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Herpes simplex virus 1 (HSV-1) virions, like those of all herpesviruses, contain a protein layer termed the tegument localized
between the capsid and the envelope. VP22, encoded by the UL49 gene, is one of the most abundant tegument proteins in HSV-1
virions. Studies with a UL49-null mutant showed that the absence of VP22 resulted in decreased protein synthesis at late times in
infection. VP22 is known to form a tripartite complex with VP16 and vhs through direct interactions with VP16. Given that
UL49-null mutants have been shown to acquire spontaneous secondary mutations in the UL41 gene, which encodes vhs, we hy-
pothesized that VP22 and vhs may play antagonistic roles during HSV-1 infections. In the present study, we show that the pro-
tein synthesis defect observed in UL49-null virus infections was rescued by a secondary, compensatory frameshift mutation in
UL41. A double mutant bearing a deletion of UL49 and a point mutation in vhs previously shown to specifically abrogate vhs’s
RNase activity also resulted in a rescue of protein synthesis. To determine whether the UL49� protein synthesis defect, and the
rescue by secondary mutations in vhs, occurred at the mRNA and/or translational levels, quantitative reverse transcriptase PCR
(qRT-PCR) and polysome analyses were performed. We found that the absence of VP22 caused a small decrease in mRNA levels
as well as a defect in polysome assembly that was independent of mRNA abundance. Both defects were complemented by the
secondary mutations in vhs, indicating functional interplay between VP22 and vhs in both accumulation and translation of viral
mRNAs.

Herpes simplex virus 1 (HSV-1) virions are composed of a
double-stranded DNA (dsDNA) genome enclosed within an

icosahedral capsid, a proteinaceous layer termed the tegument
that surrounds the nucleocapsid, and a host-derived lipid mem-
brane envelope that contains viral glycoproteins. The tegument
layer is unique to the herpesviruses and is composed of at least 20
different viral proteins of various stoichiometries. Tegument pro-
teins play a variety of roles in infection, including the regulation of
viral and host gene expression and the promotion of virus assem-
bly and egress (2, 14, 27, 31). Tegument proteins enter the cell
upon fusion of the viral envelope with the host cell membrane and
therefore can exert their activities prior to viral gene expression.
As virion structural proteins, many of the tegument proteins are
synthesized at late times in infection and may possess additional
functions that are exerted at this time.

Viral protein 22 (VP22), encoded by the UL49 gene, is one of
the most abundant tegument proteins, with an average of 2,000
copies present in each virion (10, 16, 20). Previous studies with a
UL49-null virus showed that the absence of VP22 results in re-
duced plaque size and a nearly global shutoff protein synthesis at
late times in infection (7, 8). Interestingly, passage of the UL49-
null virus on noncomplementing cells led to a rescue of the small
plaque phenotype thought to be the result of a secondary, com-
pensatory mutation (7). Further work by other investigators
showed that UL49 mutants propagated on noncomplementing
cells frequently acquire secondary mutations in the UL41 gene. For
example, Sciortino et al. isolated two UL49 deletion virus variants
that had each acquired a spontaneous deletion of UL41 codons 22
to 75 and a third that had acquired a frameshift mutation at UL41
codon 286 (35).

The UL41 gene encodes the virion host shutoff protein (vhs),

another tegument component of HSV-1 virions. vhs is an endori-
bonuclease that degrades both cellular and viral mRNAs (17, 24).
Degradation of cellular mRNAs is thought to promote viral pro-
tein synthesis by increasing the availability of the cellular transla-
tion machinery, whereas degradation of viral mRNAs by vhs is
thought to help regulate the sequential expression of different
classes of viral genes (12, 17, 24, 25, 30). Although the RNase
activity of vhs is nonspecific in vitro, during HSV-1 infections it is
specific to mRNA, sparing other RNA species (11, 17, 24, 37, 39,
44). vhs associates with mRNAs via interactions with the transla-
tion initiation factors eIF4AII, eIF4H, and eIF4B, indicating that
vhs is targeted to actively translating mRNAs (6, 12, 26). At late
times in infection, the nuclease activity of vhs is downregulated by
VP16, a tegument protein that also functions as the transactivator
of immediate early (IE) gene expression (1, 2, 15, 18). In addition
to its interactions with vhs, VP16 also directly interacts with VP22,
allowing for the formation of a VP22-VP16-vhs tripartite complex
(9, 38).

vhs can exert both positive and negative effects on viral protein
translation independently of its RNase activity. In transient-trans-
fection studies, vhs was shown to modulate reporter gene expres-
sion without greatly altering target mRNA levels (33). Specifically,
Saffran et al. (33) used bicistronic reporter constructs bearing dif-
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ferent internal ribosome entry sites (IRESs) located between two
test cistrons. As expected, vhs inhibited the expression of the 5=
cistron in all constructs. Interestingly, the effect of vhs on expres-
sion of the 3= cistron varied with the IRES: vhs strongly suppressed
expression driven from the encephalomyocarditis virus (EMCV)
IRES but activated expression from other IRESs. vhs-dependent
IRES activation was observed in HeLa, HepG2, and 293 cells but
not in Vero cells. In addition, several HSV-1 5= untranslated re-
gion (UTR) mRNA sequences also served as positive vhs transla-
tional response elements (33). Further studies showed that the
absence of vhs leads to the formation of stress granules, indicative
of stalled translation initiation (5). Polysome analyses showed that
true late viral transcripts were poorly translated in the absence of
vhs. This effect was cell type specific in that the presence of vhs was
necessary for robust translation of true late-gene products in HeLa
cells, but not in Vero cells.

In the present study, we aimed to determine the mechanism by
which VP22 promotes protein synthesis at late times in HSV-1
infections. The isolation of yet another UL49-null variant that had
acquired a spontaneous, secondary frameshift mutation at vhs
residue 284 pointed to a functional interplay between VP22 and
vhs. However, it was possible that this spontaneous variant con-
tained additional secondary mutations. Therefore, to examine
possible antagonistic roles for VP22 and vhs in regulating protein
synthesis, we generated a double mutant bearing a deletion of
UL49 and the frameshift mutation at codon 284 of UL41 using a
bacterial artificial chromosome (BAC) system. The frameshift
mutation in vhs resulted in the rescue of protein synthesis late in
infections of both Vero and HeLa cells. A double mutant bearing a
deletion of UL49 and a point mutation in vhs previously shown to
specifically abrogate vhs’s RNase activity (13) also resulted in a
rescue of protein synthesis. To determine whether the rescue in
protein synthesis by secondary mutations in vhs occurred at the
mRNA and/or the translational level, quantitative reverse tran-
scription-PCR (qRT-PCR) and polysome analyses were per-
formed. Relative to those of the wild type, viral mRNA levels were
slightly decreased in UL49� infections and slightly increased in
infections with the UL49/UL41 double mutants. Similarly, poly-
some levels were decreased in UL49� infections and increased
with the double mutants relative to those of the wild type. The
distributions of mRNAs across polysome gradients were quanti-
fied to determine whether the differences in polysome levels were
caused solely by differences in mRNA levels or whether the various
mutants displayed differences in translation efficiency. We found
that the absence of VP22 caused a defect in translation that was
independent of mRNA abundance, identifying a new role for this
protein in HSV-1 replication. The secondary mutations in vhs
compensated for this defect, pointing to an additional role for
VP22 in modulating vhs’s translational repression activity.

