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The effect of hydroxyurea on the development of herpes virus is mediated through
its inhibitory action on deoxyribonucleic acid (DNA) synthesis. Concentrations of
the drug that suppress the production of infectious virus cause typical develop-
mental anomalies: failure in formation of the normally dense cores or “complete”
viral particles, and either faulty or no envelopment of viral capsids by membranes.
The synthesis of viral capsids and virus-stimulated nuclear and cytoplasmic mem-
branes, however, is not interrupted. Combining these results with those of time se-
quence experiments, the following hypotheses can be presented regarding viral de-
velopment. Protein synthesis, which is characterized by capsids enclosing cores of
low density, precedes DNA synthesis, which is characterized by the appearance of
dense cores. Capsids with dense cores are selectively transported to the cytoplasm.
Envelopment generally takes place as capsids pass from the nucleus to the cytoplasm.
The process of envelopment is also selective, with the result that the majority of

particles that have an envelope contain a full quota of DNA.

As part of our studies dealing with the de-
velopment of herpes simplex virus, we examined
the role of deoxyribonucleic acid (DNA) in viral
morphogenesis. To achieve this purpose, ad-
advantage was taken of the properties of hy-
droxyurea (HU), a drug that inhibits DNA syn-
thesis selectively in bacterial (14), plant (4), and
animal cells (3, 11, 17). In the cases of bacterio-
phage T4 (7) and vaccinia virus (15), it was shown
that hydroxyurea-treated cells elaborated viral
particles that were devoid of DNA. The drug has
also been reported to block the development of
other DNA viruses [e.g., Shope fibroma (1),
adenovirus (6, and unpublished data)] and African
swine fever virus (S. Breese, personal communica-
tion). It should be emphasized that chemical and
metabolic studies have shown that hydroxyurea
does not interfere with the DNA-directed synthe-
sis of messenger ribonucleic acid (mRNA) and of
functional proteins (13, 16).

MATERIALS AND METHODS

Monolayer cultures of human amnion (FL) cells
were infected with the Miyama strain (9) of herpes
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simplex virus at a multiplicity of approximately 10
plaque-forming units per cell. After 1 hr of exposure
to the virus, the cells were washed three times with
Eagle’s minimal essential medium (MEM) and
incubated at 37 C in MEM supplemented with 59,
calf serum, which contained HU at a concentration
of 5 X 1072,1 X 1072, or 5 X 10~* M. Control cultures
were prepared in a similar manner, but without HU,
During the first 24 hr of incubation, samples of the
control and drug-treated cultures were collected at
4-hr intervals, quick-frozen, and stored at —30 C.
For infectivity titrations, these samples were thawed
at 37 C, sonically treated, and tested in tube cultures
of FL cells by the end-point dilution method (ex-
pressed as TCIDs,), using four tubes per dilution.
For electron microscopic study, the cultures were
harvested at 24 and 48 hr, and the cells were prepared
by the methods described in the first paper of this
series (8). In several experiments, HU was added to
infected cells at sufficient concentration to block
virion synthesis. After incubation for 7 to 24 hr, the
cells were washed and medium that was devoid of HU
was added. The cells were collected after 8 or 17 hr
and prepared for examination in the electron micro-
scope.

To study the effects of HU on the synthesis of DNA
by normal and virus-infected cells, a set of bottles
that contained monolayers of HeLa cells (5 X 10%)
was infected with 0.3 ml of undiluted herpes simplex
virus (107 TCID;o/ml). A second set of cultures served
as controls. At the end of 1 hr, all of the cultures were
washed and incubated for another hour in the pres-
ence of MEM. At this time, each of the cultures was

1163



1164

supplemented with *H-thymidine (final concentration,
1 uc/ml and 6.7 uc/ml, respectively). At intervals,
groups of cultures from each set received hydroxyurea
(final concentration, 10~2 M; at this concentration
in HeLa cells, infectious virus is not synthesized).
To determine the amount of 3H-thymidine that was
incorporated, the cells were washed with chilled 0.15
M NaCl and then resuspended in 59 trichloroacetic
acid. After standing in the cold, the insoluble residues
were collected on Munktells no. 1 F filter discs and
washed thoroughly with cold 59 trichloroacetic
acid. The dried filter discs were placed in vials that
contained 10 ml of scintillation fluid (4 g of omnifluor
per 1 g of toluene) and the radioactivity retained
thereon was determined in a Tri-Carb liquid scintilla-
tion-spectrometer (Packard Instrument Co., Inc.,
Downer’s Grove, 111.).

