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The virion host shutoff (vhs) protein of herpes simplex virus (HSV) has endoribonuclease activity and
rapidly reduces protein synthesis in infected cells through mRNA degradation. Herpes simplex virus 1 (HSV-1)
and HSV-2 vhs mutants are highly attenuated in vivo, but replication and virulence are largely restored to
HSV-2 vhs mutants in the absence of a type I interferon (IFN) response. The role of vhs in pathogenesis and
the hindrance of the type I IFN response have classically been examined with viruses that completely lack vhs
or express a truncated vhs protein. To determine whether RNase activity is the principal mechanism of
vhs-mediated type I IFN resistance and virulence, we constructed a HSV-2 point mutant that synthesizes
full-length vhs protein lacking RNase activity (RNase™ virus). Wild-type and mutant HSV-2 vhs proteins
coimmunoprecipitated with VP16 and VP22. vhs protein bearing the point mutation was packaged into the
virion as efficiently as the wild-type vhs protein. Like a mutant encoding truncated vhs, the RNase™ virus
showed IFN-dependent replication that was restricted compared with that of the wild-type virus. The RNase™
virus was highly attenuated in wild-type mice infected intravaginally, with reduced mucosal replication, disease
severity, and spread to the nervous system comparable to those of the vhs truncation mutant. Surprisingly, in
alpha/beta interferon (IFN-«/f3) receptor knockout mice, the vhs RNase mutant was more attenuated than the
vhs truncation mutant in terms of disease severity and virus titer in vaginal swabs and central nervous system
samples, suggesting that non-enzymatically active vhs protein interferes with efficient virus replication. Our
results indicate that vhs enzymatic activity plays a complex role in vhs-mediated type I IFN resistance during

HSV-2 infection.

Herpes simplex virus 2 (HSV-2) is the primary etiologic
agent of genital herpes, one of the most highly prevalent sex-
ually transmitted infections in the Unites States and through-
out the world (64, 52). HSV-2 undertakes both lytic and latent
infection of its natural host. Primary lytic infection with HSV-2
begins in mucosal epithelial cells, with subsequent invasion of
the innervating sensory neurons. By evading host defenses,
HSV establishes life-long latency in the neuronal cell bodies of
the host, from which occasional reactivation results in reinfec-
tion of the epithelia or mucosa. These mucosal lesions can be
a source of viruses that are transmissible to new hosts.

Numerous HSV proteins, while nonessential, participate in
the process of replication and spread to ensure successful in-
fection. The virion host shutoff (vhs) protein has been identi-
fied as one such viral component. vhs has endonuclease activity
specific for mRNA (9, 10, 61, 65). It degrades host and viral
mRNAs (27, 28, 44, 46) and disrupts preexisting polyribosomes
(17, 60), resulting in the rapid shutoff of host protein synthesis
in the infected cell. As a tegument component, vhs is im-
mediately delivered into the cytoplasm and is able to influ-
ence the cellular environment by modulating viral and cel-
lular protein syntheses. The vhs protein itself functions as an
RNase in vitro (61), but the interacting cellular translation
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initiation factors elF4A, elF4B, and elF4H stimulate vhs
activity and may be required to target its activity to mRNAs
in vivo (7, 12, 15, 16, 34).

vhs proteins may perform other nonenzymatic functions as
well. Because vhs is packaged into the virion, it may participate
in tegument assembly by maintaining the optimal stoichiome-
try of tegument components. In addition, vhs interacts with
VP16 (51) in a complex that includes VP22 (62) and may
influence the subcellular localization and activities of its bind-
ing partners. vhs clearly contributes to HSV virulence in the
host, as HSV-1 and HSV-2 vhs deletion mutants are highly
attenuated in mouse models of ocular and genital infections,
respectively (53, 54, 57). vhs mutants show restricted replica-
tion in vivo and have significantly reduced capacities to cause
disease, establish latency, and reactivate. HSV-1 vhs also de-
lays apoptosis of cultured infected neurons (2). What role each
of these vhs functions may play in promoting HSV virulence is
not known.

To achieve efficient replication and spread within the host
organism, HSV must inhibit host antiviral defenses at the site
of entry and in the tissues subsequently invaded. Numerous
HSV proteins block host innate and acquired immune func-
tions to ensure successful infection. Type I interferons (alpha/
beta interferon [IFN-a/B]) potently inhibit viral replication in
cells by stimulating the synthesis of a variety of antiviral effec-
tor molecules that can inhibit cellular macromolecular synthe-
sis and induce apoptosis (1, 19). IFN-o/B also activates cellular
host immune defenses such as NK cells, B lymphocytes, and
cytotoxic T lymphocytes (19, 21). Thus, a virus’s capacity to
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disarm the host type I IFN response cripples both innate and
adaptive immune impediments to infection. Although IFN-o/3
inhibits virus replication in the periphery and limits progres-
sion of HSV infection into the central nervous system (CNS)
(20), HSV-1 and HSV-2 have evolved many specific means to
counter the effects of IFN-a/B (30, 37), including roles for
HSV-1 ICP34.5, Usl1, and ICPO (4, 5, 6, 22, 38, 39). Attenu-
ated ICPO/~ and—ICP34.5"/~ HSV-1 mutants regain wild-
type levels of replication and virulence, respectively, in IFN-a/
BR™/~ mice (31, 32), attesting to their capacity to thwart the
innate immune response to infection.

vhs has also been identified as an IFN-«/f resistance factor.
Genetic mapping of HSV-1 IFN resistance identified a region
that includes the vhs locus (58). HSV-1 vhs deletion mutants
show little or no increased sensitivity to type I IFN in vitro (38,
59), and their replication in vivo is not significantly affected by
IFN-a/B (31). In contrast, we have shown that the major at-
tenuating factor for vhs-deficient HSV-2 in vitro and in vivo is
the type I IFN response (8, 42), suggesting quantitative or
qualitative differences in the capacity of HSV-1 and HSV-2 vhs
proteins to modulate this branch of innate immunity. It seems
logical that vhs may counter the IFN response by utilizing its
ribonucleolytic activity to reduce IFN or IFN-stimulated gene
expression, but the contribution of vhs ribonucleolytic activity
to the overall effects of vhs on HSV-2 pathogenesis has not
been examined.

One means to determine the role of vhs RNase activity in
virulence without disruption of other vhs functions is selective
abrogation of the enzymatic activity. vhs shares sequence ho-
mology with the FEN-1 family of ribonucleases (12), and the
conserved amino acids essential for vhs RNase activity in
HSV-1 vhs have been thoroughly mapped (12, 13). Therefore,
we generated a HSV-2 strain containing a point mutation in
vhs which abrogates vhs RNase activity but permits the syn-
thesis of full-length vhs protein capable of fulfilling other po-
tential vhs functions in the virus life cycle. We compared the
vhs RNase-deficient virus with vhs deletion mutant and wild-
type viruses in a mouse model of HSV-2 genital infection in
terms of virulence and the capacity to counteract the host type
I IFN response.

