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The herpes simplex virus type 1 g34.5 gene product and the cellular GADD34 protein both contain similar
domains that can regulate the activity of eukaryotic initiation factor 2 (eIF2), a critical translation initiation
factor. Viral mutants that lack the GADD34-related function grow poorly on a variety of malignant human
cells, as activation of the cellular PKR kinase leads to the accumulation of inactive, phosphorylated eIF2 at late
times postinfection. Termination of translation prior to the completion of the viral reproductive cycle leads to
impaired growth. Extragenic suppressors that regain the ability to synthesize proteins efficiently in the absence
of the viral GADD34-related function have been isolated. These suppressor alleles are dominant in trans and
affect the steady-state accumulation of several viral mRNA species. We demonstrate that deregulated expres-
sion of Us11, a virus-encoded RNA-binding, ribosome-associated protein is necessary and sufficient to confer
a growth advantage upon viral mutants that lack a GADD34-related function. Ectopic expression of Us11 re-
duces the accumulation of the activated cellular PKR kinase and allows for sustained protein synthesis. Thus,
an RNA-binding, ribosome-associated protein (Us11) and a GADD34-related protein (g34.5) both function in
a signal pathway that regulates translation by modulating eIF2 phosphorylation.

Phosphorylation of the cellular translation initiation factor
eukaryotic initiation factor 2 (eIF2) in response to a variety of
stresses, such as heat shock, viral infection, and growth factor
withdrawal, results in the inhibition of translation (13, 21, 22,
24, 32, 36). Thus, agents that modulate eIF2 phosphorylation
are poised to globally regulate polypeptide synthesis (for a re-
view, see reference 9). While kinases that phosphorylate eIF2
in vitro have been identified, the detailed series of events that
culminate in the accumulation of phosphorylated eIF2 remain
to be elucidated.

Much of our knowledge concerning how eIF2 phosphoryla-
tion controls protein synthesis stems from analysis of both Sac-
charomyces cerevisiae and viruses (for reviews, see references
19, 27, 32, and 36). As viruses intervene and usurp important
cellular regulatory pathways, they can serve as probes for un-
derstanding vital functions in mammalian cells. Herpesviruses
are particularly valuable in this regard, as they establish stable
latent infections in their host and periodically reemerge from
this latent state to cause productive infections. These viruses
are responsible for a variety of pathological conditions ranging
from benign sores to malignancies. Herpes simplex virus type 1
(HSV-1), for example, remains latent in neurons but upon re-
activation can grow productively at epithelial sites, causing
blisters, or in the central nervous system, resulting in enceph-
alitis (for a review, see reference 41). Lytic replication of these
viruses requires acute changes in host cell metabolism to pro-
duce predominately viral polypeptides. In addition, alphaher-

pesviruses, exemplified by HSV-1, have evolved mechanisms to
override normal regulatory processes important for host de-
fense or stress response (7). To sustain protein synthesis through-
out the infection, HSV has parasitized a functional domain from
the cellular GADD34 protein that prevents the accumulation
of phosphorylated eIF2.

The carboxy terminus of the g34.5 gene encoded by HSV-1
shares substantial similarity to a region within the cellular
GADD34 gene (6, 33, 54). The GADD designation signifies a
set of genes coordinately expressed upon exposure of cells to
agents that induce growth arrest, DNA damage, and differen-
tiation (15, 20). Mutants that affect the HSV-1 GADD-like
gene fail to grow productively in neurons of the central nervous
system and are thus nonneurovirulent (1, 4, 31). Additionally,
infection of a variety of human neoplastic cells with g34.5
mutants results in premature cessation of protein synthesis due
to the accumulation of phosphorylated eIF2 (5, 7). This inhi-
bition of protein synthesis is accompanied by the activation of
the cellular PKR kinase (7). The cellular GADD34 gene com-
plements viral mutants for growth on nonpermissive cultured
cells, thus demonstrating that one function of GADD34 is to
preclude the accumulation of phosphorylated eIF2 (17). The
results of a recent study suggest that the g34.5 gene product
functions in a complex that contains the cellular protein phos-
phatase 1a, thus maintaining steady-state pools of unphos-
phorylated eIF2 by fostering its dephosphorylation (16).

Recently, HSV-1 g34.5 mutants that regain the ability to
grow on neoplastic cells have been described. As these variants
have all rearranged a specific viral DNA element and lack the
coding sequences for the viral g34.5 gene, they are second-site
suppressors (35). The viral locus defined by these rearrange-
ments has been termed the SUP locus. Remarkably, discrete
583-bp deletions which define the SUP locus enable g34.5
mutants to sustain protein synthesis on otherwise nonpermis-
sive cells and may completely preclude the accumulation of
phosphorylated eIF2 (3, 35). This report demonstrates that the
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suppressor mutations alter expression of a viral RNA-binding,
ribosome-associated protein, and this compensates for the loss
of a GADD34-related function to regulate viral growth and
protein synthesis. It further suggests a role for RNA-binding,
ribosome-associated proteins in GADD34-mediated transla-
tional control.

MATERIALS AND METHODS

Cells and viruses. Vero cells (African green monkey kidney cells) were from
the American Type Culture Collection (ATCC), adapted for growth in calf se-
rum, and propagated in Dulbecco modified Eagle medium (DMEM) plus 5%
calf serum. U373 human glioblastoma cells were from the ATCC and propagated
in DMEM supplemented with 5% fetal bovine serum and 5% calf serum. 143tk2
cells were from the ATCC and propagated in DMEM plus 10% fetal calf serum.
The HSV-1 Patton strain was used exclusively in the work described here. The
SUP1 virus used in these studies was constructed at the New York University
School of Medicine.

Isolation of tk2 recombinant viruses. D34.5 mutant viral DNA was either
transfected alone or cotransfected with rescue plasmid 27P, 11S, 11f.s., 11AS, or
5-3 into permissive Vero cells (seeded at 106 per 60-mm-diameter dish the pre-
vious day). After the appearance of cytopathic effect (CPE), a lysate was pre-
pared by freeze-thawing. Dilutions of this lysate were prepared and used to infect
143tk2 cells. These cells were maintained in DMEM supplemented with 1%
fetal bovine serum and 100 mg of bromodeoxyuridine (BUdR) per ml. Once
plaques were visible, the monolayers were overlaid with agarose, and plaques
were picked. Isolates were subjected to two rounds of plaque purification on
143tk2 cells in the presence of BUdR, and stocks were then prepared on Vero
cells. Southern analysis of viral DNA (isolated as described in reference 35)
verified that they contained the correct thymidine kinase (tk2) DNA insertion
and that the BamHI Z fragment was intact and unrearranged. Lysates from the
5-3 transfection served as a control to monitor the BUdR selection, as this plas-
mid does not target the viral tk locus and cannot create a tk2 recombinant above
spontaneous background levels.

