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PACT, a protein activator of PKR, can cause inhibition of cellular protein synthesis and apoptosis. Here, we
report that the Us11 protein of herpes simplex virus type 1 can block PKR activation by PACT both in vitro
and in vivo. Although Us11 can bind to both PKR and PACT, mutational analyses revealed that the binding
of Us11 to PKR, and not to PACT, was essential for its inhibitory action. Similar analyses also revealed that
the inhibitory effect was mediated by an interaction between the C-terminal half of Us11 and the N-terminal
domain of PKR. The binding of Us11 to PKR did not block the binding of PKR to PACT but prevented its
activation. Us11 is the first example of a viral protein that can inhibit the action of PACT on PKR.

PKR, a serine/threonine kinase whose level is increased by
interferon treatment of cells, is a latent enzyme that needs to
be activated by autophosphorylation (12, 42, 43). Once acti-
vated, PKR can phosphorylate a limited set of cellular pro-
teins, including the translation initiation factor eIF-2� whose
phosphorylation causes inhibition of translation. Among the
many physiological roles of PKR, its antiviral activities are the
most well known. In addition, PKR has been shown to be an
important element in the transcriptional signal transduction
pathways activated by specific cytokines, growth factors, dou-
ble-stranded (ds) RNA, and extracellular stresses. In these
contexts, PKR has been shown to be required for activation of
other protein kinases such as p38, JNK, and IKK (10, 21, 46)
and transcription factors such as NF-�B, IRF-1, p53, STAT1,
ATF, STAT3, and AP-1 (10, 14, 24, 25, 43, 44). PKR has also
been shown to be important in cellular differentiation, apopto-
sis, cell growth, and oncogenic transformation (12, 43).

The classical activator of PKR is dsRNA, which is known to
be produced during viral infection of cells. dsRNA binds to two
dsRNA-binding motifs present at the amino terminus of PKR
(17, 32) and changes its conformation to an active state in
which it can bind ATP (2, 3) and autophosphorylate (41). We
have shown that the same domain of PKR can also mediate
dsRNA-independent protein-protein interactions with pro-
teins containing similar domains (34). One such protein is
PACT, whose binding to PKR leads to the activation of PKR
in the absence of dsRNA (15, 33). Thus, PACT is a true
protein activator of PKR. PACT contains three identifiable
domains, of which domains 1 and 2 bind to the amino-terminal
dimerization domain (DD) of PKR whereas domain 3 binds to
a different region further downstream (36). Domain 3 is the
effector domain; it can activate PKR by itself in vitro. In vivo,
however, it requires either of the other two domains to anchor
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FIG. 1. Us11C, but not Us11N, can block PKR activation by
PACT. The effects of increasing concentrations of two purified bacte-
rially expressed Us11 mutants, Us11N containing residues 1 to 87 and
Us11C containing residues 88 to 161, on wt PACT-mediated PKR
activation in vitro were tested. Purified Us11 mutant protein, followed
by wt PACT, was added to PKR immunoprecipitated from HT1080
cells and incubated for 20 min in the presence of [�-32P]ATP. PKR
phosphorylation was monitored on an SDS-PAGE gel by using auto-
radiography. Lane 1, activity buffer; lanes 2 to 8, 2 ng of wt PACT;
lanes 3 and 6, 0.1 �g of purified truncated Us11; lanes 4 and 7, 0.3 �g
of purified truncated Us11; lanes 5 and 8, 1.0 �g of purified truncated
Us11. PhosphorImager analysis was done to quantify the PKR activa-
tion level. The background PKR activation level (lane 1) was sub-
tracted from all values. The amount of radioactivity in PKR activated
by wt PACT alone (lane 2) was considered 100%, and the values for
other treatments are presented as percentages of that value.
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it strongly to PKR so that the activation process can occur
efficiently. In mammalian cells, PACT-mediated PKR activa-
tion and consequent apoptosis happen only upon the applica-
tion of cellular stresses such as withdrawal of growth factors or
treatment with a low dose of actinomycin D or arsenite (22, 31,
36).

To circumvent PKR-mediated blockage of viral protein syn-
thesis, many viruses have evolved mechanisms to block PKR
activation and action (42). Both DNA and RNA viruses use a
number of different strategies to achieve this goal. Some en-
code proteins that can bind and remove viral dsRNA, a com-
mon activator of PKR (6, 20). Others encode decoy RNAs to
compete with dsRNA for PKR binding (11, 18). Several viral
proteins or cellular proteins induced in virus-infected cells bind
to PKR and block its activation by dsRNA (1, 13, 26). Others
can serve as pseudosubstrates or cause dephosphorylation of
eIF-2� (16, 23). Among these myriad anti-PKR viral proteins
are two herpes simplex virus type 1 (HSV-1)-encoded proteins,
�34.5 and Us11 (28, 39). The former protein functions by
recruiting a cellular phosphatase to eIF-2, which restores
eIF-2� to its unphosphorylated state (19).

