Check for
updates

ADP-ribosyl-binding and hydrolase activities of the
alphavirus nsP3 macrodomain are critical for
initiation of virus replication

Rachy Abraham?, Debra Hauer?, Robert Lyle McPherson®, Age UttS, llsa T. Kirby?, Michael S. Cohen®, Andres Merits<,

Anthony K. L. Leung®™®f, and Diane E. Griffin®"

AW. Harry Feinstone Department of Molecular Microbiology and Immunology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 21205;
PDepartment of Biochemistry and Molecular Biology, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD 21205; “Institute of Technology,
University of Tartu, 50411 Tartu, Estonia; “Department of Physiology and Pharmacology, Oregon Health Science University, Portland, OR 97239;
*Department of Molecular Biology and Genetics, School of Medicine, Johns Hopkins University, Baltimore, MD 21205; and fDepartment of Oncology, School

of Medicine, Johns Hopkins University, Baltimore, MD 21205

Contributed by Diane E. Griffin, September 12, 2018 (sent for review July 19, 2018; reviewed by Richard W. Hardy and Tom C. Hobman)

Alphaviruses are plus-strand RNA viruses that cause encephalitis,
rash, and arthritis. The nonstructural protein (nsP) precursor poly-
protein is translated from genomic RNA and processed into four
nsPs. nsP3 has a highly conserved macrodomain (MD) that binds
ADP-ribose (ADPr), which can be conjugated to protein as a post-
translational modification involving transfer of ADPr from NAD™* by
poly ADPr polymerases (PARPs). The nsP3™P also removes ADPr from
mono ADP-ribosylated (MARylated) substrates. To determine which
aspects of alphavirus replication require nsP3"'® ADPr-binding and/or
hydrolysis function, we studied NSC34 neuronal cells infected with
chikungunya virus (CHIKV). Infection induced ADP-ribosylation of cel-
lular proteins without increasing PARP expression, and inhibition of
MARylation decreased virus replication. CHIKV with a G32S mutation
that reduced ADPr-binding and hydrolase activities was less efficient
than WT CHIKV in establishing infection and in producing nsPs,
dsRNA, viral RNA, and infectious virus. CHIKV with a Y114A mutation
that increased ADPr binding but reduced hydrolase activity, estab-
lished infection like WT CHIKV, rapidly induced nsP translation, and
shut off host protein synthesis with reduced amplification of dsRNA.
To assess replicase function independent of virus infection, a trans-
replicase system was used. Mutant nsP3V°s D10A, G32E, and G112E
with no binding or hydrolase activity had no replicase activity, G325
had little, and Y114A was intermediate to WT. Therefore, ADP ribo-
sylation of proteins and nsP3M® ADPr binding are necessary for initi-
ation of alphavirus replication, while hydrolase activity facilitates
amplification of replication complexes. These observations are consis-
tent with observed nsP3™P conservation and limited tolerance
for mutation.
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Iphaviruses are icosahedral, enveloped, plus-strand RNA
viruses in the Togaviridae family that are mostly transmitted

by mosquitoes and cause a range of diseases in humans (1-3).
New World alphaviruses often cause encephalitis, while the Old
World viruses primarily cause rash and arthritis. However, in re-
cent epidemics chikungunya virus (CHIKV), an Old World
alphavirus, has also been associated with neurological disease (4).
The alphavirus genome is capped, polyadenylated, and orga-
nized in two ORFs (5). The 5 ORF encodes the four non-
structural replicase proteins (nsPs), and the 3’ ORF encodes the
structural proteins (6, 7). The nsP precursors, polyproteins
P123 and P1234, are translated from the genomic RNA. P123
together with nsP4, released through proteolytic processing by a
papain-like protease in nsP2, synthesizes a minus-strand RNA
copy of the genome. Sequential polyprotein processing switches
RNA synthesis from minus strand to full-length plus strand ge-
nomic and subgenomic (sg) RNAs (8-13). Formation of replica-
tion complexes and synthesis of dSRNA is accompanied by shutoff
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of host protein synthesis. Because synthesis of P123 and P1234
from amplified full-length plus-strand RNAs has requirements for
translation that are similar to most host cell mRNAs (14), syn-
thesis of new P1234 required for minus-strand viral RNA synthesis
also ceases. RNA synthesis therefore shifts to synthesis of only
plus-strand genomic and sgRNAs by the processed individual nsPs
(14-16). sgRNA is translated to produce the structural proteins
required for virion assembly (8-13, 17).

Functions of most of the alphavirus nsPs in replication are
known (11). nsP1 has methyl transferase and guanylyl transferase
activities, is palmitoylated, and binds the replication complex to
membranes (18, 19). nsP2 has helicase, ATPase, GTPase, and
RNA 5’-triphosphatase as well as protease activities. nsP4 is the
RNA-dependent RNA polymerase with a conserved C-terminal
GDD RNA polymerase motif and adenylyl transferase (20, 21).
Identification of the function(s) of nsP3, a phosphoprotein found
both in replication complexes and cytoplasmic aggregates (22,
23), has been more difficult.

nsP3, a determinant of mosquito vector specificity (24, 25) and
mouse neurovirulence (24, 26-31), is an essential part of the viral
replicase, induces membrane remodeling necessary for the for-
mation of spherules, and regulates RNA synthesis in a cell type-
dependent manner (32-35). nsP3 has three domains: a highly
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conserved N-terminal macrodomain (MD), a zinc-binding olig-
omerization domain, and a poorly conserved, unstructured, acidic,
and highly Ser/Thr phosphorylated C-terminal hypervariable do-
main (HVD). nsP3 functions initially as part of the polyprotein
P123 in conjunction with nsP4 for negative-strand synthesis and
later as P23 and nsP3 for plus-strand RNA synthesis. The cellular
proteins bound to nsP3 and the locations of nsP3-host protein
complexes change during replication from early plasma membrane
spherules to late cytoplasmic granules (32). Phosphorylation of the
HVD occurs early in replication and is required for optimal
RNA synthesis (22, 34, 36). The HVD interacts with multiple
host proteins and serves as a hub for the assembly of factors
required for replication complex formation and initiation of
RNA synthesis (26, 37-41). The MD affects phosphorylation of
nsP3, P23 processing, minus-strand synthesis, shutoff of host
protein synthesis, and virulence (27, 31, 34, 42) by poorly
understood mechanisms.

