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A previous report (P. Mavromara-Nazos and B. Roizman, Proc. Natl. Acad. Sci. USA 86:4071-4075, 1989)
demonstrated that substitution of sequences of the thymidine kinase (tk) gene, a 13 gene, extending from -16
to +51 with sequences extending from -12 to +104 of the 'Y2 UL49.5 gene in viral recombinant R3820
conferred upon the chimeric gene Xy2 attributes in the context of the viral genome in a productive infection. The
UL49.5 gene sequences extending from -179 to +104 contain four DNA binding sites for the major regulatory
protein ICP4. Of these sites, two map between nucleotides +20 and +80 within the sequence which confers -Y2
regulation upon the chimeric gene. To determine the role of these ICP4 binding sites in conferring the -Y2 gene
attributes, sequences comprising the two ICP4 binding sites were mutagenized and used to reconstruct the
R3820 recombinant virus. In addition, a new recombinant virus (R8023) was constructed in which tk sequences
extending from -240 to +51 were replaced with wild-type or mutated sequences contained between nucleotides
-179 to +104 of the UL49.5 gene. Vero cells infected with the recombinant viruses in the presence or absence
of phosphonoacetate, a specific inhibitor of viral DNA synthesis, were then tested for accumulation of tk RNA
by using an RNase protection assay. The results indicate that in the recombinant R3820, a mutation which
destroyed one of the two UL49.5 ICP4 DNA binding sites significantly reduced the accumulation of tk RNA at
both early and late times after infection. The effect of this mutation was less pronounced in cells infected with
the R8023 virus, whose chimeric tk gene contains the two upstream UL49.5 ICP4 binding sites. None of the
mutations affected the sensitivity of the chimeric genes to phosphonoacetate. The mutated site appears to be
involved in the accumulation of RNA.

Herpes simplex virus 1 (HSV-1) genes form three major
groups designated a, 1, and y, whose expression is coordi-
nately regulated and sequentially ordered in a cascade
fashion (26, 27). The a genes are the first to be expressed.
Functional a proteins, especially functional products of the
a4 gene (encoding the infected cell protein 4 [ICP4]), are
required for the expression of 1 genes, whose products
synthesize viral DNA. Lastly, ry genes, whose products are
primarily virion structural proteins, form a heterogeneous
group whose expression requires functional a genes and is
impeded partially (e.g., -yl genes) or completely (e.g., Y2
genes) by inhibitors of viral DNA synthesis (3, 9-13, 16, 20,
23, 26, 27, 31, 34, 37, 48, 50-52, 67, 68). The mechanisms by
which both HSV-1 1 and Y2 genes are induced in produc-
tively infected cells have been the focus of considerable
research effort. A key question is the role of ICP4 in the
induction process. This report is based on two series of
previous reports from this laboratory.

In attempts to map the cis-acting determinants of _Y2 gene
regulation, we selected a promoter of a _Y2 gene mapped by
Hall et al. (21) in the BamHI D' fragment of HSV-1 DNA.
This model -Y2 gene promoter, designated -Y242 or UL49, was
recently shown to regulate a hitherto unsuspected gene
designated UL49.5 (4). In previous studies, it was shown that
a chimeric gene consisting of the promoter and 5' noncoding
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transcribed domains of the UL49.5 gene fused to the tran-
scribed noncoding domains of the HSV-1 thymidine kinase
(tk) gene, a 13 gene (13-tk), was regulated as a lY2 gene when
contained in the environment of the viral genome (recombi-
nant virus R3112) in a productive infection (61). To define
more precisely the domain of the UL49.5 gene which con-
ferred upon the chimeric gene the attributes of -Y2 regulation,
several recombinant viruses were constructed in which
various 5' untranscribed and transcribed noncoding domains
of the ,B-tk gene were replaced with those of the UL49.5 gene
(43). Expression of the chimeric genes was then analyzed for
phenotypic attributes such as (i) sensitivity of expression in
cells exposed to sufficient phosphonoacetate (PAA) to block
viral DNA synthesis, a property which discriminates _Y2
genes from all other genes, including 13 genes, (ii) expression
early in infection, a property of 1 genes, and (iii) expression
late in infection, a property of _Y2 genes. We reported that the
nucleotide sequence extending from -77 to +104 of the _Y2
gene, when replacing the sequence extending from -200 to
+51 of the 1-tk gene, conferred upon the latter all of the
tested attributes of Y2 genes.
A key recombinant virus developed in those studies was