MATERIALS AND METHODS
Viruses and cells. The generation of the wild-type HSV-1 strain F (WT)
and UL49-null (UL49�) viruses using pYEbac102 was described previ-
ously (7). The generation of the vhsFS, UL49�/vhsFS, vhsD213N, and
UL49�/vhsD213N viruses is described below. Vero and HeLa cells were
purchased from the ATCC. V49 cells, a Vero-derived VP22-complement-
ing cell line, were a gift from John Blaho (29). Vero and V49 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 4.0 mM L-glutamine, 4.5 g/liter glucose, 125 units/ml peni-
cillin, 0.125 mg/ml streptomycin, and either 10% newborn calf serum
(NBCS) or 15% fetal bovine serum (FBS), respectively. VP22 expression

was maintained in V49 cells with the addition of Geneticin to 1 mg/ml.
HeLa cells were maintained in DMEM–nutrient mixture–F-12 Ham me-
dium supplemented with 2.5 mM L-glutamine without HEPES, 125
units/ml penicillin, 0.125 mg/ml streptomycin, and 10% FBS. All viruses
were propagated on V49 cells; experiments were performed on Vero and
HeLa cells. Because viruses with mutations in UL49 frequently acquire
spontaneous secondary mutations in UL41 (35), all mutant virus stocks
used in this study were tested prior to use. Testing was performed by PCR
amplification and DNA sequencing of the UL41 gene from viral DNAs
purified using phenol extraction and ethanol precipitation of virus stocks.

Generation of recombinant viruses. Recombinant HSV-1(F) BACs
were constructed as described previously by en passant mutagenesis, a two-
step Red-mediated recombination system (7, 41, 42). The UL49�/vhsFS and
UL49�/vhsD213N viruses were generated using the HSV-1(F) BAC
pYEbac102:UL49�, which contains a deletion of the entire UL49 open reading
frame (ORF) (7), and the Escherichia coli strain EL250 (42). The vhsFS and
vhsD213N viruses were generated using the HSV-1(F) BAC pYEbac102 (40)
and E. coli strain GS1783 (41). The primer pair used to generate the PCR
amplicon for UL49�/vhsFS and vhsFS BAC construction via recombination
was as follows: forward, 5=-CCGTGGAGGATGTGCTGCGCGAATGT
CACTGGACCCCCCCCGAGTCGCTCTCAGACCCGGTAGGGATAA
CAGGGTAATCGATTTATTCAACAAA-3=; reverse, 5=-CCGTGGA
GCGCGAGCTGGTGTGTTCCCGGCGGATGGCCCGCCGGGTCTGA
GAGCGACTCGGCCAGTGGTACAACCAATTAACCAATTCT-3=. The
primer pair used to generate the PCR amplicon for UL49�/vhsD213N and
vhsD213N BAC construction via recombination was as follows: forward,
5=-TCCAACACAATATCACAGCCCATCAACGGAGGTCAGTGT
TCGTGGTGTACACGTACGCGTAGGGATAACAGGGTAATCGAT
TT-3=; reverse, 5=-CTCTATCACACCAACACGGTCGCGTACG
TGTACACCACGAACACTGACCTCCTGTTGATGGCCAGTGTTA
CAACCAATTAACC-3=. For the above primer sequences, nucleotides in
roman type are homologous to HSV-1(F) BAC target sequences up- and
downstream of the designed mutation, nucleotides in boldface are the
intended sequence insertion or change, and nucleotides in italics are ho-
mologous to the SceI-Knr cassette of pLay2 (42). The expected mutations
were confirmed by restriction fragment length polymorphism analysis
and DNA sequencing. The resulting BACs were designated pYEbac102:
vhsFS, pYEbac102:vhsD213N, pYEbac102:UL49�/vhsFS, and pYEbac102:
UL49�/vhsD213N. Recombinant HSV-1(F) viruses were generated via
cotransfection of V49 cells with purified BAC DNA and the Cre recombi-
nase-expressing plasmid pCAGGS-nlsCre (a gift from Michael Kotlikoff,
Cornell University). Plaques formed on V49 cells were purified and fur-
ther propagated on V49 cells. Genotypes of the recombinant viruses were
confirmed by PCR and DNA sequencing.

Protein synthesis time courses. Vero or HeLa cells grown to 90 to
95% confluence in 6-well dishes were infected with WT, UL49�, vhsFS,
UL49�/vhsFS, vhsD213N, or UL49�/vhsD213N in medium 199 supple-
mented with 1% NBCS (medium 199V) at a multiplicity of infection
(MOI) of 10 PFU/cell for 1 h at 4°C to allow viral attachment. Virus-
containing medium was replaced with fresh medium 199V, and plates
were shifted to 37°C to synchronize infections. At various times after the
37°C shift, the overlying medium in each well was removed and replaced
with DMEM (high glucose, with pyridoxine hydrochloride, no L-glu-
tamine, no L-methionine, and no L-cysteine) supplemented with 10
�Ci/ml Tran35S-label ([35S]methionine-cysteine; MP Biomedicals) for
the time periods shown in Fig. 1 and 2. At the end of each labeling period,
the overlying radioactive medium was removed, and cells were washed
with phosphate-buffered saline (PBS), collected by scraping, resuspended
in sodium dodecyl sulfate (SDS) Blue loading buffer (New England Bio-
Labs), and boiled for 10 min. Radiolabeled lysates were separated by SDS-
12% PAGE, transferred to a nitrocellulose membrane, and visualized by
autoradiography on BioMax XAR film (Kodak). Radiolabeled lysates were
also mixed with 2 ml of scintillation fluid (Ecoscint H; National Diagnos-
tics), and incorporated radiolabeled methionine and cysteine were quan-
tified using a Beckman scintillation counter.
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Actinomycin D chase assay. Vero cells grown in 100-mm dishes to 90
to 95% confluence were mock treated or infected with the WT, UL49�,
vhsFS, UL49�/vhsFS, vhsD213N, and UL49�/vhsD213N viruses in me-
dium 199V at an MOI of 10 PFU/cell in the presence of 10 �g/ml actino-
mycin D (Affymetrix, Inc.) for 1 h at 4°C to allow virus attachment. The
overlying virus-containing media were then replaced with fresh medium
199V containing 10 �g/ml actinomycin D, and cells were placed at 37°C to
synchronize the infections. At 6 h postinfection (hpi), total RNA was
extracted from infected cells and prepared for quantitative real-time re-
verse transcription-PCR (RT-PCR) as described below. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA levels were quantified via
qRT-PCR as described below. Because actinomycin D treatment affects
18S rRNA levels but not 5S rRNA levels (28), 5S rRNA was used as a
control for template input. Primer sequences are listed in Table 1.

