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Viperin interacts with the kinase IRAK1 and the E3 ubiquitin
ligase TRAF6, coupling innate immune signaling to antiviral

ribonucleotide synthesis
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Virus-inhibitory protein, endoplasmic reticulum-associated,
interferon-inducible (viperin) is a radical SAM enzyme that
plays a multifaceted role in the cellular antiviral response.
Viperin has recently been shown to catalyze the SAM-depen-
dent formation of 3'-deoxy-3',4'-didehydro-CTP (ddhCTP),
which inhibits some viral RNA polymerases. Viperin is also
implicated in regulating Lys-63-linked polyubiquitination of
interleukin-1 receptor-associated kinase-1 (IRAK1) by the E3
ubiquitin ligase tumor necrosis factor receptor-associated
factor 6 (TRAF6) as part of the Toll-like receptor-7 and -9
(TLR7/9) innate immune signaling pathways. In these path-
ways, the poly-ubiquitination of IRAK1 by TRAF6 is neces-
sary to activate IRAK1, which then phosphorylates down-
stream targets and ultimately leads to the production of type
I interferons. That viperin is a component of these pathways
suggested that its enzymatic activity might be regulated by
interactions with partner proteins. To test this idea, we have
reconstituted the interactions between viperin, IRAK1, and
TRAF6 by transiently expressing these enzymes in HEK 293T
cells. We show that IRAK1 and TRAF6 increase viperin activ-
ity ~10-fold to efficiently catalyze the radical-mediated
dehydration of CTP to ddhCTP. Furthermore, we found that
TRAF6-mediated ubiquitination of IRAK1 requires the asso-
ciation of viperin with both IRAK1 and TRAF6. Ubiquitina-
tion appears to depend on structural changes in viperin
induced by SAM binding, but, significantly, does not require
catalytically active viperin. We conclude that the synergistic
activation of viperin and IRAK1 provides a mechanism that
couples innate immune signaling with the production of the
antiviral nucleotide ddhCTP.

The innate immune system is involved in the initial detection
of pathogens and coordinates the host’s first line of defense

This work was supported in part by National Institutes of Health Grants GM
093088 (to E. N. G. M.) and DK 046960 (to R. T. K.). The authors declare that
they have no conflicts of interest with the contents of this article. The con-
tent is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

This article contains Table S1 and Figs. S1-S9.

' To whom correspondence should be addressed: Dept. of Chemistry, 930 N.
University Ave., Ann Arbor MI 48109-1055. Tel.: 734-763-6096; Fax: 734-
615-3790; E-mail: nmarsh@umich.edu.

6888 J. Biol. Chem. (2019) 294(17) 6888 -6898

against infection (1). Viperin® (virus inhibitory protein, endo-
plasmic reticulum-associated, interferon-inducible (also
denoted as RSAD2 or Cig5 in humans)) is an interferon-induc-
ible protein that is up-regulated in response to viral infection
(Fig. 1) (2—4). Viperin has been shown to restrict the infectivity
of arange of viruses including HIV-1, influenza A, human cyto-
megalovirus, Bunyamwera virus, Zika virus, and tick-borne
encephalitis virus (3—9). An N-terminal membrane-associated
domain localizes viperin to the endoplasmic reticulum (ER) and
lipid droplets, which are the assembly and replication sites for
various viruses (10-13).

Viperin is unusual in being one of only eight radical SAM
enzymes found in animals (14). The vast majority of the now
over 100,000 radical SAM enzymes predicted by sequence anal-
yses catalyze reactions unique to microbial metabolism, which
are initiated by the reductive cleavage of SAM to generate a
5'-deoxyadenosyl radical (14-19). The structure of mouse
viperin (10) shows that it adopts the canonical (Ba),-partial
barrel-fold observed for radical SAM enzymes (18), in which
the catalytically essential [4Fe-4S] cluster is ligated by the three
cysteinyl residues of the hallmark CXXXCXXC motif (Fig. 1, b
and c) (10). Very recently it has been shown that viperin cata-
lyzes the formation of a novel antiviral ribonucleotide, 3'-de-
oxy-3',4’-didehydro-CTP (ddhCTP; Fig. 1d) and that overex-
pression of viperin in HEK 293 causes significant levels of
ddhCTP to accumulate (20). ddhCTP is formed by the dehydra-
tion of CTP in a SAM-dependent reaction that is initiated by
abstraction of the 4'-hydrogen by the 5'-deoxyadenosyl radical.
ddhCTP was shown to be an effective chain-terminating inhib-
itor of RNA synthesis by viral RNA-dependent RNA polymer-
ases from flaviviruses including dengue virus, West Nile virus,
and Zika virus, thereby providing an explanation for viperin’s
antiviral properties (20).

