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The herpes simplex virus type 1 (HSV-1) ICP4 protein is a transcriptional activator of many eucaryotic RNA
polymerase II promoters. The HSV-1 thymidine kinase gene (tk) promoter is induced by ICP4 and contains
binding sites for the cellular transcription factors TFIID, Sp1l, and CCAAT-binding proteins, each of which
affects expression of the tk gene. In this study, the effects of mutations in these sites on the transcription of ¢k
in the presence and absence of ICP4 were determined during viral infection. Only the TATA box was necessary
for efficient expression in the presence of ICP4; however, ICP4 apparently can still induce zk transcription even
when the TATA box is disrupted. Alteration of the Sp1 sites had a minor effect on ICP4-induced expression in
comparison to a large effect in the absence of ICP4, indicating that ICP4 can operationally substitute for the
function of the transcription factor Spl. In addition, tk was still expressed with the kinetics of an early gene in
the absence of binding sites for Sp1 and CCAAT-binding proteins.

Transcription of eucaryotic genes by RNA polymerase 11
is dependent upon a defined set of general transcription
factors (10, 14, 34, 53, 54) and is often modified by additional
DNA binding proteins that interact with specific recognition
elements near the mRNA start site and cause an increase or
decrease in transcription rate (27, 40). The regulation of
polymerase II transcription in eucaryotic viruses by trans-
acting proteins specified by the viral genome has served as a
valuable paradigm for understanding eucaryotic gene tran-
scription. The activation of transcription by viral trans-
acting proteins presumably could involve direct binding to
the promoter or the modification of the quantity (51) or net
activity (33, 42) of preexisting cellular transcription factors.

Herpes simplex virus (HSV) encodes a 170-kDa phos-
phoprotein referred to as ICP4, which is critically required
for activating transcription from most HSV genes (11, 49,
61). Extensive mutational analysis has identified multiple
regions of the ICP4 protein that are associated with its
trans-acting functions (8, 9, 45, 46, 56). One of these regions
confers site-specific DNA-binding properties to the protein.
ICP4 was first shown to interact with the sequence
ATCGTCNNNNYCGRC, where N is any nucleotide, Y is a
pyrimidine and R is a purine, (13, 41) and later shown to have
the ability to interact specifically and directly with many
different DNA sequences found in or near HSV gene pro-
moters (25, 39). Most mutant ICP4 proteins that fail to bind
to DNA in vitro are impaired for transactivation (9, 46, 56).
The thymidine kinase gene (tk) of HSV type 1 (HSV-1) is
readily transactivated by ICP4 in transient transfection as-
says (5, 7, 15, 43) and in the background of viral infection
(29, 31, 48). Several functional and biochemical studies
reduce the probability that DNA binding in or near the
promoter contributes to ICP4 transactivation of the thymi-
dine kinase gene. There are no relatively strong binding sites
having the sequence ATCGTCNNNNYCGRC in the vicin-
ity of the zk promoter (13), although weaker binding sites that
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flank the promoter have been reported (25). In addition,
several studies were unable to detect induction-specific
sequences in or near the promoter (2, 4, 12), and it is possible
to isolate mutant ICP4 molecules that are unable to interact
with ICP4 binding sites flanking the viral thymidine kinase
promoter without affecting induction (25).

Possible interactions between ICP4 and specific cellular
proteins that interact with the thymidine kinase promoter
have not been identified. Initial evaluation of the tk promoter
in heterologous, uninduced systems led to the identification
of four cis-acting sequence elements (37) that later were
shown to be recognition sites for cellular transcription fac-
tors (28). These include a TATA box, a CCAAT box, and
two Spl sites. Subsequent analyses demonstrated that these
same elements promote tk expression during viral infection
(2, 4, 12). However, the specific contribution of the TATA
box, CCAAT box, and Sp1 sites in ICP4-mediated induction
was not assessed.

The requirement for the recognition sequences for these
cellular transcription factors in the zk promoter in ICP4-
mediated trans induction during HSV infection was deter-
mined in the present study. This was accomplished by
inserting tk promoter mutations that alter these sites and that
have previously been shown to affect tk transcription into
their homologous positions in the genome of an ICP4-
deficient virus. Expression from the altered zk promoter was
measured and compared with that from the wild-type pro-
moter following infection of Vero cells to observe transcrip-
tion in the absence of ICP4 and following infection of ES
cells, which provide ICP4 in trans, to observe ICP4-induced
transcription.

