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SUMMARY 

Histone gene expression was studied during the cell cycle 
of continuously dividing HeLa s 3 cells and after stimulation of 
confluent monolayers of WI-38 human diploid fibroblasts to pro
liferate. The presence of histone mRNA sequences was assayed by 
hybridization to a 3H- labeled, single-stranded DNA complementary 
to histone mRNA molecules. In HeLa S3 cells histone mRNA se
quences were found in the nucleus and associated with polyribo
somes during S phase but not during G1 phase . Transcripts of S 
phase chromatin contained histone mRNA sequences, but those of 
G1 phase chromatin did not. Similarly, in WI-38 cells associa
tion of histone mRNA sequences with polyribosomes and transcrip
tion of histone mRNA sequences from chromatin parallel DNA rep
lication . Taken together, these results suggest that the regu
lation of histone gene expression resides, at least in part, at 
the transcriptional level . However, other results suggest that 
the coupling of histone gene expression and DNA synthesis is 
mediated post-transcriptionally. Chromatin reconstitution stud
ies provide evidence that (i) a component of the complex and 
heterogeneous nonhistone chromosomal proteins plays a key role 
in activation or derepression of histone gene transcription dur
ing the period of the cell cycle when DNA is replicated, (ii) the 
chromosomal proteins and/or the DNA sequences involved in the reg
ulation of histone gene expression may be similar in mouse and 
human and (iii) phosphate groups associated with the S phase 
nonhistone chromosomal proteins appear to be functionally in
volved in the control of histone gene readout . 
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INTRODUCTION: 
GENE REGULATION IN EUKARYOTIC CELLS 

Although it has been known for some time that the genetic 
information of the cell is encoded in the nucleotide sequences 
of the DNA double helix, the mechanisms that govern elaboration 
and dissemination of genetic information have yet to be resolved. 
In eukaryotic cells there are several levels at which gene ex
pression may be controlled. Within the nucleus regulation may 
reside at the level of the genome . Such transcriptional control 
may involve the interactions of chromosomal proteins with DNA 
sequences and/or the specificity of RNA polymerases which are re
sponsible for the transcription of genetic information. Proc
essing of RNA transcripts also occurs within the nucleus and is 
a potential level of regulation. Within the cytoplasm regulation 
of gene expression may involve further processing of RNA tran
scripts or any of the complex steps required for protein synthesis. 
Additionally, post-translational modifications of proteins, either 
in the nucleus or in the cytoplasm, may influence gene expression. 
In any specific biological situation control of gene expression 
may reside at any one level or at several levels . Furthermore, 
the level of control of a given genetic sequence may vary, de
pending upon the biological circumstances. In the present article 
we will focus attention on transcriptional control. It appears 
that regulation of gene expression, at least in part, resides at 
this level . 

A viable model for transcriptional control of gene expres
sion in eukaryotic cells must effectively deal with three funda
mental phenomena. First is the quantitative as well as quali
tative similarity of DNA in all diploid nuclei of an organism. 
Thus every somatic cell possesses a complete and identical set of 
genetic information. Second is the restricted availability of 
genetic information for transcription. In differentiated eukar
yotic cells only 2-20% of the genome is transcribable at any time, 
and the specific genetic sequences expressed are different in 
each cell type, reflecting the metabolic requirements of the cell. 
This is not to say that all cells express a totally distinct set 
of genes unexpressed in other cell types. Rather, in addition to 
expression of genes that are shared in common by many cells, e.g., 
genes which code for ''general housekeeping enzymes", restricted 
expression of certain genes which often define unique cellular 
phenotype occurs on a cell or tissue- specific basis. For example, 
globin genes are expressed only in erythroid cells, and the ex
pression of ovalbumin genes is observed only in the oviduct. 
Third is the ability of cells to modulate gene expression in re
sponse to specific demands. Such modifications in gene readout 
occur during development and differentiation, during the cell 
cycle, and in response to hormones. In general, they provide a 
cell with the flexibility needed to deal with changes in the in
tracellular and extracellular environment. 

The question which arises, therefore, is how specific re
gions of the genome are rendered transcribable - or how genes 
are "turned on" and "turned off". In microbial systems signi
ficant inroads have been made towards understanding the mech-
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anisms by which genes are regulated . Specific repressor pro
teins have been isolated which interact with defined genetic 
sequences and render genes nontranscribable (GILBERT & MUELLER
HILL 1966, PTASHNE 1967) . Specific activators have been shown 
to modify the interactions of these repressors with DNA and hence 
permit transcription (ADLER et al. 1972, JOBE & BOURGEOIS 1972). 
The two prokaryotic systems which have been most extensively 
characterized are the lac operon (BECKWITH & ZIPSER 1970) and 
the bacteriophage\ ( HERSHEY & DOVE 1971). While our understand
ing of prokaryotic gene regulation has progressed to a sophis
ticated level, caution must be exercised in assuming that anal
ogous mechanisms are operative in eukaryotic cells. 

Progress in achi.eving an understanding of gene regulation 
in eukaryotic cells has been facilitated significantly by our 
ability to isolate the genome in a state where structural and 
functional integrity of the genetic material is preserved. The 
material of the eukaryotic genome is referred to as chromatin, a 
nucleoprotein complex consisting primarily of DNA, histones and 
nonhistone chromosomal proteins. Structural fidelity is supported 
by a number of physical criteria, including electron microscopic 
comparisons of isolated chromatin with chromatin in intact nuclei. 
Evidence that isolated chromatin functionally reflects the in vivo 
situation is the fidelity in vitro of tissue-specific and cell 
cycle stage-specific transcription . Taken together, these obser
vations make it reasonable to accept chromatin as a viable model 
system for studying the control of gene readout. 

During the past several years evidence that suggests an im
portant role for chromosomal proteins in determining structural 
and functional properties of the eukaryotic genome has accumulated 
[see reviews by BONNER & TS'O (1964), BUSCH (1965), HNILICA (1972), 
MACGILLIVRAY et al. (1972), SPELSBERG et al. (1972), STEIN & BA
SERGA (1972), BASERGA (1974), STEIN et al. (1974c), ELGIN & WEIN
TRAUB (1975), STEIN & KLEINSMITH (1975), STEIN & STEIN (1976)]. 
Histones have been shown to be intimately involved in the main
tenance of genome structure and to serve as nonspecific repres
sors of DNA-dependent RNA synthesis. In contrast, whereas non
histone chromosomal proteins also appear to possess structural 
properties, components of these complex and heterogeneous macro
molecules may be responsible for modulating the readout of parti
cular genes. A regulatory role for components of the nonhistone 
chromosomal proteins is supported by the correlation of variations 
in the composition and metabolism of these proteins with modifi
cations in gene expression in a broad spectrum of biological sys
tems. More direct evidence that nonhistone chromosomal proteins 
function in a regulatory capacity can be gleaned from chromatin 
reconstitution studies which implicate their involvement in the 
transcription of specific genetic sequences (PAUL et al. 1973, 
BARRETT et al. 1974, CHIU et al. 1975, STEIN et al. 1975a, TSAI 
et al. 1976) . 

Throughout the cell cycle of continuously dividing cells, 
as well as after the stimulation of nondividing cells to prolif
erate, a complex and interdependent series of biochemical events 
occurs, requiring modifications in the expression of information 
encoded in the genome. Hence the cell cycle provides an effec-
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tive biological system for studying the regulation of gene read
out. For the past several years our laboratory has been focusing 
on the cell cycle stage-specific regulation of the genes that code 
for the histones. In the present paper several lines of evidence 
are presented which suggest that in continuously dividing cells, 
as well as after stimulation of nondividing cells to proliferate, 
(a)theregulation of histone gene expression resides, at least in 
part, at the transcriptional level, and (b) a subset of the non
histone chromosomal proteins associated with the genome during 
the S phase of the cell cycle is responsible for "activation of 
histone gene transcription" when DNA replication occurs. 

REGULATION OF HISTONE GENE EXPRESSION 
DURING THE CELL CYCLE 

IN CONTINUOUSLY DIVIDING CELLS 

Evidence for Transcriptional Control 
Of Histone Gene Expression 

It has been established in many systems that histone syn
thesis and the deposition of these proteins on DNA is restricted 
to the S phase of the cell cycle (SPALDING et al. 1966, ROBBINS 
& BORUN 1967, STEIN & BORUN 1972), both in continuously dividing 
populations of cells and after stimulation of nondividing cells 
to proliferate. It has also been observed that inhibition of DNA 
replication results in a rapid and complete shutdown of histone 
synthesis (SPALDING et al. 1966, ROBBINS & BORUN 1967, STEIN & 
BORUN 1972, BORUN et al. 1967, GALLWITZ & MUELLER 1969, STEIN & 
THRALL 1973). These findings suggest that expression of histone 
genes is confined to the S phase of the cell cycle, and the cou
pling of histone and DNA synthesis is consistent with a func
tional relationship between these two events. We have been examin
ing the regulation of histone gene expression and the level at 
which control is mediated. Essentially, two approaches have been 
pursued. The presence of histone mRNA sequences on HeLa S3 cell 
polyribosomes, in the post-polyribosomal supernatant and in the 
nucleus during G1 , Sand G2 phases has been examined. Addition
ally, transcription of histone mRNA sequences from chromatin iso
lated from HeLa cells at various times during the cell cycle has 
been assayed. 

Since these studies require a high resolution probe for 
identification of histone mRNA sequences, we synthesized a 3H
labeled single-stranded DNA complementary to histone mRNAs. The 
approach pursued for the in vitro synthesis of histone comple
mentary DNA (cDNA) is schematically illustrated in Fig. 1. His
tone mRNAs were isolated from polyribosomes of S phase HeLa S3 
cells and chromatographed on oligo dT-cellulose to remove poly 
A-containing material. Lacking poly A at the 3' hydroxyl ter
mini, histone mRNAs are ineffective as templates for reverse 
transcriptase, which is a primer-dependent enzyme. Poly A was 
therefore added to the 3' hydroxyl ends of histone mRNAs with an 
ATP-po l ynucleotidyltransferase isolated from maize seedlings 
(MANS & HUFF 1975), and the polyadenylated mRNAs were transcribed 
with RNA-dependent DNA polymerase isolated from avian myeloblas
tosis virus or Rous Sarcoma virus, using dT 10 as a primer in the 
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Schematic illustration of protocol for histone cDNA synthesis. 1. Adenylic 
acid residues are enzymatically added to the 3'-0H termini of histone mRNAs 
utilizing an ATP-polynucleotidyl exotransferase. 2. The polyadenylated his
tone mRNAs are transcribed with RNA-dependent DNA polymerase in the presence 
of 3H-dGTP and 3H-dCTP using dT 10 as a primer. ( 3H)-DNA-polyadenylated histone 
mRNA duplexes are formed. 3. Alkaline hydrolysis of the polyadenylated his-
tone mRNA component of the DNA-RNA duplex results in a 3H-single-stranded DNA 
complementary to histone mRNAs. Details concerning the synthesis of the his-
tone cDNA probe have been reported (STEIN et alo 1975a, THRALL et al. 1974). 

presence of 3 H-dCTP and 3 H-dGTP. Transcription was carried out in 
the presence of actinomycin D to insure that the DNA copy was single
stranded. Isolation, purification and characterization of histone 
mRNAs as well as synthesis and properties of the histone cDNA probe 
have been reported (STEIN et al. 1975a, THRALL et al. 1974, STEIN 
et al. 1975b). Identification and quantitation of histone mRNA se
quences synthesized in vivo or transcribed in vitro from chromatin 
were based on the kinetics of hybridization to histone cDNA. Hy
bridization was carried out with an excess of RNA in the presence 
of 50% (w/v) formamide and 0.5 M NaCl, and hybrid formation was 
assayed by resistance to single-strand specific nuclease (S1) and 
precipitation with trichloroacetic acid. 

