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ABSTRACT: We have investigated the role of the labile terminal domains of the core histones on the stability
of the subunits of the protein core of the nucleosome by studying the thermodynamic behavior of the
products of limited trypsin digestion of these subunits. The thermal stabilities of the truncated H2A-
H2B dimer and the truncated (H3-H4)/(H3-H4)2 system were studied by high-sensitivity differential
scanning calorimetry and circular dichroism spectroscopy. The thermal denaturation of the truncated H2A-
H2B dimer at pH 6.0 and low ionic strength is centered at 47.3°C. The corresponding enthalpy change
is 35 kcal/mol of 11.5 kDa monomer unit, and the heat capacity change upon unfolding is 1.2 kcal/(K
mol of 11.5 kDa monomer unit). At pH 4.5 and low ionic strength, the truncated (H3-H4)/(H3-H4)2
system, like its full-length counterpart, is quantitatively dissociated into two truncated H3-H4 dimers.
The thermal denaturation of the truncated H3-H4 dimer is characterized by the presence of a single
calorimetric peak centered at 60°C. The enthalpy change is 25 kcal/mol of 10 kDa monomer unit, and
the change in heat capacity upon unfolding is 0.5 kcal/(K mol of 10 kDa monomer unit). The thermal
stabilities of both types of truncated dimers exhibit salt and pH dependencies similar to those of the
full-length proteins. Finally, like their full-length counterparts, both truncated core histone dimers undergo
thermal denaturation as highly cooperative units, without the involvement of any significant population
of melting intermediates. Therefore, removal of the histone “tails” does not generally affect the
thermodynamic behavior of the subunits of the core histone complex, indicating that the more centrally
located regions of the histone fold and the extra-fold structured elements are primarily responsible for
their stability and responses to parameters of their chemical microenvironment.

The repeating structural unit of chromatin, the nucleosome,
is a complex between DNA and the core histone proteins.
Two copies of each of the histones H2A, H2B, H3, and H4
are assembled in an octameric structure (originally proposed
by Kornberg) (1) around which 146 bp of DNA are wrapped
and form the nucleosome core particle (2). Earlier structural
investigations focused on the thermal denaturation of chro-
matin and nucleosomes, and analyzed the overall nature of
association of the core histone octamer with DNA (3-8).
The thermodynamic studies of subunits of the protein core
of the nucleosome have extended our understanding of the
behavior of this system (9, 10).

More recent investigations have focused on the role of
the amino-terminal domains (ATDs) of the core histones,
i.e., the histone “tails”, in the stabilization of the core particle,
the interaction of nucleosomes with nonhistone nucleosomal
proteins, and the formation of higher order chromatin
structures (11-13) [reviewed by Annunziato and Hansen
(14)]. These ATDs contain a high concentration of positively
charged residues and are the major sites of histone post-
translational modifications, including acetylation, phos-

phorylation, and methylation [reviewed by Strahl and Allis
and Wu and Grunstein (15, 16)]. Such localized modifica-
tions have been implicated in the regulation of fundamental
biological processes (17) such as DNA replication (18) and
reviewed by Kaufman and Almouzni (19), transcription (20-
24), chromatin remodeling (25, 26), and the formation and
regulation of oligonucleosomal arrays (27).

The importance of the terminal domains of the core
histones on the integrity of the nucleosome has been probed
by several methods, including selective proteolysis (trunca-
tion) (11, 13, 18, 23, 28-32, 33) and immunochemistry (34-
36).

In the present study, we investigate the contribution of
the terminal regions of the core histones to the thermody-
namic stability of the subunits of the protein components of
the core particle. For this purpose, these subunits, i.e., the
H2A-H2B dimer and the (H3-H4)2 tetramer, were sub-
jected to truncation by limited trypsin digestion. The thermal
stabilities of the truncated complexes were studied as a
function of ionic strength and pH, and were directly
compared to the properties of their full-length counterparts.
Our results clearly demonstrate that the thermodynamic
stability of the core histone subunits derives from the
structured elements of these protein assemblies, and in
particular from the fundamental architectural motif of the
histone fold. Furthermore, they show that the terminal
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domains make minimal, if any, contribution to the thermo-
dynamic stability of the subunits of the core histone octamer.
This is in stark contrast to the well-documented and multiple
roles of these domains in the functional regulation of
chromatin. Finally, this study extends our previous findings
(9, 10) and provides further support for our earlier proposals
regarding the crucial role of the chemical microenvironment
of chromatin on the modulation of its structure and, thus, its
function.

MATERIALS AND METHODS

Isolation of Histones.Chicken erythrocyte histones were
isolated by a modification of the salt extraction procedure
previously used in this laboratory (37). The (H3-H4)2
tetramer was efficiently separated from the H2A-H2B dimer
on a CM-cellulose (Whatman CM-52) column equilibrated
with 0.1 M potassium phosphate, 1 mM EDTA,1 0.5 M urea,
pH 6.7, and eluted using a 0.1 to 0.6 M KCl stepwise
gradient. All isolation steps were performed at 4°C, with
repeated additions of PMSF.

Trypsin Digestion.The core histone subunits were submit-
ted to limited trypsin digestion as described by Hatch et al.
(28). The H2A-H2B dimer or the (H3-H4)/(H3-H4)2
system in 2 M NaCl, 1 mM EDTA, 10 mM HEPES, pH
7.5, were digested with trypsin at 5µg/mL, for 4-6 h on
ice, and the progress of the reaction was monitored by
NaDodSO4-polyacrylamide gel electrophoresis. When the
characteristic “limit peptides” were obtained, the reaction
was stopped by the addition of egg white trypsin inhibitor
in a 20-fold molar excess over trypsin. The total incubation
mixture was subsequently dialyzed against 0.1 M potassium
phosphate, 1 mM EDTA, 0.5 M urea, pH 6.7, and chro-
matographed through a CM-cellulose (Whatman CM-52)
column, to separate the histone complexes from the trypsin
and the trypsin inhibitor. The truncated H2A-H2B dimer
or the truncated (H3-H4)/(H3-H4)2 system were recovered
as sharp peaks at 0.4 or 1 M KCl, respectively.

