborating
antiviral inhibitors affecting proteolytic function with high potency. Importantly, an
additional understanding of the causes, timing, and consequences of proteolytic events
may also lead to the identification of critically important points in the regulation of viral
replication, potentially laying the groundwork for specific inhibitors with a higher
threshold for the development of resistance. Along these lines, in this study, we aimed
to understand the consequences of interfering with the correct timing of cleavage
events in the SFV ns-polyprotein on viral replication. Two approaches were used in an
attempt to accelerate the proteolysis of P123: transfer of efficient cleavage sequence
from the 3/4 site into the 1/2 and 2/3 sites and/or modification of the protease domain.
It was found that optimization of the 2/3 site had a minor effect, if any, on the infectivity
of the corresponding genomes, confirming previous conclusions that this is an
assembly-dependent cleavage (19). In contrast, acceleration of the 1/2 site cleavage
drastically diminished the infectivity of the corresponding RNA genomes and resulted
in the emergence of either compensatory mutations in the cleavage site itself or
combinations of mutations in the cleavage site and in the body of the nsP2 protease.
The phenotype of the barely viable SINV N614D mutant with hyperactive nsP2 was
found to be similar to that of SFV mutants with enhanced processing at the 1/2 site.
Consistent with this, the SINV phenotype caused by hyperactivity of nsP2 could be
partly compensated for by the mutations in the 1/2 site, which decreased the efficiency
of its processing. This finding suggests that the 1/2 cleavage site plays the role of a
molecular timer that controls replicase complex formation and/or the succession of
viral replication events; for these reasons, the amino acid composition is evolutionally
selected to prevent premature cleavage at this boundary. Notably, it was found that
responsibility for the recognition of the P4 position in the 1/2 site lies with the amino
acid residue M515 of nsP2, in contrast to Q706, which was found to be crucial for
recognizing the P4 residue in the 3/4 site (15). Combined with the results of an in vivo
pathogenesis study (17), a link between mutation in the P4 residue in the 1/2 site, the
residue at position 515 of nsP2, and the attenuation of neurovirulent properties of SFV
is proposed. This new knowledge is expected to further improve our understanding of
the process of substrate recognition by alphaviral proteases and eventually provide
additional means to constrain alphaviral infection.

RESULTS
Sequence optimization at the 1/2 site, but not at the 2/3 site, results in attenuation

of mutant SFV genomes. In our previous study, it was found that the substitution of all
residues, except for the invariable Gly in the P2 position, within the minimal, 6-amino-
acid-residue-long recognition sequence of the 1/2 site with alanines had little effect on
the recovery of viruses from in vitro-synthesized mutant RNA genomes (hereafter
“infectivity”) (15). This finding suggested that the polyprotein architecture, rather than
primary structure of the cleavage site, is decisive for substrate targeting. However, if the
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amino acid composition of the cleavage site is not important and only a few small
residues surrounding P2 Gly are sufficient for the site to be recognized and cleaved in
the polyprotein context, then why does the sequence of the cleavage site remain
conserved during the error-prone viral replication process, and for what purpose is it
evolutionarily selected? To address these questions, we decided to challenge the
seeming unimportance of the actual amino acid composition of the cleavage site
sequences by replacing the P6 to P4 residues of the 1/2 and 2/3 sites of SFV4 with the
very efficiently recognized Leu-Gly-Arg (LGR) sequence originally found in the 3/4 site
(Fig. 1A), and we analyzed the consequences of such mutations.

The infectious-center assay (ICA) revealed that SFV4-2LGR had RNA infectivity equal
to that of the parental SFV4. All introduced mutations were preserved, and no second-
site mutations were found in the genomes of plaque-purified isolates of SFV4-2LGR
(Fig. 1B). These results correlate with our previous findings concerning the SFV(23/
RAGC) mutant virus, which, despite having a P4 Arg residue in the 2/3 site, had RNA
infectivity and ns-polyprotein processing similar to those of wild-type (wt) SFV4 (11),
confirming that optimization of the 2/3 site has no significant effect on the infectivities
of the corresponding viruses. In contrast, compared with that of wt SFV4, the infectiv-
ities of SFV4-1LGR and SFV4-1�2LGR RNAs were reduced 1,000- and 5,000-fold, re-
spectively (Fig. 1B). This result indicated that although the optimization of the 1/2 site
was not completely lethal, the introduced mutations also were not tolerated. Further-
more, such a drop in infectivity often leads to the emergence of compensatory changes
in the viral genome, such as reversions, pseudoreversions, and/or second-site compen-
satory mutations (15, 19). As expected, the sequencing of 30 individual clones, each
representing an example of the 1/2 site region of the rescued viruses, revealed that the
cleavage-optimized 1/2 site was consistently altered. By far the most common change,
which was found in all 30 cases for the SFV4-1LGR and in 29 of 30 cases for SFV4-
1�2LGR, was the reversion of P4 Arg to the original His residue or its replacement by
a Cys, Ser, or Leu residue (Fig. 1B). The frequencies of all four types of changes, all
resulting from a single nucleotide substitution, were nearly equal and were not affected
by five passages of SFV4-1LGR and SFV4-1�2LGR at a low multiplicity of infection
(MOI). Growth curves of viruses with His, Cys, Ser, or Leu in the P4 position were
identical to that of wt SFV4 (data not shown). No additional mutations were detected
for plaque-purified SFV4-1LGR isolates, whereas a single SFV4-1�2LGR isolate had an
additional D353G change in the hypervariable region of nsP3 (Fig. 1B). Therefore, it was
concluded that four (pseudo)reversions in the P4 position of the 1/2 site are function-
ally equivalent, and each of them is sufficient to restore the infectivity of mutant
viruses. This result was directly confirmed by analysis of recombinant SFV4 genomes
encoding ns-polyproteins with LGH or LGL sequences in the P6 to P4 positions of the
1/2 site: each of them had an infectivity similar to that of the wt SFV4 (Fig. 1B).

SFV genomes with Arg in the P4 position of the 1/2 site restore infectivity via
adaptive mutations. The only virus which had maintained the Arg residue in the P4
position of the 1/2 site was isolated from the SFV4-1�2LGR progeny. It had two
potential adaptive mutations in its genome. First, the P1 residue of the 1/2 site was
changed from the original Ala to Val, and second, the Val515-to-Met (V515M) mutation
in nsP2 was detected (Fig. 1B). To test the functional effect of these mutations,
recombinant virus genomes based on both SFV4-1LGR and SFV4-1�2LGR backgrounds
were designed (Fig. 1C). First, the mutation in the P1 residue was analyzed. It was found
that in the context of SFV4-1LGR, introduction of the P1 Val residue was sufficient to
completely restore RNA infectivity (Fig. 1C). However, in the context of SFV4-1�2LGR,
the infectivity remained slightly (3-fold) lower than that of wt SFV4. Thus, the presence
of Val in the P1 position of the 1/2 site was sufficient to restore the infectivity of SFV4
bearing the LGR sequence in positions P6 to P4. The combination of the V515M
mutation in nsP2 and the P1 Val change in the 1/2 site did not further increase the RNA
infectivity; instead, a small decrease was observed (Fig. 1C). Curiously, earlier studies by
Russo and colleagues predicted that amino acid residue 513 in nsP2 of VEEV, corre-
sponding to the Val515 residue in nsP2 of SFV4, is implicated in the recognition of the
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P4 residue of the substrate (20). Moreover, the SFV isolate A7(74), which naturally
carries an Arg residue in the P4 position of the 1/2 site, has, unlike SFV4, a Glu515
residue in nsP2. These observations strongly suggest that the V515M substitution
should have functional significance. To test this hypothesis, a panel of mutants was
constructed and the infectivities of their RNA genomes measured. First, it was found
that the P4 His-to-Arg (1RP4) change results in a 10-fold decrease in infectivity (Fig. 1C).
This observed decrease was much smaller than the defect caused by triple mutation in

