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To investigate the cis-acting sequence elements that are involved in the regulation of herpes simplex virus
type 1 late gene expression, linker-scanning mutations were constructed in the promoters of the glycoprotein
C and glycoprotein H genes. Each promoter mutation was inserted upstream of the Escherichia coli lacZ gene
in a recombinant virus, and the relative activities of j-galactosidase expressed from individual recombinant
viruses were compared. This analysis identified three sequence elements in each promoter: a TATA element,
an element that overlapped the start of transcription, and an element downstream from the start of
transcription. Primer extension analysis confirmed these results and showed that mutations in either the TATA
element or the initiation sequence could eliminate normal transcription initiation. Analysis of expression from
hybrid promoters revealed that the TATA and the initiation elements were interchangeable, at least when
correctly aligned, and that the initiation element plays a pivotal role in determining the actual site of
transcription initiation.

Expression of the approximately 70 herpes simplex virus
type 1 (HSV-1) genes is regulated primarily at the level of
transcription (3, 18) and can be conveniently divided into
three phases based upon the temporal order of mRNA
synthesis (6). Five immediate-early (IE) genes are expressed
soon after infection in the absence of de novo protein
synthesis. Functional IE gene products are required for
expression of the second set of genes, the early genes, many
of whose gene products are involved in viral DNA replica-
tion. The expression of the third phase, late genes, requires
both viral DNA replication and functional IE proteins.
The cis-acting sequences that govern late HSV-1 gene

expression have not been clearly defined. A TATA element
is the only consensus sequence element identified in the
upstream regulatory region of late viral promoters (18), and
deletion studies have indicated that little sequence informa-
tion upstream from this element is required for efficient
expression (4, 5). Several studies have indicated the impor-
tance of sequences downstream from the TATA element,
although no consensus sequence elements have been identi-
fied (9, 11, 21). A recent study, for example, showed that a
hybrid promoter consisting of the TATA element and up-
stream sequences from the early thymidine kinase gene,
fused to sequences downstream from the TATA element of
a late promoter, had properties of both early and late viral
promoters (9).
To further define the promoter elements that are in com-

mon among HSV-1 late promoters, we have constructed
linker-scanning mutations in the promoters of two HSV-1
late genes, those that code for glycoprotein C (gC) and
glycoprotein H (gH). Further, by construction of hybrid
gC/gH promoters, we have evaluated the ability of the
identified sequence elements of these promoters to function-
ally substitute for one another.
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Rockville, MD 20850.

MATERIALS AND METHODS
Cells and viruses. HSV-1(F) was grown and titered in Vero

cells. Recombinant herpesviruses were isolated by plaque
assay on thymidine kinase-deficient 143B cells as previously
described (20, 21). To quantitate ,-galactosidase (,-Gal)
activity, approximately 3 x 106 Vero cells were infected with
virus at a multiplicity of 10 in the presence or absence of 300
pLg of phosphonoacetic acid per ml. At 24 h postinfection, the
cells were collected by scraping and centrifugation and were
assayed for p-Gal as described previously (12, 20). Values
reported are the mean of two to five separate experiments.
DNA procedures. Routine procedures were similar to

those described by Ausubel et al. (1). Oligonucleotides were
made with an Applied Biosystems 380B DNA synthesizer,
and plasmid DNA sequencing was done essentially as de-
scribed by Zagursky et al. (23). Primer extension assays
were as previously described (20), using a primer comple-
mentary either to + 15 to + 35 of the lacZ coding sequences
or to +25 to +49 of the gC coding sequences.

Construction of plasmids. The recombinant viruses vgCL5
and vgHL.1 and their plasmid parents pgCL5 and pgHL.1,
respectively, have been described previously (21, 22). To
construct the gC linker-scanning mutations, the HindIll-
BamHI fragment from pgCL5, containing gC promoter se-
quences from -114 to +71, was cloned into the phage vector
M13mpl8. Oligonucleotide site-directed mutagenesis was

performed as described by Kunkel et al. (8) to insert the
indicated Sall recognition sites in the promoter. Mutations
were verified by sequence analysis and reinserted into pGal8
as HindIII-BamHI fragments. Plasmid constructions were
also verified by sequencing before being used to construct
recombinant viruses. To construct the gH linker-scanning
mutations, the SphI-BamHI fragment from pgHL. 1, contain-
ing gH promoter sequences from -83 to +198, was cloned
into mpl8 and used as the template for oligonucleotide
mutagenesis.