The production of antiviral nucleotides provides one expla-
nation for viperin’s antiviral properties; however, many aspects
of the enzyme’s antiviral effects are not readily explained by the
production of ddhCTP. For example, it appears that catalyti-
cally inactive viperin mutants are still capable of restricting

2 The abbreviations used are: viperin, virus inhibitory protein, endoplasmic
reticulum-associated, interferon-inducible; ER, endoplasmic reticulum;
ddhCTP, 3’-deoxy-3',4'-didehydro-CTP; TLR, Toll-like receptor; IRAKT,
interleukin-1 receptor-associated kinase; TRAF6, tumor necrosis factor
receptor-associated factor 6; IRF7, interferon regulatory factor 7; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 1. Overview of viperin’s role in TLR7/9 signaling and antiviral ribonucleotide synthesis. g, viperin facilitates the activation of IRAK1 for phosphor-
ylation of IRF7 in the TLR7/9 signaling pathway. b, structure of viperin (PDB code 5VSL); the canonical radical SAM domain is shown in blue and the viperin-
specific C-terminal domain is shown green; the [4Fe-4S] cluster is shown as spheres and the structure of SAH as sticks. ¢, details of the active site showing the
[4Fe-4S] cluster (spheres), the ligating cysteine residues of the CXXXCXXC motif and SAH bound (sticks). d, SAM-dependent dehydration of CTP to ddhCTP

catalyzed by viperin.

influenza A infection (21), and ddhCTP was ineffective as a
chain terminator for RNA polymerases from picornaviruses
such as poliovirus and human rhinovirus (20). Furthermore,
there is a large body of evidence linking viperin’s antiviral prop-
erties to interactions with a variety of host and viral proteins
that may play a role in down-regulating or inhibiting metabolic
pathways important for viral replication (7, 9, 21-25). Viperin’s
interactions with these proteins is not obviously related to the
production of ddhCTP.

In particular, viperin plays an important role in innate
immune signaling as a component of the Toll-like receptor 7
(TLR7) and TLR9 pathways that leads to type I interferon pro-
duction (26, 27). TLR7 and TLR9 are among various pattern
recognition receptors that sense viral nucleic acids and induce
production of type I interferons by plasmacytoid dendritic cells
to protect the host from viral infection (1). As a component of
this pathway, viperin stimulates the K63-linked poly-ubiquiti-
nation of interleukin-1 receptor-associated kinase (IRAK1)
(28 -30) by the E3 ubiquitin ligase, TRAF6 (27, 29). K63-linked
poly-ubiquitination, in turn, activates IRAK1 to phosphorylate
interferon regulatory factor 7 (IRF7), causing IRF7 to migrate to
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the nucleus where it activates transcription of type 1 interferons
(30, 31) (Fig. 1A).

The fact that viperin is a component of this signaling pathway
suggested to us that its enzymatic activity might be regulated by
interactions with its partner proteins. To examine this possibil-
ity, we reconstituted the interactions between viperin, IRAKI,
and TRAF6 that lead to poly-ubiquitination of IRAK1 in HEK
293T cells. Our experiments demonstrate that IRAK1 and
TRAF6 activate viperin toward reductive cleavage of SAM and
the production of ddhCTP. At the same time, viperin stimulates
the ubiquitination of IRAK1 by TRAF6, in a manner that is
SAM-dependent. The synergistic activation of these enzymes
provides a mechanism to couple innate immune signaling to
the production of antiviral ribonucleotides.

Results

It has not proved possible to solubly over-express full-length
IRAK1 and TRAF6 in Escherichia coli, although various sub-
domains of these proteins have been successfully produced (28,
32, 33). This is most likely because both enzymes are multido-
main human proteins, most of which are notoriously recalci-
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Figure 2. IRAK1 and TRAF6 synergistically activate viperin. HEK 293T cells were transfected with the indicated expression constructs. Cells were harvested
30 h post-transfection and lysates from equal numbers of cells were subjected to immunoblotting (IB) using the antibodies indicated. GAPDH served as the
loading control. g, analysis of viperin expression in the presence or absence of IRAKT and TRAF6. Co-expression of viperin with IRAK1 and TRAF6 results in a
significant decrease in its levels. b, analysis of IRAK1 expression in the presence or absence of viperin and TRAF6; no significant change in IRAK1 expression is
seen, however, co-expression with viperin and TRAF6 results in high M, isoforms of IRAK due to poly-ubiquitination, as discussed in the text. ¢, analysis of TRAF6
expression in the presence or absence of IRAK1 and viperin; no significant changes in TRAF6 levels are observed. Quantitation of relative protein expression
levels for viperin, IRAK1, and TRAF6 expression relative to GAPDH is presented as mean = S.E. (n = 3) with * indicating p < 0.05, (Student’s t test forindependent
samples). d, quantification of viperin activity in cell extracts. The amount of 5’-dA formed in 1 h, normalized for the amount of viperin presentin the cell extracts,
is plotted relative to the viperin-only sample = 1.0. The data represent the mean = S.D. of three independent biological replicates with three technical
replicates of each measurement. e, ddhCTP formation in HEK 293T cells expressing viperin, IRAK1, and TRAF6 analyzed by LC-MS. Inset mass spectrum extracted

from a chromatograph confirming the m/z of ddhCTP.

trant to expression in recombinant bacteria. Partly for this rea-
son, and because it is not clear which domains of these proteins
interact with viperin, we decided to study the interactions
between viperin, TRAF6, and IRAK1 in a cellular context.
Expression in eukaryotic cells allowed viperin to localize to the
ER membrane and lipid droplets, which studies suggest may be
important for its function (7, 34), and allowed the effect of
viperin on the poly-ubiquitination of IRAK1 by TRAF6 to be
examined.

Viperin, IRAK1, and TRAF6 were co-transfected in HEK
293T cells and their expression analyzed by immunoblotting.
All three proteins were co-expressed, although as evident in Fig.
2a, the cellular levels of viperin were lower when IRAK1 and
TRAF6 were co-expressed with viperin (Fig. S1). The expres-
sion levels of TRAF6 or IRAK1 remained similar, regardless of
whether the other two enzymes were co-expressed (Fig. 2, b and
¢). Similar patterns of expression were observed when the cat-
alytically inactive mutant, viperinA3C (in which the cysteine
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ligands that bind the iron-sulfur cluster are mutated to alanine)
was co-expressed with IRAK1 and TRAG6 (Fig. S2).

