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• H1.1 and H1.4 bind to DNA oligomers
and to CT-DNA with favorable entropy
changes.

• The 9 °C increase in Tm for DNA in the
H1.4/DNA complex indicates tight bind-
ing.

• The H1.4 binding site size was found to
be 36.9 bp in titrations of DNA oligo-
mers.

• The H1.1 binding site size was found to
be 32 bp in titrations of CT-DNA.

• Loss of water upon H1/DNA complex
formation results in large negative ΔCp
values.
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H1.1 and H1.4 bind tightly to both short DNA oligomers and to CT-DNA (Ka ≈ 1 ×107). Binding is accompanied by
an unfavorable enthalpy change (ΔH ≈ +22 kcal/mol) and a favorable entropy change (−TΔS ≈ −30 kcal/mol).
The Tm for the H1.4/CT-DNA complex is increased by 9 °C over the Tm for the free DNA. H1.4 titrations of the DNA
oligomers yield stoichiometries (H1/DNA) of 0.64, 0.96, 1.29, and 2.04 for 24, 36, 48, and 72-bpDNA oligomers. The
stoichiometries are consistentwith a binding site size of 37 ± 1 bp. CT-DNA titration data are consistentwith bind-
ing site sizes of 32 bp for H1.1 and 36 bp for H1.4. The heat capacity changes, ΔCp, for formation of the H1.1 and
H1.4/CT-DNA complexes are −160 cal mol−1 K−1 and −192 cal mol−1 K−1 respectively. The large negative
ΔCp values indicate the loss of water from the protein DNA interface in the complex.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

H1 interactions with DNA have attracted significant interest due to
the involvement of H1 in chromatin compaction and the fact that H1
is highly modified in cancer cells [1,2]. Histone H1 has also been
described as a transcription repressor as it limits the access of transcrip-
tional factor proteins to DNA [2–4]. To date, eleven histone H1 subtypes
have been identified in mammals. In both humans and mice, five of the
somatic subtypes (H1.1–H1.5) are classified as cell cycle-dependent or
replication dependent wherein the expression of these genes is linked
to a particular phase of the cell's life cycle. The other somatic subtype,
H10, is classified as replication-independent or replacement subtype
and it is expressed throughout the cell's life cycle in order to maintain
a replacement pool of H1 linker histone [5]. H1.1 (mouse H1c) and
H1.4 (mouse H1e) carry the highest positive charges and exhibit the
strongest DNA binding affinities [5,6]. H1.4 is seven amino acids longer
(219 vs. 212) than H1.1, with the two sequences exhibiting 89% homol-
ogy in the N-terminal and globular domains [5]. The larger net positive
charge for H1.4 (+59) compared to H1.1 (+55) is due to four addition-
al lysines in the H1.4 sequence. In comparison, H10 (mouse H1.0) has a
net positive charge at neutral pH of+53 and exhibits 61% sequence ho-
mology in comparison to the N-terminal and globular domains of H1.1.
The C-terminal domains of H1.1, H1.4 and H10 (wherein most of the
charged residues reside) are apparently scrambled and exhibit no se-
quence homology from a BLAST sequence comparison, http://blast.
ncbi.nlm.nih.gov/Blast.cgi [7,8]. Although these three subtypes show
similar net charges, high sequence homology in the N-terminal and
globular domains, and only subtle changes in overall amino acid compo-
sition, it has been reported that the three subtypes exhibit different DNA
binding affinities and occupy different DNA binding site sizes [5,6,9]. If
there are real differences in the DNA binding affinities or binding site
sizes for the H1.1, H1.4 and H10 proteins, the differences must be attrib-
uted to the different sequences and/or charge and charge distribution in
the C-terminal domains of these proteins.

