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Cells were enucleated with cytochalasin B after infection with herpes simplex
virus 1. When protein synthesis was blocked by cycloheximide from the time of
infection, mRNA for viral a-infected cell polypeptides (ICP) 4, 0, and 27 accumu-
lated in the cytoplasm and was expressed after the removal of both drug and
nucleus. A host protein, ICP 22, whose synthesis is stimulated in intact cells,
was not made, and viral protein ICP 4, which is normally modified to a form that
migrates more slowly in polyacrylamide gels, was not modified in the absence of
the nucleus. After enucleation at 2 h postinfection, a number of viral /3 and y
proteins continued to be made, starting at 20 to 25% of the normal rates and
declining with a half-time of about 2 h. The synthesis of ICP 4 declined more
rapidly, suggesting that it is switched off in the cytoplasm.

The replication of human herpesvirus 1
(herpes simplex virus) involves a complex sys-
tem of regulatory mechanisms controlling the
production and posttranslational modification
of proteins and their movements within the
host cell. At least three groups of viral polypep-
tides have been identified: a polypeptides are
made first and induce the later production of /8
proteins (6, 7). These in turn switch off a poly-
peptide synthesis and induce the production of
y polypeptides. The maximum rates of synthe-
sis of a polypeptides occur 2 to 4 h after infec-
tion, and those of /3 polypeptides occur 5 to 7 h
after infection. A number of a and /8 proteins
are phosphorylated, and some are further modi-
fied after synthesis, acquiring a lower electro-
phoretic mobility in polyacrylamide gels. All a
and some /8 proteins are translocated from the
cytoplasm to the nucleus (L. Pereira, M. Wolff,
M. L. Fenwick, and B. Roizman, Virology, in
press).
To examine the function of the nucleus in the

modification of viral proteins, in the decline of
a and host protein synthesis and in the induc-
tion of /3 and y viral polypeptide synthesis, we
removed the nuclei from cells after infection by
centrifugation in the presence of cytochalasin B
(11) and examined the proteins made in the
anucleate cytoplasts. Cytoplasts obtained from
uninfected cells continue to make proteins at
somewhat reduced rates for several hours, and
viruses that do not require the nucleus, such as
vaccinia, poliovirus, reovirus, vesicular stoma-
titis, and Semliki forest viruses, can multiply
in them, yielding infectious progeny (3, 10).

MATERIALS AND METHODS

Cells and virus. Near-confluent monolayers of
about 7 x 105 Vero (African green monkey kidney)
cells were grown in plastic Leighton tubes (Nunc,
Denmark). They were infected with 30 to 50 PFU per
cell of the F strain of herpes simplex virus type 1 (2)
in 0.5 ml of mixture 199 supplemented with 1% calf
serum (medium 199-1). After 20 min at 20'C, the
unadsorbed virus was removed and replaced with
1.5 ml of medium at 370C (zero time).

Enucleation. Cytochalasin B (Aldrich Chemical
Co., Milwaukee, Wis.) was dissolved in dimethyl
sulfoxide (1 mg/ml) and diluted into medium 199-1
to yield a final concentration of 10 ug/ml. Leighton
tubes containing 8 ml of this solution at 340C were
placed, flat surface toward the center, in a Sorvall
SS34 fixed-angle rotor that had been prewarmed to
340C. They were centrifuged at 10,000 rpm (12,000 x
g) for 10 to 15 min without refrigeration. The pellet
of nuclei, contaminated with whole cells, was resus-
pended and discarded. The surviving cytoplasts
were covered with fresh medium without cytochal-
asin. Control experiments in which cells were la-
beled by overnight incubation with [3H]thymidine
and then enucleated showed that 1 to 2% of the acid-
precipitable radioactivity remained in the mono-
layer of cytoplasts. An estimate of the amount of
cytoplasmic protein retained in the cytoplast mono-
layer was made by scanning a positive transparency
of the stained gel after electrophoresis and compar-
ing the areas of a number of prominent peaks with
those in whole cell controls. This indicated an ap-
proximately 60 to 75% survival of cytoplasmic mate-
rial.

Labeling. The cells were labeled in medium con-
taining L-[U-_4C]leucine, isoleucine, and valine
(specific activity, 2.5 Ci/g) in place of the nonradio-
active amino acids.
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Electrophoresis. Cells were lysed in 0.25 ml, and
75-,UI samples were subjected to electrophoresis in
polyacrylamide gels containing sodium dodecyl sul-
fate as described elsewhere (4). Acrylamide was
cross-linked with 4.0% of its weight ofNN'-diallyl-
tartardiamide. Gels were stained with Coomassie
brilliant blue, dried under vacuum, and left in con-
tact with X-ray film for 1 to 2 weeks.