designated R3820. In that recombinant, the 1-tk sequence
-16 to +51 was replaced with the Y2 sequence extending
from -12 to +104. The chimeric tk gene of R3820 had the
attributes of both 13 and Y2 genes in that it was partially
sensitive to PAA and was expressed both early and late in
infection. The extended expression of the tk gene was
reflected both in higher levels of thymidine kinase activity
and in the accumulated levels of 1-tk mRNA. It is notewor-
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thy that in all of the recombinants tested, the presence of
transcribed noncoding domains of the Y2 gene extending at
least from +17 to +104 conferred complete or partial sensi-
tivity to PAA. Conversely, the chimeric gene consisting of
1-tk sequences downstream of -16 fused in the correct
transcriptional orientation to the untranscribed domain of
the Y2 UL49.5 gene extending from -179 to -12 was at best
poorly expressed. Also in these studies, no regulatory role
could be ascribed to the 0-tk gene sequences extending
downstream from nucleotide +51. These studies led to the
conclusion that the regulatory domains of ,B genes exempli-
fied by the tk gene were upstream of nucleotide +51, while
the sequences which conferred Y2 gene regulation were
located downstream of the TATAA box.
The second series of reports dealt with the binding of ICP4

to viral DNA. Previous studies from this laboratory have
shown that ICP4 binds to DNA directly and that antibody to
ICP4 can bind to ICP4-DNA complexes and retard the
migration of the complex in nondenaturing gels (38, 45-47).
Of particular interest has been the observation that HSV
genes may contain multiple binding sites for ICP4 (6, 14, 29,
35, 45-47, 49, 53, 55, 57, 58-60, 62, 65, 66). In the case of the
UL49.5 gene, these analyses demonstrated at least four
binding sites mapping between -170 and -94 (site 1), -70
and -40 (site 2), +20 and +40 (site 3), and +45 and +70 (site
4) relative to the transcription initiation site at + 1. At least
two of the ICP4 binding sites were in DNA fragments
mapping between +21 and +80, i.e., within the region which
conferred upon the chimeric gene the attribute of Y2 regula-
tion. A key question is the contribution of the ICP4 binding
sites to the regulatory attributes encoded in this fragment.

Subsequent studies based on footprinting of ICP4 to DNA
fragments (46a) narrowed the positions of the binding sites.
In the studies described in this report, we mutagenized
binding sites 3 and 4, and fragments containing these muta-
tions were used to construct two series of viruses (Fig. 1).
The first series consisted of derivatives of R3820 described
above. In the second virus series, the ,-tk sequence extend-
ing from -200 to +51 was replaced with the Y2 UL49.5
sequence extending from -179 to +104. Thus, whereas the
R8023 virus contains all at4 binding sites mapped within the
domain of the UL49.5 gene, the R3820 virus contains only
two such sites. We report that specific mutations in one ICP4
binding site in R3820 had a drastic effect on expression of the
chimeric gene. This was not the case for the R8023 virus,
probably because the additional UL49.5 gene sequences
compensated for the destroyed binding site.

MATERIALS AND METHODS

Cells and viruses. The parent and mutant viruses were
grown, and their titers were determined, in Vero cells.
Rabbit skin cells, originally obtained from J. McLaren, were
used for cotransfection with viral DNAs. The selection for
thymidine kinase (tk+) recombinants was done in the human
143 thymidine kinase-minus (143TK-) cells overlaid with
hypoxanthine-aminopterine-thymidine medium. Nuclear ex-
tracts were made from HeLa cells maintained in Dulbecco's
modified Eagle's medium in 5% (vol/vol) fetal calf serum.
Strain HSV-1(F)A305 with a deletion in the tk gene was
derived as described by Post et al. (56) from HSV-1(F), the
prototype HSV-1 wild-type strain used in this laboratory.
The construction of recombinant R3820 was described pre-
viously (43). Recombinant R3112 contains the UL49.5 se-
quence extending from -822 to + 104 inserted into the BglII
site of the tk gene as previously described (61).
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FIG. 1. Sequence arrangements of HSV-1(F) and of recombinant
viruses used in these studies. (A) Line 1, sequence arrangement of
the HSV-1 genome. The rectangles represent the reiterated se-

quences flanking the long (L) and short (S) components. Line 2,
sequence arrangements of the natural p-tk gene and of the UL49.5
gene. Line 3, expansion of the region showing the UL49.5 5'
untranscribed and transcribed noncoding domains. Line 4, tran-
scription initiation and direction of transcription of the UL49.5 open

reading frame. Lines 5 through 8, positions of DNA fragments a

(BssHII-XmaIII), b (XmaIII-BamHI), c (BssHII-RsaI), and d
(BssHII-BamHI) used as probes for binding of ICP4. (B) Line 1,
sequence arrangement of the tk gene in HSV-1(F); lines 2 and 3,
structure of the chimeric UL49.5-tk promoter inserted in recombi-
nant viruses R3820 and R8023, respectively. Numbers above the
heavy lines refer to nucleotide positions relative to the transcription
initiation at + 1 of UL49.5; numbers below the thin lines refer to
nucleotide positions of the tk gene relative to the transcription
initiation site at +1. The dashed lines show the site of insertion of
the UL49.5 sequences in the domain of the tk gene. The TATAA box
(indicated by letters TATA) is represented by a vertical arrow in the
schematic diagram of the tk genes of the recombinant viruses.
Restriction sites: BM, BamHI; BG, BglII; PV, PvuII; KP, KpnI;
BS, BssHII; XM, XmaIII; RS, RsaI; ML, MluI.