MATERIALS AND METHODS

Cells and viruses. Vero cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 3% newborn calf and 3% bovine growth
sera and 1% each of L-glutamine and penicillin-streptomycin (Invitrogen). Mu-
rine embryonic fibroblasts (MEFs) were generated from embryos at 16 to 17 days
of gestation. The cells were cultured in DMEM supplemented with 10% bovine
growth serum and were used through passage 3. HSV-2 strain 333d41 (54) has a
targeted deletion in the UL41 gene between two Xcml sites, resulting in a 939-bp
excision and complete lack of vhs activity. Wild-type HSV-2 strain 333 and the
vhs deletion mutant 333-visB were generously provided by Jim Smiley. 333-visB
(51) contains a cassette consisting of the ICP6 promoter driving the lacZ gene,
inserted using the BstXI restriction site at codon 30 of the vhs open reading
frame (ORF), thus disrupting the UL41 gene. Cell lysate and cell supernatant
stocks of virus were prepared as previously described (35). The titers of the virus
stocks were determined by titration on Vero cell monolayers (45).

Isolation of mutant and rescue viruses. Plasmid pvhs96M, obtained from
David Leib (54), was constructed by ligation into the pPGEM3Z vector (Promega)
of a BamHI-Fspl restriction fragment of HSV-2 333 containing the UL41 ORF
flanked by portions of UL40 and UL42. The pvhsD215N plasmid was generated
by site-directed mutagenesis of pvhs96M, using the Gene Tailor site-directed
mutagenesis system (Invitrogen). The forward primer mutated a guanine to
adenine at nucleotide 643 in the vhs ORF, causing the D215N amino acid
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substitution, and a silent cytosine to adenine change at nucleotide 648 to create
a unique BglII site. Introduction of the nucleotide substitutions into pvhs96M
were verified by restriction digestion and sequencing. To generate point mutant
viruses, the pvhsD215N plasmid was linearized and cotransfected with full-length
333-vhsB DNA in the presence of Lipofectamine and Plus reagent (Invitrogen)
according to the manufacturer’s instructions. White plaques were isolated from
the cotransfection culture, using standard X-Gal (5-bromo-4-chloro-3-indolyl-p-
p-galactopyranoside; Invitrogen) staining procedures. The isolates were triply
plaque purified and analyzed by PCR, restriction digestion, sequencing, and
Southern blotting. One of the isolates, named D215N, was used to carry out all
the experiments. Full-length DNA from the D215N virus was isolated and co-
transfected with pvhs96M into Vero cells using an Amaxa Nucleofector kit
according to the manufacturer’s protocol (Amaxa Biosystems) to generate a
repair virus. The progeny were screened for loss of the BgIII site by PCR and
BglII restriction digestion. The repair virus, D215NR, was plaque purified three
times, and its genotype was verified by sequencing and Southern blotting.

Southern blot analysis. In order to verify the presence of the point mutation
in D215N and the reconstitution of the UL41 ORF in D215NR, viral DNAs were
purified from mutant and rescue viruses, using standard phenol-chloroform
extraction. Five hundred micrograms of each DNA sample was subjected to
BamHI and BgllI restriction digestion, and the fragments were separated on a
0.8% agarose gel. The DNA fragments were transferred to a Hybond nylon
membrane (Amersham) by capillary diffusion and hybridized to a randomly
primed 3?P-labeled pvhs96M vector as a probe. Images were obtained on X-ray
film by autoradiography.

Western blot analysis. Cell lysates were prepared by mock infecting or infect-
ing Vero cells at a multiplicity of infection (MOI) of 5 with either the 333
(wild-type), 333d41 (vhs™ deletion mutant), D215N (vhs point mutant), or
D215NR (rescue) virus. The cells were harvested at 14 h postinfection and lysed
in RIPA buffer (50 mM Tris-HCI [pH 8.0], 150 mM NacCl, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate [SDS], 1% NP-40) mixed with 2X Laemmli
buffer, heated at 95°C for 5 min, and then subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). After electrophoresis, the proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes, which were blocked in
Tris-buffered saline-Tween 20 (TBST) containing 5% nonfat dry milk. Incuba-
tions were carried out in TBST, using the murine monoclonal anti-vhs antibody
4F10.6 (obtained from David Leib) or rabbit anti-S6 antibody (Cell Signaling
Technology) for normalization. Anti-mouse horseradish peroxidase-conjugated
antibody (Sigma) and anti-rabbit alkaline phosphatase-conjugated antibody
(Promega) were used for detection. All primary and secondary antibody incu-
bations were carried out in TBST. Bands were visualized using enhanced chemi-
luminescence Western blotting detection reagents (Amersham) and blue film
(Midwest Scientific) or NBT/BCIP (Nitro Blue Tetrazolium/5-bromo-4-chloro-
3-indolylphosphate; Promega) according to the manufacturers’ instructions.

Plasmids. To create pcDNA-333VP16, the complete ORF of HSV-2 VP16 was
amplified by PCR, using Platinum high fidelity Taq polymerase (Invitrogen) and
forward primer 5'-TTGAGGATCCATGGACCTGTTGGTCGACG-3' and re-
verse primer 5-ATGAGAATTCCTACCCCCCAAAGTCGTCAATGCCC-3’,
and was cloned into the BamHI and EcoRI sites in pcDNA3.1 (Invitrogen). For
pcDNA-333vhs-HA, the HSV-2 vis ORF was fused to the hemagglutinin (HA)
tag by PCR, using forward primer 5'-ATCAGGATCCATGGGTCTGTTTGGC
ATGATGAAGTTTGCC-3' and reverse primer 5'-ATCAGAATTCTCAAGC
GTAGTCCGGTACGTCGTATGGGTACTCGTCCCAGAATTTAGCCAGG-
3’, and was cloned into the BamHI and EcoRI sites in pcDNA3.1. Plasmid
pcDNA-D215N-HA was created by replacing an Ascl-Agel restriction fragment
of the pcDNA-333vhs-HA construct with the corresponding fragment of the
pvhsD215N plasmid.

RNA isolation and quantitative real-time PCR. Monolayer cultures of 1.5 X
10° to 1.8 X 10° Vero cells were mock infected or infected at an MOI of 10 in
the presence of 10 pg/ml of actinomycin D (Act D). Cytoplasmic RNAs were
harvested at 6 h postinfection, using an RNeasy minikit (Qiagen), including the
on-column DNase digestion step. RNA purity and integrity were examined on
RNA Nano lab chips (Agilent). Five hundred nanograms of each RNA sample
was reverse transcribed, using anchored-oligo(dT),g primers and a Transcriptor
first-strand ¢cDNA synthesis kit (Roche) in a 20-pl volume according to the
manufacturer’s instructions. Real-time PCRs to detect GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) mRNA and 18S rRNA were performed on 0.1
wl of cDNA, using FastStart Sybr green master mix (Roche) and an ABI Prism
7500 real-time PCR system (Applied Biosystems). Reactions were performed in
duplicate in 25-pl volumes. The sequences of the GAPDH primers used are
5'-GAACGGGAAGCTTGTCATCAATGG-3" and 5'-TGTGGTCATGAGTC
CTTCCACGAT-3’, which amplify a 343-bp product. The sequences of the 18S
rRNA primers used are 5'-GTAACCCGTTGAACCCCATT-3' and 5'-CCATC
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CAATCGGTAGTAGCG-3' (63), which amplify a 151-bp product. The PCR
parameters were 10 min of FastStart Taq activation at 95°C, followed by 40 cycles
at 95°C for 20 s and at 60°C for 1 min. Specificity was verified by melting curve
analysis. The GAPDH signal was normalized to the 18S rRNA signal, using the
27A8CT method (33, 45). The GAPDH mRNA level in mock-infected Vero cells
was set at 100%, and the GAPDH mRNA level remaining in virus-infected
samples was calculated as a percentage of that of the mock-infected cells.

