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ABSTRACT

Linker histones (H1s) are key structural components
of the chromatin of higher eukaryotes. However, the
mechanisms by which the intrinsically disordered
linker histone carboxy-terminal domain (H1 CTD) in-
fluences chromatin structure and gene regulation re-
main unclear. We previously demonstrated that the
CTD of H1.0 undergoes a significant condensation
(reduction of end-to-end distance) upon binding to
nucleosomes, consistent with a transition to an or-
dered structure or ensemble of structures. Here, we
show that deletion of the H3 N-terminal tail or the
installation of acetylation mimics or bona fide acety-
lation within H3 N-terminal tail alters the condensa-
tion of the nucleosome-bound H1 CTD. Additionally,
we present evidence that the H3 N-tail influences H1
CTD condensation through direct protein-protein in-
teraction, rather than alterations in linker DNA trajec-
tory. These results support an emerging hypothesis
wherein the H1 CTD serves as a nexus for signaling
in the nucleosome.

INTRODUCTION

The eukaryotic genome is packaged into nucleosomes,
which consists of a nucleosome core, linker DNA, and
linker histone (H1). The nucleosome core is comprised of
147 bp DNA segments wound around the core histone oc-
tamer, which consists of two copies of each of the core his-
tones H2A, H2B, H3 and H4 (1). Adjacent NCPs are con-

nected by variable length of linker DNA (10–90 bp) to form
oligonucleosome arrays (2). H1s bind to the surface of nu-
cleosomes near the dyad and bring the two linker DNA
closer together to form a stem-like structure (2,3,4). The
H1-induced closure of linker DNA is further supported by a
recent cryogenic electron microscopy (cryo-EM) and crystal
structures of a 197-bp nucleosome containing a full-length
H1, in which the globular domain of H1 binds to the DNA
at the nucleosome dyad and interacts with both linker DNA
segments (4). The decreased entry-exit angle of nucleosomal
linker DNA resulting from the stem-like structure might
contribute to a unique zigzag folding pattern of nucleo-
somes within oligonucleosome arrays that further facilitates
chromatin compaction (5). Interestingly, structural transi-
tions in H1 may contribute to distinct nucleosome packing
densities and conformations of oligonucleosomes (4,6,7)

Chromatin is a highly dynamic entity and genomic DNA
accessibility can be regulated by various mechanisms, in-
cluding posttranslational modifications (PTMs) on the hi-
stone tail domains, ATP-dependent chromatin remodeling,
and replacement of canonical histones with specialized vari-
ants (8–12). Histone acetylation is generally associated with
active transcription, and can directly disrupt nucleosome-
nucleosome interactions or histone-DNA contacts as well
as indirectly functioning as a platform that is recognized by
various proteins (13–16). Conversely, H1s stabilize the fold-
ing of extended nucleosome arrays into higher-order chro-
matin structures and are depleted at the transcription start
site of active genes (5,17–22). However, how histone acety-
lation regulates chromatin structure in conjunction with the
effects of linker histone is still an open question.
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In higher eukaryotes, H1s have a tripartite structure com-
posed of a short N-terminal domain (NTD), a conserved
trypsin-resistant central globular domain, responsible for
structure-specific binding to the nucleosome, and a long, ex-
tremely basic ∼100 amino acid C-terminal domain (CTD),
which is required for high affinity chromatin binding in vivo
and is vital for chromatin condensation (23–25). While the
globular domain is highly conserved among somatic H1 iso-
forms (80–100% similarity among human H1s), the CTD is
less well conserved (40–80% similarity). Nevertheless, H1
CTDs do exhibit high similarity in overall amino acid com-
position with ∼40% of somatic H1 CTDs comprised of ba-
sic amino acids, nearly all lysines with an occasional argi-
nine, and with alanine, serine and proline comprising most
of the remaining residues (2,26,27). H1 CTDs are almost
completely devoid of acidic and aromatic residues. These se-
quence features are characteristic of intrinsically disordered
proteins (IDPs) (27). Although the H1 CTD is unstructured
in aqueous solution, peptides derived from this domain ex-
hibit secondary structures when bound with DNA or in sec-
ondary structure stabilizing solvents such as TFE (28,29).
Recent work employing Förster Resonance Energy Trans-
fer (FRET) reveals that the H1 CTD condenses upon in-
teraction with nucleosomes, consistent with a disordered to
ordered transition (25,30). However, whether the condensed
H1 CTD adopts defined structure or an ensemble of struc-
tures is unclear. In addition, the H1 CTD is less condensed
when associated with oligonucleosome arrays compared to
that induced when bound to mononucleosomes (6). Impor-
tantly, H1 CTD structure appears to be tightly coupled to
linker DNA trajectory, which is altered by the presence of
neighboring nucleosomes in arrays. The coupling of CTD
structure and the conformation of linker DNA within the
nucleosome array raises the possibility of an additional level
of regulation of chromatin structure wherein altering the
propensity for changes in CTD condensation may tune the
accessibility within condensed chromatin (6).

