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ABSTRACT

Linker histones are an integral component of chro-
matin but how these proteins promote assembly of
chromatin fibers and higher order structures and reg-
ulate gene expression remains an open question.
Using Förster resonance energy transfer (FRET) ap-
proaches we find that association of a linker histone
with oligonucleosomal arrays induces condensation
of the intrinsically disordered H1 CTD in a manner
consistent with adoption of a defined fold or ensem-
ble of folds in the bound state. However, H1 CTD
structure when bound to nucleosomes in arrays is
distinct from that induced upon H1 association with
mononucleosomes or bare double stranded DNA.
Moreover, the H1 CTD becomes more condensed
upon condensation of extended nucleosome arrays
to the contacting zig-zag form found in moderate
salts, but does not detectably change during fold-
ing to fully compacted chromatin fibers. We provide
evidence that linker DNA conformation is a key de-
terminant of H1 CTD structure and that constraints
imposed by neighboring nucleosomes cause linker
DNAs to adopt distinct trajectories in oligonucleo-
somes compared to H1-bound mononucleosomes.
Finally, inter-molecular FRET between H1s within
fully condensed nucleosome arrays suggests a reg-
ular spatial arrangement for the H1 CTD within the 30
nm chromatin fiber.

INTRODUCTION

The hierarchical packaging of the eukaryotic genome into
chromatin plays a fundamental role in regulation of gene
expression and other DNA-dependent processes. The ba-
sic repeating subunit of chromatin, the nucleosome, is com-
prised of 147 bp segments of DNA wound around an oc-
tamer of core histone proteins to form the nucleosome core
and ∼50 bp of ‘linker’ DNA that connects nucleosome cores
to form vast oligonucleosome arrays (1). Linker histones

(H1s) bind to the exterior of nucleosomes and linker DNA
and promote folding of nucleosome arrays into chromatin
fibers and other high order structures (2–4). Transcription-
related acetylation and other chromatin remodeling activ-
ities can destabilize higher-order chromatin structures, re-
sulting in the displacement of H1s from transcriptionally
active regions (5–9). However, the mechanism(s) by which
linker histones stabilize higher chromatin structures remain
undefined.

Despite their ability to stabilized condensed states of
chromatin, deletion of H1s does not lead to a global dereg-
ulation of gene expression. Rather, specific subsets of genes
appear to be regulated in a manner linked to H1s by multi-
ple mechanisms (10,11). Nevertheless, for most H1 subtypes
a direct correlation exists between gene activity and deple-
tion of H1 from promoter regions, especially for the variant
H1.2. (8,9). Mapping of H1 distribution across the genome
shows a lower H1 occupancy at the transcription start site
of active genes and indicates displacement of H1 from cis-
regulatory elements is critical to their function (8,9,12).
Moreover, Drosophila H1 has been shown to repress trans-
posable elements and repetitive sequences by facilitating re-
cruitment of the H3 K9 methyltransferase Su(var)3-9 (13).
Overall linker histones are essential proteins in mammals
as inactivation of three mouse H1 variants (H1.c, H1.d and
H1.e) results in a decreased H1/core nucleosome ratio and
embryonic lethality (11,14).

Metazoan linker histones (H1s) have a tripartite struc-
ture that includes a short 25–30 amino acid residue N-
terminal domain, ∼80 residue globular domain containing
a ‘winged-helix’ fold found in the FOX/Forkhead-family
of DNA-binding factors, and an extended ∼100 residue
C-terminal domain (CTD) (1,15). While the globular do-
main directs structure-specific recognition and binding of
H1s to nucleosomes, both in vitro and in vivo experiments
show that the chromatin condensing function is primarily
provided by the CTD (16–18). This ∼100 residue domain
typically contains ∼40 basic residues, nearly all lysines,
with few, if any, acidic residues. Analysis of salt-dependent
chromatin condensation indicates that the CTD stabilizes
higher-order structure via an electrostatic mechanism in
which nearly all positively charged residues in the CTD are
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involved in neutralization of the polyanionic backbone of
DNA (19). The CTD does not exhibit defined structure
when H1 is free in aqueous solutions of physiological pH
and ionic strengths (20–22). However, peptides derived from
H1 CTDs have been shown to adopt defined structural el-
ements in structure-promoting solvents, and in the pres-
ence of DNA fragments or alkaline pH (19,22,23). More-
over, both the overall H1 CTD amino acid residue con-
tent and evidence that residue composition rather than pri-
mary sequence is more important for chromatin condensa-
tion in vitro suggest that the CTD functions as an intrinsi-
cally disordered domain (17,24). Such domains exhibit dis-
order when free in solution but adopt ordered structure(s)
when bound to macromolecular partners. In support of this
idea, recent work demonstrates that an H1 CTD undergoes
a drastic condensation consistent with a disorder→order
transition and adoption of defined structure(s) upon bind-
ing to both DNA and mononucleosomes (25,26). However,
how such transitions in CTD structure are related to its
chromatin condensation function remains undefined.

To better understand how H1 promotes formation of
higher order chromatin structures we investigated structural
changes within the H1 CTD upon binding of a linker his-
tone to nucleosomal arrays using fluorescence and förster
resonance energy transfer (FRET) approaches. We find
that, similar to binding to individual nucleosomes, associ-
ation of H1 with nucleosomes in arrays induces condensa-
tion of the H1 CTD in a manner consistent with adoption
of defined structure(s). However oligonucleosome-induced
H1 CTD structure is distinct compared to that found when
H1 is bound to mononucleosomes or bare double stranded
DNA. In addition, we find that the CTD structure changes
during the initial stages of folding of the chromatin fiber
and analysis of inter-molecular FRET implies a regular ar-
rangement for H1 within condensed fibers. Finally we pro-
vide evidence that linker DNA conformation is a key molec-
ular determinant of the H1 CTD structure within nucleo-
some arrays.

