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To generate a null UL49 gene mutant of herpes simplex virus 1 (HSV-1), we deleted from the viral DNA,
encoded as a bacterial artificial chromosome (BAC), the UL49 open reading frame and, in a second step,
restored it. Upon transfection into Vero cells, the BAC-�UL49 DNA yielded foci of degenerated cells that could
not be expanded and a few replication-competent clones. The replication-competent viral clones derived from
independent transfections yielded viruses that expressed genes with some delay, produced smaller plaques, and
gave lower yields than wild-type virus. A key finding is that the independently derived replication-competent
viruses lacked the virion host shutoff (vhs) activity expressed by the RNase encoded by the UL41 gene. One
mutant virus expressed no vhs protein, whereas two others, derived from independent transfections, produced
truncated vhs proteins consistent with the spontaneous in-frame deletion. In contrast, cells infected with the
virus recovered upon transfection of the BAC-UL49R DNA (R-UL49) accumulated a full-length vhs protein,
indicating that in the parental BAC-�UL49 DNA, the UL41 gene was intact. We conclude that expression of the
vhs protein in the absence of UL49 protein is lethal, a conclusion bolstered by the evidence reported elsewhere
that in transfected cells vhs requires both VP16 and VP22, the product of UL49, to be neutralized.

Of the 84 different known proteins encoded by herpes sim-
plex virus 1 (HSV-1), at least 4 proteins, all located in the
tegument of the virion, interact with mRNAs. Of these, the
proteins encoded by the US11, UL47, and UL49 open reading
frames (ORFs) bind RNAs, whereas the fourth, encoded by
the UL41 ORF, acts as an RNase (reviewed in reference 44).
Apart from potential regulatory functions, interest in the RNA
binding proteins stemmed from the observation that virions
package mRNAs (40, 42). Moreover, in the course of studies of
this phenomenon, our laboratories reported that VP22, the
product of the UL49 ORF, transports the mRNA from infected
to uninfected cells for expression prior to viral infection (41).
The studies reported here were initially designed to determine
the contribution of VP22 to the packaging of mRNAs in the
virion. We show that a series of �UL49 mutants derived from
independent transfections of viral DNA lacking the UL49 ORF
yielded recombinant viruses defective in the UL41 gene. On
the basis of the results reported in this article and in parallel
studies published by Taddeo et al. (52), we conclude that VP22
and VP16 are both required for the replication of viruses
encoding functional UL41 protein. Relevant to this report are
the following.

The shutoff of cellular protein synthesis, a function desig-
nated virion host shutoff (vhs), was first identified and mapped

to the UL41 ORF by Frenkel and colleagues (25, 26, 47).
Intensive studies carried out over 2 decades demonstrated that
the UL41 product is a �2 protein, that it is packaged in the
virion, and that it mediates the degradation of mRNAs during
the early phases of infection by endonucleolytic cleavage (re-
viewed in reference 44). Furthermore, several lines of evidence
indicate that vhs degrades mRNA in a selective manner (15,
16, 49). In recent studies, this laboratory unambiguously dem-
onstrated that the UL41 protein is an endoribonuclease with a
substrate specificity similar to that of RNase A (50, 51). At late
stages of infection the UL41 protein is no longer active, even
though it accumulated in large amounts in the course of syn-
thesis of the late protein. Studies carried out primarily by
Smiley and associates demonstrated that the UL41 product
binds VP16, giving rise to the speculation that VP16 neutral-
izes the RNase activity at late times after infection (27, 39, 43).
Attempts to express and accumulate the UL41 protein by trans-
fection of cells in the absence of both VP16 and VP22 failed.
In contrast, a plasmid encoding a UL41 ORF in which 3 codons
were replaced to inactivate the enzymatic activity was readily
expressed in the absence of both UL48 and UL49. These stud-
ies also demonstrated that the UL41 protein binds VP22, but
only in the presence of VP16 (52). The studies presented here
extend this observation by showing that �VP22 viruses contain
disabling mutations in the UL41 ORF.

VP22 is a 301-residue �1 protein capable of forming higher-
order structures consisting of dimers or tetramers (31). The
protein is nucleotidylylated by casein kinase II (3) and phos-
phorylated by other enzymes, although the isoform incorpo-
rated into the virion is hypophosphorylated (11, 12, 19, 36).
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The many functions attributed to VP22 include (i) binding to
chromatin, microtubules, and membranes (24, 29, 57); (ii) in-
teraction with template activating factor 1 (TAF-1) and im-
pairment of nucleosome assembly on entering viral DNA (53);
(iii) mediation of hyperacetylation and bundling of micro-
tubules to render them more resistant to depolymerization (9);
(iv) interaction with membranes, and more specifically with
membranes of the acidic compartments of cells (5); (v) inter-
action with several tegument and envelope proteins, including
VP16 and gD (6, 13, 21, 54). Although it has been postulated
that VP22 plays a key role in virus assembly, the �UL49 mu-
tants reported to date do not appear to be defective in this
function (34). Perhaps the single most important function at-
tributed to VP22 is the ability to spread to adjacent cells after
infection or transfection solely with a plasmid encoding VP22.
With regard to recipient cells, VP22 was detected by immuno-
fluorescence in the nuclei of cells fixed with paraformaldehyde
or organic fixatives but to a much reduced level in cells fixed
with methanol.