Core histone tails protrude outside the nucleosome core
particle, either through the channels formed by aligned su-
perhelical gyres of DNA (H2B N-terminal tail and H3
N-terminal tail) or over/under them (H2A N-terminal
tail and H4 N-terminal tail) (31). Although not essen-
tial for mononucleosome structure, the core histone tails
are required for higher-order chromatin structure forma-
tion (32). Removal of the H4 N-terminal tail reduces
MgCl2-dependent folding and self-association of reconsti-
tuted nucleosome arrays (33). Acetylation of H4K16 (Lys
residue within the H4 N-terminal tail) also impairs the abil-
ity of oligonucleosomes to undergo salt-dependent com-
paction (34). The H3 N-terminal tail switches from intra-
nucleosome interactions in extended oligonucleosome ar-
rays to inter-nucleosome interactions in condensed chro-
matin (35).

The H3 N-terminal tail domains project out of the nu-
cleosome, between DNA superhelical gyres, about one he-
lical turn to either side of the center of the nucleosome,
near the canonical H1 binding site on the nucleosome sur-
face (31). Therefore the H3 tail domains are located near
where the linker DNA enters and exits the nucleosome,
and crosslinking studies show that they interact with linker

DNA in mononucleosomes (36–38). Thus, both H1 and
the H3 N-terminal tail interact with the linker DNA. The
H1 CTD also modulates H3 N-terminal tail dynamics in
nucleosomes and impedes post-translational modifications
(PTMs) such as acetylation, methylation and phosphoryla-
tion within the H3 N-terminal tail in vitro (39). Given the
close proximity of the H3 tail domain and the H1 CTD, we
reasoned that the H3 tail domain may interact with or oth-
erwise contribute to the binding environment of H1, and
therefore might impact the condensation of the H1 CTD
(25,30). We therefore investigated whether the H3 tail do-
main influences the nucleosome-bound structure of the H1
CTD. We found that deletion of the H3 N-terminal tail or
the installation of acetylation mimics within H3 N-terminal
tail alters the condensation of the H1 CTD, compared to
unmodified mononucleosomes. Furthermore, acetylation
mimics and bona fide lysine acetylation of the H3 tail do-
main have identical effects on H1 CTD condensation. In-
terestingly, analysis of H3 tail modifications on linker DNA
trajectory and H3 tail crosslinking studies indicate that the
H3 tail communicates directly with the H1 CTD.

MATERIALS AND METHODS

Expression and purification of linker histones and core his-
tones

Linker histone H1(0) from Xenopus laevis (here referred to
as H1) and the double cysteine mutant (H1G101CK195C)
were expressed in bacterial cells BL21(DE3) using the plas-
mid pET3aH1(0)a (25). Briefly, the coding sequence of H1
was inserted into pET3a vector (Novagen) and linker his-
tones were purified by ion-exchange chromatography using
Biorex-70 resin (Bio-Rad) as described (25). H1 concentra-
tion was determined by quantitative comparison with an
H1 standard, whose concentration had been determined by
amino acid analysis (25).

All histone H3 (including H3 tail mutants) used for this
study contained a cysteine to alanine substitution at posi-
tion 110. Histone H3 and H4 were expressed in bacterial
cells BL21(DE3). Expression and purification of H3 and
H4 was performed as described previously (40), except for
the H4 N tail deletion mutant, which was cultured at 30◦C.
Purified H3/H4 tetramer concentration was determined by
quantitative comparison with standard H3/H4 tetramer.

Histone H2A and H2B, including the tail deletion mu-
tants, were expressed in bacterial cells BL21(DE3). Expres-
sion and purification of H2A/H2B dimer was performed
as described before (41). H2A/H2B dimer concentration
was determined by quantitative comparison with standard
tetramer.

Native chemical ligation of acetylated peptide to histone H3

Bona fide acetylated histone H3 proteins were synthesized
through one-pot native chemical ligation and desulfuriza-
tion with methyl thioglycolate (MTG) (42). In brief, chem-
ically synthesized histone H3 N-terminal peptide (1–28)
containing specific histone acetylation patterns were ligated
with the globular part of histone H3 (A29C-135, C110A).
Chemically synthesized N-terminal H3 peptide (470 nmol,
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1.90 mg in the case of H3–3Ac2) and expressed C-terminal
peptide (162 nmol, 2.45 mg) were dissolved in 62.1 �l of
NCL buffer (6 M GdnHCl, 0.2 M NaH2PO4 at pH 7.0).
To the reaction mixture were added 16.2 �l of MTG solu-
tion (500 mM in NCL buffer) and 2.7 �l of TCEP solution
(600 mM in NCL buffer). The pH was adjusted around 7.0
by the addition of 1 N NaOH aq. The whole mixture was
stirred at 37◦C for 3 h under argon atmosphere. Then, 54.0
�l of TCEP solution (500 mM), 13.0 �l of glutathione so-
lution (1 M), and 12.2 �l of VA-044 aq. were added, and
the reaction solution was stirred at 37◦C for 1 h under ar-
gon atmosphere. Finally, the whole reaction solution was
diluted by 25% acetonitrile aqueous solution, then purified
by high performance liquid chromatography (HPLC) to af-
ford the desired ligated and desulfurized products: 2.45 mg
(44% yield) for H3-WT, 1.35 mg (37% yield) for H3–6Ac,
0.74 mg (44% yield) for H3–3Ac1 and 1.39 mg (45% yield)
for H3–3Ac2. Because cysteine at position 29 was converted
to alanine by desulfurization after ligation, no sequence mu-
tation was introduced except for the C110A. Full length H3
bearing specific histone acetylation patterns was identified
by MALDI-TOF MS.

