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ABSTRACT Mx proteins are interferon (IFN)-induced GTPases that have broad antiviral
activity against a wide range of RNA and DNA viruses; they belong to the dynamin su-
perfamily of large GTPases. In this study, we confirmed the anti-classical swine fever vi-
rus (CSFV) activity of porcine Mx1 in vitro and showed that porcine Mx2 (poMx2), hu-
man MxA (huMxA), and mouse Mx1 (mmMx1) also have anti-CSFV activity in vitro. Small
interfering RNA (siRNA) experiments revealed that depletion of endogenous poMx1 or
poMx2 enhanced CSFV replication, suggesting that porcine Mx proteins are responsible
for the antiviral activity of interferon alpha (IFN-a) against CSFV infection. Confocal mi-
croscopy, immunoprecipitation, glutathione S-transferase (GST) pulldown, and bimolecu-
lar fluorescence complementation (BiFC) demonstrated that poMx1 associated with
NS5B, the RNA-dependent RNA polymerase (RdRp) of CSFV. We used mutations in the
poMx1 protein to elucidate the mechanism of their anti-CSFV activity and found that
mutants that disrupted the association with NS5B lost all anti-CSV activity. Moreover, an
RdRp activity assay further revealed that poMx1 undermined the RdRp activities of NS5B.
Together, these results indicate that porcine Mx proteins exert their antiviral activity
against CSFV by interacting with NS5B.

IMPORTANCE Our previous studies have shown that porcine Mx1 (poMx1) inhibits
classical swine fever virus (CSFV) replication in vitro and in vivo, but the molecular
mechanism of action remains largely unknown. In this study, we dissect the molecu-
lar mechanism of porcine Mx1 and Mx2 against CSFV in vitro. Our results show that
poMx1 associates with NS5B, the RNA-dependent RNA polymerase of CSFV, resulting
in the reduction of CSFV replication. Moreover, the mutants of poMx1 further eluci-
date the mechanism of their anti-CSFV activities.

KEYWORDS antivirus, classical swine fever virus (CSFV), mutants, nonstructural
protein 5B (NS5B), porcine Mx1 (poMx1)

lassical swine fever (CSF), caused by CSF virus (CSFV), is an epidemic disease that

affects the pig industry worldwide, particularly in China (1). Although the C strain
is one of the most effective vaccines against CSFV, this vaccine cannot be used in the
European Union (EU) because it is impossible to serologically differentiate vaccinated
from infected pigs (2, 3). In addition, since any vaccine needs time to take effect (4), pigs
can still be infected after vaccination before protective antibodies appear. Novel
antiviral strategies are needed to reduce the losses from CSF (5).

Mx proteins are interferon (IFN)-induced dynamin-like GTPases that are present in all
vertebrates and have a broad range of antiviral activities against a broad range of
viruses (6, 7). Sequence alignments show that Mx GTPases have an N-terminal GTPase
(G) domain, a middle domain (MD), and a C-terminal GTPase effector domain (GED) in
common with dynamin, but they lack a pleckstrin homology (PH) domain and a
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proline-rich domain (8, 9). It has been well established that the dynamin-like GTPase
activity, including GTP binding and GTP hydrolysis, is required for Mx proteins to
function (10, 11). The antiviral profile of Mx proteins is influenced to some extent by
their subcellular localization (12, 13). Different Mx proteins associate with distinct
intracellular compartments in the cytoplasm and nucleus. However, the significance of
these associations for antiviral activity is not always obvious. The molecular mechanism
behind this broad yet specific antiviral action is not fully understood, but recent work
on Mx structure and evolution is providing new insights (14, 15). In particular, studies
of human MxA (huMxA) and huMxB, which share 63% sequence identity (16, 17), have
shed light on the relationship between intracellular localization, transport function, and
antiviral activity. Research has revealed an increasing number of RNA and DNA viruses
that are inhibited by huMxA (16). Although HIV-1 is not among them, a broad screen
for IFN-induced anti-HIV-1 factors revealed that huMxB inhibits HIV-1 and other primate
lentiviruses (17, 18). A large body of evidence suggests that the known antiviral Mx
GTPases have intrinsic activity and interact with viral components, inhibiting viruses at
various stages in their life cycle (7). Therefore, Mx GTPases appear to recognize specific
viral components that enter the cell upon infection or are produced in infected cells
shortly thereafter.

Two Mx genes have been reported in pigs and designated Mx7 and Mx2 (19). The
full-length porcine Mx1 (poMx1) gene (1,992 bp) was first isolated from the German
Landrace breed and mapped to chromosome 13 (20, 21). Based on nucleotide and
amino acid sequences, poMx1 and poMx2 are closely homologous to huMxA and
huMxB (16), suggesting that the poMx proteins have similar antiviral functions. Like-
wise, previous studies have shown that functional huMxA and poMx1 are located in the
cytoplasm of target cells and exhibit similar antiviral activities against vesicular stoma-
titis virus (VSV) (22), influenza A virus (FLUAV) (23), and CSFV (24-26). Furthermore,
recent studies have shown that poMx1 inhibits the replication of foot-and-mouth
disease virus (FMDV) and bovine viral diarrhea virus (BVDV) (27, 28). However, our
research has shown that neither poMx1 nor poMx2 is responsible for the antiviral
activity of IFN-« against Japanese encephalitis virus (JEV) (29). Our work has shown that
wild-type (WT) poMx1 inhibits CSFV replication although the molecular mechanism of
the inhibition remains to be elucidated. Also, whether poMx2 also inhibits CSFV
replication remains an unanswered question.

To characterize the mechanism of poMx1 in viral inhibition, a series of mutants was
constructed using the huMxA mutants as guidelines for design, and the mutants as well
as wild-type poMx1, poMx2 huMxA, and mmMx1 were subsequently expressed in
PK-15 cells. We found that porcine Mx proteins do not affect CSFV entry into PK-15 cells
but do interact with CSFV NS5B. Further, colocalization, coimmunoprecipitation (co-IP),
glutathione S-transferase (GST) pulldown, and bimolecular fluorescence complemen-
tation (BiFC) experiments clearly indicated that poMx1 (WT, L618D, or E646R) and NS5B
form a complex and that the interaction between Mx protein and NS5B occurs in the
cytoplasm.