Virion preparations and analysis. Intracellular virions were prepared
as described previously (7) from V49 cells infected with the WT, UL49�,
vhsFS, UL49�/vhsFS, vhsD213N, and UL49�/vhsD213N viruses at an
MOI of 0.005 PFU/cell at 37°C until 100% cytopathic effect (CPE) was
reached. Three independent virion preparations were made for each virus.
Purified virions were separated by SDS-PAGE and either stained with
Coomassie brilliant blue or transferred to a nitrocellulose membrane.
Transferred proteins were analyzed by immunoblotting using an antibody
to VP5; the blot was then stripped and reprobed with an antibody specific
to vhs. To determine the relative vhs abundances in virions produced by
the different recombinant viruses, the vhs signal was normalized to the
VP5 signal from the same virion preparation, and then each normalized
vhs signal was calculated as a value relative to the WT normalized vhs
signal.

Immunoblot analyses. The 35S-labeled cell lysates and virion prepa-
rations described above were used in immunoblot analyses following sep-
aration via SDS-12% PAGE and transfer to nitrocellulose membranes.
Free binding sites were blocked with 5% nonfat dry milk in PBS before
incubation with either anti-gD (diluted 1:1,000; H170; Virusys), anti-gE
(diluted 1:500; a kind gift from David Johnson [4, 21]), anti-ICP8 (diluted
1:2,000 [36]), anti-�-actin (diluted 1:1,000; SC-47778; Santa Cruz Bio-
technology), anti-VP5 (diluted 1:1,000; HA018-100; Virusys), or anti-vhs
(diluted 1:1,000; a kind gift from Duncan Wilson [19]) antibodies. After
washing membranes extensively to remove unbound antibodies, bound
primary antibodies were detected with anti-mouse (diluted 1:5,000;
NA9310V; GE Healthcare Biosciences) or anti-rabbit (diluted 1:5,000;
NA9340V; GE Healthcare Biosciences) immunoglobulin G conjugated to
horseradish peroxidase. Membranes were again washed extensively, incu-
bated in Pierce ELC Western blotting substrate (Thermo Scientific) for 1
min, and visualized via autoradiography on Amersham Hyperfilm ECL
film (GE Healthcare Biosciences). For quantification, immunoblots were
developed with the Amersham ECL Plus Western blotting detection sys-
tem (GE Healthcare) and imaged on a Storm 860 phosphorimager (Mo-
lecular Dynamics, Inc.). Immunoblot signals were quantified using
ImageQuant software (Amersham Biosciences, Inc.).

Quantitative real-time RT-PCR. Vero cells grown to 95 to 100% con-
fluence in 100-mm dishes were synchronously infected with the WT,
UL49�, vhsFS, UL49�/vhsFS, vhsD213N, and UL49�/vhsD213N viruses
in medium 199V at an MOI of 10 PFU/cell. At 18 hpi, total RNA was
extracted from infected cells using the RNAqueous-4PCR kit (Ambion,

Inc.) according to the manufacturer’s instructions. Residual DNA was
removed by treatment with DNase I, which was subsequently inactivated
using DNase inactivation reagent (Ambion, Inc.). Before proceeding to
the reverse transcription (RT) reactions, RNA samples were tested for
contaminating DNA via quantitative PCR (qPCR) experiments using
primers for both 18S rRNA and gE mRNA and Maxima SYBR green qPCR
master mix (Fermentas, Inc.). All samples were found to be free of ampli-
fiable contaminating DNA.

Samples (0.5 �g) of DNase I-treated total RNA were used as the tem-
plates for cDNA synthesis reactions primed with random decamers using
the Retro-script kit (Ambion, Inc.). To determine template quality and
obtain primer amplification efficiencies, serial dilutions of cDNAs were
used as the templates in qRT-PCRs to construct standard curves. Ampli-
fication efficiencies were 92 to 110%, and the R2 value of all standard
curves was �0.980.

Relative quantitative real-time RT-PCR experiments were performed
to quantify gE, gD, and ICP8 mRNA levels using 18S rRNA internal con-
trols as follows. Equal amounts of cDNAs were used in qRT-PCR mixtures
containing primers to the mRNA of interest and, in separate reactions,
primers to 18S rRNA as a control for normalizing template input. Primer
pair sequences are listed in Table 1. All qRT-PCRs were performed in
triplicate using Maxima SYBR green qPCR master mix (Fermentas, Inc.)
in a MyiQ real-time PCR thermocycler and detection system (Bio-Rad
Laboratories, Inc.). SYBR green fluorescence was measured over the
course of 40 amplification cycles. This was immediately followed by a
melt-curve analysis to confirm that nonspecific products did not contrib-
ute to the quantified signal. For each template quantified, the mean cycle
number at which product accumulation entered the linear range (CT) was
calculated. The 18S rRNA CT value for a given template was subtracted
from the CT obtained for each mRNA of interest from the same template
(same RT reaction) to obtain the normalized CT value (�CT) for each
template. The change from that of the wild type was then calculated using
the 2���CT method.

Polysome analyses. Methods outlined by Cheshenko et al. (3) and
Dauber et al. (5) were employed as follows. Vero cells grown to 90 to 95%
confluence in 100-mm dishes were either mock treated or infected with
the WT, UL49�, UL49�/vhsFS, and UL49�/vhsD213N viruses at an MOI
of 10 PFU/cell. Ten minutes prior to collection at 18 hpi, overlying me-
dium was replaced with fresh medium 199V containing 100 �g/ml cyclo-
heximide (CHX) to block translation elongation. Cells were collected via
trypsin treatment, washed in PBS containing 100 �g/ml CHX, resus-
pended in gradient lysis buffer (50 mM Tris-HCl [pH 7.4], 250 mM su-
crose, 25 mM KCl, 5 mM MgCl2, 0.5% Triton X-100, 100 �g/ml CHX, 2
mM dithiothreitol [DTT], and RNaseOUT), and incubated on ice for 10
min. Following centrifugation, supernatants were mixed with either
MgCl2 (final concentration, 10 mM) or EDTA (final concentration, 25
mM), incubated on ice for 10 min, and layered atop a 10-ml 10% to 50%
sucrose gradient containing 50 mM Tris-HCl (pH 7.4), 25 mM KCl, 1.5
mM MgCl2, 100 �g/ml CHX, and RNaseOUT. Samples were centrifuged
in a Beckman SW41 rotor at 38,000 rpm for 105 min at 4°C. To examine
the ribosome profile throughout each gradient, a density gradient frac-
tionator (Labconco, Inc.) was connected to a UV-visible (UV-Vis) con-
tinuous flow cell (Shimadzu, Inc.). Absorbance was measured at 254 nm
as each gradient was driven through the flow cell by the peristaltic pump

