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This paper deals with control of mRNA levels, assayed by in vitro translation,
in cells infected with herpes simplex virus type 1 (HSV-1). A particularly useful
marker has been pyrimidine deoxyribonucleoside kinase (dPyK) mRNA, for
which the enzymatically active product can be assayed quantitatively. Cells
infected with the HSV-1 temperature-sensitive mutant tsK at the nonpermissive
temperature (38.5°C) or with wild-type HSV-1 in the continuous presence of
cycloheximide contained no detectable dPyK mRNA. Upon temperature shift-
down of tsK-infected cells to 31°C, dPyK mRNA was produced, and this event
was inhibited by actinomycin D but not cycloheximide. This result demonstrated
that the defective polypeptide in tsK-infected cells was involved in transcription
of the dPyK gene and could regain activity at 31°C. Because tsK-infected cells
synthesized mainly immediate early polypeptides at 38.5°C, the involvement of
this polypeptide class in synthesis of dPyK mRNA was investigated. Analysis of
the kinetics of induction ofdPyK mRNA indicated that the temperature-sensitive
lesion in tsK lies in an immediate early polypeptide which is directly responsible
for activation of the dPyK gene at the transcriptional level.

One of the earliest events detectable after
infection of mammalian cells with herpes sim-
plex virus type 1 (HSV-1) is transcription of a
limited portion of the viral genome to give prod-
ucts known as immediate early (IE) RNA (1, 8,
20, 24). This transcription does not need prior
protein synthesis in infected cells and is me-
diated by cellular RNA polymerase II (2). IE
RNA is defined here as virus-specific RNA syn-
thesized in cells infected with HSV-1 in the
continuous presence of the drug cycloheximide,
and it is similar to the a-RNA class described by
Roizman and co-workers (9, 11). The translated
products of IE RNA are IE polypeptides, of
which six have been identified in HSV-1-infected
BHK cells (19a).

Synthesis of one or more polypeptides, prob-
ably virus specified, is necessary to overcome
the initial restriction of transcription of the viral
genome. Transition from the synthesis of IE
polypeptides to later species occurs shortly after
resumption of protein synthesis in "cyclohexi-
mide-blocked" cells (7). This finding, along with
analysis of the rates of synthesis of virus-induced
polypeptides during the infection cycle, has led
to the "cascade regulation" model for control of
viral protein synthesis (6, 7). According to this
scheme, synthesis of a proteins (encoded by a
RNA) is necessary before synthesis of /8 proteins
can occur and, similarly, /8 proteins precede a

late class, the y proteins. Although kinetic ex-
periments with different systems support this
model (14, 17), analysis of polypeptides induced
by temperature-sensitive (ts) mutants of HSV-1
shows that a large number of characteristically
restricted polypeptide profiles can be obtained
(3, 14). It is possible, therefore, that the ai, ,B, and
y classes of polypeptides encompass a larger
number of functionally distinct regulatory path-
ways which can only be detected by introducing
mutations into specific gene products.

In the experiments reported here, we have
investigated viral mRNA synthesis at early
times during infection. One approach has been
to analyze mRNA synthesis after removal of
cycloheximide from drug-treated cells, and this
has established conditions in which the functions
of IE polypeptides can be studied. Another ap-
proach has been to use the ts mutant, tsK, which
has suitable properties because it is arrested at
an early stage in the replication cycle (14). At
the nonpermissive temperature, the major tsK-
induced polypeptides are of the IE class, this
being the most restricted polypeptide profile of
HSV-1 mutants so far described. It is important
to note, however, that tsK-induced polypeptides
differ from IE polypeptides in two respects: an
IE polypeptide (Vmwl36) is overproduced and a
late polypeptide (Vmwl55) is synthesized in small
amounts in tsK-infected cells (D. MacDonald,
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M. Suh, and H. Marsden, manuscript in prepa-
ration).
The system used to study mRNA synthesis,