MATERIALS AND METHODS

Virus and cells. Maintenance of Vero and ES cell lines has
been described previously (5, 11). The wild-type strain of
HSV-1 and the parent for all mutant viruses is KOS. Strain
nl2 contains a nonsense mutation in both copies of the ICP4
coding sequence at amino acid 251 (9) and was propagated
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on ES cells as described previously (6, 8). ES cells are a Vero
cell line that express complementing levels of ICP4 during
HSYV infection (8). n12 viruses containing linker-scanning
(LS) mutations in the tk promoter are described below.

Plasmids. The following plasmids were used to incorporate
tk promoter mutations into the n12 background: pLS/ts—29/
—18, pLS/ts—95/-85, pLS/ts+5/+15, and pLS/ts—111/
—101//—-56/—46 (2, 4), pd/ts—111—18, which was generated
by ligation of the 4.4-kb BamHI fragment of pLS/ts—111/
—101//-56/—46 with the 3.0-kb BamHI fragment of pLS/
ts—29/—-18, and pd/ts—111—-46, which was generated by
ligating the 4.4- and 3.0-kb BamHI fragments of pLS/ts—111/
—101//—56/—-46.

Generation and screening of recombinant viruses. Recom-
binant viruses were generated by marker transfer (17, 44)
and selection for the temperature-sensitive TK phenotype in
a manner similar to that described by Coen et al. (4), except
that infectious viral DNA was derived from the mutant n12
and ES5 cells were used. Plaques resistant to acyclovir at
39°C were screened by Southern blot (58) to confirm the
presence of the tk promoter mutations. Positive isolates
were plaque-purified three times without selection, retested
by Southern blot, and used to generate a viral stock.

Isolation of infected-cell RNA. Approximately 5 x 10°
confluent Vero or ES5 cells were infected at a multiplicity of
infection of 10 PFU/cell and were harvested at 6 h post-
infection when phosphonoacetic acid (PAA), a DNA synthe-
sis inhibitor, was used or at 4 h postinfection, a time before
the onset of viral DNA replication (data not shown). The
measured induction ratios were the same when DNA syn-
thesis was inhibited with PAA or when RNA was harvested
before the onset of viral DNA synthesis (data not shown).
The monolayers were rinsed on ice with cold TBS (140 mM
NaCl, 5 mM KCl, 25 mM Tricine [pH 7.4], 0.7 mM CaCl,,
0.5 mM MgCl,), solubilized, and extracted with 3 ml of 4.0 M
guanidine isothiocyanate solution (52) per sample (one or
two 100-mm petri dishes). The total RNA contained in the
lysate was purified by centrifugation through a 2-ml cushion
of 5.7 M cesium chloride in a Beckman SW 50.1 rotor for 18
h at 32,000 rpm at 20°C. RNA pellets were resuspended in
0.3 M sodium acetate, ethanol precipitated, resuspended in
0.3 M sodium acetate, and ethanol precipitated again. Fol-
lowing a wash in 70% ethanol, the pellet was resuspended in
diethylpyrocarbonate-treated water, and the A,¢, was mea-
sured to determine the concentration.

Northern (RNA) blots. Unless otherwise indicated, 20 or
25 ng of total infected-cell RNA was separated by electro-
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phoresis on 1.3% formaldehyde-agarose gels as described
before (16, 52) with constant buffer recirculation. Samples
were blotted overnight onto nitrocellulose filters in 10x SSC
(1x SSC is 0.15 M NaCl, 0.15 M sodium citrate) (52),
washed in 4x SSC, and baked under vacuum for 2 h at 80°C.
The baked filters were soaked in hybridization solution (50%
formamide, Sx SSC, 20 mM Tris hydrochloride [pH 7.5], 1x
Denhardt’s solution [52], 25 pg of salmon testes DNA per
ml, 100 pg of tRNA per ml, and 10% dextran sulfate) at 42°C
for 6 h and then hybridized overnight at 42°C in hybridization
solution with a 32P-labeled, gel-purified Sacl-Smal fragment
from the coding region of the zk gene. This fragment spans
+555 to +1217 relative to the start site of ¢tk transcription and
was chosen because it does not contain sequences from the
overlapping UL24 gene or adjacent gH gene. Filters were
washed twice in 2X SSC-0.1% sodium dodecyl sulfate (SDS)
for 20 min at room temperature, followed by two 30-min
washes in 0.1X SSC-0.1% SDS at 68°C and two 30-min
washes in 0.1x SSC-0.1% SDS at 84°C. Dried filters were
exposed to preflashed XAR-5 film. Densitometric measure-
ments of appropriately exposed autoradiograms were made
with a Hoeffer GS300 densitometer, and the data were
processed with compatible Hoeffer software for the Macin-
tosh II computer. All blots were stripped by boiling in
distilled H,O for 15 to 20 min and reprobed for UL42,
another early mRNA, as a control. A 32P-labeled, gel-
purified Ps:I fragment internal to the UL42 coding sequence
was used as a probe. All probes used in this study were
labeled with 32P by nick translation with Escherichia coli
polymerase I (32).

