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Chromatin maturation depends on continued DNA-replication 
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The structure of [‘Hjthymidine pulse-labeled chromatin in lymphocytes differs from that of non- 
replicating chromatin by several operational criteria which are related to the higher nuclease sensitivity of 
replicating chromatin. These structural features of replicating chromatin rapidly disappear when the 
[3H]thymidine pulse is followed by a chase in the presence of an excess of non-radioactive thymidine. 
However, when the rate of DNA replication is reduced, as in cycloheximide-treated lymphocytes, 
cbromatin maturation is retarded. No chromatin maturation is observed when nuclei from pulse-labeled 
lymphocytes are incubated in vitro in the absence of DNA precursors. In contrast, when these nuclei are 
incubated under conditions known to be optimal for DNA replication, the structure of replicating 
chromatin is efficiently converted to that of ‘mature’, non-replicating chromatin. We conclude that the 
properties of nascent DNA and/or the distance from the replication fork are important factors in 

chromatin maturation. 
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1. INTRODUCTION 

Nuclease digestion of cellular chromatin has 
shown that the structure of newly replicated 
(t3H]thymidine pulse-labeled) chromatin differs 
from that of non-replicating chromatin by several 
operational criteria: 
(i) Newly-replicated chromatin is more sensitive 

to nuclease attack than bulk chromatin [l-4]; 
(ii) Monomeric nucleosomes are released faster 

from newly-replicated chromatin than from 
bulk chromatin [3,5]; 

(iii) During nuclease treatment, a large fraction of 
newly-replicated chromatin yields DNA 
fragments that are much shorter (55 f 15 bp, 
‘subnucleosomal DNA’) than those on stan- 
dard nucleosomes (165 + 3 bp, ‘nucleosomal 
DNA’ [4,7]). ‘Subnucleosomal’ DNA is 
associated with nucleosome-like chromatin 
fragments although in a way that makes this 
DNA-protein interaction sensitive against salt 
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concentrations (0.5 M NaCI) which are insuf- 
ficient to dissociate nucleosomal DNA from 
nucleosomes [7,8]. 

Upon progression of the replication fork, 
chromatin maturation occurs and [‘Hlthymidine- 
labeled chromatin acquires a structure in- 
distinguishable from that of non-replicating bulk 
chromatin. 

We show here that chromatin maturation 
depends on continued DNA replication. We also 
demonstrate a strong influence of inhibitors of 
protein synthesis on the rate of chromatin 
maturation. 

2. MATERIALS AND METHODS 

The preparation and cultivation of bovine lym- 
phocytes have been described in [9]. If required, 
concanavalin A-activated lymphocytes were con- 
tinuously labeled with 1 &i/ml [14C]thymidine for 
12-16 h. In some experiments, 50 pg/ml cyclohex- 
imide was added to the activated lymphocyte 
culture. This treatment reduces the rate of 
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[3H]leucine incorporation to 5--15% of a control 
culture. Incorporation of [3H]thymidine was 
reduced to 30-40%, as compared to an untreated 
control culture. 

Lymphocytes in the S-phase of the cell cycle 
were pulse-labeled with [3H]thymidine as follows. 
The cells were concentrated by centrifugation and 
resuspended in fresh, pre-warmed medium at 
2-3 x IO’ cells/ml. 0.15-0.25 mCi [3H]th~idine 
was then added for the times indicated below. The 
pulse was terminated by a 1: 100 dilution into ice- 
cold Hank’+balanced salt solution and rapid cen- 
trifugation. If the pulse was followed by a chase, 
the labeled cells were diluted 1: 100 into pre- 
warmed medium, containing 2 pg/ml non- 
radioactive thymidine, and incubated for the 
desired time at 37°C. 

Nuclei were prepared as in [lo, 111. The nuclei 
were incubated for in vitro DNA replication with 
ATP and a mixture of deoxyribonuclease 
triphosphates, including [32P]dTTP, as in [l 11. 

