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SUMMARY

Using magnetic tweezers to investigate the me-
chanical response of single chromatin fibers,
we show that fibers submitted to large positive
torsion transiently trap positive turns at a
rate of one turn per nucleosome. A comparison
with the response of fibers of tetrasomes (the
[H3-H4]2 tetramer bound with !50 bp of DNA)
obtained by depletion of H2A-H2B dimers sug-
gests that the trapping reflects a nucleosome
chiral transition to a metastable form built on
the previously documented right-handed tetra-
some. In view of its low energy, <8 kT, we pro-
pose that this transition is physiologically rele-
vant and serves to break the docking of the
dimers on the tetramer that in the absence of
other factors exerts a strong block against
elongation of transcription by the main RNA
polymerase.

INTRODUCTION

The genome of higher eukaryotes is folded into chromatin,
whose repetitive motif—the nucleosome—is a nucleopro-
tein complex with !160 bp of DNA wrapped around
a (H2A, H2B, H3, H4)2 histone octamer (van Holde,
1988). Chromatin structure is dynamic, and this property
is essential for DNA transactions such as transcription,
which correlates with decompaction of the fiber and alter-
ations at the nucleosome level. In particular, core particles
prepared from transcribed chromatin display a deficit of

H2A-H2Bdimers (Baer andRhodes, 1983), and a selective
dimer exchange with the histone pool was observed in
actively transcribed regions (Louters and Chalkley 1985;
Schwager et al., 1985; Pfaffle et al., 1990; Kimura and
Cook, 2001). These alterations could be due to the tran-
scription process itself, as observedwith RNA polymerase
II, which displaces one dimer in vitro (Kireeva et al., 2002),
in contrast to prokaryotic RNA polymerases and polymer-
ase III, which translocate the octamer (Studitsky et al.,
1997). Nucleosome alterations might also be driven by
the positive supercoiling generated in front of the polymer-
ase (Liu andWang, 1987), as directly observed in situ (e.g.,
Ljungman and Hanawalt, 1992). Such an effect of positive
supercoiling was previously inferred from in vivo experi-
ments with yeast minichromosomes using a conditional
topoisomerase mutant to convert DNA supercoiling from
negative to positive (Lee and Garrard, 1991). In vitro, chro-
matin reconstitutions on positively supercoiled plasmids
showed particles containing their normal histone comple-
ment but unable to store negative supercoiling (Jackson,
1993).

Here, we further investigate the influence of positive
supercoiling on nucleosome structure through torsional
manipulation of single chromatin fibers with magnetic
tweezers. After application of a large positive torsion in
low salt, their extension-versus-torsion response be-
comes hysteretic, reflecting nucleosomes’ transition to
a transient altered state that traps one positive turn.
Based on a comparison with fibers of tetrasomes ob-
tained through depletion of H2A-H2B dimers using three
different procedures, we propose that the transition in-
volves (1) a breaking of the docking of the dimers on the
(H3-H4)2 tetramer; (2) a switching of that tetramer from
its left-handed to its right-handed chiral conformation
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(Hamiche et al., 1996); and (3) an undetermined rear-
rangement of the dimers insuring that the compaction
of the resulting particle is about the same as that of the
canonical nucleosome. The real-time transition is slow
under low-salt conditions, which accounts for the fiber
hysteretic behavior, but it gathers pace under more phys-
iological conditions, showing its intrinsic dynamic charac-
ter. These findings are discussed in the context of in vivo
transcription.

RESULTS

The Standard Torsional Response
Nucleosome fibers were reconstituted on a template con-
sisting of 2 3 18 tandemly repeated 190 or 208 bp 5S nu-
cleosome positioning sequences. Such fibers (Figure 1A)
show more or less regularly spaced nucleosomes with
occasional gaps and clusters of two or three close-
packed nucleosomes lacking linker DNA (arrowheads).
These fibers resemble those observed on the same tem-
plate with atomic force microscopy, for which a detailed
study of nucleosome distribution showed the positioning
ability of the sequence together with a similar cooperativ-
ity in nucleosome location (Yodh et al., 2002). Typical
extension-versus-torsion responses of such fibers in

low salt, as obtained using magnetic tweezers
(Figure 1B), show a broad apex (Figure 2A; blue), previ-
ously accounted for by a molecular model involving a dy-
namic equilibrium between three nucleosome conforma-
tions of distinct topologies, depending on the crossing
status of entry/exit DNAs, negative, null, or positive (Ban-
caud et al., 2006). Regularly spaced nucleosomes can
undergo these conformational changes, but close-
packed nucleosomes were blocked in the open, un-
crossed conformation. Once all regularly spaced nucleo-
somes are in the negative or positive state, further
torsions result in quasilinear regimes in which the fiber
compacts rapidly. This shortening is associated with the
formation of plectoneme-like structures (Bancaud et al.,
2006) that accumulate until the fiber end-to-end distance
is close to zero for positive torsions. For negative tor-
sions, in contrast, and as observed with naked DNA
(Strick et al., 1996), the DNA spacers (see Figure 1B)
and possibly the internucleosomal linkers denature, in
which case the fiber fails to compact below a certain
length that depends on the applied force. The forward
and backward curves, as obtained upon increase or de-
crease of the torsion, respectively, more or less coincide
as long as the positive torsion is not increased much be-
yond the zero-length limit (Bancaud et al., 2006).

