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The locations and functions of DNA sequences involved in transcription of the gene encoding herpes
simplex virus type 1 immediate early (IE) mRNAs 4 and S were analyzed by use of a transient-expression
assay. The region upstream of the genes encoding IE mRNAs 4 and 5 was fused to the thymidine kinase gene
coding sequences, and production of enzyme or RNA was measured after transfection of plasmids into
BHK cells. The effect of deletions in the upstream region was determined in the absence or presence of a
virus structural component which stimulates herpes simplex virus IE transcription. Two distinct units were
identified. One of these was a promoter which required not more than 69 base pairs of DN A specific for the
genes encoding IE mRNAs 4 and 5 upstream from the mRNA 5’ terminus. The other was a far-upstream
region which mediated the response to the virion component and had an upstream boundary between
nucleotides —347 and —335. An origin of DNA replication was interposed between these two units. The
element TAATGAGATAC, which represents a consensus sequence present in the upstream regions of all
herpes simplex virus type 1 IE genes, appeared to be essential for stimulation by the virion component. The
activity of this element was modulated by the sequences which flank it, especially by regions having
extremely high contents of guanine plus cytosine and which contain a conserved unit CCCGCCC or its

complement GGGCGGG.

Transcription of the herpes simplex virus (HSV) type 1
(HSV-1) genome can be divided into three temporally dis-
tinct phases named immediate early (IE), early, and late (5,
11, 33). IE transcription occurs shortly after infection and is
rapidly repressed when early RNA synthesis commences. If
the transition from IE to early and late phases is prevented,
large amounts of IE mRNAs accumulate, showing that IE
genes can be transcribed very efficiently under certain
circumstances (1, 9, 35).

Figure 1A shows the genome locations for the five major
IE mRNAs. The 5’ termini of IE mRNAs 4 and 5 map at
equivalent loci within the internal and terminal inverted
repeats and consequently are adjacent to identical promoter
sequences (28, 36). The experiments described here deal
with these common promoter sequences, and therefore the
conclusions apply equally to both genes. For convenience,
they will be referred to as IE gene 4/5. This region of the
genome also contains the 5’ terminus of IE mRNA 3 and an
origin of DNA replication (ORIs; see Fig. 1B) (4, 12, 18, 27,
30, 31), and one aim of the experiments reported here was to
define the relationship of promoter and regulatory sequences
of IE gene 4/5 to previously identified elements with known
functions.

IE gene expression is known to be controlled in at least
two ways: it is repressed by an autoregulatory mechanism
which involves the IE gene 3 product, Vmwl75, and is
stimulated by a component of the HSV particle (7, 8, 22, 23,
26, 34). The stimulatory effect has been observed by the use
of chimeric plasmids containing IE gene promoter sequences
linked to the HSV-1 thymidine kinase (TK) structural se-
quences. When such plasmids are introduced into tissue
culture cells, production of TK is strongly stimulated upon
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infection with HSV, even in situations where no viral
polypeptides are synthesized (2, 7). An increase in mRNA
which is specific to the IE-TK chimeric gene can also be
detected, indicating that the effect represents stimulation of
transcription (7).

Attempts to locate the IE-specific sequences which re-
spond to the virion component have shown that far-upstream
regions (at least 110 base pairs [bp] and possibly up to 730 bp
from the mRNA 5’ terminus) are involved (7, 13, 14). The
most extensively studied example is IE gene 3. In this case, a
region between nucleotide positions —174 and —331 (relative
to the mRNA 5’ terminus) contains the target for stimulation
by the virion component (7, 13). This far-upstream region is
distinct from an essential promoter element located between
—50 and —108. It shows some functional similarity to
enhancer sequences, since it stimulates expression of chime-
ric [E-TK genes even in the absence of the virion component
™).

