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BIOCHEMISTRY

Viperin catalyzes methionine oxidation to promote
protein expression and function of helicases

Lei Bai'*, Jiazhen Dong?*, Zhengiu Liu**, Youliang Rao**, Pinghui Feng*', Ke Lan?

Helicases play pivotal roles in fundamental biological processes, and posttranslational modifications regulate the
localization, function, and stability of helicases. Here, we report that methionine oxidation of representative helicases,
including DNA and RNA helicases of viral (ORF44 of KSHV) and cellular (MCM7 and RIG-I) origin, promotes their
expression and functions. Cellular viperin, a major antiviral interferon-stimulated gene whose functions beyond
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host defense remain largely unknown, catalyzes the methionine oxidation of these helicases. Moreover, biochemical
studies entailing loss-of-function mutations of helicases and a pharmacological inhibitor interfering with lipid
metabolism and, hence, decreasing viperin activity indicate that methionine oxidation potently increases the sta-
bility and enzyme activity of these helicases that are critical for DNA replication and immune activation. Our work
uncovers a pivotal role of viperin in catalyzing the methionine oxidation of helicases that are implicated in diverse

fundamental biological processes.

INTRODUCTION
Helicases mediate a wide range of cellular processes involving
nucleic acid such as replication, repair, recombination, transcription,
and translation (I, 2). In recent years, it has become evident that
posttranslational modifications (PTMs) of helicases have an essential
impact on regulating the localization, stability, and function of heli-
cases. However, researches about the PTMs of helicases are limited
mostly to three types of PTMs, namely, phosphorylation, ubiquitina-
tion, and SUMOylation (3-5). With the development of unbiased mass
spectrometry analysis, previously unidentified PTM sites in helicases
continue to be found. In eukaryotes, a family of six homologous
subunits—MCM2 (minichromosome maintenance complex com-
ponent 2) to MCM7—form a complex designated MCM2-7 complex,
which is regarded as cellular replicative helicase. During S phase,
MCM2-7 complex becomes active to unwind DNA bidirectionally
from a replication origin that is under regulation of Cdc45 and the
tetrameric GINS (2, 6). Besides these known mechanisms governed
by cofactor-mediated regulation, MCM2-7 complex is likely regu-
lated by PTMs in the accurate transition from an inactive state to an
active state, which is critical for the spatial and temporal control of
DNA replication initiation. Recent studies have revealed key roles of
SUMOylation and phosphorylation of MCM2-7 complex in con-
trolling DNA replication initiation (7-9). It remains unclear whether
other PTMs and how their corresponding physiological cues may
regulate helicases and fundamental biological processes thereof.
Kaposi’s sarcoma-associated herpesvirus (KSHV), belonging to
the human y-herpesvirus family, is a large double-stranded DNA
virus with a genome of ~165 kb. KSHV etiologically links to Kaposi’s
sarcoma, the most common AIDS-associated malignancy, and two
lymphoproliferative diseases: primary effusion lymphoma and multi-
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centric Castleman’s disease (10). Similar to other herpesvirus, KSHV
exists in two phases of its life cycle, a dominant latent phase and a
transient lytic phase. Lytic replication is critical for viral progeny
production and viral pathogenesis (11). Replicated viral genome
templates late gene expression and is packaged into capsid to form
infectious virion progeny. During lytic replication, KSHV encodes
open reading frame 44 (ORF44) (KSHV helicase) to initiate viral
DNA replication, although molecular detail of helicase regulation is
missing (12). With the development of bacterial artificial chromosome
(BAC) (13) technology, recombinant KSHV can be generated with
scarless genetic alteration in KSHV genome (14, 15). Therefore,
BAC technology provides a powerful tool to probe the function and
regulation of KSHV helicase in viral DNA replication, which may
further provide insight into the helicases of other species.

In the present study, we found that both KSHV helicase and human
DNA helicase MCM?7 interact with cellular viperin, which was re-
ported to exhibit antiviral activity against a broad spectrum of viruses
(16, 17). One mechanism for antiviral activity was recently revealed
by the discovery that viperin catalyzes the conversion of cytidine
triphosphate (CTP) to 3'-deoxy-3',4’-didehydro-CTP (ddhCTP), which
acts as a chain terminator for the RNA-dependent RNA polymerases
(18). There is one contradictory observation that viperin was previ-
ously reported to promote rather than inhibit human cytomegalovirus
(HCMV) infection and DNA replication in an iron-sulfur cluster—
dependent manner (19, 20). However, no specific catalytic activity
has been described for viperin that could explain this observation to
date. Here, we demonstrate that viperin oxidizes methionine resi-
dues of KSHV helicase, human DNA helicase MCM?7, and RNA
helicase retinoic acid-inducible gene I (RIG-I). Moreover, triacsin
C (T.C), a pharmacological inhibitor of acyl-coenzyme A synthetase
that blocks triglyceride synthesis and disrupts lipid droplet formation
(21, 22), reduces viperin enzymatic activity. Last, mutations abolish-
ing methionine oxidation in helicases and the treatment with T.C
result in reduced stability and activity of helicases. Hence, methi-
onine oxidation potently increases the stability and enzyme activity
of these helicases that are fundamental to an array of biological pro-
cesses such as DNA replication and immune activation. Our work
unveils a pivotal function of viperin in biology beyond its function
in host defense, forging a potential link between host defense and
other processes involving helicases.
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RESULTS

KSHV helicase and cellular DNA helicase MCM7 are
evolutionarily conserved and interact with viperin

To probe the evolutionary conservation of KSHV helicase and its
associated proteins, we performed a phylogenetic analysis of helicases
and helicase-associated proteins covering humans, mice, yeast,
zebrafish, and herpesviruses involving 672 amino acid sequences that
were obtained from the UniProt database and filtered using SWISS-
PROT. Bioinformatics analysis demonstrated that KSHV helicase
and its associated proteins show some interdependency with heli-
cases of herpesviruses, mouse, and human as well as their associated
proteins (Fig. 1A and fig. S1). We further assessed the evolutionary
relationship between KSHV helicase and 13 human replicative DNA
helicases. This phylogenetic analysis and the amino acid sequence
alignment reveal that KSHV helicase is closely related to human
DNA helicase MCM?7 (Fig. 1B and table S1).

Using BAC technology, we constructed a recombinant KSHV in
which the FLAG tag is fused to the C terminus of KSHV helicase in
the genome and established a stable cell line infected with this
recombinant KSHV [RGB (Red-Green-Blue)-FLAG cells]. Molecular
virology assays indicated the correct insertion of the FLAG sequence
and the lack of alteration on KSHYV Iytic replication (fig. S2, A and B).
We then probed KSHV helicase function in viral Iytic replication
using two pairs of small interfering RNAs (siRNAs). As shown in
fig. S2 (C and D), the viral genome copy number was greatly re-
duced upon depletion of KSHV helicase. We also adopted the same
recombination strategy to construct two KSHV containing helicase
stop or helicase deletion via the insertion of a stop codon or deletion
of the entire protein-coding sequence of KSHV helicase and then
assessed their ability to produce viral progeny. Consistent with the
siRNA results, knockout of KSHV helicase resulted in at least 10-fold
reduction in the viral genome copy number compared to that of
the parental FLAG-tagged recombinant KSHV (fig. S2, E and F).
These results show that KSHV helicase is critical for viral DNA rep-
lication during lytic phase.

