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Operationally, a genes of herpes simplex virus 1 were defined on the basis of
the observations that they are the earliest genes expressed in the infected cell and
that the transcription, processing, and accumulation of the mRNA's in the
infected cell cytoplasm can take place in the presence of inhibitors of protein
synthesis, such as cyclohexiniide. In these studies, we translated in vitro the viral
mRNA's extracted from cells infected and maintained in the presence of cyclo-
heximide, emetine, or anisomycin. Inasmuch as all the major a proteins (no. 0, 4,
22, and 27) were translated, we conclude that the transcription of all previously
defined a genes is independent of the stringency of inhibition of protein synthesis
and that pre-a genes cannot be detected in such experiments.

Previous studies have shown that herpes sim-
plex virus 1 (HSV-1) genes form at least three
groups, whose expression is coordinately regu-
lated and sequentially ordered in a cascade fash-
ion (7, 8). The three groups identified so far and
designated as a, ,B, and 'y, are operationally de-
fined on the basis of the temporal order and
requirements for their expression. Thus, a genes
are the earliest genes expressed after infection,
and mRNA's specifying a gene products are
made and translocated into the cytoplasm in the
presence of inhibitors of protein synthesis, such
as cycloheximide (5). The ,6 genes require func-
tional a proteins for their expression; however,
their expression is independent of viral DNA
synthesis (9). The y gene products reach peak
levels of synthesis only late in infection, and the
increase in their rate ofsynthesis late in infection
is dependent on viral DNA synthesis.
This report concerns the requirements for the

expression of a genes. Relevant to the experi-
mental results we report are the following obser-
vations.

(i) The four major a genes coding for the
infected-cell polypeptides (ICP) 0, 4, 22, and 27
have been extensively mapped (1, 3, 9, 14, 18).
The genes specifying ICPs 22 and 27 are tran-
scribed off one strand, whereas those specifying
ICPs 0 and 4 are transcribed off the complemen-
tary strand (3, 14, 18). Each a gene is transcribed
from a separate promoter (14). Moreover, the
sequences encoding the 5' termini of the
mRNA's are not homologous to an extent de-

tectable by hybridization. HSV DNA is known
to be transcribed by host RNA polymerase II
(4). These observations raise the question as to
how coordinate expression of a genes is effected.

(ii) A previous report from this laboratory has
shown that a chimeric thymidine kinase (tk)
gene, constructed by fusion of a ICP 4 promoter
to the structural sequences of the thymidine
kinase gene (a 16 gene), is transcribed from the
a promoter and functions as an a gene (16).
However, these studies also showed that a genes
are positively regulated. Both the standard (O8)
thymidine kinase gene and the chimeric (a) thy-
midine kinase gene can convert Ltk- cells to tk+
phenotype. Whereas the induction of the 16 thy-
midine kinase in cells superinfected with tk-
virus was dependent on the function of a ICP 4
and was inhibited by cyclohexiimide, the induc-
tion of a thymidine kinase was independent of
a ICP 4 gene, and its transcription was induced
in the presence of cycloheximide. These results
suggested that a gene expression is positively
regulated by either a virion-associated factor or
by a pre-a gene whose product is translated, in
trace amounts, in the presence of cycloheximide.