Figure 1. Experimental Strategy
(A) Typical 190 bp fibers before their attachment to the bead and into the flow cell, as visualized by electron microscopy (see the Experimental Pro-

cedures). Red arrowheads indicate clusters of close-packed nucleosomes. Nucleosome-free DNA spacers and stickers (!1100 bp total; see [B])

flanking the arrays are well visible.

(B) Scheme of the magnetic tweezers setup (Strick et al., 1996; Bancaud et al., 2006).
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The Hysteretic Torsional Response
Beyond this limit, i.e., upon the application of typically +70
turns, the backward curve departs from the forward curve
(green and blue, respectively, in Figure 2A), showing a hys-
teresis. A shift of the green curve toward larger rotations is
always observed on the positive side, which is reproduc-
ible over many cycles of torsions/detorsions. A shift in
the same direction is often observed on the negative
side, which varies from one fiber to another. It is some-
times virtually negligible (e.g., fiber 2), but it can also be
as large as 60% the shift on the positive side (e.g., fiber
6). This ‘‘negative’’ shift, in contrast to the ‘‘positive’’ shift,
is strongly time-dependent, and it disappears when the

backward curve is recorded sufficiently slowly (see fiber
5). Out of 21 fibers, the negative shift is 33% ± 21%
(mean ± SD) of the positive one. Importantly, the fiber
maximal extension in forward and backward curves re-
mains about the same in all cases. This overall behavior
does not depend on the repeat length (208 or 190 bp) of
the 5S sequence, nor on the sequence of the DNA tem-
plate (the poly 601 [200 bp] of Huynh et al. [2005] was
tested with similar results; P. Recouvreux and N.C. e S.,
unpublished data).

We conclude that the backward curve as a whole tends
to shift to larger rotations relative to the forward curve.
Thus, fibers submitted to large positive stress may trap

Figure 2. The Hysteretic Response
(A) Length-versus-rotation responses in B0

(TE plus 0.1 mg/mL BSA) of six 208 bp fibers at

0.3 ± 0.07 pN. The zero-turn rotation reference

corresponds to the relaxed state of the corre-

sponding DNAs obtained after histone removal

(black dashed curves; Bancaud et al. [2006]).

After acquisition of the onward curves (blue),

the backward curves (green) obtainedwhen re-

turning from high torsions reveal a hysteresis.

Independent of the shift observed on the posi-

tive side, the shift on the negative side varies,

being minimal in fiber 2 and maximal in fiber

6. Panel 5 shows the dependence of the nega-

tive shift (but not of the positive shift) on the

speed of data acquisition of the backward

curve, i.e., on the time spent to complete the

curve: !5 min (the typical time, green) or !45

min (orange).

(B) Positive shifts at half height are plotted ver-

sus numbers of total (left panel) or regularly

spaced nucleosomes (right panel; see Equa-

tions 1 and 2) for 28 190 bp (blue) and 208 bp

(red) fibers. The slope of the linear fit is 1.3 ±

0.1 turns per regular nucleosome. Black arrow-

heads correspond to fibers 1–4 in (A).
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positive turns. This trapping is stable under positive tor-
sions but leaks to a variable extent under intermediate
negative torsions. Under large negative torsions, all posi-
tive turns are released, leading to a reinitialized response
that follows the blue curve in the next cycle.

The trapping is unlikely related to long-range nucleo-
some-nucleosome attraction within the fiber potentially
favored by the torsion-induced compaction, since this
would cause the fiber to shorten, which is not observed.
Positive turns may instead be trapped through a structural
alteration of individual nucleosomes. Consistently, stable
shifts measured on the positive sides of the curves are
directly proportional to the number of regularly spaced
nucleosomes (see the Experimental Procedures), with
a rate of 1.3 ± 0.1 turns per such nucleosome (Figure 2B,
right panel). In contrast, the shifts are not correlated with
the total number of nucleosomes (left panel). This shows
that close-packed nucleosomes, which contribute little to
the breadth of the torsional response (see above), do not
contribute to the hysteresis either. With DLkp !"0.4 ± 0.1
(Lk is the DNA linking number) being the topological defor-
mation of positively crossed nucleosomes in the positive
plectonemic region (Bancaud et al., 2006), the topological
deformation associated with the altered form relative to
the unconstrained DNA is DLka !DLkp + 1.3 !+0.9 ± 0.2.