601 DNA fragments for nucleosome reconstitution

DNA fragments for nucleosome reconstitution were gen-
erated by digestion of plasmid p207–12 with EcoRV and
isolation of the 207bp DNA fragments, which contain-
ing the 601 positioning sequence (43), on 0.8% agarose
gels via electro-elution. Labeled 207bp DNA was pre-
pared by PCR using labeled primers (GenScript). Cy3 and
Cy5 were conjugated to amino-modifier C6-dT for inter-
nal labeling. Forward primer: ATCGGACCC/iCy5N/AT
ACGCGGCC, reverse primer: AGTAG/iCy3N/ATTAAT
TAATATGAATTCGGATCCACATGCAC. The position
of Cy3 and Cy5 within the primer was indicated by iCy3N
and iCy5N, respectively. After PCR, fluorescently labeled
207bp DNA fragments was purified by PCR purification kit
(Qiagen).

Nucleosome reconstitution

Nucleosomes were reconstituted via standard stepwise
salt dialysis. Briefly, 10 �g of H3/H4 tetramer, 11.6 �g
H2A/H2B dimer and 20 �g 601 DNA was added into re-
constitution buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 5
mM DTT and 2 M NaCl) in a total volume of 600 �L, trans-
ferred to dialysis tubing then dialyzed against TE contain-
ing decreasing concentrations of NaCl at 1.2, 1, 0.8, 0.6M,
each for 2 h each at 4◦C, followed by dialysis against TE
overnight at 4◦C.

Reconstituted nucleosomes were purified over 10 ml 7–
20% sucrose gradients by ultracentrifugation in a Beck-
mann SW41 rotor for 18 h at 34 000 g at 4◦C. The fractions
containing nucleosomes were combined together and con-
centrated to a final concentration of 0.1–0.3 �M using a mi-
crofuge tube filtration unit (EMD Millipore) with a 50 kDa
membrane Nominal Molecular Weight Limit. Purified nu-
cleosomes were analyzed on a 0.7% agarose gels and 18%
SDS-PAGE.

Attachment of maleimide-Cy3 and maleimide-Cy5 to linker
histone

H1 G101C K195C, in which cysteines were located at ei-
ther end of the H1 CTD (25), was incubated in 50 mM
DTT for one hour to fully reduce cysteine residues, then
DTT was removed by Bio-Rex 70 chromatography and the
reduced protein solution was immediately frozen on dry
ice. Fractions containing reduced H1 G101C K195C were
treated with 5–10-fold excess of either maleimide-Cy3, or
maleimide-Cy5, or a 50/50 mix of both for 30 min at room
temperature in the dark according to manufacturer’s in-
structions (GE Healthcare). The free dyes were removed by
another round of Bio-Rex chromatography. The concentra-
tion of fluorophore-labeled H1 was determined by quanti-
tative comparison with an H1 standard similarly as above.

FRET analysis

Fluorophore-labeled H1 (final concentration 5–15 nM) in
H1 binding buffer (10 mM Tris–HCl pH 8.0, 50 mM NaCl,
0.3% BSA) was mixed with a range of amounts of puri-
fied mononucleosomes as indicated in the figure legends
to ensure saturated H1 binding by nucleosomes. Emis-
sion spectra were recorded with excitation at 515 nm (Cy3
donor) and 610 nm (Cy5 acceptor) wavelengths with 5-nm
slit widths in both excitation and emission channels on a
Horiba Jobin Yvon FluoroMax-4 spectrofluorometer. The
spectra of H1 binding buffer was also recorded and used
for background subtraction. The ratio(A) method was used
to determine FRET efficiency as described (44). The value
(ratio)A is the emission of acceptor excited at the donor exci-
tation wavelength divided by the emission of acceptor under
direct excitation (Equation 1)

(ratio)A = EεD (λ′′) d+ + εA (λ′)
εA (λ′′)

(1)

E = εA (λ′′) (ratio)A − εA (λ′)
εD (λ′) d+ (2)

E is the FRET efficiency, εD (�′) and εA (�′) are the ex-
tinction coefficients of donor (Cy3) and acceptor (Cy5), re-
spectively. d+ is the fraction of donor labeled molecules,
�′ is the wavelength for Cy3 excitation 515 nm, �′′ is the
wavelength for Cy5 excitation at 610 nm. Numerator repre-
sents the FRET intensity and denominator represents the
fluorescence signal from directly excited acceptor (Equa-
tion 1). Note that (ratio)A is independent of acceptor con-
centration. For this work, εD(515) = 92 058 cm−1M−1

(Cy3), εA(515) = 6078 cm−1M−1 (Cy5), εA(610) = 161 103
cm−1M−1 (Cy5).

To eliminate issues with determination of d+ and absolute
FRET efficiencies, herein we report the FRET efficiency dif-
ference between H1 bound to nucleosome and H1 alone,
�E (Equation 3) which can be derived from Equations (1)
and (2):

�E
EH1alone

= (ratio)Aexp − (ratio)AH1alone

(ratio)AH1alone − εA (λ′) /εA (λ′′)
(3)
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�E is independent of d+ and only one accurate EH1alone
is required for the calculation of �E. Here, we determined
d+ = 0.66 for labeled H1 alone as described before (44). All
determinations are based on N ≥ 3 replicates.