The transport of chimeric proteins consisting of VP22 co-
valently bound to green fluorescent protein (GFP) or other
proteins from cell to cell has been disputed (1, 2, 4, 10, 17, 20,
22, 28, 33, 38, 55, 58, 59). The conflicting reports remain to be
resolved, but it should be pointed out that some proteins are
readily extracted during methanol fixation of cells and that
covalently bound polypeptides of a size nearly equivalent to or
larger than VP22 could be expected to change the properties of
the protein.

The significance of the studies reported here stems from
three observations: (i) none of the isolated viruses expressed
functional vhs activity; (ii) at least two different kinds of mu-
tations were responsible for the loss of activity; and (iii) the
mutants were selected and amplified after transfection of
the DNA.

MATERIALS AND METHODS

Cells and viruses. Vero, HeLa, and HEp-2 cell lines (American Type Culture
Collection) were propagated in Dulbecco’s modified Eagle’s medium supple-
mented with 5% newborn calf serum. HSV-1(F) is a limited-passage prototype
HSV-1 used in our laboratories (8). The �UL41 mutant virus has been reported
elsewhere (35). Virus stocks were titered on Vero cells. Serial 10-fold dilutions
of the lysates were assayed on monolayers of Vero cells in 6-well dishes. After
1 h, cell monolayers were covered with Dulbecco’s modified Eagle’s medium
containing 0.3% methylcellulose. After 3 days of incubation at 37°C, the medium
was aspirated from the wells, and the cells were then fixed, stained with crystal
violet, and visualized at 10� magnification with an inverted microscope for
plaque detection.

Antibodies. The HSV-1 proteins were detected with the anti-ICP0 monoclonal
antibody purchased from the Goodwin Institute (Plantation, FL), an anti-gluta-
thione S-transferase (GST)-US3 polyclonal antibody (32), an anti-VP16 mouse
monoclonal antibody (LP1; a kind gift of A. Minson), an anti-GST-UL49 poly-
clonal antibody (3), an anti-US11 monoclonal antibody (37), and anti-GST-UL41
rabbit polyclonal antiserum (51). A mouse monoclonal antibody against actin
was purchased from Sigma (St. Louis, MO).

Construction of the BAC HSV-1 DNA from which the UL49 gene was deleted
and subsequently restored. The construction and properties of the BAC-HSV-
1(F) DNA have been described elsewhere (23, 56, 60). The HSV-1 mutant
lacking the UL49 gene was constructed by using the HSV-1(F) bacterial artificial
chromosome (BAC-HSV-1) with transfer plasmid pKo5Y (pRB5708), as sche-
matically illustrated in Fig. 1. To construct the pMTS2 transfer plasmid, cosmid
CS69, containing the HSV-1 sequence spanning nucleotides 77933 to 116016,
was digested with BstBI restriction enzyme, generating a 4,615-bp fragment
containing the UL48, UL49, and UL49.5 ORFs and a portion of the UL50 ORF.
The 4,615-bp fragment was subcloned into pBluescript II KS(1) at a compatible

ClaI restriction site to yield pMTS2. pMTS2 was cleaved with AatII/StuI to
remove an 862-bp fragment encompassing amino acids 1 to 266 of the UL49
ORF. Removal of this fragment generated a frame shift of the residual 35 codons
of UL49. The 862-bp fragment was replaced with a polylinker containing the
following restriction sites: StuI, PacI, XbaI, BamHI, SmaI, PstI, EcoRI, and
AatII (pMTS3). The plasmid obtained was then partially digested with XhoI, and
the resulting 3,653-bp fragment was cloned into the pKo5Y shuttle vector to yield
pMTS4. The procedure for construction of the mutant virus has been described
elsewhere (56). Briefly, RR1 competent cells that harbored the BAC-HSV-1
(RR1-HSV-1) were transformed with 0.6 �g of transfer plasmid pMTS3 DNA,
plated onto zeocin (Zeo; 20 �g/ml)-plus-chloramphenicol (Cm; 20 �g/ml) plates,
and incubated overnight at 43°C. After incubation, 8 colonies were picked, plated
onto Cm–10% sucrose (Suc) Lennox broth (LB) plates, and further incubated at
30°C overnight. To confirm the loss of the replacement vector, 20 Cmr Sucr

colonies were restreaked in duplicate onto Cm Suc Zeo LB plates separately and
then incubated at 30°C overnight. The Sucr Cm Zeor colonies were further
screened by PCR (95°C for 4 min; then 35 cycles of 94°C for 1 min, 60°C for 1
min, and 72°C for 1 min). The primers used were �49 forward (5�-CCCACAT
TGGCTCCTGTCACG-3�; from nucleotide 105326 to 105346) and �49 reverse
(5�-CCTTCCTCGCGGAAACCGAGAC-3�; from nucleotide 106665 to
106644). PCR-confirmed colonies were grown in LB Cm medium, and the re-
combinant BAC-HSV-�UL49 DNA was prepared with a high-speed QIAGEN
(Chatsworth, CA) plasmid purification kit. For the generation of UL49-repaired
virus (R-UL49), the above-described 4,615-bp fragment derived from CS69 di-
gestion with BstBI restriction enzyme was directly cloned into the pKo5Y shuttle
vector to yield pMTS5. RR1 competent cells harboring BAC-�UL49 DNA were
transformed with 0.6 �g of pMTS5 transfer plasmid DNA, and the recombinant
BAC-UL49R DNA was obtained as described above.

