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ABSTRACT

We recently demonstrated that the virion host shutoff (vhs) protein, an mRNA-specific endonuclease, is required for efficient
herpes simplex virus 1 (HSV-1) replication and translation of viral true-late mRNAs, but not other viral and cellular mRNAs, in
many cell types (B. Dauber, J. Pelletier, and J. R. Smiley, J. Virol. 85:5363–5373, 2011, http://dx.doi.org/10.1128/JVI.00115-11).
Here, we evaluated whether the structure of true-late mRNAs or the timing of their transcription is responsible for the poor
translation efficiency in the absence of vhs. To test whether the highly structured 5= untranslated region (5=UTR) of the true-late
gC mRNA is the primary obstacle for translation initiation, we replaced it with the less structured 5=UTR of the �-actin mRNA.
However, this mutation did not restore translation in the context of a vhs-deficient virus. We then examined whether the timing
of transcription affects translation efficiency at late times. To this end, we engineered a vhs-deficient virus mutant that tran-
scribes the true-late gene US11 with immediate-early kinetics (IEUS11-�Sma). Interestingly, IEUS11-�Sma showed increased
translational activity on the US11 transcript at late times postinfection, and US11 protein levels were restored to wild-type levels.
These results suggest that mRNAs can maintain translational activity throughout the late stage of infection if they are present
before translation factors and/or ribosomes become limiting. Taken together, these results provide evidence that in the absence
of the mRNA-destabilizing function of vhs, accumulation of viral mRNAs overwhelms the capacity of the host translational ma-
chinery, leading to functional exclusion of the last mRNAs that are made during infection.

IMPORTANCE

The process of mRNA translation accounts for a significant portion of a cell’s energy consumption. To ensure efficient use of
cellular resources, transcription, translation, and mRNA decay are tightly linked and highly regulated. However, during virus
infection, the overall amount of mRNA may increase drastically, possibly overloading the capacity of the translation apparatus.
Our results suggest that the HSV-1 vhs protein, an mRNA-specific endoribonuclease, prevents mRNA overload during infection,
thereby allowing translation of late viral mRNAs. The requirement for vhs varies between cell types. Further studies of the basis
for this difference likely will offer insights into how cells regulate overall mRNA levels and access to the translational apparatus.

Herpes simplex virus 1 (HSV-1) is a large enveloped nuclear
DNA virus. Like all viruses, HSV-1 critically depends on the

translation machinery of the host cell to synthesize its more than
70 encoded proteins. Therefore, it is not surprising that HSV-1
employs several strategies to stimulate viral protein synthesis, in-
cluding directly enhancing translation initiation, preventing
global shutdown of translation by host stress kinases, and reduc-
ing competition from cellular mRNAs for the translation machin-
ery (reviewed in references 1 and 2).

Translation of most transcripts is cap dependent and initiated by
the cap-binding complex eIF4F (composed of eIF4E, eIF4G, eIF4A,
eIF4B, and eIF4H) binding to the mRNA 5= m7G-cap via its eIF4E
subunit. Bound eIF4G recruits the 43S preinitiation complex (con-
taining the 40S ribosomal subunit and additional eIFs), which scans
the mRNA 5= untranslated region (UTR) to locate the start codon.
The 60S ribosomal subunit then joins to form a translation-compe-
tent 80S ribosome. Scanning is facilitated by the RNA helicase activity
of eIF4A, which unwinds secondary structures in the 5=UTR in col-
laboration with the helicase cofactors eIF4B and eIF4H. Actively
translated mRNAs are thought to form a closed-loop structure
bridged by interactions between eIF4G and PABP bound to the 3=
poly(A) tail of the mRNA (reviewed in reference 3).

Three HSV-1 proteins have been shown to enhance assembly
of the cap-binding complex. The viral Ser/Thr kinase US3 acti-
vates mTORC1 to hyperphosphorylate eIF4E-BP, which then re-

leases eIF4E (4). The cap-binding capacity of eIF4E can be in-
creased further through p38-mnk signaling triggered by ICP27 (5,
6). Also, the viral protein ICP6 enhances the interaction of eIF4E
and eIF4G (7).

Cellular stress kinases, such as the double-stranded RNA (dsRNA)-
dependent kinase PKR or the endoplasmic reticulum (ER) stress
kinase PERK, block translation initiation by phosphorylating
translation initiation factor eIF2� in an attempt to curb viral gene
expression (reviewed in reference 8). However, the HSV-1 pro-
teins ICP34.5, US11, and gB counteract this global shutdown of
protein synthesis by directing the cellular phosphatase PP1a to
dephosphorylate eIF2�, inhibiting the activation of PKR and pre-
venting the activation of PERK, respectively (9–11).

