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ABSTRACT: Poly(ADP-ribosyl)ation of nuclear proteins is responsible for major changes in the high-order
chromatin structure. The effects of this post-translation modification on nuclear architecture were examined
at different Mg2+ concentrations using scanning force microscopy. A quantitative analysis of the
internucleosomal distance, the width, and the volume of chromatin fibers imaged in tapping mode reveals
that poly(ADP-ribosyl)ation induces a complete relaxation and decondensation of the chromatin structure.
Our data, on the center-to-center distance between adjacent nucleosomes and on the fiber width, indicate
that the poly(ADP-ribosyl)ated fibers remain significantly decondensed even in the presence of Mg2+.
Our results also show that the Mg2+ assumes an important role in the folding of chromatin structure, but
Mg2+ is not able to restore the native feature of chromatin, when the fibers are depleted of H1/H5 histones.
The combined effect of post-translation modification and cation ions on the chromatin structure shows
that poly(ADP-ribosyl)ation could promote accessibility to DNA even in those nuclear processes that
require Mg2+.

The structure of the basic repeating unit of chromatin, the
nucleosome, has been the subject of intense research during
the past three decades.

In eukaryotic cells, the DNA is wrapped around the
nucleosomes which are folded into high-order structure.
Comparatively much less is known about the next level of
organization of the chromatin fiber. Several models have
been discussed concerning the arrangement of nucleosomes
along condensed chromatin fibers. Significant studies, which
included synchrotron X-ray scattering, cryoelectron micros-
copy (cryo-EM), and scanning force microscopy (SFM), have
revealed that, at low and moderate ionic strengths, the fiber
does not possess a regular structure as proposed in early
models (1). In particular, under cryo-EM and SFM, the fibers
seem to adopt irregular, extended structures 30-40 nm in
diameter, in which the nucleosomes are arranged in a
seemingly random three-dimensional “zigzag” fashion (2-
7). These fibers are capable of adopting more condensed
structures as the ionic strength is increased. It has been
suggested (5, 6) that these extended and more condensed
irregular fiber structures may represent the extremes of the
transcriptionally active and inactive forms of chromatin,
respectively. In particular, compaction is induced through a

reduction in the linker DNA entry-exit angle, leading to
strengthening of the shaft structure (8). The form attained
by chromatin during different states of the cell cycle appears
to be influenced by post-translational modifications of nuclear
proteins.

Despite the growing body of evidence accumulated in
recent years about the role of the post-translational modifica-
tions, the manner in which these modifications induce
condensation or decondensation of the chromatin fibers as a
mechanism of controlling gene activities still remains an open
question.

Poly(ADP-ribosyl)ation is a post-translational modification
that occurs in the nuclei of eukaryotic cells. This modification
is believed to result in a significant alteration of the chromatin
structure through the addition of negative charges to various
histone proteins (9, 10). Poly(ADP-ribosyl)ation appears to
be involved in several cellular events such as DNA repair,
cell differentiation, apoptosis, tumor promotion, and histone
function (11-17).

Poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30), a
zinc-binding nuclear enzyme, catalyzes the covalent addition
and subsequent elongation of the ADP-ribose moiety of
nicotinamide adenine dinucleotide (NAD) to proteins, to
generate ADP-ribose polymers (18). Poly(ADP-ribose) is
rapidly synthesized in the presence of DNA strand breaks,
and it is then rapidly degraded by poly(ADP-ribose) glyco-
hydrolase. The major acceptor proteins for poly(ADP-ribose)
are the linker histone H1, core histones, and the enzyme
molecule itself (19). In addition, it has been found that
proteins involved in the breaking and rejoining of DNA
strands, such as topoisomerases I and II, and ligase, as well
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as HMG proteins involved in gene expression and nuclear
matrix proteins, are also subjected to ADP-ribosylation (20-
23).

