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fraction, contamination by cartilage matrix molecules was 
probably insignificant. 

The results of the present study may be summarized as a 
model for proteoglycan synthesis and deposition in fetal 
mammalian bone. Three species of proteoglycan are syn- 
thesized: a large CS and a small DS proteoglycan, which are 
located in the nonmineralized matrix, and a small CS pro- 
teoglycan, which is initially present in the nonmineralized 
matrix but subsequently becomes incorporated into the min- 
eralized matrix. Some of the small CS proteoglycan undergoes 
a strong interaction with collagen which renders it resistant 
to extraction with denaturing solvents and demineralizing 
agents. 
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Two-Stage Maturation Process for Newly Replicated Chromatin? 
Patricia A. Smith, Vaughn Jackson,* and Roger Chalkley* 

ABSTRACT: HTC cells have been labeled by short exposures 
to [3H]thymidine in order to identify newly synthesized DNA. 
By either isolating nuclei directly or isolating them after an 
extensive fixation with formaldehyde, we have been able to 
identify two phases in the maturation process of newly rep- 
licated chromatin. The first phase which is relatively brief 
(<5 min) is reflected in a diffuse, irregular organization of 
nucleosomes on new DNA immediately postreplicatively. The 

S t u d i e s  investigating the structure of eucaryotic chromatin 
in the vicinity of the replication fork have shown that the 
nature of nucleosomes associated with this region of DNA 
differs from that seen for nucleosomes associated with non- 
replicating DNA. Within 5-25 min of DNA synthesis, these 
immature nucleosomes undergo a rearrangement in which they 
attain the structural properties of bulk or mature chromatin 
(DePamphilis & Wassarman, 1980). 

Some of the structural characteristics associated with im- 
mature chromatin include a lower buoyant density, an in- 
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second phase which lasts from 5 to 30 min postreplication is 
characterized by a normal repeat length for the nucleosomes 
which are nonetheless more weakly bound than bulk nucleo- 
somes. This is reflected in increased sliding during nuclease 
digestion as well as increased nuclease sensitivity and the 
presence of easily dissociated histones which has been described 
by other workers. 

creased sensitivity to digestion by nucleases, and a decreased 
affinity between new H3 and H4 and new DNA (Jackson & 
Chalkley, 1981; Seale, 1975, 1976, 1978; Walters & Hilde- 
brand, 1976; Klempnauer et al., 1980; Levy & Jakob, 1978; 
Jackson et al., 1981). In addition, several investigators have 
reported that the nucleosomal repeat length for nascent 
chromatin is 15-50 base pairs (bp) shorter than that calculated 
for bulk chromatin (Murphy et al., 1978, 1980; Levy & Jakob, 
1978; Annunziato et al., 1982). The difference in repeat 
lengths is thought to be due to a shorter linker region, but there 
has been no adequate explanation for the mechanism by which 
immature nucleosomes can rearrange to acquire the longer 
nucleosomal repeat length of bulk chromatin. Data obtained 
in this laboratory indicate that the shorter nucleosomal repeat 
may be generated during the micrococcal nuclease digestion 
process itself, perhaps as a consequence of the decreased af- 
finity between newly replicated DNA and new H3 and H4 
(Jackson et al., 1981). 

The decreased affinity of new H3 and H4 for newly rep- 
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licated DNA leads to a partial dissociation of these histones 
even under the conditions of low ionic strength that are used 
to isolate nuclei in studies of newly replicated chromatin 
(Jackson et al., 1981). As a consequence, we have sought to 
study the properties of intact, newly replicated chromatin by 
cross-linking histones to DNA in whole cells so that dissoci- 
ation of histones and DNA cannot occur during subsequent 
isolation procedures. We conclude that immediately after 
replication the organization of the nucleosomes with respect 
to one another is irregular but that within 5 min after DNA 
synthesis the organization of nascent chromatin resembles that 
of bulk chromatin. We show that sliding of newly assembled 
nucleosomes occurs on newly synthesized DNA during mi- 
crococcal nuclease digestion. This phenomenon results in an 
apparent shorter spacing for nascent chromatin which can be 
inhibited by the cross-linking procedures we describe. 

