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During lytic infections, the herpes simplex virus (HSV) virion host shutoff (Vhs) endoribonuclease degrades many host and viral
mRNAs. Within infected cells it cuts mRNAs at preferred sites, including some in regions of translation initiation. Vhs binds the
translation initiation factors eIF4H, eIF4AI, and eIF4AII, suggesting that its mRNA degradative function is somehow linked to
translation. To explore how Vhs is targeted to preferred sites, we examined the in vitro degradation of a target mRNA in rabbit
reticulocyte lysates containing in vitro-translated Vhs. Vhs caused rapid degradation of mRNAs beginning with cleavages at sites
in the first 250 nucleotides, including a number near the start codon and in the 5= untranslated region. Ligation of the ends to
form a circular mRNA inhibited Vhs cleavage at the same sites at which it cuts capped linear molecules. This was not due to an
inability to cut any circular RNA, since Vhs cuts circular mRNAs containing an encephalomyocarditis virus (EMCV) internal
ribosome entry site (IRES) at the same sites as linear molecules with the IRES. Cutting linear mRNAs at preferred sites was aug-
mented by the presence of a 5= cap. Moreover, mutations that altered the 5= proximal AUG abolished Vhs cleavage at nearby
sites, while mutations that changed sequences surrounding the AUG to improve their match to the Kozak consensus sequence
enhanced Vhs cutting near the start codon. The results indicate that mutations in an mRNA that affect its translation affect the
sites at which it is cut by Vhs and suggest that Vhs is directed to its preferred cut sites during translation initiation.

During lytic herpes simplex virus (HSV) infections, viral and
cellular gene expressions are regulated at multiple steps of

mRNA metabolism (1, 2), including transcription (2–8), splicing
(2, 9–12), transport from the nucleus to the cytoplasm (2, 13–20),
translation (21–32), and stabilization of mRNAs in the cytoplasm
(33–43). Among the posttranscriptional controls are the regula-
tion of mRNA half-lives (36–42) and translation (23, 29) by the
HSV virion host shutoff (Vhs) protein (UL41). Vhs is an endori-
bonuclease (33, 44–47) that is a minor component of virions (48–
50). At early times, copies of Vhs from infecting virions accelerate
the degradation of many housekeeping and constitutively ex-
pressed cellular mRNAs (40, 42, 48, 51–55), with a concomitant
downturn in the levels of those mRNAs and in the synthesis of the
proteins that they encode (52, 56, 57). Following the onset of viral
transcription, Vhs ensures the rapid turnover of most, if not all,
viral mRNAs (36, 37, 57–60). In so doing, it helps determine viral
mRNA levels and facilitates the sequential expression of different
classes of viral mRNAs (38). Significantly, during animal infec-
tions, Vhs impedes the establishment of an interferon-induced
antiviral state (61–67). It blocks the activation of dendritic cells
(68–70) and inhibits other components of the innate and adaptive
immune responses (41, 71–75). As such, it is an important deter-
minant of HSV virulence (61–67, 76–85).

Although Vhs degrades many cellular and viral transcripts, not
all mRNAs are equally sensitive. For unknown reasons, a number
of host mRNAs appear to be refractory, or at least less sensitive to
Vhs degradation, and actually increase in abundance following
infection (43, 86–93). These include some mRNAs that contain
AU-rich instability elements (AREs) (43, 86–88, 92, 94, 95), as well
as others that lack these elements (43, 86). At least one ARE-con-
taining host mRNA is stabilized through the activation of the p38
mitogen-activated protein kinase (MAPK) pathway by the HSV-1
immediate-early protein ICP27 (94, 95). HSV also has been re-

ported to cause the Vhs-dependent stabilization of deadenylated
full-length and 3= truncated forms of some ARE-containing
mRNAs (86–88, 93). Whether this is due to the direct action of
Vhs on these mRNAs or is a downstream consequence of Vhs
degradation of mRNAs encoding proteins that affect the half-lives
of ARE-containing mRNAs remains to be determined. In addi-
tion, recent studies have suggested that the rate and overall extent
of Vhs-mediated mRNA degradation may depend upon the cell
type that is infected (23, 29).

For the many mRNAs that are sensitive to Vhs, a central unan-
swered question is how Vhs is targeted to the mRNAs and to
preferred cut sites within them. In the absence of key cellular fac-
tors, Vhs lacks the cleavage specificity that it shows in vivo (33,
45–47). Thus, a preparation of Vhs from partially purified virions
(47), or a purified complex of recombinant Vhs and the cellular
translation factor eIF4H (33), does not distinguish mRNAs from
non-mRNAs and cleaves target RNAs at many sites. In addition, a
purified glutathione S-transferase (GST)-Vhs fusion protein has
been reported to cleave single-stranded RNAs after C’s and U’s
(45). In contrast, within infected cells or cytoplasmic extracts, Vhs
is targeted to mRNAs, as opposed to non-mRNAs (36, 37, 40, 42,
47, 58, 96–98), and cleaves those mRNAs at preferred sites (44, 86,
93, 99–102). While the Vhs cut sites have been mapped in only a
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few mRNAs, for several they fall in regions of translation initiation
(44, 99–102). Thus, in infected cells Vhs degrades sequences near
the 5= end of the viral thymidine kinase (TK) mRNA prior to those
at the 3= end (100), while in rabbit reticulocyte lysates, in vitro-
translated Vhs cuts signal recognition particle (SRP) mRNA at
sites in the 5= quadrant of the transcript and, in particular, at
several sites near the start codon (44). In addition, in vitro-trans-
lated Vhs cuts mRNAs containing an encephalomyocarditis
(EMCV) internal ribosome entry site (IRES) at sites downstream
from the IRES (99).

A potential clue to the mechanism of Vhs targeting comes from
our observation that Vhs binds the cellular translation initiation
factors eIF4H, eIF4AI, and eIF4AII (33–35). eIF4AI and 4AII are
isoforms of an ATP-dependent RNA helicase that is a component
of the cap-binding complex eIF4F. They play essential roles in
cap-dependent initiation by unwinding mRNA secondary struc-
ture near the 5= cap to allow the binding and subsequent scanning
of the 40S ribosomal subunit (103–107). eIF4H is a helicase acces-
sory factor that binds to and stimulates the helicase activities of
eIF4AI and 4AII (104, 106, 108–113). Apparently, eIF4H is essen-
tial for Vhs activity, since small interfering RNA (siRNA)-medi-
ated depletion of eIF4H from cells prior to infection inhibits Vhs
degradation of housekeeping mRNAs (39). Furthermore, to date,
every mutation in Vhs that abrogates its interaction with eIF4H
also abolishes its ability to degrade constitutively expressed
mRNAs, even if the mutant proteins retain endonuclease activity
in vitro (33–35). Vhs also associates with the eIF4F cap-binding
complex, presumably through its interaction with eIF4AI and
4AII (114).

To further investigate the mechanism by which Vhs is directed
to its preferred cut sites, in this study we examined in vitro degra-
dation of target mRNAs in rabbit reticulocyte lysates containing in
vitro-translated Vhs. Vhs caused rapid degradation of pBK2
mRNA, a modified form of the HSV-1 thymidine kinase (TK)
mRNA, beginning with cleavages at sites in the first 250 nucleo-
tides, including a number near the start codon and in the 5= un-
translated region (UTR). Ligation of the ends of pBK2 mRNA to
form a circle inhibited translation and inhibited Vhs cleavage at
the same sites at which it cuts capped linear molecules. This was
not due to an inability of Vhs to cut any circular RNA, since it cut
circular mRNAs containing an EMCV IRES at the same sites at
which it cuts linear molecules with the IRES. Cleavage of linear
pBK2 mRNA at preferred sites was greatly augmented by the pres-
ence of a 5= cap, while blocking ATP hydrolysis with a nonhydro-
lyzable analogue of ATP inhibited Vhs degradation of the mRNA.
Furthermore, mutations that altered the 5= proximal AUG abol-
ished Vhs cleavage at nearby sites, while mutations that changed
the sequence surrounding the AUG to improve its match to the
Kozak consensus sequence enhanced Vhs cutting at sites near the
start codon. The results indicate that mutations or alterations in a
target mRNA that affect its initiation of translation can affect the
sites at which it is cut by Vhs and suggest that Vhs is directed to its
preferred cut sites during translation initiation.

