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ABSTRACT The zinc finger antiviral protein (ZAP) is an interferon-stimulated gene (ISG)
with potent intrinsic antiviral activity. ZAP inhibits the replication of retroviruses, including
murine leukemia virus (MLV) and HIV-1, as well as alphaviruses, filoviruses, and hepatitis B
virus, and also the retrotransposition of LINE-1 and Alu retroelements. ZAP operates post-
transcriptionally to reduce the levels of viral transcripts available for translation in the
cytoplasm, although additional functions might be involved. Recent studies have shown
that ZAP preferentially binds viral mRNAs containing clusters of CpG dinucleotides via its
four CCCH-type zinc fingers. ZAP lacks enzymatic activity and utilizes other cellular pro-
teins to suppress viral replication. Tripartite motif 25 (TRIM25) and the nuclease KHNYN
have been identified as ZAP cofactors. In this study, we identify Riplet, a protein known
to play a central role in the activation of the retinoic acid-inducible gene I (RIG-I), as a
novel ZAP cofactor. Overexpression of Riplet acts to strongly augment ZAP’s antiviral ac-
tivity. Riplet is an E3 ubiquitin ligase containing three domains, an N-terminal RING finger
domain, a central coiled-coil domain, and a C-terminal P/SPRY domain. We show that
Riplet interacts with ZAP via its P/SPRY domain and that the ubiquitin ligase activity
of Riplet is not required to stimulate ZAP-mediated virus inhibition. Moreover, we show
that Riplet interacts with TRIM25, suggesting that both Riplet and TRIM25 may operate as
a complex to augment ZAP activity.

IMPORTANCE The ZAP is a potent restriction factor inhibiting replication of many RNA
viruses by binding directly to viral RNAs and targeting them for degradation. We here iden-
tify RIPLET as a cofactor that stimulates ZAP activity. The finding connects ZAP to other
innate immunity pathways and suggests oligomerization as a common theme in sensing
pathogenic RNAs.

KEYWORDS retrovirus restriction, innate immunity, zinc finger antiviral protein, host
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Pattern recognition receptors (PRRs) mediate detection of pathogen-associated mo-
lecular patterns (PAMPs) present on many pathogens, including viruses, in the

cytoplasm of an infected cell. The PRRs include RNA sensors such as RIG-I and MDA-5
(1) and DNA sensors such as cyclic GMP-AMP synthase (2). Activation of PRRs initiates
various signal cascades that result in the induction of interferons (IFNs) and subse-
quent release of cytokines and chemokines. The induction of IFN is a hallmark of the
cell’s innate immune defense. When interferons exit the infected cell and bind to IFN
receptors on the surface of neighboring cells, they trigger pathways that lead to an up-
regulation of hundreds of host proteins known as interferon-stimulated genes (ISGs)
(3). While the functions of many ISGs remain unknown, many of these genes contribute
to the establishment of an antiviral state of the cell and represent the crucial first line
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of defense again viral infection (4, 5). One such gene is the zinc finger antiviral protein
(ZAP).

ZAP was first identified in a screen for host factors restricting Moloney murine leu-
kemia virus (MLV) infection (6) and was subsequently shown to inhibit other retrovi-
ruses as well as alphaviruses, filoviruses, hepatitis B virus, vaccinia virus, and, more
recently, the coronavirus SARS-CoV-2 (7–16). ZAP has potent restriction activity that
operates at the posttranscriptional stage to reduce the number of viral transcripts
available for translation in the cytosol (6, 15, 17). Recent studies have shown that ZAP
preferably binds viral mRNAs containing clustered CpG dinucleotides via its four CCCH-
type zinc fingers (18, 19). ZAP has been suggested to have played a major role in the
evolution of the low CpG content of many eukaryotic genomes, allowing for discrimi-
nation between host mRNAs (low CpG) and pathogen RNAs (high CpG) (19–21).

ZAP derives from an ancestral gene widely present in eukaryotic genomes, includ-
ing mammals, birds, reptiles, and fish (22). The human orthologue, ZC3HAV1, gives rise
to multiple isoforms of the ZAP protein (23), including long and short forms designated
ZAP-L and ZAP-S, respectively, both having antiviral activity (15, 24, 25). Some other
short forms of the ZAP protein can serve as dominant negative regulators of the active
isoforms and thereby inhibit ZAP activity (26). All forms of ZAP contain four zinc fingers
located at the N terminus and a central domain that contains an additional zinc finger
of the CCCH-type as well as two WWE motifs, and it has recently been shown to form a
binding site for poly(ADP-ribose) (27). The long isoform contains a poly(ADP-ribose)
polymerase (PARP)-like domain at the C terminus, which is catalytically inactive by vir-
tue of alterations at the active site but nevertheless can potentiate ZAP activity, per-
haps by altering intracellular localization (Fig. 1A).

ZAP binds directly to target RNAs through its CCCH zinc finger motifs (18), and
mutations altering its second and fourth zinc fingers have been shown to obliterate its
antiviral action (28). ZAP can also disrupt the formation of the translational initiation
complex on the RNA by directly interacting with the translation initiation factor eIF4A,
and this shutoff of translation may be required for subsequent degradation of the RNA
(29). Furthermore, ZAP interacts with Ago2 to modulate microRNA (miRNA)-mediated
gene silencing upon activation of the cell’s stress response (30, 31). ZAP may have
other functions (32), including the regulation of host gene expression. A small set of
cellular mRNAs, including those encoding CCL5 and TRAILR4, a regulator of the apo-
ptotic cytokine TRAIL mRNA, have been shown to be modestly elevated (up to 4-fold)
in ZAP knockout (KO) cell lines (33).

The ability of ZAP to inactivate and degrade its target RNAs is promoted or regulated
by a number of other factors. ZAP recruits components of the 59-to-39 and 39-to-59 degra-
dation pathways to target viral RNAs for degradation by the exosome machinery (17, 28,
29). Other studies have identified the nuclease KHNYN as a ZAP cofactor, and overexpres-
sion of KHNYN has been shown to enhance ZAP-mediated restriction of CpG-enriched HIV-
1 replication (34). The relative contribution of these various nucleases to ZAP activity is
unclear and may vary between cell types. Recently, one of the tripartite motif (TRIM) family
of proteins, TRIM25, has been reported to act as a ZAP cofactor that stimulates its antiviral
activity (35, 36). The E3 ligase activity of TRIM25 has been shown to enhance ZAP-mediated
virus restriction, though mutation of all of the consensus sites for ubiquitinylation of ZAP
did not impact its antiviral activity (35, 36). TRIM25 has been reported to play an important
role in innate immune defense as the main cofactor of another antiviral protein, RIG-I (37),
though its involvement in RIG-I activation has been recently questioned (38, 39). ZAP has
been shown to regulate RIG-I signaling in human cells (40), but ZAP is not required for the
RIG-I-mediated induction of IFN in primary mouse cells (41). Finally, the nuclear protein
Matrin 3 has been shown to negatively regulate ZAP-mediated restriction of retroviral
infection (42). Given the complexity of ZAP activity, additional positive and negative regula-
tors are likely to be found.

