














Interplay between ZAP and MHV-68
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FIG 2 Mapping orf64 sequences that are sensitive to ZAP. (A) Schematic representation of 0rf64 sequences. (B) The ORF64 fragments indicated were cloned into
pGL3-Luc-linker.The sensitivity of the reporters was assayed as described in the legend to Fig. 1A. The data presented are means and SD from three independent
experiments. (C) The ORF64 fragments indicated were cloned into an expression vector, followed by cotransfection with ZAP into HEK293 cells. A plasmid
expressing myc-tagged green fluorescent protein (GFP) was included as a control for transfection efficiency and sample handling. At 54 h posttransfection, the
cells were lysed and the expression of Flag-tagged ORF64 fragments was detected by Western blotting. (D) The endogenous ZAP mRNA levels in HOS cells stably
expressing a control shRNA (Ctrl) or an shRNA against ZAP (ZAPi) were measured by real-time PCR. The relative ZAP mRNA level in HOS-Ctrl cells was set
as 100. The data presented are means and SD of three independent experiments. (E and F) Cells were infected with a retroviral vector expressing myc-tagged
ORF64_G atan MOI of 1. (E) At 48 h postinfection, ORF64_G mRNA levels were measured by real-time PCR. The relative ORF64_G mRNA level in HOS-Ctrl
cells was set as 100. The data presented are means and SD of three independent experiments. (F) The expression of ORF64_G protein was detected by Western
blotting.

forms of RTA were constructed (Fig. 6A) and assayed for their
ability to inhibit ZAP’s antiviral activity against pMLV-luc (Fig.
6B). The C-terminal domain of RTA (RTA_C) displayed ZAP-
antagonizing activity comparable to that of the full-length RTA
(RTA_FL) (Fig. 6B). In contrast, the N-terminal domain of RTA
(RTA_N) displayed little ZAP-antagonizing activity, although the
protein was expressed at a level comparable to that of RTA_C (Fig.
6B). Further truncation of RTA_C showed that a fragment cover-
ing amino acids 250 to 357 of RTA (RTA_M) displayed ZAP-
antagonizing activity comparable to that of the full-length RTA
(Fig. 6B). To further demonstrate the ZAP-antagonizing activity
of RTA_M, it was coexpressed with ORF64_H in ZAP-expressing

FIG 3 MHV-68 infection induces ZAP expression. HEK293T cells were in-
fected with MHV-68 for 1 h atan MOI of 1 PFU per cell. At 24 h postinfection,
ZAP mRNA levels were measured by real-time PCR. The relative ZAP mRNA
level in mock-infected cells was set as 100. The data presented are means and
SD of three independent experiments.
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cells. As expected, expression of RTA_M antagonized ZAP’s activ-
ity to inhibit ORF64_H expression (Fig. 6C). In line with the
above-mentioned results, RTA_M significantly reduced the N-
terminal intermolecular interaction of ZAP (Fig. 6D). Collec-
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FIG 4 ZAP has little effect on MHV-68 lytic replication. (A) 293TRex-ZAP
cells were infected with MHV-68 in quadruplicate for 1 h atan MOI of 0.2 PFU
per cell. The cells in two wells were mock treated, and those in the other two
were treated with tetracycline to induce ZAP expression. The supernatants
were collected at the time points indicated. The virus titer in each well was
measured in duplicate on BHK-21 cells (top). Tetracycline-induced ZAP ex-
pression was confirmed by Western blotting (bottom). The data presented are
means = SD of three independent experiments. d, day(s). (B) HOS cells stably
expressing a control shRNA (HOS-Ctrl) or an shRNA against ZAP (HOS-
ZAPi) were infected with MHV-68 for 1 h at an MOI of 0.5 PFU per cell. At 24
h postinfection, ZAP mRNA levels were measured by real-time PCR. The
relative ZAP mRNA level in mock-infected HOS-ctrl cells was set as 100. The
data presented are means and SD of three independent experiments. (C)
Supernatants were collected at the time points indicated. The virus titer in each
well was measured in duplicate on BHK-21 cells. The data presented are
means * SD of three independent experiments.
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tively, these results identified RTA_M as a domain sufficient to
antagonize the antiviral activity of ZAP.

DISCUSSION

Viral infection induces host immune responses. Type I interferons
play critical roles in host innate immunity against viral infection.
To establish effective infection, herpesviruses have evolved a vari-
ety of mechanisms to counteract interferon-mediated antiviral ac-
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tions, including blocking the interferon production pathway and
antagonizing interferon-induced antiviral effectors (32, 33).

