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Viperin is an endoplasmic reticulum-associated antiviral
responsive protein that is highly up-regulated in eukaryotic cells
upon viral infection through both interferon-dependent and
independent pathways. Viperin is predicted to be a radical S-ad-
enosyl-L-methionine (SAM) enzyme, but it is unknown whether
viperin actually exploits radical SAM chemistry to exert its anti-
viral activity. We have investigated the interaction of viperin
with its most firmly established cellular target, farnesyl pyro-
phosphate synthase (FPPS). Numerous enveloped viruses utilize
cholesterol-rich lipid rafts to bud from the host cell membrane,
and it is thought that by inhibiting FPPS activity (and therefore
cholesterol synthesis), viperin retards viral budding from
infected cells. We demonstrate that, consistent with this
hypothesis, overexpression of viperin in human embryonic kid-
ney cells reduces the intracellular rate of accumulation of FPPS
but does not inhibit or inactivate FPPS. The endoplasmic retic-
ulum-localizing, N-terminal amphipathic helix of viperin is spe-
cifically required for viperin to reduce cellular FPPS levels.
However, although viperin reductively cleaves SAM to form
5�-deoxyadenosine in a slow, uncoupled reaction characteristic
of radical SAM enzymes, this cleavage reaction is independent
of FPPS. Furthermore, mutation of key cysteinyl residues ligat-
ing the catalytic [Fe4S4] cluster in the radical SAM domain, sur-
prisingly, does not abolish the inhibitory activity of viperin
against FPPS; indeed, some mutations potentiate viperin activ-
ity. These observations imply that viperin does not act as a rad-
ical SAM enzyme in regulating FPPS.

Radical S-adenosyl-L-methionine-dependent (SAM)3 enzymes
constitute a superfamily of enzymes that use SAM to generate

free radicals (1– 4). The superfamily is typified by a common
CXXXCXXC motif, the cysteinyl residues of which coordinate a
[Fe4S4] cluster that is essential for radical generation. These
enzymes catalyze a remarkably wide range of reactions involv-
ing an equally diverse set of substrates (2). For example, radical
SAM-dependent enzymes participate in the biosynthesis of
herbicides, antibiotics, vitamins, co-factors such as biotin and
thiamin, and various other natural products (2, 5– 8). They also
function in the modification of ribosomal and transfer RNAs (9,
10) and DNA repair (11) and in the post-translational modifi-
cation of peptides and proteins (12–14). Sequence analyses
indicate that there are potentially thousands of members of the
radical SAM superfamily, but to date, relatively few of these
enzymes have been isolated and characterized (15, 16). Radical
SAM enzymes were until recently thought to be confined to the
microbial realm but intriguingly have now been identified in
higher aerobic organisms, including plants and animals (3).

Central to the mechanism of all radical SAM enzymes is the
generation of a highly reactive 5�-deoxyadenosyl radical (Ado�)
(1, 4, 17). This is accomplished through one-electron reduction
of SAM by the [Fe4S4] cluster (Fig. 1), which leads to homolytic
cleavage of the C-5�–S bond to form Ado� and methionine. Ado�

subsequently abstracts a hydrogen atom from the substrate,
thereby forming 5�-deoxyadenosine (5�-dA) and a substrate
radical that undergoes further chemical reaction. Most radical
SAM enzymes consume SAM as a co-substrate during catalysis;
however, in a few enzymes, including lysine 2,3-aminomutase
(18), spore photoproduct lyase (11), and DesII (7), Ado� forma-
tion is reversible, and SAM is regenerated as a co-factor.

Viperin (Virus inhibitory protein, endoplasmic reticulum-
associated, interferon inducible) is an interferon-stimulated
gene that forms a component of the innate immune response
that is activated upon viral infection (19 –21). It is highly con-
served in vertebrates and is one of the few interferon-stimu-
lated genes shown to have direct antiviral activity against a
number of viruses, including human cytomegalovirus, hepatitis
C, influenza A, and HIV. The mechanisms by which viperin
mitigates viral infection appear to be dependent on the identity
of the virus and are quite variable in nature. In fact, viperin has
been shown to interact with a number of cellular and viral pro-
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teins, although the specific inhibitory mechanism(s) has yet to
be elucidated at the molecular level (20).

Intriguingly, viperin appears to be a radical SAM-dependent
enzyme (22). It is one of eight putative radical SAM enzymes
identified in humans; four of these appear to be involved in
tRNA modifications, two seem to be involved in co-factor bio-
synthesis, and the remaining two, including viperin, have
unknown enzymatic activities (23). The human enzyme is a
361-residue protein that comprises three distinct domains: an
N-terminal amphipathic helix thought to play a role in localiz-
ing viperin to the endoplasmic reticulum and lipid droplets
(19); a large, central domain that contains four motifs charac-
teristic of radical SAM enzymes; and a conserved C-terminal
domain that may be involved in [Fe4S4] cluster assembly, the
proper folding of viperin, and/or substrate recognition (20, 24).
Although no enzymatic function has yet been assigned to
viperin, the radical SAM domain has been shown to be impor-
tant in limiting HIV and Bunyamwera viruses (20). Further-
more, homology modeling suggests that viperin adopts a
partial (�/�)6 TIM barrel fold, similar to that of the well-
characterized radical SAM enzyme, pyruvate formate-lyase
activating enzyme (25). Given the predicted structural simi-
larity of viperin to pyruvate formate-lyase activating enzyme,
the molecular targets of viperin may also be proteins or other
macromolecules.