To determine the specific periods during the cell cycle when 
histone mRNA sequences are associated with polyribosomes, we as
sessed the abilities of polyribosomal RNA from G1 , Sand G2 phase 
HeLa cells to hybridize with histone cDNA (Fig. 2) (STEIN et al. 
1975b). Formation of hybrids between S phase polyribosomal RNA and 
cDNA indicates the presence of histone-specific sequences associated 
with polyribosomes of S phase cells. In contrast, the absence of 
G1 phase polyribosomal RNA hybridization demonstrates that histone 
mRNA sequences are not components of G1 phase polyribosomes. Com
parison of the kinetics of the hybridization reaction between S 
phase polyribosomal RNA and histone cDNA (Crotk=l.8) with the kine
tics of the histone mRNA-cDNA hybridization re~ction (Crotk=l.7xl0- 2 ) 

indicates that histone mRNA sequences account for 0.9% of fhe RNA 
from S phase non-membrane-bound polyribosomes (STEIN et al. 1975b). 
This value is consistent with the situation in vivo where approxi
mately 10-15% of the protein synthesis in S phase HeLa cells is his
tone synthesis (STEIN & BORUN 1972). Additionally, the absence of 
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Figure 2. Kinetics of annealing of 
histone complementary DNA to RNA iso
lated from non-membrane-bound polyribo-
somes of G1 , Sand G2 fhase HeLa S3 
cells. Complementary [ H]DNA (27,000 
dpm/ng) and unlabeled RNA were hybrid
ized at 52°c in sealed glass capillary 
tubes containing in a volume of 15 µl 
50% (w/v) formamide, 0.5 M NaCl, 25 ml 
Hepes (pH 7 .0 ), 1 mM EDTA, 0.04 ng of 
complementary DNA and 3.75 or 7.5 µg 
of polyribosomal RNA from G1 (*), S 
(o) or G2 (e) HcLa S3 cells. Samples 
were removed at various times and in
cubated for 20 min. in 2.0 ml of 30 
mM sodium acetate, 0.3 M NaCl, 1 mM 
ZnS04, 5% (v/v) glycerol (pH 4.6), 
containing S phase nuclease at a con
centration sufficient to degrade at 
least 96% of the single-stranded nu
cleic acids present. The amount of 
labeled DNA resistant to digestion 
was determined by trichloroacetic 
acid precipitation. Sand G2 phase 
cells were obtained by synchroniza
tion with two cycles of a 2 m.M thymi-
dine block. S phase cells were har

vested 3 h after release from the second thymidine block, at which time 98% of 
the cells were in S phaseo G2 phase cells were harvested 7.5 h after release 
from thymidine block. G1 phase cells were obtained 3 h after selective detach
ment of mitotic cells from semi-confluent monolayers; 97% of the cells were in 
the G1 phase of the cell cycle,and S phase cells were not detected. Polyriboso
mal RNA was isolated as previously reported (STEIN et al. 1975b) Crot = mole 
ribonucleotides x sec/liter. 

hybrid formation between G1 polyribosomal RNA and histone cDNA estab
lishes the absence of ribosomal RNA (5S, 18s and 28S) and tRNA com
plementary sequences in the histone cDNA probe. 

Determination of the presence or absence of histone mRNA se
quences on G2 phase polyribosomes is complex. The kinetics of the 
hybridization reaction between G2 phase polyribosmal RNA and the 
histone cDNA (Cr 0 t½ = 8.5) suggests that the amount of histone mRNA 
sequences present on the polyribosomes of G2 phase cells is 21% of 
that present on S phase polyribosomes. However, thymidine labeling 
followed by autoradiography (Fig. 3) indicates that 20% of the G2 

phase cel l population consists of cells that are undergoing DNA 
replication (STEIN & BORUN 1972, STEIN et al. 1975b). It is, there
fore, reasonable to conclude that the histone mRNA sequences present 
in the G2 phase polyribosomal RNA are due to the presence of S phase 
ce l ls in the G2 populat~.on. This implies that histone mRNA se
quences are not associated with polyribosomes during the G2 phase of 
the ce l l cycle. Unfortunately, no effective methodologies are 
available to date for obtaining a pure population of G2 phase HeLa 
S 3 cells to establish this point definitively. 
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These results demonstrate that in HeLa ce l ls histone mRNA 
sequences become associated with po l yribosomes during the transi
t i on from the G1 to the S phase of the cell cycle. Such find i ngs 
are in agreement wi th in vitro translation studies from several 
l aboratories which indicate that RNA iso l ated f r om polyribosomes 
of S phase He La cells supports the synthesis of h i stones, whereas 
the RNA from polyribosomes of G1 ce l ls or of S phase cel l s treated 
with i nhib i tors of DNA synthesis does not (BORUN et al. 1975). 
The hybridization studies e l iminate the possibility that histone 
mRNAs are components of the po l yribosomes during periods of the 
ce ll cycle other than S phase but at such times are in some way 
r endered non- translatab l e. These findings suggest that the acti 
vation of histone gene expression in HeLa ce l ls is not regu lated 
at the trans l ational level , and transcriptional control is strong
ly i mp l ied . This interpretat i on is s upported by data from our 
l aboratory suggest i ng that histone mRNA sequences are present in 
the nuc l ei of S phase cells but not in the nuclear RNA of G1 phase 
cells and that h i stone mRNA sequences are not sequestered in the 
post - po l ysomal supernatant of G1 phase cells . 

100 10 Figure 3 . Percentage of 
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I t i s reasonab l e to con clude that as cell s t erminate DNA 
r eplicat ion and ent e r the G2 phase of the ce l l cyc l e the expr es 
sion of h i stone genes is " turned off " . However, the mec hani sm by 
which histone genes cease to be expressed at this poin t i n t i me is 
an eni gma . I t remai ns to be established wheth er exit from S phase 
i s accompanied by (a) cessation o f h i ston e mRNA synthesis and proc 
essing and (b) degr adat i on of ex i st i ng histone mRNA or (c) inhi 
b i tion of h iston e synthes i s at the translat i onal level. A combina
tion o f the se poss i bili t i es may be operat i ve . Control at the n u 
c l ear level, per haps med i ated transcr i ptionally , i s suggested as 
a component o f t he mechan i sm by studies of nuc l ear RNA in G2 

phase cells . Whe n the presence of h i stone mRNA sequen ces i n G2 

phase nuc l ear RNA was assayed by hybrid i zation with h i s t one cDNA, 
a l imi ted representation (1 4%) of histone mRNA sequ ences in G2 com
pared wi th S phase nuclear RNA was observed, most like l y attribu
table to S phase ce ll s i n the G2 phase popul at i on (STE I N & STEIN 
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unpublished work). This result suggests that in HeLa cells his
tone mRNA sequences are not present in the nuclei of cells that 
have completed DNA replication. Transcription of histone genes 
may be repressed with the shutdown of DNA synthesis, or a rapid 
degradation of histone mRNA sequences may occur when DNA repli
cation is terminated. The mechanism by which histone synthesis 
is terminated at the end of S phase may be somewhat analogous to 
the inhibition of histone synthesis when DNA replication is 
blocked by drugs such as hydroxyurea or cytosine arabinoside; 
results discussed subsequently in this article suggest that this 
analogy may be invalid . 

It should be emphasized that the type of regulation of his
tone gene expression observed during the cell cycle of HeLa cells 
may not be universal. For example, there is evidence that during 
early stages of embryonic development control of histone synthe
sis may be mediated, at least in part, post-transcriptionally 
(FARQUHAR & McCARTHY 1973, SKOULTCHI & GROSS 1973, GROSS et al. 
1973, GABRIELLI & BAGLIONI 1975). In such circumstances histone 
mRNA sequences appear to be components of a stored maternal mRNA 
population which become templates for protein synthes is after 
fertilization. 

To ascertain whether histone genes are transcribed during 
a restricted period of the cell cycle in continuously dividing 
HeLa cells and hence to determine whether regulation of histone 
gene expression is mediated at the transcriptional level, the 
following approach was pursued. Chromatin from G1 and S phase 
cells was transcribed with E. coli RNA polymerase in a cell-free 
system, the RNA molecules were isolated and their ability to form 
S 1 nuclease resistant trichloroacetic acid-precipitable hybrids 
with histone cDNA was determined (STEIN et al. 1975a) . The kine
tics of the hybridization of histone cDNA and RNA transcripts 
from G1 as well as S phase chromatin are shown in Fig. 4. Although 
transcripts from S phase chromatin hybridize with histbne cDNA 
with a Crot value of 2 x 10- 1 compared with a value of 1.7 x 10- 2 

for the histone mRNA-histone cDNA hybridization reaction, there 
is no evidence of hybrid formation between histone cDNA and G1 
phase transcripts, even at a Crot value of 100, indicating at 
least a thousandfold increase in availability of histone genes 
for transcription. Since t he overall template activity in vitro 
for RNA synthesis of G1 ands phase chromatin is similar, it is 
unlikely that the failure to detect histone mRNA sequences in G1 
phase chromatin t ranscripts results from a dilution effect. The 
maximal hybrid formation (65%) between histone cDNA and S phase 
transcripts is the same as that observed between histone cDNA and 
histone mRNA. Fidelity of the hybrids formed between histone 
cDNA and transcripts from S phase chromatin is suggested by the 
fact that the Tm (melting temperature) of these hybrids is iden
tical to the Tm of histone mRNA-cDNA hybrids [65° C in 50% forma
mide (w/v) - 0.5 M NaCl - 25 mM HEPES (pH 7 .0) - 1 mM EDTA] . It 
should be noted that the Tm value obtained under these conditions 
is consistent with an RNA-DNA hybrid having a GC content of 54%, 
which is the nucleotide composition of histone mRNA reported by 
ADESNIK and DARNELL (1972) and THRALL et al. (1974). 