IRAK1 and TRAF6 synergistically activate viperin

As enzymes in signaling pathways typically function by acti-
vating or repressing the activity of other enzymes, the involve-
ment of viperin in the TLR7/9 signaling pathways suggested
that the enzymatic activity of viperin may be regulated by
IRAK1 and/or TRAF6. Therefore, we examined the effects of
IRAK1 and TRAF6 co-expression on the enzymatic activity of
viperin. Cell extracts were prepared under anaerobic condi-
tions (due to the in vitro oxygen-sensitivity of radical SAM
enzymes) from HEK 293T cells co-transfected with viperin,
IRAK1, and TRAF6. The enzymatic activity of viperin was
quantified by measuring the formation of 5'-dA, as described
under “Experimental procedures” and the amount of viperin
present in the cell extracts was quantified by immunoblotting
(Fig. S3).
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When assayed in the absence of exogenous CTP, cell extracts
expressing only viperin exhibited low levels of activity, with an
apparent turnover number, k., = 0.94 = 0.05 h™' (Fig. 2D,
Table S1). This basal activity is likely due to low concentrations
of endogenous CTP in the cell extract. Negligible amounts of
5'-dA were formed in cell extracts lacking viperin or in cells
expressing viperinA3C. Surprisingly, when the co-substrate
CTP (300 um) was added to the assay, only a modest 2.4-fold
increase in activity (k. = 2.38 = 0.05 h™ ') was observed. For
comparison, previous experiments on N-terminal truncated rat
viperin, expressed and purified from E. coli, had found CTP
stimulated 5'-dA formation ~130-fold (20).

In contrast, when lysates prepared from cells co-expressing
IRAK1 and TRAF6 were assayed, viperin activity with CTP as
substrate increased ~10-fold (Fig. 2D). Under these conditions
kope = 21.4 = 1.6 h~ %, which is 2-fold higher than the apparent
k... reported for truncated rat viperin (20). In the absence of
exogenous CTP, the basal level of viperin activity was increased
4-fold (k,,, = 4.30 = 0.21 h™ ') by co-expression with IRAK1
and TRAF®6, consistent with these proteins activating viperin.
Expression of viperin with IRAK1 alone resulted in lower levels
of activation, whereas co-expression of viperin with TRAF6
alone had no effect on viperin activity. Further experiments
confirmed that CTP was converted into ddhCTP by viperin
(Fig. 2E) and that when deuterated CTP was used as the sub-
strate, deuterium was transferred to 5’'-dA, which is consistent
with the postulated mechanism for ddhCTP formation. We
also note that in cell extracts ATP, but not GTP or UTP, had a
similar stimulatory effect on 5'-dA production (Fig. S4, Table
S1). However, ATP was not a substrate for N-terminal-trun-
cated viperin expressed and purified from E. coli; nor was deu-
terium from labeled ATP incorporated into 5'-dA (Fig. S4). We
believe that the stimulatory effect of ATP in cell extracts likely
arises from phosphorylation of the endogenous pool of CMP
and CDP in the cell extracts, with ATP serving as the phosphate
donor.

IRAK1 mediates interactions between viperin and TRAF6

To examine whether the activating effect of IRAK1 and
TRAF6 is associated with viperin, IRAK1, and TRAF6 forming
a complex, we conducted immunoprecipitation experiments
using either FLAG-tagged viperin or Myc-tagged IRAK1 as bait
proteins. Immunoprecipitation experiments were conducted
on HEK 293T cells transfected with all three proteins and with
extracts of cells singly transfected with viperin, IRAK1, or
TRAF6. For singly transfected cell extracts these were com-
bined in a 1:1:1 ratio and incubated for 30 min at 4 °C before
being subjected to immunoprecipitation. The bait protein was
then immunoprecipitated with the appropriate antibody. Both
sets of experiments yielded similar results (Fig. 3).

With viperin as bait, IRAK1 co-precipitated independently of
TRAF6; however, TRAF6 only co-precipitated in the presence
of both viperin and IRAK1 (Fig. 34, Fig. S5a). Consistent with
these results, when IRAK1 was used as bait both viperin and
TRAF6 were co-precipitated independently of each other
(Fig. 3b, Fig. S5b). These observations imply that IRAK1
binds to both TRAF6 and viperin to mediate complex forma-
tion, whereas viperin and TRAF6 do not independently asso-
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Figure 3. IRAK1 mediates formation of the complex between viperin,
IRAK1, and TRAF6. Immunotagged genes were transfected into HEK 293T
cells and cell extracts were prepared 30 h post-transfection. FLAG-viperin or
FLAG-viperinA3C cell extracts were mixed with Myc-IRAK1 and TRAF6 cell
extractsinaratio of 1:1:1. Proteins were immunoprecipitated with either anti-
FLAG (viperin) or anti-Myc (IRAK1) antibodies and analyzed by immunoblot-
ting (/B) with the indicated antibodies. Control experiments confirmed the
specificity of the antibodies used forimmunoprecipitation (/P), see Fig. S5. a,
immunoprecipitation of viperin indicates that viperin binds IRAK1 but not
TRAF6. b, immunoprecipitation of IRAK1 indicates that IRAK1 binds both
viperin and TRAF6. Mutations in the radical SAM domain (viperinA3C) do not
affect the ability of viperin to interact with IRAK1. Representative blots are
shown from two independent experiments. Cytosolic extracts were also
immunoblotted to confirm expression levels of each individual protein of
interest (10% input). For details see, “Experimental procedures.”

ciate with each other. Similar results were obtained when
viperinA3C was used as the bait protein, which suggests that
the iron-sulfur cluster is unnecessary for IRAK1 to bind
viperin.

