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Gamma interferon receptor o (IFN-yRa) is stable but posttranslationally modified in herpes simplex virus
1(F) [HSV-1(F)]-infected cells. Studies with antibody directed to the phosphorylation site indicate that
IFN-yRa is phosphorylated by the U3 kinase. The modification is abolished in cells infected with AUG3,
AU, 13, or A(Ug3/U; 13) mutant virus. Transcripts of the IFN-y-dependent genes do not accumulate in cells
transduced with the U3 protein kinase and treated with IFN-y. In contrast, the accumulation of IFN-y-
dependent gene transcripts is suppressed in cells infected with the wild-type virus, in cells infected with the
AUg3 mutant virus, and to a lesser extent in the AU; 41 virus-infected cells. The accumulation of IFN-y-
dependent gene transcripts in AU, 41-infected cells could be due at least in part to a significant delay and
reduction in the accumulation of the U3 protein. The results suggest that the expression of IFN-y-dependent
genes is blocked independently by the degradation of IFN-y-dependent gene transcripts—a function of the
virion host shutoff RNase—and by posttranslational modification of the IFN-yRa protein.

Viruses expend a significant portion of their genome to
thwart alpha/beta and gamma interferons (IFN-o/B and -v)
from blocking their replication (22, 34, 54, 64). In the case of
herpes simplex viruses (HSVs), at least four viral proteins
block IFN and IFN-related pathways. Thus, the RNase ex-
pressed by the virion host shutoff protein encoded by the U, 41
gene blocks the repopulation of the short-lived components of
the IFN signaling pathway, Jak1 and Stat2 (8). ICPO, a product
of the a0 gene, blocks interferon regulatory factor 3 (IRF3)
and IRF7 and also degrades sumoylated forms of promyelo-
cytic leukemia protein (PML) (4, 23, 24, 36, 37, 39, 40). In cells
lacking PML, the signaling pathways of both IFN-« and -y are
blocked (9). Lastly, in infected cells, protein kinase R (PKR) is
activated at early times after infection (10). The activated PKR
phosphorylates the o subunit of translation initiation factor 2
(eIF-2a) which, in turn, shuts off protein synthesis. The viral
protein +y,34.5 nullifies the effect of activated PKR by recruit-
ing protein phosphatase la to dephosphorylate eIF-2a (25).
Lastly, Ugl1, a -y, protein made very late in infection, also has
the capacity to block the activation of PKR (6, 7, 38). In this
report, we show that viral protein kinases (PKs), and especially
the Ug3 PK, also play a role in viral defense against IFNs by
blocking IFN-y-dependent gene expression. Relevant to this
report are the following characteristics.

(i) The sole member of the type II IFNs, IFN-y, signals through
the IFN-y receptor complex (IFN-yR) which consists of at least
two chains, the ligand-binding IFN-yRa chains and the signal-
transducing IFN-yRp chains (1, 57). It has been suggested that a
third (AF-2) and a fourth protein (AF-3) may also be involved in
signal transduction of the IFN-y receptor complex (11, 12, 58).
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(ii) IFN-a and IFN-y signaling activate distinct variants of the
Jak-Stat pathway (59), resulting in the activation of two different
sets of genes regulated by specific promoter sequences, the IFN-
stimulated response elements and the y-activated sequences, re-
spectively. IFN-y induces major histocompatibility complex I
(MHC I) and MHC II expression; Thl response; antiviral state;
the activation of microbicidal effector functions, such as the
NADPH-dependent phagocyte oxidase system; immunomodula-
tion; and leukocyte trafficking (53).

(iii) Among these IFN-y-responsive genes are monokine
induced by IFN-y (Mig) (16, 17, 19, 65) and complement
components C4 (2, 21) and p11 (26). Mig, also called CXCL9,
is a member of the platelet factor 4—interleukin-8 cytokine
family and has been implicated in the host response to viral
infections and tumor immunity. Mig is preferentially activated
by IFN-vy, instead of by type I IFNs, possibly through the
y-responsive element in the Mig promoter region (65). Recent
reports have suggested that the lipopolysaccharide-induced
toll-like receptor 4 ligand NF-«kB acts in synergy with IFN-vy-
induced STAT to regulate the immune response by influencing
specific chemokines, including Mig (31, 47). Another effect of
IFN-y is the upregulation of complement component C4; this
was specific for IFN-y since the effect was abolished by a
monoclonal antibody directed against IFN-y (21). Comple-
ment components are mainly synthesized in the liver but are
also produced in monocytes, macrophages, fibroblasts, endo-
thelial cells, and epithelial cells (5, 27, 30, 60, 63). Complement
proteins function in host defense so that extracellular patho-
gens undergo receptor-mediated phagocytosis. The p11 pro-
tein, also known as S-100A10 or calpactin I light chain, is a
member of the S-100 protein family but does not bind calcium
(20). p11 is a natural ligand of annexin II. Functional analysis
indicated that two y-activated sequences are important for the
induction of p11 promoter by IFN-y (26).