To better understand the function and regulation of KSHV helicase,
we aimed to identify the cellular binding partners of KSHV helicase.
Considering that KSHV helicase shows a high evolutionary similarity
to human replicative DNA helicase MCM7, we used immuno-
precipitation coupled with mass spectrometry to analyze proteins
copurified with these helicases (fig. S2, G and H). With proteins
identified by tandem mass spectrometry, we constructed a Venn
diagram, which illustrates that 4 proteins are enriched in all three
cell lines and 58 proteins are identified as potential interacting pro-
teins of both KSHV helicase and cellular MCM7 (Fig. 1C). Viperin
is ranked the first among 58 proteins, indicating that viperin is the
most abundant binding protein of KSHV helicase. Coimmunopre-
cipitation (co-IP) assays showed that KSHV helicase formed complexes
with viperin in transfected human embryonic kidney (HEK) 293T
cells and KSHV-infected cells (Fig. 1, D and E). Furthermore, we also
demonstrated that KSHV helicase directly interacted with viperin
by in vitro glutathione S-transferase (GST) pulldown assay (Fig. 1F).

We next assessed the role of viperin in KSHV lytic replication.
We examined viperin expression in cells in which KSHV lytic replica-
tion was induced with doxycycline and found that both the RNA
and protein expression of viperin were increased in KSHV lytic repli-
cation (fig. S3, A and B). We then depleted viperin expression by siRNA
and examined KSHV lytic replication. Viperin depletion greatly
reduced both extracellular and intracellular viral DNA copy number,
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suggesting that viperin is essential for the replication of KSHV
genomic DNA (fig. S3, C and D). Previous studies have shown that
replication and transcription activator (23) encoded by KSHV ORF50
is the master molecular switch that drives KSHV from latency into
lytic replication through transactivating its downstream viral and
cellular genes (24, 25). Thus, we first tested whether replication and
transcription activator (RTA) could up-regulate viperin expression
in a SLK cell line that RT'A expression can be induced by doxycycline
(iSLK)-puro cells and 293T cells. As shown in fig. S3 (E to H), stable
(iSLK) or transient (293T) expression of RTA greatly increased
viperin RNA and protein, indicating that RTA is sufficient to elevate
viperin expression. We next cloned a DNA fragment corresponding
to the viperin promoter [from —1597 to +136 base pairs (bp)] into a
luciferase reporter vector (26). Using this reporter, we found that
RTA was sufficient to transactivate the viperin promoter (fig. S3I).
To further determine whether RTA is directly recruited to the
viperin promoter and to define the binding site(s) of RTA in the
viperin promoter, we designed 17 pairs of primers encompassing ap-
proximately 1800 bp of the viperin promoter and performed a
chromatin immunoprecipitation (ChIP) assay in transfected 293T
cells. ChIP assay and subsequent quantitative polymerase chain re-
action (qPCR) analysis revealed substantial enrichment of region 4
(from —1297 to —1147 bp) within the viperin promoter precipitated
by RTA (fig. S3]). These results conclude that RTA, as a transcrip-
tional factor, acts on viperin promoter to up-regulate its expression.
Moreover, given that viperin is a well-known interferon-stimulated
gene, we also discussed the possible contribution of interferon on the
viperin expression in KSHV lytic replication during which type I
interferon pathways are activated (27). We first showed that RTA
depletion greatly reduced viperin expression during KSHV lytic rep-
lication, emphasizing the importance of RTA in viperin expression
(fig. S3K). We then treated cells with BX795, an inhibitor to block
TBK-1 (TANK-binding kinase 1) and downstream interferon-f (IFN-)
production (28). After assessing the effects of BX795 by detecting
IFN-B mRNA expression, we then examined the expression of
viperin with BX795 treatment during KSHYV lytic replication (fig. S3,
L to N). These results showed that both RTA and interferon are required
for efficient viperin protein expression, while viperin up-regulation
is mostly dependent on RTA during KSHYV lytic reactivation.

Viperin promotes methionine oxidation of KSHV helicase

Viperin contains a conserved domain, from amino acids 71 to 182,
comprising four radical SAM (S-adenosyl-L-methionine) enzymatic
motifs. Each motif contains a CxxxCxxC sequence that is required
for binding iron-sulfur (Fe-S) clusters. Despite the fact that viperin
can bind Fe-S clusters via the CxxxCxxC motif, enzymatic activity
of viperin on protein substrates has never been reported (29). Thus,
we analyzed the PTM of KSHYV helicase with viperin overexpression
through mass spectrometry. This analysis identified five oxidized
methionine residues that were only found with viperin expression:
methionine-321 (M>%!), methionine-401 (M*°!), methionine-425
(M*®), methionine-663 (M®®*), and methionine-754 (M”*%), indicating
that viperin promotes methionine oxidation of KSHV helicase
(Fig. 2A and fig. S4A). Methionine oxidation has been recognized as
a naturally occurring PTM in native proteins and is implicated in
the regulation of cell function via altering protein stability (30-32).
Therefore, we first tested whether viperin affects KSHV helicase
protein expression and found that viperin increased KSHV helicase
protein in a dose-dependent manner, while it had no effect on its
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Fig. 1. KSHV helicase and cellular DNA helicase MCM7 are evolutionarily conserved and interact with viperin. (A) Cladogram demonstrating the conservation be-
tween KSHV helicase and other helicases of the taxa in the evolutionary tree. Data represent a small portion of phylogenetic analysis of helicases and helicase-associated
proteins covering human, mice, yeast, zebrafish, and herpesviruses. KSHV helicase is boxed in red. (B) Cladogram illustrating the evolutionary relationships between
13 human helicases and KSHV helicase amino acid sequences. The tree is drawn to scale, and its branch lengths represent evolutionary distances. KSHV helicase is boxed
in red. (C) Venn diagram describing the overlap of all proteins identified via mass spectrometry in three different immunoprecipitation groups. (D) Reciprocal coimmuno-
precipitation (co-IP) assays to examine physical interactions between viperin and KSHV helicase in 293T cells. HA, hemagglutinin. (E) In vivo co-IP assays to detect the
interaction between KSHV helicase and viperin. RGB-FLAG cells were induced with doxycycline (2 ug/ml) for 72 hours. Whole-cell lysates (WCLs) were precipitated with
anti-FLAG (KSHV helicase). Precipitated proteins and WCLs were analyzed by immunoblotting. IgG, immunoglobulin G. (F) Glutathione S-transferase (GST) pulldown, with
GST or GST-viperin purified from Escherichia coli and the KSHV helicase-FLAG translated in vitro, was analyzed by immunoblotting.
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Fig. 2. Viperin promotes methionine oxidation of KSHV helicase. (A) Mass spectrometry analysis of methionine oxidation in 293T cells transfected
with KSHV helicase with or without viperin expression. The M*°" was oxidized (in red) under viperin overexpression. m/z, mass/charge ratio. (B) 293T cells
were transfected with plasmids containing indicated genes. At 48 hours after transfection, WCLs were harvested and analyzed by immunoblotting. eGFP,
enhanced green fluorescent protein. (C) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after transfection, RNA was
extracted, and complementary DNA (cDNA) was prepared to determine KSHV helicase mRNA by qPCR analysis. The data are expressed as means + SEM;
n = 3; ns, not significant; CON, control. (D) RGB-FLAG cells were transfected with siRNA as indicated. At 6 hours after transfection, cells were induced with
doxycycline (2 ug/ml) for 72 hours. WCLs were then analyzed by immunoblotting. (E) 293T cells were transfected with plasmids containing indicated
genes. At 24 hours after transfection, cells were treated with cycloheximide (CHX) (10 ng/ml). WCLs were then analyzed by immunoblotting. GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

