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ABSTRACT. The core nucleosome, which comprises an3l tetramer and two H2AH2B dimers, is

not a static DNA packaging structure. The nucleosome is a dynamic prddA complex, and the
modulation of its structure is an important component of transcriptional regulation. To begin to understand
the molecular details of hucleosome dynamics, we have investigated the stability of the isolated H2A
H2B dimer. The urea-induced equilibrium responses of the heterodimer have been examined by far-Uv
circular dichroism and intrinsic tyrosine fluorescence. The two spectroscopic probes yielded coincident
transitions, and global fitting of the reversible urea-induced unfolding further demonstrated that H2A
H2B unfolds by a two-state equilibrium response. At physiological ionic strengths, the free energy of
unfolding in the absence of urea of H2AI2B is 11.8+ 0.3 kcal mott, moderate stability for a dimer

of 26.4 kDa. Thenvalue, or sensitivity of the unfolding to urea, is 290.1 kcal mot* M1, This value

is significantly larger than would be predicted for the unfolding of the dimerization motif ale@ek¢al

mol~! M~1), suggesting that the N-terminal tails may adopt a collapsed, solvent-excluding structure that
undergoes an unfolding transition. The efficacies of several potassium salts and three chloride salts to
stabilize the H2A-H2B dimer were determined. The salt-dependent stabilization of the-HZ28B dimer

shows that the Hofmeister effect is the predominant mode of stabilization. However, studies employing
multiple salts suggest that there is a component of stabilization that must arise from screening of electrostatic
repulsion in the highly basic heterodimer. The most highly charged regions of the dimer are the N-terminal
tails, sites of posttranslational modifications such as acetylation and phosphorylation. These modifications,
which alter the charge density of the tails, are involved in regulation of nucleosome dynamics.

Many essential functions in the cell are performed by folded monomers? Or can partially folded monomers be
oligomeric proteins and macromolecular protein assemblies.populated under conditions that disrupt the oligomeric
These multimeric structures have evolved, in part, becauseinterface?

of their regulatory and functional advantages over individual ~ 5p, important mediator of the accessibility of DNA in an
subunits. Examples of these advantages include aHOSte”CeukaryotiC cell is the nucleosome, the basic packaging unit
mechanisms, cooperative binding of ligands, channeling of ot chromatin. The eukaryotic core nucleosome contains an
substrates in metabolic pathways, or the very precise controlp3_ 4 heterotetramer, two H2AH2B heterodimers, and

of the DNA chemistries in the cell, such as DNA repair, _ 150 basepairs of DNA. The stability, structure, and
replication, and transcription. Understanding the function and association state of the proteins of the coré nucleoso;ne play
regula_tion of these complexes req“‘Fe.S biophysical charac-, important role in transcriptional regulatiot, ). The
terization of the assembly and stability of the component core histones represent a system well suited for investigating

pr(li/ltgws fsthﬁtgo'wtgliﬁ?.stab'l't of broteins have been the folding mechanism of oligomeric proteins and macro-
y insights i ity of protei v molecular assembly.

gained from studies on small monomeric systems. However, i . S
dimeric and higher-order oligomeric systems are an important All four core histones contain the same dimerization
extension of the studies of protein stability; the stability of Motif: along centrabi-helix, flanked on the N and C terminii
oligomeric proteins exhibit a protein-concentration depen- by @ loop, and a shorter-helix (Figure 1). Two monomers
dence and a Coup”ng between quaternary interactions acrosg|mer|ze In an |ntertW|ned, head-to-tail manner that has been
an intermolecular interface and secondary and tertiary termed a “handshake motif'3). Many of the contacts in
structural interactions. What is the interplay between the the hydrophobic core of the dimer are intermolecular,
stability of the oligomerization interface and stability within between the two polypeptides. Sequence analyses and three-
the isolated monomeric chain? Is the folding of the oligomer dimensional structure determinations have demonstrated that
a two-state equilibrium between folded oligomer and un- this dimerization motif is found in many proteins involved
in macromolecular protein-DNA assemblids-7). The core
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Ficure 1: Ribbon diagram of the H2AH2B dimer, derived from

the X-ray crystal structure of the core nucleosor@e The H2A
monomer is shown as the lighter colored chain. ®hkelices of

the histone fold motif are represented as cylinders. The H2A chain
depicts residues4118 (of 129 residues), and that of H2B, residues
24—122 (of 122 residues). The three and five Tyr residues of the
H2A and H2B monomers, respectively, are displayed in stick
representations. The figure was rendered using Molscript &)1 (

addition to their N-terminal tails, H2A and H2B have
C-terminal sequences that extend beyond the histone fold
The H2A C-terminal 31 residues adopt a largely extended
conformation; the H2B C-terminal extension of 23 residues
is predominantly helical (Figure 1).