FIG 1 Effects of the 1/2 and/or 2/3 site optimization mutations in the context of the SFV4 genome. (A) Schematic presentation of the parental SFV4 genome
and its mutant versions. Mutated upstream (P-side) residues are shown in boldface. (B) Infectivities of in vitro-synthesized virus RNAs, comparative plaque sizes,
and pseudoreversions/second-site mutations identified in the genomes of rescued mutant viruses. (C) Graphical presentation of SFV4 nsP2 with regions flanking
1/2 and 2/3 sites. Mutations and compensatory changes affecting P-side residues and the Val 515 residue of nsP2 in the listed constructs are shown in boldface.
The infectivity of in vitro-synthesized virus RNAs is shown for each construct. All experiments were repeated at least twice with similar results.

Timing of Alphavirus Polyprotein Processing Journal of Virology

July 2018 Volume 92 Issue 14 e00151-18 jvi.asm.org 5

http://jvi.asm.org


the P6 to P4 positions, which suggests that the P5 and/or P6 positions also have a
significant role in regulating the processing of the 1/2 site. As expected, the introduc-
tion of the V515E mutation into nsP2 fully restored the infectivity of SFV4-1RP4,
indicating that the combination of P4 Arg in the 1/2 site and Glu515 in nsP2, which are
naturally found in SFV A7(74) and other alphaviruses such as CHIKV and RRV, is also fully
functional in the context of the SFV4 genome. Furthermore, the V515M mutation
completely restored the infectivity of SFV4-1RP4 (Fig. 1C). However, a V515M or V515E
mutations alone had only a minor influence on the recovery of wt SFV4 (Fig. 1C). In all
these assays, all introduced mutations were preserved in the rescued virus stocks, and
the morphology of the plaques was similar to that of the plaques produced by wt SFV4.

Recombinant viruses harboring compensatory changes have P1234 processing
similar to that of wt SFV4. It is known that the SFV isolate A7(74) with Arg in the P4
position of the 1/2 site has accelerated processing of P123 in infected cells (17).
Concomitantly, mutations of the P6 to P4 residues of SFV4, presumably leading to
artificial acceleration of 1/2 site processing, immediately induce compensatory changes
(Fig. 1B). Therefore, it can be assumed that compensatory mutations act by decreasing
the rate of P123 cleavage back to acceptable levels. To confirm this conclusion, P1234
processing of four plaque-purified isolates from SFV4-1LGR progeny [SFV4-1LGR(R/C),
SFV4-1LGR(R/H), SFV4-1LGR(R/L), and SFV4-1LGR(R/S)] and one isolate from SFV4-
1�2LGR progeny (SFV4-1LGRAGV-2LGR-V515M) was compared to that of wt SFV4 in
pulse-chase experiments. In infected BHK-21 cells, the processing of ns-polyproteins of
(pseudo)revertants of SFV4-1LGR with a His, Leu, or Ser residue in the P4 position of the
1/2 site was indeed very similar to that for parental SFV4; the only difference was a
slight reduction in the amounts of unprocessed polyprotein precursors in the chased
samples (Fig. 2). This finding indicated that despite compensatory changes, the 1/2 site
cleavage rate remained slightly higher than that in wt virus. All of these differences,
however, were minor, consistent with the high infectivity of the SFV4-1LGH and
SFV4-1LGL constructs (Fig. 1B). SFV4-1LGR(R/C) displayed a slight delay in P123 pro-
cessing; simultaneously, no difference in the processing of P1234 and P34 was ob-
served (Fig. 2). The processing of P1234 of SFV4-1LGRAGV-2LGR-V515M was affected to
a somewhat greater extent: the release of nsP2 was clearly delayed, and the amounts
of the P123 and P12 precursors concomitantly increased (Fig. 2). Nevertheless, it can be
concluded that all rescued viruses had a P1234 processing pattern and timing that were
rather similar to those of wt SFV4. These results clearly demonstrate that the compo-
sition of the 1/2 site is actively selected to enable such timing in the cleavage pattern
that is optimal for performing the tasks of viral replication.

FIG 2 Processing of the ns-polyproteins in BHK-21 cells infected with SFV4 and its mutant variants. Cells were infected with wt SFV4 and five independently
plaque-purified isolates of mutants and labeled with [35S]methionine, followed by a 10-min chase with an excess of cold methionine. The proteins were
extracted from the infected cells, denatured with 1% SDS, analyzed via immunoprecipitation with antibodies against nsP1 and nsP2 or against nsP3 and nsP4
(shown above the lines) followed by SDS-PAGE, and visualized using a Typhoon imager; quantification was performed using ImageQuant software. The viruses
used in the assays are indicated at the top of each panel, and the origin of the samples (pulse or chases) is shown below. The positions of the SFV nsPs and
their polyprotein precursors are indicated on the right. The ratios indicate the amount of label that was incorporated into individual nsP2s or nsP3s compared
with the amount incorporated into unprocessed P123; ratios for SFV4 in pulsed samples are taken as 1.
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The negative effect of hyperprocessing mutation in nsP2 of SINV can be alleviated
by deoptimization of the 1/2 site. The presumed acceleration of 1/2 site cleavage by
cleavage site mutation leads to reduced infectivity and causes the emergence of
compensatory mutations (Fig. 1). Interestingly, instead of modifying the cleavage site to
optimize it for more efficient cleavage, processing of P1234 can also be accelerated by
alteration of protease properties via the introduction of hyperactivating mutations in
nsP2. Therefore, we were interested in determining whether hyperactivation of nsP2
would lead to consequences for corresponding virus growth characteristics that were
similar to those with cleavage site mutations. The N614D substitution in SINV nsP2 has
been reported to accelerate the processing of the SINV ns-polyprotein in cell-free
translation experiments and to cause a lethal phenotype for SINV (18). However, earlier
studies have not clarified whether the N614D substitution causes a general increase in
SINV nsP2 protease activity or causes the enzyme to be abnormally active in performing
cleavage at a particular site(s) in P1234. To address this question, we first attempted to
copy this mutation into SFV4, which would allow comparative analysis of the properties
of hyperactive nsP2 protease with the existing set of cleavage site mutants. Sequence
alignment suggested that N614 in SINV nsP2 corresponds to N605 in nsP2 of SFV4;
however, introduction of the N605D mutation into the SFV4 genome did not render a
hyperprocessing phenotype but caused a severe temperature-sensitive (ts) defect: the
infectivity of SFV4-N605D was 1.4 � 102 PFU/�g of RNA at 37°C but was close to wt
levels (5.8 � 105 PFU/�g of RNA) at 31°C. The virus was genetically unstable, and the
N605D mutation reverted rapidly. Therefore, it was concluded that the specific pheno-
type of SINV-N614D protease cannot be easily reproduced in SFV4.