Plasmid constructions. The EcoRI-BamHI HSV-1(F) DNA
fragment from pRB3628 containing the 283-bp (-179 to
+104) KpnI-BamHI DNA fragment of the UL49.5 gene was

cloned into M13mpl9 to yield pRB3874. pRB3874 was

mutagenized as described by Spector et al. (63) with the aid
of the Muta-Gene in vitro mutagenesis kit (Bio-Rad, Rich-
mond, Calif.) and 35-mer oligonucleotides synthesized on an

Applied Biosystems model 308B DNA synthesizer. All
plasmid constructs were verified by sequencing, using Se-
quenase (United States Biochemical, Cleveland, Ohio).
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pRB3823 carries the HSV-1(F) BamHI Q fragment cloned in
pUC19 from which the PvuII-BglII sequence had been
replaced with a polylinker. In this plasmid, the tk gene
sequence extending from nucleotides -200 to +51 relative to
the transcription initiation site at nucleotide + 1 had been
deleted.
The wild-type and mutated EcoRI-BamHI sequences from

the UL49.5 gene were cloned into the XbaI site of pRB3823
such that the UL49.5 sequences were inserted in the correct
transcriptional orientation relative to the coding sequences
of the tk gene. The plasmids made with the fragments
indicated above were designated pRB8023 (wild-type par-
ent), pRB8018 (mutation A), pRB8019 (mutation B),
pRB8020 (mutation C), and pRB8021 (mutation D). Plasmids
pRB3820 (wild-type parent [43]), pRB8024 (mutation A),
pRB8025 (mutation B), pRB8026 (mutation C), and pRB8027
(mutation D) were made by replacing a portion of the 5'
untranscribed and transcribed noncoding domains of the tk
gene (MluI-BglII fragment of pRB3172) with the parental or
mutated BssHII-BamHI (-12 to +104) sequence from the
UL49.5 gene.

Construction of the UL49.5-tk mutant viruses. Plasmids
containing the chimeric UL49.5-tk genes were cotransfected
with intact HSV-1(F)A305 DNA into rabbit skin cells, and
TK+ progeny were selected on 143TK- cells as described
previously (40, 61). The recombinant viruses were plaque
purified four times and checked for purity by hybridization
of the electrophoretically separated fragments of the viral
DNA digested with BamHI or EcoRI after Southern trans-
fer. The BamHI Q' fragment was used as a probe to
differentiate the parental HSV-1(F)A305 tk sequences from
the chimeric UL49.5-tk sequences. The junction sequences
involved in the recombination, and the mutated sequences
introduced in the recombinant viruses, were sequenced with
the appropriate primers after amplification by the polymer-
ase chain reaction as described previously (30).

Preparation of nuclear extracts. Confluent monolayers of
HeLa cells were grown in 850-cm2 roller bottles, mock
infected or infected with 5 PFU of HSV-1(F) per cell, and
harvested 14 h postinfection. Nuclear fractions were pre-
pared as described previously (15). Protein concentrations of
the nuclear extracts ranged from 20 to 30 mg/ml, as deter-
mined by the Bio-Rad protein assay.
DNA band shift assay. The DNA probes consisted of the

following UL49.5 DNA fragments: BssHII-XmaIII (-12 to
+41), which contains ICP4 binding site 3 with either the
wild-type sequence or mutated sequence A or B; the
XmaIII-BamHI fragment (+41 to + 104), which contains
ICP4 binding site 4 with either the wild-type sequence or
mutated sequence C or D; the BssHII-RsaI fragment (-12 to
+63), in which RsaI digestion destroyed ICP4 binding site 4,
leaving intact binding site 3 for use with mutated sequence
C; and the BssHII-BamHI fragment (-12 to +104), which
contains ICP4 binding sites 3 and 4 with mutated sequences
A, B, and D. These fragments were purified from polyacryl-
amide gels, dephosphorylated with calf intestinal alkaline
phosphatase (Boehringer Mannheim Biochemicals, India-
napolis, Ind.), and 5' end labeled with [_y-32P]ATP (>7,000
Ci/mmol; Dupont, NEN Research Products, Boston, Mass.)
and T4 polynucleotide kinase (United States Biochemical) to
an average activity of 50,000 cpm/ng of fragment DNA. The
standard competitor DNA used in these assays was syn-
thetic poly(dI-dC)-poly(dI-dC) (Pharmacia P-L Biochemi-
cals, Piscataway, N.J.). DNA-protein binding assays and
electrophoresis in nondenaturing gels were done as de-
scribed previously (38). Anti-ICP4 monoclonal antibody

