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ABSTRACT The herpes simplex virus thymidine kinase
(TK) gene is transcriptionaily activated in trans ("transactivat-
ed") by virus-encoded proteins during the infectious cycle. We
show that TK plasmids introduced into a HeLa cell transient
transcription assay system are also transactivated after infec-
tion with a TK- virus. Several aspects of this response are
similar to regulation during the normal infectious cycle. Assay
of TK promoter deletion and 5- to 10-base-pair substitution
mutants in this system reveals that the transactivation re-
sponse depends on the intactness of 109 base pairs of 5' gene
flanking sequence. Differences between these results and anal-
ogous assays in the Xenopus oocyte system are discussed. A
model for the putative binding of transactivator(s) to the pro-
moter region is presented.

Expression of herpes simplex virus (HSV) genes in infected
cells is temporally regulated in a cascade fashion (1). Viral
mRNAs transcribed immediately after infection from paren-
tal templates are translated into gene products (a polypep-
tides) that can positively regulate in trans ("transactivation")
the transcription of a second group of genes (/3 gene group)
(2, 3), which includes the thymidine kinase (TK) gene (4, 5).
Subsequently, transcription from the P genes is arrested, and
a new wave of transcriptional events that requires the pres-
ence of both a and , polypeptides is initiated from a third
gene group (y). This complex interactive regulatory circuitry
is presumably controlled by recognition of multiple DNA el-
ements by specific virus regulatory proteins.
The 5' flanking region of TK has been used as a model

system for the analysis of transcriptional signals (6). Assay
of deletion mutants has shown that these cis-acting signals
reside in the DNA sequence extending from the capping site
of the gene (position + 1) to position -109 (TK promoter) (6,
7). The sequences of this region are required for proficient
conversion of TK- cells to the TK+ phenotype (7, 8) and for
"unregulated" transcription in Xenopus oocytes (6, 9).

Injection of a series of in vitro generated 5- to 10-base-pair
(bp) substitution mutants [linker-scanning (LS) mutants] of
the TK promoter into Xenopus oocytes (9) revealed that, by
the criterion of this assay, this promoter is composed of
three discrete domains: the proximal signal (nucleotides -16
to -32), which includes the "ATA" box, the first distal sig-
nal (-47 to -61), and the second distal signal (-80 to -105).
All three signals are required for quantitative expression. In
addition, the proximal signal is involved in specifying tran-
scriptional start sites (9).
Previous results (10, 11) suggested that sequences residing

in the same 109 bp of the TK promoter, when present in the

chromatin of stably transformed cells, can be positively reg-
ulated in trans by infection with HSV.

In order to determine more precisely the set of the promot-
er sequences that respond to virus transactivation factors
and to compare them with the signals that are recognized in
the amphibian oocytes, we examined the transcriptional per-
formance of LS mutant DNAs in a HeLa cell transient tran-
scription assay system (12).

MATERIALS AND METHODS

Cells and Viruses. The viruses used in this study were D2,
a TK- deletion mutant of HSV type 1 (HSV-1) (13), and F
(14). They were grown and titrated in Vero cells (15). HeLa
cells were grown in Dulbecco's modification of Eagle's me-
dium (DME medium) supplemented with 10% calf serum and
were seeded at a density of 1-3 x 106 cells per 10-cm dish the
day before transfection.
Recombinant DNAs. The deletion mutant (6, 7) and LS

plasmids (9) were prepared as described (16).
Transfection. HeLa cells were transfected as described

(17) with a calcium phosphate precipitate containing 5-15 ,ug
of plasmid DNA and 15 Ag of carrier salmon sperm DNA. At
24 hr after transfection, the cells were infected with 3-10
plaque-forming units of D2 for 1 hr. The virus was removed,
and the cells were incubated for 4-12 hr in DME medium
containing 1% calf serum.
RNA Analysis. Total cell RNA was purified by the guani-

dine thiocyanate/CsCl procedure (18) and was analyzed by
Si nuclease protection (19) using homogenously labeled sin-
gle-stranded probes synthesized from recombinant M13 tem-
plates by a modification of published procedures (20).