and hence protein synthesis, is cell-free transla-
tion of cytoplasmic RNA from infected cells (18),
and of particular usefulness has been the dem-
onstration that enzymatically active HSV-coded
pyrimidine deoxyribonucleoside kinase (dPyK)
can be synthesised in vitro (19). In vitro protein
synthesis as used here has provided three major
advantages over analysis of intracellular protein
synthesis. First, the concentration of specific
cytoplasmic mRNA's can be estimated accu-
rately, because complications due to changes in
the overall rate of protein synthesis or cellular
amino acid pools are avoided. The ability to
direct synthesis of an enzymatically active prod-
uct permits precise estimates of dPyK mRNA
levels to be made. Second, production of specific
mRNA's in the absence of protein synthesis can
be followed, thus allowing detailed analysis of
the roles of early polypeptides. This approach
has enabled a synchronized induction of
mRNA's after resumption of protein synthesis
to be investigated. Third, situations in which
mRNA is present but untranslated in infected
cells could be detected.

MATERIALS AND METHODS
Isotopes and chemicals. L-[35S]methionine (300

to 800 Ci/mmol) and [5-3H]thymidine (25 Ci/mmol)
were obtained from the Radiochemical Centre, Amer-
sham, England. Cycloheximide and actinomycin D
were obtained from Sigma, London, England.

Cells and virus. BHK cells (13) were grown on 90-
mm-diameter plastic petri dishes for subsequent RNA
extraction or on 30-mm-diameter plastic dishes for
labeling of intracellular proteins.

Cells were infected with 20 PFU per cell of wild-
type (WT) HSV-1 strain 17 or the mutant tsK (isolated
from HSV-1 strain 17). Cycloheximide, when present,
was added at a final concentration of 200 jig/ml during
absorption of virus and subsequent maintenance of
cells. Cultures to be infected with tsK, along with the
virus inoculum, were prewarmed at 38.5°C before com-
mencement of the experiment.
Removal of cycloheximide from infected cells was

achieved by washing monolayers three times with
growth medium prewarmed to 38.50C. This operation
was performed in a warm room (37°C), and each wash
represented addition of medium for 1.5 min with con-
stant agitation of cultures.

Temperature shiftdown experiments involved re-
placing the growth medium of cells incubated at
38.5°C with medium equilibrated to 31°C and subse-
quent incubation at 31°C.

Actinomycin D, when present, was added at a final
concentration of 2.5 ytg/ml.

In vitro protein synthesis. Cytoplasmic RNA was
extracted as described previously (18), and 5 ,tg per 25-
p1 reaction mixture was added to a fractionated retic-
ulocyte cell-free protein-synthesizing system (18). En-
zymatically active dPyK synthesized in vitro was as-

sayed after a 3-h incubation of the cell-free system
with cytoplasmic RNA (19). For the examination of
[35S]methionine-labeled polypeptides synthesized in
vitro, the cell-free system was preincubated with mi-
crococcal nuclease to reduce the background (15; C.
M. Preston, In Oncogenesis and Herpesviruses 3, in
press). Radiolabeled polypeptides were analyzed by
sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis as described by Marsden et al. (14).
The nomenclature of virus-induced polypeptides

synthesized in vitro follows that described previously
(18).

RESULTS
Quantitative assay of dPyK mRNA. An

essential prerequisite for the experiments de-
scribed here was a quantitative assay for dPyK
mRNA. An experiment was carried out in which
cytoplasmic RNA from HSV-1-infected cells was
mixed in varying proportions with RNA from
mock-infected cells or from cells infected with a
dPyK-deficient mutant, dPyKgl', before addi-
tion to the cell-free protein-synthesizing system
(Fig. 1). RNA was extracted at 5 h postinfection
at 31°C, a time at which maximum levels of
dPyK mRNA exist (data not shown), and there-
fore this reconstruction experiment pertains to
all situations except any in which dPyK mRNA
is overproduced.
A linear relationship between enzymatically

active dPyK synthesized in vitro and the amount
of HSV-1-infected cell RNA was obtained (Fig.
1), and therefore addition of 5 ,ug or less of
various cytoplasmic RNA preparations allows
comparison of their contents of functional dPyK
mRNA.
Induction of IE mRNA by HSV-1 and mu-

