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Histone Hi Preferentially Binds to Superhelical DNA Molecules of
Higher Compaction
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ABSTRACT In chromatin, the physiological amount of Hi is one molecule per nucleosome or, roughly, one molecule per 200
bp of DNA. We observed that at such a stoichiometry, Hi selectively binds to supercoiled DNA with Irl 2 0.012 (both negative
and positive), leaving relaxed, linear, or nicked DNA molecules unbound. When negative and positive DNA topoisomers of
varying superhelicity are simultaneously present in the binding mixture, Hi selectively binds to the molecules with highest
superhelicity; less supercoiled forms are gradually involved in binding upon increasing the amount of input protein. We explain
this topological preference of Hi as the consequence of an increased probability for more than one Hi -DNA contact provided
by the supercoiling. The existence of simultaneous contacts of Hi with both intertwined DNA strands in the supercoiled DNA
molecules is also inferred by topoisomerase relaxation of Hi -DNA complexes that had been prefixed with glutaraldehyde.

INTRODUCTION

Linker histone HI and its variants play a pivotal role in
chromatin compaction. Although their exact location in
chromatin is still unknown, it is agreed that both entry and
exit strands of DNA at the nucleosome receive some pro-
tection upon binding of a single linker histone molecule (for
recent reviews see Zlatanova and van Holde, 1996; Pruss et
al., 1995). In accordance with the concept that one molecule
of protein can bind to two DNA strands, crystallographic
studies of the linker histone H5 demonstrated that its glob-
ular domain may provide at least two potential regions of
contact with DNA (Ramakrishnan et al., 1993). Further-
more, site-directed mutagenesis has now clearly shown that
these two regions do in fact make such contact (Goytisolo et
al., 1996). Bavykin et al. (1990) suggested that in condensed
chromatin HI is localized close to the center of the linker
DNA and is rearranged on DNA sequences adjacent to the
core particle during chromatin decondensation. Other ob-
servations show that transcription activation is associated
with unfolding of chromatin fiber, mediated by a reduced
Hi complement (Zlatanova and van Holde, 1992; van
Holde and Zlatanova, 1996). What are the mechanisms
whereby regional redistribution, depletion, or enrichment of
HI in specific chromatin regions is induced and main-
tained? Numerous studies aimed at answering this question
have used free DNA as a model substrate for HI binding in
chromatin (Zlatanova and Yaneva, 1991).

Electrophoresis (De Bernardin et al., 1986), sedimenta-
tion (Bottger et al., 1976, 1981; Singer and Singer, 1978;
D'Anna et al., 1979; Vogel and Singer, 1975a), and filter-
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binding experiments (Vogel and Singer, 1975a,b, 1976;
Yaneva et al., 1990) have demonstrated a preferential inter-
action of HI with superhelical DNA and suggested that the
extent of interaction may be related to the degree of super-
helicity. Moreover, a biphasic response of HI binding to
titration with ethidium bromide (EthBr) was observed in
sedimentation (Bottger et al., 1981; Vogel and Singer,
1975b) and filter-binding experiments (Vogel and Singer,
1975b), suggesting that HI binds preferentially to both
negatively and positively supercoiled DNA, as compared to
the relaxed form. However, no convincing explanation for
this preference has been forthcoming.
To more closely examine the extent of selectivity of HI

for the topological state of DNA, we have carried out
experiments under competitive conditions, i.e., when differ-
ent DNA forms are simultaneously present in the binding
mixture. The experiments were performed at low salt con-
centrations, because the selective binding to supercoiled
DNA seems to be more pronounced under such conditions
(De Bernardin et al., 1986). Our results demonstrate that HI
selectively binds to those DNA molecules in the mixture
that have the highest number of superhelical turns and
shows, at most, a limited discrimination between negative
and positive topoisomers of comparable superhelical den-
sity. We interpret these results to mean that the plectone-
mically coiled superhelix provides a highly favorable envi-
ronment for HI binding, by allowing for more than one
independent contact between the double helix and the glob-
ular domain of HI.

MATERIALS AND METHODS

Purification of plasmid DNA
Plasmids pBR322 and pUC19 were purified on CsCl density gradients
(Sambrook et al., 1989). DNA containing a limited number of nicks per
molecule was prepared by digestion with deoxyribonuclease I (DNase I)
(0.068 u/,g DNA) in the presence of EthBr (Clark and Felsenfeld, 1991).
Linear DNA was prepared by a single-site restriction nuclease digestion of
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the plasmids followed by phenol/chloroform extraction and ethanol pre-
cipitation. Partially relaxed topoisomers of pBR322 with a specific linking
difference (superhelical density) o- ranging from 0 to about ±0.02 were
prepared by treatment of plasmids with wheat germ topoisomerase I
(Promega) in the presence of different amounts of EthBr (Singleton and
Wells, 1982) or MgCl2. Relaxed products were gel analyzed and appro-
priate samples were combined to obtain populations of topoisomers span-
ning different ranges of supercoiling density. To obtain a mixture of
negative and positive topoisomers, the procedure of Jackson (1995) was
used. Escherichia coli ASl9 cells (gift from Dr. L. Liu) were transformed
with pUC19. Cells were treated with novobiocin and plasmid DNA frac-
tionated in a CsCl gradient in the presence of 1 mg of EthBr/ml. DNA from
appropriate gradient fractions was collected and purified by butanol and
phenol extractions and ethanol precipitation.