Densitometry of autoradiograms and computer-
aided analysis of absorbance tracings. The autora-
diograms were scanned with a soft-laser densitome-
ter (BioMed Instruments, Inc., Chicago, Ill.) inter-
faced with a General Automation 16/45 digital com-
puter. The analytical procedures were described
elsewhere (5, 7).

RESULTS
Synthesis of a proteins. Viral mRNA speci-

fying a polypeptides accumulates in cells in-
fected in the presence of cycloheximide, an
inhibitor of protein synthesis, and upon re-
moval of the drug, the production of a poly-
peptides starts at an enhanced rate (6). To dem-
onstrate that a polypeptides can be synthe-
sized in cytoplasts, cultures of infected cells
were either enucleated or treated with actino-
mycin D at the time of removal of cyclohexi-
mide (4 h postinfection) and then were immedi-
ately labeled with 14C-labeled amino acids. The
radioactive polypeptides extracted from the
cells or cytoplasts were separated by electro-
phoresis in polyacrylamide gels. The first chan-
nel of the autoradiogram (Fig. 1) shows the
infected cell polypeptides (ICP; 5) made in un-
treated cells 4 to 5 h after infection. The second
channel shows the enhanced production of a
ICP 4, 0, and 27 (and the reduced production of
,8 ICP 6) upon reversal of the cycloheximide
block. Production of ICP 22, probably a host
protein (7), is also stimulated by this treat-
ment. The third channel shows the polypep-
tides made after enucleation at the time of cy-
cloheximide reversal and indicates that the
mRNA's for ICP 4, 0, and 27 (as well as a small
amount of mRNA for ICP 6) had already en-
tered the cytoplasm before enucleation and
were translated in cytoplasts. ICP 22, on the
other hand, was less heavily labeled than in the
cycloheximide-treated intact cell controls. ICP
4 made in the absence of the nucleus was more
homogeneous than that produced in intact
cells, which formed a broad band in the autora-
diogram.

Modification of viral proteins. As men-
tioned in the Introduction, a number of viral
polypeptides become modified after synthesis,
resulting in a small change, usually a decrease,
in electrophoretic mobility (Pereira et al., Vi-
rology, in press). The relatively sharp band of
ICP 4 formed in cytoplasts (Fig. 1) suggested
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FIG. 1. Autoradiograms of electrophoretically
separated polypeptides from infected intact cells and
enucleated cytoplasts. The intact cells and cytoplast
cultures were labeled with "4C-labeled amino acids (5
pCi/ml) at 4 to 5 h postinfection. Channel A: un-
treated infected cells. Channel B: infected cells were
incubated in the presence of cycloheximide (50 pgl
ml) from 0 to 4 h postinfection. The cycloheximide
was then removed, and the cells were incubated in
the presence ofactinomycin D (1 pg/ml). Channel C:
infected cells were incubated in the presence of cyclo-
heximide (50 pglml) from 0 to 4 h postinfection. The
cycloheximide was then removed, and the cells were
enucleated. The polypeptides were subjected to elec-
trophoresis in 8% polyacrylamide gels. The numbers
refer to ICP; the letters a, b, and c refer to the primary
translational product (a) and to the products ofpost-
translational processing (b and c). In this figure, ICP
4b and c are prominent in autoradiograms of poly-
peptides extracted from actinomycin D-treated intact
cells and absent from those ofpolypeptides extracted
from cytoplasts. Similarly, ICP 6b is prominent in
the autoradiograms of polypeptides extracted from
untreated infected cells.

that the modification of ICP 4 was prevented if
the nucleus was removed. That this is so is seen
more clearly in Fig. 2. In this experiment, the
1-h labeling period was followed by a 1-h incu-
bation (chase) in the absence of radioactive
amino acids. ICP 4 extracted from intact cells
that had been labeled in this way formed two
discrete bands, 4b and 4c, but cytoplasts con-
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tained only ICP 4a. ICP 4b and 4c have previ-
ously been shown to accumulate in the nucleus
(Pereira et al., Virology, in press). Three other
changes occurred in intact cells during the
chase. A new band, ICP 6b, appeared in the
autoradiogram just above 6a, and this band was
also visible in the autoradiogram of polypep-
tides extracted from the anucleate culture. Sec-
ondly, ICP 9a was replaced by a slower-migrat-
ing ICP 9b. Neither ICP 9a nor 9b was made in
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FIG. 2. Modification of viral proteins after enu-

