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results indicate that transcription of the gC-TK chimeric
gene initiated from the same transcription start site as the
wild-type gC gene. These data unambiguously show that the
Y2 promoter sequences of the gC gene reside within nucleo-
tides -34 to + 124.

DISCUSSION

We have constructed a set of HSV-1 deletion mutants to
analyze the sequences required for the regulated expression
of the HSV-1 Y2 gC gene. We draw two major conclusions
from this work. First, transcription of gC from the intact
HSV chromosome during lytic infection requires sequences
located between -34 and +14. This conclusion is based on
the following data: (i) deletion viruses Al, A2, A3, and A9, all
missing a common sequence between residues -144 and
+ 14, did not produce a detectable gC transcript; (ii) deletion
viruses, A4 through A8, lacking sequences upstream of -34
accumulated wild-type levels of correctly initiated gC tran-
scripts; and (iii) sequences located between -34 and +124
functioned as a promoter when substituted for the wild-type
TK promoter, as shown with mutant virus A8TK. The
second conclusion we draw from this work is that sequences
responsible for the Y2 character of the gC gene, the require-
ment of viral DNA replication for gC expression, are located
between residues -34 and + 124. This conclusion is based on
the fact that the -34 to + 124 sequence was capable of
converting the TK gene from a p to a Y2 gene. This was
shown by constructing a gC-TK chimeric gene in which the
-34 to +124 sequence was fused in the correct transcrip-
tional orientation onto the 5'-transcribed noncoding and
coding sequences of the TK gene. This construct was then
inserted into the HSV-1 genome via homologous recombi-
nation so that the wild-type TK gene was replaced by the
chimeric gC-TK gene. Analysis ofmRNA transcribed off the
chimeric gene showed that transcription initiated at the same
transcription start site as the wild-type gC gene and that
expression of this chimeric gene was barely detectable in the
absence of viral DNA synthesis. Having shown that expres-
sion of the gC-TK chimeric gene is extremely sensitive to
inhibition ofDNA synthesis, we conclude that in this respect
it is transcriptionally regulated like the wild-type gC gene
and unlike the wild-type TK gene. Although the level of
DNA replication inhibition in experiments with chemical
inhibitors has generally been estimated at more than 98%
(25), it is possible that the very small amount of TK mRNA
seen in the PAA-treated A8TK infection is due to the low
levels of DNA replication inherent in these experiments.

Previous work on the regulation of HSV gene expression
has shown that there is a defined region upstream of the
mRNA cap site for both a and genes which is required for
fully regulated expression of these genes. In the case of the
a genes the upstream sequences contain physically separa-
ble and movable promoter and regulatory sequences (6, 33,
35, 49). Promoter sequences are located approximately 110
bp 5' of the mRNA cap site and permit expression but not
induction, while the regulatory sequences are located up-
stream of -110 and confer a-specific induction. In the case
of the P genes, sequences important for promoter activity in
the absence of viral products and those involved in trans-
activation by viral immediate-early proteins apparently over-
lap (12, 13, 15, 16, 23, 40-42, 52, 56). Deletion analysis of the
early HSV-1 TK and gD promoters has shown that se-
quences necessary for both expression and induction lie
within 100 bp (for TK) and 83 bp (for gD) of the transcription
start sites of these genes (12, 15, 23, 40, 52, 56). In the case

M MOCK A9 KOS

U
4362 WO

3235

2670

1 69

-gB

9gc

II.

1 i 2

FIG. 10. Northern blot hybridization ofRNA isolated from wild-
type and A9-infected Vero cells. RNA (10 ,ug) isolated at 7 h
postinfection from cells infected with the indicated virus were
denatured in glyoxal, size fractionated on a 1% agarose gel, and
transferred to a nylon membrane. The blot was probed with a
mixture of plasmids pSG22-EH8, containing the gC gene, and
pSG18-Stll, containing the gB gene, both made radioactive by nick
translation. Lane M, Size markers as described in the legend to Fig.
7A.