Micrococcal nuclease (Boehringer, Mannheim) 
was used for nucleolytic digestion of chromatin in 
intact nuclei. Details of the procedure and the 
analysis of the digestion products were as describ- 
ed in [4,7,11]. 

parallel experiment, in the presence of cyclohex- 
imide. Nuclei, prepared after the pulse and after 
the chase periods of various lengths, were briefly 
treated with micrococcal nuclease to obtain 
oligomeric nucleosome complexes. The soluble 
digestion products were investigated by sucrose 
gradient centrifugation (fig. 1). The digestion pro- 
ducts of [3H]pulse-labeled chromatin sedimented 
mostly like monomeric nucleosomal particles 
(fig.lA) while most of the soluble bulk chromatin 
fragments were clearly much larger and may cor- 
respond to oligomeric complexes of 4, 5, 6 and 
more nucleosomes. After a 5 min chase in the 
absence of cycloheximide, substantial amounts of 
[3HJth~~ne-labeled nucleosomes appeared in 
fractions with higher order chromatin complexes 
(fig.lB). The maturation process was virtually 
complete after a 15 min chase (fig.lC). In the 
presence of cycloheximide, however, most 
radioactively-labeled chromatin fragments still 
sedimented like monomeric nucleosomes after 5 
and 15 min chase periods (fig.lD,E). Even after a 
60 min chase (fig.lF) most of the f3H]thymidine- 
labeled chromatin fragments sedimented slower 
than most 14C-labeled bulk chromatin. 

For the production of oligomeric groups of 
nucleosomes, washed nuclei (6 x 10’) were treated 
in nuclease buffer [4] for 40-120 s at 37°C with 10 
units micrococcal nuclease. Nuclear lysates were 
analyzed by centrifugation through linear lo-30% 
sucrose gradient, made up in lysis buffer, using the 
Beckman SW40 rotor for 3.5 h at 38000 rev./min 
and 7°C. After centrifugation, the gradient was 
pumped through a quartz cuvette to monitor the 
absorbance at 258 nm. The distribution of 
radioactivity was determined in the gradient frac- 
tions by trichloroacetic acid precipitation after 
treatment with 2 M NaOH for 1.5 h at 60°C. 

Thus, maturation of replicating chromatin is in- 
hibited in cyclohe~ide-treated cells. This could 
be due to a depletion of the histone pools and a 
reduced synthesis of new histones. But it is also 
possible that the retardation of DNA replication, a 
typical cycloheximide effect ([ 12,131; see section 
2), influences the maturation process. This 
possibility will be considered below. 

3.2. DNA synthesis and chromatin maturation 

3. RESULTS 

3.1. Chromatin maturation in the presence of 

We used isolated nuclei to study the effect of 
DNA replication on chromatin maturation. In 
agreement with others [ 10,14], we have shown that 
isolated lymphocyte nuclei perform semiconser- 
vative DNA replication when incubated under pro- 
per conditions with ATP and the 4 deox- 
ynucleoside triphosphates, and that in vitro 
replicated DNA is organized in nucleosomal par- 
ticles [8,11]. 

Lymphocytes were long term-labeled with In a first experiment, nuclei were prepared from 
[r4C]thymidine and pulse-labeled for 30 s with [14C]thymidine continuously-labeled and 
[3H]thymidine. A part of the culture was used im- t3H]thymidine pulse-labeled (30 s) lymphocytes. 
mediately for nuclei preparation. Another part was The nuclei preparation was divided into 2 equal 
chased with an excess of unlabeled thymidine. The fractions. One fraction was incubated with ATP 
chase was performed in the absence and, in a and an optimal mixture of all 4 deoxynucleoside 
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Fig.1. Chromatin maturation in vivo. Concanavalin A- 
activated lymphocytes were labeled for 16 h with 
[~4C]th~i~ne and pulse-Ia~l~ for 30 s with 
t3H]thymidine. A fraction of the pulse-labeled cells was 
collected at 0°C by centrifugation (A). The remaining 
culture was split into 5 parts: one part was chased in the 
presence of an excess of non-radioa~ive th~idine for 
5 min (B); another was chased for 15 min (C). The 3 
additional parts received 50 pug/ml cycloheximide and 
were then chased for 5 min (D), 15 min (E) and 60 min 
(F), respectively. Nuclei (6 x 10’) from these samples 
were briefly treated with micrococcal nuclease and lysed 
in the presence of EDTA. Soluble material was analyzed 
by sucrose gradient centrifugation. (- - -) Absorbance 
at 258 nm; (0) “C-cpm/fraction; (0) ‘H-cpm/fraction. 
Six fractions from 3 consecutive sections of one gradient 
were combined as indicated in panel C. The DNA was 
extracted from each pool in 0.1% sodium 
dodecylsulfate. The samples were treated with RNase 
and pronase, followed by phenol-chlorofo~ extraction 
and ethanol precipitation. The extracted DNA was 
analyzed by electrophoresis in a 1 Oi’o agarose gel. NueII- 
restricted CoIEl-DNA (I) and HaeIII-restricted phage 

