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SUMMARY

Histone synthesis decreases approximately in parallel with the decrease
in cellular DNA synthesis when KB cell monolayers are productively infected
with adenovirus type 2 and does not occur in coordination with the later
surge of viral DNA synthesis. The synthesis of histones is not, therefore,
required for all replicative DNA synthesis in the nuclei of mammalian cells.
INTRODUCTION

Histones, the major structural proteins of eukaryotic chromosomes, are
synthesized concomitantly with DNA in the S phase of the cell life cycle (1).
Inhibition of DNA synthesis with drugs results in a cessation of histone
synthesis (1). Introduction of inhibitors of protein synthesis into the
culture medium of mammalian cells immediately reduces the rate of DNA synthe-
sis about fivefold and halts DNA synthesis altogether in about one hour (2).
These observations support an obligatory coupling of the synthesis of nuclear
DNA and histones (3). Recent evidence has extended this concept to include
nuclear synthesis of the exogenous DNA of simian virus 40 (4).

In the first few hours after infection of cells with adenoviruses,
there is a gradual decline in cellular DNA synthesis that is followed by
replication of viral DNA (5-7). This sequence of events provides the oppor-

tunity to ask whether histone synthesis accompanies synthesis of adenoviral
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DNA in the host cells' nuclei. We have examined this by measuring the incor-
poration of both [IHC]-deoxythymidine into DNA and [3H]-lysine into histones

at several times after the infection of KB cells with adenovirus type 2.

MATERIALS AND METHODS

Cells and virus

KB cells (Flow Laboratories) were grown in monolayer culture in Eagle's
minimal essential medium supplemented with 5% calf serum. Adenovirus type 2,
obtained from the American Type Culture Collection, was propagated in KB
cell cultures. To purify adenovirus, we modified the procedure of Doerfler (8)
to include 3 CsCl density gradient centrifugations, as well as zonal centri-
fugation.

Synchronous infection of KB cells and pulse labeling

Each monolayer of KB cells (1-5 X 107 cells) was infected with adeno-
virus at a multiplicity of 50-100 plaque forming units of purified virus
per cell. The inoculum was diluted in 5 ml of phosphate-buffered saline
containing 0.2% bovine serum albumin and adsorbed for 2 hr at 4°. The cells
were then washed three times with phosphate-buffered saline at 4° to remove
unadsorbed virus. After 2, 6, 12, 18, or 24 hr of incubation at 37°, growth
medium was replaced with minimal essential medium deficient in lysine and
supplemented with 5% calf serum, 10 uCi/ml of [3H]-lysine (59 Ci/mmole,
New England Nuclear) and 5 nCi/ml of {1%C]-deoxythymidine (57 mCi/mmole,
New England Nuclear). After a 30 min labeling period, the cells were released
by a 10 min incubation in 25 ml of 1 mM EDTA/10 mM Tris.Cl (pH 7.4) and then
collected by centrifugation.

Preparation of KB cell nuclei

Cells collected from each monolayer were suspended in 2 ml of 10 mM
NaC1/1.5 mM MgCly/10 mM Tris-Cl (pH 7.4) containing 1 mM phenylmethane
sulfonylfluoride, swelled on ice for 10 min, and homogenized with 10 strokes
of a Potter-Elvehjem homogenizer. Crude nuclei were then collected by
centrifugation at 1000g for 10 min and suspended in 2 ml of 10 mM NaCl/1.5 mM
MgCly/10 mM Tris-Cl (pH 7.4) and 0.3 ml of a mixed detergent solution that
contained 3% sodium deoxycholate/7% Tween 40 (9). The detergent-treated
nuclei were collected by centrifugation at 2000g for 10 min and suspended in
2 ml of 10 mM NaC1/1.5 mM MgCly/10 mwM Tris.Cl (pH 7.4). A small portion of
each nuclei preparation was stained with toluidine blue and counted using a
hemacytometer. The purified nuclei were centrifuged, suspended in 2 ml of
1 mM phenylmethane sulfonylfluoride/0.1 mM EDTA (pH 7.0), sonicated with four
30 sec bursts of an Artek Dismembrator at maximum power, and incubated at 0°
for 15 min.