Sample Preparation.The truncated H2A-H2B samples
and the truncated (H3-H4)/(H3-H4)2 samples were equili-
brated by overnight dialysis into the desired pH and NaCl-
containing buffers. The differential scanning calorimetry
(DSC) experiment for the truncated H2A-H2B dimer was
performed in a solution containing 25 mM NaCl, 10 mM
imidazole, pH 6.0. Truncated H2A-H2B samples for the
CD ionic strength experiments were prepared in solutions
containing 0.001-2 M NaCl, 10 mM HEPES, pH 7.5. The
CD pH series experiments for the truncated H2A-H2B
dimer were performed in solutions containing 100 mM NaCl
and ranging in pH from 3.5 to 9.5. The DSC experiment for
the truncated H3-H4 dimer was performed in a solution
containing 12.5 mM NaCl, 10 mM glycylglycine, pH 4.2.
Truncated H3-H4 samples for the CD ionic strength

experiments were prepared in solutions containing 5-50 mM
NaCl, 10 mM MES, pH 4.5. The CD pH series experiments
for the (H3-H4)/(H3-H4)2 system were performed in
solutions containing 50 mM NaCl and ranging in pH from
1.5 to 8.5. The buffers used for the pH series experiments
were 10 mM glycine for pH 1.5-4.0, 10 mM MES for pH
4.5-5.5, 10 mM HEPES for pH 6.5-7.5, and 10 mM bicine
for pH 8.5-9.5. Truncated H3-H4 samples for the CD
measurements of the protein concentration series were
prepared in 5 mM NaCl, 10 mM glycylglycine, pH 4.0. For
the urea denaturation experiments, protein samples were
dialyzed into 0.8 M NaCl, 0.5 mM EDTA, 10 mM HEPES,
pH 7.5 and, subsequently, denatured by the addition of 0.8-
6.0 M urea, in 0.4 M increments. Protein concentrations used
were 2 mg/mL for the trypsin digestions; 2.3-2.5 mg/mL
for the DSC experiments; 0.3 mg/mL for the CD ionic
strength and pH experiments; 0.15-1.42 mg/mL for the CD
protein concentration series; 1 mg/mL for the small-zone
exclusion chromatography experiments; and 0.25 mg/mL for
the CD urea denaturation experiments. The concentrations
were determined spectrophotometrically immediately prior
to performing each experiment as previously described (38).
Protein purity was assayed on 20% acrylamide-0.1%
NaDodSO4-polyacrylamide gels (39). Proteins were visual-
ized by bathing the gels in 40% ethanol, 5% acetic acid,
and 0.1% Coomassie Brilliant Blue R. Gels were subse-
quently destained with 20% ethanol, 5% acetic acid.

Differential Scanning Calorimetry.The experiments were
performed at a scanning rate of 60°C/h in the DASM4 and
nanoDSC differential scanning microcalorimeters (Bio-
calorimetry Center, The Johns Hopkins University, Balti-
more, MD). The calorimetric unit was interfaced to an IBM
PC microcomputer using an analog-digital converter (Data
Translation DT-2801) for automatic data collection and
analysis. The sample and the reference solution were properly
degassed and carefully loaded into the calorimeter to
eliminate bubbling effects. To test for the ability of the
protein to renature, the sample was cooled at the end of the
first scan, allowed to reequilibrate to the starting temperature,
and then scanned again. The percent renaturation is expressed
as the∆Hcal of the second scan divided by that of the first.
The excess heat capacity function was analyzed after
normalization and baseline subtraction using programs
developed at the Biocalorimetry Center.

Circular Dichroism.All circular dichroism (CD) measure-
ments were performed in a Jasco J-710 spectropolarimeter
interfaced to an IBM PC microcomputer for automatic data
collection and analysis. Temperature scans were performed
by scanning continuously from 6 to 85°C in a 1-mm
rectangular quartz cell (Hellma Scientific). Temperature was
controlled using a Haake PG20 temperature programmer
interfaced to a Haake F3 circulating water bath, with a rate
of increase in temperature of 60°C/h. Temperature was
monitored using a Microtherm 1006 thermometer and an S/N
117C temperature probe just outside of the sample cell. Data
were collected using the time scan mode within the J-710
software package. The ellipticity at 222 nm was recorded
every 20 s with a response time of 1 s and a bandwidth of
1 nm. The ellipticity and the temperature were manually
recorded at discrete intervals of 5°C, and intermediate
temperatures were interpolated for every intervening ellip-
ticity reading to yield a complete description ofΘ222 vs

1 Abbreviations: ∆Cp, observed difference in the heat capacity
between the unfolded and the native states;∆H, enthalpy change;∆Hcal,
calorimetric enthalpy change,∆G, free energy of stabilization;∆S,
entropy change; [Θ]λ, molar ellipticity, in deg cm2 dmol-1; CD, circular
dichroism; CM, carboxymethyl cellulose; DSC, differential scanning
calorimetry; EDTA, ethylenediamine-tetraacetic acid; HEPES,N-(2-
hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; kDa, kilodaltons;
MES, 2-(N-morpholino)ethanesulfonic acid; NaDodSO4, sodium do-
decyl sulfate; PMSF, phenylmethanesulfonyl fluoride; SSR, sum of the
squared residuals of the fit;Tm, melting temperature.
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temperature. Ellipticity readings were normalized to fraction
unfolded using the equation:

whereΘD andΘN represent the ellipticity values for the fully
unfolded and fully folded state at each temperature, as
calculated from the slopes of the baselines preceding and
following the transition region.

