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Equilibrium Folding of the Core Histones: the HBI4 Tetramer Is Less Stable
than the H2A-H2B Dimer'
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ABSTRACT: To compare the stability of structurally related dimers and to aid in understanding the
thermodynamics of nucleosome assembly, the equilibrium stabilities of the recombinant wild-type
H3—H4 tetramer and H2AH2B dimer have been determined by guanidinium-induced denaturation, using
fluorescence and circular dichroism spectroscopies. The unfolding of the tetramer and dimer are highly
reversible. The unfolding of the H2AH2B dimer is a two-state process, with no detected equilibrium
intermediates. The H3H4 tetramer is unstable at moderate ionic strengihs~0.2 M). TMAO
(trimethylamineN-oxide) was used to stabilize the tetramer; the stability of the HRIBZB dimer was
determined under the same solvent conditions. The equilibrium unfolding eH43vas best described

by a three-state mechanism, with well-folded-H34 dimers as a populated intermediate. When compared

to H2A—H2B, the H3-H3 tetramer interface and the HB14 histone fold are strikingly less stable. The

free energy of unfolding, in the absence of denaturant, for the H#Band H2A-H2B dimers are 12.4

and 21.0 kcal motl, respectively,n 1 M TMAO. It is postulated that the difference in stability between

the histone dimers, which contain the same fold, is the result of unfavorable tertiary interactions, most
likely the partial to complete burial of three salt bridges and burial of a charged hydrogen bond. Given
the conservation of these buried interactions in histones from yeast to mammals, it is speculated that the
H3—H4 tetramer has evolved to be unstable, and this instability may relate to its role in nucleosome
dynamics.

The protein folding code, often termed the second half of systems have been examined. In dimeric systems, the protein
the genetic code, describes not only the stability and structurefolding properties are encoded by not one, but two polypep-
of the native state of a protein but the mechanism for its tide chains. Examples that have been studied include
rapid and efficient conversion from an unfolded, random coil ketosteroid isomerase from two bacterial spece$) and
to its native state. Deciphering the protein folding code, with glutathione transferases from different subfamiliés-§).

its inherent plasticity and redundancy, is incomplete. Efforts |, the comparisons of homologous proteins, for many
to predict structure from sequence have improved signifi- sy ctures, despite significantly altered stabilities, similar
cantly in the past decade but are still imperfettd). The  yinetic folding landscapes are observed. Global features, such
ability to estimate protein stability or folding mechanism 55 tyo-state versus multi-state kinetics and parallel pathways
from sequence alone is very limited. Even with the informa- o sequential pathways, are generally conserved, although
tion of a three-dimensional structure model, understanding the getails of precise structures in the transition state and
the relationships between stability and sequence oftenjniermediates may vary, for example, in the case of the
requires hindsight from experimental measurements of Stab'l'lg-binding proteins L and G, 10). These data may suggest
ity and mutational studies. _ _ that backbone structureor secondary structure propensi-
Comparisons of the stability and folding mechanisms of (a5 predominate in determining folding pathways. This
homologous _protems, V\_nth similar structur_es _but varled. hypothesis is supported by studies in the colicin binding
sequences, will help elucidate the redundancies in the pmte'nimmunity proteins, Im7 and Im9; the more stable Im9 folds
foldmg code, mclud'lng ramifications for effects on protein by a two-state mechanism, but the higher helical propensity
stability. Such studies have been reported on a number of ¢ 5 pejical segment of Im7 results in the population of a
monomeric systems from mesophilic organisms (for review, angjent kinetic intermediateL{). In contrast, side chain
ref 3) as opposed to the comparison of mesophilic and j e ractions may contribute more significantly to the details
thermpphmc protems where |nterpretat_|on IS comphcatq_j by of structural stability. This paper extends these examinations
evolutionary adaptations to altered environmental conditions. of the protein folding code to the histone fold motif, as found
To date, the stability of only a few homologous oligomeric ;. iha core histones of the eukaryotic nucleosome, by
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compared on a per monomer basis, £1@ for the H3-H4
association was still nearly double that for H2K2B (=7
and—4 kcal mol?, respectively). These free energy differ-
ences represent the stability difference between the weakly
associated homotypic oligomers and the more stable, het-
erotypic assemblies observed in the nucleosome.

Thermal denaturation, using circular dichroism and dif-
ferential scanning calorimetry (DSC), has also been used to
determine the stability of the histone oligomers, relative to
thermally unfolded monomer24—26). However, the ther-
mal unfolding of the H3-H4 tetramer was irreversible, and
comparisons could only be made between the HRRB
dimer and the H3H4 dimer populated at pH values below
~5. Across the various conditions of pH and ionic strength
employed, the unfolding of the H2AH2B dimer exhibited
higher values ofAH®, AS’, andAC, than did the H3-H4
dimer. However, the values df and T°, the midpoint of
thermal unfolding transition and the temperature at which
the AG® is zero, respectively, were higher for the H34
dimer (Ty = T° for a dimeric system). Using the value of
AC, and the DSC data, an extrapolation of the stability can
around which DNA is wrappedL@). The histone fold motif ~ be made to physiological temperatures. In similar solvent
is the central architecture of the four core histone proteins; conditions (pH 5-5.5 and 46-50 mM salt) and 25C (the
the motif contains a long central helix, flanked on either ~ temperature used in this report), the H34 dimer was
end by loops connecting to shorter helices (2, 13). slightly more stable than the H2AH2B dimer, by~0.3 kcal
Histones H2A and H2B heterodimerize, as do histones H3 molt, <10% of the total stability of H3H4.
and H4, in a head to tail fashion known as the handshake |n the present study, we have determined the stabilities of
motif (13, 14). The tetramer interface between two-H34 the H3-H4 tetramer and the H2AH2B dimer under
dimers is a four-helix bundle formed from the H3 C-termini  jdentical conditions by GdnHCl-induced denaturation, moni-
(Figure 1). The histone fold dimerization motif is an toring far-UV CD and intrinsic Tyr FL. In comparison to
important mediator of oligomerization in a variety of previous reports, we have used recombinant histone proteins,
proteinr-DNA complexes. Sequence comparisons have sug-produced inEscherichia coli(27). This histone source has
gested the motif is encoded in a number of DNA—binding the advantage, over chicken erythrOCyM'(ZS) and calf
proteins (5, 16); structural studies have shown that four of ' thymus histones2@) used previously, of homogeneity with
the TAFs (TATA-binding-protein-associated factors) of the respect to a lack of posttranslational modifications. GdnHCI
TFIID transcription complex contain the canonical hand- denaturation studies have an advantage over thermal studies
shake motif 17, 18). by permitting determination of free energies at physiological

The sequence of a given histone is highly conserved from temperatures, withourCp-dependent extrapolations.
yeast to mammals, but there is minimal sequence identity,

4—6%, found between the histone proteidgl)( However,

the peptide backbones of the four histone monomers overlay
with RMS deviations of 1.52.5 A, demonstrating the high
degree of structural conservation. Given this disparity i ) X -
between sequence and structural identity, the core histoned™om Sigma (St. Louis, MO) was dissolved in,® and

provide an excellent model system for investigation of the d€ionized in batch mode with AG 11A8 mixed-bed resin
redundancies of the protein folding code. A great deal of (BioRad, Richmond, CA). The concentration of TMAO was

attention has focused on residues of the histones that ardi€teérmined by refractive index as described elsewtz8 (

important for interaction with DNA and/or are posttransla- Frimary polyclonal antibodies to H3 (raised against the
tionally modified (for review, see ref&é9 and 20). Com- unacetylated N-terminal tail) and H4 (raised against full-

paratively few analyses have focused on the residues that€N9th calf thymus H4) and HRP-conjugated secondary
are important for the protein stability of the histones; such antibody were from Upstate Biotechnologies (Lake Placid,

H4 N

H4 N

H3N*

H3N

Ficure 1: Ribbon structure of the histone fold and the dimer
dimer interface of the H3H4 tetramer. The H3 monomers, from
residues 38135 of 135 total, are shown in the lighter gray; the
darker colored H4 monomers encompass residuesl @@ of 102
total residues. The helices of the canonical histone fold are
represented by cylinders. The figure was rendered from the
coordinates of the tetramer in the core nucleosof®, (using
Molscript v2.1 64).