MATERIALS AND METHODS

Expression and purification of core histones and H1s

H1◦a from Xenopus laevis (27), hereafter referred to as
H1, was expressed in bacterial cells using the plasmid
pET3aH1(0)a (15). The coding sequences for H1 CTD mu-
tants H1 K195C, H1 G101CG195C, H1 T173C and H1
G101CT173C were generated by the QuickChange site-
directed mutagenesis kit (Stratagene) from this plasmid
using the top-strand primer GAAATCTGGACGGTGTA
AGTAAGGAT, GCCAGTGAGGGCATGCAAGGTA A
AG and bottom-strand primers CTTTAGACCTGCCA
CATTCATTCCTA, and GGCCTTCTTTACCTTGCAT
GCCCTCA. Proteins were expressed and purified as de-
scribed previously (25). The concentrations of the purified
protein stocks were determined by quantitative comparison
to H1 standards on SDS-PAGE (25). H2A and H2B were
expressed and purified as preformed dimer as described pre-
viously (28). Coding sequences for H3 containing a cysteine
to alanine substitution at position 110 (H3C110A) and H4
harboring an alanine to cysteine substitution at position 15

(H4A15C) were subcloned into the pET3d expression plas-
mid. The proteins were expressed and purified as preformed
tetramers as described (29).

Nucleosome and nucleosomal array reconstitution

The plasmid p207-12 (30) was digested with EcoRV
to release 207-bp DNA fragments containing the 601-
nucleosome positioning sequence for nucleosome reconsti-
tution centrally located in a 30-N-30 template where N =
the 147 bp nucleosome core DNA region. A fragment con-
taining 12 × 207-bp tandem repeats of the 601-nucleosome
positioning sequence, 12 × 207-601 DNA, was generated by
digesting the same plasmid with XbaI, HindIII and DraI.
DNA fragments used in nucleosomal array reconstitution
were generated by digesting plasmid pXP-10 with EcoRI
to release a 215-bp fragment containing nucleotides −78
to +137 of a Xenopus borealis somatic-type 5S RNA gene
(28). Digest products were isolated from 0.8% polyacry-
lamide gels as described (28).

Nucleosome reconstitution conditions were empirically
optimized by titrating H3/H4 and H2A/H2B to DNA.
Typical reconstitution conditions were 10 �g of 207 bp 601
DNA fragment and saturating amounts (∼5.0 �g of each)
of H3/H4 and 5 �g H2A/H2B in the reconstitution buffer
(10 mM Tris, pH 8.0, 1 mM ethylenediaminetetraacetic
acid (EDTA), 5 mM dithiothreitol (DTT) and 2 M NaCl)
of a 200 �l total volume. Nucleosomes were reconstituted
via standard salt dialysis (28). Two reconstitution reactions
were combined (400 �l total) and nucleosomes were purified
by sedimentation through 10.0 ml 7–20% sucrose gradients
(10 mM Tris– HCl, pH 8.0 and 3 mM EDTA) with ultra-
centrifugation at 34 000 g for 18 h in a Beckmann SW41
rotor at 4◦C. Nucleosome fractions (500 �l) were collected
in 0.6-ml siliconized tubes pretreated with bovine serum al-
bumin (BSA) (0.3 mg/ml) in TE overnight at 4◦C. Fractions
were analyzed by electrophoresis on nucleoprotein gels [5%
acrylamide, 0.5 TBE (1 90 mM Tris base, 90 mM boric acid,
2.5 mM EDTA)], stained with ethidium bromide. BSA was
added to peak fractions to 0.15 mg/ml and the samples were
stored at 4◦C to prevent dissociation. The purified nucleo-
somes were found to be stable for several weeks.

Nucleosome arrays were reconstituted with the 12 × 207-
601 DNA and histone octamers in the presence of monomer
5S DNA as competitor to buffer histone concentration (31).
The 5S DNA was added to the reconstitution reaction at
an equal mass to the 12 × 207-601 DNA. Typical reconsti-
tution conditions were 4.3 �g of H3/H4 tetramer, 5 �g of
12 × 207-601 DNA fragment, 5 �g of 5S DNA fragment
and 5.8 �g of H2A/H2B dimer in the reconstitution buffer
of a 200 �l total volume. Core histone proteins were mixed
with DNA in 2 M NaCl/TE, followed by dialysis against
1.5 M NaCl/TE for 1 h, 1 M NaCl/TE for 3 h, 0.7 M
NaCl/TE for 3 h and finally 10 mM Tris, 0.1 mM EDTA
overnight. Nucleosomal arrays were purified by sedimenta-
tion through 10.0 ml 7–30% sucrose gradients (10 mM Tris–
HCl, pH 8.0 and 3 mM EDTA) with ultracentrifugation at
28 000 g for 14 h in a Beckmann SW41 rotor at 4◦C. Nucle-
osomal array fractions were collected in 0.6-ml siliconized
tubes pretreated with BSA (0.3 mg/ml) in TE overnight at
4◦C. Fractions were examined by electrophoresis on nucleo-
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protein gels. Nucleosome saturation of arrays was assessed
by EcoRI digestion into monosomes and MgCl2-dependent
self-association (32). Digestion of oligonucleosome species
digestion yields ∼99% mono nucleosomes, as expected for
saturated templates. BSA was added to peak fractions to
0.15 mg/ml and samples stored at 4◦C to prevent disso-
ciation. Di-nucleosomes and tri-nucleosomes were recon-
stituted on 601 DNA templates containing two or three
copies of tandemly repeated 207 bp fragments via standard
salt dialysis. The level of nucleosome saturation was de-
termined by electrophoretic mobility shift assays (EMSAs)
and AvaI digestion to release monosomes. EMSAs shows
a two- and three-step up-shift for H1s titrated into di- and
tri-nucleosomes, respectively.