cleation. Left two channels: autoradiograms ofpoly-
peptides extracted from whole infected cells that had
been centrifuged without cytochalasin B at 2 h post-
infection. Abbreviations: P, labeled from 2 to 3 h
postinfection with 1 pxCi/ml; CH, labeled 2 to 3 h
postinfection with 1 ,Cilml and then chased for 1 h
in nonradioactive medium. Right two channels:
polypeptides extracted from cytoplasts enucleated at 2
h postinfection. Abbreviations: P, labeled from 2 to 3
h with 4 ,uCilml; CH, labeled from 2 to 3 h with 4
,Cilml and then chased for 1 h. The two right chan-
nels contained approximately 60% of the protein in 1
and 2. The gel contained 9% acrylamide. Numbers
indicate infected cell polypeptides that undergo mod-
fication during the chase.

cytoplasts; presumably the appropriate mRNA
had not yet entered the cytoplasm at the time of
enucleation. Thirdly, ICP 10a was replaced by
the slightly faster-migrating 10b, but this
change does not appear to have occurred in
cytoplasts.

Pattern of protein synthesis. To study the
effect of removal of the nucleus on the changing
pattern of protein synthesis in infected cells,
cytoplasts were labeled for 1 h at different times
after enucleation, and identical fractions of the
cell or cytoplast lysates were subjected to elec-
trophoresis. The left half of the autoradiogram
in Fig. 3 shows the pattern of polypeptide syn-
thesis in intact cells. Other control expeirments
(not illustrated) showed that the pattern of
viral protein synthesis is not affected by merely
exposing cells to cytochalasin B without centrif-
ugation, nor is it affected by centrifugation
without exposure to cytochalasin. In intact
cells, the synthesis of ICP 4 and 27 declined
after about 4 h; ICP 5 through 10 and 19 pro-
gressively increased, and ICP 16, 21, 26, and 36
appeared at later times. After enucleation at 2
h, however (right half of Fig. 3), ICP 4 to 8, 10,
and 19 continued to be made at gradually de-
clining rates over the next 5 h; ICP 9, 16, 21, 26,
and 36 were not made.
The relative rates of synthesis of ICP 4, 5, 6,

and 7 were calculated from scans of the autora-
diographic images shown in Fig. 3 as described
in the legend to Fig. 4. In cytoplasts, there was
a general decline, with a half-life of about 1.5 h
for ICP 4 (the same as in intact cells from 4 to 5
h onwards) and about 2 h for ICP 5, 6, and 7.
That the rate of synthesis of ICP 4 declined
more rapidly than those of ICP 5, 6, and 7 in
cytoplasts as well as in intact cells can be de-
duced from Fig. 4, where for each time interval
the rate of synthesis of each polypeptide was
related, as described in the legend to that fig-
ure, to the sum of the four rates and normalized
with respect to the rates at the earliest time.
The relative rates of synthesis of the six host

polypeptides marked with dots in Fig. 3 are
shown in Fig. 5. In this instance, the rates were
calculated from the ratio of the integrated ab-
sorbance of the autoradiographic image of a
band at each time interval to that at the first
labeling interval. The curves for all six poly-
peptides were similar, and average values are
shown. Host protein synthesis declined in in-
fected cells from 4 to 5 h, with a half-life of
about 2 h, and in infected cytoplasts from the
time of enucleation, with a half-life of about 3
h. In uninfected cytoplasts in another experi-
ment, also shown in Fig. 5, the rates of synthe-
sis of the same host proteins declined, with a
half-life of about 5 h.

J. VIROL.

I. 4la".'.lVell-AAP



ICP REGULATION IN ENUCLEATED CELLS 723

CELLS CYTOPLASTS

45~~~~~~~~~~~~~~~~~~~~~~~~~~W,-me .

6 .-m:. It:

8 _ mms1_ m_ -I _ lit Oxp
16

10 SW.~~~~~~~~~~~~~~~~~~~~~~~

21
16 4-W 60

b,-_AMe 4MW 4G.
2-3 3-4 4-5 5-6 6-7 2-3 3-4 4-5 5 6 6-7

FIG. 3. Effect of enucleation of viral protein synthesis. Autoradiogram ofpolypeptides labeled during the
time intervals indicated (hour postinfection). Left panel: infected cells exposed to cytochalasin B at 2 h under
enucleation conditions, but not centrifuged, and labeled with 1 u~i/ml. Right panel: cells enucleated at 2 h
and labeled with 4 pXi/ml. Anucleate samples contained approximately 60% of the cytoplasmic protein in
whole cell lysates. Gel contained 9% acrylamide. The numbers refer to infected cell polypeptides; the processed
forms (a, b, c, etc.) are not indicated. The dots on the right refer to host polypeptides.

