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ABSTRACT Nuclear extracts were prepared from syn-
chronized HeLa cells at various times during the cell cycle and
assayed for the ability to transcribe several cellular and viral
genes. The efficiency of transcription of a human histone H4
gene is 3- to 10-fold greater in nuclear extracts from S phase
nuclei than in extracts from non-S phase cells. In contrast, the
adenovirus virus type 2 (Ad2) major late promoter is utilized
3- to 20-fold more efficiently in nuclear extracts from non-S
phase cells. Transcription of other genes, including a human
histone H3 and the simian virus 40 late transcription unit, is
equally efficient in S and non-S phase extracts. Mixing experi-
ments demonstrate that the rate-limiting activities for histone
H4 and Ad2 major late transcription function independently
and that the effects of these activities are additive. Competi-
tion studies suggest that the H4-specific transcription activity
can be sequestered by preincubation with the H4 template
DNA. These data support the concept that cell cycle regulation
of human histone gene transcription may depend in part on
soluble transcription activities that are modulated during the
cell cycle. Further, in addition to the H4-specific transcription
activity, there may exist other transcription factors whose ac-
tivity can fluctuate according to the cell cycle or according to
the growth state of the cells.

The mechanisms for coupling nuclear DNA synthesis and
histone protein production during the eukaryotic cell cycle
are not understood. Early investigations in this field showed
that translatable histone mRNA is present in significant
amounts only during the S phase of the cell cycle and that the
inhibition ofDNA synthesis results in the rapid and selective
loss of histone mRNA from the cell cytoplasm (1-6). More
recently, the coupling of histone gene expression and DNA
synthesis has been reexamined by using cloned histone
genes as hybridization probes to directly measure the contri-
butions of increased transcription rate and mRNA stability
to the accumulation of histone mRNA during S phase. It is
clear that in synchronized yeast (7, 8) and mammalian cells
(9, 10), the increased abundance of histone mRNA during
DNA synthesis results both from an increased rate of syn-
thesis and a decreased rate of decay. In particular, our re-
cent study of synchronized HeLa cells indicates that the rate
of transcription and the half-life of human histone mRNAs
each increase between 3- to 5-fold during S phase (9).
The development of soluble extracts in which cloned eu-

karyotic genes are accurately transcribed (reviewed in ref.
11) has provided a means for the detailed analysis of those
factors involved in eukaryotic mRNA synthesis and process-
ing. One approach towards understanding histone gene regu-
lation during the cell cycle is to reproduce those mechanisms
controlling histone mRNA abundance in vitro. In this initial
report, we describe the preparation of nuclear extracts from
synchronized HeLa cells that appear to mimic histone gene

regulation in vitro. Specifically, we demonstrate that effi-
cient transcription of a cloned human histone H4 gene is de-
pendent on an activity that is present at maximal levels in
extracts from S phase HeLa cells and that this activity is not
required for transcription of several other eukaryotic genes.

MATERIALS AND METHODS
Suppliers. Aphidicolin was supplied by the Natural Prod-

ucts Branch, Division of Cancer Treatment, National Cancer
Institute. Restriction enzymes were purchased from Bethes-
da Research Laboratories. Radiolabeled precursors were
purchased from New England Nuclear.

Cell Culture and Synchronization. HeLa cells were grown
in suspension culture in minimal essential medium (Joklik)
supplemented with 5% calf serum. Cell synchronization was
by sequential thymidine and aphidicolin blocks, exactly as
described in ref. 9.