Lastly, HSV-1 significantly alters the cellular translation profile
by crippling cellular gene expression and flooding the cell with
viral transcripts. The virion host shutoff (vhs) protein, encoded by

Received 8 May 2014 Accepted 4 June 2014

Published ahead of print 11 June 2014

Editor: L. Hutt-Fletcher

Address correspondence to James R. Smiley, jim.smiley@ualberta.ca.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01350-14

9624 jvi.asm.org Journal of Virology p. 9624 –9632 September 2014 Volume 88 Number 17

http://dx.doi.org/10.1128/JVI.00115-11
http://dx.doi.org/10.1128/JVI.01350-14
http://jvi.asm.org


the gene UL41, plays a crucial role in this viral take-over. vhs is an
RNase that enters the cell as part of the tegument and destabilizes
most cellular and viral mRNAs (reviewed in reference 12). It tar-
gets actively translating mRNAs through its interaction with the
helicase isoforms eIF4AI and eIF4AII, as well as the helicase cofac-
tors eIF4H and eIF4B (13–17). The cellular RNase XrnI contrib-
utes to the vhs-mediated mRNA decay (18). This attack on cellular
transcripts has two main effects: stunting the antiviral immune
response (reviewed in references 19 and 20) and reducing compe-
tition for the translation machinery to enhance access for viral
mRNAs. vhs also destabilizes viral mRNAs. Although seemingly
counterintuitive, this degradation it is thought to sharpen the
transitions between immediate-early (IE), early (E), leaky-late
(L1), and true-late (L2) gene expression, thereby further reducing
the amount of mRNAs that compete for translation initiation.
Late during infection the RNase activity of vhs is dampened
through interaction with the tegument proteins VP22, VP16, and
possibly UL47 (21–26). These interactions may also facilitate in-
corporation of vhs into the tegument of progeny virions.

Although the mRNA destabilizing activity of vhs and its role in
immune evasion are well documented, until recently the impor-
tance of vhs for viral gene expression was unclear. In addressing
this issue, we have previously provided two lines of evidence that
vhs is able to stimulate mRNA translation. First, we showed that
vhs increases translation of the second cistron driven by several
internal ribosome entry site (IRES) elements or viral 5=UTRs in a
bicistronic reporter gene assay (27). Second, we established that
vhs is crucial for translation of viral true-late (L2) mRNAs and for
efficient virus replication in several cell types (28). In the latter
study, we found that levels of true-late proteins, such as gC, US11,
and UL47, were reduced in HeLa cells and several other cell types
infected with vhs-deficient HSV-1 due to impaired translation of
the respective mRNAs independent of eIF2� phosphorylation.
The concomitant accumulation of inactive translation initiation
complexes in restrictive cells in the absence of vhs triggered for-
mation of stress granules. Strikingly, translation of earlier viral
transcripts and cellular RNAs, such as �-actin mRNA, was not
affected, even at late times postinfection, when translation of viral
true-late mRNA was severely impaired.

In contrast to the situation in HeLa cells and other restrictive
cell lines, vhs is not required for translation of viral true-late
mRNAs or efficient virus replication in Vero cells (28). Although
the molecular basis for this striking cell type difference remains
unclear, it is possible that HeLa and Vero cells differ in the resil-
ience of their translational apparatus and/or their ability to con-
trol overall mRNA levels during HSV infection. Consistent with
the former possibility, we found that viral protein synthesis is
substantially more sensitive to eIF4A inhibition by hippuristanol
in HeLa cells than in Vero cells (28). This result suggests that
eIF4A activity is limiting in HeLa cells.

In the present communication, we evaluated two possible models
to explain why only viral true-late mRNAs depend on vhs for efficient
translation during infection of restrictive HeLa cells. Both are based
on the assumption that access to the translation machinery is limited
at late times during infection with vhs-deficient HSV-1 due to accu-
mulation of higher-than-normal amounts of mRNA. One model
proposes that the highly structured 5=UTRs of HSV true-late mRNAs
present an obstacle to translation initiation in the absence of vhs. The
second model instead proposes that mRNA structure plays little, if
any, role and that late mRNAs are functionally excluded from poly-

somes, because they accumulate after the cellular translational ma-
chinery has been overwhelmed by the accumulation of excess mRNA
earlier during infection. We present evidence supporting the latter
hypothesis.

MATERIALS AND METHODS
Cells. HeLa (cervical carcinoma) and Vero (African green monkey kid-
ney) cells were maintained in Dulbecco’s modified Eagle medium supple-
mented with 10% or 5% heat-inactivated fetal bovine serum, 100 U/ml
penicillin, and 100 �g/ml streptomycin. Medium for Cre-Vero cells, sta-
bly expressing Cre recombinase, contained additional hygromycin B (400
�g/ml) to maintain the transgene.

Viruses. The wild-type (wt) HSV-1 strain KOS37 was derived from
the bacterial artificial chromosome (BAC) containing the genome of
KOS37 (29), obtained from David Leib. Recombinant viruses designed for
this study were created using the KOS37 BAC and a kanamycin/strepto-
mycin dual selection marker (30) or en passant mutagenesis (31). The new
BACs then were transfected into Cre-Vero cells to generate infectious viral
particles. Viruses were passaged on Cre-Vero cells to remove the BAC
sequence from the viral genome.

To generate the gC 5=UTR exchange mutants 1-140, 21-140, and 41-
140, the kanamycin/streptomycin selection marker cassette was PCR am-
plified from the plasmid pSK� KanaRpsL using the oligonucleotides
JRS673 and JRS681 (Table 1). This PCR fragment was used to replace the
coding sequence for the gC 5=UTR from positions �41 to �140 of the
KOS37 BAC using the recombineering protocol described previously
(30). The selection marker cassette and the remaining portion of the gC
5=UTR then was replaced by PCR fragments coding for the �-actin 5=UTR
using the same protocol. The DNA fragments were generated by PCR
amplification using the overlapping oligonucleotide pairs JRS675/JRS676
(41-140), JRS706/JRS676 (21-140), and JRS707/JRS676 (1-140) (Table 1).