In the present study, we identify Riplet, a protein known to play a central role in innate
immune detection of PAMPS, as a bona fide ZAP cofactor that enhances ZAP’s antiviral
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FIG 1 Riplet augments ZAP-mediated restriction of HIV-1 reporter virus. (A) Schematic representation of two major isoforms of ZAP. ZAP-L, the long
form; ZAP-S, the short form. Zinc fingers, WWE domain, and PARP-like domain are indicated. (B) Schematic representation of the domains of Riplet
and mutant constructs. RING, coil domain, and PRY/SPRY domain are indicated. (C) Riplet overexpression augments ZAP-mediated restriction of
retroviral infection. 293TrexhZAP cell lines expressing the indicated DNAs were infected with VSVG-pseudotyped HIV-luc reporter virus followed by
ZAP induction with doxycycline or DMSO as a control at 6 h postinfection. Firefly luciferase reporter activity was measured at 24 h postinfection and
normalized to total protein content measured by a Bradford assay for each sample. Data points presented are the mean RLU/mg 6 SD values of
four independent experiments done in triplicate. (D) Riplet-mediated increase in ZAP-mediated HIV-1 inhibition, derived from data in panel C.
293TrexhZAP cell lines expressing the indicated DNAs were infected with VSVG-pseudotyped HIV-luc reporter virus followed by ZAP induction with
doxycycline or DMSO as a control. Fold inhibition of virus was calculated as the ratio of luciferase expression levels in DMSO-treated cells to those in
doxycycline-treated cells. Data points represent the mean 6SD values of four independent experiments. Student's t test was used for statistical
analysis. ***, P , 0.0002; *, P , 0.02.
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activity. Riplet is an E3 ubiquitin ligase encoded by the RNF135 gene in humans, and it con-
tains three domains, a RING finger domain at the N terminus, a central coiled-coil domain,
and a PRY/SPRY domain at the C terminus (here called P/SPRY) (Fig. 1B). Although Riplet
resembles proteins in the tripartite motif (TRIM) family, it lacks a B-Box domain that is char-
acteristic of TRIM proteins. The P/SPRY domain of Riplet has very high sequence similarity
to the P/SPRY domain of TRIM25 out of all the TRIM family members, suggesting that
Riplet might overlap or share TRIM25 functions. Riplet, widely expressed in human cells,
serves to modulate the innate immune activation of the retinoic-acid inducible gene I
(RIG-I) pathway involved in the sensing of viral RNAs. Riplet was initially shown to interact
with RIG-I and deliver K63-linked polyubiquitin chains to both the N-terminal CARD do-
main, as well as the C-terminal domain (CTD), of RIG-I (43, 44). Ubiquitinylation of RIG-I by
Riplet leads to its activation and further amplification of downstream signaling to induce
the expression of IFNs and thereby trigger upregulation of ISGs (43, 44). The E3 ligase activ-
ity of Riplet is required to catalyze the final reaction of this ubiquitin transfer cascade.
Additionally, it has been demonstrated that Riplet can stimulate RIG-I activation in a ubiqui-
tin-independent manner by cross-bridging filaments of RIG-I bound to RNAs (38). This
mechanism leads to a concentration of RIG-I assemblies that induces receptor clustering
and ultimately amplifies antiviral signaling to initiate IFN production and, thereby, expres-
sion of ISGs. Although the role of Riplet in the RIG-I pathway has been well characterized,
its involvement in the ZAP antiviral pathway has not been previously investigated. Here,
we demonstrate that Riplet enhances ZAP restriction of viral RNA reporters. We further
show that Riplet interacts with TRIM25, suggesting that Riplet and TRIM25 may operate
cooperatively to augment ZAP activity.

RESULTS
Riplet augments ZAP-mediated inhibition of HIV-1 reporter gene expression.

Previous studies of the ZAP restriction factor ZAP have identified several cofactors that
enhance its activity, and we expect that more remain to be found. One cofactor, TRIM25, is
a member of the large TRIM family with E3 ubiquitin ligase activity and is potentially
involved with the RIG-I RNA sensing pathway (37). An isoform of human ZAP has been
reported to associate with RIG-I, promote its oligomerization, and activate the IRF3- and NF-
kB-mediated induction of interferon production (40). These observations led us to examine
whether Riplet, a protein with similarity to the TRIM proteins and also involved in the RIG-I
pathway (43–45), might stimulate ZAP functions. To monitor the antiviral activity of ZAP, we
utilized 293TrexhZAP cells, a derivative of the 293A cell line in which doxycycline induces
the expression of myc-tagged full-length ZAP (15). We transduced these cells and various
derivative cell lines with single-round HIV reporter genomes and monitored expression of
the reporter gene with and without induction of ZAP expression. To test for the potential
involvement of Riplet in ZAP-mediated inhibition of HIV-1, we generated pools of cells over-
expressing Riplet by transfection of 293TrexhZAP cells with a DNA construct expressing full-
length Riplet followed by antibiotic selection. While the endogenous levels of expression in
the parental 293TrexhZAP cells are low, and the protein was not detectable by Western
blotting with commercially available antibodies, the protein was readily detected in the
pools of transfected cells (Fig. 2). These pooled cell populations were then tested for ZAP-
mediated virus restriction by infecting them with a vesicular stomatitis virus envelope glyco-
protein (VSVG)-pseudotyped HIV-1 luciferase reporter vector (pNL4.3env-luc1). At 6 h
postinfection, fresh medium containing doxycycline to induce ZAP expression, or dimethyl
sulfoxide (DMSO) as a control, was added, and luciferase reporter virus expression was
measured at 24 h postinfection (Fig. 1C). We note that the luciferase sequence in the re-
porter genome is relatively rich in CpG dinucleotides (with 120 copies in the 2,154-nucleo-
tide [nt] sequence) and thus provides a highly responsive RNA substrate for ZAP restriction.
We found that overexpression of Riplet alone in these cells, without addition of doxycycline
to induce ZAP expression, led to a modest reduction (2-fold or less) in virus reporter expres-
sion relative to the parental line (Fig. 1C), likely due to its known activation of interferon
expression. ZAP induction in the parent line, and in cells expressing an empty vector control,
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FIG 2 Riplet binds to ZAP to augment restriction of HIV-1 reporter virus. (A) Riplet interacts with ZAP via its PRY/SPRY domain. 293TrexhZAP cells were
transiently transfected with DNAs overexpressing Riplet, Riplet mutants, or an empty vector control (EV), treated with doxycycline to induce ZAP expression
as indicated (1/2), and lysed 48 h later. Riplet mutants included deletion of the RING domain (DRING), deletion of the P/SPRY domain (DP/SPRY), and
dominant negative Riplet (RDN). (A, Left) In the input data, total proteins were analyzed by gel electrophoresis, blotted, and probed for myc-tagged ZAP
(top) or Riplet (bottom). (A, Right) In the IP data, myc-tagged ZAP was recovered by immunoprecipitation using a mouse a-myc antibody, and bound
proteins were analyzed by electrophoresis and probed for myc-tagged ZAP (top) or Riplet (bottom). (B) Riplet interaction with ZAP is RNase A-resistant.
293TrexhZAP cells were transfected with DNAs overexpressing Riplet or an EV control, treated with doxycycline or control DMSO to induce ZAP expression
as indicated (1/2), and lysed 48 h later. Lysates were treated with RNase A (50 mg/mL) as indicated. (B, Left) In the input data, total proteins were
analyzed by gel electrophoresis, blotted, and probed for myc-tagged ZAP with mouse a-myc antibody (top) or Riplet antibodies (bottom). (B, Right) In the
IP data, myc-tagged ZAP was recovered by immunoprecipitation with mouse a-myc antibody, and bound proteins were analyzed by electrophoresis and
probed for myc-tagged ZAP (top) or Riplet (bottom). Approximate molecular weights of major proteins estimated from size markers are indicated on left.
(C) Riplet interacts with ZAP in pNL4.3-luc-infected cells. 293TrexhZAP cells transfected with an EV control or DNA overexpressing Riplet were either left
uninfected or infected with a VSVG-pseudotyped pNL4.3-luc reporter virus or with a mock virus preparation lacking the VSVG envelope (mock virus).
Cultures were treated with doxycycline or control DMSO to induce ZAP expression as indicated (1/2) and lysed 48 h later. (C, Left) In the input data, total
proteins were analyzed by gel electrophoresis, blotted, and probed for myc-tagged ZAP with mouse a-myc antibody (top) or Riplet antibodies (bottom). (C,
Right) In the IP data, myc-tagged ZAP was recovered by immunoprecipitation with mouse a-myc antibody, and bound proteins were analyzed by
electrophoresis and probed for myc-tagged ZAP (top) or Riplet (bottom). Approximate molecular weights of major proteins estimated from size markers are
indicated on left.
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induced an approximately 5-fold restriction of HIV-1-luc expression, in accordance with pre-
vious reports. ZAP induction in the lines with overexpression of Riplet led to a dramatic
increase in restriction of the reporter gene expression to about 20-fold over the DMSO con-
trol (Fig. 1D). This result demonstrates that Riplet overexpression substantially augments
ZAP-mediated inhibition of viral gene expression.