Small-Zone Exclusion Chromatography.The comparison
of the self-associative properties between the truncated and
the full-length H3-H4 complexes at pH 4.5 was performed
by the small-zone exclusion chromatography technique (37),
using a Sephadex G-100 column maintained at a flow rate
of 15 mL/h. The experiments were performed at 4°C, and
2 mL aliquots of the sample solutions in 25 mM NaCl, 10
mM glycylglycine, pH 4.5, were loaded on the column. For
the column elution profiles, 4-mL fractions were collected.

RESULTS

Limited trypsin digestion of chromatin gives rise to a stable
population of truncated core histones, also called “limit
peptides” (40). The same set of truncated histone chains is
also produced if the substrate is nuclei (41), native core
particles (42), reconstituted core particles, or the core histone
octamer in 2 M NaCl, pH 7.5 (43). Upon trypsin digestion,
all core histones lose N-terminal residues, while H2A (and
sometimes H3) also loses C-terminal residues. In the present
study, the subunits of the core histone octamer, i.e., the
H2A-H2B dimer and the (H3-H4)2 tetramer, were indi-
vidually subjected to trypsin digestion in neutral solutions
of 2 M NaCl according to the method developed and cali-
brated by Hatch et al. (28). Electrophoresis in NaDodSO4-
polyacrylamide gels established that reproducible sets of
stable truncated, limit peptides closely resembling the tryptic
peptides of the earlier studies were produced (data not
shown). By analogy to the size of the limit peptides obtained
from chromatin (41, 44, 45), molecular masses of about 23
and 20 kDa were assigned to the truncated H2A-H2B dimer
and the truncated H3-H4 dimer, respectively.

Salt Concentration Dependence of the Melting of the
Truncated H2A-H2B Dimer. The thermal stability of the

truncated H2A-H2B dimer was studied by DSC and CD
spectroscopy. At 25 mM NaCl and pH 6.0, the unfolding
transition of the truncated H2A-H2B dimer is characterized
by the presence of a single calorimetric peak centered at 47.3
°C, an enthalpy change of about 35 kcal/mol of 11.5 kDa
monomer unit, and a heat capacity difference between the
unfolded and the native states (∆Cp) of about 1.2 kcal/(K‚mol
of 11.5 kDa monomer unit) (Figure 1). Because the truncated
H2A-H2B dimer exhibited increased aggregation near
neutrality at the high protein concentrations required for
DSC, the calorimetric experiment was performed at pH 6.0
instead of pH 7.5, where most of the DSC data for the full-
length protein were collected (9).

The effect of salt concentration on the stability of the
truncated H2A-H2B dimer was investigated using a family
of melting profiles monitored by CD spectroscopy at constant
wavelength (CD melting profiles). The experiments were
performed on samples dialyzed against 0.001-2.0 M NaCl
at neutrality (Figure 2a). As shown in Figure 2b, the stability

FIGURE 1: Excess heat capacity of the truncated H2A-H2B dimer
as a function of temperature in 25 mM NaCl, 10 mM imidazole,
pH 6.0, using DSC. The protein concentration was 216µM 11.5-
kDa monomer unit. The thin solid line represents experimental data,
whereas the thick solid line represents the theoretical curve
generated according to the two-state model discussed in the
Statistical Thermodynamic Analysis section.

Pu)(Θ - ΘN)/(ΘD - ΘN)

FIGURE 2: (a) Fraction of truncated H2A-H2B dimer unfolded at
increasing ionic strength as a function of temperature. The NaCl
concentrations are 11 mM (filled circles), 21 mM (open squares
with point), 51 mM (open diamonds), 100 mM (filled inverted
triangles), 200 mM (open circles), 400 mM (filled triangles), 1 M
(open squares), and 2 M (open triangles). Experiments were
performed in 0.1 mM EDTA, 10 mM HEPES, pH 7.5. The protein
concentration was kept constant at 26µM 11.5-kDa monomer unit.
Fraction unfolded was monitored by the ellipticity at 222 nm using
CD spectroscopy. Experimental data are represented by symbols.
Theoretical curves generated with the parameters shown in Table
1 are represented by solid lines. (b) Melting temperatures of the
truncated (filled squares) and the full-length (open circles) H2A-
H2B dimers as a function of ionic strength using CD spectroscopy.
Tm represents the temperature at which the fraction unfolded is equal
to 0.5. (c) Enlarged representation of the 0-50 mM ionic strength
portion of panel b.
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of the truncated H2A-H2B dimer increases as a function
of ionic strength, with the transition temperature increasing
from 31.9°C at 1 mM NaCl to 89.7°C at 2 M NaCl. The
enthalpy change associated with the unfolding transition also
increases as a function of salt concentration, ranging from
37 kcal/mol of 11.5 kDa monomer at 1 mM NaCl to 65 kcal/
mol of 11.5 kDa monomer at 2 M NaCl (Table 1). The salt
concentration dependence of the stability of the truncated
H2A-H2B dimer closely parallels the corresponding be-
havior of the full-length protein (9). For a direct comparison,
a series of CD temperature scans at very low ionic strength
(0-25 mM NaCl) in neutrality was performed for the full-
length H2A-H2B dimer. The results are summarized in
Figure 2b. The truncated H2A-H2B dimer is only margin-
ally less stable than the full-length complex at 50 mM NaCl
and higher salt concentrations, whereas it is slightly more
stable than its full-length counterpart at extremely low salt
concentrations (up to 25 mM NaCl), as shown in greater
detail in the inset of Figure 2b. The increased stabilization
of the truncated protein at very low ionic strength is also
reflected in the fact that the truncated H2A-H2B dimer
exhibits a measurable unfolding transition in as low as 1
mM NaCl, whereas the full-length complex requires a
minimum of 10 mM NaCl.