The Ug3 PK performs multiple functions in the infected
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cells. Briefly, Ug3 blocks apoptosis induced by both viral and
cellular gene products, enables the localization of U, 34 and
U, 31 to the nucleus, disrupts the nuclear lamina, and enables
the egress of capsids from the nucleus (3, 18, 33, 41, 42, 46, 51,
52, 55). In addition, Ug3 PK mediates the phosphorylation of
histone deacetylases 1 and 2 and acts as a helper in enabling
the expression of genes introduced into cells by transduction
(45). The Ug3 PK is autophosphorylated, i.e., phosphorylated
both by cellular kinases and by the viral U, 13 PK (29, 44, 50).
Lastly, the target site of the Ug3 PK is similar or identical to
that of PKA (3). Antibody to the substrate sequence of PKA
reacts with the sites phosphorylated by the Ug3 PK.

The virion host shutoff protein encoded by the U, 41 gene is an
endoribonuclease with the specificity of RNase A (61, 62). It
degrades mRNAs selectively, early in infection (15, 56). In earlier
studies it has been shown to play a role in blocking IFNs (8).

In this report, we show that IFN-yRa is posttranslationally
modified in HSV-1(F)-infected cells. The modification is abol-
ished in cells infected with AU¢3 or A(Ug3/U, 13) mutant virus
and, to a large extent, also in cells infected with the AU, 13
mutant virus. In cells transduced with the Ug3 protein kinase,
the IFN-y-dependent genes are not activated in the presence
of IFN-y. In contrast, in infected cells, the accumulation of
IFN-y-dependent gene transcripts is suppressed in the absence
of either Ug3 PK or the AU, 41-infected cells. The results
suggest that the accumulation of IFN-y-dependent gene tran-
scripts in infected cells is subject to downregulation by a num-
ber of factors, including Ug3 PK and virion host shutoff pro-
teins.

MATERIALS AND METHODS

Cells and viruses. HEL and U20S cells were obtained from the American
Type Culture Collection (Manassas, VA) and maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. Insect cell line Sf9
(Spodoptera frugiperda) was obtained from Pharmingen and maintained in
Grace’s medium supplemented with 10% fetal bovine serum. HSV-1(F) is the
prototype HSV-1 strain used in this laboratory (14). The mutant viruses lacking
U, 41 (R2621), Ug3 (R7041), or Uy 13 (R7356) or the virus lacking both Ug3 and
U 13 (R7353) was described elsewhere (43, 48, 49). Baculoviruses expressing
wild-type Ug3 and a kinase-inactive mutant have been described elsewhere
(45, 46).

Antibodies and reagents. Rabbit polyclonal antibodies against IFN-yRa and
IFN-yRB were purchased from Santa Cruz Biotechnology (catalog nos. sc-700
and sc-30012) and used at a dilution of 1:1,000. Rabbit polyclonal antibody
against PKA-phosphorylated (Ser/Thr) (PKA-P) substrates (catalog no. 9621;
Cell Signaling Technology) was used at a dilution of 1:1,000. Mouse monoclonal
antibody against actin (A4700; Sigma, St. Louis, MO) was used at a dilution of
1:1,000. The Ug3 rabbit polyclonal antibody (34) was used at a dilution of 1:1,000.
Recombinant human IFN-y (catalog no. RDI-3002) was purchased from Re-
search Diagnostics, Inc.

Extraction of surface proteins. Cell monolayer cultures were rinsed twice with
ice-cold phosphate-buffered saline (PBS) and reacted with 1 mg/ml sulfosuccin-
imidyl-6-[biotin-amido]hexanoate (sulfo-NHS-LC-biotin) reagent (Pierce) at 4°C
for 30 min. The cells were then rinsed three times with 100 mM glycine in PBS
to quench and remove the biotin reagent. The cells were then harvested by
scraping and lysed in binding buffer (0.1% sodium dodecyl sulfate [SDS], 1%
NP-40, 0.5% sodium deoxycholate, fresh protease inhibitor) at 4°C, followed by
brief sonication. Immobilized streptavidin agarose beads (catalog no. 53117;
Pierce) were rinsed in binding buffer twice and reacted overnight with the lysate
at 4°C. The streptavidin-bound complex was rinsed five times with binding buffer.
The sample was then eluted with 8 M guanidine-HCI and subjected to electro-
phoresis.

