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The folding pathway of the histone H2A–H2B heterodimer minimally
includes an on-pathway, dimeric, burst-phase intermediate, I2. The partially
folded H2A and H2B monomers populated at equilibrium were character-
ized as potential monomeric kinetic intermediates. Folding kinetics were
compared for initiation from isolated, folded monomers and the hetero-
dimer unfolded in 4 M urea. The observed rates were virtually identical
above 0.4 M urea, exhibiting a log-linear relationship on the final denaturant
concentration. Below ∼0.4 M urea (concentrations inaccessible from the
4-M urea unfolded state), a rollover in the rates was observed; this suggests
that a component of the I2 ensemble contains non-native structure that
rearranges/isomerizes to a more native-like species. The contribution of
helix propensity to the stability of the I2 ensemble was assessed with a set of
H2A–H2B mutants containing Ala and Gly replacements at nine sites,
focusing mainly on the long, central α2 helix. Equilibrium and kinetic
folding/unfolding data were collected to determine the effects of the
mutations on the stability of I2 and the transition state between I2 and N2.
This limited mutational study indicated that residues in the α2 helices of
H2A and H2B as well as α1 of H2B and both the C-terminus of α3 and the
short αC helix of H2A contribute to the stability of the I2 burst-phase
species. Interestingly, at least eight of the nine targeted residues stabilize I2
by interactions that are non-native to some extent. Given that destabilizing
I2 and these non-native interactions does not accelerate folding, it is
concluded that the native and non-native structures present in the I2
ensemble enable efficient folding of H2A–H2B.

© 2010 Elsevier Ltd. All rights reserved.

Edited by C. R. Matthews
Keywords: kinetic intermediates; oligomeric proteins; circular dichroism;
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Introduction

The dimeric structure of eukaryotic histones is
an essential feature of their biological function as
the protein core of the nucleosome core particle
(NCP). The NCP is the fundamental repeating unit

in the packaging of DNA in chromatin. In the
NCP, ∼150 base pairs of DNA are wrapped
around a central (H3–H4)2 tetramer flanked by
two H2A–H2B dimers. This nucleoprotein macro-
molecular assembly is a dynamic packaging
system that must balance genome compaction
with essential DNA processes including transcrip-
tion, replication, and repair.1,2 The intrinsic bio-
physical properties and stabilities of the histones
are important components of chromatin dynamics.
The cell can modulate these properties through post-
translational modifications,3 incorporation of his-
tone variants,4 ATP remodeling complexes,5 and
interactions with histone chaperones.6 Chaperones,
such as nucleoplasmin, Asf1, and Nap1, are impor-
tant in histone deposition ontoDNAand exchange of
histone variants as well as preventing inappropriate
protein–protein and protein–DNA interactions.6
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Recent studies have shown that some histone
chaperones, such as Asf1, can induce significant
structural changes in their target histones,7,8 sug-
gesting that partially folded dimeric conformations,
such as those observed during protein folding, are
physiologically relevant.
Oligomeric histones from eukaryotes and archaea

contain an evolutionarily conserved dimerization
motif composed of three helices: a central helix (α2)
of∼30 residues, flanked on the N- and C-termini by a
β-loop, and an α-helix of ∼10 residues (α1, α3). The
monomers dimerize in an antiparallel orientation,
with extensive intermonomer hydrophobic interac-
tions, particularly along the central α2 helices (Fig. 1).
Eukaryotic histones have extended N-terminal tails,
which are sites for the post-translational modifica-
tions (e.g., acetylation, methylation, and phosphory-
lation) of the “histone code.”3,9 C-terminal to the
canonical histone fold, H2A contains a very short
helix and an extended tail. The C-terminus ofH2B has
an additional α-helix of ∼20 residues (αC) that docks
on the N-terminal region of the H2A α2 helix and
contributes to the hydrophobic dimer interface.
The eukaryotic histone heterodimers, H2A–H2B

and H3–H4 [a tetrameric dimer of dimers, (H3–
H4)2], fold by a mechanism with at least three states
(Scheme 1).10,11 Unfolded monomers associate to
form a dimeric intermediate, I2, in the 5-ms stopped-
flow (SF) mixing time. This obligatory I2 species
contains ∼50% of the helical structure and ∼50% of
the buried surface area of N2. The observed, first-
order kinetic phase represents the conversion of this
dimeric intermediate to the native dimer, N2.
Because association occurs with a relaxation time of