TABLE 1 Primers used in qRT-PCR analyses

cDNA Forward primer Reverse primer

5S rRNA 5=-GCCATACCACCCTGAACG-3= 5=-GGCGGTCTCCCATCCAAG-3=
18S rRNA 5=-CCAGTAAGTGCGGGTCATAAGC-3= 5=-GCCTCACTAAACCATCCAATCGG-3=
GAPDH 5=-ACAGTCAGCCGCATCTTC-3= 5=-CTCCGACCTTCACCTTCC-3=
Us8 (gE) 5=-AGGTCTGCGGGGTTGGGATGG-3= 5=-GGTGCGACAGGCGGAACAGG-3=
Us6 (gD) 5=-AGGTCTGCGGGGTTGGGATGG-3= 5=-GGTGCGACAGGCGGAACAGG-3=
UL29 (ICP8) 5=-TGCGAGGGCGTCAGTTTCAG-3= 5=-GCGTGTCCGTCCGAAGGC-3=
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on the fractionator. Each gradient was fractionated as it exited the flow
cell. Gradient fractions were subsequently used in Northern blot analyses.

RNA was purified from gradient fractions via proteinase K digestion
followed by phenol-chloroform extraction and ethanol precipitation. The
RNA pellet from each fraction was resuspended in 10 �l, 4 �l of which was
separated by 1.2% agarose-formaldehyde gel electrophoresis and trans-
ferred to an Immobilon charged nylon membrane (Millipore, Inc.). To
generate the gE probe, a region of US8 spanning HSV-1 bp 141637 to
142159 was amplified via PCR from pRB123 (a gift from Bernard Roiz-
man) using the primers 5=-AGGATGACAATGACGAGGGCGAGGG-3=
and 5=-GACGCGTCCCGGACTCCAGATTGA-3=. To generate the �-ac-
tin probe, a region spanning bp 398 to 1085 of the �-actin coding se-
quence was amplified from PlasmID clone HsCD00326994 purchased
from the Dana-Farber/Harvard Cancer Center DNA Resource Core using
the primers 5=-ACGTTGCTATCCAGGCTGTGCTAT-3= and 5=-ACTCC
TGCTTGCTGATCCACATCT-3=. The purified PCR products were used
as the templates for probe generation via random priming using [�-
32P]dCTP (MP Biomedicals) and the Prime-It II random primer labeling
kit (Agilent Technologies). Hybridization was performed using Ex-
pressHyb (Clontech) according to the manufacturer’s instructions. Ra-
dioactive signals were analyzed with a Storm 860 phosphorimager
(Molecular Dynamics, Inc.) and ImageQuant software (Amersham Bio-
sciences, Inc.).

Statistical analyses. Significant differences were analyzed using Stu-
dent’s t test and two-tailed distribution. Results were considered statisti-
cally significant if P was �0.05.

RESULTS
The vhsFS mutation compensates for the lack of VP22 in protein
synthesis. It was previously shown that UL49-null viruses can ac-
quire secondary, compensatory mutations in UL41 (35). Upon
sequencing PCR-amplified viral DNA isolated from plaques fol-
lowing several passages of the UL49� virus, we identified a UL49-
null virus variant that contained a frameshift mutation at codon
284 of UL41. The above findings, combined with studies that
showed that VP22, VP16, and vhs can form a tripartite complex
(38), suggest a functional interplay between VP22 and vhs during
HSV-1 infections. To examine whether VP22 and vhs play antag-
onistic roles in regulating viral protein synthesis, we first asked
whether the secondary frameshift mutation at residue 284 of vhs
could compensate for the lack of VP22 in protein synthesis late in
infection. Because it was not known whether the UL49� isolate
that had obtained the spontaneous, secondary frameshift muta-
tion in UL41 contained additional mutations, we used a BAC re-
combination system to generate a recombinant virus containing a
deletion of the UL49 ORF and the frameshift mutation at codon
284 of UL41. This virus was designated UL49�/vhsFS (Table 2).
The frameshift mutation results in a protein that is 415 residues

long, as opposed to 489 residues for wild-type vhs. As a control, we
generated a virus containing only the frameshift mutation in
UL41, designated vhsFS. Importantly, all virus stocks used
throughout the following studies were propagated on a VP22-
complementing cell line and were tested for the presence of addi-
tional mutations in vhs by sequencing the UL41 gene from PCR-
amplified DNA purified from virus stocks.

To examine the effect of the vhsFS mutation on protein syn-
thesis at various times in infection, the WT, UL49�, vhsFS, and
UL49�/vhsFS viruses were used in 35S label time courses. Vero
cells infected with the above-mentioned viruses were radiolabeled
with [35S]methionine and [35S]cysteine from 0 to 3 hpi, 3 to 6 hpi,
12 to 15 hpi, and 15 to 18 hpi. Labeled cell lysates were separated
by SDS-PAGE, and proteins synthesized during the above time
periods were visualized by autoradiography (Fig. 1A). Aliquots of
labeled cell lysates were also analyzed by scintillation counting to
determine total protein synthesis and accumulation during each
labeling period (Fig. 1B). As shown previously (8), the absence of
VP22 caused a decrease in protein synthesis at late times in infec-
tion (compare WT and UL49� at 12 to 18 hpi [Fig. 1A and B]). The
data showed a trend toward complementation of the UL49 dele-
tion by the vhsFS mutation inasmuch as mean protein synthesis
from 15 to 18 hpi in UL49�- and UL49�/vhsFS-infected cells was
42% and 110%, respectively, of that in WT-infected cells. How-
ever, the difference in total protein expression at late times in
UL49�- and UL49�/vhsFS-infected cells was not statistically sig-
nificant. The vhsFS control virus produced protein levels similar
to those produced by the WT and UL49�/vhsFS viruses during all
time periods studied.

Dauber et al. showed that vhs is not required for efficient trans-
lation of late proteins in Vero cells but is required in HeLa cells and
other restrictive cell lines (5). To determine whether UL49� pro-
tein synthesis complementation by the vhsFS mutation was cell
line specific, we performed the above-described experiment in
HeLa cells (Fig. 1C and D). We found that the vhsFS mutation was
able to partially complement the UL49 deletion in HeLa cells, but
not as efficiently as in Vero cells. Specifically, mean protein syn-
thesis from 15 to 18 hpi in UL49�- and UL49�/vhsFS-infected
HeLa cells was 49% and 78%, respectively, of that in WT-infected
HeLa cells. Also, the difference in total protein expression in
UL49�- and UL49�/vhsFS-infected HeLa cells was not statistically
significant. Overall, however, our data show that the vhsFS muta-
tion partially compensates for the lack of VP22 in protein synthe-
sis late in infection in both a restrictive and a nonrestrictive cell
line.

