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ICP4 of herpes simplex virus (HSV) is essential for productive infection due to its central role in the reg-
ulation of HSV transcription. This study identified a region of ICP4 that is not required for viral growth in
culture or at the periphery of experimentally inoculated mice but is critical for productive growth in the tri-
geminal ganglia. This region of ICP4 encompasses amino acids 184 to 198 and contains 13 nearly contiguous
serine residues that are highly conserved among the alphaherpesviruses. A mutant in which this region is
deleted (DSER) was able to grow on the corneas of mice and be transported back to the trigeminal ganglia.
DSER did not grow in the trigeminal ganglia but did express low levels of several immediate-early (ICP4 and
ICP27) and early (thymidine kinase [tk] and UL42) genes. It expressed very low levels of the late gC gene and
did not appear to replicate DNA. This pattern of gene expression was similar to that observed for a tk mutant,
dlsptk. Both DSER and dlsptk expressed higher levels of the latency-associated transcript (LAT) per genome
earlier in infected ganglia than did the wild-type virus, KOS. However, infected ganglia from all three
viruses accumulated the same level of LAT per genome at 30 days postinfection (during latency). The data
suggest that the polyserine tract of ICP4 provides an activity that is required for lytic infection in ganglia to
progress to viral DNA synthesis and full lytic gene expression. In the absence of this activity, higher levels of
LAT per genome accumulate earlier in infection than with wild-type virus.

Herpes simplex virus type 1 (HSV-1), a member of the Al-
phaherpesvirinae, is recognized by its rapid lytic growth char-
acteristics, variable host range, and propensity to establish and
reactivate from latent infection in neurons of sensory ganglia.
Lytic HSV infection progresses with the regulated expression
of viral genes in three temporal phases, immediate-early (IE;
a), early (E; b), and late (L; g) (37), coordinating the events
required for assembly of infectious progeny virus with the
inevitable destruction of the infected cell. In neurons, the virus
can either initiate a productive infection or establish a latent
infection in which transcription from the viral genome is rela-
tively silent (44, 45, 72), with the exception of the latency-
associated transcript (LAT) (13, 14, 60, 64, 72). In vivo, the
latent genomes persist in the sensory ganglia (11, 23, 64),
where certain stresses can trigger reactivation of the lytic cycle,
resulting in recurrent infection at mucocutaneous sites and
shedding of progeny virus (for reviews, see references 28 and
73). The transition between lytic and latent infection presum-
ably requires an elaborate array of viral functions which is
reflected in the number and complexity of accessory proteins
encoded by the HSV genome. While there are probably several
critical checkpoints that determine the fate of HSV infection in
the neuron, one of the most obvious targets for regulating lytic
growth is the viral protein ICP4.

ICP4 is a large (175-kDa) DNA-binding (21, 26) phospho-
protein (12, 61) that exists as a homodimer (55, 68) and is
localized primarily in the nucleus of the infected cell (12, 61).
During viral infection, ICP4 is required for the transcriptional

activation of most of the essential E and L genes (19, 24, 30, 31,
57). ICP4 also acts as a repressor of its own expression (19, 58,
59) as well as that of LAT (3, 4, 62) and L/ST (long/short
transcripts) (5, 78). ICP4 contains discrete functional domains
which determine DNA binding, dimerization, nuclear localiza-
tion, and transcriptional activation (18, 59, 60, 68). The DNA-
binding activity is important for transcriptional activation by
ICP4 (60, 68) and essential to its function as a repressor of
activated transcription (35, 36, 63). Two additional regions
within ICP4 contribute to transcriptional activation, a large
domain defined by the carboxy-terminal region of the protein
(amino acids [aa] 775 to 1298) (17, 18, 68) and a small serine-
rich region near the amino terminus (aa 143 to 210) (68). The
carboxy-terminal domain is required for high-level activation
by ICP4 and, hence viral growth, because it supports the in-
teraction of ICP4 with TFIID (6). ICP4 proteins lacking the
carboxy-terminal region activate transcription poorly (6, 17, 18,
34). Further removal of the amino acids between residues 143
and 210 completely abrogates the activation function (65, 68,
69).

Deletion of only the serine-rich region (aa 143 to 210) re-
sults in a virus that is marginally impaired for growth in culture
and in the eyes of infected mice but is completely impaired for
viral growth in the trigeminal ganglia (77). Besides an unusual
polyserine tract (aa 184 to 198), this region contains consensus
sites for the cellular kinases protein kinase A (PKA), PKC, and
casein kinase II (CKII), as well as a target of in vitro auto-
phosphorylation (76, 77). Given the abundance of potential
kinase targets, it follows that removal of this domain results in
a significantly hypophosphorylated ICP4 (20, 76). Despite the
apparent interaction of this region with several kinases, mu-
tants lacking this region are qualitatively functional by all in
vitro assessments (6, 34, 65, 69). The entire region between aa
143 and 210 demonstrates relatively little conservation among
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the alphaherpesvirus ICP4 homologs. However, similar stretches
of polyserine residues corresponding to residues 184 to 198 of
HSV-1 ICP4 are found in region 1 of the ICP4 homologs of
HSV-2 (24), varicella-zoster virus, simian varicella herpesvirus,
pseudorabies virus, Marek’s disease virus, equine herpesvirus
1, and region 5 of bovine herpesvirus 1 (1, 8, 25, 32, 33, 54, 66).
A similar polyserine tract also appears in a small cellular pro-
tein, P15 (29, 47), which supports the activation function of
VP16 and possibly other activators (29, 40). While the func-
tional significance of the polyserine motif is not known, the
conservation of these residues among these neurotropic vi-
ruses may indicate that it imparts to ICP4 and its homologs an
activity required for gene regulation or function in neurons,
despite its dispensability in cell culture.