MDs are conserved 130- to 190-aa structural modules charac-
terized by the ability to bind ADP-ribose (ADPr) and its deriva-
tives (43-45). ADP ribosylation is a posttranslational modification
accomplished by transfer of ADPr moieties, either singly as mono
ADPr (MAR) or multiply in branched or linear polymeric chains
as poly ADPr (PAR), from NAD™ to target proteins (46). In-
tracellular ADP ribosylation regulates a range of cellular functions
and is catalyzed by enzymes of the ADP-ribosyltransferases in-
cluding a subfamily commonly known as “poly (ADPr) polymer-
ases” (PARPs) (47, 48).

The nsPs of a subset of plus-strand RNA viruses (i.e., alpha-
viruses, rubella virus, coronaviruses, hepatitis E virus) have MDs,
originally identified as a highly conserved “X” domain of un-
known function (43, 44) and classified as macroD-type by recent
informatics analyses (45). We and others recently demonstrated
that the alphaviral nsP3MP, like other viral and macroD-type
MDs, possesses the ability not only to bind ADPr but also to
hydrolyze the bond between ADPr and the acidic side chains of
mono ADP-ribosylated (MARylated) protein residues (27, 49—
53). Viruses with nsP3 mutations that substantially decrease or
eliminate ADPr binding or hydrolase activity are not viable (27).
Viruses with mutations that reduce but do not eliminate ADPr
binding or hydrolase activity replicate less well in neuronal cells,
with reduced RNA synthesis and attenuated virulence in mice
(27, 31, 54-58).

However, the requirement for interaction with MARylated
cellular proteins and the step(s) in replication affected by the
loss of ADPr binding or hydrolase activity are not known. Be-
cause several PARPs can be induced by IFN, are under di-
versifying selection, and have antiviral activity, it has been
postulated that the nsP3™P is important for countering the an-
tiviral activities of host proteins ADP-ribosylated by antiviral
PARPs (59-65). In the present study, we determined that
nsP3MP.mediated ADPr binding is critical for establishing rep-
lication complexes to initiate infection and that hydrolase activity
facilitates replication-complex amplification in infected neuronal
cells; these observations are consistent with the high conserva-
tion of this region and its importance for neurovirulence.

Results

nsP3"P Mutations That Affect ADPr-Binding and Hydrolase Activities
Impair CHIKV Replication. To assess the effects of nsP3MP muta-
tions that alter ADPr binding or hydrolase activity on replication
in neuronal cells, NSC34 cells were infected with the nsP3MP
mutants G32S (decreased binding and hydrolase activities) and
Y114A (increased binding and decreased hydrolase activities)
(Table 1), and virus production was compared with WT CHIKV-
infected cells (Fig. 14). As previously described (27), G32S
replicates with similar kinetics but lower virus production at all
times than the WT virus, while Y114A replicates with distinct
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Table 1. Characteristics of nsP3 MDs relative to WT (++++) and
viability of viruses studied

nsP3MP mutant ADPr binding ADPr hydrolase Viable virus
WT +4+++ ++++ Yes
D10A — + No
G32E — — No
G325 ++ ++ Yes
G112E — — No
Y114A o+ =+ Yes

Data from ref. 27.

kinetics characterized by delayed production of virus but with
similar induction of cell death by 48 h.

CHIKV Infection of NSC34 Cells Increases ADP Ribosylation of Cellular
Proteins Without Inducing IFN or PARP Gene Transcription. To de-
termine the response of neuronal cells to alphavirus infection,
NSC34 cells infected with CHIKV were assessed for induction of
ADP-ribosylated proteins by immunoblot using an ADPr-
binding reagent that detects both MARs and PARs (Fig. 1B)
(66). Infection with all viruses induced detectable ADP ribosyla-
tion of cellular proteins from the host or virus that increased
through 36 h. Y114A induced similar, if not higher, amounts of
protein ADP ribosylation than the WT virus at 24 h but slightly
less at 36 h, while the G32S mutant induced substantially less ADP
ribosylation than either the WT virus or Y114A at all times (Fig.
1B). To determine whether increased ADP ribosylation was due to
increased expression of one or more of the enzymatically active
PARPs or was associated with IFN production, infected cells were
assessed from 2 to 36 h after infection for expression of PARP
1, 9, 10, 12, 13, and 14 mRNAs by qRT-PCR (Fig. 1C), and
supernatant fluids were assayed for IFNa and IFNf protein by
enzyme immunoassay (Fig. 1D). Except for Parpi4 at 36 h,
none of the PARP mRNAs examined was increased, and type I
IFN was not detectable at any time after infection. Therefore,
the increased ADP ribosylation of NSC34 cellular proteins in-
duced by CHIKYV infection is likely due to increased PARP
activity without evidence of IFN induction or increased PARP
gene expression.

Optimal CHIKV Replication Requires MARylation. To determine whether
MARYylation is important for virus replication, NSC34 cells were
treated with noncytotoxic levels (89% viability at 24 h) of ITK6, an
inhibitor of PARPs 10, 11, and 14 (67), at the time of infection with
WT CHIKV (Fig. 1E). Virus production and plus-strand RNA
syntheses were significantly decreased when MARylation was
broadly inhibited (P < 0.0001), indicating that MARYylation of viral
or host proteins promotes CHIKV replication in neural cells. How-
ever, the role of nsP3™P ADPr-binding and hydrolase activity for
replication is not clear.