Materials and Methods 
Materials. [3H]Thymidine (71 Ci/mmol) was purchased 

from Schwarz/Mann. Thymidine, proteinase K (protease, 
type XI), and RNase A were obtained from Sigma. Form- 
aldehyde was purchased from Fischer Scientific. Micrococcal 
nuclease was obtained from Worthington Biochemical Corp. 

Labeling of Cells and Isolation of Nuclei. HTC cells were 
pulse labeled as described by Jackson & Chalkley (1981). We 
have previously shown that our pulse-labeling procedures do 
not adversely affect the normal replication of these cells 
(Jackson et al., 1976). Cells were harvested at mid-log phase 
[(4-5) X lo5 cells/mL] and pulsed with [3H]thymidine for 
2 min at 37 OC in DMEM (Dulbecco's minimal Eagle's me- 
dium) without serum. The pulse was terminated by centri- 
fuging cells at 6000 rpm and resuspending the cells in warm 
DMEM medium (-1 X lo7 cells/mL) containing 2 mM 
thymidine. At the end of the chase periods, the cells were 
centrifuged at 6000 rpm and were either frozen in a dry 
ice/ethanol bath (control cells) or resuspended in DMEM 
medium (4 X lo5 cells/mL) containing 1% formaldehyde at 
4 OC. The cells were harvested by centrifugation after stirring 
in the cold (4 "C) for 18 h. The cells were then resuspended 
in fresh DMEM and stirred an additional 24 h at 4 "C in order 
to remove the formaldehyde. 

Nuclei were isolated by homogenization in a buffer con- 
taining 0.25 M sucrose, 10 mM MgCl,, 10 mM tris(hydrox- 
ymethy1)aminomethane (Tris), pH 8.0, and 1% Triton X-100. 
Subsequently, the nuclei were centrifuged at 2500 rpm for 5 
min. The nuclei were treated in this manner 2 more times. 
After an additional wash in the same buffer as above without 
the Triton X-100, the nuclei were resuspended in buffer 
containing 0.25 M sucrose, 10 mM MgCl,, 10 mM Tris, pH 
8, 10 mM NaCl, and 1 mM CaCl, at a DNA concentration 
of 1 mg/mL (A,,, = 20). 

Micrococcal Nuclease Digestion. Nuclei from both fixed 
and unfixed HTC cells were isolated as described above. 
Micrococcal nuclease was added at a concentration of 0.5 
unit/AizW Digestions were terminated at the appropriate times 
by pipetting an aliquot of cells into a 5-fold excess of 20 mM 
ethylenediaminetetraacetic acid (EDTA)/O.5% sodium dodecyl 
sulfate (SDS), pH 8.0. The DNA fragments from unfixed 
cells were isolated by incubating the samples with proteinase 
K (1 pg/25 pg of DNA) at 37 OC for 2 h. The DNA was 
then precipitated with ethanol, and the pellet was lyophilized. 
The dried pellet was resuspended in 20 mM Tris, 5 mM so- 
dium acetate, and 0.5 mM EDTA, pH 7.9. RNase A was 
added (2.5 pg/lOO pg of DNA) and incubated at 37 OC for 
1 h. Prior to isolation of the DNA fragments as described 
above for unfixed nuclei, the samples from fixed cells were 

incubated in the presence of SDS at 37 OC for 3 days to 
remove protein-DNA cross-links. 

Analysis of Nucleosomal Repeat Lengths. DNA fragments 
isolated as described above were analyzed by electrophoresis 
on a 1.2% agarose gel with Tris-acetate buffer. The gels were 
stained with ethidium bromide, photographed, impregnated 
with 2,5-diphenyloxazole (PPO), and fluorographed by the 
procedure of Laskey & Mills (1 975). The sizes of the DNA 
fragments were calculated from a standard curve derived from 
the concurrent electrophoresis of a partial EcoRI digest of 
p93-50. This molecular weight standard is a derivative of 
pBR322 containing the HSV tk' gene and 50 copies of a 
genomic 93 bp repeat sequence from rat cells (Sealy et al., 
1981). The size of the nucleosome multimers (number of base 
pairs) was plotted vs. the multimer size, and the nucleosome 
repeat length was then calculated as the slope of the line which 
was obtained by linear regression analysis (Annunziato & 
Seale, 1982; No11 & Kornberg, 1977). 