Immunoblotting. Cells were collected and lysed in lysis buffer (100 mM NaCl,
50 mM Tris-HCI, pH 7.5, 0.5% NP-40, 0.5% sodium deoxycholate, and protease
inhibitor mixture). The proteins were separated on a denaturing 10% polyacryl-
amide gel and electrically transferred to a nitrocellulose membrane. The mem-
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brane was blocked for 1 h at room temperature with 5% nonfat dry milk in PBS
and then reacted overnight at 4°C with the designated primary antibody diluted
in PBS containing 1% bovine serum albumin. The membrane was then rinsed
three times with 0.2% Tween 20 in PBS (PBS-T) and then exposed to secondary
antibody at room temperature for 1.5 h. The secondary antibody was conjugated
with alkaline phosphatase (Bio-Rad) or to goat anti-mouse or rabbit (Sigma)
conjugated to peroxidase. The antibodies were diluted 1:3,000 in PBS-T contain-
ing 5% nonfat dry milk. To develop peroxidase-conjugated secondary antibody,
the immunoblot was reacted with enhanced chemiluminescence Western blotting
detection reagents, according to the manufacturer’s instructions (Amersham
Pharmacia). Alternatively, membranes were incubated with alkaline phos-
phatase-conjugated antibody, followed by development as suggested by the man-
ufacturer’s protocol (Amersham Pharmacia).

Immunoprecipitation with IFN-yRa antibody. HEL cells were mock infected
or exposed to 5 PFU of HSV-1(F) or the AUg3, AU 13, or A(Ug3/U; 13) mutant
virus per cell for 12 h. The cells were lysed in lysis buffer, and the lysates were
incubated with 50 pl of protein A agarose for 3 h. After centrifugation, the
supernatant fluid was incubated with 10 pl of rabbit polyclonal anti-IFN-yRa
antibody at 4°C overnight. On the next day, the same amount of protein A
agarose (50 wl) was added to the lysates and they were rotated at 4°C for 3 h. The
immunocomplexes bound to agarose were rinsed five times with lysis buffer,
eluted in SDS protein sample buffer, separated by 10% SDS-polyacrylamide gel
electrophoresis, and finally immunoblotted with PKA-P substrate antibody as
described above.

Treatment with IFN-y and total RNA extraction. U20S cells were transduced
with MTS, K220N mutant, or wild-type Ug3 baculoviruses at 1 PFU/cell for 18 h
in 199V medium supplemented with 1% calf serum, followed by induction with
1,000 U/ml human IFN-y for 3 h. Alternatively, Hel cells or U20S cells were
mock infected or infected with HSV-1(F) or the AUg3or AU 41 mutant virus at
10 PFU per cell for 12 h before induction with 1,000 U/ml human IFN-vy for 3 h.
Total RNA was extracted as previously described (15). Total RNA was extracted
using Trizol reagent (Invitrogen), followed by DNase treatment (Ambion), phe-
nol-chloroform extraction (Ambion), and ethanol precipitation to remove pos-
sible DNA contamination.

Northern blot analyses. Total RNA (10 wg) was loaded onto 1% denaturing
formaldehyde gel and probed with random hexanucleotide-primed 3?P-labeled
specific probe after transfer onto a nylon membrane (Ambion). The Mig frag-
ment was amplified from a human brain cDNA library (Invitrogen) by using
primers MIG-143F (GCACCAACCAAGGGACTATC) and MIG-500B (TAT
GCCATCCTCCTTTGGAA). The C4 fragment was amplified using primers 5’
TAAGAGCAGACTCTTGGCCA and 3" TGAGTGCCATACTCCTGGAG.
The p11 fragment was amplified using primers P11-61F (ACCACACCAAAAT
GCCATCT) and P11-379B (CTGCTCATTTCTGCCTACTT). These fragments
were then labeled with [*?P]adCTP by using a Prime-a-Gene labeling system
(Promega). The membranes were prehybridized for 2 h at 42°C in ULTRAhyb
buffer (Ambion) with 200 wg/ml of denatured salmon sperm DNA (Stratagene)
and then hybridized overnight with the **P-labeled probe. The membranes were
then rinsed twice for 5 min at 42°C with a solution containing 2X SSC (1Xx SSC
is 0.15 M NaCl plus 0.015 M sodium citrate) plus 0.1% SDS and twice at 42°C
with a solution containing 0.1X SSC and 0.1% SDS. The membranes were then
exposed to phosphoimager screening, followed by scanning for signal detection.
The membranes were stripped in boiling 0.5% SDS and reacted with a second
probe as described above.