-180 + I + 85

~~~~~-~~~ -I
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B
C
D

+21 +80

TCCGCCCCCICGAITAG ACGGCCGTGTGCCAGTCGCCATCGTACCCCCGACCCAAGCTTCCGCCCCCGCGAGTCTAGACGGCCGTGTGCCAGTCGCCATCGTACCCCCGACCCAAGCT
TCCGCCCCCGCGAGTAGCGACGGCCGGTTTCCATTCGCCATCGTACCCCCGACCCAAGCT
TCCGCCCCCGCGAGTAGCGACGGCCGTGTGCCAGTCGCCCTcTTACCCccTACCCAAGCT

FIG. 2. The 265-bp (-180 to +85) portion of the UL49.5 untran-
scribed and transcribed noncoding domains. Rectangles 1 through 4
represent the minimal domains of the ICP4 protein binding. Below
are the sequences of the region subjected to mutagenesis. Mutations
A and B are located in domain 3, mutation C is located between
domains 3 and 4, and mutation D is located in domain 4. The
replaced nucleotides are identified by uppercase letters. WT, paren-
tal virus defined as wild type in these studies.

H640, a gift from Lenore Pereira, was described elsewhere
(1).
Thymidine kinase assay. 143TK- cells were infected with 5

PFU per cell and incubated in the presence (300 jig/ml) or
absence of PAA (a gift from Abbott Laboratories). The cells
were harvested at 7, 10, 13, and 16 h postinfection, and the
cytoplasmic fractions were assayed for thymidine kinase
activity as previously described (39, 56).
RNase protection assay. Plasmid pRB4086 (63) contains the

HSV-1(F) tk gene sequence MluI-NruI (+126 to +400) in
pGEM-3Z. The 350-bp RNA probe generated for assaying tk
transcripts was made by cleavage of the vector sequences in
pRB4086 with EcoRI and transcription with SP6 polymerase
(Promega, Madison, Wis.); it protected 274 bp of the tk
mRNA. The RNA probe for assaying a-trans inducing factor
(aTIF) transcripts was constructed as follows. Plasmid
pRB4392 was made by cloning the 267-bp ApaI-PvuI frag-
ment from pRB3623 (44) into the SmaI site of pGEM-3Z.
Cleavage of pRB4392 with EagI and transcription with T7
polymerase (Promega) generated a 171-bp RNA probe which
protected 148 bp of otTIF mRNA. To prepare the test RNAs,
replicate 150-cm2 Vero cell cultures were exposed to 5 PFU
of recombinant viruses per cell for 1 h and then overlaid with
fresh medium in the presence or absence of PAA. Cells were
harvested at 6 and 12 h postinfection, and the cytoplasmic
RNA was prepared as previously described (61). RNase
protection assays and electrophoretic separation were done
as previously described (63).

Radioactivity in protected bands for the aTIF and
UL49.5-tk mRNAs from the parental and the recombinant
viruses was measured on a model 603 Betagen Betascope
blot analyzer as previously described (63).

RESULTS

Generation of mutants and analyses of the mutated frag-
ments for the capacity to form demonstrable complexes with
ICP4. A previous report (46) identified at least four ICP4
binding sites detected by gel retardation assays in the
promoter-regulatory domain of the UL49.5 gene (Fig. 1). Of
these, two sites were 5' of the transcription initiation site and
two were located in the 5' transcribed noncoding domain of
the gene (46). To determine the role of the binding sites
located in the 5' transcribed noncoding domain of the UL49.5
gene, four sites of transversion mutations were generated
(Fig. 2). The wild-type and mutated fragments were se-
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FIG. 3. Autoradiogram of labeled DNA-infe
complexes electrophoretically separated in a n(

DNA fragments a, b, c, and d (Fig. 1A, lanes 5 tl
from wild-type (lanes WT [wild type], A, B, and C)
(remaining lanes) fragments and tested for bindin
the bottom. The mutated sites (A through D) for
fragments were tested are indicated at the top. al
used to recognize ICP4 in the DNA-protein comp
minuses above the lanes indicate whether antib(
present or absent during the reaction of the infecte
the DNA fragment. The specificity of the reactiv
clonal antibody with ICP4 was extensively charac
and Roizman (38) and by Hubenthal-Voss et al. (21
the ICP4-DNA complex is indicated with an arrow

the position of the antibody-ICP4-DNA complex.

quenced after mutagenesis in M13 and after
recombination into the genomes. In additioi
and mutated fragments (Fig. 1, lines 5 to 8)
the ability to bind ICP4 as described in
Methods. The sequences selected for mutal
follows.

(i) Mutation sites A and B (Fig. 2) were
basis of the observation that they spanned ti
ICP4 binding site (44a). The results of DNA
ses (Fig. 3) indicate that DNA fragments co]
the mutagenized sites failed to form dem
plexes with ICP4. Mutation sites A and B wo

importance since they affected the same IC
We should note that verification of the
plexes is based on the use of a monoclonal
either retards the migration of the complex
turing gel or, as occasionally happens, bloc
from entering the gel.

(ii) Mutation site C was selected to det