The structural and thermodynamic characterization of the
interactions between the intact histone oligomers, in the

presence and absence of DNA, has been the subject of man

studies (for review and examples, see réfs-16). The
stability of the isolated H2AH2B dimer and H3-H4 dimer
(populated at lower pH) has been examined by thermal
denaturation using Ctand differential scanning calorimetry

(17—19). These previous studies showed that both hetero-
dimers were stabilized by increases in ionic strength, using

NaCl for both systems and sodium acetate for the-H3

dimer at pH 4.5. However, these studies did not establish
the mechanism by which salts stabilize the histone dimers.

Salts can affect protein stability by two common mech-

anisms: (1) by altering the interactions of the aqueous solvent

with the protein through preferential hydration (in the model
of Timasheff and colleagues2@q, 21)), also called the
Hofmeister effect (for review, see re2 and23); and (2)

! Abbreviations: CD, circular dichroism;\ the urea concentration
at which the apparent fraction of unfolded monomer constitutes 50%
of the populationAASA, change in solvent-accessible area between
the native and unfolded species of proteit§° (H-0), the free energy
of unfolding in the absence of denaturaRty, apparent fraction of
unfolded monomer; FL, fluorescence; KOAc, potassium acetate; KPi,
potassium phosphate, pH 7.2y value, parameter describing the
sensitivity of the unfolding transition to the [Urea]; MRE, mean residue
ellipticity; std. dev., standard deviation.
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by screening electrostatic interactions between charged amino
acids on the protein surface. Stabilization by altering the
activity of water, and thus enhancing the hydrophobic effect,
should be common to most proteins. Electrostatic screening
can be destabilizing in the presence of favorable electrostatic
interactions or salt-bridges (for example, &#). Salts can
also stabilize a protein by screening destabilizing electrostatic
repulsion between like-charged residues, such as seen for
Bacillus subtiluscold shock protein BZ5). The potential of

an electrostatic mechanism of salt stabilization is of particular
interest in the case of the histone oligomers. These proteins
are highly basic, as expected for proteins that form macro-
molecular complexes with a poly-anion such as DNA, with
the highest charge density being in the N-terminal tail
regions.

In this study, we examine the stability of the isolated
H2A—H2B heterodimer using urea denaturation in the
presence of a variety of salts. The results presented here show
that the salt stabilization of the H2AH2B dimer involves
a combination of enhancing the hydrophobic effect (via the
Hofmeister effect or preferential hydration) and screening
of electrostatic repulsion.

MATERIALS AND METHODS

Materials. Ultrapure urea was purchased from ICN Bio-
medicals (Costa Mesa, CA). CM-Sepharose resin was
purchased from Sigma (St. Louis, MO); Sephacryl S-100
and Heparin resins were purchased from Amersham Phar-
macia (Uppsala, Sweden). All other chemicals were of
reagent-grade.

Methods. Recombinant H2A and H2B proteins were
overexpressed in the. colistrain, BL21(DE3) pLysS, using

'the T;pET vectors with th&Xenopus lagis genes, constructed

by Luger et al. 26); the proteins were expressed individually

and extracted from inclusion bodies as described previously
(26). The subsequent purification of the histone proteins was
accomplished by a procedure modified from that published
previously. All chromatography steps were performed at

¥oom temperature. The inclusion body fraction, after solu-

bilization in 6 M guanidine HCI, was applied to a S-100
column equilibrated in Buffer A (6 M urea, 20 mM
potassium phosphate, 50 mM NaCl, 1 mM EDTA, pH 7.2).
After elution from the S-100 column, the fractions containing
histone protein were pooled and applied to a CM-Sepharose
column equilibrated in Buffer A. Histone proteins were eluted
with a gradient of NaCl from 50 to 600 mM NaCl. The
histone-containing fractions wered0% pure, as judged by
SDS polyacrylamide electrophoresis, after this second col-
umn. For storage, the histones were dialyzed into 10 mM
HCI and lyophilized if concentrating the protein was neces-
sary. To reconstitute the H2AH2B dimer, stocks of H2A
and H2B monomers in 10 mM HCI were mixed at equimolar
concentrations and then rapidly diluted with buffer containing
20 mM potassium phosphate, 50 mM KCI, 1 mM EDTA,
pH 7.2. The refolded dimer was then applied to a Heparin
column equilibrated with the above refolding buffer; the
column was washed with buffer contaigii M KCI, and