The virus mutant IEUS11 was created using en passant mutagenesis
(31). The selection marker cassette I-SceI-AphAI was PCR amplified from
pEP-KanS using oligonucleotides JRS842 and JRS843 (Table 1) and intro-
duced into the KOS37 BAC, relocating the coding region from down-
stream of the US12 TATA box to downstream of the US11 TATA box. The
marker cassette was seamlessly removed by in vivo I-SceI cleavage as de-
scribed in reference 31.

A 588-nucleotide deletion in the UL41 open reading frame (ORF),
exactly as described in the original KOS-derived �Sma virus (32), was
introduced into the KOS37 BAC and the BACs of 1-140, 21-140, 41-140,
and IEUS11 to generate the KOS37 derivatives �Sma, 1-140-�Sma, 21-
140-�Sma, 41-140-�Sma, and IEUS11-�Sma. First, the kanamycin/
streptomycin selection marker cassette (30) was PCR amplified from the
plasmid pSK� KanaRpsL using the oligonucleotides JRS781 and JRS782
and introduced into the respective BACs, creating a deletion in the UL41
ORF. The cassette then was seamlessly replaced by a DNA fragment cre-
ated by annealing the oligonucleotides JRS783 and JRS784 (Table 1).

Viruses were propagated and the titers were determined in Vero cells.
Virus absorption, infection, and mock infections were carried out at 37°C
at a multiplicity of 10 PFU/cell.

Drug treatments. Phosphonoacetic acid (PAA; Sigma) was used at
300 �g/ml starting at 1 h postinfection (hpi) to inhibit viral DNA replica-
tion. Cycloheximide (CHX) was used at 100 �g/ml. Cells were pretreated
for 30 min prior to infection and treated over the course of the infection.

Western blot analysis. Mock-infected and infected cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer (1% IGEPAL CA-630,
150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.1% SDS, 0.25%
sodium deoxycholate, 1� Roche protease inhibitor, 10 mM Na-�-glycer-
ophosphate, 2 mM Na3VO4, 1 mM NaF). Cleared lysates were analyzed by
8% or 11% SDS-PAGE, transferred to a nitrocellulose membrane (Hy-
bond ECL; Amersham), and immunoblotted with primary antibodies
specific for the HSV-1 proteins gC (mouse; P1104; Virusys Corporation),
gB (mouse; P1123; Virusys Corporation), ICP4 (mouse, P1101; Virusys
Corporation), ICP27 (mouse; P1113; Virusys Corporation), ICP34.5
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(rabbit; gift from Ian Mohr), US11 (mouse; gift from Ian Mohr), UL47
(rabbit; gift from Gillian Elliott), thymidine kinase (TK; rabbit; gift of
William C. Summers), and VP16 (mouse; LP1; gift from Tony Minson)
and the cellular proteins �-actin (mouse; A5441; Sigma), phospho-eIF2�
(rabbit; 9721; Cell Signaling), and eIF2� (rabbit; 9722; Cell Signaling).
Primary antibodies were detected by suitable secondary antibodies cou-
pled to Alexa Flour 680 (Invitrogen) or IRDye800 (Rockland) using the
Odyssey infrared imaging system (LICOR).

RNA extraction and Northern blot analysis. Total RNA was isolated
from cells in 35-mm culture dishes using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. RNA samples (10 �g) were
subjected to 1.2% agarose-formaldehyde gel electrophoresis, visualized by
SYBR Gold staining, and transferred to a Genescreen membrane (NEN).
Hybridizations of gC, US11, and TK probes, radiolabeled with 32P by
random priming, were performed using ExpressHyb (Clontech) accord-
ing to the user’s manual. The gC and US11 probes were generated by PCR
amplification of viral DNA using the primers 5= CCCAAACCCAAGAAC
AACAC and 5=-TGTTCGTCAGGACCTCCTCT (gC), 5=-GGCGACCCA
GATGGTTACTT and 5=-GCGAGCCGTACGTGGTTC (US11), or 5=-G
CTTCGTACCCCTGCCATCA and 5=-GGTCATGCTGCCCATAAGG
TATC (TK). Signals were analyzed with the Fujifilm FLA-5100 phosphorimager
and Image Gauge, version 4.22.

Polysome analysis. HeLa or Vero cells growing in two 100-mm cul-
ture dishes were infected with KOS37, �Sma, IEUS11, or IEUS11-�Sma
virus at a multiplicity of infection (MOI) of 10. Cells were lysed at 12 hpi in
lysis buffer (250 mM sucrose, 25 mM KCl, 5 mM MgCl2, 50 mM Tris-HCl,
pH 7.4, 0.5% Triton X-100, 100 �g/ml cycloheximide, RNaseOUT). Cleared
lysates were layered onto gradients of 10 to 50% sucrose solution in 50 mM
Tris-HCl, pH 7.4, 25 mM KCl, 1.5 mM MgCl2, 100 �g/ml cycloheximide, 2
mM dithiothreitol (DTT), and RNaseOUT and centrifuged in an SW40 rotor
for 105 min at 38,000 rpm and 4°C. Twenty fractions were collected from the
top of the gradient. Samples were Proteinase K treated and RNA was phenol-
chloroform extracted. Half of each RNA sample was subjected to Northern
blot analysis as described above to determine the distribution of selected
mRNA species across the gradient.