pH Dependence of the Melting of the Truncated H2A-
H2B Dimer.The thermal unfolding behavior of the truncated
H2A-H2B dimer was examined in low ionic strength
solutions ranging in pH from 2.5 to 8.5 (the protein
precipitated upon heating at pH 9.5). A family of thermal
denaturation profiles was obtained by CD spectroscopy, as
shown in Figure 3a. TheTm of the truncated H2A-H2B
dimer remains essentially constant between pH 5.5 and 8.5
(at about 47°C), whereas it decreases below pH 5.0. The
decrease inTm, although initially small, becomes pronounced
at pH 3.5 (Figure 3b). Below pH 3.0, the truncated H2A-
H2B dimer is apparently unfolded at all temperatures, as no
unfolding transition is measurable. The enthalpy change
associated with the unfolding transition follows a similar
pattern in that it remains essentially constant between pH
6.0 and 8.5 (at about 42 kcal/mol of 11.5 kDa monomer),
whereas it decreases below pH 5.0 (Table 2). As summarized
in Figure 3b, the truncated H2A-H2B dimer exhibits similar
stability to the full-length protein around neutrality, whereas
it becomes more stable than its full-length counterpart at low
pH. As shown earlier (9), the Tm of the full-length H2A-

H2B dimer is essentially constant between pH 6.5 and 9.5,
whereas it decreases substantially below pH 5.0, with the
protein being completely denatured below pH 4.0.

CD experiments indicate that the pH-dependence of the
R-helical content of the truncated H2A-H2B dimer follows
a pattern that is consistent with the pH dependence of the
Tm of the unfolding transition. TheR-helical content is

Table 1: Thermodynamic Parameters of Truncated H2A-H2B
Unfolding as a Function of Ionic Strength

[NaCl]
(mM)

Tm

(°C)
T°

(°C)a

∆Η(T°)
[kcal
(mol

mon.)-1]

∆S(T°)
[cal

(K mol
mon.)-1]

∆Cp(T°)
[kcal

(K mol)
mon.)-1] SSRb

DSCc 25 47.3 63.5 54.3 161 1.2 40
CDd 1 31.9 54.5 58.5 178 1.0 0.08

11 34.4 55.7 61.2 186 1.0 0.06
21 36.3 58.4 61.3 185 1.1 0.04
51 41.1 62.8 62.7 187 1.1 0.03

100 44.9 67.6 64.4 190 1.2 0.03
200 49.4 71.3 66.8 194 1.2 0.03
400 55.7 75.4 72.5 208 1.3 0.03

1000 65.6 82.6 85.0 239 1.4 0.02
a T° is the reference temperature at which the intrinsic free energy

∆G° is equal to zero.b SSR is the sum of the squared residuals of the
fit. c pH 6.0. d pH 7.5

FIGURE 3: (a) Fraction of truncated H2A-H2B dimer unfolded at
different pH values as a function of temperature. The pH values
are 3.5 (open triangles), 4.5 (filled triangles), 5.5 (open squares),
and 6.0 (filled circles). Experiments were performed in 100 mM
NaCl, 10 mM appropriate pH buffer (see Materials and Methods).
The protein concentration was kept constant at 28µM 11.5-kDa
monomer unit. The fraction unfolded was monitored by the
ellipticity at 222 nm using CD spectroscopy. Experimental data
are represented by symbols. Theoretical curves generated with
parameters shown in Table 2 are represented by solid lines. (b)
Melting temperatures of the truncated (filled squares) and the full-
length (open circles) H2A-H2B dimers as a function of pH using
CD spectroscopy.Tm represents the temperature at which the
fraction unfolded is equal to 0.5.

Table 2: Thermodynamic Parameters of Truncated H2A-H2B
Unfolding as a Function of pH

pH
Tm

(°C)
T°

(°C)a
∆Η (T°) [kcal

(mol monomer)-1]
∆S(T°) [cal

(K mol monomer)-1] SSRb

3.5 32.3
4.0 41.6 69.8 48.7 142 0.02
4.5 41.8 66.8 52.5 154 0.02
5.5 46.3 69.8 57.7 168 0.02
6.0 47.5 68.5 63.4 186 0.02
6.5 46.9 68.5 64.0 187 0.02
7.5 46.3 68.2 62.7 184 0.02
8.5 43.3 64.3 59.2 175 0.03

a T° is the reference temperature at which the intrinsic free energy
∆G° is equal to 0.b SSR is the sum of the squared residuals of the fit.
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maximum and essentially constant between pH 4.0 and 8.5,
whereas it decreases substantially at pH 3.5. An even more
radical decrease takes place at pH 2.5 (Figure 4). It should
be noticed that a well-defined isodichroic point is observed
at about 206 nm, which is characteristic of a system with
only two, optically distinguishable, conformations.

Salt Concentration Dependence of the Melting of the
Truncated H3-H4 Dimer.The self-associative properties of
the truncated H3-H4 complex at pH 4.5 were compared to
those of the full-length protein under similar conditions by
small-zone exclusion chromatography. In an earlier study
(10), it was documented that at pH 4.5 and low salt
concentrations, the equilibrium 2(H3/H4)S (H3/H4)2 is
quantitatively shifted to the left, and the only molecular
species detectable in solution is the H3/H4 dimer. Under
similar conditions, the truncated H3-H4 protein elutes as a
single peak, migrating slightly more slowly than the full-
length H3-H4 dimer (data not shown). Therefore, the
truncated H3-H4 protein quantitatively exists as a dimeric
complex at pH 4.5, just like its full-length counterpart.