Since IE genes 1, 2, 3, and, as shown here, 4 and 5 all
respond to stimulation by the virion component (14), it may
be expected that common sequence elements exist in their
far-upstream regions. Comparison of such regions revealed a
number of consensus sequences, the most obvious being
5'-TAATGARATTC (R = purine) and 5'-GGGCGGGG
(or its complement 5'-CCCCGCCC). These are usually
represented in multiple copies with various extents of ho-
mology with the consensus (14, 19, 37, 39). Other, less
stringent, guanine-plus-cytosine (G+C)-rich, conserved se-
quences can also be detected (C. Preston, unpublished data).
To determine the functional importance, if any, of these
consensus sequences, we have constructed plasmid deletion
mutants which remove specific components of the far-
upstream region of IE gene 4/5. The altered upstream regions
have been linked to the HSV TK structural gene, so that IE
gene 4/5-specific transcription and its regulation could be
measured in a transient expression assay. The results show
that transcription of IE gene 4/5 is controlled in the same
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FIG. 1. (A) Genome location of five IE mRNAs. (B) Expanded scale of the 1,200 bp which encompass the initiation sites for IE mRNAs 3
and 4/5. The location of the Avall fragment used for nuclease S1 mapping is also shown (S1 probe). Previously identified promoter (Prom), far-

upstream regions of IE gene 3, and ORIs are shown above the line.

(C) Structures of pSTK plasmid deletions; detailed derivations are

described in the text. The solid lines represent IE gene 4/5 upstream sequences; the broken lines represent TK gene sequences. The Sau3Al-
BgllI hybrid site (Sau3A/BglII) and the ATG initiation codon for TK are also shown.

way as the other IE genes and indicate an essential regula-
tory role for a sequence which closely resembles the
TAATGARATTC consensus. A modulatory effect of G+C-
rich flanking sequences was also demonstrated.

MATERIALS AND METHODS

Cells and virus. BHK-21 clone 13 cells (15) were used
throughout. The HSV-1 mutant #sK (16, 25) was inactivated
by irradiation with UV light as described previously (21) to
reduce the titer by a factor of 5 x 10°.

Transfection of cells. Plasmid DN As were transfected into
cells as calcium phosphate precipitates. Precipitates were
formed as described by Shen et al. (29), by using 2 pg of
plasmid DNA and 4 pg of calf thymus DNA per petri dish
(diameter, 35 mm) containing 10° cells. Cell monolayers
were overlaid with the calcium phosphate precipitate and
incubated at 37°C for 40 min. Plating medium (2 ml),
prepared as described by Shen et al. (29) but with Eagle
medium instead of Dulbecco medium, was added to cells,
and incubation was continued at 37°C. After 3 h, cell

monolayers were treated with 25% dimethyl sulfoxide, as
described by Stow and Wilkie (32), and incubated a further 1
h at 38.5°C. Monolayers were then either mock infected or
treated with an amount of tsK mutant which was equivalent
to 3 PFU of unirradiated virus per cell. Cells were incubated
at 38.5°C for a further 16 h, after which time extracts were
prepared either for TK assays or for isolation of cytoplasmic
RNA. Increasing the plasmid DNA to 4 pg and decreasing
the calf thymus DNA to 2 pg gave a twofold increase in the
production of TK, showing that a linear relationship between
plasmid DNA and enzyme production existed.

TK assays. Cytoplasmic extracts were prepared, and TK
assays were performed as described previously (7). Both the
quantity of extract and time of incubation were altered to
ensure a linear relationship between phosphorylation of
tritiated thymidine and these two variables. Values which
fell outside the linear range were not used. To standardize
the results, plasmid pS1TK was included in all experiments
as a positive control. The average TK expression by this
plasmid from 15 independent determinations was calculated,
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and the actual value for pS1TK in a given experiment was
corrected to the average. The activities of the other plasmids
tested in a given experiment were adjusted by the same
factor.

Nuclease S1 mapping. Cytoplasmic RNA was extracted as
described previously (24). A 5-pg amount of the RNA was
hybridized with a 5’ terminally labeled Avall fragment
derived from plasmid pGX3$5, exactly as described by Rixon
and Clements (28). The genome location of this fragment is
indicated in Fig. 1B.