Involvement of H2A-H2B Dimers in the Transition
In order to test the altered form for the presence of dimers,
we investigated the consequence of their removal on the
fiber torsional response. In bulk experiments, nucleosome
assembly protein-1 (NAP-1); Ishimi and Kikuchi [1991]) re-
moves the first dimer, much less the second (Kepert et al.,
2005), from nucleosomes in the open, uncrossed state
(Figure 3A and legend) and none from nucleosomes in
the closed negative state (Conde e Silva et al., 2007). To
increase the efficiency of dimer removal in the fiber, we
combined NAP-1 with traction, which has been shown
alone to have the potential to destabilize dimers (Claudet
et al., 2005; Mihardja et al., 2006). After rinsing NAP-1
out, backward and onward curves now coincide over sev-
eral torsion/detorsion cycles (purple in Figure 3B, panel 2),
revealing a fiber lengthened by !420 nm or !19 nm/total
nucleosome. Given that nucleosomes are approximately
two-turn particles with 50 nm of wrapped DNA, this exten-
sion suggests thatmost nucleosomeswere unwrapped by
approximately one superhelical turn as a consequence of
the loss of their dimers.

While we ignored whether all dimers were removed, we
wished to test the fiber for a potential release of some tet-
ramers. For this, NAP-1-chaperoned dimers were flowed
back into the cell and rinsed out after a 5 min incubation.
Remarkably, all features of the starting nucleosome fiber,
i.e., its length and hysteresis, were rescued (bold blue and
green curves in Figure 3B, panel 3). We conclude the fol-
lowing: (1) our NAP-1-plus-traction treatment did not re-
move any significant number of tetramers; (2) the hystere-
sis strictly depends on the presence of dimers, and thus
the altered nucleosomes must contain them; and (3) the

resulting fiber essentially is a fiber of tetrasomes, and
the hysteresis-free purple curve in Figure 4B (panel 2)
could be attributed to such a fiber.
To ascertain the torsional behavior of the tetrasome fi-

ber, dimers were removed using two alternative means.
Heparin (a strong acidic polyelectrolyte) efficiently re-
moves dimers in bulk experiments (see Figure S1A in the
Supplemental Data available with this article online). After
a careful choice of the heparin concentration and the use
of nucleosome core particles as a dimers acceptor, the re-
sulting fiber (Figure S1B, panel 3) showed an extension of
24 nm/total nucleosome, very similar to that displayed
above in Figure 3B, panel 2. In a third experiment, fibers
were washed with 0.7 M NaCl, a concentration sufficient
in principle to remove a substantial part of the dimers (Wil-
helm et al., 1978; Ruiz-Carrillo and Jorcano, 1978). After
rinsing the salt out, the torsional response again shows
similar breadth and fiber extension as those shown in
Figure 3B, panel 2, except for a small residual hysteresis
presumably due to incomplete dimers removal (red and
purple in Figure S1C, panel 2).

The Tetrasome Fiber
A tetrasome fiber shows the following: (1) a relatively ex-
tended structure of maximal length intermediate between
that of the nucleosome fiber and that of naked DNA; (2) no
hysteresis upon return from high positive torsions; and (3)
a center of rotation approximating that of naked DNA. The
first feature is consistent with the smaller wrapping in tet-
rasomes (!0.7 turn) relative to open-state nucleosomes
(!1.4 turns), the second with the strict dimer requirement
of the hysteresis, and the third with tetrasomes known
ability to fluctuate between ‘‘pseudo-mirror-symmetrical’’
left- and right-handed chiral conformations of nearly equal
and opposite DLk (DLk = "0.7 and +0.6 [±0.05] for 5S
DNA; Sivolob and Prunell [2004]; see the Discussion). The
striking overall similarity of the tetrasome fiber response
with the nucleosome fiber backward curve with respect
to both their breath and center of rotation (compare purple
and green curves in Figure 3B, panel 2; Figure S1B, panel
3; and Figure S1C) suggests that the whole nucleosome
could, like the tetrasome, switch from a left- to a right-
handed conformation. This switching is opposed by a
much higher energetic barrier in the nucleosome, due to
the presence of dimers, than in the tetrasome, which
accounts for the hysteresis in the first, but not the second,
fiber.

Structural Dynamics of the Tetrasome
A number of experimental evidences exist for the tetra-
some chiral transition (see the Discussion). Here we detail
the first normal mode analysis (NMA; Wilson et al. [1955];
Mouawad and Perahia [2006]) of the tetrasome to identify
structure-based cooperative atomic motions within it. The
more atoms involved, the more collective the motion, the
lower its frequency, and the more useful that motion could
potentially be for the dynamics of the complex. The three
lowest-frequency modes essentially correspond to
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movements of the two H3-H4 dimers relative to one
another, the rotation components of which are shown in
Figure 4A. The first mode is linked to a wing-like motion
of the tetrasome and the third mode to its lateral opening.
The second mode, which describes the rotation of one
dimer relative to the other, is directly relevant to the chiral
transition. The tetrasome was perturbed along the direc-
tion of mode 2 toward positive handedness and then
allowed to relax free of any constraint to a local minimum
of energy. Figure 4B, right, shows the DNA superhelix of
the resulting tetrasome (red) superimposed on the
nucleosomal DNA superhelix (green). Clearly, this local
minimum corresponds to a right-handed, although
relatively flat, superhelix. Next, the tetrasome was
perturbed in the opposite direction, i.e., toward a more
left-handed superhelix, and again let relax. No local
energy minimum was now observed, and the structure

went back to its initial conformation (yellow superhelix in
Figure 4B, left panel). We conclude that intrinsic tetrasome
structural dynamics encompass its switching to a right-
handed conformation.