RESULTS

Both total and cell surface IFN-yRas are posttranslation-
ally modified in cells infected with wild-type HSV-1(F). We
report two series of experiments. In the first, HEL cells were
mock infected or exposed to 5 PFU of wild-type virus per cell.
The cells were harvested at 4, 8, or 12 h after infection, solu-
bilized, subjected to electrophoresis in denaturing gels, trans-
ferred to a nitrocellulose membrane, and reacted with either
anti-IFN-yRa (Fig. 1A) or anti-actin antibody (Fig. 1B). The
results seen in Fig. 1A show that in cells infected with the
wild-type virus, the total IFN-yRa protein formed prominent
bands that migrated more slowly than the bands in mock-
infected cells. The change in the electrophoretic mobility oc-
curred as early as 4 h after infection.
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FIG. 1. Modification of total and cell surface IFN-yRa protein by HSV-1(F) infection. (A and B) HEL cells were mock infected or infected
with 5 PFU of HSV-1(F) per cell for 4, 8, or 12 h. Total cell lysates were separated on 10% denaturing polyacrylamide gels and immunoblotted
with anti-IFN-yRa antibody (A) or anti-actin antibody (B). Relative molecular weights are shown on the left. (C and D) HEL cells were mock
infected or exposed to 5 PFU of HSV-1(F) per cell. The cells were harvested after 8 or 10 h of infection. Surface proteins were extracted as
described in Materials and Methods, separated on a 10% denaturing polyacrylamide gel, and reacted with anti-IFN-yRa antibody (C) or

anti-TNF-R1 antibody (D).

In the second series of experiments, the cells were either
mock infected or exposed to virus as described above. They
were harvested at 8 or 10 h after infection, and the surface
proteins were extracted as described in Materials and Meth-
ods, subjected to electrophoresis in denaturing gel, transferred
to a nitrocellulose membrane, and reacted with antibody to
either IFN-yRa or tumor necrosis factor receptor 1 (TNF-R1).
The results shown in Fig. 1C indicate that the cell surface
IFN-yRa protein was also subject to posttranslational modifi-
cation and migrated more slowly than the protein present on
the surface of mock-infected cells. The experiment shown in
Fig. 1D served as a positive control; elsewhere we reported
that TNF-aR1 has a short half-life and that in infected cells,
the receptor turns over and is not repopulated as a conse-
quence of the action of the RNase encoded by the U, 41 gene
(35). As illustrated in this figure, the amounts of IFN-yRa
protein remained quite stable throughout the test interval (12
h), in contrast to the TNF-R1.

The posttranscriptional modification of IFN-yRa protein is
mediated by the viral PKs. To test whether the viral PKs
encoded by Ug3 and U, 13 mediated the change in the elec-
trophoretic mobility of the IFN-yRa protein and whether the
IFN-yRp protein was similarly modified, HEL cells were mock
infected or exposed to 5 PFU of HSV-1(F) or the AUg3,
AU, 13, or A(Ug3/U, 13) mutant virus per cell. The cells were
harvested at 8 h after infection, and lysates prepared as de-
scribed in Materials and Methods were subjected to electro-
phoresis in denaturing gels and probed with antibodies against
IFN-yRa (Fig. 2A), IFN-yRp (Fig. 2C), or actin (Fig. 2B). In
this series of experiments, as expected on the basis of the
results presented in Fig. 1, the IFN-yRa contained in HSV-
1(F)-infected cells exhibited a slower electrophoretic mobility
than that of mock-infected cells or cells infected with the mu-
tant viruses (Fig. 2A). The electrophoretic mobility of IFN-
YR protein in the lysates of cells infected with the AUG3 or

A(Ug3/U, 13) mutant virus was largely similar to that of mock-
infected cells. We noted a small amount of slowly migrating
protein in the lysates of AU; 13 or A(Ug3/U, 13), but this ma-
terial was also present in lysates of mock-infected cells. In
contrast, there was no change in the electrophoretic mobility
or amount of the IFN-yRp protein (Fig. 2C). These experi-
ments suggest that in infected cells, the posttranslational mod-
ification of the IFN-yRa protein requires the presence of both
the Ug3 and U; 13 PK.