It is generally accepted that H1, or linker histone, binds to DNA as it
enters and/or exits the nucleosome [10–13]. Two different models for
H1 binding place the H1 protein across the nucleosome with H1
interacting with two or three patches of the nucleosomal DNA on the
same side of the nucleosome [14] or alternatively locate the H1 so that
it binds to a continuous and more linear linker DNA region [15]. The
generally accepted biological function for bound H1 is that it prevents
nucleosomal DNA from either unraveling from or sliding off the nucleo-
some histone core complex and that it participates in limited chromatin
compaction by tethering adjacent nucleosomes together [10]. Although
the structure of the nucleosome (histone core/DNA complex) and the
interactions of the core histone proteins with DNA are relatively well
established [10,16–19], several questions remain regarding the struc-
tural and functional roles of H1 histone in chromatin. Even such basic
information as the H1 DNA binding affinity, the H1 DNA binding site
size, and the enthalpy and entropy changes for the formation of the
H1/DNA complex are largely absent from the current literature. In a pre-
vious publication, we reported on the thermodynamics for binding H10,
H10-C (the C-terminal domain), and H10-G (the globular domain) to
highly polymerized calf thymus DNA [9]. Perhaps the most surprising
result of the previous study was the fact that the ΔH values for forma-
tion of the H10/DNA and H10-C/DNA complexes were highly endother-
mic (ΔH ≈ +22 kcal/mol). In contrast, a recent publication by Caterino
et al. reported that the enthalpy change for binding the H1 carboxy ter-
minal domain to linker DNA is −12 kcal/mol. The Caterino enthalpy
datawere obtained indirectly froma van't Hoff analysis of Ka vs. T exper-
iments with the Ka values determined in gel (GMSA) experiments [20].

In the present study we have used isothermal titration calorimetry
(ITC), differential scanning calorimetry (DSC), and CD spectropolarimetry
to determine the thermodynamic signatures and structural changes that
accompany H1.1 and H1.4 binding to short DNA oligomers and/or H1.1
and H1.4 binding to highly polymerized calf-thymus DNA. The results
from these studies on H1.1 and H1.4 were compared to published results
of similar studies don on H10 [9]. In our ITC studies, we found that the
H1.1 and H1.4 bind to CT-DNA with approximately the same affinity
observed previously for H10 (Ka ≈ 1 × 107). We also observed large
endothermic enthalpy changes for the formation of the H1.1/DNA and
H1.4/DNA complexes (ΔH ≈ +22 kcal/(mol H1.1 or H1.4)) which
were again similar to the ΔH value observed for the formation of the
H10/CT-DNA complex [9]. The binding site sizes for H1.1 and H1.4 were
determined to be 32 bp and 36 bp, respectively. The change in the bind-
ing site size between H1.1 and H1.4 seems anomalously large since the
two proteins are different by only 3% in molecular weight. Interestingly,
the binding site size for the smallest H1 subtype, H10, was also deter-
mined to be 36 DNA bp [9]. Titrations of short double stranded DNA olig-
omers (having from 12 to 72 bp) yield H1.4 binding stoichiometries
(H1.4/DNA bp) that are in excellent agreement with the H1.4 binding
site size determined in H1.4 CT-DNA titrations DSC determined Tm values
indicate that themelting temperature of the CT-DNA in the H1.4/CT-DNA
complex is increased by 9 °C, a result that is in agreement with the high
H1.4 DNA binding affinity. CD experiments indicate that DNA is
restructured upon complex formation with either the H1.1 or H1.4,
again a result that is similar to the changes in CD spectrum that ac-
company formation of the H10/CT-DNA complex. In contrast, the
H1 protein structure (H1.1, H1.4, or H10) is largely unchanged
upon formation of the H1/DNA complexes. ΔCp values determined
for the formation of the H1.1 and H1.4 CT-DNA complexes are large
and negative (e.g. −160 or −192 cal mol−1 K−1). Large negative
ΔCp values had also been observed previously for the formation of
the H10/CT-DNA complex. These large negative ΔCp values are indic-
ative of the loss of water from either the DNA (or the protein) as the
H1/DNA complexes are formed. All of these results are placed in the
context of the current histone literature and are discussedmore fully
in the later sections of this work.

2. Materials and methods

2.1. Proteins and DNA samples

The two histone H1 variants, H1.1 and H1.4, were expressed using a
bacterial strain of E. coli (Rosetta (De3) pLysS) infected with a pET-11d
(Novagen) expression vector which contained the DNA sequence for
either themouse H1.1 protein or themouse H1.4 protein. The construc-
tions of the expression strains, induction, extraction, and purification
have been described [21,22]. The pure protein fractions were concen-
trated using a Savant SPD 111 V speed vac system for 4 hrs at 35 °C to
remove the HPLC solvent (5% acetonitrile/95% water). Calf thymus
DNA type Iwas purchased fromSigma (St. Louis, USA) andusedwithout
further purification. Short double stranded DNAs designed for the H1.4
ITC binding studies were purchased from Midland Certified reagent
Company (Midland TX, USA) (The sequences for the short duplex
DNAs are given in Table 1). The protein and DNA stock solutions were
prepared by dissolution of the concentrated and/or dried purified pro-
tein or DNA samples in the standard BPES buffer (30 mM K2HPO4/
KH2PO4 (pH = 7.0), 1 mM EDTA, and 100 mM KCl). The protein and
DNA stock solutions were exhaustively dialyzed against the sample
buffer (24 h) at 4 °C, using a 1000 Mw cutoff dialysis membrane
(Thermo Scientific, USA). Calf thymus DNA concentrations in base
pairs (bp) were determined using measured absorbance at 260 nm
and a molar extinction coefficient of ε260 = 1.31 × 104 bp M−1 cm−1