Metabolic labeling. Cells (129 MEF) in 12-well plates (2.3 X 10° cells per well)
were mock infected or infected at an MOI of 10 with wild-type, vhs deletion
mutant, RNase-deficient mutant, and rescue viruses in the presence or absence
of 10 pg/ml Act D. After 1 h, the unabsorbed virus was removed, the monolayers
were washed extensively, and DMEM plus 2% fetal bovine serum was added. At
5.5 h postinfection, the medium was replaced with methionine- and cysteine-free
medium (Sigma) for 30 min, and then medium supplemented with 50 wCi/ml
35S-labeled methionine and cysteine (EasyTag Express [*>S]methionine-cysteine
protein-labeling mix; PerkinElmer Life Sciences) was added to each well for 2 h.
Prior to harvesting, the monolayers were washed three times with phosphate-
buffered saline (PBS) and then scraped from the wells and collected in ice-cold
PBS supplemented with protease inhibitors. The cells were spun at 1,000 X g for
10 min at 4°C, and then the pellet was resuspended in 60 ul of RIPA buffer
containing protease inhibitors (Complete mini; Roche) and an equal amount of
2X Laemmli buffer. The eluted protein was subjected to SDS-PAGE, transferred
to PVDF membranes, and exposed to autoradiography film and then to a phos-
phoscreen (Molecular Dynamics). Images were scanned on a phosphorimager
(Storm 860; GE Healthcare) and analyzed using ImageQuant TL software
(Amersham Biosciences Limited). All membranes were subsequently subjected
to Western blot analysis.

Coimmunoprecipitation. Vero cells in 6-well plates were mock transfected or
cotransfected with 1 pg each of a plasmid expressing HSV-2 VP22 [pcDNA-
VP22(2)], VP16 (pcDNA-VP16), and vhs (pcDNA-333vhsHA or pcDNA-
D215NHA), using Lipofectamine and Plus reagent (Invitrogen) according to the
manufacturer’s instructions. After 48 h, the cells were lysed in 490 .l of immu-
noprecipitation (IP) buffer (50 mM Tris-HCL [pH 7.2], 150 mM NaCl, 1% Triton
X-100) supplemented with protease inhibitor (Complete mini; Roche Diagnos-
tics). The lysates were incubated on ice for 30 min, clarified at 17,000 X g at 4°C
for 10 min, and then precleared twice by incubation with protein A/G-agarose
beads (Calbiochem). IP reactions were then carried out by mixing 200 pl of cell
lysate with 20 pl of protein A/G-agarose beads bound to 1 pg of mouse anti-
VP16 monoclonal antibody 1-21 (Santa Cruz) or 10 pl of mouse anti-VP22
monoclonal antibody 22-3 (18). As a control for a specific interaction, the lysates
were incubated with bovine serum albumin-coated empty beads. The immuno-
precipitates were mixed overnight at 4°C. The beads were pelleted and washed
four times with ice-cold IP buffer, resuspended in 60 pl of 2X Laemmli buffer,
and boiled for 5 min. Samples of the original lysate (8 pl) and IP samples (20-p.l
volumes, representing proteins immunoprecipitated from 67 pl of the original
lysate) were subjected to 10% SDS-PAGE and analyzed by Western blotting,
using 1-21, 22-3, or rat monoclonal anti-HA antibody 3F-10 (Roche). Anti-
mouse and anti-rat alkaline phosphatase-conjugated secondary antibodies (Pro-
mega) were used for detection. Bands were visualized by using Nitro Blue
Tetrazolium/BCIP (Promega) according to the manufacturer’s instructions. In
other experiments, Vero cells (4 X 10° cells) in 100-mm dishes were mock
infected or infected at a MOI of 10 with 333, D215NR, D215N, or 333d41, and
lysates were prepared at 18 h postinfection for IP, as described above. For
Western blotting for vhs, the murine monoclonal anti-vhs antibody 4F10.6 was
used. Densitometric analyses were performed using ImageQuant software
(Amersham Biosciences).

In vitro growth curves. Cells were seeded into 12-well plates 1 day prior to
infection. Vero cell monolayers (2.8 X 10° to 4.5 X 10° cells/well) were infected
at a MOI of 10 (high MOI) or 0.01 (low MOI) with wild-type, vhs deletion
mutant, RNase point mutant, and rescue viruses. The monolayers were collected
by scraping at 8, 12, 16, 24, and 30 h (high MOI) or 8, 12, 16, 24, and 36 h (low
MOI) and stored at —80°C. MEF monolayers (2.5 X 10° cells/well) were infected
at a MOI of 0.01. The cells were collected at 6, 24, 48, and 68 h and stored at
—80°C. Samples were thawed and sonicated, and the titers were quantified by
standard plaque assay on Vero cell monolayers (53).

Animal studies. IFN-o/BR ™/~ mice (41) and congenic 129 [129Sv(ev)] mice
were generously provided by Michel Aguet and were obtained from Skip Virgin.
The mice (129 wild-type and IFN-a/BR /") were bred and housed in the De-
partment of Comparative Medicine, Saint Louis University School of Medicine.
All mice were maintained in accordance with institutional and PHS guidelines
and were used at 6 weeks of age. The mice were infected intravaginally (i.vag.)
with 1 X 10° PFU/mouse as previously described (36). Vaginal vaults were
swabbed twice (at each time point) at 9 h and on days 1 through 5 postinfection,
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using type 1 calcium alginate swabs (Puritan). The swabs were placed together
into vials containing 1 ml of PBS and stored at —80°C. On days 2 through 6
postinfection, the severity of genital and neurologic disease was assessed inde-
pendently by two persons, using the following scale: 0, no signs; 1, mild erythema
and edema of the external genitalia; 2, moderate erythema and edema; 3, genital
lesions; 4, bilateral hind limb paralysis; and 5, death (36). At 6 days postinfection,
the mice were sacrificed, and the spinal cord, brainstem, and brain were dis-
sected, placed in microfuge tubes containing PBS and 1-mm glass beads, and
stored at —80°C. Thawed tissues were disrupted, using a MiniBeadbeater-8
(BioSpec Products). The viral titers in swab samples and tissues were determined
by standard plaque assay (26). In other experiments, the infected mice were
monitored daily for survival and sacrificed when moribund.

To study virus replicative capacity in the CNS, anesthetized mice were infected
intracranially in the right cortex with 1 X 10* PFU/mouse, using a 30-gauge
needle and a 0.3-ml syringe (Terumo). Brain tissue was dissected at 18, 36, or
72 h postinfection and homogenized for the determination of virus titers.

Statistics. The significance of the difference in viral titers between groups was
determined by the Student ¢ test. The Kruskal-Wallis test was used to determine
the significance of the differences in disease scores between groups on individual
days. The significance of the differences in the proportions of mice surviving on
individual days was compared using the Fisher exact method.

RESULTS

Construction of point mutant and rescue viruses. Previous
studies utilizing vAs deletion mutants have elucidated the strik-
ing benefit of the vhs protein to HSV-2 pathogenesis in mice.
To determine the specific contribution of vhs RNase activity to
the pathogenic potential of HSV-2, we constructed a virus that
encodes full-length vhs protein with a targeted mutation that
eliminates its enzymatic activity. Three considerations were
weighed in selecting the mutation site. Each was based on
previous characterizations of the HSV-1 vhs polypeptide,
which shares 86% amino acid identity with HSV-2 vhs (11).
First, four highly conserved domains within the vhs proteins of
alphaherpesviruses that are important for ribonucleolytic func-
tion (14, 25) have been identified (3). Second, numerous point
mutations in conserved residues of the HSV-1 vhs protein that
abrogate RNase activity but retain eI[F4H and eIF4A binding
activity have been identified (12, 15, 16). Third, HSV-1 vhs
contains VP16 interaction (48) and PEST (David Leib, per-
sonal communication) sequences that we wished to preserve.
We chose to mutate amino acid 215 of HSV-2 vhs in conserved
domain III, because mutation of the analogous site in HSV-1
vhs, amino acid 213, abrogates RNase activity without com-
promising known protein-protein interactions.