Purification of linker histones
HI and H5 were purified from chicken erythrocytes under nondenaturing
conditions from NaCl extracts of purified nuclei (Banchev et al., 1991).
The globular domains of HI and H5 were obtained from a trypsin digest of
the proteins, as described by Krylov et al. (1993).

DNA binding assay
Mixtures containing 25-75 ,ug of DNA/ml and different amounts of protein
(see legends to figures) were prepared at room temperature in a buffer
containing 20 mM 2-(N-morpholino)ethanesulfonic acid-KOH, pH 6.6, 1
mM Na2EDTA, and 22.5 ,ug of bovine serum albumin/ml. After 15 min of
incubation, samples were analyzed by gel retardation.

Gel electrophoresis
Electrophoretic fractionation of purified DNA and DNA-protein com-
plexes was performed in 1% agarose gels using Tris-acetate buffer (Sam-
brook et al., 1989) at room temperature and 2.5 V/cm. For two-dimensional
(2D) electrophoretic analysis, samples were first separated under the above
conditions. The gels were then soaked in 2.5 ,ug of chloroquine/ml (for
pBR322) or 2.0 ,ug of chloroquine/ml (for pUC19) for 2 h, rotated by 900,
and reelectrophoresed in the second dimension in the presence of the same
concentration of chloroquine (Bowater et al., 1992). Scanning was per-
formed on an EPSON ES-1200C scanner using Adobe Photoshop 3.0
program (Adobe Systems, Mountain View, CA). For Western analysis,
material from the gel was transferred to nitrocellulose filters after digesting
DNA by DNase I directly in the gel (Ivanchenko and Zlatanova, 1996) and
stained with anti-Hl antibody (gift from Drs. J. Yaneva and S. Zacharieva).

Topoisomerase I relaxation of
HI-DNA complexes
HI-DNA complexes were prepared and fixed with 0.08% of glutaralde-
hyde overnight at room temperature. Fixed samples were freed from the
glutaraldehyde by ethanol precipitation and washing twice with 70% of
ethanol, and relaxed with topoisomerase I for 6 h at 37°C in a buffer
containing 50 mM Tris-HCl, pH 7.8, 5 mM MgCl2, 10 mM dithiothreitol,
and 25 ,ug of bovine serum albumin/ml.

RESULTS

HI strongly prefers supercoiled DNA to linear or
nicked DNA; among supercoiled molecules,
HI prefers the molecules with the
highest superhelicity

Plasmids pBR322 and pUC19 were purified from bacteria at

-27 superhelical turns for a DNA molecule of the size of
pBR322 and to -17 superhelical turns for pUC19 (Bates
and Maxwell, 1993). The level of superhelicity was deter-
mined by electrophoretic separation in long 2D gels, using
a ladder of topoisomers (Bowater et al., 1992) as a standard
(not shown).

Mixtures containing roughly equal amounts of super-
coiled, linear, and nicked DNA were prepared, incubated
with HI, and analyzed by agarose gel electrophoresis (Fig.
1, left). At low input protein/DNA ratios, only the super-
coiled DNA was retarded by the protein. At the highest
input ratios, linear and nicked DNA also showed a slight
retardation. This result raises the following question: is the
difference in retardation due to a difference in the level of
binding of HI to the DNA forms, or is the supercoiled DNA
simply more retarded at a given level of binding? Similar
experiments by De Bernardin et al. (1986) using Coomassie
blue staining failed to show evidence for HI binding to
nicked DNA in competition with supercoiled DNA. How-
ever, these samples contained only about 10% of nicked
circles and no linear DNA. To provide a more definitive
answer to the above question, the material from the agarose
gel in Fig. 1 was transferred to nitrocellulose membranes
and stained with anti-HI antiserum (Fig. 1, right). The
intensity of staining on the retarded supercoiled DNA in-
creased with increasing input of protein; at the same time,
only a faint reaction was observed on the retarded linear and
nicked DNA forms, and this only at the highest HI/DNA
ratio used. No HI staining was ever observed on nonre-
tarded DNA bands. Thus the extent of retardation was