MATERIALS AND METHODS
Plasmids. The plasmid pKOSamp contains the Vhs open reading frame
from HSV-1, strain KOS, cloned into pcDNA1.1amp (Invitrogen) down-
stream from a promoter recognized by T7 RNA polymerase (115, 116). It
was used to produce the Vhs protein by in vitro transcription and trans-
lation.

pBK2 and pCITE-RLuc were used to produce target mRNAs for in
vitro Vhs mRNA degradation assays. In vitro transcription of EcoRI-lin-
earized pBK2 with SP6 RNA polymerase yields a 1,244-nucleotide mRNA
containing the HSV-1 thymidine kinase (TK) open reading frame, pre-
ceded by a 91-nucleotide 5= untranslated region (UTR) and terminated
with a 35-nucleotide poly(A) tail encoded by the plasmid (100). It is trans-
lated by 5= end-dependent ribosome scanning. To construct pCITE-RLuc,
a 1,716-nucleotide XhoI-BamHI fragment containing the Renilla lucifer-
ase (RLuc) open reading frame was excised from pGEMLUC (Promega)
and inserted between the corresponding sites of the vector pCITE-4c(�)
(Invitrogen). In vitro transcription of SpeI-linearized pCITE-RLuc using
T7 RNA polymerase produces an mRNA encoding RLuc translated from
an EMCV IRES.

Synthesis of target mRNAs. Target mRNAs for in vitro mRNA degra-
dation assays were produced by in vitro transcription of EcoRI-linearized
pBK2 or SpeI-linearized pCITE-RLuc using SP6 or T7 RNA polymerase,
respectively. Capped internally labeled pBK2 mRNA was synthesized us-
ing an SP6 Riboprobe in vitro transcription system (Promega) in reactions
that included 0.5 mM (each) rATP, rUTP, and rCTP, 50 �M rGTP, 50 �Ci
[�-32P]GTP, and 0.5 mM Ribo m7G cap analog (Promega). After in vitro
transcription, template DNA was removed by digestion with RQ1 DNase
(Promega). mRNAs were extracted twice with phenol-chloroform, pre-
cipitated from ethanol, and resuspended in a small volume of water.

To produce pBK2 mRNA with a 32P-labeled cap and a cold poly(A)
tail, uncapped unlabeled pBK2 mRNA with a 35-nucleotide poly(A) tail
encoded by the plasmid was synthesized using an SP6 RiboMAX in vitro
transcription kit (Promega). Samples of mRNA were heated at 65°C for 8
min to melt secondary structures, quenched on ice, and labeled by the
addition of a 32P-labeled cap using vaccinia virus capping enzyme from a
ScriptCap m7G capping system (Epicentre) in the presence of [�-
32P]GTP. After the addition of a cap, mRNAs were extracted with phenol-
chloroform, precipitated from ethanol, resuspended in water, and elec-
trophoresed through gels of 1.4% (wt/vol) agarose in Tris-borate-EDTA
(TBE) buffer (117). Bands containing intact mRNAs were excised. The
mRNAs were extracted using Bio-Rad Freeze ’N Squeeze gel extraction
spin columns, precipitated from ethanol, and resuspended in water.

Target mRNAs with an unlabeled cap and a cold poly(A) tail were
produced as described above, except that the capping reaction mixture
contained unlabeled GTP and no [�-32P]GTP. These were used in exper-
iments in which mRNA degradation products were detected by primer
extension.

Uncapped mRNAs containing a 32P-labeled 5= monophosphate were
synthesized by in vitro transcription of linearized pBK2 with SP6 RNA
polymerase to yield an mRNA with a 5= triphosphate. This mRNA was
dephosphorylated using calf intestine alkaline phosphatase and labeled by
the addition of a 32P-5= monophosphate using polynucleotide kinase and
[�-32P]ATP, according to procedures described for the KinaseMax 5=
end-labeling kit (Ambion).

mRNAs with an unlabeled cap and a 32P-labeled poly(A) tail were
transcribed in vitro and then capped in capping reactions that lacked
[�-32P]GTP. A labeled poly(A) tail was added using a poly(A) polymerase
tailing kit (Epicentre) and [�-32P]ATP.

Preparation of circular mRNAs. Circular forms of the pBK2 and
pCITE-RLuc mRNAs were prepared using a modification of the proce-
dure described by Chen and Sarnow (118, 119). Initially, linear mRNAs
with 5= triphosphates were prepared by in vitro transcription of linearized
pBK2 and pCITE-RLuc using the SP6 and T7 RiboMAX in vitro transcrip-
tion kits (Promega). The mRNAs were dephosphorylated with calf intes-
tine alkaline phosphatase according to procedures described for the
KinaseMax 5=-end-labeling kit (Ambion), after which the phosphatase
was removed using phosphatase removal reagent (Ambion), and the
mRNAs were precipitated from ethanol. The mRNAs were resuspended in
a small volume of water and incubated with polynucleotide kinase in the
presence of 1 mM ATP to add a 5= monophosphate. The reactions were
stopped by heating to 90°C for 2 min and adjusted to final concentra-
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tions of 10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, and 100 mM NaCl.
Each reaction received a 6.5 M excess of a circularization oligonucle-
otide that contained sequences complementary to both the extreme 5=
and 3= ends of the mRNA and was designed to hold it in a circular
configuration following annealing. The circularization oligonucleo-
tide for pBK2 mRNA was 5=-TGCAGCCCAAGCTTGTATTCGGGCGT
CGCAGATCGTCGGT-3=, while that for pCITE-RLuc mRNA was 5=-TT
TTTTTTTTTCAAATTTGTCCCGCTTAATTAAGGCCAAT-3=. After
addition of the oligonucleotides, the samples were heated to 90°C for 5
min and allowed to cool slowly to room temperature to anneal the oligo-
nucleotide. The samples were incubated with T4 DNA ligase overnight at
room temperature to join the 5= and 3= ends of the mRNAs. The mRNAs
were precipitated from ethanol, resuspended in water, heated briefly to
melt the circularization oligonucleotide from the mRNA, and electropho-
resed through a 1.6% (wt/vol) agarose gel in TBE buffer containing 0.5
�g/ml of ethidium bromide. Included was a control lane with a small
amount of mRNA that had been through the procedure described above,
except for ligation, to allow for identification of the bands containing
linear and circular forms of the mRNA. The bands containing the circular
mRNAs were excised from the gel, after which the mRNAs were isolated
using Freeze ’N Squeeze gel extraction spin columns, precipitated from
ethanol, and resuspended in a small volume of water.

Synthesis of Vhs mRNA. Capped Vhs mRNA, for in vitro translation
of the Vhs protein, was produced by the transcription of linearized
pKOSamp using a T7 RiboMAX in vitro transcription kit (Promega) in
reaction mixtures containing 3 mM Ribo m7G cap analog.

In vitro Vhs mRNA degradation assays. In vitro Vhs mRNA degra-
dation assays were performed using a modification of the procedure de-
scribed by Smiley and colleagues (44, 120). Initially, Vhs protein was pro-
duced by in vitro translation of capped in vitro-transcribed Vhs mRNA
using a Flexi rabbit reticulocyte lysate system (Promega). Reaction mix-
tures contained 14 �g of Vhs mRNA, 33 �l of Flexi rabbit reticulocyte
lysate, 20 �M all 20 amino acids, 40 units of RNasin, 1 mM magnesium
acetate, 70 mM KCl, and 2 mM dithiothreitol in a total volume of 50 �l. In
vitro translation reaction mixtures were incubated for 1.5 h at 30°C, after
which they were chilled on ice until the start of the in vitro mRNA degra-
dation reactions. Mock in vitro translation reactions were performed as
described above, except they did not receive any Vhs mRNA.

