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SUMMARY: Representation of histone mRNA sequences in various i n t race l l u l a r  
f ract ions and in v i t r o  t ranscr ip ts  of chromatin was examined a f te r  i nh ib i -  
t ion of DNA synthesis in S phase HeLa S 3 ce l ls  by cytosine arabinoside or 
hydroxyurea. Histone mRNA sequences were assayed by hybr id izat ion to a 3H- 
labeled, single-stranded DNA complementary to histone mRNAs. Both inh ib i to rs  
bring about a drast ic  reduction (greater than 99%) in the level of histone 
mRNA sequences on polysomes. The representation of histone mRNA sequences 
in nuclei and in chromatin t ranscr ip ts  is not af fected by treatment for  
30 min with cytosine arabinoside or hydroxyurea. Cytosine arabinoside or 
hydroxyurea treatment resul ts in an elevated level of histone mRNA sequen- 
ces in the post-polysomal cytoplasmic f ract ion.  Taken together these resul ts  
provide evidence that in vivo as well as in v i t r o  coupling of histone gene 
expression and DNA synthesis is not mediated at the t ranscr ip t ional  level .  
The speci f ic  post - t ranscr ip t ional  process at which the coupling mechanism 
is operative remains to be iden t i f i ed .  

Several l ines of evidence suggest that histone gene expression and 

D~A synthesis are biological  processes which are t i g h t l y  coupled. I t  has 

been known for some time that in continuously d iv id ing ce l l s ,  as well as 

a f te r  st imulat ion of nondividing ce l ls  to p ro l i f e ra te ,  the synthesis of 

histones is res t r i c ted  to the period of the cel l  cycle when DNA rep l ica t ion 

occurs (S phase) (1-4). In v i t ro  t rans lat ion (5-11) and nucleic acid 

hybr id izat ion studies (12) suggest that histone mRNA sequences are asso- 

ciated with polyribosomes exclus ive ly  during the S phase of the cel l  cycle. 

Previous studies from th is  laboratory have shown that histone mRNA sequences 

are transcribed in v i t ro  from chromatin of S phase ce l ls  but not from chro- 

matin of G 1 phase ce l ls  (13-15). A funct ional re la t ionship  between histone 

Abbreviation : SDS=sodium dodecyl sulfate 
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gene expression and DNA repl icat ion is further indicated by the complete 

and rapid shutdown of histone synthesis when DNA repl icat ion is inhibited 

by drugs such as cytosine arabinoside or hydroxyurea (1-4,6,9). However, 

the mechanism by which such a coupling occurs remains to be resolved. 

We have examined the levels of histone mRNA sequences present in 

various in t race l lu la r  compartments af ter inh ib i t ion of DNA synthesis in 

S phase HeLa S 3 cel ls by cytosine arabinoside or hydroxyurea. Addi t ional ly,  

the influence of inh ib i t ion of DNA synthesis on transcr ipt ion of histone 

mRNA sequences in v i t ro  from chromatin was assayed. Histone mRNA sequences 

were analyzed by hybridization to a 3H-labeled, single-stranded DNA comple- 

mentary to histone mRNA sequences (13,16). Results are presented which 

suggest that the coupling of histone gene expression and DNA repl icat ion 

is not mediated at the transcr ipt ional  level.  