[23]. The approximate average molecular weight of the CT-DNA was
8.4 × 103 kDa (Sigma, St. Louis, USA). Short DNA oligomer concentra-
tions were determined using absorbance values at 260 nm and molar
extinction coefficients (ε260) of 1.912 × 105, 3.806 × 105, 5.710 × 105,
7.634 × 105, and 11.421 × 105 M−1 cm−1 for 12-mer, 24-mer,
36-mer, 48-mer, and 72-mer respectively. H1.1 and H1.4 concen-
trations were determined by UV absorbance measurements at
205 nm and using extinction coefficients of 6.37 × 105 M−1 cm−1,
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Table 1
Short synthetic duplex DNAs designed for H1.4 ITC binding studies.

12-mer (Tm = 36.0 °C)
5′-ATCAAGCTACGC-3′
3′-TAGTTCGATGCG-5′

24-mer (Tm = 57.4 °C)
5′-ATCAAGCTACGCCTGAAGAGTCTG-3′
3′-TAGTTCGATGCGGACTTCTCAGAC-5′

36-mer (Tm = 67.9 °C)
5′-ATCAAGCTACGCCTGAAGAGTCTGGTGAGCAAGGGT-3′
3′-TAGTTCGATGCGGACTTCTCAGACCACTCGTTCCCA-5′

48-mer (Tm = 72.2 °C)
5′-ATCAAGCTACGCCTGAAGAGTCTGGTGAGCAAGGGTACTCTGGTGTAG-3′
3′-TAGTTCGATGCGGACTTCTCAGACCACTCGTTCCCATGAGACCACATC-5′

72-mer (Tm = 76.6 °C)
5′-ATCAAGCTACGCCTGAAGAGTCTGGTGAGCAAGGGTACTCTGGTGTAGACCAAGTGCA
CTGGTCCTTCAATC-3′
3′-TAGTTCGATGCGGACTTCTCAGACCACTCGTTCCCATGAGACCACATCTGGTTCACGT
GACCAGGAAGTTAG-5′
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and 6.11 × 105 M−1 cm−1 for H1.1 and H1.4 respectively [24]. The
approximate molecular weights for the H1.1 and H1.4 were estimated
from their sequences using the ExPASy ProtParam tool (http://web.
expasy.org/protparam): Mw (H1.1) ≈ 21.3 kDa, Mw (H1.4) ≈ 21.9 kDa.

2.2. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed
using a Microcal VP-ITC (Northampton, MA, USA). All titrations were
performed by overfilling the ITC cell with approximately 1.5 mL of
diluteDNA solution (nominally 540 μMin bp). During a typical ITC titra-
tion, approximately 250 μL of the H1.1 or H1.4 protein solution was
added to the DNA solution in the micro-calorimeter cell in 25 to 50
increments delivered at 600 second intervals. All of our ITC experiments
were performed in triplicate and at three different temperatures, 15 °C,
25 °C, and 35 °C. The integrated heat/injection data were fit for an
appropriate thermodynamic model using CHASM data analysis soft-
ware developed in our laboratory [25]. The non-linear regression fitting
A