MATERIALS AND METHODS

Materials Ultrapure guanidine hydrochloride was pur-
chased from ICN Biomedicals (Costa Mesa, CA). TMAO

residues may have an impact on the biological function of
histones by determining their stability.

The folding reactions of the individual histones, in the
context of their homotypic self-association interactions, were
well-characterized by Isenberg (for review, see 24j.
D’Anna and Isenberg also determined the dissociation
constants for the heterotypic histone complexes from con-
tinuous variation curves monitored by fluorescence (FL) and
circular dichroism (CD)Z22). Their results indicated that the
stabilities of the H3-H4 tetramer and H2AH2B dimer were
—28 and—8 kcal (mol oligomer)?, respectively 23). When

NY). Western blots were probed using the SuperSignal
chemiluminescent substrate kit from Pierce (Rockford, IL).

1 Abbreviations: 5-ME, 2-mercaptoethanol; ASA, solvent accessible
surface area; CD, circular dichroismy;Qthe denaturant concentration
at which the apparent fraction of unfolded monomer constitutes 50%
of the population;AASA, change in solvent accessible surface area
between the associated and/or folded species and the dissociated and/
or unfolded species;Jk, apparent fraction of unfolded monomer; FL,
fluorescence; GdnHCI, guanidine hydrochloride; KPi, potassium phos-
phate, pH 7.2; MRE, mean residue ellipticity; SEC, size-exclusion
chromatography; SF, stopped-flow; SVD, singular value decomposition;
TMAO, trimethylamineN-oxide.
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Methods Production of Recombinant Histone Oligomers. dimer. Generally, titrations were performed by starting with
Recombinant histones were overexpressed.ircoli and folded protein in the cuvette and titrating with a stock of
purified as described elsewhei®/(29). The isolated H2A unfolded protein in GdnHCI at the same monomer concen-
and H2B monomers in 10 mM HCI were reconstituted to tration. Reversibility was assessed by performing titrations
the native heterodimer as described elsewh28: Recon- with GdnHCI unfolded protein in the cuvette and titrating
stitution from acid-unfolded monomers was not successful with a stock of folded protein.
with the H3—-H4 tetramer; instead, monomers unfolded in 8  Stopped-Flow Unfolding KineticStopped-flow kinetics
M GdnHCI were mixed and refolded by rapid dilution of were monitored using an AVIV Instruments stopped-flow
the denaturant to concentrations less than 0.8 M. The foldedtower interfaced with the AVIV 202SF CD spectrometer.
tetramer was then dialyzed to remove the remaining GdnHCI For SF-CD and SFFL data,~35 and 20 shots, respec-
and concentrated. The buffers used in the purification, tively, were averaged for each kinetic trace to improve the
storage, and experiments with H3 containecbImM 3-ME signal-to-noise ratio of the data. SED data were collected
to prevent H3-H3 disulfide cross-links between the wild- at 222 nm. SFFL data, with excitation at 280 nm, were
type Cys110 residues. The absence of such a cross-link wagollected by monitoring the signal at 9@ the incoming
demonstrated by SDSPAGE using loading buffers without  light, after a 295 nm cutoff filter. The dead-time of the
reducing agent; no H3H3 cross-linked species were stopped flow instrument was5 ms, with a push velocity
observed. Extinction coefficients of 10 200 Mcm* and of 2 mL/s.

19300 Mt cm™, respectively, were determined for the Data Analysis Equilibrium unfolding transitions were
H2A—H2B dimer and H3-H4 tetramer by the method of globally fitted using the data analysis program, Savuka 5.1
Gill and von Hippel 80). (32—34). The errors of the fits were determined from

Analysis of Oligomeric StructureHPLC size-exclusion  rigorous analyses of the error surfaces of the f).(The
chromatography, cross-linking experiments, and the equi- models employed the common linear extrapolation between
librium folding studies were performed in buffered solutions the free energy of unfoldingAG®, and the denaturant
containing 200 mM KCI, 20 mM potassium phosphate, pH concentration 36, 37):

7.2, 1 mM EDTA, 3 mMpj-ME. To determine the native

molecular weight of the histone oligomers, the proteins were AG = AG(H,0) — m[GdnHCI] (1)
chromatographed at room temperature on both a TosoHaas )
TSK G-3000SW column and a Phenomenex BioSep-SEC-sWhereAG® (H2O) represents the free energy of unfolding
3000 column. A Dawn EOS static light-scattering detector In the absence of denaturant, amdreflects the sensitivity
(Wyatt Technologies, Santa Barbara, CA) was coupled to of the transition to the [denaturant]. Kinetic data were fit to
the TSK column. Elution of the H2AH2B dimer and the @ series of exponentials; local fits for each kinetic trace were
H3—H4 tetramer were compared to the elution of stan- fit using Kaleidagraph 3.5 (Synergy Software) or globally
dards: bovine serum albumin, ovalbumin, chymotrypsinogen, With linked relaxation times using Savuka 5.1.

and ribonuclease A. Calculation of Accessible Surface Aredhe solvent

To verify a heterotypic assembly of the HBI4 tetramer, accessible surface area of the histone oligomers were
~4 uM tetramer was cross-linked with glutaraldehyde. The calculated from the coordmate; of the X-ray crystal structure
cross-linking reactions were incubated with 0.002% glut- of the core nucleosomel®), using the program ACCESS
araldehyde fo1 h at 25°C. The reactions were then precipi- (38). Default values were used for probe radius (1.4 A), slice
tated with 10% trichloroacetic acid and electrophoresed on Width (0.25 A), and atomic radii. Models for the unfolded
a 12% SDS-polyacrylamide gel. The species present in the Monomers were generated using Insight Il (Biosym Tech-
cross-linked band were identified by Western blots. The Nnologies, San Diego, CA), as described elsewH&dk (sing
proteins were transferred to a nitrocellulose membrane and?-Sheet extended dihedral angles. This model was then
probed as described in the literature from Upstate Biotech- Submitted to ACCESS to calculate the extended, unfolded