Plasmid pgHC.1 was constructed by removal of the gH
promoter sequences from -83 to +13 in pgHL4.4, using the
HindIII site in the vector and the Sall site at +13, and by
replacement of the corresponding HindIII-Sall fragment
from pgCP27. Similarly, to generate pgHC.3, the gH pro-
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<- 4 .< . To further characterize the gC promoter linker-scanning
mutations, RNA was isolated from cells infected with the

Sequences recombinant viruses vgCL5, vgCP35, vgCP30, vgCP24,
vgCP20, and vgCP33 and were analyzed by primer extension

FIG. 1. Structure of recombinant viruses. The top line indicates experiments (Fig. 3). Hybridization and extension of a
the HSV-1 genome with approximate map units. The open boxes primer that was complementary to the 5' end of the p-Gal
represent the terminal and internal repeat sequences. The expanded
region shows the location and orientation of the HSV-1 thymidine gene wlth vgCL5 RNA revealed two major extension prod-
kinase (TK) coding sequences (0). The coding sequences for 1-Gal ucts as well as several minor ones. The sizes and patterns of
(E) and promoter sequences from either the gC or the gH gene (5) primer extension products were identical to those reported
are depicted. The promoter sequences and the mutations are de- previously for the authentic gC gene as well as for several gC
scribed in the text and in Fig. 2 and 4. promoter-lacZ constructions (20, 21). Similar primer exten-

sion results were observed with use of vgCP35, vgCP20, and
vgCP33 RNAs, although the intensity of the extension

moter sequences from -83 to -12 were removed from products was reduced relative to the control primer exten-
pgHL4.1 and replaced by gC sequences -114 to -15 derived sion (Fig. 3B; Table 1). In contrast, the major primer
from pgCP28. Plasmids pgHC.2 and pgHC.4 were con- extension products were absent in reactions using vgCP30
structed by removal of gC promoter sequences (HindlIl- and vgCP24 RNAs. Table 1 shows the relative amounts of
Sall) from pgCP27 and pgCP28, followed by insertion of the p-Gal mRNA, determined by densitometry of the primer
corresponding gH fragments from pgHL4.4 and pgHL4.1, extension autoradiographs, compared with the enzymatic
respectively. levels of p-Gal produced by these mutant viruses. The

All recombinant viruses were made by cotransfection of decrease in intensity of the p-Gal extension products for the
HSV-1 virion DNA and the appropriate plasmid DNA into promoter mutants correlated with the decrease in enzyme
Vero cells as previously described (20). The general struc- activity observed. These results confirmed the importance of
ture of the recombinant viruses is depicted in Fig. 1. the three identified sequence elements of the gC promoter

Nucleotide sequence accession numbers. The nucleotide and indicated that at least one of these elements, the
sequence data reported in this paper have been submitted to sequence at the initiation of transcription, is necessary for
GenBank and assigned accession numbers M74723 to normal transcription from the gC promoter.
M74737 for the gC promoter mutations, M74738 to M74741 Sequence elements of the gH promoter. To determine
for the hybrid gH/gC promoters, and M74742 to M74749 for whether other late HSV-1 promoters contain sequence ele-
the gH promoter mutations. Nucleotide -45 of the gC ments similar to those identified in the gC promoter, a set of
promoter in this paper corresponds to nucleotide 96128 of linker-scanning mutations was constructed in the gH pro-
the published UL sequence (10); nucleotide -37 of the gH moter. Previous results have shown that the gH promoter
promoter corresponds to nucleotide 46618 of that sequence. extends no more than 83 bp upstream from the start of

transcription and that expression requires a TATA element.