Plasmid deletions. The two sets of plasmid deletions (the
pSTK and pTKN series) used in the experiments reported
here were prepared by standard cloning procedures, and
their structures are shown in Fig. 1C and 5. All deletion
endpoints were determined by DNA sequencing.

The construction of the plasmids is shown in Fig. 2. The
pSTK series was derived from the pS plasmids as described
by Stow and McMonagle (31). The starting point was pS1, a
Sau3Al fragment representing sequences from —422 to +114
with respect to the 5’ terminus of 1E gene 4/5, cloned as a
BamHI fragment in pAT153. BAL 31 deletions were made
from the Sall site of pAT153, and a Sall linker was inserted
at deletion endpoints. The small BamHI-Sall fragment was
recloned into pAT153. The appropriate Bgl/II-EcoRI frag-
ment from pTK1 containing TK coding sequences (40) was
cloned between the unique BamHI and EcoRI sites of the pS
plasmids to yield pS12TK, pS17TK, pS14TK, pS16TK,
pS11TK, and pS13TK. Plasmid pS1TK contained the entire
Sau3A fragment, whereas pS20TK and pS21TK were made
by inserting a Sall linker at Smal sites —69 and —57,
respectively, from the mRNA 5’ terminus in pS12TK, fol-
lowed by Sall cleavage and religation.

TK mRNA

(Eco) Bjm Eco

Sma(+Sal)
7 (-362&-299)

mMRNA4

Bam

Sma (+Sal)

J. VIROL.

The starting point for the pTKN series was pN1, which is
HSV-1 BamHIn cloned into pAT153 from which the EcoRI
site had been deleted. Exonuclease III was used to generate
deletions from the single EcoRI site in BamHIn, to give the
pN plasmids as described previously (7). A Sall linker was
inserted into the Smal sites at —362 or —299 (see Fig. 4), and
a TK-containing fragment was ligated to this site via a Sall
linker at the —299 Smal site in pS12TK or the Sall linker at
the deletion endpoint of pS14TK, pS16TK, or pS13TK.
Plasmids pTKN7 and pTKN8 therefore contained a Sall
linker at the —299 Smal site. Plasmid pTKN9 was made by
subcloning a Sau3Al-EcoRI fragment of pN9 (endpoint at
—335) into pAT153 and subsequent insertion of the large
BgllI-BamHI fragment of pTK1 into the BamHI site generat-
ed by the Sau3Al-BamHI fusion. Therefore, pTKN9 did not
have a Sall linker at —299. Plasmid pTKN12 represented a
fusion of the —362 Smal site to the deletion endpoint of
pS14TK.

RESULTS

Upstream boundaries for promoter and regulatory se-
quences of IE gene 4/5. To identify DNA sequences impor-
tant for transcription of IE gene 4/5, chimeric plasmids were
constructed in which the IE mRNA 5’ terminus and up-
stream regions were fused to TK structural sequences. The
BgllI site located 54 bp upstream from the first ATG of TK
was ligated to a Sau3Al site in the 5' noncoding region of IE
mRNA 4/5. Production of TK was therefore controlled by IE
gene 4/5 promoter and regulatory sequences, but the tran-
script did not contain the intron which is normally present in
the 5’ noncoding region of IE mRNA 4/5 (28, 36).

Expression of the chimeric plasmids was measured by
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FIG. 2. Derivation of pSTK and pTKN plasmids, as described in the text. The gross positions of the deletions are shown (del).
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transient expression of TK after transfection of duplicate
sets of BHK cell monolayers, by the calcium phosphate
precipitation technique of Shen et al. (29). One set of
monolayers was mock infected, and another was treated
with UV-inactivated tsK mutant. After incubation at 38.5°C
for 16 h, TK activity in cell lysates was determined. Mock-
infected cells gave an estimate of unstimulated expression of
the chimeric plasmids, whereas the ratio of mutant tsK-
treated to mock-infected cell levels defined the degree of
response to the virion component.