Extract Preparation and Assay. Nuclear extracts were pre-
pared essentially as described by Dignam et al. (12), with the
following modifications. Cells were immediately cooled to
40C prior to centrifugation by pouring over an equal volume
of frozen, crushed phosphate-buffered saline. Nuclei were
extracted in 2.0 ml of the following buffer per 109 cells: 20
mM Hepes, pH 7.9/1.5 mM MgCl2/0.2 mM EDTA/0.5 mM
phenylmethylsulfonyl fluoride/0.5 mM dithiothreitol/20%
(vol/vol) glycerol/0.60 M KCl. Nuclear extracts prepared in
this way contain -25 mg of protein per ml and -3 mg of
nucleic acid per ml. No significant correlations between the
protein and nucleic acid concentrations and the stage of the
cell cycle from which the extract was prepared were found.
Assays were done in a final volume of 10 ,ul and contained 4-
6 ,ul of extract, 12% glycerol, 0.3 mM dithiothreitol, 12 mM
Hepes (pH 7.9), 0.12 mM EDTA, 60 mM KCl, 8 mM MgCl2,
200 ,uM unlabeled triphosphates (ATP, CTP, UTP), 5 mM
creatine phosphate, and 10 p.M [32P]GTP (25 Ci/mmol; 1 Ci
= 37 GBq). Incubation was at 30°C for 20 min. Gel electro-
phoresis, processing, and autoradiography were as de-
scribed (12). Densitometry was done by using a Beckman
Du8 spectrophotometer equipped with a gel-scanning acces-
sory. Multiple exposures were processed and scanned to en-
sure accuracy.

RESULTS
Transcription Templates. The human histone subclones

employed in this study are designated pHu4A and pHh5B
and contain a human histone H4 and H3 gene, respectively.
We have previously reported the complete nucleotide se-
quence, the positions of the 5' and 3' mRNA termini, and
changes in the steady-state concentration of these mRNAs
during the HeLa cell cycle (13). Plasmids containing the ade-
novirus major late promoter (pSmaF) and the simian virus 40
(SV40) late promoter (Y182) have been routinely utilized for
in vitro transcription studies in this laboratory and are de-

Abbreviations: Ad2, adenovirus type 2; SV40, simian virus 40.
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Table 1. In vitro transcription templates

Restriction Expected
Promoter transcript Name Ref. cleavage runoff

Human histone H4 pHu4A(H4) 13 HindIII 620
BamHI 950

Human histone H3 pHh5B(H3) 13 Xba I 1200
Adenovirus major late pSmaF(Ad2) 14 Sma I 536

HindIII 194
SV40 late Y182(SV40) 15 EcoRV 630

Ad2, adenovirus type 2.

scribed elsewhere (14-16). Table 1 provides a complete list-
ing of the templates employed in this study and the size of
expected runoff transcription products resulting from cleav-
age with relevant restriction endonucleases.
Human Histone Gene Transcription in Vitro. In our initial

analysis, transcription of the pHu4A histone H4 template
was studied in nuclear extracts prepared from unsychron-
ized HeLa cells. Two important results were obtained: first,
transcription of this H4 gene initiates at or very close to the
in vivo initiation site; second, the relative efficiency of tran-
scription from the H4 and Ad2 promoters can vary signifi-
cantly (data not shown). In fact, although the relative effi-
ciencies of transcription from these promoters is constant in
fresh aliquots of a given extract, transcription of the H4 tem-
plate is between 5% and 40% as efficient as the adenovirus
template in different nuclear extracts from unsynchronized
cells. These results provided the first indication that the rate-
limiting events for transcription of these two promoters in
vitro may be distinct. Further support for this idea comes
from the fact that some preparations of highly purified frac-
tions that reconstitute major late transcription very efficient-
ly are not able to transcribe the H4 template (unpublished
work).

Studies of RNA synthesis in vivo indicate that the rate of
histone gene transcription specifically increases between 3-
and 5-fold during S phase (9, 10). We wished to determine
whether histone gene transcription in vitro is dependent
upon a soluble component whose activity is modulated dur-
ing the cell cycle. Hence, nuclear extracts were prepared
from synchronized cells at various points during the traverse
of the cell cycle. Typically, 2 x 109 HeLa cells were syn-
chronized by successive thymidine and aphidicolin blocks
and divided into equal aliquots, and extracts were prepared
at 2.5 hr after release into S phase and at 10-12 hr after re-
lease. Our previous in vivo measurements indicated that his-
tone mRNA is transcribed at maximal rates early in S phase
(i.e., 2.5 hr after release) and at minimal rates either prior to
entry into S phase (before release from the block) or follow-
ing S phase (10-15 hr after release) (9). Fig. 1 shows tran-
scription of the H4 and Ad2 templates in two pairs of cell
cycle extracts.
The relative efficiency of transcription from the H4 gene