less than 5 ms at micromolar monomer concentra-
tions, the estimated association rate must exceed
107 M−1 s−1, approaching the diffusion limit. Since
dimerization is not directly observed, it is unknown
if monomers fold prior to dimerization (hence, the
use of brackets around 2M in Scheme 1). However,
the isolated H2A and H2B monomers are partially
helical with marginal stability, and upon mixing,
these monomers are kinetically competent to fold
through I2 to the native dimer.12 Thus, the rapid
folding of the eukaryotic histones proceeds through
dimeric and presumably monomeric transient inter-
mediates. Similar I2 kinetic intermediates with
comparable helical content, buried surface area, and
stability have been observed in the folding of other
intertwined, obligatorily domain-swapped α-helical
dimers with differing topologies, namely, the dimer-
ization core of the Escherichia coli Trp repressor13,14

and the E. coli factor for inversion stimulation.15

This study examines the importance of helix
propensity, particularly in the central α2 helix, on
the stability of the I2 species formed by H2A–H2B.
Five residues in H2A and four residues in H2B
(shown in Fig. 1 and listed in Tables 1 and 2) were
mutated to both Ala and Gly to distinguish between
effects of side-chain truncation and altered helix
propensity. The mutation sites were chosen because
of their high solvent accessibility in the folded
dimer, so as to minimize packing or steric effects.
Mutations were focused on the α2 helix because of
its extensive contribution to the dimer interface. The
effects of these mutations on the structure and
stability of the isolated H2A and H2B monomers
have been described elsewhere.12

Results

Kinetic folding from partially folded H2A and
H2B monomers: I2 to N2

Previous refolding studies characterized SF reac-
tions initiated from H2A and H2B monomers
unfolded in 4 M urea.11 The isolated H2A and
H2B monomers can fold to marginally stable species
with secondary and tertiary structure.12 Equilibrium
m values indicated that the partially folded H2A and

Fig. 1. The ribbon diagram of the H2A–H2B dimer. The
H2A chain, showing residues 4–118, is colored gray, and
the H2B chain, depicting residues 24–122, is white. The Cα

atoms of the residues that were mutated to Ala and Gly
are indicated by red (H2A) and blue (H2B) spheres. The
figure was rendered using PyMOL (Delano Scientific,
LLC, San Carlos, CA) using coordinates from the NCP
X-ray crystal structure (1kx5.pdb).42

Scheme 1. Working mechanism for the kinetic folding
of the H2A–H2B heterodimer. 2U, unfolded, dissociated
H2A and H2Bmonomers; 2M, partially folded monomers,
not directly observed by SF kinetics; I2 and I2⁎, ensemble
of dimeric kinetic intermediates formed in the 5-ms SF
dead time, detected by SF-CD burst-phase amplitude; N2,
native H2A–H2B heterodimer.

image of Fig. 1
image of Scheme 1


H2B monomers are overly collapsed relative to the
extended structures observed in the native hetero-
dimer and presumably contain non-native structure,
that is, interactions that stabilize the partially folded
species via contacts that are different from those
present in the native state. Nonetheless, upon
mixing, the isolated monomers were kinetically
competent to proceed to the native dimer through
a burst-phase dimeric intermediate, as shown in
Scheme 1.12 This report expands upon the previous
study by examining the urea dependence of folding
initiated from partially folded H2A and H2B
monomers.
Isolated monomers were pre-equilibrated at vary-

ing initial urea concentrations, and upon mixing, the
monomers were allowed to fold to the heterodimer.
Very similar results were obtained when isolated
monomers were pre-equilibrated at 0 M urea and
refolded to different final urea concentrations (data
not shown). The folding reactions were monitored
by far-UV circular dichroism (CD) and intrinsic Tyr
fluorescence (FL). The rates from local fits of
individual SF-FL and SF-CD folding traces were in
excellent agreement, demonstrating the concerted
formation of helices (secondary structure) and burial
of Tyr residues (tertiary and quaternary structure).
The CD and FL kinetic data were semi-globally
fit, linking the rates across all kinetic traces at a
given urea concentration (symbols in Fig. 2). Above
∼0.4 M urea, there was a log-linear dependence
of the rates on the final urea concentration. There-
fore, these CD and FL kinetic responses as a

function of final urea concentration were globally
fit to Eq. (4) (Methods). The parameters kfold(H2O)
and mfold

‡ were linked across all kinetic traces (for
urea concentrations ≥0.4 M); the results are repre-
sented by the continuous line in Fig. 2. The re-
sulting fitted values (Table 1) were in excellent
agreement with previous results for refolding of the
H2A–H2B dimer unfolded in 4 M urea.11