Although the physiological role of poly(ADP-ribose)-
polymerase is still unclear, this enzyme has been shown to
play an important role in maintaining the genomic integrity,
especially in those processes involving the base excision
pathway of DNA repair (12). In addition, it is known that
several proteins involved in DNA excision repair in higher
eukaryotes undergo poly(ADP-ribosyl)ation. The most widely
accepted view is that covalent linkage of ADP-ribose
polymers is essential for the modification of the target protein
function. The extent by which the protein function is
modulated could, furthermore, depend on the number and
size of ADP-ribose polymers incorporated (24). In vitro,
histones can also bind ADP-ribose polymers noncovalently
(25). Thus, it is conceivable that both types of linkages may
contribute to alteration of DNA-histone interactions, thereby
making the DNA accessible to DNA-processing enzymes,
whereas the rapid degradation of the polymers by poly(ADP-
ribose) glycohydrolase would allow histones and DNA to
re-assemble (26). These dynamic processes could play a role
in the modulation of histone type-specific polymer patterns
and therefore modify chromatin functions (27).

Histone H1 is a key chromosomal protein involved in the
stabilization of the nucleosome, and it is partly responsible
for the organization of chromatin into higher-order structures
(28). Poly(ADP-ribosyl)ation of histone H1 occurs via
γ-carboxyl groups of glutamic acid residues in positions 2,
14, and 116 and theR-carboxyl group of the C-terminal
lysine residue at position 213. These modifications could alter
the electrostatic interactions between the positively charged
N-terminal tails of H1 and DNA, thus changing the stability
of the DNA-octamer association in the nucleosome (29),
as well the cooperative interactions between H1 molecules
(30). These events, and the interactions of the polyanionic
groups of poly(ADP-ribose) with the positively charged tails
of core histones, could lead to chromatin unfolding (31, 32).

It has also been reported that the poly(ADP-ribosyl)ation
process could be modulated by divalent cation concentration,
which can itself affect the high-order chromatin structure
(33-36). Thus, a complex interplay among all these factors
may be involved in the modification of the chromatin fiber
structure.

In the study reported here, the effects of poly(ADP-
ribosyl)ation on chromatin condensation under different Mg2+

concentrations were investigated using scanning force mi-
croscopy (SFM). The center-to-center nucleosomal distance
between adjacent nucleosomes was measured along with the
width and the volume of chromatin fibers imaged in tapping
mode SFM. These parameters were, then, used to character-
ize the structure of chromatin fibers prepared under different
conditions.

EXPERIMENTAL PROCEDURES

Nuclei Isolation. Nuclei were isolated from chicken
erythrocytes according to the procedure of Bordas (2).
Briefly, chicken blood, from freshly slaughtered animals, was
collected into 10% trisodium citrate to avoid clotting. After
being filtered through eight layers of cheesecloth, the blood
was centrifuged at 2500g for 10 min and resuspended in 2

volumes of buffer I [10 mM Tris-HCl (pH 7.5), 5 mM
MgCl2, and 10 mM NaCl]. After centrifugation, the pellets
were lysed by gently stirring with 3 volumes of buffer I
containing 0.5% NP 40. The lysates were centrifuged at
2500g and washed several times with buffer I. Nuclei were
recovered and stored in buffer I containing 25% glycerol, at
-20 °C. The temperature was kept constant at 4°C
throughout the preparation, and the extent of proteolysis was
minimized by the presence of 1 mM phenylmethanesulfonyl
fluoride (PMSF) (Sigma).

Isolation of Chromatin Fibers. Chromatin fibers were
prepared according to the protocol of Libertini (37) with
slight modifications. Nuclei were resuspended in buffer II
(10 mM Tris-HCl, 150 mM NaCl, and 1 mM PMSF) to a
DNA concentration of 60A260units/mL. Nuclei were digested
with 10 units of micrococcus nuclease/mg of DNA in buffer
II containing 1 mM CaCl2 at 37 °C for 2-3 min. The
digestion was terminated with the addition of 2 mM EDTA,
and the digest was cooled on ice and centrifuged at 1500g
for 5 min. The nuclei were lysed by slowly pipetting with 5
mM Tris-HCl (pH 7.5) and 1 mM EDTA, and the solubilized
chromatin was collected by centrifugation at 8000g for 15
min.

Isolation of Stripped Chromatin Fibers.H1-depleted
chromatin fibers were obtained by the method of Leuba (5).
Soluble chromatin (4 mg/mL) was brought to 0.35 M NaCl,
10 mM Tris-HCl (pH 7.8), and 0.1 mM EDTA and added
to 300 mg of CM Sephadex C-25. The mixture was shaken
for 1 h at 4°C. The chromatin-resin slurry was then loaded
onto a CM Sephadex C-25 column (2.5 cm× 10 cm)
prepackaged with 5 g of thesame resin equilibrated with
the same buffer. The stripped chromatin was eluted with the
same buffer following the absorbance at 260 nm. The
collected fractions were dialyzed against 10 mM Tris-HCl
(pH 7.8) and 1 mM EDTA. The stripped chromatin fibers
were incubated for 30 min in 10 mM Tris-HCl (pH 7.8) in
the presence of 10 mM MgCl2.