RESULTS

Validity of the Transient Transcription Assay. To examine
whether the HeLa cell transient transcription system could
provide an appropriate assay for regulated expression of the
viral TK gene, we performed the following control experi-
ments.
We first examined whether TK that is no longer associated

with the viral chromosome was regulated in the same way as
it is during the course of the virus infectious cycle. HeLa
cells transfected with plasmid DNA carrying TK were cul-
tured for 36 hr, and then they were either mock-infected or
infected with virus D2. Cells were harvested 6 hr later, and
the amount ofTK transcripts from each culture was assayed
by S1 nuclease protection (Fig. la). From these results, we

Abbreviations: TK, thymidine kinase; HSV, herpes simplex virus;
HSV-1 and -2, HSV types 1 and 2; bp, base pair(s); LS, linker scan-
ning.
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estimate that the level of expression of this gene in the infect-
ed cultures is 3-4 orders of magnitude higher than the basal
level.
A comparison of the level ofTK transcripts in cells infect-

ed with wild-type virus and cells transiently expressing a TK
gene with a deletion in the 5' noncoding region of the mRNA
(pseudo-wild-type gene; ref. 9) after infection with D2 is
shown in Fig. lb. The amount ofTK transcripts in the trans-
fected cells, which were transactivated by D2, was compara-
ble to that in the cells infected with wild-type virus ('50% in
this example), if we assume that 1% to 10% of the cells re-
ceived DNA. This experiment also demonstrates that, in the
transfected cells, the RNA is transcribed from the plasmid
DNA and not from contaminating TK' virus, as evidenced
by the short length of the protected probe.
We infer from the results of Fig. 1 a and b that the basal

level of the TK transcripts in the transient transcription sys-
tem is much lower than that in stably transformed L cells
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because, in the selected L cell convertants, the TK RNA (5-
10 copies per cell) was only 100-fold less than in virus-infect-
ed cells (7). Our results are consistent with the observation
that another p group gene is barely expressed in the absence
of transactivation in a similar transient transcription system
(24).
To demonstrate that the transactivation of TK requires

expression of a gene products as it does during the normal
infectious cycle (2, 4, 5), we carried out the following experi-
ment. HeLa cells transfected with TK DNA were cultured
for 36 hr and then were infected with D2 in the presence or
absence of cycloheximide. At 6 hr after infection, a sample
from each culture was removed for RNA isolation. At the
same time the treated cultures were washed free of drug, and
both sets of cultures were incubated for an additional 6 hr
prior to harvesting and RNA isolation. Fig. 2a shows the
results of the S1 nuclease analyses of the RNA from these
samples. Cells maintained in the presence of cycloheximide
(lane A) accumulated very little TK RNA when compared
with cells incubated without the drug (lane C). Reversal of
the action of the protein synthesis inhibitor by washing (lane
B) permitted the translation of a mRNAs that accumulated
during the inhibition. In turn, the translation products trans-
activate the TK promoter. The amount of TK transcripts
that accumulate during the 6 hr of incubation after drug re-
moval (lane B) is similar to that accumulating at 12 hr after
infection in the untreated culture (lane D). Thus, TK tran-
scription in the HeLa cell system is dependent on the prior
synthesis of a polypeptides.
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FIG. 1. Level of accumulated TK RNA in transiently expressing
HeLa cells. (a) The concentration of TK transcripts in HeLa cells
transfected with 10 ,ug of plasmid DNA containing wild-type se-
quences was measured by S1 nuclease protection after hybridization
of total cellular RNA with an excess of a 258-nucleotide uniformly
32P-labeled single-stranded probe (lane P) synthesized on a M13mp8
template extending from a synthetic BamHI site at position -109 (6)
to the Hpa II site at position + 122 (Lower). Hybridizations were
performed in 10-15 ,ul as described (21) at 520C for 16 hr and then
were diluted in 300 A.l of S1 digestion buffer (300 mM NaCl/50 mM
NaOAc, pH 4.5/1 mM ZnSO4) containing 70 units (22) of S1 nucle-
ase and digested at 37CC for 1 hr. Protected fragments were electro-
phoresed on a denaturing polyacrylamide gel (23). Lanes: A (over-
exposed), probe protected after hybridization with 40 ,ug of RNA
from mock-infected cells; B-E, probe protected by 100, 200, 400,
and 800 ng of RNA from D2-infected cells, respectively; M, DNA
size markers (Hpa II fragments of M13mp7 replicative form DNA).
(b) S1 protection of the same probe as in a by RNA isolated from
HeLa cells that were either transfected with 10 jug of pseudo-wild-
type DNA and subsequently infected at a multiplicity of infection of
3 with D2 (10 and 1 jug in lanes A and B, respectively) or mock-
transfected and then infected with wild-type HSV (0.1 and 1 ,ug in
lanes C and D, respectively). (Lower) Transcripts from wild-type
DNA can protect 126 nucleotides of the probe, while transcripts
from the pseudo-wild-type DNA can protect 90 nucleotides. Restric-
tion sites: B, BamHI; E, EcoRI; Bg, Bgi II; H, Hpa II.
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FIG. 2. (a) Transient transcription of TK in the presence of a
protein synthesis inhibitor. Lanes: A-D, fragments of the probe
(shown in lane P) protected from S1 nuclease by 25 ,Ag ofRNA iso-
lated from D2-infected cells maintained in the presence of cyclohexi-
mide at 50 ,.g/ml for 6 hr (lane A), infected cells maintained in the
presence of cycloheximide for 6 hr and then washed free of drug and
incubated for an additional 6 hr (lane B), and untreated infected cells
after 6 hr (lane C) or 12 hr (lane D) of incubation; M, DNA size
markers as in Fig. 1. (b) Transactivation of TK promoter deletion
mutants. HeLa cells were cotransfected with deletion mutant DNAs
and pseudo-wild-type TK DNA and then infected with D2. Lanes:
A-F, probe fragments protected by hybridization to RNA prepared
from cells transfected with deletion mutants -74 (lane A), -80 (lane
B), -81 (lane C), -85 (lane D), -95 (lane E), and -109 (lane F,
which contains 1/5 equivalents of the digestion products in lanes A-
E); G, as lane F but with four times the amount of the S1 nuclease
digestion products; P, undigested probe; M, DNA size markers as in
Fig. 1. Fragment g is the one protected by the transcript of the mu-
tant gene and fragment 4i is the one protected by the transcript of the
control pseudo-gene.
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Transactivation of TK Promoter Deletion Mutants. To de-
fine the 5' limit of the sequences that are necessary for the
transactivation response, we first used deletion mutants. In
the absence of transactivation, we were unable to detect a
difference in the level of transcripts from wild-type or dele-
tion mutant templates. We note, however, that the constitu-
tive level of transcription is close to the lower limits of sensi-
tivity of our assay.

