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FIG. 11. Scheme used to construct recombinant virus A8TK. Plasmid pX1 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 BglII, Pvull, and Xhol restriction enzyme sites refer to
the location of these sites relative to the 5’ terminus of the TK mRNA. The construction of pX1-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 vy, 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 zs 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 vy,-TK
chimeric gene cotransfected with DNA fragments carrying
an intact a4 or intact a0 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Shapira, F. Homa, J. Glorioso, and M. Levine, unpublished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 -y, gene expression is that
transcription is solely dependent on a proteins. However, in
a normal infection, transcription of vy, 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 vy, gene. In line with this model are our
findings that upstream sequences are dispensable for narmal
expression of the vy, gC gene. The lack of distal control
signals may reflect an intrinsic difference in promoter
strength between «, B, and vy 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 vy, genes in that a
repressor molecule blocks rans-activation by a gene prod-
ucts by binding to the vy, 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 p.g 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 pg) 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 Bg/lI-Mlul
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 Bg/II-Hpall 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 mnRNA. 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-St11, 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

described 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 <y, gene is
differentially regulated depending on its genomic location.
They found that a chimeric v,-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
expression. Second, as described above, in transient expres-
sion assays <y, promoters can be induced by either the a4 or
20 genes. These data suggest that the repressor would be a
virus-encoded protein or a cellular protein activated by viral
infection. Third, studies by Godowski and Knipe (19) sug-

gest that DNA replication is not an absolute requirement for
v, gene expression. Temperature-sensitive mutants encod-
ing a defective B 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 B and vy; 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 y, gC gene. These results
underscore the difference in response of a plasmid-borne or
chromosomally integrated vy, 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
HSYV 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
hybnidized.

ACKNOWLEDGMENTS

We thank Alexandra Krikos and Michal Shapira for suggestions
and criticisms on experimental methods and interpretations of this
work and Monika Knobloch Homa for careful reading of the
manuscript.

This work was supported by Public Health Service grants
AI-17900, AI-18228, RR-00200, and GM-34534 from the National
Institutes of Health. F.L.H. was supported by Public Health Service
Award T32-CA09281 from the National Institutes of Health. T.M.O.
was supported by Public Health Service Award CA-07540 from the
National Institutes of Health.

LITERATURE CITED

1. Batterson, W., and B. Roizman. 1983. Characterization of the
herpes simplex virion-associated factor responsible for induc-
tion of a genes. J. Virol. 46:371-377.

2. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

3. Breathnach, R., and P. Chambon. 1981. Organization and ex-
pression of eucaryotic split gene coding for proteins. Annu.
Rev. Biochem. 50:349-383.

4. Campbell, M., J. Palfreyman, and C. M. Preston. 1984. Identi-
fication of herpes simplex virus DNA sequences which encode
a trans-acting polypeptide responsible for stimulation of imme-
diate early transcription. J. Mol. Biol. 180:1-19.

S. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:
5294-5299.

6. Cordingley, M., M. Campbell, and C. M. Preston. 1983. Func-
tional analysis of a HSV-1 promoter: identification of far-
upstream regulatory sequences. Nucleic Acids Res. 11:
2347-2365.

7. Costa, R. H., K. G. Draper, G. Devi-Rao, R. L. Thompson, and
E. K. Wagner. 1985. Virus-induced modification of the host is
required for expression of the bacterial chloramphenicol acetyl-
transferase gene controlled by a late herpes simplex virus
promoter (VPS). J. Virol. 56:19-30.

8. Dalrymple, M. A., D. J. McMeoch, A. J. Davison, and C. M.
Preston. 1985. DNA sequence of the herpes simplex virus type
1 gene whose product is responsible for transcriptional activa-
tion of immediate early promoters. Nucleic Acids Res.
13:7865-7879.

9. DeLuca, N. A., M. A. Courtney, and P. A. Schaffer. 1984.
Temperature-sensitive mutants in herpes simplex virus type 1
ICP4 permissive for early gene expression. J. Virol. 52:767-776.

10. DeLuca, N. A., and P. A. Schaffer. 1985. Activation of immedi-
ate-early, early, and late promoters by temperature-sensitive
and wild-type forms of herpes simplex virus type 1 protein
ICP4. Mol. Cell. Biol. 5:1997-2008.

11. Dennis, D., and J. R. Smiley. 1984. trans-Activation of a late
herpes simplex virus promoter. Mol. Cell. Biol. 4:544-551.

12. Eisenberg, S. P., D. M. Coen, and S. L. McKnight. 1985.
Promoter domains required for expression of plasmid-borne
copies of the herpes simplex virus thymidine kinase gene in

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

TRANSCRIPTIONAL CONTROL SIGNALS OF AN HSV-1 vy, GENE 3665

virus-infected mouse fibroblasts and microinjected frog oocytes.
Mol. Cell. Biol. 5:1940-1947.

El Kareh, A., A. J. M. Murphy, T. Fichter, A. Efstratiadis, and
S. Silverstein. 1985. ‘‘Transactivation’’ control signals in the
promoter of the herpesvirus thymidine kinase gene. Proc. Natl.
Acad. Sci. USA 82:1002-1006.