TABLE 2 HSV-1(F) recombinant viruses used

Virus Mutation(s) Resulting coding change(s) Source

WT None None 7
UL49� Deletion of HSV-1 bp 105486 to 106391 Deletion of VP22 (UL49 ORF deletion) 7
vhsFS Guanine nucleotide insertion at HSV-1 bp 91789 Frameshift at vhs residue 284 This work
UL49�/vhsFS Deletion of HSV-1 bp 105486 to 106391 and guanine

nucleotide insertion at HSV-1 bp 91789
Deletion of VP22 (UL49 ORF deletion) and

frameshift at vhs residue 284
This work

vhsD213N C-to-T nucleotide change at HSV-1 bp 92001 Aspartic acid (D)-to-asparagine (N) change at
vhs residue 213

This work

UL49�/vhsD213N Deletion of HSV-1 bp 105486 to 106391 and C-to-T
nucleotide change at HSV-1 bp 92001

Deletion of VP22 (UL49 ORF deletion) and
aspartate (D)-to-asparagine (N) change at
vhs residue 213

This work
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A number of different vhs mutants have been shown to possess
defects in IE mRNA turnover and the shutoff of IE protein syn-
thesis, exposing a role for vhs in regulating the sequential expres-
sion of different classes of viral genes (12, 17, 24, 25, 30). The
vhsFS mutation also displayed a partial defect in IE protein syn-
thesis shutoff inasmuch as synthesis of several IE proteins contin-
ued at late times postinfection in cells infected with the vhsFS
virus, whereas those proteins were efficiently shut off at late times
in wild-type-infected cells. This effect was more pronounced in
HeLa cells than in Vero cells (Fig. 1A and C).

The vhsD213N mutation compensates for the lack of VP22 in
protein synthesis. The partial defect in IE protein synthesis shut-
off displayed by the vhsFS mutation suggested that this mutant
possesses a defect in vhs’s RNase activity and that complementa-
tion of the UL49� defect in protein synthesis could occur via an
increased abundance of viral mRNAs late in infection. However,
we previously observed that viral mRNA levels were not decreased
at late times in UL49� infections (8), making complementation by
such a mechanism unlikely. To test whether a defect in vhs’s

RNase activity could compensate for the lack of VP22 in protein
synthesis, we generated a recombinant virus containing a deletion
of the UL49 ORF and an aspartate-to-asparagine change at codon
213 of UL41. The vhsD213N point mutation was previously
shown to abrogate vhs’s RNase activity in transfection experi-
ments (11). The double mutant was designated UL49�/vhsD213N
(Table 2). For a control, we generated a virus containing only the
D213N point mutation in UL41, designated vhsD213N.

To determine whether the vhsD213N mutation could com-
pensate for a lack of VP22 in protein synthesis, we again per-
formed 35S label time courses. Vero cells infected with the WT,
UL49�, vhsD213N, and UL49�/vhsD213N viruses were radiola-
beled from 0 to 3 hpi, 3 to 6 hpi, 12 to 15 hpi, and 15 to 18 hpi.
Labeled proteins synthesized during the above time periods were
visualized by autoradiography following SDS-PAGE separation of
cell lysates (Fig. 2A). Total protein synthesis and accumulation
during each labeling period were quantified by scintillation count-
ing of cell lysate aliquots (Fig. 2B). Interestingly, the vhsD213N
mutation rescued the UL49� protein synthesis defect. Specifically,

FIG 1 Analysis of global protein synthesis and accumulation in WT-, UL49�-, vhsFS-, and UL49�/vhsFS-infected cells. Vero (A and B) or HeLa (C and D) cells
were synchronously infected at an MOI of 10 PFU/cell with the WT, UL49�, vhsFS, or UL49�/vhsFS virus and radiolabeled with [35S]methionine and [35S]cys-
teine for the time periods shown. Labeled proteins were detected by autoradiography (A and C) and scintillation counting (B and D). Data were compiled from
two independent experiments, each performed in duplicate. Values in panels B and D are arithmetic means; error bars represent 1 standard deviation. Example
IE proteins that are not shut off effectively in vhsFS- and UL49�/vhsFS-infected cells are indicated by � in panels A and C.
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total protein synthesis in UL49�/vhsD213N-infected Vero cells
was 180% and 144% of that in WT-infected cells from 12 to 15 hpi
and 15 to 18 hpi, respectively, compared to 103% and 109% in
UL49�/vhsFS-infected Vero cells for the same time periods. The
vhsD213N control virus synthesized 186% and 177% of the pro-
tein levels produced by the WT virus in Vero cells from 12 to 15
hpi and 15 to 18 hpi, respectively. To ensure that this result was
not cell line specific, the 35S label time courses were also performed
in HeLa cells (Fig. 2C and D). The vhsD213N mutation compen-
sated for a lack of VP22 in protein synthesis late in infection in
both cell lines.

Similar to the vhsFS mutation, the vhsD213N mutation also
displayed a partial defect in IE protein synthesis shutoff, in both
the WT and UL49� genetic backgrounds, on both Vero and HeLa
cells.

The vhsD213N mutation abrogates vhs’s RNase activity dur-
ing HSV-1 infections. As mentioned above, the vhsD213N muta-
tion has been previously shown to abrogate vhs’s RNase activity in
transfection experiments (11). To verify that this mutation pos-
sesses the same defect during HSV-1 infections, we performed
actinomycin D chase assays. We included the UL49�/vhsFS and

vhsFS mutant viruses in this assay to determine whether the
frameshift at vhs residue 284 affects the protein’s RNase activity.
To examine mRNA turnover independently of transcription,
Vero cells were mock treated or infected with the WT, UL49�,
vhsFS, UL49�/vhsFS, vhsD213N, and UL49�/vhsD213N viruses
for 6 h in the presence of actinomycin D. Total RNA was then
collected, DNase I treated, reverse transcribed, and used in qRT-
PCR experiments to quantify GAPDH mRNA levels. Because ac-
tinomycin D can affect 18S rRNA levels (28), 5S rRNA was used as
a control to normalize template input.