ZAP is an interferon-inducible host antiviral factor (1-3, 34).
In this report, we show that MHV-68 infection upregulates ZAP
expression and that ZAP inhibits the expression of MHV-68
ORF64. We further demonstrate that the antiviral activity of ZAP
is antagonized by RTA (Fig. 5A). Our preliminary results indi-
cated that Kaposi’s sarcoma-associated herpesvirus (KSHV) pro-
teins (K8 and KRTA) also inhibit the antiviral activity of ZAP (Y.
Xuan and G. Gao, unpublished results), suggesting that such a
mechanism may be conserved among gammaherpesviruses.
These results provide an additional example of how herpesviruses
evade innate immunity. Our results also suggest that ZAP may
have a broader antiviral spectrum than it appears to have and is
thus an important antiviral effector.

ORF64 is a tegument protein that is essential for MHV-68 rep-
lication (22). Because of technical difficulties in expressing full-
length ORF64, we analyzed fragments of the ORF64 coding se-
quence and identified two ZAP-responsive elements (Fig. 2). In
addition, ZAP binds to ORF64 mRNA in MHV-68-infected cells
(Fig. 1). Based on these results, it is reasonable to assume that ZAP
inhibits the expression of ORF64. However, ZAP had little effect
on viral lytic replication (Fig. 4). We show here that the antiviral
activity of ZAP is antagonized by RTA. Since we analyzed only 19
MHV-68 proteins, determining whether ZAP is also antagonized
by other viral proteins awaits further investigation.

RTA is an immediate-early gene expressed in the lytic phase

TABLE 2 MHV-68 proteins tested for activity to antagonize ZAP

Protein
No. of
Genome amino
Protein name location (nt) acids Mass (kDa) Possible function”®

ORF6 11216-14527 1,103 122 Single-stranded DNA
binding protein
ORF9 19217-22297 343 41.2 DNA polymerase
ORF11 23488-24651 388 46.6 Virion protein
ORF18 29917-30768 284 34.1 Regulator of late-
gene expression
ORF21 32879-34810 644 773 Thymidine kinase
ORF27 45329-46090 254  30.5 Glycoprotein
ORF33 49588-50568 327 39.2 Tegument protein
ORF38 55544-55768 75 9.0 Myristylated
tegument protein
ORF40 57046-58875 610 73.2 Helicase-primase
ORF45 63655-64272 206 24.7 Tegument protein
ORF50 (RTA) 67907-69373 489 58.7 Transcriptional
activator
ORF52 70960-71364 135 16.2 Tegument protein
ORF56 73289-75793 835 100.2 Helicase-primase
ORF57 76662-77159 166 19.9 Posttranscriptional
regulator
ORF59 78258-79439 394 473 Processivity factor
ORF63 83751-86564 938 112.6 Tegument protein
ORF67 95738-96415 226 27.1 Tegument protein
ORF75b1 113901-111652 758  91.0 Tegument
protein/EFGARAT
ORF75al 117904-115883 681 81.7 Tegument
protein/EFGARAT