RESULTS

Overexpression of Mx proteins. The plasmids pcDNA-poMx1-HA (WT and mutant
poMx1; HA is hemagglutinin), pcDNA-poMx2-HA, pcDNA-huMxA-HA, pcDNA-mmMx1-
HA, and pcDNA3.0 were transfected into PK-15 cells and maintained for 48 h. Western
blotting with anti-HA monoclonal antibody (MAb) revealed an approximately 74- to
82-kDa band in the lysates of transfected cells (Fig. 1A); this band was absent in the
lysate of the vector control (lane 10). The oligomerization state of Mx proteins was
assessed using nondenaturing PAGE (Fig. 1B). As expected, the WT Mx proteins were
tetrameric. The mutants poMx1 (K83A), poMx1 (L618D), and poMx1 (E646R) were also
tetrameric. However, the mutants poMx1 (R409D) and poMx1 with a deletion of
residues 534 to 573 (AL4) were tetrameric, dimeric, and monomeric, indicating that they
have three oligomeric forms. The M527D mutation in huMxA renders the protein
incapable of forming oligomers, resulting in only a monomer form (9). The same
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FIG 1 Expression of Mx proteins in PK-15 cells. (A) Western blotting of lysates from cells transfected with plasmids
encoding HA-tagged poMx1 (WT or mutants), huMxA (WT), poMx2 (WT), or mmMx1 (WT) and then probed with rabbit
anti-HA MAb and anti-B-actin MAb. (B) Western blotting of lysates run on a nondenaturing PAGE gel from cells transfected
with plasmids encoding poMx1 (WT or mutants), huMxA (WT), or mmMx1 (WT) and then probed with rabbit anti-HA MAb.
(C) GTPase activity of Mx proteins. Cells transfected with the plasmids named above and grown for 48 h were washed with
ddH,O and lysed in radioimmunoprecipitation assay buffer with sonication. GTPase activity of the cell lysates was
determined using a QuantiChrom ATPase/GTPase assay kit. Results are presented as the means = SD of data from three

independent experiments. **, P < 0.01.

mutation was introduced into poMx1 to generate the poMx1 (M528D). The results
showed that poMx1 (M528D) does not appear as a single monomer but undermined
lower and higher oligomers. Mx-associated GTPase activity was detected in cells
transfected with the constructs indicated in Fig. 1C, and except for poMx1 (K83A), all
the poMx1 mutants exhibited strong GTPase activities. These results are in agreement
with those of previous studies (30).

Mx proteins inhibit CSFV replication. Our previous work demonstrated that
poMx1 can inhibit CSFV replication in vitro and in vivo (25, 26). Here, we asked if poMx1
(mutants), poMx2 (WT), huMxA (WT), or mmMx1 (WT) could inhibit CSFV replication.
PK-15 cells were transfected with pcDNA-poMx1-HA (WT and mutants), pcDNA-poMx2-
HA, pcDNA-huMxA-HA, pcDNA-mmMx1-HA, or pcDNA3.0. Transfected cells were in-
fected with CSFV Shimen strain at a multiplicity of infection (MOI) of 0.1. Viral RNA and
protein levels and virus titers were determined by Western blotting, reverse transcrip-
tion quantitative PCR (RT-gPCR), and 50% tissue culture infective dose (TCIDs,). At 24
and 48 h postinfection (hpi), both RT-gPCR and TCID,, results demonstrated that all WT
Mx proteins and poMx1 mutants L618D and E646R inhibited CSFV replication. However,
poMx1 mutants K83A, R409D, and AL4 did not interfere with CSFV replication to any
greater extent than the vector-alone control (Fig. 2A and B). At 48 hpi, results of
Western blotting of these samples harvested and probed for viral envelope glycopro-
tein (E2) further revealed that except for poMx1 mutants K83A, R409D, and AL4, all WT
Mx proteins and poMx1 mutants L618D and E646R inhibited CSFV replication (Fig. 2B).
In addition, inactive mmMx1 mutant K49A showed no anti-CSFV activity (Fig. 2C).
Finally, the infected cells overexpressing the different Mx proteins were detected using
confocal microscopy (as indicated in Fig. 2D), and infection rates were calculated (Fig.
2E). The results showed that the infection rates of cells overexpressing poMx1 WT or the
L618D or E646R mutant, poMx2 (WT), huMxA (WT), and mmMx1 (WT) significantly
decreased compared to those of cells overexpressing the poMx1 mutants K83A, R409D,
and AL4 or the vector control and mock-infected cells. In summary, the poMx1 mutants
L618D and E646R retain anti-CSFV activity equal to that of WT levels in vitro while
poMx1 mutants K83A, R409D, and AL4 have completely lost anti-CSFV activity.

Porcine Mx depletion enhances CSFV replication. A series of specific small
interfering RNA (siRNA) duplexes was used to silence the expression of endogenous
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FIG 2 Antiviral effects of Mx proteins. PK-15 cells transfected with pcDNA-poMx1-HA (WT and mutants), pcDNA-poMx2-HA, pcDNA-huMxA
-HA, pcDNA-mmMx1-HA (WT and K49A mutant), or pcDNA3.0 and infected with the CSFV Shimen strain (MOI of 0.1). (A) At 24 hpi, viral RNA

(Continued on next page)
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FIG 3 Porcine Mx depletion enhances CSFV replication. (A to D) Efficiency of siMx1, siMx2, siGBP, ., or
silSG15 in PK-15 cells. Western blotting was performed on lysates from PK-15 cells treated with 100 nM
siMx1, siMx2, siGBP,_,4s, siISG15, or siNC for 12 h and then treated with 100 ng of hulFN-« for 36 h.
poMx1, poMx2, GBP-1, ISG15, and GAPDH were detected using mouse monoclonal antibodies against
poMx1, poMx2, GBP-1, ISG15, and GAPDH, respectively. (E) Effects of Mx1, Mx2, GBP-1,_,4, or ISG15 on
CSFV replication. PK-15 cells pretreated with siRNAs were treated with 100 ng of hulFN-« for 36 h and
then infected with CSFV at an MOI of 0.1 for 48 h. Viral RNA levels, virus titers, and viral E2 levels were
determined by RT-qPCR, TCID,,, and Western blotting, respectively. Results are presented as the means = SD
of data from three independent experiments. **, P < 0.01.

poMx1 or poMx2, as well as that of IFN-stimulated gene 15 (ISG15) and guanylate
binding protein 1 (GBP-1) as positive controls. These siRNAs resulted in efficient
reduction of these four proteins (Fig. 3A to D). Subsequently, the replication efficiency
of CSFV in cells transfected with these siRNAs was assessed using RT-gqPCR, TCID,, and
Western blotting. RT-qPCR indicated that viral RNA copy numbers in infected cells
transfected with an siRNA targeting Mx1 (siMx1), siMx2, silSG15, and an siRNA targeting
residues 1 to 765 of GBP-1 (siGBP,_,¢5) were greater than those of mock transfected
cells or cells transfected with a nontargeting control siRNA (siNC) (Fig. 3E). Intriguingly,
viral RNA copies in siMx1- and siMx2-transfected cells were significantly increased over
levels in silSG15- or siGBP,_,.s-transfected cells, suggesting that porcine Mx proteins,
especially poMx1, play an important role in innate immunity against CSFV. As expected,
viral titers and Western blotting supported these results (Fig. 3E). Taken together, these
results indicate that knockdown of endogenous poMx1 or poMx2 enhances CSFV
replication, suggesting that porcine Mx proteins are critical cellular antiviral factors
against CSFV infection.