of the TK gene this region contains three areas sensitive to
mutations (41). The transcriptional signal located most prox-
imal to the TK mRNA cap site contains the evolutionarily
conserved TATA homology. Studies with a number of
eucaryotic structural genes indicate that this sequence is
important in determining the location of the 5' end of the
mRNA (for a review, see reference 3). Two areas upstream
of the TATA homology were also observed. These distal
signals share an inverted hexanucleotide repeat sequence.
The first upstream sequence is located at about -50 and the
second at about -90. Mutations which alter or remove the
-50 or -90 sequences drastically reduce the levels of
constitutive and HSV-1-induced expression of TK (12, 13,
23, 40-42, 52, 56). Everett (15, 16) has reported a similar,
although not identical, set of sequences located upstream of
the gD gene which are essential for regulated expression of
gD.
One of the most intriguing findings we present in this

report is that all signals necessary for fully regulated tran-
scription of the gC gene promoter lie 3' of nucleotide -35.
Within the 34 bases upstream of the gC transcription start
site is the TATA sequence at -30 (Fig. 2). Therefore, and in
contrast to a and P genes, sequences upstream of the TATA
sequence are not required for regulated expression of the _Y2
gC gene. This would imply that sequences downstream of
-35 contain signals which are responsive to viral trans-
activation and signals which prevent expression of gC prior
to the onset of viral DNA replication. Moreover, since the
-34 to + 124 region functions as a Y2 promoter when moved
in front of the TK structural gene, the 'Y2 promoter elements
must reside within this 158-bp fragment. Consistent with
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FIG. 11. Scheme used to construct recombinant virus A8TK. Plasmid pXl contains the 3.5-kb BamHI fragment Q (map units 0.311 to
0.316) of HSV DNA cloned into the BamHI site of pBR322 (14). In the prototype arrangement of HSV DNA, the direction of transcription
of the TK gene, within this fragment, is from right to left. The numbers next to the BgIH, PvuII, and XhoI restriction enzyme sites refer to
the location of these sites relative to the 5' terminus of the TK mRNA. The construction of pXl-X and pX1A8TK is described in the text.
After cotransfection of HSV A2 DNA with a BamHI digest of pX1A8TK, in situ hybridization screening yielded a virus, A8TK, in which
sequences of the TK promoter-regulatory region between bases -197 and +52 were deleted and replaced by sequences of the gC promoter
between -34 and +124.

such a conclusion are the results of mutant virus ,BGC
infections, in which the insertion of the TK promoter-
regulatory sequences in front of the structural sequences of
the gC gene was found to be sufficient to negate the DNA
replication requirement for gC expression.

In addition to the requirement for viral DNA synthesis,
expression of Y2 genes is also dependent on the availability of
a functional a4 protein. De Luca et al. (9, 10) have shown
that a subset of the ts mutants in group 1-2 (ICP4 gene)
induce the synthesis of appreciable levels of early
polypeptides and viral DNA at the nonpermissive tempera-
ture, but do not express late polypeptides. A similar require-
ment for aICP27 for late gene expression has also been noted
by Sacks et al. (50). Expression of late viral genes may
therefore require both functional ICP4 and ICP27.
Mavromara-Nazos et al. (37) recently reported that a y2-TK
chimeric gene cotransfected with DNA fragments carrying
an intact a4 or intact aO gene is induced for TK. We find
similar results in cotransfection experiments with a plasmid
in which the -34 to + 124 sequences of the gC promoter are
fused onto the structural sequences of the bacterial chlor-

amphenicol acetyltransferase gene, suggesting that se-
quences responsive to induction by immediate-early gene
products reside within the -34 to + 124 sequence (M.
Shapira, F. Homa, J. Glorioso, and M. Levine, unpublished
data).
One model for the regulation of Y2 gene expression is that

transcription is solely dependent on a proteins. However, in
a normal infection, transcription of Y2 genes occurs at low
levels from unreplicated genomes due to weak promoter
activity. Viral DNA replication amplifies the number of
templates available for transcription, resulting in increased
expression of the Y2 gene. In line with this model are our
findings that upstream sequences are dispensable for normal
expression of the Y2 gC gene. The lack of distal control
signals may reflect an intrinsic difference in promoter
strength between a, P, and y genes. The gC gene may
therefore be active early in infection but at levels too low to
detect steady-state mRNA.
A second model for the regulation of _Y2 genes in that a