nology with antibodies specific to either H3 or H4. The blot solvent accessmle_ surface. area. The composition of the
was visualized using enhanced chemiluminescence as deSurface area was dissected into polar (O and N) and nonpolar
scribed in the Pierce protocols included in the SuperSignal (C and S) atoms. Given the small number of S atoms in the
Kit. histone monomers, their classification as polar or nonpolar
GdnHCI Equilibrium Unfolding Titrations All of the had no s_ignificant effect on the results of parsing of the
experiments were performed at 2%&. CD data were Surfaces into polar and nonpolar content.
collected on an AVIV 202SF spectrophotometer; FL data RESULTS
were collected on an AVIV Model ATF-105/305 differential/
ratio spectrofluorometer. Both instruments were interfaced Characterization of the Histone Oligomefithe oligomeric
with Hamilton Model 500 automated titrators. CD titration states of the reconstituted histones were examined by HPLC
data were monitored at 222 or 224 nm (in the presence of size-exclusion chromatography (SEC), static light-scattering,
TMAO) or by collecting spectra from 266220 nm at each  and glutaraldehyde cross-linking. All of the data were
GdnHCI concentration and analyzing the data using singular consistent with dimeric H2AH2B and a predominance of
value decomposition3(l). FL titration data were collected tetrameric H3-H4. Analytical velocity sedimentation ultra-
with an excitation wavelength of 280 nm and emission centrifugation results (L. Randall and L. M. Gloss, unpub-
wavelength of 305306 nm. In the automated titrations, lished data) also supported the reconstitution to the appro-
equilibration times of 23 min were used and were priate oligomeric states.
significantly longer than times required for the complete = The HPLC-SEC elution peak for the tetramer was much
folding and unfolding kinetics observed for the tetramer and broader than for the H2AH2B dimer, suggesting an equi-
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1.27] The proper heterodimeric association of H3 and H4 was
] A verified by glutaraldehyde cross-linking. The cross-linked
products were analyzed by SBgolyacrylamide gel elec-
trophoresis and Western blot analysis (Figure 2B). The major
cross-linked species migrated on SBISAGE at the mo-
lecular weight of a dimer. Trimeric and tetrameric species
were also observed in patterns very similar to those pub-
lished elsewhere for dimethyl suberimidate cross-linking of
H3—H4 histones41). Western blot analysis confirmed that
the dimeric species contained both H3 and H4 polypeptides.
The higher order cross-linked species were not detected in
the Western blot. This may be the result of their lower
abundance and/or increased cross-links altering the epitopes,
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15r h I1?I B I1al h Ilel h Iau h I21I a r22l h Izar ; ‘24 particularly for the anti-H3-tail antibody.

Elution Time (min) H2A and H2B could also be cross-linked to a dimeric state
1 ) 3 4 5 6 7 (datz_i not shown). We_stern bIo_ts_were not perform_ed to

B — o confirm the heterotypic association of the cross-linked

S 974KD species. However, the altered SBPBAGE migration of

- 662 cross-linked dimers with combinations of full-length and

Tet! ) N-terminal tail truncated H2A and H2B monomers demon-
' T L I strated that both H2A and H2B monomers were present in

| N |

the cross-linked species (B. J. Placek and L. M. Gloss,
unpublished data).
Dy = 1 The far-UV CD spectra of the reconstituted, recombinant

histone oligomers are typical fax-helical proteins, with
minima at 208 and 222 nm (data not shown). The ellipticity
: 21.5 at 222-224 nm is sensitive to the unfolding of the secondary
hm.- structure of the histones (i.e., Figures 3 and 4). The data
-— oD presented in Figure 3A are normalized to mean residue

ellipticity, correcting for the differing number of residues
between the H2AH2B and the H3-H4 oligomers. On a
per residue basis, the dimer is more helical than the tetramer,
as evidenced by the greater ellipticity of the dimer. A similar
Western blots ~ SDS-PAGE result was observed in previously published molar ellipticity
FIGURE 2: (A) HPLC size-exclusion chromatography of the core CD data at the same ionic strength as the data in shown in
histones. The proteins were chromatographed on a BioSep-SEC-S-igure 3A @6).
3000 column, equilibrated at room temperature in buffer with the Unfolding of the Histone OligomersThe denaturant-

cosolute concentration listed below and 20 mM potassium phos- ; ; . ;
phate, pH 7.2, 1 mM EDTA, 3 m\B-ME, with detection at 280 induced unfolding transitions of H2AH2B are highly

nm. H2A—H2B, in 200 mM KCl, injected at 3g&M dimer, solid reverS|bIe,. with respect to both ureZQI and guanidine
line, ®; H3—H4, in 200 MM KCl, injected at 2&M tetramer, dotted ~hydrochloride (GdnHCI), as shown in this report. However,
line, a; H3—H4 in 1.5 M KCl, injected at 2M tetramer, dashed  reproducibly high reversibility could only be observed for
Lgt?én?éfngo'ﬁg—ﬁn4etitfa$§rg c}nlf\i/lrr;wrel\\/lti'g(r?yé?letﬁt:dhzttelr%;Mpic the H3-H4 tetramer unfolded by GdnHCI. The unfolding
association of the H3H4 tetramer by cross-linking. 12% S)ISS transmons.Of the d'.mer and tetramer at equal monomgr
polyacrylamide gel stained with Coomassie Blue (lanes7)s concentrations, mon'lt.ored by CD at 222 nm, are shown in
Western blots of the cross-linked proteins were performed using Figure 3A. The transitions are sigmoidal, with pre- and post-
anti-H4 (lanes 1 and 2), anti-H3 (lanes 3 and 4). Lanes 1, 3, and 5:transition baselines. However, for the tetramer, the native
H3—H4 tetramer not subjected to cross-linking. Lanes 2, 4, and 6: paseline is relatively short and poorly determined.

glutaraldehyde cross-linked H314 tetramer. Lane 7: molecular - _ .
weight standards. Labels in lane 6: Tet, tetrameric cross-linked Global fitting of H2A—H2B CD unfolding data at 2, 5,

H3—H4; Tr, cross-linked trimers comprised of H3 and H4; D, cross- and 10uM dimer yielded a free energy of unfolding in the
linked H3—H4 dimer. Conditions: 200 mM KCI, 20 mM potassium absence of GAnHCWG® (H,0), of 17+ 1 kcal mol* at a
phosphate, pH 7.2, 1 mM EDTA, 3 m@ME. standard statefd M dimer and am value of 6.4+ 0.6 kcall
mol~! M~L. The m value describes the sensitivity of the
librium between a fully assembled tetramer and partially transition to the denaturant concentration (eq 1). This
dissociated H3H4 dimers (Figure 2A). Chromatography in - parameter reflects the cooperativity of the unfolding, and in
the presence of 1.5 M KCIrd M TMAO (stabilizing osmo-  two-state unfolding systems, is usually proportional to the
lyte discussed below) resulted in much sharper elution peakschange in solvent accessible surface area exposed in the
and a shorter elution time; these data are consistent withnative and unfolded ensembleSASA (39). The H3-H4
cosolute shifting the equilibrium to the more fully assembled data shown in Figure 3 could not be reliably fit because of
H3—H4 tetrameric state. However, the folding equilibria the very limited native baseline region. However, two
could not be measured in 1.5 M KCI because of the tendencyobservations can be made from the CD data shown in Figure
of H3—H4 to aggregate at high salt concentratiod§)( 3A: (1) H3—H4 is less stable than H2AH2B, requiring
TMAO did not appear to promote histone aggregation. lower concentrations of denaturant to induce unfolding and
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FiGure 4: Representative GdnHCIl-induced unfolding transitions
of the histone oligomersiil M TMAO. FL intensity at 305 nm,

H, and CD ellipticity at 224 nm®. The lines represent the global

fits of the data. The fitted native baselines are represented by dashed
lines; for clarity, the well-defined unfolded baselines are not shown.
(A) H2A—H2B dimer at 2uM dimer, globally fitted to a two-state
dimeric model. (B) H3-H4 tetramer at 2«M tetramer, globally
fitted to a three-state tetramedimer unfolded model. The native
baseline was fitted to the functiofi = Yy o + S[GdnHCI]", where

Yn,0 and Sy represent the intercept in the absence of GdnHCI and
the slope of the baseline, respectively. This equation was chosen
because it described well the salt-dependent increase in FL seen
with KCI (Figure 2, inset). The exponent, fit to values of 0.45

0.48 for all FL data sets collected at several tetramer concentrations.
Conditions are described in the legend of Figure 3.