In the classically defined temporal cascade of HSV gene
expression, activation of only one temporal phase, g2 or L, is
dependent on viral replication (39, 42, 52). In neurons, viral
DNA synthesis is similarly required for induction of the g2
genes, but in contrast to lytic infection, it has also been re-
ported to enhance expression of the a and b genes (43, 56).
During acute infection, reduced expression of a and b genes
has been observed in mouse ganglia infected with a thymidine
kinase (tk) mutant (43) or a mutant that blocks replication in
neurons, as well as in HSV-infected primary rat cervical gan-
glia neuron cultures treated with inhibitors of viral DNA rep-
lication (56). It has been hypothesized that in neurons, viral
replication may enhance transcription of the IE genes directly
by altering the template (43, 56). The enhanced expression of
ICP4 following replication may also be reflective of alleviation
from repression by LAT (3, 4, 62) a transcript of unknown
function which has been reported to down-regulate productive
cycle genes (7, 27). By this scenario, viral DNA replication is
the rate-limiting step, pivotal in determining whether lytic in-
fection proceeds or is suspended to the latent state. Assuming
that gene expression may differ between neuronal and nonneu-

ronal cells, it follows that some of the viral activities regulating
gene expression may also differ.

In this study, we examined the contribution of the conserved
polyserine tract in the HSV-1 regulatory protein ICP4 to viral
growth in tissue culture and in neuronal and nonneuronal cells
in vivo. The fate of the viral genomes containing mutations in
the polyserine tract in murine trigeminal ganglia was also de-
termined as infection proceeded from the acute to the latent
phase. Last, gene expression from a polyserine tract mutant in
acutely and latently infected ganglia was compared to that
from wild-type (wt) virus and a tk mutant virus to assess the
point where infection of ganglia is blocked. The results suggest
that the polyserine tract supports an activity of ICP4 specifi-
cally required for growth in the sensory ganglia. In the absence
of this function, lytic infection of ganglia is blocked at a point
similar to that for tk mutants.

MATERIALS AND METHODS

Virus and cells. Vero cells were used for the isolation of viral mutants, yield
assays, and labeling of viral proteins. E5 cells (17, 62), which express comple-
menting levels of the wild-type ICP4 upon infection, were used to assay and
propagate viral stocks. The wt virus used in these studies was KOS (16). The
mutants n12 (17), d8-10 (68), and dlsptk (10) were previously described. dlsptk
was kindly provided by Donald Coen, Harvard Medical School, Boston, Mass.
The procedures for propagating and assaying viral stocks were as previously
described (22).

Virus construction. The construction of plasmid p[i8-i10], containing only the
ICP4 coding sequences corresponding to aa 143 to 210 (Fig. 1A), consisted of
cloning the 78-bp PstI-AatII fragment from plasmid pi8 (68) and the 135-bp
AatII-PstI fragment from plasmid pi10 (68) into the PstI site of pUC18. The
previously described plasmids pi8 and pi10 contain in-frame PstI oligonucleotide
insertions encoding three alanines after aa 142 and 210, respectively (68). The
DSER mutation was constructed in p[i8-i10] by using a Transformer site-directed
mutagenesis kit (Clontech) and the accompanying protocol. The mutagenic
primer, 59-GTCGTCGTCCTCGTCCTCGTCCAACGCGTTCCCGGAGTCC
GACGAGGTCGA-39, had a deletion of amino acids 184 to 198 and insertion of
a unique MluI site and three amino acids, asparagine-alanine-leucine (Fig. 1A).
This manipulation was confirmed by DNA sequencing. To generate the full-

FIG. 1. ICP4 serine tract mutations. (A) The genomic location and direction of transcription (arrowheads) of ICP4 are shown along with the BamHI restriction
sites in reference to the ICP4 coding region. The BamHI Y fragment and the serine tract region (aa 143 to 210) deleted in mutant d8-10 (68, 77) are indicated. The
corresponding wt (KOS) and mutant (CKII2 and DSER) sequences are compared, showing the deleted (dots) and substituted (italics) residues in reference to the
consensus sites for the cellular kinases PKA and CKII. Amino acids that are conserved in the HSV-1 and pseudorabies virus (8) or varicella-zoster virus (54) ICP4
homologs are designated in boldface; underlined residues are conserved in all three. (B) Fine map of the BamHI Y fragment in the wt (KOS) and mutant viruses is
shown with the relevant restriction sites for determining the presence of the CKII2 and DSER mutations. Southern blots of viral DNA digested with the indicated
restriction enzymes and hybridized to labeled BamHI-Y probe are shown on the right along with the sizes of the expected fragments. (C) Fine map of the BamHI Y
fragment is shown with the relevant restriction sites for determining the structures of the rDSER and vi8-i10 viruses. Southern blots of viral DNA digested with the
indicated restriction enzymes and hybridized to labeled BamHI-Y probe are shown on the right along with the sizes of the expected fragments.
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FIG. 1—Continued.
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length ICP4 coding sequences with the DSER mutation, the 168-bp PstI fragment
of p[i8-i10] containing the DSER mutation was cloned into PstI-digested pdi8-i10
(68), replacing the wild-type sequences between residues 143 and 210 with the
analogous region containing the DSER mutation.