and the Ad2 template change dramatically in extracts pre-
pared from S phase (Fig. 1, lanes 1 and 3) and non-S phase
HeLa cells (Fig. 1, lanes 2 and 4). Specifically, transcription
of the histone template is 3- to 10-fold more active in the S
phase extracts than in the corresponding non-S phase ex-
tracts, whereas the adenovirus template is transcribed 3- to
20-fold better in the non-S phase extracts than in the S phase
extracts. The combined effect of these differences in tran-
scription efficiency are most evident if one compares the
transcription of the H4 and Ad2 template DNAs in the non-S
phase nuclear extracts (Fig. 1, lanes 2 and 4, respectively).
In this case, the Ad2 template DNA is transcribed between
10- and 50-fold more efficiently than the H4 template. Three
conditions seem particularly important for consistent repro-
duction of these results: the cell populations must be very
well synchronized; time of preparation of the extracts should

be minimal; and the nuclear extract should not be frozen and
thawed repeatedly prior to use.
The observed differences in H4 and Ad2 transcription in

nuclear extracts from S and non-S phase cells do not result
from differences in the stability of the in vitro transcripts, the
time at which the accumulation of the H4 and Ad2 RNA
products plateau, or changes in the nucleotide or DNA opti-
ma for transcription (data not shown). Supplementation of
the nuclear extract with the cytoplasmic fraction from the
same cells had no consistent effect on the transcription effi-
ciency of either template DNA. Finally, several other cellu-
lar and viral DNA templates, including the pHh5B human
histone H3 gene and the SV40 late transcription unit (see
below), have been assayed in these extracts and reveal no
changes in their transcription efficiency. It appears, there-
fore, that the rate-limiting components for in vitro transcrip-
tion of this histone H4 gene and the adenovirus major late
promoter may be distinct.
To investigate this further, we performed a series of ex-

periments in which the ratio of S phase to non-S phase ex-
tract in the assay was systematically varied, while the total
extract concentration remained unchanged. As shown in
Figs. 2A and 3A, the transcription efficiency of the histone
H4 template is directly dependent on the amount of S phase
extract in the assay. In contrast, transcription of the Ad2
major late promoter is proportional to the amount of non-S
phase extract (Figs. 2B and 3B). It is noteworthy that in the
case of the histone H4 template, transcription of vector se-
quences (as evidenced by the intensity of the long transcripts
at the top of each lane in Fig. 2A) is not proportional to tran-
scription of the H4 gene but, rather, is correlated with the
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FIG. 1. Transcription of the histone H4 (pHu4A) and Ad2 major
late (pSmaF) promoters in extracts from synchronized HeLa cells.
(A and B) Analogous results obtained with cell cycle extracts pre-
pared on separate days. Lanes 1, transcription of HindIII-cleaved
pHu4A DNA template in S phase nuclear extract; lanes 2, transcrip-
tion of pHu4A template in non-S phase nuclear extract; lanes 3,
transcription of Sma I-cleaved pSmaF template DNA in S phase
nuclear extract; lanes 4, transcription of pSmaF template DNA in
non-S phase nuclear extract. *, Expected runoff transcription prod-
uct.
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FIG. 2. Effect of mixing S and non-S phase nuclear extracts on

in vitro transcription. In each reaction, the following amounts of S
and non-S phase extracts were used: lanes 1, 6.0 Al of S extract;
lanes 2, 4.0 ,ul of S and 2.0 Ald of non-S extract; lanes 3, 2.0 "I of S
and 4.0 pJ of non-S extract; lanes 4, 6.0 pJ of non-S extract. DNA
templates employed were HindIII-cleaved pHu4A (human histone
H4) (A), Sma I-cleaved pSmaF (adenovirus major late) (B), Xbal-
cleaved pHh5B (human histone H3) (C), and EcoRV-cut Y182
(SV40 late) (D).