Primer extension. From 25 to 50 pg of RNA was hybrid-
ized with a 25-bp oligonucleotide encoding +51 to +76 of the
tk noncoding strand. The extension reaction was performed
essentially as described by McKnight et al. (36), and exten-
sion products were separated by electrophoresis on a 10%
denaturing polyacrylamide gel. A 25-bp oligonucleotide en-
coding +72 to +97 of the noncoding strand of the ICP8 gene
was included in some of the reactions as an internal control.

RESULTS

Strategy to determine the effects of tk promoter mutations
on ICP4-mediated induction. To determine the effect of the
cis-acting sites and the cellular proteins that bind to them on
ICP4-mediated induction, LS mutations (2, 4, 37) and dele-
tion mutations that alter these sites (Fig. 1A) were incorpo-

FIG. 1. Incorporation of tk promoter mutations into n12, an ICP4-deficient virus. Shown are Southern blots probed with a plasmid
containing wild-type tk promoter sequences from —500 to +54. (A) Schematic of the tk promoter, indicating the Sp1 sites, CCAAT box, and
TATA box as well as the sequence of the LS mutations of McKnight and Kingsbury (37) that alter each of these sites or a sequence
downstream of the mRNA start site that previously was shown to affect transcription (4). An open square indicates that the nucleotide was
deleted. (B) PstI-BamHI digest of n12 viruses (lanes V) containing LS mutations in the TATA box, the CCAAT box, and between +5 and
+15. The 245-, 210-, and 130-bp bands indicated on the figure correspond to fragments from the PstI site at —221 to the BamHI site marking
the LS mutation. The 115-bp band present in the LS—95/—85 lanes represents the fragment from the BamHI site at the mutation to the Pstl
site at +17. Corresponding fragments from the LS—29/—18 and LS+5/+15 digests were too small to transfer efficiently. The 505-bp bands
present in the viral DNA lanes correspond to DNA fragments from the PstI site to a BamHI site at —725. Since the plasmid DNAs (lanes P)
do not contain sequences beyond —500, these bands are not present. (C) Genotype of n12 LS—111/—101//—56/—46. The left panel is a
Pst1-BamHI digest marking the presence of the LS—111/—101 mutation, which alters the distal Sp1 site. The presence of a BamHI site at —106
(LS—111/-101) cleaves the 235-bp Pstl fragment of the wild-type (wt) promoter (pwt) into two bands of approximately equal size (115 bp).
The right panel shows a Bgl/II-BamHI digest in which the 105-bp band confirms the presence of the LS—56/—46 mutation, which alters the
proximal Sp1 site. (D) Two deletion mutants, d—111/—46, which lacks both Sp1 sites and the CCAAT box, and d—111/—18, which lacks the
TATA box as well, were created. Shown here are Pvull-Sacl digests, which generate bands that span the deletions (=200 to +555). The
925-bp bands present in the viral DNA lanes correspond to fragments from the Pvull site at —200 to a Sacl site at —1125. (E) Relevant
restriction sites corresponding to the enzymes used in the above digests relative to the tk promoter. The vertical arrows show the positions
of the BamHI sites specified by the indicated LS mutations.



VoL. 65, 1991

SP1 CCAAT
—ACAAACCCCGCCC GTCTTGTCATTGG
o5 7 GG CGGA CCGG
LS-111-101 LS-95-85
LS Ls LS
-29-18 -95-85 +5+15
245

ICP4 INDUCTION OF HSV tk PROMOTER

SP1 TATA

GEEECEECGEE GCATATTAAG——I:;A—C:T-——
CC ATC G CGG CcO cCGT G
LS-56-46 LS-29-18 LS +5+15

3 3

b 3

> =@ = 9 3

£ ¥ it 93 2 =
33332 3 22 3 EEit

k4

780

675

Sacl/Pvu ll

1
P s

]
T 5 R T

Bam H1 e Pstl Pvwull Pstl Bgl I.f\ Sac |
-1125 12N 221 197 417 +54 +555
4--}"'-- } l L e
Pst 1 Pvu ll 3 Petd Bgl Il
*221:-197 o +17 +54

3
97-/95- )