The most firmly established target of viperin is farnesyl pyro-
phosphate synthase (FPPS), which catalyzes the formation of
farnesyl pyrophosphate from geranyl pyrophosphate and iso-
pentenyl pyrophosphate (26). Farnesyl pyrophosphate is a key
intermediate in the biosynthesis of isoprenoids and cholesterol.
Given that many enveloped viruses exploit cholesterol-rich
lipid rafts in the cell membrane during the process of viral bud-
ding, it was proposed that by inhibiting FPPS (and thereby
inhibiting cholesterol production) that viperin prevents viral
release from the infected cell (27). Alternatively, through inhi-
bition of FPPS activity and thus the production of isoprenoids,
viperin may affect the prenylation state of various cellular pro-
teins that are necessary for viral release. In either case, the
mechanism by which viperin reduces cellular FPPS activity is
still unknown.

In this study we aimed to investigate how viperin regulates
FPPS activity in the cell. We show that viperin reduces FPPS
activity by lowering levels of the enzyme within the cell rather
than directly inhibiting its catalytic activity. Full-length viperin

is able to cleave SAM in an uncoupled fashion to produce 5�-de-
oxyadenosine. However, surprisingly, mutation of the con-
served CXXXCXXC motif reveals that regulation of FPPS levels
does not depend on the radical SAM activity of viperin. Further
characterization of viperin activity through deletion and substi-
tution experiments shows that the decrease in the cellular level
of FPPS is dependent on localization of viperin to the endoplas-
mic reticulum by its native N-terminal amphipathic �-helix.

Results

Our initial experiments took a reductive approach and
focused on studying the interaction of viperin with FPPS using
recombinant proteins overexpressed and purified from Esche-
richia coli. FPPS could be overexpressed and purified from
E. coli without difficulty and possessed a specific activity similar
to that reported in the literature (28). Viperin lacking the first
50 residues that comprise the N-terminal amphipathic helical
domain (designated t-viperin here) was overexpressed as an
N-terminal His6-tagged construct and purified using standard
approaches (Fig. 2A), similar to those described previously (22),
that minimized exposure to air. The [Fe4S4] cluster could be
reconstituted by incubating t-viperin with Na2S, Na2S2O4, and
Fe(NH3)6SO4 under anaerobic conditions, followed by desalt-
ing to remove excess reagents. The UV-visible spectrum of the
reconstituted enzyme was similar to that reported previously
(22) and characteristic of an iron-sulfur protein (Fig. 2B). In the
presence of dithionite and SAM, the reconstituted enzyme cat-
alyzed the slow, uncoupled reductive cleavage of SAM to form
5�-dA (Fig. 2C) as previously reported by Duschene and Brod-
erick (22). Attempts to express the full-length enzyme in E. coli
proved unsuccessful; for reasons that are unclear, no protein
expression could be detected from cells transformed with the
appropriate pET28 expression construct and induced with iso-
propyl �-D-thiogalactopyranoside.

[Fe4S4]-reconstituted t-viperin and FPPS were incubated
together in at equimolar concentrations, �10 �M each (10 mM

Tris-Cl buffer, pH 8.0, containing 300 mM NaCl and 10% glyc-
erol), in the presence of 5 mM dithionite, 5 mM DTT, and 200
�M SAM under anaerobic conditions at room temperature for
60 min. After the incubation period, the activity of FPPS was
determined under anaerobic conditions using [14C]isopentenyl
pyrophosphate (IPP) and geranyl-pyrophosphate (GPP) as sub-
strates and following the incorporation of radioactivity into
farnesyl-pyrophosphate (29). However, despite multiple trials

FIGURE 1. General reaction mechanism of radical SAM enzymes. One-electron reduction of SAM by the [Fe4S4] cluster results in generation of methionine
and 5�-deoxyadenosyl radical. This reactive radical then abstracts a hydrogen atom from the substrate (R-H) to initiate a diverse range of reactions.
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in which the incubation times and temperature were varied
around these initial conditions, no significant change in the
activity of FPPS was detected in these experiments. Nor was
there any evidence that t-viperin covalently modified FPPS, as
judged by ESI-MS analysis of the recovered enzyme. Similarly,
the presence of FPPS did not stimulate the reductive cleavage of
SAM by t-viperin, as might be expected if FPPS was a substrate
for viperin.

Faced with these negative results we concluded that either
viperin requires the N-terminal domain for activity against
FPPS and/or that additional cellular components are necessary
for viperin to interact with FPPS. We therefore pursued our
investigation of the effect of viperin on FPPS in a human cell
line, HEK293T. We reasoned that this environment should
provide: (a) the cellular machinery to correctly install the
viperin [Fe4S4] cluster, (b) any additional proteins that may be
necessary for its activity, and (c) the membrane structures to
which viperin is localized and which may also be important for
activity.

Viperin Reduces Cellular Levels of FPPS—Genes encoding
full-length viperin and FPPS were introduced into pcDNA3.1
vectors to facilitate constitutive expression from the CMV pro-
moter and equipped with N-terminal FLAG and His tags,
respectively, to allow expression levels to be determined by
immunostaining. Equal amounts of DNA were used to
co-transfect HEK293T cells, and the expression of both pro-
teins followed for 48 h. Expression levels were compared with
cells that were singly transfected. Co-expression of viperin and
FPPS resulted in a significant reduction (�2-fold) of the intra-
cellular level of FPPS relative to the FPPS only control, FPPS
levels were significantly reduced after 48 h compared with
when FPPS was expressed on its own (Fig. 3A). An examination
of the time course of FPPS expression revealed that under single
and co-expression conditions, FPPS levels increased linearly
from 24 to 42 h post-transfection (Fig. 3B). However, the rate of
accumulation of FPPS in the presence of viperin was �3-fold
slower. In contrast, expression of viperin was independent of
FPPS and reached a maximum at �36 h (Fig. 3C).

