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It has been proposed that herpes simplex virus 1 with VP22 deleted requires secondary mutation of VHS for viability. Here we show
that a replication-competent �22 virus constructed by homologous recombination maintains a wild-type (Wt) VHS gene and has no
other gross mutations. By contrast, �22 viruses recovered from a bacterial artificial chromosome contain multiple amino acid changes
within a conserved region of VHS. Hence, the mode of virus rescue influences the acquisition of secondary mutations.

The herpes simplex virus 1 (HSV-1) virion host shutoff protein
(VHS), encoded by gene UL41, is a tegument protein that is

released into the cytoplasm of the infected cell, where it degrades
both host and viral mRNA via an endoribonucleolytic activity,
resulting in translational arrest (1–5). Although it has been be-
lieved for some time that VHS does not discriminate between
cellular and viral mRNAs, a recent publication has suggested that
it exhibits differential degradation of some classes of viral tran-
scripts during infection (6). Nonetheless, it has been postulated
that VHS must be downregulated in the infected cell to allow late
virus proteins to be optimally expressed. Viruses with the major
tegument protein VP16 deleted show unrestrained levels of trans-
lational arrest, a feature that can be rescued by additionally mu-
tating the UL41 gene (7, 8). Furthermore, VP16 interacts directly
with VHS (9), suggesting that VP16 may downregulate the activity
of newly synthesized VHS late in infection by sequestering it. A
second major tegument protein, VP22, is an additional binding
partner of VP16 (10). Previous attempts to isolate a VP22 knock-
out virus by using a bacterial artificial chromosome (BAC) indi-
cated that VP22 null viruses could be rescued only when gross
secondary mutations in the UL41 gene had been acquired, thereby
abrogating VHS activity (11). This led the authors to conclude
that VHS is lethal for the virus in the absence of VP22. Other
studies on a BAC-recovered �22 virus have also identified a spon-
taneous secondary frameshift mutation resulting in a truncated
VHS (12, 13).

We have previously characterized an HSV-1 �22 virus which
had been constructed by classical homologous recombination in
the background of the strain 17 (s17) genome (14). This virus was
originally recovered from a VP22 complementing cell line, but
when it was found to replicate with wild-type (Wt) kinetics in
noncomplementing Vero cells, it was subsequently propagated on
Vero cells (14). In Vero cells �22 virus plaque size was reduced by
only 50% compared to Wt size (Fig. 1A and B), suggesting that, in
these cells at least, the virus was not substantially attenuated. Con-
sidering the results described above, we sequenced the �22 UL41
gene from DNA amplified by PCR from our current �22 virus
stock and found that the UL41 gene was intact and had a sequence
identical to that of the reference s17 sequence (GenBank no.
JN555585.1; s17REF). To assess if other secondary mutations had
been introduced to the virus, we carried out next-generation se-
quencing of the full �22 genome, as has been described previously
(15). Sequence data sets were parsed through QUASR (16) and

aligned against s17REF using BWA (17). The aligned read data
were processed using SAMTools (18), and consensus sequences
were generated. Single-nucleotide polymorphism (SNP) and in-
del differences between the �22 consensus sequence and s17REF
were determined using BaseByBase (http://athena.bioc.uvic.ca/).
This sequencing revealed no major changes in the �22 genome,
with only 29 nucleotide changes compared to s17REF (0.02%), 14
of which resulted in coding changes, and one nucleotide deletion
(Table 1). While our replication-competent �22 virus could have
acquired viability by incorporating alternative secondary muta-
tions such as in the VHS promoter or the UL13 kinase, deletion of
which has been shown to result in a VHS null virus (19), no such
mutations were apparent. Notably, we identified a single nucleo-
tide polymorphism in the �22 UL41 gene, encoding a V to A
change at residue 271, that had not been found by PCR sequenc-
ing. This change was present in around half of the genomic pop-
ulation, implying that the two variants were coreplicating (see
Fig. 4B).