An additional technique was used to determine the
amount of 3H-thymidine incorporated into the DNA
of FL cells infected with herpes simplex virus. The
procedure was essentially the one described by
Roizman and Roane (12). FL cells were grown in
monolayers as noted above. One hr after infection,
both control and infected cultures received a pulse of
3H-thymidine, which was repeated 4 hr later. Some of
the cultures also received HU (final concentration
0.01 M) at the time when they were given the first pulse
of 3H-thymidine. After 20 hr, when the infected
cultures showed typical cytopathic changes, the
cells were harvested and washed and their DNA was
isolated by a phenol-extraction procedure (12). Por-
tions of the DNA were layered on 4.5 ml of cesium
chloride (1.70 g/cm?) and centrifuged at 70,000 X g
(Spinco L-2, SW-50 rotor) for 72 hr; fractions were
collected as previously described (2). The fractions
were diluted with water, and trichloroacetic acid
was added to a final concentration of 59,. After stand-
ing at 4 C for 30 min, the precipitates that formed were
collected on filter discs (B-10; Schleicher & Schuell
Co., Keene, N.H.) and processed as described above.
The position of the peaks of radioactivity in the
gradient permitted their identification as either cellu-
lar or viral DNA (12).

For fluorescence studies, HeLa cells infected for 18
hr were fixed in acetone, air-dried, and stained in the
usual manner with fluorescein-conjugated antibody.
The antibody, provided by R. A. Malmgren of the
National Cancer Institute, was obtained from rabbits
that had received, over a period of 4 months, 15
intracutaneous and intraperitoneal injections of virus.

RESULTS

The synthesis of infectious virus was progres-
sively reduced by increasing concentrations of HU
until, at 5 X 1072 M, it was completely inhibited,
as shown in Fig. 1. This inhibitory action of the
drug undoubtedly was the result of its interfer-
ence with DNA synthesis, since, as is shown in
Fig. 2 and Table 1, a concentration of 10~2 m
drastically inhibited both cellular and viral DNA
synthesis. The data exhibited in Fig. 2 also indi-
cate that viral infection stimulated DNA synthe-
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the synthesis of infectious virus in FL cells.
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FiG. 2. Effect of hydroxyurea (107% ») on DNA
synthesis by normal and herpes simplex virus-infected
HelLa cells. Symbols: solid line, uptake in the absence
of HU; broken line, uptake by HU-treated cultures.

sis, an observation that has been made by other
investigators (5). Examination by fluorescence
microscopy using fluorescein-conjugated antibody
showed the presence of sharply defined, bright
fluorescent areas in the nuclei of the cells that
were treated with hydroxyurea.

The electron microscopic appearance of virus in
cells treated with 5 X 102 M HU is illustrated in
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TaBLE 1. Effect of HU on DNA synthesis by
uninfected and virus-infected FL cells®

3sH-thymi-
dine incor-
Conditions Type of DNA| porated
(counts/min
per peak)
Uninfected cells Host 36,700
Uninfected cells + HU Host 270
Infected cells Viral 34,300
Infected cells + HU Viral 1,385

« DNA isolated from infected and uninfected
cells was subjected to preparative cesium chloride
buoyant density centrifugation. The position of
the DNA in the gradient (i.e., its density) was used
to determine its nature (host DNA, 1.70 g/cm3;
viral DNA, 1.73 g/cm®). The radioactivity present
in these bands was used to measure the amount
of DNA synthesized.

Fig. 3-7. Figures 3 and 4 show parts of nuclei
with capsids that contain cores of low density.
In the latter micrograph, nuclear membrane re-
duplication is evident at the upper right. In Fig. 5,
there are a few membranous structures, presum-
ably capsids, forming in an aberrant manner
within the nuclear matrix. No cores are evident.
Reduplication of the nuclear membrane was
occasionally observed (Fig. 4 and 6) indicating
that this form of protein synthesis did occur. Virus
released into the cytoplasm, however, neither
possessed a dense core nor became enveloped.
Figure 7 shows a characteristic cluster of intra-
cytoplasmic capsids, some of which are empty
while others contain a very small core of low
density. None are enveloped.

At a drug concentration of 10~2m (Fig. 8-11),
the cores and capsids often varied in size, as
illustrated by Fig. 8. In Fig. 9 the cores, which
are of low density, exhibit two sizes. Some
capsids are only partially formed, others are
complete but empty. Figure 10 shows capsids
which differ in size and either are empty or
contain pleomorphic cores. One capsid at the
upper right, however, encloses a dense, sharply
defined core. In the cytoplasm, as seen in Fig. 11,
most cores were of low density, but an occasional
capsid (see arrow) enclosed a dense core. A few
enveloped particles were also encountered.