mRNA level (Fig. 2, B and C, and fig. S4, B and C). Conversely, de-
pletion of viperin (via siRNA-mediated knockdown) in RGB-FLAG
cells reduced KSHYV helicase expression (Fig. 2D). To further ex-
plore the role of viperin in modulating KSHV helicase protein
expression, we determined KSHYV helicase half-life in 293T cells with
the protein synthesis inhibitor cycloheximide (CHX). Notably,
coexpression of viperin increased the half-life of KSHV helicase by
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more than 4 hours (Fig. 2E). Together, viperin promotes methionine
oxidation, thereby stabilizing KSHV helicase protein.

Viperin-induced methionine-401 oxidation enhances

the stability and function of KSHV helicase

To further examine the effect of individual methionine oxidative
site, we engineered (either individually or in combination) 11 mutants
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of KSHYV helicase through site-directed mutagenesis and constructed
11 corresponding stable cell lines infected with this recombinant
KSHV using BAC technology, as described previously (RGB-mutated
FLAG cells). These 11 mutants consist of single point mutants (PMs),
a mutant with mutations in all five sites (ALL Mut), and mutants
containing four except one methionine (Re) (Fig. 3A). All methionine
residues were changed to alanine. We then determined whether
these mutations have an effect on KSHV helicase stability and function.
Using transfected 293T cells, we demonstrated that, with the mu-
tant containing methionine-401 (PM321, PM425, PM663, PM754,
and Re401), viperin still increased KSHV helicase expression. By
stark contrast, the M401 A mutation (PM401, ALL Mut, Re321, Re425,
Re663, and Re754) completely abolished the effect of viperin to in-
crease KSHYV helicase protein (Fig. 3, B and C). These results are
consistent with those of stable KSHV helicase expression in recom-
binant virus-infected cell lines and those of dose-dependent manner
of mutated plasmids (Fig. 3, D and E, and fig. S5, A to F). To explore
the importance of viperin in modulating KSHV helicase stability, we
examined stable KSHV helicase expression in KSHV-infected cell
lines after viperin depletion. When viperin expression was depleted,
the expression of KSHV helicase containing methionine-401 declined.
However, viperin deletion had little effect on the expression of those
helicase mutants containing M401A (Fig. 3, F and G, and fig. S5,
G and H). These results demonstrate that methionine-401 is critical
for the effect of viperin to increase KSHV helicase protein expression.
Given that the methionine-401 site has the most effect on KSHV
helicase stability, we then investigated whether this effect translates
into the replication of KSHV genomic DNA. We detected the extra-
cellular and intracellular viral genome copy number upon KSHV
lytic induction and found that the viral genome copy number obviously
declined in KSHV, with helicase containing M401A mutation com-
paring with those with M**! (Fig. 3H and fig. S51). Consistent with
this result, viperin depletion decreased viral DNA copy number of
KSHV containing M*’! but had a marginal effect on viral copy number
in those containing M401A (Fig. 3I and fig. S5]). These results col-
lectively show that methionine oxidation promotes helicase stability
and the replication of viral genomic DNA during KSHV Iytic replication.

Viperin associates with lipid droplets that are required

to induce the methionine oxidation of KSHV helicase
Previous research has demonstrated that the N-terminal domain of
viperin (amino acids 9 to 42) contains an amphipathic o helix that
anchors viperin to the cytosolic face of the endoplasmic reticulum
(ER) and lipid droplets (33, 34). Viperin localizes to the ER and is
ultimately transported to lipid droplets, where it performs its main
functions (35, 36). Hence, we reasoned that methionine oxidation
of KSHV helicase induced by viperin requires lipid droplets. Thus,
we performed an immunofluorescence assay in the iSLK-BAC16
cell line and found that viperin and helicase localized in lipid droplets
during KSHYV replication, indicating that KSHV helicase colocalizes
with viperin in lipid droplets in vivo (Fig. 4A). Therefore, we treated
RGB-FLAG cells with T.C, one of the few compounds that inhibit
the formation of lipid droplets (37, 38). To assess the effect of T.C,
we detected the expression of perilipin 2 that is a prominent protein
associated with the surface of lipid droplets and participates in the
formation and stabilization of lipid droplets (fig. S6, A and B) (39, 40).
We demonstrated that both KSHV helicase and viperin expression
in KSHV-infected cells were reduced by T.C treatment (Fig. 4B).
Consistent with reduced protein expression, both viral extracellular
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and intracellular genome copy number also declined when cells were
treated with T.C (Fig. 4C). Furthermore, we also detected stable
KSHYV helicase expression as well as viral extracellular and intra-
cellular DNA copy number in 11 KSHV-infected cell lines with or
without T.C treatment. These results showed that when cells were treated
with T.C that suppresses viperin expression, both helicase expression
and viral DNA copy number were impaired for helicase containing
M*!, However, T.C treatment had little effect on both helicase
expression and viral DNA copy number in helicases containing
M401A (Fig. 4, D to F, and fig. S6C). Similarly, T.C treatment im-
paired viperin enzyme activity to stabilize KSHV helicase in 293T cells
(Fig. 4G). To further examine the site(s) of methionine oxidation in
KSHYV helicase, we adopted mass spectrometry to analyze the me-
thionine oxidation of KSHV helicase after T.C treatment. As shown in
fig. S6D, the methionine-754 site was deprived of oxidation, while
oxidation of methionine-321, methionine-401, methionine-425,
and methionine-663 was undetectable under T.C treatment. Together,
these results demonstrate that the methionine oxidation of KSHV
helicase induced by viperin requires lipid droplets.