Marker rescue. D34.5 mutant viral DNA was either transfected alone or
cotransfected with a specific rescue plasmid into permissive Vero cells. The
rescue plasmids were all wild type (WT) except for the different internal dele-
tions each contained. After the appearance of CPE, a cell-free lysate was pre-
pared by freeze-thawing, and dilutions from this lysate were used to infect
nonpermissive U373 human glioblastoma cells. After a single pass of the trans-
fection lysate on U373 cells, the viral stock was diluted and used to infect (i) fresh
60-mm-diameter dishes of U373 cells which are then fixed and stained with
crystal violet and (ii) Vero cells for the analysis of viral DNA. Viral DNA was
isolated from Vero cells as described previously (35). A second passage through
U373 cells was included when tk targeting vectors were tested, as the resulting
multimutated rescuants were highly crippled. In this instance, the 5-3 control
transfection was also passaged twice on U373 cells.

Analysis of total viral protein synthesis. Infections with viruses with high
multiplicity of infection (MOI) and labeling with [35S]methionine and [35S]cys-
teine were performed as described previously (35).

Construction of SUP targeting vectors. Throughout this work, (i) nucleotide
numbers (nt) refer to the sequenced HSV-1 strain 17 (GenBank accession no.
X14112), (ii) HSV-1 Patton strain viral DNA was used exclusively, and (iii) all
PCR products were sequenced (Amersham catalog no. US70990) to confirm that
no mutations were introduced by the polymerase. The plasmid pSXZY contains
HSV-1 sequences from the SalI site at nt 143481 in the BamHI-X fragment to the
BstEII site at nt 147040 in the BamHI-Y fragment inserted into pGEM9zf2.
Restriction sites were introduced into pSXZY via PCR with mutagenic oligonu-
cleotides. pSXZY12F is an isogenic variant containing an engineered HindIII
site at nt 145581 that destroys the Us12 ATG. pSXZY12F5-3 is derived from
pSXZY12F and contains an XbaI site at nt 145415. pSXZY12F2-9 is also derived
from pSXZY12F and contains an XbaI site introduced immediately before the
natural ApaLI site. Deletions were introduced into 12F5-3 and 12F2-9 by stan-
dard molecular biological methods.

Construction of tk targeting vectors. The minimal a27 promoter (48) from the
BamHI site at nt 113324 to the HinfI site at nt 113646 was amplified with cloned
Pfu polymerase (Stratagene catalog no. 600153-81) and 5 ng of pEcoRI-B, a
plasmid with the Patton strain EcoRI-B genomic fragment cloned into the EcoRI
site of vector pACYC184 (a gift from Thomas Jones). The primers (Genelink)
used were 59-GCCACGTGTAGCCTGGATCCCAAC-39, corresponding to nt
113308-113331, and 59-CGGAATTCGGTAACCGGGGAGAGGCACCGA
AG-39, whose 39 end corresponds to nt 113629 to 113646 immediately followed
by BstEII and EcoRI sites on the 59 end. Following digestion with BamHI and
EcoRI, the amplified product was ligated into BamHI-EcoRI-cut pBluescript II
SK(1) to create pBS/Bam/Hinf. The plasmid p7H1-7-12 (a gift from Thomas
Jones) which contains the Patton strain BglII-I genomic fragment cloned into the
BglII site of vector pKC7 was cut with SalI, filled in with Klenow fragment, and
subsequently digested with BglII. To generate p59TK-a27, the 2,400-bp fragment
corresponding to nt 50255 to 47855 was purified and ligated into pBS/Bam/Hinf
that was digested with SpeI, filled in with Klenow fragment, and subsequently
cleaved with BamHI. The following plasmids were assembled with p59TK-a27.

(i) p5*TK-a27-senseUs11. The plasmid pSXZY12F was cleaved with SalI,
filled in with Klenow fragment, and cut with BstEII. The 1,835-bp fragment
corresponding to nt 143481 to 145316 that contained the Us11 open reading
frame (ORF) was purified and ligated into p59TK-a27 that had been digested
with HindIII, filled in with Klenow fragment, and cleaved with BstEII.

(ii) p5*TK-a27-antisenseUs11. pSXZY-12F was cut with PflM1, resected with
T4 DNA polymerase, and cut with HindIII. The 867-bp fragment corresponding
to nt 144714 to 145581 that contained the Us11 ORF was ligated into p59TK-a27
that had been digested with BstEII, filled in with Klenow fragment, and subse-
quently cleaved with HindIII.

To complete the tk targeting constructs 11AS and 27P, a cassette that con-
tained 39 tk sequences was inserted next. The plasmid p7H1-6-38 (gift from
Thomas Jones) contains the Patton strain BglII-M genomic fragment cloned into
the BglII site of vector pKC7. To prepare a fragment that contains the 39 tk
region, p7H1-6-38 was cut with SacI, resected with T4 DNA polymerase, cut with
BamHI, and filled in with Klenow fragment. The 2,303-bp fragment correspond-
ing to nt 47358 to 45055 was purified and ligated into p59TK-a27-antisenseUs11
and p59TK-a27 digested with BstEII and SalI and filled in with Klenow fragment
to generate 11AS and 27P targeting plasmids, respectively. Clones with the
correct orientation of the 39 tk cassette, namely, those that had the SacI site of
the 2,303-bp fragment fused to the BstEII site of p59TK-a27-antisenseUs11 and
p59TK-a27, were identified by restriction digestion analysis.