nsP3"'" Mutations Affecting ADPr-Binding and Hydrolase Activities
Differentially Affect Initiation of Infection. Initiation of infection
is dependent on the likelihood that an individual genome can
successfully establish an early replication complex and amplify
incoming genomic viral RNA. To determine whether mutations
affecting nsP3™P ADPr-binding and/or hydrolase activities affect
the likelihood of establishing infection, infectious center assays
were performed in NSC34 cells infected at Vero cell multiplici-
ties of infection (MOIs) of 0.5 and 5. Percentages of productively
infected NSC34 cells were determined by plaque formation after
cocultivation on Vero cells (Fig. 24). The G32S mutant virus
infected cells less well than WT virus (30 G32S vs. 691
WT infectious centers per 10° cells at an MOI of 0.5, P < 0.0001;
240 G32S vs. 5,035 WT infectious centers per 10° cells at an MOI
of 5; P < 0.001). The Y114A mutant virus was less impaired than
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Fig. 1. CHIKV infection facilitates virus replication in NSC34 cells by increasing ADP ribosylation of cellular proteins without inducing PARP gene tran-
scription. (A) NSC34 cells were infected with CHIKV 181/25 (WT) and nsP3MP mutants G325 and Y114A at an MOI of 10. Virus production was measured by
plaque formation in Vero cells. Each value represents the average from three independent experiments; error bars indicate SDs. ***P < 0.001, ****P < 0.0001
(181/25 vs. nsP3MP mutants G325 and Y114A). (Adapted with permission from ref. 27.) (B) NSC34 cells were infected with CHIKV 181/25 and nsP3V® mutants
G32S and Y114A at an MOI of 5, and cell lysates were immunoblotted for ADPr. Antibody against p-actin was used for loading controls. A representative
image from three independent experiments is shown. (C) NSC34 cells were infected with CHIKV 181/25 at an MOI of 5, and PARP mRNA expression was
measured by qRT-PCR. Mock-infected cells (solid line) were compared with CHIKV-infected cells (dashed line). C; values were normalized to Gapdh, and fold
change was calculated relative to uninfected 0-h (AACy) data. Each value represents the average + SD from three independent experiments. ***P < 0.001
(mock vs. infected). (D) NSC34 cells were infected with CHIKV 181/25 (MOI = 5), and supernatant fluids were assayed for IFNa and IFNB by enzyme immu-
noassay. Dashed lines indicate the lower limit of detection for the assays. (E) NSC34 cells were infected with CHIKV 181/25 (MOl = 1) and were treated or not
treated with the pan mono-ADPr inhibitor ITK6 (5 uM) at the time of infection. Supernatant fluids were assayed for virus production by plaque formation in
Vero cells (Left), and intracellular RNAs were assayed by qRT-PCR for viral genomic (nsP2; Middle) and genomic+sg E2 RNA and were compared with standard

curves of CHIKV RNAs (Right). Each value represents the average + SD from three independent experiments. ***P < 0.001, ****P < 0.0001.

the G32S mutant (30 vs. 150 infectious centers per 10° cells at
MOI 0.5, P < 0.05; 240 vs. 1,515 infectious centers per 10° cells at
MOI 5, P < 0.01) but established fewer infectious centers than
WT CHIKV (150 vs. 691 infectious centers per 10° cells at MOI
0.5, P < 0.01). In vitro-transcribed RNA was also transfected
directly into BHK21 cells as well as into the less susceptible
NSC34 cells for a more accurate comparison of efficiency of
initiation of infection (Fig. 2B). Transfection of RNA into
NSC34 cells yielded results similar to infection at an MOI of 5
(Fig. 24), while BHK21 cells were better able to support initia-
tion of infection with similar infectious centers for WT and
Y114A and a 10-fold reduction for G32S (Fig. 2C). Because
G32S and Y114A have similar deficiencies in hydrolase activity
(Table 1), but Y114A binds ADPr better than either the WT
virus or G328, these data indicate that hydrolase activity is im-
portant for successful infection but that improved binding can
partially compensate for decreased hydrolase activity and that
the relative importance of each is cell type dependent.

Abraham et al.

Formation of Replication Complexes Containing dsRNA. After entry,
the first steps in replication are translation of the nsPs and es-
tablishment of spherules at the plasma membrane for synthesis of
minus-strand template RNA and formation of dsRNA-containing
replication complexes that amplify genomic RNA and produce
sgRNA. To determine whether nsP3™P ADPr-binding and hy-
drolase activities are critical for establishing replication complexes
or affect a subsequent step in infection, NSC34 cells infected with
CHIKV WT, G328, and Y114A were stained with antibody to
dsRNA and were analyzed by flow cytometry (Fig. 3). Fewer cells
infected with G32S were positive for dsSRNA than cells infected
with WT virus or Y114A at 12, 24, and 36 h after infection, while
the numbers of cells staining positively for dsSRNA were similar in
WT and Y114A-infected cells at 12 h [0.48 (G32S) vs. 9.4 (WT),
P < 0.001, and 10.8 (Y114A), P < 0.0001] and were only slightly
less at 24 and 36 h, reflecting the ability of the viruses to spread
through the culture (Fig. 3 4 and B). Individual cells infected with
WT virus amplified replication complexes with dsSRNA better than

PNAS | vol. 115 | no.44 | E10459
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0.0001 (WT vs. G325/Y114A); *P < 0.05; #P < 0.01, #*¥p < 0.0001 (Y114A vs. G325).

cells infected with Y114A virus, as is evident from a comparison of
the fluorescent intensities (Fig. 3 A and C).

Synthesis of Viral RNAs and Proteins. To determine whether dif-
ferences in replication complex formation and amplification
resulted in differences in the synthesis of viral RNAs, levels of
genomic and sgRNAs were determined by RT-qPCR (Fig. 4).
The amounts of both genomic RNA (Fig. 44) and genomic plus
sgRNA (Fig. 4B) synthesized by the G32S mutant virus were
significantly less than the amounts synthesized by either the WT
or Y114A viruses. Amounts of RNAs synthesized by Y114A

were not detectably different from those synthesized by the
WT virus.