To examine whether the reduction in cellular FPPS levels by
viperin was due to reduced transcription of FPPS, we undertook

real time quantitative RT-PCR (qRT-PCR) analysis of mRNA
levels in HEK293T cells transfected with the genes for FPPS
and/or viperin. These experiments showed no significant
change in the levels of either FPPS mRNA nor viperin mRNA
in co-transfected cells compared with singly transfected
cells. We therefore conclude that the regulation of FPPS lev-
els by viperin is very unlikely to occur at the level of gene
transcription.

Full-length Viperin Cleaves SAM—We examined the ability
of full-length human viperin, expressed in HEK293T cells, to
catalyze the reductive cleavage of SAM to produce 5�-dA.
Extracts from cells transfected with either viperin and/or FPPS
were prepared in Tris-buffered saline containing 1% Triton
X-100 under anaerobic conditions in a glove box (Coy Cham-
ber). The extracts were incubated anaerobically at room tem-
perature with 5 mM DTT and 5 mM dithionite for 30 min prior
to the addition of 200 �M SAM. After 1 h the nucleotide pool
was extracted and analyzed by LC-MS using established proto-
cols (30). No 5�-dA was detected in cell extracts lacking viperin,
whereas 5�-dA was readily detected extracts prepared from
viperin-expressing HEK293T cells (Fig. 4). However, the
amounts of 5�-dA were low: 0.50 � 0.05 nM, which is less than
one turnover based on the concentration of viperin estimated
by immunostaining. Interestingly, co-expression of FPPS with
viperin had no effect on SAM cleavage (5�-dA � 0.49 � 0.05
nM). These results mirrored those obtained in our in vitro stud-
ies described above and suggested that either viperin may uti-
lize SAM as a true co-factor (rather than a co-substrate) or that
radical SAM chemistry is not involved in regulation of FPPS by
viperin.

Mutation of Active Site Residues in Viperin—In a comple-
mentary approach to depleting the substrate for viperin, we
sought to generate inactive viperin variants by mutating each of
the conserved cysteine residues within the CXXXCXXC motif
to alanine. The C-terminal tryptophan residue (Trp361), which
is thought to be an important recognition element for the cel-
lular iron-sulfur cluster assembly proteins, was also mutated to
alanine. Each of these mutations abolished the radical SAM
activity of viperin and resulted in slightly lower expression lev-
els of viperin in the cells, suggesting that the mutations desta-

FIGURE 2. Characterization of recombinant truncated viperin expressed and purified from E. coli. A, SDS-PAGE of t-viperin (lane 2) after purification using
nickel-NTA affinity chromatography; the molecular masses (in kDa) of standard proteins (lane 1) are indicated on the left. B, UV-visible spectrum of purified
t-viperin after reconstitution of the [Fe4S4] cluster and desalting. C, HPLC chromatograms demonstrating the reductive cleavage of SAM to form 5�-dA by
t-viperin (solid trace) compared with a control reaction with no enzyme. For details see the text.
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bilize the enzyme slightly. (The C87A, C90A, and C83/87/
90A mutants were expressed at �1.3-, �2.6-, and �4.5-fold
lower levels than WT viperin, respectively; data not shown).
Most surprisingly, however, none of the mutations abolished
the activity of viperin against FPPS (Fig. 5). Indeed, the
C87A, C90A, and triple mutant variants proved to be signif-
icantly more effective at reducing the intracellular level of
FPPS (�6-fold) compared with wild-type viperin (�2-fold).
These results demonstrate that the iron-sulfur cluster is not
required for viperin to reduce FPPS levels and imply that
radical SAM chemistry is not involved in the regulation of
FPPS by viperin.

The Native N-terminal Amphipathic �-Helix of Viperin Is
Necessary for Reducing Cellular FPPS Levels—To examine
whether association of viperin with the ER or lipid droplets is
required for activity against FPPS, we employed a truncated
version of viperin lacking the first 50 amino acids comprising of
the membrane-targeting N-terminal amphipathic �-helix.
(This construct retains the N-terminal FLAG tag and is des-
ignated TN50 viperin to distinguish it from the bacterially
produced truncated enzyme discussed above.) We also con-

FIGURE 3. Reduction of cellular FPPS levels by viperin in co-transfected HEK293T cells. A, Western blotting analysis of viperin and FPPS expression levels
as a function of time after transfection. GAPDH was used as the loading control. B, quantification of intracellular levels of FPPS relative to GAPDH as a function
of time in the absence and presence of co-expressed viperin. C, quantification of intracellular levels of viperin relative to GAPDH as a function of time in the
absence and presence of co-expressed FPPS.

FIGURE 4. Viperin reductively cleaves S-adenosyl-L-methionine in an
uncoupled reaction. HEK293T, amounts of 5�-dA produced when assayed
with untransfected HEK293T cells; FPPS, HEK293T cells transfected with FPPS
only; Viperin, HEK293T cells transfected with viperin; FPPS�Viperin, HEK293T
cells transfected with FPPS and viperin. The data represent the means and
standard deviation of three independent biological replicates. For details see
the text.