To complete the targeting constructs 11S and 11f.s., an alternate cloning
strategy that facilitated the assembly of the frameshift variant 11f.s. was em-
ployed. The pBluescript II SK(1) derivative pBSDSac/2800Bam-Bgl/Kan con-
tains the following features: (i) a kanamycin resistance cassette; (ii) a destroyed
SacI polylinker site; (iii) the 2,800-bp BamHI-BglII fragment from p7H1-6-38
corresponding to HSV-1 nt 45055 to 47855 (39 tk) ligated into the polylinker
BamHI site such that the viral BglII site is proximal to the polylinker SalI site;
and (iv) a unique SacI site within the HSV-1 39 tk sequences. To generate
p59TK-a27-senseUs11-39TK/Kan, p59TK-a27-senseUs11 was digested with PflM1,
resected with T4 DNA polymerase, and cut with SalI. The 3,329-bp fragment
corresponding to the 59TK-a27-Us11 sequences was purified and ligated into
pBSDSac/2800Bam-Bgl/Kan digested with SacI, resected with T4 DNA polymer-
ase, and cut with SalI. To release the insert, p59TK-a27-senseUs11-39TK/Kan
was cleaved with SalI, filled in with Klenow fragment, and digested with XbaI.
The 5,632-bp insert was purified and ligated into pBluescript II SK(1) cleaved
with KpnI, resected with T4 DNA polymerase, and digested with XbaI to gen-
erate the targeting plasmid, 11S. The only two XhoI sites in this construct are in
the Us11 ORF, thus enabling the exchange of WT and mutant XhoI fragments.

A PCR product that has a cytosine insertion between nt 145239 and 145240
was generated by PCR. This shifts the Us11 reading frame at codon 3. This
product was digested with XhoI and ligated into XhoI-cut 11S to generate the
targeting plasmid, 11f.s. Isolates containing a single copy of the mutant insert in
the correct orientation were verified by DNA sequencing.

Prior to transfection, the targeting constructs were digested with the following
enzymes to release the HSV-1 insert from the vector sequences: for 11S and
11f.s., XbaI plus SalI; for 11AS and 27P, SalI; and for XN1 and 5-3, PvuII.

Nucleic acid blotting and hybridization. For Northern analysis, total RNA was
isolated with BIOTEC-X reagent (Houston, Tex.) as directed by the manufac-
turer. Cycloheximide (CHX) (100 mg/ml) and phosphonoacetate (PAA) (300
mg/ml) were used at the indicated concentrations. Poly(A)1 RNA was isolated by
using the Promega polyATract system according to the manufacturer’s instruc-
tions. Ten micrograms of total RNA or poly(A)1 RNA derived from an equiv-
alent of 10 mg of total RNA was run on a 1.2% agarose–6% formaldehyde gel
and transferred to a nylon membrane (Schleicher & Schuell catalog no. 77407).
Membranes were hybridized in a solution containing 0.25 M Na2HPO4, 7% so-
dium dodecyl sulfate (SDS), 1% bovine serum albumin fraction V, and 1 mM
EDTA overnight at 85°C with approximately 2.5 3 107 cpm of riboprobe. Ri-
boprobe was prepared as described previously (39a). Membranes were washed
once for 30 min at 85°C in a solution containing 20 mM Na2HPO4, 5% SDS, and
1 mM EDTA and once for 1 h at 85°C in a solution containing 20 mM Na2HPO4,
1% SDS, and 1 mM EDTA.

DNA for Southern analysis was transferred to nylon membranes as described
elsewhere (44a). Membranes were hybridized as described above for Northern
analysis, namely, overnight at 68°C with approximately 2.5 3 107 cpm of labeled
probe and 100 mg of sonicated salmon sperm DNA per ml. Membranes were
washed twice for 30 min each time at 68°C in a solution containing 20 mM
Na2HPO4, 5% SDS, and 1 mM EDTA.

Preparation of S10 cellular protein extracts. Sets of three confluent 10-cm-
diameter dishes of U373 cells were infected at an MOI of 3 with either of
the following tk2 recombinants: 27P (27P-B-5d), 11fs (11fs-B-7a), 11AS (11AS-
A-4a), and 11S (11S-A-3d [fs]). Infections with D34.5, SUP-1, and WT HSV-1
(Patton) were performed in parallel. At 16 h postinfection, the plates were
scraped, and the cells were washed first with 1 ml of cold phosphate-buffered
saline followed by 1 ml of cold buffer 1 (10 mM HEPES [pH 7.6], 10 mM KCl,
1.5 mM magnesium acetate [MgOAc]). After centrifugation for 4 min at 1,000 3
g, the final cell pellet was resuspended in a volume of cold buffer 1 (approxi-
mately 100 to 150 ml) equivalent to the volume of packed cells, and vortexed
extensively. One pellet volume of cold lysis buffer (10 mM HEPES [pH 7.6], 10
mM KCl, 1.5 mM MgOAc, 0.5% Nonidet P-40) was added, and the extract was
mixed by gentle inversion. An amount of cold buffer E (100 mM HEPES-KOH
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[pH 7.6], 550 mM KCl, 50% glycerol, 2.5 mM spermidine, 3.5 mM b-mercapto-
ethanol) equivalent to 0.4 times the volume of packed cells was added, followed
by the addition of phenylmethylsulfonyl fluoride to a final concentration of 200
mM. After mixing by gentle inversion, samples were incubated for 5 min on ice,
and centrifuged at 10,000 3 g for 4 min at 4°C. The S10 supernatant was
recovered, and aliquots were quick-frozen and stored at 280°C. Typically, this
procedure yields S10 extracts with protein concentrations of 3 to 4 mg/ml.

PKR kinase assay. Kinase reactions were prepared with 42 ml of the appro-
priate S10 protein extract, 30 mCi of [g-32P]ATP (6,000 Ci/mmol; NEN Life
Science), 30 mM ATP, 5 mM MgOAc, 20 mM HEPES-KOH (pH 7.4), and 100
mM phenylmethylsulfonyl fluoride. The volume of the reaction mixture was
brought to 50 ml with MilliQ H2O and incubated at 30°C for 30 min. Fifty
microliters of a 10% protein A Sepharose (Pharmacia catalog no. 17-0780-01)
slurry equilibrated in radioimmunoprecipitation assay (RIPA) buffer (150 mM
NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris-HCl [pH
7.5]) was added, and the reaction mixtures were incubated on ice for 25 min.
After the beads were spun down, the supernatant was transferred to a new tube,
1 mg of rabbit anti-PKR polyclonal antibody (Santa Cruz Biotechnology sc-707)
was added, and the samples were incubated for 1 h on ice. One hundred micro-
liters of the 10% protein A Sepharose slurry was added, and the samples were
rocked at 4°C for 50 min. The beads were then washed three times with 1 ml of
cold RIPA buffer, and the final pellet was resuspended in 40 ml of 13 Laemmli
buffer. Aliquots (20 ml) of each sample were fractionated by SDS-polyacrylamide
gel electrophoresis (PAGE) and visualized by autoradiography. To quantitate
the amount of 32P incorporated into p68 PKR, bands were excised from the gel
and counted in liquid scintillant.