Ficure 3: Representative GdnHCI-induced unfolding transitions
of the histone oligomers in the absence of TMAO. (A) The far-
UV CD ellipticity values are presented as mean residue ellipticity
at 222 nm. H3-H4 tetramer at 1@®) and 54M (M) tetramer;
H2A—H2B dimer at 2uM (O) and 10uM (O) dimer. The solid
lines represent the global fit of the H2Ad2B data to a dimeric,
two-state equilibrium unfolding model. (B) Unfolding transitions
of 1 uM H3—H4 tetramer @) and 0.5uM H2A—H2B dimer ©)
monitored by Tyr FL, 306 nm. The FL of H3H4 tetramer as a
function of [KCI] is also shown-{). Conditions: 20 mM potassium
phosphate, pH 7.2, 1 mM EDTA, 3 mgtME, and 200 mM KCl,

at 25°C.

(2) the unfolding transition of H3H4 is less steep and less  not shown). Second, the rise in FL at low [GdnHCI] is greatly

cooperative than that of the H2A412B dimer. attenuated in H3H4 titrations performed in 0.2 M acryl-
Unfolding transitions were also monitored by intrinsic Tyr amide, a nonionic quenching agent, without significantly
FL (Figures 3B and 4), which served as a probe of the altering the magnitude of FL change in the transition region
unfolding of the tertiary and quaternary structure of the core between~1 and 2.5 M GdnHCI (data not shown). The third
histones. The H3 and H4 monomers contain three and fourset of data supporting a local effect, rather than an unfolding
Tyr residues, respectively. The H2A and H2B monomers transition, comes from stabilizing both histone oligomers with
contain three and five Tyr residues, respectively. The pre- TMAO, trimethylamineN-oxide. TMAO is a natural organic
transition baselines were very steep and curved for both theosmolyte that promotes preferential hydration of the native
H2A—H2B and the H3-H4 oligomers, as shown in Figure species and interacts unfavorably with the peptide backbone
3B. This is in contrast to the linear, shallow, folded FL (28 42); TMAOQ is found in the urea-rich cells of coelacanths,
baseline observed for the urea-induced unfolding of the sharks, and rays where it functions to stabilize proteins
H2A—H2B dimer @9). The increase in the FL signal against the effects of urea. TMAO stabilization often has
between 0 and-0.5 M GdnHCI could be the result of an the effect of extending the native, pre-transition baseline
unfolding transition or the effect of increased chloride salt region (i.e., ref43 and the H2A-H2B data shown in this
on local structure around the Tyr residues that are partially report).
solvent-exposed. Three pieces of data suggest that the latter Effect of TMAO on the Histone Oligomer&dnHCI-
explanation is the predominant cause of the FL changes ininduced unfolding transition®il M TMAO were monitored
low [GdnHCI]. First, increasing the concentration of KCI by both CD and FL for the H2AH2B dimer and the
enhances the Tyr FL in a manner similar to GdnHCI for the H3—H4 tetramer. Representative titrations are shown in
H3—H4 tetramer (Figure 3B) and the H2A42B dimer (data Figure 4. For H2A-H2B, the pre-transition baselines extend
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FIGURE 5. Fypp curves for the equilibrium transitions of the
H2A—H2B dimer n 1 M TMAO as a function of protein
concentration. Data were collected by monitoring far-Uv CD at
224 nm and Tyr FL at 305 nm at GdnHCI concentrations from 0 =
to 6 M; however, the transition regions have been expanded for &
clarity. The lines represent the global fits of the data to a two-state
dimer unfolding model. Dimer concentrations: @19 (A, CD 222

nm; A, Tyr FL) and 4.2uM (B, CD 224 nmd, Tyr FL). Inset: 2 ———— ¥
uM data @, CD 224 nm, unfolding:+, CD 224 nm, refoldingtd, 0 1 2 3
Tyr FL). Conditions are given in the legend of Figure 3. [GdnHCI] (M)

FIGURE 6: Fapp curves for the equilibrium transitions of the
to ~2 M GdnHCI, further than in the absence of TMAO H3—H4 tetramer in TMAO as a function of protein concentration.
(Figure 4A). A sharp increase in FL is still observed between Data were collected by monitoring far-Uv CD and Tyr FL as a

; ; function of [GAnHCI]. (A) Representative data fit to a two-state
0 and 1 M GdnHCI, followed by a linear region that was tetramer model. 0.25M tetramer CD ®) and FL O): 2 xM

used as the native baseline in the global fitting of the data. (gtramer cDM) and FL (3): and 4.64M tetramer CD &) and FL
The H3-H4 FL pre-transition baseline still exhibited cur- (). The lines represent the global fits of the data. (B) Residuals
vature and lacked a distinctly linear region as seen for the between data and the fits shown in panel A. Residuals for CD and
more stable H2A-H2B dimer. Therefore, the H3H4 pre- FL d_a_ta a_re shown as solid and dashed lines, respectively.
transition baselines were fit to a power function (legend of %W%%O{E' 31MMT2A_':\\,|% Azg_%gmﬁ?égs';rgggsr)hate’ pH7.2,1
Figure 4). The unfolding transition of the tetramer is also ' ' ' '

shifted to higher [GdnHCI], most clearly seen in the CD data Table 1: Parameters Describing the GdnHCI-Induced Equilibrium

residuals

(Figure 4B). Unfolding Reactions of the H3H4 Tetramer and the H2AH2B
The CD and FL data from several GdnHCl titrations in 1 Dimerin 1 M TMAG®

M TMAO, over a range of oligomer concentrations, were H3—H4 H2A—H2B

globally fitted to two-state models. Data from different (H3—H4)to  dimerto dimer to

spectroscopic probes and at different oligomer concentrations____Parameter 2(H3~H4) 2U monomers 2U monomers

are compared in the,f curves shown in Figures 5 and 6. AG(;(E:@LH) 10(1) 12.4(0.6) 21.0(0.9)

The data sets for the global fits also included refolding

titrations (see Materials and Methods). The folding and m‘zs::l;elmorlwl) 22(08) 29003) >403)
unfolding titrations of both histone oligomers are in good AG 2.8 5.6 14.2
agreement, demonstrating the high reversibility of the  (kcal mol?)

equilibria (i.e., Figure 5 inset). For H2AH2B, the unfolding ~ 10#M monome?

