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Chapter

Torsional stress controls the
folding and unfolding of the
chromatin fiberf!

In eukaryotic cells, DNA exists as chromatin fibers with different degrees of com-
paction. Folding and unfolding of chromatin plays a key role in gene regulation. How-
ever, the structural changes of a compacted chromatin fiber induced by torsional stress
are poorly understood. Here we studied the stability of single supercoiled chromatin
fibers, reconstituted on tandem repeats of 601 nucleosome positioning sequence. By
applying tension and torsion with magnetic tweezers, we find that the fiber has a strong
asymmetric response to supercoiling. Negative supercoiling stabilizes the fiber against
unfolding. Positive supercoiling can be absorbed by the fiber. This anisotropy of the
fiber reflects the chirality of a left-handed helix. When the force exceeds ~2.5 pN, the
fiber unfolds, unwrapping one turn of DNA. The level of unfolding is regulated by su-
percoiling. An equilibrium statistical mechanics model based on chromatin topology
and elasticity is presented, which captures the full complexity of chromatin folding and
unfolding at different degrees of supercoiling. These results reveal for the first time
the effects of supercoiling on a folded chromatin fiber and present a new quantitative
model of chromatin supercoiling.

'The contents of this chapter are based on : H. Meng and J. van Noort. “Torsional stress controls the
folding and unfolding of the chromatin fiber”, manuscript in preparation.
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Chapter 4 - Torsional stress controls the folding and unfolding of the chromatin fiber

4.1 Introduction

In eukaryotic cells, genomic DNA is organized in chromatin, a DNA-protein complex
which results in a formidable compaction of DNA in the nucleus. The basic unit of
chromatin is the nucleosome. Both the structure of DNA and the structure of nucle-
osome are known from X-ray crystallography. DNA forms a right-handed helix with
10.4 basepairs (bp) per helical turn [1]. The nucleosome consists of 147 bp of DNA
wrapped 1.7 times around a wedge-shaped octamer of histone proteins in a left-handed
superhelix [2]. Nucleosomes are connected by short DNA segments (linker DNA), typ-
ically 10 to 90 bp long, forming an array of nucleosomes with a diameter of about 10
nm. These arrays are thought to fold into chromatin fibers by short-range interactions
between neighboring nucleosomes. In vitro, under physiological salt conditions, these
fibers thicker fibers have a diameter of 30 nm, and are commonly known as the 30-nm

fiber [3]. However, the higher order structure of the 30-nm fiber is controversial.

It is becoming clear that native chromatin structures are not nearly as uniform as
those formed by reconstitution in vitro [4]. The structure of the chromatin fiber is sen-
sitive to the length of linker DNA, the salt conditions, histone modifications and linker
histones [35}[6]. Understanding chromatin structure is therefore complicated and it is
unlikely that a “one-model-fits-all” solution to the problem exists. Furthermore, recent
studies suggest that there may not be an higher order structure such as the 30-nm fiber
but that chromatin in vivo rather folds into 10-nm fibers [7Hg]. Chromatin compaction
modeling work based on Hi-C data unfortunately doesn’t have the resolution to reveal
such details [1o} @1]. These studies demonstrated, by modeling, that chromatin com-
paction as measured by Hi-C techniques is insensitive for changes of the model from a

10-nm fiber to a 30-nm fiber.

The function of chromatin is not only to compact DNA, but also to control gene
regulation. Transcription regulation involves next to a plethora of post transcriptional
modifications and chromatin remodellers [i2] also the effects of supercoiling [3]. Dur-
ing transcription, RNA polymerase (RNAP) generates large torsional stress on DNA,
which is estimated to be seven DNA supercoils per second [i4]. A common model to
describe the RNAP elongation is the “twin supercoiled domain” model, in which the
RNAP moves along the DNA helix and generates positive supercoiling (overwound
DNA) ahead and negative supercoiling (underwound DNA) behind [15]. Following
this model, one hypothesis [16}[17] is that positive supercoiling ahead of the RNAP will
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4.1 Introduction

destabilize nucleosomes, and negative supercoiling behind it will promote reassembly
of nucleosomes. Recently, a psoralen based cross-linking technique was introduced to
measure the local DNA supercoiling density genome wide [18}[19]. These results clearly
show that the genome has separate domains with various degrees of supercoiling, sup-
porting the idea that supercoiling is dependent on transcription, with active genes be-
ing more negatively supercoiled than inactive genes. High-resolution genome-wide nu-
cleosome mapping also [17] suggest indirectly that positive torsional stress contributes
to such destabilization of nucleosomes. However, there is no direct data on how a chro-

matin fiber responds to supercoiling.