mutagenesis of the sequences lying between
binding sites might affect binding of ICP4 c
the chimeric gene. Site C is not an IC]

inasmuch as extensive studies failed to demonstrate binding
of ICP4 by DNA fragments containing site C. As expected,

T A W B mutagenesis of site C did not affect the binding of ICP4 to
+ I- + -+ - 1 adjacent sites (Fig. 3a).
.+l- ..^+ (iii) Mutation site D was selected on the basis of the

observation that it was a site of binding of ICP4 and because
it was the only site homologous to the ICP4 DNA binding
consensus sequence derived by Faber and Wilcox (18). As
shown in Fig. 3a, the mutagenized fragment failed to form
demonstrable complexes with ICP4.

(iv) The three mutation sites A, B, and D account for all of
the binding sites within the UL49.5 fragment replacing the
authentic P-tk sequences in R3820 and for all of the binding
sites in the 5' transcribed noncoding domain of the UL49.5
gene inserted into the R8023 recombinant virus.

Construction of recombinant viruses. In our earlier study
(43), it was shown that the minimal UL49.5 sequence tested
which imparted upon the chimeric tk gene the attributes of a

.Y2 gene consisted of the sequence -12 to + 104 (recombinant
R3820). However, because the ICP4 binding sites of UL49.5
extended from -179 to +85, it seemed desirable to test the
role of the binding sites within the leader sequence also in
the context of a chimeric gene in which all four identified
ICP4 binding sites were present. Consequently, two series of
viruses were constructed. In the first series, the wild-type

a a a a virus was recombinant R3820, in which the P-tk sequence
-16 to +51 was replaced with the UL49.5 sequence -12 to

cted cell protein +104. Virus mutants R3820-A through R3820-D were con-
ondenaturing gel structed by recombination as previously reported for the
hnrough 8) derived R3820 recombinant (43), but using the mutated rather than
)rand mutagenized the wild-type fragments. In the second series, the wild-type
Ig are indicated at virus was recombinant R8023, in which the P-tk sequence
r which the DNA -200 to +51 was replaced with the UL49.5 sequence -179 to
b, antibody H640 + 104. The parental and mutant viruses, R8023 and R8023-A
)lexes. Pluses and through R8023-D, respectively, were derived by recombina-
ody to H640 was tion between HSV-1(F)A305 and the fragment containing the
d cell extract with chimeric genes as described in Materials and Methods. After

teyrizedtby ristie purification of the viral progeny carrying the mutations, both
te) The positionsof the sites of insertion of the UL49.5 sequence and the
Thead; adotmarks mutagenized sites were sequenced to verify that the se-

quences contained in the viral genome correspond to those
shown diagrammatically in Fig. 1 and 2.

Figure 4 shows the accumulation of thymidine kinase
activity in 143TK- cells infected with HSV-1(F), carrying

cloning prior to the natural ,B-tk, R3112, described previously (61) as the first
n, the wild-type UL49.5-tk chimeric gene expressing the attributes of a Y2
were tested for gene, R3820 and R8023. tk gene expression in both R3820
Materials and and R8023 is grossly inhibited by concentrations of PAA

genesis were as capable of inhibiting viral DNA synthesis.
Accumulation of tk RNA in Vero cells infected with recom-

selected on the binant viruses carrying wild-type and mutagenized chimeric tk
te position of an genes. Replicate cultures of Vero cells were infected with 5
i gel shift analy- PFU of recombinant virus per cell in the presence or absence
ntaining each of of PAA. The infected cells were harvested 6 and 12 h
ionstrable com- postinfection, and tk mRNA accumulation was determined
ere of particular by RNase protection assays. To control for variability in
P4 binding site. extraction and purification of RNA, we simultaneously mea-
CP4-DNA com- sured the amount ofmRNA of the aTIF gene (5, 8, 22, 54) in
antibody which each RNase protection assay. For these studies, the virus
in the nondena- stocks used to infect cells were carefully controlled to ensure
:ks the complex that they were prepared in a uniform fashion and were of

identical or similar titers. At least three sets of RNAs were
ermine whether prepared independently for each set of recombinant viruses.
the known ICP4 The RNase protection assays were done as described in
)r expression of Materials and Methods. Gels containing the electrophoreti-
P4 binding site cally separated, protected RNAs were visualized by autora-

J. VIROL.



ICP4 BINDING SITES IN y GENES 4859

12 HSV-1(F) R3112 13820 R8023

_6

0 5 10 15 20 5 10 1520 5 10 15 20 5 10 1S 20

Heirs post idfectioN

FIG. 4. Specific activities of the thymidine kinase made in cells