$8-/S6-

LOE-/1EL-

567



568 IMBALZANO ET AL.

A n12/LS virus (ICP4 deticient)

infect

(ICP4 transformed)

isolate cellular RNA

Northern blot: probe for tk message

J. VIROL.
B 5
a

» =

€

3

4

£

]

-

L]

g

2

2 3-

]

£

a
2 v T v Y T v
1 2 3 4 5

RNA (log ng)

FIG. 2. Determination of the effect of tk promoter mutations in the presence and absence of ICP4. (A) Schematic diagram of the
experimental design. (B) Demonstration of the linear relationship of densitometric readings from autoradiograms of tk mRNA versus the
absolute quantity of total infected-cell RNA used for the analysis. The slope of the line generated is approximately 1.0.

rated into the tk locus of n12, a virus deficient for ICP4 (9).
The nl2 virus possesses a nonsense mutation in both copies
of the gene encoding ICP4, and it produces a severely
truncated ICP4 molecule that has no detectable function (9).
Linearized plasmids containing the tk promoter mutations
linked to a tk sequence specifying a temperature-sensitive
TK protein (4) were cotransfected with infectious n12 DNA
(17, 44). Progeny were selected for incorporation of the
temperature-sensitive zk allele by selection for growth in the
presence of acyclovir at 39°C as described by Coen et al. (4).

The transfer of the plasmid-borne promoter mutations was
then screened for by Southern blot hybridization to detect
the BamHI sites specified by the LS mutations. Figure 1B
shows Southern blots of recombinant viruses that demon-
strate the presence of LS mutations in the tk promoter in the
TATA box (LS—29/-18), the CCAAT box (LS—95/-85),
and the +5 to +15 region (LS+5+15) by the presence of the
appropriate 245-bp, 130-bp, and 210-bp BamHI-Pst1 frag-
ments, respectively. Figure 1C shows Southern blots of the
virus containing LS mutations in both Spl sites (LS—111/
—101//—56/—46). Two blots are presented to demonstrate
the presence of the two LS mutations LS—111/—101 and
LS—56/—46, which alter the distal and proximal Spl sites,
respectively. The presence of the 120-bp BamHI-Pstl frag-
ments in both the plasmid pLS—111/—101 and the virus
LS—-111/-101//—56/—46 demonstrates the presence of the
—111/-101 mutation in both. Likewise, the presence of the
105-bp BamHI-BglII fragment in the plasmid pLS—56/—46
and the virus LS—111/-101//—56/—46 demonstrates the
presence of the —56/—46 mutation in both. Finally, Fig. 1D
demonstrates that the virus d—111/—46 contains the same
700-bp Sacl-Pvull fragment as its cognate plasmid pd—111/
—46. Likewise, both pd—111/—18 and the virus d—111/—18
contain the appropriate 670-bp Sacl-Pvull fragment. Addi-
tional details regarding the restriction enzyme digests are
described in the legend to Fig. 1.

Following incorporation of tk promoter mutations into an
ICP4-deficient background, the recombinant viruses were
evaluated for tk expression in both Vero cells, a monkey
kidney cell line permissive for HSV infection, and ES5 cells,
a Vero cell line that has been transformed with the ICP4 gene
and that produces complementing levels of ICP4 upon HSV

infection (8, 9). Thus, the effect of mutations in the zk
promoter binding sites for cellular transcription factors could
be directly monitored in the absence and presence of ICP4 in
the context of viral infection (Fig. 2A). Changes in induction
mediated by ICP4 (defined here as the ratio of tk expression
in ES5 cells to that in Vero cells) could then be calculated
relative to the induction of the nl2 virus, containing a
wild-type tk promoter.

Since expression of tk in the absence of both ICP4 and
binding sites for cellular transcription factors was expected
to decrease by more than 100-fold, a reconstruction experi-
ment was performed to demonstrate that such differences
could be quantified accurately by Northern blot analysis.
Dilutions (10°°) of wild-type-infected cellular RNA were
prepared, generating samples containing from 30 pg to 100
ng of infected-cell RNA. Mock-infected-cell RNA was added
to each sample to bring the total amount of RNA to 30 pg.
Following Northern blot analysis, the autoradiographic im-
ages of the blots were scanned, and the densitometric
readings of appropriately exposed films were plotted loga-
rithmically against the amount of RNA (Fig. 2B). The results
indicated that both the assay and the procedure used to
quantify the results were linear over the range tested. All of
the measurements in this study fell within this range.