the folded histones were eluted with a buffer containing 2
M KCI. (Similar results were obtained with NaCl containing
buffers.) Heparin chromatography further purified the his-
tones and removed any misfolded protein, which remained
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bound to the column until washed wi6 M guanidine HCI.
The misfolded species were generally aggregated homooli-_ 0
gomers. The Isenberg lab demonstrated that H2A and HZB§’ g
can form homodimers; however, these species have a muchg 55
weaker association than the heterotypic dimer and are proneg - <g
to aggregationi1). The Heparin purification removed these =2 £ §
aggregated homodimers and other minor impurities, yielding g g g 3
histone heterodimers that were95% pure, as judged by ™ 50 @
SDS polyacrylamide electrophoresis. The homogeneity of 2t v o
the reconstitution to the dimeric state of the H2A and H2B .‘j’i j § 3
monomers was confirmed by HPLC size-exclusion chroma- = 160 8
tography.

The conditions for all of the equilibrium unfolding

experiments were a buffer of 20 mM potassium phosphate,
pH 7.2, with 0.1 mM EDTA and a temperature of 26.
Fluorescence data were collected on an AVIV Model ATF-
105/305 differential/ratio spectrofluorometer; circular dichro- 2]
ism data were collected on an AVIV 202SF spectrophotom- R A S
eter. Fluorescence data were collected with an excitation [Urea] (M)
wavelength of 280 nm and emission was monitored at 305 pgure 2: Urea-induced unfolding transitions of H2AI28B

to 306 nm. CD data were collected at 22225 nm. monitored by FL and CD spectroscopy. FL 305 rih,CD 222
Equilibrium urea unfolding transitions were collected with nm, A. Folded and unfolded baselines are shown as dotted and
an automated titrator interfaced with the Aviv spectrometers. dashed lines for the FL and CD data, respectively. The solid lines

. ; ; L are the results of a global fit of 7 H2AH2B equilibrium data sets
The equilibration time at each urea concentration in the (see Figure 3). Residuals are shown in the lower panel; similar or

titrations was generally 2 or 3 min. These equilibration times petter residuals result from the fits of the data in other figures in
are 50 times longer than the slowest kinetic folding phasesthis paper. Protein concentration isu® dimer, i.e., 5uM H2A

observed for the H2AH2B dimer (relaxation times o2 monomer and M H2B monomer. Conditions: 20 mM potassium
s at urea concentrations equal to g of the equilibrium ~ Phosphate, 200 mM KCI, 0.1 mM EDTA, pH 7.2, 2.

transitions). The unfolding and refolding responses of the . . )
H2A—H2B dimer were complete within the deadtime of the dimer unfolds and exhibits the relatively featureless CD

manual mixing methods, 25 s. The sufficiency of the spectra commonly observed for unfolded proteins (data not
equilibration times employed in the titrations was verified Shown). Therefore, the far-UV CD signal between 220 and
by performing the automated titrations with long and short 225 NM is a useful probe for the secondary structure content
equilibration times £2-fold difference in the equilibration ~ ©f this heterodimer as a function of denaturant (Figure 2).

delay); the transitions monitored with the varied equilibration 1"€Xenopus lagis H2A and H2B histones contain 3 and 5
times were superimposable. tyrosine residues, respectively, with no tryptophan residues.

Equilibrium urea unfolding transitions were fitted to a two- 1n€ Tyr residues are distributed throughout the primary

state model for a dimeric system, using equations describedStructure of the histones, predominantly within the histone

elsewhere (for example, re27). A linear extrapolation fold motif, and are involved in intra- and intermonomer
between the free energy of unfoldingG®, and the urea ~ contacts (Figure 1). There are no Tyr residues in the
concentration was use@8): N-terminal tails of the histones. The emission maximum of

the intrinsic Tyr fluorescence of the folded dimer is 305
AG® = AG°(H,0) — m[Urea] (D) 306 nm. Fluorescence intensity decreases with increasing
urea concentration, with negligible change in the wavelength
where AG°(H,0) is the free energy of unfolding in the of the emission maximum. FL intensity at 305 provides a
absence of denaturant at a standard sthieM dimer and sensitive measure of the tertiary and quaternary structure of
the m value reflects the sensitivity of the transition to the the heterodimer in denaturation experiments (Figure 2).

urea concentration. The data were fitted globally using the Stability of H2A-H2B in Buffer with 200 mM KCIThe
program Savuka 5.1, which has been described elsewhergquilibrium urea-induced unfolding responses of the H2A
(29, 30). Rigorous analyses of the error surfaces of the global 2B heterodimer were monitored by far-UV CD and intrinsic
fits were performed as described elsewh&3.(The errors  Tyr flyorescence. The equilibrium unfolding was highly
determined from this analysis were not perfectly symmetrical; reversible, with no evidence for hysteresis. This reversibility
however, there was only a small difference between the lower y55 demonstrated in two ways. (1) Urea-unfolded protein
and upper limits. The reported errors represent one standardyas diluted into low concentrations of ureal M); 95—
deviation of the average of the limits. 100% of CD and FL signals of native heterodimer were
RESULTS regained. (2) Automated titrations were performed in both
the unfolding and refolding direction. Folded protein in the