For this reason, we returned to the original Toto1101 clone of SINV to analyze the
effects caused by the hyperprocessive mutation. Interestingly, in our hands, the N614D
mutation in SINV nsP2 was not lethal; instead, an approximately 2,500-fold reduction of
RNA infectivity compared with that for wt SINV was observed (Fig. 3). The rescued virus
maintained the N614D mutation even after three passages at a low MOI. No second-site
adaptive mutation was found in the ns region of the virus, indicating that a compen-
sation of the processing defect was not strictly required for SINV-N614D. Nevertheless,
based on the findings that the timing of cleavage of the 1/2 site is important for SFV,
we hypothesized that the strongly attenuated SINV-N614D could be rescued by deop-
timization of the 1/2 site (QADIGA2A). We took advantage of the sequence of the 2/3
site of SINV (RDGVGA2A), which is known to be the least optimal for protease
recognition, and replaced the P4 Asp residue of the 1/2 site with a Gly residue
(SINV-N614D-1GP4) or replaced the P6 to P4 residues in the 1/2 site with those from the
2/3 site (SINV-N614D-1RDG). Analysis of the recombinant SINV genomes revealed that
in comparison to SINV-N614D, SINV-N614D-1GP4 had 6-fold- and SINV-N614D-1RDG
more than 100-fold-higher infectivity (Fig. 3). Both rescued viruses replicated to high
titers, and all introduced mutations were stably inherited in their progeny (Fig. 3). These
data suggest that the enhanced and/or premature cleavage of the 1/2 site is the main
molecular defect underlying the low infectivity of SINV-N614D. It also indicates that

FIG 3 Effects of hyperactivation of nsP2 protease and compensatory effect of changes in the 1/2 site on the infectivity of SINV.
A graphical presentation of the SINV 1/2 site and nsP2 region is shown. The star symbol represents the location of the catalytic
Cys residue of the protease active site. The hyperactivating mutation in nsP2 (N614D) and mutated P-side residues of 1/2 site
are shown in boldface. The infectivity of the in vitro-synthesized virus RNAs is shown for each mutant SINV. Experiments were
repeated at least thrice with similar results.
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defects, caused either by the excessive activity of alphavirus protease or by the
enhanced cleavage of the 1/2 site, can be compensated for by introducing or selecting
amino acid changes that restore wt-like polyprotein processing.

Effects of the cleavage site and nsP2 protease mutations on the efficiency of
SFV P1234 processing. The data presented thus far represent only indirect proof that
mutations introduced into cleavage sites and/or the nsP2 protease affect P1234 pro-
cessing. Unfortunately, direct confirmation was not possible due to the immediate
appearance and accumulation of (pseudo)reversions and/or second-site mutations (Fig.
1). Therefore, the direct effects of introduced mutations were studied using the in vitro
transcription/translation/processing assay. This analysis clearly demonstrated that all
mutant polyproteins carrying the LGRAGA sequence in the 1/2 site were indeed
processed faster than wt P1234 (Fig. 4). As anticipated, no dramatic effect on processing
was observed in the case of polyproteins with the LGRAGA sequence in the 2/3 site.
Consistent with the data obtained in pulse-chase experiments (Fig. 2), polyproteins
containing LGHAGA or LGLAGA in the 1/2 site were processed slower than P1234 with
the LGRAGA sequence but still somewhat faster than wt P1234 (Fig. 4). These findings
confirmed that the main effect of pseudoreversions present in the progeny of SFV4-
1LGR was indeed achieved by slowing down the artificially enhanced processing of the

FIG 4 Effects of mutations in P1234 of SFV and SINV on polyprotein processing and their ability to perform
minigenome replication and transcription. (Top) Schematic presentation of the construct for production of
replication-competent template RNAs (minigenome reporters) for SFV and SINV replicases. T7, minimal
promoter for bacteriophage T7 RNA polymerase; G, genomic promoter of virus; SG, subgenomic promoter
of virus; nsP1, sequence encoding N-terminal fragment of nsP1; 2A, sequence encoding foot-and-mouth
disease virus 2A autoprotease; Rz, HDV negative-strand ribozyme. (Bottom) Results of in vitro transcription/
translation/processing and trans-replication assays. In vitro transcription/translation was carried out in
triplicate using the TNT-coupled T7 rabbit reticulocyte lysate system; obtained products were separated via
SDS-PAGE. Bands corresponding to nsP2 and P123 precursor were quantified using a Typhoon imager.
nsP2/P123 ratios were calculated, normalized to those obtained for wt P1234 of SFV or SINV (each was
taken as 100), and presented as the mean � standard deviation (SD). The trans-replication assay was carried
out in triplicate using BSR-T7/5 cells transfected with mixtures consisting of plasmid encoding SFV or SINV
polyprotein and plasmid for expression of the corresponding minigenome reporter. Cells transfected only
with plasmid encoding the minigenome reporter served as controls. Cells were lysed at 24 hpt, and FFLuc
and RLuc activities were measured. Signal amplifications were calculated by dividing the corresponding
FFLuc and RLuc activities from cotransfected cells by values measured using control cells (corresponding
values were taken as 1). The experiments were repeated thrice with similar results. The values are presented
as the mean � SD.
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1/2 site. The processing efficiency of P1234-1LGRAGV-2LGR-V515M was found to be
very close to that of wt SFV P1234, whereas elimination of the V515M mutation resulted
in faster processing. The processing of P1234-1RP4 was also fast, and it was slightly
decelerated by the addition of V515M or V515E mutations. Individually, the V515M and
V515E mutations also slowed down the processing of P1234. Thus, taking the data
together, we concluded that although the V515M mutation did not cause a drastic
change in the infectivity of recombinant virus genomes (Fig. 2), it did, similar to the
V515E mutation, slow down the processing of wt P1234 and P1234 with different
mutations in the vicinity of the 1/2 site (Fig. 4). As expected, the processing of
SINV-P1234-N614D was found to proceed at elevated rates and was slowed down by
the introduction of either the 1RDG or 1GP4 mutations (Fig. 4). These data support the
idea that the low infectivity of SINV N614D was indeed mostly due to the premature
processing of the 1/2 site and that the infectivity of mutant genomes was partially
restored by slowing down the abnormally fast processing at the 1/2 site.

Mutations in the cleavage sites and nsP2 protease domain affect the ability of
the alphavirus replicase to perform genome replication and SG RNA synthesis.
Accelerated processing of P1234 most likely hampers crucial viral functions such as the
formation and/or functioning of replication complexes. To analyze the effects of
introduced mutations on the viral RNA synthesis, a trans-replicase assay that excludes
reversion/pseudoreversion of any mutations was used. The assay was carried out using
BSR-T7/5 cells cotransfected with expression plasmids for replicase (P1234) and a
minigenome reporter, encoding firefly and Renilla luciferases (FFLuc/RLuc). In these
cells, the constitutively expressed bacteriophage T7 RNA polymerase utilizes the FFLuc/
RLuc reporter plasmid to synthesize noncapped template RNA. If this RNA is recognized
in trans and utilized for genomic RNA replication and SG RNA transcription, RLuc would
be expressed from the newly made SG RNAs, and the expression of FFLuc from the
replicase-made capped genomic RNAs should be enhanced (Fig. 4). The relevance of
such an in cellulo testing system to actual events of viral RNA replication has been
elucidated previously (21, 22). The additional advantage of the system is the ability to
employ the same constructs used for the in vitro transcription/translation assay.