To initiate the in vitro mRNA degradation reactions, target mRNA was
added to 30 �l of either the Vhs or mock in vitro translation reactions, and
the reactions were placed at 30°C. Aliquots were removed immediately (0
min) or at various times after the start of incubation, supplemented with
15 �g of tRNA, and extracted with TRIzol (Invitrogen), and the mRNAs
were precipitated with isopropanol. 32P-labeled mRNAs were analyzed by
electrophoresis through a 1.3% or 1.4% (wt/vol) agarose-formaldehyde
gel cast in NorthernMax denaturing gel buffer (Ambion) or an 8% poly-
acrylamide-8 M urea sequencing gel cast in TBE buffer. The gels were
dried, and the RNAs were visualized using a Storm PhosphorImager
(model 840; Molecular Dynamics, Inc.). For assays involving unlabeled
target mRNAs, the reaction products were analyzed by primer extension.

To compare the rates of mRNA degradation caused by different
amounts of Vhs, mRNA degradation assays were performed using serial
2-fold dilutions of in vitro-translated Vhs prepared by diluting the stan-
dard Vhs in vitro translation reaction with naïve rabbit reticulocyte lysate
to yield mixtures containing 1�, 0.5�, and 0.25� Vhs.

Primer extension analysis of mRNAs. Unlabeled pBK2 and pCITE-
RLuc mRNAs were analyzed by primer extension using a primer exten-
sion system (AMV reverse transcriptase; Promega) according to protocols
recommended by the manufacturer. Primer extensions of pBK2 mRNA
were performed using the primers pe165, pe235, and pe325. Reverse tran-
scriptase-mediated extensions of these primers to the 5= end of intact
pBK2 mRNA yield products of 165, 235, and 325 nucleotides, respectively.
The sequence of pe165 is 5=-TCGGTTGCTATGGCCGCGAGAACGC-3=,
that of pe235 is 5=-CGTGGGCATTTTCTGCTCCAGGCGG-3=, and that
of pe325 is 5=-GATATCGTCGCGCGAACCCAGGGCC-3=. Primer ex-

tension analysis of pCITE-RLuc mRNA was performed with the primer
peCITE-RLuc, which has the sequence 5=-TCATAGCCTTATGCAGTTG
C-3=. The primer anneals to a sequence from 163 to 182 nucleotides
downstream from the 3= end of the EMCV IRES. Primer extension to the
5= end of intact pCITE-RLuc mRNA yields a product of 700 nucleotides.

Primers were 5= end labeled by incubating 10 pmol of primer with 10
U of T4 polynucleotide kinase (Ambion) and 30 �Ci of [�-32P]ATP in a
total volume of 10 �l at 37°C for 10 min. The samples were heated to 90°C
for 2 min to inactivate the enzyme and diluted to 100 fmol/�l with water.

To initiate primer extension, 5 �l of mRNA was combined with 1 �l of
labeled primer plus 5 �l of 2� AMV primer extension buffer (Promega).
The mixtures were heated at 67°C (or a temperature near the melting
point of the primer) for 20 min and then cooled at room temperature for
10 min to allow annealing of the primer. Each reaction mixture received 5
�l of 2� AMV primer extension buffer (Promega), 1.4 �l of 40 mM
sodium pyrophosphate, 1.6 �l of H2O, and 1 unit of AMV reverse trans-
criptase. The reaction mixtures were incubated at 42°C for 30 min, after
which 20 �l of gel loading buffer was added. Samples were heated at 90°C
for 10 min, loaded onto a preheated 8% polyacrylamide-8 M urea gel cast
in TBE buffer, and electrophoresed at a constant power of 50 W for 1.5 h
on a Bio-Rad Sequi-Gen GT sequencing cell. The gels were dried, and the
RNAs were visualized using a Storm PhosphorImager (model 840; Mo-
lecular Dynamics, Inc.).

Site-directed mutagenesis. A QuikChange Lightning multisite-di-
rected mutagenesis kit (Stratagene) was used for site-directed mutagene-
sis of pBK2 to generate plasmids encoding mRNAs with mutations in and
around the first AUG from the 5= cap. This procedure utilizes single-
stranded mutagenic primers and thermal cycling to introduce the desired
mutations into the target plasmid. Two mutant forms of pBK2 were con-
structed. In the first, which was designated AUG1¡CCC, the 5= proximal
AUG was changed to CCC. This was done using the mutagenic primer
5=-CCTTGTAGAAGCGCGTCCCGCTTCGTACCCCTGCC-3=. The 5=
proximal AUG of pBK2 is in a suboptimal context compared to the Kozak
consensus sequence of (A/G)ccAUGG, where the start codon is in bold
and strongly conserved bases are capitalized (121–126). For the second
mutant pBK2 allele, designated AUG1-OPT, the 5= proximal AUG was
maintained, and the surrounding nucleotides were altered to place it in an
optimal Kozak context. This was done using the mutagenic primer 5=-G
CGCCTTGTAGAAGCCACCATGGCTTCGTACCCC-3=. For both mu-
tagenic primers, the nucleotides in bold are at the position of the AUG of
wild-type pBK2, and the underlined nucleotides are those that have been
changed. Both mutations were confirmed by sequencing the mutant plas-
mids.

Oligonucleotides and primers. All oligonucleotides and primers were
purchased from IDT Technologies (Coralville, IA).

RESULTS
Vhs cleavage of pBK2 mRNA. Before one can determine the
mechanism by which Vhs is targeted to preferred cut sites, the
locations of those sites must be mapped in specific mRNAs. To
date, Vhs cut sites have been mapped in relatively few mRNAs (44,
86, 93, 99, 100, 102). Therefore, at the start of this study, we
mapped the Vhs cleavage sites in pBK2 mRNA, a modified form of
the HSV-1 thymidine kinase (TK) mRNA (100), using an in vitro
mRNA degradation system (44, 99) in which the decay of pBK2
mRNA was followed in rabbit reticulocyte lysates containing in
vitro-translated Vhs. In this system, Vhs-mediated decay is similar
to that observed in intact cells (36, 37, 40, 42, 58, 97) or cytoplas-
mic extracts from infected cells (47, 96, 98), in that Vhs is targeted
to mRNAs, as opposed to non-mRNAs, even though the purified
enzyme does not distinguish one kind of RNA from another (33,
45, 46). Our initial experiments focused on preliminary charac-
terization of the system and determination of whether the in vitro
decay of pBK2 mRNA is similar to the decay of TK mRNA in
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infected cells, in which Vhs-mediated decay begins with the deg-
radation of sequences near the 5= end of the mRNA (100). Figure
1 shows the results of an experiment in which 5= cap-labeled pBK2
mRNA was incubated for various intervals in lysates containing
serial 2-fold dilutions of in vitro-translated Vhs. As expected, Vhs
caused dose-dependent degradation of pBK2 mRNA, with the
most rapid degradations occurring in reactions that contained the
largest amounts of Vhs.

To determine whether Vhs degradation of pBK2 occurs by
cleavage at multiple sites throughout the mRNA or initiates with
cutting near one end or the other of the molecule, in vitro mRNA
degradation reactions were performed with pBK2 mRNA that had
been labeled at many internal sites by transcription in the presence
of [�-32P]GTP (Fig. 2A). Vhs caused the rapid disappearance of
full-length pBK2 mRNA, which was accompanied by the appear-
ance (at the 1- and 3-min time points) of a band migrating slightly
faster than the intact mRNA, as well as a faster-migrating band
(Fig. 2A, lane i, closed circles). These bands became less abundant
and more diffuse with increasing times, consistent with their being

decay intermediates. The results are consistent with one of two
possibilities: (i) Vhs cleaves pBK2 mRNA beginning near one end
or the other of the molecule, or (ii) it cleaves small fragments from
both ends of the transcript, leaving a large internal fragment al-
most the size of the intact mRNA. In either case, fragments cleaved
from the ends would be too small to be seen on a 1.3% (wt/vol)
agarose gel.