The linker DNA end-to-end distance FRET experiment
was performed similar to the above H1 CTD FRET ex-
periment. Note that fluorescently labeled nucleosome has
Cy3 and Cy5 specifically incorporated at defined DNA
ends, so d+ = 1. For this work, εD(515) = 53160 cm−1M−1

(Cy3), εA(515) = 3749 cm−1M−1 (Cy5), εA(610) = 118 400
cm−1M−1 (Cy5).

Electrophoretic mobility shift assay (EMSA)

The 207 bp 601 nucleosomes (70 ng, ∼15 nM) and H1
in amounts stated in the figure legend were incubated at
25◦C for 30 min in 20 �l of binding buffer (10 mM Tris–
HCl, pH 8.0, 1 mM EDTA, 50 mM NaCl, 150 ng/�l
BSA, and 5% (v/v) glycerol). Then reaction mixtures were
loaded directly onto a native 5% polyacrylamide gel (acry-
lamide:bisacrylamide = 19:1) and run at 160 V for 3 h at
4◦C. DNA and nucleosome bands were detected by either
ethidium bromide staining or on Typhoon imager using Cy5
excitation and emission setting.

H3 crosslinking

For H1–H3 crosslinking, 4-azido phenacylbromide (APB)
modified H3T6C nucleosomes or WT nucleosomes were in-
cubated with Cy5 labeled H1 G101C in binding buffer (10
mM Tris–HCl, pH 8.0, 1 mM EDTA, 50 mM NaCl and 5%
v/v glycerol) for 30 min at 25◦C. The reactions were placed
in a pyrex tube and irradiated at 365 nm for 90 s as pre-
viously described (4,37). The H1/H3 crosslinking products
were analyzed by separation of components on 15% SDS-
PAGE gel and imaging of Cy5 labeled constituents on a
Typhoon imager using Cy5 excitation and emission filters.
H3 tail crosslink mapping to DNA was carried out as de-
scribed (37). Briefly, nucleosomes were reconstituted with
APB-modified H3 T6C and 207 601 DNA fragments radi-
olabeled at the 5′ end of one of the two strands. Nucleo-
somes were incubated for 10 min. in 10 mM Tris, pH 8.0, 1
mM EDTA, 50 mM NaCl, in the absence or presence of H1
and crosslinking was initiated as described above. The DNA
was isolated from irradiated samples, strand breaks gener-
ated at sites of crosslinking, and sites of crosslinks mapped
by running products on 6% polyacrylamide denaturing (se-
quencing) gels as described (37).

RESULTS

Deletion of the H3 N-terminal tail domain alters H1 CTD
condensation

Given the close proximity of the H3 tail domains and the H1
binding site in the nucleosome and the effect of H1 CTD on
enzymatic modification of H3 tail (36,39), we hypothesized
that the H3 N-terminal tail may influence the environment
and thus the structure of the nucleosome-bound H1 CTD.
To test this hypothesis, we reconstituted nucleosomes with
recombinant core histones containing either full length H3

A

B

C

D

Figure 1. The H3 tail domain influences H1 CTD structure in the nucle-
osome. Nucleosomes were reconstituted with either full-length H3 (WT)
or H3 lacking the N-terminal tail domain (gH3) and FRET assays per-
formed with H1 labeled with Cy3/Cy5 at either end of the H1 CTD. (A)
H1 G1010C K195C was labeled with the fluorophores Cy3 and Cy5. (B)
Schematic showing WT H3 and deletion of the N-terminal 28 residues in
gH3. (C) Emission spectra for H1 alone (blue), and H1 bound to WT nu-
cleosomes (black) or gH3 nucleosomes (magenta). Cy3 excitation was at
515 nm; the Cy3 and Cy5 emission peaks (∼560 and ∼670 nm) are indi-
cated by blue arrowheads. (D) Plot of FRET efficiency difference (�E) for
samples with the indicated nucleosome:H1 ratios. �E was calculated as the
difference in FRET efficiency for H1-nucleosome complexes and free H1
for independent trials. Error bars reported are standard deviations (SDs).
P values represent probabilities associated with two-tailed Student’s t-test.
N ≥ 3. (***), P < 0.001.

(WT) or H3 lacking the N-terminal tail domain (gH3), and
employed a FRET approach to monitor the extent of con-
densation of the H1 CTD upon binding to WT or gH3 nu-
cleosomes (Figure 1A and B, Supplementary Figure S1). We
measured the difference in FRET efficiency (�E) between
nucleosome bound and free labeled H1 over a range of nu-
cleosome:H1 concentrations to ensure saturated (1:1) nucle-
osome binding by H1. Consistent with the previous work,
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acceptor Cy5 fluorescence emission (peak ∼ 670 nm) exhib-
ited an increase upon binding of labeled H1 to WT nucle-
osomes and a resultant increase in FRET (�E), indicating
a reduction in the end-to-end distance across the H1 CTD
upon binding to nucleosomes (Figure 1C and D). We re-
fer to the nucleosome-dependent change in the H1 CTD as
‘condensation’. Importantly, deletion of the H3 N-terminal
tail domain resulted in a significant reduction in the FRET
response compared to WT nucleosomes (Figure 1C). Quan-
tification showed that H1 binding to WT nucleosomes ex-
hibited a �E of ∼0.4 which decreased to ∼0.18 for H1 bind-
ing to gH3 nucleosomes (Figure 1D). Note in both cases �E
reaches constant values at nucleosome:H1 ratios approxi-
mately ≥1, indicating saturation of H1 binding to nucleo-
somes. Importantly, nucleosome-dependent H1 CTD was
unaffected by deletion of either the H2B or H4 tail domains
(Supplementary Figure S2A and B). These results show that
the H3 N-terminal tail domain––but not those of H2B or
H4––is required for full condensation of the H1 CTD in nu-
cleosomes.