Energetics of the Transition
The hysteresis, i.e., the metastability of the altered nucle-
osome, could be attributed to an energetic barrier against
the transition. To test this possibility, we monitored the
length of a fiber in the backward curve at constant force
(dot 1 in Figure 5A, left panel). The fiber was allowed to re-
lax for !30 min (green recording in Figure 5A, right panel),
closer to the onward curve (dot 2). Thus, the altered struc-
ture switches back to the canonical state when given
enough time. The proportions of each state can be
obtained as a function of time (inset in Figure 5A, right
panel, and Figure S2) and used to estimate the energy

Figure 3. H2A-H2B Release with yNAP-1, and Reincorporation
(A) Mononucleosomes were reconstituted using the salt-jumpmethod with pUC18 plasmid DNA as a carrier on aDLk!"1 topoisomer of a DNAmini-

circle formed by circularization of a 32P end-labeled 357 bp fragment containing the 5S 208 bp repeat unit of the present arrays (Duband-Goulet et al.,

1992). Reconstitution products were incubated with yeast NAP-1 at molar ratios of 0, 2.5, 7, and 20 dimers per histone octamer for 1 hr at 37#C in B0

plus 100 mM NaCl and electrophoresed in a 4% (w/v) polyacrylamide gel in TE along with starting topoisomer (DNA) and mononucleosomes (nucl;

CN), and control (H3-H4)2 tetrasomes (tet; CT). The first dimer is removed by the heparin treatment, giving rise to hexasomes (hex), but not the second.

Dimer removal is actually facilitated by the open, uncrossed state of nucleosomes on topoisomer "1, as compared to nucleosomes in the negatively

crossed state on topoisomer "2, which show no release upon incubation with 20 NAP-1 dimers per octamer (Conde e Silva et al., 2007).

(B) Torsional behavior of a 190 bp fiber at 0.2 pN through the successive steps of the assay. (1) Fiber initial response in B0. (2) The force was increased

to 3.5 pN at the center of rotation in B0 plus 50mMNaCl and 250 nM yNAP-1 dimers andmaintained until the first!25 nm steps signaling the removal

of tetramers (Brower-Toland et al., 2002; Claudet et al., 2005) were observed (data not shown). The force was then decreased to its original value and

the flow cell rinsed with B0. Following excursion at high torsion, the hysteresis is no longer observed, i.e., backward and onward curves coincide and

show an extension of the fiber (purple). (3) The fiber initial length and hysteretic response are rescued when the flow cell is filled with 40 nM H2A-H2B

chaperoned with 40 nM yNAP-1 dimers in B0 plus 50 mM NaCl and flushed with B0 after 5 min (bold curves). (4) Corresponding naked DNA (black).
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parameters of the transition (see the Experimental Proce-
dures and the Supplemental Data). We obtained an equi-
librium energy difference of 10 ± 2 kT relative to the ground
state of the nucleosome (the open state) and an energy
barrier of 30 ± 5 kT.

Next, we started from the onward curve, i.e., a fiber con-
taining only canonical, positively crossed nucleosomes
(dot 1 in Figure 5B, left panel). The fiber length, monitored
for 30 min, showed no significant increase above the
background thermal fluctuations (data not shown), as ex-
pected from the steady-state equilibrium containing
mostly canonical nucleosomes (>90%, as deduced from
the above energy parameters of the transition). This sug-
gests that the equilibrium needs to be shifted toward the
altered state in order for the transition to be observed in
real time from the onward curve. This was done by raising
the force stepwise until a fast extension occurred at 3.4 pN
(blue recording in Figure 5B, right panel). The force was

then decreased to its initial value, leaving a residual exten-
sion as a tribute to the formation of the altered form upon
mechanical constraint. We note that the requirement for
a high tension to trigger the transition provides an addi-
tional argument against the contribution of potential nu-
cleosome-nucleosome attraction forces in the hysteresis.

Effect of Salt on the Transition
As described in our previous study (Bancaud et al., 2006),
fibers in higher salt tend to progressively compact from
one rotation cycle to the next (blue curves in Figure 6A,
right panel). This compaction appears to originate from
the occurrence of tails-mediated attractive interactions
between nucleosomes (Bertin et al., 2004; Korolev et al.,
2006). Interestingly, a force of a few pN applied at the cen-
ter of rotation breaks these interactions and rescues the
initial rotational response, which is close to that obtained
in low salt (Bancaud et al., 2006). At the same time, the

Figure 4. Normal Mode Analysis of the Tetrasome
(A) The axes of the rotation components of the three main vibrational modes are shown for each mode, superimposed on the tetrasome DNA super-

helix viewed along the dyad (blue dots and blue arrows) or the superhelix axis. The axis of mode 1 runs close to the dyad, and the axis of mode 3 is

approximately parallel to the superhelix axis. Mode 2 axis is approximately perpendicular to both dyad and superhelix axes. All three axes traverse the

cysteines 110 (green balls in middle superhelix).