The objective of the second experiment illustrated in Fig. 2
was to determine whether the IFN-yRa protein is phosphory-
lated by the Ug3 kinase. Earlier studies (3) have shown that the
Ug3 kinase phosphorylates sites identical to those of PKA and
that antibody to those sites reacts with the sites phosphorylated
by the U3 PK. However, in infected cells, the phosphorylation
of PKA-P substrates is due largely, if not exclusively, to the
Ug3 PK (46). The design of this experiment is similar to that
described above for Fig. 2A. Total cell lysates were immuno-
precipitated with anti-IFN-yRa antibody. One set of electro-
phoretically separated proteins was reacted with antibody to
the PKA-P substrate (Fig. 2D). The other set was reacted with
antibody to the IFN-yRa protein. The amounts of protein
reacting with antibodies were quantified with the aid of a
General Dynamics Storm phosphorimager. The amount of
protein reacting with the antibody to the PKA-P substrate (Fig.
2D) was normalized with respect to the total protein, as shown
in Fig. 2E, and with respect to the amount of antibody reacting
with PKA-P substrate in the lysates of mock-infected cells. The
results shown in Fig. 2F indicate that the IFN-yRa protein was
extensively phosphorylated by the Ug3 PK in cells infected with
the wild-type virus, but not in cells infected with mutant vi-
ruses.

We conclude that both viral kinases are required for the
extensive posttranslational modifications of the IFN-yRa pro-
tein in infected cells. The results also indicate that the IFN-
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FIG. 2. Modification of IFN-yRa protein in HEL cells infected
with HSV-1 mutant viruses. HEL cells were mock infected or infected
with 5 PFU of HSV-1(F), AUg3, AU, 13, or A (Ug3/U_13) double-
deletion virus per cell for 8 h. Total cell lysates were separated on 10%
denaturing polyacrylamide gel and immunoblotted with anti-IFN-yRa
antibody (A), anti-actin antibody (B), or anti-IFN-yRpB antibody (C).
In the experiment whose results are shown in panels D and E, cells
were infected with designated viruses for 12 h. The cells were lysed and
immunoprecipitated with anti-IFN-yRa antibody as described in Ma-
terials and Methods. Protein samples were run on a 10% SDS-poly-
acrylamide gel and reacted with antibody to PKA-P substrate (D) or
IFN-yRa antibody (F). Relative amount of PKA-P substrate normal-
ized against IFN-yRa (F) is shown in panel E. Error bars show stan-
dard deviations. a and b indicate posttranslationally modified and
unmodified forms of IFN-yRa protein, respectively. Relative molecu-
lar weights are shown on the left.

YRa protein from cells infected with the wild-type virus is
phosphorylated by the Ug3 PK and raise the possibility that
extensive phosphorylation of IFN-yRa by Ug3 requires the
presence of the U, 13 PK.

In transduced cells, the Ug3 PK blocks the activation of the
IFN-y pathway. The experiments described above suggested
that the Ug3 PK mediates a posttranslational modification of
the IFN-yRa protein but that this requires the presence of the
U, 13 PK. This is not unexpected since the U; 13 PK has been
shown to phosphorylate the Ug3 PK (29, 44). The Ug3 PK

VHS AND Ug3 BLOCK EXPRESSION OF IFN-y-DEPENDENT GENES 4691

performs multiple functions, and it is conceivable that the
execution of some of the functions is regulated by the U, 13
PK. To determine whether these modifications alter the func-
tion of the receptor and block the activation of IFN-y response
genes, we used U20S cells transduced with recombinant bacu-
loviruses. The rationale for this experiment is as follows. As
reported elsewhere, the advantages of using baculoviruses for
the transduction of mammalian cells stems from the observa-
tion that baculoviruses uniformly transduce cells and the ex-
pression of the transgene is baculovirus dose dependent. In
most cell lines, the expression of the transgene requires inhib-
itors of histone deacetylases (e.g., sodium butyrate). This is not
the case for U20S cells (45).