Viral DNA extraction from RR1 bacterial cells. BAC-HSV-1, BAC-�UL49,
and BAC-UL49R DNAs were extracted from RR1-HSV-1, RR1-�UL49, and
RR1-UL49R bacterial cells, respectively, by using a QIAGEN Max extraction kit
according to the manufacturer’s instructions.

Transfection of cell lines with recombinant BAC-HSV DNAs. Subconfluent
cultures of Vero, HEp-2, or HeLa cells were transfected with 1.6 �g of the
recombinant BAC-HSV-�UL49 or BAC-HSV-UL49R DNA by use of Lipo-
fectamine reagent according to the manufacturer’s instructions (Life Technolo-
gies, Grand Island, NY). BAC-derived �UL49 viruses obtained from three in-
dependent transfections of Vero cells were identified as V0, V1, and V3,
respectively. One �UL49 mutant virus obtained from HEp-2 transfected cells was
identified as H-3. No replicating �UL49 virus was obtained from HeLa cells. The
same procedure was also used to generate UL49R virus. The viruses were col-
lected and titered as described above.

Southern blot analyses of viral DNA. Equal amounts (10 �g) of BAC-HSV-1,
BAC-�UL49, and BAC-UL49R DNAs, purified from RR1 bacterial cells, were
digested with EcoRV enzyme, electrophoretically separated on a 1% agarose gel,
and transferred to a nylon membrane (Bio-Rad, Hercules, CA). The hybridiza-
tion procedures were carried out as recommended by the manufacturer (Bio-
Rad). Plasmid pAc-NH2, containing the amino-terminal sequence of UL49
spanning nucleotides 1 to 576 (data not shown), was used to generate a biotin-
16-UTP-labeled (Roche Diagnostics, Germany) probe by using a nick translation
kit (Roche Diagnostics).

Immunoblotting of electrophoretically separated proteins from cell lysates.
Confluent Vero cell monolayers were either mock infected or infected with 10
PFU/cell of HSV-1(F), �UL41 mutant virus, or a �UL49 BAC-derived virus and
were collected 18 h after infection. The procedures for harvesting, solubilization,
protein quantification, sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and transfer to nitrocellulose membranes were performed as previously
reported (49). The membrane was probed for vhs, VP22, US3, ICP0, US11, VP16,
and actin using the antibodies listed above.

Immunoblotting of proteins from purified virions. Wild-type and recombinant
virus virions were purified as described elsewhere (40, 45). Briefly, Vero cells
grown in 300-cm2 flasks were exposed to 5 PFU of virus per cell. The cells were
harvested 22 to 24 h after infection, resuspended in 1 mM phosphate buffer, and
disrupted in a glass homogenizer with four strokes. Cytoplasmic fractions were
individually layered in dextran-10 gradients (1.04 to 1.09 g/cm3) in 1 mM phos-
phate buffer. The gradients were centrifuged, and virion-containing bands were
collected and diluted in 10 mM phosphate buffer. Purified virions were concen-
trated and resuspended in 100 �l of 10 mM phosphate buffer and stored at
�20°C before processing. The purified virions were resuspended in 4� loading
buffer (50 mM Tris-HCl [pH 6.8], 10 mM dithiothreitol, 2% sodium dodecyl
sulfate, 0.1% bromphenol blue, 10% glycerol), subjected to electrophoresis on a
10% denaturing polyacrylamide gel, and then transferred to a nitrocellulose
membrane. The membrane was blocked for 1 h with 5% nonfat dry milk and
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reacted with the appropriate primary antibody overnight at 4°C. The monoclonal
antibody to US11 and polyclonal antibodies to vhs and VP22 were diluted 1:500
in phosphate-buffered saline containing 1% bovine serum albumin and 0.05%
Tween 20. The blots were then washed and incubated with alkaline phosphatase
(AP)-conjugated anti-mouse immunoglobulin G (Calbiochem) and AP-conju-
gated anti-rabbit immunoglobulin G (Santa Cruz Biotechnology), respectively.
To develop AP-conjugated secondary antibodies, the immunoblots were reacted
with the AP buffer 5-bromo-4-chloro-3-indolylphosphate–tetranitroblue tetra-
zolium (BCIP/TNBT; Calbiochem).