Viperin-induced methionine oxidation stabilizes MCM7

and promotes DNA replication

Next, we assessed whether the human DNA helicase MCM?7 under-
goes methionine oxidation induced by viperin. Two-way co-IP
assays showed that MCM7 interacted with viperin in transfected
293T cells (Fig. 5A). Furthermore, viperin stabilized MCM?7 protein,
as indicated by longer half-life, thus increasing MCM7 protein ex-
pression in a dose-dependent manner, but had no impact on MCM7
mRNA level (Fig. 5, B and C, and fig. S7A). To characterize the
molecular action of viperin in MCM7 protein expression, we adopted
mass spectrometry to analyze the methionine oxidation of MCM7
and identified three methionine oxidation sites: methionine-450 (M**°),
methionine-621 (M®?!), and methionine-639 (M®*) (fig. S7B). Simi-
larly, these triple methionine sites were all mutated to alanine
(M450/621/639A, MCM7-TA), and we found that viperin demon-
strated no effect on the protein expression of MCM7-TA (Fig. 5D).
We noted that MCM7 was reported to directly bind to the c-Myc
replication origin (41, 42), and we therefore performed ChIP in
293T cells with transient expression of MCM?7 wild type or the
MCM?7-TA mutant to determine whether methionine oxidation af-
fects the binding capacity of MCM?7. The c-Myc replication origin
bound by MCM?7-TA was reduced by threefold than that of MCM?7 wild
type (Fig. 5E). Consequently, MCM7-TA resulted in threefold lower
nascent (newly replicated) DNA driven by the c-Myc replication origin
than MCM?7 wild type (Fig. 5F). To further probe the role of viperin
in mediating MCM7 methionine oxidation, we repeated these ex-
periments upon viperin depletion. These results showed that viperin
knockdown greatly reduced both the binding capacity and nascent
DNA production of the c-Myc replication origin driven by MCM?7 wild
type. However, viperin depletion had little effect on both the DNA
binding and nascent DNA production of MCM7-TA at the c-Myc
replication origin (Fig. 5, G and H). Furthermore, the interaction
between endogenous MCM?7 and viperin was readily detected (Fig. 5I).
We also determined the expression and function of endogenous MCM7
after viperin depletion (Fig. 5, to L). These results examining endoge-
nous proteins indicate the important role of viperin in the protein ex-
pression and function of MCM7. Together, these results demonstrate
that viperin induces the methionine oxidation of MCM7 to pro-
mote its protein expression and subsequent DNA replication.
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Fig. 3. Viperin-induced methionine-401 oxidation enhances the stability and function of KSHV helicase. (A) Diagram illustrating five peptides of KSHV helicase
examined to evaluate methionine oxidation (top) and depicting the 11 KSHV helicase mutants (bottom). WT, wild type. (B and C) 293T cells were transfected with plasmids
containing indicated genes. At 48 hours after transfection, WCLs were analyzed by immunoblotting. (D and E) RGB-FLAG and RGB-mutated FLAG cells were induced with
doxycycline for 72 hours. WCLs were then analyzed by immunoblotting. (F and G) RGB-FLAG and RGB-mutated FLAG cells were transfected with siRNA as indicated. At
6 hours after transfection, cells were induced with doxycycline for 72 hours. WCLs were then analyzed by immunoblotting. (H) RGB-FLAG and RGB-mutated FLAG cells
were induced with doxycycline for 72 hours. Extracellular viral DNA was extracted and analyzed by qPCR. (I) RGB-FLAG and RGB-mutated FLAG cells were transfected with
siRNA as indicated. At 6 hours after transfection, cells were induced with doxycycline for 72 hours. Extracellular viral DNA was extracted and analyzed by qPCR. The con-
centration of doxycycline is 2 ug/ml. For (H) and (1), the data are expressed as means + SEM; n=3.
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Fig. 4. Viperin associates with lipid droplets that are required to induce the methionine oxidation of KSHV helicase. (A) In vivo immunofluorescence assay to de-
tect KSHV helicase and viperin colocalization with lipid droplets in iSLK-BAC16 KSHV helicase-FLAG (GFP deletion) cells. Cells were induced with doxycycline for 72 hours
and immunostained with a mouse anti-FLAG antibody against KSHV helicase (pink) and a rabbit anti-viperin antibody (red). Lipid droplets (green) and nuclei (blue) were
labeled with BODIPY and 4',6-diamidino-2-phenylindole (DAPI), respectively. Cells were analyzed by Leica confocal microscopy and representative images were shown.
The magnified panel was derived from the red box in the merged panel. Scale bars, 10 um (merged panel) and 5 um (magnified panel). (B and C) RGB-FLAG cells were
treated with 1 uM T.C or dimethyl sulfoxide (DMSO) as a negative control for 3 hours, and then cells were induced with doxycycline for 72 hours. (B) WCLs were analyzed
by immunoblotting; (C) viral DNA was extracted and analyzed by qPCR. (D to F) RGB-FLAG and RGB-mutated FLAG cells were treated with 1 uM T.C or DMSO as a negative
control for 3 hours, and then cells were induced with doxycycline for 72 hours. (D and E) WCLs were analyzed by immunoblotting; (F) extracellular viral DNA was extracted
and analyzed by qPCR. (G) 293T cells were treated with 1 uM T.C or DMSO as a negative control for 3 hours, and then cells were transfected with plasmids containing in-
dicated genes. At 48 hours after transfection, WCLs were analyzed by immunoblotting. The concentration of doxycycline is 2 ug/ml. For (C) and (F), the data are expressed
as means + SEM; n = 3; ****P < (0.0001.

Considering that MCM?7 is associated with MCM4 and MCM6
to form the MCM4/6/7 complex that assumes the function of replicative
DNA helicase (43, 44). We therefore sought to determine whether
viperin plays the same role for MCM4 and MCM6. We applied co-IP
assays to examine the physical interaction between viperin and
MCM4 or MCMB6 (fig. S8, A and B). Viperin did not enhance the
expression of either MCM4 or MCMS6 (fig. S8, C and D). Moreover,

