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ABSTRACT: Using a 3H-labeled single-stranded complemen-
tary DNA probe for detection of histone mRNA sequences
(Thrall, C. L., Park, W. D., Rashba, H. W, Stein, J. L., Mans,
R.J., and Stein, G. S. (1974), Biochem. Biophys. Res. Com-
mun. 61, 1443) we have found that histone genes are tran-
scribed in vitro from chromatin isolated from S-phase HeLa
cells but not from chromatin isolated from G,-phase cells
(Stein, G., Park, W., Thrall, C., Mans, R., and Stein, J.
(1975a), Nature (London) 257, 764; Stein, G., Park, W.,
Thrall, C., Mans, R., and Stein, J. (1975b), Biochem. Biophys.
Res. Commun. 63, 945). Utilizing the technique of chromatin
reconstitution, we have recently demonstrated that it is the
nonhistone chromosomal protein portion of the genome that
is responsible for this difference in in vitro histone gene ex-
pression (Stein et al.,, 1975a). In order to determine whether

Several lines of evidence have recently evolved, based on the
composition, metabolism, and DNA binding ability of the
nonhistone chromosomal proteins, which suggest that these
proteins play a key role in the regulation of gene expression
(Hnilica, 1972; Baserga, 1974; Stein et al., 1974; Elgin and
Weintraub, 1975). This is further suggested by the observation
in a number of systems that these proteins can modify DNA-
dependent RNA synthesis (Paul and Gilmour, 1968; Klein-
smith et al., 1970; Spelsberg and Hnilica, 1970; Teng et al,,
1971; Hnilica, 1972; Stein and Farber, 1972; Stein et al., 1972,
1974; Kostraba and Wang, 1973, Elgin and Weintraub, 1975;
Stein and Kleinsmith, 1975). With the use of complementary
DNA probes to detect the specific RNA sequences, it has been
possible to demonstrate directly that the nonhistone chromo-
somal proteins are involved in the regulation of globin genes
in erythroid cells (Paul et al., 1973; Barret et al., 1974; Chiu
et al., 1975) and histone genes during the cell cycle in HeLa
cells (Stein et al., 1975a,c). In HeLa Sj cells the synthesis of
the histone polypeptides is restricted to the S phase of the cell
cycle (Spalding et al., 1966; Borun et al., 1967; Gallwitz and
Breindl, 1972; Jacobs-Lorena et al., 1972) and translation
(Borun et al.,, 1967, 1975; Gallwitz and Breindl, 1972; Ja-
cobs-Lorena et al., 1972; Butler and Mueller, 1973; Gallwitz,
1975), as well as hybridization data (J. Stein et al., 1975) in-
dicate that histone mRNA’s are associated with polysomes
only at this time. Using a H-labeled single-stranded DNA
complementary in sequence to the histone mRNA’s asa probe
(Thrall et al., 1974), we have shown that histone genes are
transcribed in vitro from chromatin isolated from S-phase cells
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this is attributable to some component of the S-phase chro-
mosomal proteins that promotes the transcription of histone
genes, a component of the G; phase chromosomal proteins that
inhibits histone gene transcription, or both, in the present study
chromatin from both G; and S-phase cells was dissociated and
then reconstituted in the presence of various chromosomal
proteins. The results of this study confirm that it is the non-
histone chromosomal proteins that are responsible for the cell
cycle stage specific differences in in vitro histone gene ex-
pression and further show that these differences can be ac-
counted for by a component or components of the S-phase
nonhistone chromosomal proteins that has the capacity, when
reconstituted in the presence of G; phase chromatin, to render
the histone genes transcribable in a dose-dependent fashion.