The CKII2 mutant was made by combining the HindIII-EarI fragment and the
HindIII-PstI fragment from pi10 (68) with the oligonucleotides 59-TCCGGAG
CCGCAGCTGCA-39 and 59-GCTGCGGCTCC-39, which replace the acidic
amino acids of the CKII consensus site with the amino acid sequence SAAAAA
and insert a new BspE1 restriction site (Fig. 1A).

The DSER and the CKII2 mutations were introduced into the virus by co-
transfecting 106 E5 cells with 3 mg of the 4.2-kb EcoRI fragment of either the
DSER or the CKII2 plasmid and 3 mg of n12 viral DNA, using the calcium
phosphate coprecipitation method (17). n12 is a previously described ICP4-
deficient virus containing an oligonucleotide specifying a nonsense mutation and
an HpaI restriction site at aa 250 (17). Viruses carrying these mutations were
selected for rescued growth on Vero cells, and the presence of the mutations in
both copies of ICP4 was confirmed by several rounds of Southern blot analysis
and plaque purification.

As a control, a virus containing the same i8 and i10 insertion mutations as were
present in DSER was also constructed. Individually, the i8 and i10 insertions have
been shown not to affect the activity of ICP4 (68). The full-length i8-i10 mutant
ICP4 was constructed by inserting the 204-bp PstI fragment of p[i8-i10] into the
PstI site of plasmid pdi8-i10 (68) to generate pi8-i10. Using the protocol de-
scribed above for construction of the DSER virus, the 4.2-kb EcoRI fragment of
pi8-i10 was cotransfected with n12 DNA on E5 cells, and subsequently the
desired construct was selected for growth on Vero cells. The presence of the
i8-i10 insertions in both copies of ICP4 was confirmed by Southern blot analysis.

To rescue the DSER viral mutation, 106 E5 cells were cotransfected with 3 mg
of the 1.84-kb BamHI Y fragment from wild-type ICP4 plasmid pK1-2 (17) and
3 mg of DSER viral DNA, using calcium phosphate coprecipitation (17). Plaque
isolates from the progeny of the transfection were amplified, and rescued viruses
were identified by the presence of the full-length 1.84-kb BamHI Y fragment
determined by Southern blot analysis. Such isolates were further plaque purified
and rechecked by Southern blot analysis.

Virus yield assays. The assay to determine virus yield was done as previously
described (77). Burst size for each virus was expressed as the total PFU yield per
infected cell.

Analysis of viral proteins. Viral polypeptides were radiolabeled by incubating
6 3 105 cells infected at a multiplicity of infection (MOI) of 10 PFU/cell with 100
mCi of [35S]methionine per ml of methionine-deficient medium for 1 h at the
indicated times postinfection. The polypeptides were extracted from cells, using
sodium dodecyl sulfate (SDS) sample buffer as previously described (77), and
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) (48).

Animal studies. Five- to six-week-old male and female CD-1 mice (Charles
River Laboratories) were inoculated with 2 3 106 PFU/eye via corneal scarifi-
cation (51). The assays monitoring acute growth at the site of inoculation and in
the trigeminal ganglia, and that for in vitro reactivation, were done as previously
described (51). For the PCR and reverse transcriptase (RT)-mediated PCR
(RT-PCR) analysis of viral genome copy number and gene expression in the
trigeminal ganglia, ganglia were removed at the indicated times postinfection
and frozen in liquid nitrogen as previously described (44–46).

PCR analysis of viral DNA. PCR analysis was used to quantify the average
number of viral genomes present in ganglia DNA from infected mice as previ-
ously described (41), with minor modifications. The primers specific for the viral
gene gC (59-GGGTCCGTCCCCCCCAAT-39 and 59-CGTTAGGTTGGGGGC
GCT-39) and cellular b-actin (59-AACCCTAAGGCCAACCGTGAAAAGATG
ACC-39 and 59-CCAGGGAGGAAGAGGATGCGGC-39) (46, 49) were used to
amplify the target sequences without additives included in the PCR amplification
of b-actin. The PCR products were separated on native 8% polyacrylamide gels
containing 0.53 Tris-borate-EDTA (TBE), transferred to GeneScreen Plus
(NEN), and then probed with oligonucleotides specific for the PCR products that
were 32P end labeled as previously described (45). The probed filters were
exposed to X-ray film to obtain an autoradiographic image and also quantified
with an Ambis Radioanalytic Imager. The number of viral genomes per cell
equivalent was interpolated from linear regression curves (r $ 0.990) generated

from the standards prepared as previously described (41), using Kaleidagraph
software.