To distinguish between these possibilities, in vitro degradation
reactions were performed using pBK2 mRNAs that had been la-
beled posttranscriptionally by the addition of a 32P-labeled cap

FIG 1 Dose-dependent degradation of mRNAs by Vhs. Vhs protein was pro-
duced by in vitro translation. Once translation was complete, the reaction [Vhs
(1�)] was diluted using naïve rabbit reticulocyte lysate to yield lysates con-
taining serial 2-fold dilutions of Vhs. mRNA degradation reactions were per-
formed using cap-labeled pBK2 target mRNA and rabbit reticulocyte lysates
containing 1�, 0.5�, or 0.25� amounts of Vhs or no Vhs (RRL). (A) Aliquots
were removed after 0, 3, 9, or 15 min, and the RNAs were electrophoresed
through a 1.3% (wt/vol) agarose-formaldehyde gel; (B) the relative amounts of
full-length mRNAs were quantified using ImageQuant software and plotted to
compare the relative mRNA decay rates.

FIG 2 Vhs degradation of pBK2 mRNA initiates near the 5= end. Parallel in
vitro mRNA degradation reactions were performed using rabbit reticulo-
cyte lysates that contained (RRL � Vhs) or lacked (RRL) Vhs and target
pBK2 mRNAs that were internally labeled (A), 3= poly(A) tail labeled (B),
or 5= cap labeled (C). Aliquots were removed after 0, 1, 3, 6, 9, or 15 min,
and the RNAs were electrophoresed through 1.3% (wt/vol) agarose-form-
aldehyde gels. Bands arising from shorter-than-full-length degradation
products are indicated by the solid circles to the right of lane i in panel A
and by the arrowhead labeled “i” and the bracket labeled “ii” to the right of
lane h in panel B.
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(Fig. 2C) or a 32P-labeled poly(A) tail (Fig. 2B). The products from
reactions with poly(A)-labeled pBK2 (Fig. 2B) were similar in
many respects to those produced from internally labeled mRNA.
Vhs caused the rapid disappearance of full-length pBK2 mRNA,
which was accompanied by the appearance of a labeled band that
migrated slightly faster than the intact mRNA (Fig. 2B, lane h,
arrowhead). This fragment exhibited an electrophoretic mobility
similar to that of the slowest migrating of the degradation inter-
mediates observed for internally labeled mRNA (Fig. 2A) and
could have been generated only by the removal of sequences from
the 5= end of the full-length mRNA, since it had a labeled poly(A)
tail. With increasing time, there was the accumulation of a broad
smear of faster-migrating bands (Fig. 2B, lane h, bracket) consist-
ing of polyadenylated molecules that were truncated to various
extents from the 5= end. In contrast, Vhs digestion of 5= cap-
labeled mRNA (Fig. 2C) resulted in the disappearance of full-
length pBK2 without the production of any labeled bands that
were large enough to be seen on a 1.3% agarose gel. The results
indicate that Vhs degradation of pBK2 mRNA commences with
cleavage near the 5= end of the transcript.

Mapping Vhs cut sites. To define the cut sites more precisely,
the products of Vhs digestion of cap-labeled pBK2 mRNA were
electrophoresed through an 8% polyacrylamide-8 M urea se-
quencing gel (Fig. 3). Vhs cleaved the population of mRNAs at 8
prominent sites approximately 252, 222, 200, 158, 130, 119, 85,
and 56 nucleotides downstream from the cap (Fig. 3A and B, ar-
rows), as well as at a number of less prominent sites in the first 250
nucleotides (Fig. 3, open circles). While cleavage at these sites was
easily detectable by 3 min after the start of the reaction, extending
the incubation time to as long as 60 min simply led to progressive
increases in the abundances of the same degradation products
without the generation of prominent new bands, suggesting that
the upstream products of Vhs cleavage were relatively stable, at
least over a period of 60 min. In contrast, electrophoresis of the
products of Vhs digestion of 3= end-labeled pBK2 mRNA on an
8% polyacrylamide-8 M urea sequencing gel did not reveal any
labeled degradation products smaller than 700 nucleotides (the
upper limit of resolution on this gel), further supporting the con-
clusion that Vhs degradation begins with cleavage near the 5= end
of pBK2 (data not shown).

Digestion of cap-labeled mRNAs revealed only the 3= ends of
the upstream products of Vhs cleavage. To examine the 5= ends of
the downstream products, we analyzed Vhs cleavage products by
primer extension using primers that anneal to pBK2 mRNA at 3
different sites downstream from the cap (Fig. 4). These primers
were chosen because they should allow detection of Vhs cleavage
at the sites detected and shown in Fig. 3. Reverse transcription to
the end of intact pBK2 mRNA using the primers pe165, pe235,
and pe325 resulted in products of 165, 235, and 325 nucleotides,
respectively (Fig. 4, lines labeled “In”). Numerous shorter bands
also were produced, even in the absence of Vhs, apparently due to
pausing or stalling of the reverse transcriptase on the intact
mRNA. Therefore, the only primer extension products that were
attributed to Vhs cutting were those observed with mRNAs that
had been incubated with Vhs for 30 min, but not with mRNAs
from the 0-min time point, or mRNAs exposed to rabbit reticulo-
cyte lysates lacking Vhs.

A number of cut sites were identified using each of the primers
(Fig. 4, arrowheads). The locations of these sites are indicated in
Fig. 5 by the upward-pointing arrows below the first 330 nucleo-

tides of the pBK2 mRNA sequence. For comparison, the major cut
sites identified in Fig. 3 by the digestion of cap-labeled mRNAs are
indicated by the downward-pointing arrows above the sequence,
while some of the less prominent sites are identified by open cir-

FIG 3 Mapping Vhs cut sites in cap-labeled pBK2 mRNA. Two identical in
vitro mRNA degradation reactions were performed using rabbit reticulocyte
lysates that contained (Vhs) or lacked (RRL) Vhs and cap-labeled pBK2 target
mRNAs. One was carried out for 15 min (A), while the other was incubated for
up to 60 min (B). Aliquots were removed after 0, 3, 15, 30, or 60 min, and the
RNAs were electrophoresed through 8% polyacrylamide-8 M urea sequencing
gels. The lane labeled “M” in panel A contains labeled marker fragments with
the sizes (in nucleotides) of the fragments indicated on the left. The most
prominent Vhs degradation products are indicated by the arrowheads to the
right of panel A and to the left of panel B, along with the sizes of the products
in nucleotides. Less prominent degradation products are designated by open
circles. The band formed by intact pBK2 mRNA is indicated by the arrowheads
labeled “Int.”
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cles. Many cut sites were identified by both primer extension and
digestion of cap-labeled mRNA, confirming the previous report
by Smiley and colleagues that Vhs is an endonuclease rather than
an exonuclease (44). Several Vhs cut sites were located near the
first three AUG codons of pBK2 mRNA. The first two were sur-
rounded by suboptimal contexts, compared to the Kozak consen-
sus sequence (123–127), while the third AUG was in an optimal

context. In vitro translation of pBK2 mRNA has been reported to
yield one prominent polypeptide of the size expected for initiation
from the first AUG, as well as several less prominent polypeptides
(100), suggesting that translation initiates by leaky scanning, at
least part of the time, in vitro.

Ligating the ends of pBK2 mRNA to form a circle signifi-
cantly reduces Vhs cleavage at the sites where it cuts capped
linear molecules. In their classic study, Chen and Sarnow showed
that circular mRNAs containing an EMCV IRES can be translated
in vitro, even though a circular form of an mRNA that is normally
translated by cap-dependent ribosome scanning cannot be trans-
lated in vitro (118). The locations of Vhs cut sites (Fig. 3 to 5) (44,
99, 100), together with the fact that Vhs binds eIF4H, eIF4AI, and
eIF4AII (33–35), suggest that Vhs targeting occurs during the ini-
tiation of translation. If this is the case, its targeting to preferred
sites in mRNAs that are translated by cap-dependent scanning
would be expected to require that the mRNAs have a 5= end, even
though Vhs is an endonuclease. Alternatively, since Vhs cuts linear
mRNAs downstream from an EMCV IRES (99), cleavage of
mRNAs containing this IRES should not require a 5= end. To test
these predictions, we compared Vhs cutting of circular and
capped linear forms of pBK2 mRNA and pCITE-RLuc mRNA,
which encodes Renilla luciferase translated from an EMCV IRES.

