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Single-molecule force spectroscopy on histone H4
tail-cross-linked chromatin reveals fiber folding
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The eukaryotic genome is highly compacted into a protein-
DNA complex called chromatin. The cell controls access of tran-
scriptional regulators to chromosomal DNA via several mecha-
nisms that act on chromatin-associated proteins and provide a
rich spectrum of epigenetic regulation. Elucidating the mecha-
nisms that fold chromatin fibers into higher-order structures is
therefore key to understanding the epigenetic regulation of
DNA accessibility. Here, using histone H4-V21C and histone
H2A-E64C mutations, we employed single-molecule force spec-
troscopy to measure the unfolding of individual chromatin
fibers that are reversibly cross-linked through the histone H4
tail. Fibers with covalently linked nucleosomes featured the
same folding characteristics as fibers containing wild-type his-
tones but exhibited increased stability against stretching forces.
By stabilizing the secondary structure of chromatin, we con-
firmed a nucleosome repeat length (NRL)-dependent folding.
Consistent with previous crystallographic and cryo-EM studies,
the obtained force-extension curves on arrays with 167-bp NRLs
best supported an underlying structure consisting of zig-zag,
two-start fibers. For arrays with 197-bp NRLs, we previously
inferred solenoidal folding, which was further corroborated by
force-extension curves of the cross-linked fibers. The different
unfolding pathways exhibited by these two types of arrays and
reported here extend our understanding of chromatin structure
and its potential roles in gene regulation. Importantly, these
findings imply that chromatin compaction by nucleosome
stacking protects nucleosomal DNA from external forces up to 4
piconewtons.

The eukaryotic genome is highly compacted into the protein-
DNA complex called chromatin. The basic unit of chromatin
organization comprises 147 base pairs of DNA wrapped in 1.7
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turns around an octamer of proteins consisting of the core his-
tones H2A, H2B, H3, and H4 (1). This nucleosome core particle
has been shown to form a barrier (2) as well as a binding site (3)
for proteins involved in DNA metabolism, such as those
responsible for replication, transcription, and DNA repair. The
cell modulates access to chromosomal DNA by remodeling it
(4) via active nucleosome translocation (5), post-translational
modifications of histones (6), and/or the binding of other pro-
teins like the linker histone or HP1 (7, 8), providing a rich spec-
trum of regulation.

The accessibility of chromosomal DNA can further be mod-
ulated by folding strings of nucleosomes into higher-order
chromatin structures, driven by nucleosome-nucleosome
interactions. This secondary structure remains controversial
(9) despite extensive efforts in exploring it using electron
microscopy (EM) (10, 11), crystallography (12), analytical ultra-
centrifugation (13, 14), and structural modeling (15-17). These
studies generally support a preferential stacking of nucleo-
somes in a face-to-face fashion, mediated by the H4 tail (12, 18).
However, the geometrical constraints of short linker DNA
between the consecutive nucleosomes may inhibit such inter-
actions, and therefore variations in the DNA linker length may
influence the resulting higher-order folding (19). This is espe-
cially relevant in the context of epigenetics because the expres-
sion of particular genes can be correlated with the occupancy
and spacing of nucleosomes on the DNA (20, 21). For example,
the expulsion of nucleosomes in the promotor regions facili-
tates the accessibility of the underlying DNA sequence to poly-
merases (22). However, a fundamental understanding of the
mechanisms involved in this epigenetic regulation requires a
significant advance in our knowledge of chromatin folding.

Although nucleosomal arrays readily fold into 30-nm fibers
in vitro, their existence in vivo has been questioned (23). Nev-
ertheless, it seems likely that interactions between nucleosomes
will occur in a crowded eukaryotic nucleus (24), and given the
heterogeneity in nucleosome spacing (25), it is relevant to
uncover how the length of the linker DNA affects nucleosome-
nucleosome contacts and the chromatin structure that is
induced by those interactions. Tandem arrays of the Widom
601 sequence, which force the nucleosomes into well defined
positions, have been instrumental in structural studies of chro-
matin (26-28). The most detailed structures show chromatin
fibers that form two stacks of nucleosomes connected by
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straight linker DNA as shown in the crystal structure of a tet-
ranucleosome (12). The same tetranucleosomal geometry was
recently visualized by cryo-EM (10), implying that a two-start
configuration is the predominant structure of chromatin fibers.

Other studies, however, indicate that arrays of nucleosomes
may form alternative structures (29). In particular, the one-
start or solenoid structure has been proposed early on (30).
Robinson et al. (11) demonstrated that the diameter of folded
chromatin fibers, as measured with EM, is independent of the
DNA linker length, which is difficult to reconcile with a two-
start helix with straight linker DNA. The relatively irregular
folding of these fibers impeded averaging of structures, leaving
the linker DNA unresolved.