Below 0.4 M urea, the rates for folding from low
urea concentrations exhibit a “rollover” or deviation
from a log-linear dependence on the urea concen-
tration; these are lower urea concentrations than
were accessible by SF dilution from 4 M urea in the
previous report.11 This rollover indicates that there
is a change in the rate-determining step below 0.4 M
urea. One possibility is that the burst-phase dimer-
ization reaction becomes partially rate-determining
at lower urea concentrations. This explanation is
discarded because (1) a similar deviation from log-
linear dependence is observed at final monomer
concentrations of 7.5 and 15 μM, indicating that the
cause of the rollover is independent of protein
concentration, and (2) the minor protein concentra-
tion dependence of the observed rates are similar at
0 M urea (data not shown) and 0.5 M urea.11 An
alternative explanation is that the burst-phase
ensemble contains two or more conformations,
denoted I2 and I2⁎ in Scheme 1, and their relative
populations change as a function of urea. The
folding rates between 0 and 0.4 M urea exhibit a
low apparent m‡ value, consistent with a reaction in
which there is limited change in solvent-accessible

Table 1. Parameters describing the folding and unfolding kinetics of the H2A–H2B variants

Histone kunf(H2O) (s−1) munf
‡ (kcal mol−1 M−1) kfold(H2O) (s−1) mfold

‡ (kcal mol−1 M−1) k0 M
a (s−1) kfold/k0 M

WT dimerb 0.06 −0.52 6.2 1.1 3.5 1.8
H2A mutants
E61A α2 0.038 −0.60 13.2 1.19 6.6 2.0
E61G α2 0.054 −0.79 4.9 0.98 4.0 1.2
E64A α2 0.018 −0.81 8.1 0.86 1.6 5.0
E64G α2 0.024 −0.81 4.9 0.94 2.8 1.7
N68A α2 0.034 −0.77 6.1 0.98 4.2 1.4
N68G α2 0.13 −0.65 2.9 0.57 2.4 1.2
N89A α3 0.014 −0.82 4.1 0.82 3.4 1.2
N89G α3 0.012 −0.78 8.8 1.08 3.3 2.7
E91A αC 0.0097 −0.83 6.7 1.17 3.8 1.7
E91G αC 0.042 −0.69 5.9 1.09 3.7 1.6
H2B mutants
K43A α1 0.018 −0.81 2.7 0.74 1.7 1.5
K43G α1 0.041 −0.81 6.7 0.99 4.1 1.6
S57A α2 0.022 −0.67 5.0 1.02 2.8 1.8
S57G α2 0.036 −0.61 6.0 1.54 2.5 2.4
N64A α2 0.154 −0.59 6.5 0.72 4.0 1.6
N64G α2 0.018 −1.02 3.2 0.71 2.5 1.3
E73A α2 0.023 −0.82 3.6 0.83 3.0 1.2
E73G α2 0.020 −0.98 1.5 0.91 1.5 1.0

Conditions: 200 mMKCl, 20 mMKPi pH 7.2, and 0.1 mMK2EDTA, 25 °C, with a final monomer concentration of 7.5 μM. Folding kinetics
were initiated by mixing the isolated monomers equilibrated separately at various urea concentrations. The k(H2O) andm‡ values are the
result of the global fitting of the kinetic data to Eq. ( 4). Errors at one standard deviation were determined for the fitted parameters but are
not shown for brevity. All errors associated with the k(H2O) values for folding and unfolding were less than 12% of the fitted parameter,
with an average error of 4%. For the m‡ values, all errors were less than 8% with an average error of 2%.

a The k0 M values are the folding rates determined from semi-global fits of multiple CD and FL kinetic traces for monomers pre-
equilibrated in the absence of denaturant. The associated errors are less than 10%. The ratio kfold/k0 M is a measure of the extent of rollover
observed in the folding kinetics.

b The WT unfolding data are from Ref. 11.



surface area (ΔASA). Thus, the non-native structure
present in the isolated monomers may persist in the
I2⁎ species and is resolved by an isomerization-like
rearrangement. Rollover at low denaturant concen-
trations from the formation of overly or prematurely
collapsed intermediate states has been observed
previously (e.g., see Ref. 16).