tant tsK Two "early" stages of infection are
analyzed here. The first is infection of cells with
WT HSV-1 strain 17 in the presence of 200 ,ug of
cycloheximide per ml, in which, by definition, IE
mRNA's are the only virus-induced species. The
second is infection with the mutant tsK at the
nonpermissive temperature (38.5°C), when IE
polypeptides are overproduced. Cytoplasmic
RNA extracted from cells infected under either
of these conditions contained no detectable
dPyK mRNA (Table 1). This is in agreement
with the finding that the enzyme is not induced
in cells infected with tsK at 38.5°C (I. K. Crom-
bie, Ph.D thesis, University of Glasgow, Scot-
land, 1976) or after release from a cycloheximide
block in the presence of actinomycin D (5; C.
Preston, unpublished data).

Analysis of the polypeptides synthesized in
vitro in response to IE mRNA shows production
of species designated VI63, VI109, VI136, and
V1173 (Fig. 2). Two of these comigrated with
major IE polypeptides synthesized in infected
cells (VI63 and VI136 with Vmw63 and Vmwl36),
whereas VI109 and VI173 migrated more rapidly
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FIG. 1. Levels of dPyK synthesized in vitro in re-
sponse to HSV-I -infected cell RNA. Varying amounts
of WT HSV-1-infected cell RNA were added to the
cell-free protein-synthesizing system, and the total
added RNA adjused to 5 pg by addition of cytoplas-
mic RNA from uninfected (E) or dPyK,-'-infected
(0) BHK cells.

TABLE 1. Induction ofdPyK mRNA in HSV-
infected cells

dPyK mRNA
Source of cytoplasmic RNAa Temp level(OC) (cpm x 10-3)b
Uninfected cells 31 2.3
Uninfected cells 38.5 2.4
WT HSV-l-infected cells 31 140.3
WT HSV-1-infected cells 38.5 57.2
WT HSV-1-infected cells, cy- 31 2.5

cloheximide present
WT HSV-1-infected cells, cy- 38.5 2.3

cloheximide present
tsK-infected cells 31 180.0
tsK-infected cells 38.5 2.4
E. coli rRNA - 2.3

a All RNA preparations were extracted at 5 h after infection.
bAssay of in vitro-synthesized dPyK was performed at

300C.

than the other major IE polypeptides, VmwllO
and Vmwl75 (compare tracks 9 and 10, also tracks
4 and 5 in Fig. 4). It is likely that V1173 repre-
sents the precursor of Vmwl75 which has been
described by Pereira et al. (16), whereas VI109
may be an unprocessed form of the phosphopro-
tein VmwllO.
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In vitro translation of RNA from tsK-infected
cells maintained at 38.5°C (Fig. 2, tracks 1 and
6) also revealed synthesis of VI63, VI109, VI136,
and VI173, and this result is similar to the pat-
tern seen in infected cells (Fig. 2, tracks 2 and
7). The enhanced amount of Vmwl36 compared
with the IE situation (compare Fig. 2, tracks 7
and 9) is reflected in the products of cell-free
protein synthesis, (compare Fig. 2, tracks 6 and
10), but the minor species Vmwl55 which is in
small amounts in infected cells was not detected.
Additional polypeptides Vmw26, Vmw9O and
VmwlOO which are synthesized in tsK-infected
cells during long labeling periods (D. Mac-
Donald, M. Suh, and H. Marsden, manuscript in
preparation) were not detected in the cell-free
translation system, supporting the suggestion
that these are not primary translation products
(D. MacDonald, M. Suh, and H. Marsden, man-
uscript in preparation).
Comparison of RNA from mock-infected

BHK cells after 5 h of incubation with cyclohex-
imide with RNA from untreated cells shows an
increase in mRNA coding for low-molecular-
weight species (compare tracks 4 and 5, Fig. 2).
These polypeptides are of corresponding molec-
ular weights to histones, whose mRNA's are
stabilized by inhibition of protein synthesis (21),
and they are not considered to be virus induced.
Induction ofdPyKmRNA after shiftdown

of tsK-infected cells. All available data indi-
cate that cells infected with tsK at 38.50C are
arrested at an early stage in the infection cycle.
Shiftdown experiments, in which cultures were
transferred to the permissive temperature
(310C), were performed to investigate further
the nature of this lesion.