Probing the mechanical response of chromatin to tension
constrains some of the proposed models of the underlying
structure. In single-molecule force spectroscopy, the extension
of individual chromatin fibers is measured as a function of the
applied force (31, 32). Previously, we introduced a detailed
interpretation of the force-extension relation with a statistical
mechanics model that quantifies extensions and transitions
between all chromatin conformations upon stretching (33).
From our analysis, we inferred a two-start folding of 167-bp
nucleosome repeat length (NRL)? fibers and a one-start folding
of 197-bp NRLs. The two-start organization was recently con-
firmed using single-molecule force spectroscopy on 177- and
187-bp NRL fibers (34). The interpretation that 197-bp NRL
fibers fold as a one-start solenoid, which was also inferred from
EM studies (11), has been challenged (17, 35), arguing that the
obtained linear extension of the chromatin fibers can be
achieved by gradual unwrapping of DNA from the nucleosome
cores. To clarify this issue, it is important to resolve at what
force and extension the nucleosome-nucleosome contacts are
broken.

Both of the proposed folding geometries imply stacking of
nucleosomes, which has been proposed to be mediated by elec-
trostatic interactions between the H4 tail and the acidic patch
on the H2A-H2B dimer (36). An elegant way to study such
tail-mediated nucleosome interactions was developed by
Dorigo et al. (18), who cross-linked neighboring nucleosomes
by introduction of two cysteines, one in the acidic patch and
one at the end of the H4 tail. The reversible cross-linking pro-
cess is controlled by the redox potential of the measurement
buffer. Under oxidizing conditions, a covalent disulfide bond
between two cysteines in adjacent nucleosomes mimics the
suggested native structure of the H4 tails in stacked nucleo-
somes. Both gel electrophoresis and EM imaging confirmed the
two-start folding of cross-linked fibers by showing that odd and
even nucleosomes form two separate stacks (18).

Here, we combine cysteine-mediated nucleosome cross-
linking with single-molecule dynamic force spectroscopy. This
approach brings the advantage of being able to distinguish the
signatures of rupturing nucleosome-nucleosome contacts from
those of gradually unwrapping nucleosomal DNA. As long
as the nucleosome-nucleosome stacking is not disrupted, i.e.
H4-mediated interactions between nucleosomes are not bro-

3 The abbreviations used are: NRL, nucleosome repeat length; pN, piconew-
ton(s); MT, mutant; WLC, wormlike chain; MB, measurement buffer.
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ken, the introduction of disulfide links between nucleosomes
should not change the force-extension relation. The obtained
force-extension curves of cross-linked nucleosomes should in
this case overlap with those of either arrays containing wild-
type (WT) nucleosomes or reduced Cys mutant (MT) nucleo-
somes. Both the stretching stiffness and the extension at the
rupture force would be unaffected by the disulfide bonds. Alter-
natively, if the linear stretching of folded chromatin fibers
mainly involves DNA unwrapping, cross-linking the nucleo-
somes with the H4 tails should inhibit large extension of the
fiber. Thus, single-molecule force spectroscopy of cross-linked
chromatin fibers should be able to discriminate different
unfolding pathways of a chromatin fiber. The results presented
in this work clearly reveal H4 tail-mediated nucleosome stack-
ing and one- and two-start structures for 167- and 197-bp
NRLs, respectively.

Results

Chromatin with short NRL folds into a stiffer structure than
chromatin with long NRL

We first briefly recapitulate our previous force spectroscopy
results on chromatin fibers and how the force-extension data
can be interpreted. We use a statistical physics model that
quantifies the changes in extension of each intermediate
nucleosome conformation upon stretching the fiber and explic-
itly takes variations in the fiber composition into account. The
force-dependent extension of the tether is obtained by the sum
of the extensions of each nucleosome and the extension of the
bare DNA handles at the flanks of the chromatin fiber, which
are modeled by a wormlike chain. The features of individual
chromatin fibers are captured by fitting this model to the exper-
imental force-extension curves (Fig. 1A4).

A characteristic feature of the force-extension curves of
folded chromatin fibers is the force plateau at 3—4 pN. We will
refer to this region as the unstacking transition of the chroma-
tin fiber. At forces below this transition, the fiber is folded into
a condensed structure that is stabilized by nucleosome-nucleo-
some interactions. In this regime, the fiber extension increases
linearly with applied force, like a Hookean spring. When the
force exceeds the rupture force, the extension of the total fiber
rapidly increases to about 1 um (Fig. 1, A and B). This extension
corresponds to about 30 nm per nucleosome and is consistent
with a single wrap of DNA remaining around each histone core.
The unstacking transition is modeled with a force-dependent
equilibrium in which the stacking energy is balanced with the
work done by the bead. For a more detailed description, we
refer to Meng et al. (33).