Purification and Assay of Poly(ADP-ribose) Polymerase.
The enzyme was purified from chicken testis according to
the procedure of Burtscher (38). Samples were incubated for
10 min at 30°C in an assay buffer containing 100 mM Tris-
HCl (pH 7.8), 10 mM MgCl2, 0.5 mM dithiothreitol, 200
µM NAD, 2 µCi of [32P]NAD (specific activity of 800 Ci/
mmol) (NEN Life Science products), 2µg of activated DNA,
and 2µg of histone H1. Enzymatic activity was determined
from the amount of radioactivity incorporated from [32P]NAD
after precipitation with trichloroacetic acid (TCA) (39). An
enzymatic unit is defined as 1500 pmol of ADP-ribose
incorporated as tested in the standard assay.

Poly(ADP-ribosyl)ation of Chicken Erythrocyte Chromatin
Fibers. Poly(ADP-ribosyl)ation of chromatin fibers (250µg/
mL, or 500µg/mL determined from theA260 of DNA) was
carried out for 15 min at 30°C in a buffer containing 10
mM Tris-HCl (pH 7.8), 5 mM dithiothreitol, and 0.2 mM
NAD, in the presence or absence of 5 units of poly(ADP-
ribose) polymerase.

The reaction was stopped by the addition of 10 mM EDTA
or 20 mM niacine. Chromatin fibers, under the same
conditions, were also incubated with different MgCl2 con-
centrations ranging from 2 to 10 mM. In parallel, chromatin
fibers were poly(ADP-ribosyl)ated as described above, but
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in the presence of 2µCi of [32P]NAD, precipitated with 25%
TCA on ice, filtered with the HA filter, and used as controls.

Analysis of the DNA and Histone Content of the Chromatin
Fibers. The DNA length of chromatin fibers was determined
with a 1% agarose gel, and the protein content of the
chromatin fibers and of the respective ADP-ribosylated
samples was analyzed by 17% SDS-polyacrylamide gel
electrophoresis, after precipitation with 25% TCA. Gels were
stained with 0.1% Coommassie blue R-250, dried, and
autoradiographed using Kodak X-ray film.

Isolation of ADP-Ribose Polymers from Chicken Eryth-
rocyte Nuclei. Poly(ADP-ribose) was purified by the method
of Malanga (40), and the polymer size distribution was
analyzed by 20% polyacrylamide gel electrophoresis in 0.09
M Tris borate buffer (pH 8.3), according to the method of
Panzeter and Althaus (41). The polymer size was expressed
relative to the mobility of the dyes bromophenol blue (BBF)
and xylene cyanol (XC) (42). The polymers resuspended in
10 mM Tris-HCl (pH 7.8), 5 mM dithiothreitol, and 1 mM
EDTA were added to the soluble and depleted chromatin in
ratios of 0.2:1, 0.5:1, and 1:1 (w:w), respectively.

Purification of H1/H5 Histones and Their RespectiVe Poly-
(ADP-ribosyl)ated Isoforms. Nuclei were incubated for 15
min at 30°C in 10 mM Tris-HCl (pH 7.8) containing 5 mM
dithiothreitol and 10 mM MgCl2, in the presence or absence
of 0.2 mM NAD and 74µCi of [32P]NAD. The reaction was
stopped by the addition of 0.4 N H2SO4. H1/H5 histones
and poly(ADP-ribosyl)ated isoforms were purified from
chicken erythrocyte nuclei following the procedure of d’Erme
(43).

Reconstitution of Depleted Chromatin with H1/H5 His-
tones and Its RespectiVe Poly(ADP-ribosyl)ated Analogues.
H1-depleted chromatin fibers were reconstituted by addition
of H1/H5 histones or their respective poly(ADP-ribosyl)-
ated analogues at ratios of 1:0.2, 1:0.5, 1:1, and 1:2 in a
buffer containing 10 mM Tris-HCl (pH 7.8) and 1 mM
EDTA as described by De Lucia (44).