The N-terminal domain of viperin serves to localize the
enzyme to the cytoplasmic face of lipid droplets and the ER (13),
whereas TRAF6 and IRAK1 are cytosolic enzymes (35). Con-
sistent with the immunoprecipitation results, we observed that
co-expression of viperin with TRAF6 and IRAK1 caused these
enzymes to re-localize to the ER membrane as determined by
immunofluorescence microscopy of fixed and immunostained
cells (Fig. 4).
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Figure 4. Relocalization of IRAK1 and TRAF6 to the endoplasmic reticulum by viperin. 293T cells were transiently transfected with viperin and/or IRAK1
and TRAF6. 36 h post-transfection, cells were fixed in 4% paraformaldehyde, permeabilized with 0.05% Triton X-100, and immunostained for viperin, IRAK1, and
TRAF6 as described under “Experimental procedures.” Images shown are representative of n = 10 cells. Scale bar = 5 um. g, top panels: cells co-transfected with
IRAK1 (red) and TRAF6 (green) show diffuse expression throughout the cell. Middle panels: cells were co-transfected with IRAK1, TRAF6, and viperin. Staining for
viperin (green) and IRAK1 (red) demonstrates co-localization (yellow) of viperin and IRAK1. Bottom panels: cells were co-transfected with IRAK1, TRAF6, and
viperin. Staining for viperin (green) and TRAF6 (red) demonstrates co-localization (yellow) of viperin and TRAF6. Co-expression of IRAK with viperin appears to
result in IRAK1 also forming punctate structures that do not co-localize (middle panels). The reason for this is unclear. b, the re-localization of IRAK1 and TRAF6
to the ER induced by viperin was quantified, with the co-localization of IRAKT and TRAF6 with the ER protein, calnexin, used as a measure of ER association. Top
panel: the percentage of total IRAK1 that co-localizes to the ER in the presence or absence of viperin. Bottom panel: the percentage of total TRAF6 that

co-localizes to the ER in the presence or absence of viperin. Results are presented as mean = S.E. of at least 10 different cells.

Ubiquitination of IRAK1 requires viperin

Given that IRAK1 and TRAF6 appeared to activate viperin
toward the production of ddhCTP, we were interested to know
whether, conversely, viperin stimulated the ubiquitination of
IRAK1 by TRAF6. Viperin was initially implicated in the K63-
linked poly-ubiquitination of IRAK1 by TRAF6 based on stud-
ies that used mouse-derived viperin*/* and viperin /" plas-
macytoid dendritic cells. The TLR7/9 signaling pathways were
stimulated in these cells with either dsRNA or lipopolysaccha-
rides to induce viperin expression (26, 27). However, these
studies did not address the mechanism by which viperin facili-
tates immune signaling.

Preliminary evidence that viperin stimulates the poly-ubiq-
uitination of IRAK1 was provided by the observation of high
molecular weight isoforms of IRAK1 in immunoblots of cells
transfected with viperin, IRAK1, and TRAF6 (Fig. 2B). When
immunoblots were probed with anti-ubiquitin antibodies,
viperin was found to significantly stimulate ubiquitination of
IRAKI. Similar results were found when IRAK1 was first
immunoprecipitated from cell extracts and the recovered pro-
tein then analyzed by immunoblotting with anti-ubiquitin anti-
bodies. This result confirmed that viperin specifically stimu-
lates IRAK1 ubiquitination, rather than causing a general
increase in cellular protein ubiquitination (as discussed below)
(Fig. 5, Fig. S6).
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Interestingly, co-expression of TRAF6 with viperin did not
change the level of IRAK1 ubiquitination significantly (Fig. 5). This
suggests that the complex of viperin with IRAK1 either recruits
endogenous TRAF6 and/or other E3 ubiquitin ligases to ubiquiti-
nate IRAK1 (27, 36). Overall, the fraction of over-expressed IRAK1
converted to high molecular weight isoforms remained relatively
small. This observation reflects the fact that ubiquitination is a
dynamic process in which deubiquitination pathways also operate;
furthermore, the high, nonphysiological concentrations of IRAK1
produced by transfection may exceed the capacity of the cellular
ubiquitination machinery. In contrast, the inactive viperinA3C
mutant failed to stimulate ubiquitination of IRAK1 (Fig. 5).

We note that the activation of IRAK1 by poly-ubiquitination
has been shown to be essential for phosphorylation of IRF7, which
is the penultimate step in TLR7/9 signaling (30, 31). Interestingly,
very little ubiquitination of IRAK1 by TRAF6 was evident in the
absence of viperin, even though these proteins were expressed at
very high (nonphysiological) cellular concentrations (Fig. S6). This
finding underscores the necessity of the interaction between
viperin, IRAK1, and TRAF6 for ubiquitination of IRAKI to occur.