The reversible unfolding behavior of the truncated H3/
H4 system was studied by DSC and CD spectroscopy under
conditions that promote its separation into two truncated H3-
H4 dimers, exactly as it was done for the full-length (H3-
H4)/(H3-H4)2 system (10). In both cases, the experimental
conditions were chosen to ensure thermodynamic revers-
ibility, as explained earlier (10). The unfolding transition of
the truncated H3-H4 dimer at 12.5 mM NaCl and pH 4.2
is characterized by the presence of a single calorimetric peak
centered at 60.3°C (data not shown). The enthalpy change
is about 25 kcal/mol of 10-kDa monomer unit, and the heat
capacity difference between the unfolded and the native states
(∆Cp) is about 0.5 kcal/(K mol of 10-kDa monomer unit).
The dependence of the stability of the truncated H3-H4
dimer on salt concentration was examined by CD spectros-
copy in solutions ranging from 5 to 50 mM NaCl (Figure
5a). The stability of the truncated H3-H4 dimer increases
as a function of salt concentration (Table 3). As shown in
Figure 5b, the transition temperature increases from 41.3°C
at 5 mM NaCl to 49.7°C at 25 mM NaCl, whereas it remains
at 49.7°C at 50 mM NaCl. The fact that there is not any
additional apparent increase in the transition temperature
upon increase of the salt concentration from 25 to 50 mM

NaCl is most likely due to protein self-aggregation induced
by salt. The earlier CD studies of the ionic effects on the
stability of the full-length H3-H4 dimer (10) were performed
in acetate buffers rather than NaCl. We now performed a
series of similar CD experiments with the full-length H3-
H4 dimer in NaCl solutions to obtain a more appropriate
reference set of data. As summarized in Figure 5b, at very
low ionic strength conditions, the truncated H3-H4 dimer
is slightly more stable than its full-length counterpart. In

FIGURE 4: Far-UV CD spectra of the truncated H2A-H2B dimer
at different pH values. Experiments were performed in 100 mM
NaCl, 10 mM appropriate pH buffer. The protein concentration was
kept constant at 28µM 11.5-kDa monomer unit. The pH values
are 4.0-8.5 (thick solid line), 3.5 (triangles), and 2.5 (circles).

FIGURE 5: (a) Fraction of truncated H3-H4 dimer unfolded at
increasing ionic strength as a function of temperature. The NaCl
concentrations are 5 mM (open squares), 10 mM (filled circles),
25 mM (open circles), and 50 mM (filled diamonds). Experiments
were performed in 10 mM MES, pH 4.5. The protein concentration
was kept constant at 30µM 10-kDa monomer unit. Fraction
unfolded was monitored by the ellipticity at 222 nm. Experimental
data are represented by symbols. Theoretical curves generated with
the parameters shown in Table 3 are represented by solid lines. (b)
Melting temperatures of the truncated (filled squares) and the full-
length (open circles) H3-H4 dimers as a function of ionic strength
using CD spectroscopy.Tm represents the temperature at which the
fraction unfolded is equal to 0.5.

Table 3: Thermodynamic Parameters of Truncated H2A-H2B
Unfolding as a Function of Ionic Strength

[NaCl]
(mM)

Tm

(°C)
T°

(°C)a

∆Η (T°)
[kcal
(mol

mon.)-1]

∆S(T°)
[cal

(K mol
mon.)-1]

∆Cp(T°)
[kcal

(K mol)
mon.)-1] SSRb

DSCc 12.5 60.3 86.3 38.2 106 0.5 17
CDd 5 41.3 69.8 46.5 136 0.5 0.04

10 45.1 77.0 44.6 127 0.5 0.03
25 49.7 81.7 44.7 126 0.5 0.02
50 49.7 80.7 46.7 132 0.06 0.01

a T° is the reference temperature at which the intrinsic free energy
∆Go is equal to zero.b SSR is the sum of the squared residuals of the
fit. c pH 4.2 d pH 4.5
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addition, the lowest salt concentration for which an unfolding
transition can be measured by CD spectroscopy is 5 mM
NaCl for the truncated H3-H4 dimer, as compared to 10
mM for the full-length protein. At salt concentrations greater
than 25 mM NaCl, a comparison is no longer meaningful
because of the apparent self-aggregative behavior of the
truncated H3-H4 dimer.

The large apparent difference in the unfolding temperatures
of the truncated H3-H4 dimer when determined by calo-
rimetry as compared to that determined by CD under similar
ionic strength conditions is well accounted for by the
dependence of the melting temperature on protein concentra-
tion. The protein concentration for the DSC experiment was
about eight times higher than that used for the CD experi-
ments and, as expected for a system in which unfolding is
coupled to dissociation, it resulted in a much higher transition
temperature (seeMelting of the Truncated H3-H4 Dimer
as a Function of Protein Concentration).

pH-Dependence of the Melting of the Truncated H3-H4
Dimer.The thermal unfolding behavior of the truncated H3-
H4 dimer at low ionic strength was examined by CD
spectroscopy in solutions ranging in pH from 5.0 to 1.5, and
the results are presented in Figure 6a. TheTm of the truncated

H3-H4 dimer is essentially constant between pH 4.5 and
3.5 (at about 49°C), whereas it progressively decreases
below pH 3.5 (Figure 6b). At pH 1.5, no unfolding transition
is detectable by CD spectroscopy. The apparent decrease in
Tm observed at pH 5.0 is most likely due to self-aggregation
of the truncated H3-H4 dimer induced by the increase in
pH. The enthalpy change associated with the unfolding
transition follows a similar pattern; it remains essentially
constant between pH 4.5 and 3.5 (at about 28 kcal/mol of
10 kDa monomer unit), whereas it decreases below pH 3.5
(Table 4). As shown in Figure 6b, the pH dependence of
the stability of the truncated H3-H4 dimer almost parallels
the behavior exhibited by the full-length protein (10). At pH
4.0, the melting profiles for the truncated H3-H4 dimer and
the full-length protein almost coincide. At pH 4.5, the full-
length H3-H4 dimer is slightly more stable, whereas the
situation is reversed below pH 4.0.