Bai et al., Sci. Adv. 2019; 5 : eaax1031 28 August 2019

DNA helicases are conserved among several species; we thus selected
several key DNA helicases to examine whether viperin promotes
methionine oxidation of these DNA helicases to affect their stabil-
ity and functions. These selected DNA helicases include human
DNA2 helicase and helicases of HCMV (o-herpesvirus) and murine
v-herpesvirus 68 (MHV68). The latter two viral helicases are crucial
for DNA replication and productive infection of the corresponding
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Fig. 5. Viperin-induced methionine oxidation stabilizes MCM7 and promotes DNA replication. (A) Reciprocal co-IP assays to examine physical interactions between
viperin and MCM?7. (B) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after transfection, WCLs were analyzed by immunoblotting.
(€) 293T cells were transfected with plasmids containing indicated genes. At 24 hours after transfection, cells were treated with CHX (10 ug/ml). WCLs were then analyzed by
immunoblotting. (D) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after transfection, WCLs were analyzed by immunoblotting. (E) 293T cells
were transfected with plasmids containing indicated genes. At 48 hours after transfection, cells were harvested, cross-linked, and used for ChIP assay to determine relative
binding of MCM7 wild type and MCM7-TA at cellular c-Myc replication origin. (F) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after
transfection, cells were labeled with EdU (5-ethynyl-2"-deoxyuridine), total DNA was extracted, and Click-iT procedure was used to isolate DNA from the active sites of replica-
tion. DNA was then analyzed by qPCR at cellular c-Myc replication origin. (G) 293T cells were transfected with plasmids containing indicated genes after transfection for 6 hours
with siRNA, as indicated. At 48 hours after transfection, cells were harvested, cross-linked, and used for ChIP assay to determine relative binding of MCM7 wild type and
MCM7-TA at cellular c-Myc replication origin. (H) 293T cells were transfected with plasmids containing indicated genes after transfection for 6 hours with siRNA, as indicated.
At 48 hours after transfection, cells were labeled with EdU, total DNA was extracted, and Click-iT procedure was used to isolate DNA from the active sites of replication. DNA
was then analyzed by qPCR at cellular c-Myc replication origin. (I) In vivo co-IP assays to detect the interaction between MCM7 and viperin. The WCLs of 293T were precipitated
with anti-viperin. Precipitated proteins and WCLs were analyzed by immunoblotting. (J) 293T cells were transfected with siRNA, as indicated. At 48 hours after transfection,
WCLs were then analyzed by immunoblotting. (K) 293T cells were transfected with siRNA, as indicated. At 48 hours after transfection, cells were harvested, cross-linked, and
used for ChIP assay to determine relative binding of endogenous MCM?7 at cellular c-Myc replication origin. (L) 293T cells were transfected with siRNA as indicated. At 48 hours
after transfection, cells were labeled with EdU, total DNA was extracted, and Click-iT procedure was used to isolate DNA from the active sites of replication. DNA was then
analyzed by qPCR at cellular c-Myc replication origin. For (E) to (H), (K), and (L), the data are expressed as means + SEM; n=3; **P <0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 6. Methionine oxidation catalyzed by viperin increases the stability and function of RNA helicase RIG-1. (A) Reciprocal co-IP assays to examine physical inter-
actions between viperin and RIG-I. (B) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after transfection, WCLs were analyzed by
immunoblotting. (C) 293T cells were transfected with plasmids containing indicated genes. At 24 hours after transfection, cells were treated with CHX (10 ug/ml). WCLs
were then analyzed by immunoblotting. (D) 293T cells were transfected with plasmids containing indicated genes. At 48 hours after transfection, WCLs were analyzed by
immunoblotting. (E) 293T cells were transfected with plasmids containing indicated genes. At 24 hours after transfection, cells were transfected with poly(l:C) for 16 hours.
RNA was extracted, and cDNA was prepared to determine CXCL10 and IFN-B mRNA expression by qPCR analysis. (F) Reconstituted MEF cells were infected with VSV
[multiplicity of infection (MOI), 0.1], and viral titer in the supernatant was determined by plaque assay. pfu, plaque-forming units. (G) 293T cells were transfected with
plasmids containing indicated genes after transfection for 6 hours with siRNA, as indicated. At 24 hours after transfection, cells were transfected with poly(I:C) for 16 hours.
RNA was extracted, and cDNA was prepared to determine CXCL10 and IFN-B mRNA expression by qPCR analysis. (H) Reconstituted MEF cells were infected with VSV (MOI,
0.1) after transfection for 24 hours with siRNA, as indicated, and viral titer in the supernatant was determined by plaque assay. (I) 293T cells were transfected with siRNA,
as indicated. At 24 hours after transfection, cells were transfected with poly(l:C) for 16 hours. RNA was extracted, and cDNA was prepared to determine CXCL10 and IFN-B
MRNA expression by qPCR analysis. (J) MEF cells were infected with VSV (MOI, 0.1) after transfection for 24 hours with siRNA, as indicated, and viral titer in the supernatant
was determined by plaque assay. (K) Viperin wild type (Viperin-WT), viperin-Del, and RIG-I were purified separately from 293T cells. Oxidative reaction was performed
in vitro, and methionine oxidized peptides were quantitatively determined by mass spectrometry analysis. (L) 293T cells were transfected with plasmids containing indi-
cated genes. At 48 hours after transfection, WCLs were analyzed by immunoblotting. For (E to K), the data are expressed as means + SEM; n =3; ***P < 0.001 and ****P < 0.0001.

Bai et al., Sci. Adv. 2019; 5 : eaax1031 28 August 2019 9of 14

6T0Z ‘8Z 1snBny uo /610 Bewadusios ssoueApe//:diy Wol) papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

virus (45, 46). Two-way co-IP assays showed that viperin interacted
with human DNA2, HCMV, and MHV68 helicases in transfected
293T cells (fig. S8, E to G). Hence, viperin enhanced the protein ex-
pression of these helicases (fig. S8, H to J). Together, these results
suggest that viperin-induced methionine oxidation ubiquitously exists
in various DNA helicases.