To investigate whether the H3 N-terminal tail domain af-
fects H1 CTD condensation in chromatin complexes be-
yond mononucleosomes, we extended our analysis of the
extent of H1 CTD condensation to asymmetric dinucleo-
somes. These dinucleosomes contain a 207 bp nucleosome
spacing (30-N-60-N-0, where N = 147 bp ‘core’ DNA), with
a 30 bp linker DNA on one side of the dinucleosome (Sup-
plementary Figure S4A and B). We chose the asymmetric
dinucleosome as we have shown that the extent of conden-
sation of the H1 CTD is identical to that of longer nucle-
osome arrays (6). Moreover, H1 binds preferentially to the
nucleosome within the asymmetric dinucleosome that has
two linker DNA segments (Supplementary Figure S4A and
B), which avoids complications due to intermolecular (H1–
H1) FRET (6). Consistent with previous findings, the H1
CTD undergoes condensation upon binding to the dinucle-
osome, but is ultimately somewhat less compact compared
to H1 associated with mononucleosomes (Supplementary
Figure S4C) (6). Importantly, H1 binding to dinucleosomes
containing gH3 results in a significant decrease in H1 CTD
condensation compared to dinucleosomes containing WT
H3, consistent with results observed in mononucleosomes
(Supplementary Figure S4C).

To determine whether a distinct sub-region of the H3 tail
is required for H1 CTD condensation we prepared two ad-
ditional H3 mutants with partial tail deletions (Figure 2A).
We found that deletion of the first ten residues of the H3 tail
(�10) reduced H1 CTD condensation as detected by our
FRET assay, while deletion of an additional ten residues
(�20) did not result in additional change in overall H1 CTD
structure (Figure 2B). However, deletion of residues 21–28
to generate gH3 results in a further reduction in H1 CTD
condensation. These results suggest that two distinct re-
gions within the H3 tail contribute to defining the structure
of nucleosome-bound H1.

H3 N-tail acetylation mimics reduce H1 CTD condensation

We next set out to determine whether other modifications
of the H3 N-terminal tail domain influence H1 CTD struc-
ture. Six lysine residues within H3 tail (K4, K9, K14, K18,

A

B

Figure 2. Two regions within the H3 tail affect H1 CTD condensation in
nucleosomes. (A) Schematic of WT H3 and H3 �N10, �N20 and gH3 with
N-terminal tail deletions of 10, 20 and 28 residues, respectively. (B) FRET
response (�E) for WT H3 (black), H3 �N10 (red), H3 �N20 (green) and
gH3 (magenta) assessed at the nucleosome:H1 ratios indicated below the
graph. Numbers in (A) indicate the first residue in each protein. Bars above
the schematic for WT H3 indicate regions that affect H1 CTD structure.
(***) P < 0.001, (*) P < 0.05.

K23 and K27) have been identified as sites of acetylation
in vivo. We changed these six lysines to glutamine to mimic
acetylated lysine (H3 6KQ) and prepared nucleosomes (Fig-
ure 3A). Titrations of H3 6KQ nucleosomes with the la-
beled H1 resulted in a �E of ∼0.28, significantly less than
that observed for H1 binding to the WT nucleosome (Figure
3B). Thus, similar to H3 tail deletions, the acetylation mim-
ics affected the extent of condensation of the nucleosome-
bound H1 CTD. To further determine which K→Q sub-
stitutions within the H3 tail are responsible for the reduc-
tion in H1 CTD condensation, we constructed mutants H3
3KQ1, and H3 KQ2, in which lysines K4, K9 and K14 or
lysines K18, K23 and K27 within the H3 N-terminal tail do-
main were replaced by glutamines, respectively (Figure 3A).
We observed that while �E was not significantly changed
by inclusion of H3 3KQ1 in nucleosomes, �E, and thus the
extent of H1 CTD condensation was significantly reduced
upon interaction with H3 3KQ2 nucleosomes compared to
WT nucleosomes (Figure 3C and D), Thus lysine acetyla-
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Figure 3. Mimics of lysine acetylation in the H3 tail domain affect H1 CTD condensation. H3 proteins containing K → Q substitutions at known sites of
lysine acetylation were incorporated into nucleosomes and the extent of H1 CTD condensation determined by FRET analysis. (A) Schematic showing sites
of K → Q substitution in the H3 tail domain. (B–D) FRET analysis of labeled H1 bound to H3 6KQ, H3 3KQ1 and H3 3KQ2 nucleosomes compared to
WT at the nucleosome: H1 ratios indicated in the figure legend. NS, no significant difference; (***) P < 0.001, (*) P < 0.05.