Consequences of tk promoter mutations on ICP4 induction.
The effect of the TATA box mutation (LS—29/—18) on rk
expression in the absence and presence of ICP4 is shown in
Fig. 3. The first two lanes of Fig. 3A demonstrate that in the
presence of virus-encoded ICP4, zk expression from the
wild-type virus KOS was similar in both cell types. When the
infecting virus was deficient for ICP4 (n12), tk mRNA levels
were reduced approximately 30-fold on Vero cells relative to
the levels with the wild-type virus, but were restored to
wild-type levels by the ICP4 expressed from ES cells (Fig.
3A, third and fourth lanes). The two mRNA species that
hybridized to a DNA probe derived from the 3’ end of the tk
coding sequence are 1.4 kb and 4.0 kb, representing the &k
mRNA and a readthrough transcript, respectively (19, 20,
55). Two major observations resulted from analysis of the
nl12 LS—29/-18 virus (Fig. 3A, fifth and sixth lanes). First,
though the promoter mutation altering the TATA box dele-
teriously affected tk expression, it did so by roughly the
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FIG. 3. Effect of the TATA box on ICP4-induced rk expression.
(A) Northern blot analysis was performed on 25 pg of RNA from
Vero (V) or ES cells infected with n12 LS—29/—18. The top panel is
a longer exposure of the bottom panel. (B) Northern blot analysis of
tk mRNA levels from 25 pg of RNA from n12-infected ES cells (lane
1), n12-infected Vero cells (lane 2), n12 d—111/—18-infected ES cells
(lane 3), or n12 LS—29/—18-infected ES5 cells (lane 4). (C) Primer
extension analysis of n12 LS—29/—18. RNA samples include mock-
infected ES cells (lane 1), KOS-infected E5 (lane 2) and Vero (lane
3) cells, n12-infected ES (lane 4) and Vero (lane 5) cells, and nl12
LS-29/-18-infected ES (lane 6) and Vero (lane 7) cells. RNA
samples were generated following infection in the presence of PAA
(300 wg/ml).

same extent in both cell types relative to n12. Thus, the
mutation in the TATA box apparently does not greatly alter
the trans-inducing ability of ICP4. Second, this mutation
generated two additional zk mRNA species that measured
1.2 kb and 1.0 to 1.1 kb in length. Gross over-exposure of the
filter in Fig. 3A showed that these species were present in
the n12 LS—29/—18-infected Vero cell lane as well (data not
shown), indicating that the occurrence of these messages
was a function of the LS mutation and did not depend on the
presence of ICP4.

Since the origin of these novel mRNAs was unclear, a
virus, n12 d—111/-18, that lacked all four of the cis-acting
sites was generated (see Materials and Methods and Fig.
1D), and accumulation of zk transcripts was examined under
induced conditions (Fig. 3B). The expression of the full-
length 1.4-kb message decreased, while the expression of the
novel mRNA species was unaffected (compare lanes 3 and
4). Expression of the novel mRNAs, then, unlike the full-
length transcript, is independent of the upstream sequence
elements which mediate binding of Spl and CCAAT binding
protein and may arise from utilization of TATA-like se-
quences downstream from the proper mRNA initiation site
that are not ordinarily recognized in the presence of the
wild-type TATA box. To ascertain whether any of the

ICP4 INDUCTION OF HSV tk PROMOTER 569

apparent full-length transcripts observed in n12 LS—29/-18-
infected cells were initiated in the vicinity of the proper
mRNA start site, primer extension analysis was performed
(Fig. 3C). The extension products of 73 and 76 bp are
consistent with previous observations for the wild-type tk
transcript (36, 37). In the n12 LS-29/-18 background,
extension products indicative of slightly different initiation
sites were observed with RNA from ES cells only (lane 6).
Since the primer extension assay was not as sensitive as the
Northern blots, this analysis was not effective for the detec-
tion of tk transcription in the absence of both ICP4 and the
TATA box.

The contribution of the CCAAT box and the Spl sites to
the level of ICP4-induced expression in shown in Fig. 4A.
The alteration in the CCAAT box (LS—95/—85) gave rise to
an approximately three- to fourfold decrease in tk expression
in both cell types, and therefore its effect on ICP4 induction
was minimal. Similar conclusions were reached for the effect
of an LS mutation spanning +5 to +15 (data not shown and
Fig. 5), a region shown previously to affect tk transcription
levels in infected cells (4). In contrast, the level of rk
expression was not affected equally in the presence and
absence of ICP4 when both Spl sites were mutated. In the
presence of ICP4, tk mRNA expressed from n12 LS—-111/
—101//—56/—46 was reduced only 2- to 3-fold, while in the
absence of ICP4 the same mutation resulted in an approxi-
mately 20-fold relative reduction (Fig. 4A and 5). The level
seen in the presence of ICP4 is consistent with previous
measurements of ¢tk expression from double Spl LS mutants
in the background of wild-type virus (2). The levels of tk
mRNA in n12 LS—-111/-101//-56/—46-infected ES and Vero
cells resulted in an induction ratio approximately 10-fold
greater than that observed for the wild-type promoter (Fig.
5B). Therefore, the requirement for the Spl sites, and
probably Spl, is much greater in the absence of ICP4 than in
its presence. The levels of absolute expression and induction
by ICP4 are summarized in Fig. 5.

