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A Topological Approach to Nucleosome Structure and Dynamics: The
Linking Number Paradox and Other Issues

Ariel Prunell
Institut Jacques Monod, Centre National de la Recherche Scientifique and Université Paris 7, 75251 Paris Cédex 05, France

ABSTRACT The linking number paradox of DNA in chromatin (two negative crossings around the octamer, associated with
a unit linking number reduction), which is 21 years old this year, has come of age. After stirring much debate in the past, the
initially hypothetical explanation of the paradox by DNA overtwisting on the nucleosome surface is now presented as a hard
fact in recent textbooks. The first part of this article presents a historical perspective of the problem and details the numerous
attempts to measure DNA local periodicity, which in one remarkable example sowed the seeds for the discovery of DNA
bending. The second part is devoted to the DNA minicircle system, which has been developed in the author’s laboratory as
an alternative to the local-periodicity-measurement approach. It offers a simple proposal: a unit linking number reduction
associated with a single crossing. This conclusion is contrasted with the latest high-resolution crystallographic data of the
nucleosome in the third part of the article, and the fourth part examines the available evidence supporting an extension of
these results to nucleosomes in chromatin. The last part addresses another basic question pertaining to nucleosome
dynamics, the conformational flexibility of the histone tetramer.

INTRODUCTION

DNA in the cell is not naked, but is complexed with basic indeed also present in the circular DNAs of eucaryotic
proteins, the histones, to form chromatin (chromatin alsoviruses, such as SV40, which use host histones to form a
contains numerous nonhistone proteins, each of which iminichromosome. Minichromosomes are in contact with
present in much smaller amounts than individual histones)}topoisomerases in vivo and are relaxed, but after extraction
Chromatin is made of a structural repeat unit, the nucleoef the proteins, the DNA is found to be superhelical. DNA
some, composed of a nucleo-proteic core containing 146 bpupercoiling can be quantitated through the use of a topo-
of DNA wrapped around an octamer of two copies each ological parameter, the linking numbetrk), which measures
the four core histones H2A, H2B, H3, and H4, and ofthe number of times one DNA strand goes around the other
~50-bp-long linker DNAs. One copy of a fifth histone, when the molecule is unfolded and put flat on a surface.
known as the linker histone, H1 or H5 (H5 is H1's coun- This number is therefore an integer. In practice, because of
terpart in nuclei of bird erythrocytes) binds to this assemblythermal fluctuations during the ligation step in forming the
of approximately equal masses (100,000 Da) of DNA anddouble-stranded circular molecules, one has to deal not with
histones. Chromatin not only ensures the compaction neanolecules of uniquék, but with a population of molecules
essary for DNA packaging inside the cell nucleus, but als®f Lk differing by one unit. These molecules are topological
provides the framework for gene-regulated expression, owisomers, called topoisomers. As a consequence, it is rather
ing to its structural flexibility at both higher order structure the meanLk of the population{Lk), which is measured.
and nucleosome levels. This mean is in general fractional. Supercoiling is then
defined as the change {kk) (ALK) relative to a reference
population obtained upon relaxation with topoisomerase |.
ALk can be conveniently measured by gel electrophoresis
DNA supercoiling (see Bauer et al., 1980, for a review) wasthrough the fractionation of the different topoisomers of the
first described by Vinograd and co-workers more than 30population. By this meanglLk) was found to decrease by
years ago (Vinograd et al., 1965), but its origin in eu-~26 (ALk = —26) in SV40 minichromosome (Shure and
karyotes was understood to lie in the nucleosome structur€inograd, 1976). This figure turned out to be approximately
only 10 years later (Germond et al., 1975). Nucleosomes arequal to the number of nucleosomes, 24—27, which could be
counted under electron microscopy either directly (Sara-
gosti et al., 1980) or after psoralen-cross-linking and protein
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geneous form through digestion of linker DNAs by micro- value obtained, 10.0 bp/turn (Noll, 1974, this periodicity
cocal nuclease, was crystallized. The first structure obtainedias later found to be underestimated and to be closer to
by x-ray diffraction at relatively low resolution (Finch et al., 10.3-10.4 bp/turn; see below), coincided exactly with the
1977) and the successive refinements (Richmond et alperiodicity measured by x-ray diffraction on dehydrated
1984, 1988; Struck et al., 1992; see below for the mosfibers. Based on these premises, Finch et al. (1977) pre-
recent one by Luger et al., 1997) showed that the 146 bplicted that the periodicity of DNA free in solution should be
were wrapped around the histone octamer irfotlirns of  larger than 10.0 bp/turn and close to 10.5 bp/turn. Surpris-
a left-handed superhelix of pitch 27 A and diameter (meaingly enough, such a value, also supported by energy cal-
sured on the double helix axis) of 86 A. This structure letculations (Levitt, 1978), turned out to be confirmed by
researchers suppose that the linkers would continue thexperimental measurements (Wang, 1979).
trajectories defined by the entering and exiting DNAs in the In the alternative explanation of the paradox, the DNA
core particle, to form with 166 bp two full turns of the was thought to wrap without twist alteratioATw = 0), but
superhelix and one additional crossing. This crossing couldinkers would contribute t&r, owing to a peculiar spatial
then be sealed by H1. So far this model has not beearrangement of nucleosomes relative to one another (Wor-
confirmed by x-ray diffraction, although crystals of H1- cel et al., 1981). However, this model fell rapidly into
containing nucleosomes, known as chromatosomes, hawlisgrace, to the advantage of the “overtwisting” model,
been produced (Richmond et al., 1993). which has stirred heated debate (see Morse and Simpson,
A two-turn particle, and two negative DNA crossings, 1988; Klug and Travers, 1989; and White and Bauer, 1989,
therefore appeared to reduckby 1 (ALk = —1), whereas for recent discussion) and stimulated much work aimed at
common sense suggested a reduction &lk(= —2). This  the measurement of DNA helical periodicity in situ.
contradiction, known as the “linking number paradox,” soon
elicited two contradictory explanations (see Wang, 1982
for a fair account of the two models). For the pioneers of the;NA LOCAL PERIODICITY ON
nucleosome crystal structure, an overtwisting of the doubl HE NUCLEOSOME
helix occurred upon wrapping around the histones (Finch eThis measurement was first performed with DNase |1, an
al., 1977; Klug and Lutter, 1981), although this overtwistingenzyme capable of cleaving one strand at a time. When
could not at that time be directly measured, because obNA is adsorbed to a surface, only one side of the double
insufficient resolution. The required overtwisting was abouthelix is exposed, and the DNase tends to cut along direc-
one turn ATw = +1), as it could be calculated from the tions perpendicular to the surface (Fig. 1). The lengths of
differential equation

ALk = ATw + Wr (1) .