Depleting cellular SAM levels reduces the half-life of viperin

To investigate whether SAM was required for viperin to
stimulate poly-ubiquitination of IRAK1, we examined the effect
of depleting cellular SAM levels using cycloleucine, which is an
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Figure 5. Viperin stimulates ubiquitination of IRAK1. HEK 293T cells were
transfected with genes encoding IRAK1, TRAF6, viperin, or viperinA3C as indi-
cated. 30 h post-transfection cell lysates were prepared and analyzed by
immunoprecipitation (IP) (IRAK1 as bait protein) followed by immunoblotting
(IB) with anti-ubiquitin antibody. GAPDH was used as a loading control. A
representative blot is shown. A significant increase in ubiquitinated proteins
is only observed in cells expressing viperin and IRAK1; viperinA3C fails to
stimulate ubiquitination. Ubiquitination was quantified for each condition
using ImageJ software and compared and presented as mean = S.E. (n = 3)
with *** indicating p < 0.001 (Student'’s t test for independent samples).

inhibitor of SAM synthase (37). As discussed below, initial
observations indicated that cycloleucine does inhibit the ubig-
uitination of IRAK1. However, when we investigated the effect
of cycloleucine (50 mMm) on the levels of cellular viperin, we
observed that depletion of SAM with cycloleucine significantly
reduced the half-life of viperin in the cells (Fig. 6a). This obser-
vation suggests that, as is typical of ligands binding to proteins,
the binding of SAM to viperin stabilizes its structure, as the
half-life of cellular proteins is generally correlated with their
stability (38 —40). Therefore, the inhibition of IRAK1 ubiquiti-
nation by cycloleucine could be due either to reduced viperin
levels, or a requirement for SAM.

We also examined the stability of the viperinA3C mutant,
which is neither able to cleave SAM nor stimulate IRAK1 ubiq-
uitination. When expressed in HEK293T cells, we found that
viperinA3C had a significantly shorter half-life than WT
viperin, even in the absence of cycloleucine (Fig. 65). This
observation suggested that removing the iron-sulfur cluster sig-
nificantly destabilizes viperin’s structure, again leading to more
rapid degradation.
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To investigate the in vivo stability of viperinA3C further, we
examined the effect of including sinefungin in the cell culture
medium. Sinefungin is a tight-binding competitive inhibitor of
many SAM-dependent enzymes (41), including radical SAM
enzymes (42). We first confirmed that sinefungin binds to
viperin by demonstrating that it acts as an effective inhibitor of
both purified viperin (recombinantly expressed and purified
from E. coli) and of viperin in lysates of transfected HEK 293T
cells (Fig. S7). When HEK 293T cells transfected with
viperinA3C were cultured in the presence of 50 nm sinefungin,
the cellular stability of viperinA3C were restored to that of WT
viperin (Fig. 5B). This observation implies that sinefungin sta-
bilizes the structure of viperinA3C in the cell. Sinefungin treat-
ment had no effect on the expression levels of WT viperin (Fig.
S8).

These results suggest that both the iron-sulfur cluster and
SAM contribute to the stability of viperin’s structure, thereby
protecting it from degradation. The absence of the iron-sulfur
cluster in viperinA3C presumably weakens or prevents SAM
from binding, whereas sinefungin, which would not, in any
case, coordinate to the iron-sulfur cluster, binds independently
of the iron-sulfur cluster thereby explaining the stabilizing
effect of sinefungin on viperinA3C.

Sinefungin restores the ability of viperinA3C to stimulate
ubiquitination of IRAK1

The ability of sinefungin to stabilize the viperinA3C mutant
in the cell, suggested that sinefungin might also restore the
viperinA3C mutant’s ability to stimulate ubiquitination of
IRAK1 by TRAF6. To test this hypothesis, HEK293T cells were
co-transfected with either viperin or viperinA3C, IRAK1, and
TRAF6 and 12 h post-transfection treated with either cycloleu-
cine (50 mm) or sinefungin (50 nwm, final concentration). The
cells were cultured for a further 8 h, harvested, and IRAK1 was
immunopurified from the cell extracts using anti-Myc-tagged
magnetic beads. High molecular weight ubiquitinated forms of
IRAK1 were then detected by immunoblotting with anti-ubiq-
uitin antibody (Fig. 7a).

Consistent with the observations above, cycloleucine treat-
ment resulted in no ubiquitination of IRAK1 in cells expressing
either viperin or viperinA3C and IRAK1 and TRAF6 (Fig. 7b).
However, sinefungin treatment significantly restored the ability
of viperinA3C to stimulate ubiquitination of IRAK1, resulting
in high molecular weight isoforms of IRAK1 (Fig. 7b). Impor-
tantly, this observation demonstrates that the stimulatory
effect of viperin on IRAK1 ubiquitination does not depend on
the radical-SAM activity of viperin per se.

The ability of sinefungin, a SAM mimic, to rescue the stim-
ulatory activity of viperinA3C, suggested to us that 5'-dA, as the
product of SAM cleavage, might inhibit viperin’s ability to stim-
ulate poly-ubiquitination of IRAKI1. To test this hypothesis,
HEK 293T cells were co-transfected with WT viperin, TRAF6,
and IRAK1 and treated with 5'-dA (5 nM final concentration).
The treated cells were harvested after 12 h and IRAK1 was
immunopurified from the cell extracts using anti-Myc-tagged
beads, and then analyzed by immunoblotting for the presence
of poly-ubiquitinated IRAK1. In this case, we observed that
5'-dA significantly reduced the level of poly-ubiquitinated
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contrast, sinefungin restores the ability of viperinA3C to stimulate the ubig-
uitination of IRAK1. ¢, quantification of IRAK ubiquitination levels obtained by
integrating intensities of bands for blots using ImageJ software.