Fig. 1. PanelA shows a typical ITC titration for the addition ofH1.1 to highly polymerized CT-DN
a diluteH1.1 protein solution (10 μL of 135 μMH1.1) into the ITC cellfilledwith a dilute solution
for each injection (■) alongwith the best-fit non-linear regression line (2) for a one site binding
CT-DNA. The upper half of PanelB shows the baseline-corrected raw ITC signal for 20 injections
solution of CT-DNA (15 μM inH1.4 binding sites). The lower half of Panel B shows theΔH for ea
model.
process yields best fit parameters for K (or ΔG), ΔH, ΔS, and n for each
independent interaction.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were per-
formed using a Microcal VP-DSC (Northampton, MA, USA). The melting
temperatures, Tm, were determined for CT-DNA and H1.4/CT-DNA in
separate DSC experiments. The nominal DNA concentration for these
experiments was 2.16 mM (in bp), and the complex was prepared by
the addition H1.4 protein to the 2.16 mM DNA solution to yield a final
H1.4 concentration of 0.012 mM (assuming an approximate DNA bind-
ing site size of 36 bp/H1.4, this solution had a nominal composition of
0.2 equivalents of H1.4 protein per equivalent of DNA sites). The tem-
perature scan range in these experiments was 10 to 110 °C with a
scan rate of 90 °C/hr. The CT-DNA denaturation over this temperature
range was irreversible; therefore only one heating scan was performed
in each experiment. The irreversibility in these experiments was due to
aggregation and precipitation of the high molecular weight DNA.
Because the aggregation and precipitation is slow and displace in time
from the helix to coil transition, the determination of the thermody-
namic parameters for DNA denaturation is valid. the DSC data from
thefirst scanwere thereforefit forΔHcal,ΔHVH, and themelting temper-
ature (Tm) using the “two-state”model in Origin 7.1 software (Microcal,
Northampton, MA).

2.4. Circular dichroism

CD experimentswere performed using anOlis DSM20 spectropolar-
imeter (Bogart, GA). CT-DNA and protein solutions were prepared with
a nominal absorbance of 0.5 AU in a nominal 50 mM KBPES buffer
(pH = 7.0, 10 mM KCl, 30 mM Phosphate, 0.1 mM EDTA). In these ex-
periments, the nominal concentration of the protein was 1.5 μM, and
the concentration of the CT-DNA was 3.0 μM in H1 binding sites. The
0.5:1 mole ratio for protein to DNA binding sites was chosen to avoid
the complications that appear near the endpoint in the ITC titrations.
B

A. The upper half of PanelA shows the baseline-corrected raw ITC signal for 25 injections of
of CT-DNA (13 μM inH1.1 binding sites). The lower half of PanelA shows the apparentΔH
model. Panel B shows a typical ITC titration for the addition of H1.4 to highly polymerized
of a dilute H1.4 protein solution (14 μL of 140 μM H1.4) into the ITC cellfilledwith a dilute
ch injection (■) alongwith the best-fit non-linear regression line (2) for a one site binding
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Fig. 2. ITC titration curves for the addition of H1.4 (140 μM) into dilute solutions (10 μM)
of short DNA duplex oligomers. The data for the 12-bp and 24-bp oligomers were fit to a
one site thermodynamic model whereas the 36-bp, 48-bp, and 72-bp oligomer data
were fit to a two site thermodynamic model. The best fit parameters (n1, ΔH1, n2, and
ΔH2) are listed in Table 3.

Table 3
ITC derived thermodynamic parameters for H1.4 histone protein binding to short ds-DNA
oligomers in 100 mM [K+] BPES pH 7.0 at 25 °C.
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We used diluted solutions of both protein and DNA, and used excess
moles of DNA to prepare complex samples for the CD experiments to
minimize complex aggregation. CD spectra were collected over a wave-
length range from200 to 300 nm(withmeasurements every 0.5 nm) in
a 1 cm path length cuvette at room temperature. The spectra represent
the average of three scans which were processed using PRISM software
(graph-Pad Prism Software, San Diego, CA).

