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H1 histone somatic variants from L929 mouse fibroblasts were

purified by reverse-phase HPLC. We analysed the ability of each

H1 histone variant to allow the H1–H1 interactions that are

essential for the formation of the higher levels of chromatin

structure, and we investigated the role played by the poly(ADP-

ribosyl)ation process. Cross-linking analysis showed that H1e is

the only somatic variant which, when bound to DNA, is able to

INTRODUCTION

In eukaryotic cells histone H1 organizes the polynucleosome

chain into higher-order chromatin structure [1–3], with each of

the three domains of this histone playing a specific role in

chromatin condensation. The globular region of histone H1

closes the structure of the ‘core’ particle by its specific contacts

with histone octamer via the C-terminal tail of histone H2a [4]

and by sealing the DNA regions which enter and exit from the

core particle [5,6]. The C-terminal region of histone H1 interacts

with linker DNA, while the N-terminal region interacts with an

unidentified core histone in neighbouring nucleosomes [7–9]. H1

is, moreover, implicated (although there is still much discussion

as to where or how it is located at the second level of chromatin

organization [10–13]) in the formation of the condensed fibre via

H1–H1 interactions [1,2], which probably involve its N-terminal

and globular domains [9]. At the third level of chromatin

structure, H1 is present within the regions (scaffold attachment

regions) where the chromatin loops are anchored to the nuclear

scaffold [14].

There are, however, within the H1 histone family a number of

somatic variants, the major ones being H1a, H1b, H1c, H1d and

H1e (reviewed in [15]). They all have a three-domain structure,

with a highly conserved central globular domain (98% identity

in its 80-amino-acid sequence). The differences between the

variants are localized in the N-terminal and C-terminal tails

(which consist of about 40 and 100 amino acids respectively) [15],

with the overall variation in molecular mass being approx.

1.0–1.4 kDa.

The numbers and relative amounts of these somatic variants

are known to differ in condensed compared with decondensed

chromatin, in various tissues and species, through the devel-

opmental stages of an organism, in dividing compared with non-

dividing cells, and upon neoplastic transformation [15–26]. Some

of these variants are implicated in important processes : H1e}H1c

[27], and more precisely the H1e variant (G. Zardo, R. Santoro,

M. D’Erme, A. Reale, L. Guidobaldi, P. Caiafa and R. Strom,

unpublished work), regulate the mechanism of in �itro DNA

Abbreviations used: MNNG, N-methyl-N«-nitro-N-nitrosoguanidine ; DTT, dithiothreitol.
§ To whom correspondence should be addressed.

produce H1–H1 polymers ; the size of polymers was decreased

when H1e was enriched in its poly(ADP-ribosyl)ated isoform.

Measurement of the methyl-accepting ability in native nuclei

compared with nuclei in which poly(ADP-ribosyl)ation was

induced showed that the poly(ADP-ribosyl)ated H1 histone had

not been removed from linker regions, in spite of its different

interaction with DNA.

methylation, while the H1c variant seems to inhibit the tran-

scription process [28].

Some studies, carried out by utilizing different methodological

approaches, propose for the H1 histone variants different

efficiencies in promoting chromatin condensation [23–26]. It is

often assumed [29–33] that the artificially reconstituted structure

of DNA–H1 complexes formed under conditions of co-operative

binding [30,32] mirrors the structure at H1 binding sites in

chromatin. Two tissue-specific members of the H1 family, namely

H5 from chicken erythrocytes and spH1 from sea urchin sperm,

have shown co-operative binding to linear double-stranded DNA

at low ionic strength (5 mM NaCl), while the binding of bulk H1

to DNA is co-operative only at NaCl concentrations of 35 mM

and above [32].

In the present paper we have studied the efficiency of the

different H1 histone somatic variants in forming cross-linking

polymers when bound to DNA. The different efficiencies of the

somatic variants in the formation of cross-links may have

implications for the condensation of chromatin. A further

complexity arises from the existence of post-synthetic modi-

fications [33] which increase histone H1 heterogeneity and

account for the numerous structural [1,5,14,30] and functional

[27,34–39] roles played by this histone in chromatin.