Single-molecule techniques such as magnetic and optical tweezers provide power-
ful tools to study the effects of supercoiling. The effect of supercoiling on naked DNA
is widely studied, and so is the mechanism of transcription on bare DNA [20]. How-
ever, in vivo, RNAP encounters DNA folded into chromatin fibers consisting of arrays
of nucleosomes rather than naked DNA. Hence, the effects of supercoiling have to be
considered in the context of chromatin, but this is poorly understood so far [21]. A re-
cent study demonstrated the mechanical stability of single nucleosomes under torsion
[22]. Interestingly, torque was shown to have only a moderate effect on nucleosome
unwrapping. The chromatin fiber’s response to torque may be quite different. Though
supercoiling effects on chromatin fibers were first investigated at forces below 0.5 pN
(23, 24], which is significantly lower than the DNA unwrapping force about of 3~5 pN,
these experiments could therefore not reveal the effect of torque on nucleosome un-
wrapping. Moreover, these experiments were done at salt conditions much lower than
physiological buffer conditions. The data was interpreted as a chiral transition from a
left-handed nucleosome to a right-handed reversome. Because of the buffer conditions,
these results could not show how folded chromatin fibers unfold by supercoiling and

therefore neglected all nucleosome-nucleosome interactions.

Previously, we showed that the chromatin fibers reconstituted on the 601 sequence
repeats with 50 bp linker DNA fold in accordance with the one start solenoid model
[25]. Although the model has been questioned [26], one needs additional, more de-
tailed data to resolve this discussion. The chirality of such a solenoidally folded fiber
has direct implications on the mechanical properties of the fiber. Here we focus on the
effects of supercoiling on the stability of the higher order structure of the fiber. We per-
formed a comprehensive investigation of force spectroscopy on torsionally constrained

chromatin fibers, under physiological buffer conditions and at different degrees of su-
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Chapter 4 - Torsional stress controls the folding and unfolding of the chromatin fiber

percoiling. The torsionally constrained fiber has an anisotropic response to torsion. We
show that the fiber does not unfold until forces exceed 2.5 pN, and has an end-to-end
distance which corresponds to the fiber being stretched to a single file of stacked, inter-
acting nucleosomes. Above this force, the unfolding of the fiber depends on the degree
of supercoiling. Positive supercoiling facilitates the unfolding, but superfluous positive
supercoiling refolds the fiber. We developed a torsional spring model for the chromatin
fiber that captures the anisotropy of the fiber to supercoiling. We demonstrate that the
chromatin fiber folds in a left-handed helix. Interestingly, this interpretation is consis-
tent with very early diffraction studies of the fiber’s chirality [27]. Our model captures
all unfolding and refolding events in a quantitative manner. These findings give a de-
tailed structural insight in how a chromatin fiber responds to supercoiling and directly
test the “twin supercoiled model’, yielding a better understanding of the role of chro-

matin during transcription.

4.2 Results

4.2.1 Torsionally unconstrained chromatin fibers

Before describing the structural changes in a chromatin fiber under torsional stress,
we first review the elasticity of torsionally unconstrained chromatin fibers. A force-
extension (F-E) curve of a torsionally unconstrained chromatin fiber reconstituted with
25 nucleosomes is shown in Fig. 4.1A. The fiber has about 1 kb of DNA handles on each
side of the chromatin fiber. At low forces (F < 0.5 pN), the largest part of the increase
in extension is due to the entropic elasticity of these DNA handles [28} 29]. A linear
increase in extension is observed at intermediate forces (0.5 pN < F < 2.5 pN). In this
part of the F-E curve, the elasticity of the fiber can be described by a Hookean spring
[25]. Near 3 pN, a force plateau occurs, as nucleosomes in the fiber unfold into an array

of singly wrapped nucleosomes (Fig. 4.1B).

The entire F-E curve can be described by a statistical mechanics model that takes
into account the elasticity of the DNA and chromatin fiber, as well as the conforma-
tional changes of the nucleosomes, as shown before. In Chapter 3, we show that an in-
termediate state of the nucleosome between the unfolded fiber and the fully unwrapped
nucleosome exists. To simplify the analysis, we combine these two conformations in

a single transition. Fitting this model to the data yields a stretch modulus of the fiber,
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4.2 Results

sy # 0.5 pN , an unfolding energy G, ~ 18.5kp T and an elongation per unfolded nucle-
osome of 20 nm, corresponding to DNA unwrapping of about 58 bp. All the parameters

are scaled per nucleosome and are summarized in Table 4.1.

4.2.2 Torsionally constrained chromatin fibers

Figs. 4.1C and 1E show the F-E curves for a chromatin fiber containing 25 nucleosomes,
similar to the fiber in Fig. 4.1A, but torsionally constrained by multiple bonds between
the DNA and the bead and the glass surface. Interestingly, compared to the torsionally
unconstrained chromatin fiber, at ALk = o, no force plateau occurs around 3 pN, but
the extension increases linearly up to 4 pN. When decreasing the excess linking number
from ALk = o to ALk = —20, the extension of the fiber decreased at forces below 1.8
pN. Between 1.8 pN and 4 pN, the extension increased linearly with force, independent
of ALk.