which relatesALk to the changes in twist\(Tw) and writh-
ing (AWr = Wr, because the writhe of unconstrained DNA
is zero; White, 1969; Fuller, 1971; Crick, 1976). This equa-
tion, valid for the whole minichromosome, can also be

applied to individual nucleosomes if the minichromosome is ’/"’///f%
a random juxtaposition of independent topological domains 2
with no net contribution of linker DNAs to totahTw and 5 S

Wr. Equation 1 is then verified fakLk = —1, ATw = +1, . . o
7

andWr (the writhe of a two-turn left-handed superhelix) .
—2. In fact, Wr = —2 would be obtained only for a flat ”’/f/’///%’ 9/////-’

2 K70
superhelix with a zero pitch, but with the actual parameters % ',,/-,-)
of the superhelixWr is closer to—1.7 (see below). This '
leads toATw = +0.7. Such an increase in twistl), = 166 (c) ()

bp of wrapped DNA in two superhelical turns should reduce _
its helical periodicityh, relative to the value of DNA free in FIGURE 1 DNase cleavage patterns of wrapped DNA. DNA with a

uti bv~0.5 bp/t h by th ti ~10.5 bp/turn helical periodicity when free in solution is adsorbed onto a
solution, by : p/turn, as snown Dy theé equation flat surface &), or wrapped into a left-handed superhelix around an infinite

cylinder (), or convex €) or concave ) revolution surfaces of axeS

— _h2.
Ah = —h"- ATWN, (2) Directions of cleavage by the DNasari(ows) remain perpendicular to the
. hich surface. These directions are in the plane containingSthgis, and are
in whic perpendicular to this axis in, but not inc or d. When the DNA is adsorbed
or wrapped free of torsional constraint, cleavage generates single strands of
h=NJ/Tw ®3) PP g9ed v

lengths that are either exact multiples of the helical periodigjyof are

. L smaller by 0.15 nucleotide (10:5 0.15= 10.35) when the superhelix has
In 1977, the DNA helical per|0d|C|ty on the nucleosome hadthe diameter and the pitch of the nucleosomal superhé)ix leavage

already been estimated from in situ digestion with DNase beriodicities may also depart from 10.35 nucleotides, and be lacyer (
(the principle of this measurement is explained below). Thesmaller ¢).
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the single-stranded fragments obtained after histone extrasenient parameter in problems of wrapping surfaces be-
tion, which can be measured by gel electrophoresis underause, as classical mechanics teaches, it is an invariant, i.e.,
denaturing conditions, are then multiples of a unit lengthit does not depend on the surface, as long as no torsional
representing the digestion periodicity. If the surface is aconstraint is applied. This property, however, requires a
plane (Fig. 1a), digestion periodicity and helical periodicity perfectly elastic rod, which is only an approximation for
are equal. In other words, in the absence of twist alteratioNA. In contrast, as is clear from its definitior,,
upon adsorption, and taking the helical periodicity of DNA depends on the surface. It is noteworthy that the same
free in solution as 10.5 bp/turn under physiological condi-conclusions would be reached by using the formalism of the
tions, single strands of lengths that are multiples of 10.5'surface linking humber” theory (White et al., 1988).
nucleotides should be generated. (Accurate measurementsThe relation betweeh,,. and h;,,, can be precisely cal-
of DNA helical periodicity have produced figures from culated for simple geometries. For a superhelix of radius
10.56 bp/turn (Goulet et al., 1987) at room temperature irand pitchp wrapped around a perfect cylinder, one has (Le
the absence of divalent cations, to 10.53 (Zivanovic et al.Bret, 1988)
1988), 10.45 (Shore and Baldwin, 1983), and 10.54 bp/turn
(Horowitz and Wang, 1984) in the presence of 5-10 mM 1 = 1, + 3.4pl[(271)* + p?] (4)
Mg?" at 20—37°C.) Such digestion products have indeed
been obtained using hydroxylapatite crystals as the adsorlwith 3.4 being the double helix rise per base pair (in A). For
ing surface (Rhodes and Klug, 1981). In contrast, digestiorthe nucleosomal superhelix € 43 A andp = 27 A), Eq.
periodicity and helical periodicity are no longer equal if 4 givesh,,. — h;,; = —0.15 (the same figure was obtained
DNA is wrapped around a cylinder into a superhelix. Theby Ulanovsky and Trifonov, 1983), which brinds,. to
reason is that such wrapping not only bends DNA, but alsd.0.5 - 0.15= 10.35.
twists it (Ulanovsky and Trifonov, 1983). In the case of a Building on Noll's (1974) result, subsequent DNase |
left-handed superhelix (Fig.d), the digestion periodicity is digestions of chromatin in nuclei led tg,. = 10.3-10.4
smaller than the helical periodicity. (The reverse would benucleotides (Prunell et al., 1979; Lutter, 1979) instead of
observed with a right-handed superhelix.) The former (di-10.0. This value is therefore that predicted if nucleosomal
gestion) periodicity is thdocal periodicity, h,., and the DNA has h;,,, = 10.5 bp/turn. However, unique nucleo-
latter, hy, (h in Eq. 3), is termed thntrinsic periodicity. ~ somes reconstituted on specific DNA fragments sholyged
Defining h,,. physically is straightforward once the wrap- ranging from 9.9 to 10.5 nucleotides (see Table 1), a dis-
ping surface is known. It is the spacing between the mospersion 10 times larger than the0.03 bp/turn observed for
external regions of each strand, which are maximally exa collection of unique DNA sequences free in solution
posed to external attack (Fig. 1), or between the mosfGoulet et al., 1987). This raised the possibility tigj,
internal regions that are in contact with the surfdgg, is  could vary from one nucleosome to the other, although the
therefore a strict measure of the twist of the double helixrespective contributions of a sequence effect on nucleosome
around its axis relative to the surfack,,, in contrast, structure and/or DNase cleavage specificity in these varia-
measures not only this twist, but also the continuous changgons were unclear. Regardless of these uncertainties, the
in the direction of the double helix axis as DNA wraps 10.3-10.4 figure could still be meaningful, because it was
around the surface (Cozzarelli et al., 1990),, is a con-  obtained for a large spectrum of DNA sequences.