Nucleosome repeat lengths were calculated as described 
previously except for the 30-min time point for the unfixed 
cells. Due to variations in the repeat lengths and extents of 
digestions obtained from the ethidium gels from three different 
experiments and since one would expect the ethidium to yield 
very similar repeat lengths, the values for the 30-min time point 
for two of the experiments were set equal to the 60-min time 
point for the third experiment (same extent of digestion), and 
the remaining repeat length values were normalized accord- 
ingly. The repeat lengths from the fluorograms were multi- 
plied by the same factors as the ethidium values. 

Results 
Nucleosomes Immediately after the Replication Fork Are 

Not Regularly Organized. Chromosomal material found im- 
mediately after the replication fork was identified by a short 
(2-min) pulse of [3H] thymidine followed by nuclease digestion 
of nuclei isolated from these cells. The distribution of newly 
synthesized DNA in oligonucleosomes seen during the time 
course of the nuclease digestion is shown in Figure 1. As 
judged by the sizes of the DNA fragments, newly synthesized 
DNA is digested somewhat more rapidly than bulk DNA, in 
agreement with the observations of previous workers (Jackson 
& Chalkley, 1981; Seale, 1975, 1976, 1978; Walters & Hil- 
debrand, 1976; Klempnauer et al., 1980; Levy & Jakob, 1978; 
Jackson et al., 1981). At early times of digestion, the bulk 
nucleosomal material has a normal oligonucleosome ladder. 
In distinct contrast, however, newly synthesized DNA appears 
to have been organized in an irregular manner which leads 
to a diffuse distribution of DNA sizes which are partially 
protected against nuclease attack. Despite the apparently 
irregular distribution of nucleosomes on new DNA, it is clear 
that much of the newly synthesized DNA is in some sort of 
nucleosomal organization since after extended digestion some 
of the new DNA is found in material of ?I! 145-1 50 bp in size 
(Figure 1). A similar experiment performed with HeLa cells 
showed an identical result (data not shown). 

We were concerned that newly synthesized DNA might be 
unusually degraded during the isolation procedures. If the 
newly synthesized DNA is digested with EcoRI, a typical 93 
bp ladder of the highly repeated DNA is obtained on a fluo- 
rogram, indicating that the DNA as a whole seems to be intact 
(data not shown). 

There would appear to be several possible explanations for 
this observation. (1) In the cell, newly assembled nucleosomes 
are in fact organized with the same regularity as seen for bulk 
nucleosomes, but the new nucleosomes are not tightly bound 
and migrate to random positions during the digestion process. 
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FIGURE I :  Newly replicated chromatin has a diffuse organization 
immediately after it is synthesized. Agarose gel electrophoresis of 
DNA fragments isolated from micrococcal nuclease digested nuclei. 
Nuclei were prepared from HTC cells which had been pulsed with 
[)H]thymidine for 2 min. The DNA standard is a partial EcoRI digst 
of p93-50 (see Materials and Methods) which has been end labeled 
with [)H]dATP. The ethidium-stained fragments represent the bulk 
chromatin, and the fluorogram reprwents those fragments which are 
newly synthesized. Conditions for nuclease digestion and gel elec- 
trophoresis are as described under Materials and Methods. 

This point is addressed (and in fact excluded) in later ex- 
periments. (2) The nucleosomes are organized in an irregular 
manner on both new arms of the replication fork. (3) Nu- 
cleosomes are organized in an irregular manner after the 
replication fork on one new arm whereas the other arm con- 
tains nucleosomes with regular spacing. There is a suggestion 
from previous work that the last possibility may be the correct 
proposal (Annunziato et al., 1981). However, synthesis of a 
distribution consisting of 50% normal spacing from an ethi- 
dium bromide stained gel and 50% of a diffuse pattern such 
as that obtained by a partial digestion of deproteinized DNA 
does not reproduce the highly diffuse pattern seen in the 
fluorogram of Figure 1 (data not shown). 