Among the possible modifications of H1 histone, we have

chosen to investigate its poly(ADP-ribosyl)ation, which appears

to be closely correlated with some processes leading to chromatin

relaxation [40–46]. This post-synthetic modification alters the

chromatin structure by introducing a progressively larger number

of negative charges in the C- and N-terminal tails, which are

involved in the H1–H1 interactions essential for maintaining the

three-dimensional structure of chromatin [1,2,7,47]. In order to

understand the role of each variant in the formation of the

higher-order chromatin structure and the possible regulatory

role played by the poly(ADP-ribosyl)ation process, H1 variants

were purified in their native and poly(ADP-ribosyl)ated forms

from L929 mouse fibroblasts and compared for their ability to

induce the formation of cross-linked polymers when bound to

DNA. Our data show that, in H1–DNA complexes, H1e is the
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only H1 histone variant able to allow H1–H1 interactions and

promote possible chromatin condensation. This effect is de-

creased by the poly(ADP-ribosyl)ation of this H1 variant.

MATERIALS AND METHODS

Preparation of native and poly(ADP-ribosyl)ated histone H1

L929 mouse fibroblasts were grown in BHK21 medium with the

addition of 10% (v}v) newborn calf serum in a humidified 5%

CO
#

atmosphere at 37 °C. At a cell density of 20¬10' cells}
175 cm# flask, cells were washed with PBS, pH 7.2, removed

from flasks by treatment with trypsin and collected by low-speed

centrifugation. Cells (7¬10)) were then permeabilized at 4 °C for

30 min in an incubation medium of 10 mM Tris}HCl buffer

(pH 7.8) containing 5 mM dithiothreitol (DTT), 4 mM MgCl
#

and 1 mM sodium EDTA. To obtain histone H1 enriched in its

poly(ADP-ribosyl)ated form [48], cells were incubated for 10 min

with 50 µM [$#P]NAD+ in 50 mM Tris}HCl buffer (pH 7.8)

containing 10 mM MgCl
#
, 45 mM KCl, 5 mM DTT, 0.1 mM

PMSF and 30 µM N-methyl-N«-nitro-N-nitrosoguanidine

(MNNG). After precipitation with 20% (w}v) trichloroacetic

acid on ice, cells were washed twice with 5% (w}v) trichloroacetic

acid, twice with ethanol and once with diethyl ether.

Histone H1 was purified from L929 mouse fibroblast cells and

from the same poly(ADP-ribosyl)ated cells by extraction over-

night in 0.2 M H
#
SO

%
and, after centrifugation and dialysis, re-

extracted overnight in 10% (w}v) HClO
%

[49].

Separation and analysis of H1 histone variants

H1 histone variants were separated, by the method of Quesada

et al. [50], on a reverse-phase RPC4-300 AI column

(5 mm¬250 mm; Vydoc) using a Perkin-Elmer 410 Apparatus

equipped with a Diode-Array 235 UV detector. The crude H1

preparations were dissolved, for loading on to the column, in

0.1% (v}v) trifluoroacetic acid in water. Elution was performed

at room temperature at a flow rate of 1 ml}min, using a linear

gradient (0.1% trifluoroacetic acid in water to 0.1% trifluoro-

acetic acid in 95% acetonitrile). Protein fractions of 0.5 ml were

collected, lyophilized and analysed on SDS}15%-PAGE. Protein

concentrations were determined by densitometric scanning (Bio

Image; Millipore) of silver-stained proteins after SDS}PAGE by

a commercial adaptation of Bradford’s procedure [51] and

verified by analysis of their acid hydrolysates (6 M HCl at 110 °C
for 24 h) on an LKB 4400 amino acid analyser.

Characterization of poly(ADP-ribosyl)ated histone H1

Histone H1 and its poly(ADP-ribosyl)ated isoform were analysed

by SDS}15%-PAGE. After staining with 0.1% Coomassie

Brilliant Blue R-250 or with silver nitrate, gels were dried on a

Bio-Rad gel dryer and autoradiographed using Kodak RX film

plates. The amount of poly(ADP-ribose) associated with histone

H1 and its somatic variants was estimated by measuring

[$#P]NAD+-derived radioactivity using a Beckman LS-6800 liquid

scintillation spectrometer.