To determine whether synthesis of viral RNA reflected
translation of nsPs from genomic RNA, lysates from NSC34 cells
infected with WT, G328, or Y114A viruses were assessed for nsP
synthesis by immunoblot (Fig. 54). The G32S mutant virus was
deficient in viral protein synthesis, with only low levels of nsPs
even at 36 h after infection compared with Y114A and WT
viruses, likely reflecting the inadequate amplification of viral
RNA and production of virus for subsequent rounds of infection.
Interestingly, Y114A produced more viral nsPs at 8 h and 12 h

A 100{ 8hpi H 12hpi . | 24hpi 1 36hpi
2 g0 H 1
)
o
o 60 H |
=2 [ mMocK
40 H -
§ Bl 181/25
O 20 3 i Bl G32s
[
L o . A= o s Y114A
0 10? 10° 10¢  10° 0 102 0 0 102 10° 10t 10° 0 102 10° 10*  10°
PE+
B C
80~ 2 60000
*kkk 7]
=8
§ % 60+ [ e | i -é Il 181/26
o : ._,"'### - £ 40000+ = Y114A
7] O ~
T2 o=
= - L
£o 40 s
o > 16 -
g ‘%‘ i é 20000+
o 8_ 20+ %
%
0- = 0~ T T T
8 12 24 36
HOUFS Post Infectlon Hours Post Infection
Fig. 3. Formation of replication complexes containing dsRNA. NSC34 cells infected at an MOI of 5 with CHIKV 181/25 (WT) virus and nsP3MP mutants G32S or

Y114A were gated for live cells, fixed, permeabilized, stained for dsRNA, and analyzed by flow cytometry. (A) Representative histograms from three in-
dependent experiments. (B) Quantification of the percent of live cells positive for dsRNA. (C) The median fluorescent intensities for WT and Y 114A-infected
cells. The data are presented as the means + SD from three independent experiments; **P < 0.01; ***P < 0.001; ****P < 0.0001 (WT vs. G325/Y114A); ###p <
0.0001 (Y114A vs. G32S). hpi, hours postinfection.
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Fig. 4. Synthesis of viral RNAs. Levels of genomic (A) and genomic plus sg (B)
RNA from NSC34 cells infected with CHIKV 181/25 (WT) and nsP3“'® mutants
G32S or Y114A at an MOI of 5 were measured by qRT-PCR. Total cellular RNA
was collected, and cDNA was produced and was quantified by gPCR compared
with a standard curve of CHIKV ¢cDNA fragments corresponding to genomic or
sgRNA. The data represent the means + SD from three independent experi-
ments. ***P < 0.001; ****P < 0.0001 (WT/Y114A vs. G32S).

than the WT virus, suggesting that better ADPr binding facili-
tated the translation of genomic RNA early after infection (Fig.
5B). To begin to assess the synthesis of structural proteins from
sgRNA, lysates were also probed for the E2 glycoprotein. As
anticipated, G32S produced little E2, while amounts of E2 were
initially similar for Y114A and the WT virus, but at 36 h Y114A
produced less E2 than WT (Fig. 5C), indicating that hydrolase
activity is required at later phases of virus production.
Therefore, the CHIKV with the nsP3™” mutation G32S that
decreased both ADPr-binding and hydrolase activity initiated
infection in neuronal cells less efficiently, resulting in decreased
production of viral RNA and protein compared with the WT
virus. In contrast, virus with the Y114A mutation that decreased
hydrolase activity but increased binding was only slightly im-
paired for infection initiation, with efficient translation of nsPs
(Fig. 5 A and B), but was less able to amplify replication com-
plexes than the WT virus (Fig. 3) and produced less structural
protein (Fig. 5C) and less infectious virus (Fig. 14) even though
the amounts of sgRNA were not identifiably different (Fig. 4B).

Phosphorylation of elF2a and Shutoff of Host Protein Synthesis.
Because alphavirus replication induces host translational shut-
off that also affects polyprotein translation from full-length ge-
nomic RNA, we assessed the effects of WT and mutant virus
infection on the phosphorylation of the translation initiation
factor eIF2a by immunoblot (Fig. 6 4 and B) and on host protein
synthesis by incorporation of puromycin, a structural analog of
aminoacyl tRNA, into newly synthesized proteins (Fig. 6 C and
D) (68). Phosphorylated elF2a was evident by 8-12 h for all
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viruses, was increased at 24 h for WT and Y114A, and was
maintained at increased levels relative to total eIF2a for WT
virus-infected cells at 36 h (Fig. 6B). Host translational shutoff
was evident earliest (at 12 h) in cells infected with Y114A (Fig.
6C) and was more pronounced at 24 h and 36 h for cells infected
with WT and Y114A viruses (Fig. 6D). For G32S-infected cells,
there was little evidence of shutoff of host cell protein synthesis,
with levels of newly synthesized protein similar to those of un-
infected cells even at late times (Fig. 6 C and D).

Analysis of nsP Function in the Absence of Virus Infection Using a
Transreplicase System. To allow functional analysis of nsPs for
nonviable as well as viable CHIKV nsP3MP mutants with similar
production of nsPs independent of virus replication, a modified
CHIKV transreplication system was used to generate host-
mediated synthesis of nsPs and template RNAs for amplifica-
tion of viral RNAs (Fig. 74) (8, 69, 70). For this system, one
plasmid encodes the CHIKYV P1234 polyprotein behind a human
cytomegalovirus (hCMV)-driven polymerase II (pol II) pro-
moter, and a second plasmid encodes a pol I promoter-driven
viral template RNA for synthesis of luciferase reporters from
both the genomic 5 UTR (firefly luciferase, Fluc) and sub-
genomic 5 UTR (Gaussia luciferase, Gluc) by the viral proteins
encoded by the P1234 plasmid. The pol II promoter/terminator
was substituted for the previously described hCMV-Fluc-Gluc
reporter to reduce the background reporter expression (69,
71) and improve assay sensitivity. All previously analyzed
nsP3 mutations (27) were introduced into viral polymerase-
competent hCMV-P1234 and polymerase-mutated control
CMV-P1234544 plasmids by site-directed mutagenesis and were
transfected into NSC34 cells along with the pol I-Fluc-Gluc
template plasmid (Fig. 7). Because nsP mRNA synthesis is ac-
complished by RNA pol II in the nucleus rather than in the
cytoplasm, similar levels of nsPs will be produced independent of
viral replicase function, and reporter expression will reflect the
levels of genomic and sgRNAs produced by nsPs that include
WT and mutant nsP3.