Irregularly Spaced Nucleosomes on Newly Replicated 
DNA Rapidly Become Organized into a Regular Array. The 
nonregular organization of nucleosomes on very recently 
replicated DNA is rapidly followed by arrangement into a 
detectable array of oligonucleosomes as shown in Figure 2. 
Five minutes after the termination of a short ['HJthymidine 
pulse, a nucleosomal pattern is clearly detectable as indicated 
in the fluorogram by the ladder of partially digested DNA 
fragments. Nonetheless, the pattern of newly synthesized 
oligomeric DNA fragments displayed on the flurogram is 
different in one key way from that shown by the fragments 
representing the nucleasedigested bulk chromatin, seen in the 
ethidium-stained gel. The nucleosomal repeat (calculated as 
shown in Figure 2B) for the earliest time point in the digestion 
of new chromatin ( 5  min after synthesis) is -180 bp. How- 
ever, as the digestion proceeds, the nucleosomal repeat of the 
new chromatin drops to 152 bp. The repeat size is calculated 
by a graphical analysis of all points in the oligonucleosome 
ladder (see Materials and Methods). We find that the de- 
crease in repeat size is shown not only by smaller (more di- 
gested) fragments but also by higher oligonucleosomes up to 
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at least a 4-mer. indicating either (a) that this reflects a lower 
repeat value for extended tracts of newly organized nucleo- 
somes on new chromatin or (b) that nucleosome sliding can 
occur over a range of several nucleosomes in new chromatin, 
presumably reflecting a much decreased affinity between newly 
organized histone cores and new DNA. We also observed 
changes in the nucleosomal repeat length in mature nucleo- 
somal material as a function of the extent of digestion as has 
been described by other workers (Johnson et al., 1978; Hum- 
phries et al., 1979). In our hands, we see a shift in the apparent 
nucleosomal repeat from =I90 bp at earliest times of digestion 
to -170 bp a t  very late stages when monomer and dimer 
fragments constitute 80% of the digestion products (P. A. 
Smith and R. Chalkley, unpublished results). 

Thus, we have identified two phases in the maturation of 
new chromatin. An initial phase appears to reflect the presence 
of irregularly spaced nucleosomes (Figure I ) ,  and a second 
phase is reflected in a difference of nucleosome repeat size 
between new chromatin and bulk material (Figures 2 and 3). 
Although the first phase is complete in less than 5 min, the 
second phase appears to last until 30 min. This was ascertained 
by following a 2-min pulse of ['Hlthymidine with chase periods 
up to 60 min after removal of radiolabel. The nucleosomal 
repeat sizes of radiolabeled (new) and ethidium bromide 
stained (bulk) chromatin were then measured as a function 
of micrococcal nuclease digestion time. The difference in 
nucleosomal repeat size of -15-30 bp seen a t  early times in 
the chase ( 5  and 15 min) is completely abolished 60 min after 
the synthesis of the new chromatin as shown in Figure 3. 

The Short Nucleosomal Repeat of New Chromatin Is Not 
Seen If  Cells Are Fixed before Nuclease Digestion. It has 
been previously established that several of the core histones 
in new chromatin are bound unusually weakly (Jackson et al., 
1981). This led us to postulate the hypothesis that the unusual, 
short nucleosomal repeat seen in new chromatin after micro- 
coccal nuclease digestion might be a consequence of a di- 
gestion-induced sliding of weakly bound histone cores. In order 
to test this hypothesis, we have cross-linked histones to the 
DNA before cell disruption so that sliding is impossible. We 
have previously shown that even the less tightly bound histones 
on new chromatin are efficiently cross-linked by formaldehyde 
during a whole cell fixation (Jackson & Chalkley, 1981). 