TABLE 1 Local periodicities (h,,.) of nucleosomal DNA

Technique Probe Sequence hioe (bp/turn) Reference
Cleavage DNase | Mixed 10.350.05) Prunellet al. (1979)
Lutter (1979)
Exonuclease I Mixed 11 (edges) Prunell (1983)
10.1 (middle)
DNase | Unique 9.9-10.5 Drew and Calladine (1987)
Drew and McCall (1987)
Unique 10.3; 10.5 Duband-Goulet al. (1992)
OH radicals Unique 10.2%0.05) Hayeset al. (1990)
Mixed 10.2 ¢-0.05) Hayest al. (1991)
Sequencing Statistical sequencing — 10.2 Drew and Travers (1985)
Trinucleotide repeat — 10.240.1) Satchwelket al. (1986)
Dinucleotide repeat — 9.7 Lowman and Bina (1990)
— 10.26; 10.0 Bina (1994)
— 10.3 (+0.2) loshikheset al. (1996)
UV illumination Pyrimidine dimers Mixed 10.3%0.1) Galeet al. (1987)
Gale and Smerdon (1988)
Competitive Repeat of flexible motifs — 10.1#0.1) Shrader and Crothers (1990)

reconstitution
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Alternative approaches tb,,. involved digestions with these topoisomersk, measures the linking number of the
exonuclease Il and OH radicals, pyrimidine dimer forma-most probable conformation of the naked minicircle under
tion, and competitive reconstitution with sequences made afhe conditions used.k, is also equal tdN/h, in which N is
flexible DNA motifs (see Table 1). Another approach, the minicircle size. The linking number difference of any
which deserves special comment because of its wider imgiven topoisomer is
pact, started from the observation of a periodicity in the
occurrence of some dinucleotides, especially AA and TT, ALk =Lk — Lk, ©)
along eukaryotic DNA but not procaryotic DNA (Trifonov The minici . . L

. S e minicircle reconstituted with a nucleosome is simi-
and Sussman, 1980). Because this periodicity of occurrenge

was in roximate ph with the helical periodicity. th arly relaxed under the same conditiogkk) of the topo-
as In approximate phase € helical perioaicity, es.efsomer distribution obtained after histone extraction is the

dinucleotides were supposed tq deflect the DNA.heIicaI aXlﬁinking number of the most probable conformation of the
or be more easily compressed in the major or minor groove inicircle partially wrapped around the nucleosorhi”
so as to lead to a permanent, or easily induced unidirectionam_kn is then given by o

curvature of the DNA. This curvature, in turn, was thought

to facilitate wrapping around the nucleosome (see Trifonov, ALk, = LK" — Lk, (6)
1985, for a review). Subsequently, the existence of bent
DNA was experimentally demonstrated (Marini et al., Four DNA minicircles have led to a meatik, = —1.1

1982), as were Trifonov and Sussman (1980) prediction§+0.1) (Zivanovic et al., 1988; Hamiche et al., 1996a).
(Drew and Travers, 1985). From this it became clear that thénterestingly, whereas the other minicircles gave rise to
exact spacing between AA and TT dinucleotides, respecequilibria between two mononucleosome forms, the 359-bp
tively, and more generally between short (A, T) and (G, C)minicircle generated a single form corresponding to topo-
runs (Drew and Travers, 1985), was to provide anotheisomer—1 (topo —1, of ALk = —1; see Eq. 5). Consis-
estimate forh,. in the nucleosome. Such “sequence” peri-tently, the nucleosome reconstituted on tepb (mono—1)
odicity is in essence identical to the above “digestion”remained unaffected by incubation with the topoisomerase.
periodicity: the (G, C) runs that were found to face out justThis indicated the complete relaxation of the mord
replace the arrows in Fig. 1. external loop, consistent with a linking number difference in
As shown in Table 1h,,. estimates are spread over a the loopALk = ALk — ALk, = 0, and therefore witiALk,,
wide range (9.7-11 bp/turn), even if most of them are(in the open state —1 (Zivanovic et al., 1988).
between 10.2 and 10.3 (the mean of all values is 10.24) and Such a result was not significantly different from that
do suggest some amount of overtwistig, { < 10.35 and  obtained with the SV40 minichromosomalk = —1 per
h.w < 10.5). But there is an additional uncertainty at thenucleosome). However, this result could now be correlated
level of the histone surface, which has no reason a priori tavith the exact DNA path within the particle and in the
be the perfect cylinder depicted in Fig.bl The surface external loop. Electron microscopic examination of chro-
could be convex (Fig. t) or concave (Fig. M), in which ~ matin reconstituted on 359-bp tope2 (Fig. 2) revealed a
cases differenh,,. values would be obtained for a unique nucleosome occupying two alternative states. In the open
hi. = 10.5 bp/turn of wrapped DNA (see legend to Fig. 1). state {nset 1, the loop does not cross apd~ 1.4; in the
At the time the data were collected, no structure, includingclosed stateifiset 9, the loop crosses almost at a right
the octamer structure of Arents et al. (1991) and the subsengle, andw ~ 1%4. These two states were found to be in a
guent core particle reconstruction by simulated DNA dock-salt-dependent equilibrium. The chromatin shown in Fig. 2
ing (which only required the number of base pairs betweeris in 10 mM monovalent salt, and mononucleosomes of the
adjacent DNA binding sites to be an integer, 10 or 11;two species are in approximately equal proportions. In 100
Arents and Moudrianakis, 1993), could clarify this dilemmamM NacCl, in contrast, most of the nucleosomes showed the

(but see below). closed conformation. (The same behavior was observed for
dinucleosomesirfsets dande in Fig. 2).) This presumably
A NUCLEOSOME ON A DNA MINICIRCLE originates from the correlative decrease in the electrostatic

repulsion between entering and exiting DNAs. The increase
In this chromatin system, which was initially developed inin |ALk| as a consequence of the salt-induced increase in the
the author’s laboratory as an alternativeg, measure- twist of loop DNA should also favor the closed conforma-
ments, a single nucleosome is reconstituted on a DNAion, but its actual value;-10%, is too small to explain the
minicircle of ~350 bp (Goulet et al., 1988). The associatedeffect observed. Interestingly, this dual conformation was
ALk (ALk,) is measured as described above for thenot found for mono—1, which remained in the open state
minichromosome (Zivanovic et al., 1988). A naked topo-under both salt conditions (Zivanovic et al., 1988).
isomer is first relaxed with topoisomerase | to give no more Higher salt conformations of 359-bp monrol and—2,
than two adjacent topoisomers at the most in an equilibriuntogether with the conformation of mono 0, are schematized
distribution. (The small number of topoisomers is due to then Fig. 3. Mono 0 and-2 show the closed state, wiih~
low flexibility of a minicircle under thermal fluctuations.) 13 expected from the core particle crystal structure (see
(Lk) = Lk, can be calculated from the relative amounts ofabove). In contrast, mone1 is in the open state, with ~
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FIGURE 2 Electron micrographs of 359-bp
topo —2 reconstituted with histone octamers
and spread at low ionic strength. Unreacted
naked DNA @rrowhead$, nucleosome mono-
mers gingle arrow3, and dimers&rrow dou-
blety are marked. Insets display enlargements
of naked DNA @), crossed ¢ and €) and :
uncrossed i{ and d) nucleosome monomers
and dimers, respectively. Bars 100 nm and
~300 bp fop) and 10 nm and-30 bp {nsety.
Negatives are shown.