Cells were infected with tsK and incubated at
38.50C for 5 h. At this time, cultures were either
kept at 38.50C, or shifted down in the presence,
or absence, of the RNA synthesis inhibitor ac-
tinomycin D or the protein synthesis inhibitor
cycloheximide. The dPyK mRNA content of
cytoplasmic RNA was analyzed at various times
(Fig. 3). Shiftdown of cultures in the absence of
inhibitors resulted in production of dPyK
mRNA, a feature which was not observed in
cultures maintained at 38.5°C. Addition of acti-
nomycin D during the shiftdown prevented in-
duction of dPyK mRNA, indicating the neces-
sity for new transcription. In the presence of
cycloheximide, however, greater amounts of
dPyK mRNA were produced than in its absence.
This result shows that a polypeptide(s) synthe-
sized in tsK-infected cells at 38.50C is responsible
for induction of dPyK mRNA and further dem-
onstrates that the polypeptide(s), although in-
active at the nonpermissive temperature, is rel-
atively stable in cells and has a reversible action.
Examination of the kinetics of induction of
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FIG. 2. Polypeptides synthesized in vitro in response to various cytoplasmic RNA preparations extracted
from cells incubated at 38.50C. The RNA added to the cell-free system was from E. coli rRNA (track 3),
uninfected cells (tracks 5 and 11), uninfected cells after incubation for 5 h with cycloheximide (track 4), tsK-
infected cells (track 6), WT HSV-1-infected cells with cycloheximide present throughout infection (track 10),
and wr HSV-1-infected cells without drug treatment (track 12). The standards included are [5S]methionyl
polypeptides labeled in a 1-h period from uninfected cells (track 8), tsK-infected cells maintained at 38.5°C for
5 h (track 7), tsK-infected cells maintained at 31°C for 5 h (track 14) and WT HSV-1-infected cells maintained
at 38.5°C for 5 h (track 13). IE polypeptides were labeled by incubating WTHSV-1-infected cells at 38.5°C for
5 h in the presence of cycloheximide, washing out the inhibitor in the presence of actinomycin D, and labeling
in the presence of actinomycin D (track 9). Tracks I and 2 are identical to tracks 6 and 7, and tracks 15 and
16 are identical to tracks 12 and 13. IE polypeptides synthesized in vitro (0) are classified to the left of track
1. Late polypeptides synthesized in vitro (-) are classified to the left of track 15 according to Preston (18).

dPyK mRNA suggests that a polypeptide re-

sponsible for switch-off or destabilization of
dPyK mRNA may be synthesized in the absence
of cycloheximide.
The mRNA's present after shiftdown of tsK-

infected cells were also studied by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
of the products of in vitro protein synthesis. Fig.
4 shows the characteristic production of VI63,
V1109, VI136, and V1173 after incubation for 5
h at 38.5°C. This pattem did not change during
a further incubation for 2.5 h at 38.5°C or during
shiftdown in the presence of actinomycin D.

Shiftdown in the presence or absence of cyclo-
heximide, however, resulted in the production of
mRNA for polypeptide V143 and, to a lesser
extent, V137.5.

These results show that failure of the RNA
preparations, analyzed in Fig. 3, that were kept
at 38.50C or shifted down in the presence of
actinomycin D to direct synthesis of dPyK en-

zyme was not due to an overall loss of mRNA
activity or to the presence of inhibitory materi-
als. A further interesting point is that IE
mRNA's appeared to be stable under the con-

ditions of the experiment and were present in
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FIG. 3. Synthesis of dPyK mRNA after shiftdown
of tsK-infected cells. Cell cultures were infected with
tsK and incubated at 38.50C for 5 h. One set was

maintained at 38.50C (O), one set was shifted down
in the presence of actinomycin D (a), one set was

shifted down in the presence of cycloheximide (0),
and the final set was shifted down without inhibitors
(-). Cytoplasmic dPyK mRNA was assayed at var-

ious times.