To understand the response of folded chromatin fibers to supercoiling, it is impor-
tant to separate the changes in extension of the DNA handles from the compliance of
the fiber itself. F-E curves of bare DNA without nucleosomes are shown in Fig. S1 as
comparison. Negative supercoiling results in plectonemes in the DNA, which reduce
the extension of the tether [30,31]. Like in the case of a bare DNA molecule, we ob-
serve a reduction of the extension of the fiber. This should be attributed mostly to the
response of the DNA handles supercoiled into plectonemes. This plectonemic DNA
transfers into melted and twisted DNA when increasing the force up to 1.8 pN. The
net result is an extension that is equivalent to that of torsionally unconstrained DNA.

Apparently, the DNA handles, rather than the fiber, absorb negative supercoiling.

Interestingly, when positive twist is applied, we observed hardly any change in ex-
tension compared to the torsionally unconstrained chromatin fiber at forces below 2.5
pN. This is remarkable because the presence of a 25 nucleosomes chromatin fiber, ap-
pears to prevent the 2 kb of DNA handles to form plectonemic DNA, as it does for
negative twist. Above 2.5 pN, the force plateau, which is indicative of fiber unfolding,
appears as more positive twist is applied, like in the case of torsionally unconstrained
fibers. A maximum extension occurs at ALk = 20. When more twist is applied, the
extension of the plateau reduces again, which is, as we will show below, due to fewer

nucleosomes unfolding.
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4.2 Results

Figure 4.1: Pulling single torsionally (un)constrained chromatin fibers. (A) Force-
extension curve for a torsionally unconstrained chromatin fiber reconstituted with 25
nucleosomes. The solid line is a statistical mechanics model that describes the fiber as
a Hookean spring and the DNA handles as a Worm-like-chain (see Supplemental In-
formation). Inset: Experimental setup: a single compacted chromatin fiber with DNA
handles (~ 1 kb each), is tethered between a 1 ym bead and a cover-glass. Tension and
torsion on the fiber is controlled by moving or rotating the magnets above the bead.
(B) Schematic illustration of a chromatin fiber’s conformational changes with increas-
ing tension. I: low force regime, nucleosomes are folded into a 30-nm fiber; II: inter-
mediate force regime, the fiber is stretched to a single stack of nucleosomes; III: high
force regime, the fiber unfolds to form an array of nucleosomes that have only a single
turn of wrapped DNA. (C) Force-extension curves for a single torsionally constrained
chromatin fiber with 25 nucleosomes at various degrees of negative supercoiling (dots).
The solid lines are global fits to Equation (D) The number of folded nucleosomes
calculated by the model as a function of force under negative supercoiling. (E) Force-
extension curves for the same fiber at various degrees of positive supercoiling. Global
fits are drawn with solid lines. (F) The calculated number of folded nucleosomes under
positive supercoiling.

Thus, excess positive supercoiling appears to be absorbed by the fiber, whereas neg-
ative supercoiling stabilizes the fiber’s structure. Positive supercoiling can be stored in
the fiber at low forces, and restores chromatin fiber unfolding at high forces in tor-
sionally constrained fibers. These are clear indications that the fiber is not folded in an
isotropic structure, but rather displays features that point to a left-handed superhelix

that can handle some undertwisting, but cannot be over-twisted.

4.2.3 A quantitative statistical mechanics model for unfolding a su-
percoiled chromatin fiber
To quantify the interpretation above, we extended our statistical mechanics model for

a torsionally unconstrained chromatin fiber. We consider a Hookean torsional spring,

yielding an elastic energy G sip., [28,3233]:

Gfiber = iio (Azfiber)2 + i]\;’j;o (Znkaiher)z + Z\ff (Azfiber) (Zﬂkaiber) (4-1)

(o]
2sz ki zf

where s is the stretch modulus of the fiber; ¢y is the twist modulus, and g is the

twist-stretch coupling factor. N is the total number of fully folded nucleosomes and
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Chapter 4 - Torsional stress controls the folding and unfolding of the chromatin fiber

z; is the length of fiber in the absence of force, which is about 1.7 nm per nucleosome
[534]. Azfiper is the extension change of the fiber by pulling and twisting. The total
extension of the folded fiber is zf;p., = Nz} + AZfiper. Lkgiper is the linking number
of fiber. The force and torque on the fiber are calculated from the derivative of the free

energy to the extension and to the linking number [33]:

F = A;—;,Azfiber + 1\%’ (271kaibe,)
I :fc—f(zﬂLk ; f)+ﬁAz ; (42
fiber = Nzg fiber) ™ Nzg B fiber

The entire tether in our experiment consists of a part of chromatin fiber and a part

of DNA handles. The mechanical properties of the DNA handles (free energy Gpna,

extension of DNA zpy4, and the torque I'pya) are described by twisted, plectonemic

and melted conformations [36] (see Supplemental Information ). The excess linking

number of the tether is distributed between the two parts, with the torque considered

equal in both parts of the tether. To capture the anisotropy of the fiber in response to

twist, we include a linking number Lk?,,,, per nucleosome, yielding a total twist in the
fiber,

kaiber = Nx Lkoiber + Akaib” (4.3)
f

Combining Equation [4.2],[4.3]and the elasticity of DNA (details in Supplemental Infor-
mation ) yields the elastic response of a DNA-fiber tether:

Z(F, ALk, N) = ZDNA(F, ALkDNA) + Zfiber(F’ Akajbgr: N), (4.4)

for forces small enough not to rupture the fiber.