Extraction of acid soluble nuclear proteins

A standard procedure for acid extraction of histomes (10) was applied to
the nuclear lysates. 0.4 ml of cold 2 M HpSO4 was added slowly, with stirring,
to each 2 ml suspension. After stirring for 2 hr at 4°, DNA and acid insoluble
proteins were removed by centrifugation at 15,000g for 30 min at 4°. The pre-
cipitate was solubilized in 1 ml of Protosol (New England Nuclear). A 100 ul
aliquot was added to 10 ml of Bray's scintillation fluid (11) and the amount
of radioactivity determined using a liquid scintillation spectrometer. 10 ml
of cold 95% ethanol was added to each supernatant and the samples stored at
-20° for 24 hr (10). The precipitated proteins were collected by centrifuga-
tion at 15,000g for 30 min at 4° and dissolved in 0.5 ml of 1 mM phenylmethane
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sulfonylfluoride/1 M Tris-Cl (pH 7.5). A 100 ul portion was added to 10 ml
of Bray's scintillation fluid and the amount of tritium determined.

Gel electrophoresis and analysis

The remainder of the solubilized protein was brought to 1% sodium dodecyl
sulfate, immersed in a boiling water bath for 5 min, dialyzed against 1% sodium
dodecyl sulfate/17% 2-mercaptoethanol/0.1% bromphenol blue/10% glycerol/0.03 M
Tris-phosphate (pH 6.8), and analyzed by discontinuous polyacrylamide gel
electrophoresis (15% acrylamide:0.2% bis-~acrylamide) essentially as described
by Laemmli (12). After electrophoresis, the gels were severed at the track-
ing dye and either stained to visualize protein bands or sliced for counting.
Gels were stained for 15 min with 1% amido black in 7% acetic acid and destained
in 7% acetic acid/40% ethanol in the presence of Dowex 1 beads. Unstained
gels were fixed in 50% trichloroacetic acid for 1 hr at 4° and sliced into
1 mm sections. Gel slices were solubilized by incubation in scintillation vials
overnight at 37° in 0.3 ml of 30% hydrogen peroxide. 10 ml of Bray's scintilla-
tion fluid was added to each vial and the amount of tritium determined.

RESULTS

Figure 1 shows the incorporation of [1%C]-deoxythymidine into DNA (-@-)
and of [3H]-lysine into acid-soluble, ethanol-precipitable nuclear proteins
(-0-) and into the four core histones, H2A, H2B, H3, and H4 (-O-). The deoxy-
thymidine incorporation data are consistent with the previously documented
decline of cellular DNA synthesis in the first few hours after infection with
adenoviruses and the initiation of viral DNA synthesis at 10-12 hours after
infection (5-7).

The incorporation of [3H]—lysine into acid-soluble, ethanol-precipitable
nuclear proteins parallels the deoxythymidine incorporation into DNA until 12
hours after infection but does not subsequently increase along with DNA syn-—
thesis. Furthermore, polyacrylamide gel electrophoresis revealed that from
12 to 24 hours after infection much of the lysine incorporation was not
into histones (Figure 2). The amount of [3H]-lysine incorporated into the
core histones could be unambiguously determined because of their characteristic,
high mobilities (Figure 3). At each time studied, radiocactivity was also
present in the position where histone Hl migrated, but the amount of incor-
poration into Hl was difficult to determine at 18 and 24 hours because of the

presence of other large peaks of radiocactivity in the same region. The

incorporation of [3H]—lysine into the core histones clearly decreases during
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FIGURE 1. Incorporation of [l%C]-deoxythymidine into DNA (-@-), [3H]-lysine
into acid-soluble, ethanol-precipitable nuclear proteins (-0-~), and [3H]-lysine
into the core histones, H2A, H2B, H3, and H4 ({3-) at several times after
infection of KB cells with adenovirus type 2. Infected cells were exposed to
the radioactive compounds for 30 min at the indicated times, and incorporations
determined as described in the text. The amounts of [3H]-lysine in the core
histones were calculated by multiplying the incorporation into acid-soluble,
ethanol-precipitable nuclear proteins by the percentage of this incorporation
that was in the core histones, as determined by gel electrophoresis (see Figure 2).
Incorporations of the radioactive compounds into the relevant macromolecules
were normalized to 107 nuclei and percentages calculated relative to the
incorporations observed at 2 hr after infection. The 2 hr incorporations, as
measured in 100 pl samples, were: 91,356 counts per minute of [3H]-lysine

and 716 counts per minute of [l1%C]-deoxythymidine into acid-soluble, ethanol~
precipitable nuclear proteins and DNA, respectively.