30
C shown were calculated from scans ofautoradiograms

Cells, Cyleplosts shown in Fig. 3. For example, for ICP 4, the percent
200 c~ normalized rate at time t was calculated from:

1CO v7A34 AO (4, 5, 6, and 7)
6nnconitinsbuntcntifuedA04 A, (4, 5, 6,and 7)

so
where A, and AO are the integrated absorbances ofthe

60e autoradiographic images of individual bands or
4rgroup of bands at time t and at the time of the first

40-labeling interval (2 to 3 h, respectively). Note that for
4

~~~~~~~thepolypeptide whose synthesis is declining, the half-
20' 5' I life can be determined from measurements of relative
2-3 3-4 4-5 6 6-7 2-3 3-4 4 5-6 6-7 rates of synthesis. The relative rate of synthesis of

Time hr) ICP 4 at time t relative to that at time 0 is given by

FIG. 4. Synthesis of ICP, 4, 5, 6, and 7 in intact Ax4 AO (4, 5, 6, and 7)
cells and cytoplasts. The percent normalized rates A04 A, (4, 5, 6, and 7)
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, , , , from cytoplasm to nucleus. The experiments
120 - reported here favor the former alternative,

A \ since in the absence of the nucleus ICP 4a is not
modified. It is also possible that the modifica-

100 tion of 4a is mediated by another viral protein
which was not produced in enucleated cells.

AA\X Another modification, that of lCP 10, was also
80 _ probably inhibited by removing the nucleus,

o~O \ but the appearance during chase of ICP 6b oc-

60 A curred normally.
After enucleation, the rate of cytoplasmic

host and viral protein synthesis fell to about 20

40' | I to 25% of the value in intact cells as a result of
2-3 3-4 4-5 5-6 6-7 some damage or loss sustained during centrifu-

Time (hr) gation in the presence of cytochalasin B. Never-
theless, synthesis continued for several hours

FIG. 5. Changes in the rates of synthesis of host atha rate ecia hihedrthacold beuac
proteins in infected cells (A) and in infected (0) and counte forebyathe few hrem an ct ce
uninfected (0) cytoplasts. Absorbances of the six ab-o
sorbance bands marked with dots in Fig. 3 were each and the patterns of synthesis differed in several
expressed as a percentage of the absorbance of that respects from those found in intact cells. There
band in the first sample, and average values were were no increases in the rates of synthesis of
plotted. The data for the same host proteins in unin- individual viral proteins, and no new ones ap-
fected cytoplasts (0) were taken from a different ex- peared after enucleation, as expected if their
periment. production were controlled by the entry of

mRNA into the cytoplasm rather than at the
translational level. The functional stability of

DISCUSSION mRNA's can be estimated from the rates of
When cells were treated with cycloheximide decay of protein synthesis after enucleation. In

for the first 4 h of infection and then both the infected cytoplasts, a half-life of about 2 h was
drug and nuclei were removed, a ICP 4, 0, and observed for the declining rates of synthesis of
27 were made, indicating that their mRNA's ICP 5, 6, and 7, compared to about 5 h for host
had entered the cytoplasm, in accord with the proteins in uninfected cytoplasts. In infected
observation that RNA capable of hybridizing cytoplasts, the synthesis of ICP 4 declined
with certain specific regions of the viral DNA faster than that of ICP 5, 6, and 7, and the
was present in the cytoplasm of cells infected in synthesis of host proteins declined faster than
the presence of cycloheximide (8, 9). However, that in uninfected cytoplasts. These rates sug-
ICP 22 was not made in the cytoplasts, al- gest that some product or products of infection
though Fig. 3 shows that it was made in non- that have reached the cytoplasm by 2 h, or are
enucleated cells if actinomycin was added at made in the cytoplasm after enucleation, inhibit
the time of cycloheximide reversal. Therefore, the synthesis of ICP 4 and host proteins. The
the experiment suggests that, although mRNA observation (6) that after removal of a cyclohex-
for ICP 22 accumulated in the presence of cyclo- imide block ICP 4 declines more slowly in the
heximide, it did not pass into the cytoplasm presence of actinomycin than without it also
until the drug was removed. ICP 22 is suspected suggests a cytoplasmic switch-off mechanism.
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