Figures 1C and 2 depict a group of plasmids which were
based on deletions previously used to locate ORIs (31).
These plasmids sequentially remove DNA sequences from
—422 to —57 relative to the mRNA 5’ terminus. When
unstimulated expression was assayed, all plasmids directed
similar levels of TK, except pS21TK, which was approxi-
mately threefold less active (Table 1). This experiment
shows that sequences located not more than 69 bp upstream
from the mRNA 5’ terminus are sufficient for transcription
and suggests an important role for the region between —69
and —57, which contains the motif GGGCGGG. The element
located within 69 bp of the mRNA 5’ terminus is referred to
as the promoter.

When cells transfected with pS1TK were treated with
inactivated ¢#sK mutant, TK production was stimulated ap-
proximately eightfold (Table 1); values from individual ex-
periments varied between sixfold and twelvefold. This result
suggests that production of IE mRNAs 4 and $, like that of
other IE mRNAs, is increased by a virion component.
Expression of plasmid pS12TK was stimulated to the same
extent as pSI1TK, but the degree of response with pS17TK
was reduced to an average value of five- to sixfold. Although
this reduction is not significantly greater than the variation in
degree of stimulation between experiments, it was consis-
tently observed within individual experiments. When the
deletion extended to —315, as in pS14TK, or further, no
effect of inactivated tsK was detected, thereby localizing an
upstream boundary between —358 and —315 for sequences
which are essential for the response to the virion component.

Synthesis of IE gene 4/5-specific RNA in transfected cells.
To investigate whether stimulation of TK levels represented
an increase in correctly initiated IE gene 4/5-specific tran-
scripts, cytoplasmic RNA from transfected cells was ana-
lyzed by S1 nuclease mapping (Fig. 3). In mock-infected
cells transfected with pS12TK or pS14TK, small amounts of
48- and 46-nucleotide bands were observed (lanes S and 6).
These bands are equivalent to those representing the 5’
termini of IE mRNA 4/5, shown in lane 1 (28). In mutant tsK-
treated cells, even cultures transfected with calf thymus

TABLE 1. Transient expression of TK by pSTK plasmids
TK activity (cpm/min of assay per pg

of protein per pg of plasmid in: Degree of
Plasmid - stimulation
tsK-treated Mock-infected (-fold)
cells cells
pS1TK 911 116 7.9
pS12TK 920 115 8.0
pS17TK 667 107 5.6
pS14TK 112 107 0.9
pS16TK 105 117 1.0
pS11TK 126 111 1.1
pS13TK 110 113 1.1
pS20TK 101 98 1.0
pS21TK 38 44 0.9
pAT153 <16 <16
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FIG. 3. Nuclease S1 mapping of cytoplasmic RNA from trans-
fected cells. Lane 1, hybridization of 0.2 pg of IE RNA to the 5'-
end-labeled Avall A fragment of pGX35 (28; Fig. 1B). The 48- and
46-nucleotide bands, which represent hybrids formed by the 5’
portion of IE mRNAs 4 and S5, are indicated. Lanes 2 to 7,
hybridization of 5 pg of cytoplasmic RNA from transfected cells to
the probe. Lanes 2 and 5, transfection with pS12TK; lanes 3 and 6,
transfection with pS14TK; lanes 4 and 7, transfection with no
plasmid DNA. RNA samples were from cells treated with inactivat-
ed tsK mutant (lanes 2 to 4) or mock-infected cells (lanes 5 to 7). The
intense bands at the top of all lanes are due to reassociation of both
the probe and a pAT153 band which copurified with the Avall A
fragment.

DNA alone contained some IE gene 4/5-specific RNA (lane
4), presumably because this small target escaped total inacti-
vation by UV irradiation. Cells transfected with pS12TK,
however, showed an increase in correctly initiated tran-
scripts (lane 2), whereas cells transfected with pS14TK did
not (lane 3). This experiment demonstrates that the levels of
TK measured in the transient-expression assay reflect the
production of plasmid-directed cytoplasmic transcripts with
IE mRNA 4/5-specific 5’ termini.