Site-directed mutagenesis was performed to generate an as-
partic acid-to-asparagine substitution at amino acid position
215 of the vhs protein expressed from pvhs96M (54), which
contains the UL41 ORF of HSV-2 strain 333. The nucleotide
changes also introduced a new BgIII restriction site (Fig. 1A).
The resulting plasmid, pvhsD215N, was cotransfected with full-
length DNA from the 333-vAsB strain (51), which contains a
lacZ insertion in the vhs ORF. The cotransfection was
screened for white plaques in the presence of X-Gal, and
isolates were triply plaque purified. The presence of the point
mutation was ascertained by BgllI digestion of PCR-amplified
UL41 and was confirmed by sequencing of the UL41 locus.
One of the isolates was named D215N. To ensure that any
effect of the point mutation on RNase activity or virulence was
due solely to the engineered mutation, we restored the wild-
type allele by cotransfection of viral DNA from D215N and
pvhs96M, resulting in virus D215NR. Southern blot analysis
was used to verify the genotypes (Fig. 1B). Viral DNAs were
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FIG. 1. Southern blot analysis of the vhs locus. (A) The genomic
position of the UL41 ORF is shown on line 1. An expanded view of this
region (line 2) depicts a 3.5-kb BamHI fragment that includes the
wild-type (wt) vhs locus with its four domains that are important for
RNase activity. Line 3 shows the location of the D215N mutation and
the new BgllI site. (B) Viral DNAs isolated from wild-type (333), vhs
RNase-deficient (D215N), and RNase-deficient repair (D215NR) vi-
ruses were digested with BamHI and BgllI, subjected to electrophore-
sis, and transferred to a membrane. The blot was probed with 3*P-
labeled pvhs96M DNA. The expected sizes of the fragments were
3,476 bp for the wild-type 333 and D215NR viruses and 2,145 bp and
1,331 bp for the D215N mutant.

restricted with BamHI and BglII, electrophoresed, transferred
to membranes, and detected, using randomly primed pvhs96M
as the probe. The Southern blot of the wild-type 333 and
D215NR viruses showed a single fragment of the expected size
(3.5 kb) (Fig. 1B, lanes 1 and 3), and that of D215N showed
two fragments of the expected sizes (2.2 kb and 1.3 kb) (Fig.
1B, lane 2), consistent with the presence of a new BgllI site
introduced by the point mutation of UL41 in D215N that was
restored in D215NR.

vhs protein expression by the point mutant virus. To dem-
onstrate that the D215N point mutant virus expresses vhs pro-
tein in infected cells, Western blotting was performed on cell
lysates collected 14 h postinfection. Membranes probed with a
monoclonal antibody to vhs showed a band with mobility of
approximately 58-kDa and equivalent intensity in the lysates of
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FIG. 2. Western blot analysis of vhs protein. Vero cells were mock
infected or infected with the 333 (wild-type [wt]), D215NR (rescue),
D215N, or 333d41 virus at a MOI of 5 and harvested 14 h postinfec-
tion. The proteins were separated by SDS-PAGE and transferred to a
membrane. The blot was probed with an antibody to vhs (top) or
ribosomal S6 (bottom) protein.

cells infected with HSV-2 333, D215NR, or D215N (Fig. 2,
lanes 2 to 4) that was absent from mock- and 333d41-infected
cells (Fig. 2, lanes 1 and 5). Reprobing with antibody to S6
ribosomal protein, which was used as a loading control because
of its low turnover rate, showed that S6 levels were similar in
all samples (Fig. 2); therefore, vhs protein is produced by the
D215N mutant at approximately wild-type levels. vhs produced
in cells infected with the D215N mutant had slightly increased
mobility compared with the wild-type and rescue viruses. This
altered mobility likely did not result from a difference in the
phosphorylation state, because the relative mobilities of wild-
type and mutant vhs did not change upon treatment with calf
intestinal alkaline phosphatase (data not shown). Instead, the
aspartic acid-to-asparagine change may have altered the charge
and possibly the conformation of vhs, resulting in the slightly
increased mobility.

The D215N mutation ablates vhs RNase activity. To verify
the loss of RNase activity in vhs mutant viruses, Vero cells
were mock infected or infected with 333 (wild-type), D215NR
(rescue), D215N, or 333d41 (vhs deletion mutant) (54). At 6 h
postinfection, cytoplasmic mRNA was isolated and polyadenyl-
ated mRNAs were reverse transcribed. The cDNAs were used
as templates for the quantitative real-time PCR determination
of GAPDH mRNA in samples normalized to the content of
18S rRNA. The GAPDH mRNA level in mock-infected cells
was set at 100%, and the GAPDH mRNA level remaining in
the virus-infected samples was calculated as a percentage of
that of the mock-infected cells. Cells infected with the wild-
type and rescue viruses contained only 10% of the GAPDH
mRNA found in mock-infected cells (Fig. 3). In contrast, cells
infected with the D215N point mutant and 333d41 deletion
mutant viruses showed levels of GAPDH equivalent to that of
mock-infected cells, indicating that the single-amino-acid
change in HSV-2 vhs abrogated RNase activity.

We next determined the effect of the loss of RNase activity
on global virion-induced host shutoff. Cells were infected with
10 PFU per cell of the various viruses in the presence or
absence of Act D and labeled with [**S]methionine-cysteine
from 8 to 10 h postinfection, and the levels of host cell protein
synthesis were determined (Fig. 4). The wild-type and rescue
viruses showed a decrease in de novo protein synthesis com-
pared with that of the mock-infected cells (Fig. 4A), which was
even more apparent in the presence of Act D. The levels of the
S6 ribosomal protein remained relatively constant (Fig. 4B). In
contrast, both the D215N and 333d41 mutant viruses failed to
induce generalized shutoff of protein synthesis in the infected
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FIG. 3. Real-time PCR detection of RNase activity. Vero cells
were mock infected or infected with the 333 wild type [333 (wt)],
D215NR (rescue), D215N, or 333d41 virus at a MOI of 10 in the
presence of Act D and harvested 6 h postinfection. Total cytoplasmic
RNA was isolated from the samples and reverse transcribed to cDNAs.
These cDNAs were used as templates for quantitative real-time PCR
detection of GAPDH and 18S rRNA transcript levels in the original
samples. Relative changes in the GAPDH transcript levels of the
virus-infected samples compared to those for the mock-infected sam-
ples, all normalized for 18S rRNA expression, were determined, using
the 2724T method. The GAPDH mRNA level remaining in the virus-
infected samples was calculated as a percentage of that of the mock-
infected samples. The data were compiled from two experiments, each
performed in duplicate. *, P < 0.0001 for the results for the wild-type
and D215NR virus-infected samples compared with that for the mock-
infected samples.

host cells, indicating that the D215N point mutation in HSV-2
vhs affects global host shutoff activity to the same extent as
deletion of vhs.