Spectral Properties of the H2AH2B Dimer. The H2A- cuvette was titrated with a stock of unfolded protein, and
H2B dimer exhibits a far-UV CD spectra typical of an conversely, unfolded protein in the cuvette was titrated with
o-helical protein, with double minima at 208 and 222 nm, a stock of folded protein. The unfolding and refolding
as published elsewhere (for example, following paper, Placektitrations were superimposable, as shown by the CD transi-
and Gloss, and ret7). Upon the addition of denaturants, tions in Figure 3A.

Residuals
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Ficure 3: Representative H2AH2B dimer urea equilibrium
denaturation transitions. (A) Apparent fraction of unfolded mono-
mers Eapp as a function of urea concentration all dimer. FL

305 nm,m; CD 222 nm unfolding transitionA; CD 222 nm
refolding transition. (B) Unfolding transitions at representative
dimer concentrations. AM FL data,®; 5 uM CD data,®; 17.9

uM FL data,®; 30 uM FL data, a. In both panels, the solid lines
represent the global fit of seven H2A12B equilibrium data sets.
The size of the data symbols, in this figure and Figure 4, are similar
to the error of the data. Conditions are given in the legend of
Figure 2.

The Fapp curves of transitions monitored by both CD and
FL probes were coincident (Figure 3A). This coincidence

Gloss and Placek

Table 1: Equilibrium Urea Unfolding Parameters Determined with
Various Salt3

number of A(AG®)/AC,P
salt data sets (kcal moirtM~1)
KI 7 1.0 (0.1)
KBr 8 4.1(0.3)
KCl 13 5.9(0.3)
KOAC 8 6.6 (0.3)
KPi 11 9.7 (0.3)
K2SO, 6 10.2 (1.4)
NaCl 5 6.1 (0.7)
NH.CI 5 5.2(0.2)

aConditions: 20 mM potassium phosphate as buffer, 0.1 mM EDTA,
pH 7.2, 25°C, and 5 or 1«M dimer. The values oAG® (H,O) and
A(AG®)/AC, are not protein concentration dependent. Dimer concentra-
tions were kept constant for all titrations collected with a given salt.
bSlope of a linear fit of the parameter vs ionic strength. DataNGf
(H20) are shown in Figures 5 and 6. The values in parentheses represent
the standard deviation for the linear fits of the data weighted by the
error from rigorous error analysis of global fit81) that determined
the AG°® (H,O) andm values.

The CD transitions were superimposable with those moni-
tored by FL (data not shown), demonstrating that salts do
not alter the two-state unfolding equilibrium mechanism of
H2A—H2B observed at 200 mM KCI. Unfolding and
refolding titrations were collected at high salt concentrations
and were superimposable, demonstrating no loss of revers-
ibility in folding with increasing salt concentrations. Rep-
resentative titrations in potassium chloride are shown in
Figure 4A and potassium iodide and potassium phosphate
in Figure 4B.

Initially, the data sets were fit locally, allowing both the
AG°(H,0) andmvalues to vary with the salt concentration.
These analyses demonstrated that for all saltsptivalue
did not significantly change over the range of salt concentra-
tions examined. However, there was a strong autocorrelation
between the values fit for th&G°(H,O) andm parameters.

suggests that the heterodimer unfolds at equilibrium by a To minimize the effect of this auto-correlation on the salt-
two-state response, i.e., the only populated states are nativelependence oAG°(H,0), the data sets were refit globally

dimer and unfolded monomers. A data set of seven equi-

librium transitions was collected over a range of concentra-
tions from 1 to 3QuM dimer. The data were well described
by global fitting to a two-state dimeric unfolding model,
further confirming the lack of equilibrium intermediates in
the urea-induced unfolding of H2AH2B. Representative
data with the results of the global fits (solid lines) are shown
in Figure 3B. The global fitting yielded\G°(H,O) andm
values (eq 1, Methods) of 11:8 0.3 kcal mof! and 2.9+

0.1 kcal mot* M1, respectively. These values are in good

with the m value linked across all titrations collected for
a given salt. Thus, then value was treated as a salt-
independent parameter. The average ofthelues for the
eight salts employed is 2.8 kcal méIM~* (std. dev. 0.2).
The results of the global fits are represented by the lines in
Figure 4. TheCy values were unaltered by local versus
global fitting, further support for the validity of the global
fitting of the data with a salt-independemtvalue.