Scanning Force Microscopy Analysis.Chromatin fiber
samples prepared under different experimental conditions
were dialyzed against 5 mM triethanolamine-HCl (TEA) at
pH 7.5 and fixed overnight in 0.1% glutaraldehyde (45). The
fibers were deposited on a fresh mica surface, gently washed
with Nanopure water, and dried with nitrogen gas. The

sample was then imaged using a tapping mode SFM system
(Digital Instruments, Santa Barbara, CA) in air (6).

In the tapping mode, the SFM tip oscillates up and down
at a frequency of a few hundred kilohertz so that it makes
transient contact with the sample at the bottom of its swing
(46, 47). The effect of the sample is then to clip the amplitude
of the oscillation. As the sample is scanned underneath the
tip, it can be raised or lowered to maintain the magnitude of
this clipping constant. In this way, a topographic image of
the sample can be obtained, while the lateral forces, which
can push aside weakly adsorbed molecules, are largely
eliminated (48, 49). This mode of operation makes it possible
to visualize samples under ambient humidity (50) or in a
liquid environment (51, 52).

Three parameters were used to chraracterize the effect of
poly(ADP-ribosyl)ation on chromatin fibers observed with
the SFM: the nucleosomal center-to-center distance (ccdist),
the fiber width, and the fiber volume. The center-to-center
distance and the width were measured using an image
analysis program written in Matlab (MathWorks, Natick,
MA), developed by M. Young and C. Rivetti (University of
Oregon). To measure the volume of a chromatin fiber in a
SFM image, the background of the image was first smoothed,
and its height was set to zero. Then, the volume of a fiber
was calculated as the sum of the products of the area and
the height value of all pixels encompassing the fiber. The
volume values were normalized against the volume of single
nucleosomes in the same image, to correct for the effects of
different tip dimensions. A computer routine in C was
developed for the determination of the volume of chromatin
fibers in an SFM image. The errors in the volume measure-
ments were relatively large for the following two reasons.
First, the background smoothing and the tip size affect the
single nucleosome and the larger fibers somewhat differently,
limiting the effectiveness of the normalization process.
Second, the individual nucleosomes cannot be identified
unambiguously in some images. To overcome the variability
observed for different fibers, with different samples and in
different experiments, data acquired from various parts of
the fiber, from many different fibers and samples, were used
to realize a significant comparison of these parameters.

Statistical Analysis.Statistical analysis was performed on
the measured values of the nucleosomal center-to-center

FIGURE 1: AFM images of chicken erythrocyte chromatin fibers. (a) Native chromatin fibers. (b) Endogenous poly(ADP-ribosyl)ated chromatin
fibers. (c) Exogenous poly(ADP-ribosyl)ated chromatin fibers. All the samples are glutaraldehyde-fixed, deposited from 5 mM triethanolamine-
HCl (pH 7.5) with 1 mM EDTA on mica, and imaged in air. Images were 1µm × 1 µm in size. Heights are indicated by varying shades
of color with low regions in dark reddish brown and higher regions in increasingly lighter tones toward yellow and white, over a range of
0-15 nm. The same color code was used for all images.
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distance, of the fiber width, and of the fiber volume analysis
using SPSS version 10 software (SPSS Inc., Chicago, IL).
The results were expressed as the average values( the
standard deviation. Statistical comparison between measured
values from fibers prepared differently was performed using
a Student’st test, where the difference in the average values
was considered significant whenp was<0.05.

RESULTS

Effect of Poly(ADP-ribosyl)ation on Chromatin Structure.
SFM images of native chromatin fibers revealed three-
dimensional structures (Figure 1a). These images are similar
to those reported previously by Leuba et al. (5), who also
showed that there were no significant morphological differ-

FIGURE 2: Frequency distribution histograms of the center-to-center internucleosomal distances (ccdist) and fiber widths. The histograms
depict the distribution of center-to-center distances (ccdist) for (A) native fibers, (B) endogenously poly(ADP-ribosyl)ated chromatin fibers
obtained by the addition of 200µM NAD, and (C) exogenously poly(ADP-ribosyl)ated fibers obtained with two different concentrations
of chromatin (see Experimental Procedures). Fiber widths of the same samples are shown in panels A′, B′, and C′, respectively. Each
measure contains more than 200 points.