Only at forces exceeding 7 pN does the second wrap of DNA
start to be released. As opposed to the low-force ruptures, this
second transition is not in equilibrium, resulting in clear, well
defined steps of 25 nm for each unfolding event (Fig. 1C). We
note that the release of DNA from singly wrapped octameric
nucleosomes, as present after the unstacking transition, cannot
be distinguished from the unfolding of tetrasomes, which con-
sist of two copies of the histones H3 and H4 wrapped by a single
turn of DNA; both would result in the appearance of 25-nm
steps. The force-dependent extension of the entire fiber is
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Figure 1. Wild-type histone chromatin fibers with 167- and 197-bp NRLs
respond differently to applied force. A, force (F)-extension curve of a chro-
matin fiber reconstituted on 15 X 167-bp DNA (20-bp linker DNA; red) and
15 X 197-bp DNA (50-bp linker DNA; violet). As a reference, the WLC extension
of a 4.4-kbp DNA is plotted (black dotted line). Fitted black curves correspond
to the statistical mechanics model for chromatin unfolding described in
Meng et al. (33). The graphs represent conformational changes upon stretch-
ing. A folded fiber initially stretches linearly until nucleosome-nucleosome
interactions rupture and simultaneous release of 56 bp of nucleosomal DNA.
The remaining nucleosomal DNA releases in two steps, a small 5-nm step
around 6 pN and an ~25-nm step at higher forces. Note that tetrasomes only
feature the last step. B, zoom of the low-force part of the force-extension
curve, representing the stretching of the folded fiber. Compared with 197-bp
NRL fibers, 167-bp NRL fibers are more condensed (although extra tetra-
somes or hexasomes in this fiber shift the curve to higher condensation), are
stiffer, have a higher rupture force, and rupture cooperatively. The unstacking
transition is in equilibrium, and the fiber refolds as the force is released (data
not shown). Inset, histogram of the fitted unstacking energy per nucleosome
for both types of fibers. C, zoom of the high-force regime of the force-exten-
sion diagram. The remaining wrapped DNA unfolds in a non-equilibrium
fashion, resulting in a staircase-like extension curve. Inset, histogram of the
step sizes.

defined by the sum of the force-dependent extensions of each
nucleosome, tetrasome, hexasome, and the flanking DNA. The
number of nucleosomes and tetrasomes are fitted to the force-
extension curve of each individual fiber, yielding the black lines
in Fig. 1. All force-extension curves feature a similar unfolding
pathway, although the detailed composition and interaction
parameters may differ between individual fibers.

Several features of the force-extension curves depend on the
NRL. Compared with 197-bp NRL fibers, 167-bp NRL fibers
exhibit an increased rupture force of 3.5 and 4 pN, respectively,
and an almost 4 times larger slope in the low-force regime that
precedes the unstacking transition (Fig. 1B). For the 167-bp
NRL fibers, the latter feature results in a maximal extension of
the fiber before the unstacking transition of about 5 nm per
nucleosome, compared with roughly 10 nm per nucleosome for
197-bp NRL fibers. Furthermore, 167-bp NRL fibers feature a
sharp force plateau, implicating cooperative unfolding, whereas

17508 J Biol. Chem. (2017) 292(42) 17506-17513

the more gradual unstacking of 197-bp NRL fibers indicates
independent ruptures of stacked nucleosomes. Interestingly,
the stacking energy, which can be approximated by the product
of the rupture force and the length of the force plateau divided
by the number of stacked nucleosomes, is the same for both
fibers (Fig. 1B, inset). This suggests that similar nucleosome-
nucleosome interactions govern the folding of the two types of
nucleosomal arrays into higher-order structures.

These results and those of our previous studies imply a two-
start zig-zag structure for the 167-bp NRL fibers and a one-start
solenoidal folding for the 197-bp NRL fibers. However, this
interpretation has been questioned (9), arguing that the exces-
sive bending of the linker DNA does not allow for stacking of
neighboring nucleosomes. Moreover, it was suggested that
stacking of nucleosomes involves more than just histone tail-
mediated interactions and would require a closely packed stack
of nucleosomes, which is inconsistent with an extension of up
to 10 nm per nucleosome. Clearly, identifying the exact struc-
tural nature of the unstacking transition will help to address
these issues.

The H4 tail mediates the nucleosome-nucleosome interactions
in folded chromatin fibers

In the absence of DNA, H4-V21C and H2A-E64C mutant
histones readily dimerize under oxidizing conditions but
remain largely separate in the presence of a reducing agent such
as DTT (Fig. 24). When these histones are folded into a chro-
matin fiber, H2A-H4 cross-linking stabilizes the MT fiber
against a stretching force (Fig. 2B). Indeed, cross-linked chro-
matin fibers remain condensed up to much larger forces than
fibers in reduced conditions, which exhibit an unstacking pla-
teau similar to WT fibers. The difference in extension is more
than 500 nm at 5 pN for a fiber containing 15 nucleosomes, or
about 30 nm per nucleosome. Moreover, at forces above 10 pN,
we observed large, discrete, and irregular rupture events on
cross-linked MT fibers (Fig. 2B) as opposed to clear 25-nm
steps (Fig. 1B) for WT fibers. Similar to WT fibers, this transi-
tion is irreversible, and the refolding curve does not overlap
with a stretching curve (supplemental Fig. 2). Not all histones
dissociate from the DNA, however, as the refolding curve sig-
nificantly deviates from that of bare DNA as described by a
WLC at forces below 25 pN. Compared with WT fibers, this
deviation appears to be slightly bigger for the cross-linked
fibers, but large variations were observed.