(B) The tetrasome was perturbed along the direction of mode 2 in (A) toward right-handedness (right) and let relax without constraint until its energy

reached a local minimum. The resulting tetrasome DNA superhelix (red) is shown superimposed onto one side of the nucleosomal superhelix (green)

viewed perpendicular to both dyad and superhelix axes. A perturbation along mode 2 toward a more left-handed superhelix (left) does not lead to

a local energy minimum, and the tetrasome goes back to its initial conformation (yellow).
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hysteresis tends to disappear with salt to become hardly
visible in 25 mM NaCl (Figure 6A).
A fiber in the onward curve (Figure 6B, left panel) was

found to relax in !1 min in 50 mM NaCl (right panel) as
compared to !30 min in low salt (see above). This results
in a lower equilibrium energy difference, 6 ± 2 kT, and
energy barrier, 25 ± 5 kT (see details in the Supplemental
Data). Because the transition rate depends exponentially
on the energy barrier, the equilibrium between the two
states becomes more dynamic in comparison to the time-
scale of data acquisition, and onward and backward

curves tend to merge toward a unique curve correspond-
ing to an intermediate equilibrium.

DISCUSSION

The Tetrasome Chiral Transition
Experimental evidences for that transition have accumu-
lated since the initial observation that tetramer affinity in-
creases almost equally with negative and positive super-
coilings in DNA minicircles. Upon electron microscopic
examination, tetrasomes assembled on DNA minicircles

Figure 5. The Transition in Real Time: Lower Salt
(A) (Left) Torsional response of a 208 bp fiber in B0 at 0.4 pN. (Right) The ‘‘all-altered-nucleosome’’ fiber at +25 turns (point 1 on the red vertical line) was

allowed to relax at the same force in B0 down to point 2 (green recording). (Inset) Proportion of nucleosomes during the relaxation time course mea-

sured as shown in Figure S2 available with this article online and fit with a monomolecular reaction scheme (Equation 5 in the Experimental Proce-

dures; smooth curve).

(B) (Left) Same as (A) at 0.25 pN. (Right) The force applied on the ‘‘all-nucleosome’’ fiber at +18 turns (point 1 on the red vertical line in [A]) is increased

stepwise (blue recordings in right panel). A relaxation to a more extended fiber is observed when the force is raised to 3.4 pN. Upon decrease of the

force back to 0.25 pN, a residual extension of !150 nm is observed relative to point 1, corresponding to !30% of the particles being in the altered

state (measured as in [A]).
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of DLk ="1 or +1, both!0.7-turn particles, were undistin-
guishable from each other. The involvement of the protein
in the transition was demonstrated through the oxidation
of the two H3 cysteines 110 at the H3/H3 interface, which
prevented reconstitution either on topoisomer +1 or "1,
depending on the thiol reagent used. Moreover, the for-
mation of a disulfide bridge between these two cysteines
did not affect the transition. This latter observation, to-
gether with the ability of a steric hindrance at the dyad
to block the tetramer left or right handed, suggested that
the transition occurred through a rotation of the two
H3-H4 dimers relative to one another around the disulfide
bridge (Hamiche et al., 1996; Alilat et al., 1999). An addi-
tional piece of evidence was obtained by neutron scatter-
ing, which showed that the pattern of tailless octamers

exactly matches that predicted from the core particle
crystal structure (Luger et al., 1997), in contrast to the pat-
tern of tailless tetramers that substantially differed (Bane-
res et al., 2001). The discrepancy appeared to be related
to an average flattening of the tetramer protein superhelix
as a consequence of its chiral flexibility (J. Parello, per-
sonal communication). Another experimental evidence
for the chiral transition is provided by the observation
that the center of rotation of the tetrasome fiber, i.e., the
rotation at which its length is maximal, approximates
that of DNA (Figure 3 and Figure S1) and thus must be as-
sociated with particles equally distributed between left-
and right-handed conformations. Note that this center of
rotation may not be the point at which the tetrasome fiber
is relaxed. The tetrasome right-handed conformation

Figure 6. The Transition in Real Time: Higher Salt
(A) Torsional responses of two fibers at 0.3 pN in B0 (dashed) and B0 + 10mMNaCl or 25mMNaCl (continuous). Three successive torsional cycles are

shown in the right panel.