amount of non-S phase extract present in the reaction. Final-
ly, for both the human histone H3 gene and the SV40 late
transcription unit the efficiency of transcription does not
change appreciably with the changing ratios of S and non-S
phase nuclear extract (Figs. 2C and 3A, Figs. 2D and 3B).
From these data we conclude that the rate-limiting factors

for H4 and Ad2 transcription are distinct and function inde-
pendently, even when present in the same assay. To deter-
mine whether the non-S phase extract was contributing sig-
nificantly to the H4 transcription in these experiments and
the extent to which the S phase extract influenced Ad2 tran-
scription, simple dilution experiments were performed. For
comparative purposes, the results of the buffer dilution ex-

periments are plotted on the same axis as the mixing experi-
ment described above (Fig. 3). Mixing the S extract with the
non-S extract or diluting it with buffer resulted in a similar
reduction in the transcription of the H4 template DNA (Fig.
3A). In an analogous experiment, Ad2 transcription was de-
creased to a similar extent by mixing of the non-S phase ex-

tract with the S phase extract or by dilution with buffer (Fig.
3B). These results are particularly relevant in considering H4
transcription, since they indicate that the relative abundance
of those transcription factors required for Ad2 transcription
in the non-S phase extract have very little effect on the tran-
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scription of the H4 template. Rather, the majority of the rate-
limiting component for histone H4 transcription is present in
the S-phase nuclear extract.

Competition Studies. As an independent test for the pres-
ence of a histone H4-specific transcription factor and to ask
whether this activity exerts its effect through specific inter-
action with the template DNA, competition assays were em-
ployed. This experimental approach is very closely modeled
after previous studies by Bogenhagen et al. (17) and Lassar
et al. (18) to determine the requirements for stable complex
formation on several RNA polymerase III templates in vitro.
The assay is designed to detect a transcription factor by its
ability to be specifically sequestered by a given DNA tem-
plate during preincubation with that template in the absence
of detectable transcription. Several preliminary experiments
were done to identify and characterize an appropriate S
phase nuclear extract for these studies. The extract chosen
was completely dependent on exogenously added nucleotide
triphosphates for detectable transcription and transcribed
the H4 template :50% as efficiently as it transcribed the
Ad2 template. This last condition (i.e., an excess of Ad2
transcription components over the H4 specific activity) was
chosen for the following reason. If transcription of these
templates requires any common component, as is almost
certainly the case, then it is desirable to provide an excess of
that component in the preincubation so that titration of the
H4-specific activity is reached prior to titration of the shared
component. In this way, sufficient transcription activity re-
mains after the preincubation step to allow for assay of the
secondary DNA templates.

In the experiment shown in Fig. 4A increasing amounts of
the histone H4 template cut with BamHI (generating a 950-
nucleotide runoff transcription product) were preincubated
with the nuclear extract in the absence of nucleotide triphos-
phates. After 10 min, a mixture of the H4 template cut with
HindIII (generating a 620-nucleotide runoff transcription
product) and the Ad2 template were added along with nucle-
oside triphosphates, and the incubation was continued for an
additional 20 min. The DNA concentrations of the secondary
DNA templates were adjusted to produce nearly equivalent
signals during the transcription reaction. As expected, as the
concentration of the BamHI-cut histone H4 template is in-
creased in the preincubation step, the accumulation of the
950-base-pair runoff transcript increases. On the other hand,
transcription of the secondary H4 template DNA decreases
markedly relative to the Ad2 template DNA. These data are
presented quantitatively in Fig. 5A (dashed lines). Identical
results were obtained when an isolated DNA fragment carry-
ing the H4 gene free of vector sequences was used in the
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FIG. 3. Quantitation of mixing experiment shown in Fig. 2 (solid lines). Also plotted are results of dilution experiments in which S extract
was diluted with buffer and assayed for H4 transcription (A, e-----e) or G1 extract was diluted with buffer and assayed for Ad2 transcription (B,
*_-___ .
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FIG. 4. Ability of H4-specific transcription activity to be seques-
tered by H4 template DNA. (A) Increasing quantities of a primary
H4 template DNA (BamHI-cleaved pHu4A; bold characters) were
incubated with the nuclear extract for 10 min; NTPs, 250 ng of sec-
ondary H4 template (HindIll-cleaved pHu4A) and 100 ug of Ad2
template (Sma I-cleaved pSmaF) were added and transcription was
allowed to occur for 20 min. Lanes indicate reactions in which the
following amounts of H4 primary DNA template were included into
the first incubation: lane 1, no DNA; lane 2, 200 ng; lane 3, 400 ng;
lane 4, 600 ng; lane 5, 800 ng; lane 6, 1000 ng. (B) Analogous experi-
ment in which the following quantities of a primary Ad2 major late
primary DNA template (HindIII-cleaved pSmaF) were included in
the primary incubation: lane 1, no DNA; lane 2, 250 ng; lane 3, 500
ng; lane 4, 1000 ng.

primary incubation (data not shown). In some experiments
(Fig. 5A, solid lines), the decrease in transcription of the sec-
ondary H4 template was accompanied by an increase in tran-
scription of the secondary Ad2 DNA. This is of interest
since it may reflect competition for a common transcription
component, which occurs only when the H4 template is
complexed with its specific transcription factor.