Table 1: Parameters of Chromatin Fibers from Chicken Erythrocyte Nuclei Analyzed by SFM Imaginga

A B C D E F G H

width (nm)b 25 ( 7 37( 7 21( 7 29( 7 20( 7 25( 7
ccdist (nm)b 15 ( 4 <9 20( 7 <9 30( 15 26( 15 33( 12 25( 9
volume (nucleosomes/nm) 0.34( 0.05 0.51( 0.83 0.20( 0.12 0.23( 0.1 0.26( 0.02 0.18( 0.12 0.08( 0.02 0.10( 0.03

a Statistical analysis of chromatin fibers in the native state (A), in the native state with 10 mM MgCl2 (B), poly(ADP-ribosyl)ated with endogenous
PARP (C), poly(ADP-ribosyl)ated with endogenous PARP with 10 mM MgCl2 (D), poly(ADP-ribosyl)ated with exogenous PARP (E), poly(ADP-
ribosyl)ated with exogenous PARP with 10 mM MgCl2 (F), in stripped chromatin fibers (G), and in stripped chromatin fibers with 10 mM MgCl2

(H). b p < 0.001 (see the Results).
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ences between the fibers in the fixed and unfixed samples.
Significantly, the exogenous samples, in which the chromatin
fibers were poly(ADP-ribosyl)ated in the presence of PARP
(Figure 1c), revealed structures noticeably more uncoiled and
relaxed than those observed in native chromatin fibers (Figure
1a) or in endogenously modified samples in which the
modification is due only to the endogenous enzyme (Figure
1b).

The quantitative analysis of the data (Figure 2 and Table
1), indicates that the average center-to-center distance
between nuclesomes increases from∼15 nm in the native
fibers to 30 nm in exogenously poly(ADP-ribosyl)ated fibers.
Similarly, the average fiber width decreases from 25 nm in
the native fibers to 20 nm in the exogenously treated samples.
In the endogenously modified samples (Figure 2 and Table
1), the average center-to-center distance between nucleo-
somes increases from 15 nm in the native fibers to 21 nm,
while the average fiber width decreased from 25 to 21 nm.

Statistical analyses performed by the comparison between
all the ccdist values of native chromatin fibers with the same
measures of endogenous and exogeneous samples have given
the following results:p ) 0.004 andp ) 0.000, respectively.
Comparing the width of chromatin fibers for the same set
of samples, we achieved ap of <0.001.

Despite a different variability of the deviation standard
for the ccdist and width (Table 1), the statistical analyses
have shown that these values were greatly significant.

To better characterize the changes in the structure of the
inherently three-dimensional fiber structure, we measured the
volume of the fibers and determined their nucleosomal linear
density. This parameter decreases from a value of 0.34
nucleosome/nm for untreated chromatin (Table 1) to a value
of 0.26 nucleosome/nm for poly(ADP-ribosyl)ated fibers.
These data again indicate that poly(ADP-ribosyl)ation in-
duces a transition in chromatin fibers from a more compact
state to a more relaxed one.

FIGURE 3: ADP-ribose incorporation at different concentrations of
MgCl2. Chromatin fibers (500µg/mL) were incubated for 15 min
at 30°C in the presence of 5 units of poly(ADP-ribosyl)polymerase,
200µM NAD, 2 µCi of [32P]NAD (b), and different concentrations
of MgCl2: (4) 2, (O) 4, and (0) 10 mM.

FIGURE 4: SDS-PAGE analysis of histones and H1-depleted
chromatin fibers. (A) H1-depleted chromatin. (B) Native chromatin.
(C) Autoradiography of32P-labeled poly(ADP-ribosyl)ated chro-
matin.

FIGURE 5: AFM images of chicken erythrocyte chromatin fibers at different concentrations of MgCl2. (a-d) Chromatin fibers incubated
with 0, 2, 4, and 10 mM MgCl2, respectively. (e-h) Exogenousely poly(ADP-ribosyl)ated chromatin fibers incubated with 0, 2, 4, and 10
mM MgCl2, respectively. All the fibers were glutaraldehyde-fixed, deposited from 5 mM triethanolamine-HCl (pH 7.5) on mica, and
imaged in air. Images were (a-d) 1.5 µm × 1.5 µm and (e-h) 1 µm × 1 µm in size.
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Effect of Mg2+ on Poly(ADP-ribosyl)ation and on Chro-
matin Structure. The enzyme poly(ADP-ribose)polymerase
requires the presence of Mg2+ for optimal activity (53, 54).
Since Mg2+ itself is expected to increase the level of
compaction of the fiber, it is of interest to establish the
interplay between these two opposing factors on the fiber
structure. To monitor the level of incorporation of poly(ADP-
ribose) in the fibers, chromatin samples were poly(ADP-
ribosyl)ated in the presence of PARP and [32P]NAD, at
various Mg2+ concentrations in the range of 2-10 mM (as
indicated in Experimental Procedures). As expected, the
enzyme activity was dependent on the concentration of Mg2+