Circular forms of pBK2 and pCITE-RLuc mRNAs were pre-
pared by annealing linear mRNAs to bridging oligonucleotides
that juxtaposed the 5= and 3= ends, followed by ligation with T4
DNA ligase, heating of the mRNAs to dissociate the bridging oli-
gonucleotides, and purification of the circular mRNAs by agarose
gel electrophoresis (Fig. 6A and B). Circular and capped linear
forms of the mRNAs then were incubated in rabbit reticulocyte
lysates that contained or lacked in vitro-translated Vhs, and
mRNA cleavage was monitored by primer extension. pCITE-
RLuc mRNA was analyzed using a primer that anneals to a se-
quence from 150 to 170 nucleotides downstream from the RLuc
start codon. Reverse transcription of intact linear mRNA yielded a
runoff transcript of 700 nucleotides (Fig. 6C, lanes a through e). In
contrast, reverse transcription of circular pCITE-RLuc mRNA did
not yield a distinct runoff transcript (Fig. 6C, lanes f through j).
Instead, the reverse transcripts appeared to fade out near the top of
the gel, presumably because reverse transcription of different mol-
ecules stopped at many different sites around the circle. This ab-
sence of a distinct 700-nucleotide runoff transcript was strong
evidence that the pCITE-RLuc mRNA had been circularized effi-
ciently. Primer extension revealed that Vhs cut linear pCITE-
RLuc mRNA at three prominent sites (Fig. 6C, lane e, arrow-
heads). Two were closely spaced approximately 100 nucleotides
downstream from the RLuc start codon, while the third was within
the 3= end of the IRES 20 nucleotides upstream of the start codon.
Of particular relevance to this study, Vhs readily cut circular
pCITE-RLuc mRNA at the same three sites as it cut capped linear
molecules (Fig. 6C, compare lanes h and j to lanes d and e).

Primer extension using the primer pe165 revealed that Vhs cut
capped linear pBK2 mRNA at a prominent site 9 nucleotides up-
stream from the start codon (Fig. 7, lane d, arrow), as well as at 3
less prominent sites farther upstream in the 5= UTR (Fig. 7, lane d,
lines). These are the same sites that are shown in Fig. 4A and
summarized in Fig. 5. In contrast, Vhs cleavages of circular mRNA
at these sites were undetectable or greatly reduced (Fig. 7, lane h).
Thus, no Vhs cleavage was detected at the three upstream sites in
the 5= UTR, while a faint, indistinct smudge of approximately 82

FIG 4 Mapping Vhs cut sites in pBK2 mRNA by primer extension. In vitro
mRNA degradation reactions were performed using rabbit reticulocyte lysates that
contained (Vhs) or lacked (RRL) Vhs and unlabeled pBK2 target mRNA. Aliquots
were removed after 0 or 30 min, and the RNAs were analyzed by primer extension
using the 5=-end-labeled primers pe165 (A), pe235 (B, lanes a through d), and
pe325 (B, lanes e through h). The primer extension products were electrophoresed
through 8% polyacrylamide-8 M urea sequencing gels. All of the samples were
from the same experiment. Those analyzed using the primer pe165 were electro-
phoresed through the gel shown in panel A. Samples analyzed with the primers
pe235 and pe325 were electrophoresed through a second gel shown in panel B.
Bands due to prominent Vhs cleavage sites in pBK2 are indicated by arrowheads to
the right of panel A, lane d, and to the right of panel B, lanes d and h. Bands due to
extension of the primers to the end of intact pBK2 mRNA are indicated by the
short lines labeled “In.”
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nucleotides was seen for the 15-min time point of Vhs-digested
circular mRNA (Fig. 7, lane h). While always faint, the intensities
of these bands varied in different gels, making it unclear whether
they were actually due to mRNA cleavage. Nevertheless, even if
some cleavage did occur on circular molecules, it clearly was sig-
nificantly reduced relative to that observed for capped linear
mRNAs. The results suggest that, although Vhs readily cleaves
circular mRNAs that contain an EMCV IRES at specific sites, tar-
geted cleavage of mRNAs that are translated by ribosome scanning
is greatly augmented by an mRNA 5= end.

Cleavage of pBK2 mRNA at preferred sites is augmented by a
5= cap. Because, for most mRNAs, initiation by ribosome scan-
ning is dependent upon a 5= cap, it was important to determine
whether the targeting of Vhs to specific cut sites requires not just a
5= end but also the presence of a cap. To this end, 5=-end-labeled
pBK2 mRNAs were prepared by the posttranscriptional addition
of a 32P-labeled cap or a 32P-labeled 5= monophosphate. These
were incubated in parallel reactions that contained rabbit reticu-
locyte lysates with or without Vhs, and the reaction products were
analyzed by electrophoresis through 8% polyacrylamide-8 M urea
sequencing gels to compare 5= proximal Vhs cleavage products.
With the cap-labeled substrate (Fig. 8, lanes a through e), Vhs
produced the same set of labeled fragments as those shown in Fig.
3 and 5. In striking contrast, Vhs did not cut the 5= monophos-
phate-labeled mRNA at the same preferred sites to any apprecia-
ble extent (Fig. 8, lanes f through j). These results indicate that the
targeting of Vhs to preferred cut sites in pBK2 mRNA is signifi-
cantly enhanced by the presence of a cap.

Mutations in and around the start codon alter the sites of Vhs
cleavage. Given the importance of a capped 5= end and the fact
that Vhs interacts with the cap-binding complex eIF4F (114), our
observation that some of its preferred cut sites cluster near the first
AUG of pBK2 and in the 5= UTR suggests a possible role for scan-
ning-dependent translation initiation in targeting Vhs. To test this
idea, we examined the effect on Vhs cleavage of mutations in or
surrounding the first AUG codon of pBK2 mRNA which affect
ribosome scanning.

In the first set of experiments, we examined the effect on Vhs
cleavage of mutations that altered the first AUG of pBK2 to CCC
(AUG1¡CCC). Cap-labeled mutant and wild-type pBK2

mRNAs were incubated in parallel mRNA degradation reaction
mixtures containing rabbit reticulocyte lysates with or without
Vhs, and the reaction products were analyzed by electrophoresis
through 8% polyacrylamide-8 M urea sequencing gels to compare
the Vhs cleavage sites (Fig. 9). The mutations that altered the AUG
abolished Vhs cleavage at a site just upstream from the normal
translational start site (Fig. 9, lane l, arrow) and moderately en-
hanced cleavage at a number of sites further downstream (Fig. 9,
lane l, line). Thus, mutations that abolished translation initiation
from the first AUG and allowed the 40S ribosomal subunit to
continue scanning further downstream reduced Vhs cleavage at
sites near the normal start codon and enhanced cleavage at down-
stream sites.

As was mentioned previously, the first AUG of wild-type pBK2
mRNA is in a suboptimal context compared to the Kozak consen-
sus sequence (Fig. 5) (121–127), a fact that appears to allow leaky
scanning to occur at least some of the time in vitro (100). Next we
examined whether mutations that altered the nucleotides sur-
rounding the first AUG of pBK2 to optimize their match to the
Kozak consensus sequence would affect the efficiency of Vhs
cleavage at sites near the start codon (Fig. 10). The mutant AUG1-
OPT contains four point mutations that change the context of the
first AUG of pBK2 mRNA so that it reads CACCAUGG, where the
start codon is shown in bold and the altered residues are under-
lined. The result is an AUG surrounded by a context that is a
perfect match to the Kozak consensus sequence. Cap-labeled
wild-type pBK2 and AUG1-OPT mRNAs were incubated in rabbit
reticulocyte lysates that contained or lacked Vhs, and the reaction
products were analyzed by electrophoresis through an 8% poly-
acrylamide-8 M urea sequencing gel. The mutations that optimize
the context of the first AUG caused a moderate increase in Vhs
cleavage near the start codon (Fig. 10, lane l, bracket), as well as a
decrease in cleavage at sites downstream from the AUG (Fig. 10,
lane f, open circles). The results shown in Fig. 9 and 10 indicate
that mutations in an mRNA, which affect the recognition of an
AUG as a start codon, affect the efficiency of Vhs cleavage at sites
surrounding the AUG.