Mx proteins are associated with the ER. Previous studies have demonstrated that
Hook3, mannose-6-phosphate receptor, and Lamp-1, colocalize with huMxA (WT) in a
distinct subcompartment of the smooth endoplasmic reticulum (ER) (31, 32). To test
whether poMx1 proteins (WT and mutants) or poMx2 (WT) is also associated with the

FIG 2 Legend (Continued)

levels and virus titers were determined by RT-gPCR and TCID.,. (B) At 48 hpi, viral RNA levels, virus titers, and E2 protein levels in cell culture
were determined by RT-qPCR, TCID,, and Western blotting, respectively. (C) RT-gPCR, TCID,,, and Western blotting were performed to
identify the antiviral activities of mmMx1 (WT and K49A mutant). In panels A to C, RT-gPCR results are represented on the left y axis, and
TCID,, results are represented on the right y axis. Finally, the infected cells overexpressing the different indicated Mx proteins were detected
using confocal microscopy (D) and used to calculate infection rate (E). Results are presented as the means * SD of data from three

independent experiments. **, P < 0.01.
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FIG 4 Mx proteins are associated with the endoplasmic reticulum (ER). (A and B) PK-15 cells were transfected with
PEGFP-poMx1 (WT and mutants), pEGFP-poMx2, pEGFP-huMxA, pEGFP-mmMx1, pEGFP-C1, or pFLAG-NS5B. At 24 hpt,
monolayers were stained with Alexa Fluor 568-labeled endoplasmic reticulum (1:1,000) for 30 min and then fixed and
stained with DAPI. Bar, 10 um.

ER, the subcellular locations of the proteins were determined using confocal micros-
copy. As anticipated, all the Mx proteins including the poMx1 mutants were associated
with the ER (Fig. 4A and B), suggesting that the antiviral action of poMx1 or poMx2
against CSFV infection may happen in the ER. huMxA was used as a positive control,
and mmMx1, known to locate in the nucleus, was a negative control. Our results are in
agreement with previous reports (16). Furthermore, we transfected the construct
encoding CSFV NS5B into PK-15 cells. Confocal microscopy indicated that it was also
near the ER, which is also consistent with a previous report (33).

poMx1 targets CSFV NS5B. Experimental evidence for a physical interaction be-
tween poMx1 or poMx2 and CSFV is lacking. To address this, the interaction between
poMx1 or poMx2 and CSFV was investigated using confocal microscopy, co-IP, and GST
pulldown assays. PK-15 cells were cotransfected with pEGFP-poMx1 (where EGFP is
enhanced green fluorescent protein) or pEGFP-poMx2 and pFLAG-Core, pFLAG-NS2,
PFLAG-NS3, pFLAG-NS4B, pFLAG-NS5A, or pFLAG-NS5B and fixed at 24 h posttransfec-
tion (hpt). Confocal microscopy indicated colocalization of poMx1 (green) and NS5B
(red) in the cytoplasm. There was no colocalization of poMx1 with the other expressed
CSFV proteins (Fig. 5A and C). poMx2 did not colocalize with any of the expressed CSFV
proteins (Fig. 5B and D). For co-IP, 293T cells were cotransfected with pcDNA-poMx1-HA
or pcDNA-poMx2-HA and pFLAG-Core, pFLAG-NS2, pFLAG-NS3, pFLAG-NS4B, pFLAG-
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FIG 5 CSFV NS5B interacts with poMx1 but not poMx2. (A and B) PK-15 cells were cotransfected with pEGFP-poMx1 or pEGFP-poMx2 and pFLAG-Core,
PFLAG-NS2, pFLAG-NS3, pFLAG-NS4B, pFLAG-NS5A, or pFLAG-NS5B. At 24 hpt, monolayers were fixed with 4% paraformaldehyde, permeabilized with 0.1%
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NS5A, or pFLAG-NS5B and then lysed at 48 hpt. Inmunoprecipitation of HA and FLAG
revealed that poMx1 and poMx2 efficiently coprecipitated with NS5B (Fig. 5E and F). To
further test the interaction between poMx1 and NS5B, GST pulldown assays were
performed. The results showed that GST-poMx1 interacted only with NS5B (Fig. 5G).
These data strongly support our hypothesis that poMx1 inhibits viral replication by
targeting CSFV NS5B, while poMx2 associates with NS5B, suggesting that the two poMx
proteins inhibit CSFV replication using different pathways.

GTPase activity and stable oligomerization of poMx1 are critical for interacting
with NS5B. Since poMx1 inhibits CSFV replication by interacting with NS5B, we
cotransfected PK-15 cells with pFLAG-NS5B and pEGFP-poMx1 (WT and mutants),
PEGFP-poMx2, pEGFP-huMxA, or pEGFP-mmMx1 and fixed cells at 24 hpt for confocal
microscopy. The results indicated colocalization of NS5B and poMx1 WT and mutants
L618D and E646R and huMxA (WT). There was no colocalization between NS5B and
poMx2 (WT) or mmMx1 (WT), and as expected there was no colocalization between
NS5B and GTPase-deficient poMx1 (K83A), oligomerization-disrupting poMx1 (R409D),
and interaction-interfering poMx1 (AL4) (Fig. 6A and B).

293T cells were cotransfected with pcDNA-poMx1-HA (WT and mutants), pcDNA-
poMx2-HA, pcDNA-huMxA-HA, or pcDNA-mmMx1-HA and pFLAG-NS5B. A co-IP assay
was performed at 48 hpt, and the precipitating antibodies were anti-HA, anti-FLAG, or
anti-NS5B antibody. poMx1 (WT), poMx1 (L618D), poMx1 (E646R), poMx2 (WT), and
huMxA (WT) coprecipitated with FLAG-NS5B (Fig. 6C). That mmMx1 does not colocalize
or co-IP with NS5B suggests that it inhibits CSFV replication via another mechanism.

Finally, PK-15 cells were transfected with the indicated (on the figures) constructs
and then infected with CSFV (MOI of 0.1). At 48 hpi, the infected cells were fixed and
probed with mouse anti-NS5B polyclonal antibody (produced in our lab) for determin-
ing colocalization of different Mx proteins and NS5B. Confocal microscopy showed
similar results in the infected state and indicated colocalization of CSFV NS5B and
poMx1 WT, L618D, or E646R or huMxA (WT) but not poMx1 K83A, R409D, or AL4, poMx2
(WT), or mmMx1 (WT) (Fig. 6D and E). GST pulldown showed that only poMx1 (WT),
poMx1 (L618D), and poMx1 (E646R) interacted with NS5B (Fig. 6F).

PK-15 cells were cotransfected either with NS5B tagged with amino-terminal resi-
dues 1 to 173 of the Venus fluorescent protein (VN-NS5B) or with poMx1 tagged with
Venus carboxyl-terminal residues 174 to 239 (VC-poMx1) (WT and mutants) and then
lysed at 24 hpt for Western blotting with anti-poMx1 MAb (catalog number 79609;
Abcam) or anti-NS5B polyclonal antibody (PAb) (Fig. 7B) or fixed at 16 hpt for confocal
microscopy. The results of BiFC assays showed that VN-NS5B and poMx1 (WT), poMx1
(L618D), or poMx1 (E646R) produced positive BiFC signals (Fig. 7A and C). Taken
together, these data demonstrate that poMx1 inhibits CSFV replication by targeting
viral NS5B, as well as huMxA, and that GTPase activity and stable oligomerization of
poMx1 are necessary for its interaction with NS5B and for its anti-CSFV activity.