RNAs synthesized in intact cells may remain associated with 
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chromatin during isolation and in part account for hybrid forma 
tion between RNA transcripts formed in vitro and cDNA for specif
ic genes. Undoubtedly, the extent to which this phenomenon oc 
curs varies with the tissue or cell and the method of chromatin 
preparation. To determine if such endogenous RNAs account for 
histone - specific sequences which are detected in transcripts from 
S phase chromatin, the following controls were carried out . S 
phase chromatin was placed in the transcription mixture without 
RNA polymerase, and an amount of E. coli RNA equivalent to the 
amount of RNA transcribed from S phase chromatin was added . RNA 
was extracted by the same procedure utilized for isolation of RNA 
transcripts formed in vitro . When this control RNA was annealed 
with histone cDNA, no significant hybridization was observed (Fig. 
4) . Additionally, RNA isolated from S phase chromatin in the ab
sence of carrier RNA showed no hybrid formation with the histone 
cDNA. These results establish that endogenous histone- specific 
sequences associated with S phase chromatin are not contributing 
significantly to the hybridization observed with S phase tran
scripts. It is therefore reasonable to conclude that histone se 
quences present in S phase transcripts can be accounted for by 
synthesis in vitro. 
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Figure 4 . Kinetics of an
nealing of histone comple
mentary DNA to transcripts 
formed in vitro from native 
and reconsituted chromatin . 
Complementary [ 3 H]DNA (27,000 
dpm/ng) and unlabeled RNA 
were hybridized at 52°c in 
sealed glass capillary tubes 
containing 50% (w/v) forma
mide, 0.5 M NaCl, 25 mM 
I-Iepes (pH 7 . 0), 1 mM EDTA, 
0.04 ng of cDNA and 0.15 or 
1 . 5 µg of RNA transcripts 
from native S phase chroma
tin (•), native G1 phase 
chromatin (&), chromatin 
reconstituted with S phase 
nonhistone chromosomal pro
teins (o) and chromatin re
constituted with G1 phase 
nonhistone chromosomal pro

teins (t). Complementary [ 3 H]DNA was also annealed to RNA is0lated from na
tive S phase chromatin in the presence of E. coli RNA as carrier ( ■). RNA 
transcripts were isolated as previously described (STEIN et al . 1975a). 

When G1 phase chromatin is transcribed in the presence of an 
amount of histone mRNA equivalent to that transcribed from S phase 
chromatin and a mixture of G1 phase transcripts and added histone 
mRNA is subsequently isolated, hybridization with histone cDNA oc 
curs at the expected Crot½ value (2 x 10- 1 ) (PARK et al . 1976). 
This result suggests that the absence of histone mRNA sequences 
amongst RNA transcripts from G1 chromatin is not attributable to 
a specific nuclease associated with chromatin during the G1 phase 
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of the cell cycle. The possibility that histone mRNA sequences 
are present in G1 phase transcripts but are not detected because 
they are in a double-stranded form due to symmetric transcription 
is unlikely, since heating the hybridization mixture to 100°C for 
10 min before incubation has no effect on the hybridization of 
histone cDNA with the transcripts (PARK et al. 1976). 

The results from these studies clearly indicate that his
tone sequences are available for transcription from chromatin 
during S phase but not during the G1 phase . Such findings are 
consistent with the restriction of histone synthesis to the S 
phase of the cell cycle and the presence of histone mRNAs on 
polyribosomes and in the nucleus only during S phase. Taken to
gether, this evidence suggests that in continuously dividing HeLa 
S3 cells expression of histone genes is regulated, at least in 
part, at the transcriptional level and that readout of these gene
tic sequences occurs only during the period of DNA replication. 
It is also reasonable to conclude that chromatin is effective for 
studying the regulation of cell cycle stage-specific transcrip
tion of histone genes. 

Coupling of Histone Gene Expression 
And DNA Replication 

Evidence for a tight coupling of histone synthesis and DNA 
replication during the cell cycle of continuously dividing cells 
and following stimulation of nondividing cells to proliferate has 
been discussed above and can be briefly summarized as follows: 
(a) both biochemical processes occur concomitantly during the S 
phase of the cell cycle; (b) inhibition of DNA synthesis is as
sociated with a rapid and complete inhibition of histone synthe
sis; (c) in vitro transcription of histone genes occurs only from 
chromatin of S phase cells; and (d) significant amounts of his
tone mRNA sequences are present on polyribosomes and in nuclei 
and post-polysomal cytoplasmic fractions of S phase cells but not 
of G1 phase cells. Although a definitive explanation for the cou
pling of histone synthesis and DNA synthesis cannot be provided 
at this time, it is reasonable to speculate that histones are 
required to complex with newly replicated DNA. Neither nucleo
plasmic nor cytoplasmic pools of histones are present, and his
tones are needed for repression of DNA sequences which are not 
to be immediately transcribed and for imposition of the appro
priate structure to the genome, i.e., packaging of the newly re
plicated DNA. 

To examine the level at which the coupling of histone gene 
expression and DNA replication resides, we have pursued the fol
lowing approach. S phase HeLa S 3 cells were treated for 30 min 
with cytosine arabinoside (40 µg/ml) ·or hydroxyurea (10 mM) - con
ditions which result in greater than 98% inhibition of semi-con
servative DNA synthesis . As shown in Fig. 5, both inhibitors 
effectively block histone synthesis. We then assayed the influ
ence of these inhibitors on the levels of histone mRNA sequences 
present in the various intracellular RNA fractions by hybridiza
tion to histone cDNA. Consistent with in vitro translation data 
from several laboratories (BREINDL & GALLWITZ 1974, BORUN et al. 
1975, BUTLER & MUELLER 1973), cytosine arabinoside and hydroxyurea 
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bring about a drastic reduction (>99%) in the representation of 
histone mRNA sequences on polyribosomes (Table I). In contrast, 
neither inhibitor reduces in vitro transcription of histone mRNA 
sequences from chromatin (Table I), and only a 10 per cent reduc
tion is observed in the presence of histone mRNA sequences in 
nuclei of cells treated with hydroxyurea or cytosine arabinoside. 
These results suggest that coupling of histone gene expression 
and DNA replication is not mediated at the transcriptional level, 
and post-transcriptional or translational control is strongly im
plied. This interpretation is further supported by a tenfold 
increase in the representation of histone mRNA sequences in the 
post-polysomal cytoplasmic fraction following inhibition of DNA 
synthesis (Table I). 
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Figure 5, Effect of hydroxyurea and cytosine arabinosine on histone synthesis 
in S phase HeLa 83 cells. Cells were treated with hydroxyurea (l0 mM) or cy
tosine arabinoside (40 µg/ml) for 30 min followed by labeling for 30 min with 
L-Leucine 1 H (2 µCi/ml) in the presence of inhibitor. Histones were extracted 
with 0.4 N H2 S0 4 and fractionated electrophoretically on acetic acid-urea poly
acrylamide gels. Control (•); hydroxyurea ( □); cytosine arabinoside ( 0 ). 

It should be noted that biologically important situations 
exist where the coupling of histone gene expression and DNA syn
thesis appears to differ from the coupling mechanisms operative 
during the cell cycle of continuously dividing cells and follow
ing stimulation of nondividing cells to proliferate. In sea 
urchins and in Xenopus initial stages of embryonic development 
which involve rounds of successive DNA replication and cell divi
sion (cleavage and blastula) can occur in the presence of inhibi
tors of RNA synthesis (GROSS & COUSINEAU 1964 ) . In fact, it has 
been demonstrated that during early stages of development in these 
organisms maternal histone mRNAs - synthesized and unexpressed in 
the unfertilized oocyte- serve as templates for histone synthesis 
which is activated following fertilization (SKOULTCHI & GROSS 
1973, GROSS et al. 1973, GABRIELLI & BAGLIONI 1975, FARQUHAR & 
McCARTHY 1973). Additionally, the possibility of "stored" his
tones has been suggested. It therefore follows that under these 
conditions DNA synthesis may occur quite normally in the absence 
of histone gene transcription and perhaps without histone synthe 
sis. While the studies to date dealing with histone gene expres
sion during early stages of development have been restricted to 
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invertebrates and amphibians, it is possible that similar mecha
nisms are operative in higher organisms. 

Another important biological situation where an apparent 
uncoupling of histone synthesis and DNA replication has been re
ported is following radiation or carcinogen-induced damage to DNA. 
Such perturbations of DNA result in excision of the damaged nu
cleotide bases and "unscheduled" or "repair" DNA synthesis to re
place these nucleotides and restore the biological integrity of 
the DNA. Stimulation of histone synthesis has not been shown to 
accompany this DNA repair synthesis (STEIN et al. 1976a). 

Table 1. Effect of hydroxyurea and cytosine arabinoside on representation of 
histone mRNA sequences in chromatin transcripts and in various sub
cellular fractions of S phase HeLa cells. 

Per cent Untreated S Phase Control 

Hydroxyurea Cytosine Arabinoside 

Chromatin Transcripts 
Nuclear RNA 
Polysomal RNA 
Post-Polysomal Cytoplasmic RNA 

100 
90 
<0 . 5 

1100 

Nonhistone Chromosomal Proteins in the 
Regulation of Histone Gene Expression 

100 
90 
0.5 

1100 

1. EVIDENCE THAT NONHISTONE CHROMOSOMAL PROTEINS REGULATE 
TRANSCRIPTION OF HISTONE GENES 

A role for nonhistone chromosomal proteins in the regula
tion of histone gene expression during the cell cycle has been 
suggested by several lines of evidence. Variations observed in 
the composition and metabolism of the nonhistone chromosomal pro
teins during G1 , S, G2 and mitosis and their correlation with 
changes in transcription are consistent with a regulatory function 
for these proteins (reviewed by STEIN & BASERGA 1972, BASERGA 
1974, STEIN et al. 1974c, ELGIN & WEINTRAUB 1975) . Further evi
dence that nonhistone chromosomal proteins may be responsible for 
specific transcription at various stages of the cell cycle comes 
from a series of chromatin reconstitution studies which indicate 
that nonhistone chromosomal proteins determine the quantitative 
differences in availability of DNA as a template for RNA synthe
sis during the cell cycle of continuously dividing cells (STEIN 
& FARBER 1972), as well as after stimulation of nondividing cells 
to proliferate (STEIN et al. 1974a). To examine directly the 
involvement of nonhistone chromosomal proteins in the control of 
the cell cycle stage-specific transcription of a defined set of 
genetic sequences (the histone genes) we have pursued the follow
ing approach . 