Histone Hi
0 O ~l

FIGURE 1 Selectivity of HI binding to highly supercoiled DNA. HlI
was incubated with a mixture of supercoiled (5), nicked (N), and linear (L)
pBR322, and the products of interaction were analyzed by agarose gel
electrophoresis. (Left) Gel stained with EthBr; (right) staining with anti-HlI
antibody. HI/DNA ratios (in molecules of HlI per bp) were 0, 1/600, 1/300,
1/150, and 1/75 in consecutive lanes from left to right in the EthBr-staineda superhelical density o- -0.06, which corresponds to
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FIGURE 2 Interaction of HI with negatively supercoiled DNA. Com-
plexes formed with pBR322 topoisomers with a ranging from 0 to
- -0.06 are analyzed on 2D gels by using 2.5 ,ug of chloroquine/ml in the
second dimension. The arrow denotes retarded topoisomers. N denotes the
position of nicked DNA. HI/DNA ratios are given above the brackets.

directly related to the amount of bound protein. Further-
more, because the three DNA bands were of roughly equal
intensity, the Western blots demonstrated a dramatically
higher affinity of HI for supercoiled DNA.
A broadening of the retarded DNA bands was detectable

upon HI titration, suggesting unequal loading of the DNA
molecules with protein. Such a heterogeneity of binding is
likely a consequence of heterogeneity in superhelicity of the
supercoiled DNA molecules in the plasmid population.
To study the extent of preference of H1 for DNA of

varying superhelicity, an artificial population of pBR322
topoisomers was used in HI binding experiments. As Fig. 2
shows, the topoisomers with the highest number of super-
coils (a- -0.05 and higher) were the only ones to be
retarded at physiological HIDNA ratios (one molecule HI
per 250 bp).

The preference of HI for supercoiled DNA does
not depend strongly on the sign of the supercoils

It is clear from earlier studies that HI will bind to both
negatively and positively supercoiled DNA. But is there a
preference for negative supercoils versus positive supercoils
under competitive conditions? To address this question, a
population of topoisomers containing both kinds of mole-
cules was prepared using an in vivo approach (Jackson,
1995). Cells containing pUCi9 (this plasmid was used
because of its higher copy number) were treated with no-
vobiocin, an inhibitor of gyrase; under conditions of active
transcription this will result in production of plasmid pop-
ulations containing a wide range of negative and positive
topoisomers (Tsao et al., 1989). A mixture of topoisomers
with or from 0 to about ±0.06 was titrated with HI or the
globular domain of HI (Fig. 3). With increased input pro-
tein, topoisomers with less superhelical turns were more and
more involved in the retardation; under these circumstances
no evident preference for either topoisomer was observed
(especially evident for GH1; see the 1/100 bp ratio in Fig.
3). Because the globular domain of HI shows a preference
for supercoiled DNA similar to that of the intact histone, the

FIGURE 3 Interaction of HI and its globular domain (GH1) with a
mixture of negative and positive topoisomers of pUC19, with r from 0
to - ±0.06. The right-handed arc of the pattern is formed by topoisomers
that were positive in the first dimension of electrophoresis; the left-handed
arc is formed by topoisomeres that were negative. The slowest band
connecting the two arcs represents the relaxed topoisomer; the most su-
percoiled topoisomers are not well resolved in the first dimension of
electrophoresis. Chloroquine, adding positive supercoils to closed DNA
molecules, increases the migration of positive topoisomers and decreases
the migration of negative topoisomers, permitting their resolution in the
second dimension. The bright spot between the two arcs is formed by
retarded HI/DNA complexes. N denotes the position of nicked DNA.
HI/DNA ratios are given above the brackets.

preference must reside in some structural feature of the
globular domain and does not depend on the histone tails.

Estimation of the preference of HI for negatively
supercoiled DNA based on its DNA
unwinding effect

If the binding of a protein to DNA produces a change in the
twist or writhe of the molecule, then it follows from simple
thermodynamic arguments that the topological state must
influence the binding (see, for example, Bates and Maxwell,
1993; Vologodskii and Cozzarelli, 1994). Specifically, a
ligand that unwinds DNA should bind preferentially to a
molecule with negative supercoils compared to an uncon-
strained molecule (nicked or linear), because the binding of
the ligand will reduce the unfavorable (negative) supercoil-
ing. Binding to a relaxed closed circle and positively super-
coiled molecules will be even less favorable, because the
result of binding is the creation of energetically unfavorable
(positive) writhing. In accord with this, nonhistone protein
HMG1, known to unwind DNA by -60° per molecule
bound (Sheflin and Spaulding, 1989; Sheflin et al., 1993),
preferentially binds to negatively supercoiled DNA as com-
pared to nicked or positively supercoiled plasmids (Sheflin
et al., 1993). We have recently reported that each molecule
of HI unwinds DNA by -10° (Ivanchenko et al., 1996a).
Should this lead to a significant preference for negative
supercoils? To answer this question we perform a simple
calculation. If binding of one molecule produces a change in
twist AG, then the remaining closed plasmid must experi-
ence a compensatory change in superhelix density Au,