To investigate whether poMx1 proteins undermine the RdRp activities of NS5B, we
expressed and purified poMx1 proteins (WT and mutants) and NS5B proteins. Each
protein was able to be immunoblotted with anti-Hisg tag monoclonal antibody, which
was not found in the control (Fig. 8A to C). To evaluate the biological activity of CSFV
NS5B, the RdRp activities of NS5B proteins were tested in the presence of increasing
amounts of NS5B proteins (0, 50, 100, 150, 200, 250, and 300 ng) with the RNA
templates under the conditions for RNA polymerization. Quantification of synthesized

FIG 5 Legend (Continued)
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Triton X-100, reacted with anti-Flag MAb (1:1,000), and stained with DAPI. Bar, 10 um. (C and D) The colocalization coefficients were expressed as Pearson’s
coefficient, measured for individual cells. (E and F) HEK293T cells were cotransfected with pHA-poMx1 or pHA-poMx2 and pFLAG-Core, pFLAG-NS2, pFLAG-NS3,
PFLAG-NS4B, pFLAG-NS5A, or pFLAG-NS5B. At 48 hpt, cells were harvested and subjected to co-IP assay using mouse anti-Flag MAb (1:200) or mouse anti-HA
MAD (1:200); the resulting complexes were subjected to Western blotting using rabbit anti-Flag MAb and rabbit anti-HA MADb. In addition, the whole-cell lysates
(WCL) were analyzed for expression of HA, FLAG, and B-actin. (G) GST-poMx1 (WT and mutants) fusion proteins were expressed in E. coli BL21, purified with
glutathione MagBeads, and incubated with FLAG-Core, FLAG-NS2, FLAG-NS3, FLAG-NS4B, FLAG-NS5A, or FLAG-NS5B. The resulting complexes were subjected
to Western blotting using mouse anti-GST MAb and mouse anti-Flag MAb. In addition, the whole-cell lysates (WCL) were assayed for expression of GST, FLAG,

and B-actin. **, P < 0.01.
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FIG 6 Interaction between NS5B and poMx1 variants, huMxA, and mmMx1. (A) The colocalization of NS5B and poMx1 variants, poMx2, huMxA, and
mmMx1. PK-15 cells were cotransfected with pFLAG-NS5B and pEGFP-poMx1 (WT and mutants), pEGFP-poMx2 (WT), pEGFP-huMxA (WT), or pEGFP-
mmMx1 (WT) (2 ug each). At 24 hpt, monolayers were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, reacted with anti-Flag MAb
(1:1000), and stained with DAPI. Bar, 10 um. (B) The colocalization coefficients were expressed as Pearson’s coefficient, measured for individual cells. (C)
HEK293T cells were cotransfected with pFLAG-NS5B and pEGFP-poMx1 (WT and mutants), poMx2 (WT), huMxA (WT), or mmMx1 (WT). At 48 hpt, cells were
harvested and subjected to a co-IP assay using mouse anti-Flag MAb (1:200), mouse anti-HA MAb (1:200), or mouse anti-NS5B PAb (1:100). The resulting
complexes were subjected to Western blotting using rabbit anti-Flag MAb, rabbit anti-HA MAb, and mouse anti-NS5B PAb. The whole-cell lysates (WCL)
were also assayed for expression of HA, FLAG, and B-actin. (D) PK-15 cells were transfected with the indicated constructs and then infected with CSFV (MOI
of 0.1). At 48 hpi, cells were fixed and probed with mouse anti-NS5B PAb (1:100) for determining colocalization of different Mx proteins and NS5B using
confocal microscopy. Bar, 10 um. (E) The colocalization coefficients were expressed as Pearson’s coefficient, measured for individual cells. (F) GST or the
GST-poMx1 (WT and mutants) fusion proteins were expressed in E. coli BL21, purified with glutathione MagBeads, and then incubated with the FLAG-NS5B
protein. The resulting complexes were subjected to Western blotting using mouse anti-GST MAb and mouse anti-Flag MAb. In addition, the whole-cell
lysates (WCL) were assayed for expression of GST, FLAG, and B-actin. **, P < 0.01.

April 2018 Volume 92 Issue 7 e02147-17 jviasm.org 9


http://jvi.asm.org

Zhou et al. Journal of Virology

D CSFV NS5B Merge CSFV NS5B Merge

0.8 £
c
S x
%0.6 2 o
=
o
© 0.4
2]
e
o
2 02
©
3
Qo
) 0.0
@ £ T 8 g & § EE E
6 283 2 ¢ 33 3 32
T ¥ S © © =T 4 g <
x T ¢ J4 W ¥ P P X
= X ¥ T ¥ = = = =
§ 2 FZ:3§82CE
EF13icEg:
5 & & & O ° &
6 6 6
- PFLAG-NSSB
GFP-poMx1(E646R) 5 - —
- T o ) s
E 8 8§ © § =
s X & = ] Q
F ¥ ¥ ¥ ¥ ¥ s
b3 = 2 2 s 2 ]
o o o o o o g
o o o Qo o o
Pulldownla-FLAG I o
| QGST-Mx
= e e -~ —.
GFP-poMx1(AL4) — . -
. . s —— o ——
£ TOOT WUC DS MRS P T
wel | a-6sT —— ————— GST
a-FLAG
B-actin| s c— — — — — —

e NERrEZ
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RNA was determined by real-time RT-PCR. The results showed that newly synthesized
RNA products were detected (Fig. 8A), indicating that the purified NS5B protein
was able to catalyze RNA synthesis and that 100 ng was the most effective amount.
For the influence of poMx1 on RdRp activities of NS5B, RNA templates were
incubated with 100 ng of NS5B proteins and increasing amounts of poMx1 proteins
(WT) (0, 50, 100, 150, 200, 250, 300 ng) under the same conditions. The results
showed that poMx1 undermined the RdRp activity of NS5B proteins, and the
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FIG 7 BiFC assay of NS5B and poMx1 (WT and mutants) interactions. (A) Principle of BiFC system. (B) In this study, Western
blotting was performed of lysates from cells transfected with VC-poMx1 (WT or mutants) or VN-NS5B probed with
anti-poMx1 MAb or anti-NS5B PAb and anti-B-actin MAb. (C) The fluorescence visualized in the living cells. Mx (WT or
mutants) and NS5B were fused to the N- and C-terminal fragments of a fluorescent protein, respectively. When there are
two proteins associated, the two fragments are brought together to facilitate reconstruction of the fluorescent protein,
reproducing emission of fluorescence under excitation.

reduction in activity was in agreement with the increasing amount of poMx1 (Fig.
8B). When 100 ng of NS5B protein was incubated with 100 ng of poMx1 protein (WT
or mutant) for RdRp activity assays, the results demonstrated that poMx1 WT,
L618D, or E646R was able to undermine the RdRp activity of NS5B although other
poMx1 mutants did not (Fig. 8C).