Us11 is an abundant 21-kDa protein produced late in the
HSV-1 lytic growth cycle that is packaged into the viral tegu-
ment (39). Genetic analysis has revealed that the premature
cessation of protein synthesis observed in cells infected with
�34.5 mutants can be prevented by expressing Us11 as a viral
immediate-early protein (28, 29). The ability of Us11 to en-
hance the growth of �34.5 mutant viruses and allow for sus-
tained translation requires the 68-residue C-terminal domain
(38). This segment of Us11 localizes to the nucleolus, associ-
ates with polysomes, and contains a region important for in-
teraction with PKR in an RNA-dependent manner (5, 27, 39,
40). Furthermore, this domain binds dsRNA through a novel
RNA recognition motif and prevents PKR activation in re-
sponse to dsRNA (38; D. Khoo, C. Perez, and I. Mohr, sub-
mitted for publication).

In this study, we investigated whether Us11 can block

PACT-mediated PKR activation. Because Us11 is an RNA-
binding protein, it is conceivable that its action against dsRNA-
mediated PKR activation is achieved solely by dsRNA binding.
In that case, PKR activation by PACT might be unaffected by
Us11. Contrary to this expectation, the results presented here
clearly demonstrate that Us11 can block PACT-mediated PKR
activation in vitro and in vivo. Although Us11 binds to both
PACT and PKR, the C-terminal domain of Us11 must bind to
the N-terminal domain of PKR in order to inhibit PKR acti-
vation by PACT.

MATERIALS AND METHODS

Construction of PACT and PKR mutants. The generation of PACT and PACT
mutant expression constructs has been described previously (36). PCR fragments
corresponding to residues 1 to 170, 171 to 551, and 360 to 551 were ligated into
restriction enzyme-digested pcDNA3. A FLAG epitope tag was added at the
C-terminal coding end of all PKR constructs.

Expression and purification of GST-Us11 and mutants. Us11C (GST �1-87)
contains residues 88 to 155 from the HSV-1 (Patton strain) Us11 protein fused
to the carboxyl terminus of glutathione S-transferase (GST). Us11N (GST �88-
155) consists of residues 1 to 87 from Us11 fused to the carboxyl terminus of
GST. Proteins were expressed in Escherichia coli BL21(DE3) (lysS) and purified
by affinity chromatography on glutathione agarose (Pharmacia). The full-length
Us11 protein was expressed in bacteria with a histidine tag and purified on
Ni-NTA (nickel-nitrilotriacetic acid) agarose (Qiagen). Eluted fractions were
pooled, dialyzed against 20 mM HEPES-KOH (pH 7.4), 100 mM KCl, and 5%
glycerol, snap-frozen in a dry ice-ethyl alcohol bath, and stored at �80°C.

PKR activation assay in vitro. The kinase activation assay of PKR was per-
formed on PKR purified by monoclonal antibody immobilized on protein G-
Sepharose (33). HT1080 cells were treated with 1,000 U of beta interferon/ml for
24 h and lysed in high-salt buffer (20 mM Tris-HCl [pH 7.5], 50 mM KCl, 400
mM NaCl, 1% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 100
U of aprotinin/ml, 20% glycerol). HT1080 lysate was mixed with 1 �l of PKR
monoclonal antibody 71/10 (Ribogene) in high-salt buffer and placed on a spin-
ning wheel for 30 min at 4°C. Twenty-five microliters of protein G-Sepharose was
added and spun for an additional 30 min at 4°C. The protein G-Sepharose beads
were washed four times in 500 �l of high-salt buffer and two times in 500 �l of
activity buffer (10 mM Tris-HCl [pH 7.5], 50 mM KCl, 2 mM magnesium acetate,
7 mM �-mercaptoethanol, 20% glycerol). The activation assay was performed on
immobilized PKR in activity buffer containing 1 to 100 nmol of purified protein
activator or inhibitor, 2.5 mM MnCl2, 0.1 mM ATP, and 10 �Ci [�-32P]ATP for
20 min at 30°C. Purified Us11C or Us11N protein was added to the reaction

