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The virion host shutoff (vhs) protein of herpes simplex virus (HSV) triggers global shutoff of host protein
synthesis and accelerated turnover of host and viral mRNAs during HSV infection. As well, it induces
endoribonucleolytic cleavage of RNA substrates when produced in a rabbit reticulocyte lysate (RRL) in vitro
translation system. The vhs1 point mutation (Thr 2143Ile) eliminates vhs function during virus infection and
in transiently transfected mammalian cells and was therefore previously considered to abolish vhs activity.
Here we demonstrate that the vhs1 mutant protein induces readily detectable endoribonuclease activity on
RNA substrates bearing the internal ribosome entry site of encephalomyocarditis virus in the RRL assay
system. These data document that the vhs1 mutation does not eliminate catalytic activity and raise the
possibility that the vhs-dependent endoribonuclease employs more than one mode of substrate recognition.

Herpes simplex virus (HSV) is a large enveloped DNA virus
that replicates in the nuclei of infected mammalian cells. Like
many other viruses, HSV inhibits host cell protein synthesis as
a key element of its strategy of reprogramming the cellular
biosynthetic machinery. HSV-induced host shutoff can be di-
vided into two phases, which occur at early and intermediate
times postinfection, respectively. Early shutoff involves disrup-
tion of preexisting polysomes and rapid degradation of host
mRNAs (6, 7, 9, 10, 15–18, 20, 26). Substantial data indicate
that the virion host shutoff (vhs) protein, a tegument protein
encoded by HSV gene UL41, is both necessary and sufficient
for the early shutoff effect (8, 11, 12, 19–22).

Although the mechanism of vhs action remains to be pre-
cisely defined, several lines of evidence strongly indicate that it
acts as an RNase. First, cytoplasmic extracts prepared from
HSV-infected cells and extracts of partially purified HSV viri-
ons contain a vhs-dependent RNase activity (13, 14, 23, 26),
and this activity is inhibited by anti-vhs antibodies (26). Sec-
ond, vhs induces endoribonucleolytic cleavage of a variety of
reporter mRNAs when it is expressed as the only HSV protein
in a rabbit reticulocyte lysate (RRL) in vitro translation system
(4, 5, 26). Third, vhs displays weak but significant amino acid
sequence similarity to the fen-1 family of nucleases that are
involved in DNA replication and repair in eukaryotes and
archaebacteria (3), and human fen-1 has recently been shown
to cleave both RNA and DNA substrates (24). Although these
data argue that vhs is an integral and required component of
the vhs-dependent endoribonuclease, they do not exclude the
possibility that one or more cellular factors are also required
for activity.

Much of our current knowledge about the role of the UL41
gene product in host shutoff has emerged from studies of the

vhs1 mutant isolate of HSV type 1 strain KOS (20). This
mutant harbors a single base change in the UL41 open reading
frame that converts amino acid residue 214 from threonine to
isoleucine (12, 15). The mutation is located in one of the
regions of strongest homology to the fen-1 family of nucleases
(3), and previous studies have suggested that it completely
inactivates vhs function. The vhs1 mutation abolishes early
shutoff of host protein synthesis during HSV infection (20) and
eliminates vhs activity in transient cotransfection assays (12,
19). In addition, the mutant protein fails to trigger accelerated
RNA turnover in in vitro systems derived from extracts of
HSV-infected cells and partially purified virions, and it displays
little if any activity on the mRNA encoding the a subunit of the
signal recognition particle (SRPa mRNA) in the RRL in vitro
assay system (4, 14, 23, 26).

Previous work from this laboratory has shown that an inter-
nal ribosome entry site (IRES) derived from encephalomyo-
carditis virus (EMCV) or poliovirus acts to strongly target
vhs-dependent RNA cleavage events to a narrow zone located
immediately 39 of the IRES (5). During further studies of this
effect, we obtained preliminary evidence that the vhs1 mutant
form of vhs displays significant activity on substrates bearing
the EMCV IRES (data not shown). This observation was both
interesting and surprising, because it raised the possibility that
the vhs1 mutation does not completely inactivate the vhs-de-
pendent endoribonuclease. We therefore undertook studies
designed to more carefully assess the activity of the vhs1 pro-
tein in the RRL assay system.