The contribution of all of the upstream elements of the tk
promoter (two Spl sites and CCAAT box) to the level of
ICP4-induced expression was examined further by using the
virus n12 d—111/—-46 (see Materials and Methods and Fig.
1D). In this virus, both of the Spl sites and the CCAAT
sequence are deleted from the tk promoter, leaving only the
TATA box and untranslated leader. tk expression from this
virus in the presence of ICP4 was similar to that from the
virus n12 LS—111/-101//—-56/—46 (Fig. 4B). Therefore, in
the absence of binding sites for Spl and CCAAT binding
proteins, the TATA box by itself appears to be sufficient for
ICP4-induced expression to levels approaching 30% of that
of the wild-type promoter.

Kinetics of tk expression in the absence of upstream ele-
ments. The expression of 7k from mutant templates altered in
the sites for upstream factors in the absence of viral DNA
synthesis indicates that the mutant promoters retained the
early kinetics characteristic of the wild-type promoter. To
confirm this observation, the kinetics of expression of tk
from the wild type, LS—111/—101/—56/—46, and d—111/
—46 were determined by Northern blot and primer extension
in the presence and absence of PAA. Assuming that pro-
moter mutations do not differentially affect mRNA stability,
comparisons of the amount of tk mRNA present in infected
cells at different times postinfection reflect the relative
activities of the promoters as a function of time. Expression
levels of another early gene, that for ICP8, were monitored
simultaneously as a control in the primer extension analysis
(Fig. 6 and 7). In both the presence and absence of viral
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FIG. 4. ICP4 induction in the absence of Spl sites and the CCAAT box. (A) Northern blot analysis of Vero (V) and ES cells infected with
nl12 LS—-111/-101//—56/—46, which contains altered Spl1 sites, and n12 LS—95/—85, which contains an altered CCAAT box. (B) Northern blot
analysis of n12 d—111/—46-infected Vero and ES5 cells. The top panels are longer exposures of the bottom panels. RNA was extracted from

infected cells at 4 h postinfection.

DNA synthesis, when both Spl sites were altered or when
all three upstream binding sites were deleted, tk mRNA was
detected at levels ranging from 15 to 30% of that in the wild
type. The observations that all the mutants tested expressed
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tk in the absence of DNA synthesis and that the accumula-
tion of ¢k mRNA declined demonstrate that all the promoters
retain the properties of an early gene. These data indicate
that the binding sites for the upstream factors Spl and
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FIG. 5. Levels of expression from tk promoter mutants in the presence and absence of ICP4. (A) Relative expression of tk from n12 and
nl2 viruses containing LS mutations in the tk promoter in E5 (solid bars) and Vero (hatched bars) cells. Expression of the n12 virus in each
cell type was normalized to 100%. To obtain levels of tk expression in Vero cells relative to expression in ES5 cells, divide the value shown
above the Vero bars by 26, the value for ICP4 induction of the n12 virus with a wild-type tk promoter. Data represent the average from two
experiments. (B) Resulting induction ratios for each virus. Induction is defined as the ratio of the zk mRNA level in ES cells to that in Vero
cells. Samples indicated are n12 (wt), n12 LS+5/4+15 (+5+15), n12 LS—95/—85 (CCAAT), n12 LS—29/-18 (TATA), and n12 LS—111/-101//
—56/—46 (dSpl). The filters used to obtain the above values were stripped by boiling in distilled water for 15 min and reprobed with a
32p.labeled PstI fragment internal to the coding region of the UL42 gene (also an early gene) as a control to normalize for small variations in
gel loading and effective multiplicity of infection (data not shown). The levels of UL42 RNA never varied by more than 20%.
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FIG. 6. Time course of tk expression in ES cells infected with
n12 or n12 viruses lacking the Sp1 sites (LS—111/—101//—56/—46) or
both the Spl sites and the CCAAT box (d—111/—46). The numbers
across the top of the figure indicate the time postinfection (hours)
that the RNA was extracted. (A) Expression of tk as monitored by
Northern blot. (B) Expression of tk as monitored by primer exten-
sion analysis. mRNA levels of ICP8, another early gene, were
measured as an internal standard.