(Figure 3). Autoradiography shows that the poly(ADP-ribose)
moiety is mainly incorporated into H1/H5 histones and core
histones (Figure 4).

Correspondingly, AFM images of native chromatin fibers
showed a degree of condensation at increased Mg2+ con-
centrations (Figure 5b-d) higher than that observed in the
absence of Mg2+ (Figure 5a). On the other hand, poly(ADP-

ribosyl)ated fibers at the same Mg2+ concentrations (Figure
5f-h) appeared significantly less condensed than native
fibers in the presence of Mg2+ but more condensed than
chromatin fibers poly(ADP-ribosyl)ated in the absence of
Mg2+ (Figure 5e). The quantitative analysis for the measured
parameters is shown in panels a and b of Figure 6 and Table
1. This analysis reveals that the average center-to-center
distance between nucleosomes of fibers that were poly(ADP-
ribosyl)ated in the presence of 10 mM Mg2+ was 26 nm. In
comparison, the distance between nucleosomes in fibers poly-
(ADP-ribosyl)ated in the absence Mg2+ was∼30 nm. The
differences in the ccdist measures are statistically significant;
in fact, a p of <0.001 was obtained. Concomitantly, the
average width of chromatin fibers increased from 20 nm for
chromatin fibers poly(ADP-ribosyl)ated in the absence Mg2+

to 25 nm for fibers poly(ADP-ribosyl)ated in the presence
of 10 mM Mg2+.

Stripped Chromatin Fibers and Mg2+. To determine
whether Mg2+ could also affect the structure of H1/H5-

FIGURE 6: Frequency distribution histograms of the center-to-center internucleosomal distances (ccdist) and fiber widths. (a) Histograms
displaying the distribution of center-to-center internucleosomal distances for (A) native chromatin fiber, (B) exogenously modified chromatin
fibers (shown for comparison), and (C) exogenously modified chromatin fibers treated in the presence of 10 mM MgCl2. (b) The histograms
show the fiber widths of (A) native chromatin fibers, (A′) native chromatin fibers in the presence of 10 mM MgCl2, (B) exogenously
modified chromatin fibers, and (B′) exogenously modified chromatin fibers in the presence of 10 mM MgCl2.
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depleted chromatin, fibers were stripped of linker histones
in the presence of 0.35 M NaCl, according to the method of
ref 5. Figure 4A shows that, following this treatment, the
fibers display the gel electrophoresis pattern characteristic
of stripped chromatin fibers. After exhaustive dialysis, the
samples were imaged by AFM. As shown in Figure 7a, the
images revealed the loss of the high-order structure in the
stripped chromatin fibers which display the characteristic
“beads-on-a-string” feature as previously observed (45). The
addition of Mg2+ to the stripped fibers led to a partial
condensation of the fiber (Figure 7b). An analysis of the
images confirmed this finding; in particular, the average
center-to-center distance between nucleosomes decreased
from 33 nm in stripped chromatin fibers to 25 nm in stripped
fibers treated with 10 mM Mg2+ (Figure 8), and these
differences were statistically significant (p < 0.001).

DISCUSSION

Several studies on the molecular mechanism that regulates
the folding and unfolding of chromatin during the cell cycle
have shown that morphological changes in the high-order
chromatin structure are driven through reversible modifica-
tion of chromatin proteins (55, 56). The process of poly-
(ADP-ribosyl)ation is thought to be involved in the dynamic
transition of fibers between a condensed and a decondensed
state through the addition of a negative charge to the nuclear
proteins. To gain insight into the mechanism by which poly-
(ADP-ribosyl)ation alters the chromatin structures, we have
used tapping-mode SFM to compare the structure of poly-
(ADP-ribosyl)ated fibers with the structures of their native
counterparts.