Purification of ADP-ribose polymers from histone H1 and its
somatic variants

Histone H1 and its variants (as eluted from the HPLC column)

were resuspended in 10 mM Tris}HCl buffer (pH 7.8) containing

1 mM sodium EDTA and processed, by the method of Malanga

and Althaus [52], for the purification of protein-bound ADP-

ribose polymers. Briefly, proteins were digested overnight with

proteinase K (200 µg}ml) at 37 °C. An equal volume of 1 M

KOH plus 100 mM sodium EDTA was then added and the

incubation was continued for 2 h at 37 °C. After adjusting the

pH to a value of 9 by addition of 6 M HCl, the solution was

centrifuged at 2300 g for 10 min at 25 °C. After repeated ex-

traction of the solution with equal volumes of chloroform}3-

methylbutan-1-ol (24:1, v}v), ADP-ribose polymers were loaded

on a 20% polyacrylamide gel in 0.09 M Tris}borate buffer,

pH 8.3 [53]. The gels were run for 5 h in the same buffer, then

dried and autoradiographed on an X-ray film. Poly(ADP-ribose)

chain lengths were calculated on the basis of their mobility

compared with that of the dyes Bromophenol Blue and Xylene

Cyanol [54].

Assay of methyl-accepting ability

Nuclei from L929 mouse fibroblast cells were pelleted by

Microfuge centrifugation at 450 g for 5 min [55]. Crude nuclei

pellets were resuspended in 50 mM Tris}HCl buffer (pH 7.8),

45 mM KCl, 20 mM MgCl
#

and 5 mM DTT, and incubated at

37 °C for different times. Their methyl-accepting ability was

assayed, as described by Caiafa et al. [56], by adding 30–

35 µCi}ml S-adenosyl--[methyl-$H]methionine (New England

Nuclear ; specific radioactivity 70–80 µCi}mmol) as methyl donor

and DNA methyltransferase (EC 2.1.1.37), purified from human

placenta nuclei as described by Carotti et al. [57].

Crude nuclei were prepared from fibroblasts. When required,

they were induced, in parallel, to increase their poly(ADP-

ribosyl)ation by exposure to 500 µM [$#P]NAD+ [54]. The re-

action was stopped by heating at 60 °C for 2 h in the presence of

1% (w}w) SDS and 0.3 mg}ml proteinase K. After cooling on

ice, 70 µg}ml salmon sperm DNA was added to serve as carrier,

and DNA was precipitated at 0 °C with 20% (w}v, final

concentration) trichloroacetic acid. The pellets, washed again

with 5% trichloroacetic acid, were resuspended in 0.5 ml of

0.5 M NaOH and heated to 60 °C for 30 min to remove, by

alkaline hydrolysis, any contaminating RNA. After cooling,

DNA was precipitated with 15% trichloroacetic acid and then

recovered on glass-fibre paper (GF}C; Whatman), repeatedly

washed with 5% trichloroacetic acid and then with 95% ethanol.

The radioactivity was measured in a Beckman LS-6800 liquid

scintillation spectrometer.

Preparation of DNA from condensed chromatin

Nuclei from human placenta [58] were digested by Staphylococcus

aureus nuclease (EC 3.1.31.5; Boehringer) at 3.5 units}mg of

DNA for 10 min at 37 °C, digestion being stopped by the

addition of ice-cold 5 mM EDTA. Chromatin-bound proteinases

were irreversibly inhibited during all preparation steps by 1 mM

PMSF (Fluka). Nuclease-sensitive DNA fragments originating

from decondensed chromatin were removed by 30 min centri-

fugation at 12000 g on a Sorvall centrifuge using the SS34 rotor.

The pellet, which contained the condensed chromatin, was

resuspended in a Potter–Elvehjem homogenizer and layered on

to a linear 5–30% (w}v) sucrose gradient in 10 mM Tris}HCl

(pH 7.5), 1 mM EDTA, 1 mM PMSF, 0.5 mM DTT and 10%

(v}v) glycerol. After 38 h centrifugation at 4 °C in a Beckman L5

ultracentrifuge at 120000 g (SW-27 rotor), the gradient was

fractionated into 35 fractions of 1 ml each, and the oligo-

nucleosomal fractions, characterized by the presence of 6–8

nucleosomes per particle, were dialysed against 1 mM EDTA in

10 mM Tris}HCl (pH 7.5) buffer. The DNA concentration was

evaluated from the absorbance at 260 nm. The size of the DNA,

estimated by 0.8% agarose gel electrophoresis, corresponded to

1.2–1.6 kbp.
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Formation of H1–DNA complexes