Since plasmids pS12TK and pS14TK contained IE gene
4/5 upstream sequences fused to the TK structural gene, an
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increase in functional IE gene 4/5-TK hybrid mRNA must
account for the stimulation by the virion component. This
result is in agreement with a previous report that positive
regulation of IE gene 3 is due to increased synthesis of
mRNA (7). With the exception of pTKN13, the plasmids to
be described in the next section all have small deletions only
in the far-upstream region, and changes in production of TK
enzyme therefore reflect alterations at the transcriptional
level.

Further analysis of far-upstream sequences. Figure 4 shows
the nucleotide sequence for the region between —410 and
—270, which spans the endpoint of the IE gene 4/5 far-
upstream region. Since plasmids pS12TK and pS17TK were
stimulated by the virion component, it is clear that neither
the TAACGAGGAAC (—391 to —381) nor the GGGCGGGG
(—373 to —366) sequences in this region are essential for the
response. Two additional features are highlighted in Fig. 4:
TAATGAGATAC (—338 to —328), which is very closely
related to a consensus sequence found in all HSV-1 IE
genes, and two blocks of very high G+C content. One block,
(G+C)1 (—375 to —354), consists of 22 consecutive G or C
residues, and the other, (G+C)2 (—303 to —276), has one T
among 27 G or C residues.

To gain a more detailed knowledge of the sequences which
are important for stimulation of IE gene 4/5 transcription, a
second set of plasmid deletions (P TKN7-13, see Fig. 2 and 5)
was constructed. The upstream endpoints of these plasmids
were at —402, which did not delete any of the far-upstream
region, —347, which was close to the endpoint of pS17TK
but removed all of (G+C)1, and —335, which effectively
changed the second and third nucleotides of the consensus
sequence at —338 to —328 from AA to CC, since the EcoRI
linker at the deletion endpoint had the structure
GGAATTCC. Manipulation of these plasmids with frag-
ments from pS14TK, pS16TK, and pS13TK enabled internal
deletions of TAATGAGATAC (pTKN12), (G+CO)1
(pTKNS8), (G+C)2 (pTKN10) or both (G+C)1 and (G+C)2
(pTKN11 and pTKN13) to be constructed. The behavior of
these plasmids in the transient-expression assay is shown in
Table 2.

-402(pTKN7,10,12&13)

|

J. VIROL.

Expression of pTKN8 was stimulated by inactivated tsK
to a smaller extent than was pTKN7 expression, confirming
that, as in the case of pS12TK and pS17TK, sequences in the
(G+C)1 region affect the response to the virion component.
The Sall linker at position —299 in pTKN7 and pTKNS8 did
not affect TK expression, since pTKN7 showed comparable
activity to pS1TK. The main alteration caused by the linker
insertion was to change the first two nucleotides of (G+C)2
from CC to GA. When the deletion extended to —335
(pTKN9), no response to inactivated tsK was observed. A
boundary for the essential part of the far-upstream region
was therefore located between —347 and —335. Plasmid
pTKN10 showed similar properties to pTKN8: response to
the virion component was reduced, compared with pTKN7,
but not abolished. The effects of deleting both (G+C)1 and
(G+C)2 appeared to be additive, since pTKN11 was more
impaired than either pTKN8 or pTKN10.

These results suggest a modulating rather than absolute
role for (G+C)1 and (G+C)2 in the regulation of IE gene 4/5
transcription, a conclusion which is supported by analysis of
two further plasmids, pTKN12 and pTKN13. The deletion in
pTKN12 removed 47 bp, including TAATGAGATAC, but
left (G+C)1 and (G+C)2 essentially intact. No response of
this plasmid to the virion component could be detected. The
importance of sequences which flank TAATGAGATAC was
further emphasized by the extremely reduced response of
pTKN13 to stimulation by inactivated tsK. This plasmid
consisted of 43 bp of the far-upstream region, including
TAATGAGATAC but not (G+C)1 or (G+C)2, fused to posi-
tion —151 from the 5' terminus of IE gene mRNA 4/5. Al-
though the altered distance from promoter sequences may
contribute to this finding, a clear conclusion is that TAAT
GAGATAC per se is not sufficient for stimulation of IE gene
4/5 transcription by the virion component.