The study presented here reveals that poly(ADP-ribosyl)-
ation of chromatin fibers induces fiber decondensation. These
observations are consistent with the results obtained by De
Murcia (31) on the effect of poly(ADP-ribosyl)ation on calf
thymus chromatin fibers. However, our results do not support
the possibility that poly(ADP-ribosyl)ation of H1 histone
could act as a link among neighboring molecules leading to
a compaction of chromatin (57). The larger internucleosomal
distances observed in poly(ADP-ribosyl)ated fibers, when
compared to those in native fibers, support the idea that poly-

(ADP-ribosyl)ation induces relaxation and decondensation
of chromatin. This effect is correlated with the extent of
ADP-ribosylation, as it has been observed, when endogenous
poly(ADP-ribosyl)ated fibers were compared with the ex-
ogenous in vitro poly(ADP-ribosyl)ated ones.

It is likely that the extent of the relaxation depends on the
amount of negative charges introduced by the poly(ADP-
ribosyl)ation process (9, 58). According to this hypothesis,
the progressive addition of the ADP-ribose moiety could
determine the extent of the partial dissociation of H1/H5
poly(ADP-ribosyl)ated histones from the fibers. This model

FIGURE 7: AFM image of H1/H5-depleted chromatin fibers: (a) stripped chromatin fibers and (b) stripped chromatin fibers in the presence
of 10 mM MgCl2. Images were 2µm × 2 µm in size.

FIGURE 8: Frequency distribution histograms of center-to-center
distances in H1/H5-depleted chromatin fibers: (A) stripped chro-
matin fibers and (B) stripped chromatin fibers in the presence of
10 mM MgCl2.
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is consistent with the known effect of ionic strength on the
state of compaction of the chromatin fibers (59-61).

The extent of chromatin compaction at a given ionic
strength depends on the nature of the mono and divalent
cations, and the presence of polyamines, etc., in the solution.
The experimental data presented here for the effect of poly-
(ADP-ribosyl)ation as a function of Mg2+ clearly indicate a
competition between the interaction of the opposite charges
on the structure of the fibers. In fact, the internucleosomal
center-to-center distance and the width of the fibers poly-
(ADP-ribosyl)ated in the presence of Mg2+ show that the
modified fibers remain significantly decondensed, albeit to
a lesser extent than poly(ADP-ribosyl)ated fibers in the
absence of Mg2+. The same conclusion could also be
obtained from the comparison of the center-to-center distance
of H1/H5 stripped fibers in the presence and absence of
Mg2+. Accordingly, the internucleosomal distance in the
presence of the divalent ion is still significantly larger than
that of the native fiber. Thus, Mg2+ alone cannot restore the
native feature of the chromatin fiber without the presence
of linker histones. All these results highlight the role of
electrostatic interactions in modulating chromatin accessibil-
ity to the DNA repair enzymes or to the transcriptional
machinery.

To gain more insight into the poly(ADP-ribosyl)ation
mechanism, we have investigated whether the long negatively
charged chains of ADP-ribose itself might facilitate the
unfolding of chromatin fibers. The ADP-ribose polymers,
at the concentrations used in the assays, were unable to
induce any change in the chromatin conformation. This
finding is in agreement with Thibault’s results (62), sug-
gesting that the covalent linkage between the protein and
polymer is required to induce chromatin relaxation. However,
these results do not support the suggestion of Mathis and
Althaus (63) that free polymers can destabilize the core
histones leading to the decondensation of the fiber.

The addition of poly(ADP-ribose) to the proteins could
lead to a specific modification of their function by a
combination of factors such as the size and branching
structure of ADP-ribose polymers. Under our experimental
conditions, autoradiography shows that both H1/H5 histones
and the core histones are the main acceptors of poly(ADP-
ribose). Experiments designed to reconstitute chromatin fibers
by the addition of H1/H5 histones or of H1/H5 poly(ADP-
ribosyl)ated isoforms indicate that H1/H5 proteins induce a
condensation of chromatin fibers, while an opposite effect
was observed with the poly(ADP-ribosyl)ated linker histones
(data not shown). This observation suggests that poly(ADP-
ribosyl)ation of linker histones is sufficient to induce
chromatin decondensation. Further studies are needed to
clarify the contribution of each poly(ADP-ribosyl)ated his-
tone to the dynamics of high-order chromatin structure.
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