Chromatin isolated from G1 and S phase cells was dissociated 
in high salt-urea, and each chromatin preparation was fractionated 
into DNA, histones and nonhistone chromosomal proteins. Chromatin 
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preparations were then reconstituted by the gradient dialysis 
method of BEKHOR et al. (1969) utilizing DNA and histones pooled 
from G1 and S phase cells and either G1 or S phase nonhistone 
chromosomal proteins (Fig . 6). Essentially, DNA, histones a nd 

CHPOMAT IN FROM S PHASE CELLS 

CHROMOSOMAL 
PRO TEINS 

GRAD I ENT 
DIALYSIS 

CHROMATIN RECONS TIT UTED WI TH 
NO~H I STONE CHROMOSOMAL PROTEINS 

CROM S PHASE CELLS 

CHROMATIN FROM 1 PHASE CE L LS 

DNA CHROMOSOMAL 
PROTEINS 

GRAD I ENT 
DIALYSIS 

CHROMATIN RECONSTITUTED WI TH 
NONH I STONE CHROMOSOMAL PRO TE I NS 

FROM G1 PHASE CELLS 

FIGURE 6. Flow Diagram for Chromatin Reconstitution Experiment. 

nonhistone chromosomal proteins are combined in high salt - urea, 
and the salt is progressively removed by step-wise dialysis fol 
lowed by removal of the urea. Details of the procedure for re
constitution of HeLa cell chromatin have been reported, as well 
as evidence for fidelity of chromatin reconstitution by this 
method (STEIN et al. 1976c). RNA transcripts formed in vitro 
from chromatin reconstituted with G1 phase nonhistone chromoso
mal proteins and from chromatin reconstituted with S phase non
histone chromosomal proteins were annealed with histone cDNA. 
Fig. 4 indicates that RNA transcripts from chromatin reconsti
tuted with S phase nonhistone chromosomal proteins hybridize 
with histone cDNA, whereas those from chromatin reconstituted 
with G1 phase nonhistone chromosomal proteins do not exhibit a 
significant degree of hybrid formation (STEIN et al. 1975a). It 
should be emphasized that the kinetics and extent of hybridiza
tion with the cDNA are the same for transcripts of native S 
phase chromatin and chromatin reconstituted with S phase non
histone chromosomal proteins. Furthermore, the amount of RNA 
transcribed and the recovery during isolation of these trans
cripts from native and reconstituted chromatin preparations are 
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essentially identical. These results clearly imply a functional 
role for nonhistone chromosomal proteins in regulating the avail
ability of histone sequences for in vitro transcription during 
the cell cycle . Such a regulatory role for the nonhistone chro
mosomal proteins is in agreement with the view of several labora
tories which have indicated that these proteins are responsible 
for the tissue - specific transcription of globin genes (PAUL et 
al. 1973, BARRETT et al . 1974, CHIU et al. 1975), and the hormone
induced transcription of ovalbumin genes TSAI et al. 1976). How
ever, the present results represent the first demonstration that 
nonhistone chromosomal proteins regulate the transcription of 
genes which are transiently expressed. 

2 . EVIDENCE FOR "ACTIVATION" OR DEREPRESSION" OF HISTONE 
GENES BYS PHASE NONHISTONE CHROMOSOMAL PROTEINS 

We then addressed the question of whether the difference in 
the transcription of histone genes in vitro from G1 or S phase 
chromatin is due to an "activator" or "derepressor" of histone 
gene transcription present in the S phase nonhistone chromosomal 
proteins o~alternativel~to a specific "repressor" of histone 
gene transcription present among the G1 phase nonhistone chromo
somal proteins . If the difference in histone gene activity of 
G1 and S phase chromatin were due to an "activator" or "dere
pressor" which is present or operative only in S phase, one would 
anticipate that dissociation of G1 phase chromatin with high salt
urea followed by reconstitution in the presence of S phase non
histone chromosomal proteins would result in an 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 G1 phase 
nonhistone chromosomal proteins. In contrast, if the difference 
in histone gene expression in G1 and S phase chromatin can be 
accounted for by a "repressor" of histone gene expression which 
is associated with chromatin during the G1 phase of the cell cy
cle, one would anticipate that dissociation of S phase chromatin 
followed by reconstitution in the presence of increasing amounts 
of G1 phase nonhistone chromosoma l proteins would result in a 
progressive decrease in the availability of histone genes for 
transcription . If the latter alternative prevails, the presence 
of S phase chromosomal proteins during reconstitution would not 
be expected to significant l y affect the expression of histone 
genes from G1 phase chromatin . If the regulation of histone 
genes involves "repressors" and "activators" or "derepressors" 
acting in an antagonistic manner, one would anticipate a more 
complex intermediate result. 

As shown in Fig. 7, when G1 phase chromatin is dissociat ed 
and then reconstituted in the presence of increasing amounts of 
S phase nonhistone chromosomal proteins, hybrid formation between 
transcripts from these chromatins and histone cDNA is seen at 
progressive l y lower Cr 0 t values, indicating a dose-dependent 
"activation" or "derepression" of histone genes of the G1 phase 
chromatin by the S phase nonhistone chromosomal proteins . It 
can be seen that histone genes from G1 phase chromatin can be 
"activated" to approximately the same extent as in native S phase 
chromatin by comparing the kinetics of the hybridization of his-
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tone cDNA with transcripts from S phase chromatin (Crot½ = 2 x 
10- 1 ), and the kinetics of the hybridization of histone cDNA with 
transcripts from G1 phase chromatin reconstituted with a 1:1 ratio 
of S phase nonhistone chromosomal proteins to DNA (Cr 0 t = 3 x 
10- 1 ) (PARK et al. 1976). The fidelity of the hybrids formed 
between the transcripts and histone cDNA, as we ll as the validity 
of comparing Cr 0 tk values, is suggested by the fact that the Tm 
of the hybrids in 2all cases is identical to the Tm of the hybrids 
formed between histone mRNA and histone cDNA. Also, the maximal 
hybridization is equal in all cases to that of the histone mRNA
cDNA hybridization reaction(65%). In contrast, when G1 phase 
chromatin is dissociated and then reconstituted in the presence 
of S phase histones, even at a 1:1 ratio of S phase histone to 
DNA, a significant stimulation of transcription of histone genes 
is not observed (Fig. 7). It should be noted that there were no 
significant differences among the various chromatin preparations 
in yield or recovery of RNA during isolation, even though the 
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Figure 7 . Kinetics of an
nealing of histone comple
mentary DNA to transcripts 
formed in vitro from G1 phase 
chromatin reconstituted in 
the presence of various 
amounts of S phase nonhistone 
chromosomal proteins . Comple
mentary [ 3H]DNA (0.04 ng) 
was annealed to RNA tran
scripts from G1 phase chroma
tin reconstituted in the pres
ence of 0.01 (o), 0.10 (•), 
or 1 . 00 (6) mg of S phase 
nonhistone chromosomal pro
tein or 1.0 mg of S phase 
histones (o)/mg of G1 phase 
chromatin DNA . cDNA (0.04 
ng) was also annealed to RNA 
transcripts from G1 phase 
chromatin reconstituted in 
the presence of 1.0 mg of G1 
phase total chromosomal pro
tein/mg of G1 phase chromatin 
DNA( ■) and RNA transcripts 
from chromatin isolated from 
S phase cells (!). E. coli 
RNA was included in each re
action mixture so that the 
total amount of RNA was 3 . 75 
µg. 

presence of S phase nonhistone chromosomal proteins during recon
stitution could cause a greater than thousandfold stimulation in 
the amount of histone sequences transcribed from G1 phase chroma
t~n. Therefore the observed increase in representation of his
tone mRNA sequences cannot be attributed to nonspecific altera
tion of template activity. Stimulation of histone gene tran
script ion is not observed when G1 phase chromatin is dissociated 
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and then reconstituted in the presence of additional G1 phase 
chromosomal proteins, even at a 1:1 ratio of additional G1 phase 
protein:DNA (Fig. 7). The latter result suggests that specific 
chromosomal proteins are required to elicit "activation" or "de
repression" of histone gene readout, 

To eliminate the possibility that the small amount of nu
cleic acid present in the S phase chromosomal proteins is respon
sible for the observed hybridization with histone cDNA either by 
containing histone sequences or by having the ability to render 
histone genes transcribable, residual nucleic acid was removed 
from S phase chromosomal proteins by buoyant density centrifuga
tion in cesium chloride-urea. As shown in Fig. 8, there is no 
significant difference in the kinetics of hybridization with his
tone cDNA of transcripts from G1 phase chromatin reconstituted 
with equal amounts of either cesium chloride-treated S phase 
chromosomal proteins or untreated S phase chromosomal proteins 
(PARK et al. 1976). While these results suggest that nucleic 
acids do not significantly influence in vitro transcription of 
histone sequences from chromatin, our results do not preclude 
the possibility that a small piece of nucleic acid covalently 
bound to S phase nonhistone chromosomal proteins may be involved 
with regulation of histone gene readout. 

To determine whether G1 phase chromatin contains an inhibi
tor of histone gene transcription which is degraded or inactivated 
as the cells progress from the G1 to the S phase of the cell cycle, 
chromatin from S phase cells was dissociated and reconstituted in 
the presence of total chromosomal proteins from G1 phase cells. 
The ability of transcripts from this reconstituted chromatin prep
aration to hybridize with histone cDNA was determined. As shown 
in Fig. 9, the presence of G1 phase total chromosomal proteins, 
even at a 1:1 ratio of total chromosomal proteins to DNA, does 
not significantly inhibit histone gene transcription from S phase 
chromatin (PARK et al. 1976). This is not to say that there is 
nothing in G1 phase chromosomal proteins that can inhibit his-
tone gene transcription. We have reported elsewhere (STEIN et al. 
1976b) that histones inhibit transcription of histone genes from 
naked DNA, although not to the same degree to which they inhibit to
tal RNA synthesis. It appears that there is nothing in the G1 
phase chromosomal proteins which can inhibit histone gene trans
cription in vitro in the presence of S phase nonhistone chromo
somal proteins. This would suggest that any additional specific 
"repressor" of histone gene expression is lost during isolation, 
dissociation, fractionation or reconstitution or that any inhibi
tion of histone gene transcription by G1 phase chromosomal pro
teins can be overridden by S phase chromosomal proteins. Similar 
results were obtained when S phase chromatin was dissociated and 
then reconstituted in the presence of G1 phase nonhistone chromo
somal proteins. Again,the Tm of the hybrids formed and the maxi
mal hybridization are the same as seen with the histone mRNA-cDNA 
reaction,indicating fidelity of the RNA transcripts. 