Methionine oxidation catalyzed by viperin increases
the stability and function of RNA helicase RIG-I
To this end, we showed that viperin-induced methionine oxidation
exists in multiple DNA helicases, which stabilizes protein expression
and increases their function in DNA replication. Hence, we asked
whether this is true for RNA helicases. RIG-I is an RNA helicase
that senses double-stranded RNA in the cytosol to induce innate
immune activation (47, 48), and we therefore probed the effect of
viperin on RIG-I. Similar to those DNA helicases, we found that
viperin interacted with RIG-I by two-way co-IP assays (Fig. 6A) and
that viperin increased RIG-I protein but not mRNA expression, which
correlated with increased protein half-life (Fig. 6, B and C, and fig.
S9A). Next, we then analyzed the PTM of RIG-I with viperin over-
expression through mass spectrometry. This analysis identified five
oxidized methionine residues that were only found with exogenous
viperin expression: methionine-51 (M>Y), methionine-755 (M),
methionine-760 (M’®°), methionine-761 (M”®!), and methionine-923
(M??), indicating that viperin participates in RIG-I methionine
oxidation (fig. S9B). Mutational analysis indicated that the quintuple
mutation (RIG-I-Mut), but not single methionine to alanine muta-
tions, abolished the viperin effect on RIG-I protein expression that
was increased in a dose-dependent manner (Fig. 6D). To probe the
effect of methionine oxidation on RIG-I function, we expressed ex-
ogenous RIG-I wild type (RIG-I-WT) or the quintuple mutant and
analyzed CXCL10 (C-X-C motif chemokine ligand 10) and IFN-B
mRNA expression by gPCR in response to polyinosinic:polycytidylic acid
[poly(I:C)] stimulation. As shown in Fig. 6E, compared with RIG-I-WT,
the quintuple RIG-I mutant demonstrated notably lower activity to
induce CXCL10 and IFN-B. We then “reconstituted” RIG-I expression
in Rig-i”’~ MEF (mouse embryonic fibroblast) with RIG-I-WT or
RIG-I-Mut and examined host immune responses and viral infection.
Compared to RIG-I-WT, RIG-I-Mut obviously lost the capacity to
reduce vesicular stomatitis virus (VSV) replication in Rig—i_/_ MEFs
(Fig. 6F). Furthermore, to assess the role of viperin in RIG-I-mediated
signaling, we repeated the above experiments entailing CXCL10 and
IFN-B mRNA induction by poly(I:C) and VSV replication in reconsti-
tuted Rig-i /- MEFs under the condition of viperin depletion. These
results showed that viperin depletion greatly reduced the CXCL10
and IFN-B induction by RIG-I-WT but had a marginal effect on the
CXCL10and IFN-B induction by the quintuple RIG-I mutant (Fig. 6G).
Besides, after viperin depletion, the ability of RIG-I-WT to inhibit
VSV replication decreased as much as that of RIG-I-Mut (Fig. 6H).
Further, we examined the interaction between endogenous RIG-I
and viperin (fig. S9C). We also determined the protein expression and
function of endogenous RIG-I after viperin depletion (Fig. 6, I and J,
and fig. S9D). These results derived from endogenous proteins also
emphasized the importance of viperin in protein expression and func-
tion of RIG-IL. Together, these results show that viperin induces the
methionine oxidation of RNA helicase RIG-I, which increases
RIG-I protein expression and signaling activity in innate immunity.
Last, to further verify the enzymatic capacity of viperin, we purified
viperin-WT (viperin wild type), viperin-Del (deletion of the central

Bai et al., Sci. Adv. 2019; 5 : eaax1031 28 August 2019

SAM enzymatic domain), RIG-I, MCM?7, and KSHYV helicases sepa-
rately from 293T cells. We then performed oxidative reaction in vitro
and analyzed helicases for possible methionine oxidation. Tandem
mass spectrometry analysis indicated that viperin-WT, compared to the
viperin-Del mutant, notably enhanced the oxidation of M’ of RIG-I
(Fig. 6K). In addition, viperin-WT increased the oxidation of M of
RIG-T and M*°, M*, and M* of MCM? in reference to the viperin-
Del mutant. However, viperin-WT slightly promoted the oxidation of
M**! and M®? of KSHV helicase, largely due to the high level of oxida-
tion in the presence of the viperin-Del mutant (fig. S9E). These results
collectively show that viperin has intrinsic enzyme activity to oxidize
helicases in vitro. Moreover, we also showed that viperin-Del was de-
prived of the ability to enhance the expression of helicases (Fig. 6L). These
results emphasized the importance of the central SAM enzymatic
domain in the functions of viperin and verified that viperin enhanced
helicase expression through catalyzing their methionine oxidation.

DISCUSSION

In recent years, it has become evident that PTMs have a profound
effect on the localization, function, and stability of helicases. However,
researches about the PTMs of helicases are limited, mostly focusing
on three types of PTMs including phosphorylation, ubiquitination,
and SUMOylation. Our study found a previously unexplored PTM-
methionine oxidation in helicases, which increases helicase stability
and protein expression to promote their functions. Mechanistically,
viperin catalyzes methionine oxidation of these DNA and RNA
helicases of human and virus origin. On the basis of the recent re-
search, Gizzi and colleagues (18) made a great contribution to find
the nucleotide substrate of viperin, which suggests a unifying mech-
anism for the broad antiviral effects of viperin. Meanwhile, our
work showed that viperin catalyzes helicases, which are crucial for
DNA replication and immune activation. Our work also partially
explains the mechanism that viperin promotes rather than inhibits
HCMYV infection and KSHV genomic DNA replication. To our
knowledge, these helicases constitute the first family of protein sub-
strates that are enzymatically modified by viperin. Along with the
report of the Gizzi group that viperin catalyzes the conversion of CTP
to ddhCTP, our work is among the first to show that viperin harbors
intrinsic enzyme activity to modify proteins and small molecules
(such as nucleotides), leading to protein methionine oxidation that
enhances helicase stability and function. These studies represent the
first work revealing the protein substrates for viperin. The biochemical
property of viperin as an enzyme to oxidize proteins calls for more
detailed investigation. Furthermore, the observation that viperin re-
sides in the lipid droplets to catalyze methionine oxidation ascribes
an unprecedented function of lipid droplets in PTM of proteins. Last,
the ubiquitous existence of methionine oxidation in various DNA and
RNA helicases implicates the role of viperin and methionine oxidation
in a broad spectrum of fundamental biological processes, such as DNA
replication and innate immune sensing, as shown in this study.

MATERIALS AND METHODS

Cell culture

Human embryonic kidney (HEK) 293T, MEF, iSLK-puro, iSLK-RGB,
and related KSHV helicase mutation recombinant virus-infected
cell lines were maintained in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS),
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antibiotics (penicillin and streptomycin), and proper selective agents
[hygromycin (0.5 mg/ml), puromycin (1.5 ug/ml), and G418 (0.5 mg/ml)].
All cells were cultured at 37°C in the presence of 5% COs,.

Antibodies and reagents

The anti-FLAG mouse antibody, anti-HA (hemagglutinin) rabbit
antibody, and anti-tubulin mouse antibody were purchased from
Sigma-Aldrich. The anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) mouse antibody was purchased from Abmart. The
anti-viperin rabbit antibody was purchased from Cell Signaling
Technology. The anti-viperin mouse antibody was purchased from
Santa Cruz Biotechnology. The anti-GST mouse antibody was pur-
chased from ABclonal. The anti-MCM7 rabbit antibody and the
anti-RIG-I rabbit antibody were purchased from Abcam, and the
secondary antibodies were as follows: goat anti-mouse IRDye 800CW
and goat anti-rabbit IRDye 800CW from LI-COR and goat anti-
rabbit immunoglobulin G (IgG) (H+L) Alexa Fluor 488 and goat
anti-mouse IgG (H+L) Alexa Fluor 555 from Invitrogen. The other
reagents used in our experiments and their sources were as follows:
anti-FLAG M2 affinity Sepharose from Sigma-Aldrich; recombi-
nant protein A/G agarose from Invitrogen; Protease Inhibitor
Cocktail Set III from Millipore; doxycycline hyclate, hygromycin,
puromycin, and G418 disulfate salt from Sigma- Aldrich; Lipofect-
amine 2000 from Thermo Fisher Scientific; T.C and FuGENE HD
Transfection Reagent from Promega; and CCK8 Kit from Yeasen
Biotech.