(B) (Left) Same as Figure 5A. (Right) The flow cell was flushed with B0 + 50 mM NaCl, while the fiber was kept at a negative torsional constraint and

at !0.1 pN. A torsion of +12 turns was applied in !5 s (reaching point 1 on the red vertical line), and the length of the fiber was recorded in real time

at 0.4 pN down to point 2 (blue tracing). (Inset) Fraction of nucleosomes measured as in Figure 5A from the torsional response in BO (left) and fit

(smooth curve).
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being energetically less favorable than the left-handed
conformation (by !2 kT under physiological conditions;
Sivolob et al. [2000]), we anticipate that the torque is pos-
itive at the center.
NMA has proved useful to identify near-equilibrium

functional conformational changes within proteins and
protein complexes (see Bahar and Rader [2005], for a re-
view). NMA was applied here to the tetrasome using the
all-atom method (see the Experimental Procedures). The
three lowest-frequency, i.e., most cooperative, vibrational
modes correspond to movements of the whole H3-H4 di-
mers about each other. Strikingly, the axes of their rotation
components (Figure 4A) are approximately orthogonal to
each other, and all pass through the cysteines 110 (the
two green balls in Figure 4A, middle). These features
make the cysteines a pivot for H3-H4 dimers relative
movements, as originally proposed (see above). Mode 2
appears directly relevant to the transition, while mode 3
mediates tetrasome lateral opening (Figure 4A). A combi-
nation of modes 2 and 3was not explored as an attempt to
increase the superhelix right-handedness above that of
the mode-2-minimized form (red in Figure 4B). The rele-
vance of mode 3 is suggested by topological data which
indicate that the tetrasome was !20% more laterally
opened in the right- than in the left-handed conformation
(Sivolob et al., 2000).

A Nucleosome Chiral Transition
The topological deformation achieved by the altered nu-
cleosome form is close to that of the right-handed tetra-
some (+0.9 against +0.6; see the Results). Moreover, the
torsional response of the tetrasome fiber is similar to the
backward curve of the nucleosome fiber with respect to
both its center of rotation and breadth (see the Results).
These similarities strongly suggest that the reverse transi-
tion process is common to both particles. The discrep-
ancy observed in the direct transitions (the hysteresis of
the nucleosome fiber, but not of the tetrasome fiber)
may then solely reflect the high energy barrier in nucleo-
somes (see below), linked to the presence of the H2A-
H2B dimers. We thus propose that the core of the altered
nucleosome is a right-handed tetrasome.
The fiber similar maximal extensions in onward and

backward curves necessarily reflect similar length com-
ponents of canonical and altered nucleosomes along the
direction of the force. In other words, the altered nucleo-
some must be as compact as the open-state nucleosome
that predominates at the center of rotation (Bancaud et al.,
2006), i.e., the two particles fold or wrap about the same
length of DNA.
In the first step of the transition, dimers are expected to

break their docking on the tetramer. Whether they also
break their binding sites with the DNA (at superhelix loca-
tions [SHL] ± 5.5, ± 4.5, and ± 3.5; Luger et al. [1997]) is
unlikely, especially in view of the fact that they would
otherwise diffuse into the cell and be lost. Although
these contacts, taken individually, may be relatively weak
at physiological ionic strength (Li et al., 2005; Tomschik

et al., 2005), their cumulative effects, together with the
possible help of the H2B/H4 interface, could be sufficient
to hold the dimers in place on the DNA, especially in low
salt. Older experiments in which nucleosomes were ex-
posed to salt concentrations <0.2 mM support that possi-
bility. Nucleosomes were indeed found to reproductively
elongate with no histones loss, which was interpreted as
an unfolding, driven by the repulsion between the DNA
gyres, of nucleosomes considered as a sequential ar-
rangement of histones on the DNA (van Holde [1988]
and references therein) (Figure 7, scheme 2). Once the
docking is broken, the tetramer may undergo the chiral
transition (scheme 3).

The classical equation DLk = DTw +Wr, whereWr is the
writhe, shows that DLk may include a twist component
(DTw). DLk = +0.6 of the 5S right-handed tetrasome parti-
tions into Wr = +0.3 and DTw = +0.3 (Sivolob and Prunell,
2004). Assuming a similar value of DTw on the altered
nucleosome (if H2A-H2B dimers do not contribute), we
would getWr = +0.6 (+0.9 " 0.3). This writhe is intermedi-
ate between that of the above tetrasome and that of a
virtual right-handed nucleosome mirror image of the
open-state nucleosome, +1. This suggests that the altered
particle, although it folds a similar length of DNA as the
open-state nucleosome (see above), is substantially
more open. This might in part be due to the H3 aN (and
N-terminal tails), which are no longer appropriately
located to interact with and stabilize its entry-exit DNAs
(Figure 7).

Given the smallWr value of the altered nucleosome and
the !50 bp of DNA wrapped around the tetrasome, how
may the 30–40 extra base pairs fold on each side? Two
possible routes beyond step 4 are illustrated in Figure 7.
In model I, entering and exiting dimer-bound DNA du-
plexes may tend to wind around each other. In model II,
they may instead try to continue the right-handed super-
helix of the tetrasome, helped by the dimers that would
somehow extend the tetramer positive superhelical spool.