Mx proteins do not affect functional endosomes. To test whether expression of
Mx proteins influences the localization or the function of membrane compartments, we
analyzed Mx-overexpressing cells for endocytosis. Our results showed that uptake of
transferrin (Tfn) occurred normally in Mx-expressing cells (Fig. 9A). There was no
difference in Tfn signal intensities among any Mx proteins (Fig. 9B).

Rab proteins play major roles in endocytic vesicle trafficking (34). Of these, Rab5
is involved in the life cycles of multiple viruses in the family Flaviviridae and is an
important factor in the process of CSFV endocytosis (35). Here, we tested whether
overexpression of Mx protein affects CSFV endocytosis. PK-15 cells transfected with the
indicated (on the figures) Mx constructs were infected with CSFV and then fixed after
30 min for confocal microscopy. The results showed that no Mx protein colocalized with
Rab5 in infected cells (Fig. 10A and B), suggesting that Mx protein does not hijack early
endosomes to affect virus endocytosis and that Mx expression does not lead to a
disturbance of the endosomal compartment. Further, there was no difference in viral
RNA copy numbers and Rab5 protein levels between the infected cells overexpressing
the indicated (on the figures) Mx constructs and control construct (Fig. 10C). Taken
together, these results show that Mx overexpression had no effect on CSFV endocytosis
mediated by Rab5.
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FIG 8 poMx1 proteins undermine the RdRp activity of NS5B proteins. RdRp assays were performed as
follows: with increasing amounts of NS5B proteins (0, 50, 100, 150, 200, 250, and 300 ng) (A); with 100
ng of NS5B proteins and increasing amounts of poMx1 proteins (WT) (0, 50, 100, 150, 200, 250, or 300
ng) (B); with 100 ng of NS5B proteins and 100 ng of poMx1 proteins (WT and mutant) with the RNA
templates (C). Quantification of synthesized RNA was determined using RT-qPCR as described in Materials
and Methods. The results showed that newly synthesized RNA products were detected. Results are
presented as the means = SD of data from three independent experiments. **, P < 0.01.

DISCUSSION

Earlier work has shown that huMxA can inhibit CSFV replication (24), and our
previous studies have demonstrated that overexpressed EGFP-poMx1 and protein
transduction domain (PTD)-poMx1 fusion proteins inhibit CSFV replication in PK-15 cells
in a dose-dependent manner (26). These observations suggest that huMxA and poMx1
may offer novel therapies against CSFV infection. In this study, we used poMx1 mutants
to look at the connection between the structure and anti-CSFV activity of poMx1.

Previous studies have shown that human and mouse Mx proteins restrict the replication
of FLUAV by recognizing the nucleocapsid protein (NP) (36, 37). The FLUAV polymerase
subunit PB2 which is associated with NP may serve as an additional target. In our study, we
clarified the mechanism by which poMx1 inhibits CSFV replication by targeting its non-
structural protein 5B (NS5B) for mutational analysis. CSFV has a single-stranded positive-
sense RNA genome, coding for one polyprotein that is processed into mature proteins by
cellular and viral proteases (Npro, C, Erns, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
(38). CSFV is a member of the genus Pestivirus (family Flaviviridae) along with BVDV-1,
BVDV-2, and border disease virus (BDV) (39). Hepatitis C virus (HCV), the major cause of
transfusion-associated hepatitis, also belongs to this family (40). It is well known that NS5B
is the viral RNA-dependent RNA polymerase responsible for transcription and replication of
the viral genome, and NS5B has been shown to function as part of a larger, membrane-
associated replication complex (41, 42). Previous studies have shown that inhibitors such as
compound VP32947, compound 1457, and BPIP (5-[(4-bromophenyl)methyl]-2-phenyl-5H-
imidazo(4,5-c]pyridine) inhibit pestivirus (CSFV or BVDV) replication by targeting NS5B
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FIG 9 Mx proteins do not affect cell endocytosis. (A) Mx proteins do not colocalize with Tfn. PK-15 cells were
transfected with pEGFP-poMx1 (WT or mutants), pEGFP-poMx2 (WT), pEGFP-huMxA (WT), pEGFP-mmMx1 (WT), or
PEGFP-C1. At 24 hpt, cells were incubated with 10 ug/ml Alexa Fluor 568-labeled Tfn for 30 min at 4°C and then
transferred to 37°C for 30 min. Cells were fixed and stained with DAPI. Bar, 10 um. (B) Total fluorescence intensity
per cell was calculated using Nikon NIS-Elements AR, version 4.5, analysis software. Tfn uptake is represented as
means * SD of integrated fluorescence intensities from two independent experiments. au, arbitrary units.

(43-45). A similar interaction between VP32947 and HCV NS5B has also been observed (46).
Therefore, NS5B of the Flaviviridae is an important target for inhibitors.

GTPase activity is necessary for MxA to act against RNA viruses (47, 48). The GTPase
domain is the most conserved region in Mx proteins and other members of the
dynamin family of large GTPases. Mutations in the GTP binding element of MxA
invariably cause a loss of antiviral activity, indicating that GTP binding and/or hydrolysis
is critical for function. Additionally, the C terminus is required for GTPase activity.
Previous studies have shown that the mutation K83A in huMxA renders the protein
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FIG 10 Mx proteins have no effect on endosomal trafficking of CSFV. (A and B) Mx proteins have no effect on Rab5
distribution in the infected cells. PK-15 cells were transfected with the indicated constructs for 48 h and then
infected with CSFV (MOI of 5) at 4°C for 1 h and then shifted to 37°C for 30 min. Cells were fixed, reacted with rabbit
anti-Rab5 antibody, and stained with DAPI. Bar, 10 um. (C) Viral RNA copy number was determined by RT-qPCR,
and Rab5 protein level was determined by Western blotting.

unable to inhibit the replication of viruses, such as VSV, influenza A virus (49), and La
Crosse virus (50), demonstrating that its GTPase activity is necessary for antiviral
function. Although we previously showed that poMx1 can inhibit CSFV replication, it
was unclear whether GTPase activity of poMx1 is required for this inhibition. To address
this, we modeled the huMxA mutants and constructed a poMx1 (K83A) mutant that no
longer contained a normal GTPase consensus element. We tested its GTPase activity
and antiviral activity in vitro. As expected, we observed that all mutants exhibited an
antiviral effect except poMx1 (K83A), suggesting the necessity of GTPase for the
anti-CSFV effect of poMx1.