To quantify the unfolding more precisely, we computed the
fraction of fully unwrapped nucleosomes as a function of force
(Fig. 2C) for all types of fibers. Whereas forces of 20 pN are
sufficient to unwrap more than 90% of the nucleosomal DNA in
WT fibers and MT fibers under reduced conditions, only about
a third of the nucleosomal DNA is released in cross-linked MT
fibers (Fig. 2C, 167- and 197-bp NRLs in light and dark blue
curves, respectively). To unwrap more than 90% of the nucleo-
somal DNA in cross-linked MT fibers, forces in the range of
35—40 pN are required. Thus, efficient cross-linking of Cys res-
idues is achieved in folded fibers when the redox potential is
sufficiently low.

In contrast to the observed differences in the high-force
regime, inspection of the low-force regime reveals that here the
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Figure 2. Cross-linking mutant histones introduces covalent bonds
between nucleosomes in folded chromatin fibers. A, 18% SDS-PAGE of
H4-V21C/H2A-E64C double mutant X. laevis histone octamers in reducing
and oxidizing conditions. Apart from the three bands corresponding to H4,
H2A-H2B, and H3 histones, additional bands are visible due to the formation
of histone dimers through the disulfide bridge. Multiple dimers can be
formed because of endogenous cysteines in H3 and newly introduced cys-
teinesin both H4 and H2A. B, force (F)-extension curves of cross-linked 197-bp
NRL fibers (light blue) and a WT 197-bp NRL fiber (dark blue). Dashed lines
represent WLC curves of DNA with the same extension as chromatin fibers at
7 pN. These curves were used to calculate the fraction of fully unwrapped
nucleosomes. C, fraction of unfolded nucleosomes as a function of force for
the wild-type and cross-linked fibers. Wild-type and non-cross-linked fibers of
both NRLs feature full unwrapping of nucleosomes in a force range between
6 and 22 pN. In cross-linked fibers, only 30% of the nucleosomes are fully
unwrapped at 22 pN. Full unwrapping is only achieved at 40 pN.

mechanical properties of the cross-linked MT fibers are very
similar to those of folded W'T fibers. For 167-bp NRL fibers (Fig.
3A), close overlap is observed for the force-extension curves
below the 4-pN unstacking plateau. Both fibers yield the same
stiffness (p = 4 X 10 *?). At 4.5 pN, the WT fiber undergoes the
unstacking transition, whereas the cross-linked MT fiber con-
tinues to stretch in almost linear fashion. The force-extension
curves of the 197-bp NRL fibers also feature substantial overlap
up to the unstacking plateau (Fig. 3B), whereupon the curves
start to deviate. Again, both fibers yield the same stiffness (p =
2 X 107'). As in the case of the WT fibers, the cross-linked
197-bp NRL MT fibers exhibit reduced stiffness relative to the
cross-linked 167-bp NRL MT fibers. We therefore conclude
that the mechanical properties of the folded fibers at forces
below the unstacking transition are unaffected by cross-linking.
This is noteworthy as it implies that contacts between the H4
tail and the H2A acidic patch remain intact throughout the
linear stretching regime.

H4-V21C/H2A-E64C mutations affect chromatin stacking

One would expect that MT fibers under reducing conditions
and WT fibers exhibit similar force-extension behavior, but
instead we found that MT fibers are generally more extended at
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Figure 3. Cross-linked fibers do not feature the characteristic chromatin-
unstacking transition at 4 pN. A, the typical force plateau of 167-bp NRL
fibers at 4.5 pN is not observed in cross-linked fibers. Until unstacking, the
force (F)-extension curves overlap. B, comparison between a cross-linked MT
fiberand a WT 197-bp NRL fiber shows a similar stabilization of the fiber. Note
that these fibers have a different number of tetrasomes and hexasomes,
resulting in a small offset between the curves. The small transition at 3.5 pN in
the cross-linked 197-bp NRL MT fiber may indicate that one of the nucleo-
some pairs is not properly cross-linked. Fitting the curves yields the same
values for the fiber stiffness of cross-linked and non-cross-linked fibers.