For all salts, the value oAG°(H.O) (Figures 5 and 6)
and the G values (data not shown) increased linearly with

agreement with the average of the values determined fromionic strength (and salt concentration). The slopes of the

individual, local fits of the data, 11.9 kcal mdl(std. dev.

0.4) and 3.1 kcal mof M~ (std. dev. 0.1), respectively.
Effect of Salts on the Stability of the H2N2B Dimer.

To obtain insights into the mechanism by which salts stabilize

the H2A—H2B dimer, urea-induced equilibrium unfolding

linear increases oAG° (H,0) are a measure of the relative
efficacy of the salts in stabilizing H2AH2B and are given

in Table 1. For the potassium salts, the ranking of the
slopes, A(AG°)/IAC,, follows the Hofmeister series:
SO2 > PO2 > OAc™ > CI~ > Br ~ > |, The difference

responses were determined as a function of salt concentrationin the stabilization efficacy for KI versus 0, is ~10 kcal

A series of potassium salts with different anions were
employed, as well as chloride salts with different cations
(Table 1; Figures 46). Dimer concentrations of 10 or 5

mol~! M~1 (Table 1). The H2A-H2B dimer stability is not
very sensitive to the nature of the cation. The three chloride
salts examined, NkCI, KCI, and NacCl, differ in efficacy

uM were used; the protein concentration was the same forby less than 1 kcal mot M~ (Figure 5B, Table 1). This

all data sets with a given salt. The equilibrium titrations were
monitored primarily by intrinsic Tyr FL. At a subset of
conditions, titrations were also monitored by far-UV CD.

insensitivity demonstrates that anions are more important
than cations to the stability of the dimer. The Hofmeister
series ranks the cations employed, from most stabilizing to
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FiGURE 4. Representative urea denaturation transitions for the lonic Strength, p (M)

H2A—H2B dimer at different salt concentrations. (A) Transitions
as a function of [KCI]. Bp,curves are shown for KCI concentrations
of 0.1 ©), 0.3 @),05A),0.72@),1.0(QO), 1.5@),and 2.0 M

(®). (B) Transitions as a function of [KI] (open symbols) and [KPi]
(solid symbols).F4p, curves are shown for 0.1 (circles), 0.3
(squares), and 0.6 M (triangles) potassium salt. Conditions: dimer
concentration was 1@M for KCI and KPi, and 5uM for KI.
Buffered with 20 mM potassium phosphate, 0.1 mM EDTA, p
7.2, 25°C.

FIGURE 5: The salt dependence of the free energy of unfolding,
AG°(H;0), of the H2A-H2B dimer. The lines represent a linear
fit of the data plotted as a function of ionic strength. (A) Subset of
potassium salts: $5O, (®, dashed line), KPi®), KOAc (a), and

KCI (O, dotted line). (B) Chloride salts: NaCAj, NH4CI (¥),

and KCI (dotted line, data shown in panel A). An error of one
H standard deviation on the error surface for the global fits is shown
or is less than the size of the data points. Conditions are given in
the legend of Figure 4.

least, as Na = °K+ > NH,*. The small diffe_rences i_n the  heterodimer is a suitable model system to address the folding
values of A(AG®)/AC, follow the same relative ranking. properties of the dimeric histone fold motif. The urea-induced

The stabilization of H2A-H2B by Kl is in contrast to the  gqylibrium unfolding of H2A-H2B is well-described by a
typical effect of this salt on proteins. lodide salts are usually yq_state mechanism with high reversibility (Figure 3). The
considered protein denaturan2); however, itis clear that o state unfolding of the heterodimer demonstrates that the
KI does have a small, but significant, stabilizing effect on gycture within a given monomer is less stable than the
the H2A-H2B dimer (Figures 4 and 6). For the two salts giapility provided by the dimeric interface. In other words,
IOWf'St in the Hofmeister series, KBr and K, the slopes of (e yrea concentration necessary to dissociate the two
AG°(H,0) (Figure 6) and & (data not shown) are also linear o yneptide chains is also sufficient to unfold the individual
ywt_h the square root of the anion concentration; th_ls linearity chains, preventing the population of partially folded mono-
is indicative of an electrostatic component to their mode of yers. A similar two-state equilibrium response was observed
stabilization (see Discussion). , for the thermal denaturation of the H2A12B dimer (7).