One possible explanation for the suppression of viral expression by Riplet would be an
effect on viral DNA integration. To test for this possibility, we analyzed the extent of viral
integration after infection of cells overexpressing Riplet or the empty vector control, or the
parental 293TrexhZAP cells. Cells were infected with the reporter and propagated for 10
days after infection to allow decay of unintegrated DNAs. Total genomic DNA was then
extracted, and viral DNA was measured by quantitative real-time PCR using specific primers
targeting the HIV-1 genome. Proviral DNA was detectable in all cells tested, and cells over-
expressing Riplet displayed only a slight reduction in the extent of viral integration com-
pared to control cells (see Fig. S1 in the supplemental material). The minor reduction could
not account for the substantial decrease of reporter gene expression measured in cells
overexpressing Riplet. This finding indicates that Riplet stimulates ZAP inhibition of viral
RNA without affecting DNA integration. Global transcription levels were not affected by
Riplet overexpression as measured by reverse transcription-quantitative PCR (RT-qPCR)
assays of mRNAs of the housekeeping genes Tert or GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), with or without ZAP induction (Fig. S2).

The P/SPRY domain of Riplet, but not its E3 ligase activity, is important for
stimulation of ZAP-mediated inhibition. Riplet consists of three domains, an N-terminal
RING domain required for its E3 ligase activity, a central coiled-coil domain (CCD), and a P/
SPRY domain at the C terminus. The P/SPRY domain of a number of cellular proteins, includ-
ing Riplet, has been shown to be essential for RNA binding, mediating protein-protein interac-
tions, and substrate specificity (46–48). To analyze the functional importance of the different
domains of Riplet in the ZAP antiviral pathway, three deletion mutants were generated (Fig.
1B). One mutant contains a deletion of the RING domain (DRING), a second mutant has a de-
letion of the central CCD (DCCD), and a third mutant has a deletion of the C-terminal P/SPRY
domain (DP/SPRY). 293TrexhZAP cells were transfected with DNAs encoding each of these
proteins, and cell populations expressing the full-length and the three deletion mutants of
Riplet were generated as before. Two of the mutants, DRING and DP/SPRY, as well as the full-
length protein, were expressed at comparable levels (Fig. 2A), while the mutant lacking the
central CCD was not expressed and was not used for further experiments. The cell populations
were challenged by infection with HIV-luc reporter virus, with and without induction of ZAP
expression, and the level of restriction was determined by measuring luciferase activity as
before.

Expression of the Riplet RING domain deletion mutant without ZAP induction did
not impact virus expression, as levels of luciferase reporter were comparable to those
in the parental cell line and in cells expressing an empty vector control without ZAP
induction. Induction of ZAP in the DRING-expressing cells demonstrated an enhance-
ment of viral restriction comparable to that measured in cells expressing full-length
Riplet and was far greater than the empty vector (EV) control (Fig. 1D). These results
indicate that the RING domain, its encoded E3 ligase activity, and Riplet-mediated
ubiquitination are not necessary for Riplet to enhance ZAP’s antiviral activity.

Expression of the Riplet mutant lacking the P/SPRY domain alone without ZAP induc-
tion led to a modest decrease of virus reporter expression, roughly 2-fold (Fig. 1C).
However, expression of the P/SPRY domain deletion mutant with induction of ZAP did not
enhance ZAP activity but, rather, led to a significant reduction of viral inhibition by ZAP
compared to the inhibition mediated by full-length Riplet (Fig. 1D). These results suggest
that overexpression of Riplet with a P/SPRY domain deletion not only fails to amplify ZAP-
mediated viral restriction but even modestly inhibits it.

Riplet P/SPRY domain interacts with ZAP. To test for interactions between Riplet
and ZAP, we performed coimmunoprecipitation experiments. 293TrexhZAP cells were
induced to overexpress Riplet by transient transfection with a cDNA expression construct or
an empty vector control. The cells were then treated with doxycycline to induce ZAP
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expression or with DMSO as a control, and lysates were prepared 48 h later. The ZAP protein
was immunoprecipitated with a monoclonal antibody against the myc tag; the associated
proteins were eluted, separated by gel electrophoresis, and blotted; and the blots were
probed with antibodies directed against Riplet. These Western blots showed a specific inter-
action between Riplet and ZAP. No background signal was detected in cells transfected
with an empty vector and treated with doxycycline to induce ZAP expression. Similarly,
Riplet-expressing cells treated with DMSO as a control without ZAP induction failed to show
the Riplet-ZAP association (Fig. 2A).

To test whether Riplet-ZAP interaction might require RNA, the coimmunoprecipita-
tions were carried out in the presence of RNase A. The association was resistant to
treatment with RNase A (Fig. 2B). To test whether virus infection had any impact on
the association of Riplet and ZAP, coimmunoprecipitation (co-IP) experiments were
performed after infection with a VSVG-pseudotyped pNL4.3env-luc1 reporter virus or
with a mock virus preparation lacking the VSVG envelope. At 6 h postinfection, cells
were treated with doxycycline to induce ZAP or with control DMSO, and lysates were
prepared 48 h later. The interaction was not affected by HIV-luc infection, as similar lev-
els of Riplet protein were recovered in the immunoprecipitates from both infected and
uninfected cells (Fig. 2C). Together, these results demonstrate that Riplet interacts with
ZAP, the interaction is not affected by virus infection, and the interaction can occur
even after harsh RNase treatment.

To determine which domain of Riplet is important for its interaction with ZAP, we car-
ried out coimmunoprecipitation experiments with our two Riplet mutants. 293TrexhZAP
cells were transiently transfected with plasmids encoding DRING or DP/SPRY Riplet as
before. At 6 h posttransfection, ZAP expression was induced with doxycycline, and lysates
were prepared after 48 h. ZAP was immunoprecipitated with anti-myc antibodies as before,
and associated proteins were detected by Western blotting. ZAP bound to the DRING do-
main deletion mutant but not to the DP/SPRY mutant (Fig. 2A). These results show that
the P/SPRY domain of Riplet is required both for its interaction with ZAP and for augment-
ing ZAP-mediated inhibition of HIV-1 in HEK293 cells.

We verified the interaction of Riplet and ZAP in the course of an innate immune
response by adding treatment with “universal” IFN-a to cells expressing both proteins
and subjecting them to coimmunoprecipitation experiments. We found that Riplet and
ZAP interact, with and without IFN treatment, suggesting that the interaction is not
impaired by the innate immune response (Fig. S3).

Riplet enhances degradation of unspliced, partially spliced, and multiply spliced
viral mRNAs. The HIV-1 genome produces multiple species of messenger RNAs that dif-
fer by alternative splicing of the common initial transcript (49). ZAP has been reported
to selectively prevent the accumulation of the multiply spliced forms of viral mRNA in
infected cells (15). We used qRT-PCR with specific primer pairs to analyze the abun-
dance of unspliced, partially spliced, and multiply spliced viral mRNAs encoded by the
reporter virus after ZAP induction and Riplet overexpression. We note that all three
classes of mRNAs contain the luciferase sequences that may serve as a major ZAP tar-
get. 293TrexhZAP cells overexpressing Riplet or an empty vector control were infected
with the HIV-1 reporter virus (pNL4.3env-luc1), and 6 h later, doxycycline was added to
induce ZAP expression. Total cytoplasmic RNAs were extracted at 24 h postinfection,
and mRNA abundance was analyzed by qRT-PCR. We calculated fold inhibition of the
viral mRNAs as the ratio of mRNA levels in DMSO-treated cells to those in doxycycline-
treated cells after normalization to mRNA levels of the housekeeping gene GAPDH.
Our data showed that the fold inhibition of unspliced gag-pol mRNA and partially
spliced vif mRNAs in the parental 293TrexhZAP cell line was approximately 2-fold,
while inhibition of multiply spliced nef-luc mRNA was about 4-fold (Fig. 3A). A similar
fold restriction of HIV-1 mRNAs was measured in cells expressing an empty vector con-
trol, with approximately 2-fold inhibition of gag and vif mRNAs and approximately 3-
fold reduction of nef-luc mRNAs (Fig. 3A). These reductions were smaller than the
reduction in reporter gene activity but may reflect the level of impact on viral mRNAs
without including any effects on subsequent steps of gene expression. ZAP-mediated
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restriction of all species of viral mRNAs was further amplified in cells overexpressing
Riplet after ZAP induction compared to control cells expressing an empty vector con-
trol. Fold inhibition of gag mRNA was increased to about 5-fold, and fold inhibition of
vif mRNAs was increased to about 6-fold in cells overexpressing Riplet. The levels of
the multiply spliced nef-luc mRNA were most heavily impacted by Riplet and ZAP
expression compared to ZAP-only control, with the fold inhibition amplified to approx-
imately 12-fold (Fig. 3A). Finally, we observed a similar reduction of viral mRNAs in cells
overexpressing the DRING domain deletion mutant to that observed in cells overex-
pressing a full-length Riplet. This enhancement of viral inhibition was not observed in
cells expressing the DP/SPRY mutant, suggesting that the P/SPRY domain of Riplet is
important for the reduction of unspliced, partially spliced, and multiply spliced viral
mRNAs by ZAP.