(iii) Studies on the early transcription of the
adenovirus genome indicated that the apparent
temporal order of transcription of these genes
varies with the stringency ofinhibition ofprotein
synthesis. Thus it has been reported that only a
portion of one of the four major early transcrip-
tional units is transcribed in the presence of
emetine (12), and elegant studies with host-
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FIG. 1. Autoradiographic images of electrophoretically separated polypeptides translated in vitro from
RNA extracted from the cytoplasm of infected Vero (A) or HEp-2 (B) cell cultures. Vero or HEp-2 cells were
preincubated with (i) 50 pg of cycloheximide (Cy.) per ml for 30 min, (ii) 50 pg of emetine (Em.) per ml for 10
min, or (iii) 100X pM anisomycin (An.) for 30 min and were then infected with 50PFU ofHSV-1 (F) per cell and
incubated in the presence of the drug. At 5 h postinfection, total cytoplasmic RNA was extracted, and 2 pg
was used to program a reticulocyte translation system (New England Nuclear Corp., Boston, Mass.)
supplemented with [3S]methionine, all as previously described (14). The products of translation were
separated on a 9.25% sodium dodecyl sulfate-polyacrylamide gel, along with the products of translation of
total cytoplasmic RNA extracted from uninfected cells (Mock) and the products made in the absence of any
added RNA (End.). Theprocedures for electrophoresis were published elsewhere (15). a ICPs are indicated to
the left ofthe figure. Polypeptides extracted from mock-treated HEp-2 cells labeled with [3S]methionine from
1 to 3 h postinfection with 20 PFU of virus per cell are also shown for comparison. The procedures for
maintaining and infecting Vero and HEp-2 cells and the properties of the HSV-1 (F) strain were described
elsewhere (5, 7-9, 11, 16). In both this andpreceding studies (14), the ICP 4produced in vitro comigrated with
the most rapidly migrating form ofICP 4 produced in the infected cells. This form was previously designated
as ICP 4a (15). During studies with purified mRNA (14), it was observed that the efficiency of translation of
ICP 4 mRNA is lower than that of other a mRNA's, possibly because of size, secondary structure, or other
factors.
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range mutants have demonstrated that the func-
tion of this "pre-early" region is required for the
subsequent expression of the remaining early
genes (2, 10). Further studies with an even more
stringent inhibitor (anisomycin) revealed that
even transcription of the pre-early genes re-
quires low levels of de novo protein synthesis
(13). In the presence of this drug, the infected
cell accumulates transcripts initiated from the
major late promoter and containing promoter
proximal regions of the major late transcrip-
tional unit. That these promoter-proximal late
transcripts form an immediate early class is also
indicated by in vitro transcription (19) and in
vivo pulse-labeling studies (17). Thus, studies
using inhibitors of protein synthesis have been
instrumental in dissecting the order of adenovi-
rus early transcription, and the results of these
experiments have been borne out by other lines
of evidence, using both genetic and biochemical
tools.
The evidence that a genes are coordinately

expressed even though they are transcribed in-
dependently, the apparent positive regulation of
chimeric genes transcribed offa gene promoters,
and the studies on the adenovirus early gene
transcription led us to investigate the effect of
the stringency of inhibition of protein synthesis
on the temporal order of transcription of the
HSV-1 genome.

In these experiments Vero and HEp-2 cells
were treated with cycloheximide, emetine, or

anisomycin as described in Table 1, footnote a.

The treated cells were infected and maintained
in the presence of the drugs, and cytoplasmic
RNA was extracted at 5 h postinfection and
translated in vitro as described in the legend to
Fig. 1. Because HSV contains a virion host
shutoff factor (6), a polypeptides are readily
discerned among the translation products of to-
tal cytoplasmic RNA. This method for assessing
the presence of a gene transcripts was preferred
inasmuch as it assays for functional message,

whereas hybridization could also detect abortive
transcription. RNAs extracted from the cyto-
plasm of either HSV-infected Vero or HEp-2
cells treated with the various drugs translated
ICPs 0, 4, 22, and 27 (Fig. 1). The extent of
inhibition of protein synthesis achieved in each
instance is summarized in Table 1.
The results of these studies show that all

major a genes are transcribed even under the
most stringent inhibition of protein synthesis
attained with anisomycin (>99% reduction) and
that none requires for its transcription de novo
protein synthesis greater than that which es-
capes inhibition in anisomycin-treated cells. The
failure to detect pre-a genes could indicate either
that they do not exist or that any pre-a genes

TABLE 1. Effect of three protein synthesis inhibitors
on incorporation of labeled amino acids into Vero

and HEp-2 cell protein

Length of % Residualprotein syn-
Drug Concn usepred cu thesisb

bation

(min) HEp-2 Vero

Cycloheximide 50 ug/ml 30 5.5 5.5
Emetine 50 yg/ml 10 1.1 1.8
Anisomycin 100lO M 30 0.6 1.3

a Time of exposure of cells to the drug before label-
ing with 4C-amino acids to measure levels of protein
synthesis and before adsorption of virus for the exper-
iment described in the legend to Fig. 1.

b HEp-2 or Vero cells were preincubated in medium
containing the appropriate drug for the time shown.
The medium was then replaced with medium contain-
ing the drug and one tenth the normal amount of
isoleucine, leucine, and valine, but supplemented with
equal amounts of ['4C]isoleucine, leucine, and valine
(5 ,uCi total per ml) labeled to the same specific activ-
ity. After 2 h the cells were harvested as described
(15), and solubilized samples were boiled for 5 min in
5% trichloroacetic acid, chilled, and precipitated onto
nitrocellulose filters, and the acid-insoluble radioactiv-
ity was measured in a scintillation counter. The resid-
ual incorporation of labeled amino acids in drug-
treated cells is expressed as percent incorporation of
labeled amino acids in mock-treated controls.

responsible for regulating a transcription are
functional at the RNA level, without being
translated into protein.

Anisomycin was a gift from N. Belcher of Pfizer.
S.M. is an MSTP trainee (PHS-2-T32 GM07281-C06).