Gao et al. proposed that a mutation in the surface-exposed Arg-408 (409 in poMx1)
in helix alc in interface 3 of huMxA promoted disruption of tetramers and the
formation of stable dimers, resulting in the loss of anti-FLUAV effects (9).We observed
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similar results with poMx1 (R409D); it does not form stable tetramer or dimers but is in
a mixed state of tetramers, dimers, and monomers, suggesting that there is no stable
binding between poMx1 (R409D) and the RNA polymerase of CSFV, resulting in a loss
anti-CSFV activity. Gao et al. also introduced L617D (L618D in poMx1) in stalk interface
1 of huMxA to disrupt tetramers into dimers (9), but with GTPase, which was verified by
Nigg and Pavlovic, the mutant huMxA (L617D) still harbors antiviral activity against
FLUAV (11). The huMxA stalk contains a 40-amino-acid loop 4 (residues 533 to 572) that
is located at a position equivalent to the PH domain of dynamin and serves as a docking
site for membranes or viral targets (48, 51). We found that deleting the L4 loop in
poMx1 resulted in loss of interaction with NS5B and the loss of anti-CSFV activity. We
demonstrated that the anti-CSFV mechanism of huMXxA is the same as that of poMx1.
The anti-CSFV activities of both proteins depend on targeting the RNA polymerase of
CSFV. In addition, previous studies have shown that huMxA (E645R), which differs from
WT poMx1 by a single amino acid substitution near the C terminus, can inhibit the
replication of influenza virus and Thogotovirus but is inactive against VSV and La Crosse
virus (52, 53). In our study, poMx1 (E646R) retained anti-CSFV activity. This mutant was
able to target NS5B.

In Landrace pigs the Mx2 protein can inhibit the multiplication of influenza virus (54,
55). However, little is known about the antiviral mechanism of poMx2 against CSFV. We
found that poMx2 localizes to the cytoplasm, yet there is no colocalization with NS5B.
The proteins did interact in co-IP, so we speculate that there is an indirect interaction
between them. In future studies we will investigate the details of the interaction
between poMx2 and NS5B and illustrate how poMx2 inhibits CSFV. mmMx1 was
reported to inhibit FLUAV by specifically blocking viral mRNA synthesis that is catalyzed
in the nucleus by the RNA polymerase residing in the incoming viral nucleocapsid
(primary transcription). We have also found inhibition of CSFV by mmMx1 but not by
mmMx1 (K49A). However, there is no colocalization or interaction between mmMx1
and the RNA polymerase of CSFV, suggesting that mmMx1 uses a yet-to-be identified
mechanism to inhibit CSFV replication.

In conclusion, we have demonstrated that poMx1 (WT) targets NS5B, thereby
inhibiting CSFV replication; poMx1 mutations L618D and E646R do not interfere with
NS5B targeting and retain anti-CSFV activity. poMx1 mutations that do interfere with
NS5B interaction, K83A, R409D, and AL4, do not retain any anti-CSFV activity. huMxA
(WT) also has anti-CSFV activity and targets NS5B. poMx2 (WT) and mmMx1 (WT) inhibit
CSFV replication although the mechanism is yet unknown.

MATERIALS AND METHODS

Cells, viruses, and interferon. Porcine kidney (PK-15) cells and human embryonic kidney (HEK293T)
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (FBS; Gibco), 0.2% NaHCO,, 100 pg/ml streptomycin, and 100 1U/ml
penicillin (Gibco) at 37°C with 5% CO,. The virulent CSFV Shimen strain (GenBank accession number
AF092448) was obtained from the National Institute of Veterinary Drug Control (Beijing, China). Human
interferon alpha-1b (hulFN-«) (29) was purchased from Shenzhen Kexing Biotech Co., Ltd. (China).

Plasmid construction and cell transfection. pcDNA3.0-poMx1-HA, pcDNA3.0-poMx2-HA, pEGFP-
poMx1, and pEGFP-poMx2 have been described previously (26, 29). The human MxA gene (UniProt ID
P20591) and mouse Mx1 gene (UniProt ID P09922), which were kindly provided by Song Gao (Sun
Yat-sen University Cancer Center, Guangzhou, China), were cloned into pcDNA3.0 fused to an HA tag or
PEGFP-C1, creating pcDNA3.0-huMxA-HA, pcDNA3.0-mmMx1-HA, pEGFP-huMxA, or pEGFP-mmMx1. The
poMx1 mutants poMx1 (K83A), poMx1 (R409D), poMx1 (L618D), poMx1 (E646R), and poMx1 (AL4)
(deletion of residues 534 to 573) and the mutant mmMx1 (K49A) (11) were constructed by directed
mutagenesis (Wuhan GeneCreate Biological Engineering Co., Ltd., China) based on pcDNA3.0-poMx1-HA.
The wild-type and mutated poMx1 proteins were also cloned into pGEX-4T-1, pColdl, and VC. The core
protein, NS2, NS3, NS4B, NS5A, or NS5B gene of CSFV was cloned into the p3XFLAG-CMV-7.1 vector to
generate pFLAG-Core, pFLAG-NS2, pFLAG-NS3, pFLAG-NS4B, pFLAG-NS5A, or pFLAG-NS5B. NS5B was
also cloned into VN and pColdl. The primers for amplification are listed in Table 1. All plasmids were
confirmed by DNA sequencing. HEK293T or PK-15 cells were transfected with plasmids (2.5 ng each)
using Lipofectamine 3000 (Invitrogen) in six-well plates according to the manufacturer’s instructions. At
6 h posttransfection (hpt), fresh DMEM containing 2% FBS replaced the transfection mixture, and cells
were incubated for an additional 48 h.

RNA interference. Two specific siRNAs targeting different regions of the Mx7 and Mx2 genes
(sc-45260 and sc61110, respectively) and a nontargeting control siRNA ([siNC] sc-37007) were purchased
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TABLE 1 The primers used in this study
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Primer?

Sequence(5'-3")

Use

PcDNA3.0-huMxA-F
pcDNA3.0-huMxA-R

pcDNA3.0-mmMx1-F
PcDNA3.0-mmMx1-R

pFLAG-CMVTM-7.1-Core-F
pFLAG-CMVTM-7.1-Core-R
pFLAG-CMVTM-7.1-NS2-F
pFLAG-CMVTM-7.1-NS2-R
pFLAG-CMVTM-7.1-NS3-F
pFLAG-CMVTM-7.1-NS3-R
pFLAG-CMVTM-7.1-NS4B-F
pFLAG-CMVTM-7.1-NS4B-R
pFLAG-CMVTM-7.1-NS5A-F
pFLAG-CMVTM-7.1-NS5A-R
pFLAG-CMVTM-7.1-NS5B-F
pFLAG-CMVTM-7.1-NS5B-R
PGEX-4T-1-poMx1-F
PGEX-4T-1-poMx1-R

TGACGAATTCACCATGGTTGTTTCCGAAGTGGA

TGACCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTAACCGGGGAA

CTGGGCAAG
TGACGAATTCACCATGGATTCTGTGAATAATCTGTGC

TGACCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTAATCGGAGAA

TTTGGCAAGCT
TGACGGTACCAATGTCTGATGATGGCGCAAGTGG
TGACGGATCCTTAGGCTTCAACTGGTTGATACAA
TGACGAATTCAATGAGCGGGGTTGCCAAGGG
TGACGGATCCTTATCTAAGCACCCAGCCAAG
TGACGGTACCAATGGGGCCTGCCGTTTGCAAG
TGACTCTAGATTATAGACCAACTACTTGTTTTAGTGCT
TGACGGTACCAATGGCTCAGGGGGATGTGCAG
TGACGGATCCTTATAGCTGGCGGATCTTTCC
TGACGGTACCAATGTCAAGTAATTACATTCTAGAGCTCC
TGACGGATCCTTACAGTTTCATAGAATACACTTTTGCA
TGACGAATTCAATGAGTAATTGGGTGATGCAAGAAG
TGACGGATCCTTATACCCCTCTCCCTATCAGG
TGACGGATCCATGGTTTATTCCAACTGTGAAAG
TGACCTCGAGTCAGCCTGGGAACTTGGCGA