3. Results

3.1. ITC

Fig. 1 shows typical ITC data for titrations of the H1.1 and H1.4 pro-
teins into highly polymerized CT-DNA at 25 °C. The ITC thermograms
were fit using non-linear regression techniques to a multiple indepen-
dent site model (one site model) and the average best-fit parameters
are listed in Table 2. We also attempted to fit these titration data to a
nearest neighbor exclusion model [26], however, the multiple sites do
not appear to be interacting and do not exhibit either positive or nega-
tive cooperativity. This was determined from the independence of ΔH
on degree of saturation, (Δh ≈ 0.0). ITC data indicate that although
H1.1 or H1.4 have a high binding affinity (K ≈ 107 M−1) for CT-DNA,
the enthalpy change is very unfavorable (ΔH ≈ +22 kcal/(mol H1.1
or H1.4)) and complex formation is driven by a large favorable entropy
change (−TΔS ≈ −30 kcal/mol). The anomalously large endothermic
heat values that are observed as one or two points that are significantly
above the best fit line and just prior to the end point in both ITC titra-
tions (Fig. 1A, B) are attributed to overcoming a steric interaction in
which a bound protein is partially occupying two adjacent sites and
this proteinmust be relocated in order to fully populate all of the poten-
tial protein binding sites on the DNA. The additional endothermic heat
observed near saturation represents the energy cost of relocating the
one or more already bound proteins that are unevenly distributed
along the linear lattice of the DNA. In effect as H1.1 (or) H1.4 binds
non-specifically (electrostatically) to a long DNA molecule, the place-
ment of the proteins is randomand can result inmultiple partial binding
sites that are vacant. The binding-site size, or the number of base pairs
occupied per bound H1.1 or H1.4 protein, was calculated from the
ratio of added protein at the titration endpoint to the total number of
DNA base pairs in the calorimeter. The saturation stoichiometry indicat-
ed that one mole of H1.1 binds to 32 bp and one mole of H1.4 binds to
36 bp. To further probe the accuracy of binding site size in more detail,
we titrated H1.4 into short random sequence ds-DNA solutions (12 bp,
24 bp, 36 bp, 48 bp, and 72 bp). In Fig. 2, we have plotted the apparent
ΔH values for each injection along with the best-fit non-linear regres-
sion line against to themolar ratio (H1/DNAoligomer) for each titration.
Table 3 lists the stoichiometries and the enthalpy values for the titra-
tions of H1.4 into short ds-DNA sequences. These results are discussed
in more detail in the discussion section of the paper. We also per-
formed a temperature dependent study in which the experiments
shown in Fig. 1 were repeated at 15 °C and 35 °C. In Fig. 3, we have
Table 2
ITC derived thermodynamic parameters for H1.1 and H1.4 histone protein binding to
CT-DNA in 100 mM [K+] BPES pH 7.0 at 25 °C.

Ka (M−1) ×10−6 ΔG
(kcal/mol)

ΔH
(kcal/mol)

−TΔS
(kcal/mol)

Binding site
size (bp)

H1.1 6.3 ± 0.1 −9.3 18.2 ± 0.8 −27.5 32
H1.4 3.2 ± 0.3 −8.9 22.5 ± 0.5 −31.4 36

All ITC experiments were performed in triplicate in 100 mM [K+] BPES buffer at pH 7.0
and 25 °C. The integrated heat/injection data were fit for to a one site thermodynamic
model using CHASM data analysis software developed in our laboratory. Errors listed are
the standard deviations for the best fit parameters K and ΔH determined in triplicate
experiments. Effective binding site size in base pairs was calculated from the titration
endpoint, the DNA concentration in base pairs and the assumption that saturation stoichi-
ometry is 1:1 (H1:DNA sites).
plotted the values for ΔH binding H1.1 and H1.4 to CT-DNA as a func-
tion of temperature. Both H1.1 and H1.4 showed a linear decrease in
enthalpy change with increasing temperature. The slope of the linear
least squares fits to all data for both H1.1 and H1.4 yielded large neg-
ative ΔCp values of −160 and −192 cal mol−1 K−1 respectively.

3.2. CD

CD experiments were used to detect gross structural changes in the
DNA and the histone variants upon formation of the histone/DNA com-
plex. Fig. 4A shows representative CD spectra for the H1.1 histone pro-
tein, CT-DNA and the spectrum for the 0.5:1 complex of H1.1/CT-DNA.
Fig. 4B shows representative CD spectra for the H1.4 histone protein,
CT-DNA and the spectrum for the 0.5:1 complex of H1.4/CT-DNA. The
CT-DNA spectrum shows a positive molar ellipticity at 280 nm and a
negative molar ellipticity at 245 nm that is consistent with CD spectra
previously reported for CT-DNA [27,28]. The H1 protein spectrum
exhibits a negative molar ellipticity at 208 and 222 nm indicative of a
significant amount of α-helix and β-turn present in the structure of
the histone protein [29]. The CD spectra obtained for the H1.1 and
H1.4 closely resemble the CD spectrum reported for H1 by Barbero
et al. [30]. Both H1.1 and H1.4 also exhibit CD spectra that are similar
to the spectrum reported for H5, which includes structural contribu-
tions from the globular domain [31]. The complex spectra for H1.1/CT-
DNA and H1.4/CT-DNA (Fig. 4A and B) exhibit some changes to the
DNA structurewhile the structures of theH1.1 andH1.4 proteins appear
to be largely unchanged. Specifically the DNA peak at approximately
280 nm is completely lost. The DNA negative ellipticity at approximate-
ly 245 nm is canceled out by the protein positive ellipticity in the same
Oligo ntotal Binding site
size (bp)

n1 ΔH1

(kcal/mol)
n2 ΔH2

(kcal/mol)