repressor molecule blocks trans-activation by a gene prod-
ucts by binding to the _Y2 promoter. For the gC promoter, the
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FIG. 12. Analysis of transcripts produced by wild-type and A8TK mutant infections. RNA was isolated from KOS- and mutant-infected
cells maintained in medium containing 400 ,ug of PAA (lanes +) per ml or drug-free medium (lanes -). (A) Autoradiographic exposure of a
sequencing gel used to map TK-, gB-, and gC-specific primer extension products. RNA (10 ,ug) prepared from cells infected with the indicated
virus was hybridized to a mixture of two primers. For mapping TK transcripts, the primer mix consisted of an 83-nucleotide BglII-MluI
TK,specific primer in combination with the 72-nucleotide gB-specific primer described in the legend to Fig. 7 (lanes 1 through 5). For mapping
the common 5' nontranslated regions of the gC and gC-TK mRNAs, the 28-nucleotide BglII-HpaII primer described in the legend to Fig. 3
was used in combination with the 72-nucleotide gB primer (lanes 6 and 7). Listed on the right are the predicted sizes (in bases) and expected
positions (arrows) of the primer extension products produced from (top to bottom) the TK transcript of A8TK, the gB transcripts of KOS and
A8TK, the TK transcript of KOS, and the gC transcript of KOS plus the TK transcript of A8TK. Lane M, Size markers, as described in the
legend to Fig. 7. (B) Autoradiographic exposure of a Northern blot used to detect TK- and gB-specific mRNA. RNA (10 ,ug) isolated from
cells infected with the indicated virus was denatured in glyoxal, size fractionated on a 1% agarose gel, and transferred to a nylon membrane.
The blot was probed with a mixture of plasmid pX1, containing the TK gene, and pSG18-Stll, containing the gB gene, both made radioactive
by nick translation. The 4.5-kb band found in all the samples was due to hybridization of the probe with rRNA. Lane M, Size markers as

dFscribed in the legend to Fig. 7A.

repressor would be bound somewhere within the -34 to
+ 124 region. Presumably, viral DNA replication alters tem-
plate structure and relieves the repression. A number of
experimental findings are consistent with this model. First,
Silver and Roizman (51) have shown that a Y2 gene is
differentially regulated depending on its genomic location.
They found that a chimeric -y2-TK gene resident in a cellular
gepome could be induced by viral infection in the absence of
viral DNA replication. This same gene recombined into the
viral genome was dependent on viral DNA replication for
efpression. Second, as described above, in transient expres-
sion assays Y2 promoters can be induced by either the a4 or

etO genes. These data suggest that the repressor would be a
yirus-encoded protein or a cellular protein activated by viral
ipfection. Third, studies by Godowski and Knipe (19) sug-

gest that DNA replication is not an absolute requirement for
_Y2 gene expression. Temperature-sensitive mutants encod-
ing a defective ,1 gene product, ICP8, at the nonpermissive
temperature were found to express low levels of gC, sug-
gesting that ICP8 either directly or indirectly affects tran-
scription of the gC gene. Fourth, Persson et al. (45) have
reported that a cell line constitutively expressing the ICP4
and possibly the ICP47 immediate-early genes supported
activation of ,1 and lYl genes introduced into the cell by viral
infection under conditions that preclude de novo viral pro-
tein synthesis, but under identical conditions this cell line did
not activate expression of the _Y2 gC gene. These results
underscore the difference in response of a plasmrid-borne or
chromosomally integrated Y2 gene and one resident in viral
DNA to induction by trans-acting viral gene products.
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Experiments to test the validity of each model are in
progress.

Finally, a comment on the method used to generate the
HSV deletion and insertion mutants used in this study is in
order. The unique aspect of this procedure is that the mutant
viruses were isolated by a simple in situ hybridization
screening procedure. Therefore, no selective pressure need
be applied as for the site-specific insertion-deletion tech-
nique described by Post and Roizman (47), which relies on
selection for and against the HSV TK gene. The technique is
applicable to creating either deletion or insertion mutants
and requires only that a unique sequence be present in the
recombinant viral genome to which a labeled probe can be
hybridized.
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