FRET and smFRET

FRET analysis with labeled H1 was performed with the H1
double mutant H1G101C/K195C, H1G101C/T173C and
the combination of single mutants H1 G101C, H1 K195C
and H1 T173C. These proteins were prepared, expressed
and purified as described above and the cysteines were sub-
sequently reduced in 50 mM DTT for 1 h. Upon reduc-
tion, DTT was removed and the protein was purified by ion-
exchange chromatography and quick-frozen (26). The pro-
tein was labeled with maleimido-Cy3, maleimido-Cy5 or a
50/50 mixture of the two. Emission spectra were recorded
and FRET efficiency was calculated as described previously
(26). For FRET analysis of salt-dependent folding the mu-
tant H4 A15C was prepared, expressed, purified and re-
duced in the H3/H4 tetramer form as described above. The
tetramer was labeled with maleimido-Cy3, Maleimido-Cy5
or a 50/50 mixture. The labeled proteins were reconstituted
to 12 × 207-601 nucleosomal arrays and placed in a sili-
conized glass cuvette. Emission spectra were recorded with
excitation at 515- and 610-nm excitation wavelengths on a
Horiba Jobin Yvon FluoroMax-4 spectrofluorometer with
5-nm slit widths in both excitation and emission channels.
Spectra were recorded in presence of increasing concentra-
tions of NaCl or MgCl2 as indicated in the Figure 1 legend.
We confirmed that the anisotropies for labeled H1 within
nucleosomes, DNA and nucleosomal array complexes are
not significantly altered compared to free H1, or compared
to free dyes, consequently a kappa-squared value of two-
third was used for FRET efficiency calculations. Spectra
for labeled H1s were recorded in the absence or presence of
mono-nucleosomes or nucleosome arrays as indicated in the
figure legends. FRET efficiency was calculated as described
(33) using maximum peak heights. For the Cy3-Cy5 pair,
we used a base Förster radius (R0) of 5.4 nm (34), which we
employed for calculations related to free H1. Due to fluo-
rophore quenching in the nucleosome and nucleosomal ar-
ray, we calculated an adjusted R0 of 5.01, by estimation of
the change in the quantum efficiency of donor (Cy3) fluores-
cence and the resulting effect on the overlap integral. Note
that changes in quantum yield of fluorescence of acceptor
(Cy5) are taken into account in the calculation of FRET
efficiency (26).

Single molecule FRET measurements were carried out
as previously described (35) on a Nikon TE2000 micro-
scope (Tokyo Japan) with a customized total internal re-

flection (TIR) illumination setup for fluorophore excita-
tion at 532 nm and an EMCCD camera (Andor IXON
DU-897, Belfast Ireland) for signal collection. The micro-
scope slide surface was passivated with a lipid bilayer as
we published elsewhere (36). The surface also contained a
sub-monolayer of biotinylated polyethylene glycol (PEG)
for nucleosome immobilization. The preparation of the bi-
otinylated nucleosome was as described above. H1 at 50
nM was mixed with the nucleosome at 3 nM and subse-
quently injected onto the surface-passivated slide that had
been pre-treated with streptavidin. Upon injection, a total
of 50 movies each lasting ∼30 s were taken within 30 min to-
tal. No oxygen scavenging system or triplet state quencher
was used in order to avoid any artifacts due to these chem-
icals. The emission was first filtered with a long-pass filter
(HQ550LP, Chroma Technology, Bellows Falls VT) and di-
vided into Cy3 and Cy5 spectral regions with a dichroic
mirror (650DCXL, Chroma Technology). The TIR illumi-
nated area of 50 × 100 �m2 that was spectrally separated
into the two spectral regions was projected on the EMCCD
camera. The fluorescence intensities of individual Cy3 spots
and the corresponding Cy5 spots were obtained from each
movie frame (50 ms/frame). The approximate smFRET ef-
ficiencies from single FRET pairs in each movie frame were
computed based on the fluorescence intensities with a for-
mula ICy5/(ICy3 + ICy5) where I is single fluorophore inten-
sity. Each H1 molecule was categorized into either the lower
(<0.5) or higher (>0.5) FRET population according to its
time-averaged FRET efficiency. The smFRET efficiencies
from each population were combined together to construct
the corresponding FRET histogram.

RESULTS

H1CTD exhibits distinct extents of condensation upon bind-
ing to nucleosome arrays compared to mononucleosomes or
bare DNA

Previously we documented that the H1 CTD undergoes
a drastic condensation upon binding to nucleosomes or
naked DNA fragments, consistent with a transition from an
unstructured, disordered conformation to a defined struc-
ture or ensemble of structures (22,25,26). To further under-
stand the behavior of H1 in a more physiological context,
and how the H1 CTD promotes folding and condensation
of chromatin, we used FRET to monitor structural changes
within this domain upon binding to a 12mer-nucleosome
array. The H1 mutants G101C/K195C and G101C/T173C
were modified with Cy3- and Cy5-maleimide to place fluo-
rophore pairs at either end of the CTD, or one fluorophore
at an interior position within the CTD (Figure 1A). Nucle-
osomal arrays were reconstituted on a DNA template con-
sisting of 12 × 207 bp tandem repeats of DNA segments
containing the 601 nucleosome positioning sequence (37).
The reconstituted arrays showed ∼50% self-association at
∼3 mM MgCl2, while EcoRI digestion yields almost ex-
clusively mononucleosomes, indicating that the array tem-
plates were saturated with nucleosomes (Supplementary
Figure S1). Moreover, inter-nucleosome, intra-array FRET
between fluorophores attached to the core histone surface
(see ‘Materials and Methods’ section) exhibited a MgCl2-
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Figure 1. H1 association with nucleosome arrays induces condensation of the CTD. (A) Position of Cy3/Cy5 attachment sites in H1 G101C/T173C and
H1 G101C/K195C. (B) Reconstituted arrays containing exhibit Mg2+-dependent folding consistent with nucleosome saturation. Arrays containing Cy3
and Cy5 labeled H4 A14C were mixed with a 10-fold excess of arrays containing unlabeled histones to eliminate inter-array FRET. Plot of Intra-array
FRET efficiency versus MgCl2 concentration. (C) Fluorescence emission spectra of Cy3/Cy5-labeled H1 G101C/K195C bound to arrays at increasing
nucleosome:H1 ratios. Excitation of samples at 515 nm. (D) Plot of FRET efficiencies calculated from data shown in (C).