We found that the vhsD213N mutation does possess a defect in
mRNA degradation in the context of infection, as GAPDH mRNA
levels were nearly 12-fold higher in vhsD213N-infected cells than
in WT-infected cells (Fig. 3). However, the vhsD213N mutation
did not completely abrogate vhs’s RNase activity, as GAPDH
mRNA levels in vhsD213N-infected cells were 47% of those in
mock-treated cells. The vhsFS mutation also caused decreased
mRNA degradation, although not as strongly as did the vhsD213N
mutation. Specifically, cells infected with the vhsFS virus con-
tained GAPDH levels 8-fold higher than those in WT-infected
cells. However, further studies (see below) indicated that the de-

FIG 2 Analysis of global protein synthesis and accumulation in WT-, UL49�-, vhsD213N-, and UL49�/vhsD213N-infected cells. Vero (A and B) or HeLa (C and
D) cells were synchronously infected at an MOI of 10 PFU/cell with the WT, UL49�, vhsD213N, or UL49�/vhsD213N virus and radiolabeled with [35S]methio-
nine and [35S]cysteine for the time periods shown. Labeled proteins were detected by autoradiography (A and C) and scintillation counting (B and D). Data were
compiled from two independent experiments, each performed in duplicate. Values in panels B and D are arithmetic means; error bars represent 1 standard
deviation. Example IE proteins that are not shut off effectively in vhsD213N- and UL49�/vhsD213N-infected cells are indicated by � in panels A and C.
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creased mRNA degradation observed with the vhsFS mutant may
be due, at least in part, to decreased virion packaging of vhs rather
than a specific defect in vhs’s RNase activity.

UL49�/vhsD213N-infected cells contained significantly higher
GAPDH mRNA levels than did vhsD213N-infected cells (Fig. 3).
This was also observed, although to a lesser extent, in comparing
UL49�- and UL49�/vhsFS-infected cells to WT- and vhsFS-in-
fected cells, respectively. These results indicated that the absence
of VP22 somehow decreased mRNA degradation in this experi-
ment. However, all evidence to date points to a role for VP22 in
negative, rather than positive, regulation of vhs’s RNase activity.
In the above-described assay, viral and cellular transcription were
inhibited by actinomycin D. Therefore, the reductions in GAPDH
mRNA levels in virus-infected cells relative to those in mock-
treated cells were due to RNase activity delivered from infecting
virions. The viral stocks used in these experiments were generated
on V49 cells, which express a much lower level of VP22 than is
expressed during WT infections (data not shown). We reasoned
that the decreased levels of VP22 present in V49 cells could lead to
decreased virion incorporation of vhs during stock production of
viruses carrying a UL49 deletion. Consequently, this would result
in decreased delivery of vhs upon experimental infection, leading
to the reduced RNase activity observed in UL49�, UL49�/vhsFS,
and UL49�/vhsD213N infections compared to that in WT, vhsFS,
and vhsD213N infections, respectively. To test this hypothesis, we
infected V49 cells with the WT, UL49�, vhsFS, UL49�/vhsFS,
vhsD213N, and UL49�/vhsD213N viruses and purified virions
from the infected cells (Fig. 4). Immunoblotting assays were per-
formed on the purified virions using an antibody specific to VP5 as
a loading control and an antibody specific to vhs to examine rel-
ative vhs levels (Fig. 4B and C). Consistent with our hypothesis, we
found that virion incorporation of vhs was significantly reduced in
UL49�/vhsD213N virions compared to that in vhsD213N virions
(P � 0.05), which potentially explains the difference in GAPDH

mRNA levels observed with these viruses in Fig. 3. Interestingly,
vhsFS and UL49�/vhsFS virions did not differ from each other in
vhs incorporation, but both contained significantly reduced levels
of vhs relative to those in WT virions (P � 0.04 and 0.02, respec-
tively). This finding suggests that the increased levels of GAPDH
mRNA in vhsFS- and UL49�/vhsFS-infected cells relative to that
in WT-infected cells may be due, at least in part, to decreased vhs
delivery. It is likely that the vhsFS mutation causes misfolding of a

FIG 3 Analysis of mRNA stability. Data represent the relative GAPDH mRNA
levels remaining in infected and mock-infected cells at 6 hpi in the absence of
transcription. Vero cells were mock treated or infected at an MOI of 10 PFU/
cell with the WT, UL49�, UL49�/vhsFS, or UL49�/vhsD213N virus for 6 h in
the presence of actinomycin D. Total RNA was purified, reverse transcribed,
and used as a template for qRT-PCR with primers specific to GAPDH mRNA.
Separate reactions were performed using primers specific to 5S rRNA as a
control to normalize for template input. GAPDH cDNA abundance, relative to
that for WT, was determined using the 2���CT method. Two independent
experiments were performed, each in triplicate. Values given are arithmetic
means; error bars represent 1 standard deviation.

FIG 4 Relative virion vhs levels. Virions were purified from V49 cells infected
with the WT, UL49�, vhsFS, UL49�/vhsFS, vhsD213N, or UL49�/vhsD213N
virus at an MOI of 0.005 PFU/cell and collected when CPE reached 100%. (A)
Proteins present in purified virions were separated by SDS-PAGE and stained
with Coomassie brilliant blue. Results are representative of three independent
experiments. (B) Virion proteins were also examined by immunoblotting us-
ing an antibody specific to VP5 followed by blot stripping and reprobing with
an antibody specific to vhs. The vhsFS mutation results in early translation
termination and, thus, faster migration during SDS-PAGE. Results are repre-
sentative of three independent experiments. (C) Immunoblot signals were
quantified, and the vhs signal on each blot was normalized to the correspond-
ing VP5 signal. Data were compiled from three independent experiments.
Values shown are arithmetic mean VP5-normalized vhs levels present in viri-
ons relative to those in the WT; error bars represent 1 standard deviation.
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large proportion of vhs expressed in vhsFS- and UL49�/vhsFS-
infected cells, leading to decreased incorporation of vhs into vhsFS
and UL49�/vhsFS virions and perhaps also causing a defect in
vhs’s RNase activity.

Characterization of viral gene expression at late times in in-
fection. We previously observed that mRNA levels were unaf-
fected at late times in UL49�-infected cells compared to those in
WT-infected cells (8), leading us to hypothesize that the defect in
protein synthesis seen in the absence of VP22 occurred at the
translational level. However, given our present data with the
UL49�/vhsD213N mutant showing that a defect in vhs’s RNase
activity can compensate for a lack of VP22 in protein synthesis,
we wanted to reexamine mRNA levels in UL49�-infected cells at
late times in infection. We first examined steady-state gE, gD, and
ICP8 protein levels in order to identify target mRNAs to quantify.
Vero cells were infected with the WT, UL49�, vhsFS, UL49�/
vhsFS, vhsD213N, and UL49�/vhsD213N viruses for 3, 6, 15, or 18
h. Cell lysates were separated by SDS-PAGE and used in immuno-
blotting assays with antibodies specific to gE, gD, and ICP8 (Fig.
5A and B). An antibody specific to �-actin was used as a loading
control. Steady-state gE and gD levels were greatly reduced in
UL49�-infected cells compared to those in all other infections,
whereas steady-state levels of ICP8 were only slightly reduced in
UL49�-infected cells. This experiment was also performed on
HeLa cells, with comparable results (data not shown).