Analysis of shutoff of protein synthesis in infected cells. Replicate 25-cm2

cultures of Vero cells were either mock infected or infected with 20 PFU of
HSV-1(F), �UL41, or �UL49 isolates per cell in the presence of actinomycin D
(10 �g/ml) and incubated at 37°C. At 3 h after exposure to virus, the cells were
labeled for 1 h with [35S]methionine as previously described (35); then they were
harvested, solubilized, resolved in a 12% denaturing polyacrylamide gel, dried,
and subjected to autoradiography.

FIG. 1. Schematic representation of cosmid and plasmid DNAs.
Line 1, linear representation of the HSV-1 genome. Rectangles rep-
resent the inverted repeats flanking the unique sequences (UL and US,
represented by thin lines). Line 2, linear representation of cosmid
CS69 DNA containing the insertion of HSV-1 sequence spanning
nucleotides 77933 to 116016. Line 3, pMTS2, a 4.5-kb BstBI fragment
of cosmid CS69 containing the UL48, UL49, and UL49.5 genes and a
portion of the UL50 gene. Arrowheads indicate the direction of tran-
scription; hatched boxes, noncoding regions. Line 4, details of the
ORFs present in the BstBI fragment and the relevant restriction en-

donuclease sites used for construction of the deletion mutants. Black
arrow indicates the position of the probe used for this study. Line 5,
pMTS2 was cleaved with AatII/StuI to remove an 862-bp fragment
containing the coding sequence for amino acids 1 to 266 of UL49. The
UL49 sequence was replaced with a polylinker containing the following
restriction sites: StuI, PacI, XbaI, BamHI, SmaI, PstI, EcoRI, and
AatII (pMTS3). Line 6, the XhoI fragment derived from partially
digested pMTS3, resulting in a 3,653-bp fragment, was transferred to
shuttle plasmid pKo5Y at the XhoI site (pMTS4).

FIG. 2. Verification of the structure of BAC-�UL49 DNA. DNAs
(10 �g) from BAC-HSV-1, BAC-UL49R, and BAC-�UL49, purified
from RR1 bacterial cells, were separately digested with EcoRV. DNA
was separated by agarose gel electrophoresis, and the blots were ana-
lyzed by hybridization with a biotinylated probe encompassing the
amino-terminal region of UL49. (A) Ethidium bromide (EtBr) stain-
ing; (B) Southern blotting.
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VHS sequence analysis of PCR products derived from viral RNA and DNA ex-
tracted from cells infected with HSV-1(F), �UL49-V0, �UL49-V1, or �UL49-V3
virus. Vero cells were infected with HSV-1(F) or with �UL49-V0, �UL49-V1, or
�UL49-V3 mutant virus and were harvested 22 h after infection. Total RNA was
extracted with TRIzol reagent according to the manufacturer’s instructions (Life
Technologies). DNase I treatment, phenol-chloroform extraction, and ethanol
precipitation (Fisher Scientific, Houston, TX) were carried out to remove pos-
sible DNA contamination. Total RNA (2.5 �g) was then reverse transcribed with
60 U of avian myeloblastosis virus (Promega, Madison, WI) in a total reaction
volume of 30 �l. The reverse transcription was primed with an oligo(dT)15

primer and performed using a pool of nucleotides consisting of dGTP, dATP,
dTTP, and dCTP (Promega) at 1 mM each. Forty units of RNasin (Promega) was
added to each reaction mixture. The mixture containing only the RNA template
and the oligo(dT)15 was first heated at 70°C for 10 min, then chilled on ice, and,
after the addition of the other components, incubated at 42°C for 45 min, shifted
to 52°C for 45 min, and then heat inactivated at 95°C for 5 min.

Viral DNAs from HSV-1(F), �UL49-V0, �UL49-V1, and �UL49-V3 viruses
were extracted as described elsewhere (30) and used as templates for PCR
amplification.

cDNAs obtained from reverse-transcribed viral RNAs and viral DNAs ex-
tracted from infected cells were amplified by PCR under the following condi-
tions: 1 min at 95°C, 45 s at 60°C, and 2 min at 72°C. The primers used were VHS
forward (5�-ATGGGTTTGTTCGGGATGATGAAG-3�) and VHS reverse (5�-
CTACTCGCTCCAGAATTTGGCCAG-3�). The PCR products were then
cloned into the pGEM-T Easy vector according to the manufacturer’s instruc-
tions (Promega) and sequenced.

RESULTS

Isolation of �UL49 mutant viruses. The construction of the
HSV-1-BAC �UL49 mutant virus is illustrated in Fig. 1 and
described in detail in Materials and Methods. The �UL49
mutant virus was isolated by transfection of Vero cells with
plasmids containing the BAC-�UL49 DNA. Of the numerous
independent transfections, several yielded foci of degenerating
cells, but virus could not be passaged to uninfected cells. In
three instances, transfections in Vero cells yielded viruses ca-
pable of transmission from cell to cell. These were designated
V0, V1, and V3. One isolate, designated H-3, was obtained
from transfected HEp-2 cells. In the initial studies, V1 was
designated as the prototype virus. This virus was plaque puri-
fied, grown in Vero cells, and extensively characterized (data
not shown).