MATERIALS AND METHODS 

Cell Culture and Synchronization: HeLa S~ cel ls  were grown in suspension 
cu~Iture in Jokiik-modified Eagle's mlnlmaI essential medium supplemented 
with 7% cal f  serum and were synchronized by two cycles of 2 mM thymidine 
block, as previously reported (3). S phase cel ls were harvested two hours 
af ter release from the second thymidine block at which time greater than 
98% of the cel ls  are undergoing DNA repl icat ion (3). 
Histone Synthesis: I0 ° S phase cel ls were harvested and resuspended at a 
concentration-of i07 cells/ml in Earl 's balanced sal t  solution containing 
2% fetal cal f  serum and 5 uCi/ml of 3H-leucine (45 Ci/mmole). Following 
incubation for 30 min at 37°C cel ls  were harvested and chromatin was iso- 
lated as described previously (17). Chromatin was extracted twice with 
0.4 N H2SO 4, and histones were precipitated at -20°C from the combined 
acid extracts by addition of two volumes of ethanol. The histones were 
fractionated electrophoret ical ly  in acetic acid-urea polyacrylamide gels 
(18). Details of the procedure have been reported (19). Samples in which 
DNA synthesis was inhibited were treated with cytosine arabinoside (40 ~g/ml) 
or hydroxyurea (I0 mM) for 30 min pr ior  to labeling with JH-leucine and 
during the labeling period. 
Subcellular Fractionation: All procedures were carried out at 4°C. Cells 
were washed three times with Earl 's balanced sal t  solut ion, resuspended at 
a concentration of 4 x 107 cells/ml in 10 ~ KCO-I.5 mM MgCI2-10 mM Tris 
(pH 7.4), and allowed to swell at 4°C for 20 min. Cells were then lysed 
in a Dounce homogenizer by 15 strokes with a loose- f i t t ing  (type A) pestle. 
Nuclei were pelleted by centr i fugation at 1000 xg for 5 min, sucrose was 
added to the supernatant to a f inal  concentration of 10% (w/v), and mito- 
chondria and microsomes were pelleted by centr i fugation at 8000 xg for 
10 min. The post-microsomal supernatant was then centrifuged at 100,000xg 
for 90 min to pel let  polyribosomes. The result ing supernatant w i l l  be 
referred to as the post-polysomal-cytoplasmic fract ion. 
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RNA Fract ionat ion: Nuclear RNA was isolated by the fol lowing procedure. 
Nuclei were digested with DNAse I (i00 ~g/ml) for 60 min at 37°C. The 
material was brought to a f ina l  concentration of 0 . i  M HaCI-IO mM ?4a 
acetate-1 mM EDTA-I% SDS (pH 5.4) and incubated at 37°C for 15 min. The 
sample was extracted twice with one volume each of phenol and chloroform- 
isoamylalcohol (24:1 v/v) .  The aqueous phase was then extracted twice 
with chloroform-isoamyl alcohol. RNA was precip i tated from the aqueous 
layer with two volumes of ethanol at -20°C. The sample was then digested 
again with DNAse I and the series of organic extract ions described above 
was repeated. The RNAs were chromatographed on Sephadex G50 ( f i ne ) ,  
eluted with 0. i M NaCI-IO 4,1Na acetate-1 mM EDTA (pH 5.4) and prec ip i -  
tated with two volumes of ethanol at -20°C. 

Polysomal RNA was prepared by resuspending polysomes in 0.1M NaCI- 
10 mM Na acetate-1 mM EDTA-I% SDS (pH 5.4) and then executing a series of 
organic extract ions as described above for  iso la t ion of nuclear RNAs. 
RNA was isolated from the post-polysomal-cytoplasmic f rac t ion in a s imi lar  
manner and then chromatographed on Sephadex G50 ( f ine) ,  e lu t ing the column 
with 0.1M NaCI-IO mM Na acetate-1 mM EDTA (pH 5.4). RNAs were prec ip i -  
tated by addit ion of two volumes of ethanol at -20°C. 
In V i t ro  Chromatin Transcr ipt ion: RNA was transcribed using f ract ion V 
E. co l i  RNA polymerase prepared according to the method of Burgess and 
Jendrisak (20). Transcript ion was carr ied out for  60 min at 37°C in a 
Dounce homogenizer f i t t e d  with a wide clearance pest le,  and the reaction 
mixture was per iod ica l l y  homogenized to maintain chromatin so lub i l i t y .  
The incubation mixture in a f ina l  volume of 3,4 ml contained 40 mM Tris 
(pH 8.3)-4 mM MgCI2-1 mM MnCI2-20 ~M EDTA-O. O08% B-mercaptoethanol-O.4 mM 
each of ATP, UTP, CTP and GTP-150 ug of DNA (as chromatin)/ml and 40 
units of RNA polymerase. The reaction mixture was brought to a concentra- 
t ion of 1% SDS-O.I M NaCI-IO mM Na acetate-1 mM EDTA, and was incubated 
at 37°C for  15 min. Nucleic acid was extracted as described above with 
phenol-chloroform-isoamylalcohol, with chloroform-isoamyl alcohol and 
prec ip i ta ted with two volumes of ethanol. The material was then resus- 
pended in i0 mM Tris-O. 1 M NaCI-5 mM MgCI2 (pH 7.4) containing DNAse I 
(40 ~g/ml) and incubated at 37°C for 60 min. The reaction mixture was 
deproteinized by extract ion with phenol-chloroform-isoamylalcohol and 
extract ion with chloroform-isoamylalcohol. The RNA t ranscr ip ts  were 
chromatographed on Sephadex G50 ( f ine)  as described above, precip i tated 
with two volumes of ethanol and resuspended in d i s t i l l e d  water for  
hybr id izat ion analysis. 
Hybridizat ion_Analysis: Histone mRNA sequences were detected by hybrid- 
izat ion to a JH-labeled, single-stranded DNA complementary to histone mRNAs. 
Preparation and propert ies of the histone cDNA probe have been reported 
(12,13,16). 0.04 ng of JH-cDNA (27,000 cpm/ng) were annealed at 52°C in 
sealed glass cap i l l a ry  tubes in a volume of 15 ul containing 50% formamide- 
0.5 M NaCI-25 mM HEPES (pH 7.0)-1 mM EDTA with various amounts of RNA. 
Hybridizat ion was carr ied out in RNA excess. The reaction mixtures were 
assayed for  hybrid formation using f rac t ion  IV s ingle-strand spec i f ic  
S I nuclease isolated from Aspergi l lus oryza e (21). Each sample was 
incubated for  20 min in 2 ml of 30 mM Na acetate-O.3 M NaCI-I mM ZNS04- 
5% glycerol (pH 4.6) ,  containing S 1 nuclease at a concentration su f f i c i en t  
to degrade at least 95% of the single-stranded nucleic acids present. The 
amount of radioact ive DNA res is tant  to digest ion was determined by t r i -  
chloroacet ic acid p rec ip i ta t ion .  Crot =moles of r ibonucleot ides x seconds/l. 

