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Within the HI histone family, only some fractions enriched in the
Hle-c variants are effective in causing a marked inhibition, in
vitro, of enzymic DNA methylation and, in gel retardation and
Southwestern blot experiments, in binding double-stranded (ds)
CpG-rich oligonucleotides. Both the 6-CpG ds-oligonucleotide
and the DNA purified from chromatin fractions enriched in
'CpG islands' are good competitors for the binding of Hle-c to

INTRODUCTION
HI histone protein(s) modulate(s), in chromatin structure, the
DNA methylation process. Within the 'physiological' range

(0.3:1, w/w) of histones:DNA ratios, only HI has been found
[1] to exert a severe (90 %) inhibition on methylation of double-
stranded (ds)-DNA in vitro, catalysed by human placenta DNA-
methyltransferase. Because of the specific localization of HI
histone in linker DNA, we have previously verified whether the
known hypomethylation of linker DNA sequences [2-5] could be
due to an intrinsic deficiency in CpG dinucleotides, which are

usually methylated by the mammalian enzyme. Our experiments
[6] have shown however the presence of CpG dinucleotides in
linker regions, suggesting that the association of HI histone with
linker DNA causes a local inhibition of the DNA methylation
process. Addition of 'physiological' amounts of HI to HI-
depleted oligonucleosomes markedly reduced their methyl-
acceptance to a level similar to that occurring in native oligo-
nucleosomal particles.
The HI histone family consists however of several different

somatic variants: Hla, Hlb, Hlc, Hld and Hle [7]. All these
genic HI subtypes possess three domain structures: an N-
terminal tail (about 40 amino-acid residues), a globular region
(80 amino-acid residues) and a C-terminal tail (about 100 amino-
acid residues). Studies on the protein sequence of the HI domains
showed that the globular region is highly conserved, with 98%
identity [7] among the different somatic variants. This genetic
microheterogeneity, further increased by post-translational
modifications [8], could be essential for their various structural
[9-12] and functional [13-17] roles. The number and relative
amounts of these variants differ in various tissues and species
(reviewed in [7,8]) throughout the development stages of the
organism and in neoplastic systems [18-21]. They may play
different roles in chromatin organization, with a non-random
distribution [20,22-24]: Hlc is more abundant in the 'soluble'
chromatin fraction [22], while the efficiency in causing chromatin
condensation progressively decreases from HIa to HIbde and to
Hlc [25-27].

6-meCpG ds-oligonucleotide. Because of their ability to bind any
DNA sequence and to suppress the enzymic methylation in any
sequence containing CpG dinucleotides, these particular HI
variants could play some role in maintaining linker DNA at low
methylation levels and even in preserving the unmethylated state
of the CpG-rich islands which characterize the promoter regions
of housekeeping genes.

Previous experiments have shown that enzymic methylation of
native oligonucleosomes [6] and of native chromatin [28] is not
entirely suppressed by the intrinsic presence of HI histone. Three
different hypotheses can account for this result: (1) competition
between the enzyme and histone HI for some common DNA
binding site(s); (2) the presence of DNA regions escaping the
negative control of HI histone; and (3) the existence of some
particular variant(s) more or less capable of inhibiting enzymic
DNA methylation. The first hypothesis has been disproved by
experimental evidence indicating that enzymic DNA methylation
in vitro is independent of the HI: enzyme ratio [29]. The aim of
the present work was to test the two other hypotheses by
assaying the effect of the different HI variants on enzymic DNA
methylation in vitro as well as their affinity for various synthetic
oligonucleotides of known sequence.

MATERIALS AND METHODS

Separation and analysis of Hi histone variants
The usual starting material was calfthymus HI histone purchased
from Boehringer (Mannheim, Germany). HI histone variants
were separated, according to Quesada et al. [30], on a reverse-
phase RPC4-300 A column (5 mm x 250 mm Vydoc) using a
Perkin-Elmer 410 apparatus equipped with a diode array 235
u.v. detector. The crude HI preparations were dissolved, for
loading on the column, in 0.1 % (v/v) trifluoroacetic acid (TFA)
in H20. Elution was performed at room temperature at a flow
rate of 1 ml/min, using a linear gradient (0.1% TFA in
H20-0. 1% TFA in 950% acetonitrile). Protein fractions were
collected, freeze-dried and analysed by SDS/PAGE (150%
acrylamide+0.4% methylene bisacrylamide). A more accurate
characterization of the protein components was obtained by
two-dimensional electrophoresis on 15% polyacrylamide, with
the first run in 5 % acetic acid + 2.5 M urea [31] and the second
one in 0.1 0% SDS. Protein concentrations were determined by a
commercial adaptation of Bradford's procedure [32].