Levels of nsPs expressed from plasmids with the protein-coding
regions of viable (G32A, G32S, T111A, and Y114A) and non-
viable (D10A, G32E, G112E, R144A, and G32EV113RY114N)
mutant viruses were similar (Fig. 7B). However, for the nsPs
representing viable viruses, most notably WT, less protein was
present at 24 h with expression of the WT replicase, suggesting
shutoff of host transcription (72, 73). These protein levels suggest
that transcriptional shutoff is impaired by mutations in nsP3, as it
is for mutations in nsP2 (Fig. 7B) (69). Although lower levels of
WT nsPs were detected on immunoblot, reporter expression from
synthesized RNAs was robust, indicating fully functional replicase
activity (Fig. 7C). Peak genomic RNA synthesis for the WT virus
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Fig. 5. Effect of nsP3MP mutation on viral protein synthesis. NSC34 cells were infected with CHIKV 181/25 (WT) or nsP3MP mutants G32S or Y114A at an MOI
of 5, and cell lysates were probed by immunoblot for production of viral proteins using rabbit polyclonal antibodies to nsP1, nsP2, nsP3, nsP4, and E2.
Antibody against p-actin was used for loading controls. (A) Representative image. (B and C) Quantification of expression of nsP3 (B) and E2 (C) relative to actin
by densitometry on blots from three independent experiments. Data indicate the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (WT vs.
mutant); P < 0.01, ##P < 0.001, **P < 0.0001 (Y114A vs. G32S). hpi, hours postinfection.
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Fig. 6.

Effect of nsP3MP mutation on phosphorylation of elf2a and host protein translation. NSC34 cells were infected with CHIKV 181/25 (WT) or nsP3VP

mutants G32S or Y114A at an MOI of 5. (A and B) Cell lysates were probed by immunoblot for levels of total and phosphorylated elF2a. Antibody against
p-actin was used for loading controls. (A) Representative image. (B) Blots from three independent experiments were quantitated by densitometry, and the
ratios of phosphorylated elF2u to total elF2a were calculated. Data are expressed as the mean fold change over mock-infected cells + SD. (C and D) Host
protein translation was analyzed by the incorporation of puromycin. At the time points indicated, medium was replaced with medium containing puromycin
(5 pg/mL) and was incubated for 10 min. Cell lysates were probed by immunoblot with antibody to puromycin to detect newly synthesized protein. Antibody
against B-actin was used for loading controls. (C) Representative image. (D) Blots from three independent experiments were quantitated by densitometry,
and puromycin incorporation was compared with mock-infected cells. Data are presented as the mean fold change over mock + SD. *P < 0.05, ***P < 0.001,

**xxp < 0.0001 (WT vs. mutant); *P < 0.05, #P < 0.01 (Y114A vs. G325).

was 18 h after transfection (P < 0.0001), while sgRNA synthesis
increased gradually and was maximal at 24 h and 48 h (P < 0.0001)
after transfection. Reporter expression from genomic and
sgRNAs for representative nonviable nsP3 mutants D10A, G32E,
and G112E (no viruses rescued) (Tablel) (27) did not exceed
background levels of reporter protein expression, indicating that
without nsP3MP binding and/or hydrolase activities the replicase
was not functional (Fig. 7C). Levels of reporter protein expression
for the representative viable mutants G32S and Y114A (rescued
viruses with impaired replication) were intermediate between the
WT and the nonviable mutants (Fig. 7C). G32S produced much
lower genomic (WT vs. G32S, P < 0.0001; Y114A vs. G32S, P <
0.01) and sgRNA compared with WT (P < 0.0001). Levels of
genomic and sgRNAs were better for Y114A than for G32S
(Y114A vs. G328, P < 0.01) but were impaired compared with WT
(P < 0.0001), although this was not evident from the RT-qPCR
data obtained from infected cells, possibly because of differences
in the sensitivity of the assays (Fig. 4). Therefore, viruses with
nsP3MP mutations D10A, G32E, and G112E, which are deficient
in ADPr binding, are not viable because viral RNA could not
be synthesized.

Discussion

Alphavirus nsP3 is an essential component of the viral RNA
replicase and has an N-terminal MD highly conserved among
togaviruses, coronaviruses, and hepevirus, but specific functions
important for virus replication have not been identified (32, 35,
74). Viral nsP3™P* have mono ADPr hydrolase as well as binding
activity (27, 49, 50, 75), and mutations that affect these functions
of alphavirus nsP3™P* attenuate virus replication and reduce neu-
rovirulence in mice (27, 31). Because several enzymatically
active PARPs have demonstrated antiviral activity, are induced
by IFN, and are under diversifying selective pressure (59-63, 65),
the MD and particularly its hydrolase function have been postu-
lated to function primarily by countering the antiviral effects of
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ADP-ribosylated cellular proteins (64, 65, 75). Here, we show
that ADP ribosylation is induced by alphavirus infection of
neural cells independent of IFN production, that MARylation
of cellular proteins promotes virus replication, and that nsP3
ADPr-binding and hydrolase activities are important for dif-
ferent aspects of virus replication. If both functions are absent,
the replicase is inactive, viral RNA is not synthesized, and the
virus is not viable. If both functions are present but diminished,
virus can be rescued, but replicase function is severely com-
promised, initiation of infection is inefficient, and little virus is
produced. If binding is increased but hydrolase decreased, ini-
tial nsP synthesis is facilitated, and replication complexes are
efficiently established, but host and nsP protein synthesis are
shut off more rapidly, replicase function is reduced, amplifi-
cation of replication complexes is less efficient, and virus pro-
duction is delayed. Therefore, nsP3™P binding to one or more
ADP-ribosylated host cell or viral proteins is critical for initi-
ating infection, while ADPr hydrolase activity facilitates later
stages in the virus replication cycle.