In the experiments reported in this section, U20S cells were
transduced with baculoviruses encoding the Ug3 PK, an inac-
tive Ug3 protein carrying the K220N substitution, or an empty
vector. After 18 h of incubation, a replicate set of the cell
cultures was exposed to 1,000 U of IFN-y per ml of medium for
3 h. The cells were then harvested, and total mRNAs extracted.
Equivalent amounts of RNA were separated on a 1% dena-
turing formaldehyde gel. The electrophoretically separated
mRNAs were assayed by Northern blot analysis with 3*P-la-
beled Mig, C4, or pl1 probes and quantified as described in
Materials and Methods. The results of three independently
performed experiments shown in Fig. 3 indicate that each of
the three IFN-y-dependent genes was activated in cells trans-
duced with the empty vector or K220 mutant gene, but not in
cells transduced with the wild-type Ug3 gene. We conclude
from the results of this experiment that in transduced cells,
Ug3 PK blocked the activation of IFN-y-dependent genes in
the absence of other viral proteins.

In infected cells, the inhibition of the activation of IFN-y-
dependent genes depends on the virion host shutoff product of
the U, 41 gene. The objectives of this experiment were to de-
termine whether the Ug3 PK blocked the activation of IFN-y-
dependent genes in infected cells. In this series of experiments,
replicate cultures of HEL or U20S cells were mock infected or
exposed to 10 PFU of HSV-1(F), AUg3, or AU, 41 virus per
cell. After 12 h of incubation at 37°C, the cultures were re-
plenished with medium containing IFN-y (1,000 U/ml), and
incubation was continued for three more hours. Total RNA
was then extracted and separated on a 1% denaturing formal-
dehyde gel, followed by Northern blot analyses with *?P-la-
beled C4 or pl1 probes. The amounts of RNA were quantified
with respect to the amounts of 28S rRNA. The results (Fig. 4)
were as follows.

(i) Both C4 and pl1 mRNAs were present in lysates of
mock-infected cells, but the level of mRNA was higher in
IFN-y-treated than in untreated cells.

(ii) The amounts of C4 or p11 mRNA detected in HSV-1(F)
or AUg3 mutant virus-infected cells were close to the back-
ground levels, indicating that in cells infected with the wild-
type or AUg3 mutant virus, the accumulation of the mRNAs
was suppressed.

(ii) Both cell lines infected with the AU, 41 mutant virus
accumulated amounts of pl1 mRNA that were lower than
those in mock-infected cells but significantly higher than those
in cells infected with AU¢3 mutant virus. A similar, albeit lower
increase was observed for C4 mRNA in HEL cells infected
with the AU, 41.
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FIG. 3. Ug3 expression by baculovirus blocked the expression of the activation of IFN-y-dependent genes. U20S cells were transduced with
baculoviruses expressing empty vector MTS, wild-type U3 PK, or the inactive kinase carrying the substitution K220N for 18 h, followed by
exposure to human IFN-y (1,000 U/ml) for 3 h. Total RNA was extracted, and an equivalent amount of total RNA was separated on a 1%
denaturing formaldehyde gel and hybridized with **P-labeled Mig, C4, or p11 probes as described in Materials and Methods. The amounts of
mRNA detected by the hybridization with labeled probes were quantified relative to the amounts of ribosomal mRNA shown in the bottom panels.
The figure shows the results of three experiments. Error bars show standard deviations. +, present; —, absent.

The experiments illustrated in Fig. 4 were reproducible. The
failure to accumulate C4 or p11 mRNA in cells infected with
the AU¢3 mutant virus suggested that in infected cells, another
gene product may also play a role in blocking the accumulation
of IFN-y-dependent gene response. An obvious candidate is

the virion host shutoff RNase encoded by the U, 41 gene. We
expected, however, that the Ug3 PK made in U; 41 mutant
virus-infected cells would block the accumulation of IFN-y-
dependent genes, but the results indicate that the accumula-
tion of these transcripts was reduced but not blocked com-
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FIG. 4. Inhibition of IFN-y pathway in HSV-1-infected cells. HEL or U20S cells were mock infected or exposed to 10 PFU of HSV-1(F), AU3,
or AU, 41 virus per cell for 12 h, followed by treatment with human IFN-y (1,000 U/ml) for 3 h. Total RNA was extracted, separated on a 1%
denaturing formaldehyde gel, and hybridized with labeled C4 or pl1 probes as described in Materials and Methods. The C4 and pl11 RNAs
accumulating in the mock infected and infected cells were normalized with respect to the ribosomal RNAs shown in the bottom panels. Error bars

show standard deviations. +, present; —, absent.

pletely. The central question, then, was whether the Ug3 PK
accumulated in AU, 41-infected cells.