We next examined gE, gD, and ICP8 mRNA levels via quanti-
tative real-time RT-PCR. Total RNA was purified from Vero cells
infected with the WT, UL49�, vhsFS, UL49�/vhsFS, vhsD213N,
and UL49�/vhsD213N viruses for 18 h. Following DNase I treat-
ment and reverse transcription, cDNAs were used in qRT-PCRs
with primers specific to gE, gD, and ICP8 mRNAs (Table 1). Sep-
arate reactions were performed with primers specific to 18S rRNA
to normalize for template input. The absence of VP22 resulted in
a small reduction in steady-state mRNA levels at 18 hpi with gE,
gD, and ICP8 mRNAs present in UL49�-infected cells at 57%,
25%, and 70%, respectively, of the levels present in WT-infected
cells (Fig. 5C). The difference in gD mRNA levels present in WT-
and UL49�-infected cells was statistically significant (P � 0.007),
whereas the differences in gE and ICP8 mRNA levels were not
significant. The decreased mRNA levels observed in UL49�-in-
fected cells were complemented by the vhsFS and vhsD213N sec-
ondary mutations, with mean mRNA levels in UL49�/vhsFS- and
UL49�/vhsD213N-infected cells being 1.8- to 4-fold higher than
those in WT-infected cells.

VP22 is required for WT levels of protein translation. Given
the relatively small extent to which mRNA levels were reduced in
the absence of VP22, we hypothesized that a reduction in transla-
tion efficiency also contributed to the protein shutoff observed at
late times in UL49� infections. Vero cells were either mock in-
fected or infected with the WT, UL49�, UL49�/vhsFS, and UL49�/
vhsD213N viruses for 18 h. Postmitochondrial supernatants pre-
pared in the presence of cycloheximide were separated by velocity
sedimentation through sucrose density gradients. Gradients were
driven through a UV-Vis continuous flow cell by the peristaltic
pump on a gradient fractionator to measure absorbance at 254 nm
across each gradient and then were fractionated as they exited the
flow cell. The distribution of gE mRNAs across each gradient was
also examined via Northern blotting assays performed on RNA
purified from the gradient fractions.

The UV absorbance profiles across each gradient are shown in

Fig. 6A. For controls to determine the gradient sedimentation
positions of dissociated ribosomal subunits, 80S ribosomes, and
polysomes, postmitochondrial supernatants from mock-treated
cells were prepared in the presence and absence of EDTA. Mock-
treated supernatants prepared in the presence of EDTA gave a
large absorbance peak in fractions 4 and 5 and low absorbance in
later fractions, where intact 80S ribosomes and polysomes sedi-
ment. In contrast, gradients of supernatants prepared from mock-
treated cells in the absence of EDTA displayed low absorbance
levels in fractions 4 and 5 and high absorbance in fractions 6 to 8,
correlating with 80S ribosomes, and in fractions 11 to 18, corre-
lating with polysome sedimentation. WT-infected cells contained
both 80S ribosomes and polysomes as indicated by absorbance
peaks in fractions 6 to 8 and 12 to 19, respectively. The WT-in-
fected cell 80S peak was larger and the polysome peak was smaller
than those in in mock-treated supernatants prepared in the ab-
sence of EDTA. This was expected, as translation is dampened in

FIG 5 Relative viral gene expression. (A and B) Vero cells were synchronously
infected at an MOI of 10 PFU/cell with the WT, UL49�, vhsFS (A), UL49�/
vhsFS (A), vhsD213N (B), or UL49�/vhsD213N (B) virus for the time periods
shown. Lysates from infected cells were analyzed for steady-state protein levels
by immunoblotting using antibodies specific to gE, gD, and ICP8. An antibody
specific to �-actin was used as a loading control. (C) Vero cells were synchro-
nously infected at an MOI of 10 PFU/cell with the WT, UL49�, vhsFS, UL49�/
vhsFS, vhsD213N, or UL49�/vhsD213N virus for 18 h. Total RNA was puri-
fied, reverse transcribed, and used as a template for qRT-PCR with primers
specific to gE, gD, and ICP8 mRNAs. Separate reactions were performed using
primers specific to 18S rRNA as a control to normalize for template input.
Transcript abundance, relative to that for the WT, was determined using the
2���CT method. Data are expressed as the means � standard errors of the
means of three independent experiments, each performed in triplicate.
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response to viral infection. Intriguingly, gradients from UL49�-
infected cells gave a large peak at fractions 6 to 8, but absorbance
was similar to that in mock-treated EDTA	 supernatant levels in
later fractions, indicating that the absence of VP22 results in re-
duced polysome levels. Both the vhsFS and the vhsD213N muta-
tions compensated for the absence of VP22, providing polysome
levels similar to those in WT-infected cell or mock-treated
EDTA� supernatants, respectively. Sharp spikes in the UV absor-
bance starting at fraction 16 were the result of air bubbles that
formed in the peristaltic pump tubing in denser regions of the
gradients.

To determine whether the reduced polysomes present in
UL49�-infected cell supernatants were due solely to the decreased
mRNA levels observed above (Fig. 5C) or whether an additional
defect in protein translation contributed, we quantified the distri-
bution of specific mRNAs across each gradient. Northern blotting
assays were performed on fractionated gradients from WT-,
UL49�-, UL49�/vhsFS-, and UL49�/vhsD213N-infected cells us-
ing a probe to gE mRNA and on fractionated gradients from
mock-treated cells using a probe to �-actin mRNA. The mRNA
signal from each fraction was calculated as a percentage of the total
signal across fractions 3 to 20 (Fig. 6B and C). Gradients of EDTA-
treated and untreated mock-infected supernatants served as con-
trols. �-Actin mRNA peaks corresponded to the 80S ribosome
and polysome areas of the gradient (fractions 6 and 11 to 18,
respectively) for untreated mock supernatants and to less-dense
areas of the gradient (fractions 4 to 7) for EDTA-treated mock
supernatants. In agreement with the absorbance measurements,
gE mRNAs were found in the 80S and polysome peaks of WT
gradients (fractions 6 to 8 and 12 to 19, respectively), with a larger
80S peak and a smaller polysome peak than those of mock super-
natants prepared without EDTA. Importantly, UL49� gradients
had a higher gE mRNA signal in the 80S region (fractions 6 to 8)
and a lower signal in the polysome region (fractions 12 to 19) than
did WT gradients, showing that the absence of VP22 causes a
defect in translation that is independent of mRNA abundance.
Both the UL49�/vhsFS and UL49�/vhsD213N gradients had large
gE mRNA signals in the polysome areas (fractions 12 to 19), show-
ing that the vhsFS and vhsD213N mutations compensated for the
absence of VP22 by increasing polysome assembly, as well as by
increasing mRNA levels.