HTC cells were exposed to a short pulse (2 min) of ['HI- 
thymidine in an experimental protocol analogous to that de- 
scribed above. The intact cells were then fixed with form- 
aldehyde. Nuclei were isolated as described previously and 
digested with micrmxcal nuclease. Digestion of fixed nuclei 
from cells collected 5 min after termination of the pulse yields 
a bulk nuclecsome repeat pattern similar to that seen in unfixed 
material as shown in the ethidium stain of Figure 4. The 
newly replicated material shown in Figure 4, however, does 
differ in one important aspect from the newly replicated 
material seen in Figure 2, namely, that the reduction in the 
apparent nucleosomal repeat a t  later stages of digestion is 
much less than that Seen following digestion of unfixed nuclei. 
As seen in Figure 3, the nucleosomal repeat size for the 5-min 
fixed material drops from -185 to -175 bp (compared to 180 
to 152 bp for unfixed nuclei). The small decrease observed 
in fixed nuclei is highly reproducible and may reflect a 
preference for digestion of longer spacer material at early times 
in the digestion (Johnson et al., 1978; Humphries et al., 1979). 
A summary analysis of the nucleosome repeat sizes of both 
fixed and unfixed material obtained after various chase points 
is shown in Figure 3. This summary figure indicates that in 
fixed cells the nucleosome repeat lengths of newly synthesized 
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FIGURE 2 Appearance of regularly spa& nucleosomes on recently replicated chromatin, Agarose gel electrophoresis of DNA fragments 
isolated from HTC nuclei which have been subjected lo micrococcal nuclease digestion. The nuclei were pulsed for 2 min with ['Hlthymidine 
and chased for 5 min with 2 mM cold thymidine. Electrophoresis was performed as in Figure I .  (A) Ethidium-stained fragments represent 
the bulk chromatin, and the fluorogram represents those fragments which are labeled with ['Hlthymidine. (B)  Repeat lengths for the 
ethidium-stained fragments from a 5-min unfixed experiment were calculated as the slope of the line where the multimer size (number of base 
pairs) was plotted vs. the multimer number. All of the lines were obtained by linear regression analysis; wrrelation coefficients were as follows: 
5 min, 1.0; 15 min, 1.0; 30 min. 1.0; 60 min, 0.999. (C) Repeat lengths for the ['Hlthymidine-labeled fragments were calculated as in (B). 
Correlation coefficients were as follows: 5 min, 1.0; 15 min. 0.998; 30 min, 1.0  60 min. 1.0. 

chromatin are not significantly different from those seen for 
bulk chromosomal material a t  any of the time periods after 
chromatin synthesis. 

We have used the fixation approach to assay if the different 
nucleosome pattern seen immediately after DNA synthesis (2 
min pulse) is due to sliding of weakly bound histones. Cells 
were labeled by a 2-min pulse of [3H]thymidine, collected, and 
fued immediately in the cold. After digestion with micrococcal 
nuclease, a DNA distribution on agarose electrophoresis was 
obtained as shown in Figure 5.  

Analysis of the fluorogram of Figure 5 enables us to assay 
the organization of nucleosome cores on immediately post- 
replicative chromatin. We observe a diffuse pattern analogous 
to that seen for unfixed nuclei (Figure I). This indicates that 
the nonregular spacing of nucleosomes found within 1-2 min 
after replication is not due to an increased tendency of the more 
loosely bound histone to slide during isolation and digestion 
of the chromatin. 

Discussion 
We have been able to discern two stages of maturation of 

newly synthesized chromatin. In the first stage. nucleosomes 
appear to be present as indicated by the formation of 145 bp 
cores after nuclease digestion (Figures 1 and 5 ) ;  however, they 
are not organized in a normal type of regular array. In ad- 
dition, previous work has indicated that they are more labile 
toward nucleases and that the core histones do not appear to 
bind as tightly to DNA as seen in mature chromatin (De- 
Pamphilis & Wassarman, 1980; Jackson et al., 1981). We 
do not find any compelling evidence to suggest that 50% of 
the new chromatin is normally organized and 50% is diffuse, 
though this remains a formal possibility. In the second stage 
of maturation, which occurs in HTC cells within 5 min after 
synthesis, the nucleosomes appear to adopt the organization 
and spacing characteristic of mature chromatin. Data sup- 
porting the Occurrence of a second stage of maturation have 
been obtained from digestions of both fixed and unfixed nuclei. 
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FIGURE 3: Nucleosome repeat lengths obtained from micrococcal 
nuclease digestion of both unfixed and fixed HTC nuclei. Nuclei were 
prepared from HTC cells that had been pulsed with [IHIthymidine 
for 2 min and which were then chased in 2 mM thymidine for 5 ,  IS, 
30, and 60 min. The repeat lengths are plotted as a function of the 
digestion time for each of the chase periods for nuclei obtained from 
both unfixed and fixed HTC cells. Nucleosome repeat lengths were 
calculated as described under Materials and Methods. Closed circles 
and closed stars represent repeat lengths obtained from newly replicated 
material from unfixed and fixed cells, respectively, and open circles 
and open boxes represent repeat lengths obtained from bulk material 
from unfixed and fixed cells. respectively. 