FIG. 2. Us11C binds to PKR residues 1 to 170. GST pulldown assays were used to measure the binding of GST-tagged Us11C to PKR and PKR
deletion mutants. FLAG-tagged PKR and PKR mutants were transfected into HT1080 cells, and cell extracts were prepared. The cell extracts were
mixed with either purified GST or GST-Us11C protein in binding buffer, and GST-containing protein was pulled down using glutathione-
Sepharose 4B. The PKR-FLAG protein constructs interacting with the GST-containing protein were analyzed by Western blotting with FLAG
antibody. In panels B to D, the amount of extracts used was twice that used in panel A. (A) Input wt PKR and mutant proteins used to measure
Us11C binding. The major band in each lane shows the position of the protein. (B to D) PKR mutant proteins interacting with GST-Us11C (B),
GST (C), and GST-Us11N (D). Lanes 1, full-length PKR 1-551 (K296R); lanes 2, PKR 1-170; lanes 3, PKR 171-551; lanes 4, PKR 360-551.
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before purified PACT or PACT mutant protein. Labeled protein was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on an
11% resolving gel. Autoradiography was performed at room temperature.

GST pulldown assay. Proteins to be tested for interaction with Us11C were
independently mixed with 1 �g of GST or GST-Us11C in binding buffer (20 mM

Tris-HCl [pH 7.5], 100 mM NaCl, 1% Triton X-100, 20% glycerol, 100 U of
aprotinin/ml, 0.2 mM PMSF) or high-salt buffer containing 25 �l of glutathione-
Sepharose 4B (Amersham Pharmacia) and placed on a rotating wheel for 2 h at
4oC. After binding, the beads were washed six times with 500 �l of fresh buffer.
The proteins interacting with the GST-containing protein were analyzed by
Western blotting for FLAG, histidine, or PACT domain 3. GST-Us11C was
detected by Western blotting for GST.

In vitro interaction assay. In vitro translated, 35S-labeled PACT or PACT
mutant proteins were synthesized using the TNT T7-coupled reticulocyte system
(Promega) (33). After translation, 3 �l of reticulocyte extract containing the
protein to be tested for interaction was mixed with 25 �l of glutathione-Sepha-
rose 4B and 1 �g of purified GST-Us11C in binding buffer and placed on a
rotating wheel for 2 h at 4°C. After binding, the beads were washed six times with
500 �l of binding buffer. The washed beads were then boiled in 2	 Laemmli
buffer (150 mM Tris-HCl [pH 6.8], 5% SDS, 5% �-mercaptoethanol, 20% glyc-
erol) for 2 min and analyzed by SDS-PAGE on a 12% resolving gel.

Expression in mammalian cells and PKR purification. HT1080 cells were
transfected in 100-mm-diameter culture dishes with 5 �g of cytomegalovirus
(CMV) PKR (K296R)-FLAG or CMV PKR mutant-FLAG DNA using Lipo-
fectamine 2000 reagent (Invitrogen). At 24 h after transfection, cells were lysed
in high-salt buffer (20 mM Tris-HCl [pH 7.5], 50 mM KCl, 400 mM NaCl, 1%
Triton X-100, 0.2 mM PMSF, 100 U of aprotinin/ml, 20% glycerol) on ice. In
some experiments, the cell extract was used to immunoprecipitate FLAG-PKR
constructs with anti-FLAG (M2)–agarose. The agarose beads were washed four
times with high-salt buffer and twice with low-salt buffer (10 mM Tris-HCl [pH
7.5], 50 mM KCl, 2 mM magnesium acetate, 100 U of aprotinin/ml, 0.2 mM
PMSF, 1% Triton X-100, 20% glycerol). PKR-FLAG was eluted with 0.2 mg of
FLAG peptide (Sigma)/ml in elution buffer (10 mM Tris-HCl [pH 7.5], 10%
glycerol). Purified PKR-FLAG constructs were analyzed by Western blotting
with anti-FLAG monoclonal antibody (Sigma) (33).

Assay for binding of PACT domain 3 to PKR. Purified maltose binding protein
(MBP) or MBP tethered to PACT domain 3 (MBP-3) were independently bound
(0.5 �g each) to amylose resin (New England Biolabs) in amylose binding buffer
(20 mM Tris-HCl [pH 7.5], 10 mM �-mercaptoethanol, 1 mM EDTA, 10%
glycerol). Purified GST-Us11C and PKR-FLAG proteins (1 �g each) were se-
quentially added to the resin-bound MBP or MBP-3 in amylose binding buffer
and placed on a rotating wheel for 1 h at 4°C. After binding, the resin was washed
six times with 500 �l of amylose binding buffer containing 1% Triton X-100. The
ability of PKR-FLAG to interact with MBP or MBP-3 was analyzed by Western
blotting for FLAG.