approximately equal amounts after 5 and 7.5 h
at 38.50C.
Involvement of IE polypeptides in induc-

tion of dPyK mRNA. Polypeptides induced in
tsK-infected cells mainly represent the IE class,
although some additional species have been de-
tected (D. MacDonald, M. Suh, and H. Marsden,
manuscript in preparation). Any of these could
be the polypeptides which are defective in the
ability to induce dPyK mRNA. To classify fur-
ther this polypeptide(s), the involvement of IE
polypeptides in the induction of dPyK in WT
HSV-1-infected cells was investigated. The de-
sired situation was one in which the only virus-
induced polypeptides present in infected cells
were the IE polypeptides, so that their activities
could be examined. This was achieved by inves-
tigation of protein synthesis after release of in-
fected cells from a "cycloheximide block."
BHK cell cultures were infected with HSV-1

in the presence of cycloheximide and maintained
at 38.5°C for 5 h, after which the inhibitor was
washed rapidly from the cells. Provided the tem-
perature of the washing medium was kept high
(38 to 40°C), protein synthesis resumed rapidly
at rates varying from 70 to 110% of that in
untreated, uninfected cells (data not shown).
Under these conditions, dPyK mRNA was first
detectable in cytoplasmic RNA at 40 mm after

removal of cycloheximide, after which the level
rose for more than 140 min (Fig. 5). The presence
of actinomycin D after removal of cycloheximide
prevented appearance of dPyK mRNA.
The time of synthesis of the polypeptide re-

sponsible for induction of dPyK mRNA after
removal of cycloheximide was then determined.
Cells were infected in the presence of cyclohex-
imide as described above, and the inhibitor was
removed after 5 h. Cycloheximide was then re-
placed at various times, and incubation of all
cultures continued until 3 h after washing of
monolayers. Cytoplasmic RNA was then ex-
tracted, and dPyK mRNA activity was mea-
sured (Fig. 6). The results show that by 15 min
after the start of washing of the cells some
inducing activity was present, and this had
reached saturating levels by 30 min, a time be-
fore dPyK mRNA was detectable in the cyto-
plasm (Fig. 5). Therefore, by allowing cellular
protein synthesis to proceed for 20 to 30 min
after removal of cycloheximide, followed by
readdition of the inhibitor, a situation was estab-
lished in which induction of dPyK mRNA could
be studied.
The polypeptides produced in vitro by trans-

lation of the RNA samples used in Fig. 6 were
also examined (Fig. 7). This shows that 0, 5, or
10 min of protein synthesis resulted in the pro-
duction only of IE mRNA's, whereas after this
time mRNA's for new virus-induced polypep-
tides were detected. The mRNA for VI43, the
putative dPyK polypeptide (23), followed kinet-
ics similar to those shown for dPyK mRNA (Fig.
6). other mRNA's (those for VI16, VI37.5, VI85,
VI110, V1136, and VI155) were also detectable
when 15 to 20 min of protein synthesis was
permitted. Induction of these mRNA's coincided
with inactivation of the mRNA's for the IE
polypeptides VI109 and VI173.
The minimum period of protein synthesis

after removal of cycloheximide necessary for
synthesis of dPyK mRNA inducer was 15 min.
Protein synthesis would not be expected to pro-
ceed at normal rates during the first 5 min of
this period, because this represents the time
during which the inhibitor was washed out, and
therefore a reasonable interpretation of the data
is that this period represents the time necessary
for synthesis of IE polypeptides. To test this
assumption, the polypeptides synthesized from
5 to 25 min after removal of cycloheximide were
examined. Figure 8 shows that, regardless of the
presence of actinomycin D, only IE polypeptides
were labeled during this period. Later labeling
times (60 to 80 min after removal of cyclohexi-
mide) showed no change in the polypeptide pro-
file in the presence of actinomycin D but syn-
thesis of additional polypeptides in its absence,