These results provide support for the contention that the 
difference in the transcription of histone genes in vitro from 
G1 and S phase chromatin is due to the nonhistone chromosomal 
protein of the genome. Furthermore, this difference can be 
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accounted for by a component (or components) of the S phase non
histone chromosomal proteins which has the ability to render the 
histone genes of G1 phase chromatin available for transcription 
in a dose-dependent fashion. These results do not indicate which 
component (or components) of the S phase nonhistone chromosomal 
proteins is responsible for the observed "activation" or "dere
pression",nor do they indicate by what mechanism the "activation" 
or "derepression " is achieved, but they do provide an assay by 
which the histone gene "activator" or derepressor" can be purified 
and characterized . 
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FIGURE 8. Kinetics of annealing 
of histone cDNA to transcripts 
formed in vitro from G1 phase 
chromatin reconstituted in the 
presence of S phase total chromo
somal protein from which nucleic 
acid has been removed by centri
fugation. The total chromosomal 
protein was dissolved in 0.41 mg/ml 
of CsCl, 5 M urea, 10 mM Tris/HCl 
(pH 8.3) and centrifuged in an SW 
50.1 rotor at 35,000 rev/min fur 
48 hat 4°c. Complementary [ 3 H] 
DNA (0.04 ng) was annealed to RNA 
transcripts from G1 phase chroma
tin 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 (•)/mg of G1 
phase chromatin DNA. E. coli RNA 
was added to each reaction mixture 
so that the total amount of RNA 
was 3.75 µg. 

It should be noted that to date most chromatin transcription 
studies have used bacterial RNA polymerase. Although these studies 
have demonstrated a role for nonhistone chromosomal proteins in 
dictating availability of histone (STEIN et al. 1975a, PARK et al. 
1976b, STEIN et al. 1976), globin (PAUL et al. 1973, BARRETT et 
al. 1974, CHIU et al. 1975), and ovalbumin (TSAI et al. 1976) 
genes for transcription in chromatin, it is quite possible that 
there is an additional level of regulation existing in the intact 
cell which can be recognized only by appropriate homologous eukar
yotic polymerase. Recent results from our laboratory suggest that 
histone sequences are transcribed in vitro by RNA polymerase II. 
It therefore appears that this is the appropriate enzyme to begin 
using for in vitro studies with homologous RNA polymerase. 

3. NONHISTONE CHROMOSOMAL PROTEIN FRACTIONS THAT INFLUENCE 
HISTONE GENE TRANSCRIPTION 

In order to purify the molecules responsible for the regu-



196 STEIN et al. 

lation of specific genes, it is necessary to determine, not only 
whether a given fraction has activity, but also how much activity 
is present. If activity is found only in one fraction, without 
the abilit-y to quantitate one cannot determine whether the activ
ity has been destroyed in the other fractions, whether all the 
components of that activity are present only in that fraction, or 
whether the activity has actually been purified. Our laboratory 
has recently used the techniques of chromatin reconstitution and 
in vitro transcription to assay and quantitate the activity of 
nonhistone chromosomal protein fractions to assess their involve
ment in the control of histone gene transcription from chromatin. 
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FIGURE 9. Kinetics of annealing 
of histone complementary DNA to 
transcripts formed in vitro from 
S phase chromatin reconstituted 
in the presence of G1 phase total 
chromosomal proteins. Complemen
tary [ 3H]DNA ( 0. 04 ng) was anneal
ed to RNA transcripts from S phase 
chromatin reconstituted in the pre
sence of O.lO (~) or l.00 (o) mg 
of G1 phase total chromosomal pro
teins liiig __g_f S phase DNA. cD_l'IA was 
also annealed to transcripts from 
native S phase chromatin(•). E. 
coli RNA was included in each re
action so that the total amount of 
RNA was 3.75 ).lg. 

The approach which has been used to assay protein fractions for 
ability to render histone genes transcribable is as follows. G1 

chromatin which does not serve as a template for histone gene 
transcription is dissociated in high salt-urea and reconstituted 
in the presence of added S phase nonhistone chromosomal protein 
fractions. The reconstituted chromatin preparations are then 
transcribed in a cell-free system, and the transcripts are assayed 
for their ability to hybridize with histone cDNA. As shown in 
Fig. 7, if G1 chromatin is dissociated and then reconstituted in 
the presence of increasing amounts (10, 100, 1000 µg) of S phase 
nonhistone chromosomal proteins per mg of G1 DNA (as chromatin), a 
progressive and dose-dependent increase in the representation of 
histone mRNA sequences is observed. This increase is indicated 
by progressively lower Crot½ values for the hybridization reactions 
of chromatin transcripts and histone cDNA, suggesting that histone 
genes are be1.ng made ava:rraoTe-Tor tr anscriptron. ~-sucn "ac tiva
tion" of histone gene transcription is not seen when G1 chromatin 
is reconstituted in the presence of additional G1 chromosomal pro-
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teins. Since this system responds to added nonhistone chromosomal 
proteins by rendering histone genes transcribable in a dose-depend
ent manner, it follows that we have a viable method for monitor
ing nonhistone chromosomal protein fractionation. 

We have recently been able to achieve approximately a hun
dredfold purification of the S phase nonhistone chromosomal pro
tein(s) which exhibit the ability to render histone mRNA se
quences transcribable from chromatin. This fractionation of S 
phase HeLa cell nonhistone chromosomal proteins has been accom
plished by ion-exchange chromatography on QAE-Sephadex followed by 
SP-Sephadex ion-exchange chromatography and then gel filtration 
chromatography. 

Ion exchange chromatography of S phase HeLa cell chromosomal 
proteins on QAE-Sephadex has been carried out as follows. Chromo
somal proteins from which nucleic acids have been removed by ultra
centrifugation were dialyzed against 5M urea, 10 mM Tris (pH 8.3), 
and were loaded on a column of QAE-Sephadex A-25 previously equi
librated with the same buffer. The proteins were then eluted 
with two column volumes each of 5M urea, lOmM Tris (pH 8,3), con
taining O, 0.1, 0.25, 0.5 and 3M NaCl. As shown in Figure 10, 
the histones and approximately 10% of the nonhistone chromosomal 
proteins are not bound and are eluted in the void volume, whereas 
a complex but electrophoretically distinct class of nonhistone 
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FIGURE 10. Elution profile of chromo
somal proteins from QAE-Sephadex. Pro
teins were loaded in 5M urea, 10 mM Tris
HCl (pH 8.3), and were eluted with this 
buffer containing 0.10 M, 0.25 M, 0.50 
M, and 3.0 M NaCl. The percentage of 
protein eluted in each peak is shown in 
the upper panel. 

chromosomal proteins is eluted by each salt concentration (Fig. 
11). Total recovery of proteins from the column is approximately 
85%. In order to determine the ability of each of the QAE frac
tions to render histone genes available for transcription, 3 mg 
of chromatin from G1 phase cells (containing approximately 1 mg 
of DNA) were dissociated with 3M NaCl, 5 M urea, 10 M Tris (pH 
8.3) and were reconstituted in the presence of 100 µg of each of 
the QAE fractions. The reconstituted chromatin was then tran
scribed in vitro with E. aoZi RNA polymerase, and the isolated 
transcripts were assayed for histone mRNA sequences by hybridiza
tion to histone cDNA. As shown in Fig. 12, transc~ipts from G1 

chromatin reconstituted in the presence of the unbound fraction 
or the material eluted with 0.1, 0.25, or 3.0 M NaCl did not show 
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significant hybrid formation with histone cDNA - the same result 
observed for transcription of native G1 chromatin. In contrast, 
even though the total amount of RNA transcribed was similar, 
transcripts of G1 chromatin reconstituted in the presence of the 
0.5 M NaCl fraction hybridized efficiently with histone cDNA 
(Crot1 = 4 x 10- 1 ). 
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FIGURE 11. SDS polyacrylamide gel electrophoretic profiles of chromosomal 
proteins fractionated with QAE- Sephadex. 

As discussed above, when G 1 chromatin is reconstituted in 
the presence of various amounts of added S phase chromosomal pro
teins, there is a dose-dependent activation of histone gene tran
scription. Specifically, transcripts from G1 chromatin reconsti
tuted in the presence of 1000 µg of S phase chromosomal protein 
per mg of G1 DNA (as chromatin) contain approximately 10 times 
more histone mRNA sequences than transcripts from the same amount 
of G1 chromatin reconstituted in the presence of 100 µg of these 
proteins. Since the 0.5 M NaCl fraction contains only approxi
mately 10% of the total chromosomal protein, one would anticipate 
that 100 µg of the 0.5 M NaCl fraction should activate histone 
gene transcription from G1 chromatin to the same degree as 1000 
µg of the total S phase HeLa chromosomal protein. As can also be 
seen in Fig. 12, there are no significant differences in the kinet
ics of hybrid formation with histone cDNA between transcripts 
from G1 phase chromatin reconstituted in the presence of 100 µg 
of the 0.5 M NaCl fraction and 1000 µg of the total HeLa chromo-
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somal proteins per mg of G1 DNA (as chromatin), indicating that 
at l east a tenfold purification of the S phase nonhistone chromo
somal protein(s) involved in transcription of histone genes has 
been achieved. An additional eightfold purification of the S 
phase nonhistone chromosomal proteins involved with transcription 
of histone genes has been obtained by chromatography of the 0.5 M 
NaCl QAE- Sephadex fraction on SP- Sephadex . The Sp-Sephadex column 
is equilibrated aga i nst 5 M urea, 20 mM sodium acetate, 0.1 M Na
Cl (pH 5.2) , and the chromosomal proteins are eluted with the 
same buffer containing 0 .15, 0.2, 0 . 3, 0 .4, 0 . 6 and 3.0 M NaCl 
at pH 8 .3 (Fig . 13). The fractions were assayed for ability to 
"activate" histone gene transcription in chromatin from G1 HeLa 
cel l s . Greater than 96% of such activity was recovered in the 
fraction which was eluted with 0.4 M NaCl . Preliminary results 
suggest that further purification of the S phase nonhistone chro
mosomal protein fraction can be achieved by gel filtration chro 
matography since the proteins which have the ability to render 
histone genes transcribable are recovered in the 40,000-60,000 
dalton fraction of the column . The bulk of the nonhistone chro
mosomal proteins which do not appear to influence transcription 
of histone genes are of higher molecular weight . 
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FIGURE 12. Kinetics of annealing 
of histone cDNA to in vitro tran
scripts f r om G1 HeLa chromatin 
reconstituted in the presence of 
S phase HeLa chromosomal protein 
fractions. 3 H cDNA was annealed 
at 52°c to transcripts from 1 mg 
G1 DNA as chromatin reconstituted 
in the presence of 100 µg of S 
phase HeLa chromosomal proteins 
eluted from QAE- Sephadex by 5 M 
urea, 1 0 mM Tris (pH 8.3) contain
ing OM (o), 0 . 10 M ( ■), 0 . 25 M 
(o) , 0.50 M ( • ), and 3.0 M (~) 
NaCl . 3H cDNA was also hybridized 
to transcripts from the same amount 
of G1 HeLa chromatin reconstituted 
in the presence of 1000 µg of total 
S phase HeLa chromosomal proteins (A). 
(80-100 µg of RNA transcripts were 
recovered per mg of DNA as chroma
tin.) Cr0t = moles ribonucleotides 
x seconds/liter. 