Expression and purification of PACT�1 from E. coli. The protein-coding
region for PACT�1, which is missing PACT domain 1, was subcloned into
pET15b (Novagen) to generate pet15b-PACT�1. This results in an in-frame
fusion of correct PACT coding sequence to the histidine tag. The expression
vector was transformed into BL21(DE3) cells containing a plasmid overexpress-
ing thioredoxin to enhance protein solubility (45). The bacteria were grown
overnight, transferred to a larger culture volume, and grown for 3 to 4 h. The
culture was shifted to room temperature, isopropyl-�-D-thiogalactopyranoside
(IPTG) was added at a final concentration of 0.5 mM, and bacteria were grown
for 12 h. The culture was harvested at 8,000 rpm for 10 min in a Beckman JA10
rotor. Cells were washed once in ice-cold phosphate-buffered saline (PBS) and
then resuspended in 20 ml of lysis buffer (500 mM NaCl, 50 mM NaH2PO4, 20
mM imidazole, 10% glycerol, 0.1% NP-40, complete protein inhibitors, 5 mM
�-mercaptoethanol)/liter. Cells were lysed by passing them twice through a
French press (1,000 lb/in2), and the lysate was cleared by spinning at 15,000 	 g
for 20 min. The supernatant was mixed with 10 ml of Ni-NTA agarose and
incubated for 1 h at 4°C on a spinning wheel. After binding, the beads were
washed twice in buffer A (500 mM NaCl, 50 mM NaH2PO4, 20 mM imidazole,
10% glycerol [pH 8.0]) and packed into a column. The column was washed with
100 ml of buffer A and 100 ml of buffer B (buffer A at pH 6.0). His-PACT�1 was
eluted with 30 ml of elution buffer (150 mM L-histidine in buffer A, pH 6.8). The
eluted protein was concentrated by placing it into dialysis tubing (10,000 molec-
ular weight cutoff) covered with dry polyethylene glycol (PEG 20000; Fluka) at
4°C for 1 to 2 h. The protein was further purified by gel filtration (200 mM NaCl)
using a Superdex 75 matrix (Pharmacia) at a constant flow rate of 0.5 ml/min.
After the final elution off the column, the protein preparation was treated with
micrococcal nuclease to remove any contaminating dsRNA (33). To ensure that
any and all dsRNA was digested, the protein was heat inactivated by boiling and
tested for residual dsRNA in PKR activation assays in vitro. Purified PACT�1
protein was stored at �80°C until use.

Apoptosis assay. HT1080 cells growing on glass coverslips in 6-well dishes
were cotransfected with pCI-Us11 and pcDNA3-FLAG PACT or pcDNA3-
FLAG PACT�1. At 6 h after transfection, the cells were treated with 50 ng of

FIG. 3. In vitro translated PACT�3, but not �1, �2, or �1,2, bind
Us11C. GST pulldown assays were used to measure the binding of
PACT and PACT mutants to GST-tagged Us11C. 35S-labeled wt
PACT and PACT mutants were translated in vitro. Three microliters
of the reticulocyte lysate containing PACT or PACT mutant was mixed
with 1 �g of GST or GST-Us11C in binding buffer. Glutathione-
Sepharose 4B was used to pull down GST-containing protein, and the
proteins interacting with it were detected by gel electrophoresis and
autoradiography. (A) Maps of human wt PACT protein and deletion
constructs. Wt PACT has three domains: PKR interaction domains 1
and 2 and PKR activation domain 3. The small numbers on top indi-
cate amino acid residue numbers. PACT�1 is missing PACT amino
acid residues 35 to 99, �2 is missing PACT amino acid residues 127 to
192, �3 is missing PACT amino acid residues 240 to 305, and �1,2 is
missing PACT amino acid residues 35 to 99 and 127 to 192. (B) Pro-
teins that were translated in vitro (1 �l of lysate/lane). Lane 1,
pcDNA3 vector; lane 2, wt PACT; lane 3, PACT�1; lane 4, PACT�2;
lane 5, PACT�3; lane 6, PACT�1,2. (C) Proteins that interacted with
the GST-tagged protein. Lane 1, GST and wt PACT; lanes 2 to 6,
GST-US11C; lane 2, wt PACT; lane 3, PACT�1; lane 4, PACT�2; lane
5, PACT�3; lane 6, PACT�1,2.
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actinomycin D/ml. Cells were fixed in 4% methanol-free formaldehyde 24 h after
transfection. A terminal deoxynucleotidyltransferase-mediated dUTP nick-end
labeling (TUNEL) assay using the Apoptosis Detection System (Promega) was
performed according to the manufacturer’s protocol. After a 2	 SSC wash (1	
SCC is 0.15 M NaCl plus 0.015 M sodium citrate) and rinses in PBS, blocking

buffer (10% goat serum and 3% bovine serum albumin in Tris-buffered saline–
Tween 20) was placed on the cells for 10 min at room temperature. Cells were
stained using mouse anti-FLAG (M5) monoclonal antibody at a 1:1,000 dilution
for 45 min at room temperature. After three 5-min washes in PBS, cells were
stained with goat anti-mouse immunoglobulin G-Texas Red conjugate (Molec-