RESULTS

Mapping the SUP locus by internal deletions. To further
define the elements within SUP that must be rearranged to pro-
duce the suppressor phenotype, more-defined mutations with-
in the SUP locus were created. New restriction sites were in-
troduced into plasmid DNA clones to facilitate this analysis.
The boundary between Us and TRs was denoted by a HindIII
site that also destroyed the ATG for the Us12 ORF (Fig. 1). In
addition, an XbaI site was introduced at the Us endpoint of the
SUP1 deletion (plasmid 12F5-3) or immediately before the na-
tural ApaLI site (plasmid 12F2-9) (Fig. 1). These two plasmids
were then modified to generate a series of internal deletions.
The new mutant plasmids were tested for their ability to re-
store growth of D34.5 mutants on nonpermissive human glio-
blastoma (U373) cells in a marker rescue protocol (Fig. 2A)
(35). Only plasmids that contain rearrangements in the SUP
locus generate CPE on U373 cells in this assay. While the par-
ent plasmids (12F5-3 and 12F2-9) and a related construct that
destroys the Us11 ATG were unable to generate the suppres-
sor phenotype, the DXN deletion did confer the SUP pheno-
type on D34.5 mutant viral DNA (Fig. 1 and 2B). This deletion

FIG. 1. Structure of the HSV-1 SUP locus and summary of mapping data. Deletion plasmids and the extent of the deletions appear below the map. The map
represents an enlargement of the Us-TRs junction segment contained in the HSV-1 BamHI Z fragment. Characterized ORFs are represented as open boxes. The Us11
ATG is on the extreme left, while oriS lies on the right. The spliced Us12 transcript and the Us11 transcript (note heterogeneous start sites) appear above the map.
Restriction sites are indicated by the arrows over the map. The deletion contained in the SUP1 isolate described by Mohr and Gluzman (35) is shown immediately below
the map. The rescue column summarizes data presented in Fig. 2A and B (1, rescues; 2, does not rescue).
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establishes a positive point of reference from which all other
results can be evaluated and further demonstrates that the
completely synthetic DXN deletion is indistinguishable from
the natural deletion specified by the original SUP1 virus. A
larger BstE2-NruI deletion also results in a suppressor virus
(not shown).

Deletions smaller than DXN were subsequently constructed
around the HindIII site and examined in this assay. As Us and
TRs join at this point, we may discern whether elements in Us,
TRs, or both are responsible for the suppressor phenotype.
Figure 2B shows that deletions spanning the HindIII site res-
cue the growth of D34.5 mutants in this assay, while those ter-
minating at the HindIII site do not. For example, DXH, DHN,
and DEH individually do not rescue, but the contiguous dele-
tions DXN, DEXE, and DFXE all do (Fig. 1 and 2B and C).
The smaller deletions in DFXE and DEXE were all produced
synthetically and were not found in any of the SUP viruses
isolated initially (35). They are, however, completely contained

within the boundaries of the larger SUP1 deletion. Southern
analysis of this selected population of viruses formed in the
marker rescue experiment reveals them to be homogeneous
and stable (Fig. 2C). It further demonstrates that viruses which
display the suppressor phenotype acquire the genotype speci-
fied by the rescue plasmid used in the transfection (Fig. 2C).

Thus, deletion of both a 140-bp Us and 51-bp TRs compo-
nent within the SUP locus is required to confer the suppressor
phenotype upon g34.5 mutant viruses. As the only character-
ized genes in this region are confined to the Us segment, the
deletions defining the SUP locus appear to delineate a novel
genetic element that contains both Us and TRs components.
Furthermore, the nature of these deletions does not support
models that simply invoke loss of functions encoded in the Us
region.

The SUP locus mutants are dominant in trans. To determine
whether the suppressor phenotype results from a gain or loss of
function, we performed complementation analysis. Comple-

FIG. 2. Small deletions which cross the boundary between Us and TRs can generate the SUP phenotype. (A) Outline of the marker rescue protocol used in this
study. D34.5 mutant viral DNA was either transfected alone or cotransfected (1) with a specific rescue plasmid into permissive Vero cells. The rescue plasmids were
all WT except for the different internal SUP deletions each contained. After the appearance of CPE, a cell-free lysate was prepared by freeze-thawing, and this lysate
was used to infect nonpermissive U373 cells. After passage of the transfection lysate on U373 cells, the viral stock was used to infect freshly confluent 60-mm-diameter
dishes of U373 cells and Vero cells. The U373 dishes were fixed, stained, and photographed, while the infected Vero cells were used to isolate viral DNA. ppt.,
precipitation. (B) After a single passage of the transfection lysates on U373 cells, a cell-free lysate was prepared by freeze-thawing and used to infect a fresh set of
confluent U373 cells on 60-mm-diameter dishes. Photographs of these plates, after fixing and staining with crystal violet, are shown. The transfected rescue plasmid
appears next to the image of the stained plate. UN, not transfected. (C) Analysis of viral genomes. Lysates from duplicate U373 plates were used to prepare viral DNA
in Vero cells. Rescue plasmid DNA clones (C lanes) harboring various deletions within the SUP locus and the corresponding population of rescued viral DNA isolated
from Vero cells (V lanes) were digested with BamHI, fractionated on a 1% agarose gel, transferred to a nylon membrane, and hybridized with a 32P-labeled
BamHI-BstE2 DNA fragment that contains the unique portion of the BamHI Z fragment (shown partially in Fig. 1). The filter was washed, and the autoradiogram is
shown. As D34.5 mutant viruses fail to replicate efficiently on U373 cells, the viral population is enriched with rare recombinants that have acquired a SUP mutation
from the targeting plasmid. This Southern analysis demonstrates that viral populations displaying the suppressor phenotype consist of predominantly recombinant
viruses which have acquired the genotype specified by the rescue plasmid used in the transfection. The WT BamHI Z fragment of D34.5 HSV-1 mutant viruses (WT
Z) comigrates with the WT HSV-1 BamHI Z fragment. D34.5 viral DNA digested was prepared from stocks propagated only on Vero cells. Additional slow-migrating
bands in viral DNA samples (for example, the WT Z fragment in the D34.5 mutant) represent expansions within the repetitive TRs regions.
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mentation is assessed by the ability of a coinfecting virus to
provide a function that enables a g34.5 mutant virus to sustain
protein synthesis on normally nonpermissive cells. As such
studies require both viruses to coinhabit the same host cell,
these infections must be performed at a MOI of approximately
5 to 10. The conditions for coinfection were established by
using WT virus to complement the D34.5 mutant, as it has been
demonstrated that the g34.5 gene encodes a polypeptide which
acts in trans (8). Replicate cultures of human U373 cells, which
are nonpermissive for the growth of g34.5 mutants, were each
infected with a mixture composed of either WT virus and
D34.5, WT virus and SUP1 (SUP1 is a suppressor virus and
therefore of the genotype D34.5DSUP), or D34.5 and SUP1.
The MOI for each individual virus present in the mixture was
5, yielding a total MOI of 10 for the coinfections. Cultures
infected with each of the individual viruses in parallel at an
MOI of 5 served as controls. After pulse-labeling with 35S-
labeled amino acids at late times postinfection, total protein
synthesis was examined by SDS-PAGE followed by autora-
diography (Fig. 3). Under these conditions, cells infected with
a mixture composed of the WT and D34.5 viruses were able to
direct late protein synthesis. These two viruses are isogenic
except for differences at the g34.5 loci. The WT g34.5 gene
product is able to complement the null allele in the D34.5 virus.
The allele in the D34.5 virus is a recessive genetic element and
thus behaves as a loss of function. This control recapitulates
the trans complementation observed by others (8) and serves to
validate our experimental system.