Amplification

Amplification

Amplification
Amplification
Amplification
Amplification
Amplification
Amplification

Amplification

of huMxA

of mmMx1

of core protein
of NS2

of NS3

of NS4B

of NS5A

of NS5B

of poMx1 for pulldown

VC-poMx1-F TGACGAATTCATGGTTTATTCCAACTGTGAAAGT
VC-poMx1-R TGACCTCGAGGCCTGGGAACTTGGCGAGC
VN-NS5B-F TGACGAATTCATGAGTAATTGGGTGATGCAAGAAG
VN-NS5B-R TGACCTCGAGTACCCCTCTCCCTATCAGGG
pCold1-poMx1-F TGACCTCGAGATGGTTTATTCCAACTGTGAAAGTA
pCold1-poMx1-R TGACGAATTCTCAGCCTGGGAACTTGG
pCold1-NS5B-F TGACCTCGAGAGTAATTGGGTGATGCAAGAAGA
pCold1-NS5B-R TGACGAATTCTACCCCTCTCCCTATCAGGG

Amplification of poMx1 for BiFC
Amplification of NS5B for BiFC
Amplification of poMx1 for RdRp

Amplification of NS5B for RdRp

Q-CSFV-5" UTR-F GAACTGGGCTAGCCATG gRT-PCR for detection of CSFV
Q-CSFV-5" UTR-R ACTGTCCTGTACTCAGGAC

Q-GAPDH-F GAAGGTCGGAGTGAACGGATTT gRT-PCR for detection of GAPDH
Q-GAPDH-R TGGGTGGAATCATACTGGAACA

aF, forward; R, reverse; UTR, untranslated region.

from Santa Cruz Biotechnology, Inc,; ISG15 and GBP-1 genes were commercially synthesized by GeneP-
harma (Shanghai, China). siRNA duplexes used in the study are listed in Table 2. PK-15 cells were seeded
in six-well plates at 2.5 X 10° cells/well and then transfected with 100 nM siRNA using Lipofectamine
3000 according to the manufacturer’s instructions. After 6 h, cell medium was replaced with fresh DMEM
containing 2% FBS, and cells were incubated at 37°C. At 24 h posttransfection, the medium was aspirated
and replaced with fresh complete medium containing 200 ng/ml hulFN-o; plates were incubated for
another 48 h or infected with CSFV at an MOI of 0.1 and incubated for an additional 48 h. Cells were then
collected for further analysis.

Western blotting. Cells were washed three times with cold phosphate-buffered saline (PBS) and
lysed in cold lysis buffer (1% Triton X-100, T mM phenylmethylsulfonyl difluoride [PMSF] in PBS) for 30
min. Lysates were clarified by centrifugation at 12,000 X g for 10 min. Proteins in the lysates were
separated by SDS-PAGE, transferred to nitrocellulose membranes, and then probed with the antibodies
indicated in the figure legends. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or B-actin was
used as a loading control.

RT-qPCR. Total RNA was extracted from the infected PK-15 cells using TRIzol reagent (Invitrogen,
USA), and viral RNA was measured using RT-gPCR as described previously (26). Data are presented as
2-44CT (where C; is threshold cycle) from quadruplicate samples (56).

Virus titration. The transfected PK-15 cells were infected with the CSFV Shimen strain for 1 h. At 24
or 48 h postinfection (hpi), cells were lysed by three freeze-thaw cycles. Virus yields were determined as
described previously (26). Data are presented as TCID,,s from quadruplicate samples.

Confocal fluorescence microscopy. PK-15 cells were grown on glass coverslips to 60% conflu-
ence. Cells were transfected with 2 ug of plasmid (for cotransfections, 2 ug of each plasmid was
used) for 24 h at 37°C. Cells were then either (i) fixed with 4% paraformaldehyde in PBS, permeab-
ilized with 0.1% Triton X-100, reacted with the appropriate antibody or reagent, and stained with

TABLE 2 siRNA duplexes used in this study

Primer Sequence (5'-3') Use

silSG15 CUAUGUGCACCGUGUAUAUTT ISG15 interference RNA
SIGBP, s GGACUCAGAAUUUGUGCAATT GBP-1 interference RNA
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4',6'-diamidino-2-phenylindole (DAPI) or (ii) infected with the CSFV Shimen strain at an MOI of 0.1.
After 48 h these cells were processed for confocal microscopy as described above. Antibodies used
in this study were rabbit anti-Rab5 (ab18211; Abcam), mouse anti-CSFV E2 (WH303), and mouse
anti-Flag MAb (F1804; Sigma-Aldrich). Other reactants were Alexa Fluor 568 (AF568)-labeled endo-
plasmic reticulum (702508; Life Technologies) and Alexa Fluor 568-labeled transferrin (1446005; Life
Technologies). The colocalization coefficients were calculated using professional quantitative colo-
calization analysis software (Nikon A1; Japan) included with a Nikon A1 confocal microscope and
expressed as Pearson’s coefficient.

Co-IP. HEK293T cells were cotransfected with pFLAG plasmids (pFLAG-Core, pFLAG-NS2, pFLAG-NS3,
PFLAG-NS4B, pFLAG-NS5A, and pFLAG-NS5B) and pcDNA3.0-poMx1-HA or pFLAG-NS5B with pcDNA3.0-
poMx1-HA (mutants), pcDNA3.0-poMx2-HA, pcDNA3.0-huMxA-HA, or pcDNA3.0-mmMx1-HA (2 ng each).
At 48 hpt, cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1 mM EDTA,
1 mM PMSF, 1 mM NaF, T mM Na,;O,, pH 7.4) for 1 h at 4°C. To remove cell debris, the lysates were
centrifuged at 10,000 X g for 10 min at 4°C. A 50-ul aliquot of the supernatant (the whole-cell lysate) was
removed from each sample for later use. The remaining lysate was treated with 1.0 ug of the appropriate
control IgG together with 20 ul of protein A/G Plus-agarose slurry (sc-2003; Santa Cruz) and incubated
with rotation for 2 h at 4°C. After centrifugation at 1,000 X g for 5 min at 4°C, 1 g of mouse anti-Flag
MAb (F1804; Sigma-Aldrich), mouse anti-HA MAb (C1304; Applygen), or 3 ug of mouse anti-NS5B PAb
(produced in our lab) was added to the supernatant, and incubation with rotation continued for 1 h at
4°C. Twenty microliters of protein A/G Plus-agarose slurry was added to each sample and incubated for
another 4 h under the same conditions. The agarose beads were collected by centrifugation and washed
with the NP-40 lysis buffer five times. The final pellet was dissolved in 2X SDS loading buffer for
SDS-PAGE and Western blotting. Immunoprecipitations and the whole-cell lysates were probed with
rabbit anti-Flag MAb (C1837; Applygen), rabbit anti-HA MAb (H6098; Sigma-Aldrich), and mouse anti-
B-actin (AA128; Beyotime).