IRAK1 (Fig. 7b), suggesting that 5'-dA inhibits WT viperin’s
ability to stimulate poly-ubiquitination of IRAKI. Control
experiments established that 5'-dA is not a general inhibitor of
protein ubiquitination, and that 5'-dA did not affect the expres-
sion of viperin, IRAK1, or TRAF6 (Fig. S9).
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Discussion

The recent discovery that viperin catalyzes the synthesis of
ddhCTP (20) has provided an important advance in our under-
standing of the mechanism by which viperin exerts its antiviral
effects. However, although ddhCTP was shown to derive its
antiviral effects by acting as an effective chain terminator of
RNA-dependent RNA polymerases from flaviviruses, such as
Zika virus, other RNA polymerases from RNA viruses that
viperin is known to restrict were found to be insensitive to ddh-
CTP (20). Furthermore, in several cases the radical SAM activ-
ity of viperin appears to be dispensable for its antiviral activity
(5,21, 23).

A number of studies suggest that interactions between
viperin and a variety of host and viral proteins are important for
its antiviral effects, although the evidence has tended to rely on
indirect measures of viperin’s activity such as the reduction of
viral titer or viral RNA levels. By reconstituting the interactions
between viperin, IRAK1, and TRAF6 in HEK 293T cells we have
been able to examine a specific, biochemically well-defined
function of viperin: the activation of IRAK1 by poly-ubiquitina-
tion. Our studies show that the enzymatic activity of viperin is
increased by ~10-fold by co-expression with IRAK1 and
TRAF6, whereas IRAK]1 is not efficiently ubiquitinated in vivo
unless viperin is also co-expressed. Thus, the activities of
viperin and IRAK1 appear to be synergistically regulated activ-
ities, mediated through protein—protein interactions between
viperin, IRAK1, and TRAF6.

Given viperin’s role as a component of the TLR7/9 signaling
pathways it might be expected that other proteins in the path-
way would regulate its enzymatic activity. Regulation may pre-
vent ddhCTP levels accumulating to the point where ddhCTP
interferes with cellular RNA polymerases needed to transcribe
other proteins involved in the antiviral response. The localiza-
tion of viperin to the ER membrane and lipid bodies, which are
the sites of flavivirus assembly (5, 43, 44), may enhance viperin’s
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Inactive Complex

SAM+CTP
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Figure 8. Synergistic activation of viperin, IRAK1, and TRAF6 couples the production of antiviral ribonucleotides with innate immune signaling.
Clockwise from the top: binding of SAM and CTP to the viperin-IRAK1-TRAF6 complex activates the complex toward poly-ubiquitination of IRAK1. Activated
viperin catalyzes the reaction of SAM with CTP to form 5’-dA and ddhCTP and concomitantly switches the complex from the ubiquitination-active state to
ubiquitination-inactive state. Poly-ubiquitinated IRAK1 dissociates from the complex, leading to up-regulation of INF-1. For discussion see the text.

antiviral effect by insuring that ddhCTP is produced at high
local concentrations at the site of viral RNA synthesis.

Although our studies have focused on viperin’s interactions
with IRAK1 and TRAF6, evidence from other studies (7, 9,
21-25) indicates that there are many other proteins that inter-
act with viperin and thus might similarly regulate its activity.
The Fe-S cluster is required for viperin to catalyze the forma-
tion of ddhCTP; however, we have shown that the radical-SAM
activity is not required for viperin to stimulate IRAK1 ubiquiti-
nation, because the stimulatory effect of the viperinA3C
mutant can be rescued by the SAM analog, sinefungin. This
dual function of viperin, importantly, resolves the numerous
apparently contradictory observations, described above, re-
garding whether the radical-SAM activity of viperin is required
for its antiviral effects.

Several small molecules perturb the viperin-dependent ubiq-
uitination of IRAK1. The inhibitory effect of cycloleucine likely
arises from the reduction of cellular SAM levels, as cycloleucine
is an established inhibitor of SAM synthase (8, 37, 41, 42). We
observed that in cycloleucine-treated cells viperin appears
much less stable (Fig. 6a), arguing that binding SAM stabilizes
the structure of viperin. In contrast, sinefungin both rescued
the ubiquitination-stimulating activity of the viperinA3C
mutant and appeared to stabilize the mutant enzyme against
cellular degradation. Presumably, sinefungin binding repairs
the structural deficit caused by removing the iron-sulfur from
the enzyme.

It may be that the effects of cycleucine and sinefungin on
IRAK1 ubiquitination arise simply because they alter the cellu-
lar concentrations of viperin or viperinA3C. However, we con-
sider it more likely that SAM and sinefungin alter the confor-
mation of viperin, thereby allowing the enzyme to form a
productive complex with IRAK1 and TRAF6. This idea is sup-
ported by the observation that the product of the viperin reac-
tion, 5'-dA, inhibits the viperin-dependent ubiquitination of
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IRAK1.5'-dA competes with SAM to bind viperin, but does not
cause any significant change in the cellular stability of the
enzyme.