Cells coinfected with the D34.5 and SUP1 viruses do not
display a shutoff of protein synthesis similar to the one ob-
served in cells infected with D34.5 alone (Fig. 3). The SUP re-
arrangements thus do not behave as recessive elements and are
not likely to represent a loss of function. The WT SUP locus
present in the D34.5 virus does not mediate the premature
cessation of translation and does not behave as a trans-domi-
nant allele. Instead, cells infected with a mixture composed of
D34.5 virus and SUP1 viruses are able to sustain protein syn-
thesis at late times postinfection (Fig. 3). These viruses are
isogenic except for differences that occur at the SUP locus.

Thus, in the complete absence of the g34.5 gene product, the
mutant SUP allele (in the D34.5DSUP1 virus) is able to over-
ride signals that would, if left unchecked, lead to the cessation
of late protein synthesis. This is consistent with the proposals
that SUP locus rearrangements (i) affect the synthesis of a
specific product (s) and (ii) behave as either dominant, gain-
of-function, or dominant-negative mutant alleles.

To confirm that both the SUP1 and D34.5 viruses do indeed
coinhabit the same infected cell, we call attention to the rate of
Us11 protein synthesis. Us11 is normally regulated as a true-
late (g2) gene. Rearrangements of the SUP locus that allow
g34.5 mutants to replicate on nonpermissive cells remove most
of the Us12 coding sequences and sever the Us11 ORF from
the cis elements that govern its transcription (3, 35). Although
Us11 accumulates to similar steady-state levels in SUP1-in-
fected cells, the kinetics of its production differ markedly, as it
is now produced as an immediate-early protein (18). Deletion
of upstream ATGs in the Us12 ORF allows the Us11 protein
to be produced from an immediate-early transcript (Fig. 4).
This most likely initiates from the Us12 immediate-early pro-
moter. The rate of Us11 synthesis at late times postinfection
relative to the intensities of other viral protein bands within a
given lane is enhanced in cells coinfected with the SUP1 and
D34.5 viruses compared to cultures singly infected with the
SUP1 virus (Fig. 3). As the SUP1 virus does not produce
significant amounts of Us11 as a late protein, the most likely
source of a late mRNA encoding Us11 is the D34.5 viral chro-
mosome. Late mRNAs, such as the Us11 mRNA, are pro-
duced in cells singly infected by D34.5 viruses but are not
translated due to the premature cessation of protein synthesis
(5). Thus, a late mRNA derived from the D34.5 chromosome
is translated in cells coinfected with the SUP1 deletion. This is

FIG. 3. The SUP1 deletion behaves as a trans-dominant mutant allele. U373
cells were infected either with each individual virus at an MOI of 5 or infected
with a mixture composed of two viruses where each virus was present at an MOI
of 5 (the total MOI was 10). Labeled proteins synthesized at late times postin-
fection were fractionated on SDS-polyacrylamide gels and visualized by autora-
diography. MW, molecular weight markers.

FIG. 4. Alterations to the SUP locus affects the steady-state accumulation of
multiple RNA species. U373 cells were either infected with each individual virus
at high MOI or mock infected in the presence (1) or absence of drug (CHX or
PAA). At 6 h postinfection, total RNA was harvested, fractionated by electro-
phoresis through formaldehyde-agarose gels, and transferred to nylon mem-
branes. To detect transcripts that span the Us-TRs junction, strand-specific RNA
probes were prepared from the BstE2-XbaI region (see map in Fig. 1). RNAs
were detected only with probes antisense to the previously characterized Us11
and Us12 ORFs; furthermore, identical RNAs were observed in WT virus- and
D34.5-infected cells when an antisense probe within the SUP1 deletion (ApaLI-
EcoNI) was employed (not shown). Approximate sizes of the RNA species
(shown to the right of the gel) are as follows: a (Us11), 1.4 kb; b (Us12), 1.9 kb;
c, 2.6 kb; d, 3.4 kb; e, 7.9 kb.
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consistent with the presence of both D34.5 and SUP1 viruses
within the same infected cell.

SUP locus alterations affect the steady-state accumulation
of multiple RNA species. To characterize the dominant SUP
product, the RNA products derived from the Us-TRs junction
were analyzed in detail. U373 cells were either infected with
each individual virus at high MOI or mock infected in the
presence or absence of drug (CHX or PAA). Cycloheximide
allows only for the synthesis of immediate-early transcripts,
thus reducing the complexity of the RNA population substan-
tially. The DNA polymerase inhibitor PAA, on the other hand,
blocks cells at the early-to-late transition just prior to the ini-
tiation of viral DNA replication. Immediate-early, early, as well as
leaky late RNAs (g1) are present in PAA-treated cells, but g2
or true-late RNAs are absent. Both pharmacological blocks were
effective, as evidenced by the lack of the Us11 g2 or true-late
mRNA from both the WT and D34.5 CHX- and PAA-treated
lanes (Fig. 4).