In AU, 41-infected cells, the expression of U3 PK is re-
duced and IFN-yRa« is not posttranslationally modified. The
objective of this series of experiments was to examine the
status of the Ug3 PK in AU;41 mutant virus-infected cells.
The objective of the first series of experiments was to obtain a
rough profile of the activity of the Ug3 kinase in cells infected
with wild-type or AU, 41 mutant virus. As noted earlier in the
text, the substrate specificity of the Ug3 PK is similar to that of
the PKA, and the antibody to the PKA-P substrates reacts with
numerous proteins in cells infected with wild-type virus, but
not in cells infected with the mutants lacking the gene encod-
ing the Ug3 PK. In this series of experiments, replicate U20S
cell cultures were mock infected or exposed to 10 PFU of
HSV-1(F) or AU, 41 virus per cell. The cells were harvested at

3,6, 9, or 12 h after infection, lysed, subjected to electrophore-
sis in denaturing gels, and reacted with anti-PKA-P substrate
antibody, anti-Ug3 antibody, or anti-actin antibodies. As shown
in Fig. 5A, there was a delay in the appearance of phosphory-
lated proteins reactive with the anti-PKA-P substrate antibody.
At the same time there was a delay in the accumulation of Ug3
protein. Particularly noteworthy is that the electrophoretic mo-
bility of the Ug3 protein as late as 12 h after infection with
AU, 41 mutant virus was faster than that of the Ug3 protein
accumulating in cells infected with the wild-type virus. The
results indicate that the Ug3 protein accumulating in AU, 41-
infected cells was not posttranslationally processed.

In the second series of experiments, we examined the status
of the IFN-yRa in U20S cells mock infected or exposed to 10
PFU of HSV-1(F) or the AU, 41 or AUg3 mutant virus per cell.
After 12 h of incubation, the cell surface proteins were ex-
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FIG. 5. Substrate phosphorylation by Ug3 in HSV-1(F)-infected
cells. (A) U20S cells were mock infected or exposed to 10 PFU of
HSV-1(F) or AU, 41 virus per cell. The cells were harvested at 3, 6, 9,
and 12 h after infection. Total cell lysates were electrophoretically
separated on a denaturing gel and reacted with antibody to PKA-P
substrate or to Ug3 PK. Molecular size markers in thousands are
shown on the left. (B) U20S cells were mock infected or exposed to 10
PFU of HSV-1(F), AU, 41, or AUG3 virus per cell. The cells were
harvested at 12 h after infection. Surface proteins were extracted and
immunoblotted with anti-IFN-yRa antibody.
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tracted, processed as described in Materials and Methods, and
then reacted with the anti-IFN-yRa antibody. The results seen
in Fig. 5B show that IFN-yRa was posttranslationally modified
in cells infected with the wild-type virus, but not in cells in-
fected with either the AUg3 or AU; 41 mutant virus.

DISCUSSION

The salient features of the results presented in this report
center on three observations.

First, unlike TNF-aR1 that has a short half-life and is not
repopulated, in cells infected with the wild-type virus, the IFN-
YRa protein is stable and could be readily detected on the cell
surface as late as 15 h after infection.

Second, IFN-yRa protein is extensively posttranslationally
modified in a manner that is dependent on both Ug3 and U, 13
PKs. In the experiment whose results are illustrated in Fig. 2,
we have shown that the IFN-yRa protein present in lysates of
cells infected with the wild-type virus reacted with the antibody
specific for substrates phosphorylated by PKA. Elsewhere we
have shown that the substrate specificity of Ug3 PK is similar if
not identical to that of the PKA and that antibody to the
phosphorylated Ug3 substrate reacts with the anti-PKA-P sub-
strate (3). The results therefore strongly suggest that the post-
translational modification of the IFN-yRa protein involves
phosphorylation by the Ug3 PK, but only in the presence of the
U, 13 PK. The simplest explanation is that the extensive phos-
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phorylation of the IFN-yRa protein is mediated by Ug3 post-
translationally modified by the U, 13 PK. Indeed, there is am-
ple evidence that the Ug3 PK is phosphorylated by the U, 13
PK (29, 44). At this time, we cannot exclude the possibility that
the posttranslational modification of the IFN-yRa protein
requires prior modification by a process mediated by the
U, 13 PK.

Lastly, we showed that in transduced cells, Ug3 PK blocked
the accumulation of transcripts of IFN-y-dependent genes fol-
lowing exposure to IFN-y. This process did not require the
involvement of any other viral protein. The results suggest that
Ug3 modified either the IFN-yRa protein or a component of
the downstream signaling pathway to block either the activa-
tion of the IFN-y-dependent genes or the accumulation of the
transcripts of these genes.