but that chromatin isolated from G-phase cells does not serve
as a template for the transcription of histone mRNA sequences
(Stein et al., 1975a). In order to determine which component
of the genome is responsible for the differences in transcription
of histone genes from G- and S-phase chromatin, both G- and
S-phase chromatin were dissociated and fractionated into
DNA, histones, and nonhistone chromosomal proteins. Pooled
DNA and histone were then reconstituted with either G,- or
S-phase nonhistone chromosomal proteins. Even though the
total amount of RNA transcribed from chromatin reconsti-
tuted with G- or S-phase nonhistone chromosomal proteins
was similar, the RNA transcribed from chromatin reconsti-
tuted with S-phase nonhistone proteins hybridized with histone
c¢DNA with the same kinetics of hybridization as the tran-
scripts from native S-phase chromatin, whereas the RNA
transcribed from chromatin reconstituted with G-nonhistone
chromosomal proteins—like the RNA transcribed from native
G, chromatin—did not show significant hybrid formation with
histone cDNA (Stein et al., 1975a). While these results indi-
cate that it is the nonhistone chromosomal protein portion of
the genome that is responsible for the difference in the tran-
scription of histone genes from G- and S-phase chromatin,
they do not indicate whether a cell moving from the G- to the
S-phase of the cell cycle synthesizes or activates a molecule that
has the ability to activate histone gene transcription, degrades
or deactivates a molecule that represses histone gene tran-
scription, or both.

To approach this problem, in the present study, chromatin
from both G- and S-phase cells was dissociated and then re-
constituted in the presence of various chromosomal proteins.
The results of this study indicate that the differences in the in
vitro transcription of histone genes from G;- and S-phase
chromatin can be accounted for by a component or components
of the S-phase nonhistone chromosomal proteins that has the
ability to render the histone genes of chromatin from G,-phase
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cells transcribable in a dose-dependent fashion.

Materials and Methods

G- and S-phase HeLa S; cells were obtained by syn-
chronization of exponentially growing suspension culture cells
as described by Stein and Borun (1972).

Chromatin was prepared from Triton X-100 treated nuclei
and was dissociated in 3 M NaCl-5 M urea-0.01 M Tris-HCl
(pH 8.3), as has been described previously (Stein and Farber,
1972; Stein et al. 1975a), and is detailed in the preceding paper
(J. Stein et al., 1976).

Total chromosomal proteins were prepared by removing the
DNA from dissociated chromatin by centrifugation for 36 h
at 150 000g. The proteins were fractionated into histone and
nonhistone chromosomal proteins by the QAE-Sephadex
method of Gilmour and Paul 1970). Both the histone and
nonhistone proteins can be recovered in greater than 80% yield
by this procedure.

Residual nucleic acid in the S-phase total chromosomal
proteins was removed by a modification of the procedure used
by Gilmour and Paul (1975). The proteins, at a concentration
of 0.6 mg/ml were dialyzed against 2 changes of 50 volumes
of 5 M urea-10 mM Tris! (pH 8.3) and then made 0.41 mg/ml
in CsCl. Five milliliters of this solution was centrifuged for 48
h at 35000 rpm at 4 °C in a Beckman SW 50.1 rotor. The
chromosomal proteins were found in the top half of the gra-
dient and the nucleic acids were pelleted. When a mixture of
0.5 mg of [*H]uridine-labeled RNA, [3H]thymidine-labeled
DNA, and 2.5 mg of total chromosomal protein is fractionated
by this procedure, greater than 99.5% of the nucleic acid can
be removed from the protein fraction.

Chromatin at a DNA concentration of 0.25 mg/ml was
reconstituted by the gradient dialysis procedure of Bekhor et
al. (1969). The reconstituted chromatin recovered contained
approximately 75% of the input DNA and had the protein:
DNA ratio of native chromatin over the range of protein to
DNA inputs used in these studies. The details of these methods
(Stein and Farber, 1972) and evidence for the fidelity of
chromatin reconstitution (Bekhor et al., 1969; Paul and More,
1972; Stein et al., 1975d) have been reported.