24-mer 0.64 37.5 0.64 ± 0.00 20.0 ± 0.2 – –

36-mer 0.96 37.5 0.84 ± 0.06 21.4 ± 0.3 0.12 ± 0.08 55 ± 28
48-mer 1.29 37.2 0.94 ± 0.10 21.1 ± 0.7 0.35 ± 0.10 50 ± 15
72-mer 2.04 35.3 0.87 ± 0.08 20.7 ± 0.6 1.18 ± 0.09 27.8 ± 1.2

All ITC experiments were performed in triplicate in 100 mM [K+] BPES buffer at pH 7.0
and 25 °C. The integrated heat/injection data were fit for to a fractional site thermody-
namic model in which the first fractional reaction is for the simple binding of the protein
to the DNA and the second fractional interaction includes both binding and the energetic
for rearrangement of the bound protein to maximize the available binding site area. The
total n (n1 + n2) is determined from the titration endpoint. The non-linear regression
fits were done using CHASM data analysis software developed in our laboratory. Errors
listed are the standard deviations for the best fit parameters n1, n2, ΔH1, and ΔH2 deter-
mined in triplicate experiments. Effective binding site sizes in base pairs were calculated
from the titration endpoint, the DNA concentration in base pairs and the assumption
that saturation stoichiometry is 1:1 (H1:DNA sites).
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wavelength range. In contrast, the characteristic CD spectrum for the
protein (H1.1 and H1.4) is almost unchanged especially over the 200
to 230 nm range in the complex. Clearly this indicates that the H1
α-helix and β-turn structure persists in the H1/CT-DNA complex.

3.3. DSC

Differential scanning calorimetrywas used to determine the stability
of the histone/DNA complex versus the stability of the uncomplexed
CT-DNA. The DSC melting profiles for the thermal denaturation of the
CT-DNA as well as the H1.4/CT-DNA complex are shown in Fig. 5. The
CT-DNA thermogram is comprised of a single symmetric peak that has
been fit for a “two state” transition (see Fig. 5A). The CT-DNA melting
temperature determined here (84.0 °C) is in reasonable agreement
with previously reported Tm values for CT-DNA [32,33]. The DSC data
shown in Fig. 5B show melting transitions for CT-DNA and the H1.4/
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CT-DNA complex after the addition of approximately 0.2 equivalents
of protein per equivalent of protein binding sites. This thermogram
has been fit for two independent overlapping “two-state” processes
with Tm values of 83.7 °C and 92.8 °C. The lower melting peak is attrib-
uted to denaturation of the free CT-DNA in solution while the higher
melting peak is attributed to denaturation of the protein stabilized
DNA in the H1.4/CT-DNA complex. The lower temperature peak corre-
sponds to the melting of approximately 80% of the total DNA while
the higher temperature peak corresponds to melting approximately
20% of the total DNA. These values are consistent with the approximate
composition of the sample.