RT-PCR analysis. Total RNA was prepared from pooled ganglia by equilib-
rium centrifugation as previously described (45), with some modifications. Fol-
lowing centrifugation, approximately 10 to 20 mg of total RNA was incubated
with 4 U of RQ-DNase (Promega) and 20 U of RNasin (Promega) in a 40-ml
standard reaction mixture for 1 h at 37°C and then extracted with Ultraspec
(Biotecx) according to the manufacturer’s protocol. Prior to synthesis of cDNA,
3 mg of total RNA was annealed for 2 h at 65°C in a 12-ml reaction mixture
containing reverse primers specific for the viral mRNAs encoding ICP4
(59-GATCCCCCTCCCGCGCTTCGTCCG-39), gC (59-CGTTAGGTTGGGG
GCGCT-39), LAT (59-ACGAGGGAAAACAATAAGGG-39), and the cellular
b-actin (59-CCAGGGAGGAAGAGGATGCGGC-39) (44, 45). Reverse primers
for the viral mRNAs encoding ICP27 (59-TGTGGGGCGCTGGTTGAGGAT-
39), TK (59-AGGGGGTACGAAGCCATACGCGCTT-39), and UL42 (59-CGT
GATCGCCAACTCCA-39) were also included in the 12-ml annealing mix. Half
of the annealed RNA was reverse transcribed in a 20-ml reaction mixture con-
taining 1 mM deoxynucleoside triphosphates (dNTPs) and avian myeloblastosis
virus RT (Promega); the other half was incubated in an identical reaction mix-
ture containing no RT. One-tenth of each mixture (with and without RT) was
subjected to PCR for ICP4, TK, and gC, and 1/200 was used for the PCR am-
plification of LAT and b-actin. The primer sets and optimal PCR conditions for
ICP4, TK, gC, LAT, and b-actin were as previously described (45), with minor
changes to the PCRs for TK and b-actin. The PCR amplification of the 103-bp
TK-specific product was optimal in the presence of 1.5 mM Mg21, 10% glycerol,
and 5% dimethyl sulfoxide, and the PCR for b-actin contained no additives. The
PCRs for ICP27 and UL42 included the reverse primers listed above with the
forward primers for ICP27 (59GCCGCGACGACCTGGAAT39) and UL42 (59G
GAATCCTACAGGCGTTTGC39). These reactions were optimized by the ad-
dition of 10% glycerol and of 10% glycerol plus 5% dimethyl sulfoxide, respec-
tively. To amplify the 218-bp ICP27- and the 263-bp UL42-specific products, 1/10
of the cDNA was subjected to 30 cycles of 1-min denaturing at 95°C, 1-min
annealing at 55°C, and 1-min extension at 72°C. All PCRs were done in a 100-ml
volume containing 13 PCR buffer (Boehringer Mannheim Biochemicals), 200
mM dNTPs, and 2.5 U of Taq polymerase (Boehringer Mannheim Biochemicals).
For the ICP4 PCR, 2.5 U of Amplitaq Gold (Perkin-Elmer) was substituted for
Taq polymerase (Boehringer Mannheim Biochemicals).

The PCR products were separated on native 8% polyacrylamide–TBE gels,
electrophoretically transferred to nylon membranes (GeneScreen Plus; NEN),
UV cross-linked, and subsequently probed with 32P-end-labeled internal probes
specific for ICP4, TK, gC, LAT, and b-actin as previously described (44, 45). The
internal probes used to detect the ICP27 and UL42 PCR products were 59-AG
CACCCAGACGCCTCGTCCGACGGA-39 and 59-TCCATAACACGATCTT
TGGGGAGCAGGTG-39, respectively. The resulting blots were exposed to X-
ray film and quantitatively analyzed with an Ambis Radioanalytic Imager.
Because the LAT RT-PCR signal varied greatly between different viruses over
time, the following experiment was used to demonstrate the linearity of the LAT
RT-PCR conducted in the context of this study. cDNA from KOS-infected
ganglia at 30 days postinfection was serially diluted in cDNA from mock-infected
ganglia by 0.5-log dilutions over 3 orders of magnitude. This preparation was
subjected to PCR, analyzed by Southern blotting, quantified, and plotted as
counts versus dilution. Over the 1,000-fold range tested, a linear relationship was
obtained.

RESULTS

The acute growth phenotypes of mutants within the serine-
rich region of ICP4. Identification of the residues responsible
for the neuron-specific growth defect of the mutant d8-10 (77)
required making finer mutations within this region of ICP4. As
illustrated in Fig. 1A, the sequences most conserved among the
alphaherpesviruses are the polyserine tract and several resi-
dues constituting a consensus site for CKII. To address the con-
tributions of these sites to viral growth, mutations were intro-
duced at each site as described in Materials and Methods. The
DSER mutation deleted the polyserine tract, and the CKII2

mutation deleted the CKII consensus site by replacing the
acidic residues of the consensus site with alanines (Fig. 1A).
Two additional viruses were constructed as controls. Mutant
vi8-i10 contained the wt sequences along with the same i8 and
i10 insertions exploited in the construction of the DSER mu-
tant. The virus rDSER was isolated following transfection of
DSER viral DNA with the 1.84-kb BamHI Y fragment encod-
ing the first 521 aa of ICP4 (Fig. 1A) and screening for repair
of the DSER mutation.

Southern blot analysis (Fig. 1B) confirmed the introduction

TABLE 1. Growth of ICP4 mutants in Vero cells

Virus Burst sizea

KOS.................................................................................................. 820
d8-10................................................................................................. 45
CKII2 ............................................................................................... 480
DSER ............................................................................................... 170
i8-i10................................................................................................. 690
rDSER..............................................................................................1,100

a Yield of virus harvested at 18 h postinfection divided by number of infected
cells.
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of the DSER and CKII2 mutations in both copies of ICP4 by
demonstrating the insertion of new restriction sites (MluI and
BspE1, respectively) as well as the loss of the HpaI site present
in the n12 (parental) virus (17). The vi8-i10 mutant contains
the same i8 and i10 mutations as DSER, as indicated by the
corresponding PstI restriction sites (68). The loss of the MluI
and PstI sites from rDSER (Fig. 1C) confirms the rescue of the
serine tract mutation.