RNA was transcribed from chromatin using fraction V
Escherichia coli RNA polymerase (Berg et al., 1971) and the
RNA transcripts were isolated as described previously (Stein
et al., 1975a) and outlined in the preceding paper (J. Stein et
al., 1976.)

RNA transcripts were hybridized at 52 °C to [3H]histone
complementary DNA (Thrall et al., 1974) prepared from
histone mRNA to which poly(A) had been added to the 3'-OH
(Mans and Huff, 1975). Hybrid formation was assayed using
fraction IV single strand specific S| nuclease from Aspergillus
oryzae (Vogt, 1973) by measuring the amount of radioactive
DNA resistant to digestion. The details of this procedure, as
well as the properties of the complementary DNA probe, have
been reported (Thrall et al., 1974; Stein et al., 1975a).

In order to determine the melting temperature of the hybrids
formed, histone ¢cDNA and transcripts from the various
chromatin preparations were hybridized at 52 °C to a Crot at
which 80% of maximal hybridization was observed with a
concentration of transcripts such that this required approxi-
mately 10 h. The samples were then heated 10 min at the in-
dicated temperatures and quick cooled in an ice-water slurry,
and the amount of hybrids remaining was assayed with S,

! Abbreviation used is: Tris, 2-amino-2-hydroxymethyl-1,3-propane-
diol.
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nuclease as described above.

Results and Discussion

Transcription of Histone Genes from G- and S-Phase
Chromatin. In order to determine directly if the histone genes
are available for transcription, chromatin can be transcribed
in a cell-free system, the transcripts isolated, and their ability
to form S;-nuclease-resistant acid-precipitable hybrids with
histone cDNA assayed. We have shown previously (Stein et
al., 1975a,b) that transcripts from chromatin isolated from
S-phase cells hybridize with histone cDNA with a Crot1/; of
2.0 X 10~! compared with a Crot;; of 1.7 X 1072 for histone
mRNA-cDNA hybridization. That the histone mRNA se-
quences detected represent new synthesis, rather than endog-
enous histone sequences isolated with the chromatin, is shown
by the lack of significant hybrid formation when RNA poly-
merase is omitted from the transcription mixture and RNA
is isolated, either with or without the addition of an amount
of E. coli RNA equal to the amount of RNA that is normally
transcribed (Stein et al., 1975a, b). When chromatin isolated
from G, phase cells is transcribed, however, even though the
total amount of RNA transcribed is similar to that from S-
phase chromatin, there is no significant hybrid formation be-
tween transcripts from G, chromatin and histone cDNA even
ata Crot of 100 (Stein et al., 1975a). If purified histone mRNA
equivalent to the amount of histone mRNA sequences tran-
scribed from S-phase chromatin is added to the transcription
mixture of G; chromatin at the beginning of the incubation and
the mixture of G transcripts and histone mRNA is subse-
quently isolated, it hybridizes with histone cDNA with the
expected Crofy /2 (2 X 107"), suggesting that histone sequences
would have been detected in G, transcripts had they been
transcribed. The possibility that histone sequences are present
in G, transcripts but are not detected because they are in a
double-stranded form due to symmetric transcription is un-
likely, since heating the hybridization mixture to 100 °C for
10 min before incubation has no effect on the hybridization of
[3H]cDNA to the transcripts. Taken together these results
indicate that histone genes are transcribed efficiently in vitro
from chromatin isolated from S-phase cells but that chromatin
isolated from G,-phase cells does not serve as a template for
the transcription of histone sequences.