To investigate if VHS was functional in our �22 virions, we
infected HeLa cells at a multiplicity of infection of 20 in the pres-
ence of 5 �g/ml actinomycin D to inhibit mRNA transcription,
metabolically labeled cells 5 h later with 50 �Ci/ml [35S]methio-
nine for 1 h, and analyzed cell lysates by SDS-PAGE and autora-
diography. As expected, in actinomycin D-treated cells Wt virus
reduced the overall level of incorporated label compared to that in
uninfected cells, indicating a shutoff of total protein synthesis
(Fig. 1C, Wt), while a �vhs virus had no effect on the level of
protein synthesis (Fig. 1C, �vhs). Interestingly, the �22 virus also
failed to shut off protein synthesis, suggesting that no functional
VHS was associated with the tegument of this virus. However,
Western blotting of extracellular virus particles purified on Ficoll
gradients and equalized by the major capsid protein VP5 revealed
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that this lack of activity was likely a consequence of greatly reduced
VHS content in �22 virions compared to Wt virions (Fig. 1D), in
spite of equal packaging of VP16 (14).

Western blotting of infected-cell lysates produced in Vero,
HeLa, or BHK cells indicated that VHS was barely detectable in
�22-infected cells (Fig. 2A), suggesting that the low virion content
of VHS was a reflection of a low steady-state level of the protein.
There are several possibilities for this low level of VHS in �22-
infected cells, including reduced stability of the VHS protein, re-
duced transcription of the VHS gene, and reduced translation of
the VHS mRNA. Of the noncoding changes found in the �22
genome, none were located in the VHS transcription unit, and
hence there were no obvious secondary mutations that could af-
fect VHS translation. However, other studies have shown that
VHS protein levels but not mRNA levels are increased in transient
transfection by coexpression of both VP16 and VP22, suggesting
that VP22 itself may play a specific role in the accumulation of
VHS protein in the cell (20). While a similar low level of cellular
VHS has been reported in other �22 virus infections (21, 22),

TABLE 1 Coding changes in the genome of our s17 �22 virus

s17REF
locationa ORFb Gene productc

Coding change(s) in
the �22 virus

9984 UL1/UL2 gL/uracil DNA glycosylase R216H/A34T
26671 UL12 DNase R73H
26863 UL12 DNase C9Y
41209 UL20 Membrane protein A94V
47095 UL23 TK R237C
56878 UL28 DNA packaging A428V
60783 UL29 ssDNA binding protein E424D
68223 UL32 DNA packaging A314T
93835 UL42 DNA pol subunit A242T
109553 UL52 Helicase/primase A169T
115555 UL55 Nuclear matrix protein Deletion of 1 nt
134619 US2 Unknown V105M
140564 US7 Glycoprotein I T259M
140771 US7 Glycoprotein I M328K
143184 US8A Nucleolar phosphoprotein C146Y
a Nucleotide numbers refer to the s17REF sequence (GenBank no. JN555585.1,
deposited May 2012).
b ORF, open reading frame.
c gL, glycoprotein L; TK, thymidine kinase; ssDNA, single-stranded DNA; pol, polymerase.

FIG 1 HSV-1 lacking VP22 fails to package VHS. (A) Fifty PFU of s17 (Wt) and �22 viruses were plated on Vero cells and fixed and stained with crystal violet
4 days later. (B) The relative areas of Wt and �22 plaques from 3 separate experiments was measured using Image J software. Values are shown as means �
standard errors of the means of 10 plaques. (C) HeLa cells treated with 5 �g/ml actinomycin D were infected with s17 (Wt), �vhs, or �22 viruses or left uninfected
(M). Five hours later the cells were metabolically labeled with 50 �Ci/ml [35S]methionine for 1 h, and total lysates were analyzed by SDS-PAGE and autoradiog-
raphy. (D) Gradient-purified virions from s17 (Wt) and �22 viruses were analyzed by SDS-PAGE, followed by Coomassie blue staining (left) or Western blotting
(right) with antibodies against the major capsid protein VP5 and the tegument proteins VP22, VP16, and VHS.
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these infections have also been shown to exhibit a functional shut-
off of protein synthesis (21). Likewise in our own virus, metabolic
labeling of infected HeLa cells 8 and 16 h after infection revealed
that overall protein synthesis was reduced in �22-infected cells
compared to Wt or �vhs infections at the later time (Fig. 2B),
suggesting that, in spite of its low concentration, VHS expressed
from this virus is functional and may lack regulation late in infec-
tion.