low force (Fig. 4, A and B). This difference can be understood by
explicitly accounting for the numbers of nucleosomes, hexas-
omes, and tetrasomes present in the fibers. Fitting the data to
our physical model of chromatin stretching shows that MT
fibers generally contain fewer nucleosomes, but more tetra-
somes, than their WT equivalents. Consider, for example, the
167-bp NRL WT fiber and the corresponding MT fiber shown
in Fig. 4A. The WT fiber is found to contain 14 nucleosomes
and five tetrasomes, whereas the MT fiber contains nine
nucleosomes and 10 tetrasomes (fit results with residuals are
listed in supplemental Figs. 3 and 4). As both fibers contain 19
nucleosomal particles in total, their extensions at forces
exceeding 5 pN are very similar. In a similar fashion, we fitted 15
nucleosomes and eight tetrasomes for the 197-bp NRL WT
fiber shown in Fig. 4B, whereas the 197-bp NRL MT fiber con-
tained nine nucleosomes and 15 tetrasomes. These fit results
are typical for our reconstitutions and may reflect an inherently
lower stability of nucleosomes in MT fibers. If so, H2A-H2B
dimers may more easily dissociate. H2A-H2B dissociation will
result in less nucleosome-wrapped DNA (as tetrasomes only
wrap a single turn of DNA) and fewer nucleosomes that stack
on each other (for which the acidic patch on H2A-H2B is
required). Both effects will increase the extension of the fiber at
forces below the unstacking transition. These differences in
fiber composition, however, do not impact the stiffness of WT
and cross-linked MT fibers, which continue to reflect the stiff-
ness characteristic for their NRL (supplemental Figs. 3 and 4).

We can further exclude the effects of differences in the com-
position of individual fibers by exposing individual fibers
sequentially to cross-linking and reducing conditions. We first
applied forces up to 6 pN on MT fibers under cross-linking
conditions (Fig. 4, C and D, green curves). Next, we flushed in
DTT to disrupt cross-linking and repeated the pulling experi-
ment (Fig. 4, C and D, blue curves). As before, the force-exten-
sion curves of cross-linked and reduced MT fibers largely
overlap at forces below the unstacking transition with the dif-
ferences in stiffness between 167- and 197-bp NRL fibers being
independent of the presence of cross-linking. Because cross-
linking of H4-V21C to H2A-E64C does not affect the mechan-
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Figure 4. Cross-linking of individual fibers does not affect their mechan-
ical properties. A, low-force regime of the force (F)-extension curve of a chro-
matin fiber assembled on 15 X 167-bp DNA with WT octamers (red curve) and
H4-V21C/H2A-E64C octamers (dark blue) under reducing conditions. B, low
force regime of the force-extension curve of a chromatin fiber assembled on
15 X 197-bp DNA with WT octamers (purple curve) and H4-V21C/H2A-E64C
octamers (dark blue) under reducing conditions. The difference in the plateau
height between WT and MT fibers in both graphs indicates a reduced inter-
action strength. The smaller width of force plateaus of the MT fibers should be
attributed to a smaller number of H2A-H2B dimers than in the WT fibers. Cand
D, low-force regime of the force-extension curves of the same MT chromatin
fibers as shown in A and B under reduced (blue) and oxidized conditions
(green). The tether was first pulled when cross-linked in oxidizing buffer and
then in reducing buffer (light blue). Removal of cross-links recovers the force
plateau. Importantly, before fiber rupture, the force-extension behaviors of
the MT fibers overlap with the curves obtained when cross-linked.

ical properties of the folded fiber but does inhibit the unstack-
ing transition (Fig. 3), we can unequivocally attribute this
unstacking transition in both 167- and 197-bp NRL fibers to the
rupture of H4 tail-mediated nucleosome stacking rather than
the gradual unwrapping of the nucleosomal DNA.

Discussion

The folding of chromatin fibers is a highly debated topic that
has been addressed mainly by studying regularly spaced 601
arrays reconstituted in vitro. To elucidate how the nucleosome
repeat length influences the secondary structure and dynamics
of chromatin, we performed a single-molecule force spectros-
copy study on 167- and 197-bp NRL nucleosomal arrays recon-
stituted with wild-type histone octamers and compared their
response with that of fibers composed of double mutant (H4-
V21C/H2A-E64C) histone octamers. Using these two point
mutations, we could attribute the nature of nucleosome stack-
ing in folded chromatin fibers to these specific residues. Impor-
tantly, up to the unstacking transition, we observed the same
mechanical properties in cross-linked and WT fibers, which
underscores the role of the H4 tail in nucleosome-nucleosome
interactions that drive higher-order folding.

Successful cross-linking in the flow cell was confirmed by the
increased rupture forces of the individual fibers (Fig. 4) and
could be reversed by flushing a reducing agent into the buffer.

17510 J Biol Chem. (2017) 292(42) 17506-17513

We speculate that the large changes in extension at forces
exceeding 10 pN (Fig. 2B) represent the disassembly of clusters
of covalently linked nucleosomes from the DNA.