The vhs1 in vitro translation vector pSP6vhs1 (4) was first
subcloned by retransforming Escherichia coli, to eliminate pos-
sible contamination with wild-type vhs sequences. Following
verification of the vhs1 mutation by DNA sequence analysis,
DNA obtained from a single transformed colony was amplified
and used for all experiments described in this report. Multiple
RRL in vitro translation reactions were then programmed with
vhs mRNA generated from pSP6vhs (4) and pSP6vhs1 to gen-
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erate wild-type and mutant vhs, respectively. Template DNA
was linearized with EcoRI, and transcriptions were done for
1 h at 37°C in a 20-ml reaction mixture containing 1 mg of
template, 1 U of SP6 RNA polymerase, 0.5 mM cap primer
7mG(59)ppp(59)G (Amersham Pharmaceutical), 2 U of RNase
inhibitor (Gibco BRL), and 0.5 mM GTP, CTP, ATP, and
UTP. The DNA template was then digested with 10 U of
RNase-free DNase I (Boehringer Mannheim) at 37°C for 15
min; the RNA product was recovered, precipitated with etha-
nol, and dissolved in RNase-free water. Approximately 2 mg of
the vhs mRNA was then used to program each of several 40-ml
aliquots of RRL (Promega) using the manufacturer’s proce-
dure. Reaction mixtures were incubated at 30°C for 60 min in
the presence of [35S]methionine (NEN Life Science Products).
Blank RRL controls were generated in the same way except
that no mRNA was added to the translation reaction. A 2-ml
aliquot of each reaction mixture was then analyzed by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and the remainder of each reaction mixture was stored
at 270°C for future use (4). Following autoradiography, pairs
of translation reactions containing comparable amounts of
wild-type and mutant protein were identified (Fig. 1); these
were then thawed and used for the activity assays depicted in
Fig. 2, 3, 5, and 6. This approach ensured that most of the
activity comparisons presented in this report were performed
with wild-type and mutant vhs preparations that were gener-
ated in parallel and were closely matched for vhs protein con-
tent.

We first compared the activities of wild-type and mutant vhs
on a 2.3-kb transcript which bears the EMCV IRES at its 59
end (pCITE-1 RNA [Fig. 2A]). Uncapped, internally labeled
pCITE-1 RNA was generated by in vitro transcription as pre-
viously described (5) and then added to RRL containing pre-
translated vhs. Following incubation at 30°C, RNA extracted at
various time points was analyzed by electrophoresis on a 1%
agarose-formaldehyde gel. Previous work has demonstrated
that the initial sites of vhs-induced cleavage of pCITE-1 RNA
are clustered immediately downstream of the IRES (dia-
grammed in Fig. 2A). These IRES-directed cleavage events
give rise to two relatively discrete early degradation products:

a ca. 600-nucleotide (nt) 59 fragment that contains the IRES,
and a ca. 1,800-nt 39 fragment. The 59 fragment is stable over
the course of the reaction, while the 39 fragment is subject to
further decay. We found that wild-type vhs generated the pre-
dicted 600- and 1,800-nt products (Fig. 2B). However, we also
detected additional products of ca. 1,500 and 1,000 nt early
during the reaction, and these declined in abundance as the
reaction proceeded. The 1,500- and 1,000-nt fragments were
not noted in our earlier study, and we have not yet determined
their structure; it is possible that they represent degradation
intermediates generated from the 1,800-nt product. The vhs1
mutant protein also induced degradation of the pCITE-1 RNA
(Fig. 2B), leading to production of the same degradation in-
termediates as wild-type vhs. However, the reaction proceeded
more slowly, and the 1,800-nt 39 fragment was substantially
more stable than in the presence of wild-type vhs. The data pre-
sented in Fig. 2B, quantified by phosphorimager analysis and
plotted in Fig. 2C, demonstrate that the vhs1 mutant protein
displays reduced but significant activity on pCITE-1 RNA.