During the course of these studies, it became apparent that
the �UL49-V1 virus carries an additional mutation in the UL41
ORF. At that point we analyzed all viruses isolated from trans-
fectants with respect to the UL41 ORF sequence. As described
below, viruses V0 and V1 carry an identical mutation. V3
carries a different mutation that blocks the expression of the

UL41 ORF. Finally, the H-3 mutant virus, less extensively
characterized, was found to be phenotypically similar to V3.

Verification of the structure of BAC-�UL49 DNA. Equal
amounts of BAC-HSV-1, BAC-UL49R, and BAC-�UL49 plas-
mid DNAs extracted from RR1 bacteria were separately di-
gested with EcoRV, electrophoretically separated on an aga-
rose gel, and hybridized with a biotinylated DNA probe
containing the amino-terminal sequence of UL49. As expected,
and as shown in Fig. 2, the probe hybridized with a 5.6-kb
fragment derived from digested BAC-HSV-1 or BAC-R-UL49
DNA but not with BAC-�UL49 DNA. Identical results were
obtained by hybridizing viral DNA extracted from cells in-
fected by wild-type virus or the �UL49 mutant (data not
shown).

Growth properties of the �UL49-V1 mutant virus. Two se-
ries of experiments were done to characterize the growth prop-
erties of the �UL49-V1 mutant virus. In the first, replicate
cultures of Vero, HEp-2, and HeLa cells were exposed to 1

FIG. 3. Growth properties of wild-type HSV-1 and �UL49 mutant
viruses. Plaque formation in Vero cells infected with wild-type HSV-1,
R-UL49, or the �UL49 deletion mutant is shown. Following infection,
cells were overlaid with a methylcellulose-containing medium for 3
days in duplicate plates for each dilution. Cells were then fixed, stained
with crystal violet, and visualized with an inverted microscope (higher
magnification, �10).

TABLE 1. Virus yieldsa in different cell lines infected with wild-type HSV-1 or �UL49-V1

Cell line Virus
Yield at the following time (h) after infection:

3 12 18 24 48

Vero HSV-1(F) 2.0 � 103 1.2 � 107 2.0 � 108 2.2 � 107 2.0 � 107

�UL49-V1 6.0 � 102 5.7 � 105 5.6 � 107 1.4 � 107 1.2 � 107

HEp-2 HSV-1 8.4 � 104 7.3 � 106 4.7 � 107 1.0 � 108 2.0 � 108

�UL49-V1 1.2 � 104 3.6 � 105 1.4 � 106 3.1 � 106 1.0 � 107

HeLa HSV-1 2.0 � 103 8.5 � 105 7.5 � 106 1.3 � 107 1.2 � 107

�UL49-V1 2.0 � 103 8.7 � 104 5.6 � 105 1.3 � 106 1.7 � 106

a PFUs were determined by a plaque assay on Vero cell monolayers as described in Materials and Methods.
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PFU/cell of �UL49-V1 virus. At different times after infection,
as indicated in Table 1, the cells were harvested and the virus
yield was titered on Vero cells. The fundamental conclusion of
these titrations was that the yields of the mutant virus differ
significantly from those of the wild-type virus. In particular, we
noted that in both Vero and HeLa cells and, to a lesser extent,
in HEp-2 cells, the amounts of mutant virus detected at 12 h
after infection were lower than those of wild-type virus. This
difference was still evident with the passing of time, i.e., at 24 h
and 48 h after infection, in HeLa and HEp-2 cells. In contrast,
in Vero cells, the yields of the mutant viruses at the later time
points were similar to those of wild-type HSV-1 (Table 1).

Another noteworthy observation was that the plaque size of
the mutant virus was significantly smaller than that of the
wild-type virus or the repaired virus (Fig. 3).

In the second series of experiments, we measured the accu-
mulation of proteins belonging to different kinetic classes.
Replicate cultures of Vero cells were exposed to 1 PFU of
wild-type or mutant virus per cell. The cells were harvested at
1, 3, 6, or 9 h after infection, solubilized, subjected to electro-
phoresis in denaturing gels, and reacted with antibodies to
ICP0, US3 protein kinase, VP16, VP22, US11, and actin as
described in Materials and Methods. The results shown in Fig.
4 indicated the following: (i) as expected, the cells infected with
the mutant failed to accumulate VP22 protein (lanes 6 to 9);
(ii) the accumulation of ICP0, US3, VP16, and US11 in lysates

of mutant-virus-infected cells lagged by at least 3 h the accu-
mulation of the corresponding protein in wild-type-virus-in-
fected cells (compare lane 7 with lane 3).