The DSER and CKII2 mutants and control viruses were
analyzed, along with the wt virus KOS and the mutant d8-10,
for the ability to grow in Vero cells and for effects on viral gene
expression. As previously described, d8-10 grows in tissue cul-
ture with reduced viral yields (68, 69, 77). To compare the
growth deficiency of d8-10 with any imparted by the DSER and
CKII2 mutations, Vero cells were infected with each virus at
an MOI of 5 PFU per cell, and viral yields were determined by
plaque assay on E5 cells. The DSER and CKII2 viruses dem-
onstrated greater viral yields than d8-10 (Table 1). The ranges
of viral yields (burst sizes) over four experiments were as fol-
lows; 45 to 72 for d8-10, 130 to 360 for DSER, 300 to 700 for
CKII2, and 600 to 840 for KOS. The yields for vi8-i10 and
rDSER were similar to those for KOS, indicating that the i8
and i10 mutations or mutations outside the 1.84-kb BamHI-Y
loci of DSER did not significantly impair viral growth.

The DSER and CKII2 mutants exhibited only slightly re-
duced growth in tissue culture compared to KOS. Accordingly,
both viruses demonstrated polypeptide profiles (Fig. 2) at early
and late times postinfection that were very similar to those of
KOS, while the more growth-deficient d8-10 virus resulted in a
delayed pattern of gene expression, consistent with previous
findings (68, 69, 77).

The main focus of this study is to identify the elements
within the region deleted in d8-10 that are responsible for the
growth deficiency in the trigeminal ganglia. The murine eye
model was used to assess the growth phenotypes in vivo of vi-
ruses with mutations in the serine-rich region. Mice were in-
fected via corneal scarification with either DSER, CKII2, d8-
10, or KOS as described in Materials and Methods. Growth in
the eye was quantified from eye swab samples collected at 1
day postinfection, and growth in the trigeminal ganglia was

quantified from ganglion homogenate samples collected and
prepared 3 days postinfection. Table 2 summarizes the growth
phenotypes of the viruses in the eye and in the trigeminal gan-
glia from several experiments. In the eye, the viruses had a
growth profile similar to that observed in Vero cells (Table 1),
in that DSER and CKII2 were not as deficient for growth as
d8-10 but not as vigorous as KOS. However, the growth char-
acteristics of the viruses in the trigeminal ganglia differed dra-
matically. While the CKII2 virus yields in the ganglia were
approximately 30-fold lower than the wt yields, the DSER
yields were very similar to that of d8-10 in that very few har-
vested ganglia yielded any infectious virus, with the average
yield being more than 103-fold lower than that of KOS (Table
2). These results indicated that the polyserine tract was the
element within the serine-rich region contributing specifically
to growth in the trigeminal ganglia. Additional support of this
conclusion comes from the growth phenotypes of vi8-i10 and
rDSER. Both vi8-i10 and rDSER demonstrated a growth phe-
notype similar to that of KOS in the eye and in the trigeminal
ganglia, indicating again that the DSER mutation was respon-
sible for the severe growth defect observed in ganglia.

DSER DNA replicates poorly in the trigeminal ganglia yet
establishes latent infection. To address the block in lytic growth
of the DSER mutant in the trigeminal ganglia, a more detailed
study of viral replication was initiated. Mice were infected with
DSER or the wt virus, and ganglia were harvested at selected
time points over a 30-day period postinfection. Viral DNA
content (load) at each time interval was determined by quan-

FIG. 2. Polypeptide profiles of the serine tract mutants. Vero cells were
infected (MOI of 10) with the indicated viruses, pulsed with [35S]methionine at
the indicated times postinfection, and processed for SDS-PAGE analysis on an
SDS–9% polyacrylamide gel. The positions of selected viral proteins are desig-
nated.

FIG. 3. Accumulation of viral DNA in DSER- and KOS-infected ganglia.
Viral DNA content at the designated time points in KOS- or DSER-infected
trigeminal ganglia was determined by PCR as described in Materials and Meth-
ods (41). Each data point was determined from an individual ganglion.

TABLE 2. Growth of ICP4 mutants in mice

Virus
Avg titer (PFU/ml)

Eye Ganglia

KOS 7.4 3 105 (18/20a) 5.5 3 104 (18/22)
d8-10 1.4 3 104 (15/16) 17 (3/16)
CKII2 4.5 3 104 (4/4) 1.5 3 103 (4/4)
DSER 9.0 3 104 (12/12) 20 (1/12)
rDSER 1.1 3 106 (6/6) 7.5 3 104 (6/6)
vi8-i10 8.4 3 105 (6/6) 1.3 3 105 (4/4)

a Number of samples yielding PFU over the total number of samples used in
calculating the numerical average.
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titative PCR (41). Figure 3 graphically illustrates the data, each
data point representing the viral load of an individual ganglion.
As shown, DSER DNA was detected in the ganglia as early as
33 h postinfection, with the viral load peaking at 56 h (Fig. 3).
By 7 days, the viral load had generally decreased in the DSER-
infected ganglia, approaching the levels observed at 30 days
postinfection. In contrast, the wt-infected ganglia demonstrat-
ed at 56 h a viral load greater than that observed for DSER,
and this increased viral load was relatively unchanged at 7 days
postinfection.