In order to examine whether the difference in the in vitro
transcription of histone genes from G- and S-phase chromatin
is due to an activator of histone gene transcription present in
the S-phase chromosomal proteins, a repressor of histone gene
transcription present in G;-phase chromosomal proteins, or
both, a series of chromatin reconstitution experiments were
executed. If the difference in histone gene activity of G;- and
S-phase were due to an activator that is present or operative
only in the S phase, one would anticipate that dissociation of
G phase chromatin with high salt and urea followed by re-
constitution in the presence of increasing amounts of S-phase
chromosomal protein would result in a progressive increase in
the availability of histone genes for transcription. One would
not anticipate any major effect on histone gene transcription
if S-phase chromatin were reconstituted in the presence of
G-phase chromosomal proteins. In contrast, if the difference
in histone gene expression in G;- and S-phase can be accounted
for by a repressor of histone gene expression, which is associ-
ated with chromatin during the G, phase of the cell cycle, one
would anticipate that dissociation of S-phase chromatin fol-
lowed by reconstitution in the presence of increasing amounts
of G-chromosomal proteins would result in a progressive de-
crease in the availability of histone genes for transcription. The
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FIGURE 1: Kinetics of annealing of histone cDNA to in vitro transcripts
from G, chromatin reconstituted in the presence of various amounts of
S-phase total chromosomal protein. [*H]JcDNA (0.04 ng) was annealed
to RNA transcripts from G, chromatin reconstituted in the presence of
0(X),0.01 (A),0.10 (&), or 1.00 (O) mg of S-phase total chromosomal
protein per mg of Gi-chromatin DNA. cDNA (0.04 ng) was also annealed
to RNA transcripts from G; chromatin reconstituted in the presence of
1.00 mg of G, total chromosomal protein per mg of G; chromatin DNA
(M) and RNA transcripts from chromatin isolated from S-phase cells (@).
E. coli RNA was included in each reaction mixture so that the total
amount of RNA was 3.75 ug. Crot = mol of ribonucleotide s .=

presence of S-phase chromosomal proteins during reconsti-
tution would not be expected to significantly affect the ex-
pression of histone genes from G; chromatin. If the regulation
of histone genes involves both repressors and activators acting
in an antagonistic fashion, one would anticipate a more com-
plex, intermediate result.

Effect of S-Phase Chromosomal Protein on Transcription
of Histone Genes from G, Chromatin. Figure 1 shows the re-
sults obtained when chromatin from G cells is dissociated with
5 M urea-3 M NaCl-10 mM Tris (pH 8.3), reconstituted in
the presence of various amounts of S-phase total chromosomal
proteins, and the availability of histone genes for transcription
assayed. Transcripts from G; chromatin reconstituted in the
absence of S-phase protein show no significant hybrid for-
mation with histone cDNA even at a Crot of 100—the same
result as observed with native Gj-chromatin transcripts. In
contrast, when G, chromatin is reconstituted in the presence
of increasing amounts of S-phase total chromosomal protein,
hybrid formation between transcripts from these reconstituted
chromatin preparations and histone ¢cDNA occurs at pro-
gressively lower Crof values, suggesting that histone sequences
are being made available for transcription. This apparent
stimulation of histone gene transcription is not observed when
G, chromatin is dissociated and then reconstituted in the
presence of additional G,-total chromosomal protein-—even
at a one to one ratio of additional G, protein to DNA (Figure
1). That the histone genes from G, chromatin can be rendered
transcribable by S-phase total chromosomal proteins to ap-
proximately the same degree as observed in chromatin isolated
from S-phase cells is suggested by the similar kinetics of the
3298
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FIGURE 2: Kinetics of annealing of histone cDNA to in vitro transcripts
from G; chromatin reconstituted in the presence of S-phase total chro-
mosomal protein from which nucleic acjphas been removed by centrifu-
gation in CsCl. [*H]cDNA (0.04 ng) was annealed to RNA transcripts
from G| chromatin reconstituted in the presence of 1.00 mg of CsCl treated
S-phase total chromosomal protein (O) or 1.00 mg of untreated S-phase
total chromosomal protein (@) per mg of G;-chromatin DNA. £. coli
RNA was added to each reaction mixture so that the total amount of RNA
was 3.75 ug.