All force-extension curves showed a linear extension of the
folded fibers in the low-force regime. The overlap between WT
fibers and MT fibers below 3 pN (Fig. 3) implies that cross-
linked MT fibers share the same structure as equivalent fibers
assembled with WT histone octamers. We can therefore pin-
point the predominant stacking interaction to the two mutated
residues, although additional interactions between other tails
and neighboring nucleosomes cannot be excluded. Linking the
nucleosomes by the disordered, flexible tails explains the very
low stiffness of the fibers and the large linear extension that we
report here and in previous work.

Our MT nucleosomes still carried the native H3 Cys-110
residue, which could form disulfide bonds with the cysteines in
H4-V21C and H2A-E64C. We cannot exclude the formation of
such cross-links in our chromatin fibers. However, the H3 Cys-
110 residues are more deeply buried in the nucleosome struc-
ture and therefore less accessible. In the low-force range, we
observed the same mechanical properties for the fibers under
oxidizing and reducing conditions, suggesting that only the
anticipated H4-V21C-H2A-E64C disulfide bonds are formed,
mimicking native H4 tail-H2A acidic patch interactions.

The cross-linking approach has a significant advantage in the
single-molecule force spectroscopy assay. Covalently fixing the
state of the fiber in the absence of force allowed us to decouple
the mechanical properties of 197-bp NRL fibers from sponta-
neous fiber unfolding. The results obtained with the WT fibers
show that the maximum extension of the folded 197-bp NRL
fiber is ~10 nm per nucleosome. Considering a height of a
nucleosome of ~6 nm, a gap of ~4 nm remains between two
stacked nucleosomes in the stretched fiber. The H4 tails have
just enough length to span this gap. The cross-linked MT fibers
can be stretched several nm per nucleosome more, prior to the
occurrence of rupture transitions at ~8 pN. This additional
length may result from elastic deformation of the nucleosome,
and it cannot be excluded that part of the H4 tail is pulled out of
the nucleosome core at such high forces. The observed exten-
sion shows, however, that nucleosome-nucleosome stacking
does not require close packing of the stacked nucleosomes.

We detected a higher abundance of tetrasomes in MT fibers,
which could result from weaker stacking interactions between
nucleosomes. We observed that the unstacking plateau occurs
at lower forces, 3.5 versus 4 pN for 167-bp NRL and 2.5 versus 3
pN for 197-bp NRL for non-cross-linked MT fibers. Replacing
the glutamic acid residue in H2A by a polar cysteine reduces the
charge of the acidic patch and may consequently decrease elec-
trostatic nucleosome-nucleosome interactions and therefore
the stability of nucleosome stacking. The small extension of the
197-bp NRL fiber at 3.5 pN (Fig. 3B) may represent the unstack-
ing of a few non-cross-linked nucleosomes, indicating that
cross-linking may not have been achieved fully in these fibers.
Interestingly, the rupture force for single nucleosomes (which
cannot stack and can only unwrap) is 2.5 pN (33). Thus,
unwrapping of nucleosomal DNA in the absence of stacking
could account for the appearance of the unstacking transition
at 2.5 pN; consistent with this interpretation, we observed a
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more gradual unstacking transition for 167-bp NRL MT fibers
under reducing conditions (Fig. 4A4). Likewise, sedimentation
velocity analysis of 167- and 177-bp NRL MT fibers under
reducing conditions indicated a reduced degree of condensa-
tion for MT fibers relative to WT fibers (18). As a secondary
effect, destabilization of the nucleosome-nucleosome interac-
tions may enhance H2A-H2B dimer dissociation, leading to
fibers with a larger tetrasome/nucleosome ratio. This may be
particularly relevant for the single-molecule force spectroscopy
assay presented here, in which the fibers are highly diluted (37).

We can exclude, however, that the increased number of tet-
rasomes in MT fibers inhibited H2A-H4 —mediated nucleo-
some stacking in the case that all nucleosomes would be inter-
spersed by tetrasomes. The same fibers under cross-linking
conditions continue to stretch linearly beyond 3.5 pN (Fig. 4, C
and D), demonstrating the establishment of covalent H2A-H4
cross-linking. Thus, both comparisons between ensembles of
WT and cross-linked MT fibers and between individual cross-
linked and reduced MT fibers indicate that the unstacking pla-
teau should be attributed to the unstacking of nucleosomes
rather than to the unwrapping of nucleosomal DNA.