FIGURE 5. Deletion of cysteinyl ligands to the catalytic [Fe4S4] cluster in
viperin does not abolish viperin activity against FPPS. Western blot anal-
ysis of cellular levels of FPPS was performed, and the results were quantified
and normalized to GAPDH. In all cases, FPPS levels were significantly reduced
when co-expressed with wild-type or mutant viperin enzymes; the data are
plotted showing the means and standard deviation of at least three indepen-
dent biological replicates. Reduction of FPPS levels relative to the no viperin
control was significant with p values ranging from p � 0.001 to p � 0.0002.
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structed a chimeric viperin in which the N-terminal amphi-
pathic helix was replaced with the 30-residue N-terminal mem-
brane-localizing sequence of hepatitis C non-structural protein
5A (NS5A). In previous studies, Weber and co-workers (24) had
demonstrated by immunofluorescence imaging that the NS5A
sequence relocalizes TN50-viperin to the ER (31), a result that
we independently confirmed for the constructs used in this
study (data not shown).

We examined the ability of the TN50-viperin and the chime-
ric NS5A-TN50-viperin to reduce the levels of co-transfected
FPPS. Both viperin constructs expressed at similar levels to
wild-type enzyme. However, as shown in Fig. 6, neither con-
struct was able to significantly reduce the cellular levels of
FPPS. These results suggest that the N-terminal amphipathic
helix of viperin is important in facilitating the ability of the
enzyme to decrease cellular FPPS levels and that localization to
the ER is not of itself sufficient for this activity.

Purified FPPS Is Unmodified by Viperin—Lastly, we exam-
ined whether viperin catalyzed any covalent modification of
FPPS that might alter its activity or lead to its degradation in the
cell. His-tagged FPPS was co-transfected with viperin into
HEK293T, and the cells were cultured for 48 h. The cells were
lysed and FPPS-purified from the lysate using nickel-nitrilotri-
acetic acid affinity resin. Control experiments were set up
where FPPS was purified from HEK293T cells that lacked
viperin. Native PAGE analysis (Fig. 7A) revealed no significant
difference in the electrophoretic mobility of FPPS isolated from
the two preparations that would have been indicative of a post-
translational modification. The specific activities of the two
enzyme preparations were also compared and found not to dif-
fer significantly (Fig. 7B). kcat for FPPS expressed on its own was
20 � 2.3 min�1, whereas kcat for FPPS co-expressed with

viperin was 15 � 4.0 min�1; these values are similar to those
reported previously (28).

LC-ESI-MS analysis of FPPS from each preparation showed
no difference in the mass indicative of a covalent modification
(Fig. 7, C and D). The observed weight of 42,838 Da differs from
the predicted mass of 42,926 Da by 88 Da, which corresponds to
the loss of the N-terminal methionine followed by N-terminal
acetylation (32). Lastly, no proteolytic fragments of FPPS were
evident when FPPS was co-expressed with viperin as judged by
immunoblots probed with a polyclonal antibody to FPPS.
These observations all indicate that the FPPS remaining in the
cell after 48 h is unmodified by viperin.

Discussion

To date, most studies have focused on investigating the anti-
viral activity of viperin in cell culture-based experiments in
which the antiviral activity of the enzyme was assayed either by
measuring decreases in viral titer or viral RNA levels. The con-
sensus from these studies is that viperin likely exerts its activity
through different pathways that depend on the particular virus
and that it interacts with multiple cellular and viral proteins in
the process (19, 27, 31, 33, 34). Previous studies, using a trun-
cated version of viperin, recombinantly produced and purified
from E. coli, have demonstrated that the enzyme cleaves SAM
to form 5�-dA (22), which is the hallmark reaction of radical
SAM enzymes. Here we have demonstrated for the first time
the ability of the full-length enzyme expressed in human cells to
reductively cleave SAM to form 5�-dA. However, less than one
turnover was observed, and this presumably represented
uncoupled activity. Thus, the relevance of radical SAM chem-
istry to the physiological function of viperin has remained
unclear, in large part because of the lack of detailed information
regarding the interaction of viperin with its cellular targets.

Our studies have focused on the interaction of viperin with
its best documented target, FPPS (27). Our initial, unsuccessful
attempts to demonstrate any effect of viperin on FPPS using
purified proteins in vitro necessitated a change of approach to
studying their interaction in cellulo. The overexpression of
both proteins in HEK293T cells, which may not be considered
truly physiological conditions, nevertheless allows the interac-
tion of the proteins to be examined under conditions in which
any necessary accessory proteins and co-factors are likely to be
present. Furthermore, it was possible to recover FPPS from the
cells and biochemically characterize the effect of viperin on the
enzyme.

Earlier observations indicated that viperin reduced the activ-
ity of endogenously expressed FPPS (27), although whether this
occurred by inhibition or altering FPPS levels was unclear. Our
experiments demonstrate that viperin exerts its effects by
reducing the cellular levels of co-expressed FPPS. However, our
observation that mutating the conserved cysteinyl ligands to
the catalytic iron-sulfur cluster actually potentiates rather than
abolishes the ability of viperin to decrease FPPS levels appears
to rule out a radical mechanism in this case. These observations
are in accord with previous studies in which mutating the con-
served cysteinyl residues failed to abolish the ability of viperin
to inhibit the replication of hepatitis C (31) and Dengue (34)
viruses.