HSV-2 VP16 coimmunoprecipitates with wild-type vhs or
D215N. The interaction between vhs and VP16 in a complex
that includes VP22 is well documented for HSV-1 (29, 50, 55,
62). We determined whether HSV-2 vhs forms a similar com-
plex and whether it is maintained in the D215N mutant. Vero
cells were mock transfected or transfected with plasmids ex-
pressing HSV-2 VP22, VP16, and vhs-HA or D215N-HA. Cell
lysates were prepared 48 h after transfection and subjected to
IP, followed by Western blotting for VP22, VP16, or vhs (Fig.
5). The lysates of triply transfected cells but not of mock-
transfected cells contained VP16, VP22, and wild-type vhs-HA
or D215N-HA (Fig. 5A and B, lanes 1 to 3). After IP with
anti-VP22, VP16, vhs-HA, and VP22 were each detected by
Western blotting (Fig. 5A, lane 5). Faint background bands
similar to the mobility of VP22 were detected in the immuno-
precipitates of mock-transfected cells probed for VP22 (Fig.
5A, lane 4), but VP22 was clearly detectable above this back-
ground in VP22-transfected cells (Fig. 5A, lanes 5 and 6). IP
using empty beads incubated with the lysates of triply trans-
fected cells did not yield any specific bands (Fig. 5A, lanes 7
and 8). Importantly, D215N-HA was detected in the complex
immunoprecipitated with anti-VP22 as readily as that with
vhs-HA (the ratios of immunoprecipitated protein to input
protein = 0.86 and 0.95, respectively, by densitometry) (Fig.
5A, lanes 5 and 6). For further confirmation of HSV-2 vhs-
VP16 complex formation, the lysates of triply transfected cells
were subjected to IP with antibody to HSV-2 VP16 (Fig. 5A,
lower panel). Western blotting for VP16, vhs-HA, or VP22
demonstrated the presence of the proteins in the lysates (Fig.
SA, lower panel, lanes 2 and 3) and VP16 in the immunopre-
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FIG. 4. Effect of wild-type and mutant HSV-2 on host protein syn-
thesis in the absence and presence of Act D. 129 MEF cells were mock
infected or infected with 10 PFU of 333 (wt), D215NR, D215N, or
333d41 per cell in the presence or absence of Act D and harvested at
10 h postinfection. (A) The cultures were pulse labeled with [**S]me-
thionine and [**S]cysteine for the last 2 h before being harvested.
Whole-cell lysates were prepared, and the labeled polypeptides were
subjected to 10% SDS-PAGE and transferred onto PVDF mem-
branes, scanned on a Phosphorimager, and analyzed using Image-
Quant TL software. A scale of molecular weights is shown to the right
of the second panel. (B) The same membranes were probed with
anti-S6 antibody to demonstrate uniform loading. wt, wild type.
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cipitates (Fig. 5A, lower panel, lanes 5 to 6). VP22 could not be
unambiguously detected after IP because of background bands
in the IP samples (Fig. 5SA, lower panel, lanes 4 to 6). As
predicted from IP with anti-VP22, vhs-HA and D215N-HA
were both detected by Western blotting in the immunoprecipi-
tates, using anti-VP16 (Fig. 5A, lower panel, lanes 5 and 6).
Densitometric analyses indicated that the ratio of immunopre-
cipitated to input protein was similar for each (0.35 for vhs-
HA, 0.45 for D215N-HA).

To demonstrate that a tripartite interaction between VP16,
vhs, and VP22 occurs in HSV-2 infection, cells were infected
with wild-type or rescue virus or either RNase mutant virus.
Lysates were prepared 18 h postinfection and immunoprecipi-
tated with an antibody to VP22, followed by Western blotting
for VP16, vhs, or VP22 (Fig. 5B). Mock-infected cells showed
no specific bands (Fig. 5B, lane 1), whereas the immunopre-
cipitates from cells infected with 333, D215NR, or D215N
contained VP16, vhs, and VP22 (Fig. 5B, lanes 2 to 4). In the
immunoprecipitates of cells infected with 333d41, only VP16
and VP22 could be detected (Fig. 5B, lane 5), suggesting a
direct interaction between these two proteins in HSV-2-in-
fected cells that does not depend on the presence of vhs. The
immunoprecipitates from IP reactions using empty beads con-
tained none of the three viral proteins (Fig. 5B, lane 6), con-
firming the specificity of the interactions observed with anti-
VP22. Taken together, these results demonstrate that, like
HSV-1 vhs, HSV-2 vhs can be found during infection in tri-
partite complexes that contain VP16 and VP22. These tripar-
tite complexes also probably exist in triply transfected cells,
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FIG. 5. Coimmunoprecipitation of HSV-2 vhs and VP16. (A) Vero
cells were mock transfected or transfected alone or in combination
with plasmids encoding HSV-2 VP22, VP16, vhs-HA, or D215N-HA.
Lysates were prepared at 48 h posttransfection and subjected to im-
munoprecipitation with anti-VP22 or anti-VP16 coupled to protein
A/G agarose beads. Proteins from the original lysates or that were
eluted from the beads were separated by SDS-PAGE and transferred
to membranes in duplicate. One divided membrane was probed by
Western blotting with antibodies to vhs or VP22. The second mem-
brane was probed for VP16. The experiment was repeated once with
similar results. (B) Vero cells were mock infected or infected with the
indicated virus. Lysates were prepared 18 h postinfection and sub-
jected to IP with anti-VP22 coupled to protein A/G agarose beads or
with beads alone. Proteins eluted from the beads were separated by
SDS-PAGE and transferred to membranes and probed for vhs, VP22,
or VP16, as described above. The experiment was repeated once with
similar results. Brackets indicate background bands similar to the mo-
bility of the VP22 isoforms. wt, wild type.

although a reciprocal IP was unable to clearly demonstrate the
presence of VP22. Most importantly, vhs bearing the D215N
mutation also coimmunoprecipitated with VP16 and VP22,
indicating that the loss of enzymatic activity does not affect the
capacity of vhs to exist in a stable complex that contains VP16
and VP22.

Mutant vhs protein is packaged into the virion and is stable
in infected cells. HSV virions contain approximately 200 copies
of vhs (23, 47). The vhs protein may help maintain proper
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FIG. 6. Mutant vhs is packaged into virions and is stable in infected
cells. Virions (5 X 10° PFU) isolated from the supernatant of infected
cells or equivalent PFUs of infected cell lysates were solubilized in
Laemmli buffer, subjected to SDS-PAGE, and transferred to PVDF
membranes. (A) Divided membranes were subjected to Western blot-
ting, using antibodies to VPS5, vhs, or S6. (B to D) Vero cells were
infected at a MOI of 50 with the supernatant-derived virus 333 (B),
D215NR (C), or D215N (D) in the presence or absence of Act D. The
cells were lysed at the indicated times postinfection, and the proteins
were separated by SDS-PAGE and transferred to membranes. Divided
membranes were probed by Western blotting with antibodies to VPS5,
vhs, or S6. hpi, hours postinfection. wt, wild type.