1.4. As already mentioned\Lk;, = O in mono —1, which This result alone—a single negative crossing associated
means that all of the topoisomer linking differened k = with a unit linking number reduction—provided the sim-
—1) is taken up by the nucleosome. In contradtk, of +1  plest possible outcome, i.e., the paradox did not exist in the
and—1 remain in the loop of mono 0 and2, respectively, first place. However, reviewers of the paper submitted at
as confirmed by their conversion into mordL upon incu-  that time were not happy with it, and required a more
bation with the topoisomerase (Zivanovic et al., 1988)k, quantitative answer. For this, the nucleosome on its mi-
helps the loop to rotate around the dyad aRiswhich  nicircle was simulated by a model in which one part of the
results in a positive or negative node (see legend to Fig. 3DNA was wrapped around a cylinder into a left-handed
ALk, in fact, appears to act in concert with histone-DNA superhelix, and the other part, the loop, was free to vary in
interactions at the core position to stabilize the closed statboth flexion and torsion (Le Bret, 1988). Fig. 4 shows the
of the nucleosome, consistent with an increase in loop DNAotal writhe, Wr, computed for the most probable confor-
bending forces in that conformation. This is in contrast tomation of the minicircle, as a function of. When v in-

the case of a “linear” nucleosome, in which histone-DNA creases from 1 to 1.4¥r remains equal te-1 and the loop
interactions alone suffice to maintain the closed conformakeeps an open conformation (the open stiaset §. Upon

tion (see below). (An insight into the probable nature of thefurther increase i, Wr decreases rapidly to reach a plateau
differences in histone-DNA interactions between open andegion atWr = —1.7. At the same time, the loop rotates by
closed states will be given below, when we consider thea negative angle around the dy&y,and eventually crosses
high-resolution crystal structure of Luger et al. (1997).) Ainto a negative node (the closed stateset §. Note that the
crossed loop and larger wrapping in mono 0 and are  loop is relaxed in all of these conformations, and that its
confirmed by their faster migration upon gel electrophoresigotation is driven by the increase inand not byALk, as in

compared to mone-1 (Zivanovic et al., 1988). In conclu- mono —2 in Fig. 3. The midtransitionWr = —1.35) is
sion, these results demonstrate that the most probable loopached at = 1.6 when the loop plane is parallel to the
conformation is open, and thatl k, = —1.1 is associated superhelix axisS (inset . Interestingly, thisVr-versust

with v ~ 1.4. curve, which was later confirmed by Zhang et al. (1994),
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Wr M'_d

Topoisomer

(359 bp) -2 -1.5 -
FIGURE 3 Schemes of loop conformations in circular mononucleo-
somes. In mono-1, the loop is relaxed and its plane is approximately
perpendicular to the DNA superhelix ax,In monos—2 and 0, the loop 3
has rotated around the dyad axi3, by a negative or positive angle, 1
forming a negative or positive node. These rotations are triggered by the 4 *
residual linking differences in the loops (see text). Note that exiting DNA 12 15 \)(turns) 20
(arrow) is above and remains above in the negative crossing (madt)o

whereas it goes below in the positive crossing (mono 0). The rotation anglg|GURE 4 Computed writheWr) of the most probable conformation of
shown is close to 180°. The loop and the DNA superhelix are considereghe DNA minicircle partially wrapped inte turns of a superhelix around
as two independent topological domains delimited by the clamping of thehe nucleosome. Data points were taken from Le Bret (1988). Loop
DNA to the histones at the 1.4-turn positions. A second clamping close tqonformations atr ~1.4 (@), ~1.6 (), and~2 (c) are shown. The loop
the 1.75-turn positions must occur in the closed conformation in meho  plane is perpendicular to tt&axis ina andc, and parallel to this axis ih.

and perhaps in mono 0.

A CORE PARTICLE STRUCTURE AT

HIGH RESOLUTION
was not found to depend much on the particular values used . )
for the DNA persistence length or the twisting flexibility This Iong-awalted. crystall structure (Luger et al., 1997)
coefficient (Le Bret, 1988), and the curve would presum_offers an opportunity to bring thg above model to a test. The
ably not be much disturbed by deformations of the histoné:)NA fragmgnt used was an inverted rep?a‘ of a 73-bp
surface such as those depicted in Fig. 1. Fe¢ 1.4, one sequence with a dyad axis of symmetry going thrpugh the
obtainsWr ~ —1.0 (Fig. 4) andATw (the potential twist middle of the two central ba;e palrs.'Such a pal!ndromlc
alteration upon wrapping} ALk, — Wr (see Eq. 1y —0.2 sequence apparently helped in growing better diffracting
to —0.1. (Note thanTwis for the whole minicircle, but that crystals. However, the .tWOfOId symmetries of the sequence
the contribution of the relaxed loop tdTw is zero.) and of the octamer did not perfectl'y. mgtch egch other,

The lower part of the curve in Fig. 4 (the closed state Ofbecause the octamer preferred to position itself with its dyad

h | h so b lored b At on one of the two central base pairs rather than in between.
the nucleosome) has also heen explared by measaiig This led to the two halves being of unequal lengths, 72 and

for a two-turn H5-containing nucleosqme (Zivanovic e_t al., 73 bp, respectively (excluding the base pair on the dyad). As
1990). Although -mono—l showed virtually no crossing consequence, a given sequence motif in the 72-bp half
under electron microscopy (see above), a crossing occurr&gly |4 have a 1-bp deficit in its distance from the dyad and
after HS binding. At the same time, the gel electrophoretiGy, jis positive twist around the double-helix axis, compared
mobility increased, consistent with a larger DNA wrapping. i the same motif in the 73-bp half. It turned out that a
Topoisomerase relaxation now led &k, between—1.6  siretching-overtwisting occurred, spread over a 12-bp re-
and —1.65. From Eq. 1, and with a theoretiadlr = —1.7  gion of the 72-bp half, which compensates for those deficits.
for v = 1.75 (Fig. 4), one obtaindTw = +0.05t0+0.1.  As a result, the twofold symmetry was essentially restored
SuchATw = —0.2 to +0.1, when compared to an ex- peyond 23 bp from the dyad and down to the DNA terminus.
pected ATw of +0.7 (see above) or-0.56 (White and An objective way of measuring local periodicity in this
Bauer, 1989), makes a strong case against the “overtwisktructure is by considering the bases that are in closest
ing” model. They actually indicate that DNA wraps around proximity to an arginine side chain inserted into the minor
the octamer with little, if any, positive torsional constraint, groove (“colored bases” in figureldin Luger et al., 1997).
that is, with anh,,,, close to that of DNA free in solution These bases can be conveniently identified by reference to
(10.5; bp/turn under relaxation conditions; see above). Thighe nearest crossing in the small groove (for the superhelix
conclusion does not exclude local twist variations, but rewiewed along its axis), i.e., by a fractional superhelix loca-
quires these variations to approximately compensate oveion (SHL) number. In the SHL terminology, integral num-
the length of nucleosomal DNA. bers correspond to crossings in the large groove, with SHLO
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on the dyad. Table 2 gives the spacings separating thegsee Luger et al., 1997, figures to be considered in open
bases on the two strands and the cumulated spacings band closed states are therefore 10.27 (at SHBY2) and
tween opposite SHL numbers,,. are then obtained by 10.23 (at SHL* 6%2).
dividing cumulated spacings by the corresponding segment Entering the new dimensions of the DNA superhetix(
numbersh,, are the same for the two strands and decreasd1.8 A andp = 23.9 A in Luger et al. (1997); against 43 and
regularly from 10.43 at SHI= 3%z to 10.23 at SHL+ 6% 27 A, respectively, reported by Richmond et al. (1984) and
(Table 2). Very similarh,,. values were obtained when used by Le Bret (1988)) in Eq. 4, one obtams, = 10.40
spacings were measured instead between integral SHL nurand 10.36 in open and closed states, respectively. (This
bers (figure 1d in Luger et al., 1997; not shown). This represents an increase of 0.13 owgr, compared to 0.15
identity shows that the angular orientation of “coloredwith former superhelix parameters. The new parameters
bases” about the double helix axis does not vary along thevould also alteiVr values in Fig. 4, but only very slightly;
path of the superhelix, and therefore that no “concave” bia®. Swigon, personal communication.) This results in
of the type schematized in Fig.d takes place, at least in ATw = +0.14 and+0.22 in open and closed states, as
this particular nucleosome. calculated from Eq. 2 withh = h;,; — 10.53 and\,, = 117