Plasmids

The KSHV helicase (KSHV ORF44), MHV 68 helicase, HCMV heli-
case, viperin, MCM4, MCM6, MCM?7, RIG-1, and DNA2 proteins
were all expressed in both the streptomycin-FLAG-tagged pCDH and
HA-tagged pCMYV vectors. The helicases of KSHV, MHV68, and
HCMYV were all cloned from the complementary DNA (cDNA) of
their genomes. The viperin, MCM4, MCM6, MCM?7, RIG-1, and
DNA2 proteins were all cloned from the cDNA of the HEK293T genome.
The KSHYV helicase, MCM7, and RIG-I mutant plasmids were con-
structed via site-directed mutagenesis following the manufacturer’s
protocol of the TTANGEN Fast Site-Directed Mutagenesis Kit. The
luciferase reporter plasmid pGL3E-pViperin was constructed by
inserting the amplified fragment of the viperin promoter (-1597
to +136 bp) from the HEK293T genomic library into the pGL3-
Enhancer vector.

Genetic manipulation of the BAC-cloned KSHV genome

To generate a series of KSHV helicase mutant KSHV genomes,
mutagenesis of BAC16-RGB (RGB) was performed using a recom-
binant system as previously described. Briefly, a linear DNA
fragment was amplified via PCR using the pEPKan-S plasmid as a
template, which contained a kanamycin cassette, an I-Scel restric-
tion enzyme site, and duplicated flanking sequences derived from
KSHYV genomic DNA (approximately 40-bp copy). The PCR product
was treated with Dpn I to remove the plasmid template, and the
purified PCR fragments were electroporated into the RGB-containing
GS1783 strain, which had been induced at 42°C for 15 min. The re-
combinant clones were selected at 32°C on LB plates containing 12.5 ug
of chloramphenicol and kanamycin (50 pg/ml). Positives clones
were treated with 1% r-arabinose, induced at 42°C, and plated on LB
plates containing 1% L-arabinose for secondary recombination. The
resultant BAC was further confirmed through DNA sequencing.
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Constitution of the recombinant iSLK-RGB cell lines

The BAC-RGB plasmid was extracted using the NucleoBond Xtra
Midi Kit. To generate KSHV helicase wild type or mutation recom-
binant virus-infected cells, 4 ug of the wild-type RGB or mutant RGB
plasmids, respectively, was transfected into iSLK cells with 10 ul of
the FuGENE HD Transfection Reagent. The medium of the iSLK cells
was replaced with DMEM alone during transfection. At 1 hour after
transfection, FBS was added to a final concentration of 10%. On the
following day, the transfected iSLK cells were cultured in complete
DMEM with a final concentration of hygromycin B (500 pg/ml) for
selection. After 20 days of selection, hygromycin-resistant colonies
were trypsinized, pooled, and subcultured. To induce viral Iytic rep-
lication, the medium of BAC-carrying iSLK cells was replaced with
fresh medium containing doxycycline (2 pg/ml) for 3 to 5 days.

Mass spectrometry

Mass spectrometry was used to identify KSHV helicase and MCM7
protein complexes. 293T cells transfected with the indicated plasmids
using Lipofectamine 2000, and KSHV helicase-FLAG recombinant
virus—infected cells were induced with doxycycline for 72 hours. M2-
FLAG beads and 3x FLAG peptides were used to purify native protein
complexes and elute beads, respectively, from 293T cells. Protein A/G
beads and an anti-FLAG antibody were applied to related KSHV
helicase-FLAG recombinant virus—infected cells. The eluate was
monitored via SDS-polyacrylamide gel electrophoresis (PAGE)
as well as silver staining kit and lastly subjected to mass spectrom-
etry. Besides, mass spectrometry was also used to analyze methionine
oxidation of KSHV helicase, MCM7, and RIG-I.

co-IP and Western blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
[50 mM tris (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1% NP-40, and
0.1 mM phenylmethylsulfonyl fluoride (PMSF)] for 30 min on ice
with brief vortexing every 10 min, followed by centrifugation at
13,000 rpm at 4°C for 15 min to remove cell debris. Five percent of
the cell lysates was retained at input, and the remainder was incu-
bated with an antibody or affinity beads, as indicated, overnight at
4°C. The immunoprecipitates were washed three times with RIPA
buffer and then boiled in SDS loading buffer for Western blotting
(WB) analysis. For WB, protein samples were analyzed through
SDS-PAGE and transferred to nitrocellulose membranes, followed
by blocking and probing with the indicated antibodies for detection.

Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde for 30 min, followed by
permeabilization with 0.1% Triton X-100 for 10 min. After blocking
with 5% normal goat serum for 1 hour, the cells were incubated
with the indicated antibodies overnight at 4°C. The cells were then
washed and incubated with the appropriate secondary antibodies in
phosphate-buffered saline (PBS) for 1 hour. Cell nuclei were stained
with 4',6-diamidino-2-phenylindole. Coverslips were mounted
with antifade mounting medium, and photographs were taken using
a digital camera and software from Leica.

Quantification of KSHV genomic DNA levels and RNA
transcription in cells

Intracellular viral genomic DNA and extracellular virion DNA were
extracted from induced related KSHV helicase wild type or mutation
recombinant virus-infected cells or the cell medium, respectively.
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Copy numbers of viral genomic DNA were estimated via real-time
PCR using primers for K9. Total RNA was extracted from harvested
cells using the TRIzol reagent, and cDNA was obtained through re-
verse transcription with a genomic DNA eraser RT kit (TOYOBO).
qPCR was performed with a SYBR green real-time PCR master mix
kit. The reaction mixtures contained 5 ul of master mix plus ROX
passive reference dye, 1 uM each primer, and 4 pl of diluted sample.
The program of the 7900HT sequence detection system constitutes
95°C for 2 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30s,
and 72°C for 30 s. Relative mRNA levels were normalized to the
level of actin mRNA and calculated via the AAC; method. A melting
curve analysis was used to verify the specificity of the primers, and
each sample was tested in triplicate.

RNA interference

Cells were transfected with control siRNA or siRNAs corresponding
to the indicated genes from GenePharma Technology using
Lipofectamine 2000 according to the manufacturer’s instructions.
At 5 hours after transfection, the medium containing the siRNA was
replaced with fresh medium, and the efficiency of the siRNA-mediated
depletion was determined through immunoblotting analysis.