Riplet self-associates and localizes to the cytoplasm. Previous studies have shown
that TRIM and TRIM-like proteins self-associate into dimers through their coiled-coil domain
and that these dimers can form higher-order oligomers that promote dimerization of the
RING domain and efficient E3 ligase activity (38, 47, 48, 50, 51). The central coiled-coil do-
main of Riplet might also mediate the formation of multimers, and although the Riplet-
mediated activation of ZAP did not seem to require the RING domain or the associated
ubiquitin transferase activity, its activity could still require multimerization. To test this, we
explored the potential of Riplet to self-associate in infected and uninfected cells. We gener-
ated plasmids expressing N-terminal Flag-tagged Riplet and a C-terminal HA-tagged Riplet
and first verified their abilities to augment ZAP-mediated virus inhibition in single-round
reporter virus infection experiments as before. Reporter virus expression assays confirmed
that Riplet’s effect on ZAP’s antiviral function was not impacted by the presence of the N-
terminal Flag tag or by the C-terminal hemagglutinin (HA) tag (Fig. 4A). To test for Riplet’s
potential self-association, we expressed both tagged constructs in 293T cells, prepared
lysates, and assayed for the coimmunoprecipitation of the two proteins. We recovered the
Flag-tagged Riplet with a monoclonal anti-Flag antibody and monitored the levels of asso-
ciated HA-tagged Riplet by Western blotting with anti-HA antibody. The analysis showed a

FIG 3 Riplet enhances degradation of unspliced, partially spliced, and multiply spliced viral mRNAs. (A) 293TrexhZAP cells
were left unmanipulated (2) or transfected with either an empty vector control (EV) or DNAs overexpressing the indicated
Riplet constructs. Cells were infected with HIV-1 reporter virus (pNL4.3env-luc1), and 6 h later, doxycycline or DMSO was
added. At 24 h postinfection, total cytoplasmic RNAs were extracted, and the abundance of three viral mRNA species was
analyzed by qRT-PCR, using PCR primer pairs targeting gag, vif, nef (in this vector, nef-luc), and GAPDH as standard. Fold
inhibition of the viral mRNAs was calculated as the ratio of mRNA levels in DMSO-treated cells to those in doxycycline-
treated cells after normalization to mRNA levels of the housekeeping gene GAPDH. An additional sample containing no
template (NT) for PCR amplification was included to control for DNA contamination.
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FIG 4 Riplet self-associates. (A) Fold increase of ZAP-mediated HIV-1 inhibition in cells expressing Riplet, Riplet-HA, and Riplet-Flag. 293TrexhZAP cells
transfected with the indicated DNAs were infected with HIV-1 reporter virus followed by ZAP induction with doxycycline or DMSO as a control. Cells were
lysed 4 h postinfection and assayed for luciferase. The fold virus inhibition was calculated as the ratio of luciferase expression levels in DMSO-treated cells
to those in doxycycline-treated cells after normalization to total protein content by Bradford assay for each sample. Data points represent the mean 6 SD
values of four independent experiments. (B) Coimmunoprecipitation of tagged Riplet proteins. 293T cells were transfected with DNAs overexpressing
Riplet-Flag (R-Flag) or Riplet-HA (R-HA) or both, as indicated, and lysed at 48 h posttransfection. Lysates were treated with RNase A (50 mg/mL). (B, Left) In
the input data, total proteins were analyzed by gel electrophoresis, blotted, and probed for Flag-tagged Riplet with mouse a-Flag antibody (top) or HA-
tagged Riplet with anti-HA antibodies (bottom). (B, Right) In the IP data, Flag-tagged Riplet was recovered by immunoprecipitation with a-Flag antibody,
and bound proteins were analyzed by electrophoresis, blotted, and probed for Flag-tagged Riplet (top) or HA-tagged Riplet (bottom). Approximate
molecular weights of major proteins estimated from size markers are indicated on left. (C) Coimmunoprecipitation of tagged Riplet proteins in

(Continued on next page)
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specific interaction between HA-tagged Riplet and Flag-tagged Riplet (Fig. 4B). The interac-
tion was resistant to RNase treatment, suggesting that Riplet multimerization can occur in
the absence of RNAs (Fig. 4B). Furthermore, the interaction was not disrupted or increased
by HIV-1 reporter virus infection (Fig. 4C).

The intracellular localization of Riplet was examined by immunofluorescence mi-
croscopy. We tested both HEK293 cells expressing ZAP and ZAP knockout (KO) cells
previously described (40). These cells were transfected with a Riplet-Flag expression
vector, and 24 h later, they were fixed, permeabilized, and stained for Riplet with an
anti-Flag tag antibody and for ZAP with a ZAP-specific antibody. After incubation with
secondary antibodies, cells were examined by confocal imaging. We observed that
Riplet was localized to the cytoplasm and overlapped with the localization of ZAP.
Moreover, the absence of ZAP expression in the KO cell line did not affect its cytoplas-
mic localization (Fig. 5A and B).

Riplet exhibits distinctive requirements for activation of the ZAP pathway com-
pared to the RIG-I pathway. A dominant negative form of Riplet, which abolishes RIG-I
activation and subsequent induction of IFN-b , has been previously described (43, 44). This
dominant negative Riplet mutant (here Riplet DN) lacks the RING domain as well as part of
the central coiled-coil domain. Overexpression of Riplet DN in HEK293 cells strongly sup-
presses RIG-I signaling and IFN-b induction after stimulation with poly(I�C), a synthetic RIG-
I ligand (38, 39, 43, 44). To determine the effect of the Riplet DN mutant in the ZAP antiviral
pathway, we first verified its function in the RIG-I pathway by assessing whether the Riplet

FIG 4 Legend (Continued)
293TrexhZAP cells after various treatments. 293TrexhZAP cells were transfected with DNAs overexpressing Riplet-Flag (R-Flag) or Riplet-HA (R-HA) or both
and infected with HIV-luc reporter virus (pNL4.3) or with a mock virus preparation lacking the VSVG envelope (mock virus). Lysates were prepared 48 h
postinfection. (C, Left) In the input data, total proteins were analyzed by gel electrophoresis, blotted, and probed for Flag-tagged Riplet with mouse a-Flag
antibody (top) or HA-tagged Riplet with anti-HA antibodies (bottom). (C, Right) In the IP data, Flag-tagged Riplet was recovered by immunoprecipitation
with a-Flag antibody, and bound proteins were analyzed by electrophoresis, blotted, and probed for Flag-tagged Riplet (top) or HA-tagged Riplet (bottom).
Approximate molecular weights of major proteins estimated from size markers are indicated on left.