Figure 2. H1 CTD FRET during salt-dependent folding of nucleosome arrays. (A) Total FRET increases upon salt-dependent folding of 12-mer nucleosome
arrays containing Cy3/Cy5-labeled H1 G101C/K195C (squares). FRET response of the labeled H1 in the absence of arrays over the same range of salt
concentrations is shown (circles). (B) Inter-molecular FRET between labeled H1s increases upon salt-dependent folding of nucleosome arrays. A 50/50
mixture of Cy3-labeled and Cy5 labeled H1 G101C/K195C was bound to 12-mer nucleosome arrays and FRET efficiency determined over the range of
salt concentrations shown.
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dependent transition consistent with salt-dependent folding
of saturated arrays lacking H1 (Figure 1B).

As observed previously, Cy5 emission (peak at ∼670)
from Cy3/Cy5-labeled H1 G101C/K195C in the absence
of nucleosomes was low upon excitation of Cy3 (at 515
nm), yielding calculated FRET efficiencies consistent with
an unstructured CTD (Figure 1C) (26). However, upon ad-
dition of nucleosomal arrays, significant increases in Cy5
emission were observed, indicating increased FRET and
decreased distance between the fluorophore-labeled posi-
tions (Figure 1C). Determination of relative FRET efficien-
cies over a range of H1 concentrations shows the efficiency
is maximal at a stoichiometry of ∼1 H1 per nucleosome
(Figure 1D). Similar results were observed for Cy3/Cy5 la-
beled G101C/T173C (see below). Interestingly, the FRET
response for the free H1s did not change as salt concentra-
tions were raised from 5 to 90 mM NaCl (Figure 2A), indi-
cating that general charge shielding alone is insufficient to
cause detectable condensation of the CTD.

Nucleosome arrays containing H1 adopt an extended
‘beads-on-string’ conformation in low ionic strength
buffers, but form condensed 30-nm fiber-like structures and
higher order structures at NaCl concentrations ≥50 mM
(7). We found that Cy3/Cy5-labeled H1 G101C/K195C
bound to 207 bp × 12 nucleosome arrays exhibited in-
creases in FRET as the NaCl concentration was raised
over the range known to cause folding of the array (Fig-
ure 2A). The central globular domain of the linker histone
directs structure-specific nucleosome binding via contacts
with exiting/enter linker DNA and the DNA at the nucleo-
some dyad (38,39). Therefore H1 CTDs bound to adjacent
nucleosomes may be positioned close enough to allow inter-
molecular FRET within condensed arrays. Indeed, nucle-
osomal arrays bound with a 50:50% mixture of Cy3-only
and Cy5-only labeled H1 G101C/K195C exhibit significant
intermolecular FRET that increases as the salt concentra-
tion is raised to induce folding of the array (Figure 2B).
This indicates that at least some of the FRET increase ob-
served with the double-labeled H1 (Figure 2A) is due to
inter-molecular FRET.

We wished to assess the extent of CTD folding when
H1 was bound to nucleosomes within the arrays. How-
ever, the total FRET component observed in Figure 2A
is a sum of intra- and inter-molecular FRET occurring in
the chromatin. To isolate intra-molecular FRET, we di-
luted the labeled H1 in the sample with unlabeled protein
until the inter-molecular FRET contribution was reduced
to background levels (26). We found that intermolecular
FRET from 207 bp × 12 arrays bound by a 50:50 mix-
ture of Cy3-only and Cy5-only labeled H1 G101C/K195C
reaches background levels after ∼5-fold dilution with un-
labeled protein (Figure 3, blue triangles). Of note, this re-
sult indicates that the number of labeled H1s within FRET
distance within the folded/condensed arrays is far less than
that found in H1–DNA complexes (26) (see ‘Discussion’
section). A similar result was observed using Cy3-only or
Cy5-only labeled H1G101C/T173C (Figure 3, red trian-
gles).

We then determined intra-molecular FRET represent-
ing CTD condensation by similarly diluting the Cy3-/Cy5
double-labeled H1s with unlabeled H1. Increasing the ra-

Figure 3. H1 CTD conformation in nucleosome arrays is distinct from
that in mononucleosomes. Intramolecular FRET for Cy3/Cy5 labeled H1
G101C/K195C or H1 G101C/T173C (squares as indicated) bound to ar-
rays was obtained by increasing dilution of labeled protein with unlabeled
H1 (Fang etal., (26)). A 50/50 mix of Cy3-labeled and Cy5-labeled H1
G101C/K195C or H1 G101C/T173C bound to arrays (inverted or regu-
lar triangles), with increasing dilution by unlabeled H1. Dotted lines indi-
cate intra-molecular FRET values. Inset: table of intra-molecular FRET
efficiencies for H1s bound to mononucleosomes (H-Nuc) or arrays (H1-
Array).

tio of unlabeled/labeled H1 reduced total FRET efficiency
in samples of fully condensed arrays until reaching a con-
stant value of ∼0.42 for H1G101C/K195C and ∼0.52 for
H1G101C/T173C (Figure 3). Since we have established that
the inter-molecular FRET contribution has been eliminated
under such conditions, these values represents the intrinsic
amount of intra-molecular FRET for the H1 CTD bound
to nucleosomes within the arrays. In contrast, FRET ef-
ficiencies of 0.79 and 0.61 respectively, were observed for
double labeled H1G101C/K195C and H1G101C/T173C
are bound to mononucleosomes (25,26). Thus the extent
of CTD condensation upon H1 binding to nucleosomes
within arrays is distinct compared to H1 bound to iso-
lated mono-nucleosomes. Moreover, the relative distance
between residues 101–173 is less than that between 101–195
when H1 is bound to arrays (Figure 3), while the opposite
relationship was found when H1 is bound to mononucleo-
somes (26).