VOL. 29, 1979
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FIG. 4. Viral mRNA synthesis after downshift of tsK-infected cells. Cells were treated as described in the
legend to Fig. 3, and in vitro polypeptide synthesis directed by cytoplasmic RNA extracted 2.5 h after
shiftdown was examined. The source ofRNA was E. coli. RNA (track 1); tsK-infected cells 5 h postinfection
at 38.50C (track 5); tsK-infected cells 7.5 h postinfection at 38.5°C (track 6); tsK-infected cells after shiftdown
in the presence of actinomycin D (track 7); tsK-infected cells after shiftdown in the presence of cycloheximide
(track 8); tsK-infected cells after shiftdown without inhibitors (track 9); and WT HSV-1-infected cells after
incubation for 5 h at 38.50C (track 10). Standards included for comparison are [35Slmethionyl polypeptides
synthesized in a 1-h labeling period by uninfected BHK cells (track 3); tsK-infected cells, 5 h postinfection at
38.50C (track 4); WT HSV-1-infected cells at 5 h postinfection at 38.50C (track 11); and tsK-infected cells at

5 h postinfection at 31°C (track 12). IE polypeptides synthesized in vitro are labeled between tracks 4 and 5
(0) and classified to the left of track 1. Polypeptides whose mRNA's are induced upon shiftdown are labeled
between tracks 9 and 10 (U) and classified to the right of track 12.

confinming that recovery from inhibition of pro-
tein synthesis had occurred.
Failure of IE polypeptides from tsK-in-

fected celis to induce dPyK mRNA. The
above results indicate that an IE polypeptide(s)
is directly responsible for the induction of dPyK
mRNA. This conclusion can be tested, because
tsK is defective in this activity at 38.50C. Cells

were infected with WT HSV-1 or tsK and main-
tained at 38.50C in the presence of cyclohexi-
mide for 5 h. Keeping all cultures at 38.5°C,
cycloheximide was removed for 25 min to allow
synthesis of IE polypeptides and then replaced.
Cultures were then maintained at 38.5°C, or

shifted down to 310C, and cytoplasmic RNA was

extracted after 2.5 h.
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FIG. 5. Induction of dPyK mRNA after release
from a cycloheximide block. Cells were infected with
HSV-1 in the presence of cycloheximide and main-
tained at 38.50C for 5 h. Cells were then washed, and
dPyK mRNA content of cytoplasmic RNA was mea-
sured. Symbols: 0, actinomycin Dpresent after wash-
ing cells, 0, no inhibitors present after washing cells.

Table 2 shows that in both HSV-1 and tsK-
infected cells, dPyK mRNA was induced at
31°C, but in tsK-infected cells this did not occur
at 38.5°C. This experiment emphasizes that tsK-
infected cells fail to induce dPyK mRNA at
38.5°C due to the reversible ts activity of an IE
polypeptide(s).

DISCUSSION
The experiments described here have used in

vitro translation ofmRNA for HSV-coded dPyK
to investigate the control of this gene in infected
cells. A major advantage of this approach is that
the presence of the mRNA can be determined
in the absence of cellular protein synthesis, thus
allowing a greater synchronization and more
detailed analysis of early events in infection than
is possible by examination of protein synthesis
in intact cells. We have established that expres-
sion of the dPyK gene is controlled by the direct
action of one or more IE polypeptides and that
the mutant tsK has a ts lesion affecting the
activity of an IE polypeptide responsible for this
event. Analysis of mRNA species present at
early times in the infection cycle has also yielded
information on the intracellular stability of IE
mRNA.
Two results exclude the possibility that post-