tion mimics installed at K18, K23 and K27 in the more in-
terior region of the H3 N-terminal tail, but not those near
the N-terminus, affect H1 CTD condensation. Importantly,
no single acetylation mimic installed at any of the interior
three positions resulted in a change in FRET efficiency, nor
did replacing H3 serine 10 with glutamic acid to mimic S10
phosphorylation (Supplementary Figure S2C and D). We
also extended the analysis to investigate acetylation mim-
ics within the H4 N-terminal tail. In accord with the lack
of effect of H4 tail removal, acetylation mimics within H4
N-tail at K5, K8, K12 and K16 did not affect H1 CTD con-
densation (data not shown). In total, these results indicate
that mimics of lysine acetylation present at specific locations
within the H3 tail domain, but not H3 S10 phosphorylation
or modifications of other N-terminal tail domains, alters the
structure of nucleosome-bound H1.

H3 N-terminal tail modification does not affect H1 CTD con-
densation through changes in linker DNA trajectory

Previous work has shown that the extent of H1 CTD con-
densation is dependent on linker DNA trajectory (6). To
determine whether the H3 N-terminal tail modifications in-
vestigated above alter H1 CTD condensation via changes in
linker DNA path, we reconstituted nucleosomes in which
the DNA ends were labeled with FRET donor and ac-
ceptor fluorophores. We then monitored FRET to deter-
mine whether H3 modifications altered linker DNA tra-

jectory in different nucleosomal contexts. We observed a
substantial loss in FRET between linker DNA ends in
gH3 nucleosomes compared to WT, indicated an opening
of nucleosome linker DNA upon removal of the H3 N-
terminal tail, consistent with prior observations (45). The
calculated average linker DNA end-to-end distance for the
WT nucleosome is ∼6.04 nm, which increased to ∼6.63
nm for the gH3 nucleosome (Figure 4A and B). The vari-
ation of linker DNA geometry is further confirmed by
electrophoretic mobility shift assay (EMSA), as gH3 nu-
cleosomes migrate more slowly through the gel compared
to WT nucleosomes, consistent with a more open nucleo-
some conformation (Supplementary Figure S3). In agree-
ment with cryo-EM structure analysis (4,5) binding of H1
resulted in a much more compact nucleosome structure
with reduced distance between linker DNAs. The calcu-
lated linker DNA end-to-end distance decreased to ∼ 4.56
nm in the presence of H1. Similarly, EMSA assays show
H1-bound nucleosomes migrate more rapidly through na-
tive PAGE than unbound WT nucleosomes, indicative of a
more compact structure (Supplementary Figure S3). Sur-
prisingly, we observed that despite the difference in linker
DNA separation in WT and gH3 nucleosomes, linker DNA
end-to-end distance was identical in H1-bound gH3 and
WT nucleosomes (Figure 4A and B). These results sug-
gest that a difference in linker DNA structure does not
account for the effect of H3 tail deletion on H1 CTD
structure.
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Figure 4. Linker DNA end-to-end distance is similar in H1-bound WT
and gH3 nucleosomes. (A) FRET efficiency was determined for WT and
gH3 nucleosomes containing Cy3 and Cy5 labels attached near the ends of
the DNA (see Materials and Methods) in the absence or presence of H1,
as indicated. (*), P < 0.05; NS, no significant difference. (B) Schematic
describing changes in linker DNA end-to-end distance observed in (A).

We next investigated linker DNA end-to-end distances in
nucleosomes containing acetylation mimics. Similar to re-
sults for gH3 nucleosomes, H3 6KQ nucleosomes exhibited
an opening of linker DNA ends compared to WT nucleo-
somes (Figure 5). Of note, inclusion of H3 3KQ1 also re-
sulted in increased distance between linker DNA ends, al-
though to a lesser extent compared to H3 6KQ, while no
significant difference in end-to-end distance was found be-
tween H3 3KQ2 and WT nucleosomes. Notably, these re-
sults are in direct contrast to the effects of these mutations
on H1 CTD structure, where we found that H3 3KQ2, but
not H3 3KQ1, reduced H1 CTD condensation (Figure 3).
Thus, the above data argues against the hypothesis that H3
N-terminal tail modifications affect H1 CTD condensation
through altered linker DNA trajectory.

Figure 5. Linker DNA end-to-end distances in nucleosomes containing
acetylation mimics do not correlate with effects on H1 CTD structure.
FRET was used to estimate compare linker DNA end-to-end distances in
WT, H3 6KQ, H3 3Q1 and H3 3KQ2 nucleosomes as in Figure 4. NS, no
significant difference; (*) P < 0.05; (**) P < 0.01.