Collectively, these data indicate that the DSER virus prob-
ably did not replicate in the trigeminal ganglia. While it cannot
be ruled out that the increased viral load at 56 h postinfection
in the DSER-infected ganglia represents low levels of viral
replication, it may simply reflect increased load due to the
retrograde transport of virus still growing at peripheral sites of
infection. By 7 days postinfection, with the peripheral infection
resolving, the viral load in the ganglia may be a better repre-
sentation of viral replication occurring at that site.

It has been shown that replication in the trigeminal ganglia
is not required for establishment of latency (10, 23, 41, 51) and
that d8-10 establishes latent infection (77). The ability of the
viruses constructed for this study to establish latent infection
was determined by two methods; the first measured the viral
DNA content directly by determining the genome copy num-
ber at 30 days postinfection, and the second determined the
efficiency of reactivation as an indicator of previously latent
virus. Quantitative PCR (41) was used to determine the DNA
copy number in latently infected trigeminal ganglia. As sum-
marized in Table 3, the average viral load in DSER-infected
ganglia was about 10-fold lower than the viral load in wt-in-
fected ganglia, while the viral load in d8-10-infected ganglia
was further reduced. As expected, the viral load in rDSER-
infected ganglia was more similar to that in KOS-infected
ganglia. Explant reactivation assays (51) were also performed
at 30 days postinfection for mice infected with d8-10, DSER,
CKII2, rDSER, and KOS; percentages of explanted ganglia
that yielded infectious virus are shown in Table 3. These results
are noteworthy only in that the ability of the mutants to reac-
tivate confirms the establishment of latency and the presence
of intact genomes in ganglia at 30 days postinfection.
The frequency of reactivation for d8-10 agrees with that pre-
viously reported for this mutant (77).

Viral gene expression in DSER-infected ganglia. To deter-
mine where in the lytic cycle the DSER mutation affected viral
growth in neurons, viral gene expression in the trigeminal
ganglia was analyzed by quantitative RT-PCR (45). Included in
the analyses were KOS and a tk mutant, dlsptk (10), a virus
with a well-characterized defect for growth in the trigeminal

ganglia (10, 41, 43, 45). In this set of experiments, ganglia from
infected mice were harvested at 56 h, 7 days, and 30 days
postinfection. Six ganglia from each time point were pooled, an
aliquot of each pooled sample was processed for DNA to
determine viral DNA content (41), and the remainder was
processed for RT-PCR. Primers specific for the viral genes
encoding ICP4, ICP27, TK, UL42, gC, and LAT and for the
cellular b-actin gene (44, 45) were used for the synthesis and
amplification of cDNA. The PCR products were separated on
native polyacrylamide gels and transferred to Nytran mem-
branes. Gene-specific products were identified by Southern
blot analysis using radiolabeled oligonucleotide probes.

The RT-PCR analysis of viral gene expression during the
acute infection is shown in Fig. 4. Signals for all amplified
messages were readily detected for the replication-deficient
mutants DSER and dlsptk, except for those of UL42 and gC,
which approached the level of detection, especially at 7 days
postinfection. Consistent with observations made by Kosz-
Vnenchak et al. (43) and Nichol et al. (56), the levels of ICP4
and ICP27 signals detected from the infected ganglia relative
to viral DNA content indicate that expression of ICP4 and
ICP27 in dlsptk was lower per genome than that in the wt virus.
The level of ICP4 per genome in DSER was lower than that
observed for the dlsptk mutant at 56 h and 7 days postinfection.
In contrast, ICP27 expression in DSER was similar to that in
dlsptk at 56 h postinfection; however, it was reduced compared
to that in dlsptk at 7 days postinfection.

The reduced abundance of ICP4 mRNA during the acute
infection in DSER did not appear to greatly affect the level of
tk per genome relative to dlsptk. Although the tk signal is lower
in DSER than in dlsptk, the two mutants demonstrated similar

FIG. 4. Viral gene expression in the trigeminal ganglia during acute infec-
tion. RT-PCR products of viral and cellular transcripts from ganglia infected
with DSER, KOS, or the tk mutant dlsptk (10) from pooled ganglia harvested at
56 h and 7 days postinfection are shown. PCR products of viral DNA (vDNA) for
each sample are also shown along with the PCR signals used to establish a viral
DNA standard curve. ACT, b-actin.

TABLE 3. Viral DNA content and reactivatable virus
in ganglia at 30 days postinfection

Virus Genomes/cell
equivalenta

% Reactivationb

(no. yielding infec-
tious virus/total
no. of samples)

KOS 0.54 100 (4/4)
d8-10 ,0.01 12 (1/8)
CKII2 ND 50 (3/6)
DSER 0.06 12 (1/8)
rDSER 0.19 100 (4/4)

a Determined by quantitative PCR as described by Katz et al. (41). Each viral
sample represents six pooled ganglia. ND, not determined.

b Percentage of explanted ganglia that yield infectious virus.
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ratios of tk to ICP4 signal, indicating that the DSER mutation
in ICP4 does not abrogate its ability to activate tk, a gene
whose expression stringently depends on ICP4 (16, 19, 30, 38,
57). Expression of another E gene, UL42, in DSER and dlsptk
during the acute infection appears to be more restricted than
the expression of tk. While UL42 was easily detected in KOS at
56 h and 7 days, very little UL42 was detected in the DSER and
dlsptk samples. Again, consistent with their ICP4 RT-PCR
profiles, the DSER UL42 signal was lower than that from the
dlsptk-infected ganglia and hence does not reveal any obvious
difference in UL42 expression between the mutants.