While we cannot at themoment gomuch further into the
description of our structure, the question may be asked as
to its potential relationship with the lexosome, an elusive
particle proposed to be a specimen of a transcription-
poised nucleosome (e.g., Bazett-Jones et al. [1996], but
see Protacio and Widom [1996]). A main characteristic of
the lexosome, and actually the basis for its purification,
is the accessibility of its H3 cysteine 110 thiols. In this re-
spect at least, our altered nucleosome may differ from the
lexosome. Indeed, oxidation of these thiols into a disulfide
bridge does not interfere with the tetrasome chiral tran-
sition (see above), suggesting the thiols are similarly in-
accessible in the altered nucleosome. In view of this
difference, and inasmuch as its structure is unique, we
propose to call it a reversome (for reverse nucleosome).

The Energetic Barrier
The requirement to break dimers docking on the tetramer
is expected to be a major contributor to the energy barrier
(25–30 kT; see the Results). This view is in keeping with
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microcaloric studies of octamer assembly in 2MNaCl that
gave an estimate of !17 kT for the binding energy of one
dimer onto the tetramer (Benedict et al., 1984). A mechan-
ical (or elastic) barrier may also exist beyond the point of
dimers undocking. Twist may accumulate at the expense
of writhe and be suddenly released, generating an instabil-
ity similar to that predicted for twisted rods (Neukirch
et al., 2002). This writhing instability is expected to be
enhanced by the histone-imposed DNA curvature, in con-
junction with the extra lateral opening of the structure
required at midtransition to relieve the clash between
entry/exit DNA arms (Figure 7, scheme 3, and Sivolob
et al. [2000]). It is not known to what extent protein-protein
interactions could develop in models I or II and contribute
to the low equilibrium energy of the transition.

Physiological Relevance
RNA polymerases exert a positive torque >1.25 kT/rad
and hence can generate an energy >8 kT over one turn
(Harada et al., 2001), sufficient in principle to trigger the
transition (!6 kT per turn in 50 mM salt). The existence

of an energy barrier against the transition, because it
determines its rate, raises the question of whether rever-
somes can be produced at a distance in a time-scale con-
sistent with the polymerase elongation speed. We thus
implemented a kinetic model in which a fiber is twisted
at constant angular velocity, the torsional constraint being
relaxed by the nucleosome-reversome transition in
a steady-state manner. Given the speed of RNA polymer-
ase II (!20 nucleotides or two turns per second; Epshtein
and Nudler [2003] and references therein), the above en-
ergy parameters lead to the effective torque involved,
!1.5 kT/rad (M.B. and J.-M.V., unpublished data). This
figure is close to the aboveminimal torque value, suggest-
ing that the transition may indeed propagate ahead of
a transcribing polymerase. In this regime, the ‘‘reversome
wave’’ is expected to progress much faster than the poly-
merase (!1.5 [2/1.3] reversomes or !300 bp/sec against
20 bp/s, respectively) and, assuming the chromatin is de-
condensed and nucleosomes can rotate relative to one
another, may rapidly reach the end of the transcriptional
domain. Beyond this point, further progression of the

Figure 7. Putative Scenario for the Transition
Scheme of main steps of the transition for a nucleosome viewed as a sequential arrangement of the histones on the DNA. H2As and H2Bs in nucle-

osome upper and lower faces were differentiated by light and dark colors and for H2As also by arrows. The two distal 10 bp DNAs are straight in

scheme 2 and further as a result of the breaking of the H3 aN/entry-exit DNA binding sites. Two alternative routes for the refolding of the dimers

are shown beyond scheme 4. In model I, entering and exiting DNAs with the dimers bound tend to wind around each other. In model II, the DNAs

somehow try to continue the tetrasome right-handed superhelix. In both cases, the particle is expected to remain relatively open (see the Discussion).

The DNA diameter was made smaller compared to the overall particle dimensions in order to better show the histones.
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polymerase may rely on the relaxing activities of the en-
dogenous topoisomerases (Salceda et al. [2006] and ref-
erences therein).
A nucleosome on a short DNA fragment, in which tor-

sional constraints cannot develop due to free rotation of
the ends, presents an almost absolute block to in vitro
transcription by RNA polymerase II at physiological ionic
strength. The block is relieved in higher salt (>0.3 M KCl;
Kireeva et al. [2002]), which favors dimer loss. Consis-
tently, enzymes such as ACF, or elongation factors such
as FACT, which promote removal of a dimer, facilitate
transcription elongation (Ito et al., 2000; Reinberg and
Sims, 2006). (It is interesting that blocks have also been
identified within the tetrasome, which are not relieved by
FACT, but this situation seems restricted to nucleosomes
on strong positioning sequences such as the 601 [Bondar-
enko et al., 2006].) Thus, the barrier to transcription is likely
to be due to dimers docking. Reversomes, in contrast,
owing to their open character (see above), may have their
dimers relatively destabilized, suggesting they could be-
have as torsion-driven ‘‘activated’’ nucleosomes poised
for polymerase passage. The chiral-switching ability of
the tetramer may then be viewed as the lever used by
the main RNA polymerase to break dimers docking
via the wave of positive supercoiling it pushes in its front.
The transition ‘‘reversibility’’ observed in higher salt (Fig-
ure 6) would insure that reversomes go back into canoni-
cal nucleosomes as soon as the polymerase has traversed
them and that a negative constraint develops in its wake.
The activity of FACT or other intervening factors to remove
dimers may then be dispensable, but nature provides
numerous examples of biological redundancy, in which
distinct mechanisms were devised to the same end.