As expected, in cells transfected only with minigenome reporter plasmids, the expres-
sion of both markers was low. Cotransfection of minigenome reporter plasmid with the
plasmid expressing wt P1234 of SFV4 activated the expression of FFluc and RLuc �200- and
�12,000-fold, respectively; the plasmid expressing wt P1234 of SINV activated the expres-
sion of these markers from the corresponding template �80 and �20,000-fold, respectively
(Fig. 4). Much more prominent amplification of the signal of the SG marker (RLuc) was due
to a lower background, making this reporter a more reliable indicator of viral replicase
activity, especially in cases in which viral RNA synthesis was relatively inefficient; hence, only
corresponding values were used to determine the significance of observed differences. As
expected, cotransfection with plasmids expressing the P12CA34 polyproteins, which are
unable to release functional nsP4 subunit due to the mutation in the active site of nsP2
protease, failed to increase the expression of any marker protein, emphasizing the vital role
of 3/4 cleavage and making these constructs suitable negative controls. In contrast,
expression of P1^2^34 of SFV4, which is unable to process only the P123 part of
polyprotein, activated expression of FFLuc and RLuc �12- and �870-fold, respec-
tively (Fig. 4).

P1234-1LGR and P1234-1�2LGR, both of which are characterized by significantly faster
cleavage at the 1/2 site than wt P1234 (P � 0.01 for both mutants), failed to activate the
expression of any markers. The ability of P1234-1RP4, also possessing significantly faster
cleavage at the 1/2 site (P � 0.05), to form functional replicase was also significantly
(approximately 540-fold, P � 0.001) diminished (Fig. 4). Consistent with the SFV4-1LGL and
SFV4-1LGH RNA infectivity data (Fig. 1B) and the results of the in vitro transcription/
translation/processing assay, these pseudoreversions that slowed down processing of the
1/2 site restored the ability of the polyprotein to perform replication/transcription of
minigenomes (P � 0.01 for both pseudoreversions) (Fig. 4). The V515M and V515E muta-
tions, when introduced into wt P1234 polyprotein, also significantly slowed down its
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processing (P � 0.01 for both V515M and V515E) and increased its ability to replicate/
transcribe the minigenome reporter (P � 0.01 and P � 0.05, respectively) (Fig. 4). In
agreement with predictions (20), similar substitutions also clearly and significantly (P � 0.01
for both V515M and V515E) increased the ability of the polyprotein harboring the 1RP4

substitution to activate the expression of the RLuc marker via SG RNA (Fig. 4). We conclude
that these effects likely originate from the reduction of general protease activity of nsP2
harboring the V515E substitution, similar to previous findings (17).

Mutant polyprotein containing the LGRAGC sequence in the 2/3 site was able to
activate expression of both markers, although with greatly and significantly (P � 0.001)
decreased efficiency compared with wt P1234 (Fig. 4). A similar effect was also observed
when the ability of P1234-1GRAGV-2LGR-V515M and its split variants (P1234-1GRAGV-
2LGR and P1234-1GRAGV) to activate replication/transcription of minigenome reporter
was analyzed. P1234-1GRAGV provided relatively efficient activation of template RNA
replication/transcription; compared to P1234, only an approximately 20-fold reduction
(P � 0.001) was observed. The addition of the 2LGR mutation resulted in approximately
50-fold further reduction (P � 0.01) of replication/transcription activity (Fig. 4). The
V515M mutation, after addition to 1GRAGV-2LGR, again increased replication/transcrip-
tion significantly (approximately 40-fold, P � 0.01) (Fig. 4). Thus, although the 2LGR
mutation did not impair the infectivity of the corresponding viruses (Fig. 1B), it did have
a prominent negative effect on the template RNA engagement and/or its replication/
transcription. The accelerated processing at the 2/3 site was, to an extent, compensated
for by decreased general protease activity of nsP2 harboring the V515M substitution
(Fig. 4). Taken together, these findings indicate that premature cleavage of the 2/3 site
has a negative effect on SFV replication. In addition, these data also clearly show that
the trans-replicase assay is more sensitive and informative than the experiments using
mutant viral genomes, since the latter failed to reveal that the acceleration of 2/3
cleavage could indeed affect virus replication (11, 19).

As anticipated, SINV-P1234-N614D was very inefficient in the trans-replication assay:
the expression of FFLuc was not activated at all, while the expression of RLuc was
increased as little as 7.7-fold (an approximately 2,500-fold reduction compared to wt
P1234, P � 0.001) (Fig. 4). Thus, the inability to form a functional replicase due to
accelerated processing of 1/2 and, possibly, also 2/3 cleavage sites was clearly the cause
of the drastically reduced infectivity of the corresponding RNA genomes. No increase
in the expression of the marker from genomic RNA was observed when 1GP4 or 1RDG
mutations were introduced into the P1234-N614D polyprotein; however, the RLuc
reporter signal from SG RNA increased 3- to 4-fold, and these increases were statistically
highly significant (P � 0.001 for 1GP4 and P � 0.01 for 1RDG) (Fig. 4). These findings
may also indicate that the N614D mutation has an impact on the 2/3 site cleavage,
possibly with consequences similar to those for the 2LGR mutation in the context of
SFV P1234. Remarkably, such a fairly modest increase in replicative ability in the
trans-replicase assay was apparently sufficient to cause more than a 100-fold improve-
ment of RNA infectivity after addition of the 1RDG mutation to the genome of
SINV-N614D (Fig. 3). Thus, the correlation between the ability of the polyprotein to
activate replication/transcription of the minitemplate and the genome infectivity of the
corresponding mutant viruses was not linear. Indeed, the replicase/transcriptase activ-
ity of P1234-1RP4 of SFV4 was even lower than that of SINV P1234-N614D-1RDG (Fig. 4),
and yet the SFV4 genome harboring such a mutation had an infectivity of 5 � 104

PFU/�g RNA (Fig. 1C), which was even higher than that of SINV-N614D-1RDG (Fig. 2).
The conjunction of the results of ICA, polyprotein processing, and minigenome repli-
cation analyses allowed to conclude that the cleavages within the wt polyprotein are
required to proceed within a rather narrow time window, and therefore even small
changes in timing of processing can lead to profound defects in replication capacity
and/or virus genome infectivity.

Mutational analysis of the N-terminal region of nsP2 reveals its possible implica-
tion in contacts with other viral proteins. Since the above-described experiments
identified the utmost importance of the correct timing of 1/2 site processing, it is now
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of particular interest to identify why this cleavage is so important. The immediate
results of 1/2 site cleavage are the separation of nsP1 from the rest of the polyprotein
and liberation of the N terminus of nsP2. The most N-terminal region of nsP2 is
conserved among different alphaviruses (Fig. 5A) and has been previously shown to be
critically important for 2/3 site recognition (19), as well as for nucleoside triphosphatase
(NTPase) and RNA helicase activities of nsP2 (23). Therefore, we decided to analyze
whether some residues of the immediate N-terminal region of nsP2 are of particular
importance and may also be implicated in regulating the 1/2 site cleavage, since they
are part of P= side of the 1/2 site, or start playing a regulative role in viral replication
events as part of the freed N terminus of nsP2.