4. ACTIVATION OF HISTONE GENE TRANSCRIPTION IN CHROMATIN 
FROM HUMAN DIPLOID CELLS OR MOUSE LIVER BY A NONHISTONE 
CHROMOSOMAL PROTEIN FRACTION FROM HeLa S3 CELLS 

While results discussed thus far suggest an important role 
for nonhistone chromosomal proteins in the regulation of histone 
gene transcription in continuously dividing HeLa S3 cells, it is 
not known whether the mechanism by which histone gene transcription 
is regulated is the same in different tissues and species . It is 
of particular interest to determine whether a highly transformed, 
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continuously dividing cell such as HeLa contains all the compo
nents necessary to activate transcription of histone g enes from 
other cells which have greater degrees of growth control . To 
examine these questions, chromatin preparations from both con
tact-inhibited WI - 38 human diploid fibroblasts and adult mouse 
liver (both nonproliferating) have been dissociated and then re
constituted in the presence of added chromosomal proteins from 
S phase HeLa cells ; the reconstituted chromatins were then tran
scribed in vitro and the transcripts assayed for histone mRNA se
quences by hybridization with histone cDNA . These studies show 
that S phase HeLa cell nonhistone chromosomal proteins can render 
histone genes of chromatin from contact - inhibiting WI-38 human 
diploid fibroblasts (Fig . 14) or from nondividing mouse liver 
(Fig. 15) available for transcription . Specifically, these stud
ies show that when the S phase HeLa chromosomal proteins are frac
tionated on QAE-Sephadex in the presence of 5 M urea , only the 
fraction eluted by 0.5 M NaCl can activate histone gene transcrip
tion from chromatin of G1 phase HeLa cells, contact - inhibited WI -
38 fibroblasts or mouse liver--indicating that activation of his
tone genes in heterologous chromatins is not elicited by S phase 
nonhistone chromosomal proteins in general. Several lines of 
evidence also suggest that activation of histone gene transcrip
tion in mouse liver chromatin by S phase HeLa cell nonhistone 
chromosomal proteins is not a random phenomenon . Addition of the 
HeLa cell proteins to mouse liver chromatin does not significantly 
modify chromatin template activity . More specifically, the HeLa 
chromosomal proteins do not render mouse globin sequences tran
scribable (assayed by hybridization of chromatin transcripts with 
mouse globin 3 H cDNA) (Fig . 16) . 
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FIGURE 13 . Elution profile of chromosomal proteins from SP-Sephadex . NaCl 
concentrations used for elution of proteins are indicated . 

It is well established that histone proteins are similar in 
different mammalian species and in different cell types of the 
same species. Our data would seem to suggest that the mechanism by 
which the transcription of histone genes in chromatin is regulated 
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by the nonhistone chromosomal proteins in HeLa cells, WI-38 cells 
and mouse liver may be the same or similar. This can be accounted 
for by postulating that the DNA sequences with which certain non
histone chromosomal proteins interact, perhaps regulatory se
quences, are conserved between mouse and humans. Alternatively, 
the DNA sequences involved with activation of histone gene tran
scription may differ between mouse and humans, but both types of 
sequences may be recognized by the HeLa nonhistone chromosomal 
proteins. However, our results do illustrate that a highly trans
formed, continuously dividing cervical carcinoma cell such as HeLa 
contains all the components necessary to make the histone genes 
of contact-inhibited tissue culture cells or nondividing cells 
from an intact organism available for transcription in vitro by 
E. coZi RNA polymerase. 
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FIGURE 14. Kinetics of annealing 
of histone cDNA to in vitro tran
scripts from chromatin of contact
inhibited WI-38 fibroblasts recon
stituted in the presence of chromo
somal proteins from S phase HeLa 
cells or from WI-38 cells which 
have been stimulated to proliferate. 
3H cDNA was annealed at 52°c to 
transcripts from l mg of DNA as 
chromatin from contact-inhibited 
WI-38 fibroblasts reconstituted 
with no additional chromosomal pro
teins (*), 100 µg of the 0. 5 M QAE 
fraction of S phase HeLa chromoso
mal proteins (o), or 1000 µg of 
total chromosomal proteins from S 
phase WI-38 cells (e). 3H cDNA 
was also annealed to transcripts 
from native chromatin of contact
inhibited WI-38 fibroblasts ( ■) or 
from WI-38 fibroblasts which had 
been stimulated to proliferate (•). 
(80-100 µg of RNA transcripts were 

= moles ribonucleotides x seconds/ 

Regulation of Histone Gene Transcription 
After Stimulation of Proliferation in 
Nondividing Human Diploid Cells 

To determine whether the mode of histone gene regulation ob
served in continuously dividing HeLa S 3 cells is of broader bio
logical relevance, we examined the control of histone gene expres
sion after stimulation of nondividing WI-38 human diploid fibro
blasts to proliferate (JANSING et al. 1977). Confluent monolayers 
of WI-38 cells can be induced to proliferate by replacing exhaust
ed growth medium with fresh medium containing 20% (v/v) fetal calf 
serum (RHODE & ELLEM 1968, ROVERA & BASERGA 1971). The addition 
of serum to such cells triggers a complex and interdependent ser
ies of biochemical events (reviewed by BASERGA 1974). · Activation 
of DNA synthesis, as measured by incorporation of 3 H-thymidine 
into DNA, is evident at 10 h after stimulation of WI-38 cells and 
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reaches a maximum at 12 h (Fig. 17). Validity of this measure of 
activation of DNA synthesis in WI-38 cells is supported by a simi
lar (600-fold) increase in the percentage of nuclei labeled with 
3H-thymidine as determined autoradiographically (Fig. 17). An 
increase in mitotic activity is observed beginning at 20 h (Fig. 
17). Concomitant wi~h the activation of DNA synthesis there is a 
stimulation of histone synthesis. A tight coupling between his
tone synthesis and DNA replication in WI-38 cells is suggested by 
a rapid and complete shutdown of histone synthesis by inhibition 
of DNA replication (STEIN & THRALL 1973). 
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FIGURE 15. Kinetics of anneal
ing of histone cDNA to in vitro 
transcripts from mouse liver 
chromatin or mouse liver chroma
tin reconstituted in the pres
ence of S phase HeLa chromo
somal proteins. aH cDNA was an
nealed at 52° C to transcripts 
from native mouse liver chroma
tin ( o) or transcripts from 1 
mg of mouse liver DNA as chroma
tin reconstituted in the pres
ence of no additional protein 
( • ) , 1000 µg of total S phase 
HeLa chromosomal proteins ( I:; ) , 
100 µg of the 0.5 M NaCl Q,AE 
fraction of the S phase HeLa 
chromosomal proteins ( ■ ) , or 
100 µg of the 0.25 M NaCl Q,AE 
fraction of the S phase HeLa 
chromosomal proteins ( * ) . ( 80-
100 µg of RNA transcripts were 
recovered per mg of DNA as chro-

x seconds/liter. 

To determine the availability of histone genes for tran
scription as a function of time after stimulation of WI-38 cells 
to proliferate, we examined in vitro transcripts of chromatin from 
confluent WI-38 cells, from WI-38 cells during the prereplicative 
phase (1, 4, and 7 h after stimulation), and from cells at 10 and 
12 h after stimulation (S phase). The presence of histone mRNA 
sequences was assayed by hybrid formation with 3 H-labeled DNA com
plementary to HeLa S 3 cell histone mRNAs. Utilizat ion of a his
tone cDNA probe synthesized on a template of HeLa cell histone 
mRNAs is justifiable for detection of histone mRNA sequences iso
lated from WI-38 cells or transcribed from WI-38 cell chromatin. 
One would not expect significant differences in the genetic se
quences of HeLa and WI-38 cells since these cells are both of 
human origin. The identity of the histone genes in HeLa and WI-
38 cells is substantiated by indistinguishable Tm values of the 
hybrids formed between HeLa cell histone cDNA and HeLa cell his
tone mRNAs, HeLa cell histone cDNA and S phase HeLa cell chroma
tin transcripts, and HeLa cell histone cDNA and S phase WI-38 
cell chromatin transcripts. 
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The kinetics of hybridization of histone cDNA with RNA 
transcripts from chromatin of WI-38 cells at various times after 
serum stimulation is shown in Fig. 18. There is a significant 
increase in the rate of hybridization of histone cDNA to RNA 
transcripts 10 h after stimulation (Crot½ = 1.0) with a maximal 
rate of hybridization observed at 12 h (Crotk = 4 x 10- 1 ). In 
contrast with the limited extent of hybrid f6rmation between his
tone cDNA and RNA transcripts from chromatin of confluent cells 
and of cells 1, 4, and 7 h after stimulation (Crotk = 1.8 x 10 2 ), 
the kinetics of the hybridization reaction of hist5ne cDNA and 
RNA transcripts from S phase (12 h) chromatin revealed a 500-fold 
actlvation of histone mRNA sequence transcription after stimula-
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FIGURE 16. Kinetics of annealing 
of globin cDNA to in vitro trans
cripts from native adult mouse 
liver chromatin (@) and from 
mouse liver chromatin dissociated 
and reconstituted in the presence 
of the 0.5 M NaCl QAE-Sephadex 
fraction from S phase HeLa Sa cells 
(135 µg of protein added/mg of 

DNA as chromatin) (0) . Control 
experiments to ensure that there 
were no inhibitors of hybridiza
tion in the chromatin transcripts 
were performed as follows. A 
known quantity of authentic mouse 
globin mRNA was mixed with chroma
tin transcript RNA, and the mix
ture was incubated with 3H-globin 
cDNA ((!)). The presence of chroma
tin transcript RNA did not inter
fere with hybridization of the 
mouse globin mRNA. 