The most detailed structural studies on folded chromatin
fibers used short NRLs (10, 12) and clearly resolved a two-start
helix. Our experiments on WT chromatin arrays with a short
NRL (167 bp) showed that these fibers fold into rather stiff
tethers that unstack cooperatively, in line with such a two-start
helix. Longer repeat lengths, however, are more common in
higher eukaryotes, which makes it highly relevant to resolve
their topology. Robinson et al. (11) reported that the dimen-
sions of folded fibers with larger NRLs are incompatible with
two-start folding. Compared with 167-bp NRL fibers, 197-bp
NRL fibers appear less stiff and rupture at smaller forces. The
distribution of the unstacking energy in 197-bp NRL fibers is
slightly broader than that of 167-bp NRL fibers (Fig. 1B, inset),
which may indicate more heterogeneity. Consequently, ther-
mal fluctuations will induce larger variations in extension and
enhanced spontaneous unstacking of nucleosomes in the
folded fibers. Such a more disordered and dynamic structure of
chromatin fibers with a long NRL renders studying their orga-
nization using structural techniques more challenging.

It is relevant to point out that our measurements were per-
formed at physiological salt concentrations (i.e. 100 mm NaCl;
see “Experimental Procedures”). The recent results obtained
with force spectroscopy and cryo-EM on 167- and 177-bp NRL
fibers by Li et al. (34) were acquired at much lower salt concen-
trations (10 mm HEPES, pH 8.0, 0.1 mMm EDTA, and optionally
1.5 mm MgCl,), which could strengthen interactions between
histones and DNA, driving the fibers in more compacted,
closely packed structures. Whereas Li et al. (34) report steplike
transitions for unstacking, a sign of non-equilibrium transi-
tions, our force-extension curves on WT fibers feature a grad-
ual unstacking plateau that can be reversibly refolded. Such
behavior indicates more frequent nucleosome unstacking and
restacking events, which may be relevant in vivo where nucleo-
somal DNA seems readily accessible.

The current results place strong constraints on structural
models of 30-nm fibers. Such models should be compatible,
upon the application of force, with an extension of up to 10 nm
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per nucleosome while maintaining the base of the H4 tail (res-
idue H4 Asn-24) and the acidic patch (residue H2A Glu-64) in
the adjoining nucleosome within ~3.5 nm (the maximal exten-
sion of the H4 tail (16)). For 197-bp NRL fibers, this spatial
constraint excludes any higher-order nucleosome-nucleosome
stacking other than a one-start model. For shorter fibers such as
the 167-bp NRL, the constraint, set experimentally by the max-
imal extension per nucleosome, is partially relieved as these
fibers are found to have a smaller maximal extension before
rupture; in accordance with all other experimental evidence,
this points to a two-start structure. The 10-nm linear extension
per nucleosome for 197-bp NRL fibers clearly points to a one-
start helix as such extension in two-start models would require
distances between stacked nucleosomes that exceed the length
of the H4 tail.

An alternative interpretation of the extension of the fiber
before the unstacking transition would be the gradual unwrap-
ping of nucleosomal DNA (9). Such a model would be incom-
patible with our data as DNA unwrapping increases the dis-
tance between the nucleosomes to lengths that cannot be
bridged by the H4 tail. The covalent bond that we introduced
by cross-linking furthermore prohibits any conformational
changes that require changes of interacting nucleosomes upon
stretching by unstacking and restacking with other nucleo-
somes. We therefore conclude that stacking between neighbor-
ing nucleosomes in a one-start helix is the most likely structure
for the 197-bp NRL fibers studied here.

Additional measurements can be envisioned that further test
the folding pathway reported here. Clipping of the histone tails,
acetylation of H4 Lys-16, and the depletion of Mg>" should all
affect fiber folding by reducing the histone tail-mediated stack-
ing interaction between the nucleosomes. We did observe a
lower interaction energy for these cases (data not shown), but as
for the MT fibers under reducing conditions, we predominantly
observed accompanying degradation of fiber composition,
leading to fibers containing mostly tetrasomes. We speculate
that the lack of higher-order structure makes the fiber more
fragile when exposed to the drag forces that are unavoidable
when flushing the flow cell. Therefore, it appears that nucleo-
some stacking and nucleosome stability in fibers may be corre-
lated in our experimental setup. The current approach of
strengthening nucleosome stacking, rather than weakening,
allows for better control of the fiber’s composition.

Although our work focuses on the physical properties of reg-
ular arrays of nucleosomes in vitro, the linker length depen-
dence of nucleosome stacking may have important conse-
quences for chromatin structure in vivo. It is conceivable that
the variable linker length that has been reported for native
chromatin can result in irregular chromatin structures, which
would match recent reports on the absence of higher-order
structure (38) or the observation of pebbles of locally con-
densed structures (24). Alternating stacking between neigh-
bors, next neighbors, or more distant nucleosomes could locally
modulate the accessibility of the chromatin and hence play an
important role in epigenetic regulation.

For linker lengths of 20 and 50 bp, we established that
nucleosome stacking protects nucleosomal DNA from external
forces up to about 4 pN. This may be the most important ram-
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ification of the current work. Despite extensive extension of the
chromatin fibers, nucleosome stacking remains intact in this
force regime, which will reduce accessibility of the DNA and
will therefore affect the activity of all nuclear processes that
require access to DNA.