FIG. 4. Bacterially expressed PACT and PACT�3, but not �1,2, �1, or MBP-3, bind Us11C. GST pulldown assays were used to measure the
binding of PACT and PACT mutants to GST-tagged Us11C. One microgram of purified PACT or PACT mutant protein was mixed with 1 �g of
purified GST-Us11C in high-salt buffer. Glutathione-Sepharose 4B was used to pull down GST-Us11C, and the proteins interacting with it were
analyzed. (A) Purified PACT proteins (1 �g each), representing those that were tested for GST-Us11C binding. Lanes 1 to 4, histidine-tagged
PACT proteins Western blotted with anti-histidine antibody; lane 1, wt PACT; lane 2, PACT�1; lane 3, PACT�1,2; lane 4, PACT�3; lane 5,
MBP-3 Western blotted with anti-PACT domain 3 antibody. (B to D) Proteins pulled down with glutathione-Sepharose 4B and Western blotted
with anti-histidine antibody (B), anti-PACT domain 3 antibody (C), and anti-GST antibody (D). In panels B to D, all lanes except lanes 1 contained
GST-Us11C. The additional proteins were as follows: wt PACT, PACT�1, PACT�1,2, PACT�3, and MBP-3 (lanes 1); wt PACT (lanes 2);
PACT�1 (lanes 3); PACT�1,2 (lanes 4); PACT�3 (lanes 5); and MBP-3 (lanes 6)
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ular Probes) at a 1:1,500 dilution for 45 min at room temperature. After three
more 5-min washes in PBS, the cells were mounted on glass slides in Vectashield
with DAPI (4
,6
-diamidino-2-phenylindole) (Vector Laboratories) and exam-
ined under a fluorescence microscope. For quantitation of apoptosis, at least 300
protein-expressing cells were scored for TUNEL positivity.

RESULTS

Inhibition of PACT-mediated PKR activation by Us11. Us11
is known to inhibit PKR activation by dsRNA (4, 38). We
tested the effects of Us11 on PKR activation by the alternative
activator PACT by measuring in vitro autophosphorylation of
PKR (Fig. 1). For this purpose, PACT, Us11, and PACT mu-

tants expressed in E. coli and purified to homogeneity by af-
finity chromatography were incubated with PKR and radiola-
beled ATP. Full-length Us11 inhibited PKR activation by
either dsRNA or PACT (data not shown). Dose-dependent
inhibition of PACT-mediated PKR activation was also ob-
served for Us11C, the C-terminal half of Us11 (Fig. 1, lanes 1
to 5), but not for Us11N, the N-terminal half (Fig. 1, lanes 6 to
8). These results established that the carboxyl-terminal half of
Us11 can block PKR activation by PACT.

Characteristics of Us11 binding to PKR and PACT. In the
next series of experiments, protein-protein interactions be-
tween Us11C and PKR or PACT and its mutants were assayed.
GST-tagged Us11C protein was used in a GST pulldown assay
to test its interaction with PKR. FLAG-tagged wild-type (wt)
PKR or different PKR deletion mutants were expressed in
HT1080 cells, and the cell extracts were mixed with GST or
GST-Us11C for potential interactions. Wt PKR, PKR 1-170,
PKR 171-551, and PKR 360-551 were present in large quanti-
ties in the respective extracts (Fig. 2A, lanes 1 to 4). As ex-
pected, none of these proteins interacted with GST alone (Fig.
2C). When incubated with GST-Us11C, only wt PKR and PKR
1-170 were retained on the glutathione-agarose beads (Fig. 2B,
lanes 1 to 4). In contrast, none of the proteins interacted with
GST-Us11N (Fig. 2D). These results clearly showed that the
interaction between Us11 and PKR is mediated by the C-
terminal half of Us11 and the N-terminal 170 residues of PKR.
The same region of PKR is known to be responsible for
dsRNA binding as well as for dsRNA-independent protein-
protein interactions among various members of the PKR fam-
ily of dsRNA-binding proteins (34).