CCAAT binding proteins are not necessary for expression of
tk as an early gene.

DISCUSSION

The requirement for binding sites for cellular transcription
factors and possibly for the involvement of the proteins that
interact with them in the ICP4-mediated induction of the tk
promoter was evaluated in the context of viral infection.
These studies indicate that induction of tk expression by
ICP4 is independent of the individual cis sites that interact
with the factors TFIID, Spl, and CCAAT binding protein. In
addition, the requirement for the Spl sites was greatly
reduced by the presence of ICP4, indicating that ICP4 can
operationally substitute for Spl. Furthermore, the sites for
Spl and the CCAAT binding proteins were not required for
the induction of tk as an early gene of HSV.

Effect of upstream DNA-binding activating proteins on
ICP4 induction. Given the readily inducible nature of nl2
LS—-111/-101//—56/—46 and n12 d—111/—46, it appears that
Spl and CCAAT binding protein are not required for induc-
tion of tk by ICP4, as was inferred previously (2, 4).

nl2 ni2
d-11-46 LS-T-101/-56- 46

2 4 6 8 12 ;g B W B

: "’ » crs
see .

FIG. 7. Time course of tk expression in ES cells infected with
nl12 or n12 viruses lacking the Sp1 sites (LS—111/—101//—56/—46) or
both the Sp1 sites and the CCAAT box (d—111/—46) in the absence
of DNA synthesis. Monolayers of ES cells were infected with the
indicated virus in the presence of PAA (400 pg/ml). It was previ-
ously determined that PAA at 300 pg/ml was sufficient to completely
inhibit viral DNA synthesis. The numbers across the top of the
figure indicate the time postinfection (hours) that the RNA was
extracted. (A) Expression of tk as monitored by Northern blot. (B)
Expression of tk as monitored by primer extension analysis. ICP8
mRNA levels were monitored as an internal standard.
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However, the relative contributions of the Spl sites and the
CCAAT box differ depending upon the presence or absence
of ICP4. This is readily seen in the data presented in Fig. 4A,
which shows that similar levels of x mRNA accumulated in
the presence of ICP4 with either n12 LS—-111/-101//-56/
—46 (double Spl mutant) or n12 LS—95/—85 (CCAAT mu-
tant); however, accumulation in the absence of ICP4 was
greatly reduced with n12 LS—111/-101//—56/—46 compared
with n12 LS—95/—85. Since the mutation in the CCAAT box
had the same effect on expression in both the presence and
absence of ICP4, it can be inferred that the CCAAT box is
probably not involved in the mechanism of ICP4 induction.
With a similar method of analysis, the same conclusions
were reached for the contribution of Sp1 in the mechanism of
E1lA activation of the adenovirus E1B promoter. In that
study, mutation of the E1B Spl site resulted in similar
decreases in both induced and uninduced expression (62).

In contrast, it appears that ICP4 can operationally substi-
tute for Spl, in that absolute ¢k expression in the absence of
Sp1 sites is only reduced by a factor of two to three in the
presence of ICP4, compared to more than 20 in the absence
of ICP4 (Fig. 5). This could occur if the mechanisms of ICP4
and Spl function involve interactions with common pro-
teins. It has been shown recently that Spl functions via
interaction with an as yet unidentified protein that also
contacts TFIID (47, 50). Such proteins have been termed
coactivator or adaptor proteins (47, 50). A possible interpre-
tation of the above data is that ICP4 may interact with the
Spl adaptor or TFIID. The larger induction ratio observed in
the absence of Spl sites indicates that ICP4 may be more
proficient for transactivation of the zk promoter in the
absence of Spl bound at its recognition site. ICP4 and Spl
(or its adaptor) need not interact with the same surface of a
common protein, as shown by the observation that their
action is not totally exclusive, indicating that both may be
capable of functioning simultaneously on a single promoter.
It is also possible to entertain a more general model in which
the interactions between ICP4 and the transcriptional ma-
chinery bypass or reduce the requirement for upstream
factors.

An alternative interpretation of the observed results is that
Spl may be directly modified in the presence of ICP4 so that
it stimulates transcription of tk in the apparent absence of
DNA binding to the promoter. In addition, the above results
indicate that the Spl sites are not required for induction by
ICP4 but do not eliminate the possibility that ICP4 can act
with or through Spl, provided that ICP4 can interact with or
modify Spl. This may account for the ability of ICP4 to
induce HSV early genes, which frequently contain Spl
binding sites, to a greater extent than it induces HSV late
genes, which lack such sites.