FIG 5 Riplet and ZAP are both cytoplasmic proteins. Cells were either untreated or transfected with a Riplet-Flag
expression vector (Riplet) and, 24 h later, were fixed, permeabilized, and stained for Riplet with an anti-Flag tag antibody
(green), for ZAP with a ZAP-specific antibody (red), and for nuclei with DAPI (blue). (A) HEK 293 cells. (B) ZAP knockout
(KO) cells (40).
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DN mutant blocked IFN-b induction in our experimental system. A reporter plasmid
expressing firefly luciferase under IFN-b promoter control was introduced by transient
transfection along with a plasmid encoding RIG-I into 293TrexhZAP cell pools overexpress-
ing either wild-type Riplet, Riplet DN, or an empty vector control. Twenty-four hours later,
we transfected poly(I�C) into the cells and measured reporter expression at 6 h posttrans-
fection. Wild-type Riplet expression greatly stimulated IFN-b induction after poly(I�C) stimu-
lation compared to the empty vector control, and as predicted, expression of Riplet DN
potently suppressed this induction of IFN-b (Fig. 6A).

We then tested the effect of Riplet DN on the antiviral activity of ZAP. 293TrexhZAP
cell populations stably overexpressing wild-type Riplet or Riplet DN were established
as before and then challenged by infection with the HIV-1 luciferase reporter virus.
Riplet DN, without ZAP induction, did not impact the levels of reporter expression
compared to cells expressing an empty vector control (Fig. 6B). Addition of doxycycline
to induce ZAP in Riplet DN-expressing cells led to enhanced virus inhibition by ZAP at
the same levels to those observed with the full-length Riplet, approximately 20-fold

FIG 6 Riplet DN suppresses RIG-I signaling but augments ZAP-mediated restriction of HIV-1 reporter virus. (A) Function of Riplet DN in the RIG-I pathway
measured by a surrogate reporter of IFN-b induction upon poly(I�C) stimulation. HEK293 cells were untreated (Cntl) or transiently transfected with the
indicated DNAs along with a construct expressing luciferase reporter under IFN-b promoter control. Twenty-four hours later, cells were stimulated with
poly(I�C) (left) or were unstimulated (right), and reporter expression was measured 6 h later. Data points represent the mean 6 SD values of three
independent experiments. (B) Riplet DN overexpression augments ZAP-mediated restriction of retroviral infection. 293TrexhZAP cells transfected with
empty vector (EV) or with DNAs expressing the indicated constructs were infected with HIV-luc reporter virus. Cells were treated with doxycycline to
induce ZAP expression or DMSO as control at 6 h postinfection. Firefly luciferase reporter activity was measured at 24 h postinfection and normalized to
total protein content measured by a Bradford assay for each sample. Data points presented are the mean RLU/mg 6 SD values of four independent
experiments done in triplicate. (C) Fold ZAP-mediated inhibition of HIV-1 reporter expression derived from data in panel B. Fold virus inhibition by ZAP was
calculated as the ratio of luciferase expression levels in DMSO-treated cells to those in doxycycline-treated cells. Data points represent the mean 6 SD
values of four independent experiments.
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(Fig. 6C). These data show that the effect of the dominant negative Riplet applies only
to the RIG-I pathway and that ZAP activity is not antagonized by this mutant but,
instead, is stimulated to the same extent as by the wild-type Riplet. Thus, the absence
of the RING domain in the DN mutant did not impact Riplet’s function in the ZAP path-
way. Conversely, this result confirms that the presence of the P/SPRY domain, as well
as a truncated coiled-coil domain in the Riplet DN mutant, suffices to act as a cofactor
of ZAP and amplify its antiviral activity.

Riplet and TRIM25 both stimulate ZAP activity. Previous studies have identified
TRIM25 as a ZAP cofactor which acts to enhance ZAP-mediated inhibition of Sindbis virus
(SINV) and MLV (35, 36). To examine the function of TRIM25 in our system, we overex-
pressed TRIM25 and/or Riplet in 293TrexhZAP cells as before and measured luciferase re-
porter expression after infection with HIV-1-luc reporter virus. As before, ZAP-mediated
virus inhibition was calculated as the ratio of luciferase levels in mock-treated cells to those
in doxycycline-treated cells. TRIM25 expression without ZAP induction resulted in slightly
lower levels of luciferase reporter expression than those measured in empty vector control
cells, and Riplet expression without ZAP induction in these experiments had almost no
impact on the reporter (Fig. 7A), in this case, even less than seen in some experiments (Fig.
1C and Fig. 6B). The ZAP induction alone yielded an approximately 5-fold inhibition of lucif-
erase expression. Under our conditions, we observed only a very modest increase of re-
porter virus inhibition with TRIM25 overexpression after ZAP induction, to approximately
7-fold (Fig. 7B). Riplet overexpression followed by ZAP induction, however, consistently led
to about 20-fold virus inhibition. Overexpression of both TRIM25 and Riplet and subse-
quent ZAP induction resulted in only slightly more virus inhibition than cells with overex-
pression of Riplet alone and ZAP induction (Fig. 7B). These results suggest that both
TRIM25 and Riplet augment ZAP-mediated inhibition of HIV-1 but that Riplet is a more
potent ZAP cofactor than TRIM25.

ZAP and Riplet interact with TRIM25. We investigated the potential interaction of
Riplet with TRIM25 by performing coimmunoprecipitation experiments in 293TrexhZAP cells
engineered to overexpress the proteins by transient transfection. Immunoprecipitation of
Flag-tagged TRIM25 resulted in the recovery of high levels of Riplet without induction of ZAP
(Fig. 7C), and similar results were obtained with induction of ZAP. Moreover, the interaction
was resistant to RNase A treatment (Fig. 7D). To examine which domains of Riplet are impor-
tant for its interaction with TRIM25, we performed coimmunoprecipitation experiments of
TRIM25 and our Riplet mutants. We found that TRIM25 bound to both deletion Riplet
mutants DRING and DP/SPRY, as well as Riplet DN (Fig. 7C), although the DP/SPRY Riplet mu-
tant showed diminished binding to TRIM25 compared to full-length Riplet. Together, these
results indicate that Riplet and TRIM25 interact with each other and that the interaction is in-
dependent of ZAP.

Finally, we carried out immunoprecipitation experiments to test for the interaction of
TRIM25 and ZAP in our system. 293TrexhZAP cells were transfected to induce transient
expression of TRIM25, and at 6 h posttransfection, ZAP was induced by doxycycline. Lysates
were harvested 24 h later and subjected to coimmunoprecipitation with an antibody
against the myc tag on ZAP. We observed that TRIM25 was associated with ZAP as previ-
ously reported (35, 36) (Fig. 8A). Importantly, we found that this interaction is RNase A sensi-
tive, suggesting that the interaction of TRIM25 and ZAP depends on RNA binding (Fig. 8A).
We performed coimmunoprecipitations after universal IFN-a treatment and observed no
change in their binding (Fig. 8B). We repeated the tests after HIV-1 infection and again saw
no changes (Fig. 8C).