infected with parental and recombinant viruses in the presence or
absence of PAA. Replicate cultures of 143TK- cells were infected
with 5 PFU of the indicated wild-type or recombinant virus per cell
and incubated in the presence (5) or absence (-) of PAA. The cells
were harvested at 7, 10, 13, and 16 h postinfection. The specific
activity of thymidine kinase is expressed as counts per minute per
microgram of protein. Structures of the chimeric tk gene in recom-
binants R3820 and R8023 are shown in Fig. 1. As previously
reported, the chimeric promoter fused to the tk gene in R3820
contains elements of both 13 and y promoters and is expressed both
early and late in infection (43).

diography and analyzed in a model 603 Betagen Betascope
blot analyzer. The radioactivity was measured in each
protected band and also in the area above and below each
band (background) a total of three times. After each mea-
surement, the grids were reset to minimize errors resulting
from the placement of coordinates on the actual bands and to
obtain background counts. The average counts for each tk
RNA band were normalized with respect to the value for the
corresponding otTIF RNA. Figures 5 and 6 show the auto-
radiographic images of electrophoretically separated pro-
tected RNAs from one of the experiments. The average
values obtained for each of the independently derived RNAs
for each virus series are shown in Tables 1 and 2.
As would be expected for a -y gene, aoTIF RNA accumu-

lated at both 6 and 12 h postinfection in much smaller
amounts in cells treated with PAA than in untreated cells.
Both chimeric tk genes were sensitive to PAA and accumu-
lated in smaller amounts late in infection. At 6 h postinfec-
tion, the chimeric tk gene in R8023 appeared to be more
sensitive to PAA than was the chimeric tk gene contained in
R3820. This result is not entirely unexpected. As noted
previously, the R3820 chimeric gene shares properties of
both , and -y genes in that it is expressed both early and late
in infection, whereas the R8023 chimeric gene, like that
present in R3112 reported earlier (61), resembles a -y gene in
its temporal pattern of expression.
Comparison of the expression of the chimeric tk gene in

R3820 with that of the natural p-tk, reported earlier, showed
that the chimeric gene was expressed late in infection to a
higher level and was more sensitive to PAA than was the
native tk gene (43). A key question is whether the mutations
introduced into the UL49.5 sequences of the chimeric gene
alter its expression relative to that of the nonmutagenized,
wild-type parent. The results, summarized in Tables 1 and 2,
were as follows.

(i) In cells infected with the R3820 recombinant virus
series, at 6 h postinfection and in the absence of PAA, the B
mutation reduced the concentration of tk RNA by a factor of
6. The reduction in the tk RNA observed in cells infected
with the B mutant was consistent and of similar magnitude in
all experiments. Although the tk RNA levels observed in
cells infected with the D mutants were the next lowest, the
decrease in tk RNA levels noted in cells infected with all

6h PI

-PAA
0 0
ao BC

'V' A B C D

12h PI

+ PAA -PAA + PAA
A 0

N- A

242 _
n gm- n -_ _ ____ _

0TIF

110

67

FIG. 5. Autoradiographic image of electrophoretically sepa-
rated, in vitro-synthesized, labeled probe RNA protected from
RNase degradation by UL49.5-tk and aTIF mRNAs. The test RNAs
were extracted from Vero cells infected with the R3820 series of
recombinant viruses at 6 and 12 h postinfection (PI). The virus used
to infect cells is indicated above each lane. R3820 refers to the
nonmutagenized parent virus. A, B, C, and D refer to the mutations
at sites shown in Fig. 2 and recombined into the viral genome as
described in the text. The tk probe measured transcription of the
chimeric tk reporter gene, whereas the aTIF probe measured the
accumulation of aTIF mRNA transcripts for normalization of the
results. Fragment lengths in nucleotides of MspI-digested, end-
labeled plasmid pGEM-3Z are shown at the right as standards. Lane
2x contains twice the amount of RNA added to the other lanes to
verify labeled RNA probe excess under the assay conditions.

mutants other than B was much less drastic, more variable
from experiment to experiment, and potentially less signifi-
cant. The effect of the B mutation largely disappeared or was
much reduced in cells harvested at 12 h postinfection in the
absence of PAA. In this series of experiments, the tk RNA
levels observed in cells infected with the C mutant were
closest to those obtained with the wild-type parent R3820
virus.

(ii) In the presence of PAA, cells infected with the B
mutant of the R3820 series again accumulated significantly
less tk RNA than did cells infected with the wild-type parent