For example, nucleosomes from unfixed HTC nuclei appear 
to be unusually inclined to slide to a lower nucleosome repeat 
during the digestion process. However, digestion of fmed nuclei 
with micrococcal nuclease results in a repeat length for newly 
synthesized chromatin essentially the same as that found for 
bulk chromatin. Finally, by 30 min, the chromatin largely loses 
its increased ability to slide, and by 60 min, the repeat length 
of newly replicated chromatin from unfixed nuclei is very 
similar to that of bulk chromatin from unfixed nuclei. 

We have tested the reproducibility of these results in several 
ways. The entire experiment has been performed several times, 
and in addition, several electrophoretic runs of the different 
experiments have been made. Despite the differences of 
comparing mean values for repeat size from experiment to 
experiment because of inherent biological variations, we find 
that the mean standard deviation on a repeat length is 4.9 
3.2. This is sufficient for us to describe a difference in repeat 
size, for example a t  5 min, of 16 bp out of 174 bp, which is 
significant a t  the 95% confidence limit (Student's f test). 

A similar observation of a lower nucleosomal repeat for 
newly replicated chromatin than that found for bulk material 
has been made by several laboratories, including that of Seale. 
The latter group argued that since the lower repeat size is 
obtained even following nuclease digestion a t  4 'C then it is 
unlikely to be due to a nuclease-induced sliding phenomenon 
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FIGURE 4 Repeat lengths of newly synthesized chromatin from 
formaldehyde-fixed HTC cells are very similar to those for bulk 
chromatin from the same cells. Agarose gel electrophoresis of DNA 
fragments isolated from nuclei obtained from formaldehyde-fixed HTC 
cells was performed as described in Figure 1. The cells were pulsed 
with [3H)thymidine for 2 min, chased with cold thymidine (2  mM) 
for 5 mi", and fixed with 1% formaldehyde for 18 h at 4 "C as 
described under Materials and Methods. After micrccoccal nuclease 
digestion, the formaldehyde-induced cross-links were reversed as 
described under Materials and Methods. 
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-279- 
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ETHIDIUM STAIN FLUOROGRAM 
RGURE 5: Nuclmsome organization of chromatin isolated from fixed 
HTC cells immediately after it has been synthesized is similar to that 
of unfixed material. Agarose gel electrophoresis was performed as 
described in Figure 4. DNA fragments were isolated from micrcccccal 
nuclease treated nuclei obtained from HTC cells pulsed with ['HI- 
thymidine for 2 min. Thecells were fixed with I %  formaldehyde for 
18 h as described under Materials and Methods prior to micrcxoccal 
nuclease digestion. 

(Annunziato et al., 1982). We and others have observed that 
bulk chromatin exhibits some sliding during the later stages 
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of digestion at 37 OC which is largely prevented if digestion 
proceeds in the cold (P. A. Smith and R. Chalkley, unpublished 
results). However, bulk nucleosomal material is a poor model 
for nucleosomes on new DNA, inasmuch as there may be a 
significant decrease in the affinity of core histones for new 
DNA (Jackson et al., 1981). 

The origin of the low affinity between some histones and 
DNA in new chromatin is not known. Since the affinity 
between DNA and purified histones reflects that existing in 
bulk chromatin, we must surmise that some other agent is 
acting to weaken DNA-histone bonds in new chromatin 
(Jackson et al., 1981). The cell may exploit the weak binding 
of H3 and H4 to develop the most appropriate nucleosome 
spacing after replication has been followed by a period of 
diffuse organization of nucleosomes. Previous results obtained 
from this laboratory indicate that H3 and H4 are the histones 
which are deposited on new DNA at the replication fork and 
are also the histones most sensitive to low-salt extraction from 
new chromatin (Jackson et al., 1981). The diffuse phase of 
maturation may represent the stage before nucleosomes adopt 
their final positions, perhaps as a consequence of the placement 
of regulatory proteins which bind preferentially to particular 
DNA sequences. Thus, nucleosome positions characteristic 
of the chromatin structure of the terminally differentiated state 
may be established at this time. 
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