RESULTS
Experimental rationale and design of test viruses. We previously
demonstrated that the mRNAs encoding the true-late (L2) pro-
teins gC and US11 are poorly translated in HeLa cells infected with
vhs-deficient HSV-1 (�Sma), while translation of earlier viral

mRNA species as well as cellular mRNAs is not affected (28). It is
well established that infection with a vhs-deficient virus leads to
accumulation of higher levels of viral and cellular mRNAs than
occurs during wild-type infection (33–35). This accumulation of
mRNA could lead to increased competition between mRNAs for
access to the translation machinery. As outlined in the introduc-
tion, we considered two possible models to account for the poor
translation of HSV true-late mRNAs in the absence of vhs. The
first suggests that the highly structured 5=UTRs of HSV true-late
mRNAs imposes a barrier to initiation under conditions of mRNA
competition, whereas the second suggests instead that true-late
mRNAs are disadvantaged because they accumulate after the cel-
lular translational apparatus has been overwhelmed by mRNAs
produced earlier during infection. We tested the first hypothesis
by monitoring the effects of reducing the secondary structure of
the gC mRNA 5=UTR (Fig. 1A) and evaluated the second by scor-
ing the effects of expressing the L2 US11 mRNA at earlier times
postinfection by placing it under the control of an IE promoter
(Fig. 1B).

HSV DNA is GC rich (68%); therefore, HSV 5=UTRs tend to be
relatively structured. For example, the gC and US11 mRNA
5=UTRs display predicted free energies (�Gs) of 	63 and 	81
kcal/mol, respectively, whereas the cellular �-actin mRNA con-
tains a 5=UTR with little secondary structure (�G 
 	10 kcal/mol
by Mfold). Translation of mRNAs with highly structured 5=UTRs
is more dependent on eIF4A helicase function than translation of
mRNAs with relatively unstructured 5=UTRs (36–38), and we pre-
viously found that accumulation of L2 proteins is highly suscep-
tible to inhibition by the eIF4A inhibitor hippuristanol (28).
Therefore, we reasoned that HSV-1 L2 mRNAs are at a relative
disadvantage due to their structured 5=UTRs when competition
for translation factors is high, such as during the late phases of
vhs-null infection of HeLa cells. To test this hypothesis, we created
viral mutants in which the gC 5=UTR is replaced by the 75-nucle-
otide-long �-actin 5=UTR (Fig. 1A). The replacement was either
complete (from the transcription start site at �1 up to the start
codon at �140, �G � 	10 kcal/mol) or partial (for positions �21

TABLE 1 Primers used for generating the viruses �Sma, 1-140, 1-140-�Sma, 21-140, 21-140-�Sma, 41-140, 41-140-�Sma, IEUS11, and IEUS11-
�Sma

Name Sequence 5=–3=
JRS781 TGCCTTTTCCAACATGCGCCGGCGCGGCACCTCTCTGGCCTCGGGGACCCAAGCTTCACGCTGCCGCAAG
JRS782 GGGGATCCAGGGGGAGGTCCTCGTCGTCTTCGTATCCGCCGGCGATCTGTGAACTAGTGGATCCCCCCGA
JRS783 TGCCTTTTCCAACATGCGCCGGCGCGGCACCTCTCTGGCCTCGGGGACCCGGGACGTTACCGGGGGCCACCCCGGCCCCAGGTC

GTCCTCCTCGGAGATA
JRS784 TATCTCCGAGGAGGACGACCTGGGGCCGGGGTGGCCCCCGGTAACGTCCCGGGTCCCCGAGGCCAGAGAGGTGCCGCGCCGGC

GCATGTTGGAAAAGGCA
JRS673 GGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCAAGCTTCACGCTGCCGCAAG
JRS681 CACAACAGGCTCCAGAGGACCACGGCAAGGCCCACCCGCCCCGGGGCCATGAACTAGTGGATCCCCCCGA
JRS675 GGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCGTCTCAGTCGCCGCTGCCAGCTCTCGCACTCTGT

TCTTCCGCCGCTCCGC
JRS676 CACAACAGGCTCCAGAGGACCACGGCAAGGCCCACCCGCCCCGGGGCCATTGCGACCGGCAGAGAAACGCGACGGCGGAGCGG

CGGAAGAACAG
JRS706 TAAATTCCGGAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTGTCTCAGTCGCCGCTGCCAGCTCTCGCACTCTGT

TCTTCCGCCGCTCCGC
JRS707 CCCCGGATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGCTACCCTGTCTCAGTCGCCGCTGCCAGCTCTCGCACTCTGT

TCTTCCGCCGCTCCGC
JRS842 ACCCGGGCGGCGGGGGGCGGGTCTCTCCGGCGCACATAAAAGGGGGCGTGAGGACCGGGATAGGGATAACAGGGTAATCGATTT
JRS843 GCACGGCGGTTCTGGCCGCCTCCCGGTCCTCACGCCCCCTTTTATGTGCGCCGGAGAGACGCCAGTGTTACAACCAATTAACC
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to �140 or �41 to �140, �Gs of 	22 and 	32 kcal/mol, respec-
tively) (Fig. 1A). The partial replacements were introduced be-
cause of earlier reports describing regulatory elements in the 5=
noncoding region of the gC/UL44 gene that affect transcription
(39, 40). All virus mutants were created using a bacterial artificial
chromosome (BAC) containing the genome of the KOS37 strain
(wt) or vhs-deficient KOS37 (�Sma) and are named according to
their respective mutations: 1-140, 1-140-�Sma, 21-140, 21-140-
�Sma, 41-140, and 41-140-�Sma.