In the structure of Luger et al. (1997), most distal histone-and 133+ 4 = 137 bp, respectively. If these overtwistings
fold contacts with DNA occur with H2A-H2B at SHI=  fall short of that needed in the “overtwisting” explanation of
5%2. These SHLs encompass a single-stranded DNA lengtthe paradox £Tw = +0.56 to +0.7; see above), they are
of 113 nucleotides (Table 2), i.e., a double-stranded lengtlalso larger (by~0.1) than the maximum value of0.1
of 113 + 4 = 117 bp when the staggering of “colored permitted in the minicircle system. It is interesting to note
bases” in one strand relative to the other is taken intdhat this excess overtwisting is the result of the 1-bp stretch-
account. This 117-bp figure is close to estimates of théng-overtwisting in the 72-bp half referred to above.
length of wrapped DNA in the open state, 115 and 109 bp, The 73-bp half clearly has a lower free energy than the
which were obtained, respectively, by electron microscopy72-bp half, because the 72-bp half tends to adopt the 73-bp
from the distribution of the angles between entering anchalf conformation, rather than the other way around. A
exiting DNAs in 359-bp mono-1 (Zivanovic et al., 1988), lower stability of the 72-bp half is also evident in view of
and from DNA thermal flexibility measurements (Hamiche the high energy cost of stretching-overtwisting, because
and Prunell, 1992). This, in turn, strongly suggests that thetretching is rather the consequence of undertwisting (as
open state results from the breakage of DNA interactions abbserved with intercalating drugs, such as ethidium bro-
SHL = 6%z with the so-called histone-fold extensions of H3 mide; Coury et al., 1996). As a consequence, a palindromic

TABLE 2 Local periodicities (h,,.) measured from the core particle high-resolution crystal structure of Luger et al. (1997)

72-bp half 73-bp half
72-plus 73-bp halves*

Brown strand
SHL —6%2 —5Y% -4y,  —3% —2Y%> —1% ¥ 0 +¥2 +1%2 +2%> +3%2 +4%>  +5% +6%2
Spacing (bp) 10 10 10 11 10 9 4 7 10 10 12 10 10 10
SHL ¥ +1%2 +2Y2 +3Y2 +4Y> +5%> +6Y2
Spacing (bp) 11 30 50 73 93 113 133
hoc (bp/turn) 11 10 10 10.43 10.33 10.27 10.23

Turquoise strand
SHL —6%2 —5% —4%> 3% —2Y> —1% =% 0 +¥2 +1% +2Y2 +3%2 +4%> +5% +6%2
Spacing (bp) 10 10 10 12 9 10 7 4 9 10 12 10 10 10
SHL ¥ +1%2 +2Y2 +3Y2 +4Y> +5%> +6Y2
Spacing (bp) 11 30 49 73 93 113 133
hoc (bp/turn) 11 10 9.8 10.43 10.33 10.27 10.23

2 x 73-bp halved

Brown strand
SHL —6%2 —5% —4%> 3% —2Y> —1% =% 0 +¥2 +1% +2Y2 +3%2 +4%> +5% +6%2
Spacing (bp) 10 10 10 12 10 9 4 7 10 10 12 10 10 10
SHL ¥ +1%2 +2Y2 +3Y2 +4Y> +5%> +6Y2
Spacing (bp) 11 30 50 74 94 114 134
hoc (bp/turn) 11 10 10 10.57 10.44 10.36 10.31

*Spacings were measured by counting the number of base pairs between bases closer to arginine side chains inserted into the minor grooveegtolored bas
in figure 1bin Luger et al., 1997). These bases are referred to by fractional superhelix location (SHL) numbers (see text). SHLO (bold) corresponds to the
base at the dyad position. For the counting, bases delimiting the segments are shared equally between adjacert gegahergsare obtained by dividing
cumulated spacings by the corresponding number of segments.