DISCUSSION

Host proteins with intrinsic antiviral activity, such as ZAP, are critical to control virus rep-
lication in the infected cell. The antiviral activity of ZAP accounts for an extensive reduction
in the production of viral progeny in many settings, most often by mediating degradation
of viral RNAs. How ZAP induces this degradation of target mRNAs remains to be eluci-
dated, but several other host proteins are involved. We here demonstrate a role for Riplet
in ZAP activity. Riplet is an E3 ligase involved in innate immune sensing of PAMPs. Riplet
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FIG 7 Riplet and TRIM25 both enhance ZAP activity and coimmunoprecipitate. (A) Effect of Riplet and TRIM25 on ZAP-mediated restriction of HIV-1
reporter expression. 293TrexhZAP cells were left untreated (2) or transfected with empty vector (EV) or DNAs expressing the indicated proteins and then
infected with HIV-luc reporter virus. At 6 h postinfection, cells were treated with doxycycline to induce ZAP expression (dark bars) or DMSO as a control
(light bars). Firefly luciferase reporter activity was measured at 24 h postinfection and normalized to total protein content measured by a Bradford assay for
each sample. Data points presented are the mean RLU/mg 6 SD values of three independent experiments done in triplicate. (B) Fold ZAP-mediated
inhibition of HIV-1 expression in Riplet- and TRIM25-expressing cells. The fold inhibition was calculated from data in panel A. (C) Coimmunoprecipitation of
TRIM25 and Riplet. 293TrexhZAP cells were transiently transfected with DNAs expressing the indicated proteins. Lysates were prepared 48 h later and
analyzed directly or subjected to immunoprecipitation. (C, Left) In the input data, total proteins were analyzed by gel electrophoresis, blotted, and probed
with a-TRIM25 antibody (top) or anti-Riplet antibodies (bottom). (C, Right) In the IP data, TRIM25 was recovered by immunoprecipitation with a-TRIM25
antibody, and bound proteins were analyzed by electrophoresis and probed for TRIM25 (top) or Riplet (bottom). Molecular weights of major protein
estimated from size markers are indicated on left. (D) Coimmunoprecipitation of Riplet and TRIM25 is RNase resistant. 293TrexhZAP cells were transiently
transfected by the indicated cDNAs or an empty vector control. Lysates were prepared 48 h later and treated with RNase A (50 mg/mL). Lysates were then
analyzed directly or subjected to immunoprecipitation. (D, Left) In the input data, total proteins were analyzed by gel electrophoresis, blotted, and probed
with a-TRIM antibody (top) or Riplet antibodies (bottom). Molecular weight of major protein estimated from size markers are indicated on left. (D, Right) In
the IP data, TRIM25 was recovered by immunoprecipitation with a-TRIM25 antibody, and bound proteins were analyzed by electrophoresis and probed for
TRIM25 (top) or Riplet (bottom). Approximate molecular weights of major proteins estimated from size markers are indicated on left.
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FIG 8 ZAP interaction with TRIM25. (A) ZAP and Trim25 coimmunoprecipitate, and the interaction is RNase sensitive. 293TrexhZAP cells were transfected
with an empty vector control (EV) or DNAs expressing the indicated proteins and treated with doxycycline to induce ZAP expression (1) or with DMSO
control (2) as indicated. Lysates were prepared 48 h later and treated with RNase as indicated. Lysates were either analyzed directly or subjected to
immunoprecipitation for ZAP using a mouse a-myc antibody. (A, Left) In the input data, total proteins in lysate were analyzed by gel electrophoresis,
blotted, and probed for myc-tagged ZAP (top) or TRIM25 (bottom). (A, Right) In the IP data, myc-tagged ZAP was recovered by immunoprecipitation using
a mouse a-myc antibody, and bound proteins were analyzed by electrophoresis and probed for myc-tagged ZAP (top) or for co-IP of TRIM25 (bottom).
Approximate molecular weights of major proteins estimated from size markers are indicated on left. (B) ZAP and TRIM25 co-IP after universal type I
interferon treatment. 293TrexhZAP cells were transfected with an EV control or DNAs expressing the indicated proteins and treated with doxycycline to
induce ZAP expression (1) or with DMSO control (2) as indicated. Cells were then treated with universal type I interferon at 1,000 U/mL as indicated.
Lysates were prepared at 24 h posttransfection and either analyzed directly or subjected to immunoprecipitation for myc-tagged ZAP using a mouse
a-myc antibody. (B, Left) In the input data, total proteins in lysate were analyzed by gel electrophoresis, blotted, and probed for myc-tagged ZAP (top) or
TRIM25 (bottom). (B, Right) In the IP data, myc-tagged ZAP was recovered by immunoprecipitation using a mouse a-myc antibody, and bound proteins
were analyzed by electrophoresis and probed for myc-tagged ZAP (top) or for co-IP of TRIM25 (bottom). Approximate molecular weights of major proteins
estimated from size markers are indicated on left. (C) TRIM25 interacts with ZAP in pNL4.3-luc-infected cells. 293TrexhZAP cells were transfected with an EV
control or DNAs expressing the indicated proteins and infected with a VSVG-pseudotyped HIV-1luc reporter virus (pNL4.3) or with a mock virus preparation
lacking the VSVG envelope (mock virus). Six hours later, cells were treated with dox to induce ZAP expression (1) or with DMSO control (2) as indicated.
Lysates were prepared 48 h later and either analyzed directly or subjected to immunoprecipitation for myc-tagged ZAP using a mouse a-myc antibody. (C,
Left) In the input data, total proteins in lysate were analyzed by gel electrophoresis, blotted, and probed for myc-tagged ZAP (top) or TRIM25 (bottom). (C,
Right) In the IP data, myc-tagged ZAP was recovered by immunoprecipitation using a mouse a-myc antibody, and bound proteins were analyzed by
electrophoresis and probed for myc-tagged ZAP (top) or for co-IP of TRIM25 (bottom). Approximate molecular weights of major proteins estimated from
size markers are indicated on left.
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was initially described to be essential for modulating a RIG-I-dependent innate immune
response against virus infection in vivo (43, 44). Since then, its role in the RIG-I pathway has
been extensively characterized (38, 39, 43, 44, 50, 52). Riplet induces RIG-I activation by
delivering polyubiquitin chains to RIG-I’s CARDs and its C-terminal domain (CTD) (38, 39,
43, 44, 50, 52). Additionally, it can induce the concentration of RIG-I filaments, thereby
amplifying RIG-I signaling (38, 39, 50). Independent of the RIG-I pathway, Riplet has been
shown to activate the transcription factor IRF3 to induce IFN production (53). ZAP has also
been linked to the RIG-I pathway as a cytosolic RNA sensor capable of inducing the degra-
dation of viral transcripts by the exosome (41). Our data presented here indicate that the
functions of Riplet extend into the ZAP antiviral pathway where Riplet binds to ZAP and
augments ZAP-mediated restriction of HIV-1 reporter virus.

In the present study, we show that overexpression of Riplet enhances ZAP inhibi-
tion of virus expression. It should be emphasized that the effects we document are all
in the setting of Riplet overexpression. We note that Riplet overexpression per se has
little impact on reporter genome expression and only has strong effects in the context
of ZAP induction, giving some confidence that Riplet is truly a player in the ZAP path-
way. The basal levels of Riplet expression in all cell lines that we have tested are very
low, below our level of detection by Western blotting with available antibodies. Thus,
the assays of ZAP that we and others routinely measure likely reflect its activity in the
absence of detectable Riplet. We have not been able to knock down the already low
levels of Riplet expression to monitor any potential loss of ZAP activity, and knock-
downs performed after infection were not tolerated well by our cells. We thus do not
know whether ZAP activity would be lost, or even diminished, upon complete elimina-
tion of Riplet by knockout. Nevertheless, the activation of ZAP by Riplet overexpression
is strong, and it is possible that in some cell types, or in the course of infection, Riplet
is induced to higher levels to enhance ZAP function. It is not known what cell types
express the highest levels of Riplet, nor which cells might induce Riplet most strongly
upon infection. Such cells would be predicted to exhibit the highest levels of ZAP-
mediated restriction.

We find that Riplet interacts with ZAP via its P/SPRY domain and that this region is
essential for enhancement of ZAP-mediated virus inhibition (Fig. 1C and D; Fig. 2A). A
conserved mechanism by which Riplet and other TRIM/TRIM-like proteins engage their
cognate RLRs via their P/SPRY domains has recently come to light (50), underscoring
the importance of this domain for Riplet function. RIG-I binding also occurs via the
PRY/SPRY domain of Riplet (38, 39, 50). Moreover, the PRY/SPRY domain of many TRIM
and TRIM-like proteins has been deemed important for RNA binding (46–48, 54). While
it is possible that Riplet’s PRY/SPRY domain binds to RNAs, treatment with RNase A did
not disrupt the Riplet-ZAP association, suggesting that the interaction does not neces-
sitate RNA binding (Fig. 2B), though we cannot rule out the possibility of an RNA
bridge that is resistant to RNase treatment. It also remains possible that the interaction
is mediated by a protein bridge.