FIGURE 6. Effect of replacing the ER-localization of viperin on its activity
against FPPS. The levels of FPPS were quantified in HEK293T cells transfected
with FPPS; co-transfected with wild-type viperin; co-transfected with viperin
lacking the N-terminal ER-localization sequence (TN50); and co-transfected
with viperin in which the ER-targeting sequence the viral protein NS5A
replaces endogenous ER-targeting sequence (NS5A-TN50). Neither the trun-
cated enzyme nor the chimeric enzyme is able to reduce the cellular levels of
co-expressed FPPS. The data are plotted showing the means and standard
deviation of three independent biological replicates. *, p 	 0.05.
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Given these results, the question arises as to whether viperin
really is a radical SAM enzyme. Whereas our results discount a
radical mechanism for its interaction with FPPS, we consider
that it is still quite possible that radical SAM chemistry plays a
role in viperin regulation of other cellular or viral proteins. One
candidate activity where radical SAM chemistry may be oper-
ating is the restriction of tick-borne encephalitis virus (TBEV)
by viperin. Unlike viruses such as influenza A that bud from
cholesterol-rich lipid rafts and are thus sensitive to FPPS inhi-
bition, flaviviruses such as TBEV do not require lipid rafts for
budding. Indeed it has been shown that inhibition of FPPS by
ibandronate has no effect TBEV replication (24).

In contrast to our results with FPPS, it was shown that,
whereas localization of viperin to the ER was essential to reduce
the titer of TBEV, this was not dependent on identity of the
ER-localizing sequence (24). Significantly, mutation of the con-
served cysteine residues or the C-terminal tryptophan of
viperin, which is important for installation of the [Fe4S4] cluster
by CIAO1, abolished viperin inhibition of TBEV replication,
indicating that an intact [Fe4S4] cluster was essential for activ-
ity. These observations all point to a different mode of action
pertaining to viperin activity against TBEV (and other flavivi-
ruses such as Dengue virus and west Nile virus). These obser-
vations are consistent with the involvement of radical SAM

chemistry, although they do not demonstrate that such chem-
istry occurs in vivo.

Another pertinent, and better understood, example of a
human enzyme in which both radical SAM and non-radical
activities have been posited is the ELP3 (elongator protein 3)
component of the RNA polymerase II complex (23). The elon-
gator complex comprises six proteins, ELP1– 6, and is respon-
sible both for histone acetylation to facilitate transcription and
for the modification of the wobble position U-34 of eukaryotic
tRNAs by carbamoylmethylation or methoxy-carbonylmethyl-
ation at C-5 of uridine (35, 36). ELP3 contains both radical SAM
and histone acetyltransferase domains. ELP3 has been shown in
vitro to catalyze histone acetylation, but this reaction does not
require the iron-sulfur cluster (37). Removal of any of the six
ELP components abolishes U-34 modification in eukaryotes,
making it hard to assess the role of radical SAM chemistry.
However, experiments on an archaeal homolog of ELP3, which
functions independently, have provided evidence for a radical
SAM-dependent mechanism for uridine carboxymethylation
in this organism (38).

Our results provide evidence that the reduction in cellular
FPPS levels is due to an increase in protein degradation, rather
than transcriptional regulation or covalent modification of
FPPS by viperin. Thus, qRT-PCR analysis found no change in

FIGURE 7. FPPS recovered from viperin-expressing cells is un-modified. A, native-PAGE analysis of FPPS purified from HEK293T cells. Lane 1 standard
proteins (native molecular masses in kDa indicated on the left); lane 2, FPPS expressed in the absence of viperin; lane 3, FPPS co-expressed with viperin. B,
activity of FPPS purified from HEK293T cells in absence and in presence of co-expressed viperin; the small difference in rates is not considered significant. C and
D, LC-MS of FPPS purified from HEK293T cells in the absence (C) and presence of co-expressed viperin (D). No significant differences in the spectra are apparent.
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FPPS mRNA levels in cells co-transfected with viperin. This
makes it unlikely that viperin either regulates transcription of
FPPS or catalyzes the degradation of FPPS mRNA. We cannot
rule out a mechanism in which viperin regulates FPPS by mod-
ifying the mRNA, thereby slowing down translation; indeed
many radical SAM enzymes do catalyze nucleic acid modifica-
tions. However, we consider this unlikely because viperin is
localized to the ER, whereas FPPS is a cytoplasmic enzyme. We
think it also unlikely that viperin directly inactivates FPPS
because FPPS purified from HEK293T cells co-expressing
viperin exhibits the same specific activity as FPPS expressed in
the absence of viperin and, furthermore, contains no covalent
modifications as assessed by ESI-MS. (Although, of course, one
cannot rule out the possibility that inactivated FPPS is very
rapidly cleared from the cell.) These observations leave up-reg-
ulation of FPPS degradation pathways as the most plausible
route by which viperin decreases FPPS levels.

Having ruled out a radical mechanism for FPPS regulation,
the biochemical details by which viperin reduces cellular levels
of FPPS remain subject to speculation. The N terminus of
viperin appears to be essential for viperin activity against FPPS,
because replacing this region by a different ER-localizing
sequence failed to restore activity. This suggests that the N ter-
minus plays an important role in recognizing FPPS. We
hypothesize that viperin may recruit additional, as yet uniden-
tified proteins necessary for FPPS degradation, for example by
targeting it for degradation by the proteasome. Interestingly,
viperin has been shown to facilitate Lys63-linked ubiquitination
of the kinase, IRAK1, by the E3 ubiquitin ligase, TRAF6, which
are proteins that play a central role in innate immune signaling
(39). Viperin appears to do this by co-localizing these proteins
to lipid bodies, and thus it is possible that a similar mechanism
may be operating in the case of FPPS. Further investigations are
in progress in our laboratory to better define the mechanism(s)
of action of this enigmatic enzyme.