EXPERIMENTAL PROCEDURES

Magnetic Tweezers, Nucleosome Arrays, and Electron

Microscopy

Magnetic tweezer manipulation and nucleosome arrays preparation

were done as described (Bancaud et al., 2006). Electron microscopic

visualization (Figure 1A) was performed as follows: 5 ml of reconstituted

nucleosome arrays at 1–5 nM in TE (10 mM Tris-HCl [pH 7.5], 1 mM

EDTA) were deposited onto a 600 mesh copper grid covered with

a thin carbon film activated by glow discharge in the presence of pen-

tylamine; grids were washed with aqueous 2% (w/v) uranyl acetate,

dried, and observed in the annular darkfield mode using a Zeiss 902

electron microscope; images were captured with a Megaview III

CCD camera.

Regularly Spaced and Close-Packed Nucleosomes

Regularly spaced and close-packed (linker-free) nucleosomes assem-

ble in variable proportions from one fiber to the next within the same

preparation (Figure 1A). The former nucleosomes fluctuate between

the three conformations (negative, open, and positive, of respective to-

pology DLk !"1.4, "0.8, and "0.4), while the latter are frozen in the

open state. Modeling showed that the proportion of nucleosomes in

each state at the apex of the length-versus-rotation curve of an all reg-

ularly spaced fiber is respectively 20%, 65%, and 15% (Bancaud et al.,

2006). This leads to a mean topological deformation of "0.85 turn and

to an effective extension of 6.5 nm per nucleosome, against !"0.5

turn and !4 nm, respectively, for an all-close-packed fiber (156 bp re-

peat length). These figures lead to accurate fits of experimental length-

versus-rotation data, via the number of regularly spaced and close-

packed nucleosomes (Bancaud et al., 2006).

These numbers can more simply be estimated from the length of the

fiber (Lfiber) compared to that of the corresponding naked DNA at the

same force (LDNA). Measurements are made at the centers of rotation,

which are shifted relative to one another by DLkfiber. Fibers contain

8680 bp total: 36 208 bp nucleosome positioning sequences and

two DNA spacers of !600 bp (Figure 1A). One can write the following:

DLkfibre = "0:85nreg " 0:5
!
ntotal " nreg

"
(1)

Lfibre = LDNA
1200

8680
+ 6:5nreg +LDNA

208

8680
$36" ntotal%+ 4

!
ntotal " nreg

"

+ LDNA
50

8680

!
ntotal " nreg " 1

"
; (2)

with nreg the number of regularly spaced nucleosomes, ntotal the num-

ber of all nucleosomes, and 50 bp the addition to the naked DNA length

made by each close-packed nucleosome. Inversion of these equations

gives ntotal and nreg. Errors in ntotal and nreg are estimated to be ±1 and

±2 nucleosomes, respectively.

Normal Mode Analysis of the Tetrasome

The tetrasome (!50 bp wrapped around the [H3-H4]2 tetramer) was

extracted from the nucleosome crystal structure (1KX5 in the protein

data bank). The all-atom force field CHARMM27 (McKerell et al.,

1998a) was then applied to it. The energy was minimized using the

CHARMM program (McKerell et al., 1998b; Brooks et al., 1983) until

it reached a root-mean-square gradient less than 10"5 kcal/mol.Å,

necessary for NMA, then 100 lowest-frequency NM were calculated

using the DIMB method (Mouawad and Perahia, 1993; 2006). The ro-

tation components of the first three were calculated using Hingefind

(Wriggers and Schulten, 1997) (Figure 4A).

Kinetic Modeling of the Transition

We consider a monomolecular reaction scheme for the structural tran-

sition with

Nucleosomes4
k1

k"1

Reversomes: (3)

Calling f and 1-f the fractions of nucleosomes and reversomes in a

fiber, respectively, transition reactions are governed by the following

kinetics:

df

dt
= k"1$1" f% " k1f : (4)

If the fiber initially contains only reversomes, Equation 4 can be

integrated into the following:

f$t%= k"1

k1 + k"1
$1" exp& " $k1 + k"1%t'%: (5)

k1 and k"1 can then be fitted and used to derive the energetical param-

eters of the reaction (see the Supplemental Data).

Supplemental Data

Supplemental Data include Supplemental Discussion, two figures, and

Supplemental References and can be found with this article online at

http://www.molecule.org/cgi/content/full/27/1/135/DC1/.
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