Glutamine effectively models acetylated lysine

Since the chemical structure of glutamine is not identical
to acetylated lysine, we wished to determine whether the ly-
sine to glutamine substitutions faithfully represented effects
of bona fide acetylation on H1 CTD structure. We therefore
prepared full-length histone H3 proteins by native chemical
ligation that were homogeneously acetylated within the N-
terminal tail. Three different acetylated proteins were gener-
ated: H3 6Kac, in which lysines K4, K9, K14, K18, K23 and
K27 were acetylated, and H3 3Kac1 and H3 3Kac2, wherein
lysines K4, K9 and K14, and K18, K23 and K27 were acety-
lated, respectively (Figure 6A, see also Supplementary Fig-
ure S5). These proteins were reconstituted with unmodified
H2A, H2B and H4 to generate nucleosomes containing uni-
formly acetylated H3. Consistent with the previous exper-
iments, H3 6Kac resulted in a significant decrease of H1
CTD condensation as indicated by a reduction in FRET
compared to unmodified WT H3, similar to that observed
with H3 6KQ (compare Figures 3B and 6B). Likewise, while
the extent of H1 CTD condensation was not significantly
different between nucleosomes containing WT H3 and H3
3Ac1, H3 3Ac2 elicited a reduction of H1 CTD condensa-
tion compared to unmodified WT nucleosomes, again par-
alleling the effects of the K→Q substitutions (Figure 6B).
Finally, H3 6KAc nucleosomes exhibited a reduction (com-
pared to WT nucleosomes) in the distance between linker
DNA ends identical to that of H3 6KQ nucleosomes (Fig-
ure 6C) These analyses indicate that the K→Q acetylation
mimics and bona fide acetylation within the H3 tail domain
had virtually identical effects on H1 CTD condensation.

Detection of interaction between the H3 N-terminal tail do-
main and H1 in the nucleosome

We next asked whether the H3 N-terminal tail domain
exists in close enough proximity to H1 to allow protein-
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Figure 6. Lysine acetylation in the H3 tail domain affects H1 CTD con-
densation. H3 proteins containing acetylated lysines at known sites of ly-
sine acetylation were incorporated into nucleosomes and the extent of H1
CTD condensation determined by FRET analysis. (A) Schematic show-
ing sites of lysine acetylation in the H3 tail domain. (B) FRET analysis
of labeled H1 incubated with WT and H3 6Ac, H3 3Ac1 and H3 3Ac2
nucleosomes at the indicated nucleosome: H1 ratios. NS, not significantly
different from WT; (*) P < 0.05. Note calculated P-value for H3 3Ac2 at
ratio 1.2 is 0.07 (not indicated). Analysis of aggregate data for samples in
which H1-nuclesome binding is saturated (1.0, 1.1 and 1.2 ratios) indicates
P-values of ≤ 3.0E–07, 0.30 and 6.7E-05 for H3 6Ac, H3 3Ac1 and H3
3Ac2, respectively, compared to WT (Supplementary Figure S6). (C) Bona
fide lysine acetylation (6Ac) within H3 tail has identical effects on linker
DNA end-to-end distance compared to K → Q acetylation mimic (6KQ).
NS, not significantly different from WT; (**) P < 0.01.

protein crosslinking within the nucleosome. We employed
a site-specific crosslinking approach in which a histone
residue is modified with azidophenacyl bromide (APB), and
crosslinking initiated by a brief irradiation with UV light.
Crosslinking occurs to either protein or DNA within 0–12Å
of the C� carbon of the APB-modified cysteine (37,47). To
determine if the H3 tail comes in close proximity to H1 in
the nucleosome, we modified the H3 mutant H3 T6C with
APB and incorporated the modified protein into nucleo-
somes (37). We bound Cy5-labeled H1 G101C to nucleo-
somes and activated crosslinking via a brief UV irradiation.
The H1-nucleosome complexes were then loaded on SDS-
PAGE gels and analyzed by fluorography to allow the detec-
tion of fluorescently labeled H1 and any species covalently
crosslinked to H1. No self-crosslinking of H1 is observed
upon UV irradiation (Figure 7A, compare lane 1 and 4).
In the absence of UV irradiation, only one band represent-
ing Cy5 labeled H1 was detected on the gel. However, upon
UV irradiation, a novel band appeared on the gel above
H1(Figure 7A, lanes 7 and 8). In addition, the new band
is dependent on H3T6C APB modification, indicating the
novel band is the product of UV-induced crosslinking be-
tween the N-terminal tail domain of H3 and H1 (Figure
7A, compare lanes 5, 6 and 7, 8). These data suggest H3
N-terminal tail contacts H1 within the mononucleosome.

To further investigate H3 tail interactions in the nucleo-
some, we examined crosslinking of H3 T6C-APB to nucleo-
some DNA in the absence and presence of H1. In previous
work we found that APB modified H3 T6C crosslinks to
nucleosome DNA at +82, +62, +23, –14, –56, –64 and –77
nt from the dyad (defined as position 0), forming two clus-
ters of interactions on the nucleosome DNA surface (37).
One cluster is located more internally within the nucleo-
some (composed of +62, +23, –14, –56 and –64) while a
second cluster is located in the linker DNA region (com-
posed of +82 and –77). Our current crosslink mapping data
is entirely consistent with these findings (Figure 7B, com-
pare lanes 1 and 3). In the previous work, also found that
the architectural chromatin factor HMGN1 selectively dis-
rupted specific H3 tail-DNA interactions, consistent with
current results (lane 4). Importantly, we find that binding of
H1 to the nucleosome diminishes crosslinking at the linker
DNA sites (–77, +82) and sites near the nucleosome core
periphery (–56, –64) but not at more internal sites (Figure
7B, lane 5). Taken together our crosslinking results suggest
that binding of H1 redirects interactions of end of the H3
tail domain away from the linker DNA, possibly by direct
contact with the H1 CTD in the nucleosome.