RESULTS Eight linker-scanning mutations were made between -32
and +40 of the gH promoter (Fig. 4). Recombinant viruses

Sequence elements of the gC promoter. Previous studies were made, and the expression of lacZ was quantitated. Two
using recombinant viruses have shown that the gC promoter mutations, one at the gH TATA element (vgHL4.5) and one
requires a TATA sequence element in the region upstream at the start of transcription (vgHL4.2), resulted in dramatic
from the start of transcription (4, 5) as well as sequences decreases in p-Gal activity compared with that of the unmu-
downstream from the start of transcription to + 38 for tated promoter vgHL1. A third mutation downstream from
optimal expression (21). To identify sequence elements that the start of transcription (vgHL4.8) resulted in a modest
constitute the HSV-1 gC promoter, a set of linker-scanning decrease in p-Gal activity. None of these recombinant
mutations was constructed. These mutations changed be- viruses expressed appreciable levels of p-Gal in the presence
tween two and four bases in separate six-base stretches of phosphonoacetic acid (data not shown).
spanning the gC promoter from -41 to +41 (Fig. 2). Recom- Primer extension experiments were performed by using
binant viruses were made from each linker-scanning mutant the RNA from vgHL1-, vgHL4.5-, vgHL4.2-, and vgHL4.8-
as previously described (20). Figure 1 shows the structure of infected cells and either the p-Gal primer or a mixture of the
the recombinant viruses with the mutated promoters direct- p-Gal and gC primers (Fig. SA; Table 1). Extension of the
ing synthesis of the p-Gal gene within the coding sequences p-Gal primer with vgHL1 RNA produced two closely spaced
of the viral thymidine kinase gene. Expression of lacZ was products at the normal site of gH mRNA transcription (13,
compared with that from the unmutated gC promoter se- 16). A similar result was seen with vgHL4.8 RNA, with no
quences -114 to +71 (vgCL5 [21]). One mutation at the 3' apparent decrease in the p-Gal mRNA extension products
end of the TATA element lowered p-Gal activity by 41% (Table 1). These primer extension products were barely
(vgCP35). Two mutations near the start of transcription, detectable when either vgHL4.5 or vgHL4.2 RNA was used
vgCP30 and vgCP24, reduced expression 71 and 74%, re- with the p-Gal primer. Control primer extension products
spectively. Two other mutations, vgCP20 and vgCP33, that using the gC primer were similar with all four RNAs (Fig.
were downstream from the start of transcription lowered SB; Table 1). Taken together, these results indicate that the
expression by 41 and 33%, respectively. No appreciable gC and gH promoters comprise at least two similarly spaced
expression of p-Gal was observed when cells were infected sequence elements, the TATA element and the sequence at
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VIRUS

vgCL5

-40 -30 -20 -10 +10 +20 +30 +40

GATGGGGCCCGGGTATAMATCCGGAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGMCGCACACC

vgCP34 GATGTCGACCGGGTATAAATTCCGGAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCACACC

vgCP35 GATGGGGCCCGGGTATAAAGTCGACAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGMCGCACACC

vgCP25 GATGGGGCCCGGGTATAAATTCCGGAAGTCGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGMCGCACACC

vgCP28 GATGGGGCCCGGGTATAAATTCCGGAAGGGGTCGACGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGMCGCACACC

vgCP29 GATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGGTCGACTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCACACC

vgCP30 GATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGCTACGTCGACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCACACC

vgCP24 GATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGCTACCCTGTCGACCGAGGGCGCTTGGTCGGGAGGCCGCATCGAACGCACACC

vgCP31 GATGGGGCCCGGGTATAAATTCCGGMGGGGACACGGGCTACCCTCACTGTCGACGGCGCTTGGTCGGGAGGCCGCATCGMCGCACACC

vgCP23 GATGGGGCCCGGGTATAAATTCCGGMGGGGACACGGGCTACCCTCACTACCGTCGACGCTTGGTCGGGAGGCCGCATCGAACGCACACC

vgCP27 GATGGGGCCCGGGTATAATTCCGGMGGGGACACGGGCTACCCTCACTACCGAGGGCGGTCGACCGGGAGGCCGCATCGAACGCACACC

vgCP21 GATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGTCGACGCATCGAACGCACACC

vgCP32 GATGGGGCCCGGGTATAAATTCCGGMGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCGTCGACGAACGCACACC

vgCP20 GATGGGGCCCGGGTATAAATTCCGGAAGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCAGTCGACGCACACC

vgCP33 GATGGGGCCCGGGTATAAATTCCGGMGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGTCGACACACC

vgCP26 GATGGGGCCCGGGTATAAATTCCGGMGGGGACACGGGCTACCCTCACTACCGAGGGCGCTTGGTCGGGAGGCCGCATCGMCGTCGACC

RELATIVE
f1-GAL
ACTIVITY

100

148±8

59±4

81±1

93±3

104±27

29±12

26±6

98±11

132±25

113±1

92±13

83±7

59±1 1

67±4

93±7

FIG. 2. Linker-scanning mutations in the gC promoter. Mutations that resulted in the insertion of Sall restriction enzyme recognition sites
were generated in the gC promoter as described in Materials and Methods. The altered nucleotides are indicated by underlining. Vero cells
were infected with each recombinant virus; ,8-Gal activity was quantitated and expressed relative to that of vgCLS. Values shown are means
and standard deviations of two to five separate experiments.