Vhs cleavage is inhibited by a nonhydrolyzable analogue of
ATP but not by cycloheximide or a nonhydrolyzable analogue
of GTP. For mRNAs with even a modicum of secondary structure,

FIG 5 Summary of Vhs cut sites identified by analysis of Vhs cutting of 5= cap-labeled pBK2 mRNA and primer extension analysis of unlabeled pBK2 mRNA.
The sequence of the first 330 nucleotides of pBK2 mRNA is shown. Downward-pointing arrowheads above the sequence indicate the most prominent Vhs cut
sites identified by Vhs cutting of 5= cap-labeled pBK2 mRNA. Open circles above the sequence indicate less prominent Vhs cut sites identified using cap-labeled
pBK2 mRNA. Upward-pointing arrows below the sequence indicate the location of cut sites identified by primer extension analysis of Vhs degradation products.
The first three AUG codons (beginning at nucleotides 92, 227, and 269) of pBK2 mRNA are underlined.

Shiflett and Read

100 jvi.asm.org Journal of Virology

http://jvi.asm.org


ribosome scanning is dependent upon ATP hydrolysis (105, 107,
128). Therefore, to further test the apparent linkage between the
selection of Vhs cut sites and translation initiation, we examined
whether adenosine 5=-(�, �-imido)triphosphate (AMP-PNP), a
nonhydrolyzable analogue of ATP, would inhibit Vhs cleavage of
pBK2 mRNA. The inclusion of AMP-PNP in in vitro translation
reactions blocks the ATP-dependent helicase activities of eIF4AI
and eIF4AII, the consequent interaction of eIF4G, eIF4H, and
other translation initiation factors with the 5= UTR, and scanning
of the 40S ribosomal subunit to the start codon to form the 48S
initiation complex (105, 129–131). Rabbit reticulocyte lysates that
contained or lacked Vhs were supplemented with 2 mM AMP-
PNP or an equal volume of water and preincubated at 30°C for 12
min. This concentration of the analogue is sufficient to block all
detectable polypeptide synthesis (data not shown). Cap-labeled

pBK2 mRNA was added, after which incubation was continued
for various intervals, and the RNA reaction products were electro-
phoresed through a 1.3% (wt/vol) agarose-formaldehyde gel (Fig.
11). AMP-PNP inhibited detectable Vhs cutting of pBK2 mRNA
such that in its presence, the rate of pBK2 mRNA decay was indis-
tinguishable in the presence and absence of Vhs. These results
indicate that ATP hydrolysis is essential for Vhs degradation of
pBK2 mRNA, probably because it is required for the RNA helicase
activities of eIF4AI and eIF4AII, and suggest that scanning-depen-
dent initiation plays an important role in Vhs activity.

AMP-PNP blocks an early stage of translation initiation. To
determine whether Vhs cleavage is dependent upon progression
of the mRNA through the entire pathway of translation initiation,
or on ongoing translation elongation, we examined the effect on
Vhs cleavage of halting translation at different points using cyclo-

FIG 6 Vhs cuts circular mRNAs that have an EMCV IRES. (A) Diagram of the procedure for preparing circular mRNAs. (B) Linear and circular forms of the RNA
were resolved by electrophoresis through a 1.6% (wt/vol) agarose gel. Lane b contains RNAs that were taken through the circularization procedure, and lane a
contains an aliquot of RNA that was taken through the same procedure, except that T4 DNA ligase was omitted from the ligation reaction. (C) In vitro RNA
degradation reactions were performed using rabbit reticulocyte lysates that contained (Vhs) or lacked (RRL) Vhs and capped linear or circular pCITE-RLuc RNA.
Aliquots were removed after 0, 3, or 15 min, and the RNAs were analyzed by primer extension. Bands due to Vhs cleavage sites are indicated by arrows to the right
of lanes e and j.
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heximide or a non-hydrolyzable analogue of GTP. Cycloheximide
allows binding of initiation factors and the 40S ribosomal subunit
at the cap, scanning to the start codon, and joining of the 60S
subunit to form a functional 80S ribosome. However, it inhibits
peptide bond formation, which prevents translation elongation
(103, 132, 133). In the next set of experiments, cap-labeled pBK2
mRNA was incubated for various intervals in rabbit reticulocyte
lysates that contained or lacked Vhs and contained or lacked 50
�g/ml of cycloheximide, a concentration of the drug that is suffi-
cient to halt all detectable translation (data not shown). The reac-
tion products were electrophoresed through a 1.3% (wt/vol) aga-
rose-formaldehyde gel to follow the degradation of full-length
cap-labeled mRNA (Fig. 12). Cycloheximide had no detectable
effect on Vhs degradation of full-length pBK2 mRNA. In addition,
analysis of the degradation products by electrophoresis through
an 8% polyacrylamide-8 M urea sequencing gel revealed that cy-
cloheximide had no effect upon the sites of Vhs cleavage (data not
shown). Thus, Vhs cleavage is not dependent upon ongoing trans-
lation elongation.

GMP-PNP is a nonhydrolyzable analogue of GTP that allows
binding of initiation factors and the 40S ribosomal subunit to the
mRNA, and scanning to the start codon to form the 48S complex,

but blocks joining of the 60S ribosomal subunit (103, 133, 134).
Rabbit reticulocyte lysates, that contained or lacked Vhs, were
supplemented with 2 mM GMP-PNP or an equal volume of water
and preincubated for 12 min. This concentration of the analogue
is sufficient to block all detectable polypeptide synthesis (data not
shown). Cap-labeled pBK2 mRNA was added, after which incu-
bation was continued for various intervals, and the RNA reaction
products were electrophoresed through a 1.3% (wt/vol) agarose-
formaldehyde gel (Fig. 13). GMP-PNP had at most a modest effect
on Vhs degradation of full-length pBK2 mRNA, so that by 15 min
after addition of the target, more than 90% of the mRNA had been
degraded. In addition, electrophoresis of aliquots of the same
samples on 8% polyacrylamide-8 M urea sequencing gels showed
that Vhs cleavage occurred at the same sites, regardless of whether
GMP-PNP was present or absent (data not shown). Thus, the vast
majority of Vhs cleavage events are not dependent upon joining of
the 60S ribosomal subunit.

FIG 7 Vhs fails to cut circular pBK2 RNA at the same sites at which it cuts
capped linear molecules. Circular (lanes e through h) and capped linear (lanes
a through d) forms of pBK2 RNA were incubated in rabbit reticulocyte lysates
that contained (Vhs) or lacked (RRL) in vitro-translated Vhs. Aliquots were
removed after 0 or 15 min, and the RNAs were analyzed by primer extension
using primer pe165. Bands due to prominent Vhs cleavage sites in capped
linear pBK2 are indicated by the arrow and lines to the right of lane d. The
sequence of the first 100 nucleotides of pBK2 mRNA is shown below the gel,
with the 5= proximal AUG underlined, and the prominent Vhs cut sites are
indicated by the arrow and lines below the sequence.

FIG 8 Importance of a 5= cap for Vhs cleavage of an mRNA at preferred sites.
pBK2 RNA was labeled with a 32P-labeled 5= cap (lanes a through e) or with a
32P-labeled 5= monophosphate (lanes f through j) as described in the text.
Cap-labeled or 5= monophosphate-labeled RNAs were incubated in rabbit
reticulocyte lysates that contained (Vhs) or lacked (RRL) in vitro-translated
Vhs. Aliquots were removed after 0, 3, or 15 min, and the RNAs were analyzed
by electrophoresis through an 8% polyacrylamide-8 M urea sequencing gel.
The most prominent sites at which Vhs cuts cap-labeled pBK2 mRNA are
indicated by arrows to the right of lane e.
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DISCUSSION

The thrust of these studies was to investigate how Vhs is targeted
to preferred cut sites in mRNAs that are sensitive to Vhs degrada-
tion. Previous work has shown that Vhs interacts with the trans-
lation initiation factors eIF4H, eIF4AI, and eIF4AII (33–35, 114)
and demonstrated the importance of at least eIF4H to Vhs activity
(33–35, 39, 114, 135). However, none had examined what deter-
mines the sites at which Vhs cuts an mRNA or demonstrated a
functional link between translation initiation and Vhs cleavage.
The contribution of the present experiments is to map the sites at
which Vhs cleaves a particular target mRNA and to demonstrate
that mutations or alterations in the mRNA that affect its transla-
tion initiation affect the sites of Vhs cleavage. In addition, halting
scanning-dependent initiation at an early step by blocking ATP
hydrolysis inhibits Vhs activity. The results indicate a link between
Vhs cleavage and translation initiation and suggest that Vhs
reaches at least some of its preferred cut sites during translation
initiation.