f terti d t truct detected by intrinsic S (M GdnHCI) 1.1 1.9 2.6

of tertiary and quaternary structures (detected by intrinsic 10 4M monomek

Tyr FL) are coincident with the unfolding of secondary

. aConditions: 1 M TMAO, 20 mM potassium phosphate, pH 7.2, 1
structures (detected by far-UV CD). This agreement supports .\, EDTA, 3 mM f-ME, and 200 mM KC. at 25C. The values in

the _gpplicability of a tWO'St?te model for an unfolding parentheses are the error of one standard deviation from rigorous error
equilibrium between folded dimer and unfolded monomers analysis of the global fits of the datAG°(H,0) values are the free

with no detectable, populated intermediates. The quality of energy of unfolding at the standard stafeldvl oligomer. AG values
the global fits of the data as a function of protein concentra- are the free energby values in the absenqe of denaturant_ _normallzed to
tion is also an important determinant of the applicability of 10 uM monomer.>Monomer concentration of the stability curves
. - shown in Figure 9. The fgvalue is the [GdnHCI] that represents the

a tWO'State mOde| FOI’ the H2'A“|ZB dlmel’, the prOteIn m|dp0|nt of the given equ|||br|um at 1,DM monomer.
concentration dependence of the data set is well-described
by a global fit to a dimeric, two-state equilibrium model in 4t different monomer concentrations, yielded modest agree-
the absence and presence of TMAO (Figures 3 and 5). Thement between the data and the model (Figure 6). The
parameters describing the stability of the H2M2B dimer  ynfolding transitions monitored by CD and FL appeared to
in 1 M TMAO are given in Table 1. be coincident, in support of a two-state model. However,

For the H3-H4 system, the global fits to a two-state the two-state tetramer model could not adequately describe
equilibria between folded tetramer and unfolded monomers, the protein concentration dependence of the titrations. A




Histone Oligomer Stability

significantly better global fit, over all protein concentrations,

was obtained when a two-state dimeric model was employed.

The reduceg? value for the fit to the dimer model was 30%
of that for the tetramer model fit (same number of degrees
of freedom and fitting parameters); the span of the residuals
of the dimeric fit were also smallet;0.04 rather thas-0.1.

The Ry curves for the CD and FL titrations in the two-
state dimer fit were nearly coincident (data not shown). The
global fits yieldedAG°(H,0) and m values of 11.8 kcal
mol~t and 2.6 kcal mol* M~. The comparison of the dimer
and tetramer two-state fits demonstrate that the major
transition reported by CD and FL is the dissociation and
unfolding of the H3-H4 dimers. Clearly, the H3H4 dimer

is a significantly populated equilibrium intermediate in the
unfolding of the H3-H4 tetramer.

Two observations suggested it might be possible to fit the _

data to a three-state model: (1) the poor quality of the
tetrameric global fit of the protein concentration dependence
over a concentration range of20-fold and (2) the lonm
value determined from the dimeric fits of the HB4
equilibrium data (2.6 kcal mot M%) as compared to H2A

H2B (5.4 kcal mot* M~1), a similarly sized protein complex.
Similar types of data have indicated the presence of equi-
librium intermediates in other protein folding studies that
were apparently well-described by two-state models, such
asE. coli factor for inversion stimulation4d) andE. coli
RNAse H @5).

However, with CD and FL data alone, no reliable fits could
be made to a three-state model with a dimeric intermediate.
The data did not sufficiently deviate from a dimeric two-
state model, either by divergence of the transitions monitored
by different spectral probes or presence of multiple inflection
points in the transition region. By far-UV CD, there is no
detectable signal change between the folded-H8 dimers
and the H3-H4 tetramer. The lack of change in far-UVv CD
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Ficure 7: Stopped-flow FL unfolding kinetics for H3H4 oligo-

mer. (A) Kinetic trace for the unfolding to 2.5 M GdnHCI in the
absence of TMAO. The thick solid line represents the fit to two
exponentials; the dotted line represents the fit to one exponential.
Shown in the inset are the residuals for fits to one and two
exponentials. (B) Kinetic trace for the unfolding to 2.6 M GdnHCI
in 1 M TMAO. The thick solid line represents the fit to a single

was demonstrated previously by the lack of pH dependenceexponential. The residuals for the fit are shown in the inset. (C)

of the CD spectra between pH 9 (predominantly tetramer)
and pH 4 (predominantly dimer) in the studies by Moudri-
anakis et al. Z5). This lack of far-UV CD sensitivity was
confirmed by stopped-flow pH jumps from pH 5 to 7; no

Relative amplitudes of the two SHL unfolding phases in 0 and

1 M TMAO (open and closed symbols, respectively). The ampli-
tudes of the faster and slower unfolding phases are represented by
circles and diamonds, respectively. The solid lines represent the
results of the global fit of ta 1 M TMAO data to a three-state

kinetics or detectable change were observed between thenodel; the dotted lines are drawn to guide the eye for the 0 M

initial, pH 5 spectral signal and the final, post-jump, pH 7
signals. SFFL pH jumps did not reveal any change in
intrinsic Tyr FL between tetramer and dimer in the absence
of GdnHCI; a small signal change may still exist at low
GdnHCI concentrations.

HPLC—SEC chromatograms (Figure 2A) in 0 and 1 M
TMAO suggested that the folded ensemble of-H8} was

TMAO amplitudes. The standard deviation of the amplitudes are
shown (or are smaller than the symbol). ConditiongMLtetramer,

20 mM potassium phosphate, pH 7.2, 1 mM EDTA, 3 iiNVE,

200 mM KClI, at 25°C.

increasing [GdnHCI], to favor the population of the faster
unfolding, less structured (dimeric) species. In contrast, if
the two kinetic phases arose because of the presence of a

a mixture of tetrameric and dimeric species in the absencetransiently populated unfolding intermediate, the relative

of stabilizing cosolute, butni 1 M TMAO, the native

amplitudes of the two phases should be independent of initial

ensemble was predominantly tetrameric. This conclusion was[GdnHCI]. The kinetic unfolding reactionsil M TMAO

supported by the kinetics of H34 unfolding, which

from 0 M GdnHCI (Figure 7B) could be much better

permitted direct quantitation, at a preset monomer concentra-described by a single exponential, with a relaxation time of
tion, of the amount of dimer and tetramer as a function of 3.0 s, similar to the slower unfolding phase observed in the
low [GdnHCI]. Stopped-flow CD and SH-L unfolding absence of TMAO. At higher initial [GAnHCI], the 1.0 M
jumps in the absence of TMAO were best described by two- TMAO unfolding exhibited two exponential phases. Kinetic
exponentials, with the two kinetic phases having similar unfolding datam 1 M TMAO were collected as a function
amplitudes. A representative SFL unfolding trace is of initial [GdnHCI] and globally fitted to two exponentials
shown in Figure 7A, described by relaxation times of 0.29 with linked relaxation times (solid symbols, Figure 7C). The
and 3.5 s. The dependence of the amplitudes on initial unfolding amplitudes report on the relative populations of
[GdnHCI] indicated the presence of two types of native tetramer and dimer at low [GdnHCI]; these data were added
species (Figure 7C), with the equilibrium shifting, with to the global fit of the CD and FL equilibrium data. This
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Ficure 9: Stability curves of the histone oligomers at a concentra-
tion of 10uM monomer h 1 M TMAO. H3—H4 curves are shown

in solid lines and the H2AH2B curves in dotted lines. H3H4
tetramer,®; H3—H4 dimer, ®; unfolded H3 and H4 monomers,
W, H2A—H2B dimer, O; and unfolded H2A and H2B mono-
mers,.

for the dimer and tetramer models, respectively. The three-
state fit contained five additional parameters, relative to the
two-state dimer model:AG°(H,O) and m values for the
tetramer-dimer equilibrium andZ values for the CD, FL,
and kinetic amplitude data. Th& value describes the
similarity in signal between the equilibrium intermediate (the
H3—H4 dimers) and the unfolded species; thdsyalues
generally range from 0 (a nativelike intermediate) to 1 (an
unfolded-like intermediate). For all CD data, tAevalues
were fixed at 0 because of the demonstrated lack of change
in signal between tetramer and dimer (see above). For the
kinetic amplitude data, th# values were fixed at 1 to force
the data to only describe the equilibrium between tetramer
and dimer. TheZ value was fitted, as a linked parameter,
for the FL titrations, to extract any small amount of change
that might be obscured by the steepness of the apparent native
baseline. In the final global fit, the FL data were described
by aZ value of 0.30+ 0.03, suggesting a FL decrease of
~30% upon tetramer dissociation. Th&s°(H,0) (at 1 M
oligomer) andm values determined from the global fits are
given in Table 1 for both equilibria in the three-state fit.