The digestion kinetics of radioactive chromatin 
from nuclei, incubated without nucleotides 
(fig.2A), was identical to that observed for freshly 
prepared pulse-labeled nuclei (not shown) in- 
dicating that a reorganization of chromatin had 
not occurred during the in vitro incubation period. 
In freshly prepared nuclei and in nuclei incubated 
in the absence of DNA synthesis, we found 
(fig.2A) that pulse-labeled chromatin is clearly 
more rapidly degraded than continuously-labeled 
chromatin. We also found that ‘subnucleosom~’ 
4-5 S DNA appeared when the micrococcal diges- 
tion products were centrifuged through a sucrose 
gradient, containing 0.5 M NaCl (fig.ZB). We have 
shown before [7,8] that [3H]th~idine-la~led sub- 
nucleosomal4-5 S DNA of 55 f 15 bp length (see 
insert in fig.2B) is released in 0.5 M NaCl from 
chromatin fragments cont~~ng newly-replicated 
DNA. As mentioned in section 1, this property 
may be related to a conformational transition in 
nucleosomes passed from parental chromatin to 
newly-replicated DNA at the fork. (In the experi- 
ment of fig,ZB, only a relatively small fraction of 
pulse-labeled chromatin had the peculiar structure 
which gives rise to subnucleosomal DNA frag- 
ments after brief nuclease treatment. The fraction 
of 3H-labeled 4-5 S DNA is inversely related to the 
length of the pulse time [8]. It is therefore possible 
that, in the experiment of fig.Z;B, some chromatin 
mat~ation occurred already in vivo and/or during 
the preparation of nuclei.) 

The structure of chromatin appears to be quite 
different when the nuclei of pulse-labeled cells 
were incubated in the presence of ATP and 
deoxynucl~tides: 
(i) The digestion kinetics of 3H-labeled 

chromatin was very similar to that of r4C 
continuously-labeled chromatin (fig.2C); 

(ii) After centrifugation in the presence of OS M 
NaCl, very little 4-5 S ‘subnucleosomal’ 
DNA was detectable. 

#X 174-RF-DNA (II) served as size markers. The observations, shown in fig.2, demonstrate 

triphosphates. The second fraction of the nuclei 
preparation was incubated under the same condi- 
tions except that nucleotides were omitted. 

After incubation, the nuclei were transferred in- 
to nuclease buffer and treated with micrococcal 
nuclease as indicated in fig.2. A part of a 5 min- 
nuclease digest was used for sucrose gradient cen- 
trifugation in the presence of 0.5 M NaCl. 

283 



Volume 156, number 2 FEBSLETTERS June 1983 

1 5 10 15 20 top 1 5 10 20 top 

FRACTION NUMBER 

Fig.2. DNA replication and chromatin maturation. A 
lymphocyte culture was long term-labeled with 
[14C]thymidine and pulse-labeled for 30 s with 
[‘Hlthymidine. Nuclei were prepared and incubated in 
two equal aliquots in a buffer system, optimal for in 
vitro DNA replication [ll]. (A), (B) One aliquot was 
incubated at 30°C for 40 min without nucleotides. (C), 
(D) The second aliquot received optimal concentrations 
of ATP and the 4 standard deoxynucleoside 
triphosphates, dATP, dGTP, dCTP and dTTP [ll]. 
This sample was also incubated at 30°C for 40 min. (A), 
(C) After incubation the nuclei were treated with 
micrococcal nuclease (45 units/3 x 10’ nuclei), and 
equal samples were removed at the indicated times to 
determine the radioactivity which remains precipitable 
by trichloroacetic acid [4]: (0) 14C-cpm; (0) 3H-cpm. 
(B), (D) Aliquots were removed after 10 min from the 
nuclease digestion mixtures, shown in (A) and (C), lysed 
in the presence of EDTA and centrifuged through 
sucrose gradients, containing 0.5 M NaCl. The 
distribution of acid-precipitable ‘H-radioactivity (0) is 
shown. Insert: in an experiment, performed under 
identical conditions, the fractions, labeled 10 S and 
4-5 S, were separately combined and used for DNA 
extraction. Equal amounts of the ‘H-labeled DNA were 
investigated by polyacrylamide gel electrophoresis (fig. 1, 
[7]) and fluorography. The DNA size markers are from 