hybridization reactions of histone cDNA with transcripts from
chromatin isolated from S-phase cells (Crot,; = 2.0 X 1071)
and with transcripts from G; chromatin reconstituted with a
one to one ratio of S-phase total chromosomal protein to DNA
(Croty/2 = 3 X 1071). It should be noted that there are no
significant differences in the yield of RNA or the recovery of
RNA during isolation even though the presence of S-phase
total chromosomal protein during reconstitution can cause a
greater than 1000-fold stimulation in the amount of histone
sequences transcribed. To eliminate the possibility that a small
amount of nucleic acid present in the S-phase chromosomal
proteins is responsible for the observed hybridization, either
by containing histone sequences or by having the ability to
render the histone genes transcribable, the residual nucleic acid
was removed from the S-phase chromosomal proteins by
buoyant density centrifugation in 0.41 mg/ml CsCl-5 M
urea-10 mM Tris-HCI (pH 8.3) ina SW 50.1 rotor at 35 000
rpm for 48 h at 4 °C. Asshown in Figure 2, there is no signif-
icant difference in the kinetics of hybridization with histone
¢DNA of transcripts from G; chromatin reconstituted with
equal amounts of either CsCl-treated S-phase chromosomal
proteins or untreated S-phase chromosomal proteins.

In order to determine which component of the S-phase
chromosomal protein is responsible for the activation of histone
gene transcription from G, chromatin, S-phase chromosomal
proteins were fractionated into histones and nonhistone
chromosomal proteins with QAE-Sephadex by the method of
Gilmour and Paul (1970). As shown in Figure 3, when G;
chromatin is dissociated and reconstituted in the presence of
increasing amounts of S-phase nonhistone chromosomal pro-
tein, hybrid formation between transcripts from these chro-
matins and histone cDNA is seen at progressively lower Crot
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FIGURE 3: Kinetics of annealing of histone cDNA to in vitro transcripts
from G chromatin reconstituted in the presence of either S-phase histones
or nonhistone chromosomal proteins. [*H]cDNA (0.04 ng) was annealed
to RNA transcripts from G; chromatin reconstituted in the presence of
0.01 (A), 0.10 (a), 1.00 (O) mg of S-phase nonhistone chromosomal
protein per mg of G; DNA as chromatin. cDNA (0.04 ng) was also an-
nealed to RNA transcripts from G; chromatin reconstituted in the pres-
ence of 1.00 mg of S-phase histone per mg of G; DNA (0O) and transcripts
from native S-phase chromatin (®). E. co/if RNA was included in each
reaction mixture so that the total amount of RNA was 3.75 ug.

values, indicating a dose-dependent activation of the histone
genes of the G| chromatin by the S-phase nonhistone chro-
mosomal protein. It can be seen that the histone genes from
G, chromatin can be activated to approximately the same
degree as in native S-phase chromatin by comparing the ki-
netics of hybridization of histone cDNA with transcripts from
S-phase chromatin (Crot1/2 = 2 X 107!) and the kinetics of
hybridization of histone cDNA with transcripts from G;
chromatin reconstituted with a one to one ratio of S-phase
nonhistone protein to DNA (Crot /2 = 3 X 107!). The fidelity
of the hybrids formed between the transcripts and histone
c¢DNA, as well as the validity of comparing Crot 1/, values, is
suggested by the fact that the T, of the hybrids in all cases is
identical to the T, of the hybrids formed between histone
mRNA and histone cDNA and that the maximal hybridization
as estimated by a double-reciprocal plot is equal in all cases to
that of the histone mRNA-cDNA hybridization reaction
(63%). In contrast, as is also shown in Figure 3, when G,
chromatin is dissociated and then reconstituted in the presence
of S-phase histones, even at a one to one ratio of S-phase his-
tone to DNA, only a very small stimulation of the transcription
of histone genes is observed. This low level of histone gene
transcription, approximately 0.1% of that seen from G chro-
matin reconstituted with an equivalent amount of S-phase
nonhistone chromosomal protein, is consistent with the limits
of the ability to resolve histone and nonhistone chromosomal
proteins with QAE-Sephadex. Again, it should be noted that
there were no significant differences among the various chro-
matin preparations in the yield or recovery of RNA during
isolation, even though the presence of S-phase nonhistone
chromosomal protein during reconstitution could cause a
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FIGURE 4: Kinetics of annealing of histone cDNA to in vitro transcripts
from S-phase chromatin reconstituted in the presence of G; phase total
chromosomal proteins, [PH]JcDNA (0.04 ng) was annealed to RNA
transcripts from S-phase chromatin reconstituted in the presence of 1.00
mg of G, phase total chromosomal protein per mg of S-phase DNA (0).
c¢DNA was also annealed to transcripts from native S-phase chromatin
(®). E. coli RNA was included in each reaction mixture so that the total
amount of RNA was 3.75 ug.