It is common to compardG°(H,0) values at a standard
state & 1 M oligomer (i.e., Table 1). However, it is mis-

FIGURE 8: Fypp curves for the equilibrium unfolding of the . : D .
H3—H4 tetramer fitted to a three-state model between folded /€ading to compare a tetramer and dimer at similar oligomer
tetramer, two H3-H4 dimers, and four unfolded monomers. The ~concentrations, where the monomer concentrations are dif-

lines represent the results of the globall fits of the data. CD and FL ferent. Therefore, free energy values for the unfolding equi-
data are shown in panels A and B, respectively. Tetramer |iig in the absence of denaturant are also provided at a
concentrations: 0.26M, a; 0.5uM, B; 1 uM, &; 2 uM, @; and tandard state of Table 1). The fitted val
4.6 uM, v. (C) Comparison of data from different probes atM S andard state of M monomer (Table 1). e, _' ed values
tetramer. Unfolding kinetic amplitude#; FL, ®; CD unfold, ®; in Table 1 were also used to generate stability curves for
and CD refold,O. Conditions are given in legend of Figure 6. the three oligomerization interfaces (HBI3 in the tetramer,
H3—H4 in the histone fold, and H2AH2B in the histone
additional information helped determine the parameters fold). The populations of the native, intermediate, and

describing the equilibrium between HB14 tetramer and
dimers.

This combined set of equilibrium and kinetic data were
globally fitted to a three-state model with equilibria between

unfolded species as a function of [GdnHCI] are shown in
Figure 9.

To assess the effects of the highly charged N-terminal tails
on the relative instability of the H3H4 dimer, the stability

tetramer and two dimers and between dimers and unfoldedof a tail-deleted construct of H3H4 was also determined

monomers. The results of the fits are shown in thgdurves
shown in Figure 8. The reduced value of the three-state
global fit demonstrated a statistically significant improvement

by GdnHCI-induced denaturation. TheN—H4 construct
began at Lys20, and theN—H3 construct began at His39.
Data were collected by monitoring far-UV CD and globally

relative to the two-state models and was 56 and 17% of thosefitted to a two-state dimeric model. This model was deemed
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Table 2: Changes in Solvent Accessible Surface Area for the Histone Oligomers upon Subunit Association an#l Folding

total (A?) nonpolar (&) %NP polar (&) % P
AASA between subunits
H2A to H2B 5190 (20) 3950 (10) 76 (0.6) 1240 (30) 24 (0.5)
H3 to H4 5100 (100) 3780 (10) 74 (2) 1300 (100) 26 (2)
H3 to H3 1225 963 79 262 21
AASA for folding
H2A—-H2B 16 830 (40) 12 180 (40) 72.3(0.1) 4660 (1) 27.7(0.1)
H3—H4 dimer 16 190 (70) 11 000 (60) 68 (1) 5200 (100) 32 (1)
H3—H4 tetramer 34970 23810 68 11160 32

aThe A(accessible surface area, ASA) values were calculated as described in the Materials and Methods, using the coordinates of the histones
in the X-ray structure of the core nucleosom@)( The values calculated for the subunit interfaces assumed no unfolding of the polypeptides upon
dissociation. Where possible, the aver@g&SA values are shown for the two different dimers present in the core nucleosome pdb file; in values

in parentheses are therange from the average.

appropriate because of the findings discussed above for theand enhancing the tetrameric state of the-l ensemble.

full-length protein and the excellent description of the data

For comparisonl M TMAO stabilized the H2A-H2B dimer

as a function of protein concentration (comparable to the by 4 kcal mot!. GAnHCI denaturation in the presence of 1

WT H3—H4 fits shown in Figure 8B). ThAG® (H,O) and
m values of AN—H3/AN—H4 were 11.74+ 0.3 kcal mof?
and 2.6+ 0.2 kcal mott M1, similar to those determined
for the full-length H3-H4 dimer when fit to the same model
(see above).

Changes in Seknt Accessible Surface Area upon Folding
and Association of the Histone OligomeT® elucidate the
reasons for the differences in the observed®(H,O) and

M TMAO permits a direct thermodynamic comparison of
the stability of the histone oligomers and their interfaces at
pH and temperature values that are comparable to physi-
ological conditions. The denaturation transitions of the
H2A—H2B dimer were well-described by a two-state equi-
librium model between folded dimer and two unfolded
monomers. However, the H3H4 ensemble was best de-
scribed by a three-state model, with a folded 8! dimeric

m values for the histone oligomers, the changes in solventintermediate. The H3H4 data allows comparisons in

accessible surface are®ASA) were calculated for assembly

stability to be made between two types of dimerization

of the oligomeric interfaces and between the native and theinterfaces, the H3H3 four-helix bundle and the H3H4
unfolded species. The results are summarized in Table 2.histone fold.

The values oAASA are dissected into polar and nonpolar
components. The ASA values for the folded proteins were

Stability of the H3-H3 Tetramer InterfaceAssociation
constants for the equilibrium between the (H34), tetramer

determined using the coordinates of the histones in the and the H3-H4 dimer have been reported for a series of

context of the core nucleosomd?2j. A caveat to the

interpretation of these calculated ASA values is the assump-

ionic conditions 40). The free energies calculated from these
Ka values at moderate ionic strengths (comparable to this

tion that the structures of the histone oligomers are similar report) are 78 kcal molL. These stabilities are comparable

free in solution and in the context of the nucleosome. This
is a reasonable assumption at the level of limited detall

to the AG°(H,0) value measured by GdnHCI denaturation,
10 kcal mot?. The enhanced stability measured by dena-

employed here, assessing what residues are on the surfaceuration probably arises from the stabilizing presence of 1.0
and solvent accessible, and what residues are significantlym TMAO.

buried from solvent in the protein structure.
In nucleosome X-ray crystal structures, the tails of the

When compared at a standard stattd &1 oligomer, the
least stable interface in the isolated core histones (as opposed

eight histones are not completely resolved. Calculations weretg the histone octamer) is that of the HB3 four-helix

also made on truncated model structures, in which the pundle that forms the tetramer interface. This instability is
coordinates for regions in an extended conformation were even more striking when the free energies are normalized
not included. The regions used in these calculations Weretp the same monomer concentration, at more physi0|ogica|

H2A, residues 16109; H2B, residues 32 to C-terminus; H3,

concentrations, such as A& monomer (Table 1). Similarly,

residues 41 to C-_terminus; and H4, residues 20 to C-terminus.comparing the G values (Table 1), it takes nearly twice the
The results obtained for the truncated structures were very[GdnHCI] to dissociate the H3H4 histone fold as compared

similar to those reported in Table 2; there was a minor
decrease IMASA but no change in the percentages of polar
and nonpolar surface area.