Experimental procedures
Chromatin reconstitution and cross-linking

A plasmid based on pUC18 (Novagen) containing 15 tandem
repeats of the Widom 601 sequence spaced by either 20 or 50 bp
of a linker DNA (NRL = 167 and 197 bp, respectively) was
digested with Bsal and BseY], yielding linear fragments of 4535
bp for 167-bp NRL and 4985 bp for 197-bp NRL substrates. A
Klenow reaction was used to fill in the single-stranded ends
with dUTP-digoxigenin (at the Bsal site) or dUTP-biotin (at
the BseYTI site). Wild-type and H4-V21C/H2A-E64C double
mutant Xenopus laevis histone octamers were purified and
reconstituted as described previously (33). Prior to reconstitu-
tion, MT histone octamers were diluted in high-salt buffer (2 m
NaCl, 1X Tris-EDTA, pH 7.5) containing 100 mm DTT to
reduce the cysteine residues as described previously (18). For
both WT and MT histone octamers, reconstitution was per-
formed using salt gradient dialysis under reducing conditions
(20 mm B-mercaptoethanol). Optimal reconstitution was
selected from a titration of histone/DNA ratios evaluated by
agarose gel electrophoresis (supplemental Fig. 1). To induce the
disulfide bridging between neighboring nucleosomes in arrays
reconstituted with H4-V21C/H2A-E64C, a second dialysis was
performed with buffer without any oxidizing agents but supple-
mented with 2 mm MgCl,.

Sample preparation

A clean coverslip was coated with 0.1% nitrocellulose (Ladd
Research) in amyl acetate solution and then mounted onto a
polydimethylsiloxane (Dow Corning) flow cell containing a
10 X 40 X 0.4-mm?® flow channel. The flow cell was incubated
with 3 pug/ml anti-digoxigenin (Roche Applied Science) for 2 h
and then passivated with 4% bovine serum albumin (w/v) and
0.1% Tween 20 overnight. 20 ng/ml reconstituted fibers in the
measurement buffer (MB; 100 mm NaCl, 2 mm MgCl,, 10 mm
HEPES, pH 7.6, 10 mm NaNj, 0.2% BSA, 0.1% Tween 20) were
flushed into the flow cell and incubated at room temperature
for 10 min followed by flushing in 1- or 2.8-um-diameter
streptavidin-coated superparamagnetic beads (MyOne and
M270, respectively, Invitrogen) diluted in MB. Untethered
beads were flushed out with MB 10 min later.

Magnetic tweezers

We used home-built multiplexed magnetic tweezers.* The
extensions of the molecules were measured in real time at a
frame rate of 30 Hz with a complementary metal-oxide-semi-
conductor camera (CMOS Vision Condor). We applied a con-
tinuously increasing force by moving the magnet toward the
flow cell at a constant velocity. Force ramps typically lasted 30s.
Subsequently, we reversed the magnet trajectory to decrease

“T. B. Brouwer, A. Kaczmarczyk, N. Hermans, and J. van Noort, manuscript in
preparation.

17512 J Biol. Chem. (2017) 292(42) 17506-17513

the force. We used a double-exponential function that was cal-
ibrated prior to the experiment to calculate the exerted force
(32). The resulting force-extension plots were aligned at high
force with a wormlike chain with a contour length equal to that
of the DNA used in reconstitution (Fig. 1A).

Data analysis

We used LabVIEW software to analyze the obtained time
traces of tether extension as a function of magnet position. The
resulting force-extension curves were fitted to a statistical
mechanics-based model described previously (33).

The cumulative distribution of rupture forces was calculated
using the following equation,

Zmeas(F) - Zref(F)
Zona(F) — Zief(F)

where z,, .. (F) is the extension of the tether at force F, zpa(F)
is the extension of the DNA fully unwrapped from all nucleo-
somes, and z,(F) is the extension of the tether above a force
threshold of 7 pN. P, appea(F) is set to O for negative values,
which would correspond to more than one turn of wrapped
DNA per nucleosome. The cumulative distribution is normal-
ized using the total number of nucleosomal steps that were
found in multiple pulling curves.

To determine the significance of the overlap between two
force-extension curves, we performed a Student’s ¢ test,

_ lkwr — K
_ Kwr ~ Kwrl
S.Edr — SEr

Punwrapped(F) = (Ea. 1)

(Eq.2)

where k- and k,,r are the fitted slopes of the force-extension
curves between 0.5 and 3 pN for WT and MT fibers, and S.E.,
and S.E.,;r are the standard error of the fit for WT and MT
fibers. The two-tailed p value was calculated for n degrees of
freedom, equal to the number of data points minus the number
of variables in the fit.
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