To reveal the possible significance of this region in regulating the 1/2 site cleavage,
alanine scanning within amino acid residues 3 to 7 of SFV nsP2 was performed. In vitro
transcription/translation/processing revealed that compared with wt P123, mutant
P123 polyproteins were less actively processed; the effects were especially prominent
for the P123-V3A and P123-R7A mutants (Fig. 5B, left panel). After immunoprecipitation
using anti-nsP3 antibody (Fig. 5B, right panel), it became evident that the effects caused
by these two mutations were different from each other. The R7A mutation resulted in
a prominent reduction in the amounts of released mature nsP2 and nsP3 and in the
concomitant accumulation of processing intermediate P23 (Fig. 5B). As the release of
mature nsP1 was not affected (Fig. 5B, left panel), it was concluded that the R7 residue
of nsP2 was directly involved in the recognition of the 2/3 site and/or sequences in nsP3
required for processing of this site. In contrast, the V3A mutation increased the stability
of P123 (Fig. 5B) but caused little or no increase in the amounts of P23 (Fig. 5B). Thus,
mutation of the P3= residue suppressed 1/2 site cleavage. The effect of V3A as well as

FIG 5 The N-terminal amino acid residues of SFV nsP2 affect polyprotein processing, RNA infectivity, virus growth, and cytotoxicity of the
corresponding mutant viruses. (A) Comparison of sequences of first 10 N-terminal amino acid residues of SFV, CHIKV, RRV, SINV, and VEEV nsP2.
(B) Left panel, results of in vitro transcription/translation/processing of P123 (wt), P123-V3A, P123-E4A, P123-T5A, P123-P6A, P123-R7A, P12^3, and
P1^2^3 of SFV. Right panel, analysis of the same samples after immunoprecipitation with anti-nsP3 antibodies. Proteins were separated by
SDS-PAGE and visualized using a Typhoon imager; quantification was performed using ImageQuant software. The ratios under the left panel
indicate the amount of label that was incorporated into the individual nsP2 protein compared with the amount incorporated into unprocessed
P123. The ratios under the right panel indicate the amount of label that was incorporated into the individual nsP3 protein compared with the
amount incorporated into unprocessed P123 or unprocessed P23. In all cases, ratios for wt P123 are taken as 100. (C) Graphical presentation of
the 1/2 site region of SFV4 and its mutant versions. Mutated residues of nsP2 are shown in boldface. The results for RNA infectivity, plaque sizes,
cytopathic effects (CPE) at 24 hpi, and second-site mutations revealed in the genomes of the rescued mutant viruses are shown. All experiments
were repeated at least twice with similar results.
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E4A, T5A, and P6A mutations on 2/3 site processing was mild (barely detectable) and
most likely indirect: as 2/3 site cleavage depends on the preceding 1/2 site processing,
which releases the N terminus of nsP2 involved in 2/3 site recognition, all the defects
in the first site will be passed on to the second cleavage.

In the context of SFV4, all the above-listed alanine mutations in the N terminus of
nsP2 had little, if any, effect on virus infectivity (data not shown). Thus, it was
unreasonable to expect an accumulation of compensatory changes that could be used
to reveal possible genetic interactions of the N-terminal region of nsP2 with other parts
of the ns-polyprotein. To enhance the impact of mutations in this region on virus
replication, we combined two alanine mutations of charged residues (E4A�R7A) and
introduced charge reversal changes, R7E and E4R�R7E, in nsP2 (Fig. 5C). These changes
caused a clear reduction of virus infectivity; the effect was most profound for SFV4-
E4R�R7E (�1,000-fold) and smallest for SFV4-E4A�R7A (�40-fold). Viruses containing
charge reversion mutations had small-plaque phenotypes, and importantly, sequencing
of their genomes revealed different second-site mutations. Surprisingly, none of the
changes were found within nsP2 itself. Instead, several mutations were found in the
methyltransferase domain of nsP1 (D119N and M241V), one in the zinc-binding domain
of nsP3 (F311I), and one in the capsid protein (K100T). Although a detailed analysis of
these mutations is beyond the scope of current study, it should be noted that these
residues are present in locations that are important for the alphavirus infection process.
Thus, the compensatory mutation M241V in nsP1 lies close to the membrane-binding
amphipathic peptide (amino acid residues 245 to 264). Most strikingly, however, the
compensatory change in D119N in nsP1 is identical to the mutation responsible for the
ts phenotype of SFV (ts14) (24, 25), which is known to have reduced P1234 processing
and P12 processing intermediate accumulation (25), reinforcing the assumption that
the emergence of this change in response to modification of the N terminus of nsP2 is
unlikely to be accidental. Interestingly, a recent report by Kumar and colleagues also
confirmed direct interactions between the N-terminal region of CHIKV nsP2 and the
central part of nsP1 (amino acid residues 170 to 288) that appear to have functional
significance for NTPase activity of nsP2 (26). The residue corresponding to F311 in SFV
nsP3 is a ts7 mutation site (F312S) in SINV that is known to cause specific defects in
negative-strand RNA synthesis (27). The substitution of the charged K100 residue in the
capsid protein is also of significant interest because studies with VEEV have shown that
the inability of mutated (charge-neutralized) VEEV capsid to package viral RNA can be
compensated for by adaptive changes in nsP2, including the modification of conserved
N-terminal residues (Val3 and Thr5) (28) in addition to other regions of VEEV nsP2 (29).
Therefore, it has been previously suggested that nsP2 may be implicated in coordinat-
ing the packaging of alphaviral RNA into nucleocapsids. Taken together, these new
findings suggest the intricate involvement of the most N-terminal part of alphaviral
nsP2 in regulating various activities of other viral proteins (nsP1, nsP3, and capsid
protein) required for viral RNA replication and packaging. It is conceivable that the
ability of the N terminus of nsP2 to exert its impact on fellow viral proteins is in turn
dependent on its accessibility, which is altered upon 1/2 site processing, thus making
this cleavage particularly important and placing the timing of the cleavage event under
tight selective pressure.

DISCUSSION

In this study, we aimed to explore the possible impact of speeding up ns-polyprotein
processing on alphavirus infection. The first approach, which was used in an attempt to
accelerate proteolysis, was based on introducing an efficiently cleaved sequence from the
3/4 site into the 1/2 and 2/3 sites. In the SFV4 ns-polyprotein, the sequences of the 1/2 and
3/4 sites are different (EYHAGA2G and LGRAGA2Y, respectively), which under cell-free
conditions leads to almost 5,000-fold more efficient cleavage of the latter site (4). The
difference in cleavage efficiencies of the 1/2 and 3/4 sites for the related CHIKV, where the
sequences of these sites are more similar to each other (EDRAGA2G and LDRAGG2Y,
respectively), is much smaller, because of both the more efficient cleavage of the 1/2 site
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and the less efficient cleavage of the 3/4 site (13). Interestingly, the 1/2 site in the natural
A7(74) strain of SFV also contains the P4 Arg residue, which has been shown to have
consequences for ns-polyprotein processing and virulence of the virus (17). These are just
a few examples of findings directly or indirectly indicating the existence of a complex
interplay between different factors affecting the processing and functioning of the viral
replicase precursor. To obtain more insight into these processes, the second approach,
based on the use of SINV harboring an N614D mutation in the protease part of nsP2,
rendering the protease hyperprocessive, was implemented.