The force-induced rupturing of the nucleosomes in the fiber yields nucleosomes
with one turn wrapped of DNA. The linking number that is constrained by the nucle-
osome in the fiber will redistribute along the tether when such a rupture event takes
place. The elasticity of the resulting unfolded nucleosome is defined by the linker DNA
plus the length of DNA that is released from the nucleosome. In addition, an amount
of free energy G, for each nucleosome is released when nucleosome-nucleosome and
nucleosome-DNA interactions break. Note that we describe the unfolding of the fiber
as a single transition, as opposed to our previous modeling, in order to keep the model
as simple as possible. We can numerically calculate the partition function for a finite

number of nucleosomes:
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N
Z=3, ) (45)

=0

kgT

( N ) Gpna + Griver + 1Gu = Fz(F, ALk + iLk$y,, . 1)
- |exp(=
1

N
i is the number of nucleosomes that is unfolded, and | is a binomial coefficient
i

that takes the degeneracy of nucleosome unfolding into account. The expected value

of total extension at a certain force and an excess linking number is then given by:

N
(2(F,ALk,N)) = Z7* )" 2(F, ALk+iLk{y,,, i)

i=o

)

N GDNA+Gfiber+ iGu -Fz
o |exp(-
i kT

(4.6)

4.2.4 Comparison between data and model

We performed a global fit to our data for forces between 1.0 pN to 4.0 pN, and excess
linking numbers ALk ranging from -5 to 25. The elastic parameters of the chromatin
fiber were fit and those of DNA were fixed to known values.(solid lines in Figs. 4.1C and
E). We obtain sy = 0.48 £ 0.02 pN, ¢ = 3.4+ 0.2 pN nm?, g¢ = 0.03 + 0.01 pN nm. An
unfolding energy G, = 17.80+0.04 kT was found, very similar to that of a torsionally
unconstrained fiber, shown in Fig. 4.1A. The linking number per nucleosome yields
Lk%;p, = —0.81 % 0.01. Our model also recovers the number of folded nucleosomes at
different forces and excess linking numbers. It can be seen in Figs. 4.1D and F that all
the nucleosomes stay in the folded conformation at F< 2.5 pN. The change in extension
of the tether at forces larger than 2.5 pN can be attributed to an increase in the number
of unfolded nucleosomes. Interestingly, adding more positive supercoiling (ALk > 21
for 25 repeats) reduces the extension of the tether, suggesting that fewer nucleosomes

unfold when excessive positive supercoiling is applied.

At low forces (F< 1.0 pN) and negative supercoiling, the model deviates from the
data. This is remarkable as we obtain very good agreement between data and model
for bare DNA (see Fig. S1). The reduced extension that we observe for low forces and
negative supercoiling may indicate a more complex interplay among fiber structure,
plectonemes and melting bubbles in the DNA handles. Apart from this small region in

force and excess linking number, we obtain an excellent agreement between the model
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Chapter 4 - Torsional stress controls the folding and unfolding of the chromatin fiber

Linking number per

basepair/ nucleosome Stretch modulus ~ Twist-stretch coupling ~ Twist modulus  Unfolding energy

LKO s (pN) g(pN nm) c(pN nm?) G, (kgT)
B-DNA 0.1 1000 90 440
25x 197 torsionally 0.46£0.05 18.31£0.04
unconstrained
(25x197) global -0.810.01 0.48+0.02 0.03£0.01 3.4:0.2 17.800.04
(15x197) global -0.86+0.01 0.51+0.04 -0.0240.01 3.0£0.3 18.4040.03

Table 4.1: Comparison of the elastic parameters of DNA (F<3o0 pN) from [32} 57, 38],
with those of torsionally unconstrained chromatin fibers (25 repeats), and torsionally
constrained chromatin fibers (25 nucleosomes and 15 nucleosomes).

and the data.

4.2.5 Extension-twist curves

Besides pulling the chromatin fiber at constant excess linking numbers, we also twisted
the fiber at constant forces similar to experiments by Bancaud et al. [23}[24], but now
under conditions that favour higher order folding of chromatin. A comparable re-
sponse of the fiber to force and twist is evident in the Extension-Twist (E-T) curves,
shown in Fig. 4.2A. At high force (F=3.4 pN), the fiber’s extension hardly changes under
negative twist, whereas under positive twist, the extension first increases and reaches
a maximum value at ALk = 21, and subsequently decreases symmetrically. At an in-
termediate force (F=1.8 pN), the extension hardly changes under both negative and
positive twist in the range of —20 < ALk < 40 . Atlow force (F=0.4 pN), fiber shortenes
with negative twist,whereas under positive twist, the extension remains constant up to
30 turns. After 30 turns, a decease in extension occurs with a slope similar to that at

negative twist.