DISCUSSION

The experiments described here show that IE gene 4/5
shares an overall similarity with other IE genes in its
upstream sequence arrangement. A promoter element is

-379(pS12TK)

—_a10 TCCGCTCCGTTCCGCATGCTAACGAGGAACGIGGCA

Smal

-358(pS17TK)

-347(pTKN8&11)

GGGGGCGGGGCCClGGGCCCCGCTTCCCGGTTCGGC

GC1

-335(pTKN9)

-315(pS14TK)

GGTAATGAGATACGAGCCCCGCGCGCCCGTTGGCC

Smal

-279(pS16TK)

GTCCCCGGGCCCCCCGGTCCCGCCCGICCGGACGCC 270

GC2

FIG. 4. Nucleotide sequence between positions —410 and —270, relative to the 5’ terminus of IE mRNA 4/5. The regions defined as
(G+0)1 (GC) and (G+C)2 (GC2) are underlined, and two 11-bp elements which resemble the TAATGARATTC consensus are double-

underlined. Deletion endpoints and Smal sites are also shown.
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FIG. 5. Structures of far-upstream regions in plasmids pTKN7 to pTKN13. The upper part shows the 1,200-bp region which encompassed
the 5’ termini of IE mRNAs 3 and 4/5. The (G+C)1 (GC1) and (G+C)2 (GC2) sequences are represented by boxes below the lines, and two se-
quences which resemble the TAATGARATTC consensus (TAACGAGGAAC [TAAC . . .]and TAATGAGATAC [TAAT . .]) are represent-
ed by boxes above the lines. The lower part shows the region from —270 to —410, the sequence of which is given in Fig. 4, on an expanded
scale. The deletion endpoints and the position of an 8-bp Sall linker (GGTCGACC) are marked. Note that pTKN13 has the sequences from
—299 to —347 fused to position —151, the upstream endpoint of pS13TK.

located close to the mRNA 5’ terminus, and a far-upstream
region contains sequences which act as a target for stimula-
tion by a virion component. The proposed layout of this
region is shown in Fig. 6.

Efficient transcription of IE gene 4/5 occurred when only
69 bp of upstream DN A was present, showing that the promot-
er is located close to the mRNA 5’ terminus. The reduced
activity of pS21TK, which had only 57 bp of upstream DNA,
suggests that, as found in the analysis of IE gene 3 (7),
sequences other than the TATA homology are important for
promoter function. Further plasmid constructions will be
necessary to determine precisely the functionally active
DNA sequences in this region. It is clear, however, that
ORIs are located between the far-upstream and promoter
regions of IE gene 4/5 (31). In the case of simian virus 40 late
gene expression, in which a similar arrangement of function-
al elements exists, it has been shown that DNA synthesis
affects transcription (6). It will be interesting to determine
whether HSV DNA synthesis influences expression of IE
gene 4/5 or, conversely, whether transcription affects the
function of ORIs.

The regulatory units for IE genes 3 and 4/5 appear to be
separate, since pS17TK responds significantly to the virion
component but does not overlap with any of the IE gene 3
far-upstream region (7). It is possible, however, that these
adjacent regulatory regions interact when both are present,
for example, in viral DNA. In one detailed respect, tran-
scription of IE genes 3 and 4/5 shows differences. The far-
upstream region of IE gene 4/5 only stimulated transcription

when the virion component was present and did not detecta-
bly augment expression in mock-infected, transfected cells.
In contrast, the far-upstream region of IE gene 3 stimulates
transcription at homologous and heterologous promoters in
the absence of virion components and shows some similar-
ities to enhancer elements (7; C. Preston and D. Tannabhill,
manuscript in preparation). The molecular basis for this
difference remains to be determined.