HindUI-digested 4X 174-RF-DNA. 

that maturation of newly-replicated chromatin 
depends on active DNA replication. 

In fig.3 we present an experiment to support this 
conclusion and to demonstrate that pre-treatment 
of lymphocytes with cycloheximide severely in- 

FRACTION NUMBER 

Fig.3. DNA replication and chromatin maturation in 
isolated nuclei. In vitro pulse and chase. Nuclei were 
prepared from a normal (A,B) and from a 
cycloheximide-treated (CD) lymphocyte culture. 
Aliquots were incubated under DNA replication 
conditions [ 1 l] with ATP and deoxyribonucleoside 
triphosphates, including [3H]dTTP, to determine the 
DNA replicating capacity of the nuclei preparations 
(insert in A and C: ordinates, incorporated [3H]-cpm x 
1000; abscissa, time of incubation, min at 30°C). Other 
aliquots of the nuclei preparations were incubated for 
45 s under DNA replication conditions, using [‘H]dTTP 
in a specific radioactivity IO-times higher than that used 
in the experiments, shown in the inserts. One-half of 
these aliquots were removed after the 45 s-incubation 
(A,C). A lOO-fold excess of non-radioactive dTTP was 
added to the second half, and the incubation was 
continued for another 20 min at 30°C (B,D). The nuclei 
were then digested with micrococcal nuclease until about 
20% of the DNA was acid-soluble. Soluble chromatin 
fragments were centrifuged through sucrose gradients, 
containing 0.5 M NaCl. (---) Absorbance at 258 nm; 

(0) 3H-cpm/fraction. 

hibits chromatin maturation in isolated nuclei. In 
this experiment, nuclei were prepared from an S- 
phase lymphocyte culture (fig.3A,B) as well as 
from lymphocytes, treated during the S-phase with 
cycloheximide for 30 min (fig.3C,D). The isolated 
nuclei were incubated under standard conditions 

t111 with ATP and deoxyribonucleoside 
triphosphates, including [3H]dTTP to allow for 
DNA replication in vitro. After 45 s, one half of 
each nuclei preparation was quickly transferred to 
10 vol. ice-cold nuclease buffer (fig.3A,C). The se- 
cond portion was further incubated for 20 min in 
the presence of a lOO-fold excess of non- 
radioactive dTTP (‘chase’) before the reaction was 
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stopped in cold nuclease buffer (fig.3B,D). The 
nuclei were treated with micrococcal nuclease until 
about 20% of the DNA became soluble. The 
chromatin fragments were analyzed by gradient 
centrifugation in the presence of 0.5 M NaCl. We 
found a large fraction of in vitro pulse-labeled 
DNA as 4-5 S ‘subnucleosomal’ DNA (fig.3A,C). 
After a 20 min chase, most of this fraction disap- 
peared in nuclei from normal, but not in nuclei 
from cycloheximide-pretreated cells in which only 
-50% of the 4-5 S DNA could be chased into 
nucleosomal DNA (fig.SB,D). This may in part be 
due to the reduced DNA replication capacity of 
cycloheximide nuclei (compare inserts in 
fig.3A,C). It is also possible that the cycloheximide 
nuclei lack proteins, including histones, required 
for chromatin maturation. 