the start of transcription, which are necessary for promoter
activity. A downstream element, in the gC promoter at least,
may contribute to maximal promoter activity.
Hybrid gH/gC promoters. To determine whether the se-

quence elements of late HSV-1 promoters were functionally
similar, experiments were performed that interchanged these
elements between the gC and gH promoters. This was made
possible since many of the linker-scanning mutations in both
promoter regions had a negligible effect on the expression of
1-Gal activity. In the first set of experiments, gH promoter
elements were substituted into the gC promoter. When gH
promoter sequences from -83 to +13, containing both the
TATA and initiation elements, were substituted for gC
sequences from -114 to +15, expression of ,B-Gal increased
by approximately 50%. However, when gH sequences from
-83 to -12, containing only the TATA element, were

substituted for gC sequences from -114 to -15, expression
of 1-Gal decreased by 78% (Fig. 6A). Primer extension
experiments using RNA from vgCP27-, vgHC.2-, vgCP28-,
and vgHC.4-infected cells showed that the 1-Gal mRNA
initiated at the normal gC start site in vgCP27- and vgCP28-
infected cells and at the normal gH start site in vgHC.2-
infected cells. No start site was observed when vgHC.4
RNA was used (Fig. 6B). Thus, although substitution of the

gH TATA and initiation sequence together into the gC gene
directed efficient transcription, the gH TATA element alone
was not sufficient to initiate transcription.
The lack of ,B-Gal transcription in vgHC.4-infected cells

could be due to poor alignment of the gH TATA element
with the gC initiation sequence or to the fact that these
sequence elements are not interchangeable between the two
promoters. To evaluate these two possibilities, sequence
elements of the gC promoter were also substituted into the
gH promoter. In these experiments, gC sequences from
-114 to + 15, containing the gC TATA element and initiation
sequence, effectively substituted for gH sequences from -83
to +12 (Fig. 7A), and transcription of the 1-Gal mRNA in
vgHC.1-infected cells initiated from the normal gC start site
(Fig. 7B). The measured levels of 1-Gal were lower for all of
the constructions that contained downstream gH sequences
than for gC sequences (Fig. 6A versus Fig. 7A). We suspect
that this is due to the presence of a sequence at the start of
gH translation that is predicted to be unfavorable for trans-
lation (7, 17). Substitution of gC sequences containing only
the TATA element (-114 to -15) for gH sequences -83 to
-12 also directed 1-Gal mRNA transcription (Fig. 7A and
B), but mRNA initiation was at the normal gH start of
transcription, not at the predicted distance downstream from
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A DISCUSSION
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FIG. 3. Primer extension analysis of infected cell mRNA. RNA
was isolated from Vero cells infected with vgCL5 RNA (lanes 5),
vgCP35 RNA (lanes 35), vgCP30 RNA (lanes 30), vgCP24 RNA
(lanes 24), vgCP20 RNA (lanes 20), or vgCP33 RNA (lanes 33),
hybridized to both a gC-specific primer and a p-Gal-specific primer
in the same reaction, and extended with reverse transcriptase. The
extension products (arrowheads) were run alongside a sequencing
ladder prepared by using the p-Gal primer and pgCL5 plasmid DNA.
(A) Primer extension products of the p-Gal primer and infected cell
RNAs; (B) primer extension products of the gC primer and the same
RNAs. The gC primer extensions shown in panel B and the p-Gal
primer extensions shown in panel A were from different regions of
the same gel.

the gC TATA element. These results indicate that the TATA
element and initiation element of the gC and gH promoters
are interchangeable and that both elements are necessary for
late gene expression, and they suggest that the initiation
element determines where mRNA transcription begins.