Abbreviations used: DTT, dithiothreitol; TFA, trifluoroacetic acid; ds, double-stranded; r.p., reverse-phase.
11 To whom correspondence should be addressed.
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DNA methyltransferase assay
DNA methyltransferase (EC 2.1.1.37) was purified from human
placenta nuclei [33] and assayed according to Caiafa et al. [34] in
a 50 mM Tris/HCl buffer (pH 7.8) containing 10% (v/v)
glycerol, 5 mM EDTA, 0.5 mM DTT, 10 Ci/ml S-adenosyl-L-
[methyl-3H]methionine (New England Nuclear; specific activity
70 Ci/mmol-80 Ci/mmol) and 30 ,g/ml of either Micrococcus
luteus DNA or synthetic ds-oligonucleotides. Assay mixtures
were incubated at 37 °C for 1 h and the reaction was terminated
by heating to 60 °C for 20 min in the presence of 1% (w/v) SDS
and 0.2 ,tg/ml of proteinase K. After cooling on ice, 300 ,ug of
salmon sperm DNA was added to serve as carrier and the DNA
was precipitated at 0°C with 10% (w/v, final concentration)
trichloroacetic acid. The pellets, washed again with trichloro-
acetic acid, were resuspended in 0.5 ml of 0.5 M NaOH and
heated to 60 °C for 20 min so as to remove, by alkaline hydrolysis,
any contaminating RNA. After cooling, DNA was precipitated
again at 0 °C with 2 ml of 15 % trichloroacetic acid and collected
on a glass-fibre paper (GF/C, Whatman), repeatedly washed
with 5 % trichloroacetic acid and then with 95 % ethanol. The
radioactivity was then measured in a Beckman LS6800 liquid
scintillation spectrometer. Previous experiments [33] had shown
that with ds-DNA the reaction is linear for at least 80 min at
37 °C.

Before enzymic assays, all HI histone protein fractions, eluted
from h.p.l.c., were resuspended in 30 mM EDTA buffer to
induce their renaturation [1]. Their effect on DNA methylation
was tested using a 0.2 protein:DNA ratio (w/w).

DNA purfflcation from 'CpG Islands' chromatin fractions
Chromatin fractions enriched in CpG islands were obtained
from human placenta according to Tazi and Bird [14]. After
digestion with MspI (700 units/mg of DNA), nuclei were layered
on the top of 25 ml of 15-30% sucrose gradients and centrifuged
for 15 h in a SW27 Beckman rotor at 25000 rev. min-' (82 500 g)
and 4 °C. The fractions were analysed and 200 bp purified DNA
fragments were used as competitor in gel retardation assays.

Gel retardation and Southwestern-blot assays
Oligonucleotides were synthesized by the phosphoamidite
method on a DNA synthesizer (Applied Biosystems).

Single-stranded oligonucleotides were end-labelled at their 5'
ends with [y-32P]-ATP (specific activity 3000 Ci/mmol) using
polynucleotide kinase (EC 2.7.1.78) under the conditions recom-
mended by the manufacturer. The oligonucleotides (44 bp long)
were purified on a 3 mm thick 15 % polyacrylamide gel containing
1 x TBE [89 mM Tris/89 mM boric acid/2 mM EDTA (pH 8)]
and 7 M urea. The band containing the probe was excised from
the gel, crushed and soaked overnight, at room temperature, in
0.5 M ammonium acetate + 0.5 mM Na-EDTA, pH 7.8 [35]. The
oligonucleotides were recovered by ethanol precipitation in the
presence of 10 zg oftRNA as carrier and then annealed according
to Kadonaga and Tjian [36].