Enquist, L. W., G. F. VandeWoude, M. Wagner, J. R. Smiley,
and W. C. Summers. 1979. Construction and characterization of
a recombinant plasmid encoding the gene of the thymidine
kinase of herpes simplex type 1 virus. Gene 7:335-342.
Everett, R. D. 1983. DNA sequence elements required for
regulated expression of the HSV-1 glycoprotein D gene lie
within 83 bp of the RNA cap sites. Nucleic Acids Res.
11:6647-6667.

Everett, R. D. 1984. A detailed analysis of an HSV-1 early
promoter: sequences involved in trans-activation by viral imme-
diate-early gene products are not early-gene specific. Nucleic
Acids Res. 12:3037-3056.

Frink, R. J., K. P. Anderson, and E. K. Wagner. 1981. Herpes
simplex virus type 1 HindIII fragment L encodes spliced and
complementary mRNA species. J. Virol. 39:559-572.

Frink, R. J., R. Eisenberg, G. Cohen, and E. K. Wagner. 1983.
Detailed analysis of the portion of the herpes simplex virus type
1 genome encoding glycoprotein C. J. Virol. 45:634-647.
Godowski, P. J., and D. M. Knipe. 1985. Identification of a
herpes simplex virus function that represses late gene expres-
sion from parental viral genomes. J. Virol. 5§5:357-365.
Godowski, P. J., and D. M. Knipe. 1986. Transcriptional control
of herpesvirus gene expression: gene functions required for
positive and negative regulation. Proc. Natl. Acad. Sci. USA
83:256-260.

Goldin, A. L., R. M. Sandri-Goldin, M. Levine, and J. C.
Glorioso. 1981. Cloning of herpes simplex virus type 1 se-
quences representing the whole genome. J. Virol. 38:50-58.
Grahman, F. L., and A. J. van der Eb. 1973. A new technique
for the assay of infectivity of human adenovirus 5 DNA.
Virology 52:456—467.

Halpern, M. E., and J. R. Smiley. 1984. Effects of deletions on
expression of the herpes simplex virus thymidine kinase gene
from the intact viral genome: the amino terminus of the enzyme
is dispensable for catalytic activity. J. Virol. 50:733-738.
Heine, J. W., R. W. Honess, E. Cassai, and B. Roizman. 1974.
Proteins specified by herpes simplex virus. XII. The virion
polypeptides of type 1 strains. J. Virol. 14:640-561.

Holland, L., K. Anderson, C. Shipman, Jr., and E. Wagner.
1980. Viral DNA synthesis is required for the efficient expres-
sion of specific HSV-1 mRNA speciés. Virology 101:10-24.
Holland, L. E., R. M. Sandri-Goldin, A. L. Goldin, J. C.
Glorioso, and M. Levine. 1984. Transcriptional and genetic
analyses of the herpes simplex virus type 1 genome: coordinates
0.29 to 0.45. J. Virol. 49:947-959.

Holland, T. C., F. L. Homa, S. D. Marlin, M. Levine, and J.
Glorioso. 1984. Herpes simplex virus type 1 glycoprotein C-
negative muitants exhibit multiple phenotypes, including secre-
tion of truncated glycoproteins. J. Virol. 52:566—674.

Holland, T. C., S. D. Marlin, M. Levine, and J. Glorioso. 1983.
Antigenic variants of herpes simplex virus selected with glyco-
protein-specific monoclonal antibodies. J. Virol. 45:672-682.
Holland, T. C., R. M. Sandri-Goldin, L. E. Holland, S. D.
Marlin, M. Levine, and J. C. Glorioso. 1983. Physical mapping
of the mutation in an antigenic variant of herpes simplex virus
type 1 by use of an immunoreactive plaque assay. J. Virol.
46:649-652.

Homa, F. L., D. J. M. Purifoy, J. C. Glorioso, and M. Levine.
1986. Molecular basis of the glycoprotein C-negative pheno-
types of herpes simplex virus type 1 mutants selected with a
virus-neutralizing monoclonal antibody. J. Virol. 58:281-289.
Honess, R. W., and B. Roizman. 1974. Regulation of herpesvirus
macromolecular synthesis. I. Cascade regulation of the synthe-
sis of three groups of viral proteins. J. Virol. 14:8-19.

Honess, R. W., and B. Roizman. 1975. Regulation of herpesvirus
macromolecular synthesis: sequential transition of polypeptide
synthesis requires functional viral polypeptides. Proc. Natl.

1senb Ag 6T0Z ‘ST 4200100 uo /Hi0 wse gow//:dny wolj papeojumoq


http://mcb.asm.org/

3666

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

HOMA ET AL.

Acad. Sci. USA 72:1276-1280.

Kristie, T. M., and B. Roizman. 1984. Separation of sequences
defining basal expression from those conferring a gene recogni-
tion within regulatory domains of herpes simplex virus 1 o
genes. Proc. Natl. Acad. Sci. USA 81:4065-4069.