RT-PCR analysis of L gene expression supports the obser-
vation that DSER and dlsptk are not replicating. As a true late
gene, expression of the gC gene is dependent on viral replica-
tion (39, 42, 52). It might be expected that if DSER and dlsptk
were not replicating, no gC would be detected. Barely detect-
able levels of gC were detected in the DSER- and dlsptk-
infected ganglia at 56 h postinfection, and no gC was detected
at 7 days postinfection. It may be that the small amount of gC
detected is due to read-through transcription from a 59 E gene
as previously hypothesized by Kramer et al. to explain the
presence of small amounts of gC signal in dlsptk-infected gan-
glia (44, 46). Alternatively, the low expression of gC may indi-
cate that there is very low level viral DNA synthesis in the
DSER- and dlsptk-infected ganglia.

Perhaps the most interesting observation regarding viral gene
expression in the trigeminal ganglia relates to the expression of
LAT. At 56 h postinfection, the LAT signal per genome in the
DSER- and dlsptk-infected ganglia was greater than that ob-
served in the wt-infected ganglia (see Fig. 6). It is also inter-
esting that despite the 10- to 30-fold increase in LAT expres-
sion in the mutant-infected ganglia, LAT expression at 56 h
was lower in DSER than in dlsptk. By 7 days, there was no
difference in LAT expression in the DSER- and dlsptk-infected
ganglia. These levels were still greater on a per-genome basis
than the amount of LAT per viral DNA content observed in
wt-infected ganglia (8- to 10-fold).

During latency, while expression of the acute viral genes is
difficult to detect (45, 72), the LAT transcript is abundantly
expressed (13, 14, 64, 70, 72). At 30 days postinfection, the
levels of LAT detected in the mutant- and wt-infected ganglia
per genome were very similar (Fig. 5). Therefore, as illustrated
in Fig. 6, LAT expression per genome was initially greater and
peaked earlier in the DSER- and dlsptk-infected ganglia than
in the wt-infected ganglia. By 30 days postinfection, the differ-
ence was no longer apparent.

DISCUSSION

Viral mutants in which the serine-rich region (aa 143 to 210)
of ICP4 is deleted exhibit reduced viral yields and delayed E
and L gene synthesis in tissue culture but demonstrate a total
block for replication in the trigeminal ganglia of infected mice.
This result suggested that this region of ICP4 is necessary for
the progression of lytic infection in neurons. In this study, we
conducted a finer mutational analysis of the region and iso-
lated a mutant whose phenotype strengthens and confirms this
hypothesis. Specifically, a mutant in which only the highly con-
served polyserine residues (aa 184 to 198) have been deleted,
DSER, exhibited a more restored growth phenotype in tissue
culture and at peripheral sites of infection in mice but contin-
ued to exhibit the restricted lytic growth in the mouse trigem-
inal ganglia characteristic of a mutant with the entire region
(aa 143 to 210) deleted (68, 69, 77). This phenotype suggested
that the polyserine residues comprise an element embedded
within ICP4 required for the protein to function properly dur-
ing lytic infection of neuronal tissue.

The DSER mutant demonstrated a defective growth pheno-
type in the trigeminal ganglia of mice. The gene expression
profile of DSER in the trigeminal ganglia was similar to, if not
somewhat more impaired than, that of a tk mutant, dlsptk. This
finding indicates that DSER infection was blocked at a similar
point in lytic growth as dlsptk. While the dlsptk mutant does
not replicate in the ganglia, presumably because it cannot
supplement the limiting pools of NTPs, it is not clear why
DSER is blocked for viral replication.

The RT-PCR data of DSER-infected ganglia indicated that
both ICP4 and ICP27 were present. Furthermore, the DSER
mutation did not appear to impair the ability of ICP4 to acti-
vate tk. UL42 was also present at low levels. In fact, tk and
UL42 expression in DSER-infected ganglia was similar to that
observed in dlsptk-infected ganglia, considering their corre-
sponding ICP4 RT-PCR signals. In light of the similar pheno-
types of these mutants, it is noteworthy that the wt phenotype
of the rescued DSER virus as well as the acyclovir sensitivity of
DSER confirmed that the defective phenotype was due to a
mutation in ICP4, not in tk. While the tk and UL42 expression
profiles of DSER did not explain the block in replication, the
extremely low expression of gC and the PCR analysis of viral
genomes in the infected ganglia indicated that somewhere be-

FIG. 5. LAT expression at 30 days postinfection. RT-PCR products of LAT
and b-actin (ACT) prepared from ganglia infected with the designated viruses
and harvested at 30 days postinfection are shown in the top two panels. The
bottom panel shows the PCR products of viral DNA (vDNA) for each virus.
These data represent an animal experiment different from that used for Fig. 4 but
are typical of previous results.

FIG. 6. LAT expression per genome during acute and latent infection. The
56-h- and 7-day-postinfection LAT RT-PCR and viral DNA PCR data from Fig.
4 were combined with the corresponding 30-day-postinfection LAT RT-PCR and
viral DNA PCR data to illustrate LAT expression per genome as a function of
time. As the absolute amount of LAT was not quantitatively determined with
standards, the LAT RT-PCR signal per genome is represented simply as net
counts per genome.
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tween E gene expression and viral replication, the DSER mu-
tation inhibited the progression of lytic growth in neurons.