Replicate cultures of HeLa cells were transfected with a
mixture of 5' deletion mutant and pseudo-wild-type DNA
(internal control); at 20 hr after transfection, the cultures
were infected with D2, and RNA was isolated 6 hr later. Fig.
2b shows that deletion mutants that terminate at -85 and
-95 (lanes D and E, respectively) could still be transactivat-
ed. However, the ratio of the level of transcripts from these
mutants to the control (5% and 13%, respectively) was lower
than that of the -109 template (lanes F and G). Templates
containing <85 bp of 5' flanking sequence were not efficient-
ly transcribed after infection (lanes A, B, and C). Because
mutant -109 was transactivated close to the pseudo-wild-
type level, we conclude that the 5' limit of the transactiva-
tion recognition sequence is around this position.

Transactivation of TK Promoter LS Mutants. We assayed
the LS substitution mutants in the HeLa cell transient
expression system to examine the role of short regions in the
DNA of the TK promoter in the transactivation response.
Each LS mutant was cotransfected along with the pseudo-
wild-type control DNA into HeLa cells, and 20 hr later the
cells were infected with D2. RNA was prepared at 6 hr after
infection and was analyzed by S1 nuclease protection. Fig. 3
shows the autoradiogram of a gel from a typical assay. For
quantitation, protected probe bands corresponding to tran-
scripts from each pair of control and LS mutant DNAs were
excised from the gel and assayed by liquid scintillation. Ra-
tios (mutant/control) were determined and normalized to the
ratio of LS16. Fig. 4 presents these data from four indepen-
dent experiments in the form of a histogram. Analogous data
(9) from the frog oocyte system are also shown for compari-
son. From this analysis we conclude that the promoter se-
quence contains two types of signals. One of them includes
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FIG. 3. Transactivation of TK promoter LS mutants. HeLa cells
were cotransfected with control pseudo-wild-type DNA and each of
the LS mutants (10), LS1 (-6/-16), LS2 (-12/-21), LS3
(-18/-29), LS4 (-32/-42), LS5 (-37/-47), LS6 (-46/-56), LS7
(-49/-59), LS8 (-61/-70), LS9 (-69/-70), LS10 (-70/-80),
LS11 (-74/-84), LS12 (-85/-95), LS13 (-95/-105), LSi4
(-101/-111), LS15 (-1051-115), and LS16 (-109/-119). After in-
fection with D2, RNA was isolated and analyzed by S1 nuclease
protection of the same probe as in Fig. 1 (lane P). Fragments g and q1
are as in Fig. 2b. The numbers above the lanes refer to the LS mu-
tants, as indicated above. Control (lane C) consisted of digestion
products of a mock reaction carried out with RNA from untransfect-
ed HeLa cells.

the ATA box and seems to be recognized in an analogous
manner in both assay systems. The 3' limit of the other signal
by the criterion of the HeLa cell assay corresponds approxi-
mately to position -39. Differences in the behavior of the
LS mutants spanning the region between positions -39 and
-109 in the two assay systems are discussed below.