stoichiometry of tegument components during packaging and
may participate in protein-protein interactions within the cell,
such as binding to VP16 and cellular components of the trans-
lation machinery, eIlF4A, elF4B, and elF4H. To determine
whether vhs carrying the D215N mutation is packaged into the
HSYV particle, cell-free virions were isolated from infected cul-
ture supernatants. vhs protein and the capsid protein VP5 were
readily detectable in equivalent amounts by Western blotting
of 5 X 10° PFU of the supernatant-derived wild-type or D215N
virus (Fig. 6A, lanes 1 and 3). Only a faint band was observed
after Western blotting of supernatant-derived virions for the
ribosomal protein S6 (Fig. 6A, lanes 1 to 3), but abundant S6
ribosomal proteins were observed in cell lysates containing 5 X
10° PFU of the viruses (Fig. 6A, lanes 4 to 6), indicating that
cell-free virions are highly enriched in the supernatants of
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FIG. 7. Multistep growth in cultured cells. Replicate monolayers of Vero cells were infected with 333 (wt), D215NR, D215N, or 333d41 at a
MOTI of 10 (A) or 0.01 (B). Monolayers were collected at the indicated times, and viral titers were determined by standard plaque assay. MEFs
(129, panel C, or IFN-o/BR /", panel D) were infected at a MOI of 0.01 with the viruses indicated above. Cultures were harvested at the indicated
times, and viral titers were determined by plaque assays. The data points are the geometric means =+ the standard errors of the means (SEM) of
the results for duplicate wells from three independent experiments. The dashed line indicates the limit of detection. *, 0.0091< P < 0.029 (for the
results for 333d41 and D215N compared with that for 333). wt, wild type.

infected culture supernatants. Because vhs protein bearing the
D215N mutation is packaged into the virion, we next deter-
mined its stability relative to that of wild-type vhs in the newly
infected cell. Supernatant-derived virus was used to infect
Vero cells at a MOI of 50 in the presence or absence of Act D,
and Western blotting was performed on cell lysates collected at
various times postinfection. S6 was used as a control to ensure
equal loading. vhs protein was detectable at 1 h postinfection
in cells infected with the 333, D215NR, and D215N viruses
(Fig. 6B to D, lane 1). This input vhs protein remained stable
in both wild-type and mutant virus-infected cells through 7 h
postinfection (Fig. 6B to D, lanes 2 to 4). The lower band on
the vhs blot is a cross-reacting cellular protein. Cells infected
with the 333 or D215NR virus for 7 h in the absence of Act D
contained substantially more VP5 and vhs protein than was
found in Act D-treated cells (Fig. 6B to D, lane 5). Interest-
ingly, vhs and VPS5 accumulated to a lesser extent in cells
infected with D215N, suggesting the delayed onset of viral
protein synthesis or less-vigorous protein synthesis in cells in-
fected with the RNase-deficient virus. These results indicate
that the mutant vhs protein is packaged into virions as effi-
ciently as wild-type protein and that the virion-derived mutant
vhs protein is as stable over time in infected cells as the wild-
type protein.

Multistep growth in cultured cells. The vhs-deficient mutant
333d41 replicates nearly as well as wild-type HSV-2 in Vero
cell cultures infected at high or low MOIs but is impaired for
growth after infection of primary MEFs at a low MOI due to
the effects of IFN-a/B (8). To ascertain whether the growth

kinetics and IFN sensitivity of an RNase-deficient virus are
similar to those of a vhs-deficient virus, we compared the
replication of D215N and 333d41 with those of the 333 and
D215NR viruses after infection of Vero and MEF cultures at
high or low MOIs. In Vero cells infected at a high MOI (10),
all the viruses grew similarly (Fig. 7A), and after infection of
Vero cells at a low MOI (0.01), the growth of D215N and
333d41 lagged only slightly behind that of the wild-type and
rescue viruses 333 and D215NR until late times postinfection
(Fig. 7B). In primary 129 MEF cells infected at a low (0.01)
MOI, both vhs mutant viruses grew significantly more slowly
than 333 and D215NR, replicating to 1.5-log-lower titers at
24 h postinfection. This difference gradually decreased over
time (Fig. 7C). In contrast to their replication in wild-type 129
MEEF cultures, all the viruses replicated to similar titers in
IFN-o/BR™~ MEF cultures infected at a low MOI (Fig. 7D)
until late times postinfection, when the titers of 333 and
D215NR diverged from those of D215N and 333d41 (P <
0.029 for 333d41 and D215N compared with the titers for 333).
In all cell types, D215NR replicated to the same levels as the
wild-type virus, indicating successful restoration of the vhs
allele. Thus, no significant differences exist in the growth char-
acteristics of RNase-deficient and vhs-deficient viruses in vitro.
In addition, restoration of D215N and 333d41 growth in IFN-
«/BR ™/~ MEFs suggests the involvement of RNase activity in
countering the antiviral effects of IFN-o/p.

In vivo growth and virulence. vhs-deficient mutants of
HSV-2 are highly attenuated in vivo (42, 54). However, repli-
cation and especially virulence of vhs-deficient HSV-2 are
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FIG. 8. Viral replication in the genital mucosa of 129 and IFN-o/
BR ™/~ mice. Groups of mice were infected i.vag. with 1 X 10° PFU of
the indicated virus strains. The titers of virus in vaginal swab samples
of 129 mice (n = 6 to 7) (A) and IFN-o/BR /"~ mice (n = 6) (B) were
determined by standard plaque assays. The data points represent the
geometric means * SEM of the results for all samples per group.
The dashed line indicates the limit of detection. *, P < 0.0001 for the
results for the 333d41 and D215N mutant viruses compared with that
for 333 (wt). The experiment was repeated once with similar results.
wt, wild type.

markedly increased in IFN-o/8BR ™/~ mice compared with those
of wild-type mice (42), indicating that vhs plays an essential
role in counteracting the type I IFN response to promote
HSV-2 pathogenicity. We investigated whether the RNase ac-
tivity of vhs is the critical determinant of the vhs protein’s
contribution to HSV-2 virulence.

IFN-o/BR ™/~ and congenic 129 mice were infected i.vag.
with 1 X 10° PFU of 333, 333d41, D215N, or its rescuant,
D215NR, and replication and virulence were monitored over
time. In wild-type 129 mice, D215N and 333d41 replicated
similarly in the genital mucosa but at least 100-fold less effi-
ciently than 333 and D215NR on the first day postinfection. At
all subsequent time points, the mutant viruses replicated to
approximately 1,000-fold-lower titers than the wild type, reach-
ing the limit of detection by day 3 postinfection (Fig. 8A). In
IFN-o/BR ™/~ mice, both vhs mutant viruses recovered some
capacity to replicate relative to that of the wild-type and rescue
viruses over the first 2 days postinfection (Fig. 8B) and main-
tained higher titers on days 3 through 5 compared with their
levels of replication in 129 mice. There was no significant
difference in replication levels between 333 and D215NR in
either host, indicating that the rescue virus indeed restored
the wild-type phenotype. Interestingly, in IFN-o/BR ™/~ mice,
D215N was slightly more attenuated than 333d41 over the first
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FIG. 9. Severity of genital and neurological disease in 129 and
IFN-a/BR /" mice. Mice (as described in the legend to Fig. 8) were
scored for signs of disease. The values for 129 mice (n = 15 to 25)
(A) and IFN-o/BR ™/~ mice (n = 13 to 20) (B) represent the arithmetic
means = SEM. *, P = 0.001 for the results for the D215N or 333d41
mutant viruses compared with that for the 333 (wt). The data were
compiled from two independent experiments. wt, wild type.

3 days postinfection, although the difference did not achieve
statistical significance.