The effects of salts on several physical parameters of | the crystal structure of the core nucleosoré)( the
aqueous solutions follow the rank order of the Hofmeister pistone oligomers contain helical structures and sequences
series. Examples include the ability to salt out various {hat adopt extended conformations that are poorly resolved.
hydrophobic molecules or dissolved gases and increasing thegs the 129 residues of the H2A monomer15 and 31
surface tension of wateR®). Figure 7 shows a comparison rasiques are in the extended N- and C-terminal tails,
between the efficacy of the salts in stabilizing H2A2B, respectively. Of the 122 residues of the H2B monome?
as measured bX(AG°)/AC,, and the ability of the salts to  resiques are in the N-terminal tail. The well-structured
(A) salt out aniline (data compiled in r80) and (B) increase regions of the H2A-H2B heterodimer contain-173 resi-
water surface tension (data complied in 83). Literature dues.
data is not available for the effect of KPi on these properties Comparable two-state folding homodimeric systems that
of water, and therefore this salt is not included in Figure 7. 15y been well-characterized by urea denaturation include
For both measures of the Hofmeister effect, there is a linear he arc repressor of phage P22 (53 residues per monomer)
correlation with their stabilization of HZAH2B. andE. coli Trprepressor (106 residues per monomer). Both

of these model systems, like the histone fold motif, have
DISCUSSION dimer interfaces that are intertwined and highly helical

H2A—H2B as a Protein Folding Model Systeithe data (though the Arc repressor interface also contains two

presented in this report demonstrate that the HRRB p-strands). The free energy of urea-induced equilibrium



14956 Biochemistry, Vol. 41, No. 50, 2002 Gloss and Placek

15 4 dimerization domain, which have similar interface composi-
1A tions but somewhat smaller size. An earlier review demon-
14 4 strated a correlation between the size and conformational
] stability of dimeric proteins, taking into consideration the
13 4 structure of the interface3¢). Addition of data from more
] recently described protein folding systems supports this
12 observed correlation (Gloss, L. M. (2002) unpublished ob-
] servations). The H2AH2B dimer seems to be less stable
11 W/ than one would predict for a protein of its size. Given the
] basic nature of the histones, it is possible that electrostatic
10 +————rrr——"r—r repulsion, particularly from the highly basic N-terminal tails,
0 02 04 06 08 L 12 may destabilize the heterodimer.
lonic_strength, p (M) Across many protein folding systems, there is a convincing
1B A correlation between the value determined from chemical
] @, denaturation experiments and the change in solvent-acces-
167 sible area between the native and unfolded species of
1 proteins,AASA (38). These authors also demonstrate there
is a very strong correlatiorR(= 0.994) between the number
of residues in a protein and th®ASA, which the authors
calculated by standard methods from the three-dimensional
structures of the proteins and models for unfolded proteins.
The only high-resolution structures available for the H2A
T H2B dimer are in the presence of the Ha4 tetramer with
0.2 0.4 0.6 0.8 1 12 or without DNA (3, 8). It is unknown how the structures of
sart (w) (M)° the poorly resolved regions of the H2A12B dimer, the
FiGURE 6: The dependence of the free energy of unfolding, highly charged N- and C-terminal tails, change in the absence
AG°(H,0), of the H2A-H2B dimer on ionic strength for KBil) of these highly charged components of the crystal structure.
and Ki (@). (A) AG°(Hz0) plotted as a function of ionic strength.  Therefore, we have estimated tA@\SA expected for the

(S?r)eﬁgci;(_Hég? Sgg‘ég e t?efgr;i%t‘iec))nfr%fnt]hgigﬂE:f';?gtscr)]fot\zﬁ ifc(’)r;ic unfolding of the isolated heterodimer based on the number

comparison. The lines represent a linear fit of the data; the dotted of residue_s in th_e complex. _
line for the KCI data is simply drawn to guide the eye and does If the tails are in an extended, unstructured conformation

not indicate a fit of the data. An error of one standard deviation on in both the folded and unfolded species, thaSA would

the error surface for the global fits is shown or is less than the size gige from the 173 residues in the structured regions. This
of the data points. Conditions are given in the legend of Figure 4. predicts aAASA of 15,800 & and anm value of 2.1 kcal
mol~* M~ for urea denaturation. For a protein of 251

2

AG° (H O) (kcal mo]1)