We also considered the possibility that the timing of L2 tran-
scription rather than mRNA structure was responsible for the
poor translation of true-late mRNAs in the absence of vhs. Ac-
cording to this model, without the mRNA-destabilizing activity of
vhs, one or more limiting translation factors are sequestered by
cellular and viral IE and E mRNAs, hindering translation of
mRNAs made during the later stages of infection. To test this
hypothesis, we examined the effects of driving accumulation of an
L2 mRNA at earlier times postinfection on its translation in the
absence of vhs. We first sought to create an IE-gC virus by fusing

the IE ICP27 promoter to gC coding sequences. However, this
virus failed to accumulate appreciable levels of gC mRNA prior to
the onset of viral DNA replication (data not shown), perhaps due
to the presence of negatively acting posttranscriptional control
sequences within gC coding sequences (41, 42); therefore, it was
not suitable for our study. As an alternative strategy, we created
IEUS11 viral mutants that contain the L2 US11 ORF under the
control of the immediate-early promoter of the US12 gene (Fig.
1B). The IEUS11 and IEUS11-�Sma mutants were constructed by
deleting the viral DNA sequences extending downstream of the
US12 TATA box to downstream of the US11 TATA box, similar to
a deletion found in a virus mutant described earlier (10). These
mutants lack most of the US12 ORF coding for the ICP47 protein.
However, as ICP47 is involved in immune evasion by downregu-
lating antigen presentation by major histocompatibility complex
class 1 (MHC-I), it is dispensable for virus replication in cell cul-
ture (43).

Replacing the 5=UTR does not change the expression kinetics
of the gC transcript. Earlier reports have shown that the 5= non-
coding region of the gC gene contains regulatory sequences that
are necessary for optimal expression from the gC promoter (39,
40). Therefore, we performed Northern blot analysis to test
whether the UTR exchange mutants still were able to transcribe gC
mRNA and whether gC mRNA accumulated with true-late kinet-
ics. HeLa cells were infected with KOS37 (wt) and the vhs-defi-
cient mutant �Sma, as well as with the vhs-competent and vhs-
deficient versions of the UTR mutants 1-140, 21-140, and 41-140,
at an MOI of 10 for 12 h. All viruses accumulated gC mRNA of the
predicted size (albeit to varied levels), and RNA levels were se-
verely reduced by treating infected cells with phosphonoacetic
acid (PAA), which inhibits viral DNA replication and transcrip-
tion of true-late genes (Fig. 2A). These data confirmed that the
UTR replacement did not change the expression kinetics of gC. All
of the gC UTR mutants displayed lower levels of gC mRNA than
the wild-type virus (quantified in Fig. 2C). In contrast to the 21-
140 and 41-140 substitution mutants, which accumulated ap-
proximately equivalent levels of gC mRNA in the presence and
absence of vhs (ca. 40 to 55% of wild-type levels), the 1-140-�Sma
isolate displayed markedly reduced gC mRNA levels relative to its
vhs� counterpart (23% versus 82% of wild-type levels). This re-
duction likely does not stem from either the UTR exchange or the
vhs mutation, as this isolate also displayed lower levels of US11
and TK mRNA than any of the other vhs-deficient viruses. These
findings suggest that the 1-140-�Sma virus acquired one or more
additional mutations that reduce viral gene expression during
BAC recombineering or plaque passaging. Consistent with previ-
ous work (33–35), �Sma and the vhs-deficient 21-140 and 41-140
exchange mutants displayed markedly elevated levels of the IE
US12 and E TK mRNAs, as well as somewhat elevated levels of the
L2 gC and US11 mRNAs, relative to their wild-type counterparts
(Fig. 2B). This finding likely reflects the well-established ability of
vhs to destabilize viral mRNAs belonging to all three kinetic
classes (33–35).

Secondary structure of the gC mRNA 5=UTR is not responsi-
ble for reduced translation in the absence of vhs. We next ana-
lyzed viral protein accumulation to determine if replacing the gC
mRNA 5=UTR with that of �-actin mRNA rescued gC protein
expression of HeLa cells in the absence of vhs. HeLa and Vero cells
were infected with wt and �Sma viruses and the vhs-competent
and vhs-deficient pairs of the UTR mutants 1-140, 21-140, and