Although it is known that cleavage of the 1/2 site in the P1234 polyprotein of
alphaviruses is postponed during the course of infection, neither the factors delaying
this proteolytic event nor the molecular consequences that follow this cleavage occur-
rence are entirely understood. Our findings revealed that acceleration of 1/2 site
cleavage drastically diminished the infectivity of mutant viruses (Fig. 1 and 3). Analysis
of the progeny of rescued viruses revealed that they survived with the help of
compensatory mutations either in the cleavage site itself or by combinations of
mutations in the cleavage site and in the body of nsP2 protease (residue 515) (Fig. 1B);
all these changes were associated with decreasing the rate of 1/2 site cleavage (Fig. 4)
and restoring the original pattern of ns-polyprotein processing (Fig. 2). These results
highlight the importance of the 1/2 site sequence as a subject of evolutionary selection
toward not-too-efficient recognition by the ns-protease. The findings also suggest that
the 1/2 site performs a function of a molecular time delay relay that controls the
succession of crucial events in alphavirus replicase formation and functioning. For a
productive viral infection process, the stability of P123 must be sufficient to allow the
trafficking of viral protein complexes to the inner surface of the plasma membrane (5),
where it is involved in the formation of viral replication compartments (spherules). In
addition, the processing of P123 is delayed because only in its unprocessed form does
it have specific properties that allow the initiation and completion of the synthesis of
negative-strand RNA. Once these tasks are completed, cleavage of P123 is allowed to
occur, and it initiates changes in the conformation of the replicase complex which
eventually lead to transformation of viral replicase into the genomic and SG RNA-
transcribing machine. Since the proteolytic maturation of P123 starts with 1/2 site
cleavage, an event of such importance apparently must be regulated by multiple
factors. The cis preference of the 1/2 site cleavage (4) represents one such mechanism.
A previous study revealed that the 1/2 site targeting is dependent on its presentation
to the protease active site that is imposed by the tertiary structure of the viral
replication complex (15). Here, we demonstrated that the responsibility for recognizing
the P4 position in the 1/2 site lies in amino acid residue V515 in nsP2, in contrast to
Q706, which was found to be crucial for recognizing the P4 residue in the 3/4 site (15).
Further analysis of the determinants of cis cleavage in the 1/2 site, including the
identification of additional viral and cellular factors involved in the regulation of its
processing, is the topic of ongoing studies.

In this study, it was found that optimization of the 2/3 site sequence had a minor (if
any) effect on the infectivity of the corresponding mutant genomes; this is consistent
with a previous conclusion that it is dominantly an assembly-dependent cleavage (15).
However, for the first time for this site, we also acquired clear evidence that the timing
and/or efficiency of the cleavage is crucial for the alphavirus. First, an interesting double
mutant, SFV4-1LGRAGV-2LGR-V515M, was discovered in the progeny of SFV4-1�2LGR.
Since Arg in the P4 position of the 1/2 site was found to be strongly counterselected
in other isolates, it is reasonable to assume that the adaptation arose by first acquiring
the P1 change (LGRAGA to LGRAGV) that aimed to reduce the 1/2 site cleavage
efficiency even in the presence of Arg as P4 (Fig. 4); this should also have delayed 2/3
site cleavage due to the decreased release of nsP2 with a free N terminus. This
adaptation was, however, followed by the V515M change, which does not offer any
advantage for viral RNA infectivity (compare SFV4-1LGRAGV�2LGR and SFV4-
1LGRAGV-2LGR-V515M in Fig. 1C), indicating the presence of other flaws that required
compensation. As this mutant was rare (found only once among 30 sequences), it could
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be considered that this failing, almost certainly related to the presence of the LGR
sequence in the 2/3 site, was relatively mild yet important for the virus. Indeed, the
trans-replicase assay clearly confirmed that the sequence of the 2/3 site is important for
virus RNA synthesis (Fig. 4). It has been proposed that when the concentration of free
nsP2 in the cell rises, the processing of the ns-polyprotein is switched from the
P123�nsP4 to the nonreplicative P12�P34 pathway (4); for polyproteins carrying the
2LGR mutation, this switch likely occurs at lower levels of free nsP2 than it does for wt
polyproteins. In addition, recent data on the alphavirus replicase complex assembly
process also highlight the crucial role of unprocessed P23, and by extension the slow
cleavage of the 2/3 site, in spherule formation (8). Thus, the defect caused by the 2LGR
mutation may not provide enough time for such a process to occur. This conclusion is
supported by two observations. First, the negative effect of the 2LGR substitution was
clearly more prominent in the trans-replicase assay (Fig. 4). During virus infection, the
ns-polyprotein and/or its cleavage products (P123 and P23) can directly interact with
the viral genome (in cis binding to their own template mRNA) and initiate replication
complex assembly. In contrast, in the trans-replicase system this is not possible, and
ns-polyproteins should find a suitable template RNA provided in trans. Compared with
the binding that occurs in cis, it is obviously less efficient and/or more time-consuming
and must therefore also be more vulnerable to premature cleavage of the 2/3 site.
Hence, the presence of mutations that reduce the protease activity of nsP2 in general
(V515M or V515E) has a more prominent effect in this system. Second, the phenotype
of the barely viable SINV-N614D mutant was found to be similar to that of SFV mutants
with enhanced processing at the 1/2 and 2/3 sites. Thus, comparison of SINV-N614D
and SINV-N614D-1RDG demonstrated that the slowdown of 1/2 site processing (Fig. 4),
albeit having a major effect on RNA infectivity (Fig. 3), had a surprisingly small positive
effect on the RNA synthesis efficiency in the trans-replicase assay (Fig. 4). Although
alternative explanations are certainly possible, this again points toward the importance
of 2/3 site processing (P23 stability) for efficient assembly of functional replication
complexes.

The conserved N-terminal region of nsP2 has been previously shown to be essential
for the ability of the enzyme to recognize the 2/3 junction (19) and for its NTPase and
RNA helicase activities (23). The localization of compensatory changes, detected in the
progeny of SFV4-E4R�R7E and SFV4-R7E (Fig. 5), also suggests the involvement of the
N-terminal part of nsP2 in functional interactions with nsP1, nsP3, and CP, further
confirming the central role of nsP2 in alphavirus infection. Dependence of the multiple
functions of nsP2 on the liberation of its N terminus points to the conclusion that the
conformations of the nsP2 in the precleavage state and in a free form are likely different
and that the most N-terminal region of nsP2 may function as a switch. In alphavirus
replication, nsP2 also directly interacts with viral RNA, and accordingly, the mutations
in the C-terminal part of nsP2 are known to affect the template preference and
RNA-synthesizing capabilities of the replication complex (30, 31). nsP4, the polymerase
subunit of the replicase complex, has distinct binding sites for recognizing genomic
and SG promoters (32), whereas assistance from P123 components is absolutely
required for binding to the SG promoter (33). Therefore, it can be hypothesized that
after processing, the conformational changes in nsP2 may induce transformations in
other viral proteins and alter the properties of nsP4, allowing the presentation of
binding sites for the genomic or SG RNA promoter. This assumption is consistent with
a previous study in which SINV mutants which are unable to process P123 require only
compensatory mutations in nsP4 to obtain replication properties very similar to those
of wt SINV (34).