Relative orientation of H1 CTDs within the chromatin fiber

Based on above experiments demonstrating significant
inter-molecular FRET between neighboring H1s (Figure
2B), we wondered whether the specific labeled sites on the
H1 CTD occupied defined distances from each other in nu-
cleosomal arrays and how these distances might vary dur-
ing chromatin fiber compaction. We ascertained the rela-
tive distances between the specific labeled sites within the
H1 CTD when bound to nucleosomal arrays by determin-
ing inter-molecular FRET for pairwise 1:1 combinations
of single-site labeled H1s (Cy3-H1G101C/Cy5-H1G101C,
Cy3-H1G101C/Cy5-H1K195C and Cy3-H1K195C/Cy5-
H1K195C) bound to nucleosome arrays, in 5, 20, 50 and
80 mM NaCl, corresponding to extended, partially folded,
maximally folded, and maximally folded/self-associated ar-
rays, respectively (7). In 5 mM NaCl the three combina-
tions each yielded small amounts of FRET, with a calcu-
lated FRET efficiency of about ∼0.13 (Figure 4). This re-
sult indicates that in the extended nucleosomal arrays, all
three labeled sites are barely within FRET distance and the
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Figure 4. H1 CTD C-termini of neighboring H1s are closer in space than
N-termini in condensed chromatin. H1 G0101C and H1 K195C were
specifically modified with either Cy3 (red) or Cy5 (blue) and FRET pairs
bound to 12-mer nucleosome arrays in equimolar ratios. Intermolecular
FRET efficiencies were determined at various salt concentrations, and
plotted. See text for description.

relative average distances between all combinations are ap-
proximately the same. Upon raising the salt concentration,
the FRET response increased and differences between pairs
of sites became evident, with FRET response peaking at
50 mM NaCl (Figure 4), where the arrays are fully folded
into chromatin fiber structures (7). The highest FRET effi-
ciency is observed with the Cy3-H1K195C/Cy5-H1K195C
pair, followed by Cy3-H1G101C/Cy5-H1K195C, while the
lowest response was observed with Cy3-H1G101C/Cy5-
H1G101C. Thus within the compacted chromatin fiber, H1
residue 195 is closest in space to the same residue on adja-
cent H1s, with larger distances between residue 101 and 195
and the greatest distance between the N-terminal regions of
the CTDs on adjacent H1s. Raising the NaCl concentration
further, to 80 mM NaCl, resulted in a slight dampening of
the highest FRET efficiencies, likely due to accumulation
of self-associated arrays, which also contribute to the inter-
molecular FRET signal (unpublished results). Interestingly,
these spatial relationships are distinct from those observed
within H1–DNA complexes (26), suggesting that the rela-
tive arrangement of H1s within arrays does not resemble
that found within H1–DNA aggregates.

H1CTD folding depends on chromatin fiber conformation

The increase in FRET response from Cy3/Cy5-labeled H1
G101C/K195C upon array folding (Figure 2A) and dif-
ferences with that observed upon binding to mononucle-
osomes raised the possibility that the CTD structure may
be linked to the folding state of the chromatin. To as-
sess whether the conformation of the H1 CTD is related
to folding of the nucleosome array, we measured intra-
molecular FRET for Cy3-/Cy5-labeled H1 G101CK195C
and H1G101CT173C bound to nucleosomal arrays in so-
lutions containing increasing concentrations of NaCl. As
above, intra-molecular FRET was determined using the
labeled H1 dilution method to eliminate inter-molecular
FRET contributions (26).

Arrays bound by H1 in 10 mM NaCl exist in an un-
compact conformation known as a loose zig-zag structure
(2,40). Labeled H1 exhibited a FRET efficiency of ∼0.45
that was diminished by dilution of the labeled H1 with
unlabeled protein to about 0.33 (Figure 5A, black line).

Thus the total FRET response is comprised largely by
intra-molecular FRET, with little inter-molecular FRET
between H1s on these arrays. This is expected as nucleo-
some centers on fully expanded arrays are separated by dis-
tances greater than the maximum range for efficient inter-
molecular FRET (Figure 4).

We found that when the NaCl concentration is raised to
20 mM, there is a significant increase in FRET from the
labeled H1s within the arrays, to an efficiency of ∼0.55
(Figure 5A, green line). At this salt concentration, H1-
containing arrays adopt a moderately condensed zig-zag
conformation (7,40). Similar to the fully less compact ar-
rays, dilution of labeled H1 with unlabeled protein on ar-
rays in 20 mM NaCl indicates the majority (∼80%) of the
total FRET response is intra-molecular, with a FRET ef-
ficiency of 0.42. A similar result was obtained at 10 and
20 mM NaCl with arrays containing Cy3/Cy5 labeled
H1 G101C/T173C (Figure 5B, black and green lines). In
contrast, the FRET response from labeled H1 bound to
mononucleosomes remains constant over a range from 10
to 50 mM NaCl (Supplementary Figure S2). Thus our re-
sults indicate that the transition from a loose to a moder-
ately condensed zig-zag conformation is accompanied by a
conversion to a more condensed CTD in which the labeled
pairs in both H1 G101C/K195C and H1 G101C/T173C are
closer in space.