AO/360
Nl/y (1)

0

l
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where N is the number of base pairs in the plasmid, and y
is the number of base pairs per turn of DNA (10.4). This
change in o- will correspond to an additional increment in
free energy in the binding reaction, which can be calculated
from the expression for supercoiling free energy (Vologod-
skii and Cozzarelli, 1994),

GSC = KRTN2U27y2, (2)
where K is a constant for a particular plasmid and is pro-
portional to 1/N. It also depends on ionic strength (Volo-
godskii and Cozzarelli, 1994). Differentiating Eq. 2 to get
AGSC for small Aou, we get

AGSC = 2KRTN2oAo*Iy.

1/300 1/200 1/100A 0

N

L

B.

N

(3)

We have estimated K at low ionic strength as 1700/N, using
data of Vologodskii and Cozzarelli (1994). Combining Eq.
1 and Eq. 3 yields

2 X 1700RT
10.4 X 360 o0 (4)

or at 25°C,

AGSC =-5.4 X 102crA0, (5)

which corresponds, at 0r = -0.06, and AO =-100, to AGsc
= -0.32 kcal/mol. This is the free energy "advantage" in
HI binding to a plasmid with a- =-0.06, as compared to
binding to a relaxed plasmid (a = 0), and corresponds to a
ratio of only 1.7 in favor of the former. We conclude,
therefore, that for a plasmid population with Ioi . 0.06, this
small contribution to the free energy of binding cannot
explain the strong preference for negatively supercoiled
DNA compared to linear and nicked forms (Fig. 1), or the
selectivity for neighboring negative topoisomers differing
only slightly in a (Fig. 2). Furthermore, preferential binding
to positive topoisomers over more relaxed forms (Fig. 3)
certainly cannot be explained in this fashion. On the other
hand, it should be noted that the sixfold greater unwinding
produced by HMG 1 (Sheflin and Spaulding, 1989; Sheflin
et al., 1993) can easily explain why this protein preferably
binds to negatively supercoiled DNA, even at low values of
Jul (Sheflin et al., 1993).

The preference of HI for topoisomers decreases
for low states of superhelical density

To define the lowest a- value at which the corresponding
topoisomer would be selectively bound, the same physio-
logical HI/DNA ratios (one HI molecule per 100-300 bp)
were tested with several more relaxed populations of
pBR322 (Fig. 4). No selective retardation of particular topo-
isomers was observed at lo-I - 0.010 (0-4 turns) (Fig. 4 A).
With samples containing topoisomers having slightly larger ar
(±0.012, about five superhelical turns), the selectivity for
particular topoisomers was more pronounced, as demonstrated
by the disappearance of topoisomers +5 and -5 from their
initial position in the gel at all three HI/DNA ratios tested (Fig.

FIGURE 4 Interaction of HI with mixtures of negative and positive
topoisomers at low and moderate superhelical densities. The ranges of
superhelical densities are from 0 to ± 0.007 (A) and from 0 to ± 0.01 (B).
H1/DNA ratios are given above the brackets. N denotes the position of
nicked DNA, and L denotes the position of linear DNA.

4 B). The position of the retarded complexes is difficult to
assess with these relatively relaxed populations, possibly be-
cause of partial overlapping with the free DNA bands. Such a
preference of HI for pBR322 molecules of superhelical den-
sities in this range over the more relaxed forms was reported
elsewhere (Krylov et al., 1993).

Cross-linking of HI to DNA prevents relaxation
by topoisomerase I

Bina-Stein and Singer (1977) reported previously that bind-
ing of HI limited the relaxation of pBR322 by topoisom-
erase I and interpreted their data as indicating stabilization
of preexisting superhelical turns by HI binding. To test
whether such an interpretation was correct, we prepared a
mixture of topoisomers containing from 0 to -9 positive or
negative turns (a from 0 to ± 0.02). This superhelical
density is low enough to provide good resolution of neigh-
boring topoisomers in 2D gels; at the same time such a
mixture contains topoisomers with lao > 0.012, to which HI
selectively binds at moderate protein/DNA ratios. HI was
added to the mixture at different ratios, and the samples
were fixed with 0.08% of glutaraldehyde and then relaxed
by topoisomerase I under conditions that lead to complete
relaxation of free DNA. A parallel set of samples was
relaxed without fixing the protein to DNA. Eukaryotic to-
poisomerase I relaxes both negatively and positively super-
coiled DNA, giving rise to a narrow distribution of topo-
isomers centered around the fully relaxed molecule.
Because the relaxation and electrophoretic separation were
performed under different environmental conditions, the
center of the observed distribution corresponded to - + 1.6
instead of 0 superhelical turns (see Shure and Vinograd,
1976; Wang, 1969; for an explanation of this shift). As Fig. 5
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FIGURE 5 Relaxation ot HI/DNA complexes by topoisomerase I. (A)
Relaxationi products of noinfixed samples; (B) relaxation products of sam-
ples atter flixationi with glutaraldehyde. H1/DNA ratios are shown aboxe
the brackets. C shows the control DNA befor-e relaxation. N and L denote
the position of nicked and linear DNA. respectively.