Interactions between Us11C and PACT or its mutants (Fig.
3A) were studied next. Radiolabeled PACT or its mutants
were synthesized by in vitro translation (Fig. 3B) and used in a
GST pulldown assay. Wt PACT interacted with GST-Us11C
but not with GST (Fig. 3C, lanes 1 and 2). Among the PACT
mutants missing one or more of its three domains, only
PACT�3 (Fig. 3C, lane 5), missing domain 3, could interact
with Us11C, indicating that both domains 1 and 2, but not 3, of
PACT are necessary for Us11C interaction. The same conclu-
sions were confirmed by another experiment using purified
bacterially expressed PACT mutants. Wt PACT, PACT�1,
PACT�1,2 (missing domains 1 and 2), PACT�3, and MBP-3
were expressed in bacteria and purified by affinity chromatog-
raphy (Fig. 4A). Wt PACT (Fig. 4B and C, lanes 2) and
PACT�3 (Fig. 4B, lane 5) were pulled down by GST Us11C,
but the other mutants of PACT failed to interact with it.

Us11C does not disrupt PACT binding to PKR. Because
Us11C could bind to both PKR and PACT, we wondered
whether it could block the binding of PACT to PKR and thus
inhibit PKR activation. The results presented in Fig. 5 and 6
demonstrate that this was not the case. Binding of PACT to
PKR was not inhibited by increasing concentrations of Us11C
(Fig. 5). Under the conditions of this assay, the interaction of
PACT with PKR was mediated by domains 1 and 2 of PACT
(36). However, for PKR activation, domain 3 needs to interact
with PKR. To measure this interaction, in the absence of the
much stronger interaction with domains 1 and 2, we examined
the effects of Us11C on the binding of MBP-3 to PKR. The
binding of MBP-3 to PKR was unimpaired by the presence of
increasing concentrations of Us11C (Fig. 6). Thus, it appears

FIG. 5. Us11C does not prevent PACT binding to PKR. Shown are
the effects of increasing concentrations of purified Us11C on wt PACT
interaction with PKR. PKR was immunoprecipitated from an extract
of HT1080 cells treated with beta interferon by using PKR monoclonal
antibody/protein G-Sepharose. The final two washes of immobilized
PKR were done with a low-salt buffer. Us11C and then PACT were
added to the immobilized PKR, followed by incubation for 15 min and
then extensive washing with buffer. PACT interaction with PKR was
analyzed by Western blotting using a domain 3-specific PACT anti-
body. All lanes contained PKR and lanes 2 to 5 contained 1 �g of
PACT. In addition, 0.3 (lane 3), 1.0 (lane 4), and 2.4 (lane 5) �g of
Us11C were added. The bottom panel shows the stripped Western blot
reprobed with anti-PKR antibody.

FIG. 6. Us11C does not displace MBP-3 from PKR. Shown are the
effects of increasing concentrations of purified Us11C on MBP-3 in-
teraction with PKR. PKR was immunoprecipitated from pcDNA3-
PKR-FLAG-transfected HT1080 cells by using anti-FLAG–agarose.
After changing to a low-salt buffer, PKR was eluted off the beads with
excess FLAG peptide. Purified Us11C and then purified PKR were
added to amylose resin-immobilized MBP-3. The proteins were incu-
bated for 1 h and washed extensively with low-salt buffer. The proteins
interacting with MBP-3 were analyzed by Western blotting for PKR
using FLAG antibody. Lanes 1 to 6, PKR; lanes 2 to 6, 1.0 �g of
purified MBP-3; lane 3, 0.1 �g of purified Us11C; lane 4, 0.3 �g of
purified Us11C; lane 5, 1.0 �g of purified Us11C; lane 6, 2.4 �g of
purified Us11C. The bottom panel shows the stripped Western blot
reprobed with anti-PACT domain 3 antibody.
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that Us11C does not interfere with PKR-PACT interactions
mediated either by domains 1 and 2 or by domain 3 of PACT.

Critical need for PKR interaction, but not PACT interac-
tion, for the action of Us11. Because Us11C could interact with
both PACT and PKR, either of these interactions could po-
tentially cause an inhibition of PKR activation by PACT. To
distinguish these possibilities, we used PACT mutants which
could not bind Us11C to activate PKR. Although Us11C could
not bind to PACT�1 (Fig. 3 and 4), it could still inhibit PKR
activation by this PACT mutant (Fig. 7A, lanes 1 to 5). Simi-
larly, activation of PKR by MBP-3 was increasingly inhibited by
increasing concentrations of Us11C but not of Us11N (Fig.
7B). These results clearly showed that the interaction of Us11C
with PKR, not with PACT, was the critical requirement for its
ability to inhibit PACT-mediated activation of PKR.