The induction of ADP ribosylation of cellular proteins by in-
fection of neural cells and the requirement for ADPr binding for
initiation of replication indicate that this posttranslational modi-
fication of cellular proteins is important for efficient alphavirus
replication. Previous studies that focused on the poly ADP-
ribosylating (PARylating) enzyme PARP1 showed activation by
Sindbis virus (SINV) infection of neural cells and association with
nsP3 through the HVD, but neither PARP1 deficiency nor in-
hibition of its activity affected SINV replication (41, 76, 77).
However, most enzymatically active PARPs are ADPr transfer-
ases with MARylating activity rather than polymerases (65, 78).
MARylation was induced in NSC34 neuronal cells during CHIKV
infection without increased PARP expression or evidence of IFN
induction, suggesting that virus replication per se induced PARP
activation or reduced the rate of ADPr removal. Although several
PARPs can inhibit alphavirus replication and are induced in vivo
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Fig. 7. Analysis of nsP function in the absence of virus infection using a
transreplicase system. (A) The transreplicase system includes an hCMV-
P1234 plasmid with and without nsP3"'P mutations, an identical inactivated
nsP4 polymerase hCMV-P1234AA plasmid, and a pol | 5 UTR-Fluc-sg pro-
moter-Gluc-3’ UTR plasmid. (B) NSC34 cells were transfected with 1 ug of each
plasmid and were incubated at 37 °C for 24 h. Viral protein production was
analyzed by immunoblotting with antibodies to CHIKV nsP1, nsP2, nsP3, nsP4,
and E2. Antibody against p-actin was used for loading controls. The image is
representative of three independent experiments. (C) Fluc reporter activity for
genomic RNA synthesis and Gluc reporter activity for subgenomic RNA syn-
thesis. Luciferase activities were read on a luminometer and were normalized
to the total protein content in the lysate. The reporter activities generated by
the inactive replicase P1234%** were subtracted from reporter activities
generated by the active replicase P1234 and are reported as fold change. The
data are presented as the means + SD from three independent experiments.
**kxP < 0.0001, WT vs. G32S; #P < 0.01, ##p < 0.0001, Y114A vs. G32S.

(61, 79-82), reduced CHIKYV replication with the pan-MARylation
inhibitor ITK6 indicates that the virus uses one or more ADP-
ribosylated cellular proteins to its advantage for replication and
benefits from the availability of at least some ADP-ribosylated
proteins during initiation of viral infection (although others may
work to restrict replication). This fact may explain why the MD is so
highly conserved in alphaviruses and perhaps why it is conserved in
other MD-containing plus-strand RNA viruses.

The identification of the nsP3-mediated replication defect
early in infection was confirmed using a transreplicase system
that allows evaluation of replicase function without requiring
virus infection. In this system nsPs are produced through pol II-
dependent cellular transcription, and reporter protein expression
from a replication-competent template is dependent on the
ability of the nsPs to form a functional replicase to amplify ge-
nomic RNA and synthesize sgRNA. Interestingly, nsP synthesis
was suppressed by 24 h in cells transfected with the plasmid
encoding WT nsPs but not nonviable mutant nsPs, with viable
mutants showing an intermediate phenotype. For SINV, nsP2 in
the nucleus induces ubiquitin-mediated proteasomal degradation
of Rpbl, the catalytic subunit of RNA pol II (72), a function that
is impaired with mutations in either the helicase or C domain of
nsP2 (73, 83). Our data (Fig. 7B) suggest that mutations in the
MD of nsP3 also impair inhibition of pol II transcription and/or
translation of pol II-generated mRNAs, a finding that merits
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further investigation. For nsP3 mutants D10A, G32E, and
G112E that lacked ADPr-binding or hydrolase activity, reporter
expression did not exceed background levels even though nsPs
were stably expressed, indicating that nsP3MP binding and/or
hydrolase activities were crucial for replicase function. There-
fore, viruses with nsP3""” mutations D10A, G32E, and G112E
were not viable because viral RNA could not be synthesized.
Levels of reporter protein expression for the viable mutants
G32S and Y114A with similarly diminished hydrolase activity
allowed separate assessment of the relative importance of ADPr
binding. G32S with low ADPr binding produced much lower
reporter expression than Y114A with binding that was enhanced
compared with WT. Our previous studies with SINV nsP3™P
mutants also showed decreased RNA synthesis, and the synthesis
and processing of viral proteins were also affected (31).

ADPr binding is a titratable function because viruses with in-
creased binding initiate replication faster, while viruses with de-
creased binding show a cell type-specific defect in initiation of
replication. Initiation of infection is more dependent on ADPr
binding in neural cells than in BHK cells. Cell type specificity has
been previously noted for SINV nsP3™P mutants in which im-
paired replication was greater for differentiated neurons than for
undifferentiated neurons and replication was not impaired in
BHK cells (31). These differences could reflect variable induction
of ADP ribosylation or the interaction of nsP3 with an ADP-
ribosylated cellular protein with variable availability that is im-
portant for the formation of replication complexes. The deter-
minant(s) of cell type-dependent effects of nsP3™" function
deserve further investigation.

Alphavirus nsP3 interacts with many cellular proteins, some of
which can be ADP-ribosylated, but to date all interactions have
been mapped to the nsP3 HVD, not the MD (32, 41, 84-87). Host
cell proteins localized to early replication complexes and impor-
tant for RNA synthesis include sphingosine kinase 2 (88),
amphiphysins (26), and RasGAP SH3-domain-binding proteins
(G3BPs) (37). G3BP1 and 2 are RNA-binding proteins that in-
teract with the FGDF motif in the nsP3 HVD through a NTF2-
like motif in G3BP (89, 90), that are essential for early steps in
replication of Old World alphaviruses (91), and that are con-
sistently associated with nsP3 both early and late in the repli-
cation cycle (85, 86, 92). Reduced nsP3 HVD interaction with
G3BP impairs CHIKV replication (90). While the importance of
G3BP in stress granule assembly is clearly established (93, 94), the
role(s) of G3BP and the identification of the relevant posttrans-
lational modifications in early and late phases of alphavirus repli-
cation remain unclear. It has been suggested that G3BP has both
antiviral and proviral activities by activating PKR (95, 96) and
suppressing P1234 translation (97), that it escorts the incoming
genomic RNA to the plasma membrane (37), and that it regulates
the switch from translation to transcription of genomic RNA (91).
G3BP1 is the target for several posttranslational modifications
(e.g., phosphorylation, ADP ribosylation, acetylation, methylation,
NEDDylation, and ubiquitylation) that regulate its endonuclease
activity and its participation in the formation of stress granules and
other protein complexes (94, 98-107). The presence or absence
and the location of these modifications likely also play a regulatory
role in interaction with nsP3 and genomic RNA for initiation of
alphavirus replication. Although the documented interaction is
with the nsP3 HVD, the MD is exposed in the P23 polyprotein
(108) and possibly in the P123 polyprotein and may provide
an additional regulatory binding site that could evolve during
replication with activation of the nsP3™P hydrolase function. Ad-
ditional interaction with the MD through an ADP-ribosylated site
may be functionally important. Many other associated host pro-
teins may also play a role, but their ADP-ribosylation status is
not known (20).