End-labelled oligonucleotides were mixed with the whole HI
histone or with the different h.p.l.c. fractions in a 20 a1l volume of
binding buffer [50 mM Tris/HCl, pH 7.5/5 mM Na-EDTA/
0.5 mM dithiothreitol (DTT)] using as a rule a protein:DNA
ratio of 5:1 (w/w). Incubation was performed at 37 °C for 1 h
and samples were loaded on a 6% polyacrylamide gel (at a
30:0.8 acrylamide: methylene bisacrylamide ratio) in 0.25 x TBE

in 10% acetic acid and 10% methanol for 15 min, dried and
autoradiographed.

Binding of DNA by the various fractions was evaluated by
densitometric scanning (Bio Image, Millipore) of the auto-
radiograms, the percentage of free DNA being given relative to
the DNA of samples incubated in the absence of protein. Due to
the highly cationic charge of HI histone and to the limited size
of our synthetic oligonucleotides, the actual DNA-protein
complex(es) could only be evidenced by running bidirectional
gels.
For Southwestern-blot analysis [37], calf thymus HI histone

(about 6,ug) was separated in its variants by one- or two-
dimensional electrophoresis and was transferred by simple
diffusion, according to Bowen et al. [38], to nitrocellulose filters
(Bio-Rad, Richmond, CA, U.S.A.). After equilibration for 2 h in
Denhardt's solution [39] supplemented with 10 mM Tris/HCl
buffer (pH 7.8), 15 mM Mg acetate, 7 mM KCl, 1OmM 2-
mercaptoethanol and 0.1 mM Na-EDTA, the filter was trans-
ferred to a 'binding buffer' (50 mM Tris/HCl, pH 7.8, containing
25 mM NaCl, 2 mM 2-mercaptoethanol and 1 mM Na-EDTA)
and incubated for 1 h at room temperature with 15 ml of herring
sperm DNA solution (0.75 ,ug/ml) and for a further 2 h with the
desired 32P-labelled oligonucleotide (0.13 ng/ml). The filter was
then washed with the binding buffer and, after air-drying,
superimposed on an X-ray film and exposed for 10-18 h.

RESULTS
Calfthymus HI histone somatic variants were purified by reverse-

phase (r.p)-h.p.l.c. (Figure la), the protein components in the
effluent composition being characterized by SDS/slab gel electro-
phoresis in 15% (w/v) polyacrylamide (Figure Ib). Every 1 ml
fraction was assayed at a constant protein:DNA ratio of 0.2
(w/w) for its possible inhibitory effect in an assay of enzymic
DNA methylation in vitro. As shown in Figure Ic, only a

restricted number of fractions, eluting as a single peak ('p3'),
was able to cause over 80% inhibition, the other fractions,
namely 'p ' and 'p2', being in fact totally ineffective. In no case
was there any evidence (checked by absorption and c.d. spec-

troscopy) of precipitation of histone-DNA complexes. SDS/
PAGE characterization of the various fractions indicated, ac-

cording to Lennox et al. [40] and to Lindner et al. [41], the
presence in pl of Hla, in p2 of Hld and in p3 of Hle and Hlc.
Preferential binding of HI-variants to different labelled synthetic
oligonucleotides was explored by gel-retardation assays, using a
series of synthetic oligonucleotides (Table 1) which varied in
terms of their sequence and of the relative abundance in methyl-
ated or unmethylated CpGs with respect to NpGs (i.e. to all
dinucleotide sequences having G as their second moiety). As a

representative of genomic DNA we also used a 145 bp DNA
prepared by digestion of human placenta chromatin with
Staphylococcus aureus nuclease (EC 3.1.31.5).
As preliminary steps for the definition of the most suitable

conditions, different salt concentrations [100, 50, 30, 15 mM
NaCl in 10 mM Tris/HCl buffer (pH 7.5) with 1 mM EDTA and
1 mM DTT] were used in the binding reaction, using a pro-
tein: DNA ratio of 100:1 for total HI histone and 50:1 for
histone variants. Under all the conditions tested only total HI
histone and the Hle-c were able to bind the 44 bp synthetic
oligonucleotides containing 6-CpG dinucleotides (results not
shown). In subsequent experiments a 50 mM Tris/HCl (pH 7.5)/
5 mM EDTA/0.5 mM DTT buffer (methylation assay buffer)
without any added NaCl was used, with a protein:DNA ratio of
5: 1. This protein:DNA ratio, which is high enough to eliminate

buffer, pH 8.3. The gels were run for about 2 h at 30 mA, fixed any possible non-specific binding, is still above the so-called
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Figure 1 Separation and characterization of calf thymus HI histone
variants