When we plot the E-T curves calculated with our model, we obtain excellent agree-
ment at F > 1.8 pN. Again, the data can be interpreted as the unfolding of the fiber at
sufficient positive twist. Like in the pulling experiment, in the twisting experiment the

calculated number of unfolded nucleosomes (Fig. 4.2C) indicates that the nucleosomes
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Figure 4.2: Extension versus twist data (dots) at constant force, together with the cal-
culated extension using the parameters from the global fit to the F-E curves shown in
Fig. 4.1and Fig. S3 (solid lines). (A) Fiber reconstituted with 25 nucleosomes. (B) Fiber
reconstituted with 15 nucleosomes. (C) and (D) are the calculated number of folded
nucleosomes corresponding to (A) and (B).
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first unfold from the fiber by increasing positive twist, and subsequently refold when
additional positive twist is applied. At 0.4 pN, however, we observe the same discrep-

ancy at negative twist that we found in the F-E data.

Experimental data of the chromatin fiber reconstituted on 15 repeats shows a simi-
lar response to force and twist (shown in Fig. 4.2B, Fig. $2,3). The global fit parameters
of 15 repeats obtained from the F-E curves are very close to those found for 25 repeats
(shown in Table 4.1), which indicates that the model properly takes the number of nu-
cleosome into account. Overall, we get a good agreement between our model and the
data, showing that the folded chromatin fiber can be described by a torsional spring
with a left-handed chirality. Moreover, the effect of supercoiling on the stability of the
fiber is accurately described by taking the mechanical and thermodynamical properties

of such a torsional spring and of DNA into account.

4.2.6 Salt effects

In vitro studies have shown that the compaction of chromatin requires divalent ions
[3]. We tested the influence of Mg** on the elasticity of torsionally constrained fibers.
All the experiments done in 100 mM K*, 2 mM Mg** , the E-T curves at F=o0.5 pN
show that forward twisting (adding excess linking numbers) and backward twisting
(reducing excess linking numbers) curves overlap, indicating that all deformations of
the fiber are reversible (Fig. 4.3A). When depleting Mg>* the E-T curves at 0.5 pN
hardly change (Fig. 4.3B). This indicates that the structure of the folded fiber is stable,
and that M g*>* depletion barely influences the mechanical properties of the folded fiber

at low force.

The F-E curves for pulling and releasing at constant linking numbers also overlap
in pulling experiments in buffers containing M g>*, (shown in Fig. 4.3C). This absence
of hysteresis indicates that the fiber is in equilibrium during the folding and unfolding
events. When the Mg>* is depleted (Fig. 4.3B), F-E curves at ALk = o are hardly af-
fected. F-E curves start to differ however, when positive twist is applied. The unfolding
transitions above 2.5 pN in M g>* depleted buffer, show large hysteresis, indicating that
an unfolded fiber refolds more slowly than it unfolds without Mg>*. Thus, the effects

of torsion are more persistent in the absence of Mg>* .
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Figure 4.3: Salt dependence of chromatin fiber folding (15 nucleosomes) at different
degree of supercoiling. Twist-Extension curves of the fiber at 0.5 pN, with (A) and
without M g>*(B). Both curves show no hysteresis between forward twisting (adding
excess linking numbers) and backward twisting (reducing excess linking numbers), in-
dicating that depletion of Mg** doesn’t induce structural changes at this force regime.
(C) Pulling and releasing the fiber in 100 mM K*and 2 mM Mg>*. The pulling and
release traces overlap, indicating the folding and refolding is in equilibrium. (D) Re-
placing the buffer with 100 mM K* without M g>*. The pulling and release curves show
large hysteresis, and irregular refolding and unfolding of the fiber.
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4.3 Discussion and conclusions

In this work, we describe the anisotropic elastic response of torsionally constrained
chromatin fibers, and quantify this response using a torsional spring model. In combi-
nation with the statistical mechanics describing the unfolding of the chromatin fiber,
we found that the Hookean torsional spring model accurately describes the fiber’s force-
dependent extension, regardless of the total number of folded nucleosomes. The ob-
tained fit parameters give a more detailed insight to the structure of chromatin fiber.
A linking number per nucleosome Lk%;,,, = —0.8 indicates that chromatin fiber has a
left-handed chirality.

To evaluate the role of higher order folding of the chromatin fiber, this number can
be compared to the amount of supercoiling that is constraint in a single nucleosome.
Though one nucleosome contains 1.7 turns of DNA, the linking number of a single nu-
cleosome is only -1 [39} [40]. This difference is known as the linking number paradox
[41]. Thus, the contribution of unwrapping the first turn to the change in the linking
number is about -0.4. The rest of Lk7,,,, must therefore be attributed to the higher-
order structure of fiber that is stabilized by nucleosome-nucleosome and nucleosome-
DNA interactions. Our model does not yield a satisfactory global fit to the data if we
reduce the excess linking number Lk$,;, , in the free energy term in Equationand
to -0.4. Having two turns per five nucleosomes in the folded chromatin fiber, however,
seems excessive. Modeling and EM reconstructions rather suggest about seven nucle-
osomes per helical twist in a solenodial fiber, yielding Lk$;,,, = 0.14. The remaining
part could easily be maintained by undertwisting the linker DNA, which would lead to
a twist density of -0.05 (- (0.4 — 0.14) / (50/10.4)) . This is close to the twist densities
that are found in vivo. The quantification of the excess linking number that we describe
here is therefore fully compatible with a solenoid folding of the chromatin fiber with
50 bp linker DNA.