All independently isolated �UL49 mutants fail to express
functional vhs protein. The impetus for the next series of
experiments stemmed from two observations. First, the studies
described above showed a delay in the accumulation of viral
protein in infected cells—a phenotype reminiscent of that of
vhs minus mutants. Second, in parallel experiments reported
elsewhere, we noted that the accumulation of vhs protein re-
quired the presence of VP22 and VP16 (52). The failure of
accumulation of vhs protein in the absence of VP22 or VP16
was most likely the result of the high toxicity of vhs protein,
inasmuch as a mutated protein lacking RNase activity accumu-
lated even in the absence of VP16 or VP22. To test the hy-
pothesis that the �UL49 mutants are also defective in the UL41
gene, four series of experiment were conducted.

In the first, we tested whether the �UL49-V1, -V0, and -V3
mutant viruses expressed vhs protein and whether it was active.
Specifically, confluent cell monolayers were either mock in-
fected or infected with 10 PFU of HSV-1(F), �UL41, or
�UL49 mutant virus isolates per cell. The cells were harvested
18 h after infection and processed as described in Materials
and Methods. Equal amounts of proteins were electrophoreti-

FIG. 4. Viral protein synthesis in Vero cells infected with the
�UL49 mutant virus. Confluent cell monolayers were either mock
infected (lane 1) or infected with 10 PFU/cell of either HSV-
1(F) (lanes 2 to 5) or the �UL49 mutant virus (isolate V1) (lanes 6 to
9). The cells were harvested at the indicated times and processed as
described in Materials and Methods. Equal amounts of proteins were
electrophoretically separated on a 10% denaturing polyacrylamide gel,
transferred to a nitrocellulose sheet, and reacted with antibodies
against representative � (ICP0), 	 (US3), and � (�1, VP16 and VP22;
�2, US11) proteins. An anti-actin antibody was used as a control.

FIG. 5. vhs accumulation and shutoff of protein synthesis in Vero
cells infected with �UL49 mutant isolates. (A) Confluent cell mono-
layers were either mock infected (lane 1) or infected with 10 PFU per
cell of HSV-1(F) (lane 2), �UL41 (lane 3), or �UL49 mutant virus
isolates (lanes 4 to 6). The cells were harvested 18 h after infection and
processed as described in Materials and Methods. Equal amounts of
proteins were electrophoretically separated on a 10% denaturing poly-
acrylamide gel, transferred to a nitrocellulose sheet, and reacted with
antibodies against vhs, VP16, and VP22. (B) Virion host shutoff activ-
ity. Replicate 25-cm2 cultures of Vero cells were either mock infected
(lane 1) or infected with 20 PFU per cell of HSV-1(F) (lane 2), �UL41
(lane 3), or �UL49 mutant virus isolates (lanes 4 to 6) in the presence
of actinomycin D (10 �g/ml) and then incubated at 37°C. At 3 h after
exposure to the virus, the cells were labeled for 1 h with [35S]methi-
onine; then they were harvested, solubilized, resolved on a 12% dena-
turing polyacrylamide gel, dried, and subjected to autoradiography.
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cally separated on a 10% denaturing polyacrylamide gel, trans-
ferred to a nitrocellulose sheet, and reacted with antibodies
against vhs, VP16, and VP22. The key finding shown in Fig. 5A
is that the vhs protein did not appear to accumulate in cells
infected with the V3 mutant (lane 6), whereas in lysates of both
the V1 and V0 mutants, the accumulated vhs protein migrated
faster than the wild-type protein (compare lanes 4 and 5 with
lane 2).

In the second series of experiments, replicate 25-cm2 flask
cultures of Vero cells were either mock infected or exposed to
20 PFU of HSV-1(F), �UL41, or �UL49 mutant virus isolates
per cell in the presence of actinomycin D (10 �g/ml) and then
incubated at 37°C. At 3 h after exposure to virus, the cells were
labeled for 1 h with [35S]methionine; then they were harvested,
solubilized, and resolved on a 12.5% denaturing polyacryl-
amide gel. The gel was then dried and subjected to autoradiog-
raphy. This is a classic test of vhs activity, and as shown in Fig.
5B, vhs was active in cells infected with the wild-type virus
(lane 2) but not in cells infected with any of the three �UL49
mutants tested (lanes 4 to 6) or in cells infected with the
�UL41 mutant virus (lane 3).

The objective of the third series of experiments was to test
the integrity of the UL41 ORF in the BAC-�UL49 DNA clone
and in the viruses isolated by transfection of BAC DNAs. In
this series of experiments, the UL41 ORF was first amplified
from either RNA or DNA purified from �UL49-V1-infected
cells and then compared to those obtained from RNA and
DNA extracted from cells infected by wild-type virus (either
strain F or strain 17�) as well as to BAC-�UL49 plasmid
DNA. The results shown in Fig. 6A were as follows. The UL41
ORF amplified from the BAC-�UL49 plasmid DNA (lane 4)
was identical to those recovered from cells infected with wild-
type virus (lanes 1, 5, and 6), and sequence analysis later
confirmed that indeed the BAC-�UL49 DNA contained a
wild-type UL41 ORF. However, the UL41 ORF amplified from
either DNA or RNA purified from Vero cells infected with the
�UL49-V1 isolate appeared to be shorter. The UL41 ORFs of
isolates V0 and V3 were also amplified in parallel, and the
PCR products were cloned into a T-vector (Fig. 6B, lanes 2 to
5 and 10 to 13, respectively). At least four clones from each
sample were sequenced. As shown in Fig. 6C, the UL41 ORF
in isolate V1, compared to that amplified from BAC-�UL49
plasmid DNA, lacked a 162-bp segment close to the N termi-
nus, resulting in a protein product with an in-frame deletion of
54 codons. The V0 UL41 ORF contained an identical deletion
(data not shown). In contrast, the UL41 ORF from isolate V3,
even though it appeared to be full length (Fig. 6B, lanes 10 to
13), contained a deletion of 2 nucleotides toward the 3� end