(a) Elution profile from the r.p.-h.p.l.c. column; (b) SDS gel electrophoresis of all protein
fractions, evidenced by Coomassie Brilliant Blue; (c) effect of total Hi histone ('t') and of the
various fractions eluted from the r.p.-h.p.l.c. column, at a protein:DNA ratio of 0.2 (w/w), on
the activity of human placenta DNA methyltransferase in vitro. Each point represents the average
results of ten different separations by r.p. h.p.l.c.

'physiological' value, which, for histone H1, can be considered
to be around 0.2:1, although this ratio should probably be
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Figure 2 Evaluation of the binding of r.p.-h.p.l.c. protein-fraction 43 to
6-CpG and 6-meCpG oligonucleotides

Increasing aliquots of h.p.l.c. fraction 43 were incubated at 37 0C for 1 h in 50 mM
Tris/HCI/5 mM EDTA/0.5 mM DTT (pH 7.5) with constant amounts of 6-CpG (0) or 6-meCpG
(V) end-labelled oligonucleotides. The binding was evaluated in terms of fractional recovery
of unbound DNA.

corrected so as to take into account the paucity of CpG-rich
sequences in genomic DNA. Our experimental conditions were
stringent enough to allow comparison of the binding affinities of
the different protein fractions to the various oligonucleotides. By
titrations of 6-CpG and 6-meCpG oligonucleotides with various
amounts of the Hle-c-containing fraction, the mid-point in
binding corresponded to a protein:DNA ratio of approximately
2:1 with 6-CpG and 3:1 with 6-meCpG (Figure 2).

Table 2 shows the results of gel-retardation autoradiograms
where the fractions eluted from r.p.-h.p.l.c. in pl, p2 and p3 were
incubated with a 44 bp duplex DNA containing 6-CpG dinucleo-
tides in the unmethylated or methylated form respectively. On
the basis of the disappearance of the electrophoretic band
corresponding to the free oligonucleotide [42] it was evident that
the fractions containing the HI e-c variants were, together with
the unfractionated HI, the only ones able to bind these particular
sequences. The unmethylated oligonucleotide specifically binds
fraction 43 of p3, which is enriched in the Hle variant, while the
methylated oligonucleotide also binds fraction 44 where Hlc is
more abundant.
None of the other fractions could bind oligonucleotides

containing either 6-CpGs or 6-meCpGs. They efficiently inter-

Table 1 Structural characteristics of the synthetic oligonucleotides assayed for their ability to bind the Hi variants

CpG/NpG
Oligonucleotide Sequence bp CpG meCpG (%)

44GTCAACGAGGGAGCCGACTGCCGACGTGCGCTCCGGAGGCTTGC
CAGTTGCTCCCTCGGCTGACGGCTGCACGCGAGGCCTCCGAACG
GTCAACGAGGGAGCCGACTGCCGACGTGCGCTCCGGAGGCTTGC
CAGTTGCTCCCTCGGCTGACGGCTGCACGCGAGGCCTCCGAACG
TCCAGGGAGAAATATCGCTTCGTCCTCACCGAAGCCTGATTCTG
AGGTCCCTCTTTATAGCGAAGCAGGAGTGGCTTCGGACTAAGAC

TCCAGGGAGAAATATCGCTTCGTCCTCACCGAAGCCTGATTCTG
AGGTCCCTCTTTATAGCGAAGCAGGAGTGGCTTCGGACTAAGAC
GTCAACGAGGGAGGGCACTGGCCAGCTGCCCTCCGGAGGCTTGC
CAGTTGCTCCCTCCCGTGACCGGTCGACGGGAGGCCTCCGAACG

0 41.37

44 0 6 41.37

44 3 0 25.00

44 0 3 25.00

44 2 0 15.38
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Table 2 Binding of the main Hi fractions to 44 bp ds-ol.gonucleotides with different CpG content

End-labelled ds-oligonucleotides, all 44 bp long but with a different content in CpG or meCpG, were incubated with total Hi histone and with the various protein fractions obtained by r.p.-h.p.l.c.
separation. The binding is expressed as the percentage of free DNA remaining in the assay, relative to DNA incubated in the absence of protein, estimated by densitometric scanning (Bio Image,
Millipore) of the autoradiograms. Each value is the mean (±S.D.) of 15 distinct experiments.