Analyses of the events occurring in infected cells indicated
that Ug3 may not be the only viral protein whose function it is
to block IFN-y-mediated gene expression. Specifically, we ex-
pected that in the absence of the Ug3 PK, infected cells would
respond to IFN-y by activating IFN-y-dependent genes. Pre-
liminary experiments indicated that this was not the case and
suggested that other viral gene products interfere with the
activation of IFN-y-dependent genes. The most common
blocker of the accumulation of cellular transcripts is the RNase
encoded by the U, 41 gene. In the experiment whose results are
shown in this report and in the results of other studies, tran-
scripts encoded by IFN-y-dependent genes accumulated in
IFN-vy-treated cells infected with AU, 41 mutant virus, but not
to the same level as in IFN-y-treated mock-infected cells. This
observation in itself was puzzling, inasmuch as it would have
been expected that U3 protein made in AU, 41-infected cells
would block IFN-vy-dependent gene expression. Since this was
partly the case, we examined the status of the Ug3 PK accu-
mulation and function in cells infected with the AU, 41 mutant.
The results showed that in AU, 41 mutant virus-infected cells,
the accumulation of Ug3 PK was delayed, the Ug3 substrates
were not fully phosphorylated, and the IFN-yRa protein was
not posttranslationally processed within the time frame of the
studies. In essence, the accumulation of the U3 PK is retarded
in the AU, 41 mutant virus-infected cells.

Our results, then, indicate that HSV-1 blocks the activation
of IFN-y-dependent genes as a result of the functions ex-
pressed by at least two proteins, Ug3 PK and the virion host
shutoff RNase. The evidence favoring the host shutoff RNase
is based on the results of the studies on infected cells illus-
trated in Fig. 4. The evidence supporting a role for the Ug3
protein in blocking IFN-vy is based on the results of studies on
cells transduced with the Ug3 PK and the observation that it
mediates a posttranslational modification of the IFN-yRa pro-
tein. The role of the U, 13 PK is less clear. As indicated above,
U, 13 PK enhances the posttranslational modification of the
IFN-yRa protein by the phosphorylation of Ug3 PK, by direct
phosphorylation of the IFN-yRa protein, or by both (29, 44,
50).

It is noteworthy that Eisemann et al. (13) measured the cell
surface expression of IFN-yRa protein by flow cytometry. The
authors reported a 50% cell surface loss at 16 h after infection
for cells infected with wild-type or AU; 41 mutant virus. At24 h
after infection, the number of cells exhibiting IFN-yRa on the
surface of cells infected with the AU, 41 mutant virus de-
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creased significantly below that of cells infected with the wild-
type virus. In the studies reported here, the modification of
IFN-yRa was observed as early as 4 h after infection.

It is tempting to speculate that the RNases encoded by the
U, 41 gene and the U3 PK act independently at different times
after infection to block the expression of IFN-y-dependent
genes. Thus, the U; 41 RNase degrades the expression of IFN-
v-dependent genes early in infection. At late times, when the
RNase activity of the U, 41 protein ceases, the newly synthe-
sized Ug3 protein inactivates IFN-yRa.

Two other observations presented in this report are worthy
of note. First, the results of the experiments shown in Fig. 5
indicate that the activation of IFN-y-dependent genes in cells
infected with the AU; 41 mutant was lower than that observed
in mock-infected cells. One hypothesis that could explain these
results is that the Ug3 PK packaged in virions precluded in part
the activation of IFN-y-dependent genes or that the accumu-
lation of the mRNAs of IFN-y-dependent genes was in part
blocked by ICP27. Second, it has been known for many years
that in AU, 41 mutant virus-infected cells, the expression of
late genes is retarded (32). The results of recent studies also
indicate that in the absence of the U, 41 gene, the localization
of ICP4 and ICPO is altered in a manner similar to that occur-
ring in cells lacking the genes encoding glycoprotein E or I
(28). On the basis of the known function of glycoproteins E
and I, the possibility exists that in AU, 41 mutant virus-infected
cells, the localization or, more appropriately, the transport of
several proteins may be perturbed. A change in the distribution
of the Ug3 PK in AU, 41 mutant virus-infected cells, coupled
with a delay in its synthesis, may explain the failure of surface
IFN-yRa protein to be posttranslationally modified.

The studies cited in the introduction have shown that ICPO,
virion host shutoff RNase, g34.5, and Ug11 mediate resistance
to IFNs. In this report, we have extended the range of viral
functions that specifically target IFN-y. The major conclusion
of this study is that HSV-1 encodes at least two additional
functions capable of inhibiting the activation of IFN-vy-depen-
dent genes.
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