Studies with pBK2 mRNA provide a good illustration of the
targeting of Vhs to preferred sites. Previously, we showed that a
purified complex of recombinant Vhs and a GST-eIF4H fusion
protein cuts pBK2 mRNA at many sites throughout the molecule
(33). In contrast, the present studies show that in rabbit reticulo-
cyte lysates, Vhs cuts the same pBK2 mRNA at a small subset of
those sites, clustered within the first 250 nucleotides from the 5=

cap. This result with rabbit reticulocyte lysates is similar to that
reported for Vhs cleavage of the mRNA encoding the signal rec-
ognition particle alpha subunit (SRP �) (44). For pBK2 mRNA,
this targeting of Vhs to preferred sites was greatly augmented by
the presence of a capped 5= end on the mRNA. Ligating the ends of
the mRNA to form a circle abolished or significantly reduced Vhs
cutting at a number of sites where Vhs cuts capped linear mole-
cules, and Vhs cutting at preferred sites was greatly reduced for
linear molecules with a 5= monophosphate compared to that for
capped linear mRNAs. While these results suggest a link between
Vhs cutting and translation initiation, even more persuasive data
come from our observation that mutations that alter the start
codon from AUG abolished Vhs cleavage at a prominent nearby
site, while other mutations that optimized the context of the 5=
proximal AUG to improve its match to the Kozak consensus se-
quence caused a moderate increase in Vhs cleavage near the start
codon and a reduction in cutting at sites farther downstream.
Furthermore, our finding that AMP-PNP inhibits most, if not all,
Vhs cutting suggests a prominent role for the ATP-dependent
eIF4AI and eIF4AII RNA helicases, and probably ribosome scan-
ning, in Vhs degradation of many mRNAs.

FIG 9 Mutations that alter the 5= proximal AUG of pBK2 mRNA abolish Vhs
cleavage at nearby sites. In vitro mRNA degradation reactions were performed
using wild-type (WT) pBK2 mRNA (lanes a through f) or the mutant
AUG1¡CCC (lanes g through l) in which the 5= proximal AUG has been
altered to CCC. Cap-labeled wild-type or mutant mRNAs were added to rabbit
reticulocyte lysates that contained (Vhs) or lacked (RRL) in vitro-translated
Vhs. Aliquots were removed after 0, 15, or 30 min, and the RNAs were analyzed
by electrophoresis through an 8% polyacrylamide-8 M urea sequencing gel.
The location of the prominent Vhs cleavage site at which cutting is abolished
by the mutation is indicated by the arrow to the right of lane l, while sites at
which cleavage was moderately enhanced are indicated by the line to the right
of lane l.

FIG 10 Mutations that optimize the context of the 5= proximal AUG of pBK2
mRNA enhance Vhs cleavage at nearby sites. In vitro mRNA degradation re-
actions were performed using wild-type pBK2 mRNA (lanes a through f) or the
mutant AUG1-OPT (lanes g through l) in which nucleotides surrounding the
5= proximal AUG have been altered to create a match to the Kozak consensus
sequence. Cap-labeled wild-type or mutant mRNAs were added to rabbit re-
ticulocyte lysates that contained (Vhs) or lacked (RRL) in vitro-translated Vhs.
Aliquots were removed after 0, 15, or 30 min, and the RNAs were analyzed by
electrophoresis through an 8% polyacrylamide-8 M urea sequencing gel. The
bracket to the right of lane l denotes sites at which Vhs cleavage is enhanced by
the mutations that optimize the context of the 5= proximal AUG. Sites at which
Vhs cleavage is reduced are indicated by the open circles to the right of lane f.

HSV Vhs Reaches Some Cut Sites during Translation

January 2013 Volume 87 Number 1 jvi.asm.org 103

http://jvi.asm.org


The fact that Vhs interacts with the cap-binding complex eIF4F
(114) suggests a plausible mechanism for directing Vhs to cut sites
close to the 5= end of mRNAs. However, any model for Vhs tar-
geting must also address how it is directed to cut sites farther
downstream from the cap. One possibility is that, after loading
onto the mRNA at the cap, Vhs reaches at least some of its cut sites
by scanning with the 40S ribosomal subunit during translation
initiation. Since purified Vhs lacks significant selectivity (33,
47)—it cleaves single-stranded regions of any kind of RNA down-
stream from C’s and U’s (45)—a plausible model is that preferred
Vhs cut sites are determined by a combination of mRNA second-
ary structure and the amount of time that Vhs spends in any one
area of the mRNA. Cutting at sites near the 5= proximal AUG and
in the 5= UTR would occur in regions of single-stranded RNA
where the 40S ribosomal subunit, associated factors, and Vhs
pause or slow down during ribosome scanning.

If such a model is correct, an important question is why the
presence of the 5= proximal AUG does not block Vhs cleavage at
downstream sites near the second and third AUGs. One possibility

is that Vhs reaches these sites by leaky scanning. The first and
second AUGs of pBK2 mRNA are in a suboptimal context com-
pared to the Kozak consensus sequence. This might allow scan-
ning of the 40S ribosomal subunit, and Vhs, to continue to the
second or third AUG codons some of the time, resulting in Vhs
cleavage of some mRNA molecules at these downstream sites. It is
worth noting that no Vhs cleavage sites were observed down-
stream from the third AUG codon. Therefore, this AUG, which is
in an optimal Kozak context, may block Vhs from cleaving farther
downstream.

A second, equally plausible, model is one in which the selection
of some Vhs cut sites is dependent upon ribosome scanning, but
the Vhs endonuclease does not actually travel along the mRNA
with the scanning 40S subunit. Instead, a scanning 40S subunit
might remodel mRNA or messenger ribonucleoprotein structure
to create structures conducive to Vhs binding and cleavage at sites
downstream from the cap. Recent studies of eIF4H and eIF4AI
have added credence to such a model (129, 136). Pelletier and
coworkers showed that, during translation initiation, copies of
eIF4H could be cross-linked to an mRNA at sites up to 52 nucle-

FIG 11 Vhs degradation of pBK2 mRNA in the presence of AMP-PNP. Rabbit
reticulocyte lysates containing (lanes i through p) or lacking (lanes a through
h) in vitro-translated Vhs were preincubated for 12 min in the presence (lanes
e through h and m through p) or absence (lanes a through d and i through l) of
2 mM AMP-PNP, after which cap-labeled pBK2 mRNA was added and incu-
bation continued. Aliquots were removed after 0, 3, 9, or 15 min, and the RNAs
were electrophoresed through a 1.3% (wt/vol) agarose-formaldehyde gel. The
relative amounts of full-length mRNAs were quantified using ImageQuant
software and plotted to compare the relative decay rates of pBK2 mRNA.