virus or other mutant viruses. In this instance, the decrease
was nearly identical at both 6 and 12 h postinfection and the
reduction in accumulation of tk RNA was consistent and
reproducible in all experiments. All other mutations resulted
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FIG. 6. Autoradiographic image of electropho
rated, in vitro-synthesized, labeled probe RNA I
RNase degradation by UL49.5-tk and aTIF mRNAs.
were extracted from Vero cells infected with the Fi
recombinant viruses at 6 and 12 h postinfection (PI).
to infect cells is indicated above each lane. R802
nonmutagenized parent virus. A, B, C, and D refer t4
at sites shown in Fig. 2 and recombined into the v
described in the text. For other details, see the lege

in minimal reduction (mutation A) or no significant reduction
(mutations C and D) of RNA expression.

+PAA (iii) The accumulation of tk RNA in cells infected with the
R8023 series of viruses and maintained in the absence or

A B C D presence of PAAwas less affected by the mutations than was
that of the R3820 series of viruses. While the cells infected
with the B mutants accumulated less tk RNA than did the
cells infected with the parent virus, the difference in this

TK instance was smaller than that seen in the case of the R3820
series of recombinant viruses.

DISCUSSION
For the past several years, a number of laboratories have

aTIF reported that the cis-acting determinants of HSV-1 y gene
expression map at or downstream of the TATAA box (7, 17,
19, 24, 25, 32, 33, 36, 69). The studies described in this report
center on the observation that the chimeric tk gene encoded
by the R3820 recombinant virus was expressed both early
and late in infection and accumulated levels of thymidine
kinase activity higher than those expressed by the natural
j-tk gene. Furthermore, the accumulation was more sensi-
tive to PAA than was that observed in cells infected with the
wild-type parent.
The objectives of the studies described in this report

centered on the role of the ICP4 DNA binding site and were
twofold. The first objective was to determine whether the
UL49.5 sequences contained in the chimeric tk gene and
which bound ICP4 played a role in rendering expression of
the chimeric gene sensitive to PAA. The rationale for
examining this issue rests on the possibility that the ICP4
binding sites in 5' transcribed noncoding domains could have
both positive and negative functions. Thus, sensitivity to

iretically sepa- PAA implies that viral DNA synthesis is required for optimal
protected from expression of the gene. Previous studies have indicated that
The test RNAs viral DNA synthesis exerts its effect in cis rather than in
The Virus used trans (42). One model described in earlier reports is that a
3 refers to the viral protein binding to 5' transcribed noncoding domains of
3

the mutations

t

y genes blocks transcription until the onset of DNA synthe-
riral genome as sis dislodges the bound protein (2, 42). ICP4 may have both
nd to Fig. 5. functions; it may, for example, act as the block in transcrip-

TABLE 1. RNase protection studies on RNA extracted from cells infected with the R3820 series of HSV-1 mutants

Result in expt no.a
Treatment Mutant

1 2 3 4 Mean

6 h, no PAA Wild type 100 4 100 1 100 1 100 1 100
A 97 8 73 3 45 1 55 2 68 23
B 27±1 17±1 11±1 13±1 17±7
C 107 6 57 3 84 1 91 ±2 85 21
D 80 4 33 1 54 2 56 19

12 h, no PAA Wild type 100 8 100 7 100 3 100 3 100
A 84 7 95 5 27 1 57 2 66 ± 30
B 62 ± 6 73 5 41 1 48 1 56 ± 14
C 88 6 72 5 126 5 95 ± 28
D 80 ± 19 71 6 67 6 68 ± 3 72 ± 6

6 h, plus PAA Wild type 100 2 100 ± 3 100 2 100 ± 5 100
A 76 4 71 ± 6 67 3 43 ± 4 64 ± 15
B 20 2 16 ± 1 15 1 14 ± 1 16 ± 3
C 72 3 33 ± 4 40 2 80 ± 5 56 ± 23
D 63 2 82 ± 3 44 1 59 5 62 ± 16

12 h, plus PAA Wild type 100 6 100 ± 3 100 1 100 1 100
A 73 1 76 ± 14 60 2 65 4 69 ± 8
B 18 ± 3 11 1 19 1 16 ± 4
C 63±1 95±14 84±3 164±11 102±44
D 52 8 87 ± 3 153 6 97 51 102 ± 15

a Values were calculated as follows: (mRNA initiated from mutant promoter/mRNA initiated from wild-type promoter) x 100.
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TABLE 2. RNase protection studies on RNA extracted from cells infected with the R8023 series of HSV-1 mutants

Result in expt no.a
Treatment Mutant

1 2 3 Mean

6 h, no PAA Wild type 100 2 100 2 100 4 100
A 96 8 103 4 153 7 117 ± 31
B 57 8 45 4 51 1 51 ± 6
C 91 11 83 7 55 2 76 ± 19
D 67 2 58 2 63 4 71 ± 11

12 h, no PAA Wild type 100 1 100 3 100 3 100
A 55 2 59 3 90 3 68 ± 19
B 40 1 55 2 45 1 47 ± 8
C 104 3 96 8 88 ± 4 96 ± 7
D 52 3 62 2 69 ± 3 61 ± 8

6 h, plus PAA Wild type 100 1 100 5 100 ± 7 100
A 103 4 121 9 154 ± 5 126 ± 26
B 55 1 55 2 51 ± 2 54 ± 2
C 83 2 90 1 102 ± 4 92 ± 10
D 82 ± 2 79 2 95 ± 1 85 ± 9