RESULTS AND DISCUSSION 

To examine the level at which the coupling of histone gene expression 

and DNA replication resides, we pursued the following approach. S phase 
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FLgure I Electrophoretic fract ionat ion of histones from S phase HeLa 
S-3c---ceTl-s treated with cytosine arabinoside or hydroxyurea. Cells were 
treated with cytosine arabinoside (40 ~g/ml)_(o)  or hydroxyurea (I0 mM) 
( a )  for 30 min and then pulse labeled with 3H-leucine ( 5 ~Ci/ml:45 Ci/mmole) 
for 30 min in the presence of inh ib i tor .  Controls ( • )  were not exposed to 
inh ib i tor .  Histones were isolated as described in Materials and Methods, 
and fractionated electrophoret ical ly  in acetic acid-urea polyacrylamide gels 
(18). The gels were fractionated into 1 mm sections, solubi l ized in 30% H202 
and counted in l iquid sc in t i l l a t i on  cocktail containing t r i ton  XlOO-toluene- 
l i qu i f l uo r  (1:2:0.126). 

TABLE I 

Effects of Cytosine Arabinoside and Hydroxyurea 

On Incorporation of 14C Thymidine Into DNA 

cpm 14C-Thymidine/mg DNA % Inhib i t ion 

Control 25,695 - 

Cytosine Arabinoside 545 97.8 

Hydroxyurea 530 98.0 

S phase cel ls  were treated with cytosine arabinoside (40 ~g/ml) or 
hydroxyurea (I0 mM). 30 min after treatment with the inh ib i to r ,  the 
rate of DNA synthesis was determined ~ labeling 2 ml of cel ls (5 x 105 
cel ls/ml)  for 30 min with 0.2 ~Ci of i"C-thymidine and determining 
incorporation of rad ioact iv i ty  into 10% tr ich loroacet ic  acid precipi table 
material. Control samples were S phase cel ls not treated with inh ib i tor .  

HeLa S 3 cel ls were treated for 30 min with cytosine arabinoside (40 ~g/ml) 

or hydroxyurea (10 mM) - conditions which resul t  in greater than 98% 

inh ib i t ion of DNA synthesis (Table I ) .  As shown in Fig. 1, both inh ib i tors  
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Figure 2 Hybridizat ion of polysomal RNA (A), nuclear RNA (B), in v i t r o  
chromatin t ranscr ip ts  (C), and post-polysomal-cytoplasmic RNA ( D ~ - f ~  
S phase ce l ls  ( e )  and S phase ce l ls  treated with cytosine arabinoside (A)  
or hydroxyurea ( • ) .  Crot = moles of r ibonucleot ides x seconds x 1-1 . 

e f f ec t i ve l y  block histone synthesis. We then assayed the inf luence of 

these inh ib i to rs  on the level of histone mRNA sequences present in various 

i n t race l l u l a r  f ract ions.  A comparison of the k inet ics of the hybr id izat ion 

reactions between histone cDNA and polysomal RNA from contro l ,  cytosine 

arabinoside-treated and hydroxyurea-treated ce l ls  indicates that cytosine 

arabinoside and hydroxyurea bring about a drast ic  reduction (>99%) in the 

representation of histone mRNA sequences on polysomes (Fig. 2A).  