At a drug concentration of 5 X 1073 M, more
enveloped virus was seen. Not infrequently,
however, cells containing very few viral particles
appeared to be actively synthesizing membranes.
Figure 12 illustrates the cytoplasm of such a cell.
Characteristic dense, fused membranes in a
variety of configurations are evident. Some (see
arrow) appear to be budding into a vacuole. No
viral particles can be identified.
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Figure 13 illustrates part of the cytoplasm and
nucleus of a cell which had been blocked with
HU at the time of infection. Seven hr later, the
block was removed and the cells were incubated
for an additional 17 hr. Numerous characteristic
viral particles with dense cores and envelopes are
evident. In addition, membranes closely resem-
bling the envelope of the virus are scattered
through the cytoplasm. The inset shows two
extracellular viral particles with cores of low
density. In this instance, the infected cells were
blocked for 17 hr and released for 8 hr. Many of
the cells contained characteristic virus with
dense cores.

DiscussioN

The results of these studies resemble those that
were obtained in examining the effects of HU on
the development of vaccinia virus (15). In both
instances, it appears that certain viral proteins are
produced in the absence of normal DNA synthe-
sis. In the case of vaccinia virus, immature virus
is made but it is devoid of the dense nucleoid, and
maturation into the infectious virion is prevented.
In the case of herpes simplex virus, the capsids
form but the particles lack a dense core, and
envelopment of the capsid does not occur. In
both instances, fluorescence microscopy revealed
the presence of viral antigen. If it is assumed that
hydroxyurea behaves in this system as it does in
others, the following scheme can be proposed to
explain these observations. When HU is em-
ployed, the parental infecting DNA codes not
only for early proteins but for some structural
proteins (capsids) as well. Since the assembly of
viral envelopes is prevented by HU, it can be
concluded that this process is regulated by
progeny, rather than parental, DNA. It may
then be predicted that when HU is removed,
enveloped particles will be formed. Such indeed
proved to be the case (Fig. 13).

In the normal course of development (10), the
intranuclear capsids enclosing cores devoid of or
deficient in DNA (and hence of low electron
density) greatly exceed in number the dense cores
which are presumed to have a full quota of
DNA, whereas in the cytoplasm the reverse is
true and nearly all the particles contain dense
cores. The possibility that the capsids that
enclose cores of low density disintegrate rapidly,
and thus disappear, upon leaving the nucleus
cannot be entirely excluded, but their repeated
presence in the cytoplasm of cells treated with
HU (Fig. 7 and 11) would seem to make this
unlikely. One tentative explanation can be offered;
namely, since cells are adept at selective transport,
it is this process which accounts for passage into
the cytoplasm of only one type of particle



FiG. 3. Capsids with cores of low density. 5 X 1072 a HU. X 54,000.
FI1G. 4. Reduplication of the nuclear membrane at upper right. 5 X 1072 » HU. X 54,000.
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. Aberrant formation of capsids. 5 X 1072 » HU. X 68,000.

. Reduplication of the nuclear membrane. 5 X 1072 s HU. X 47,000.

. Intracytoplasmic capsids with cores of low density. None is enveloped. 5 X 1072 x HU. X 40,000.
. Intranuclear cores and capsids of variable size. 1072 y HU. X 60,000.
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FiG. 9. Two types of cores. 102 » HU. X 55,000.
Fi1G. 10. Capsids of variable size with pleomorphic cores. A dense core is visible at the upper right. 10~ » HU.
X 60,000.
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FiG. 11. Intracytoplasmic capsids with cores of low density. The arrow indicates one capsid enclosing a dense
core. 1072 s HU. X 40,000.

FiG. 12. Dense fused membranes in the cytoplasm of a cell treated with 5 X 1073 M HU. The arrow indicates
membranes in process of budding into a vacuole. No virus can be identified. X 65,000.
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F1G. 13. Part of the cytoplasm and nucleus of a cell which was blocked and then released. Characteristic virus
is evident. X 50,000. Inset: two extracellular viral particles with cores of low density. X 90,000.
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Whether such transport is controlled by progeny
DNA, as could be inferred by the presence of
capsids with cores of low density in the cytoplasm
only of cells treated with HU, must await further
investigation.

The present observations, when combined with
those described earlier (10), suggest the following
sequence of events for normal viral development.
The synthesis of early proteins and their as-
sembly into capsids and cores of low density
precede, and are independent of, synthesis of
progeny DNA. The subsequent production of
progeny DNA is associated with the appearance
of dense cores. The capsids containing dense cores
are selectively transported to the cytoplasm,
during which process most of them become
enveloped. Finally, it may be postulated that the
envelopment of capsids and their passage into the
cytoplasm occurs quickly, first, because stages
in these processes are rarely visualized, and,
second, because enveloped virus in the cytoplasm
is usually encountered as soon as dense cores in
the nucleus are seen.
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