Inhibition of PACT-mediated apoptosis by Us11. The exper-
iments discussed above clearly showed that in vitro activation
of PKR by PACT was blocked by Us11. In the next set of
experiments, we examined whether this was also true in vivo.
We have previously reported that PKR activation by PACT in
vivo causes cellular apoptosis (36). To test the effects of Us11
on the apoptotic process, Us11 and PACT were coexpressed in
PKR-containing cells and apoptosis was monitored by TUNEL
assay. As expected, expression of PACT caused cellular apo-
ptosis (Fig. 8, upper four panels). However, coexpression of
Us11 blocked the process (Fig. 8, lower four panels). This
effect was specific because Us11 did not block the apoptotic
effects of the chemical camptothecin (data not shown). Similar
to the results in vitro, Us11 also inhibited apoptosis caused by
PACT�1, which does not bind to Us11 (Fig. 9). A quantitative
analysis, in which 300 wt PACT- or PACT�1-expressing cells
were scored for TUNEL positivity, showed that Us11 was
equally effective against wt PACT and PACT�1. When Us11
was coexpressed with the former, the number of apoptotic cells
was reduced from 233 to 15; when it was coexpressed with the
latter, the number of apoptotic cells was reduced from 237 to
41 (the nonspecific background was 25 cells, an amount which
was subtracted from all values). Thus, the in vivo apoptosis
results confirmed the conclusion that the interaction of Us11
with PKR, not with PACT, is critical for the observed Us11
actions on PKR activation.

DISCUSSION

Many viral gene products can prevent activation of cellular
PKR kinase and inhibit the action of the activated enzyme.
HSV-1 encodes at least two such proteins, �34.5 and Us11 (4,
19, 28, 29). �34.5 mutant viruses are profoundly attenuated forFIG. 7. (A) Us11C inhibits PKR activation by PACT�1. The effects

of increasing concentrations of Us11C or Us11N on PACT�1-medi-
ated PKR activation in vitro were tested. Purified Us11 mutant pro-
tein, followed by PACT�1, was added to PKR immunoprecipitated
from HT1080 cells and incubated in the presence of [�-32P]ATP. PKR
autophosphorylation was measured by electrophoresis and autoradiog-
raphy. Lane 1, activity buffer; lanes 2 to 8, 2 ng of PACT�1; lanes 3 and
6, 0.1 �g of purified truncated Us11; lanes 4 and 7, 0.3 �g of purified
truncated Us11; lanes 5 and 8, 1.0 �g of purified truncated Us11.
PhosphorImager analysis was done to quantify the PKR activation
level. The background PKR activation level (lane 1) was subtracted
from all values. The amount of radioactivity in PKR activated by
PACT�1 alone (lane 2) was considered 100%, and the values for other
treatments are presented as percentages of that value. (B) Us11C
inhibits PKR activation by MBP-3. The effects of increasing concen-
trations of Us11C or Us11N on MBP-3-mediated PKR activation in

vitro were tested. Purified Us11 mutant protein, followed by MBP-3,
was added to PKR immunoprecipitated from HT1080 cells and incu-
bated in the presence of [�-32P]ATP. PKR autophosphorylation was
measured as described above. Lane 1, activity buffer; lanes 2 to 8, 2 ng
of MBP-3; lanes 3 and 6, 0.1 �g of purified truncated Us11; lanes 4 and
7, 0.3 �g of purified truncated Us11; lanes 5 and 8, 1.0 �g of purified
truncated Us11. PhosphorImager analysis was done to quantify the
PKR activation level. The background PKR activation level (lane 1)
was subtracted from all values. The amount of radioactivity in PKR
activated by MBP-3 alone (lane 2) was considered 100%, and the
values for other treatments are presented as percentages of that value.
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FIG. 8. Us11 inhibits PACT-mediated apoptosis. TUNEL and immunofluorescence assays were performed with HT1080 cells transfected with
wt PACT alone (top four panels) or cotransfected with Us11 and wt PACT (bottom four panels). (A) Phase-contrast micrographs; (B) DAPI
staining, showing nuclei; (C) TUNEL staining, showing green-fluorescing cells undergoing apoptosis; (D) PACT-expressing cells revealed by their
red immunofluorescence.
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FIG. 9. Us11 inhibits PACT�1-mediated apoptosis. TUNEL and immunofluorescence assays were performed with HT1080 cells transfected
with PACT�1 alone (top four panels) or cotransfected with Us11 and PACT�1 (bottom four panels). (A) Phase-contrast micrographs; (B) DAPI
staining, showing nuclei; (C) TUNEL staining, showing green-fluorescing cells undergoing apoptosis; (D) PACT-expressing cells revealed by their
red immunofluorescence.
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neurovirulence in animals and cannot complete their lytic pro-
gram in many cultured cells due to the premature cessation of
protein synthesis (7—9). The �34.5 polypeptide antagonizes
PKR action by causing dephosphorylation of phosphorylated
eIF-2� (19). Expression of Us11 as a viral immediate-early
protein prevents the shutdown of translation that occurs in
cells infected with a �34.5 mutant virus (29). Us11 accom-
plishes this by preventing PKR activation (4, 29, 38).