Why is P123 processing needed if the alphavirus can, in principle, survive in its
absence (35)? On the one hand, each individual nsP has additional functions that are
not related to RNA replication directly. In particular, it has been previously demon-
strated that SINV mutants which are unable to produce free nsP2 are also not able to
replicate in type I interferon-competent cell lines due to the inability to suppress
antiviral responses. This phenomenon occurs because only nsP2 liberated from the
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membrane-bound nsP complex can become translocated into the nucleus, where it
initiates inhibition of cellular transcription by inducing degradation of the catalytic
subunit of the RNA polymerase II complex (36). In addition, free nsP2 appears to
interact negatively with the translation machinery and interfere with the JAK-STAT
signaling pathway (37–39). All these activities of nsP2 (and those of other nsPs released
from ns-polyproteins by nsP2) are required during early stages of infection.

On the other hand, deceleration of P123 processing has clear consequences for
replicase complex activities. For example, while the slower processing of P123 (caused
by the P3 Thr residue in the 1/2 site) in SINV strain S.A.AR86 is associated with increased
neurovirulence (40), the opposite applies to RRV, where P1 and P3 Val residues in the
1/2 site slow down P123 processing, increase the synthesis of type I interferon-inducing
RNAs, and result in the in vivo attenuation of the virus (45). Taken together, these
observations highlight the necessity for evolutionary compromises to balance the delay
of polyprotein processing, required for the purposes of proper assembly and function-
ality of the replication complex, with the requisite for prompt release of viral effectors,
needed to antagonize cellular immune defenses as soon as possible, from the viral
multiprotein complex.

Therefore, we conclude that the mutational analysis performed here further high-
lights the distinct roles of nsP2 as a key player during the course of viral replication. To
allow ns-polyprotein movement to the site of replication complex formation, template
RNA binding, and negative-strand RNA synthesis, the cleavage of the 1/2 site is delayed;
this delay is ensured by the cooperative action of multiple factors. The N-terminal
region of nsP2 inside the uncleaved P123 polyprotein appears to be involved in
regulating negative-strand RNA synthesis through interactions with nsP1 and nsP3, and
it is possible that this very engagement deters the protease from cleaving the 1/2 site,
as it would simply not be accessible until negative-strand RNA synthesis is completed.
Liberation of the N-terminal region leads to conformational changes in nsP2, making
protease competent for 2/3 site cleavage (19), allowing for maximal RNA helicase/
NTPase activities (23), and presumably contributing to RNA packaging into nucleocap-
sids (28). In addition to controlling the timing of release of the nsP2 N terminus,
cleavage of the 2/3 site is also controlled by its nonoptimal-for-recognition sequence,
which ensures sufficient stability of P23 (or the corresponding part of P1234) for the
formation of functional replicase complexes. The findings in this study therefore
highlight the importance of the timeliness of proteolytic events as an additional layer
of regulation of efficient virus replication. An accurate understanding of this property,
which appears to be crucial for the virus, may be instructive in the development of
better live attenuated vaccine candidates and potential drug discovery processes.

MATERIALS AND METHODS
Cells and media. BHK-21 cells were grown in Glasgow’s minimal essential medium (GMEM) (Gibco)

containing 10% fetal calf serum (FCS), 2% tryptose phosphate broth (TPB), 20 mM HEPES (pH 7.2), 100
U/ml penicillin, and 0.1 mg/ml streptomycin in a humidified incubator at 37°C under 5% CO2. BSR-T7/5
cells, a derivative of BHK-21 cells stably expressing bacteriophage T7 RNA polymerase (41), were cultured
in the same medium supplemented with 1 mg/ml of G418.

Construction of recombinant viruses. Mutations altering the P6 to P4 residues of the 1/2 site from
EYH to LGR and the P6 to P4 residues the of 2/3 site from MHT to LGR were first introduced into cloned
fragments of infectious cDNA (icDNA) of SFV4 using PCR-based mutagenesis. The mutated fragments
were used to replace the wild type (wt) counterparts in icDNA clone pSP6-SFV4 (42) utilizing the available
restriction sites. The resulting plasmids were designated pSFV4-1LGR and pSFV4-2LGR (Fig. 1A). The
icDNA clones containing combinations of these mutations and/or revealed adaptive mutations were
constructed using a similar approach; these clones were designated pSFV4-1�2LGR, pSFV4-1LGH,
pSFV4-1LGL, pSFV4-1LGRAGV-2LGR-V515M, pSFV4-1LGRAGV-2LGR, pSFV4-1LGRAGV, pSFV4-1RP4, pSFV4-
1RP4-V515E, pSFV4-1RP4-V515M, pSFV4-V515E, and pSFV4-V515M (Fig. 1A and C).

The icDNA clones of SFV containing substitutions and their combinations in the N-terminal part of
nsP2 or N605D substitution in the protease part of nsP2 were obtained similarly and designated
pSFV4-E4A�R7A, pSFV4-R7E, pSFV4-E4R�R7E (Fig. 5C), pSFV4-V3A, pSFV4-E4A, pSFV4-T5A, pSFV4-P6A,
pSFV4-R7A, and pSFV4-N605D. For SINV, icDNA clone pToto1101 (43) was used as starting material. Using
the approaches described above, mutations affecting residue 614 of nsP2 (N614D), the P4 residue of the
1/2 site D4G (1GP4), or the P6 to P4 residues of the 1/2 site from QAD to RDG (1-RDG) were introduced
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into the icDNA clone; the resulting clones were designated pSINV-N614D, pSINV-N614D-1GP4, and
pSINV-N614D-1RDG (Fig. 3). The sequences of all obtained clones were verified.

Plasmids containing SFV icDNAs were linearized with SpeI and plasmids containing SINV icDNAs with
XhoI, followed by in vitro transcription using the mMessage mMachine SP6 transcription kit (Ambion)
according to the manufacturer’s protocol. Capped RNA transcripts were used for the transfection of
BHK-21 cells via electroporation. The ICA was performed as previously described (44). Primary virus stocks
were collected following incubation for 24 h at 37°C (or up to 120 h at 31°C for some mutants with a ts
phenotype), titrated using plaque assay on BHK-21 cells, and used in subsequent experiments.

Virological methods. Secondary stocks of mutated viruses and plaque-purified virus isolates were
obtained as previously described (15). Briefly, BHK-21 cells were infected with primary viral stocks at an
MOI of 0.1. At 24 to 48 hpi, viral stocks were collected and their titers determined through a plaque assay.
The procedure was repeated to obtain subsequent passages. For plaque purification, viral stocks were
used to infect BHK-21 cells (the amount of virus was selected to obtain 10 to 20 plaques per 35-mm dish),
and cells were overlaid with GMEM containing 2% FCS and 0.9% Bacto agar. At 120 hpi, the cells were
stained with neutral red, the plaques were picked, and the obtained viruses were amplified in BHK-21
cells.

The presence of the introduced mutations was verified through reverse transcription-PCR (RT-PCR)
and sequencing essentially as previously described (15). Briefly, viral RNA extracted from each stock using
the RNeasy minikit (Qiagen) was reverse transcribed using the first-strand cDNA synthesis kit (Thermo
Fisher Scientific) and PCR amplified using pairs of SFV- or SINV-specific primers amplifying regions
containing the mutated residue(s). The PCR products were cloned into pJet1.2 vector (Thermo Fisher
Scientific); from the obtained libraries, 30 randomly picked clones were sequenced. To identify second-
site mutations, a set of PCR fragments covering either the complete SFV genome or complete ns region
of the SINV genome was obtained and sequenced from at least two individual plaque-purified isolates
for each mutated genome.