FIG. 6. Expression of the vhs ORF in Vero cells infected with
�UL49 deletion mutant viruses. (A) The UL41 ORF was amplified
from either RNA (lane 2) or DNA (lane 3) purified from �UL49-V1-
infected cells and was compared to the UL41 ORF obtained from
RNA (lane 1) or DNA (lane 5) extracted from cells infected by HSV-
1(F) or from DNA from HSV-17�-infected cells (lane 6). Lane 4,
�UL49 BAC DNA used as a template; lane 8, 1-kb DNA ladder. PCR
products were resolved on a 2% agarose gel and stained with ethidium
bromide. The image was acquired with an Eagle Eye II still-video
system (Stratagene, La Jolla, CA) and is shown inverted for clarity.
(B) The UL41 ORFs of HSV-1(F), �UL49-V0, �UL49-V1, and
�UL49-V3 viruses were amplified from DNA and RNA, and the PCR
products were cloned into a T-vector. Two different clones for each
sample were analyzed by EcoRI restriction. The image of the ethidium
bromide-stained agarose gel was acquired and shown as for panel A.
The upper band in panel B represents the T vector, and the lower band
is the VHS ORF (VHS). DNA was used as a template for lanes 2, 3,

6, 7, 10, and 11; RNA was used as a template for lanes 4, 5, 8, 9, and
12 to 15. Lane 1, 1-kb DNA ladder; lanes 2 to 13, RNA and DNA
obtained from Vero cells infected with either �UL49-V0 (lanes 2 to 5),
�UL49-V1 (lanes 6 to 9), or �UL49-V3 (lanes 10 to 13); lanes 14 and
15, RNA obtained from Vero cells infected with HSV-1(F). (C) Pre-
dicted vhs protein sequence from the consensus nucleotide sequence
generated from the �UL49-V1 virus (sequence 2) compared to that
amplified from BAC-�UL49 DNA (sequence 1). A deletion of a
162-bp segment close to the N terminus results in an in-frame deletion
of 54 amino acids (amino acids 22 to 75).
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that resulted in a frame shift and early stop codon formation.
However, based on the predicted amino acid sequence, the
414-amino-acid protein product should share the first 286
amino acids with wild-type vhs protein. We conclude that all of
the independently derived viable �UL49 mutant viruses iso-
lated in the course of this study failed to express an intact,
functional vhs protein. Furthermore, analyses of the UL41
ORF indicate that the isolates exhibited at least two different
mutations.

Virions derived from transfected BAC-UL49R DNA contain
a full-length vhs protein. In the studies described above, we
noted that all of the progeny derived from independent trans-
fections of BAC-�UL49 DNA either failed to express the vhs
protein or encoded a truncated form. Even though the BAC-
�UL49 DNA encoded an intact UL41 ORF (Fig. 6A, lane 4,
and C), the question arose whether the UL41 ORF contained
in the transfected DNA was defective or whether the only virus
that could replicate was that which spontaneously mutated in
the course of transfection. The experimental design of our
studies included the rescue of the UL49 gene in the BAC-
�UL49 DNA. The rationale was that if the defect occurred in
the course of the manipulation of the BAC-HSV-1 DNA, it
would be conserved in the repaired virus. Hence the expression
of an intact UL41 ORF by the repaired virus would signify that
the defects in the UL41 genes in viral progeny of BAC-�UL49
DNA resulted after transfection of the viral DNAs into mam-
malian cells. In this experiment, purified virions prepared from
Vero cells that had been infected with either wild-type virus
(HSV-1), the virus derived from transfection of BAC-UL49R
DNA (R-UL49), or �UL49 isolate V1 or V3 were solubilized,
and 10 �g of viral proteins was electrophoretically separated
on a denaturing gel, transferred to a nitrocellulose sheet, and
probed with polyclonal antibodies to the VP22 and vhs pro-
teins or with a monoclonal antibody to the US11 protein. As
shown in Fig. 7, the vhs band contained in the R-UL49 virions
could not be differentiated from that contained in wild-type
virions (Fig. 7A, compare lanes 1 and 2). The higher-molecu-
lar-weight band present in all the samples (Fig. 7A, top, lanes
1 to 4) is a result of cross-reactivity of the anti-vhs polyclonal
antiserum. Furthermore, the vhs in R-UL49 virions was active,
inasmuch as the protein synthesis shutoff observed in cells
infected by R-UL49 (Fig. 7B, lane 5) was identical to that
caused by wild-type HSV-1 (lane 2). We conclude that the
BAC DNAs transfected into cells contained a UL41 gene ca-
pable of being expressed and that the mutant selection oc-
curred after transfection.