FIG 12 Cycloheximide has no appreciable effect upon Vhs cleavage. Rabbit
reticulocyte lysates containing (Vhs) or lacking (RRL) in vitro-translated Vhs
were preincubated for 12 min in the presence (lanes e through h and m
through p) or absence (lanes a through d and i through l) of 50 �g/ml of
cycloheximide (Cyclo), after which cap-labeled pBK2 mRNA was added and
incubation continued. Aliquots were removed after 0, 3, 9, or 15 min, and the
RNAs were electrophoresed through a 1.3% (wt/vol) agarose-formaldehyde
gel. The relative amounts of full-length mRNAs were quantified using
ImageQuant software and plotted to compare the relative decay rates of pBK2
mRNA.
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otides downstream from the cap and that this interaction was both
cap and ATP dependent. They went on to propose that, following
the binding of eIF4E to the cap, multiple copies of eIF4H, eIF4AI,
and eIF4AII may bind the mRNA at internal sites in the 5= UTR
(129). In other experiments, they found that eIF4H stimulates the
helicase activity of eIF4AI to a significantly greater extent for hair-
pin substrates with an internal single-stranded loop than for du-
plexes with a single-stranded overhang, and they suggested that
this reflected higher-affinity binding of eIF4H-eIF4AI complexes
to the loops of hairpins than to single-stranded tails (136). They
further postulated that one role of eIF4H is to deliver eIF4AI, and
perhaps other proteins, to specific structures within mRNAs. The
importance of these results to the present studies is that they sug-
gest a mechanism by which Vhs, through its binding to eIF4H,
could be directed during translation initiation to sites within the
5= UTR of an mRNA without having to scan from the 5= cap.

Both of these models postulate a prominent role for the eIF4A
helicase and ribosome scanning in directing Vhs to its preferred
sites. We favor these models for pBK2 mRNA because (i) Vhs
binds translation initiation factors that play a central role in ribo-
some scanning, (ii) mutations in and around the start codon of
pBK2 mRNA, which affect ribosome scanning, also affect the sites

of Vhs cleavage, and (iii) inhibition of ATP hydrolysis blocks
most, if not all, Vhs degradation of pBK2 mRNA. In addition,
hippuristanol, a specific inhibitor of eIF4AI and 4AII, inhibits Vhs
degradation of pBK2 mRNA in rabbit reticulocyte lysates, while
hippuristanol treatment or siRNA-mediated depletion of eIF4AI
and 4AII from cells prior to infection inhibit Vhs degradation of
beta actin mRNA in vivo (D. Agarwal, J. S. Sadek, L. A. Shiflett, and
G. S. Read, unpublished data).

While a version of one of these models probably is the case for
pBK2 and many other mRNAs, some mRNAs may exist that re-
quire a modification of the model. Elgadi et al. have reported that
in rabbit reticulocyte lysates, in vitro degradation of SRP � mRNA
is not dependent upon the presence of a 5= cap (44). While differ-
ent from our result for pBK2 mRNA, this result is not necessarily
inconsistent with a link between Vhs degradation and translation
initiation. Uncapped mRNAs can be translated to an appreciable
extent in rabbit reticulocyte lysates, particularly if they lack sec-
ondary structure near the 5= end (128). In addition, Gunnery et al.
showed that when an mRNA encoding the HIV TAT protein was
engineered to be transcribed from an RNA polymerase III pro-
moter, translation of the resulting uncapped mRNA could be de-
tected in transfected HeLa cells and occurred by a mechanism
involving ribosome scanning (137). Thus, the relative importance
of a cap to Vhs-mediated degradation may vary between mRNAs
(especially in vitro), depending on their secondary structures, even
if for both degradation is linked to translation initiation.

Elgadi et al. also reported that some Vhs cutting of SRP �
mRNA occurred in rabbit reticulocyte lysates that had been de-
pleted of ribosomes by centrifugation (44). This does not neces-
sarily mean that Vhs degradation of SRP � mRNA is not linked to
translation initiation. Although some Vhs cleavage occurred in
the ribosome-depleted extracts, it was significantly reduced rela-
tive to the control extracts, and the extent of the ribosome deple-
tion was unclear (44). Furthermore, just as mRNAs differ in the
extent to which their translation is dependent on the eIF4A heli-
case (138), depending upon their secondary structures, mRNAs
may differ in the extent to which ribosome scanning is required to
remodel them to allow Vhs cleavage at preferred sites. Some
mRNAs may be able to adopt multiple secondary structures, only
one of which allows Vhs cleavage at preferred sites, and ribosome
scanning may drive the mRNA to adopt that structure. Such a
model may explain the results of experiments in which circular
pBK2 mRNA was incubated with Vhs. Vhs failed to cleave circular
pBK2 at three sites at which it cuts capped linear molecules, con-
sistent with the idea that translation initiation is required for
cleavage at these sites. However, although significantly reduced,
some Vhs cleavage of circles may have occurred at a fourth site. A
small fraction of circular molecules may spontaneously adopt a
structure that allows Vhs cleavage at this site, while at any one time
most of the molecules do not. This would explain a small amount
of Vhs cutting of circles at this site. However, ribosome scanning,
which occurs on capped linear molecules, would cause a higher
fraction of the molecules to adopt the conformation that can be
cleaved, leading to significantly more Vhs cleavage of capped lin-
ear molecules at this site.

In addition, some mRNAs may exist that are cleaved by Vhs
through a mechanism that is completely scanning independent.
These may include certain ARE-containing mRNAs that are re-
portedly cleaved by Vhs at sites in the 3= UTR (86, 87, 93, 139).
Whether cleavage at these sites first involves loading Vhs onto the

FIG 13 Vhs degradation of pBK2 mRNA in the presence of GMP-PNP. Rabbit
reticulocyte lysates containing (lanes h through m) or lacking (lanes a through
g) in vitro-translated Vhs were preincubated for 12 min in the presence (lanes
e through g and k through m) or absence (lanes a through d and h through j)
of 2 mM GMP-PNP, after which cap-labeled pBK2 mRNA was added and
incubation continued. Aliquots were removed after 0, 3, 9, or 15 min, and the
RNAs were electrophoresed through a 1.3% (wt/vol) agarose-formaldehyde
gel. The relative amounts of full-length mRNAs were quantified using
ImageQuant software and plotted to compare the relative decay rates of pBK2
mRNA.
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mRNAs by binding cap-bound eIF4F, followed by redirection to
the sites in the 3= UTR, remains to be determined. Alternatively,
Vhs may completely bypass the cap and be directly targeted to sites
near the ARE by an unknown mechanism.

Whether or not Vhs reaches different cut sites by different
mechanisms in scanned mRNAs, several results indicate that dif-
ferent mechanisms target Vhs to sites in scanned mRNAs versus
mRNAs that contain an EMCV IRES. First, circularization of an
mRNA that is normally translated by scanning significantly re-
duces Vhs cleavage at the sites that are cut in capped linear mole-
cules. In contrast, Vhs readily cuts linear and circular forms of an
mRNA with an EMCV IRES at the same sites. Second, the mutant
Vhs 1 contains a point mutation that changes threonine 214 to
isoleucine (60,140). The mutant polypeptide retains endonu-
clease activity and the ability to bind eIF4AI and eIF4AII (35)
but is unable to bind eIF4H (33–35). Vhs polypeptides contain-
ing the T214I mutation completely lack the ability to degrade
mRNAs that are translated by scanning (36, 37, 48, 57, 58, 96)
but retain the ability to cleave mRNAs containing an EMCV
IRES at sites downstream from the IRES (101). Thus, Vhs re-
quires different cellular factors for cleavage of scanned and
IRES-containing mRNAs.

A number of important questions concerning the function of
Vhs remain. In particular, little is known regarding what features
of some mRNAs make them more or less sensitive to Vhs degra-
dation. Despite its name, Vhs is not exclusively a host shutoff
factor. Rather, it alters the balance between the transcription and
degradation rates of many mRNAs, which can have many down-
stream effects, both negative and positive, on gene expression.
Elucidating what features of mRNAs determine their different
sensitivities to Vhs degradation is important to understanding
virus-host interactions that are central to HSV biology. In view of
our observation that Vhs reaches at least some of its cut sites dur-
ing translation initiation, it will be interesting to determine
whether mRNA secondary structures that modulate their efficien-
cies of translation may influence their sensitivities to Vhs degra-
dation.

Finally, recent data have indicated that in some cell types, Vhs-
mediated mRNA degradation is reduced and, instead, Vhs actu-
ally stimulates the translation of specific mRNAs. Thus, in HeLa
and several other cell types, Vhs activates translation of the 3=
cistron of bicistronic mRNAs containing several cellular IRESs
(29). Additionally, during lytic infections, it stimulates translation
of several late viral mRNAs (23). Understanding how the mRNA
degradative and translational stimulatory functions of Vhs are co-
ordinated and regulated is an important avenue for future re-
search.
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