We next investigated the H1 CTD conformation in fully
condensed arrays in either 50 or 90 mM NaCl (7). Impor-
tantly, we observed a significant increase in FRET for ar-
rays containing either Cy3/Cy5 labeled G101C/K195C or
H1 G101C/T173C in these elevated salt conditions (Figure
5, red and purple lines) compared to that observed in 20
mM NaCl. However, upon dilution with unlabeled H1, the
FRET efficiencies for both 50 and 90 mM samples were re-
duced ∼40% to values identical to those observed for ar-
rays in 20 mM NaCl, indicating that the entirety of the
increase was due to inter-molecular FRET. This result is
consistent with the expected transition of moderately con-
densed arrays in 20 mM NaCl to fully condensed structures
in 50 and 90 mM NaCl, and the closer apposition of la-
beled H1s within these arrays. Importantly upon elimina-
tion of inter-molecular FRET, the identical values of intra-
molecular FRET are observed for arrays in 20, 50 and 90
mM NaCl indicates that the H1 CTD adopts a similar struc-
ture in moderately folded and fully condensed arrays.

Molecular determinants of H1CTD condensation

To further investigate why the H1 CTD adopts distinct
structure(s) when bound to nucleosomes within arrays
compared to mononucleosomes, we compared the con-
densation state of the CTD when H1 is associated with
mononucleosomes, dinucleosomes and trinucleosomes and
207 bp × 12 nucleosome arrays. All chromatin complexes
were prepared with a 1:1 stoichiometry of H1:nucleosomes.
We found that H1 bound to all oligonucleosomes ex-
hibited similar, reduced FRET efficiencies compared to
the H1-mononucleosome complex (Figure 6A). For H1
G101C/T173C, a similar trend was observed with all
oligonucleosomes having similar, lower total FRET re-
sponse compared to mononucleosomes (Figure 6B)
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Figure 5. H1 CTD condensation increases during the first stage of nucleosome array folding. Nucleosome arrays were bound by either Cy3/Cy5 labeled
H1 G101C/K195C (A) or H1 G101C/T173C (B) with increasing dilution with unlableled H1 to eliminate inter-molecular FRET. Arrays were adjusted to
10, 20, 50, and 90 mM NaCl and FRET efficiencies determined. (C) Schematic of array folding in 10, 20 and >50 mM NaCl and corresponding FRET
efficiencies for Cy3/Cy5 labeled H1 G101C/K195C bound to arrays with different degrees of salt-dependent folding.

It is possible that within the array, neighboring H1s af-
fect each other’s environment and thus the extent of CTD
folding. To test this possibility, we prepared arrays in which
the H1:nucleosome stoichiometry was reduced so that on
average only one H1 would be bound to each array. We
find that even at a low stoichiometry, the intra-molecular
FRET response from Cy3/Cy5-labeleld H1 G101C/K195C
was similar to that found in saturated arrays (results not
shown). Thus, neighboring H1s apparently do not signifi-
cantly influence each other’s structure and such and effect
does not account for the differences observed in H1 struc-
ture in mono- versus dinucleosomes.

A popular class of models for the folded chromatin fiber
posits that linker DNA is relatively straight between adja-
cent nucleosomes, positioned on opposite sides of the fiber
(3). To account for observed differences in H1 structure in
mononucleosomes vs arrays, we considered the possibility
that an H1 CTD bound to nucleosome N might interact
with the distal linker DNA of neighboring nucleosome N
+ 1 within arrays (Figure 6C and D). To test this, we pre-
pared symmetric and asymmetric di-nucleosomes (30-N-
60-N-30 and 30-N-60-N-0, respectively), in which the free
linker DNA on nucleosome 2 was present or deleted, and
assessed whether the deletion caused the H1 structure to re-
semble that found in mononucleosomes. Binding of H1 ex-
hibited a similar total FRET response for both symmetric
and asymmetric dinucleosomes at substoichiometric ratios
of H1 per dinucleosome (1:1). However, at a ratio of 2 H1s
per dinucleosome the FRET response was increased for the

symmetric but not for the asymmetric dinucleosome (Fig-
ure 6C and D). Dilution with unlabeled H1 showed that
increase in FRET was entirely due to an intermolecular
FRET component for the symmetric dinucleosome upon
binding of 2 H1s, while no intermolecular FRET was ob-
served for the asymmetric construct at the same H1 con-
centration (Supplementary Figure S3). This result is con-
sistent with the binding of only 1 H1 to the asymmetric di-
some as the lack of the linker DNA on nucleosome 2 re-
duces H1 binding affinity about 5-fold (41). Therefore, H1
bound to either dinucleosome construct exhibits equivalent
intra-molecular FRET efficiencies, indicating that the DNA
from an adjacent (N+1) nucleosome does not alter the fold-
ing of the H1 CTD bound to nucleosome N. Thus struc-
tural features of the N + 1 nucleosome other than the dis-
tal linker DNA must be responsible for influencing the H1
CTD structure bound to nucleosome N.

To further dissect the molecular determinants influencing
H1 CTD folding in oligonucleosomes, we hypothesized that
neighboring nucleosomes might sterically constrain linker
DNA trajectory, thereby altering the H1 CTD’s environ-
ment. We therefore prepared asymmetric dinucleosomes in
which the free linker DNA arm of nucleosome 1 was pro-
gressively shortened to test whether a steric constraint with
nucleosome 2, if present, might be reduced (Figure 7A,
top). Indeed, we observed that reducing the linker DNA
length to 20 bp from 30 bp results in a significant increase
in the FRET response observed with the asymmetric di-
nucleosome. A similar change in the linker DNA length
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Figure 6. H1 CTD condensation in mononucleosomes is distinct compared to oligonucleosomes. Cy3/Cy5 labeled H1 G101C/K195C (A) or H1
G101C/T173C (B) was bound to mononucleosomes (30-N-30), dinucleosomes (30-N-60-N-30), or tri-nucleosomes (30-N-60-N-60-N-30) or 207 bp ×
12-mer arrays (with 60 bp linker DNA) and FRET efficiencies compared. (C and D) Linker DNA from the distal nucleosome does not influence H1 CTD
structure in dinucleosomes. Increasing amounts of H1 were incubated with either a symmetric (30-N-60-N-30) (C) or asymmetric (30-N-60-N-0) (D) din-
ucleosome containing or lacking terminal linker DNA segment extending from nucleosome 2. Black circles and squares indicate total FRET measured
while green triangles depict intra-molecular FRET signal in the presence of an excess of unlabeled H1 (see text). Note that symmetric and asymmetric
disomes bind 2 and 1 H1s, respectively.