transcriptional or translational events are the

major controls regulating the synthesis of dPyK.
First, the presence of dPyK mRNA in the cyto-
plasm correlates with production of the enzyme
in infected cells. Thus, cells infected with tsK at
38.5°C or with HSV-1 in the presence of cyclo-
heximide have no cytoplasmic dPyK mRNA
that can be detected by in vitro translation.
Second, the appearance of dPyK mRNA after
shiftdown of tsK-infected cells or upon removal
of cycloheximide is inhibited totally by actino-
mycin D. The conclusion that this major control
is at the level of transcription is in agreement
with previous findings. Analysis of cytoplasmic
HSV-specified RNA has demonstrated a re-
stricted pattern of molecular species in the ab-
sence of protein synthesis (1, 9). Furthermore,
tsK-infected cells have a similarly restricted con-
tent of viral RNA, and the synthesis of addi-
tional transcripts occurs upon shiftdown in the
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FIG. 6. Time of synthesis of inducer polypeptide
for dPyK mRNA. Cells were infected with WT HSV-
1 in the presence of cycloheximide and incubated at
38.5°C for 5 h. Cells were then washed, and cyclohex-
imide was added at various times. All cultures were
harvested at 180 min after the initial removal of
cycloheximide, and the dPyK mRNA content of cy-
toplasmic RNA was measured. The period 0 to 5 min
represents the time during which cells were washed.
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FIG. 7. Time of synthesis of inducer polypeptides for viral mRNA's. Polypeptides specified by the RNA
samples whose dPyK mRNA content is shown in Fig. 6 were analyzed. Readdition of cyclohexmide was at 0
min (track 6), 5 min (track 7), 10 min (track 8), 15 min (track 9), 20 min (track 10), 30 min (track 11), 45 min
(track 12), or 60 min (track 13). Polypeptides specified by E. coli rRNA (track 1); uninfected cells after
incubation for 5 h with cycloheximide (track 2); and uninfected, untreated cells (track 3) are shown. The
standards are [3S]methionyl polypeptides synthesized in a 1-h labeling period by uninfected cells (track 4),
tsK-infected cells incubated for 5 h at 38.5°C (track 5), and HSV-1-infected cells incubated for 5 h at 38.5°C
(track 14). IE polypeptides synthesized in vitro are labeled between tracks 5 and 6 (0) and classified to the left
oftrack 1. Polypeptides whose mRNA's are induced after removal ofcycloheximide are labeled between tracks
13 and 14 (U) and classified to the right of track 14.

presence, or absence, of cycloheximide (R. J.
Watson and J. B. Clements, Virology, in press).
Hybridization studies, however, could not deter-
mine the mRNA species present in cytoplasmic
RNA.
The cascade regulation model suggests that

a polypeptides act at the transcriptional level
(7), and more recent studies have demonstrated
that IE polypeptides are translocated to the
nucleus, the expected site of action of transcrip-
tional control (16). It also seems likely that
dPyK genes present in HSV-transformed cells
can be activated in a similar way (10, 12).

The results presented here define a function
of the ts lesion in the HSV mutant tsK. It seems
likely that a single lesion is responsible for the
temperature sensitivity of growth of tsK, be-
cause single-step revertants have been obtained
(D. Dargan and J. H. Subak-Sharpe, personal
communication). All revertants so far tested ex-
hibit normal polypeptide production, and dPyK
induction, at 38.5°C.

Physical mapping, by marker rescue, has
shown that the tsK lesion is located in the re-
peats flanking the (S) region of HSV-1 DNA (22;
N. M. WiLkie, N. D. Stow, H. S. Marsden, V.
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FIG. 8. Polypeptides synthesized after removal of
cycloheximide from infected cells. Cells were infected
with HSV-1 in the presence of cycloheximide and
incubated for 5 h at 38.50C, after which they were
washed. Polypeptides were labeled by incubation
with [IS]methionine from 5 to 25 min after washing
in the presence (track 2) or absence (track 4) of acti-
nomycin D, or from 60 to 80 min in thepresence (track
3) or absence (track 5) ofactinomycin D. Polypeptides
synthesized in a 20-min labelingperiod by uninfected
cells (track 1) and WT HSV-1-infected cells (track 6)
are shown. IE polypeptides (0) are classified to the
left of track 1. Polypeptides induced after removal of
cycloheximide (U) are classified to the right of track
6.

Preston, R. Cortini, M. C. Timbury, and J. H.
Subak-Sharpe, In Oncogenesis and Herpesvi-
ruses 3, in press). This location is represented in
IE transcripts (1, 9), and recent analysis ofHSV-
1/HSV-2 intertypic recombinants (19a), as well
as previous studies (4), indicates that it encodes
the IE polypeptide Vmw175. It is possible, there-
fore, tentatively to assign a function to this spe-
cific HSV-coded polypeptide.