DISCUSSION

In the absence of TMAO, the oligomeric state of the
H3—H4 histones appears to be an equilibrium between
H3—H4 dimers and (H3H4), tetramer. The folded baselines
in GdnHCl-induced denaturation studies were too poorly
defined to permit a unique, meaningful fit of the data.
Therefore, the stability of the histone oligomers were
examined in the presencé ® M TMAO. TMAO had the
effect of extending the native baselines of GdnHClI titrations

to the H3-H3 four helix bundle. TheAASA calculations
demonstrate that the surface area exposed upon disruption
of the four-helix bundle interface is predominantly hydro-
phobic (Table 2). In fact, the hydrophobicity of the tetramer
interface is slightly greater than the interface buried in the
histone fold dimerization motif of either the H2A12B or
the H3—-H4 dimer. The relative instability of the H3H3
interface can be explained by its comparatively small surface
area,~24% of the surface area buried in the histone fold.
Why Is the H3H4 Dimer Less Stable than the
H2A—H2B Dimer? The stability of the two heterotypic
dimers present in the core nucleosome can be directly
compared in two ways: thAG°(H,O) and the G values.
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By either parameter, the H3H4 dimer is significantly less  Asp123 and Arg116 form a buried salt bridge; Asp123 is
stable than the H2AH2B dimer, despite the high conserva- also within hydrogen bond distance of the backbone N of
tion of the structure of their folds. H3—Met120 and perhaps that of H3lal11ll. H3-Glu97
Several structural comparisons were made to elucidate theforms two hydrogen bonds to the backbone nitrogens of
reason for the differences in stability of the histone fold Leu61 and lle62. H3Glu133 forms hydrogen bonds with
motifs. (1) The N-terminal tails of the histone dimers are the side chains of H3Arg128 and H3-Tyr99 and a partially
not the cause of the differences in stability. AN—H3/ buried salt bridge with H3Arg131. H4-Asp85 forms a
AN—H4 construct, which removes all of the sequences that partially buried salt-bridge with H4Arg78.
are poorly structured in the nucleosome X-ray structug, ( All of the buried charged residues are highly conserved,
exhibits values oAG°(H,0) andmthat are similar to those  based on the alignments ©fL00 H3 and H4 sequencetdj.
of the full-length recombinant dimer. The subtle effects of H3-Glu97 is completely conserved. HArg116 is con-
N-terminal tail deletions on the H2AH2B dimer are servatively substituted with Lys in the sequence of
discussed elsewherd®). (2) The helical propensity of the  Asellus aquaticug6686555) and is replaced by a Cys in
four histone sequences were estimated using the programwo mouse H3 variants. This residue was identified as a
AGADIR (47), and no significant differences were found to SIN mutation, which relieved the need for the SWI/SNF
explain the stability differences. (3) Th®ASA values for chromatin remodeling complex in yeadiOf. The inter-
dissociation of the H2AH2B and H3-H4 histone fold acting residue in the buried salt bridge, H8sp123, is
interfaces are similar in size and composition (Table 2). (4) conservatively substituted with Glu and Asn in H3 variants
The AASA upon unfolding are slightly greater in size and from Homo sapiensand Caenorhabditis elegan€Only a
more hydrophobic in composition for the H2A12B dimer, Gly substitution in theAsellus aquaticusequence does
relative to the H3-H4 dimers (Table 2). These global not conserve the polarity of the H323 residue, but
differences cannot explain the large stability differences but this substitution appears to eliminate the compensating
suggest that the details of the burial of polar residues may charge to the buried Lys in that Caenorhabditis sequence.
be informative. (5) The solvent exposure of residues that H3—GIlul33 is at the C-terminus of the four helix bundle
are expected to be charged at pH 7.2 were examined fortetramer interface and is conserved #94% of the se-
each histone dimer. There is a significant difference in quences that include this residue. H4sp85 is conserved
the solvent accessibility of charged residues present inin all but oneH. sapienssequence, where it is substituted
H2A—H2B and H3-H4, and burial of charged residues can by Ala. Therefore, in the vast majority of H3 and H4
be destabilizing to proteins (see below). sequences, the presence of buried salt bridges or charged
The average solvent accessible surface areas for thehydrogen bonds are conserved. As these charged atoms are
charged atoms of Asp, Glu, and Arg residues are significantly highly buried in the protein structure, they are not available
greater for H2A-H2B (24, 22, and 38 A respectively) than ~ to form interactions with DNA or other nucleosome-
for H3—H4 (17, 15, and 30 A respectively). A similar but  associated proteins. Therefore, their high degree of conserva-
smaller difference is also observed in comparison of Lys tion is unlikely to arise from required interactions with other
residues, 64 and 61 Afor H2A—H2B and H3-H4, macromolecules in the cell. It is speculated that selection
respectively. The differences in burial of charged residues for the conservation of these buried charged residues may
are more striking when individual residues are examined. be because of their effects on the structural stability of the
For many of the side chain polar atoms, solvent exclusion H3—H4 histone fold.
near the protein surface is the result of the formation of While this is still a controversial issue, there are a
hydrogen bonds or salt bridges that sterically hinder solvent significant number of examples in which the burial of a salt-
access. Residues were considered to be buried only if threebridge or charged hydrogen bonds are destabilizing to a
criteria were met: (1) the ionizable atom in the side chain protein 61). Electrostatic calculations have estimated the free
had ASA values that were less than 10% of that observed inenergy penalty for the burial of a salt bridge to be in the
a maximally extended, solvated side chain. This low cutoff range of 2.5-5 kcal mol?* (52). The free energy penalty for
was used to distinguish between atoms occluded near theburial of a single charged residue that forms hydrogen bonds
protein surface and those that are interior to the pro#jy ( was ~4.2 kcal mot?l. Mutational studies have shown that
(2) the low ASA value was observed in both structures of removal of a buried salt bridge in dimerac repressor can
the residue in the nucleosome; and (3) if two ionizable atoms stabilize the protein by-24.5 kcal mot?, depending on the
were present in the side chain (.91 andOd2 of Asp, isosteric similarity between the wild-type and the mutated
Oe€l andOe2 of Glu, andN#1 andN#72 of Arg), both atoms residue $3). Burial of single charged residues have been
had <10% ASA in both polypeptides represented in the shown to destabilize proteins by—Z kcal mol?, the
nucleosome. This latter criteria eliminated many residues variation arising from the degree of hydrogen bond formation
in which one atom was buried in the protein surface but (54—57). Using the most modest estimates of destabilization
the other atom was solvent exposed. By these criteria, for the partial to complete burial of three salt bridges and
H2A—H2B had no buried charged residues, and no Lys burial of a charged hydrogen, the predicted destabilization
residues were buried in either histone fold. However, five of H3—H4 is ~8 kcal mol*. This value is very similar to

charged residues were found to be buried in the-H3 the free energy difference between the-H34 dimer and
dimer: Glu97, Argl16, Aspl123, and Glul33 in H3 and the H2A—H2B dimer, which does not contain buried charged
Asp85 in H4 Kenopus lagis numbering). residues (Table 1).