Removal of ADPr is also important. For G328, a deficiency in
MD hydrolase function as well as a binding defect resulted in the
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impairment of initiation of replication and replicase activity that
was substantially greater than observed with the better-binding
Y114A. In addition, Y114A was not able to amplify replication
complexes as well as the WT virus, potentially because, in the
context of virus infection, more rapid synthesis of nsPs and
dsRNA led to earlier shutdown of cap-dependent translation of
both cellular mRNAs and genomic viral RNA. Comparison of
Y114A replication with the replication of WT virus (Fig. 14)
suggests that hydrolase deficiency may also adversely affect later
stages of replication when nsP3 is found mainly in cytoplasmic
granules formed after the disruption of stress granules.

The MD is highly conserved among the coronavirus, alphavirus,
and hepevirus families of plus-strand RNA viruses (53) and is
critical for replication in mammalian as well as mosquito cells. Thus,
the identification of an important role in alphavirus replication
opens approaches to the identification of cellular MD functions. A
better understanding of the replication of this group of plus-strand
RNA viruses that include several important human pathogens may
also provide opportunities for new therapeutic interventions.

Materials and Methods

Cell Culture and Inhibitor Treatment. The murine neuronal NSC34 cell line,
generated by fusion of mouse N18TB2 neuroblastoma cells with mouse motor
neurons (a kind gift from Neil Cashman, University of British Columbia,
Victoria, BC, Canada) (109, 110), baby hamster kidney 21 (BHK21) and African
green monkey epithelial (Vero) cells, were grown in DMEM supplemented
with 10% heat-inactivated FBS, L-glutamine (2 mM), penicillin (100 U/mL),
and streptomycin (100 pg/mL) (Gibco, Life Technologies), at 37 °C in a 5%
CO, incubator. To assess the effect of inhibition of MARylation on virus
replication, cells were treated at the time of infection with the pan mono
PARP inhibitor ITK6 (5 uM) (67) in DMEM plus 1% FBS and were assessed for
virus production by plaque assay in Vero cells. Toxicity of ITK6 for uninfected
NSC34 cells after 24 h was assessed using the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) assay (ATCC) and showed 91% viability
at 2 uM, 87% viability at 5 uM, and 73% viability at 10 pM.

Viruses, Mutagenesis, and Sequencing. The WT CHIKV vaccine strain 181/
25 was grown in BHK21 cells from transfected RNA that had been transcribed
from a full-length cDNA clone of the virus (gift from Naomi Forrester, Uni-
versity of Texas Medical Branch, Galveston, TX) (111). Mutations were in-
troduced into the nsP3 gene and sequenced, viral RNAs were transcribed
and transfected into BHK21 cells, and mutant viruses were rescued as pre-
viously described (Table 1) (27). Viruses that could be recovered (G32S and
Y114A) were passaged once in BHK21 cells, and RNAs from virions were
sequenced to confirm the presence of the mutations. Viral stocks were
grown in BHK21 cells and assayed by plaque formation in Vero cells.

qRT PCR for PARP Gene Expression. NSC34 cells were mock infected or were
infected with 5 pfu WT CHIKV, as measured in Vero cells, for an hour. Cells
were washed with PBS, and fresh medium (DMEM and 1% FBS) was
replaced. Infected cells were harvested in RLT buffer (Qiagen), and RNA was
isolated using the RNeasy Mini kit (Qiagen). Briefly, cDNA was synthesized
with random primers using the High Capacity cDNA reverse transcription kit
(Life Technologies), and qRT-PCR for Parp1, 9, 10, 12, 13, and 14 mRNAs was
performed using TagMan gene-expression arrays (Integrated DNA Tech-
nologies) and Universal PCR Master Mix (Applied Biosystems). Relative gene
expression was determined by the AAC; method using 0-h control samples
and rodent Gapdh for normalization. All reactions were run on the Applied
Biosystems 7500 Real-time PCR machine under the following conditions:
50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s, and 60 °C for 1 min for
40 cycles and were analyzed with Sequence Detector Software version 1.4
(Applied Biosystems).

IFNa and f Enzyme Immunoassays. IFNa and B levels in supernatant fluids
from mock-infected and CHIKV-infected (MOI 5) NSC34 cells were measured
at intervals from 2 to 36 h after infection using VeriKine ELISA kits (PBL Assay
Science) according to the manufacturer’s instructions. Supernatant fluids
from three independent experiments were tested. Assay ranges were 12.5-
400 pg/mL for IFNa and 15.6-1000 pg/mL for IFNB.

Infectious Center Assay. NSC34 cells were infected with WT and nsP3MP G325
and Y114A mutant viruses at MOIs of 0.5 and 5 for 1 h at 4 °C and were
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shifted to 37 °C for 4 h or were transfected with 10 pg RNA transcribed from
a full-length cDNA clone of WT CHIKV or nsP3MP G325 or Y114A mutant
viruses using Amaxa-Nucleofector Il. Infected and transfected cells were
trypsinized and counted, and 10-fold dilutions were plated on Vero cells
(infected cells) or BHK cells (transfected cells) and were overlaid with 0.6%
Bacto Agar (BD) in Modified Eagle Medium (Gibco) and incubated at 37 °C
for 48 h. Cells were fixed with 10% formaldehyde in PBS and stained with
0.02% crystal violet, and plaques were counted. Data are reported as
number of infectious centers per 10° NSC34 cells.

dsRNA Flow Cytometry. NSC34 cells, mock infected or infected at an MOI of
5 with WT and nsP3MP G325 and Y114A mutant viruses, were incubated at
37 °C. After live/dead staining (Invitrogen) on ice for 30 min in the dark, cells
were fixed with 2% paraformaldehyde and were permeabilized with 0.2%
Triton in FACS buffer (PBS with 0.4% 0.5 M EDTA and 0.5% BSA). Cells were
stained for dsRNA with J2 mouse monoclonal antibody (1:1,000; Scicons) for
1 h on ice followed by PE-conjugated goat anti-mouse IgG and were ana-
lyzed on a FACSCanto flow cytometer. Histograms were plotted to de-
termine median fluorescence intensity and the percent of live cells positive
for dsRNA.