Experimental Procedures

Materials—S-Adenosyl-L-methionine, 5�-deoxyadenosine,
cycloleucine, and mouse monoclonal FLAG antibody (M2)
were obtained from Sigma. Mouse monoclonal GAPDH anti-
body (6C5) was from EMD Millipore. Mouse monoclonal His6
tag antibody (HIS.H8) was purchased from Thermo Scientific.
IPP and GPP were purchased from Isoprenoids. [4-14C]IPP was
purchased from PerkinElmer Life Sciences. HEK293T cell line
was obtained from ATCC. The pcDNA3.1(�) expression vec-
tor was purchased from Invitrogen. FuGENE HD transfection
reagent was purchased from Promega. All other reagents and
materials were purchased from commercial suppliers and were
of the highest grade available.

Cloning of Human Viperin and FPPS—The genes encoding
human viperin (GenBankTM accession number AAL50053.1)
and FPPS (GenBankTM accession number AAA52423.1) were
purchased from GenScript. Both genes were subsequently
amplified via PCR and subcloned into the pcDNA3.1(�) vector
(Invitrogen). The primers for the pcDNA3.1(�)-viperin
construct introduced an N-terminal 3X-FLAG tag (DYK-
DHDGDYKDHDIDYKDDDDK) and the Kozak consensus
sequence (5�-GCCAAC-3�) for downstream protein expression

in eukaryotic cells (40). Similarly, the primers for the
pcDNA3.1(�)-FPPS construct introduced an N-terminal hexa-
histidine tag and the necessary Kozak sequence. Two additional
N-terminal 3X-FLAG-tagged variants of human viperin were
also constructed using standard Gibson assembly cloning
methods. The first variant, TN50, featured a deletion of the first
50 amino acids of the N terminus. The second variant, NS5A-
TN50, included a replacement of the native N terminus by the
first 30 amino acid residues from the hepatitis C virus non-
structural 5A (NS5A) protein. The gene encoding the NS5A
protein was obtained from AddGene as the pCMV-Tag1-NS5A
plasmid. The point mutations described in this paper were
introduced using the QuikChange site-directed mutagenesis
method (Agilent Technologies, Mississauga, Canada). DNA
sequencing confirmed the presence of each gene and the
absence of any PCR-induced errors for each construct.

Cloning, Expression, and Purification of N-terminal Trun-
cated Viperin (t-Viperin) in E. coli—A gene, codon-optimized
for expression in E. coli, encoding viperin lacking the first 50
amino acids of the N-terminal amphipathic �-helix was pur-
chased from GenScript. The gene construct was housed in a
pET28 expression vector and included a N-terminal His6 tag to
facilitate purification. Expression of truncated viperin was
achieved by standard methods. Briefly, the cells were grown in
2
 YT medium containing 50 �g/ml kanamycin at 37 °C with
shaking at 150 rpm to an A600 of �1.0. The culture was chilled
at 4 °C for 30 min, and protein expression was induced by add-
ing isopropyl �-D-thiogalactopyranoside to a final concentra-
tion of 0.1 mM. The culture was further incubated at 18 °C with
shaking at 150 rpm overnight (�18 h). The cells were harvested
by centrifugation at 5,000 rpm for 30 min at 4 °C. The cell pel-
lets were stored at �80 °C.

The purification of truncated-viperin was performed in a
Coy anaerobic chamber (O2 	 25 ppm) or under a nitrogen
atmosphere using anoxic buffers unless otherwise noted. The
cell pellet from 6 liters of culture was resuspended in 100 ml of
lysis buffer (10 mM Tris-Cl, pH 8.0, containing 10% glycerol
(v/v), 300 mM NaCl, 5 mM imidazole, 1 mM �-mercaptoethanol,
0.5 mM dithionite, 1 tablet/10 ml complete mini protease inhib-
itor tablet (Roche), 1 mg/ml lysozyme, and 1 mg/ml benzonase),
and the suspension was shaken for 30 min. Cell lysis was com-
pleted by minimal sonication outside the Coy chamber. The
lysate was taken back into the Coy chamber and allowed to
briefly equilibrate with the anoxic environment prior to
removal of the cell debris by centrifugation (17,000 rpm, 30
min, 4 °C). The supernatant was loaded onto a 5-ml HIS-Trap
column (GE Healthcare) equilibrated in buffer A (10 mM Tris-
Cl, pH 8.0, 300 mM NaCl, 10 mM imidazole, 10% glycerol), and
the purification was carried out by FPLC outside the Coy cham-
ber with a flow rate of 1 ml/min (the column was kept at
10 –15 °C by surrounding it with cold packs). The column was
washed with buffer A until the absorbance at 280 nm stabilized,
and the protein was eluted with a linear gradient of 0 –100%
buffer B (10 mM Tris-Cl, pH 8.0, 300 mM NaCl, 500 mM imid-
azole, 10% glycerol) over 60 min at 1 ml/min. Elution fractions
(15 total) were collected in 2.5-ml aliquots into vials followed by
the addition of 500 �l of a 30 mM dithionite solution to scavenge
oxygen. Fractions containing truncated viperin were pooled,

Viperin Reduces Cellular Levels of FPPS

26812 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 52 • DECEMBER 23, 2016



centrifuged to remove precipitated protein, divided into 2-ml
aliquots, and stored at �80 °C until ready for reconstitution.