It is informative to compare our measured elastic parameters of torsionally con-
strained chromatin fibers with bare DNA and torsionally unconstrained chromatin
fibers (Table 4.1). Both the stretch and twist modulus of the folded chromatin fiber
are dramatically smaller than those of bare DNA. The small twist modulus, which is
about hundred times smaller than that of DNA, implies that a chromatin fiber is very
soft and it can absorb large twists without building up much torque. The twist-coupling

factor gr obtained here is a very small number, comparable to the uncertainty in the fit.
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4.3 Discussion and conclusions

This suggests that in this force regime (F<4.0 pN), there is no significant twist-stretch
coupling. The low stretch and twist modulus of the fiber that we report here, suggests
that large changes in extension and linking number can readily be absorbed by neigh-
boring chromatin within single topological domain. Thus excessive stresses may be

effectively prevented by the soft chromatin fiber.

The unfolding energy G, captures the unfolding transitions of a torsionally con-
strained fiber in a wide range of twist densities. Moreover, this energy is close to the
value that is obtained in independent experiments with torsionally unconstrained chro-
matin fibers. This indicates that the energy barrier of a nucleosome between the folded
and unfolded state of a nucleosome is independent of torsional stress. The change in
rupture force that we report here can therefore be fully attributed to the energy as-
sociated with twisting the DNA. Recent measurements on the effect of torque on the
stability of a mononucleosome [22] qualitatively show that the rupture force for the
first turn unwrapping event is increased by positive torque. We tested if our model can
quantitatively explain these experimental results. By replacing the fiber with a single
nucleosome, leaving out the chirality, the stretch and the twist modulus of the fiber,
and simply considering a constant unfolding energy G,,, we are able to reproduce the
rupture force-torque relation similar to the experimental results (shown in Fig. S4).
This reinforces our model in which we have a strict mechanical coupling between the

nucleosomes, and the linker and handle DNA.

In this study we used highly regular, homogeneous chromatin fibers that are known
to fold in regular 30-nm structures. In vivo, chromatin is likely to be far less structured,
and the existence of such fibers is still heavily debated. We note that all the interactions
that we describe here are between neighboring nucleosomes and the unfolding mech-
anism seems to be conserved over a wide range of linker DNA (20, 55 bp, data not
shown). This lack of cooperativity, as demonstrated by the independence of the ther-
modynamical parameters on the number of nucleosomes in the fiber, indicates that
these results can be applied to any pair of nucleosomes. Having a regular chromatin
fiber greatly facilitates the interpretation of these nano-mechanical measurements, but
we expect that the described mechanical coupling and interaction energies can also be

applied to pairs of nucleosomes in irregular chromatin fibers.

Our experiments are conducted under moderate tension and torsion with force

smaller than 4 pN, and excess linking number |ALk| < 2/nucleosome. Under more ex-
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treme stresses conditions, the nucleosome may respond with various chiral transitions
[24]]. Furthermore, DNA with positive twist and forces larger than 3 pN may transfer
into a new conformation, P-DNA [42]. The force and twist regime that we describe
here is highly relevant for the situation in vivo. The activity of molecular motors, such
as RNAP leads to the build up of torsional stress on the DNA. It has been speculated
that this stress involves the disassembly and reassambly of chromatin [16}[17], and there-
fore may be a critical factor to regulate gene transcription. Previous studies reported
that RNAP can overcome the obstacle of a nucleosome at F~4 pN under torsionally
unconstrained conditions [43}[44]. According to the “twin supercoiled domain model”
[15], RNAP generates positive twist ahead of transcription direction and negative twist
behind. In our experiments, we show that positive supercoiling is readily absorbed by
the fiber, which subsequently facilitates fiber unfolding. On the other hand, we show
that negative twist can refold and stabilize the fiber. Interestingly, excessive positive
twist will drive the nucleosome to refold. This might play a role in the transcription

termination in eukaryotes, which is currently poorly understood [45].

In summary, we accurately quantified the elastic properties of a well-defined,
folded, torsionally constrained chromatin fiber. The data and modelling suggests that
the chromatin fiber folds into a left-handed helix. Both observations support the antic-
ipated role of the “twin supercoiled domain model” in chromatin maintenance. It even
suggests that higher-order folding of the fiber may contribute to reinforce this effect. Its
anisotropic response to supercoiling may have important implications for all processes

involving DNA during the cell cycle.