CD experiments indicate that theR-helical content of the
truncated (H3-H4)/(H3-H4)2 system as a function of pH
follows a pattern that parallels and is consistent with the pH
effect on the unfolding transition of the truncated H3-H4
dimer. As shown in Figure 7, theR-helical content of the
truncated (H3-H4)/(H3-H4)2 system is maximum and
essentially constant between pH 7.0 and 3.5, whereas it
slightly decreases at pH 3.0. An even more radical decrease
in theR-helical content of the truncated H3-H4 dimer takes
place in two successive steps, at pH 2.5 and 1.5, respectively.
A single well-defined isodichroic point is observed at 204
nm, just like for the thermal denaturation of the full-length
H3-H4 dimer (10).

FIGURE 6: (a) Fraction of truncated H3-H4 dimer unfolded at
different pH values as a function of temperature. The pH values
are 2.5 (filled circles), 3.0 (open squares), 3.5 (filled triangles),
and 4.5 (open circles). Experiments were performed in 50 mM
NaCl, 10 mM appropriate pH buffer. The protein concentration was
kept constant at 32µM 10-kDa monomer unit. The fraction unfolded
was monitored by the ellipticity at 222 nm using CD spectroscopy.
Experimental data are represented by symbols. Theoretical curves
generated with the parameters shown in Table 4 are represented
by solid lines. (b) Melting temperatures of the truncated (filled
squares) and the full-length (open circles) H3-H4 dimers as a
function of pH using CD spectroscopy.Tm represents the temper-
ature at which the fraction unfolded is equal to 0.5.

Table 4: Thermodynamic Parameters of Truncated H3-H4
Unfolding as a Function of pH

pH
Tm

(°C)
T°

(°C)a

∆Η(T°)
[kcal (mol

monomer)-1]

∆S(T°)
[cal (K mol

monomer)-1] SSRb

2.5 36.6 65.3 41.7 123 0.07
3.0 43.7 76.2 42.5 122 0.04
3.5 48.7 79.5 45.7 130 0.03
4.0 49.2 81.2 44.8 126 0.02
4.5 49.7 80.7 46.7 132 0.01
5.0 45.1 76.1 40.6 116 0.02

a T° is the reference temperature at which the intrinsic free energy
∆G° is equal to 0.b SSR is the sum of the squared residuals of the fit.

FIGURE 7: Far-UV CD spectra of the truncated (H3-H4)/(H3-
H4)2 system at different pH values. Experiments were performed
in 50 mM NaCl, 10 mM appropriate pH buffer. The protein
concentration was kept constant at 32µM 10-kDa monomer unit.
The pH values are 3.5-7.0 (thick solid line), 3.0 (squares), 2.5
(circles), and 1.5 (triangles).
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Melting of the Truncated H3-H4 Dimer as a function of
Protein Concentration.The unfolding transitions for both
the truncated H2A-H2B and H3-H4 dimers are coupled
to the dissociation of the corresponding monomeric subunits.
This is reflected in the slight asymmetry of the heat capacity
function, which in both cases is skewed toward the low-
temperature side of the transition (data not shown), as
expected for a transition coupled to dissociation (46).

To confirm the coupling of unfolding and subunit dis-
sociation for the truncated histone dimers, we also examined
the effect of protein concentration on the transition temper-
ature for the truncated H3-H4 dimer at pH 4.5 and very
low ionic strength. In a series of thermal denaturation profiles
monitored by CD spectroscopy (Figure 8a), the concentration
of the protein was varied between 15 and 142µM (as
computed per 10 kDa monomer polypeptide subunit). As
shown in Figure 8b, the transition temperature increases from
39.7 to 46.4°C as the protein concentration increases from
15 to 142µM, in agreement with a system that undergoes
dissociation upon unfolding (46). Similar behavior was
obtained with the truncated H2A-H2B dimer (data not
shown). This is not surprising since both types of subunits
share the histone fold and handshake motifs.

Urea Denaturation.We further investigated the stabilities
of the truncated H2A-H2B dimer and the truncated (H3-
H4)/(H3-H4)2 system and compared them to those of their
corresponding full-length proteins. For this, urea denaturation
experiments were monitored by CD spectroscopy in neutral
solutions, containing 0.8 M NaCl and ranging in urea
concentration from 0 to 6 M. The results are summarized in
Figure 9a,b. As shown in Figure 9a, the truncated H2A-
H2B dimer and the full-length H2A-H2B dimer exhibit
almost identical denaturation profiles in increasing concen-
trations of urea, with the midpoint of the unfolding transitions
at about 3.0 M urea. The truncated (H3-H4)/(H3-H4)2
system and its full-length counterpart exhibit almost super-
imposable denaturation profiles (Figure 9b), with the mid-
point of the unfolding transitions at about 2.4 M urea.

Statistical Thermodynamic Analysis.Just like for the full-
length H2A-H2B dimer (9) and the full-length H3-H4
dimer (9), the corresponding truncated complexes behave
as highly cooperative systems. The experimental data of the
present study were analyzed in terms of the three-state
formalism using a nonlinear least squares procedure (47),
in a manner analogous to that described for the full-length
H2A-H2B and H3-H4 dimers. In all cases examined, best
fit was obtained without inclusion of any intermediate
conformations. This indicates that each of the truncated

FIGURE 8: (a) Fraction of truncated H3-H4 dimer unfolded at
increasing protein concentration as a function of temperature. The
10-kDa monomer unit concentrations are 15µM (open diamonds),
30 µM (filled inverted triangles), 60µM (open circles), 100µM
(filled diamonds), and 142µM (open triangles). Experiments were
performed in 5 mM NaCl, 10 mM glycylglycine, pH 4.0. The
fraction unfolded was monitored by the ellipticity at 222 nm using
CD spectroscopy. Experimental data are represented by symbols.
Theoretical data generated with the parameters shown in Table 5
are represented by solid lines. (b) Melting temperatures of the
truncated H3-H4 dimer as a function of monomer unit protein
concentration. The squares represent CD data. The solid line is a
best-fit logarithmic curve through theoretical transition temper-
atures, as calculated according to the model that predicts the
coupling between dissociation and unfolding of the truncated H3-
H4 dimer.