It is noteworthy that the E3 ligase activity of Riplet, as well as the entire RING domain,
were dispensable for its effect on ZAP’s antiviral activity: deletion of the RING domain did
not affect Riplet’s ability to augment ZAP activity (Fig. 1C and D). In contrast, the E3 ligase
activity of TRIM25 has been deemed essential for its function as a ZAP cofactor (35, 36),
indicating that the mechanism by which each ligase enhances ZAP activity is markedly dif-
ferent. Riplet’s ubiquitin-independent ability to augment ZAP activity supports the idea
that Riplet could function to induce higher-order oligomerization of ZAP. An analogous
role of Riplet has been shown to take place in the RIG-I pathway, where Riplet bridges fila-
ments of RIG-I bound to viral RNAs (38). TRIM25 is necessary for optimal binding of ZAP to
RNAs (36), and it is plausible that Riplet also assists ZAP binding to target mRNAs. Given
the importance of the PRY/SPRY domain of Riplet, it was not surprising that the Riplet DN
mutant, which lacks the RING domain but retains the PRY/SPRY domain, continued to aug-
ment ZAP-mediated virus inhibition (Fig. 6B and C). Expression of Riplet DN in our system
led to a profound decrease of IFN-b induction by poly(I�C), while ZAP activity was
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significantly enhanced (Fig. 6A to C). This finding indicates that the underlying mechanism
by which Riplet augments ZAP activity is likely different from its ubiquitin-dependent func-
tion in RIG-I signaling. It may be similar to Riplet’s ubiquitin-independent role in inducing
the formation of higher-order RIG-I multimers.

It is known that the central coiled-coil domain of TRIM/TRIM-like proteins can medi-
ate dimerization (38, 47, 48, 50, 51). Here, we provide evidence that Riplet self-associ-
ates in ZAP-expressing cells (Fig. 4B and C). Riplet’s dimeric architecture is essential for
recognition and ubiquitination of filamentous RIG-I (38). This finding is consistent with
the notion that Riplet might be amplifying ZAP’s antiviral activity by promoting ZAP
oligomerization. Given the structural similarity of Riplet and TRIM25, we examined the
potential binding between these two proteins. Indeed, we detected a specific interac-
tion between Riplet and TRIM25 (Fig. 7C and D). This observation is in line with the
idea that Riplet and TRIM25 might form heterodimers. Our data showed a small yet
consistent enhancement of ZAP-mediated virus inhibition when both proteins were
expressed in the presence of ZAP compared to when either ligase was expressed alone
in the presence of ZAP (Fig. 7A and B). It is plausible that Riplet or TRIM25 can act as
homodimers, or heterodimers, and that they might operate cooperatively to enhance
virus inhibition by ZAP.

In our system, TRIM25 bound to ZAP as previously reported (35, 36). We observed
that the interaction was sensitive to treatment with RNase, suggesting that binding of
RNAs is required. Our data suggest that the ZAP antiviral system requires the formation
of larger complexes for effective reduction of viral mRNA transcripts. Because ZAP
forms extensive interactions with target mRNAs (55), it is likely that multiple ZAP
monomers engage different regions along a single mRNA molecule. Under this model,
Riplet would function to bridge ZAP monomers bound to mRNAs, providing stability
for larger complexes and inducing the formation of polymers. Further research to
uncover additional ZAP cofactors will be critical to understanding the underlying
mechanism of ZAP antiviral activity.

MATERIALS ANDMETHODS
Cell culture. 293TrexhZAP cells have been previously described (15). Briefly, these cells were generated

by the transfection of 293Trex cells (Invitrogen) with the pcDNA4TO/myc-hZAP-v2 plasmid encoding a tetra-
cycline-inducible myc-tagged hZAP-v2, one of the isoforms of human ZAP derived by alternative splicing.
ZAP-knockout 293T cells (clone 89) were obtained from Akinori Takaoka at Hokkaido University, Japan (40).
Cell populations with inducible ZAP and overexpressing Riplet or Riplet mutants (here denoted hZAP-R and
hZAP-R mutant, respectively) were generated by transfecting 293TrexhZAP cells with various Riplet con-
structs by using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol, followed by puro-
mycin selection, and they were propagated for approximately 5 to 7 days. Extended culture resulted in loss
of Riplet expression. All cells were cultured in Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich, St.
Louis, MO) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Atlas Bio), 2 mM glutamine,
1,000 U/mL of penicillin, and 100 mg/mL of streptomycin (Thermo Fisher) and maintained in a 37°C incubator
with 5% CO2.

Plasmids and viral constructs. Full-length Riplet was recovered from a plasmid containing a cDNA
copy of the human RNF135 gene (pCMV SPORT 6; Invitrogen) by PCR amplification using KOD Hot Start
DNA polymerase (Novagen) with the following oligonucleotides: Riplet forward (59-GCGCCCCGGCGG
TACCTTGGCCATGGCGGGCCTGGGCCTGGGCTCCG-39) and Riplet reverse (59-TAATCCCTTAGCTCGAGTT
ACACCTTTACTTGCTTTATTATC-39). The PCR product was digested with KpnI and XhoI restriction
enzymes and inserted into three different vectors, including a pCDNA 3.1(1) vector (Invitrogen), a
pcDNA3.11/C-DYK vector (Invitrogen), and the pcDNA3.11/N-HA vector (Invitrogen). Riplet derivatives,
including domain deletion mutants DRING, DP/SPRY, and dominant negative Riplet (R DN), were gener-
ated from full-length Riplet constructs according to standard cloning techniques. Newly generated DNA
plasmids were verified by DNA sequencing (Genewiz). Plasmid pcDNA4/TO/myc-ZAP expressing a
tagged ZAP has been described previously (15). A plasmid encoding Flag-tagged TRIM25 (36) was a gift
of Guangxia Gao at the Chinese Academy of Sciences, Beijing, China. HIV-1-based reporter virus con-
struct pNL4.3.E–R– Luc1 was obtained from AIDS Reagent Repository (catalog no. 3418). The pMD.G vec-
tor expresses the vesicular stomatitis virus (VSV) envelope glycoprotein, here denoted VSVG (Addgene;
plasmid no. 12259). All plasmids were expanded in Escherichia coli DH5a cells, and DNA was purified
using the Macherey-Nagel maxiprep kit according to the manufacturer’s instructions. Plasmids were
transfected into HEK293T cells and 293TrexhZAP cells with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol.

Single-round infections. 293TrexhZAP cells and derivative cell lines stably expressing Riplet, Riplet
mutants, or TRIM25 were infected with VSVG-pseudotyped HIV-luc reporter virus, and fresh media
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containing doxycycline (100 ng/mL) or DMSO were added at 6 h postinfection. Firefly luciferase reporter
activity was measured at 24 h postinfection using the POLARstar Omega multimode microplate reader
(BMG Labtech) after adding the luciferase assay reagent (luciferase assay system; Promega) to lysates.
Virus inhibition was then calculated as the ratio of luciferase expression levels in DMSO-treated cells to
those in doxycycline-treated cells. Protein levels were normalized to total protein content measured by
a Bradford assay for each sample. Data points presented are the mean relative light units (RLU)/mg 6
standard deviation (SD) values of four independent experiments done in triplicate.

Virus production. HEK293T cells were seeded at a density of 8 � 106 cells per 100-mm plate (Nalgene)/
mL 24 h before transfection. The next day, cells were cotransfected with 13mg of the pNL4.3.E–R– Luc1 vector
and 4mg of VSVG expression vector by using Lipofectamine 2000 (Sigma-Aldrich) according to the manufac-
turer’s instructions. For mock controls, an empty vector plasmid instead of one expressing VSVG was used.
Culture media containing reporter virus were harvested at 48 h posttransfection, filtered through a 0.45-mm
filter, and used directly for transduction experiments.

Antibodies. All of the antibodies were obtained commercially, including anti-Myc monoclonal antibody
(Santa Cruz Biotechnology; 9E19; catalog no. sc-40), anti-TRIM25 antibody (dubbed “EFP” [for estrogen-re-
sponsive finger protein] antibody; Santa Cruz Biotechnology; catalog no. sc-135893), anti-ZAP mouse mono-
clonal antibody (Thermo Fisher Scientific, Proteintech anti-ZC3HAV1 monoclonal antibody; clone no. 1G10B9;
catalog no. 66413-1-IG), RNF135 anti-Riplet polyclonal antibody (Thermo Fisher Scientific; catalog no. PA5-
54457), anti-Flag monoclonal antibody (Sigma-Aldrich; catalog no. F1804), and anti-HA monoclonal antibody
(Cell Signaling Technology [C29F4] MAb; catalog no. 3724). For microscopy, we utilized mouse anti-Flag
(Sigma-Aldrich; catalog no. F1804) and rabbit anti-ZAP polyclonal antibody (Abcam; catalog no. ab154680).