4. Discussion

The main purpose of this study was to determine the thermody-
namic parameters for the binding of H1.1 and H1.4 variants to
variable length ds-DNA such as short sequence DNA oligomers
and to highly polymerized calf-thymus DNA, and to compare the
thermodynamics for these two H1 variants to H10 [9]. ITC studies
demonstrated that the binding of H1.1 and H1.4 to CT-DNAwas accom-
panied by a large unfavorable enthalpy change which is compensated
by an even larger favorable entropy change. The large positive entropy
change (−TΔS ≈ −30 kcal/(mol H1)) and positive enthalpy change
(ΔH ≈ +22 kcal/(mol H1)) terms are consistent with the release of
ordered water molecules from the backbone and grooves of the DNA
upon H1 complex formation. We have used a multiple equivalent sites
(one site) model to fit the ITC titration data. One anomaly that is ob-
served in the thermograms for the titration of CT-DNA with H10, H1.1
and H1.4 is one or more larger endothermic peak in the thermogram
that are seen just before theDNA is saturatedwith protein.We attribute
the anomalously large endothermic point(s) observed immediately
before the end point in the H10, H1.1, and H1.4 DNA titrations to the
rearrangement of non-specifically bound H1 along the length of the
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DNA. Binding of the H1 protein to ds-DNA is non-specific (i.e. the pro-
tein does not target a specific DNA sequence or region) [34–36]. As
the protein concentration approaches DNA saturation, randomly
bound proteinmay be “rearranged” along the DNA in order tominimize
the number of partially obscured H1 binding sites and thereby maxi-
mize the number of available protein binding sites. The endpoints in
the ITC thermograms were used along with the DNA concentration in
base pairs to estimate the number of base pairs covered by the binding
of 1 mole of H1 protein. This analysis yielded estimates of 32 bp and
36 bp for the H1.1 and H1.4 binding site sizes respectively. Since some
H1 binding sites (or partial binding sites) may be unoccupied at the
ITC endpoint (saturation point), these values represent an upper limit
on the number of DNA base pairs that may correspond to the actual
binding site size.

To further probe the issue of binding site size for the interactions of
H1 proteins with duplex DNA, H1.4 was titrated into solutions contain-
ing short ds-DNA oligomers having 12, 24, 36, 48 or 72 bp. These data
which are shown in Fig. 2 have been fit to a thermodynamic model in
which the saturated complex is the result of at least two competing pro-
cesses. Fitting the ITC data to a fractional sites model yields two values
for each of the thermodynamic parameters (K, ΔH, and n), with the
first set of parameters applicable to the interaction of the protein and
DNA at low site occupancy and the second set of parameters applicable
for the interaction of the protein andDNA at high site occupancy or near
saturation. The thermodynamic parameters listed in Table 3 assume a
one to one correspondence between the number of bound protein
molecules and the number of sites provided on one mole of the ds-
DNA oligomer. In effect the shorter DNA oligomers (12 and 24-mers)
were only long enough to bind a short part of a single protein molecule
while the longer DNA oligomers (48 and 72-mers) were long enough to
bind more than one complete protein molecule. The end points for the
ITC titration curves shown in Fig. 2 can thus be used to directly estimate
the binding site size in DNA base pairs for binding onemole of H1.4. The
CT-DNA titration data yielded an approximate binding site size of 36 bp
for H1.4 while the short DNA titrations yielded an average value of
36.9 bp. Obviously the agreement in binding site size as determined in
titration experiments done on poly-disperse, highly polymerized
CT-DNA and the experiments employing 5 different mono-disperse
low molecular weight DNAs is very good.

The anomaly in the enthalpy curve only begins to appearwhenmore
than onemol of protein (e.g. 1.2 to 2.0mols of protein) is bound to a sin-
gle DNA oligomer. In effect, it is onlywhen theDNA is fully coveredwith
protein (orwhen available sites are fully populated)with bound protein
that the excess endotherm for protein rearrangement along the DNA is
observed. In the high molecular weight CT-DNA the anomaly in appar-
ent ΔH is limited to one or two points in the thermogram whereas in
the short oligomer titrations the effect is more pronounced since the
binding of a second protein (even if it is only partially overlapping avail-
able base pairs) occurs almost throughout the titration.

In our previous study of H10 binding to CT-DNAwe had determined
that the release of bound counterions (e.g. Na+, or K+) upon H10 com-
plex formation was limited, (δnK+ ≈ 1) [9]. Since the net charges, pro-
tein sizes, and amino acid composition of all three proteins are very
similar, we have made the assumption that the counterions released
upon binding H1.1 or H1.4 to CT-DNA would be similar to what we
had previously seen for H10. The slopes from the temperature depen-
dent ITC data shown in Fig. 3 for binding H1.1 and H1.4 to CT-DNA,
i.e. plots of ΔH vs. temperature, are indicative of large negative
heat capacity changes, ΔCp, for the formation of the H1.1 and H1.4,
CT-DNA complexes. We had also observed a large negative heat
capacity change for formation of the H10/CT-DNA complex (data
not shown). Our CD results appear to rule out any significant macro-
molecule structural change contributions to either the large positive
ΔS values or to the large negative ΔCp values. Since macromolecular
structural changes and the release of bound counterions have been
ruled out, these large negative ΔCp values must be due to the release
of a large number of water molecules upon formation of the H10,
H1.1, and H1.4, complexes with CT-DNA.