Protein fractions

Oligonucleotide Total Hi 35 39 40 43 44 45

6-CpG
6-meCpG
3-CpG
3-meCpG
2-CpG

28 + 3
16+2
15+2
3+1
3 +1

100+1
100 +1
100 +1
100 +1
100 +1

100 +1
100 +1
82 +1
65 + 2
30 + 3

100 +1
100 +1
72 +1

100 +1
37 + 4

29 + 2
22 + 2
8+1
3+1
5+1

100+1
32 + 3
4+1
5+1
7+2

1.00+1
100 +1
65 +1
30 + 2
27 + 3

d'

Figure 3 Two-dimensional gel electrophoresis of Hi variants from total

calf thymus Hi histone (a) and of the protein fraction that shows an

Inhibitry effect on enzymic DNA methylation in vitro (b)

Electrophoresis was run in acid-urea gels in the first dimension and in SDS gels in the second

dimension. After electrophoresis, proteins were detected using Coomassie Brilliant Blue. Hi

variants were identified according to Lennox et al. [40].

(a) (b) Acid-urea
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Figure 4 Southwestern-blot assays between two-dimensional gel electro-
phoresis of Hi histone variants and 6-CpG or 6-meCpG ds-oligonucleotides

End-labelled ds-oligonucleotides containing 6-CpG (a, b) or 6-meCpG (c, d) were used as

probes, in the absence (a, c) or presence (b, d) of herring sperm DNA as competitor, to assay
their binding to Hi histone variants.

acted instead with genomic DNA (results not shown) or with 2-

CpG oligonucleotides and, even if rather poorly, also with 3-

CpG- or 3-meCpG-containing oligonucleotides.

Table 3 Competition assay for the binding to r.p.-h.p.l.c. fraction 43 of DNA
(200 bp) purmed from a chromatin fraction enriched in 'CpG Islands' or of
6-CpG and 6-meCpG 44 bp ds-oligonucleotides
The fraction eluted from r.p.-h.p.l.c. as number 43 of peak p3 was incubated with labelled 6-
CpG or 6-meCpG ds-oligonucleotides, at a protein: DNA ratio of 5 (w/w), in the presence, as
competitor DNAs, of increasing amounts of DNA (200 bp) purified from chromatin fraction
enriched in 'CpG islands' or of the unlabelled 6-CpG or 6-meCpG ds-oligonucleotides. The
values reported in the Table were obtained by densitometric scanning (Bio Image, Millipore)
of the autoradiograms, the percentage of free DNA being relative to DNA incubated in the
absence of protein. Each value is the mean (±S.D.) of six distinct experiments.

Competitor: probe ratio (w/w)

0 2.5 5 10

Probe Competitor Value

6-CpG 6-meCpG 3+1 8+1 10+2 15+1
oligonucleotide oligonucleotide

CpG-rich 0 5 + 2 30 + 5 18 + 4
genomic DNA
(200 bp)

6-meCpG 6-CpG 4+2 6+1 100+1 100+1
oligonucleotide oligonucleotide

CpG-rich 18 + 3 5+ 2 46 + 5 86 + 4
genomic DNA
(200 bp)

In the single-stranded form, the same sequences failed to bind
any HI variant (results not shown).
HI histone preparation containing all the somatic variants

(Figure 3a) and the h.p.l.c. fractions which had been found to be
the only ones able to bind CpG-rich oligonucleotides (Figure 3b)
and to inhibit DNA methylation were subjected to two-
dimensional gel electrophoresis. By transferring total H I histones
to nitrocellulose membrane and by using end-labelled 6-CpG or