FIG 1 Schematic diagram of the viral genes mutated to study the effect of UTR
structure (A) and expression kinetics (B) on translational activity in wild-type
or vhs-null HSV-1. (A) The DNA coding for the 5=UTR of the UL44 mRNA
was replaced completely (1-140) or partially (21-140 and 41-140) with DNA
coding for the �-actin 5=UTR. (B) The region downstream of the US12 TATA
box was deleted, including the US11 TATA box, to put the transcription of the
US11 gene under the control of the IE US12 promoter.
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41-140 at an MOI of 10. Cells were lysed 12 hpi and analyzed by
Western blotting with antibodies for representative proteins of all
kinetic classes (Fig. 2B). Accumulation of the viral proteins ICP4
and ICP27 (IE), TK (E), and ICP34.5 (L1) was comparable be-
tween the wt and mutants in both HeLa and Vero cells, while
glycoprotein B (L1) was reduced. As previously reported, US11
and gC showed severely reduced accumulation in HeLa cells in-
fected with �Sma, while accumulation was comparable between
infections with vhs-competent and vhs-deficient viruses in Vero
cells. All of the vhs-competent gC UTR substitution mutants ac-
cumulated essentially wild-type levels of gC protein in HeLa cells,
and these levels were severely reduced in the corresponding vhs-
null derivatives. In Vero cells, gC protein reached comparable
levels in all infections. Although the amount of gC mRNA in HeLa
cells infected with 1-140-�Sma was only 28% of that in 1-140-
infected cells (Fig. 2C), Western blotting detected only about 2%
of the levels of gC protein obtained in 1-140-infected HeLa cells
(Fig. 2D). Thus, translation of the 1-140 mRNA is severely im-
paired in HeLa cells in the absence of vhs. It is interesting that
although the gC mRNA levels in HeLa cells infected with vhs-
competent 21-140 and 41-140 were only about 40% of that in
wt-infected cells, the amount of gC protein detected was compa-
rable to that of the wt (Fig. 2D). This observation suggests that the
translation machinery is working at close to capacity in HeLa cells
infected with wild-type HSV. Overall, our characterization of the
UTR exchange mutants suggests that the structure of the 5=UTR of
the gC mRNA is not the reason for the low translational activity in
HeLa cells infected with vhs-deficient HSV-1. We assume that the
reduced translation of other L2 gene products observed in the
absence of vhs also is independent of their 5=UTR structures.

IEUS11 mutants express US11 with immediate-early kinet-
ics. As described above, the IEUS11 mutants contain a deletion
that places the US11 ORF in juxtaposition to the IE US12 pro-
moter (Fig. 1B). Based on previous work (10), this mutation
should lead to IE expression of US11 and abrogate US12 mRNA.
To determine the expression kinetics of the US11 ORF in wt-,
�Sma-, IEUS11-, and IEUS11-�Sma-infected HeLa cells, we
treated the cells with cycloheximide (CHX) and PAA (Fig. 3A).
While transcription of early genes depends on newly transcribed
IE gene products, IE genes are transcribed even when translation is
blocked by CHX. Expression of L2 genes is blocked by PAA treat-
ment. Northern blot analysis of RNA extracted at 3 hpi from in-
fected HeLa cells left untreated or treated with CHX demonstrated
that IEUS11 and IEUS11-�Sma express US11 mRNA with IE ki-
netics (Fig. 3A). PAA treatment of cells infected for 12 h confirmed
that wt and �Sma viruses expressed US11 with true-late kinetics.
The US11-specific probe also hybridizes to the US12 mRNA, and
we confirmed that, as expected, the IEUS11 mutants do not accu-
mulate US12 mRNA. Accumulation of the E TK mRNA was in-
hibited by CHX, confirming that CHX was active. The Northern
blot also shows that US11 mRNA is transcribed throughout the
whole replication cycle in IEUS11-infected cells, as the mRNA
signal was strongest in infections that were allowed to proceed for
12 h without PAA treatment.

Immediate-early US11 transcripts are translated late during
infection without dependency on vhs. We next performed West-
ern blot analyses of HeLa and Vero cells infected with wt, �Sma,
IEUS11, and IEUS11-�Sma viruses. Accumulation of the viral
proteins ICP4 and ICP27 (IE), TK (E), and ICP34.5 (L1) at 12 hpi
was comparable between all viruses in both HeLa and Vero cells

FIG 2 Analyses of viral mRNA and protein levels. (A) The UTR exchange
mutants transcribe gC mRNA with true-late kinetics. HeLa cells were mock
treated or infected with wt, �Sma, 1-140, 1-140-�Sma, 21-140, 21-140-�Sma,
41-140, and 41-140-�Sma viruses at an MOI of 10 and were left untreated or
treated with PAA, respectively. RNA was extracted at 12 hpi and analyzed by
Northern blotting with probes specific for US11, TK, and gC. (B) UTR mu-
tants do not show increased translation of gC. HeLa or Vero cells were mock
treated or infected with wt, �Sma, 1-140, 1-140-�Sma, 21-140, 21-140-�Sma,
41-140, and 41-140-�Sma viruses at an MOI of 10. Cells were lysed at 12 hpi
and analyzed by Western blotting with the indicated antibodies. (C and D)
Quantification of the relative levels of gC mRNA (C) and protein (D) in in-
fected HeLa cells at 12 hpi. Values represent averages from 3 independent
experiments.
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(Fig. 3B). Interestingly, ICP34.5 levels were not reduced in PAA-
treated cells, indicating that its expression is regulated more like
an early gene than a late gene. As expected, levels of VP16 and gB
(L1) as well as UL47, vhs, gC, and US11 (L2) were comparable in
wt- and �Sma-infected Vero cells. Expression of leaky-late pro-
teins was significantly reduced, while that of true-late proteins was
severely impaired in �Sma-infected HeLa cells compared to wt-
infected HeLa cells (Fig. 3B). PAA treatment confirmed the leaky-
late and true-late expression kinetics of the respective proteins