Reconstitution of Truncated Viperin Purified from E. coli—
Reconstitution was performed with slight modification of the
protocol described by Duschene and Broderick (22). All steps
were performed in a Coy chamber (O2 	 25 ppm) using anoxic
buffers unless otherwise noted. The day prior to reconstitution,
an 8.3-ml PD-10 desalting column was equilibrated with �50
column volumes of reconstitution buffer (10 mM Tris-Cl, pH
8.0, 300 mM NaCl, 10% glycerol) to make the column as oxygen
free as possible, and the column was left to equilibrate over-
night. Approximately 2 mg of purified truncated-viperin stock
solution was slowly thawed on a cold pack, and the UV-visible
spectrum was recorded using an anaerobic cuvette as a prere-
constitution control. The protein was incubated with DTT
(final concentration, 5 mM) for 20 min on the cold pack with
gentle stirring. FeCl3 (final concentration 150 �M; 6 equiva-
lents) was added dropwise to the stirred solution and incubated
for 20 min. Na2S (final concentration 150 �M; 6 equivalents)
was added in one aliquot and stirred for 2 h on the cold pack.
The cold pack was removed, and the solution was stirred for an
additional hour. EDTA (final concentration, 2 mM) was added
in one aliquot and stirred for 30 min to chelate any free iron
remaining in solution. The solution was then diluted to 2.5 ml
with reconstitution buffer and desalted on the PD column.
Fractions containing reconstituted t-viperin were dark reddish
brown; these were pooled, divided into 500-�l aliquots, and
stored at �80 °C. The concentration of protein was estimated
using and extinction coefficient �280 � 42,700 M�1 cm�1. The
yield of reconstituted protein was typically �26 �M (1 mg/ml).

Expression of Human Viperin and FPPS in HEK293T Cells—
Overexpression of the full-length recombinant human viperin
and FPPS proteins was accomplished through transient
transfection of HEK293T cells (cultivated in DMEM sup-
plemented with 10% FBS and 1% antibiotics) with the
pcDNA3.1(�)-viperin construct or the pcDNA3.1(�)-FPPS
construct, respectively. In addition, co-transfection of both
DNA constructs allowed for co-expression of viperin and FPPS
within the HEK293T cells. The same transfection protocols
were used for expression of each of the viperin variants. Briefly,
2.5 �g of the respective plasmid DNA construct was mixed with
FuGENE HD reagent in a 3:1 ratio, incubated at room temper-
ature for 15 min, and then added to HEK293T cells at 40%
confluence on a 35-mm dish. The transfected cells were then
grown for up to 48 h, gently pelleted, and stored at �80 °C until
use. Expression of viperin and FPPS proteins was also examined
following growth of HEK293T cells in the presence of cycloleu-
cine, an inhibitor of S-adenosyl-L-methionine synthesis. Trans-
fected HEK293T cells were grown for 48 h in the presence or
absence of 20 or 50 mM cycloleucine. In all cases, protein
expression was confirmed through Western blotting with
the appropriate anti-FLAG (Sigma-Aldrich) and/or anti-His
(Thermo Scientific) monoclonal antibodies using GAPDH as a
loading control. Chemiluminescent images were acquired on a
Bio-Rad ChemiDoc Touch Imager. Where noted, rabbit anti-
FPPS polyclonal antibodies (Proteintech) were also used to
check for FPPS expression.

Immunofluorescence and Immunoblotting—HEK293T cells
were grown to 30% confluence on poly-L-lysine-coated cover-
slips and then transiently transfected with wild-type viperin,
TN50, or NS5A-TN50 plasmid DNA. After 48 h the cells were
fixed with 3% paraformaldehyde, permeabilized with 0.5% Tri-
ton X-100 diluted in PBS buffer, and stained with mouse mono-
clonal anti-viperin (Abcam) and rabbit polyclonal anti-calnexin
(Abcam) antibodies. Protein localization was visualized with
Alexa Fluor 647-conjugated goat anti-mouse (Life Technolo-
gies) and Alexa Fluor 488-conjugated goat anti-rabbit (Abcam)
antisera. Images were acquired on an Olympus IX-81 confocal
microscope. Immunoblotting and imaging of proteins was per-
formed by standard methods using chemiluminescence to visu-
alize proteins. Blots were visualized and band intensities quan-
tified using a Bio-Rad ChemiDoc Touch imaging system.
Quantitative measurements of protein expression levels
reported here represent the average of at least three indepen-
dent biological replicates.

qRT-PCR Analyses—HEK293T cells transfected with FPPS,
viperin, or both genes were harvested 48 h post-transfection
and stored at �80 °C. Total RNA was isolated from each sample
using the Aurum Total RNA mini kit (Bio-Rad) following the
spin protocol for mammalian cells, with slight modification.
Specifically, the DNase digestion time was increased to 2 h,
followed by an additional treatment of the eluted RNA samples
with a Turbo DNA free kit (Invitrogen) for 2 h at 37 °C. Subse-
quently, 1 �g of RNA from each sample with an A260/280 nm ratio
between 1.8 and 2.2 was reverse transcribed to cDNA using an
iScript cDNA synthesis kit (Bio-Rad) according to the manufa-
cturer’s protocols. cDNA samples were stored at �20 °C prior
to qRT-PCR analysis.

Primers specific for the FPPS and viperin genes, as well as
GAPDH and �-actin reference genes, were designed using
Geneious R7 software (BioMatters). The forward and reverse
sequences of each primer set were as follows: FPPS:
5�-GAAATCGGTCAGACGCTGGA-3� and 5�-CGCAATC-
GGCAGGTAGAAAG-3�; viperin: 5�-TGATCCGTGAAC-
GCTGGTTT-3� and 5�-GGTTTTTCTTGCCCTGACCG-3�;
GAPDH: 5�-ACCCACTCCTCCACCTTTGAC-3� and 5�-TGT-
TGCTGTAGCCAAATTCGTT-3�; and �-actin: 5�-GCC-
GGGACCTGACTGACTAC-3� and 5�-TTCTCCTTAATGT-
CACGCACGAT-3�.

qRT-PCR was performed using SoFast EvaGreen Supermix
(Bio-Rad) on a Bio-Rad CFX96 system to assess the relative
expression levels of the FPPS and viperin genes under both
single protein expression and co-expression conditions. A min-
imum of four biological replicates was performed for each
expression condition, each with two technical replicates; both
no-template controls and no reverse-transcriptase controls
were included. The data were analyzed using CFX96TM man-
ager software (Bio-Rad).