CD results indicate that the two peaks attributed to CT-DNA, i.e. 245
and 280 nm, were both attenuated upon formation of the H1.1/CT-DNA
(or H1.4/CT-DNA) complex. This is consistent with a conformational
change in DNA that is induced by H10, H1.1 or H1.4 binding. This result
is consistent with several previous studies which have suggested that
binding the H1 C-terminal domain to DNA causes bending of
chromatosomal DNA to facilitate a stem-like structure [37,38]. The
structural stabilization of the H1.4 protein/DNA complex was further
characterized using DSC. A single (“two-state”) transition occurring at
84 °C was observed for the denaturation of the CT-DNA in the absence
of the protein. After the addition of 0.2 equivalents of H1.4 protein per
equivalent of DNA protein binding site, a second melting profile ap-
pearedwith a Tm value of approximately 93 °C. This highermelting tran-
sition is for the melting of the H1.4 protein stabilized DNA in the
complex. The peak area of the highermelting transition is approximately
1/5 of the area for CT-DNA alone which is consistent with 20% of the
binding sites being occupied in the 20% saturatedH1.4/CT-DNA complex.
The 9 °C shift in the melting temperature of the protein bound DNA is
consistentwith a binding constant of 107which is in excellent agreement
with Ka value determined for H1.4 binding in the ITC experiments.

There are two distinctly different models in the current literature
which describe the function of H1 linker in compacting and stabilizing
the nucleosome [14,15]. In the dyad axis model, the linker H1 globular
domain is bound to two widely separated DNA domains or patches on
one side of the nucleosome. The bound H1 globular domain is approxi-
mately centered on the nucleosome's dyad axis [14]. In this model, the
two DNA H1 binding sequences are separated along the length of the
nucleosomal DNA from a minimum of approximately 82 bp to a maxi-
mum of approximately 168 bp. In the off-dyad axis model, the linker
H1 globular domain binds to only one patch of DNA located at either
the point where DNA is beginning to wrap on the nucleosome or the
point where DNA is leaving the nucleosome [15]. In this model only
one DNA domain is interacting with globular domain of bound H1 and
the H1 binding site consists of a continuous stretch of DNA. In both
models, the H1 N-terminal tail binds to a short continuous fragment of
nucleosomal DNAwhile the H1 C-terminal tail binds to a longer contin-
uous fragment of linker DNA that bridges between two adjacent nucle-
osomes. Although both the nucleosomal DNA and linker DNA are
probably bent, these stretches of continuous DNA that interact with
the H1 tails should be reasonably well modeled by the DNA substrates
used in this study. Although not bent, DNA oligomers as short as
36 bpwould correspond to one third of oneDNA turn around the nucle-
osome. While actual nucleosomes may have provided a better protein
binding substrate (or template) for exploring H1 binding to bent or
curved DNA, the binding of H10, H1.1, and H1.4 to linear DNA (either
short DNA oligomers or CT-DNA) seems to provide a consistent picture
with respect to binding affinity, the enthalpy and entropy changes for
H1 binding, and the number of DNA bp covered by bound H1 in forma-
tion of these complexes. Our most puzzling result is that the enthalpy
change results determined by Caterino et al. are completely opposite
in sign, i.e. exothermic rather than endothermic, from the ΔH values
determined here [20]. We can only suggest that the gel mobility shift
assays done as a function of temperature by Caterino were flawed in
some way. Perhaps changes in gel porosity with temperature lead to
inaccurate Kd's and to their conclusion that the binding of Histone H1
to nucleosomal DNA is exothermic. The large differences in the reported
ΔH values, for formation of the H1 DNA complexes, ranging from −12
Kcal/mol [20] to +22 kcal/mol, would serve to demonstrate the need
for studies like the one reported here.

In conclusion, this study clearly shows that H1.1 and H1.4 behave
very similarly to H10 in forming high affinity complexes with highly
polymerized calf-thymus DNA. In addition, the binding of H1.4 to
short DNA oligomers confirms both the limiting binding site size and
the thermodynamics for the H1 DNA interactions. The formation of
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the H10, H1.1, and H1.4 DNA complexes is driven primarily by large
favorable entropy changes. It would appear that these large positive en-
tropy changes result primarily from the expulsion of bound water mol-
ecules from the protein/DNA binding interface.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bpc.2013.11.007.
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