FIG. 1. vhs protein used in activity assays. vhs and vhs1 mRNAs
were each used to program four RRL in vitro translation reactions in
the presence of [35S]methionine. RRL control (lane RRL) was gener-
ated as above except that no mRNA was added to the translation
reaction. The products of each translation reaction were then analyzed
by SDS-PAGE. Numbers to the left indicate the sizes (in kilodaltons)
of protein markers. The samples of wild-type and vhs1 mutant labeled
1, 2, 3, and 4 were used for the activity assays depicted in Fig. 2, 3, 5,
and 6, respectively.

FIG. 2. Activities of wild-type and mutant vhs on pCITE-1 RNA.
(A) Diagram of the 2.3-kb pCITE-1 RNA, indicating the location of
the IRES and approximate locations of the sites of preferential initial
cleavage by wild-type vhs. (B) Internally labeled pCITE-1 RNA was
added to control RRL (R) and RRL containing pretranslated wild-
type or vhs1 mutant vhs, as indicated. RNA extracted at the indicated
times (minutes) was resolved on a 1% agarose–1.8% formaldehyde gel
and transferred to a GeneScreen Plus membrane. Numbers to the left
indicate the sizes (in nucleotides) of RNA markers (lane M). Asterisks
indicate the 39 and 59 products of IRES-directed cleavage (ca. 1,800
and 600 nt, respectively); open and closed squares indicate the ca.
1,500- and 1,000-nt fragments. (C) The data displayed in panel B,
quantified by phosphorimager analysis.
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We next reexamined the activities of wild-type and mutant
vhs on SRPa RNA, a transcript that lacks an IRES (Fig. 3).
Elgadi et al. (4) have shown that the most prominent sites of
initial cleavage of this RNA are nonrandomly clustered over
the 59 quadrant of the transcript (Fig. 3A), leading to early
production of relatively discrete sets of 59 and 39 degradation
intermediates of ca. 200 to 600 nt and 1,800 to 2,200 nt, re-
spectively. Both sets of intermediates are then further de-
graded as the reaction proceeds. We observed a similar pattern
in reactions containing wild-type vhs (Fig. 3B). In contrast,
reactions containing the vhs1 mutant protein did not display
readily detectable quantities of these early 59 and 39 degrada-
tion intermediates. However, the RNA substrate was some-
what less stable than in control RRL and gave rise to a heter-
ogeneous set of degradation products that migrated as a broad
smear during gel electrophoresis. These data suggest that the
vhs1 protein displays very weak activity on SRPa RNA in the
RRL assay (see also Fig. 4). However, this activity was not
always detected in repeated trials (reference 5 and additional
data not shown), indicating that it is close to the lower detec-
tion limit of our assay system.

The reactions depicted in Fig. 2 and 3 contained similar

quantities of vhs protein, and the substrate concentrations
were identical. pCITE-1 RNA decayed significantly more rap-
idly than SRPa RNA in the reactions containing vhs1 (com-
pare Fig. 2 and 3), suggesting that pCITE-1 RNA serves as a
preferred substrate for this mutant form of vhs. We were un-
able to determine whether pCITE-1 RNA also serves as a
preferred substrate for wild-type vhs in these experiments,
because both substrates were almost fully degraded at the
earliest time point analyzed. As one approach to answering this
question, we compared the activities of serially diluted samples
containing wild-type and vhs1 mutant protein on both RNAs.
35S-labeled wild-type and mutant vhs were generated by in
vitro translation as described above. Following translation, re-
actions were serially diluted in RRL; 2-ml aliquots of each
dilution were analyzed by SDS-PAGE as for Fig. 1, and the
relative amount of vhs protein in each sample was quantified
by phosphorimager analysis; 5-ml aliquots of each dilution were
then combined with internally labeled pCITE-1 or SRPa
RNA, and incubated for 4 min at 30°C; the RNA products
were extracted and analyzed by gel electrophoresis as de-
scribed above. The proportion of undigested substrate was
determined for each dilution by phosphorimager analysis and
plotted against the relative amount of vhs protein present in
the corresponding reaction (Fig. 4). The results of this exper-
iment confirmed that the vhs1 protein displays substantially
greater activity on pCITE-1 RNA than on SRPa RNA. For
example, the concentration of vhs1 that led to 50% decay of
pCITE-1 RNA had virtually no effect on the SRPa substrate
over the 4-min time course of the experiment (Fig. 4B). This
experiment additionally provided evidence that the wild-type
vhs protein also displays greater activity on pCITE-1 RNA
than on SRPa RNA, although in this case the difference was
not as apparent.