Complexes between each H1 histone somatic variant [in native or

poly(ADP-ribosyl)ated form] and DNA were obtained, by the

method of Clark and Thomas [30], by mixing a concentrated

solution of DNA into a dilute solution of H1 histone in 40 mM

NaCl buffered at pH 7.4 with 1 mM sodium phosphate and

0.2 mM EDTA. These samples, prepared at a final DNA

concentration of 30 µg}ml and at a H1}DNA ratio of 3:10

(w}w), were incubated for 2 h at room temperature in siliconized

Microfuge tubes. For cross-linking experiments,

dithiobis(succinimidyl propionate) (Pierce) was added as chemi-

cal cross-linking agent from a stock solution in DMSO to a final

concentration of 0.2 mg}ml. After 20 min at room temperature,

the reaction was stopped by addition of ice-cold trichloroacetic

acid to a final concentration of 25% (w}v). The precipitated

samples, washed with acetone plus 5 mM HCl and rinsed with

pure acetone, were analysed by SDS}7%-polyacrylamide slab

gel electrophoresis in 1 mM phosphate buffer, pH 6.6 [59],

omitting mercaptoethanol from the sample buffer in order to

preserve the cross-links.

RESULTS

Purification and characterization of poly(ADP-ribosyl)ated H1
histone variants

Histone H1 was purified in its poly(ADP-ribosyl)ated form from

L929 mouse fibroblasts. Cells were permeabilized and pre-

incubated with the alkylating carcinogen MNNG in order to

induce nicks on the DNA and to stimulate the poly(ADP-

ribosyl)ation process, and with [$#P]NAD+ to label the ADP-

ribose-containing polymers [52]. Autoradiography showed the

covalent association of H1 histone with poly(ADP-ribose) (Fig-

ure 1). Since the poly(ADP-ribosyl)ation of H1 histone results in

retarded migration of the modified protein on gel electrophoresis

compared with the unmodified one, most of the radioactivity

appeared higher up the gel than the two sharp bands that are H1

histone variants with a single ADP-ribose attached. The

disappearence of radioactivity following digestion of the modified

H1 histone with proteinase K showed that all of the radioactivity

was associated with this protein (results not shown).

Histone H1 somatic variants enriched in their poly(ADP-

ribosyl)ated isoforms were purified by reverse-phase HPLC.

Figure 2 shows the elution profile of H1 variants, and this is

correlated in the inset with the ADP-ribose-associated radio-

activity present in each peak. In terms of specific radioactivity,

the highest poly(ADP-ribose) content was in H1a (3500 c.p.m.}
unit area), followed by H1b (1200 c.p.m.}unit area), H1c

Figure 1 SDS/PAGE analysis of H1 histone enriched in its poly(ADP-
ribosyl)ated isoform

An autoradiograph is shown of H1 histone purified from L929 mouse fibroblasts incubated with

50 µM [32P]NAD+.
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Figure 2 Separation and characterization by reverse-phase HPLC of H1
histone variants enriched in the poly(ADP-ribosyl)ated isoform

The elution profile from the reverse-phase HPLC column is shown : solid line, A220 ; broken line,
32P-labelled poly(ADP-ribose) incorporated into H1 histone variants. Inset : distribution of

labelled ADP-ribose polymers associated with each H1 histone variant.

Figure 3 Size distribution of ADP-ribose polymers produced in vivo

(A) Autoradiography of ADP-ribose polymers extracted from H1 histone purified from L929

mouse fibroblasts (lane 1) and from H1 histone variants H1b, H1e and H1c (lanes 2–4

respectively). Equal amounts of radioactivity were loaded for each variant. (B) Autoradiography

of total ADP-ribose polymers extracted from L929 mouse fibroblasts (lane 1) ; lane 2 contains

an identical sample digested with snake venom phosphodiesterase, which releases ADP-ribose

residues. Markers : BBF, Bromophenol Blue ; XC, Xylene Cyanol.