tion of WI-38 cells to proliferate. A comparison of the Cr 0 t½ 
values of the hybridization reactions between histone cDNA and 
RNA transcripts from chromatin as a function of time after stimu
lation to proliferate (Fig. 19) clearly demonstrates that activa
tion of histone gene transcription parallels the onset of DNA 
synthesis in WI-38 cells (Fig. 17). A similar time course for 
the appearance of histone mRNA sequences on polysomes is observed 
(Fig. 20). The low amount of hybridization between histone cDNA 
and RNA transcripts from chromatin of G1 phase and unstimulated 
cells is most likely attributable to the few proliferating cells 
which escape "contact-inhibition" and hence continue to synthe
size DNA and histones. This interpretation is supported by the 
observation that stimulation of semi-confluent WI-38 cells re
sults in a time course and maximal amount of activation of his
tone genes similar to that observed when confluent cells are sti
mulated. However, in the semi-confluent cells an increased amount 
of histone gene transcription from chromatin is detected before 
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stimulation and during the prereplicative period (Crotk = 14). 
Control experiments were carried out to eliminate the possibility 
that the endogenous mRNAs associated with chromatin from S phase 
(12 h) cells account for hybrid formation of RNA transcripts with 
histone cDNA. 
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FIGURE 17. Effects of serum 
stimulation of human diploid 
fibroblasts. (a) DNA synthe
sis at various times after 
serum stimulation of WI-38 
human diploid fibroblasts. 
Cells were labeled with 3 H
thymidine. To determine the 
rate of DNA synthesis, cells 
were harvested and nuclei 
were isolated. Nuclei were 
washed twice with cold (4°c) 
0.3 M HCl04 and nucleic acids 
were extracted with hot (90°c) 
1 M HC104 . The amount of DNA 
present in nucleic acid ex
tracts was assayed by the 
diphenylamine reaction. Each 
point represents an average 
of at least four determina
tions, and the range of values 
does not exceed 5%. (b) Label
ed nuclei/1000 cells at var
ious times following serum 
stimulation of WI-38 human dip
loid fibroblasts. Cells were 
labeled with 3H-thymidine. 
To determine the percentage of 
cells with 3H-thymidine label-
ed nuclei, cells were harvest

ed, smeared on acid-washed microscope slides and prepared for radioautography. 
Radioautographs were exposed for 14 days and stained with Haematoxylin after 
development. The values were obtained by counting 2000 cells. Each value 
represents an average of four determinations, and the range of values did not 
exceed 7%. (c) Mitotic cells/1000 cells at various times after serum stimu
lation of WI-38 human diploid fibroblasts. Colcemide was added 12 h after 
serum stimulation, and at the indicated times cells were harvested, smeared 
on acid-washed microscope slides, fixed in ethanol/acetic acid (3:1, v/v) and 
stained with Haematoxylin. The values for mitotic cells/1000 cells were ob
tained by counting 2000 cells. Each point represents an average of at least 
four determinations, and the range of values did not exceed 7%. 

The role of chromosomal proteins in regulating the transcrip
tion of histone genes was directly examined by a series of chroma
tin reconstitution experiments (JANSING et al. 1977). To assay 
the involvement of nonhistone chromosomal proteins in rendering 
histone genes transcribable-;-chromatin from confluent WI-38 cells 

1 

was dissociated and reconstituted in the presence of added S phase I 
(12 h) nonhistone chromosomal proteins. RNA transcripts from the 
reconstituted chromatin were tested for ability to hybridize with I 
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histone cDNA. The data in Fig. 21 indicate that the Cr 0 t~ of the 
hybridization reaction between histone cDNA and RNA transJripts 
from this reconstituted chromatin preparation (Cr 0 t~ = 4 x 10- 1 ) 

is indistinguishable from that of the hybridization 2 reaction be
tween histone cDNA and S phase chromatin RNA transcripts (Fig. 18). 
Transcription of histone mRNA sequences from chromatin of conflu
ent WI-38 cells was unchanged following dissociation and recon
stitution in the presence of the histone fraction of S phase (12 
h) chromatin. These results suggest that nonhistone chromosomal 
proteins are responsible for determining the availabi lit y of his
tone genes for transcription in chromatin of WI-38 cells and that 
a component of the S phase nonhistone chromosomal proteins serves 
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FIGURE 18. Kinetics of 
annealing of histone 3 H 
cDNA to transcripts formed 
in vitro of chromatin from 
unstimulated (x) WI-38 
cells, and WI-38 cells at 
1 (o), 4 ( ■), 7 (L'I), 10 
(o), and 12 ( ■) h after 
serum stimulation. His
tone cDNA was also anneal
ed to endogenous RNA iso
lated from S phase chroma
tin (!). 

to "activate" or "derepress" the transcription of histone mRNA 
sequences. To examine the possibility that a component of the 
chromosomal proteins of confluent cells specifically restricts 
availability of histone genes for transcription, S phase (12 h) 
chromatin was dissociated and reconstituted in the presence of 
total chromosomal proteins from confluent cells. Transcripts 
from such reconstituted chromatin preparations exhibit kinetics 
of hybridization with histone cDNA (Fig. 21) identical with those 
of native S phase chromatin transcripts (Fig. 18). A specific 
"repressor" of histone genes associated with chromatin of con
fluent WI-38 cells is therefore unlikely. 

Phosphorylation of Nonhistone Chromosomal 
Proteins and Transcription of Histone Genes 

Results from the studies described above suggested that in 
continuously dividing HeLa S 3 cells, as well as in WI-38 human 
diploid fibroblasts after stimulation to proliferate, the cell 
cycle stage-specific transcription of histone genes is regulated 
by a component of the S phase nonhistone chromosomal proteins. 
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One aspect of a possible mechanism by which histone gene trans
cription is regulated may involve the phosphate groups of the 
nonhistone chromosomal proteins. Modifications in the phosphory
lation of nonhistone chromosomal proteins have been observed 
throughout the cell cycle of continuously dividing cells and 
after stimulation of nondividing cells to proliferate (KARN et al. 
1974, PLATZ et al. 1973, PUMO et al. 1976). Such changes in the 
metabolism of phosphate groups provide correlative evidence for 
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FIGURE 19. Time
course of the stimula
tion of histone mRNA 
sequence transcription 
from chromatin, after 
serum stimulation of 
confluent WI-38 cells. 

a functional role of phosphorylation in gene regulation during the 
cell cycle. More direct evidence that phosphorylation of non
histone chromosomal proteins is important in determining the avail
ability of defined genes (histone genes) for transcription can be 
gleaned from results of two studies (KLEINSMITH et al. 1976, THOM
SON et al. 1976). In one series of experiments chromatin-associ
ated phosphoproteins were isolated from HeLa S 3 cells,and this 
subset of the nonhistone chromosomal proteins was compared with 
other nonhistone chromosomal fractions for ability to "activate" 
or "derepress" histone mRNA sequence transcription from chromatin 
(THOMSON et al. 1976). Phosphoproteins were isolated from HeLa 
S3 cell chromatin as schematically illustrated in Fig. 22. Con
comitantly, protein fractions were isolated in an identical man
ner from cells which were pulse-labeled with 32 P for 1 h. The 
histone gene "activating" or "derepressing" ability of each frac
tion was correlated with the degree of phosphorylation, and the 
fractions were also examined by means of polyacrylamide gel elec
rophoresis, The phosphoprotein fractionation scheme used in the 
present study subdivides chromosomal proteins into three electro
phoretically distinguishable fractions as demonstrated in Fig. 23. 
The s e---4'..P-a E:-t i-eRs- a-1 se- Ei---i-f'..f'-e-J?- a s - te- the-i-r- s-]3 e E:-i--f-i-E:- a-c t-i vi-t -i-e s with 
respect to 32 P, with the proteins bound to calcium phosphate ~el 
exhibiting a tenfold enhancement in phosphorylation (3.2 x 10 
cmp/mg) compared with the calcium phosphate nonbinding proteins 
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(2.3 x 10 5 cmp/mg). Each of the four protein fractions was ana
lyzed in the following manner for its ability to "activate" or 
"derepre ss" transcription in vitro of histone mRNA sequences from 
Gr phase chromatin which is ineffective as a template for his
tone gene transcription. Gr phase chromatin was dissociated in 
5 M urea, 3M NaCl and then reconstituted in the presence of one 
of the four chromosomal protein fractions. The reconstituted 
chromatins were transcribed with E. eoZi RNA polymerase,and the 
RNA transcripts were assayed for their ability to form Sr nucle
ase-resistant, trichloroacetic acid- precipitab l e hybrids with 
histone cDNA. As shown in Fig. 24, dissociated Gr phase chroma
tin reconstituted a l one or in the presence of "80,000 g pellet 
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FIGURE 20. Time
course of the appear
ance of histone mRNA 
sequences on polyrib
osomes, after serum 
stimulation of con
fluent WI-38 cells . 

proteins" or "calcium phosphate nonbinding proteins" does not 
serve as a template for the transcription in vitro of RNA se
quences which hybridize with histone cDNA. However, dissociated 
G1 phase chromatin reconstituted in the presence of "80,000 g 
supernatant proteins" or "phosphoproteins" was capable of tran
scribing RNA that hybridizes to histone cDNA. The kinetics of 
the hybridization reaction between histone cDNA and RNA tran
scripts from native S phase chromatin (Cr 0 t½ = 2 x 10- 1 ) are sim
ilar to those of the hybridization reaction between histone cDNA 
and RNA transcripts from G1 phase chromatin reconstituted with 
"80,000 ~ supernatant protein" or the "phosphoproteins" (Cr 0 t½ = 
2.5 x 10- 1 ). When RNA polymerase is omitted from the transcription 
reaction and RNA is isolated (with an amount of E. eoZi RNA equiv
alent to the amount of RNA transcribed in the presence of polymer
ase) from G1 phase chromatin reconstituted with S phase "phospho
proteins", the isolated RNA does not show any significant extent 
of hybridization with histone cDNA. This experiment indicates 
that endogenous histone-like sequences associated with the "phos
phoprotein" fraction do not contribute significantly to the hy
bridization observed between histone cDNA and transcripts of G1 

phase chromatin reconstituted in the presence of "phosphoproteins". 
These results clearly suggest that the ability to "activate" or 
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"derepress" histone mRNA sequence transcription resides in a com
ponent of the nonhistone chromosomal proteins which is soluble 
in o.4 M NaCl and has a high affinity for calcium phosphate gel. 
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FIGURE 21. Kinetics of anneal
ing of histone cDNA to tran
scripts formed in vitro of 
reconstituted chromatin. His
tone cDNA was annealed to RNA 
transcripts from chromatin of 
unstimulated WI-38 cells re
constituted in the presence of 
S phase (12 h after stimula
tion) nonhistone proteins ( ■) 
and from S phase (12 h) chro
matin reconstituted in the 
presence of total chromosomal 
proteins from chromatin of 
unstimulated WI-38 cells ( □). 