DISCUSSION
We examined a series of mutants in the promoter of the HSV
TK gene in a HeLa cell transient expression assay system to
determine which sequences are required for regulated
expression. In the absence of virus infection, neither the
wild-type nor the mutant genes (not shown) accumulate tran-
scripts at significant levels. However, infection of transfect-
ed cultures results in accumulation of high levels of TK
RNA. Thus, this transactivation mimics the response of the
gene during the course of the wild-type virus infectious cycle
and is dependent on the integrity of the sequences that com-
pose the TK promoter. Mutations of distinct subsets of the
promoter sequence alter differentially the level of transacti-
vation.
The LS mutants that affect the ATA box region behave in

a similar manner in both the oocyte and the HeLa cell assay
system and produce defective phenotypes, though the'reduc-
tion in transcription by the LS2 mutation is less severe in the
latter case. Despite the lack of formal proof in either case,
these results can be explained by postulating that the muta-
tions in this region affect the interaction with an ATA-bind-
ing factor (25, 26).
Mutants LS6, -7 and -11 through -14 are transcribed poorly

in the oocyte system and define the first and second distal
transcriptional signals (9). However, DNAs with mutations
that map between these two regions (LS8 to LS10) are phe-
notypically very close to wild type. In contrast, in the HeLa
cell system, all of the DNAs with mutations between posi-
tions -39 and -109 (LS5 to LS15) are not efficiently tran-
scribed. Levels of transcripts are between 40% and 50% of
that of the control, with the exception of two mutants LS7
and LS11, for which accumulation is even lower (24% and
15%, respectively). Though the latter two mutations map in
regions that are parts of the two distal signals, the overall
picture of the sequences that are required for transcription is
clearly different between the two assay systems. This differ-
ence cannot be attributed to competition between the pseu-
do-wild-type and LS mutant templates for transcriptional
factors in the oocyte but not in the HeLa system because in
both cases the total template concentration is at subsaturat-
ing levels (ref. 9 and our unpublished observations).
The most straightforward way to interpret our results is to

assume that the transactivation factor(s) bind to the TK pro-
mnoter region approximately between positions -37 and
-109. The uniformity in transcriptional reduction (with the
exceptions of LS7 and LS11) makes it likely that bases dis-
tributed throughout the entire region are involved.
To examine whether a plausible (and testable) model can

be formulated for the putative interaction between the TK
transactivator and the DNA recognition sequence, we
searched the promoter region affected by the LS mutations
for dyad symmetries because in other cases (27-31) it has
been shown that a pair of antiparallel a helices of a regula-
tory protein dimer can recognize a palindrome in the DNA
sequence. Fig. 5 shows that the center of this region is a
hyphenated palindrome. There are also weak symmetries
that flank this region. If one assumes that these symmetries
are important for recognition by the transactivator(s), we
can now explain the severely defective phenotype of the
LS11 mutant. The mutations in this DNA affect the central
dyad symmetry more than the mutations which have a less
defective phenotype (LS8, -9, and -10). A difficulty with this
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FIG. 4. Comparison of the phenotypes of LS mutant DNAs in HeLa cells and amphibian oocytes. (Upper) The ratio of the amount of
transcripts accumulated in HeLa cells by LS mutant and pseudo-gene (control) DNAs was determined and normalized to that corresponding to
LS16. The mean values from four independent experiments (like the one presented in Fig. 3) are plotted in the form of a histogram for visual
display. The extreme values from all of the experiments corresponding to the middle of each bar and representing the range of experimental
variability have been connected (stippled area). The dots indicate the level of transcripts accumulated by each of the LS mutants in Xenopus
oocytes (data from ref. 9). (Lower) Nucleotide substitutions of the TK wild-type promoter sequence in each of the LS mutants (LS1 to LS16) are