Metabolic labeling and immunoprecipitation. Pulse-chase labeling was carried out as described
previously (11, 15). Briefly, BHK-21 cells were infected at an MOI of 100. At 3 hpi, the cells were starved
in methionine- and cysteine-free medium for 30 min and then labeled with 5 �Ci of a [35S]methionine-
[35S]cysteine mixture (PerkinElmer) for 10 min. In the chased samples, the pulse was followed by a chase
for 10 min in the presence of excess unlabeled methionine and cysteine. The cells were then lysed by
boiling in 1% SDS, and the material was subjected to immunoprecipitation (IP) analysis using combina-
tions of antisera (nsP1�nsP2 and nsP3�nsP4) against SFV nsPs. The precipitated proteins were separated
using SDS-PAGE and visualized using a Typhoon imager.

Construction of plasmids for recombinant polyprotein expression. The construction of expres-
sion plasmids for SFV ns-polyproteins P123, P1234, and P1^2^34 has been previously described (11). All
additional ns-polyprotein expression plasmids were obtained using PCR-based site-directed mutagenesis
and standard cloning techniques. Constructs designated P123-V3A, P123-E4A, P123-T5A, P123-P6A, and
P123-R7A were mutated at residues 3, 4, 5, 6, and 7 of nsP2, respectively; P1^2^3 and P12^3 harbored
P2 Gly-to-Val mutations in the 1/2 and/or 2/3 site. Construct P12CA34 expresses nsP2 with the C478A
mutation. Constructs designated P1234-1LGR, P1234-2LGR, P1234-1�2LGR, P1234-1LGH, P1234-1LGL,
P1234-1LGRAGV-2LGR-V515M, P1234-1LGRAGV-2LGR, P1234-1LGRAGV, P1234-V515M, P1234-V515E,
P1234-1RP4, P1234-1RP4-V515E, and P1234-1RP4-V515M were obtained from P1234 by replacement of wt
fragments with the corresponding fragments from the above-described icDNA clones. The constructs
expressing P1234 of SINV and its mutant forms P1234-N614D, P1234-N614D-1GP4, and P1234-N614D-
1RDG were obtained from the corresponding icDNA clones using subcloning procedures and designated
SINV-P1234, SINV-P1234-N614D, SINV-P1234-N614D-1GP4, and SINV-P1234-N614D-1RDG. The clone ex-
pressing SINV P1234 with mutation C481A in nsP2 was obtained using PCR-based mutagenesis and
designated SINV-P12CA34.

Construction of vectors for expression of template RNAs for SFV and SINV replicases and the
trans-replication assay. The cassettes for expression of SFV and SINV replication-competent RNA
templates were constructed using the following elements (Fig. 4, top panel): (i) the minimal bacterio-
phage T7 RNA promoter, (ii) the 5= untranslated region (UTR) of the virus followed by 74 (SFV) or 66 (SINV)
codons from the region encoding the N-terminal part of nsP1, (iii) sequence encoding the FFLuc reporter
fused in frame with sequence encoding the N-terminal fragment of nsP1, (iv) sequence encoding
foot-and-mouth disease virus 2A autoprotease separating elements ii and iii, (v) the SG promoter of virus
spanning from position 	150 to �51 (SFV) or 	97 to �43 (SINV) with respect to the start site of SG RNA
transcription, (vi) sequence encoding the RLuc reporter, (vii) the full-length 3= UTR of the virus (264 bp
for SFV and 322 bp for SINV) followed by 30 A residues, and (viii) the negative-strand ribozyme of
hepatitis delta virus (HDV). The constructs were assembled from synthetic DNA fragments (GenScript)
and PCR products and verified by sequencing.

The trans-replication assay was performed in triplicate on BSR-T7/5 cells grown on 24-well plates (105

cells per well) via cotransfection with mixtures consisting of 320 ng of plasmid encoding SFV or SINV
replicase (wt or mutant) and 160 ng of the corresponding FFLuc/RLuc reporter plasmid using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufacturer’s protocols. Control cells were
transfected only with plasmid for expression of the RNA template. At 24 h posttransfection (hpt), the cells
were lysed in passive lysis buffer (Promega), and FFLuc and RLuc activities were analyzed using the
dual-luciferase reporter assay kit and Glomax SIS luminometer (Promega). Signals measured in cells
cotransfected with template and replicase expression plasmids were normalized to those from corre-
sponding control cells.
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In vitro translation followed by immunoprecipitation. In vitro translation reactions were carried
out using the TNT-coupled T7 rabbit reticulocyte lysate system (Promega) according to the manufac-
turer’s protocol. Reaction mixtures (10 �l) containing 4 �Ci of [35S]methionine (PerkinElmer), 5 �M
MG132 (proteasome inhibitor; Sigma), and 400 ng of plasmid encoding P1234, P1234-1LGR, P1234-2LGR,
P1234-1�2LGR, P1234-1LGH, P1234-1LGL, P1234-1LGRAGV-2LGR-V515M, P1234-1LGRAGV-2LGR, P1234-
1LGRAGV, P1234-V515M, P1234-V515E, P1234-1RP4, P1234-1RP4-V515E, P1234-1RP4-V515M, P12CA34,
P1^2^34, SINV-P1234, SINV-P1234-N614D, SINV-P1234-N614D-1GP4, SINV-P1234-N614D-1RDG, or SINV-
P12CA34 were incubated for 50 min at 30°C. Thereafter, translation mixtures were treated with 10 ng of
RNase A for another 5 min and denatured in Laemmli buffer at 70°C for 10 min. Translation/processing
products were separated via SDS-PAGE and visualized using a Typhoon imager. The densities of bands
corresponding to nsP2 and P123 precursor were quantified from 3 independent experiments using
ImageQuant software (GE Healthcare); the processing efficiency was calculated as the ratio of label that
was incorporated into individual nsP2 compared to the amount incorporated into the unprocessed P123
precursor.

In another setup, in vitro transcription/translation mixtures for plasmids encoding P123, P1^2^3,
P12^3, P123-V3A, P123-E4A, P123-T5A, P123-P6A, or P123-R7A were obtained as described above.
Samples corresponding to 9/10 of the reaction volume were first denatured by boiling in lysis buffer (50
mM Tris-HCl [pH 8.0], 2% lithium dodecyl sulfate, 150 mM NaCl, 5 mM EDTA, and 1% NP-40) and then
diluted 100-fold with IP buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, and 1% NP-40) and
incubated for 1 h at 4°C with rabbit polyclonal antiserum against SFV nsP3 (in house). Immunocomplexes
were precipitated with protein A–Sepharose CL-4B (Sigma-Aldrich) overnight at 4°C and then washed
four times with IP buffer containing 400 mM NaCl. The precipitated proteins were denatured by heating
in Laemmli buffer. Proteins from untreated reaction mixtures (1/10 of the reaction volume per lane) as
well as those obtained from IP were separated by SDS-PAGE, visualized using a Typhoon imager, and
quantified using ImageQuant software (GE Healthcare).

Statistical analysis. Statistical analysis was done with the Microsoft Excel software. Student’s paired
two-tailed t test was used for comparison of two sets of data.
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