In another series of experiments we examined the effects on 
histone gene transcription of dephosphorylating nonhistone chro
mosomal proteins (KLEINSMITH et al. 1976). By using calf thymus 
protease-free nuclear phosphatase which was covalently linked to 
agarose, S phase nonhistone chromosomal proteins from HeLa S 3 

cells were partially dephosphorylated. This procedure was effec
tive in removing up to 60% of the phosphate groups from S phase 
nonhistone chromosomal proteins. Dephosphorylation was carried 
out in the presence of 5M urea, thus maintaining complete solu
bility,and the procedure yielded proteins that, though p~rtially 
dephosphorylated, are quantitatively and qualitatively identical 
to native S phase nonhistone chromosomal proteins. To assay the 
influence of phosphate groups associated with nonhistone chromo
somal proteins on histone gene transcription, chromatin was re
constituted utilizing DNA, S phase histones, and either native S 
phase nonhistone chromosomal proteins or partially dephosphory
lated S phase nonhistone chromosomal proteins. The data in Fig. 
25 clearly indicate that dephosphorylation results in a 75-80% 
decrease in the transcription of histone mRNA sequences. Such 
enzymatic dephosphorylation of S phase nonhistone chromosomal 
proteins brings about less than a 50% decrease in overall tem
plate activity and binding sites for E. coli RNA polymerase. 
Therefore it appears that not all genes are affected randomly and 
that histone genes are among those which are selectively inhibited .. 

These two lines of- evidence provide support for a direct and 
functional involvement of nonhistone chromosomal protein phospho
rylation in the regulation of histone gene transcription. Further 
elucidation of the involvement of phosphorylation in the regula-
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tion of histone gene transcription requires (1) fractionation of 
the genome-associated phosphoproteins which constitute a complex 
and heterogeneous class of macromolecules, (2) determination of 
whether histone gene transcription is activated by a G1 phase 
protein which is modified at the onset of S phase or a protein 
which is synthesized and phosphorylated concomitant with the ini
tiation of DNA synthesis, (3) resolution of whether control of 
phosphorylation resides with the nonhistone chromosomal protein 
substrate or phosphorylating enzyme system. 

lu>ERNATANT 

PELLET 

-OJSPERSED IN 
~MlllEA3MNACi. 

-29),(lJJ XG 

PELLET DISCARDED 

11),00) XG PELLET PROTErns 

(H1Ct,\IITIN 

DISPERSIOO IN 1.0 M NACi. 

REllJCED To o,q M MACt. 

,00) XG 

SU'ERNATANT 

8),00) XG SUPERNATANT PROTEINS 

B10REX 70 

CAffiq GEL 

7,00) XG 

SU'ERNATAIIT 

GEL S0UJB ILi ZEI>- CAf'Dz, IOI-BINDING 
PROTEINS 

~TEINS 

FIGURE 22. Schematic 
diagram for the frac
tionation of chromosom
mal proteins from HeLa 
cells. Chromatin was 
prepared as described 
previously (STEIN et 
al. l975a) and then 
suspended in a Dounce 
homogenizer in l.O M 
NaCl, 50 mM Tris (pH 
7.5) at a concentra
tion of 2 mg/ml; l,5 
volumes of 20 mM Tris 
(pH 7.5) were added 
dropwise, and the mix
ture was briefly homog
enized and centrifuged 
at 80,000£ for l h. 
The 80,000£ pellet 
was dispersed in 5 M 
urea, 3M NaCl, lO mM 
Tris (pH 8.3), and the 
mixture was centrifuged 

at 250,000£ for 24 h. The proteins in the supernatant are referred to as 
"80,000£ pellet proteins". Bio-Rex 70 [previously equilibrated with 0.4 M 
NaCl, 20 mM Tris-HCl (pH 7.5))was added to the 80,000£ supernatant proteins at 
a ratio of 20 mg of Bio-Rex per milligram of protein. The suspension was stirred 
for 5-lO min., then centrifuged at 6000 £· Calcium phosphate gel was added 
to the resulting supernatant in a ratio of 0.46 mg of gel per mg of protein, 
stirred for 5-lO min and then centrifuged at 7000 £· The proteins remaining in 
the supernatant are referred to as "CaP0 4 nonbinding proteins". The pellet of 
CaP04 gel was washed in 40 ml of l.O M (NH 4 ) 2 S0 4 , 50 mM Tris (pH 7,5) and solu
bilized in 0.3 M EDTA (pH 7,5), 9,33 M (NH 4 ) 2 S0 4 in a ratio of 0.2 ml of solu
tion per mg of gel. The insoluble residue was removed by centrifugation for 
l5 min at 33,000£, and the supernatant constituted the protein fraction referred 
to as the "phosphoproteins" (KISH & KLEINSMITH l974, LANGAN l967), 

A MODEL FOR REGULATION OF HISTONE 
GENE TRANSCRIPTION 

Although the specific regulatory elements which dictate the 
availability of histone genes for transcription have to date not 
been identified, it is possible to speculate as to how these genes 
may be rendered effective templates for transcription of mRNA se
~uences. DNA is an effective template for the transcription of 



210 STEIN et al. 

histone mRNA sequences, and histones by themselves inhibit his
tone gene transcription from DNA in a dose-dependent nonspecific 
manner (STEIN et al . 1976b). When complexed with DNA alone, non
histone chromosomal proteins (G1 or S phase) do not affect the 
transcription of histone mRNA sequences (STEIN et al. 1976b) . 
However, when associated with DNA in the presence of histones, 
the nonhistone chromosomal proteins are capable of selectively 
rendering histone genes transcribable (STEIN et al . 1975a) . 
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FIGURE 23 . Electrophoretic 
profiles of the total nu
clear proteins: (a) the 
"80,000 Ji pellet proteins", 
(b) the "CaP0 4 non-binding 
proteins" and (c) the 11phos
phoproteins" (d) isolated by 
the methods described in Fig. 
22 from exponentially grow
ing HeLa cells. 

Chromatin reconstituted with S phase nonhistone chromosomal 
proteins is an effective template for transcription of histone 
mRNA sequences, whereas chromatin reconstituted with nonhistone 
chromosomal proteins from G1 phase cells is not. Hence it appears 
that the cell cycle stage-specific transcription of histone genes 
depends on the source of nonhistone chromosomal proteins . . Also, 
histone gene transcription during S phase appears to be "activated" 
or"derepressed" by a component of the S phase nonhistone chromoso
mal proteins rather than be "repressed" during the G1 phase of the 
cell cycle by a component of the G1 phase nonhistone chromosomal 
proteins (PARK et al. 1976). Based on the observed transcription 
of histone mRNA sequences from DNA and the inability of histone
DNA complexes to transcribe genes, we are inclined to propose a 
"derepression" rather than an "activation'' mechanism . The results 
presented so far suggest that a component of the S phase nonhistones 
chromosomal proteins modifies the interaction of histones with DNA 
in a specific manner to render histone genes transcribable. 
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It is not clear how such modifications in the association 
of histones with DNA are achieved. Partial displacement of his
tones from DNA may be brought about by competition of nonhistone 
chromosomal proteins with specific sites on the DNA molecule. 
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FIGURE 24. Kinetics of annealing 
of histone 3H cDNA to transcripts 
formed in vitro of chromatin from 
G1 phase HeLa cellG. The HeLa · 
cells G1 chromatin was dissoci
ated and then reconstituted in 
the presence of "80,000 £_ super
natant proteins"( ■), "80,000 £_ 

pellet proteins" (•), "CaP04 non
binding proteins" (.6.), "phospho
proteins" (o), or "phosphoprotein" 
where no RNA polymerase was added 
to the transcription assay (o). 
G1 phase chromatin was dissociated, 
and 1 mg samples were constituted 
in the presence of 1 mg of each 
protein fraction. 

Alternatively, interaction of nonhistone chromosomal proteins with 
specific DNA sites may result in conformational modifications in 
adjacent DNA sequences where histone binding may be altered. Pre
vious data, which suggest that nonhistone chromosomal proteins are 
responsible for cell cycle stage-specific variations in the bind
ing of histones to DNA in chromatin, are consistent with such 
reasoning (STEIN et al. 1974b). One may envisage regulatory pro
teins being complexed with regions of chromatin which are packaged 
as nucleosomes or with regions of the genome between the nucleo
somes. Modifications of histones such as acetylation and phospho
rylation, rather than functioning as primary mediators of histone
DNA interactions, may "fix" regions of chromatin in an "open" or 
transcribable conformation. The initial alterations in histone
DNA interactions may be induced by a regulatory nonhistone pro
tein, thus rendering histones effective substrates for appropriate 
acetylases or kinases. Restoration of specific activated genetic 
sequences to the "repressed" state may be initiated by removal or 
modification of the regulatory nonhistone proteins. This would 
bring about a change in histone-DNA interactions such that the 
histones would become effective substrates for deacetylases or 
phosphatases. Once removal of acetate or phosphate moieties has 
occurred, the histone-DNA complexes revert to a "repressed" con
formation. 
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In the specific situation of histone gene activation during 
S phase it remains to be established whether the regulatory pro
t i ne or proteins is (1) newly synt hesized and associated with the 
genome a t the time of DNA replication ; (2) recruited from the 
cytoplasm or nucleoplasm dur i ng S phase; (3) a pre-existing chro
mosomal protein which is enzymically modified at the onset of S 
phase to alter its structural and functional properties . Within 
this context it should be noted that evidence has been discussed 
here which suggests that nonhistone chromosomal protein phospho
rylation influences the transcription of histone genes . 
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FIGURE 25. Hybridization of RNA 
transcr ipts from reconstituted chro
matin to histone 3H-cDNA . Comple
mentary 3H DNA (0 . 04 ng) was annealed 
with RNA transcri pts from chromatin 
reconstituted with DNA , histones and 
nonhistone chromosomal proteins from 
S phase HeLa S3 cells (o) or from 
chromatin reconstituted with DNA, 
histones and partially dephosphory
l ated nonhistone chromosomal proteins 
from S phase cells ( • ) . 

Another important concept that should be considered is that 
a single regulatory protein may control the transcription of sev
eral genes . Such a mechani3m may indeed be operative under cir
cumstances where cellular events such as histone synthesis, DNA 
replication and possibly numerous other S phase specific processes 
are fun c tionally interrelated or coupled and hence may be coordi
nately controlled. As f r actionation and characterization of the 
S phase nonhistone chromosomal proteins progress and additional 
genes, which are selectively transcribed during S phase, are exam
ined, properties of regulators of histone gene readout should 
become more apparent . 
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