Requirement for the TATA box in ICP4-mediated induc-
tion. Alteration of the TATA box in the tk promoter appears
to generally lower expression efficiency without affecting
ICP4 inducibility. This result differs from that obtained by
similar genetic studies with adenovirus, which examined the
effect of a TATA mutation on E1A activation of the E1B
promoter. Those studies showed that E1B transcription was
reduced by disruption of the TATA box but that the remain-
ing transcription was not inducible by E1A (62). While this
result may indicate that ICP4 can function independently of
TFIID, it remains possible that the residual ¢tk transcription
observed in n12 L.S—29/—18 is promoted by TFIID despite
the absence of its wild-type recognition site. Recent work
showing that the transcription of TATA-less promoters still
depends on TFIID supports this idea (57). In addition, the
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fact that ICP4 can operationally substitute for Spl suggests
that TFIID may be required for ICP4-mediated induction.
This would also be consistent with previous biochemical
studies of the pseudorabies virus IE protein (1), which has
extensive amino acid sequence similarity to the ICP4 protein
of HSV (3). These studies indicated that pseudorabies virus
IE functions by stabilizing TFIID-promoter interactions (1).

The observations that the upstream regions of the tk
promoter are dispensable for transactivation suggest that
ICP4 functions through interactions with general transcrip-
tion factors or RNA polymerase II itself. Since ICP4 can
operationally substitute for Sp1, one of the general transcrip-
tion factors that ICP4 functions through may be TFIID.
Given that ICP4 is a large, elongated protein having a native
molecular mass of 350 kDa (38), it may interact with several
factors. Biochemical reconstruction experiments will help
clarify these possibilities.

Requirements for tk expression as an early gene. Properties
of HSV early genes include a requirement for immediate-
early protein synthesis and the ability to be expressed in the
absence of viral DNA replication (23, 24). The existence of
upstream binding sites for cellular transcription factors (Spl
and CCAAT) in early-gene promoters (21, 59) and the
apparent lack of such sites in functional HSV late promoters
(21, 22, 26) have suggested a causal relationship between
these sites (and presumably the factors that bind to them)
and early-gene expression. Further supporting this theory is
the observation that a late gene can be expressed in the
absence of viral DNA synthesis upon the addition of the
upstream region from an early promoter (21, 35).

The results of the present study indicate that in the
absence of the upstream Spl and CCAAT binding sites, the
tk promoter not only remained responsive to ICP4 induction
but directed a significant level of transcription in the absence
of DNA synthesis. Thus, neither induction by ICP4 nor
expression as an early gene depends upon the presence of
upstream binding sites for cellular transcription factors such
as Spl or the CCAAT binding protein. Perhaps these factors
act to maximize expression of early genes to levels required
for viral growth. Prior work has reported that a tk promoter
that lacks these sites is not inducible by ICP4 and does not
promote detectable levels of expression (21). In these exper-
iments, a glycoprotein C (gC) gene was constructed that
contained the region between —37 and +52 from the tk
promoter in place of —144 to +124 of the gC promoter, and
its expression was measured by Northern blot at 7 h postin-
fection. A possible explanation for this discrepancy is shown
in Fig. 6A of the present study, which shows that the
detection of tk RNA synthesized from d—111/—46 by North-
ern blot is dependent on the time that the RNA was
extracted; at 6 h postinfection, significant levels of tk RNA
were detected, while at 8 h the signal was not detectable.
Another possibility is that the context in which a promoter
element exists within the viral genome may affect its activ-
ity. In contrast to the previous studies that examined gC-tk
chimeras at the gC locus in the viral genome, the present
study examined mutations of the tk gene in the context of its
natural position in the viral genome.

The data presented herein demonstrate that the tk TATA
box and surrounding sequences are sufficient for expression
of an early gene. Given that a virus containing a deletion
from —12 to +189, which removes the cap site and the entire
leader sequence of the tk promoter, still produces TK (18), it
appears that the tk TATA box alone may constitute an
early-gene promoter. The differences in times of expression
of early and late genes may therefore result from differences
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in the TATA box sequences (21). Specific TATA boxes have
been described as being required for late-gene expression
(21). Other work has implicated late-gene leader sequences
as being necessary for proper expression at late times and
has led to the proposal of a negative block to transcription
that is alleviated by DNA replication (35). If upstream
binding factors serve only to increase promoter strength and
are unrelated to temporal expression, this may explain the
absence of such sites in late-gene promoters. The observed
expression of chimeric early-late promoters at early times
may be the result of an increase in promoter strength
sufficient to overcome the putative block to late-gene tran-
scription.
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