associated with a monosome does not result in a simi-
lar change in FRET (Figure 7A). This result suggests that
the linker DNA trajectory is altered by the presence of a
neighboring nucleosome, which, in turn influences H1 CTD
structure. To further test this idea we replaced the neighbor-
ing nucleosome with streptavidin, to test whether any bulky
substituent might influence the linker DNA path and alter
CTD structure. Indeed, binding of streptavidin to mononu-
cleosomes biotinylated at either one or both ends of the
linkers caused a detectable decrease in FRET, resembling
that observed in the oligonucleosomes (Figure 7B). These
results indicate that the trajectory of the linker DNA and
the structure of the H1 CTD are coupled.

To substantiate the above results obtained with bulk
FRET techniques we determined FRET of Cy3/Cy5-
labeled H1 G101C/K195C bound to nucleosomes using a
single-molecule approach. Nucleosomes in which one of the
linker DNA ends was biotinylated (30-N-30-B) were teth-
ered to a passivated surface in which a lipid bilayer is com-
bined with a biotinylated PEG sub-monolayer (36). Labeled
H1 was flown into the chamber as described in the ‘Materi-
als and Methods’ section and 50 movies of the surface were
taken within the first 30 min after H1 injection. Three fluo-
rescent H1 species were observed; a species exhibiting little
or no FRET response and two species exhibiting FRET re-
sponses of ∼0.4 and ∼0.8 (Figure 8). A control with only the
naked DNA template resulted in about a 10-fold lower per-

centage of H1 showing FRET. Gratifyingly, the FRET effi-
ciencies of the two nucleosome-bound species corresponded
well to the efficiencies measured for H1 bound to mono-
somes (∼0.8) and nucleosome arrays (∼0.4) in our bulk
FRET experiments. We hypothesize that attachment of the
nucleosomes to the surface may slow equilibration of nu-
cleosome and H1 CTD conformations, resulting in the het-
erogeneous distribution of FRET states. Thus we interpret
the two states observed in the single molecule measurements
as representative of the distinct H1-monosome and H1-
oligonucleosome structures detected in bulk experiments,
suggesting a bimodal nature of linker DNA/CTD confor-
mations.

DISCUSSION

The H1 CTD is critical for stabilizing native chromatin
structures and numerous post-translational modifications
within this domain are correlated with alterations in
chromatin structure associated with gene transcription
and other nuclear processes. We previously demonstrated
that that the H1 CTD undergoes a drastic conforma-
tional change, from an unfolded, random coil to a con-
densed structure or ensemble of structures upon binding to
mononucleosomes. In this work we discovered that binding
of H1 to oligonucleosome arrays similarly induced folding
of the CTD but that the ultimate conformation(s) is (are)
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Figure 7. Neighboring nucleosomes constrain trajectory of linker DNA
and affect H1 CTD conformation. (A) Decreasing linker DNA length
increases CTD condensation in dinucleosomes but not in mononucleo-
somes. Asymmetric dinucleosomes with 30 and 20 bp linker DNAs 30-N-
60-N-0 and 20-N-60-N-0, respectively were prepared, along with mono-
somes controls (30-N-30 and 30-N-20), bound by Cy3/Cy5 labeled H1
G101C/K195C and FRET efficiencies determined, as indicated. (B) At-
tachment of streptavidin to the end of linker DNA alters CTD conforma-
tion. Linker DNA ends in 30-N-30 mononucleosomes were modified with
biotin (B) and streptavidin added (SA) as indicated. Bracket indicates sam-
ples where the order of addition of H1 and SA were reversed; ++ indicates
nucleosomes in which both ends of the linker DNAs were biotinylated.

Figure 8. Single molecule FRET histograms of H1 bound to 30-N-30
mononucleosomes reveals two major populations. The H1 molecules ob-
served with smFRET were categorized into two populations (lower- and
high-FRET) according to their time-averaged FRET efficiencies. The sm-
FRET efficiencies from each population were combined together to con-
struct the corresponding FRET histogram. The lower peak (∼0.4) corre-
sponds to the FRET histogram of the lower-FRET population and the
high peak (∼0.8) corresponds to the FRET histogram of the higher-FRET
population. Each histogram was fit to a Gaussian distribution to yield the
average FRET efficiency of 0.374 (lower-FRET) or 0.828 (higher-FRET),
revealing at least two distinct native conformations of the H1 CTD. Nearly
identical values were obtained when the histogram was analyzed directly
without categorization of values (Supplementary Figure S4)

distinct compared to that observed when H1 is bound to
mononucleosomes and dependent on array structure. The
distinct H1 CTD conformations are not due to the influ-
ence of nearby H1s bound to neighboring nucleosomes as
similar results are obtained with arrays sub-saturated with
H1. Moreover, we found that a single neighboring nucleo-
some is sufficient to induce distinct H1 CTD folding, and
that the distal linker DNA of a neighboring nucleosome in
a dinucleosome construct does not play a role as might be

predicted from models for the condensed chromatin fiber.
Our results suggest that neighboring nucleosomes impose
constraints on linker DNA linker trajectory and support a
model in which linker DNA conformation and the structure
of the H1 CTD are coupled.