It seemed possible that the marked difference in activity of
the vhs1 protein on pCITE-1 versus SRPa RNA reflected the
presence of the EMCV IRES in the former substrate. We
tested this hypothesis, by examining the effect of deleting the
IRES (construct pCITE Msc/RI RNA, ca. 1.7 kb [Fig. 5A]).
Previous work has shown that vhs-induced decay of pCITE
Msc/RI RNA proceeds similarly to that of SRPa RNA, in that
the sites of initial cleavage are nonrandomly clustered over the
59 quadrant of the transcript (Fig. 5A) (5). The vhs1 protein
displayed little, if any, activity on this substrate; in contrast,
wild-type vhs induced rapid decay (Fig. 5B). Thus, deletion of
the IRES rendered the pCITE-1 transcript refractory to deg-
radation by the vhs1 protein (compare Fig. 2 and 5).

Taken in combination, the foregoing results suggested that
the vhs1 protein retains significant IRES-directed cleavage ac-
tivity. As an additional test of this hypothesis, we tested wheth-
er the vhs1 protein was capable of inducing cleavage down-
stream of the EMCV IRES when the IRES was transplanted
onto a heterologous RNA. pSRPa StuI IRES is a derivative of
pSRPa which bears the EMCV IRES element inserted into the
unique StuI site in SRPa RNA (5). Using 59-labeled RNA,
Elgadi and Smiley (5) have shown that the transplanted IRES
efficiently targets vhs activity, resulting in a complex pattern of
initial cleavage events. Specifically, some of the substrate RNA
molecules are initially cleaved at sites clustered over the 59
quadrant of the transcript (in the same fashion as unmodified
SRPa RNA), while others are initially cleaved immediately

FIG. 3. Activities of wild-type and mutant vhs on SRPa RNA. (A)
Diagram of the 2.4-kb RNA substrate, indicating the approximate
location(s) of the sites of preferential initial cleavage by wild-type vhs.
(B) Internally labeled SRPa RNA was added to control RRL (R) and
RRL containing pretranslated wild-type or vhs1 mutant vhs, as indi-
cated. The reaction products were analyzed as for Fig. 2. Numbers to
the left indicate the sizes (in nucleotides) of RNA markers (lane M).
The bracket indicates the mobility of several discrete 39 products
(1,800 to 2,200 nt). (C) The data displayed in panel B, quantified by
phosphorimager analysis.
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downstream of the IRES (Fig. 6A). If, as suggested by data
presented above, the vhs1 protein retains significant IRES-
directed activity but is otherwise severely impaired, then
pSRPa StuI IRES RNA presumably would be cleaved pre-
dominantly or exclusively downstream of the transplanted
IRES. Such IRES-directed events would give rise to stable
products of ca. 2,300 and 700 nt, representing the 59 and 39
segments of the RNA, respectively. Our results (Fig. 6B) con-
firmed this prediction. In contrast, wild-type vhs rapidly de-
graded the substrate into low-molecular-weight products. As
expected, no stable 2,300-nt 59 fragment accumulated (previ-
ous work has shown that this early product is subject to rapid
further decay in reactions containing wild-type vhs [5]). How-
ever, we observed a stable ca. 700-nt product which may cor-
respond to either the 39 end of the RNA (5) or the excised
IRES element (which is refractory to vhs-induced attack [5]).
Further experiments are required to clarify the nature of this
product. The results of this experiment provided further evi-

dence that the readily detectable endoribonuclease activity of
the vhs protein is IRES dependent.