A shows for the nonfixed material, almost identical relaxation
was achieved in the control reaction and in the relaxation
mixtures containing H I (compare sample "0" with the three
other samples). The slight shift to negative topoisomers upon
increasing the amount of added HI can be explained by the
unwinding effect of H I (Ivanchenko et al., 1996a,b), which is
almost negligible at the protein/DNA ratios used here. How-
ever, with an increased amount of H I in the fixed samples, the
relaxation that could be attained gradually decreased (Figs. 5 B
and 6), as evidenced by the presence of topoisomers with more
and more remaining superhelical tums. A slight gradual shift to
more positively supercoiled products was also observed in
fixed reactions (Fig. 6).

DISCUSSION

When H 1 was added at a physiologically relevant ratio to a
mixture of DNA molecules of different topological state, H 1
was observed to bind almost exclusively to the molecules
with the highest superhelical density (negative or positive),
leaving the nonconstrained (nicked or linear) and the less
supercoiled molecules unbound. This selectivity was lost at
|(r| 0.0(12. The preference for supercoiled DNA cannot be
explained by the unwinding properties of HI. Our results on
these points confirm, extend, and quantitate some earlier
studies (see Introduction).
The question remains as to the reason for this topological

preference of H1. A possible explanation, at least for the
results with highly superhelical topoisomers, could be tor-
sion-induced formation of single-stranded regions to which
H1 might preferably bind. However, we do not favor this
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FIGURE 6 Scan of samiiples froom Fig. 5 B, compariing the products of
topoisomerase I relaxation at different HI/DNA ratios. The arrows and
nuLmbers above them represent the centers of topoisomer distribution. The
statistical centers of distribution were determined as the point at which the
sum of the material present in all proceeding successive topoisomers
reaches 50% of the total material present in each pattern.

possibility, because we were not able to detect any prefer-
ence for HI binding to single-stranded DNA molecules over
the same molecules after annealing to their double-stranded
form (not shown). Other kinds of non-B DNA structures
that may form in highly supercoiled pBR322, such as cru-
ciforms, B-DNA/Z-DNA junctions, triplex sites, etc. (for a
review, see Palecek, 1991), should also be considered. Indeed,
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a preference of HI for four-way junction DNA (a structure
present at the base of cruciforms in supercoiled plasmids) was
previously reported from our laboratory (Varga-Weisz et al.,
1993, 1994). However, such structures should be sensitive to
cleavage by single-strand-specific nucleases such as SI or P1;
no such cleavages occur in pBR322 at superhelical densities
less negative than -0.03 (-13 superhelical turns) (Ivanchenko
et al., 1996b; Carnevali et al., 1984). At the same time, the
preferential binding of HI is still detectable, even at 1Io -

0.012 (Fig. 4 B), suggesting no direct correlation with the
presence of non-B DNA.
De Bernardin et al. (1986) speculated that the preferential

binding sites for HI are likely to be along the closely
intertwined duplex strands in supercoiled DNA because the
negative charge density in such a structure is higher than in
a single duplex DNA. However, such an electrostatic effect
also seems insufficient to explain the preference for topo-
isomers with higher superhelical density, because the same
level of preference is manifested by the purified globular
domain of HI (Fig. 3), which carries much less positive
charge than the intact molecule (Clark and Thomas, 1986).
Our explanation for the selectivity proposes that the pos-

sibility for multiple HI-DNA contacts is strongly enhanced
in plectonemically wound supercoiled plasmids. This hy-
pothesis is supported by the results of topoisomerase I
relaxation of HI-DNA complexes after fixation with glu-
taraldehyde (Fig. 5 B). In the presence of H1, some of the
DNA turns could not be relaxed, suggesting that Hi braided
the two DNA strands together. This effect of HI cannot be
seen in nonfixed samples (Fig. 5 A), suggesting that the
double HI-DNA contacts are not strong enough to prevent
the relaxation by topoisomerase, or that the equilibrium be-
tween bound and unbound states permits eventual relaxation.