GST pulldown. poMx1 (WT and mutants) was subcloned into the pGEX-4T-1 expression vector,
expressed in Escherichia coli BL21, and induced with isopropyl-B-b-thiogalactopyranoside (IPTG). Bacteria
were harvested and suspended in cold PBS and then subjected to ultrasonication for 10 min. Subse-
quently, the soluble GST or GST-poMx1 (WT or mutant) fusion protein was incubated with glutathione
MagBeads for 2 h at 4°C, collected by centrifugation (12,000 X g for 10), washed five times with cold PBS,
and then incubated with the lysates of HEK293T cells transfected with 2 ug of pFLAG plasmids
(pFLAG-Core, pFLAG-NS2, pFLAG-NS3, pFLAG-NS4B, pFLAG-NS5A, and pFLAG-NS5B) for 2 h at 4°C. The
MagBeads were again collected and washed five times with PBS. The bound proteins were analyzed by
Western blotting using mouse anti-GST MAb (A00865-100; Genscript) and mouse anti-Flag MAb (F1804;
Sigma-Aldrich).

Bimolecular fluorescence complementation. Sequences encoding amino-terminal residues 1 to
173 (VN) or the carboxyl-terminal residues 174 to 239 (VC) of Venus (a variant of yellow fluorescent
protein was obtained by site-directed mutagenesis of pEYFP-N1) were fused to the C terminus of the
full-length or truncated N proteins via a (GGGGS); linker (kindly provided by Ke Liu from Shanghai
Veterinary Institute Research, Shanghai, China) (57). The wild-type and mutated poMx1 were cloned into
VC, and NS5B was cloned into VN. The primers used for BiFC are shown in Table 1. PK-15 cells were
transfected with 2 pg of plasmid (for cotransfections, 2 ug of each plasmid was used) for 20 h at 37°C,
fixed with 4% paraformaldehyde in PBS, and stained with DAPI. These cells were processed for confocal
microscopy as described above.

Nondenaturing PAGE. PK-15 cells were grown in six-well plates and transfected with pcDNA3.0-
poMx1-HA (WT and mutants), pcDNA3.0-huMxA, pcDNA3.0-mmMx1, or pcDNA3.0 (2 ug each). Cells were
lysed in NP-40 lysis buffer for 30 min at 4°C. Lysates were centrifuged at 10,000 X g for 10 min at 4°C,
and supernatant was mixed with 10X loading buffer (12.5% 0.5 M Tris-HCl [pH 8.0], 30% glycerin, 55%
double-distilled H,0 [ddH,0], 2.5% bromophenol blue [BPB]) and run on a 6.5% separating gel in 1X
Tris-borate-EDTA (TBE). Proteins were transferred to nitrocellulose and probed with rabbit anti-HA MAb
(H6098; Sigma-Aldrich). Molecular weights were determined using a native protein marker (1762408;
Invitrogen).

GTPase assay. The Mx-associated GTPase activities of the pHA-Mx fusion proteins expressed in PK-15
cells were analyzed using a QuantiChrom ATPase/GTPase assay kit (BioAssay Systems, USA) according to
a protocol described previously (26). Briefly, PK-15 cells were washed three times with ddH,0O, and cells
were suspended in ddH,O and lysed by sonication on ice for 1 min at 2-s intervals. The lysates were
centrifuged at 10,000 X g for 15 min, and the GTPase activity of the supernatant was examined. The
change in values of the optical density at 620 (AODq,,) was calculated by subtracting OD values in the
reaction product and from those of the control wells. The concentration of free phosphate produced [Pi]
(in micromolars) was calculated from the part of the standard curve within the range of OD,, values of
0.5 to 1.0 to ensure that the substrate hydrolysis was within the linear kinetics of the reaction. Enzyme
activity was calculated as follows: activity = [Pi] (uM) X 40 ul = (10 pl X t) (U/liter), where 40 pl is the
reaction volume, 10 ul is the enzyme volume in the assay, and t is the reaction time. We used the enzyme
activity of poMx1 (WT) protein as 100%, and then normalized the enzyme activity of other Mx1 proteins.

RNA-dependent RNA polymerase activity assay. RNA templates were total-RNA extracted from
progeny viruses of the infected cell supernatant. NS5B and poMx1 (WT and mutants) were subcloned into
pColdl with a Hisg tag, expressed in Escherichia coli BL21, and induced with IPTG. Subsequently, NS5B
proteins and poMx1 proteins (WT and mutants) were purified using nickel-nitrilotriacetic acid (Ni-NTA)-
Sepharose resin (L00250; Genscript). The total volume of RdRp assays was 50 ul, containing the following
supplements: 50 mM HEPES (pH 8.0), 5 mM MgCl,, 10 uM dithiothreitol (DTT), 25 mM KCl, T mM EDTA,
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20 U of RNasin, 50 ng of actinomycin D, 200 uM each nucleoside triphosphate (NTP), 1 ul of RNA
template (1 wg/ml), increasing amounts of NS5B proteins (0, 50, 100, 150, 200, 250, and 300 ng) or
increasing amounts of poMx1 proteins (WT) (0, 50, 100, 150, 200, 250, and 300 ng) or 100 ng of NS5B
proteins and 100 ng of poMx1 proteins (WT and mutants). The mixture was incubated at 37°C for 1 h,
and then the reaction was stopped by the addition of 2 ul of EDTA (200 mM). The reaction samples were
extracted with phenol-chloroform, and RNA was precipitated with isopropyl alcohol. Synthesized viral
RNA was quantified by RT-gPCR (58, 59).

Quantification of transferrin uptake. Alexa Fluor 568 (AF568)-labeled human transferrin (Tfn) was
used in uptake assays as described previously. Briefly, PK-15 cells were seeded in six-well plates and
transfected with WT or mutant plasmid constructs. Cells were then incubated with 10 ug/ml of Tfn-AF568
for 30 min at 4°C and then washed and transferred to 37°C for 30 min. Cells were observed by confocal
fluorescence microscopy. Total fluorescence intensity per cell was calculated using Nikon NIS-Elements
AR, version 4.5, analysis software. Tfn uptake is represented as mean and standard error of the mean of
integrated fluorescence intensity from two independent experiments (60).

Statistical analysis. All data are presented as means * standard deviations (SD) as indicated in the
figure legends. Student’s t test was used to compare the data from pairs of treated or untreated groups.
All statistical analyses and calculations were performed using GraphPad Prism, version 5 (GraphPad
Software, Inc., La Jolla, CA).
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