Northern analysis demonstrates that the steady-state accu-
mulation of multiple RNA species can be detected with a probe,
antisense to the Us11 and Us12 transcripts, that hybridizes to
transcripts emerging from the SUP locus in cells infected with
WT HSV-1 (Fig. 4). The two most abundant transcripts cor-
respond to the late Us11 (RNA a) and immediate-early Us12
(RNA b) mRNAs. However, several uncharacterized tran-
scripts of lesser abundance are also detected (RNA c, d, and e);
furthermore, these novel transcripts are polyadenylated (not
shown). In cells infected with the SUP1 mutant, the following
alterations to the steady-state levels of multiple transcripts are
observed. (i) The Us12 mRNA (RNA b) is not produced, as
most of the US12 ORF is deleted. (ii) Us11 is regulated as an
abundant immediate-early mRNA (RNA a9) that accumulates
in CHX-treated cells (Fig. 4). This RNA is slightly longer than
the bona fide Us11 mRNA (RNA a), as the SUP1 deletion
fuses RNAs initiating from the Us12 promoter to the Us11
ORF. Accordingly, an oligonucleotide probe immediately up-
stream of the Us12 immediate-early promoter fails to detect
RNA a9 but hybridizes to transcript c (not shown). (iii) Novel
RNA d is considerably more abundant, while transcript c is ab-
sent, perhaps replaced by RNA c9 (Fig. 4). In addition, these
novel SUP products (RNA a9, c9, and d) are produced with
either immediate-early, or early or leaky late kinetics, and are
all temporally poised to preclude the cessation of translation.

Assessing the role of immediate-early Us11 expression in
generating the suppressor phenotype. The suppressor mutants
synthesize the Us11 protein from an abundant immediate-early
mRNA. Us11 is normally a g2, or true-late gene whose expres-
sion is strictly regulated by viral DNA replication. Although it
is normally produced late in infection, Us11 is assembled into
the tegument, an ill-defined proteinaceous structure between
the nucleocapsid and the envelope, and is thus a component of
infectious virions. As a tegument polypeptide, Us11 is thus
delivered into the cytosol of infected cells at times which pre-
cede the expression of viral immediate-early genes. While the
role of Us11 remains to be clarified, it is known to be an RNA-
binding protein that can associate with at least one HSV
mRNA (encoding the UL34 gene product), and it reportedly
contains a transactivator activity similar to ones encoded by
complex retroviruses (11, 43). Furthermore, Us11 is found
stably associated with ribosomes following its introduction into
the host cytosol (44). Thus, the mere presence of Us11 protein
at early times may not be sufficient to overcome the block to
protein synthesis that occurs in nonpermissive cells infected
with D34.5. It is possible, however, that the suppressor pheno-
type requires the continued expression of Us11, beginning at
immediate-early times. Recent studies indicate Us11 expres-

sion in cultured cells enhances survival following heat shock.
Although heat shock normally leads to the accumulation of
phosphorylated eIF2 and the inhibition of translation, the
Us11 protein fostered the resumption of protein synthesis (12).
The contribution immediate-early expression of Us11 makes
towards the suppressor phenotype was therefore investigated.

To avoid potentially introducing a deletion that spans the
Us-TRs region into the endogenous SUP locus via gene con-
version, we chose to ectopically express Us11 from a heterol-
ogous immediate-early promoter located at a distinct site in
the viral chromosome. To express Us11, we made use of the
well-characterized minimal a27 immediate-early promoter and
its ability to direct immediate-early transcription from within
the viral tk locus (48). Thus, the D34.5 recombinant that pro-
duces Us11 with immediate-early kinetics will have a WT en-
dogenous SUP locus, a dominant mutant SUP allele within the
tk locus, a deletion that inactivates the tk gene (UL23), and a
mutation in the neighboring UL24 gene.

Several targeting plasmids were constructed (Fig. 5A) such
that they would integrate into the viral tk locus and create tk2
viruses that: (i) express an RNA capable of producing Us11 as
an immediate-early protein (11S); (ii) express an RNA anti-
sense to the Us11 RNA (11AS); (iii) express an RNA that
introduces a frameshift mutation into the US11 ORF at codon
3 (11f.s.); and (iv) insert the a27 promoter cassette into the tk
locus in the absence of a US11-related transcription unit (27P).
These tk targeting constructs were transfected onto permissive
Vero cells in the presence of D34.5 viral DNA, and cell-free
lysates were prepared after plaques were visible. Lysates were
passed through U373 cells according to the marker rescue
protocol. Only transfection mixtures that contained 11S target-
ing vector yielded lysates capable of generating extensive CPE
on U373 cells (Fig. 5B). An isogenic targeting construct that
differs only by the insertion of a single nucleotide at codon
3 of the Us11 ORF does not rescue in this assay. 11AS and
27P constructs also do not rescue. As an additional control,
a BamHI Z targeting vector that does not rescue in this assay
(5-3; Fig. 2B) was transfected along with D34.5 DNA in par-
allel. Figure 5B illustrates the profound growth defect of D34.5
tk1 viruses under these conditions, relative to the extensive
CPE caused by the D34.5 tk2 suppressor represented by 11S.