indicated. The proximal and the two distal transcriptional signals are underlined. Arrows indicate a hyphenated central palindrome in the
sequence (see Fig. 5).
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FIG. 5. Dyad symmetries in the promoter regions of HSV B group genes. The TK promoters from HSV-2 (32) and HSV-1 (TK-2 and TK-1,
respectively) are compared. Asterisks indicate nucleotide substitutions. Dyad symmetries are boxed. The sequence for TK-1 is from strain MP
(33). A cross indicates a G-C bp, which is C-G in HSV-1, strain C1 101 (34). The borders of the two distal transcriptional signals in the TK-1
promoter are indicated, and the hexanucleotide inverted repeat (9) they contain is overlined. All other sequences are from HSV-1 and corre-
spond to the genes encoding glycoprotein D (gD) (24), dUTPase (35), alkaline exonuclease (alkexo) (36), and ribonucleotide reductase (37). The
promoters of the genes encoding two proteins of unknown function of 42 and 140 kilodaltons (35, 38) are also shown (42 and 140). Known or

putative ATA boxes are indicated by dashed double lines. Three of the genes have two ATA boxes, either one of which or both are functional.
The mRNAs of all of the genes shown have multiple capping sites.
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hypothesis is that, to explain the phenotype of LS7, one
would have to argue that the single symmetric guanosine at
position -54 is more important than the GIG doublet at
-50/-51, which is affected by the substitution in LS5. Un-
fortunately, a mutation in the corresponding symmetric cyti-
dine at position -95 is not available for analysis. Neverthe-
less, the general scheme of a dimeric transactivator recog-
nizing the dyad symmetries of the TK promoter seems
consistent with the universal appearance of such symmetries
in the 5' flanking regions of all of the sequenced 8 group
genes of HSV, which are also transactivated (Fig. 5). In most
of these cases, the center of the dyad symmetry is almost
equidistant from the ATA box.
The model is consistent with the following evolutionary

argument. The TK gene we are studying is that of HSV-1,
strain MP (33); TK of HSV type 2 (HSV-2) strain 333 has
been sequenced also (32). The sequence divergence in the
TK 5' flanking regions between HSV-1 and HSV-2 is only
10% (20 substitutions in 200 sites), and it is the same (9%) in
the promoter regions (10 substitutions in 109 sites), while it is
19.5% (220 substitutions in 1131 sites) in the region encoding
the TK polypeptide. Though 45% of the coding region substi-
tutions lead to amino acid replacements, the two TK poly-
peptides exhibit equivalent enzymatic function (39). Further-
more, the HSV-1 TK gene can be transactivated by HSV-2
virus and vice versa (40). Because both the promoter and the
coding region must be under evolutionary constraint, the sig-
nificant difference in the degree of divergence between these
two areas (9% vs. 19.5%) indicates that much stronger nega-
tive selection operates on the promoter. Accordingly, the
observed substitutions between the TK promoters of the two
HSV types can be viewed as fixed neutral mutations. It is
striking that none of these substitutions affects the dyad
symmetries in the sequence and that the entire region con-
taining the central palindrome is completely conserved (Fig.
5). We note that the available experimental evidence (41) ex-
cludes the possibility that the putative binding of the oocyte
factor that substitutes for the transactivator can be explained
as the binding of a dimer to the hexanucleotide inverted re-
peats present in the two distal transcriptional signals (9, 41).
We also note that one of the nucleotide substitutions be-
tween the TK promoters ofHSV-1 and HSV-2 is present in
the first distal signal, while the second distal signal contains
four substitutions, one of them affecting the hexanucleotide
inverted repeat.
The same 109 bp of 5' flanking sequence is required for the

expression of the TK gene in transformed cells (7, 10, 11), in
microinjected Xenopus oocytes (7), and in the transient
expression/viral infection system described here. In each
case a gene that contains 109 bp of upstream sequence tran-
scribes or transforms at levels comparable to those of the
wild type, while a gene with only 95 bp of 5' flanking DNA
has an activity diminished to 10-60% of that of the control.
Our results (Figs. 3 and 4) indicate that the infected HeLa
cell utilizes the region between - 109 and the ATA box quite
differently than the injected oocyte. Thus, the TK promoter
can be viewed as consisting of two overlapping elements,
each acting in concert with a common ATA box. One of
these elements consists of the first and second distal tran-
scriptional signals described by McKnight (7, 9). It is active
in amphibian oocytes and perhaps in transformed mammali-
an cells and promotes transcription in the absence of specific
regulation. The other element is comprised of sequences be-
tween -39 and -109 (which contain a central palindrome of
possible significance) and is specifically activated by the vi-
ral early genes.
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