Signs of genital disease in wild-type 129 mice infected with
333 and D215NR became apparent by the third day postinfec-
tion (Fig. 9A), with hind limb paralysis developing by 6 days
postinfection. In contrast, infection with either D215N or
333d41 resulted in mild genital inflammation and no genital
lesions or neurological signs. In IFN-o/BR "~ mice, the wild-
type and rescue viruses showed a similar course of disease, but
it was accelerated by approximately 1 day compared with that
in 129 mice (Fig. 9B). Both vhs mutant viruses possessed a
more virulent phenotype in IFN-o/BR™/~ mice, with their
course of disease accelerated by approximately 2 days com-
pared with that of 129 mice. 333d41 approached the wild-type
virus in virulence by 6 days postinfection, but interestingly, at
that point the virulence of 333d41 and D215N diverged signif-
icantly (P < 0.001). Fully 40% of the mice infected with 333d41
were paralyzed by 6 days postinfection, while hind limb paral-
ysis had occurred by day 6 postinfection in only 10% of the
mice infected with D215N. These data indicate that the RNase
activity of vhs plays an important role in vhs-dependent viru-
lence and suggest a particular role in the neurovirulence of
HSV-2.

To assess virus spread to and replication in the nervous
system, some mice were sacrificed 6 days postinfection, and
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FIG. 10. Virus replication in the CNS. Groups of mice as described
in the legend to Fig. 8 were sacrificed on day 6 postinfection. Brain,
brainstem, and spinal cord tissues of 129 (n = 6 to 10) (A) and
IFN-a/BR ™/~ (n = 6 to 11) (B) mice were disrupted by bead beating,
and viral titers were determined by standard plaque assays. The dashed
line indicates the limit of detection. (C) Groups of IFN-o/BR ™'~ mice
(n = 4 to 6) were infected intracranially with 1 X 10* PFU of the
indicated viruses and sacrificed 18, 36, or 72 h postinfection. The viral
titers in the brain were determined as described above. #*, P < 0.0001
to P = 0.0006; *, P = 0.0074 to 0.0139 for the results for D215N
compared with that for 333 (wild type). The data were compiled from
two independent experiments.

their brains, brainstems, and spinal cord tissues were collected.
The titers of D215N and 333d41 in the spinal cords of 129 mice
were much lower than those of 333 and D215NR (Fig. 10A)
and could not be detected in the brainstems and the brains. In
contrast, in IFN-o/8R ™/~ mice, 333d41 replicated to levels
equivalent to that of 333 and D215NR in all portions of the
CNS (Fig. 10B), signifying the role of HSV-2 vhs in counter-
acting the type I IFN response. However, the titers of D215N
in the spinal cords of IFN-o/BR ™/~ mice were still depressed
relative to those of 333d41 (P = 0.0039), remained low in the
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brainstems (P < 0.0001 compared with the titers for 333d41),
and were nearly undetectable in the brains (P < 0.0001 com-
pared with the titers for 333d41) (Fig. 10B). Thus, the RNase
activity-deficient mutant did not achieve the same degree of
recovery in growth in the nervous systems of IFN-a/BR ™/~
mice as did the vhs-deficient mutant 333d41. To distinguish
whether the persistent attenuation of D215N represented re-
duced capacity to spread to the nervous system or reduced
capacity to replicate in neural tissues, IFN-o/BR ™/~ mice were
infected intracranially with the wild-type, rescue, or mutant
virus. Brain tissue was collected at several times postinfection,
and virus titers were determined. At 18 and 36 h postinfection,
replication of 333d41 and D215N in brain tissue lagged signif-
icantly behind that of 333 and D215NR (Fig. 10C), and even
when directly inoculated into the nervous system, D215N rep-
licated slightly less well than 333d41 (P = 0.0199 at 36 h for
D215N compared with that for 333d41). By 3 days postinfec-
tion, the titers were roughly equivalent among all the viruses
(Fig. 10C). This result indicates that the mutation abolishing
vhs RNase activity impaired virus replication in the CNS but
that both vhs mutant viruses were eventually able to achieve
the same endpoint titers as the wild-type virus.

Intravaginal infection of mice with wild-type HSV-2 causes a
severe and rapidly lethal infection, but viruses lacking vhs are
attenuated (54). To examine the eventual outcome of infection
with D215N, we determined the survival rate of mice infected
with the wild-type or vhs mutant viruses. As expected, 129 mice
infected with 333 and D215NR showed a steep decline in
survival between days 6 and 7 postinfection (Fig. 11A). Nota-
bly, wild-type 129 mice infected with either D215N or 333d41
exhibited a more-gradual decline in health, and no genital
lesions or hind limb paralysis was observed even at later times
postinfection (Fig. 11A). However, all wild-type mice infected
with the vhs mutant viruses eventually succumbed. In IFN-«/
BR ™/~ mice, a steep decline in survival occurred between days
5 and 6 in those infected with 333 or D215NR (Fig. 11B). All
mice infected with 333d41 also succumbed by 7 days postin-
fection, while the survival rate of mice infected with D215N
exhibited a more-gradual decline through 9 days postinfection.
Thus, infection with the RNase activity-deficient virus
progresses more slowly to a lethal level than that with the vhs
deletion virus in IFN-o/BR ™/~ mice, but all the viruses ulti-
mately caused lethal infections in both wild-type and IFN-o/
BR ™/~ mice.

DISCUSSION

Using a vhs deletion mutant virus, we had previously dem-
onstrated that HSV-2 vhs plays a prominent role in counter-
acting the host type I IFN response. The specific contribution
of vhs RNase activity to the pathogenesis of HSV-2 could not
be adequately addressed with a vhs deletion virus, however,
because of the probable roles of vhs in virion structure as well
as in complex formations with viral and cellular proteins. A
mutant virus in which the enzymatic activity of vhs was selec-
tively abrogated by point mutation was thus created. The point
mutant virus, D215N, encodes a full-length vhs protein devoid
of RNase activity that is efficiently incorporated into virions
and retains the capacity to bind VP16 and to form complexes
that include VP22, thus satisfying the requirement for an as-
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FIG. 11. Survival of mice after intravaginal infection. Groups of
6-week-old 129 (n = 15 to 16) (A) and IFN-afR™"~ (n = 8 to 13)
(B) mice were infected as described in the legend to Fig. 8, and their
survival was monitored daily. #*, P < 0.0001; *, P = 0.0191 to 0.0471
for the results for 333d41 and D215N compared with that for 333 (wt).
wt, wild type.

sessment of RNase activity in an otherwise-intact virus. Mul-
tistep growth analysis using MEFs showed an initial growth
delay of the vhs point mutant virus, with later recovery of
growth to the level of the wild-type virus. The growth delay is
related to an inability to counteract the type I IFN response;
growth recovery was seen on IFN-a/BR ™~ MEFs. In wild-type
mice, the RNase-deficient mutant D215N was attenuated for
replication in the genital tract and for spread to the nervous
system and recovered some capacity to replicate and cause
disease in IFN-o/BR /™ mice, indicating that RNase activity is
crucial to the capacity of vhs to counteract the type I IFN
response. Surprisingly, D215N remained more attenuated than
a vhs null mutant virus in IFN-o/BR ™/~ mice, suggesting the
possibility of supplementary negative effects of the enzymati-
cally inactive vhs protein.