DISCUSSION

The initial objective of the studies described in this report
was to produce a �UL49 mutant in the genetic background of
the viruses used in our studies. The UL49 gene is not an
essential gene for virus replication in cell culture systems in
vitro (e.g., Vero or HEp-2 cells), and indeed mutants that
either lack the UL49 gene or express a mutated gene whose
products are not packaged into virions have been reported (7,
14, 34). The �UL49 mutant characterized in detail in the stud-
ies reported here shares characteristics with other �UL49 mu-
tants. Specifically, viral gene expression is delayed and the
yields are lower than those of the wild-type virus. The unex-

pected finding, however, was the observation that these mu-
tants do not exhibit vhs activity. Moreover, analyses of the cell
lysates for vhs protein revealed that cells infected with one
mutant (V3) do not appear to accumulate vhs protein, whereas
cells infected with either of two other, independently derived
virus isolates (V1 and V0) accumulate truncated vhs proteins.
Whereas V3 encodes a UL41 ORF with a deletion of 2 nucle-
otides and consequent frame shifting, the ORFs contained in
the V0 and V1 isolates exhibit an in-frame deletion of 54
codons.

One hypothesis that could explain our results is that the
UL41 ORF was spontaneously mutated in the course of the
manipulation of the BAC DNA in order to produce the mu-
tant. If this were the case, it would be expected that the mu-
tation would also be present in the BAC DNA in which the
UL49 ORF was restored. The results presented in this report
show that the R-UL49 mutant virus expresses a full-length vhs
protein, unlike the V0, V1, and V3 mutant viruses derived
from the parental BAC-�UL49 DNA, and therefore this hy-
pothesis is not tenable.

A alternative hypothesis is that the viable, replication-com-
petent �UL49 viruses were selected specifically on the basis of
a loss of vhs activity and therefore that �UL49 mutants exhib-
iting vhs activity are replication incompetent. This hypothesis is
supported by three series of observations. (i) As noted in
Results, in the course of analyzing the products of transfection,
we noted the presence of foci of cells exhibiting cytopathic
effects, but these did not yield replication-competent viruses
upon passage. (ii) As reported above, the products of indepen-

FIG. 7. (A) Immunoblot analysis of virion lysates of wild-type HSV-1
and �UL49 viruses. Purified virions derived from Vero cells infected with
wild-type HSV-1(F) (lane 1), R-UL49 (lane 2), �UL49-V1 (lane 3), or
�UL49-V3 (lane 4) virus at a multiplicity of infection of 5 PFU/cell and
collected 24 h after infection were solubilized and processed for blotting.
Equal amounts (10 �g) of viral proteins were electrophoretically sepa-
rated, transferred to a nitrocellulose sheet, and probed with polyclonal
antibodies to VP22 and vhs or with a monoclonal antibody to US11, as
described in Materials and Methods. (B) Virion host shutoff activity.
Replicate 25-cm2 cultures of Vero cells were either mock infected (lane 1)
or infected with 20 PFU per cell of HSV-1(F) (lane 2), �UL49-V1 (lane
3), �UL49-V3 (lane 4), or R-UL49 (lane 5) virus in the presence of
actinomycin D (10 �g/ml) and were incubated at 37°C. At 3 h after
exposure to the virus, the cells were labeled for 1 h with [35S]methionine;
then they were harvested, solubilized, resolved on a 12% denaturing
polyacrylamide gel, dried, and subjected to autoradiography. Lane 1,
mock-infected control.

10930 SCIORTINO ET AL. J. VIROL.



dent transfections exhibited at least two different mutations
that precluded the expression of the vhs activity. In addition to
the three Vero cell isolates, we also isolated a replication-
competent virus from transfected HEp-2 cells, which also
failed to express vhs activity, although the basis of the failure is
not known. The data suggest that the genetic basis of the
failure to express vhs varies, rendering it highly unlikely that
these viruses are derived from a single mutation of the BAC
DNA. (iii) In parallel studies carried out in our laboratories
and reported elsewhere (52), we noted that VP22 interacts
with vhs, but only in the presence of VP16. Moreover, expres-
sion of vhs protein in transfected cells required the expression
of both VP16 and VP22. In contrast, a mutated form of vhs in
which three amino acids were substituted to inactivate the
RNase activity was readily expressed in the absence of VP22 or
VP16. The necessary conclusion is that both VP16 and VP22
are necessary to neutralize vhs. The implication of the present
studies is that vhs activity in the absence of VP22 is lethal.

vhs minus mutants fail to replicate in animal systems, indi-
cating that in natural infections vhs plays an essential role (18,
46, 48). At the same time, the RNase activity—the only activity
identified to date for this protein—poses obvious risks to the
virus in that it could degrade key viral mRNAs. It is not
surprising that the virus has evolved means to constrain the
activity of this protein.
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