TABLE 1. Comparison of p-Gal activity and mRNA levels from
linker-scanning mutants

Mutant Relative ,8-Gal Relative
activitya mRNA levelb

gC promoter
gCP35 59 53
gCP30 29 34
gCP24 26 36
gCP20 59 71
gCP33 67 79

gH promoter
gHL4.5 16 23
gHL4.2 9 23
gHL4.8 68 116

a Values as shown in Fig. 2 and 4.
b Calculated from densitometry of primer extension data (Fig. 3 and 5).

Values were obtained by multiple scans with a Hoefer GS-300 scanning
densitometer. Data were normalized as the ratio of the amount of ,3-Gal
mRNA to the amount of gC mRNA and then expressed relative to the value
obtained for vgCL5 (for the gC promoter mutants) or vgHL.1 (for the gH
promoter mutants).

The HSV-1 gC and gH promoters have been partially
defined by previous deletion analysis. For example, both
promoters require a TATA element, and the gC promoter
requires sequences downstream from the start of transcrip-
tion for maximal expression (4, 5, 16, 21). However, a
complete definition of the composition of late HSV-1 pro-
moters has been lacking. In this study, linker-scanning
mutational analysis was performed on both the gC and the
gH promoters in order to define and compare the sequence
elements that constitute late viral promoters. In this analy-
sis, a small number of nucleotide changes were made in each
promoter that resulted in the insertion of a unique SailI
restriction site at approximately six- to eight-base intervals.
The recognition site for the restriction enzyme Sall was
chosen for convenience because of the absence of this
recognition sequence in the gC and gH promoters and in the
insertion vector pGal8 (22). Promoter constructions that
substitute sequences from one promoter to another were
facilitated by using the inserted Sall sites.
The mutations inserted into the gC and gH promoters

identified three relatively short sequence elements that were
similarly located in both promoters. The first of these, the
TATA element, is a common element found in many eukary-
otic and most, if not all, HSV-1 promoters (18). The results
presented here confirm that a functional TATA element is
necessary for late promoter activity. Mutation of the gH
TATA element practically eliminated p-Gal expression
(vgHL4.2), and a single base change in the gC TATA
element (vgCP35) reduced expression by 41%. Previous
work has shown that TATA elements derived from other
HSV-1 promoters can effectively substitute for the gH
TATA element (16). Substitution of gC sequences from -114
to -15 for gH sequences upstream of -12 also resulted in a
functional promoter in vgHC.3. Since transcription initiated
at the normal gH start site in this recombinant, 30 bp
downstream from the gC TATA element, not 32 bp down-
stream as in the intact gC promoter, it is unlikely that the
TATA element alone determines the site of transcription
initiation. The absence of transcription from the hybrid
promoter in vgHC.2 confirmed that an intact TATA element
is not sufficient for late promoter activity and suggested
strongly that this element must be correctly aligned with the
downstream initiation element.
A second sequence element was identified in the gC

promoter between +31 and +41. Two separate gC mutations
in this region decreased p-Gal activity by 33 and 41%. Less
dramatic decreases of 21 and 29%, respectively, as deter-
mined by primer extension experiments, were observed.
What may account for the difference between the effects of
these mutations on p-Gal activity and P-Gal mRNA level is
unclear at the present time. It is possible that a downstream
element both functions as a cis-acting DNA element and has
a role at the RNA level to increase translation or stability of
the mRNA. In a previous report, deletion of gC sequences
from +38 to +16 resulted in a more dramatic reduction in
expression, from 66% of maximal expression to 26%, than
that observed with the linker-scanning mutations (21). We
suspect that this is due to the complete removal of this
element rather than its alteration.
One mutation in the corresponding region of the gH

promoter, +37 to +40, also decreased P-Gal activity, al-
though there was no corresponding reduction in P-Gal
mRNA. It may be that this region of the gH promoter has
only a minor role in increasing expression of the gH mRNA.
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VIRUS -30 -20 -10 +10 +20 +30 +40