(Fig. 3B). In accordance with the IE expression profile of US11
mRNA in cells infected with IEUS11 mutants (Fig. 3A), we also
detected US11 protein in PAA-treated HeLa and Vero cells in-
fected with IEUS11 and IEUS11-�Sma (Fig. 3B). This observation
demonstrates that translation of the US11 mRNA prior to the start
of replication does not depend on vhs activity. Furthermore, in-
fection with vhs-competent and vhs-deficient IEUS11 mutants led
to accumulation of high levels of US11 protein in untreated HeLa
and Vero cells. Comparing PAA-treated and untreated cells, we
saw an equal increase in US11 protein levels for vhs-competent
and vhs-deficient IEUS11 mutants. This increase most likely is due
to translation during the late stage of infection, supporting our
hypothesis that earlier transcription of US11 mRNA can reverse
the translation inhibition at late times in �Sma virus infection.

US11 has been shown to inhibit the eIF2� kinase PKR, and IE
expression of US11 has been shown to functionally compensate
for the deletion of ICP34.5 during HSV-1 infection (10, 44). How-
ever, we found that phosphorylation of eIF2� was comparable
between �Sma- and IEUS11-�Sma-infected HeLa cells (Fig. 3B).
Moreover, the levels were comparable to those observed during
wild-type infection. These observations are in accordance with
our previous conclusion that reduced translation of late mRNAs
in the absence of vhs is not due to enhanced eIF2� phosphoryla-
tion (28). These findings differ from previous reports of increased
eIF2� and PKR phosphorylation in the absence of vhs (35, 45). It
is possible that these differences reflect the different cell types used
(mouse embryonic fibroblasts and a human fibrosarcoma cell
line, whereas we used HeLa cells in the present study). Further-
more, other stress kinases, such as PERK, HRI, and GCN2, could
contribute to the phosphorylation of eIF2�. The contribution of
these kinases to the phosphorylation status of eIF2� will be ad-
dressed in future studies.

Interestingly, the levels of the L2 UL47 and gC proteins were
moderately increased in IEUS11-�Sma-infected HeLa cells com-
pared to those of �Sma-infected cells, although not to the levels
observed during infection with the vhs-competent virus (Fig. 3B).
At least for gC, this increase does not appear to be due to higher
mRNA levels (Fig. 3A, bottom).

Taken in combination, these results indicate that early expres-
sion or overexpression of US11 restored US11 protein levels in
IEUS11-�Sma-infected HeLa cells to wild-type levels and also
boosted accumulation of other late gene products, albeit to a
much lesser degree.

US11 mRNA from the IEUS11-�Sma mutant is translation-
ally active at late times postinfection. To directly assess the trans-
lational activity of US11 and gC mRNAs, we performed polysome
analyses. We infected HeLa cells with wt, �Sma, IEUS11, or
IEUS11-�Sma virus, prepared lysates at 12 hpi, and analyzed
polysome profiles by sucrose density centrifugation. RNA was ex-
tracted from fractions 1 to 20 (top to bottom) and subjected to
agarose gel electrophoresis. Staining of rRNA with SYBR Gold
showed that 40S ribosomal subunits are found in fractions 3 and 4,
60S-80S complexes are found in fractions 5 to 7, and higher-num-
bered fractions represent polysomes (data not shown). The RNA
was further analyzed by Northern blotting with probes specific for
gC and US11 mRNA and quantified by scanning with a phosphor-
imager (data not shown). The distribution of the respective
mRNA signal over the gradients is graphically represented in Fig. 4
as a percentage of the total mRNA signal present in each fraction.
As shown previously (28), US11 and gC mRNAs from wt-infected

FIG 3 Kinetic analyses of viral mRNA and protein levels. (A) The IEUS11
virus transcribes US11 with IE kinetics. HeLa cells were mock treated or were
infected with wt, �Sma, IEUS11, and IEUS11-�Sma viruses at an MOI of 10
and were left untreated or were treated with CHX or PAA, respectively. RNA
was extracted at 12 hpi and analyzed by Northern blotting with probes specific
for US11, TK, and gC. (B) IE transcription of US11 mRNA enhances its trans-
lation at late times during infection. HeLa or Vero cells were mock treated or
infected with wt, �Sma, IEUS11, and IEUS11-�Sma virus at an MOI of 10 and
were left untreated or were treated with PAA. Cells were lysed at 12 hpi and
analyzed by Western blotting with the indicated antibodies.
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cells were found mainly in polysome fractions, while US11 and gC
mRNA from �Sma-infected cells were shifted toward fractions
representing monosomes or preinitiation complexes (Fig. 4A and
B). This finding indicated that translation initiation on these tran-
scripts is strongly compromised in the absence of vhs. In cells
infected with IEUS11 mutants, we found a strong increase in the
percentage of US11 mRNA in polysome fractions for both vhs-
competent and vhs-deficient virus mutants (Fig. 4C). This result
suggests that earlier accumulation of US11 mRNA yields an in-
crease in translationally active US11 mRNA at late times; thus, it
alleviates the restricted phenotype of the �Sma virus for this
mRNA. In contrast, we found only a slight increase in the percent-
age of gC mRNA in polysome fractions in IEUS11 and IEUS11-
�Sma viruses compared to wt and �Sma viruses, respectively (Fig.
4D). The results from this polysome analysis correlate well with
the Western blot data. Taken together, the effect of immediate-
early US11 expression seems to be 2-fold. First, IEUS11 mRNA is
translated more efficiently at late times during infection in the
absence of vhs, possibly because it initially accesses translation
factors before they become limiting. Second, earlier expression
and/or overexpression of US11 also may aid translation of other
late mRNAs, albeit to a much lesser degree. We have not yet ad-
dressed which of the multiple functions of US11 are responsible
for the latter effect, which does not appear to involve changes in
the levels of eIF2� phosphorylation.