Our observation the H1 CTD transitions from a dis-
ordered chain to a condensed structure, with a probable
unique fold or ensemble of folds, is consistent with data in-
dicating that the CTD has the amino acid residue content
and biochemical properties of an intrinsically disordered
protein (IDP) domain (17). Moreover, H1 CTD peptides
in the presence of DNA, detergents or structure stabilizing
solvents have been shown to exhibit secondary structural
elements (21–23,42) and modeling studies indicate a linker-
DNA dependent condensation of the H1 CTD (43). In the
current work find that the H1 CTD maintains this disor-
dered state over a wide range of salt concentrations, from
10 mM to 2M NaCl (Figure 2A and unpublished results),
indicating that homogenous charge neutralization is insuf-
ficient to recapitulate the nucleosomal environment experi-
enced by H1. Moreover, a hallmark of IDPs is the ability to
adopt different structures dependent upon specific macro-
molecular binding partners. We find that the CTD exhibits
unique conformations when bound to naked DNA, mono-
nucleosomes (26), and nucleosome arrays (this work), sug-
gesting that the CTD senses a distinct environment in each.
Our data indicate that the CTD adopts a less compact over-
all structure when bound to nucleosomes within arrays than
with mono-nucleosomes.

We find that the CTD exhibits the lowest apparent extent
of condensation when the array is maximally uncondensed
in low salt (10 mM NaCl) buffers, but undergoes additional
condensation when the arrays are more condensed in buffer
containing 20 mM NaCl. This transition in CTD structure
coincides with a transition in array structure from a loose
zig-zag arrangement to a more compact folding intermedi-
ate known as the contacting zig-zag (40,44) (Figure 9). This
result suggests that the CTD is sensitive to changes in the in
array structure and that factors that alter the propensity of
the CTD to fold may influence and be a means of regulation
of oligonucleosome folding. For example, certain phospho-
rylation events reduce the propensity of the CTD to fold
and may be a means of regulating structure (our unpub-
lished results). Given that the coordination is at the earliest
extents of array folding there may be specific phosphoryla-
tion events that promote unfolding of chromatin fibers to
allow access of trans-acting factors.

Interestingly, beyond the initial stage of salt-dependent
folding, further compaction of the array in 50 and 90 mM
NaCl does not result in significant changes in the H1 CTD
conformation, suggesting that salient aspects of array struc-
ture and linker DNA conformation relevant to CTD envi-
ronment are unchanged beyond formation of the contact-
ing zig-zag conformation in 20 mM NaCl. These results
are consistent with a recent study indicating that the con-
tacting zig-zag is a persistent feature of higher order chro-
matin structure in both interphase and mitotic chromatin
(45). Clearly, array condensation in buffers containing 20–
50 mM NaCl results in increased H1–H1 intermolecular
FRET (Figures 4 and 5). In this case the closer apposi-
tion of H1s its likely due to further condensation of indi-
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Figure 9. Scheme showing states of CTD folding associated with free
H1 and H1 bound to expanded arrays, condensed arrays and mono-
nucleosomes (bottom). Cartoon of CTD structures (top) are meant to de-
pict random coil for the free protein (–), and increasing states of com-
paction upon binding to expanded arrays, condensed arrays, and mononu-
cleosomes, respectively. Note that the extent of CTD compaction is grossly
inversely correlated with the separation between linker DNA in each chro-
matin species.

vidual arrays, perhaps to canonical 30 nm fiber-like struc-
tures (7,46) rather than inter-array interactions, as little self-
association is expected at 50 mM NaCl (7). Interestingly, the
H1 CTD structure appears unchanged even upon increas-
ing the NaCl concentration to 90 mM, where array–array
self-association is likely to occur, with conversion of folded
arrays to interdigitated fibers (47). Thus the environment of
H1 appears to remain relatively constant during formation
of multiple higher order chromatin structures beyond the
contacting zig-zag arrangement.

Our data indicates that a critical factor contributing to
the distinct structures observed in mononucleosomes and
arrays is linker DNA conformation. Addition of a single
nucleosome adjacent to a nucleosome-bound H1 (i.e. as
in the asymmetric dinucleosome) results in H1-CTD con-
formation similar to that found in arrays (Figure 6A and
B). This effect appears to be due to steric constraints im-
posed by neighboring nucleosomes as shortening the free
linker DNA arm in an asymmetric dinucleosome to be more
‘monosome-like’ while addition of a bulky streptavidin to
the free linkers in a mononucleosomes alters CTD confor-
mation to be more ‘oligonucleosome-like’ (Figure 7). More-
over the changes in CTD structure we observed during the
earliest stages of salt-dependent array folding may also be
linked to changes in linker DNA conformation. Cy3/Cy5
H1 G101-K195C within the low salt (10 mM NaCl) loose
zig-zag arrays, exhibits a FRET efficiency of 0.32, where
linker DNA entry/exit angles are expected to be greatest.
Upon folding to the contacting zig-zag form in 20 mM
NaCl, the entry/exit angle is expected to decrease, while the
FRET efficiency increases to 0.42. Thus the folding of the
nucleosome array appears coupled to H1 CTD conforma-
tion via alterations in linker DNA conformation.

We also find that the CTD exhibits a unique orientation
within the folded array. Intermolecular FRET indicates that

the C-terminal end of each H1 CTD is closer in space than
the labeled site (G101C) on the N-terminus. Thus our data
are consistent with model exhibiting radial symmetry, such
that the CTD would be arrayed about a central axis with
the C-terminal end of the protein oriented toward the cen-
ter of the fiber. We note that the spatial relationships be-
tween sites within the CTD observed for H1 bound to nu-
cleosomes arrays is exactly opposite that observed for H1
bound to naked DNA fragments. In the latter case, residue
101, nearest the globular domain, was closest in space to
residue 101 on other H1s. It is also interesting to note that
dilution of inter-molecular in H1–DNA complexes required
20-30-fold excess of unlabeled protein, in contrast to the
∼5-fold excess required for nucleosome arrays. This implies
that each H1 within the condensed array has only a few
other H1s within FRET distance, while many H1s within
the DNA aggregates are close in space. Overall this obser-
vation is consistent with an extended and ordered structure
in which each H1 is bound to a nucleosome within the ar-
ray. It will be interesting in future experiments to compare
relative distances between other positions within H1 within
condensed nucleosome arrays.
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