#The brown strand of the symmetrized<273-bp superhelix is obtained by juxtaposing brown and turquoise strands of the 73-bp half. The turquoise strand
can be similarly obtained, and obviously leads to the shmeas the brown strand (not shown).
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sequence composed of the two 73-bp halves plus 1 bp in theualized by scanning transmission (Hamiche et al., 1996b)
middle (total length= 147 bp) is expected to form a stable and cryoelectron microscopies (followed by 3D reconstruc-
nucleosome with thh,. figures of the symmetrized particle tion in this latter case) (Furrer et al., 1995), showed a closed
(10.36 and 10.31 in open and closed states, respectivelgtate-like wrapping of~1.7 turns, as expected. However,
Table 2). This would lead t&ATw = +0.04 and+0.11, entering and exiting DNAs did not cross, but rather bent
respectively, in good agreement with predictions of theaway from each other and from the nucleosome surface at
minicircle system. In contrast, the symmetrized particlethe entry-exit point (Fig. &), presumably as a consequence
made of the two 72-bp halves (145 bp total) should be lesef DNA-DNA electrostatic repulsion. The extension of this
stable, and may not form if given the choice betweenresult to nucleosomes in a fiber seems natural, especially in
different sequences in competitive reconstitution experiview of the numerous observations of such uncrossed link-
ments. Consistent with these notions, Luger et al. (1997grs in H1/H5-free chromatin (see, for example, Thoma et
report that the location of the region of stretching-overtwist-al., 1979; Noll et al., 1980). At the time of these observa-
ing may not be attributed to histone-DNA interactionstions, however, it was not clear whether the stretching
within the flanking sequence, but rather to the strength oforces exerted during chromatin adsorption on the grid were
the interparticle contacts between DNA termini. The au-responsible for these uncrossed conformations.
thors do not mention whether this qualification could also
apply to the very existence of that region. A failure of .. )
stretching-overtwisting to occur in solution neverthelessm/ H5-containing chromatin
remains an open possibility. In the presence of H1/H5, chromatin undergoes a strong
In summary, even with stretching-overtwisting, this first compaction, which has made the nucleosome arrangement
high-resolution structure shows a DNA overtwisting that isas well as the DNA path hard to define. As a consequence,
markedly too small (2.5- to 3-fold) to explain the paradoxit is not clear why the linker histone-induced increase in
according to the “overtwisting” hypothesis. The confirma- |ALK| observed for nucleosomes on DNA minicircles does
tion of stretching-overtwisting in solution would leave an not occur in minichromosomedlk = —1 per nucleosome,
excess overtwisting of-0.1 relative to higher overtwisting regardless of the presence or absence of the linker histone;
estimates in the minicircle system. A straightforward expla-Germond et al., 1975; Stein, 1980; Morse and Cantor,
nation for this discrepancy could be a true variatiornjn ~ 1986). In the hope that a clue to this discrepancy lay in the
from one nucleosome to another, as scattered figures ifine structure of entering and exiting DNAs, linear mono-
Table 1 would suggest (see above). However, recentucleosomes were reconstituted with engineered H5s that
progress in our understanding of the system will probablyhad variously trimmed C-terminal tails. The resulting par-
lead to a reevaluation of DNA overtwisting in minicircle
nucleosomes. The use of a series of minicircles with unique
sequence anhl increasing by 1-bp increments from 351 to
366 bp has uncovered a significant dependencklLsf, on
N. ALk, periodically oscillates between extremes-61.0
aroundN = 350 and 360 bp, and 1.45 around 355 and 365
bp. Modeling of these oscillations, which presumably re-
flect the nucleosome ability to thermally fluctuate between
open and closed states, will allow us to further refixiek,
estimates for the two states (F. De Lucia, M. Alilat, A. Sivolob,
J. Cohen-Solal, and A. Prunell, manuscript in preparation). a b c

+GH5 +H5

NUCLEOSOMES IN CHROMATIN +H1/H5

Before concluding thaALk = —1 per nucleosome in chro-

matin (see above) can similarly be explained by a failure of

the linkers to cross, it is useful to separately address the d
issues of H1/H5-free and H1/H5-containing chromatins.

FIGURE 5 Schemes of linker histone-dependent DNA structure in
mononucleosomes and the chromatin fiber. In the absence of H5, DNA
H1/H5-free chromatin wraps~1.7 turns around the octamer, but exiting and entering DNAs do
not cross, because of their bending away from each otherli§ the
If the open state of the nucleosome does reflect an attemptesence of H5 globular domain (GHS), wrapping increases to almost two

to minimize the bending free energy within the topological turns, but DNAs still do not cross, because of an accentuation of the bends

. L g b). An H5 C-terminal tail connects the DNAs, forming-a30-bp-long
constraints of .the minicircle, then this open S_tate ShOU'O_' noitem €). Linker DNA parallel arrangement in the zigzag model of the
be observed in mononucleosomes reconstituted on lin€ay1/Hs_containing 30-nm chromatin fibed)( No effective crossing of the

250-350-bp fragments. Such mononucleosomes, when Viinkers occurs.
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ticles were visualized by electron microscopy, and the H5stem in chromatin, contrary to expectations from the mi-
induced shift in their electrophoretic mobility, which was nicircle system, can assemble without winding, and disas-
found to depend on nucleosome position relative to thesemble without unwinding of the two constitutive duplexes
fragment ends, was carefully analyzed (Hamiche et al.around each other. These features are simply explained if, as
1996b). The following conclusions could be reached: 1) H5already mentioned, the two duplexes in the stem remain
globular domain (GH5) increasedrom 1.7 to 1.8-1.9, but unwound, because of the specificity of H3 tail-mediated
entering and exiting DNAs still failed to cross, because ofnucleosome interactions.
an accentuation of the bends (Fig.bh Only the H5 C- In conclusion, this discussion suggests thiak = —1 per
terminal tail was able to efficiently counteract the repulsionnucleosome in minichromosomes also reflects a failure of
of the DNAs, bridging them together into a stem over anucleosome entering and exiting DNAs (the linkers) to
distance proportional to its lengthy30 bp for the full-  cross. The increase in wrapping over the 1.4 turns of the
length tail (Hamiche et al., 1996b) (Fig.cp. A subsequent open state in the minicircle system, up to the bridging
study showed that the H5 tail also induces a stem in circulatogether of adjacent linkers into a stem in the H1/H5-
mononucleosomes, which was accompanied by an increasentaining fiber, is indeed expected to be topologically
in |ALK| proportional to its length (Hamiche et al., unpub- neutral, i.e. ALk remains equal te-1, as long as no effec-
lished data). These results indicate that the two DNA du+ive crossing is produced.
plexes in the stem wind negatively around each other, the
half-turn winding, and therefore the effective crossing, be-
ing reached only with the full-length H5. NUCLEOSOME DYNAMICS: CONFORMATIONAL

The observation of a stem in native H1-containing trinu-FLEXIBILITY OF THE (H3-H4), TETRAMER

cleosomes (Bednar et al., 1995) suggests its ubiquitoug . . o -
: : S enetic expression and replication and DNA repair in eu-
character. A stem is consistent with zigzag models of chro-

. . ) . . . _caryotic cells require the nucleosome to be a dynamic
matin superstructure in which H1 is located in the fiber tructure. It has long been thought that this dynamic should

mtenor (Gramano ?t al, 1994; Zlatanova et al., 1994) ancﬁe mediated by the tripartite organization of the histone
straight linkers project out from the nucleosomes (Staynov

bctamer made of a (H3-H4jetramer flanked by two H2A-

1983; Williams et al., 1986; Bordas et al., 1986; Woodcock . . . . i
et al. 1993: Horowitz et al., 1994: Pehrson, 1995: VanHZB dimers (Eickbush and Moudrianakis, 1978). Thermo

Holde and Zlatanova, 1996). The question, then, is: Do ste dynamics studies have shown that the forces holding the

DNAs also wind around each other in the superstructure.etramer and the dimers together were of a different nature

Two lines of evidence suggest that they do not, but areEand much stronger than the forces linking the dimers to the

instead simolv iuxtaposed parallel to each other. as depicte tramer, despite the extensive dimer-tetramer interface
in Fig. 5d Py P P ’ P éaxevanis et al., 1991). This point is illustrated by octamer