Based on Monte Carlo simulations, Vologodskii et al.
have recently predicted the effect of supercoiling on some
protein-DNA interactions (Vologodskii et al., 1992; Volo-
godskii and Cozzarelli, 1996). Relaxed DNA molecules are
expected to be irregular in form, with occasional random
foldovers in projection. However, by of-.-0.03, the mol-
ecules are all plectonemically wound. Moderate and high
supercoiling is calculated to increase the probability of
juxtaposition of two DNA sites by about a factor of 100, and
this effect is almost independent of ionic strength. This
effect of supercoiling may be even higher for a protein like
HI, which, in general, does not require specific binding sites
on the DNA strands and can explain the strong preference of
HI for both negative and positive topoisomers having Ioi|>
0.03 (Figs. 1-3). A second effect of supercoiling is pre-
dicted to result from notable changes in the relative angular
orientation of the intertwined DNA duplexes, even at very
low supercoiling (o- = -0.01) (Vologodskii and Cozzarelli,
1996). If the binding surfaces on the HI molecule are
relatively fixed in spatial orientation (Ramakrishnan et al.,
1993), the change in the angular orientation of the DNA
strands provided by low levels of supercoiling may contrib-

we observe a preference of HI for negative and positive
topoisomers at o- as small as ±0.012 (Fig. 4 B).
As judged by cryoelectron microscope images (Adrian et

al., 1990), the effective diameter of intertwined superhelices
of naturally supercoiled plasmids is -12 nM at low ionic
strength (10 mM Tris-HCl, 1 mM EDTA). This is still about
four times the size of the globular domain of HI (-2.9 nM;
Aviles et al., 1978). However, when a molecule of HI binds
to a given (random) site of a supercoiled plasmid, the
positive charges of the molecule should neutralize the phos-
phates in the DNA, allowing the opposing intertwined
strands to approach each other even more closely, further
increasing the probability of braiding the DNA strands
together. If the most important requirement for stable bind-
ing of HI is the possibility of more than one simultaneous
HI-DNA contact, this may explain not only the preference
for supercoiled DNA, but also the formation of "tramline"-
like complexes involving two parallel linear DNA duplexes
braided together by HI molecules, observed in other labo-
ratories (Clark and Thomas, 1986, 1988; Thomas et al.,
1992; Draves et al., 1992; Goytisolo et al., 1996).

It has recently been reported (Pruss et al., 1996) that the
globular domain of the linker histones is asymmetrically
located inside the gyres of DNA in a nucleosome reconsti-
tuted on a 5S rDNA sequence. Such a location would allow
interaction with only one DNA duplex. The present results
on the interaction of histone HI with naked DNA would
support a location nearer the entry/exit point of the nucleo-
somal DNA, where linker histones can simultaneously bind
to both DNA duplexes (Zlatanova and van Holde, 1996).
Whether the location reported for the 5S gene represents a
special case remains to be directly tested with other defined
nucleosomes employing the type of footprinting experi-
ments used by Pruss et al. (1996).

In the perspective of our explanation for the selectivity,
the shift to positive relaxation products produced by HI in
fixed samples (Figs. 5 B and 6) is not unexpected. As can be
seen in Figs. 3-5, positive topoisomers migrate faster in gels
than their negative counterparts, suggesting higher compac-
tion; such more compacted molecules may provide better
substrates for HI binding. Positively supercoiled DNA was
also shown to be significantly more flexible than negatively
supercoiled DNA (Selvin et al., 1992) and thus may be a
better substrate for simultaneous binding at multiple sites.
Such factors may outweigh the slight preference that the
small unwinding produced by HI should give to negatively
supercoiled DNA.

Finally, we are tempted to speculate that regional redis-
tributions of HI in chromatin (Bavykin et al., 1990), as well as
the reduction of HI complement during transcription (Zla-
tanova and van Holde, 1992), may be modulated, among other
things, by changes in the proximity and the angular distribution
of the DNA strands to which HI simultaneously binds.

The authors thank Dr. L. Liu (UMDNJ-RW Johnson Medical School) for
ute to the free energy of HI-DNA binding. In accordance,

Ivanchenko et al. 1 393

providing the AS 19 cells, Drs. J. Yaneva and S. Zacharieva (Institute of



1394 Biophysical Journal Volume 72 March 1997

Molecular Biology and Institute of Experimental Pathology and Parasitol-
ogy, Sofia, Bulgaria) for the anti-HI antiserum and Dr. S. H. Leuba
(Institute of Molecular Biology, University of Oregon, Corvallis, OR) for
purified globular domain of histone HI.

This research was supported by National Institutes of Health Grant
GM50276 to KvH and JZ.

REFERENCES

Adrian, M., B. ten Heggeler-Bordier, W. Wahli, A. Z. Stasiak, A. Stasiak,
and J. Dubochet. 1990. Direct vizualization of supercoiled DNA mole-
cules in solution. EMBO J. 9:4551-4554.