“ FGARAT, N-formylglycinamide ribotide amidotransferase.
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FIG 5 MHV-68 RTA suppresses the antiviral activity of ZAP. (A) 293TRex-ZAP cells were transfected with pMLV-luc and pRL-TK, together with 0.9 pg
of a plasmid expressing the MHV-68 ORF indicated. The antiviral activity of ZAP was measured as described in the legend to Fig. 1A. The data presented
are means and SD from three independent experiments. (B) RTA inhibits ZAP’s antiviral activity in a dose-dependent manner. 293TRex-ZAP cells were
transfected with pMLV-luc and pRL-TK, together with the indicated amounts of an RTA-expressing plasmid. The antiviral activity of ZAP was measured
as described in the legend to Fig. 1A. The data presented are means and SD from three independent experiments. (C) 293TRex cells were transfected with
plasmids expressing myc-tagged ZAP and GFP with or without a plasmid expressing Flag-tagged RTA. At 6 h posttransfection, tetracycline was added to
induce ZAP expression. At 48 h posttransfection, the cells were lysed, and expression of ZAP was detected by Western blotting. (D) BHK-21 cells were
infected with either the recombinant virus or the wild-type (wt) virus at an MOI of 0.02. The supernatants were harvested at 0, 12, 24, 48, 72, and 96 h
postinfection, and viral titers were determined by plaque assays. (E) The same numbers of 293TRex cells were either infected with a recombinant MHV-68
carrying Flag-tagged RTA at the indicated MOI or transfected with the indicated amounts of a plasmid expressing Flag-tagged RTA, together with a fixed
amount of a plasmid expressing myc-tagged GFP to serve as a control. At 40 h posttransfection or 36 h postinfection, the cells were lysed, and the
expression levels of Flag-tagged RTA were measured by Western blotting. (F) Plasmids expressing Flag-tagged and myc-tagged NZAP254 were cotrans-
fected into HEK293 cells with or without a plasmid expressing HA-tagged RTA. At 48 h posttransfection, cells were lysed in lysis buffer containing RNase
A and DNase. Proteins were immunoprecipitated with anti-Flag antibody and Western blotted with the antibodies indicated. (G) Plasmids expressing
Flag-tagged and myc-tagged NZAP254 were cotransfected into HEK293 cells. At 6 h posttransfection, cells were mock infected or infected with MHV-68
at an MOI of 1. At 48 h posttransfection, the cells were lysed in lysis buffer containing RNase A and DNase. Proteins were immunoprecipitated with
anti-Flag antibody and Western blotted with the antibodies indicated.

(15, 20, 35). It is required for the transcription of multiple genes  the expression level of RTA in virus-infected cells would be high
and thus plays a pivotal role in the lytic phase of MHV-68 (16, 17, enough to inhibit the antiviral activity of ZAP (Fig. 5). The tem-
20, 21). RTA inhibited the antiviral activity of ZAP in a dose- poral relationship between RTA and ORF64 suggests that ZAP is
dependent manner. Comparison of transfection-mediated ex- inhibited before ORF64 expression is initiated, which ensures the
pression and infection-mediated expression of RTA suggests that  later stages of virus replication.
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FIG 6 Mapping the functional domain of RTA that suppresses the antiviral activity of ZAP. (A) Schematic representation of RTA proteins. The numbers indicate
amino acid positions. DZ, the putative dimerization domain. (B) 293TRex-ZAP cells were transfected with pMLV-luc and pRL-TK, together with a construct
expressing the truncated forms of RTA indicated. The antiviral activity of ZAP was measured as described in the legend to Fig. 1A (top). The expression of RTA
proteins was detected by Western blotting (bottom). The data presented are means and SD from three independent experiments. (C) Plasmids expressing
RTA_M and Flag-tagged ORF64_H were cotransfected into 293TRex-ZAP cells, along with a plasmid expressing myc-tagged GFP to serve as an internal control.
At 6 h posttransfection, the cells were mock treated or treated with tetracycline to induce ZAP expression. At 54 h posttransfection, the cells were lysed, and
expression of ORF64_H was detected by Western blotting. (D) Plasmids expressing Flag-tagged and myc-tagged NZAP254 were cotransfected into HEK293 cells,
with or without a plasmid expressing HA-tagged RTA_M. At 48 h posttransfection, the cells were lysed in lysis buffer containing RNase A and DNase. Proteins

were immunoprecipitated with anti-Flag antibody and Western blotted with the antibodies indicated.

The functional domain of RTA that inhibits ZAP’s activity was
mapped to a fragment that contains the putative dimerization
domain (Fig. 6). RTA and RTA_M disrupted the N-terminal in-
termolecular interaction of ZAP molecules, which is required for
the function of ZAP (Fig. 5 and 6). Based on these results, it would
be reasonable to speculate that RTA interacts with ZAP. However,
direct interaction between RTA and ZAP was not detected in our
coimmunoprecipitation assays (data not shown). One possible
explanation for the failure to detect an interaction between RTA
and ZAP is that the interaction is too weak to be detected under
our experimental conditions. Another possible explanation is that
RTA disrupts the N-terminal intermolecular interaction of ZAP
via a molecule that has yet to be identified.

ZAP is expressed in multiple tissues in mice as judged by quan-

2742 jviasm.org

titative RT-PCR, with the highest levels in the spleen and lung
(data not shown), where MHV-68 replicates (14). These results
suggest that the interplay between ZAP and MHV-68 is likely to
exist during viral infection of mice. Nonetheless, the in vivo bio-
logical relevance of our observation reported here awaits further
investigation.
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