First, an H5-induced increase iALk| similar to that disassembly into a tetramer and two dimers below M

observed with mononucleosomes does take place .salt. Two main observations suggested that this lability of

. MoA-H2B dimers played a physiological role: first, the
m|n|.chromosomes', bUt .only at lower nucleosome der]Sltyexistence of a deficit in H2A-H2B within nucleosomes
(Stein, 1980). Th.|s |nd|cat§s that.such nucleosomes Ca(r;riginating from transcriptionaly active chromatin (Baer
rotate around their dyad axis relative to one another upon - Phodes 1983); second, the exchange of H2A-H2B, but

H5 binding, whereas that rotation is hindered at higher : ; . S
. . . - ot of H3-H4, with the intranuclear histone pool during in
density because of nucleosome interactions. (The reality of. L i

) . : - .~ Vivo transcription (Louters and Chalkley, 1985; Schwager
these interactions is supported by the low thermal flexibility

of DNA in H1/H5-free chromatin (or the poor ability to et al., 1985; Jackson, 1990). These data prompted an inves-

untwist upon an elevation of the temperature) (Morse ancﬁ'gatIon of the topological properties of the (H3-Bdpt-

Cantor, 1985), as opposed to a high DNA thermal flexibility [2€"> Using the concepts and methodology developed for

. S . the octamer (Hamiche et al., 1996a).

in nucleosomes on DNA minicircles (Hamiche and Prunell,

1992).) The second piece of evidence is provided by a direct

measurement by flow linear dichroism of the angle of the.l.h .
. , . e observation

nucleosome flat faces relative to the fiber axis. Complete

trypsin digestion of H1/H5 tails in native fibers from Fig. 6 compares the electrophoretic mobility of 10 topoiso-

chicken erythrocytes was found not to significantly modify mers ALk (see Eq. 3)= —1 to +1.2) originating from

this orientation (the dichroism remained positive), although351-359-bp minicircles, before (Fig.4 and after (Fig. 6

the expected decompaction was observed by light scatteB) reconstitution with the tetramer. Topoisomers closer to

ing. In contrast, nucleosome orientation changed (the direlaxation are slower, as expected, whereas more super-

chroism turned negative) and presumably became randorepiled topoisomers are faster, unlike the; Marticles, the

when H3 tails began to be digested (Makarov et al., 1984mobility of which does not vary much. This, in turn, is

Dimitrov et al., 1986). In addition to raising interesting consistent with a unique histone stoichiometry in the parti-

questions regarding the exact nature and geometry of sudie (a single tetramer, as estimated by histone quantitation

nucleosome interactions, these observations suggest that thed sedimentation velocity experiments). Reconstitution is
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FIGURE 6 Supercoiling-dependent formation of the particle. Autoradiograms of gel electrophoretic patterndldt = —1, 0, and+1; —0.8, +0.2,

and +1.2; —0.5 and+0.5; and—0.2 and+0.8 topoisomers of 359, 357, 354, and 351 bp DNA minicircles, respectively, befpranfl after B)
reconstitution with (H3-H4)tetramers. OC, Open circular DNACY Topoisomer fractions in the Mband, divided by the corresponding fraction obtained
for topo +0.2, were plotted as a function dfLk. Data were derived from the gel i& and four additional, independent experiments. The curve is a
fifth-degree polynomial.

minimal for topoisomers closer to relaxation, and increasesenter. The left-handedness of this superhelix is further
with negative and positivé\Lk (Fig. 6 C). This increase described as resulting from the clockwise rotation of the two
with negativeALk was expected, because it is also observedrescent-shaped H3-H4 dimers relative to each other around
with the octamer and simply reflects the relief of the freethe H3-H3 interface (Fig. 7eft). The switch to the right-
energy of supercoiling upon wrapping into a left-handedhanded superhelix has been proposed to occur through a
superhelix (Goulet et al., 1988). The increase in reconstitulocal deformation of the H3-H4 dimers, resulting in a rota-
tion with positiveALK, in contrast, is not observed with the tion in the reverse, counterclockwise direction around the
octamer, and must originate from a major structural transiH3-H3 interface (Fig. 7right) (Hamiche et al., 1996a).

tion of the DNA on the particle.

Predictions

The model Because DNA crossing polarity is not usually recognized

This transition could reflect a change either in the writhe orunder classical electron microscopyy Marticles formed on

in the twist of the wrapped double helix (or a combinationpositive and negative topoisomers (i.e., their DNA path)
of the two). In the first hypothesis, the left-handed super-should be undistinguishable. Electron micrographs in Fig. 8
helix would become right-handed, whereas in the secondshow that naked tope-1 and +1 in higher and lower
the double helix would overtwist within the frame of the galleries, respectively, are open as expected, whereas
left-handed superhelix. Although both types of transitionsM{(—1) and M(+1) are crossed (median and lower gal-
can relieve the topoisomer positive linking difference (andleries). Both particles exhibit a small hollow loop, which
facilitate particle formation), a switch of the superhelix presumably contains all of the protein and a large external
handedness is expected to be more efficient than overtwisteop. Their contour length is the same as that of naked
ing in doing this, particularly when it is realized that such DNA, indicating the absence of the hidden turn observed in
overtwisting would have to be spread over onty0 bp of  nucleosomes reconstituted on the same tepb (upper
DNA (the length wrapped around the tetramer; see below)gallery). Given the circumference of the small loop and the
A change in the superhelix handedness is also supported igean DNA crossing angle;0.7 turn and~60 bp of DNA

the overall shape of the tetramer within the octamer crystalvere estimated to wrap around the tetramer, a value in
structure (Arents et al., 1991). This tetramer resembles &eeping with the length~70 bp) protected against micro-
twisted horseshoe forming 0.75 turn of a proteinaceougoccal nuclease digestion (Read et al., 1985; Dong and van
left-handed molecular superhelix, with a large cavity in theHolde, 1991). The DNA appears therefore to simply follow
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reason is that the S-S bridge, which is known not to hamper
Right nucleosome formation (Camerini-Otero and Felsenfeld,
' 1977), is located on the dyad axis (Daban and Cantor, 1982;
Wang et al., 1994) right at the point of the putative rotation
between the two H3-H4 dimers. The experiment showed
that cross-linked tetramers resulting from oxidation in the
presence of Cu(ll) (1,10-phenanthroline) reconstitute
M+(—1) and M (+1) with an efficiency similar to that of
nonoxidized tetramers (Hamiche et al., 1996a).
FIGURE 7 Model for tetramer conformational transition. The tetrameris It iS noteworthy that these observations, although consis-
shown as a left-handed ramipeff), in which the sectors formed by H3-H4 tent with the model in Fig. 7, do not bear on the issue of
dimers are off the dyad-containing plane by 15° each in the clockwisetetramer change in geometry, for which direct support has
directiqn (Arents et al., 1991). The S-S disu.lfide on thPT qyaq axis bridgesrecenﬂy been obtained. The introduction of a steric hin-
Cys'®in the two H3s. Tetramer conformgtlonal transition is thought to drance in the dyad region of the tetramer by the linking of
occur through a local structural deformation of the two H3-H4 dimers, . T
resulting in a rotation in a counterclockwise direction around the H3/H3PUIKY adducts to Cys®residues before reconstitution was
interface, or the S-S bridge, to give a right-handed molecular superhelifound to block the DNA-tetramer complex in the right-