A detailed analysis of the far-upstream region of IE gene
4/5 localized an essential element in the 49 bp between —347
(defined by pTKN8) and —299 (defined by pTKN10). The 12
bp between —347 and —335 (defined by pTKN9) contained
nucleotides which were absolutely required for response to

TABLE 2. Transient expression of TK by pTKN plasmids
TK activity (cpm/min of assay per pg

of protein per ug of plasmid in: Degree of
Plasmid stimulation
tsK-treated Mock-infected (-fold)
cells cells
pTKN7 1191 140 8.5
pTKNS8 402 122 3.4
pTKN9 123 121 1.0
pTKN10 826 145 5.7
pTKN11 291 137 2.1
pTKN12 113 144 0.8
pTKN13 127 112 1.3
pAT153 <21 <21
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FIG. 6. Proposed layout of functional elements in the genome region encompassing the 5’ termini of IE mRNAs 3 and 4/5. The 5’ endpoints
for the far-upstream and promoter regions of IE gene 4/5 were determined by deletion analysis and are therefore more precise than for the
corresponding regions of IE gene 3. The 3’ endpoint of the far-upstream region of IE gene 4/5 was taken to be —276, the downstream limit of
(G+C)2. As discussed in the text, it is not clear whether sequences between (G+C)2 and ORIs have some effects on transcription.

the virion component. Comparison of this region with other
HSV-1 IE gene upstream sequences (14, 19, 37, 39) reveals
that the only highly conserved element is TAATGAGATAC.
Since IE genes share a unique and specific response to the
virion component, the only consistent interpretation of the
results is that this 11 bp, conserved sequence is crucial for
stimulation of IE gene transcription. A relatively strict
adherence to the consensus appears to be important, espe-
cially in the first four nucleotides, since alteration of this part
to TCCT abolishes its activity. Furthermore, the related
element TAACGAGGAAC did not function in its natural
position, even though it is adjacent to a G+C-rich region
on its downstream side (Fig. 4). A previous analysis showed
that the sequences immediately adjacent to TAATGAR
ATTC are moderately conserved, giving a longer possible

IE GENE 1

-181 -168
5'- CGGGGGCCGGGCCG

-148 -135  -120

consensus GYATG-TAATGARATTCYTTG-GGG (Y = py-
rimidine) (14). In the case of IE gene 4/5, the nucleotides in
these additional positions matched the consensus poorly (the
longer sequence is CGGCGGTAATGAGATAC
GAGCCCCQG), suggesting that their composition is not cru-
cial for regulation of the gene.

The sequences which flank TAATGAGATAC modulated
the degree of response to the virion component. From the
upstream side, the extent of stimulation declined as (G+C)1
was deleted. At the downstream side, removal of most of
(G+C)2 also reduced the response, but it is not clear
whether similar removal of other downstream regions would
give an equivalent effect. Further experiments are necessary
to test this possibility. It may be that the small reduction
caused by deleting (G+C)2 was simply due to altering the

-160 -150
TAATGATATTC_ 30

-105

GGGGGCGCCGGG 4 CGGGCCCGCCCCGCGG -3’

IE GENE 2

=153 -143

-199 =179
5'- CCCCCGCCCGGGTCCCCGCGG _ 25 _ TAATTAAATAC _ 48tp

=71

-4
GGGGCGGGGGCCCGCCCGGGGGGCGG -3’

IE GENE 3

-221

-166 -156

5'- GCGGGGCCCGGGCCCCGCCCCC _ 3p_  TAATGAGATGC _ _3t»

-152 -137
GCGGGGCGGGGCGCGG -3'