Viral RNA Synthesis. Total RNA from WT (ITK6-treated or untreated) and
nsP3MP G325 and Y114A mutant virus-infected NSC34 cells was isolated us-
ing the RNeasy Plus mini kit (Qiagen). RNA was quantified with a nanodrop
spectrophotometer, and cDNA was synthesized using the High Capacity
cDNA Synthesis Kit (Applied Biosystems) and random primers. qRT-PCR was
performed using TagMan primers and probes specific for the genomic (nsP2)
and genomic plus sg (E2) regions of the CHIKV genome: for the CHIKV
E2 gene: E2 922F 5'-GAAGAGTGGGTGACGCATAAG-3’; E2 1011R 5-TGGA-
TAACTGCGGCCAATAC-3'); for the TagMan probe: CHK E2 949 5'-6-carbox-
yfluorescein [FAM]-ATCAGGTTAACCGTGCCGACTGAA-Minor groove binder
(MGB) nonfluorescent quencher (NFQ)-3’' (Applied Biosystems); for the
CHIKV nsP2 gene: nsP2 1247F 5'-GTACGGAAGGTAAACTGGTATGG-3’; nsP2
1359R 5'-TCCACCTCCCACTCCTTAAT-3'); and for the TagMan probe: CHK
nsP2 1304 5'-(FAM)-TGCAGAACCCACCGAAAGGAAACT-(MGB NFQ)-3' (Ap-
plied Biosystems). Copies of viral RNA were quantified using a standard curve
constructed of 10-fold dilutions of a pCRII-TOPO plasmid containing the
CHIKV E2 or nsP2 region cDNA and normalized to endogenous rodent Gapdh.
Data are plotted as mean CHIKV RNA copies per 10° copies of Gapdh.

Transreplicase System and Mutagenesis. To measure the replicase activity of
WT, viable (G325 and Y114A), and nonviable (D10A, G32E, and G112E) nsP3VP
mutants without requiring virus infection, a CHIKV transreplicase system was
used (69). Two plasmids were transfected: one encoding P1234 controlled by
the immediate early promoter of hCMV and the second encoding a pol I-
synthesized viral RNA template that includes (/) the CHIKV 5’ UTR, a fusion
ORF consisting of the 77 N-terminal residues of nsP1 (including the 51-nt
conserved sequence element), and Fluc; (i) the CHIKV subgenomic pro-
moter, intergenic region and the gene for Gluc; and (iii) the CHIKV 3’ UTR,
60 adenine residues, the hepatitis delta virus antisense strand ribozyme, and
the pol | termination signal (Fig. 7A). To control for reporter baseline ex-
pression, an hCMV-driven P1234 plasmid with a GDD—GAA mutation in the
catalytic domain of nsP4 was included (69).

P1234 and P1234%** plasmids with point mutations in the nsP3MP were
generated using the QuickChange Site-Directed Mutagenesis Kit (Agilent
Technologies). Mutant clones prepared were D10A, G32S or G32E, G112E,
and Y114A (Table 1). Clones were sequenced to confirm the mutations with
TrNSP3MDR primer 5'-CTTCTCCCACTCTTTGTCGCGGCAGTAGAT-3'. One mi-
crogram each of CMV-P1234 or CMV P1234°** and pol I-Fluc-Gluc were
cotransfected into NSC34 cells using lipofectamine LTX (Invitrogen). Cells
were lysed with Renilla luciferase assay lysis buffer (Promega) after 12, 18,
24, and 48 h, and Fluc and Gluc activities were analyzed in a luminometer
(IVIS Spectrum Imager) using the Dual-Luciferase reporter assay (Promega)
and Living Image software (PerkinElmer). Protein concentration was mea-
sured using the DC assay (Bio-Rad). Luciferase activity per microgram of
protein for P1234%*” was subtracted from luciferase activity for P1234, and
data are expressed as the fold change over background.

Immunoblot Analysis of Protein Expression and ADP Ribosylation. Virus-
infected NSC34 cells or transreplicase-transfected NSC34 cells were lysed
using radioimmune precipitation assay (RIPA) buffer [1% Nonidet P-40, 0.1%
SDS, 0.5% sodium orthovanadate, 50 mM Tris (pH 8), 150 mM NaCl, 1 mM
EDTA] containing protease and phosphatase inhibitors (Sigma). To assess ADP
ribosylation of cellular proteins, RIPA buffer also contained PARP inhibitor
3-aminobenzamide (Sigma) and poly(ADPr) glycohydrolase inhibitor ADP-HPD

Abraham et al.


www.pnas.org/cgi/doi/10.1073/pnas.1812130115

(Millipore). Cell lysates were centrifuged at 15,700 x g for 10 min, total
protein was estimated using the DC assay (Bio-Rad), and 10 ug was loaded
onto 10% polyacrylamide gels, electrophoresed, and transferred to nitro-
cellulose membranes. Membranes were incubated overnight at 4 °C with
polyclonal rabbit antibodies to CHIKV nsP1, nsP2, nsP3 (1:10,000), and nsP4
(1:200) (69), monoclonal mouse antibodies to E2 (CHK-187 11A4. F1.F4), p-
elF2q, and elF2a (Cell Signaling) or § actin (Millipore) or pan ADPr-binding
reagent (MABE1016; Millipore) diluted in 5% BSA. Secondary antibodies
were HRP-conjugated anti-rabbit or anti-mouse IgG (Cell Signaling) diluted
in 2% milk (1:10,000) and incubated for 1 h at RT. Membranes were devel-
oped using the Amersham ECL Plus Western Blot Developing kit (GE
Healthcare). ImageJ software (NIH) was used for densitometric analysis of
blots from three independent experiments.

Puromycin Assay for Cellular Protein Synthesis. NSC34 cells were infected with
WT and nsP3™P mutant viruses at an MOI of 5 for 1 h and were washed once
with PBS; then fresh DMEM with 1% FBS was added. At 12, 24, 36, and 48 h,
medium containing 5 pg/mL puromycin dihydrochloride (Sigma) was substituted,
incubated for 10 min, and cells were collected in RIPA buffer for immunoblot
analysis. After electrophoresis and transfer, membranes were probed with
mouse anti-puromycin monoclonal antibody clone 12D10 (Millipore) (68) and
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