Overall, the results presented in this report establish that the
vhs1 point mutation does not abolish the activity of the vhs-
dependent endoribonuclease. Thus, if the vhs polypeptide in-
deed forms an integral component of the endoribonuclease,
then it follows that the mutation does not completely inactivate
the active site of the enzyme. Although this finding at first
glance may seem inconsistent with the fact that the vhs1 mu-
tation is located in a region of strong similarity to fen-1 nucle-
ases, the threonine residue that is altered by the mutation is
not itself conserved in fen-1 nucleases and is therefore likely
not essential for activity. Our data also provide strong evidence

FIG. 4. Effects of dilution on activities of wild-type and mutant vhs.
[35S]methionine-labeled wild-type (A) and vhs1 mutant (B) vhs gen-
erated by in vitro translation were serially diluted in RRL. Aliquots of
each dilution were assayed for vhs protein content by SDS-PAGE and
phosphorimager analysis and then tested for activity on internally
labeled pCITE-1 and SRPa RNA as for Fig. 2 and 3. Reaction mix-
tures were incubated for 4 min. The activity data were quantified by
phosphorimager analysis and plotted against the relative amount of vhs
protein present in each reaction.

FIG. 5. Activities of wild-type and mutant vhs on pCITE Msc/RI
RNA. (A) Diagram of the 1.7-kb transcript, indicating the IRES de-
letion and approximate locations of the sites of preferential initial
cleavage by wild-type vhs. (B) Internally labeled pCITE Msc/RI RNA
was added to control RRL (R) and RRL containing pretranslated
wild-type or vhs1 mutant vhs, as indicated. The reaction products were
analyzed as for Fig. 2. Numbers to the left indicate the sizes (in
nucleotides) of RNA markers (lane M).

FIG. 6. Activities of wild-type and mutant vhs on SRPa StuI IRES
RNA. (A) Structure of the 3-kb RNA and approximate locations of the
sites of preferential initial cleavage by wild-type vhs. (B) Internally
labeled SRPa StuI IRES RNA was added to control RRL (R) and
RRL containing pretranslated wild-type or vhs1 mutant vhs, as indi-
cated. The reaction products were analyzed as for Fig. 2. Numbers to
the left indicate the sizes (in nucleotides) of RNA markers (lane M).
The open and closed squares indicate the ca. 2,300- and 700-nt frag-
ments arising through IRES-directed cleavage.
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that the vhs1 mutant form of vhs retains significant IRES-
directed activity but is essentially inactive on RNA substrates
that lack an IRES. One interesting possibility is that wild-type
vhs normally utilizes both IRES-dependent and IRES-inde-
pendent modes of substrate recognition, and the vhs1 mutation
selectively impairs the latter. If so, then screening other mutant
forms of vhs may help to unveil which regions of vhs participate
in each mode of substrate recognition and thus clarify the
mechanisms involved. Alternatively, it is possible that the ap-
parently selective activity of the mutant protein simply mirrors
an inherent preference of wild-type vhs for IRES-bearing sub-
strates (Fig. 4A). According to this hypothesis, the mutation
coordinately reduces (but does not eliminate) activity on all
substrates, and our inability to clearly detect activity on sub-
strates lacking an IRES simply reflects limitations of our assay
system. Distinguishing between these possibilities will require
detailed kinetic analysis of the activity of wild-type and mutant
vhs on a variety of substrates. However, such analyses are very
difficult to perform with the present RRL assay system (data
not shown).

It has been suggested that vhs may destabilize mRNAs by
inducing a limited number of endoribonucleolytic cleavages,
which predispose the transcript to further decay through cel-
lular mRNA surveillance systems (19, 23, 26) in a fashion
analogous to the mechanisms that regulate the stability of
some cellular mRNAs (for examples, see references 1 and 2).
However, our data provide strong evidence that vhs is required
not only for initial endoribonucleolytic cleavage events but also
for subsequent degradation to low-molecular-weight products,
at least in the RRL system. Thus, although the vhs1 protein is
able to perform IRES-directed cleavage of pCITE-1 RNA, the
resulting 39 product is much more stable than in reactions
containing wild-type vhs. The implication is that wild-type vhs
actively induces further decay of the products of IRES-directed
cleavage.

It will be interesting to determine if the vhs1 mutant protein
is capable of destabilizing IRES-bearing mRNAs in vivo. If so,
vhs1 may offer an approach to studying the biological function
of the small minority of cellular mRNAs that bear an IRES.
We suspect that further studies of the IRES-directed activity of
vhs1 and other mutant forms of vhs will clarify the mechanism
of vhs action.
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