Differences exist between polypeptides in-
duced by tsK at 38.5°C and IE polypeptides (D.
MacDonald, M. Suh, and H. Marsden, manu-
script in preparation, and Fig. 2). It appears,
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therefore, that the polypeptides whose synthesis
at 38.50C is induced (Vmwl55) or amplified
(Vmwl36) in tsK-infected cells compared with
the IE species are themselves induced by IE
functions distinct from the tsK lesion. Thus, two
separate classes of early polypeptides, one de-
pendent upon and the other unaffected by the
tsK lesion, have been identified. A similar situ-
ation has been recognized by Periera et al. (16),
who, on the basis of the effects of the arginine
analog canvanine, defined the polypeptide
classes 81 and 832. Induction of only one of these
was inhibited by addition of canvanine to in-
fected cells, but Pereira et al. (16) were unable
to distinguish a sequential regulatory pathway
(a 81 -* 82) from two independent pathways
(a, A/31 and a2 --*,82). The data presented here
favor the latter scheme and raise the possibility
that the defective polypeptide of tsK may be
analogous to the component which is selectively
inactivated by canvanine.
A noteworthy observation is that recovery of

viral mRNA production after release from a
cycloheximide block is more extensive than after
shiftdown of tsK-infected cells. This may be due
to a slower activation of genes at 31°C compared
with 37°C. Alternatively, tsK-infected cells may
regain the ability to induce only a subset of
mRNA's (including dPyK mRNA), or the dis-
ruption of normal temporal events may have
resulted in inactivation of some genes. These
experiments, therefore, may define a further
point for control of protein synthesis, and this
possibility is currently under investigation.
Immediate early polypeptides are synthesized

transiently during the very early stages of the
HSV-1 infected cycle. One factor causing their
limited production is probably an early cessation
of IE RNA synthesis (1), but a further control
may be exerted on the functional stability of IE
mRNA. In the presence of cycloheximide, or in
tsK-infected cells, IE mRNA (as identified by in
vitro translation) is stable, and this probably

TABLE 2. Induction ofdPyK mRNA by IE
polypeptides of WT HSV-1 or tsK0

Temp dIPyK mRNA levelbVirus (OC) (cpm x 10-3)
WT HSV-1 31 37.3
WT HSV-1 38.5 54.0
tsK 31 24.6
tsK 38.5 0.2

a BHK cells were infected with WT HSV-1 or tsK
in the presence of cycloheximide and incubated at
38.50C for 5 h. Cycloheximide was then removed by
washing, and incubation continued for 25 min at
38.5°C. After this time, cycloheximide was added, and
cultures were incubated at 31 or 38.50C for 3 h. Cyto-
plasmic RNA was then extracted and analyzed for
dPyK mRNA content.

b A background of 1.9 x 103 cpm has been subtracted
in all cases.
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contributes to the overproduction of IE polypep-
tides in these situations. Once the infection cycle
reaches a certain stage, IE mRNA is rapidly
inactivated, thus implicating a virus-specified
polypeptide in this process.It is not possible at
present to determine whether mRNA inactiva-
tion is a general event or is specific to IE mRNA.
The studies presented here show that IE poly-

peptides control activation of the HSV genome,
and, as with most examples of transcriptional
controls, little is known of the molecular mech-
anisms by which this occurs. One possibility is
that IE polypeptides modify cellular RNA po-

lymerases to cause a change in template speci-
ficity; another is that IE polypeptides interact
with viral DNA or a nucleoprotein complex to
activate specific genes. Pertinent to this discus-
sion is the finding that IE polypeptides bind
strongly to immobilized DNA in vitro (R. Hay
and J. Hay, personal communication).
The mutant tsK provides a basis for further

examination of the action of IE polypeptides.
These can be radiolabeled during incubation of
tsK-infected cells at 38.5°C, and, after addition
of cycloheximide, their intracellular properties
in their active (at 3100) or inactive (at 38.5°C)
states can be followed in the absence of further
protein synthesis. Alternatively, the action of IE
polypeptides from tsK or WT HSV-1-infected
cells can be examined if only a short period (less
than 30 min) of protein synthesis is permitted
after release from a cycloheximide block. It is
anticipated that these will be useful systems in
the study of the biochemical mechanisms of
transcriptional control of the HSV genome.
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