Aviles, F. J., G. E. Chapman, G. G. Kneale, C. Crane-Robinson, and E. M.
Bradbury. 1978. The conformation of histone H5. Eur. J. Biochem.
88:363-371.

Banchev, T., L. Srebreva, and J. Zlatanova. 1991. Purification of histone
HI' and its subfractions under non-denaturing conditions. Biochim.
Biophys. Acta. 1073:230-232.

Bates, A. D., and A. Maxwell. 1993. DNA Topology. D. Rickwood and D.
Male, editors. IRL Press, Oxford University Press, Oxford.

Bavykin, S. G., S. I. Usachenko, A. 0. Zalensky, and A. D. Mirzabekov.
1990. Structure of nucleosomes and organization of intemucleosomal
DNA in chromatin. J. Mol. Bio. 212:495-511.

Bina-Stein, M., and M. F. Singer. 1977. H5 histone and DNA-relaxing
enzyme of chicken erythrocytes. Nucleic Acids Res. 4:117-127.

Bottger, M., S. Schemeck, and H. Fenske. 1976. A sedimentation study of
the interaction of superhelical SV40 DNA with HI histone. Nucleic
Acids Res. 3:419-429.

Bottger, M., C.-U. von Mickwitz, S. Schemeck, K. Grade, and K. Lin-
digkeit. 1981. Interaction of histone HI with superhelical DNA. Sedi-
mentation and electron microscopical studies of low salt concentration.
Nucleic Acids Res. 9:5253-5268.

Bowater, R., F. Aboul-Ela, and D. M. J. Lilley. 1992. Two-dimensional gel
electrophoresis of circular DNA topoisomers. Methods Enzymol. 212:
105-121.

Carnevali, F., M. Caserta, and E. Di Mauro. 1984. Transitions in topolog-
ical organization of supercoiled DNA domain as a potential regulatory
mechanism. J. Biol. Chem. 259:12633-12643.

Clark, D. J., and G. Felsenfeld. 1991. Formation of nucleosomes on
positively supercoiled DNA. EMBO J. 10:387-395.

Clark, D. J., and J. 0. Thomas. 1986. Salt-dependent co-operative inter-
action of histone HI with linear DNA. J. Mol. Biol. 187:569-580.

Clark, D. J., and J. 0. Thomas. 1988. Differences in the binding of HI
variants to DNA. Eur. J. Biochem. 178:225-233.

D'Anna, J. A., G. F. Strniste, and L. R. Gurley. 1979. Circular dichroic and
sedimentation studies of phosphorylated HI from Chinese hamster cells.
Biochemistry. 18:943-951.

De Bemardin, W., R. Losa, and T. Koller. 1986. Formation and charac-
terization of soluble complexes of histone HI with supercoiled DNA.
J. MoI. Bio. 189:503-517.

Draves, P. H., P. T. Lowary, and J. Widom. 1992. Co-operative binding of
the globular domain of histone H5 to DNA. J. Mol. Biol. 225:
1105-1121.

Goytisolo, F. A., S.-E. Gerchman, X. Yu, C. Rees, V. Graziano, V.
Ramakrishnan, and J. 0. Thomas. 1996. Identification of two DNA-
binding sites on the globular domain of histone H5. EMBO J. 15:
3421-3429.

Ivanchenko, M., A. Hassan, K. van Holde, and J. Zlatanova. 1996a.
Histone HI binding unwinds DNA: evidence from topological assays.
J. Biol. Chem. 271:32580-32585.

Ivanchenko, M., and J. Zlatanova. 1996. Deoxyribonuclease I-facilitated
electrotransfer of protein-DNA complexes from electrophoretic gels to
nitrocellulose membranes. Electrophoresis. (in press).

Ivanchenko, M., J. Zlatanova, P. Varga-Weisz, A. Hassan, and K. van
Holde. 1996b. Linker histones affect patterns of digestion of supercoiled
plasmids by single-strand-specific nucleases. Proc. Natl. Acad. Sci.
USA. 93:6970-6974.

Jackson, V. 1995. Preferential binding of histones H3 and H4 to highly
positively coiled DNA. Biochemistry. 34:10607-10619.

Krylov, D., S. Leuba, K. van Holde, and J. Zlatanova. 1993. Histones HI
and H5 interact preferentially with crossovers of double-helical DNA.
Proc. Natl. Acad. Sci. USA. 90:5052-5056.

Palecek, E. 1991. Local supercoil-stabilized DNA structures. Crit. Rev.
Biochem. Mol. Biol. 26:151-226.

Pruss, D., B. Bartholomew, J. Persinger, J. Hayes, G. Arents, E. N.
Moudrianakis, and A. P. Wolffe. 1996. An asymmetric model for the
nucleosome: a binding site for linker histones inside the DNA gyres.
Science. 274:614-617.