12 h, plus PAA Wild type 100 ± 1 100 ± 1 100 ± 3 100
A 123 ± 9 117 ± 16 106 ± 5 115 ± 8
B 48 ± 3 46 ± 7 52 ± 4 49 ± 3
C 110±4 89±12 109±6 103±12
D 51 ± 3 68 +±9 77 ± 3 65 ± 13

a Values were calculated as follows: (mRNA initiated from mutant promoter/mRNA initiated from wild-type promoter) x 100.

tion, and it may transactivate expression of the gene. In this
instance, we could expect that mutagenesis of the sequence
which renders the gene sensitive to PAA would result in
increased accumulation of tk RNA in infected cells treated
with PAA.
With respect to this objective, none of the mutations

introduced into the UL49.5 sequence contained in either of
the chimeric tk genes reduced the effect of PAA on expres-
sion of the chimeric genes. These data argue that the two
ICP4 binding sites contained within the UL49.5 sequence
contained in the chimeric tk gene are not each individually
sites of putative repression of transcription that is alleviated
by the onset of viral DNA synthesis. Furthermore, the
results obtained in this study neither support nor refute the
model described above.
The second objective was to determine whether the ICP4

binding sites played a role in expression of the chimeric-tk
gene and specifically whether the ICP4 binding site was the
cis-acting site responsible for the increase in the expression
of the chimeric tk gene contained in the recombinant R3820.
If this hypothesis were tenable, mutagenesis of one or more
ICP4 binding sites within the domain of the UL49.5 gene
contained in the chimeric gene would be expected to reduce
the expression of the chimeric gene.
The experiments described in this report indicate that in

the context of the R3820 recombinant virus, at least one of
the two ICP4 binding sites is involved in the accumulation of
the tk RNA in a fashion similar to those of y genes.
Specifically, mutagenization of the B site in the UL49.5
sequence inserted into the chimeric tk gene (Fig. 2) signifi-
cantly reduced the accumulation of the tk RNA in cells
infected with the R3820 virus. The findings are particularly
significant since the mutation abolished only one of the two
known ICP4 binding sites. The effect of mutagenesis of
either site A or site D was less pronounced. The significance
of the results of mutagenesis of sites A and D is uncertain.
The results obtained with the mutated site A are particularly
puzzling inasmuch as both sites A and B appear to destroy
the ICP4 binding site which these sequences flank. It is

conceivable that site A is not completely destroyed or that
this site has other functions inapparent in our assays.
The effect of the site B mutation in the context of the

R8023 virus was less drastic. One explanation for the ob-
served effect of this mutation in R8023 rests on the observa-
tion that the cis-acting sites within regulatory domains of
HSV genes are highly redundant. This redundancy is partic-
ularly noteworthy for the aTIF response elements located
upstream of a genes (41) and for the ICP4 binding sites found
in several genes. In the case of the cxTIF, recent studies have
shown that the response elements are additive and comple-
mentary (63, 64). Inasmuch as the UL49.5 sequence con-
tained within the chimeric gene encoded in R8023 contains
two additional ICP4 binding sites upstream from the tran-
scription initiation sites, it is conceivable that one or both of
those sites act to replace the site destroyed by mutageniza-
tion of site B. Parenthetically, the evidence linking ICP4
DNA binding sites with transcriptional activation in the
context of genes contained within viral genomes introduced
into cells by infection is paradoxically weak. Although the
enthusiasm for linking binding sites with transactivation
remains unabated, a recent paper reported that the destruc-
tion of all apparent binding sites in the promoter-regulatory
domains of the glycoprotein D gene failed to affect signifi-
cantly its expression in productive infection (62).

This report is in effect the first evidence linking the
destruction of an ICP4 binding site with down regulation of
the accumulation of a transcript. A key issue, which remains
unresolved, is the relationship between the destruction of
the ICP4 binding site and the decreased accumulation of tk
RNA. Because the binding site is within the 5' transcribed
noncoding domain, mutagenesis of the ICP4 binding site
could affect either transcription or the stability of the
mRNA. Technically, the resolution of the two alternatives is
particularly vexing since nuclear RNA runoff, which could
measure transcription rates, is notoriously unreliable in the
case of HSV -y genes (2, 61). Further studies on other -y genes
may resolve this problem.
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