Before this study, all viral inhibitors of PKR, including Us11,
had been investigated in the light of PKR activation by dsRNA.
Our results demonstrated that Us11 is equally effective against
the action of PACT on PKR. Moreover, the same domain of
Us11, the C-terminal domain, is responsible for blocking the
actions of both activators (37). Analysis of protein-protein
interactions between Us11, PKR, and PACT indicated that the
binding of Us11 to PKR was crucial in order to prevent PACT
activation of PKR. Us11C bound to the N-terminal DD of
PKR. This domain has previously been shown to mediate ho-
momeric and heteromeric interactions among proteins of the
PKR family (34). Members of this family are all dsRNA-bind-
ing proteins, and their association with dsRNA is also medi-
ated by the same domain. However, the protein and dsRNA-
binding properties are independent of each other because
PKR mutants, which are devoid of one property but not the
other, have been generated (34, 35). Us11 bound to the DD of
PKR and similarly interacted with the cognate region of PACT
containing the two dsRNA-binding domains. However, unlike

dsRNA or PKR, which can bind to PACT missing either do-
main 1 or domain 2 but not both, Us11 required the presence
of both domains 1 and 2 of PACT in order to bind to it. It is
likely that the same is true for Us11 interaction with PKR as
well, i.e., both dsRNA binding and dimerization motifs present
in the N-terminal domain of PKR are required for Us11 in-
teractions. If this general pattern holds true, then the structural
requirements for viral Us11 interactions with PKR, PACT, and
other dsRNA-binding proteins are quite distinct from those
required for mutual interactions among these cellular factors.

It was surprising that the binding of Us11 to PKR did not
affect its interaction with PACT; PACT binding to PKR
through any of its three domains was maintained in the pres-
ence of Us11. These observations have led to the formulation
of the model shown in Fig. 10. It is known that PKR activation
is achieved by a conformational change of the protein (12).
Structural studies have indicated that the C-terminal domain
of PKR interacts with its N-terminal domain (30), keeping it in
a closed inactive conformation (Fig. 10A). PACT domains 1, 2,
and 3 all interact with PKR. The first two domains interact with
the N-terminal domain of PKR, whereas domain 3 interacts
with an as-yet-undefined region of PKR (36). It is the interac-
tion of PACT domain 3 with PKR that activates it by changing
its conformation (Fig. 10B). Binding of Us11C to the N-ter-
minal domain of PKR prevents this conformational switch by
PACT domain 3 (Fig. 10C). Because PACT domains 1 and 2,
dsRNA, and Us11C all bind to the same region of PKR, it was

FIG. 10. Model of Us11 inhibition of PACT-mediated PKR activation. (A) PKR contains the DD at its amino terminus and the kinase domain
at its carboxyl terminus. PACT has three domains: PKR interaction domains 1 and 2 and PKR activation domain 3. (B) Domain 3 of PACT binds
weakly to an undefined site of PKR and changes its conformation, leading to PKR activation. (C) The C-terminal half of Us11 binds to the PKR
DD and prevents PACT domain 3 from changing PKR conformation, resulting in an inactive PKR. Although PACT domain 3 cannot activate PKR
in the presence of Us11, domain 3 can still bind to PKR.
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conceivable that Us11C outcompeted the others for binding,
but this was not the case. Mechanistically, moreover, this issue
is irrelevant because only domain 3 of PACT could activate
PKR and even this process was blocked by the binding of
Us11C to a distant region of PKR. Thus, it seems that Us11C
functions by blocking the conformational change of PKR re-
quired for its activation by either dsRNA, which binds to the
same region as Us11C, or PACT domain 3, which binds to a
different region.

The above-described model was verified not only by the in
vitro PKR autophosphorylation results but also by the in vivo
PACT-mediated apoptosis results. PACT-mediated apoptosis
requires the presence of PKR and an external stress. Us11C
blocked this process. Moreover, the apoptotic action of
PACT�1, which does not bind Us11C, was also blocked by
Us11C, confirming the conclusion that the critical event is the
interaction of Us11 with PKR, not with PACT. It remains to be
seen whether the observed interaction of Us11 with PACT
affects its PKR-independent cellular functions, if any.
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