DISCUSSION

We present evidence for a novel communication between
the H3 tail domain and the H1 CTD. Our data indicate
that the H3 tail domain directly influences H1 CTD struc-
ture and that specific acetylation events in the H3 tail al-
ter H1 CTD structure. We find that acetylation or modi-
fications at other positions within the H3 tail or of other
N-terminal tail domains within the nucleosome do not sig-
nificantly influence CTD structure. Finally, we provide ev-
idence that the H3 tail directly interacts with the H1 CTD
to regulate its structure. Interestingly, acetylation at posi-
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Figure 7. Evidence that the H3 tail domain physically interacts with the
H1 CTD. (A) The H3 tail domain crosslinks to H1 in nucleosomes. Cy5-
labeled H1was incubated with nucleosomes containing APB-modified H3
T6C, crosslinking initiated with UV light, and products separated on SDS-
PAGE gels. Gels were imaged by fluorography detecting Cy5. The black
arrow indicates the position of uncrosslinked H1, while the red arrow in-
dicates the position of a presumed H3 T6C-APB-H1 crosslinking product.
(B) H1 disrupts specific H3 tail-DNA crosslinking sites in nucleosomes.
Nucleosomes reconstituted with H3 T6C-APB and 5′ end-radiolabeled
DNA were irradiated and crosslinks visualized as strand breaks on 5%
DNA denaturing gels (37). Lane 1, no irradiation, lanes 2–5, irradiated
samples. Lanes 1–3 contain nucleosomes alone, while lanes 4 and 5 contain
nucleosomes incubated with HMGN1 or H1, respectively. The location of
the nucleosome dyad is indicated by the open arrowhead. Numbers indi-
cate sites of crosslinks unaffected (black) or affected (red) by H1 binding.

tion K18, K23 and K27 of the H3 N-terminal tail, but not
those near the most N-terminus (K4, K9 and K14), result
in a reduction of H1 CTD condensation, suggesting specific
acetylation events cause distinct changes in H3 tail confor-
mations within the nucleosomal context (48). Acetylation
removes the positive charge on the lysine side-chain. It has
been shown that H3 tail robustly interacts with both nu-
cleosomal and linker DNA (37,48). Thus, the more interior
acetylations along the H3 tail might result in an altered con-
formation adopted by the bound tail.

Our previous work indicates the intrinsically disordered
H1 CTD undergoes significant condensation upon bind-

ing to nucleosomes that is consistent with adoption of a
defined structure or ensemble of structures. Evidence sug-
gests that the entropic cost associated with CTD condensa-
tion appears to be offset by the significant positive contri-
butions to overall binding free energy derived from interac-
tion of the ∼40 excess positive charges within the CTD with
DNA (25). Indeed, the H1 CTD is essential for stabilization
of higher order chromatin structures due to neutralizing
charge within linker DNA, suggesting H1 CTD structure
plays a critical role in this function. Importantly, H1 CTD
structure is coupled to at least an initial step in the folding
of extended oligonucleosome arrays into higher order struc-
tures (6), indicating that the propensity for the H1 CTD to
adopt various condensed states likely influences the stabil-
ity of chromatin folding. Given that acetylation within the
H3 tail directly alters H1 CTD structure, our work therefore
identifies a potentially new mechanism by which acetylation
influences higher order chromatin structure.

Despite the presumed role of H1 as a general transcrip-
tional repressor, a 50% reduction of H1 expression in mouse
embryonic stem (ES) cells resulted in remarkably few sig-
nificant changes in the expression of specific genes (49).
However, H1 was found to direct epigenetic regulation of
the imprinting genes H19 and Gtl2 through two differ-
ent mechanisms. First, H1 physically interacts with DNA
methyltransferase DNMT3B and DNMT1 to promote the
establishment and maintenance of DNA methylation that
leads to gene repression at these loci; second, H1 can hin-
der the binding of SET7/9 and H3K4 methylation, a mod-
ification associated with transcriptional activation (50). Of
note, the H1 CTD region is required for the direct inter-
action between H1 and the DNA methyltransferases. Ad-
ditionally, it has been reported that a direct interaction be-
tween H1 and heterochromatin-specific H3 K9 methyltrans-
ferase Su(var)3–9 is essential for the repression of trans-
posable elements in Drosophila heterochromatin (51). Im-
portantly, partial or full-length H1 CTD deletion results
in strong activation of the transposable elements similar to
that observed above for H1 knockdown (52). Such interac-
tions may depend on the structure of the H1 CTD, and thus
in turn may be regulated by modifications within the H3 tail
domain.

We previously showed that two members of the HMGN
family of architectural transcription factors, HMGN 1 and
HMGN2 alter H1 CTD condensation while not disturb-
ing H1 globular domain binding at the nucleosome dyad
(37). Moreover, it has been shown that phosphorylation
within peptides derived from H1 CTD domains alters the
propensity for folding/condensation in solvents and salts
that model the chemical environment in chromatin (53),
and also in native chromatin (54,55). Taken with our cur-
rent findings, these data suggest that the H1 CTD may be a
nexus for signaling in the nucleosome. In this regard, under-
standing H1 CTD structure and factors that alter the final
state of this intrinsically disordered domain in chromatin
will be critical for deciphering the regulation of chromatin
states.
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