While tk expression is considered an excellent indicator of
ICP4 function, there are ICP4 mutants that are capable of
activating tk in the context of viral infection yet fail to replicate
(68). n208, a mutant in which the carboxy-terminal activation
domain of the protein has been deleted (68), exhibits activated
levels of some early genes like tk but not others (67). Conse-
quently, E genes are not homogeneous with respect to activa-
tion by ICP4. Additionally, activation of some E genes, like
UL9 and UL30, may be further complicated by their unusual
sensitivity to the status of DNA replication (4, 74). There is
also the possibility that some E genes are differentially regu-
lated in neurons; for example, the UL9 promoter has been
reported to contain a cyclic AMP response element and to be
differentially induced in PC12 cells (14). Perhaps in neurons,
the requirements for ICP4 activation are more stringent for a
particular subset of E genes, requiring an activity which is
lacking in the DSER ICP4 protein. Thus, while differential
activation of the E genes is one hypothesis for the block in lytic
growth in DSER-infected ganglia, the available RT-PCR data
(as well as in vitro data) suggest that the DSER ICP4 retains
some activation function. Last, it may be that the DSER mu-
tation simply reduces the activation function of ICP4 such that
it is not readily noticeable in cell culture beyond a slight re-
duction in viral yield. However, in neurons, some specific pro-
moters may not be as responsive to ICP4, and thus the defect
imparted by the DSER mutation would have greater conse-
quences for the expression of such genes.

Another function of ICP4 which the RT-PCR data suggest is
intact in the DSER protein is its ability to repress ICP4 and
LAT. In fact, the 56-h postinfection data (Fig. 4) might suggest
that the DSER mutation enhanced repression of these two
genes, given their reduced abundance in the DSER-infected
ganglia. Another viral product known to be repressed by ICP4
is the L/ST (open reading frame [ORF] P) transcript (5, 49,
78). We were unsuccessful in detecting the ORF P transcript by
RT-PCR. The level of ORF P transcript may be relevant in
that it has been shown to repress expression of the neuroviru-
lence factor g34.5 (50). However, in this case less neuroviru-
lence is associated with the derepression of ORF P (50). As is
the case for activation, the serine tract region does not appear
to greatly affect repression in tissue culture or in vitro (35, 36,
65). Thus, if repression was affected by the DSER mutation, it
would have to be an effect specific to function in neurons.

A less likely possibility is that the DSER mutation does not
permit ICP4 to act more directly at the level of DNA replica-
tion. Although ICP4 does not participate in origin-dependent
DNA synthesis in cell culture (75), perhaps its function as a
transcriptional activator induces local changes in the viral ge-
nome that result in more efficient replication in neurons. In
neurons, the converse seems to be true; viral replication en-
hances the transcriptional activation of the lytic genes (43, 56).

An interesting result from this study relates to the expression
profile of LAT. LAT expression in DSER and dlsptk during the
acute infection in ganglia was substantially greater (per ge-
nome) than in KOS, but by 30 days postinfection this difference
was no longer apparent. The increased LAT expression during
acute times in DSER- and dlsptk-infected ganglia may partly be
a function of less ICP4 being expressed, as ICP4 has been
shown to repress expression of LAT (3, 4, 62). Another possi-
bility may be that LAT is expressed only from genomes in
which lytic infection had either never initiated or already been
aborted. This scenario predicts a population of DSER and
dlsptk viruses that were no longer expressing the lytic genes
and were essentially latent.

The robust expression of LAT in the replication-deficient
mutants appears to be coincident with the reduced expression
or silencing of lytic gene expression and has been hypothesized
to be one mechanism by which to silence expression of the lytic
genes (7, 27). As described by Garber et al. (27) and Chen et
al. (7), LAT expression is associated with a decreased accumu-
lation of ICP4 and tk transcripts. Down-regulating the lytic
cycle genes would be a mechanism to slow the progression of
productive infection. In the case of DSER and dlsptk, the block
in replication prevents full expression of the IE and E genes.
This, in combination with the earlier and more abundant ex-
pression of LAT, may expedite the process of achieving la-
tency. In the KOS-infected ganglia, achieving this state is a
more protracted process, perhaps because viral replication al-
lows the IE genes to be fully induced, leading to lower LAT
expression (3, 4, 62). Although replication-deficient mutants
such as DSER and dlsptk establish latent infection with a lower
viral genome burden, the numbers change very little during the
acute and latent infection (44), whereas during acute times,
wt-infected ganglia typically contain 10 to 100 times the num-
ber of genomes at latency. Therefore, if we define the efficiency
of establishing latency as the percentage of genomes retained
in the trigeminal ganglia, then DSER and dlsptk are more
efficient at establishing latent infection.

The polyserine tract of ICP4 is conserved in many of the
neurotropic herpesvirus ICP4 homologs and is required for
growth in the trigeminal ganglia but is otherwise unremarkable
for its effect on ICP4 function in Vero cells or in vitro. One
possible explanation for the viral growth advantage specified
by these residues may be that the polyserine residues directly
complement a coactivator function that is missing or limiting in
neuronal cells but is abundantly expressed in nonneuronal
cells. It is also possible that these residues influence the activ-
ities of ICP4 in neurons as a function of phosphorylation of the
ICP4 protein via modification by neuronal kinases and/or
phosphatases. Both scenarios predict that this region is impor-
tant in regulating the activity of ICP4 in neurons and in part
helps determine whether the virus replicates or assumes a state
that favors the establishment of latency.
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