4.4 Materials and methods

4.4.1 Magnetic tweezers

The home-built magnetic tweezers was described before by Kruithof et al.[46]. During
an experiment a DNA or chromatin molecule was constrained between the end of a
superparamagnetic bead with diameter of 1 ym and the surface of a microscope cover-
slip. Tension and torsion on the fiber are manipulated by the pair of magnets. Moving
the magnets up and down changes the force on the bead. Rotating the magnets changes
the degree of supercoiling, i.e., the excess linking number ( ALk ). Each turn changes
ALk by +1. Supercoiling was induced by rotating the magnets at 1 turn/s. The extension
of DNA was measured in real time at a frame rate of 60 Hz with a CCD camera (Pulnix
TM-6710CL). No averaging or filtering was used. During experiments, we first twisted
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a fiber at low force (0.05 pN) to a desired ALk, and then pulled on the fiber. Alterna-
tively, we moved the magnets to a certain position [46] and measured extension versus
ALk at constant force.

4.4.2 Chromatin constructs

Two DNA constructs with 25 or 15 tandem repeats of the 601 sequence were used
based on Puci8 (A gift from D. Rhodes, Singapore). Both plasmids were digested with
Bsal and BseYI yielding linear fragments of 2410 and 6960 bp with corresponding
sticky ends. Digoxigenin and biotin-labeled handles were produced with PCR using
10% biotin-dUTP and digoxigen-dUTP on the pGem-3Z template using the following
primers: 5 GAT AAA TCT GGA GCC GGT GA 3’ and 5 CTC CAA GCT GGG CTG
TGT 3’ After PCR amplification, the fragments were digested with Bsal and BseYI and
ligated to the previously digested DNA 601 array. The ligation product was mixed with
competitor DNA (-147 bp) and histone octamers purified from chicken erythrocytes,
and reconstituted into chromatin fibers using salt dialysis [47].

4.4.3 Sample preparation

A clean cover slip was coated with 1% polystyrene-toluene solution. The cover slip
was then mounted on a poly-di-methysiloxane (PDMS, Dow Corning) flow cell con-
taining a 10 x 40 x 0.4 mm flow channel. The flow cell was incubated with 1 pug/ml
anti-digoxigenin for 2 hours and 2% BSA (w/v) solution over night. 20 ng/ml DNA
folded into chromatin in 10 mM Hepes, pH 7.6, 100 mM KAc and 10 mM NaN, was
flushed into the flow cell and incubated for 10 minutes, followed by flushing in 1 um
streptavidin-coated superparamagnetic microspheres (MyOne, Invitrogen) diluted one
thousand times in the same buffer. After 10 minutes excess beads were flushed away us-
ing the same buffer.
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4.5 Supplemental Information

4.5.1 Variables and derived expressions

Below, we use the following parameters to describe the mechanical properties of DNA:
F = Force;

A, = Bending persistence length (50 nm for twisted DNA);

kgT = Thermal energy;

C;=C (1 - 4—% %) = Twist persistent length as a function of force (twisted DNA)
, with constant C = 100 nm;

C, = Twist persistent length of plectonemic DNA (24 nm for plectonemic DNA);

L, = Contour length;

g= (F -/ %BtT) = Free energy per nm of torsionally unconstrained DNA.

4.5.2 Elasticity of supercoiled DNA

A supercoiled DNA molecule can be described by 3 different conformations, i.e,
twisted, plectonemic, and melted states. The free energy of twisted DNA is given by

a parabola function ( G'DNA = Gpna — Fzpna) [35,/48] :

kBTCt (ZﬂALkDNA)Z) (4 7)

Gpna = Lo (—g + > I
o

The extension of twisted DNA is calculated by taking the derivative of free energy to

force:

dG;)NA 1 kBT C? (ZHALkDNA )z(kBT)i
=-— = Lo[1-- -— ) (=) | 8
ZDNA dF \'"IV ar 16 L. AF (4.8)

As twist is applied to the DNA, the restoring torque will increase linearly with the excess

linking number it absorbed, before any conformational changes:

2mALk
Ipna = CtLiDNAkBT (4.9)
(o]
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4.5.3 Positive supercoiling: plectonemic and twisted DNA

DNA under positive twist can be overwound, staying in a twisted conformation or
transform into plectonemic conformation. An analytical solution yielded a constant

torque when the DNA buckles into plectonemic states [35]:

r+_ ZkBTCPg ( 10)
"\ 1-¢,/C +

The maximum linking number that can be absorbed by DNA before conformation

change is then:

ALk =T/ Lo/ (2kp TCy) (411)

max

The total extension of DNA after buckling decreases linearly by increasing linking num-

bers, the slope in nm/turn is given by [35}37:
1 BT ¢ (kr) ()
21~V aF ~wc \AF KT

IF (a1
BT \C, ~ C

The free energy of DNA will increase linearly; the gain in free energy per turn is:

Azpna = (412)

AGphya =21l (4.13)

4.5.4 Negative supercoiling: plectonemic, melted and twisted DNA

DNA under negative twist can stay in the twisted state, or can have conformational
change to become melted or pelctonemic DNA. Without the existence of melted DNA,
the mechanical properties of negative supercoiled DNA are identical to those for pos-
itive supercoiling. When we consider the coexistence of twisted and melted states, the
constant torque is limited due to melting [36]:

I =-npNnm (4.14)

c

To solve the problem of the different possible conformations of the DNA, we con-
sider two scenarios. If the calculated buckling torque in Equation [4.10]is smaller than
the constant torque in Equation [4.14], then the DNA coexists in twisted and plectone-
mic states; if the calculated buckling torque in Equation [4.10]exceeds -11 pN nm, DNA
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exists in twisted and melted states. The maximum linking number DNA can absorb

before conformation change is then:

ALk =T, Lo/ (2mkp TC,) (4.15)

The extension of DNA in the melted state is considered as the same as that of twisted
DNA under small degrees of supercoiling, due to the small fraction of melted DNA. The

free energy of DNA increases per turn:

AGpyy =27l (4.16)

4.5.5 The analytical solution of a DNA-fiber tether

Having discussed the mechanical properties of the torsional spring in the main text,

the extension and torque of the fiber are expressed as:

F—g}ankf,bn
oS R

) 5, (4.17)
Ufiver = Cp2mLkfiper + 8 AZfiper

AZfiber =

Here, 5} = sf/Nz;}, g} = gf/Nz;i and c} = cf/Nz;’(. Equaling the torque in the fiber and
in the DNA, and considering the total excess linking number is distributed between the
DNA and the fiber, we find:

ALk = ALkpna + Akaiber
kaiber =N x Lk_()‘)'iber + Akaiber

] (4.18)
F—gpamLkgiper
I

c}zﬂLkﬂbe, + g} X = CthﬂcuNA kgT

°
Solving Equation [4.18]yields

rr ’ ’ ’ r 7
ansfchk;ih”Jrgf(F—angka}ibe,)—zn((gf)z—sfcf)ALk

s,k T
2”((gf)2_sfcf_%c‘) (4.19)
ALkjiper = ALk = ALkpya

After plectonemic or melted states form in the DNA, we compare Equation
with Equation[4.11]and [4.15] For large excess linking numbers the torque will stay con-

stant at ¥ and the linking number distribution is then given by:
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7(())7¢))
ALkpya = ALk - ALKjipe

- N x Lk®

Akaiber = fiber

(4.20)

The extension of the tether at a certain force and excess linking number can now

be calculated as:

z(F,ALk,N) = zpNa(F, ALkpna) + Zfiper (Fs ALk fiper, N) (4.21)

The extension of DNA is considered for all the three states, twisted, plectonemic
and melted states by using Equation[4.8]and[4.12] When the unfolding of the chromatin
fiber is considered, as discussed in the main text, the partition function is written in the

terms of free energy:

) (422)

N N GDNA+Gfiber+ iGy, —FZ(F, ALk + iLk;iber’i)
Z:Z( i )exp(— ks T

One should notice the free energy of the DNA is Gpna = G;) ~na T Fzpna as shown
in Equation Using the partition function, we calculate the expected values of the

parameters that we are interested in.
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4.5.6 Supporting figures

Force (pN)
Force (pN)

200 400 600 800 200 400 600 800
Extension (nm) Extension (nm)

Figure S1

Force-Extension curves of torsionally constrained 2.4 kb DNA under negative super-
coiling (A) and positive supercoiling (B). The solid lines are the calculation results by
using Equations[4.8}{4.15} which is similar to the numerical solution presented in [36].
Under negative twist, the extension of the molecule decreased when increasing the de-
gree of supercoiling at forces below 1.0 pN. Above 1.0 pN, the extension of supercoiled
DNA converged to the extension of DNA without twist. Under positive twist, the ex-
tension of the molecule decreased when increasing the degree of supercoiling up to
F=4.0 pN.
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Figure S2

+5turn

1200 300 600 900 1200
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+15turn

300 600 900 1200
Extension (nm)

The force-extension curves of 197x15 repeats torsional constrained chromatin fiber. The
global fit results for the five curves from 1.0 pN to 4.0 pN are shown as solid lines.
The gray lines as background in each curve are the calculation results of torsionally
unconstrained model by varying the number of folded nucleosome as references to the

experimental data.
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Force (pN)
w

N

200 400 600 800 1000 1200
Extension (nm)

Figure S3

Force-extension curves of 197x15 repeats torsional constrained chromatin fiber with
force up to 6 pN by using the magnetic bead with diameter 2.8 yum instead of 1.0 ym.
It shows that under negative twist, around 4 pN the force-extension curve has a force
plateau similar to the torsional unconstrained fiber at lower force. Solid lines are the
calculations by using the parameters from global fit in main text Table 4.1. It shows a
good agreement to the experimental data.
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Figure S4

Simulated Force-extension curves for a mononucleosome under constant torque. By
using our statistical mechanics model discussed in the main text, we decrease the
number of nucleosomes to one, and we only use one parameter, the unfolding energy
G, =10 kg T to describe the mononucleosome. We converted the excess linking num-

ber to torque using Equation The calculated curves and rupture forces give the
same trend as reported in [22].
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