6-meCpG oligonucleotides as probes in the Southwestern assay,
we observed, at a very high protein:DNA ratio (around 3 x 103: 1,
w/w) and in the absence of any competitor DNA (Figures 4a and
4c), an aspecific binding of both oligonucleotides to all the HI
variants except HI a, this variant (as shown in Figure 3a) being
a minor component in total calf thymus HI histone, but still in
high excess with respect to probe DNA. We could show, however,
that this 'non-specific' binding was an artifact of the very high
protein excess (needed to allow protein staining): addition of
herring sperm DNA as competitor, in a 1000-fold excess (w/w)
with respect to probe DNA, allowed identification of HIe and

En
0
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HIc as the only CpG-binding components (Figures 4b and 4d),
with practically no difference between them.

Further gel-retardation competition experiments showed a
higher affinity of fraction 43 for the 6-GpC oligonucleotide and
for the 200 bp DNA purified from the CpG-rich chromatin
fraction than for the 6-meCpG oligonucleotide; results are given
in Table 3.

DISCUSSION
Our previous results had shown that enzymic methylation of
native oligonucleosomes [6] and of native chromatin [28] was not
entirely suppressed by the intrinsic presence of HI histone. The
possibility of competition between this histone and the enzyme
for common DNA binding site(s) had however been disproved
by previous experimental evidence indicating that enzymic DNA
methylation was independent of the HI:enzyme ratio [29]. In
this paper we examine whether this effect is due to the existence
of HI variants that differ in their ability to inhibit enzymic DNA
methylation, and/or to the presence ofDNA regions that escape
the negative control of HI histone.
Our present experimental evidence indicates that the inhibitory

effect exerted by the HI histone protein(s) on the methylation of
ds-DNA in vitro [1] is strictly related to the presence of some
particular somatic variants of this histone, but depends also, in
terms of affinity for these variants, on the number of CpG
and/or meCpG moieties present in the DNA sequence. It may be
recalled that Levine et al. [43] have shown a preferential binding
of total HI histone to plasmidic methylated DNA as compared
with unmethylated DNA, while Higurashi and Cole [42] as well
as Lewis et al. [37] have found that the interaction of HI histone
with CCGG repeats or with oligonucleotides having a very high
CpG content (12 CpGs in 40 bp) is independent of the methyl-
ation level.

In our system, Southwestern-blot assays indicate that among
the HI histone components, all of which are able to interact with
genomic DNA, only the Hle and Hlc variant(s) can bind ds-
DNA sequences with 6-CpGs out of 44 nucleotides. (After this
work had been completed, Wellman et al. [44] have reported
evidence of a preferential binding of pure Hle to the 'GC-rich
region' of pBR322 DNA.)

Gel mobility-shift assays, performed with a limited (5-fold)
excess (w/w) of protein with respect to DNA, have shown that
the other HI histone variants, despite their ability to bind
aspecifically a genomic DNA, exhibit an affinity for DNA
oligonucleotides which is inversely related to the CpG content.
The h.p.l.c. fractions 43 and 44 of p3 are, in particular, the only
ones able to bind the 6-meCpG oligonucleotide, while only
fraction 43 can bind the same oligonucleotide sequence in the
unmethylated form. Indeed, competition experiments showed a
higher affinity of fraction 43 for the unmethylated oligonucleotide
than for the methylated one. Our gel-electrophoresis analyses,
confirming data from other authors [41,45], indicated that
fractions 43 and 44 are enriched in HIe and in HIc, respectively.
Having not yet achieved a satisfactory separation of these two
variants, the suppression of DNA methylation by some h.p.l.c.
fractions can be ascribed to either variant or to the concomitant
presence of both of them. We may visualize the inhibitory
variant(s), that we will uncommitedly indicate as Hle-c, as
denying access of the DNA methyltransferase to CpG dinucleo-
tides through its high affinity for these moieties. Since HI is
unable to bind single-stranded oligonucleotides or to inhibit their
methylation, the inhibitory effect of Hle-c on the methylation of
ds-DNA could be due to the 'sealing' of two complementary
strands [29].