FIGURE 9: (a) Molar ellipticities of the truncated (filled squares)
and the full-length (open circles) H2A-H2B dimers at 222 nm as
a function of urea concentration. Far-UV CD experiments were
performed in 0.8 M NaCl, 0.5 mM EDTA, 10 mM HEPES, pH
7.5. The protein concentrations were kept constant at 22µM 11.5-
kDa monomer unit and 18µM 14-kDa monomer unit, respectively.
(b) Molar ellipticities of the truncated (filled squares) and the full-
length (open circles) (H3-H4)/(H3-H4)2 systems at 222 nm as a
function of urea concentration. Far-UV CD experiments were
performed in 0.8 M NaCl, 0.5 mM EDTA, 10 mM HEPES, pH
7.5. The protein concentrations were kept constant at 25µM
10-kDa monomer unit and 19µM 13-kDa monomer unit, respec-
tively.
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dimers (H2A-H2B and H3-H4) underwent thermal de-
naturation by a two-state mechanism, in which the only states
highly populated, at all temperatures, were native dimers and
unfolded monomers. In this case, at any temperature the
population of unfolded monomers is given by the equation
(48):

where

and X and Y denote the two polypeptides comprising the
dimer under study, i.e., the truncated H2A-H2B or the
truncated H3-H4 dimer.

The equilibrium constant,K, is a function of the total
protein concentration, [PT], as well as the intrinsic free energy
of stabilization,∆G°. For convenience, all thermodynamic
quantities are expressed on a mole of peptide chain basis.
The intrinsic Gibbs energy is given by the standard equation:

where by definitionT° is the temperature at which∆G° is
equal to zero. This temperature is independent of concentra-
tion and should not be confused with the transition temper-
ature, which is concentration dependent. Contrary to the
example of a monomeric two-state transition, in this case
the transition temperature,Tm, is not equal to the temperature
at which∆G° ) 0.

The fitted thermodynamic parameters associated with the
unfolding of the truncated H2A-H2B dimer as a function
of ionic strength (in neutrality) and pH have been sum-
marized in Tables 1 and 2, respectively. The fitted thermo-
dynamic parameters associated with the thermal denaturation
of the truncated H3-H4 dimer as a function of ionic strength
(at pH 4.5), pH, and protein concentration have been
summarized in Tables 3, 4, and 5, respectively.

DISCUSSION

The fact that both truncated H2A-H2B and H3-H4
dimers undergo thermal denaturation as highly cooperative
units, without the involvement of any significant population
of melting intermediates, is not very surprising, since their
full-length counterparts also exhibited two-state folding/
unfolding transitions (9, 10). Furthermore, the truncated
subunits exhibit very similar stabilities and thermodynamic

properties to those of their full-length counterparts under a
variety of experimental conditions. A different mechanism
of thermal denaturation might have been possible if the
removal of the terminal regions of the core histones resulted
in major structural rearrangements. This, however, does not
appear to be the case since the secondary structures
(computed from CD data) of the truncated H2A-H2B dimer
and the truncated (H3-H4)/(H3-H4)2 system were very
similar to those of the full-length proteins (Figure 10 a,b).

A number of structural studies indicate that the terminal
domains of the histone chains are highly unstructured. In
most cases, residues 1-15 and 118-128 of H2A, 1-35 of
H2B, 1-40 of H3, and 1-20 of H4 are found in unordered
conformations (49-55). These highly unstructured terminal
domains of the core histones almost coincide with the
peptides that are removed from the histone proteins upon
limited trypsinization (41, 44, 45) and are usually referred
to as the labile (or mobile) histone tails. Our results clearly
show that the truncated H2A-H2B dimer and the truncated
(H3-H4)/(H3-H4)2 system are almost as stable as the full-
length complexes and exhibit very similar responses to
changes in salt concentration and pH to those of the full-
length proteins. Consequently, the more centrally located and
structured portions of the polypeptide chains, i.e., the histone
fold and the extra-fold structured elements, are the regions
responsible for the stability of the assembled states of the
core histones, as well as for the effects of ionic strength and
pH we have observed. The histone fold is the three-

Table 5: Thermodynamic Parameters of Truncated H3-H4
Unfolding as a Function of Protein Concentration

10-kDa
monomer
conc (µM)

Tm

(°C)
T°

(°C)a

∆Η(T°)
[kcal (mol

monomer)-1]

∆S(T°)
[cal (K mol

monomer)-1] SSRb

15 39.7 79.8 35.4 100 0.06
30 41.8 80.9 35.9 101 0.02
60 43.8 80.1 35.5 100 0.02

100 45.4 80.1 36.1 102 0.03
142 46.4 80.1 36.1 102 0.03

a T° is the reference temperature at which the intrinsic free energy
∆G° is equal to 0.b SSR is the sum of the squared residuals of the fit.