greater than 1000-fold stimulation in the amount of histone
sequences transcribed from G| chromatin.

Effect of G1-Phase Chromosomal Proteins on Transcrip-
tion of Histone Genes from S-Phase Chromatin. In order to
determine whether G; chromatin contains an inhibitor of
histone gene transcription that is degraded or inactivated as
cells progress from the G, to the S phase of the cell cycle,
chromatin from S-phase cells was dissociated and then re-
constituted in the presence of total chromosomal proteins from
G;-phase cells. The ability of transcripts from this reconsti-
tuted chromatin preparation to hybridize with histone cDNA
was then determined. As shown in Figure 4, the presence of G,
total chromosomal protein—even at a one to one ratio of
G -total chromosomal protein to DNA—does not significantly
inhibit histone gene transcription from S-phase chromatin.
This is not to say that there is nothing in G;-chromosomal
protein that can inhibit histone gene transcription (since as we
have reported elsewhere (J. Stein et al. 1975) histones inhibit
the transcription of histone genes from naked DNA—although
to the same degree that they inhibit total RNA synthesis), but
rather that there is nothing in the G,-chromosomal protein that
can inhibit in vitro histone gene transcription in the presence
of S-phase chromosomal proteins. This would suggest that any
additional specific repressor of histone gene expression is lost
during isolation, dissociation, fractionation, or reconstitution
or that any inhibition of histone gene transcription by G-
chromosomal proteins can be overridden by S-phase chro-
mosomal proteins. As shown in Figure 5, similar results are
obtained when S-phase chromatin is dissociated and then re-
constituted in the presence of G; phase nonhistone chromo-
somal protein. Again the Ty, of the hybrids formed and the
maximal hybridization are the same as seen in the histone
mRNA-cDNA reaction.
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FIGURE 5: Kinetics of annealing of histone cDNA to in vitro transcripts
from S-phase chromatin reconstituted in the presence of G, phase non-
histone chromosomal proteins. [*H]cDNA (0.04 ng) was annealed to
RNA transcripts from S-phase chromatin reconstituted in the presence
of 0.10 (A) or 1.00 (O) mg of G;-phase nonhistone chromosomal proteins
per mg of S-phase DNA. ¢cDNA was also annealed to transcripts from
native S-phase chromatin (@). E. coli RNA was included in each reaction
mixture such that the total amount of RNA was 3.75 ug.

These results strongly support the contention that the dif-
ference in the in vitro transcription of histone genes from G-
and S-phase chromatin is due to the nonhistone chromosomal
protein portion of the genome and further show that this dif-
ference can be accounted for by a component or components
of the S-phase nonhistone chromosomal proteins that has the
ability to render the histone genes of Gi-phase chromatin
available for transcription in a dose-dependent fashion. These
results do not indicate which component or components of the
S-phase nonhistones is responsible for the observed activation
or by what mechanism the activation is achieved, but they do
provide an assay by which this histone gene activator can be
purified and characterized.
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