DISCUSSION

Previous studies showed that the absence of VP22 results in a
shutoff of protein synthesis at late times in infection (8). In the
present study, we found that VP22 promotes both the accumula-
tion of viral mRNAs and the efficiency of translation at late times
in infection. Specifically, the absence of VP22 resulted in gE, gD,
and ICP8 mRNA levels that were reduced by 43%, 75%, and 30%,
respectively, compared to levels present in wild-type-infected
cells. The effect of VP22 on protein translation, independent of
mRNA abundance, was studied by quantifying the distribution of
mRNAs across polysome gradients. Of the gE mRNA present in
UL49�-infected cells, very little was associated with polysomes,
indicating that the absence of VP22 also results in reduced trans-
lation efficiency. Both the mRNA and translation defects observed
in UL49� infections were complemented by secondary mutations
in UL41. These findings strongly suggest that functional interplay
occurs between VP22 and vhs during wild-type HSV-1 infections.
Both VP22 and vhs interact directly with VP16, allowing for the

FIG 6 Analysis of translation efficiency. Postmitochondrial supernatants pre-
pared from Vero cells mock treated or infected at an MOI of 10 PFU/cell for 18
h with the WT, UL49�, UL49�/vhsFS, or UL49�/vhsD213N virus were sepa-
rated by 10% to 50% sucrose density centrifugation. Mock-treated superna-
tants were prepared in the presence and absence of EDTA. Gradients were
driven, top to bottom, through a UV-Vis continuous flow cell by the peristaltic
pump of a gradient fractionator. Gradients were fractionated as they exited the
flow cell. (A) UV absorbance profiles at 254 nm of fractions 3 to 20 from each
gradient. The top of the gradient is to the left, and the bottom is to the right.
Sharp spikes in the UV absorbance toward the bottom of the gradient were
caused by air bubbles that form in the peristaltic pump tubing in denser re-
gions of the gradient. Similar results were observed in three independent ex-
periments. (B and C) Distribution of mRNAs across gradient fractions col-
lected following UV absorbance measurements. RNA was extracted from
gradient fractions and analyzed by Northern blotting using probes specific to
gE (B) or �-actin (C). Bands were quantified on a phosphorimager, and the
signal in each fraction in a gradient was calculated as a percentage of the signal
across all fractions in that gradient to determine the distribution of the mRNAs
across the gradients. The graphs represent one of two independent, compara-
ble experiments.
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formation of a VP22-VP16-vhs tripartite complex (38). The func-
tional interplay between VP22 and vhs may occur via structure/
function changes upon complex formation. Alternatively, VP22
may act independently of complex formation to antagonize vhs’s
activities in mRNA degradation and/or translation suppression.

In addition to identifying roles for VP22 in regulating mRNA
abundance and protein translation at late times in infection, the
present study has also extended our understanding of vhs. Previ-
ous studies using transfected UL41 constructs and a lacZ reporter
system indicated that the vhsD213N mutation completely abro-
gated vhs’s RNase activity (11–13). Experiments performed here
in the context of viral infections showed that the D213N mutation
does not completely abolish vhs’s RNase activity but does reduce
mRNA degradation as well as compensate for the lack of VP22 in
translation efficiency in a manner independent of mRNA abun-
dance. The frameshift mutation at codon 284 of UL41 also com-
pensated for the lack of VP22 in polysome assembly, indicating
that the C-terminal region of vhs functions in translation suppres-
sion either directly or by contributing to correct vhs conformation
and overall functionality. A large proportion of mutant vhs pro-
duced in vhsFS-infected cells is likely misfolded with reduced or
abrogated functionality. A reduction in vhs activity caused by mis-
folding could result in the observed complementation of the UL49
deletion.

The vhs protein contains three domains predicted to be of high
importance to its function (11). The first two domains, comprised
of residues 1 to 103 and 165 to 265, share homology with mam-
malian, yeast, bacterial, and phage nucleases. The third domain is
comprised of residues 365 to 489 and, along with domains 1 and 2,
shares homology with UL41 homologues from other alphaherpes-
viruses. The frameshift mutation carried by the UL49�/vhsFS and
the vhsFS viruses is located between domains 2 and 3, directly
affecting the amino acid sequence of the third domain of vhs. We
found that GAPDH mRNA in cells infected with the vhsFS virus in
the presence of actinomycin D underwent less degradation than it
did in wild-type-infected cells. This may be at least partially ex-
plained by our finding that the truncated protein produced by the
vhsFS virus is incorporated into virions less efficiently than is full-
length vhs, thereby decreasing the amount of vhs delivered upon
infection. Mukhopadhyay et al. showed that the N-terminal 42
amino acids of vhs are sufficient for vhs membrane association
and virion incorporation (22). Our data indicate that vhs residues
284 to 489 are also important for virion incorporation, perhaps by
contributing to the conformational correctness of N-terminal re-
gions of the protein.

VP22 could increase mRNA abundance at late times in infec-
tion by promoting transcription, inhibiting mRNA degradation,
or both. For example, there is a growing body of evidence that
HSV-1 replication is regulated in part by nucleosome-based
mechanisms (reviewed in reference 23). VP22 may promote tran-
scription at late times in infection, when it is present in infected
cells in large amounts, via its interactions with the linker histone
H1, the core histone H4, or the H2A-H2B-specific histone chap-
erone template-activating factor I (32, 43). Alternatively, VP22
may increase mRNA abundance by protecting it from degradation
through its RNA-binding activity (34). Finally, as part of the
VP22-VP16-vhs complex, VP22 may aid VP16 in modulating
vhs’s RNase activity at late times in infection.

There are also a number of mechanisms by which VP22 could
promote protein translation at late times in infection. The data

presented here show that the absence of VP22 resulted in reduced
polysome levels and increased 80S ribosome levels, indicating that
once a ribosome is loaded, further initiation events are abrogated.
This effect was reversed by the vhsFS and vhsD213N secondary
mutations and could occur by a number of different mechanisms.
For example, a translation initiation-elongation transition defect
would result in increased 80S ribosome levels and could be caused
by a reduced abundance of translation elongation factors. In this
scenario, VP22 would act to modulate vhs’s RNase activity to
maintain necessary levels of key cellular mRNAs and proteins,
such as elongation factors. The absence of VP22 could then be
complemented by secondary mutations that decrease vhs’s RNase
activity. Alternatively, VP22 may be necessary to protect the 5=
UTR from vhs cleavage following translation initiation. In this
scenario, cleavage of 5= UTRs in the absence of VP22 would abro-
gate further 5= cap-dependent translation initiation events on the
affected mRNAs, leading to an increase in 80S ribosomes and de-
creased protein synthesis. In our favored model, VP22 and VP16
interact with vhs during translation initiation and together serve
to modulate vhs’s RNase activity, thereby protecting 5= UTRs
from vhs cleavage. Future studies will focus on testing this model
and identifying the mechanism(s) by which VP22 regulates
mRNA abundance and protein translation at late times in infec-
tion.
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