Chromatin immunoprecipitation

The ChIP protocol was adapted from the Rockland website. Cells
were transfected with indicated plasmids. At 48 hours after trans-
fection, cells were cross-linked with formaldehyde at a 1% final
concentration for 30 min, and glycine was added to quench the
formaldehyde at a final concentration of 125 mM. Cells were washed
twice with PBS and suspended in 1 ml of buffer A [10 mM tris-HCl
(pH 7.4), 10 mM NaCl, 3 mM MgCl,, 0.2% Triton X-100, 1 mM
dithiothreitol (DTT), 0.5 mM EDTA, and 0.2 mM PMSF] for
10 min at 4°C. The released nuclei were pelleted via centrifugation
at 1300 rpm for 5 min and then incubated in SDS lysis buffer (50 mM
Hepes, 1 mM EDTA, 1% SDS, and 1 mM PMSF) for 10 min on ice.
The lysates were subjected to sonication to obtain approximately
200- to 500-bp fragments of DNA (cycle, two 6-s pulses; amplitude,
30 to 35%; Sonics) and then centrifuged at 13,000 rpm at 4°C for
15 min to obtain supernatant. Supernatant was diluted 1:10 in RIPA
buffer. Next, protein A/G was pretreated with binding buffer con-
taining 0.2 mg of salmon sperm DNA per milliliter for 6 hours, and
the samples were precleared with pretreated protein A or G for
2 hours at 4°C. Then, 10% of the supernatant was retained as in-
put, and the remainder was divided into two groups with pre-
treated protein A or G beads and 5 ug of the corresponding antibody
(anti-mouse-FLAG antibody and mouse (IgG) overnight at 4°C. The
beads were subsequently washed with RIPA buffer, wash buffer
[10 mM tris-HCl (pH 8.0), 1 mM EDTA, 250 mM LiCl, 0.5% NP-
40, and 1 mM PMSF], and TE buffer [10 mM tris-HCI (pH 8.0)
and 1 mM EDTA] three times each and then suspended in TE
buffer. The suspended beads were subjected to ribonuclease A and
proteinase K digestion following reverse cross-linking at 65°C for
8 to 10 hours. DNA was recycled with a DNA purification kit from
TIANGEN.

Dual-luciferase reporter assay

All procedures were performed as described in the manual supplied
with the luciferase assay system from Promega. HEK293T cells were
seeded in a 12-well plate the day before transfection. The cells were
subsequently cotransfected with the luciferase reporter pGL3E-pViperin,
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pRL-TK, and the FLAG-tagged RTA plasmid or the FLAG-tagged
empty vector plasmid. The pRL-TK plasmid was used to normalize
firefly luciferase activity based on the expression of Renilla luciferase
activity. The cells were lysed in 200 ul of passive cell lysis buffer at
48 hours after transfection, and luciferase activity was detected. The
results were expressed as the fold change relative to cells transfected
with the FLAG-tagged empty vector plasmid.

Cycloheximide chase assay

293T cells were transfected with indicated plasmids. Twenty-four
hours after transfection, these test proteins were treated with CHX,
and the samples were processed at indicated times for protein ex-
traction, SDS-PAGE, and immunoblotting with either anti-HA, anti-
FLAG, or anti-GAPDH antibodies. The anti-GAPDH antibody was
used to verify the uniformity of total protein loads.

Click-iT 5-ethynyl-2"-deoxyuridine immunoprecipitation
293T cells were transfected with indicated plasmids. Forty-eight hours
after transfection, cells were labeled with 30 pM EdU (5-ethynyl-2'-
deoxyuridine) for 40 min and then harvested for total DNA ex-
traction using Hirt’s method. DNA was then sonicated to get an
average length of 500 to 750 bp. Click-iT reaction was then performed
by addition of Click-iT reaction components and incubation for
2 hours at room temperature. Increasing the sample volume to 500 pl,
added streptavidin beads and the samples were rotated at room
temperature for overnight. Next day, samples were washed twice with
washing solution [10 Mm tris-HCL (pH 7.5), 1 mM EDTA, and 2 M
NaCl] and once in distilled water. The samples were then eluted by
resuspending beads in elution buffer (1% SDS and 0.1 M NaHCO3)
and incubating at 65°C for 10 min, followed by centrifugation and
transfer of supernatants to new tubes. DNA was precipitated with a
DNA purification kit from TTANGEN and resuspended in 50 ul TE.
This DNA was next used in qPCR analysis to assess levels of repli-
cating DNA at cellular c-Myc replication origins.

Protein expression and purification

To obtain FLAG-RIG-I, FLAG-MCM?7, FLAG-KSHYV helicase, FLAG-
viperin, and FLAG-viperin-Del proteins, we transfected HEK293T
cells with indicated plasmids containing corresponding genes. Cells
were harvested at 48 hours after transfection and lysed with Triton
X-100 buffer [20 mM tris (pH 8), 137 mM NaCl, 2 mM EDTA, 10%
glycerol, and 10 mM 2-mercaptoethanol, supplemented with 20 mM
B-glycerophosphate, 1 mM sodium orthovanadate, and protease in-
hibitor cocktail (Roche)]. Then, cell lysates were centrifuged, and the
supernatant was incubated with anti-FLAG agarose beads at 4°C
for 5 hours. Last, the agarose beads were washed extensively with
Triton X-100 lysis buffer and eluted with oxidation reaction buffer
[50 mM Hepes (pH 7.5) and 150 mM KCl] containing FLAG peptide
(0.2 mg/ml), with 10 mM DTT for RIG-I, KSHV helicase, and
MCM?7 and without DTT for viperin and viperin-Del. Eluted pro-
teins were analyzed by SDS-PAGE and Coomassie blue staining.

In vitro oxidation assay

In vitro oxidation assay was performed as described previously (18).
Briefly, a reaction (100 ul total volume) containing 5 ug of sub-
strates (purified RIG-I, KSHYV helicase, or MCM7), 2 ug of enzymes
(purified viperin or viperin-Del), 50 mM Hepes (pH 7.5), 150 mM
KCl, 2 mM SAM, and 5 mM dithionite was incubated for 45 min at
37°C. Reaction was stopped by boil for 10 min. Reactions containing
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RIG-I, MCM7, and KSHYV helicase were analyzed by mass spectrom-
etry, and the ratio of oxidized peptides over total peptides was
quantitatively determined.

Statistical analysis

GraphPad Prism software was used to perform the statistical analy-
sis, and statistical significance was set at P < 0.05, as determined
through the unpaired, two-tailed ¢ test. Error bars represent SEM.
Each experiment was carried out independently at least three times.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/8/eaax1031/DC1

Fig. S1. KSHV helicase and cellular DNA helicase MCM7 are evolutionarily conserved.

Fig. S2. KSHV helicase is critical for viral DNA replication.

Fig. S3. Viperin is critical for viral DNA replication and KSHV-encoded RTA binds to viperin
promoter to up-regulate viperin expression.

Fig. S4. Viperin promotes methionine oxidation of KSHV helicase.

Fig. S5. Viperin-induced methionine-401 oxidation enhances the stability and function of
KSHV helicase.

Fig. S6. Viperin associates with lipid droplets that are required to induce the methionine
oxidation of KSHV helicase.

Fig. S7. Viperin-induced methionine oxidation stabilizes MCM7 and promotes DNA replication.
Fig. S8. Viperin interacts with several DNA helicases.

Fig. S9. Methionine oxidation catalyzed by viperin increases the stability and function of RNA
helicase RIG-I.

Table S1. Amino acid sequence alignment for each human DNA helicase with KSHV helicase.
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