In contrast, when the Ad2 template was included in the
primary incubation instead of the H4 template DNA (Figs.
4B and 5B), qualitatively different results were obtained. In
this case, as transcription from the primary Ad2 template
increases, accumulation of transcripts from both secondary
template DNAs decrease at the same rate. Similar results
were obtained by using pBR325 DNA in the primary incuba-
tion (data not shown). These data further support the sugges-
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FIG. 5. Quantitation of competition experiment shown in Fig. 4

(open symbols). Closed symbols show values obtained for indepen-
dent experiment performed in exactly the same manner. (A) Primary
template, BamHI-cleaved pHu4A; o and *, Transcription of second-
ary H4 template; o and *, transcription of secondary Ad2 template.
(B) Primary template, HindIII-cleaved pSmaF; o and 0, Transcrip-
tion of secondary H4 template; o and *, transcription of secondary
Ad2 template.

tion that H4 and Ad2 transcription require a common com-
ponent.

DISCUSSION

The present study represents our initial characterization of
in vitro transcription in crude soluble nuclear extracts from
synchronized HeLa cells. Our most interesting findings con-
cern the transcription of the pHu4A human histone H4 gene
in these extracts. We have demonstrated that transcription
of this H4 gene in vitro is dependent on an activity that is
distinct from those required for transcription of the Ad2 ma-
jor late transcription unit and that this activity is present at
maximal levels in extracts made from S-phase HeLa cells.
The activity is rate limiting for histone H4 transcription in
vitro, even when mixed with extracts that are very active for
Ad2 late transcription. Furthermore, we have shown that a
component(s) required for histone H4 transcription can be
specifically sequestered during preincubation with either the
entire pHu4A plasmid DNA or the isolated insert from this
plasmid. It is most probable that the rate-limiting activity in
the S phase nuclear extract and the component sequestered
during preincubation with the H4 template are identical. In
this case, the simplest interpretation of this data is that tran-
scription of the histone H4 gene in vitro requires a compo-
nent that interacts with the DNA template and whose activi-
ty is most abundant during S phase. These properties are
consistent with our expectations of a protein that may be
involved in regulating histone gene expression in vivo. If this
H4-specific activity is, in fact, involved in histone gene regu-
lation in vivo, then the observation that in vitro transcription
of the histone H3 gene is not affected by this activity sug-
gests that there may be separate factors for modulating the
transcriptional activity of the various histone gene subtypes
(i.e., H1, H2a, H2b, H3, and H4). Alternatively, those se-
quences necessary for cell cycle-regulated transcription may
not be present on the pHh5B subclone.
An equally intriguing result is that in vitro transcription of

the adenovirus major late promoter fluctuates so dramatical-
ly in the cell cycle extracts. This raises the exciting possibili-
ty that the expression of additional cellular and viral genes
may be modulated by a general transcription component
whose activity changes during the cell cycle or according to
the growth state of the cell. Obviously, further examination
of this possibility is accessible through the in vitro approach
utilized in this study. Furthermore, consideration of our re-
sults with the recent discoveries of SV40 (19) and Drosophila
heat shock (C. S. Parker, personal communication) gene-
specific transcription factors results in an appreciation for
the multiplicity of proteins controlling specific gene tran-
scription in vitro and, probably, in vivo.
At this point, it is premature to discuss at length the impli-

cations these results have for models of histone gene regula-
tion in vivo, It seems likely, however, that histone gene tran-
scription in vivo may be controlled both by changes in the
structure of the template DNA during the cell cycle (9) and
by modulation of the activity of histone gene-specific tran-
scription factors. Obviously, a detailed knowledge of both
the mechanism of action of the H4-specific transcription ac-
tivity and of the nucleotide sequences necessary for its activ-
ity in vitro compared with sequences required for cell cycle
regulation in vivo must be obtained.
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