These studies were supported by grants from the National
Cancer Institute, U.S. Public Health Service (PHS 2 ROlCA-
08494-16), and the American Cancer Society (ACS-MV-2P).

LITERATURE CITED
1. Anderson, K. P., R. IL Costa, L E. Holland, and E.

K. Wagner. 1980. Characterization of herpes simplex
virus type 1 RNA present in the absence of de novo
protein synthesis. J. Virol. 34:9-27.

2. Berk, A. J., F. Lee, T. Harrison, J. Williams, and P.
A. Sharp. 1979. Pre-early adenovinru 5 gene product
regulates synthesis of early viral messenger RNAs. Cell
17:935-944.

3. Clements, J. B., J. McLauchlan, and D. J. McGeoch.
1979. Orientation of herpes simplex virus type 1 imme-
diate early mRNAs. Nucleic Acids Res. 7:77-91.

4. Costanzo, F., G. Campadelli-Fiume, L Foa-Tomas,
and E. Cassai. 1977. Evidence that herpes simplex
virus DNA is transcribed by cellular RNA polymerase
II. J. Virol. 21:996-1001.

5. Fenwick, M., and B. Roizman. 1977. Regulation of
herpesvirus macromolecular synthesis. VI. Synthesis
and modification of viral polypeptides in enucleated
cells. J. Virol. 22:720-725.

6. Fenwick, M. L*, and ML J. Walker. 1978. Suppression
of the synthesis of cellular macromolecules by herpes
simplex virus. J. Gen. Virol. 41:37-51.

7. Honess, R. W., and B. Roizman. 1974. Regulation of
herpesvirus macromolecular synthesis. I. Cascade reg-
ulation of the synthesis of three groups of viral proteins.
J. Virol. 14:8-19.

VOL. 40, 1981



322 NOTES

8. Honess, R. W., and B. Roizman. 1975. Regulation of
herpesvirus macromolecular synthesis: sequential tran-
sition of polypeptide synthesis requires functional viral
polypeptides. Proc. Natl. Acad. Sci. U.S.A. 72:1276-
1280.

9. Jones, P. C., and B. Roizman. 1979. Regulation of
herpesvirus macromolecular synthesis. VIII. The tran-
scription program consists of three phases during which
both extent of transcription and accumulation of RNA
in the cytoplasm are regulated. J. Virol. 31:299-314.

10. Jones, N., and T. Shenk. 1979. An adenovirus type 5
early gene function regulates expression of other early
viral genes. Proc. Natl. Acad. Sci. U.S.A. 76:3665-3669.

11. Kieff, E. D., S. L. Bachenheimer, and B. Roizman.
1971. Size, composition and structure of the DNA of
subtypes 1 and 2 herpes simplex virus. J. Virol. 8:125-
132.

12. Lewis, J. B., H. Esche, J. E. Smart, B. W. StiMlman,
M. L. Harter, and M. B. Mathews. 1979. Organization
and expression of the left third of the genome of ade-
novirus. Cold Spring Harbor Symp. Quant. Biol. 44:
493-508.

13. Lewis, J. B., and M. B. Mathews. 1980. Control of
adenovirus early gene expression: a class of immediate
early products. Cell 21:303-313.

14. Mackem, S., and B. Roizman. 1980. Regulation of her-

pesvirus macromolecular synthesis: transcription-initi-
ation sites and domains of a genes. Proc. Natl. Acad.
Sci. U.S.A. 77:7122-7126.

15. Morse, L. S., L Pereira, B. Roizman, and P. A. Schaf-
fer. 1978. Anatomy of herpes simplex virus (HSV)
DNA. X. Mapping of viral genes by analysis of polypep-
tides and functions specified by HSV-1 x HSV-2 recom-
binants. J. Virol. 26:389-410.

16. Post, L E., S. Mackem, and B. Roizman. 1981. Regu-
lation of a genes of herpes simplex virus: expression of
chimeric genes produced by fusion of thymidine kinase
with a gene promoters. 24:555-565.

17. Shaw, A. R., and E. B. Ziff. 1980. Transcripts from the
adenovirus-2 major late promoter yield a single early
family of 3' coterminal mRNAs and five late families.
Cell 22:905-916.

18. Watson, R. J., C. M. Preston, and J. B. Clements.
1979. Separation and characterization ofherpes simplex
virus type 1 immediate-early mRNA's. J. Virol. 31:42-
52.

19. Weil, P. A., D. S. Luse, J. Segall, and R. G. Roeder.
1979. Selective and accurate initiation of transcription
at the Ad 2 major late promoter in a soluble system
dependent on purified RNA polymerase II and DNA.
Cell 18:469-484.

J. VIROL.