This reduction is consistent with in v i t r o  t rans lat ion data from several 

laborator ies (5,7-10) which indicate that the amount of t ranslatable h is-  

tone mRNAs on polysomes is decreased when DNA synthesis is inh ib i ted.  
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In contrast,  the representation of histone mRNA sequences is s imi lar  in 

nuclear RNAs of control ce l ls  and ce l ls  treated with cytosine arabinoside 

or hydroxyurea (Fig. 2B). However, i t  should be noted that the type of 

nucleic acid hybr id izat ion analysis u t i l i zed  in these experiments does 

not permit us to d ist inguish between amounts of pre-ex is t ing and newly 

synthesized histone mRNAs, nor does i t  allow us to assess the rates of 

histone mRNA synthesis and/or turnover. These resul ts suggest that the 

coupling of DNA rep l ica t ion  may be at a post - t ranscr ip t ional  level rather 

than at the t ranscr ip t iona l  level .  

Results from i__nnvitro chromatin t ranscr ip t ion  experiments support 

the hypothesis that coupling of histone gene expression and DNA synthesis 

is not mediated t ransc r ip t iona l l y .  Chromatin from control ce l ls  and from 

ce l l s  treated for  30 min with cytosine arabinoside or hydroxyurea were 

transcribed in v i t r o  with E. col i  RNA polymerase. The RNA t ranscr ip ts  

were then assayed for  t he i r  a b i l i t y  to hybridize with histone cDNA. The 

data in Fig. 2Cind ica te  that the k inet ics of the hybr id izat ion reactions 

between histone 3H-cDNA and RNA t ranscr ip ts  from chromatin of control 

and drug-treated ce l ls  are indist inguishable.  These data suggest that 

t ranscr ip t ion of histone mRNA sequences is unaffected by inh ib i to rs  of 

DNA synthesis, consistent with resul ts from in vivo nuclear RNA studies 

described above. 

Hybridizat ion analysis of RNAs present in the post-polysomal-cytoplasmic 

f ract ion of control ce l ls  or  ce l ls  treated with cytosine arabinoside of 

hydroxyurea (Fig. 2D) suggests that the inh ib i t i on  of DNA synthesis for  

30 min does not reduce the representation of histone mRNA sequences. In 

fac t ,  a ten- fo ld  increase in the level of histone mRNA sequences is ob- 

served in the post-polysomal-cytoplasmic f ract ion in e i ther  cytosine 

arabinoside or hydroxyurea treated ce l ls  compared with control ce l ls .  

This accumulation of histone mRNA sequences in the post-polysomal-cytoplasmic 

f ract ion a f te r  i nh ib i t i on  of DNA synthesis may be the resu l t  of release of 
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histone mRNAs from polysomes or may re f lec t  processing of histone mRNAs 

from the nucleus. In previous studies in which histone mRNAs were assayed 

by in v i t ro  translat ion the elevated level of histone mRNA sequences in 

the post-polysomal-cytoplasmic fract ion was not observed (22). However, 

in v i t ro  t ranslat ion does not eliminate the poss ib i l i t y  that histone mRNAs 

are present in non-translatable states. Histone mRNAs isolated from the 

polysomes of S phase HeLa cel ls  have been shown to have capped 5' termini 

of the types m7GpppXmpYp and m7GpppXmpympzp (23,24). Release of histone 

mRNAs from polysomes may be accompanied by removal of the 5' caps, or 

the RNAs may be otherwise pa r t i a l l y  degraded. Such al terat ions in histone 

mRNAs may not be detected by nucleic acid hybridization analysis but would 

be expected to influence in v i t ro  t ranslat ion. 

The present results provide in vivo as well as in v i t ro  evidence that 

the coupling of histone gene expression and DNA synthesis is not mediated 

at the transcr ipt ional  level. However, the specif ic post- transcr ipt ional 

process where the coupling mechanism is operative remains to be ident i f ied.  

Elucidating the mechanism underlying th is coupling phenomenon may have 

important implications for understanding the control of histone synthesis, 

DNA repl icat ion,  and in a broad sense, the control of cel l  p ro l i fe ra t ion.  
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