The buried H3-H4 residues are in environments contain-  Interpretation of the m Values Determined from GdnHCI

ing several hydrophobic groups; however, polar contacts canDenaturation StudieS'hem value determined from chemical
be identified for each buried residue. The H3 residues denaturation is empirically the dependence of the unfolding
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transition on denaturant concentration. The fittedialues
for the unfolding of the H3-H4 dimer are lower than those
of the H2A—H2B dimer. This difference can be explained
by a coupling between the two equilibria in the unfolding
of the H3-H4 ensemble (dissociation of the tetramer, four-
helix-bundle interface, and unfolding of the two HB4
dimers to four unfolded monomers).

Generally, than value, in a two-state system, reflects the

Biochemistry, Vol. 42, No. 22, 200%837

however, similar conclusions are drawn if the stability of
the H2A—H2B dimer at pH 7.5 is compared to the HBI4
dimer at pH 5. When the free energy of unfolding of a protein
is extrapolated to physiological temperatures, an accurate
determination of th\C, value is essential. From differential
scanning calorimetry data near pHZl(25), the free energy

of unfolding of the H3-H4 dimer is only 0-1.2 kcal mot?
greater than that of H2AH2B, in the physiological tem-

changes in solvent accessible surface area between the nativeerature range of 2040 °C. However, the certainty of this

and the unfolded speciedAQASA) (39); indeed, there is a
strong correlation between measurad/alues andAASA.
The AASA calculations of the H2AH2B based on the
nucleosome structure (Table 2) preditvalues of 4.8-4.6
kcal mol* M~1 with and without the N- and C-terminal tails,
respectively. The experimentally determimadalues of the
dimer, 6.4 to 5.4 kcal molM~in the absence and presence
of TMAO, respectively, are significantly higher than these
estimates. Therefore, the H2A12B tails, in the absence of
DNA, must adopt partially folded, solvent excluding struc-
tures. A similar conclusion was drawn from urea-unfolding
equilibrium experiments on H2AH2B (29). For globular

extrapolation is unclear because of the unusually low values
of AC, for the H3-H4 dimer. Like themvalue in chemical
denaturation, in a two-state equilibrium system, there is a
strong correlation betweeAC, and theAASA (39). The
expectedAC, values for the histone dimers, based on the
AASA values given in Table 2, are 3-B.2 kcal mott K2,

The values for the H2AH2B dimer were generally close
to these predicted values, 2:8.0 kcal mol-dimer! K%
however, theAC, value at pH 5.5 is significantly less, 1.8
kcal mol-dimer! K=1 (24). The H3-H4 AC, values are
much lower than predicted, 1=a.4 kcal mol-dimer! K1
These lowAC, values were attributed to a higher than usual

proteins, there is also a strong correlation between numberheat capacity of the native H344 dimer @5), which was

of residues andAASA values upon folding 39); the
correlation permits an estimate of time value based on

explained by an unusually high apolar accessible surface area.
However, this explanation is inconsistent with the ASA

number of residues, when a structure is not known, such asvalues measured in the current study. The absolute values

that of the N-terminal tails in the absence of DNA. For a
protein of 251 residues, such as H2A2B, the expected
value would be~6 kcal moft M~1, in excellent agree-
ment with them value observedni0 M TMAO, 6.4 kcal
mol~t M1,

The decreasenh value of H2A-H2B in 1 M TMAO, 5.4

of nonpolar accessible surface area of the folded histone
dimers are similar, as are the percentages of nonpolar ASA,
51 and 55% for H2A-H2B and H3-H4 dimers, respec-
tively. MeasuredAC, values can be lower than expected
because of protein aggregation or limited oligomerization, a
common problem with H3H4 complexesZ6, 40), and/or

kcal mol* M1, does not appear to arise from the presence the presence of an intermediate, even when the data is

of an equilibrium intermediate; the H2AH2B unfolding is

apparently well-described by a two-state mechanism (i.e.,

well-described by a dimeric two-state model on the basis of refs 44 and 45). If a AC, of the magnitude expected for

the coincidence of far-UV CD and Tyr FL data and the
quality of the global fit at all protein concentrations (Figure
5). The effect of TMAO on them value of the H2A-H2B
dimer is most likely explained by a difference ®ASA

H3—H4 dimer (and observed for H2AH2B dimers) is used
in the extrapolation of the stability to physiological temper-
atures, the H3H4 dimer has less than half the stability of
the H2A—H2B dimer.

between the folded and the unfolded ensembles populated Implications on the Function of the Nucleosonia.

in 0 and 1 M TMAO. TMAO promotes the exclusion of

eukaryotes, DNA is complexed with histone proteins to form

surface area, especially main chain surface area, from solventhe nucleosome. The nucleosome is a dynamic structure of
access in most proteins, thus destabilizing the unfolded statefundamental importance in DNA packaging and other DNA-

(58). Therefore, itis likely that,i 1 M TMAO, the unfolded

based chemistries in the cell, including transcription, replica-

state of the H2A and H2B monomers excludes more solventtion, and repairg9, 60). While the subject of intense study

than their unfolded structures in the absence of TMAO.
Comparison to Preious StudiesThe data in this report

demonstrate that the H3H4 tetramer and dimers unfold at

lower denaturant concentrations than the H242B dimer

for many years (i.e., ref$9 and 23), the description of the
thermodynamics and kinetics of nucleosome assembly and
unfolding is not complete. Understanding the stability of the
histone oligomers is an important beginning for a biophysical,

and therefore are less stable (Figures 3, 4, and 9). The relativenolecular description of the nucleosome and the dynamic

instability of the H3-H4 tetramer is in contrast to earlier
work from the Isenberg lal2@, 23). This difference is the

result of the different denaturation/disassembly methods used,

features that allow this structure to modulate DNA chemis-
tries in the cell.
In the cell, the H3-H4 tetramer is almost constitutively

and thus, the relative unfolded/unassembled states. The datassociated with DNA, while the H2AH2B dimer can
in this report measures the stability between unfolded dissociate from and exchange between nucleosoh®e23).

dissociated monomers, as might exist in the cell, and It is interesting that the tetramer is significantly less stable
assembled histone oligomers. The Isenberg studies measurethan the dimer. The marginal stability of the tetramer may
the free energy difference between homotypic and heterotypicmake it a more malleable, plastic structure that can be

assemblies.

manipulated by the proteins that bind to the nucleosome and

The thermal denaturation results of the Moudrianakis lab enzyme complexes that: (1) modulate chromatin structure,

demonstrated that the H344 dimer is more thermally stable
than the H2A-H2B dimer @5). Direct comparisons between
the two dimeric systems could only be made~giH 5;

such as the ATP-dependent chromatin remodeling complexes
or (2) interact with the DNA template, such as RNA and
DNA polymerases. The binding of the tetramer to positively
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and negatively super-coiled DNA demonstrates the neces-
sity of a malleable tetramer structure, particularly in the
H3—H3 interface 61). The conformational flexibility pos-
tulated to explain the ability of the tetramer to bind to the
differently supercoiled DNA is supported by the fragile
nature of the H3-H3 interface quantified in this report. In
contrast, the more stable H2A12B dimer is removed from
DNA during certain cellular processes. For example, tran-
scriptionally active chromatin is often deficient in
H2A—H2B dimers 62, 63). It is speculated that the function
of H3—H4 may require it to be unstable, and this instability
has evolved by the conservation of buried charged side
chains.
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