(900 c.p.m.}unit area) and H1e (400 c.p.m.}unit area). Figure

3 shows the size distribution of the ADP-ribose polymers

associated with the H1b, H1c and H1e variants, as compared
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Figure 4 Interactions of H1 histone with linker DNA as assessed by the
methyl-accepting ability of native and poly(ADP-ribosyl)ated nuclei

(A) Time course of incorporation of [32P]ADP-ribose polymers associated with H1 histone

extracted using 10% (w/v) HClO4 from nuclei incubated with 50 µM [32P]NAD+. (B) Methyl-

accepting ability of native (E) and poly(ADP-ribosyl)ated (D) nuclei.

with those of total H1 histone (Figure 3A) and with those from

the same L929 fibroblasts (Figure 3B).

Modulation of chromatin structure by poly(ADP-ribosyl)ation : does
this modification alter the interaction of histone H1 with linker
DNA?

Our previous data [39] showed that depletion of H1 from native

oligonucleosomes increased the methyl-accepting ability of CpG

dinucleotides in linker DNA. Taking into account poly(ADP-

ribose)-dependent chromatin decondensation [40–46], we con-

sidered the possibility that this modification may alter the

interaction of histone H1 with linker DNA, causing a change in

the methyl-accepting ability of CpG dinucleotides present es-

sentially in their unmethylated form on linker DNA [61–64]. Our

aim was, therefore, to compare the methyl-accepting ability of

native nuclei with that of nuclei in which chromatin deconden-

sation was induced by poly(ADP-ribosyl)ation. Figure 4(A)

shows the effective incorporation of ADP-ribose polymers into

H1 histone during the experimental time. The methyl-accepting

ability was not increased (if anything, it was slightly decreased)

in the decondensed chromatin structure induced by the

poly(ADP-ribosyl)ation process (Figure 4B), suggesting that the

poly(ADP-ribosyl)ated H1 histone has not been removed from

linker DNA, despite possible alterations in the H1–DNA inter-

actions.

Analysis of H1–H1 interactions in (histone H1 variant)–DNA
complexes

The distance between H1 molecules in the complexes between H1

histone somatic variants and DNA purified from condensed

chromatin was analysed in terms of their ability to be chemically

cross-linkedbydithiobis(succinimidyl propionate), a bifunctional

amino group reagent able to cross-link, under appropriate

conditions, the nucleophilic unprotonated ε-amino groups of

lysine side chains in proteins [65]. We investigated, under

conditions of ionic strength known to promote the condensation

of polynucleosomes into chromatin fibres [29], the size dis-

tribution of (H1 variant)–(H1 variant) polymers formed upon

addition of the bifunctional cross-linking agent at an H1

variant}DNA ratio of 3:10 (w}w). Polymers were separated by

Figure 5 Cross-linking analysis to investigate the role of each H1 histone
variant in the formation of H1–H1 polymers

SDS/PAGE patterns are shown of H1 histone variants [at a 3 : 10 (w/w) H1/DNA ratio]

incubated with 1.2 kb oligonucleosomal DNA in 40 mM NaCl for 1 h at room temperature and

then treated with dithiobis(succinimidyl propionate) (0.2 mg/ml) for 20 min. H1a, H1b, H1e and

H1c are in lanes 1–4 respectively. Untreated histone H1 (lane 5) and histone H1 treated with

dithiobis(succinimidyl propionate) (lane 6) were run as controls in the absence of DNA.

Figure 6 Cross-linking analysis to investigate the effect of poly(ADP-
ribosyl)ation of H1e on the formation of H1–H1 polymers

SDS/PAGE patterns are shown of the products of cross-linking of the H1e histone isoforms at

different H1/DNA ratios. H1e was incubated with 1.2 kb oligonucleosomal DNA in 40 mM NaCl

for 1 h at room temperature and then treated with dithiobis(succinimidyl propionate) (0.2 mg/ml)

for 20 min. Lanes 1–3, H1e/DNA at 3 : 10, 2 : 10 and 1 :10 (w/w) respectively ; lanes 4–6,

enriched poly(ADP-ribosyl)ated H1e/DNA at 3 : 10, 2 : 10 and 1 :10 (w/w) respectively.

SDS}7%-PAGE and visualized by silver staining. Among the

H1 histone somatic variants, H1e was the only one able to

generate dimers, trimers, tetramers, pentamers and even some

longer oligomers upon cross-linking; a similar pattern of

polymers was absent when the other H1 histone variants were

used (Figure 5).