RNA extraction and quantitative RT-PCR. Levels of viral and cellular RNA were determined by quanti-
tative reverse transcription-PCR (qRT-PCR). Total cytoplasmic RNA was extracted from 293TrexhZAP cells 24 h
postinfection with VSVG-pseudotyped HIV-1 virus using the Qiagen RNeasy kit accordingly to the manufac-
turer’s instructions. The amount of isolated RNA for each sample was quantified by measuring the A260.
Samples were treated with RNase-free DNase I (Roche) at 2 U/mL for 30 min at 37°C to digest any potential
DNA plasmid contamination. Reverse transcription (RT) reactions were performed with 100 ng of purified cel-
lular RNA using Applied Biosystems RT kit with random hexamer primers. Real-time quantitative PCRs were
performed in 96-well plates with approximately 2 mL of RT product using a LightCycler 480 II real-time PCR
system (Roche). The SYBR green PCR master mix (Roche) containing 15 pmol of indicated primers was used
in 25-mL reaction mixtures with the following conditions: 10 min at 95°C, followed by 40 cycles of 30 s at
95°C and 1 min at 60°C. The genomic primers were unspliced HIV-1 genome (Pol mRNA) forward/reverse,
GAATTTGCCAGGAAGATGGA/GCAGCCAATCTGAGTCAACA; partially spliced HIV-1 genome (vif mRNA) for-
ward/reverse, GGCGACTGGGACAGC/CACACAATCATCACCTGCC; multiply spliced HIV-1 genome (nef-luc
mRNA) forward/reverse, ACAGTCAGACTCATCAAGCTTCTCT/CGGGTCCCCTCGGGATT; and human GAPDH
gene forward/reverse, TCGGAGTCAACGGATTTG/GCATCGCCCCACTTGATT. Relative mRNA abundance was
calculated using the threshold cycle (22DDCT) method by first normalizing resulting viral mRNA levels to
human GAPDH gene levels. Fold inhibition was determined as the ratio of mRNA levels in cells without ZAP
induction (DMSO treated) to those in ZAP-expressing (doxycycline-treated) cells after normalization to viral
mRNA levels to the housekeeping gene GAPDH. The results shown are means6 standard errors of the mean
(SEMs) from three independent experiments performed in triplicates. Student’s t test was used for statistical
analysis, and significance was attributed to P values of,0.05.

Genomic DNA extraction and quantitative RT-PCR. To determine the extent of viral integration in
cells overexpressing Riplet and empty vector control cells, infections were carried out with virus prepara-
tions of VSVG-pseudotyped HIV-1 or a mock virus lacking the VSVG envelope in the presence of 8 mg/
mL polybrene (Sigma-Aldrich). Prior to infection, viral supernatants were incubated with RNase-free
DNase I (Roche) at 2 U/mL for 30 min at 37°C to digest any potential viral plasmid DNA carryover. A con-
trol sample containing VSVG-pseudotyped HIV-1 virus was subsequently incubated at 90°C for 30 min to
inactivate the virus and thus serve as control for potential plasmid carryover. Six hours postinfection,
fresh medium containing doxycycline (100 ng/mL) or DMSO was added. Cells were passaged for 10 days
in culture, after which cells were harvested and washed with phosphatase-buffered saline (PBS), and
total DNA was isolated using a Qiagen DNeasy kit according to the manufacturer’s instructions.
Approximately 80 ng of total DNA per sample was combined with SYBR green PCR master mix (Roche)
containing 15 pmol of both forward (59-GAATTTGCCAGGAAGATGGA-39) and reverse (59-GCAGCC
AATCTGAGTCAACA-39) primers targeting the HIV-1 gag-pol gene. A second set of reactions was run in
parallel with primer pairs targeting the human GAPDH gene, forward (59-GAAGGTGAAGGTCGGAGTC-39)
and reverse (59-GAAGATGGTGATGGGATTTC-39). An additional sample containing no template (NT) for
PCR amplification was included to control for DNA contamination. All qPCRs were performed in 96-well
plates using a 7900 Fast real-time PCR system (Applied Biosystems) with the following conditions:
10 min at 95°C, followed by 40 cycles of 30 s at 95°C and 1 min at 60°C. Levels of viral DNA were calcu-
lated by first normalizing resulting values with the 22DDCT method to the value for the human GAPDH
gene. Values obtained were then normalized to the values for 293TrexhZAP cells without the addition of
doxycycline (DMSO control). Results shown are means 6 SEMs from three independent experiments
done in triplicate. Student’s t test was used for statistical analysis.

Microscopy. Coverslips on 6-well plates were pretreated with 0.2% poly-lysine (Thermo Fisher) and then
seeded with ZAP knockout 293T cells (clone 89) and control cells. The next day, 200 ng of Riplet or an empty
vector were transfected using Lipofectamine 2000 according to the manufacturer’s instructions. Twenty-four
hours posttransfection, cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then
washed with PBS, and 10 mM glycine solution in PBS was added. Cells were permeabilized for 15 min with
1% bovine serum albumin (BSA) and 0.1% Triton-X in PBS. To stain cells, the following antibodies were used
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for 1 h at room temperature: mouse anti-Flag (1:500) and rabbit anti-ZAP (1:500) diluted in PBS-0.01% Triton-
X. Cells were then washed three times with PBS-0.01% Triton-X and incubated in the dark for 1 h with sec-
ondary antibodies Alexa Fluor 594 anti-mouse and Alexa Fluor 488 anti-rabbit at 1:500 dilution (Molecular
Probes). Cells were washed again three times with PBS-0.01% Triton-X, and DAPI (49,6-diamidino-2-phenylin-
dole) stain (Sigma-Aldrich) was added at 1:10,000 dilution and incubated for 20 min at room temperature.
Slides were then mounted with Prolong Diamond antifade mountant (Invitrogen). Images were visualized on
a motorized spinning disk confocal microscope (Yokogawa CSU-X1 A1 confocal head and Zeiss Axio
Observer Z1 microscope), and SlideBook software (Intelligent Imaging Innovations) was used for image proc-
essing and colocalization analysis.

Coimmunoprecipitation experiments and immunoblot analysis. Cells were engineered to express
various cDNAs with or without ZAP induction. In some experiments, cells were treated with universal
type I interferon alpha (1,000 U/mL; Pestka Biomedical Laboratories; catalog no. 11200-1). Cells were
washed with cold PBS twice and then harvested with IP lysis buffer (Pierce) and incubated in ice for 30
min in the presence of protease and phosphatase inhibitor tablets (Roche). To test for RNase sensitivity,
RNase A was added at 50 mg/mL to lysates and incubated at room temperature for 1 h. Samples were
then centrifuged at 4°C for 30 min at 13,000 rpm. The soluble fraction was collected, and 10% of the
sample was stored to serve as input control, while the other 90% of the lysate was subjected to immuno-
precipitation. Anti-c-Myc magnetic beads (Pierce) or anti-Flag M2 magnetic beads (Sigma) were washed
with Tris-buffered saline with 0.1% Tween 20 detergent four times, and cell extracts were then added.
Beads and cell lysates were incubated with lysates overnight at 4°C. The next day, samples were washed
four times with lysis buffer for a total of 35 min. The pellet was resuspended in SDS sample buffer with
10% b-mercaptoethanol, and samples were then boiled, separated from the beads, and resolved on a 4
to 20% precast polyacrylamide gel (Bio-Rad). After transfer to a nitrocellulose membrane (GE
Healthcare), blots were incubated in blocking buffer (Rockland) for 1 h at room temperature. Primary
antibodies were incubated overnight at 4°C, and then blots were washed 4 times and incubated for 1 h
at room temperature with the appropriate secondary antibody. Bound antibodies were visualized on the
LI-COR Odyssey CLx.
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