To analyze the genotype of the resulting rescued population
of viruses, a lysate from a parallel set of U373 plates was used
to infect Vero cells and viral DNA was isolated. Following
digestion with EcoRI, DNA was fractionated by agarose gel
electrophoresis, blotted onto a nylon membrane, and probed
with a fragment from the 39 tk region. Note that almost all of
the DNA in the population, in samples derived from two in-
dependent transfections, contains the 11S:tk insertion spec-
ified by the 11S targeting construct (Fig. 5C, compare 11S
construct lane with 11S - A and 11S - B lanes). This dramatic
enrichment for tk2 alleles in the complete absence of a tk2
selection regimen demonstrates that immediate-early expres-
sion of the Us11 polypeptide confers a growth advantage upon
D34.5 mutant viruses in cells nonpermissive for the growth of
D34.5 mutants. The faint band in the 11S - A and 11S - B lane
comigrates with WT tk fragment in the D34.5 parent virus. This
reflects: (i) the slower growth of the tk2 suppressors on con-
fluent U373 monolayers (note trace amounts of WT BamHI Z
fragments are not observed in populations of tk1 suppressors
[Fig. 2C]) and (ii) the dominance of the suppressor mutants
in trans, which will allow the persistence of small amounts of
D34.5 tk1 genotype within the overall population. Southern
analysis revealed that the endogenous SUP locus at the Us-
TRs junction in the rescued population was structurally intact
and not rearranged (not shown).
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Individual tk2 viruses were obtained by selecting and plaque
purifying isolates from the Vero transfection lysate on 143tk2
cells in the presence of BUdR. Southern analysis of these ho-
mogeneous isolates verified that the tk locus contained the

correct insertion and that the BamHI Z locus was structurally
intact and not rearranged (not shown). These isolates were
then screened for their ability to sustain protein synthesis
on nonpermissive U373 cells at late times postinfection. The

FIG. 5. Expression of the Us11 gene product is necessary and sufficient to confer a growth advantage upon D34.5 mutants in nonpermissive cells. (A) Schematic
of the US11 expression constructs designed to integrate into the HSV-1 tk locus and create tk2 recombinants. (B) Fixed plates, stained with crystal violet resulting from
a marker rescue experiment. The targeting plasmid used in the transfection appears to the left of the plate. The columns designated A and B refer to two transfections
handled independently. (C) Genome analysis of the rescued viral population. A lysate from a duplicate set of U373 plates identical to those shown in panel B was used
to infect Vero cells, and viral DNA was isolated. Following digestion with EcoRI, DNA was fractionated by agarose gel electrophoresis, blotted onto a nylon membrane,
and probed with a fragment from the 39 tk region. Note that almost all of the DNA in the population, in samples derived from two independent transfections, contains
the 11S:tk insertion specified by the 11S targeting construct.
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SUP1 positive control is tk1, while all of the remaining re-
combinant viruses are tk2. Figure 6 demonstrates that the 11S
virus is capable of enhanced protein synthesis at late times
postinfection relative to 11f.s., 27P, and 11AS. As the 11f.s.
virus differs only by virtue of a single nucleotide insertion at
codon 3 of the Us11 ORF, expression of the Us11 protein
product is responsible for this enhanced translation.

The SUP1 virus synthesizes more total protein than the
tk2:11S recombinant (Fig. 6A). Western analysis revealed that
Us11 accumulates to greater steady-state levels in cells infect-
ed with the tk1:SUP1 mutant than in cells infected with the
tk2:11S recombinant (Fig. 6B). This raises the possibility that
the penetrance of the suppressor phenotype correlates with
overall levels of Us11 polypeptide in the infected cell. The dif-
ferences in levels may reflect differences in promoter strength
between the minimal a27 promoter used in the tk2 insertions
compared to the Us12 (a47) promoter used in the bona fide
SUP1 mutant. The loss of the TRs component from the sup-
pressor mutants shown in Fig. 1 may reflect the loss of an ele-
ment that further downregulates the Us12 (a47) immediate-
early promoter. Alternatively, reduced Us11 levels could also

reflect the decreased overall replication levels of the multimu-
tated tk2:Us11 recombinant relative to the tk1:SUP1 virus.

Us11 expression reduces the accumulation of the activated
cellular PKR protein kinase. Previous studies demonstrate
that the shutoff of protein synthesis that occurs in nonpermis-
sive cells infected with g34.5 mutants is accompanied by the
activation of the cellular PKR protein kinase (7). The effect of
expressing Us11 as an immediate-early protein on the activa-
tion of PKR was therefore investigated. S10 lysates were pre-
pared from U373 cells infected with either the 11S, 11f.s.,
11AS, or 27P virus (unpublished data). Figure 7 demonstrates
that PKR is activated, as assessed by autophosphorylation, in
lysates prepared from cells infected with either 27P, 11S, or
11f.s. Expression of Us11 as an immediate-early protein effec-
tively reduces the accumulation of activated PKR by 50%. This
correlates with the enhanced overall levels of protein synthesis
observed in tk2:11S-infected cells (Fig. 6B). Furthermore, the
considerably greater levels of Us11 in SUP1-infected cells re-
sults in higher levels of protein synthesis and even less acti-
vated PKR than that observed in cells infected with tk2:11S
recombinant (Fig. 6 and 7). Finally, lysates derived from 11A.S.-
infected cells incorporate 20% more 32P into p68 PKR than 11f.s.
extracts. This modest hyperactivation is reproducible, perhaps
reflecting the formation of a double-stranded RNA (dsRNA)
species between the endogenous Us11 sense mRNA and the
ectopically expressed 11AS RNA. Endogenous Us11 mRNA,
although present, is not translated due to the efficient shutoff of
protein synthesis that ensues following the onset of DNA repli-
cation in cells infected with g34.5 mutants (5).

DISCUSSION

HSV-1 g34.5 mutants that lack the GADD34-related viral
function grow poorly on a variety of malignant human cells due
to the accumulation of phosphorylated eIF2 at late times
postinfection (7). Recently, we isolated g34.5 deletion variants
that regained the ability to grow efficiently and sustain protein
synthesis on nonpermissive cells (35). All of these variants suf-
fered rearrangements in the HSV-1 genome where the Us com-
ponent joins the TRs. These mutations are both necessary and
sufficient to create the suppressor phenotype. In this report, we
demonstrate that these dominant suppressor alleles compen-
sate for the absence of the GADD34 function by overproduc-
ing a virus-encoded RNA-binding, ribosome-associated protein
(Us11) at immediate-early times postinfection. As a conse-
quence of expressing Us11 at immediate-early times, the ac-
cumulation of active PKR kinase is reduced (Fig. 8). This
raises the intriguing possibility that GADD34 signal pathways,
in response to agents that promote growth arrest, DNA dam-
age, and differentiation may utilize components that have the
intrinsic ability to bind RNA, associate with ribosomes, and
prevent the dsRNA-mediated activation of PKR. In addition, it
demonstrates that HSV encodes at least two distinct functions
designed to preclude the accumulation of phosphorylated eIF2: a
GADD34 homolog (g34.5) and a ribosome-associated, RNA-
binding protein (Us11). Although other families of large DNA
viruses, such as poxviruses, encode multiple functions that
regulate eIF2 phosphorylation, GADD34 homologs are not
involved (10). African swine fever virus, an unrelated, un-
classified large DNA virus, infects cells of the monocyte-mac-
rophage lineage and apparently encodes a GADD34-related
function (49). It would certainly be of interest to ascertain if
African swine fever virus also directly targets a ribosomal func-
tion. The peculiarities different viruses have adopted to pre-
vent the accumulation of phosphorylated eIF2 may reflect im-
portant aspects of the differentiated host cells they infect.