How does poly(ADP-ribosyl)ation modify the cross-linking
efficiency of DNA-bound H1e?

Histone H1e and H1e enriched in its poly(ADP-ribosyl)ated

isoform were compared at different H1 variant}DNA ratios

[1 :10, 2 :10 and 3:10 (w}w)] for their ability to induce H1–H1

polymers when complexed with DNA. As shown in Figure 6, the

poly(ADP-ribosyl)ated variant was less effective in promoting

H1–H1 associations.

DISCUSSION

Following on from the model of the 30 nm fibre, put forward by

Finch and Klug [10] two decades ago, a variety of other models

have been suggested for the structure of chromatin. The first

models described a regular structure, termed a solenoid, com-
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posed of about six nucleosomes per turn (although according to

Walker and co-workers [66,67] this number could be as high as

12) with a fibre thickness of 30 nm and a 10–11 nm pitch for each

turn. The solenoid structure requires H1 histone [1–3], although

there has been much discussion as to where and how H1 is

located in this level of chromatin organization. In the original

model [10], H1 histone is proposed to occupy, together with some

other non-histone proteins, the central hole of the solenoidal

structure. According to the model proposed by McGhee and

Felsenfeld [11], H1 histone molecules are alternately located

inside and outside the 30 nm fibre. In a further model [13] all H1

histone molecules are present on the inner side of the nucleo-

filament, with a radial location corresponding to the inner face of

the nucleosomes, while according to Leuba et al. [12], H1 histone

is accessible to proteolytic enzymes from the external surface of

the fibre even in the condensed state. A recent model [47,68,69],

obtained using the technique of scanning force microscopy,

shows a condensed 30 nm fibre which adopts essentially an

irregular, rather than a regular, structure.

Irrespective of a regular or irregular structure of the 30 nm

fibre and of the localization of H1 histone in this condensed

structure, the presence of H1 histone and the occurrence of

H1–H1 interactions are considered to be essential in inducing the

formation of and}or in maintaining the condensed chromatin.

By using the procedure described by Clark and Thomas [30,32]

we found that only H1e histone molecules undergo inter-H1

association when complexed with DNA, while the other somatic

variants are present only as monomers. The binding of H1e to

DNA allows, therefore, co-operative H1–H1 interactions, indi-

cating a specific role for this variant in promoting high-order

chromatin structure.

An interesting approach is to study the processes involved in

inducing the ordered decondensation of chromatin structure.

Among enzymic post-translational modifications, poly(ADP-

ribosyl)ation has been identified as an important factor in altering

chromatin structure and, as a consequence, some of its functions.

Poly(ADP-ribosyl)ation of H1 histone reportedly acts by

‘opening up’ the chromatin structure and prevents recon-

densation of chromatin into higher-order structure [9,40–46].

Although less than 1% of the total H1 histone is poly(ADP-

ribosyl)ated [70], this appears to be enough to cause distinct

changes in chromatin structure.

Since H1e appears to be the only somatic variant able to

stabilize the higher-order structure of chromatin, we examined

its poly(ADP-ribosyl)ated isoform to verify whether and how

such a modification can convert the condensing role of this

histone into a decondensing one. The use of H1e variant

preparations enriched in the poly(ADP-ribosyl)ated isoform

confirmed this working hypothesis, and suggests a dynamic role

in chromatin condensation for this variant which is modulated

by this post-synthetic modification. The methyl-accepting ability

of linker DNA was not increased by H1 poly(ADP-ribosyl)ation,

confirming [9] that H1 histone also remains associated with

linker DNA during the poly(ADP-ribosyl)ation-dependent

chromatin decondensation process.

In conclusion, irrespective of whether the higher-order folding

of the nucleosomal fibre corresponds to a regular helical structure

[1–3,10–13] or an irregular three-dimensional array of nucleo-

somes [47,68,69], the H1e histone variant appears to be critically

involved in ensuring the occurrence of the H1–H1 interactions

essential for the induction and}or stabilization of the higher-

order levels of chromatin organization. Poly(ADP-ribosyl)ation

could decrease H1e–H1e interactions and, as a consequence,

induce alterations in chromatin structure that would inevitably

influence gene expression and possibly other nuclear functions.
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