vhs is a multifunctional protein. In addition to RNase activ-
ity, HSV-1 vhs interacts with VP16 through a 21-amino-acid-
long region (48). The VP16-interacting domain of HSV-1 vhs
is conserved in 15 of 21 amino acid residues with the analogous
region of HSV-2 vhs, although it cannot be assumed that the
residues through which intermolecular contacts occur are con-
served. Interaction of VP16 with vhs is thought to attenuate
vhs RNase activity, permitting late events in replication such as
v2 protein expression to proceed. Recently, a tripartite inter-
action between HSV-1 VP16, vhs, and VP22 was demonstrated
to be the critical attenuating unit (62). Attenuation of vhs
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activity via this complex appears to be essential for HSV via-
bility, because VP22-deficient viruses also bear mutations in
the vhs gene that result in defective vhs activity (49). We now
present evidence that a complex containing HSV-2 vhs, VP16,
and VP22 also forms, as these could be coimmunoprecipitated
from triply transfected cells using an antibody to VP22 and
from infected cells. Importantly, complex formation is main-
tained with D215N, indicating that the point mutation did not
disrupt these interactions. In addition to VP16 and VP22, vhs
forms a complex with cellular translation initiation factors
elF4A, elF4B, and elF4H (7, 15, 16). We selected the muta-
tion site within HSV-2 vhs based on mutations within HSV-1
vhs that preserve interactions with eIF4A and eIF4H (15), but
formal demonstration of HSV-2 vhs complex formation with
these translation initiation factors remains to be carried out.
Packaging of the tegument into the virion with proper stoichi-
ometry is a second probable function of the interaction be-
tween vhs and other tegument components. We found vhs
protein bearing the D215N mutation to be efficiently packaged
into virions, thus preserving its likely structural role in tegu-
ment formation. Efficient packaging of the enzymatically inac-
tive vhs protein into the tegument was expected, because teg-
ument incorporation requires the amino terminal 42 amino
acids of vhs (40), which are far removed from the D215N
mutation.

The greatest challenge to a mutant virus is the test of in vivo
fitness. We had anticipated that specifically abrogating the
RNase activity of vhs would attenuate HSV-2 but not as pro-
foundly as complete deletion of vhs because of the other
known and potential functions of the vhs protein. In wild-type
mice, both 333d41 and D215N were equally attenuated for
replication in the genital mucosa. In survival assays performed
with wild-type mice, infections with either the RNase or trun-
cated vhs mutants resulted in delayed mortality compared with
the kinetics of wild-type and rescue virus infection. These ob-
servations reinforce the notion that in wild-type mice, the
RNase function of vhs is the most important contributor to
vhs-mediated pathogenesis. Interestingly, although the RNase
mutant and deletion mutant viruses could barely be detected in
the nervous systems of wild-type mice by 6 days postinfection,
they eventually caused lethal infections with similar kinetics.
Thus, infection with RNase mutant viruses progresses more
slowly to lethal infection than that with the wild-type virus, but
all the viruses ultimately caused lethal infections in wild-type
mice. Whether the lethality of the vhs mutants is a function of
delayed neuronal infection or damage to other organs is not
known.

We had previously shown that type I IFNs are a major
attenuating factor for HSV-2 lacking vhs (8, 42). As with
333d41, D215N shows some recovery of replication in the
genital mucosa of IFN-o/BR ™/~ mice. Slight differences in
replication in the genital tract between D215N and 333d41
were not statistically significant. From these data and the
equivalent attenuation of D215N and 333d41 in wild-type
mice, it is tempting to conclude that all the effects of vhs on
pathogenesis are related to RNase activity, but in fact, analyses
of virus replication in the nervous systems of IFN-a/BR™/~
mice revealed that enzymatically inactive vhs may have addi-
tional deleterious effects on the fitness of the point mutant
virus. In IFN-a/BR ™/~ mice, D215N proved even more atten-
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uated than 333d41 in its capacity to cause paralysis by 6 days
postinfection. This attenuated disease phenotype correlated
well with the lower viral titers of the RNase mutant in the CNS
compared with that of the deletion mutant at the same time
point. The differences appear cumulative: a slightly lower level
of replication of D215N in the genital tract apparently leads at
each step to further attenuation, with reduced inflammation
and delayed development of lesions and paralysis. These re-
sults suggest that the non-enzymatically active vhs protein may
interfere with efficient virus replication and spread within the
host, although the survival time is not ultimately changed.

Interestingly, in a wild-type environment, the stringent pres-
sure of type I IFN makes vhs RNase and deletion mutants
indistinguishably feeble. The difference in pathogenicity be-
tween D215N and 333d41 became perceptible only in a less
harsh environment, namely in IFN-o/3R ™/~ mice. Our data
support the possibility that there may be additional factors
affecting the virulence of a RNase-deficient virus that retains
vhs protein and suggest a more-cautious interpretation of the
in vivo data. The heightened attenuation of the RNase-defi-
cient mutant suggests the establishment of a cellular environ-
ment not encountered in cells infected with the virus that lacks
vhs. This new environment makes the RNase-deficient virus
less able to take advantage of lost cellular IFN responses. The
results indicate that RNase activity is important for the virus
but do not necessarily prove that it is the only contribution of
vhs to virulence, because in some way, the presence of the
enzymatically inactive protein creates a new hurdle for the
virus to surmount.

The additional attenuation of a virus specifically lacking
RNase activity over a virus lacking the vhs protein raises in-
teresting questions about how the enzymatically inactive vhs
mechanistically enhances attenuation. One possibility is that
mutant vhs may bind cellular components of the translation
initiation complex and, because it lacks enzymatic activity, es-
sentially sequester the complex and prevent the cellular factors
from recycling to initiate translation of viral messages. A sec-
ond possible explanation for the slower replication and spread
of the RNase-deficient virus in IFN-a/BR ™/~ mice is that dom-
inant negative effects of enzymatically inactive vhs may be
exaggerated within the nervous system. Indeed, cell-type-spe-
cific differences in sensitivity to the shutoff activity of vhs within
various neuronal cell populations have been observed (2, 43,
56) and may be related to variations in the levels of individual
translation factors in different cells (24) as well as to MOIs
(56). Of interest, the vhs-1 mutant of HSV-1 is RNase deficient
yet reduces protein synthesis in cultured cerebellar granule
neurons infected at a high MOI (2), suggesting a negative
effect of enzymatically inactive vhs bound to translation initi-
ation complexes. A RNase activity-deficient virus that lacks the
capacity to form complexes with cellular translation initiation
factors will be needed to address this possibility. Thus, vhs
enzymatic activity may make two contributions to virulence,
one by potentially degrading the mRNAs of critical host re-
sponse factors of the type I IFN pathways and another by
mechanically clearing translation initiation complexes of host
messages so that viral proteins can be translated efficiently.

Our approach to the study of enzymatically inactive vhs
extends a previous in vitro study performed with the vhs point
mutant of HSV-1, vhs-1 (2), by examining effects in vivo. vhs-1
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replicates poorly in cultures of mature mouse cerebellar neu-
rons and induces fragmentation of the nuclei and DNA mar-
gination consistent with apoptotic cell death (2). These obser-
vations raise an intriguing third possibility: that vhs RNase
activity may be involved in delaying or preventing apoptosis in
neurons. By analogy to vhs-1, HSV-2 D215N may replicate
inefficiently in the nervous system because it induces apoptotic
cell destruction, resulting in delayed spread to and within neu-
ral tissues but eventual death of the mouse. Studies of apop-
tosis within the spinal cord after peripheral infection with the
wild-type virus or D215N and 333d41 will be necessary to
address this possibility. Understanding the mechanism under-
lying D215N attenuation will eventually provide further insight
into the role(s) of vhs in HSV-2 pathogenesis.
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