FIG. 6. (A) Individual plaque-purified tk2:D34.5 isolates that express the
Us11 polypeptide are capable of enhanced protein synthesis. Nonpermissive
U373 cells were infected with the individual viral isolates at high MOI. Proteins
labeled in a 1-h pulse with [35S]methionine at 13 h postinfection were fraction-
ated by SDS-PAGE and visualized by autoradiography. The positions of molec-
ular size markers (in kilodaltons) are indicated to the right of the gel. (B)
Analysis of steady-state Us11 levels in SUP1 versus D34.5 tk2:11S. S10 extracts
were prepared from infected U373 cells as described in Materials and Methods.
Aliquots were fractionated by SDS-PAGE, electroblotted to Immobilon, and
probed with a monoclonal antibody against HSV-1 Us11 (44). Identical results
were obtained with extracts prepared directly in 13 Laemmli buffer (not shown).
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Although Us11 is not essential for growth of HSV-1 in cul-
tured cells and is not required for neurovirulence in animals (2,
30, 38, 52), the loss of Us11 function is tolerated only in the
presence of a GADD34-related function. Normally, approxi-
mately 600 molecules of Us11 are delivered into the cytosol of
the host cell by the entering virion, whereupon it is found as-
sociated with host polysomes (44). While this very early role of
Us11 can be eliminated in the presence of a viral GADD34-
related function, continuous synthesis of Us11, beginning at
immediate-early times, is required to preclude the activation of
PKR in the absence of a GADD34-related function (Fig. 8).
Both viral functions and their respective homologous cellular
counterparts may contribute to whether a given cell type is
permissive for the growth of g34.5 mutants.

Us11 and PKR can each associate with ribosomes, and this
interaction is mediated through their respective RNA-binding
domains (42, 55). As Us11 appears to block PKR activation,
ribosomal proteins and ribosomes may be involved in regulat-
ing PKR. Regulated exposure of structured dsRNA regions
within ribosomes may be a component of the cellular stress
response, creating the potential for structured rRNA segments
to modulate PKR activity. The ribosome association of Us11
could be a means of precluding the dsRNA activator from
interfacing with the dsRNA-binding domains of PKR. Al-
ternatively, Us11 could inhibit PKR autophosphorylation at
a step subsequent to ligand binding. Different structured
rRNA segments could conceivably have different effects on
PKR, with some structures activating and others inhibiting

the enzyme (40). Such a model does not necessarily exclude
a role for other cytosolic dsRNA species in modulating PKR
activation.

Us11 is a ribosome-associated protein encoded by HSV-1.
Cellular ribosomal proteins may execute functions similar to
those performed by Us11 upon induction of GADD34 signal
pathways in uninfected cells. Ribosome-associated polypep-
tides may participate, either enzymatically or as end points,
in a variety of signaling pathways that affect rates of protein
synthesis in response to stimuli that induce growth arrest,
DNA damage, and differentiation. They can thus exert glob-
al effects on the growth and development of multicellular or-
ganisms (14, 28, 53). At the cellular level, ribosomal proteins
and ribosomes affect a variety of processes fundamentally im-
portant to cell biology, such as the regulation of cell prolif-
eration and the cellular stress response (23, 25, 26, 34, 37,
46).

Finally, the intimate association herpesviruses exhibit with a
variety of differentiated cells may necessitate discrete modifi-
cation of the host cell ribosome. Epstein-Barr virus, a herpes-
virus that colonizes and immortalizes B lymphocytes, encodes
small RNAs (EBERs) that bind L22 (51). Although the EBER
RNAs are not essential for the growth or transforming func-
tions of Epstein-Barr virus in cultured cells, they have been
shown to modulate PKR activity in vitro (47, 50). L22 is a
common target in herpesvirus-infected cells, as the HSV-1 a4
transcriptional regulatory protein binds L22 and leads to its
accumulation in the nucleoplasm (29). While the L22 gene is

FIG. 7. Expression of the Us11 polypeptide at immediate-early times precludes the hyperactivation of the cellular PKR kinase. S10 extracts prepared from infected
U373 cells were incubated for 30 min at 30°C in the presence of 30 mCi of [g-32P]ATP. PKR was then immunoprecipitated, and the resulting immune complexes were
fractionated by SDS-PAGE and visualized by autoradiography. Bands containing PKR were excised from the gel and counted in liquid scintillant. The positions of
molecular size markers (in kilodaltons) are indicated to the left of the gel.

FIG. 8. Us11 inhibits PKR activation and thus allows for sustained translation in the absence of a GADD34-related function. Suppressor viruses display enhanced
growth on nonpermissive cells due to their ability to overcome a protein synthesis checkpoint guarded by the cellular PKR kinase. As Us11 is involved in mediating
the suppressor phenotype, it could prevent activation of the PKR kinase either by intercepting the activator or inhibiting the activation process (as assessed by
autophosphorylation) at a step subsequent to dsRNA binding. P, phosphate; PP1a, protein phosphatase 1a.
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involved in a common chromosomal translocation seen in leu-
kemias (39), the significance of its relocalization in herpesvi-
rus-infected cells remains a mystery.

Further studies on ribosome-associated proteins are neces-
sary to understand how they participate in such a wide variety
of cellular processes. In particular, studies on the herpesvirus
Us11 protein may help illuminate how these proteins operate
in pathways that involve dsRNA and GADD34 signaling.
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ADDENDUM IN PROOF

After this article was submitted, Cassady et al. (K. A. Cas-
sady, M. Gross, and B. Roizman, J. Virol. 72:8620–8626) re-
ported that a GST-US11 fusion protein inhibits PKR activation
and subsequent eIF2 phosphorylation in a cell-free system.
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