PU ) PX + PY ) K[(K2 + 4)1/2 - K]/2

K ) exp(-∆G°/RT)/(2[PT])1/2

∆G° ) ∆H°(T°) + ∆Cp(T - T°) -
T[∆S°(T°) + ∆Cp ln(T/T°)]

FIGURE 10: (a) Molar ellipticities of the truncated (open squares)
and the full-length (filled triangles) H2A-H2B dimers at 222 nm
as a function of NaCl concentration. Far-UV CD experiments were
performed in 10 mM HEPES, pH 7.5. The protein concentrations
were kept constant at 26µM 11.5-kDa monomer unit and 22µM
14-kDa monomer unit, respectively. (b) Molar ellipticities of the
truncated (open squares) and the full-length (filled triangles) H3-
H4 dimers at 222 nm as a function of NaCl concentration. Far-UV
CD experiments were performed in 10 mM MES, pH 4.5. The
protein concentrations were kept constant at 30µM 10-kDa
monomer unit and 23µM 13-kDa monomer unit, respectively.
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dimensional structural motif originally identified interstitially
within each histone chain by Arents et al. (53). It comprises
the major portion of the ordered structure of the core histones,
and can, thus, be considered the main contributor to the
stabilization of these proteins. This architectural motif
consists of a long central helix flanked on either side by a
loop/â-strand segment and a shorter helix, and is shared by
all core histones, despite their low degree of primary
sequence homology. The histone fold is involved in the
formation of histone heterodimers through the handshake
motif of assembly and has been highly conserved through
evolution, since it is found in all core histones from
archaebacteria to mammals (56). In addition, through an
extensive search of protein sequence data banks, a consensus
primary structure for the histone fold was recently identified
in a large number of proteins with diverse functions, e.g.,
transcription factors, enzymes, etc. (57). Therefore, as
proposed by Arents and Moudrianakis (56), the histone fold
emerges as a ubiquitous structural motif utilized in protein
dimerization and DNA compaction. The specifics of the
histone fold architecture as well as the predictions for its
occurrence in proteins other than the canonical histones have
been confirmed by several independent studies (58, 59, 54).

These results clearly demonstrate that the terminal domains
of the core histones have only a minor role in the thermo-
dynamic stabilization of the H2A-H2B dimer and the (H3-
H4)/(H3-H4)2 system. At low pH and extremely low salt
concentrations, the presence of the histone tails is slightly
destabilizing, whereas the reverse is true in all other
conditions examined. As it is well established, in pure water
(or dilute acids), histones exist as individual polypeptides
and in the random coil conformation, whereas increasing salt
concentrations induce and promote secondary structure (60).
The highly positively charged terminal sequences of the core
histones probably present a competitive element in the
initiation of protein folding induced by salt. Therefore, at
very low salt concentrations, the truncated histone complexes
demonstrate greater overall stability than the full-length
proteins. On the other hand, at higher ionic strength condi-
tions the labile histone tails may acquire a partially ordered
conformation that contributes to the overall stabilities of the
H2A-H2B dimer and the (H3-H4)/(H3-H4)2 system in a
minor, but positive, way. In agreement with this idea, an
earlier study (38) demonstrated that the differences in
secondary structure between the truncated and the full-length
complexes, although small, became more pronounced at high
salt concentrations, with the full-length proteins having
increasedR-helical andâ-structure contents as compared to
their truncated counterparts. The presence of the highly
charged terminal domains confers an increased solubility to
the full-length complexes and thus minimizes the extent of
salt-induced protein aggregation. As far as the relatively
higher stability of the truncated complexes (especially of the
truncated H2A-H2B dimer) at low pH is concerned, trypsin
digestion of the core histones essentially coincides with
removal of sequences enriched in positively charged residues
that require higher pH for stabilization. At the same time,
removal of the terminal domains of the core histones
probably shifts the isoelectric point of these proteins to lower
values, which explains the increased sensitivity to self-
aggregation exhibited by the truncated units, H2A-H2B
dimer and the (H3-H4)/(H3-H4)2 system, at higher pH.

The terminal domains of the core histones have a minimal
effect on the stability of the individual histone complexes,
yet are indispensable for life (61, 62, 33). Thus, from an
organizational viewpoint (structural and/or thermodynamic)
they must partake in one or more of the following proc-
esses: octamer assembly, interactions of octamer with DNA
and/or nonhistone chromosomal proteins, and the establish-
ment of higher order chromatin structure. The following
examples further support the idea that the histone tails
contribute to overall chromatin stability well beyond the level
of the stability of the individual octamer subunits. Removal
of a pentadecapeptide from the carboxyl terminus of H2A
resulted in a partially cleaved H2A-H2B dimer with reduced
affinity for the (H3-H4)2 tetramer (29). A very thorough
and detailed study of the physical properties of selectively
truncated nucleosome core particles (30) demonstrated that
removal of the tails had little effect on the hydrodynamic
properties of the core particle in low ionic strength; however,
its thermal stability was greatly affected by trypsinization.
This result was interpreted as an indication of nucleosome-
stabilizing interactions between the histone tails and DNA.
Hayes et al. (32) demonstrated that removal of the histone
tails does not strongly influence the recognition of the
nucleosome-positioning sequence elements in the 5SrRNA
gene, the extent of bound DNA, or the helical periodicity of
DNA in the nucleosome. On the other hand, removal of the
histone terminal domains by trypsin was shown to facilitate
access of the TFIIIA transcription factor to nucleosomal
DNA (63, 23). Finally, a series of elegant studies on the
formation of oligonucleosomal arrays and higher order
chromatin structure established a definite and specific role
of the histone tails in these processes (64-67) and reviewed
by Annunziato and Hansen (14).

In conclusion, the results of this study emphasize the
central role of the structured domains of the histones (mainly
the histone-fold) in the architectural organization and stability
of the protein core of the nucleosome. It is these domains
that should be considered as the true “endoskeleton” of the
gene (68). The flexible tails can then be considered as the
extensions of this endoskeleton mediating linkages with DNA
and with other genome regulatory elements.
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