l l
vgHL1 GACAGAATAAAACGCACGGGTGTTGGGTCG1TTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC
vgHL4.5 GACAGTCGACAACGCACGGGTGTTGGGTCG1TTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.6 GACAGAATAAACGTCGACGTGTTGGGTCG1TTGTTCATAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.1 GACAGAATAAAACGCACGGGTGTTGGTCGACTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.2 GACAGAATAAACGCACGGGTGTTGGGTCG1TTGGTCGACAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.3 GACAGAATAAAACGCACGGGTGTTGGGTCG1TTGTTCATAAACGTCGACTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.4 GACAGAATAAAACGCACGGGTGTTGGGTCG1TTGTTCATAAACGCGGGGGTCGACCCCAGGGCTGGCACTCTGTCGATACCCCAC

vgHL4.7 GACAGAATAAMCGCACGGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGTCGACACTCTGTCGATACCCCAC

vgHL4.8 GACAGAATAAMCGCACGGGTGTTGGGTCG1TTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTGTCGACCCCAC

RELATIVE
fl-GAL
ACTIVITY

100

16±3

103±1

118±8

9±1

127±5

90±4

106±1

68±2

FIG. 4. Linker-scanning mutations in the gH promoter. Mutations that resulted in insertion of unique Sall restriction sites were generated
in the gH promoter. The altered nucleotides in each construction are indicated by underlining. The p-Gal activity was determined at 24 h
postinfection and expressed relative to that of vgHL1. Values shown are means and standard deviations of two to five separate experiments.

Inspection of this region of the two promoter sequences
revealed no obvious similarity other than a four-nucleotide
string, TCGA. Interestingly, this four-nucleotide sequence is

present in each linker-scanning mutant as part of the Sall
recognition sequence and is thus moved only 1 and 3 bp
downstream, respectively, in vgCP20 and vgCP33 and 2 bp
downstream in vgHL4.8. Since none of the linker-scanning
mutations nor the previously reported gC deletion mutation

A

_w _

..

ACGT1 4.5 4.2 4.8

B

1 4.5 4.2 4.8
FIG. 5. Primer extension analysis of infected cell mRNA. RNA

was isolated from Vero cells infected with vgHL1 (lanes 1),
vgHL4.5 (lanes 4.5), vgHL4.2 (lanes 4.2), or vgHL4.8 (lanes 4.8),
hybridized to both gC-specific and p-Gal-specific primers in the
same reaction, and extended with reverse transcriptase. The exten-
sion products (arrowheads) were run alongside a sequencing ladder
prepared using the p-Gal primer and pgHL1 plasmid DNA. (A)
Primer extension products of the p-Gal primer and infected cell
RNAs; (B) primer extension products of the gC primer and the same
infected cell RNAs. The gC primer extensions shown in panel B and
the p-Gal primer extensions shown in panel A were from different
regions of the same gel.

altered the normal start of transcription, we suspect that the
downstream sequence elements in the gH and gC promoters
probably influence the magnitude of expression but are not
involved in determining the actual start site of transcription.
However, a more extensive mutational analysis will proba-
bly be necessary to clarify both the importance and function
of the downstream elements in the gC and gH promoters.

Linker-scanning mutations near the start sites of transcrip-
tion for both promoters had dramatic effects on promoter
activity. These mutations defined a short sequence from -3
to +4 in the gC promoter and one from -6 to +7 in the gH
promoter that were required for promoter activity. In this
region, the two promoters share 5 of 8 bp (Fig. 8). Mutations
in this region did not simply alter the specificity of transcrip-
tion initiation. Levels of expression were dramatically re-
duced as measured by both ,-Gal activity and a-Gal mRNA
levels. In addition, no new mRNA start sites were observed
as a result of the inserted mutations, only minor start sites
that were utilized in the unmutated promoters. Furthermore,
primer extension experiments with the RNA from vgHC.4-
infected cells indicated the essential role for the initiation
element in determining the start site of transcription. The
mechanism by which this initiation element functions is not
clear. Its location near the start of transcription resembles
that of the recently described initiator elements (Inr) (14, 15).
Such elements have been defined as having the ability to
independently direct initiation of transcription by RNA
polymerase II and the ability to be activated in the absence
of a TATA element by an upstream activator element.
Although it is not known at this time whether the gC or gH
element will function in such a manner in an in vitro
transcription assay, evidence to date indicates that in the
context of the viral genome, an upstream TATA element is
necessary. Figure 8 shows the sequences of two well-
characterized Inr elements, that of the murine terminal
deoxynucleotidyltransferase (TdT) gene and the adenovirus
major late (AdML) promoter. The gC initiation element
shares 7 of 8 nucleotides with the TdT Inr and 8 of 10
nucleotides with the AdML Inr; the gH initiation element