Based on these observations we suggest that the reductive
cleavage of SAM, and concomitant formation of ddhCTP, may
serve as a mechanism by which viperin could regulate the ubiq-
uitination of IRAK1 (Fig. 8). We propose that in the absence of
SAM, viperin adopts a conformation that is unable to stimulate
ubiquitination of IRAK1. Upon binding SAM, viperin under-
goes a conformational change to an active state that stimulates
K63-linked poly-ubiquitination of IRAK1 by TRAF6 (or other
E3 ligases), eventually leading to transcription of type I inter-
ferons (27). Once the complex between IRAK1, TRAF6, and
viperin is formed, viperin is activated to cleave SAM, thereby
initiating the catalytic cycle leading to the formation of ddhCTP
and 5'-dA. Completion of the catalytic cycle returns viperin to
its inactive state, preventing further poly-ubiquitination of
IRAKI1.

Our measurements of viperin activity in cell extracts indicate
that viperin converts CTP to ddhCTP with k,,, = 21.4 = 1.6
h™~*, which is about twice as fast as ix vitro kinetic data reported
previously (20), but still rather slow by comparison with most
enzyme reactions. However, the slow kinetics of viperin make
this reaction well suited to regulate a signaling pathway in a
manner analogous to signal regulation by heterotrimeric G pro-
teins (45, 46). We note that, although consistent with our data,
further studies with purified enzymes will be needed to validate
this mechanistic proposal, which would constitute a new mode
of regulating cellular protein activity by radical-SAM enzymes.

In conclusion, our experiments provide evidence for a regu-
latory mechanism that links the production of the newly iden-
tified antiviral nucleotide, ddhCTP, by viperin to transduction
of innate immune signaling through K63-linked polyubiquiti-
nation of IRAK1 by TRAF6. In this manner, the up-regulation
of various proteins that constitute the cellular antiviral
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response is coordinated with the production of a small mole-
cule inhibitor of viral replication. Protein ubiquitination plays
multiple roles in cellular proteostasis and signal transduction
(47, 48). We suggest that the wide-ranging roles that viperin
plays in the antiviral response may, in part, result from the
ability of the enzyme to recruit and activate a subset of the many
E3 ubiquitin ligases present in the cell to ubiquitinate target
proteins, thereby regulating their cellular levels in response to
viral infection.

Experimental procedures
Cell lines
The HEK 293T cell line was obtained from ATCC.

Antibodies

Rabbit polyclonal RSAD2/viperin antibody (11833-1-AP)
was obtained from Protein Tech. Rabbit polyclonal IRAK1 anti-
body (PA5-17490) was obtained from Thermo Scientific. Rab-
bit polyclonal ubiquitin antibody (sc-9133) and mouse mono-
clonal TRAF6 antibody (sc-8409) were purchased from Santa
Cruz. Goat anti-rabbit (170-6515) and anti-mouse (626520) Ig
secondary Abs were purchased from Bio-Rad and Life Technol-
ogies, respectively. Rabbit polyclonal GAPDH (TAB1001) was
purchased from Thermo Scientific and mouse monoclonal
GAPDH antibody (6C5) was obtained from EMD Millipore.

Plasmids

Synthetic genes encoding human viperin, IRAK1, and TRAF6
(GenBank™ accession numbers AAL50053.1, NM145803, and
NMO001569, respectively) were purchased from GenScript. For
details see supplemental information.

Reagents

The sources of other reagents were as described previously
(23). Sinefungin (567051-2MG-M) was purchased from Sigma.
Nucleotide substrates are listed and purchased from: ATP
(ATP disodium salt trihydrate) Fisher Scientific, BP413-25;
GTP (GTP sodium salt hydrate =95%) Sigma, G8877; UTP
(UTP, trisodium salt hydrate, 90%) Acros Organics,
AC226310010; and CTP (CTP, disodium salt hydrate, 95%)
Acros Organics, 226225000. Deuterium-labeled ATP (adeno-
sine-2,8-d2,1',2',3",4",5',5'-d6 5’-triphosphate sodium salt,
738034-1MG) and CTP (cytidine-5,6-d2,1',2",3",4",5",5'-d6
5'-triphosphate sodium salt, 738042-1MG) were purchased
from Sigma. Pierce™ anti-c-Myc magnetic beads (88842) were
purchased from ThermoFisher Scientific.

Transfection
HEK 293T cells, cultured as described above, were tran-

siently transfected using FUGENE® HD (Promega) following
the manufacturer’s instructions.

Immunofluorescence analyses

Cells were grown on poly-L-lysine—coated coverslips to
30-40% confluence, transfected with plasmids expressing
viperin, IRAK1, and/or TRAF6, and incubated for 30 h. Cells
were fixed with 4% paraformaldehyde, permeabilized with
0.05% Triton X-100 dissolved in PBS, and washed three times
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with PBS containing 0.1% Tween 20. The fixed cells were
stained with the appropriate antibodies. Primary antibodies
were diluted in PBS containing, 1% fetal bovine serum and 0.1%
Tween 20. Viperin was detected by using mouse monoclonal
anti-viperin (Abcam) diluted 1:250, and calnexin was detected
with rabbit polyclonal antibody (Abcam) diluted 1:250. IRAK1
was detected by using rabbit polyclonal IRAK1 antibody
(Thermo Scientific) diluted 1:250 and mouse monoclonal
c-Myc tag antibody (Thermo Scientific) diluted 1:100. TRAF6
was detected by using mouse monoclonal TRAF6 antibody
(Santa Cruz) diluted 1:100. After incubation at room tempera-
ture for 1 h or overnight at 4 °C, the coverslips were washed
with PBS containing 0.1% Tween 20 and treated with Alexa
Fluor 647-conjugated goat anti-mouse (Life Technologies) and
Alexa Fluor 488-conjugated goat anti-rabbit (Abcam) second-
ary antibodies at a dilution of 1:400 at room temperature for 2 h.
The coverslips were washed three times with PBS containing
0.1% Tween 20 and mounted in ProLong™ Gold Antifade
Mountant (Molecular Probes). Images were acquired with an
Olympus [X81 microscope with a X60 1.49NA objective on an
Andor iXON Ultra EMCCD camera. 488 nm (Coherent Cube
488 -50) and 640 nm (Coherent Cube 640 -100) laser excita-
tion was aligned in HILO imaging mode for axial sectioning
using an Olympus cellATIRF module.