the late stages of infection (Figure 1) when adenovirus DNA is being synthe-
sized in large amounts; the ratio of [3H]-1ysine incorporation into the core
histones to the [!%C]-deoxythymidine incorporation into DNA is approximately
50-fold lower at 18 hours after infection that at 2 hours after infection.
At 12, 18, and 24 hours after infection, one of the major bands of radio-

activity observed on polyacrylamide gels migrates between histones H1l and

H3 with a mobility that coincides with that of a major band visualized by
staining (Figure 3). This band has a slightly lower mobility than the major
core protein (polypeptide VII) from mature adenovirions and is most likely

the precursor of polypeptide VII (13). Other major, unidentified peaks of
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FIGURE 2. Sodium dodecyl sulfate/polyacrylamide gel electrophoresis of
[3H]-1lysine labeled, acid-soluble, ethanol-precipitable nuclear proteins from
KB cells infected with adenovirus type 2. The mobilities of the histones
were established from gels run in parallel on the same samples and stained
for protein (see Figure 3).

radioactivity are present as well. For the most part, these do not corre-

spond inmobility to proteins found in mature virions.

DISCUSSION

To the extent that our pulse-labeling experiments reflect rates of
macromolecular synthesis, our results suggest that the rate of histone syn-
thesis decreases after infection of KB cells with adenovirus type 2, at least
roughly parallel to the decrease in the rate of cellular DNA synthesis.
Russell (14) has previously suggested that histone synthesis declines after
infection of human embryonic kidney cells with adenovirus type 5, but the
interpretation of his data is limited by the comigration of two viral core

proteins with histones H1 and H3 in the electrophoresis system he used and
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FIGURE 3. Sodium dodecyl sulfate/polyacrylamide gel electrophoresis of,

from left to right: acid-soluble, ethanol-precipitable nuclear proteins from
KB cells at 2, 6, 12, 18, and 24 hr after infection; adenovirus type 2 (Ad2);
a mixture of the samples for gels 5 and 6. The gels were stained with amido
black for photography. The histones and virion polypeptide VII (last two
gels) are identified.

by an absence of data on DNA synthesis.

Histone synthesis is stimulated after infection of cells with papova-
viruses (15-17), which, in contrast to adenoviruses, possess histones as
structural components of virions (18,19). Tan (4) has recently reported that
30-60 hours after the infection of monkey cells with simian virus 40, histones
are synthesized in coordination with viral DNA replication. Our results
indicate that histone synthesis does not occur in coordination with replica-
tion of adenovirus DNA. This implies that histone biosynthesis is not an
obligatory correlate of nuclear DNA synthesis. Raydt et al. (20) have
reached a similar conclusion from their studies on the action of 2,3,5-tris-

ethyleneiminobenzoquinone, a drug that inhibits histone synthesis in cultured
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mouse cells but does not interfere with DNA synthesis. The absence of his-
tone synthesis during the replication of adenovirus DNA implies that studies
on the mechanism of adenovirus DNA synthesis may not be relevant in all
respects to understanding the mechanism of cellular DNA synthesis.

The lack of coordinated synthesis of histones and adenovirus DNA does
not exclude the possibility that histones might form complexes with adeno-
virus DNA. Recent studies by Seale (21) and Weintraub (22) indicate that
DNA synthesized in the presence of inhibitors of protein synthesis is com-
plexed with histones, but at a lower histone/DNA mass ratio than DNA synthe-
sized in untreated cells. This suggests that histones that were complexed
with previously synthesized DNA migrate to newly synthesized DNA. Migration
of histones during replication of cellular DNA has been directly documented
by Seale (23) and by Jackson et al. (24) in studies of the histones bound to
newly synthesized DNA. Based on these studies, it seems possible that histones
complexed with cellular DNA might redistribute to adenovirus DNA. Such a
migration may be inevitable unless specifically prevented by a viral mechanism.
If histones were transferred to viral DNA, their absence in virions might be
due to selective proteolysis of histones on the viral DNA (our gels indicate
that there is not a generalized destruction of histones in the nuclei of
infected cells) or to displacement by the major core protein (polypeptide VII)

or its precursor.
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