J. VIROL.
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C
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FIG. 6. Substitution of gH promoter sequences into the gC
promoter. (A) Sequences from -83 to +13 and from -83 to -12
were inserted into the gC promoter at + 15 and -15, respectively, as

described in Materials and Methods. The p-Gal activity was mea-

sured at 24 h postinfection as previously described (12, 20). (B)
Primer extension analysis of RNA from cells infected with vCP27
(lane 27), vgHC.2 (lane 2), vgCP28 (lane 28), and vgHC.4 (lane 4)
and a p-Gal-specific primer. Each primer extension was run along-
side a sequencing reaction prepared with the p-Gal primer and the
corresponding plasmid DNA. (C) Extension of the gC primer and
the same RNAs. Each primer extension reaction contained both
p-Gal and gC primers. The gC extension products shown here are

from the same reaction and the same gel as the p-Gal extension
products shown in panel B.

shares 4 of 4 and 5 of 8 nucleotides with the TdT and AdML
Inr, respectively. Figure 8 shows the nucleotides of the gC
and gH initiation elements (in bold) that match a correspond-
ing nucleotide in either the TdT or AdML Inr element.
Preliminary inspection of sequences from selected HSV-1
genes (10) did not reveal obvious sequence similarities at the

*...... ....... ... *..

'..'! ..;.. .; ....

4A 1 4.1 3
FIG. 7. Substitution of gC promoter sequences into the gH

promoter. (A) Sequences from -114 to +15 and -114 and -15 of
the gC promoter were inserted into the gH promoter at +13 and

-12, respectively. The p-Gal activity was measured at 24 h postin-
fection. (B) RNA was isolated from cells infected with vgHL4.4
(lane 4.4), vgHC.1 (lane 1), vgHL4.1 (lane 4.1), and vgHC.3 (lane 3)
and used for primer extension with both the p-Gal and gC primers in

the same reaction. The p-Gal extension products are shown along-
side sequence ladders prepared by using the p-Gal primer and the

corresponding plasmid DNA. In the sequence ladder alongside the

vgHC.3 RNA primer extension, the T and G lanes are reversed. (C)
The extension products of the gC primer from the same reaction and

same gel shown in panel B.

start site of the IE 110K, 175K, or 63K gene or the early
thymidine kinase, ribonucleotide reductase, or DNA poly-
merase gene. Similarities could be found in the gE and UL48
(VP16) genes but not in other reported late genes such as

Us1 or UL42. It remains to be determined whether the
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80

110

110
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5- CCCTCATTCTG-3'

5-TCCTCACTCTC-3'

TdT/AdML 5'- crr C C T C Ac/f T C TG/c-3'

gC

gH

5'- CCCTCACTAcC-3'

5- TGTTCAT AAAC-3'

FIG. 8. Comparison of the TdT and the AdML promoter initia-
tors with the initiation elements of the gC and gH promoters.
Nucleotide sequences of the murine TdT and AdML promoter Inr
elements (14) are indicated in the top two lines. The third line is the
consensus sequence of the two Inr elements. Sequences at the start
site of the HSV-1 gC and gH genes are shown for comparison, with
bold letters representing matches with either the TdT or AdML Inr
element.

initiation elements are common to HSV-1 late promoters and
whether they are functionally equivalent to Inr elements.
The identification of three similarly spaced sequence ele-

ments in the gC and gH promoters suggests that such
elements may be common components of HSV-1 late pro-
moters and, together with the absence of any activating
elements upstream from the TATA element, may distinguish
late promoters from other classes of viral promoters. It is not
known at this time how such elements temporally regulate
late gene transcription. None of the mutations in our study
altered the temporal expression from the two promoters,
although it is possible that there are other regulatory ele-
ments that were undetected in our analysis. However, it
seems most likely that the factors that interact with the
cis-acting sequence elements to direct late gene transcription
either are not available until after DNA replication or are

prohibited from interacting with such elements until after
DNA replication. Identification of the factors that interact
with the sequence elements of late HSV-1 promoters and the
time period when these factors are present in the infected
cell should lead to a better understanding of the regulation of
HSV-1 gene expression.
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