Cleavage of SAM by Viperin in Vivo—HEK293T cells overex-
pressing viperin were harvested from a 10-cm2 dish, resus-
pended in 200 �l of anoxic Tris-buffered saline (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 
 g for 10 min. DTT (final concentration, 5 mM) and
dithionite (final concentration, 5 mM) were added to the cell
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lysate. The assay mixture was incubated at room temperature
for 30 min prior to starting the reaction by the addition of SAM
(final concentration, 200 �M). The assay was incubated for 60
min at room temperature, after which the reaction stopped by
heating at 95 °C for 10 min. The solution was chilled to 4 °C, and
the precipitated proteins were removed by centrifugation. The
supernatant was then extracted with acetonitrile. Aliquots of 20
�l were subsequently derivatized with benzoyl chloride as
described previously (30). The samples were analyzed in tripli-
cate for the presence of 5�-deoxyadenosine by HPLC-tandem
mass spectrometry, using an Acquity HSS T3 C18 chromatog-
raphy column (1 mm 
 100 mm, 1.8 �m, 100 Å pore size) on a
Waters nanoAcquity ultra performance liquid chromatograph
interfaced to an Agilent 6410 triple quadrupole mass spectrom-
eter. Mobile phase A was 100 mM ammonium acetate with
0.15% formic acid. Mobile phase B was acetonitrile. The flow
rate was 100 �l/min, and the gradient was as follows: initial, 0%
B; 0.01 min, 17% B; 0.5 min, 40% B; 2.99 min, 60% B; 3.00 min,
100% B; 3.99 min, 100% B; 4.00 min, 0% B; 5.00 min, 0% B.
Internal standards included benzoylated adenosine, r.t. 3.33
min; 3�-deoxyadenosine, r.t. 3.85 min; and 5�-deoxyadenosine,
r.t. 4.05 min. Peaks were integrated using Agilent MassHunter
workstation quantitative analysis for triple quadrupole, version
B.05.00.

Purification of FPPS from HEK 293T Cells—All purification
steps were carried out at 4 °C. Cells overexpressing FPPS or
FPPS and viperin (0.5 g wet weight) were resuspended in 2 ml of
Tris-buffered saline, 0.1% Tween 20, and 20 mM imidazole (pH
7.5) containing a mix of protease inhibitors (Sigma-Aldrich).
The mixture was briefly sonicated followed by centrifugation at
14,000 rpm for 10 min. The supernatant was then mixed with
100 �l of nickel-nitrilotriacetic acid resin, pre-equilibrated with
Tris-buffered saline and 20 mM imidazole (pH 7.5). Following a
1-h incubation period, the mix was washed twice with 1 ml of
Tris-buffered saline and 20 mM imidazole (pH 7.5) and then
twice more with 1 ml of Tris-buffered saline, 20 mM imidazole,
and 10% glycerol. FPPS was eluted with 200 �l of Tris-buffered
saline, 250 mM imidazole, and 10% glycerol. The protein was
concentrated and buffer-exchanged into 10 mM Tris-Cl (pH
8.0) containing 10% glycerol and frozen at �80 °C until use. The
purity of the isolated FPPS protein was assessed by SDS-PAGE
(10% gel). The Lowry assay method was used to determine the
concentration of the protein.

Radiolabeled Assays for FPPS Activity—The catalytic activity
of FPPS was monitored through the use of a previously
described radiolabeled assay (29) with slight modification. Each
800-�l reaction mixture contained 50 mM Tris-Cl (pH 8.0), 10%
glycerol, 2 mM MgCl2, 2 mM DTT, 18 �M IPP, 10.8 Ci/mol
[4-14C-IPP], 20 �M GPP, and 4.7 nM FPPS. The reactions were
initiated by the addition of FPPS and incubated at 37 °C. Every 4
min, a 100-�l aliquot was removed and quenched with 200 �l of
a 4:1 MeOH/HCl solution, vortexed briefly, and incubated at
37 °C for 10 min. Each quenched sample was subsequently
extracted with 400 �l of Ligroin and vortexed for 30 s. A 200-�l
aliquot of the Ligroin layer was diluted in 4 ml of scintillation
mixture followed by scintillation counting on a Beckman LS
6500 scintillation counter. The experiment was repeated in

triplicate, and the data were analyzed using Origin, version 8.5
(MicroCal Software, Inc.).

LC-MS Analysis of FPPS—Purified protein samples that were
buffer-exchanged into 10 mM Tris-Cl (pH 8.0) containing 10%
glycerol were analyzed using an Agilent 6250 Accurate-Mass
Q-TOF LC/MS system. The samples (3 �l) were injected into a
Zorbax Eclipse Plus C18 column equilibrated with 4.75% ace-
tonitrile and 0.1% formic acid. Proteins were eluted over a
6-min gradient from 4.75% to 95% acetonitrile at a constant
flow rate of 0.4 ml/min. Protein masses were obtained using ESI
in positive ion mode and analyzed using Agilent MassHunter
Quantitative Analysis software.
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