2

AG° (H O) (kcal mol’)
|

0.30
025 " residues (including both the well-structured helical regions
2 ] £ and the tails of the H2AH2B dimer), one would expect a
§ 8020 ?5 AASA value of 22,400 Aand anm value of 2.8 kcal mol!
&35 015 ) M~L This calculatednm value is quite consistent with that
HS 2z measured for H2AH2B unfolding (2.8-2.9 kcal mot?
g’i 0'10_: 2 ; M™Y. This agreement suggests that the poorly structured tails
5 0057 §§ of the H2A—H2B dimer may collapse into a solvent-
0.00 ] excluding structure when not complexed with DNA. Such a
] collapse may stabilize the protein through van der Waal
0.05 T ) : i A interactions in the collapsed structure as well as releasing

water from the hydrophobic moieties of the side-chains in
the tails, particularly the aliphatic portions of the Lys and
the H2A—H2B dimer and their effects on two physical properties Ar.g side Cha”."s- prever, such a.l CQIIapsed str_ucture vv_quld
of aqueous solutions. The surface tension increments for waterPring the basic residues of the tails into closer juxtaposition
(m, solid line, right axis) and the ability to salt out anilir@, [dotted than would an extended structure. This hypothesis prompted
line, left axis) are plotted as a function of the increase in free energy an investigation of the role of electrostatics in the stability
of unfolding as a function of ionic strength(AG*)/AC, givenin  of the H2A-H2B dimer by determining the effects of salts
Table 1. The lines represent linear fits of the data. on the stability of the heterodimer to urea denaturation.

A(AG*)/AC, (keal mol 'M' )

Ficure 7: Comparison of the ability of various salts to stabilize

unfolding for theArc repressor is 11 kcal mol (25 °C, Furthermore, Ausio and colleagues have shown that acety-
u ~ 0.3 M) (34). Full-length Trp repressor is much more lation of lysines in the histone H4 tail, with concomitant
stable, with aAG°(H,0) value of 22.2 kcal mol (25 °C, reduction of positive charge, promoted the formation of

0.25 M KCI) (35). The isolated dimerization domain ®fp helical structure, both in the full-length protein and in
repressor, comprising 65 residues per monomer, exhibits apeptides corresponding to the N-terminal tail of HB)
AG°(H,0) value of 13 kcal mol' (25 °C in the absence of  Increasing concentrations of KCI, KPi and the helix-
KCI) (36). The AG°(H,0) value of the H2A-H2B het- stabilizing cosolvent, trifluroethanol, increase the helical
erodimer, 11.8 kcal mot, is comparable to the stability structure in the H2A-H2B dimer (CD spectral data not
exhibited by theArc repressor and thélrp repressor  shown). These cosolute effects are somewhat attenuated in
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a tail-less construct of H2ZAH2B (described in the following ~ Scheme 1

report, Placek and Gloss), suggesting that some of the 2 H2AH2B
induced helical structure may arise from the N-terminal tails. (H3+H4), k Core
Salt Stabilization of the H2AH2B HeterodimerEven if o DNA=(H3-H4), <—— | dleosome

the tails of the isolated H2AH2B dimer do not adopt a
collapsed structure, the role of electrostatic interactions in
the stability of the heterodimer is an interesting question. It
is unclear if a highly charged, extended/unfolded tail tethered
to the structured region of a protein can exert an effect on
the stability of the structured region. To address the
importance of electrostatics on H2A2B stability, the effect

of ionic strength on the protein’s stability was examined.
However, salts can stabilize proteins by effects other than
screening of electrostatic repulsion. It is essential to distin-
guish the different components of salt-induced protein
stabilization.

analyses of the effects of salt on the stability of the
heterodimer.

The data presented in this report clearly demonstrate that
the salt-induced stabilization of the H2A42B dimer arises,
in part, from solvent effects by preferential hydration and
the Hofmeister effect. The linear dependenc\&(H,0)
(Figures 5 and 6) an€y (data not shown) on the ionic
strength and salt concentration is support for stabilization
by a mechanism via solvent effects. TNQAG®)/AC, values
correlate with measures of the Hofmeister effect (Figure 7),

The hydrophobic effect, related to the entropy of the such as the_ability to salt out aniline or effects on water
aqueous solvent, is a fundamental driving force in protein surface tension. o
folding. Cosolutes, including salts, can make important However, the data also suggest that the stabilization of
contributions to the hydrophobic effect and the ability of the H2A—HZ2B dimer by salts also arises from screening of
water to solvate hydrophobic moieties. Timasheff and electrostatic repul_smn. The strong and moderate stabilization
colleagues demonstrated that salts which stabilize proteinsPY KBr and Kl is in contrast to the general effects of these
promote preferential hydration, with the exclusion of the salt Salts on other proteins. This is particularly true for KI, which
from the protein surface (reviewed in ré¥8and21)). These IS generally considered as a mild protein denaturant, but
salts “salt-out” hydrophobic moieties with relative efficacies Stabilizes the H2AH2B dimer. In addition, these salts
that follow the Hofmeister serie€t(). Conversely, T and exh|p|t a stabilization that is I_|near with the square root of
guanidinium destabilize proteins, by their ability to “salt- the ionic strength, as predicted by the Deby#ickel
in” the peptide group by interaction with the protein and @PProximation (_Flgure 6). Non-Hofmelste_r effects of salts
preferential binding to the unfolded protein, rather than the On histone proteins have been shown previously, for example
native state. on isolated H4 44). It is tempting to ascribe stabilization