DISCUSSION

We previously reported that vhs is necessary for efficient transla-
tion of HSV true-late gene products in certain cell types, such as

HeLa cells, but not in Vero cells (28). In this study, we sought to
determine why the translation of true-late transcripts is particu-
larly sensitive to the restrictive conditions created by infection
with a vhs-deficient virus while translation of earlier transcripts
and cellular mRNAs is not affected.

Our findings demonstrate that the secondary structure of the
5=UTRs of true-late mRNAs is not the primary culprit for poor
translation initiation on these transcripts. Replacing the 5=UTR of
gC with the less structured �-actin 5=UTR did not rescue transla-
tion of gC in cells infected with the vhs-deficient virus mutants.
However, transcribing the true-late gene US11 with IE kinetics
clearly increased its translational activity at late times postinfec-
tion. This result argues that the translational defect observed for
late mRNAs in the absence of vhs does not stem from one or more
structural features of the affected mRNAs but instead arises be-
cause these transcripts accumulate late during infection. The sim-
plest model is that when conditions become limiting at late times
during infection in �Sma-infected HeLa cells, the translation rate
of viral proteins depends on whether the respective mRNAs were
transcribed early enough to access the translation machinery. This
model proposes that mRNAs that have already been assembled
into polysomes are at an advantage for translation initiation com-
pared to newly transcribed mRNAs when translation factors are
limiting. This advantage could be due to the proposed closed-loop
structure of polysomes that might allow recycling of ribosomes or
the tethering of eIF4F to the mRNA through its interaction with
PABP, keeping it separate from the pool of free translation initia-
tion factors (3).

Characterization of the IEUS11 mutants also revealed a

FIG 4 Polysome analyses. HeLa cells were infected with wild-type, �Sma, IEUS11, or IEUS11-�Sma virus at an MOI of 10. Cells were lysed 12 hpi and analyzed
by sedimentation through a 10 to 50% sucrose gradient. Samples were taken from top to bottom, and extracted RNA was analyzed by Northern blotting for the
viral mRNAs for gC and US11. Bands were quantified by a phosphorimager, and the distribution of the mRNA across the gradient is shown as a percentage of the
total signal of the respective mRNA. The graph represents one of two comparable experiments.
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smaller positive effect of earlier expression and/or increased
accumulation of the US11 protein on translation of other late
proteins. US11 is an RNA-binding protein that binds to and
inhibits activation of the dsRNA-dependent kinase PKR (10,
44, 46). As a result, US11 helps prevent inhibition of transla-
tion initiation by phosphorylated eIF2� and consequent global
shutdown of protein synthesis. However, the effects of US11 on
late gene expression observed in our study seem to be indepen-
dent of eIF2� phosphorylation, as the level of eIF2� phosphor-
ylation was comparable in �Sma- and IEUS11-�Sma-infected
cells. US11 has multiple other functions, such as inhibition of
2=-5=oligoadenylate synthetase (47), inhibition of alpha/beta
interferon induction by binding to mda-5, RIG-I, and PACT
(48–50), recruitment of nucleolin to promote nuclear egress of
virions (51), inhibition of staurosporine and heat shock-in-
duced apoptosis (52), prevention of PKR-dependent au-
tophagy (53), and prevention of HIPK2-induced growth arrest
(54). Which of these functions is responsible for the improved
translation of late gene products is a subject for further studies.

vhs-null mutants display a striking host range phenotype, with
translation of late mRNAs being severely impaired in HeLa cells
but not Vero cells. Given the results described in this communi-
cation, we suggest that the levels of mRNA that accumulate during
vhs-null infection in HeLa cells overload the translation appara-
tus. Vero cells might be better at regulating overall (cellular and
viral) mRNA levels and/or have a higher translational capacity.
Recent studies in yeast stress that maintaining proper mRNA lev-
els is vital for a cell by demonstrating that regulation of transcrip-
tion, translation, and mRNA decay are linked (55, 56). Further-
more, computational modeling in yeast suggests that ribosomes
are the limiting component of the translation apparatus (57–59).
This configuration is thought to combine efficient use of resources
with flexibility in terms of changes in expression levels. To the best
of our knowledge, there have been no studies published that ex-
amine how much total cellular mRNA levels can increase before
the capacity of the mammalian translational machinery is ex-
ceeded.

In conclusion, our results support our earlier hypothesis that
vhs is necessary to prevent mRNA overload in HeLa cells but not
in Vero cells. The unrestricted accumulation of mRNA leads to
reduced translation of true-late gene products, most likely because
they are transcribed when the pool of free translation factors and
ribosomes has become severely diminished. Determining the
mechanisms that enable tighter control of mRNA levels in Vero
cells compared to HeLa cells should provide interesting insights
into the regulation of mRNA decay pathways and/or transcrip-
tional control.
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