4. DISCUSSION 

We have investigated the structure of replicating 
chromatin, pulse-labeled in vivo with 
[3H]thymidine, by a brief treatment with micrococ- 
cal nuclease, followed by sucrose gradient analysis 
of the nuclease degradation products. Under our 
experimental conditions, we found most soluble 
bulk chromatin in degradation products sedimen- 
ting with 30 S or more. Most of these degradation 
products contain DNA fragments of more than 
2000 nucleotide pairs, sufficient to carry 8 or more 
individual nucleosomes. These supranucleosomal 
structures could be organized in higher order 
chromatin structures, such as solenoids [15]. In 
contrast, pulse-labeled DNA, when investigated in 
the same experiment, appears mainly on 
monomeric nucleosomes. This result is in agree- 
ment with earlier experiments [4,6] which 
demonstrated that one structural feature of newly- 
replicated chromatin can be operationally defined 
by the fast rate of nucleolytic cleavages between 
those nucleosomes which contain pulse-labeled 
DNA. 

Several lines of evidence suggest that this 
peculiar structure of newly-replicated chromatin 
may be due to a lack of histone Hl on newly- 
replicated chromatin: 
(i) Monomeric nucleosomes are produced 

significantly faster during nuclease treatment 
of Hl-depleted chromatin than during 

nuclease treatment of native chromatin 
116,171; 

(ii) Monomeric nucleosomes, produced under 
mild digestion conditions of native chromatin, 
contain reduced amounts of Hl, and the 
amount of chromatin-associated HI increases 
with increasing size of chromatin fragments 
WI; 

(iii) Monomeric nucleosomes, containing pulse- 
labeled DNA, travel in electrophoresis gels 
like Hl- (and HMG-) depleted nucleosomes 
[71. 

Since histone Hl is assumed to play an essential 
role in the maintenance of higher order chromatin 
structure [15,19] it is tempting to speculate that 
histone Hl is released from, or more weakly bound 
to, chromatin in the vicinity of replication forks. 
This would lead to a more open structure of 
replicating chromatin, and consequently, a 
facilitated access of replication factors to DNA. 
Our experiments have shown that, during a 15-min 
chase period in vivo, most pulse-labeled chromatin 
assumes the structure of bulk chromatin. This 
behavior is in agreement with earlier observations 
which showed that the association of histone Hl is 
the latest step in the assembly of chromatin [20]. 

In the presence of cycloheximide, the matura- 
tion process proceeds at a reduced rate. The reason 
for this is not entirely clear. One possible reason is 
certainly the depletion of histone pools and the in- 
hibition of histone synthesis in cycloheximide- 
treated cells. We investigate, however, in our ex- 
periments, not only the structure of chromatin 
which is newly-assembled on freshly-replicated 
DNA but also the 50% fraction of chromatin 
which retains parental nucleosomes. Substantial 
evidence has accumulated to demonstrate that 
nucleosomes pass as conserved and intact entities 
[21-231 from the parental DNA stem to one 
[3,23,24] or both [25] replicated DNA branches. It 
is not obvious why the maturation of that 
chromatin fraction which retains the set of paren- 
tal nucleosomes should be delayed in 
cycloheximide-treated cells. This could be due to a 
requirement for the continuous synthesis of a 
‘maturation factor’. 

Another possibility is suggested by our ex- 
periments, presented in fig.2 and 3, which show 
that chromatin maturation depends on continued 
DNA replication. (Note that the rate of 
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[3H]thymidine incorporation is reduced by 
60-70% in cycloheximide-treated cells; see section 
2 and [ 12,131.) We have tested two parameters of 
chromatin structure in nuclei from [3H]thymidine 
pulse-labeled cells, the enhanced nuclease sensitivi- 
ty as an indication of an extended chromatin struc- 
ture and of histone depletion as well as the ap- 
pearance of 4-5 S subnucleosomal DNA as an in- 
dication of an altered nucleosome structure. We 
found a reversion to the normal nuclease sensitivi- 
ty and to a normal nucleosome structure only in 
nuclei, incubated under DNA replication condi- 
tions. When DNA replication was not possible due 
to a lack of DNA precursors and ATP the matura- 
tion process was impaired (fig.2). 

This observation suggests that the structure of 
replicating DNA and/or the distance from the 
replication fork are important factors in chromatin 
maturation [1,6]. If replication points were fixed 
to attachment sites on the nuclear matrix, as pro- 
posed in [27-291, chromatin maturation could be 
prevented for spatial reasons; e.g., when 
replicating chromatin is so closely associated with 
matrix proteins that its folding to form higher 
order structures is sterically inhibited. 
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