Immunoblotting

Cells were lysed in TBST buffer (20 mm Tris, pH 7.5, 500 mm
NaCl, 0.05% Tween 20) containing protease inhibitors
(SIGMAFAST™ Protease Inhibitor Tablets, S8830; Sigma).
Supernatants of lysates were collected and mixed with reducing
sample buffer. The supernatants were separated on 10% SDS-
PAGE gels. The bicinchoninic acid assay (Thermo Scientific)
was used to determine the total amount of protein in the lysates.
Immunoblotting was performed as described previously (23).
Primary antibodies used were directed against viperin (rabbit
polyclonal diluted 1:2500), GAPDH (rabbit polyclonal diluted
1:5000), IRAK1 (rabbit polyclonal diluted 1:4000), TRAF6
(mouse monoclonal diluted 1:500), and GAPDH (mouse mono-
clonal diluted 1:5000). Rabbit polyclonal ubiquitin antibody
was used at a dilution of 1:1000. Blots were visualized, and band
intensities quantified using a Bio-Rad ChemiDoc Touch imag-
ing system. Integrated density measurements were done using
Image] software. Quantitative measurements of protein
expression levels reported here represent the average of at least
three independent biological replicates.

Immunoprecipitation assays

Cells were rinsed twice with ice-cold PBS, harvested in Non-
idet P-40 lysis buffer (50 mwm Tris, pH 7.4, 1% Triton X-100, 150
mM NaCl, 10% glycerol, 1 mm EDTA, 10 mMm NaF, 0.1% NP-40
and 0.2 mMm phenylmethylsulfonyl fluoride with protease inhib-
itor cocktail from Sigma), and briefly sonicated. Lysates were
collected by centrifugation at 12,000 X g for 15 min at 4 °C. For
immunoprecipitation, the ratio of suspension to packed gel vol-
ume was 2:1. Resin pre-equilibration was done as per the man-
ufacturer’s protocol. Three hundred microliters of a 1:1:1 ratio
of cell lysates was added and incubated for 16 h at 4 °C with
gentle rotation. Beads were pelleted by centrifugation at
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5,000 X g for 30 s at 4 °C and washed three times with washing
buffer (50 mm Tris, pH 7.4, 150 mm NaCl, 10% glycerol, 1 mm
EDTA, 10 mM NaF, and 0.2 mMm phenylmethylsulfonyl fluoride
with protease inhibitor mixture from Sigma). Immunocom-
plexes were eluted by boiling in SDS-PAGE sample buffer,
separated by SDS-PAGE, and transferred to a nitrocellulose
membrane. Immunoprecipitation using Protein A beads or
anti-Myc-tagged magnetic beads was performed as per the
manufacturers protocol. Membranes were blocked for 2 h at
room temperature in TBST buffer (20 mm Tris, pH 7.5, 137 mm
NaCl, and 0.1% Tween 20) containing 5% nonfat dry milk, fol-
lowed by overnight incubation at 4 °C in TBST buffer contain-
ing 3% nonfat dry milk and the appropriate primary antibody.
Membranes were washed three times in TBST and then incu-
bated for 2 h at room temperature with the secondary IgG-
coupled horseradish peroxidase antibody. The membranes
were washed three times with TBST, and the signals were visu-
alized with enhanced chemiluminescence reagent as described
under “Immunoblotting.”

Statistical analyses

Results from all studies were compared with unpaired two-
tailed Student’s ¢ test using GraphPad Prism 5 software. p values
less than 0.05 were considered significant.

Assay of viperin in HEK 293T cell lysates

HEK 293T cells transfected with viperin, and/or IRAK1 and
TRAF6 were harvested from one 10-cm diameter tissue culture
plate each, resuspended in 500 wl of anoxic TBS (50 mm Tris-Cl,
pH 7.6, 150 mm NaCl) containing 1% Triton X-100, sonicated
within an anaerobic glovebox (Coy Chamber), and centrifuged
at 14,000 X g for 10 min. DTT (5 mMm) and dithionite (5 mm)
were added to the cell lysate together with CTP (300 um). The
assay mixture was incubated at room temperature for 30 min
prior to starting the reaction by the addition of SAM (200 um).
The assay was incubated for 60 min at room temperature, after
which the reaction was stopped by heating at 95 °C for 10 min.
The solution was chilled to 4 °C, and the precipitated proteins
were removed by centrifugation at 14,000 rpm for 25 min. The
supernatant was then extracted with acetonitrile. Samples were
analyzed in triplicate by UPLC-tandem MS as described previ-
ously (23). For details of standard curve construction and cal-
culations refer to supporting Information.
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