Pruss, D., J. J. Hayes, and A. P. Wolffe. 1995. Nucleosomal anatomy-
where are the histones? Bioessays. 17:161-170.

Ramakrishnan, V., J. T. Finch, V. Graziano, P. L. Lee, and R. M. Sweet.
1993. Crystal structure of globular domain of histone H5 and its impli-
cations for nucleosome binding. Nature. 362:219-223.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning. A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY.

Selvin, P. R., D. N. Cook, N. G. Pon, W. R. Bauer, M. P. Klein, and J. E.
Hearst. 1992. Torsional rigidity of positively and negatively supercoiled
DNA. Science. 255:82-85.

Sheflin, L. G., N. W. Fucile, and S. W. Spaulding. 1993. The specific
interactions of HMG1 and 2 with negatively supercoiled DNA are
modulated by their acidic C-terminal domains and involve cysteine
residues in their HMG 1/2 boxes. Biochemistry. 32:3238-3248.

Sheflin, L. G., and S. W. Spaulding. 1989. High mobility group protein 1
preferentially conserves torsion in negatively supercoiled DNA. Bio-
chemistry. 28:5658-5664.

Shure, M., and J. Vinograd. 1976. The number of superhelical turns in
native virion SV40 DNA and minicol DNA determined by the band
counting method. Cell. 8:215-226.

Singer, D. S., and M. F. Singer. 1978. The effect of superhelicity on the
interaction of histone fl with closed circular duplex DNA. Biochemistry.
17:2086-2095.

Singleton, C. K., and R. D. Wells. 1982. The facile generation of co-
valently closed, circular DNAs with defined negative superhelical den-
sities. Anal. Biochem. 122:253-257.

Thomas, J. O., C. Rees, and J. T. Finch. 1992. Cooperative binding of the
globular domains of histones HI and H5 to DNA. Nucleic Acids Res.
20:187-194.

Tsao, Y., H.-Y. Wu, and L. F. Liu. 1989. Transcription-driven supercoiling
of DNA: Direct biochemical evidence from in vitro studies. Cell. 56:
111-118.

Varga-Weisz, P., K. van Holde, and J. Zlatanova. 1993. Preferential
binding of histone HI to four-way helical junction DNA. J. Biol. Chem.
268:20699-20700.

Varga-Weisz, P., J. Zlatanova, S. H. Leuba, G. P. Schroth, and K. van
Holde. 1994. Binding of histones HI and H5 and their globular domains
to four-way junction DNA. Proc. Natl. Acad. Sci. USA. 91:3525-3529.

Vogel, T., and M. F. Singer. 1975a. Interaction of fI histone with superch-
elical DNA. Proc. Natl. Acad. Sci. USA. 72:2597-2600.

Vogel, T., and M. F. Singer. 1975b. The interaction of histones with simian
virus 40 supercoiled circular deoxyribonucleic acid in vitro. J. Biol.
Chem. 250:796-798.

Vogel, T., and M. F. Singer. 1976. The effect of superhelicity on the
interaction histone fI with closed circular duplex DNA. J. Biol. Chem.
251:2334-2338.

Vologodskii, A. V., and N. R. Cozzarelli. 1994. Conformational and
thermodynamic properties of supercoiled DNA. Annu. Rev. Biophys.
Biomol. Struct. 23:609-643.

Vologodskii, A., and N. R. Cozzarelli. 1996. Effect of supercoiling on the
juxtaposition and relative orientation of DNA sites. Biophys. J. 70:
2548-2556.

Vologodskii, A. V., S. D. Levene, K. V. Klenin, M. Frank-Kamenetskii,
and N. R. Cozzarelli. 1992. Conformational and thermodynamic prop-
erties of supercoiled DNA. J. Mol. Biol. 227:1224-1243.

Wang, J. C. 1969. Variation of the average rotation angle of the DNA helix
and the superhelical turns of covalently closed cyclic A DNA. J. Mol.
Biol. 43:2S-39.



Ivanchenko et al. Histone Hi Binding to Superhelical DNA 1395

Yaneva, J., J. Zlatanova, E. Paneva, L. Srebreva, and R. Tsanev. 1990.
Interactions of histones HI and HI' with superhelical and linear DNA.
FEBS Lett. 263:225-228.

Zlatanova, J., and K. van Holde. 1992. Histone HI and transcription: still
an enigma? J. Cell Sci. 103:889-895.

Zlatanova, J., and K. van Holde. 1996. The linker histones and chromatin
structure: new twists. Prog. Nucleic Acids Res. Mol. Bio. 52: 217-259.

Zlatanova, J., and J. Yaneva. 1991. Histone HI-DNA interactions and their
relation to chromatin structure and function. DNA Cell Biol. 10:
239-248.