Several studies have compared the free energy of folding by scrgening _of electrostatic repulsion to the highly charged
of proteins &0 M salt and a single high concentration of N-términal tails.
salt. However, it is important to assess the effect on stability ~Conclusions and Implications for the Biological Function
over a range of salt concentrations. The different mechanismsof the Histone Dimer in the Nucleosoniée data presented
of salt stabilization can be distinguished by the salt concen- in this report support the following conclusions:
tration dependence of the thermodynamic parameters de{1) Like the thermal denaturation of H2A42B, the urea-
scribing the protein stability. Electrostatic interactions follow induced unfolding of the dimer is well-described by a two-
the Debye-Hiickel approximation, which predicts that the state mechanism. This is in contrast to other intertwined
free energy should vary linearly with the square root of the helical dimers, such as th&rc repressoi45, 46) and Trp
ionic strength 23). Stabilization by solvent effects (prefer- repressor 6), which can unfold by two and three state
ential hydration or the Hofmeister effect) should exhibit a mechanisms when different denaturation methods are em-
nearly linear response of free energy with ion concentration ployed.

(22, 23). Binding of ions to a specific site that can be (2) Them values suggest that the N-terminal tails of H2A
saturated should exhibit a hyperbolic relationship between and H2B adopt collapsed, solvent-excluding conformations
stability and ligand concentration. Examples of such salt in the absence of DNA.

dependence studies include RNase #1, ¢2), GCN4 and (3) Preferential hydration/the Hofmeister effect are important
other leucine zipper peptide24 43) and cold shock proteins  in the salt-induced stabilization of the H2AI2B dimer.

(25). However, there is strong evidence that electrostatic repulsion
Thermal denaturation, using CD and differential scanning Plays a role in destabilizing the dimer. These data suggest
calorimetry, has been reported previously for the H2B that the stability of the well-structured, helical regions of a

heterodimer as well as the H#4 dimer, populated at pH  protein can be altered by the close juxtaposition of a highly
4.5 (17-19). Using NaCl, these authors found a nonlinear charged, poorly structured region. This conclusion is sup-
response for ¥, the midpoint of thermal unfolding, with ~ ported in the following report (Placek and Gloss).

respect to ionic strengthl{, 19). However, thermal dena- Data from studies of isolated nucleosomes and reconsti-
turation was less reversible at higher salt concentrations fortuted eukaryotic replication systems have demonstrated that
both histone heterodimeric systems because of proteinthe nucleosome is assembled in a stepwise marfiéer (
aggregation at higher salt concentatioh9)( It was unclear 49). Initially, an H3—H4 tetramer binds to DNA, and then
to what extent decreased reversibility contributed to the subsequently two H2AH2B dimers bind to the complex:
nonlinear increase in . The reversibility of the urea In this assembly, issues of protein folding and stability are
denaturation studies was unaffected by higher salt concentraintimately related to biological function. If the uncomplexed
tions, always>95% for all of the data reported herein. This histone oligomers are stabilized, the equilibria shown in
higher reversibility permitted more accurate thermodynamic Scheme 1 will be shifted to the lefaway from the
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thermodynamically favored state of the fully assembled
nucleosome. Such stabilization may have a small thermo-
dynamic difference, but more pronounced effects on the
kinetics of the dynamics of the nucleosome. The overall

effect would be to enhance the transient accessibility of DNA  10.

from the surface of the nucleosome, such as proposed by
Widom and colleagues in the “site-exposure” mo&¢l 61),
accentuating the transient population of species to the left
in Scheme 1. Removal or acetylation of the histone tails does
have a small but significant effect on the accessibility of
nucleosomal DNA%2, 53). It is known that transcriptionally
active chromatin is often hyperacetylated and contains
nucleosomes depleted in H2A and H2®4(55). A recent
report suggests that RNA Pol Il can displace H2A2B
dimers 66).

Lysine acetylation results in the removal of positive charge
from the highly basic N-terminal tails of the histones. The
data in this report suggests that electrostatic repulsion
destabilizes the H2AH2B dimer. It is speculated that this
destabilization arises, at least in part, from the high charge
density of the N-terminal tails, the sites of acetylation in vivo
To test this hypothesis, we have studied the stability of
H2A—H2B variants with one or both N-terminal tails
removed (following paper, Placek and Gloss).
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