Taken together, these data suggest that our �22 virus expresses
a Wt VHS protein that, despite its low abundance, functions in
protein shutoff and does not undergo gross mutation during pas-
saging in noncomplementing cells. There are three differences be-
tween the study described in reference 11 and our own work (14).
First, our VP22 knockout virus was produced in s17, not strain F.
Second, our virus was rescued in a complementing cell line, not
Vero cells. Lastly, our s17 �22 virus was generated by homologous
recombination, not from a BAC. Any combination of these differ-
ences may impact the outcome of virus rescue. The strain F VHS
gene has 2 amino acid changes compared to s17 according to the
published sequence (GenBank no. GU734771.1) and our own se-
quencing data (Fig. 4B), which may reflect different relative activ-

ities of the two proteins. However, comparison of the VHS activ-
ities associated with F and s17 virions showed that the two were
equivalent (Fig. 3A, �Act D) and exhibited similar protein syn-
thesis profiles in an ongoing infection (Fig. 3B, �Act D).

To assess if the outcome for UL41 would be different if the s17
�22 virus was generated by BAC recombination, we replaced the
VP22-encoding gene, UL49, in an infectious s17 BAC (23) with
the kanamycin resistance gene aphA1 using Red-mediated recom-
bination as described by others (24). The aphA1 cassette was PCR
amplified from plasmid pEPkan-S using primers bearing 40-bp
extensions homologous to the UL49 flanking region (Table 2),
and the product was electroporated into Escherichia coli strain
GS1783 harboring the s17 BAC. Kanamycin-resistant colonies
were analyzed by PCR and restriction fragment length polymor-
phism and reconstituted by cotransfecting BHK cells with the re-
combinant BAC and a Cre recombinase-encoding plasmid
(pGS403) to remove the BAC backbone. Under these conditions,
although the UL41 sequence of the input BAC was confirmed as
Wt, sequencing of nine UL41 clones generated by PCR cloning of
rescued virus identified multiple coding changes in each of them
(Fig. 4B, �22Bac). Many of the changes affected amino acids that
clustered in box III of VHS, a conserved region that has been
shown by others to contain residues essential for VHS activity
(25, 26).

We conclude that our success in generating a �22 virus with
Wt VHS was influenced by the mode of �22 virus rescue and that
direct transfection of infectious DNA lacking the VP22 gene into
cells where no VP22 is present leads to pressure to inactivate VHS
at the first stage of virus rescue. In this respect, it is of interest that

FIG 2 Relative protein shutoff in �22-infected cells. (A) Vero, HeLa, and BHK
cells were infected with s17 (Wt) or �22 virus at a multiplicity of infection of 5 or
left uninfected (M). After 16 h, total lysates were harvested and analyzed by SDS-
PAGE and Western blotting for VP16, VHS, and VP22. (B) HeLa cells infected
with s17 (Wt), �vhs, or �22 virus at a multiplicity of infection of 5 were labeled at
8 or 16 h postinfection (h.p.i.) with 50 �Ci/ml [35S]methionine for 30 min, and
total lysates were analyzed by SDS-PAGE and autoradiography.

FIG 3 Relative shutoff of protein synthesis in s17- and strain F-infected HeLa
cells. HeLa cells treated with 5 �g/ml actinomycin D (Act D) (A) or left un-
treated (B) were infected with s17 or strain F or left uninfected (M). Cells were
metabolically labeled at the indicated times with 50 �Ci/ml [35S]methionine
for 1 h (A) or 30 min (B), and total lysates were analyzed by SDS-PAGE and
autoradiography.

TABLE 2 Sequences of PCR primers

Primer Sequencea (5=–3=)
Forward TAATTGTCCG CGCATCCGAC CCTAGCGTGT TCGTGGAACC AGGATGACGACGATAAGTAGGG
Reverse GAACCCCTGT TGGTGCTTTA TTGTCTGGGT ACGGAAGTTT ggttccacga acacgctagg gtcggatgcg cggacaatta

CAACCAATTAACCAATTCTGATTAG
a Sequences annealing to plasmid pEPkan-S are underlined; duplicated reverse complementary sequences are in lowercase.

Maintenance of HSV-1 VHS in the Absence of VP22

September 2013 Volume 87 Number 18 jvi.asm.org 10391

http://jvi.asm.org


we found it highly problematic to generate a revertant virus of our
original �22 virus, a process that also involves transfection of
genomic DNA lacking the VP22 gene, and when UL41 in our
�22Rev was sequenced, it was found to contain a single amino
acid change (R257C) that was not present in the originating �22
genome (Fig. 4B, �22Rev). Hence, this study demonstrates that if
the right conditions are used it is possible to generate and propa-
gate an HSV-1 VP22 knockout virus that maintains an intact VHS
sequence and, importantly, that VHS is not inherently lethal for
virus replication in the absence of VP22.
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