(Righ)). H2A-H2B dimers can cap the left-handed tetramer to assemble thqyanded conformation (unpublished results).
octamer, but not the right-handed tetramer.

the helical ramp, either left-handed or right-handed, of theEnergetics of the transition

protein. Such a 0.7-turn wrapping is at variance with theA close examination of the curve in Fig. 6 shows that
~1.5 turns obtained in other laboratories (Read et al., 1985%econstitution increases immediately with negative super-
Dong and van Holde, 1991; Hayes et al., 1991), which mayoiling, as expected, but that the increase with positive
reflect the stacking of two tetramers into pseudooctamersupercoiling is delayed and starts onlyAdtk ~ +0.5. This
(Baxevanis et al., 1991; Flaus et al., 1996). (Type Il parti-suggests that some energy is required to trigger the DNA-
cles in median and lower galleries probably originate fromtetramer complex into the right-handed conformation. This
such a stacking; see legend to Fig. 8.) energy can be calculated from the free energy of supercoil-

A second prediction of the model is that the transitioning of topo +0.5, ~1.5 kcal/mol (Horowitz and Wang,
may still occur after the cross-linking of the two H3s 1984). Subsequently, reconstitution increases at the same
through a disulfide (S-S) bridge between two EYsThe  rate as with negative supercoiling, futher suggesting that all
positive topoisomers use the same fraction of their energy to
trigger the transition, the remaining energy being used for
wrapping. These features therefore imply that the DNA-
tetramer complex is more stable in the left-handed confor-
mation. This was confirmed by the spontaneous conversion
of M{(+1) and M (+1.2) into My(—1) and M(—0.8),
respectively, upon incubation with topoisomerase |I. A re-
markable aspect of the transition is its low energy (1.5
kcal/mol is only 2.5 timedRT), which in turn implies that
DNA thermal fluctuations should be able, at least at their
peak value, to trigger it. In fact, the presence of minor,
although significant amounts of positive topoisomers in
relaxation equilibria of M particles reconstituted on nega-
tive topoisomers (Hamiche et al., 1996a) is a direct confir-
mation of this expectation.

CONCLUSIONS
FIGURE 8 Electron micrographs of reconstitution products of 359-bp - - . .
topos—1 and+1 with histone octamers and tetramers spread at low ionicTe"‘rarner blndlng aﬁmlty for both neQathEly and posmvely

strength. Representative molecules are shown. Higher, median, and low&Upercoiled DNA had previously been observed with plas-
galleries: topoisomer-1 reconstituted with octamers (Yl and tetramers ~ mids (Jackson, 1995). The affinity for negatively super-
(M), and topoisomert1 reconstituted with tetramers (Y] respectively.  coiled DNA was explained by the DNA left-handed wrap-

DNA: Naked topoisomers. Il: Nucleosome-resembling particles presu'ma-lrr.)ing around the histones, whereas the affinity to positively
ably made of two or more tetramers stacked on top of each other. Typic . . .

percentages were 30-35%, 50%, and 15-20% for DNA.a¥id type Il supercpllgd DNA Was'lnterpreted as a reflection of DNA

particles, respectively, for both toposl and +1. Bars= 20 nm and ~ Overtwisting on the histone surface. It was argued that

~60 bp. positive supercoiling, in overtwisting the DNA, facilitated
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the reconstitution by relieving the histones from doing soCozzarelli, N. R., T. C. Boles, and J. H. White. 1990. Primer on the

; it topology and geometry of DNA supercoilingy DNA Topology and Its
(bUt See. .above)' The aplvantage of a tetramer with an afflmw Biological Effects. N. R. Cozzarelliand J. C. Wang, editors. Cold Spring
for positively supercoiled DNA was nevertheless recog- Harbor Laboratory, Cold Spring Harbor, NY.

nized. Such a tetramer could sustain the positive supercoikyick, F. H. . 1976. Linking numbers and nucleosonfsc. Natl. Acad.

ing wave pushed in front by the polymerase (Liu and Wang, Sci. USA73:2639-2643.

1987), whereas H2A-H2B would be destabilized and re-Daban, J.-R., and C. R. Cantor. 1982. Role of histone pairs H2A, H2B and
leased (see above). The tetramer could then serve as #3, H4 in the self-assembly of nucleosome core particledol. Biol.

. . . 56:771-789.
nucleation site for nucleosome regeneration under the ne%-imitrov S.1..T. M. Apostolova, V. L. Makarov, and I. G. Pashev. 1986

ative supercoiling wave pulled behind by the polymerase chromatin superstructure. A study with an immobilized trypSiEBS
(Jackson, 1993, 1995; Jackson et al., 1994). The model of Lett. 200:322-326.

Fig. 7 reinforces this view in explaining the basis for tet- Dong, F., and K. E. van Holde. 1991. Nucleosome positioning is deter-
ramer affinity for positively supercoiled DNA. Moreover, ~Mined by the (H3-H4) tetramer. Proc. Natl. Acad. Sci. USASS:

e . 10596-10600.
the observed loss of affinity of H2A-H2B dimers for the _ o -
ight-handed tet Fio. 7) directl ts th Drew, H. R., and C. R. Calladine. 1987. Sequence-specific positioning of
right-handed tetramer (see Fig. 7) directly supports the” ;e histones on a 860 base-pair DNA. Experiment and thdomtol.

possibility that H2A-H2B successive release and reassocia- Biol. 195:143-173.
tion is accompanied by a switch of the tetramer from onebrew, H. R., and M. J. McCall. 1987. Structural analysis of a reconstituted
conformation to the other, the two events being possibly DNA containing three histone octamers and histone H5ol. Biol.
. . ’ : o 197:485-511.
mechanically linked. Tetramer conformational flexibility

. - S . Drew, H. R., and A. A. Travers. 1985. DNA bending and its relation to
may also have a role in transcriptional initiation and in ™ 4eosome positioningl. Mol. Biol. 186:773-790.

replication, and more generally in many processes deperb'uband-GouIet, I., V. Carot, A. V. Ulyanov, S. Douc-Rasy, and A. Prunell.

dent on the dynamics of the nucleosome in vivo. 1992. Chromatin reconstitution on small DNA rings. IV. DNA super-
coiling and nucleosome sequence preferenteMol. Biol. 224:
981-1001.
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