IE GENE 4/5

-375 -354 -328
5'- GGGGGCGGGGCCCGGGCCCCGC _ %0 _TAATGAGATAC_ 24bp

-303 -276
CCCCGGGCCCCCCGGTCCCGCCCGCCGG -3

FIG. 7. Locations and sequences of G+C-rich DNA with respect to the TAATGARATTC consensus sequence in HSV-1 IE genes 1, 2,
and 3, compared with (G+C)1 and (G+C)2 of IE gene 4/5. Data is taken from references 14, 19, and 39. The G+ C-rich stretches shown in this
comparison are the closest to the TAATGARATTC consensus, and it should be noted that in many cases others can be detected at more
distant locations. Only the most-downstream TAATGARATTC consensus of IE gene 1 was considered; two others are present further
upstream but are not obviously flanked by regions of high G+C content.
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distance of the far-upstream region from the promoter or to
changing the relative positions of sequences within the far-
upstream region. The net sequence change was only the
replacement of 20 bp of (G+C)2 with an 8-bp Sall linker
(GGTCGACC). Studies with the far-upstream region of IE
gene 3 have shown that spacing alterations of this magnitude
do not significantly affect its activity (C. Preston and D.
Tannahill, unpublished data). Removal of TAATGAGATAC
from virtually all its normal flanking sequences, as in
pTKN13, severely reduced the response to the virion com-
ponent, emphasizing that this element alone is not sufficient.
In the case of pTKN13, however, the net internal deletion
was 139 bp, resulting in a much greater disruption of spacing.

The basis for the effects of flanking regions is difficult to
ascertain. The additive nature of (G+C)1 and (G+C)2 dele-
tions argues against interactions between them, even though
GGGGCCCGGGCCC in (G+0)1 and CCCCGGGCCCC in
(G+C)2 contain inverted and direct repeats. It has been
suggested that G+C-rich inverted repeats within sequences
which flank TAATGARATTC may contribute to the re-
sponse to the virion component (13, 14). In this respect,
(G+CO)1 contains an inverted repeat with no intervening
sequences (—371 to —354), whereas a part of (G+C)2 (—286
to —277) is repeated in an inverted form 19 bp downstream,
giving a potential structure with a 10-bp, G+C-rich stem and
a 19-bp loop (19, 37). If such elements are important, the
loop size must be irrelevant to their mode of action. Figure 7
shows that all IE gene upstream regions have stretches of
very high G+C DNA flanking a TAATGARATTC consen-
sus. The sequence CCCGCCC or its complement
GGGCGGG appeared in all these regions except the region
upstream of TAATGATATTC in IE gene 1. These elements
are very similar to CCCCGCCC and GGGCGG, which are
present in important regions of the early TK promoter (17),
and CCGCCC, which is an active component of the simian
virus 40 21-bp early promoter (10). Any attempt to assign a
function to this sequence in IE gene transcription must take
account of the diverse structures and regulatory properties
of the genes in which it has been identified. A further
possible rationale for the effects of (G+C)1 and (G+C)2 is
that DNA regions of almost 100% G+C, irrespective of their
exact sequence, induce conformational changes at the A+T-
rich consensus, thereby potentiating its activity (3). There
are great differences in the lengths of the G+C-rich regions
and their positions relative to TAATGARATTC (Fig. 7), and
such variations might account for subtle differences in the
properties of IE gene promoters, as discussed above for IE
genes 3 and 4/S.

The concept of flanking sequences modulating the activity
of an essential element has been recognized in other eucary-
otic systems. A relevant example is the identification of two
classes of point mutations within the simian virus 40 72-bp
element (38). One class, in the core sequence, destroys
transcription enhancing activity, whereas mutations in other
regions only reduce the effect. The function of essential
elements in the simian virus 40 DNA replication origin and
HSV ORIs is also affected by flanking sequences (20, 31).

The results presented here show that the virion compo-
nent recognizes a relatively large far-upstream domain in IE
gene 4/5. It would be expected that a similar situation will
apply to other IE genes. These findings provide a basis for
detailed examination of the molecular changes caused by the
virion component and suggest that the far-upstream region
may be a binding site for the component itself or for other
factors which interact with it. The outcome of such binding
may be conversion of the far-upstream region to a potent
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RNA polymerase II entry site or stabilization of structural
changes which increase the activity of the normal promoter.
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