The exclusive ability of HIe-c to bind CpG-rich sequences and
to inhibit their methylation could obviously account for their
maintenance in an unmethylated condition, as occurs in the
CpG-rich unmethylated DNA domains ofeukaryotic chromatin,
known as CpG islands [46,47], which are localized in the promoter
regions of housekeeping genes and are considered to be gene
markers [48]. In fact DNA purified from CpG-rich chromatin
fractions exhibits a very high affinity for fraction 43 of p3 and
competes efficiently for the binding of this fraction to our
synthetic 6-meCpG oligonucleotide. The HIe-c variant(s) could
thus be the 'ubiquitous nuclear factor' which has been hypothe-
sized [48] to be responsible for inducing an 'available' chromatin
structure and of denying access to DNA methyltransferase. This
conclusion, which would point to Hle-c as the specific protein
factor(s) responsible for the unmethylated condition of CpG
islands, should be considered together with other proposed
mechanisms (which may however be compatible with it) such as
the intrinsic effect exerted by the distance between CpGs on the
recognition between DNA methyltransferase and its substrate
[49-52], the presence of some poison sequence able to prevent
DNA methylation [53], or the existence of other proteins
interacting preferentially with methylated DNA sequences
[54,55]. Among these regulatory proteins, we might also include
the histone variant contained in the r.p.-h.p.l.c. fraction 44,
which possesses the ability to bind the 6-meCpG oligonucleotide
and can be shown to be enriched in Hlc. r.p.-h.p.l.c. fraction 43,
which is enriched in HIe, appears instead to be the only one able
to interact with unmethylated CpG-rich sequences, and is indeed
the first report of a protein having this property.
The hypothesis that some HI variant(s) are involved in the

maintenance of the unmethylated state of CpG islands does not
necessarily contradict the finding by Tazi and Bird [14], of low
amounts of HI histone (< 10%) in the chromatin structure at
CpG islands. Other authors [15] have reported that the house-
keeping a-actin gene is only partially depleted of HI, and we may
therefore hypothesize an actual association of some specific
histone variant(s), such as Hle-c, with the CpG islands. Hle-c
may even play a role in maintaining the fixed pattern of
methylation determined in the various tissues by the combination
of demethylation and methylation de novo occurring during early
embryonal development 156].
Our experimental data underline three important character-

istics of the HIe-c variants: (1) they bind any DNA sequence; (2)
they are the only variants which suppress enzymic DNA
methylation; (3) they are the unique variants able to bind CpG-
rich sequences.

In linker DNA, which contains only a few CpG dinucleotides,
there will be some competition between the different HI variants,
interaction with Hle-c being the only one which inhibits the
methylation process. A non-uniform localization ofHI e-c within
chromatin structure would be compatible with our previous
finding [6] that methylation of native oligonucleosomes is not
entirely suppressed by the intrinsic presence of any HI histone.
Native oligonucleosomes would then possess a relatively high
methyl-accepting ability (approximately half of that found after
removal of HI) because a relevant portion of their inter-
nucleosomal DNA, being localized on the outside of the solenoid
structure, would interact only with other, non-inhibitory, somatic
variants of this histone.

Experiments in progress (A. Reale, S. Marenzi, R. Santoro,
M. D'Erme, R. Strom and P. Caiafa, unpublished work) indicate
indeed that hypomethylation of linker DNA can play a critical
role by inducing cooperative HI-HI interactions and, as a
consequence, the attainment of the highest levels of chromatin
organization.
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It may be worth considering that, upon replication, deposition
of HI histone on newly-synthesized DNA is known to occur [57]
simultaneously with, or only slightly after, the deposition of core
histone. Supposing that all the somatic variants of this histone
are present and potentially available for DNA binding during the
replicative process, the effective interaction between a given
variant and the newly synthesized nucleosomal structure will
depend on the availability of an appropriate linker sequence.
Depending on the relative CpG abundance, Hle-c can therefore
be expected to maintain a significant hypomethylation of linker
DNA and, as a distinct functional role, the unmethylated state of
CpG-rich islands.

These two distinct hypothetical functional roles seem to raise
an apparent paradox, indicating that multiple strategies affect
the regulation of transcription through DNA methylation. If the
linker hypomethylation is an important condition for chromatin
condensation, Hle-c variants are involved in gene inactivation,
while these same variants, if effective in maintaining the un-
methylated state ofCpG islands present in decondensed chroma-
tin, would favour gene expression.
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