Mackem, S., and B. Roizman. 1982. Structural features of the
herpes simplex virus o gene, 4, 0, and 27 promoter-regulatory
sequences which confer alpha regulation on chimeric thymidine
kinase genes. J. Virol. 44:939-944.

Mackem, S., and B. Roizman. 1982. Differentiation between
promoter and regulatory regions of herpes simplex virus 1: the
functional domains and sequence of a moveable a regulator.
Proc. Natl. Acad. Sci. USA 79:4917-4921.

Maniatis, T., E. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Mavromara-Nazos, P., S. Silver, J. Hubenthal-Vess, J. L. C.
McKnight, and B. Roizman. 1986. Regulation of herpes simplex
virus 1 genes: a gene sequence requirements for transient
induction of indicator genes regulated by B or late (y,) promot-
ers. Virology 149:152-164.

Maxam, A., and W. Gilbert. 1980. Sequencing end-labeled DNA
with base-specific chemical cleavages. Methods Enzymol.
65:499-559.

McKnight, S. L. 1980. The nucleotide sequence and transcript
map of the herpes simplex virus thymidine kinase gene. Nucleic
Acids Res. 8:5949-5964.

McKnight, S. L., E. R. Gavis, R. Kingsbury, and R. Axel. 1981.
Analysis of transcriptional regulatory signals of the HSV thy-
midine kinase gene: identification of an upstream control region.
Cell 25:385-398.

McKnight, S. L., and R. Kingsbury. 1982. Transcriptional
control signals of a eukaryotic protein-coding gene. Science
217:316-324.

McKnight, S. L., R. Kingsbury, A. Spence, and M. Smith. 1984.
The distal transcription signals of the herpes virus tk gene share
a common hexanucleotide control sequence. Cell 37:253-262.
Pellett, P. E., K. G. Kousoulas, L. Pereira, and B. Roizman.
1985. Anatomy of the herpes simplex virus 1 strain F glycopro-
tein B gene: primary sequence and predicted protein structure
of the wild type and monoclonal antibody-resistant mutants. J.
Virol. 53:243-253.

. Pellett, P. E., J. L. C. McKnight, F. J. Jenkins, and B. Roizman.

1985. Nucleotide sequence and predicted amino acid sequence

45.

47.

48.

49.

50.

52.

54.

55.

56.

Mot. CELL. BioL.

of a protein encoded in a small herpes simplex virus DNA
fragment capable of trans-inducing o genes. Proc. Natl. Acad.
Sci. USA 82:5870-5874.

Persson, R. H., S. Bacchetti, and J. R. Smiley. 1985. Cells that
constitutively express the herpes simplex virus immediate-early
protein ICP4 allow efficient activation of viral delayed-early
genes in trans. J. Virol. 54:414-421.

. Post, L. E., S. Mackem, and B. Roizman. 1981. Regulation of o

genes of herpes simplex virus: expression of chimeric genes
produced by fusion of the thymidine kinase with a gene pro-
moters. Cell 24:555-565.

Post, L. E., and B. Roizman. 1981. A generalized technique for
deletion of specific genes in large genomes: o gene 22 of herpes
simplex virus type 1 is not essential for growth. Cell 25:227-
232.

Preston, C. M. 1979. Control of herpes simplex virus type 1
mRNA synthesis in cells infected with wild-type virus or the
temperature-sensitive mutant tsK. J. Virol. 29:275-284.
Preston, C. M., M. Cordingley, and N. Stow. 1984. Analysis of
DNA sequences which regulate the transcription of a herpes
simplex virus immediate-early gene. J. Virol. 50:708-716.
Sacks, W. R., C. C. Greene, D. P. Aschman, and P. A. Schaffer.
1985. Herpes simplex virus type 1 ICP27 is an essential regula-
tory protein. J. Virol. 55:796-805.

. Silver, S., and B. Roizman. 1985. y,-thymidine kinase chimeras

are identically transcribed but regulated as vy, genes in herpes
simplex virus genomes and as 8 genes in cell genomes. Mol.
Cell. Biol. 5:518-528.

Smiley, J. R., H. Swan, M. Pater, A. Pater, and M. Halpern.
1983. Positive control of the herpes simplex virus thymidine
kinase gene requires upstream DNA sequences. J. Virol.
47:301-310.

. Stow, N. D., and N. M. Wilkie. 1976. An improved technique for

obtaining enhanced infectivity with herpes simplex virus type 1
DNA. J. Gen. Virol. 33:447-458.

Thomas, P. S. 1980. Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. USA 77:5201-5205.

Villarreal, L. P., and P. Berg. 1977. Hybridization in situ of
SV40 plaques: detection of recombinant SV40 virus containing
sequences of nonviral DNA. Science 196:183-185.

Zipser, D., L. Lipsich, and J. Kwoh. 1981. Mapping functional
domains in the promoter region of the herpes thymidine kinase
gene. Proc. Natl. Acad. Sci. USA 78:6276-6280.

1senb Ag 6T0Z ‘ST 4200100 uo /Hi0 wse gow//:dny wolj papeojumoq


http://mcb.asm.org/