Equilibrium effects of mutations that alter
helix propensity

The stabilities of the mutant H2A–H2B hetero-
dimers were determined from urea-induced unfold-
ing titrations. The data collection and analysis are
described elsewhere12 and summarized briefly here.
All mutant histones exhibited cooperative, two-
state, highly reversible equilibrium transitions as
observed for wild-type (WT) H2A–H2B.17 The
effects of the mutations were evaluated by two
parameters (Table 2): (1) the ΔΔGequil values, that is,
ΔG°(H2O)WT−ΔG°(H2O)mutant, where ΔG°(H2O) is
the free energy of unfolding in the absence of
denaturant, and (2) ΔCM values, that is, the
difference between the WT and mutant CM values,
where CM is the urea concentration at the midpoint
of the unfolding transition. H2A-E64A was the only
mutation that stabilized the dimer. Ala substitutions

at H2A-Glu61, H2A-Glu91, and H2B-S57 had minor
effects with WT-like CM values and ΔG°(H2O)
values within 5% of WT. The other five Ala
mutations were destabilizing by 0.5 to 1.0 kcal
mol−1 . In general, the Gly mutations were more
destabilizing than Ala at the same positions; the
exceptions were H2A-N89A/G, a helix-capping
residue, and H2B-K43A/G, where the Ala and Gly
substitutions were similarly destabilizing.

Unfolding kinetics of the H2A–H2B mutant
heterodimers

The unfolding kinetics of the mutant heterodimers
were studied by SF-FL and SF-CD. As observed for
WT H2A–H2B,11 there were no detectable burst-
phase unfolding reactions, and the observed kinetics
were well described by a single, first-order expo-
nential with excellent agreement between CD and
FL data. The semi-globally fitted rates exhibited a
log-linear dependence on the final urea concentra-
tion (Fig. 3 and Supplementary Material). The urea
dependence of the unfolding responses was ana-
lyzed by global fits of the kinetic traces to Eq. (4),
and the fitted parameters are given in Table 1.
Unfolding rates were compared at 3 M urea (in the

equilibrium unfolding baseline of all variants) and

Table 2. Comparison of mutational effects on equilibrium and kinetic parameters

Histone ΔΔGequil
a ΔCM

a (M urea) ΔΔG‡ unfoldb β-Valuec ΔΔG I2–N2
d ΔΔG 2U–I2

e m 2U–I2
f

WT dimer [11.8] [1.66] — 0.18 [2.75] [9.0] 1.3
H2A mutants
E61A α2 0.17 0.0 −0.3 0.21 −0.7 0.9 1.0
E61G α2 1.5 0.49 −0.07 0.28 0.07 1.4 1.1
E64A α2 −0.47 −0.32 −0.7 0.30 −0.9 0.4 1.0
E64G α2 0.59 0.22 −0.5 0.28 −0.4 1.0 1.2
N68A α2 0.95 0.25 −0.3 0.28 −0.3 1.3 1.0
N68G α2 1.8 0.57 0.5 0.23 0.9 0.8 1.6
N89A α3 0.58 0.18 −0.8 0.29 −0.6 1.2 1.2
N89G α3 0.43 0.15 −1.0 0.27 −1.2 1.6 1.0
E91A αC 0.38 0.05 −1.1 0.30 −1.1 1.5 0.8
E91G αC 0.78 0.25 −0.2 0.24 −0.2 1.0 1.1
H2B mutants
K43A α1 0.87 0.12 −0.7 0.32 −0.2 1.1 1.0
K43G α1 0.93 0.27 −0.2 0.29 −0.3 1.2 1.0
S57A α2 0.45 0.0 −0.6 0.26 −0.5 0.9 0.9
S57G α2 0.84 0.23 −0.3 0.22 −0.3 1.1 0.6
N64A α2 0.63 0.18 0.6 0.21 0.5 0.1 1.5
N64G α2 1.8 0.62 −0.7 0.35 −0.3 2.1 1.2
E73A α2 0.48 0.14 −0.6 0.29 −0.2 0.7 1.2
E73G α2 1.5 0.50 −0.7 0.34 0.2 1.3 1.0

Conditions are described in the legend to Table 1. ΔΔG values are expressed as kilocalories per mole. The WT ΔG° values are given in
brackets at the top of the columns, which tabulate the ΔΔG values.

a ΔΔGequil=ΔG°(H2O)WT−ΔG°(H2O)mutant; the ΔG°(H2O) values and the data for their determination are described in Ref. 12. A
positive value indicates that the mutant is destabilizing. The ΔCM values (CM-WT−CM-mutant) were calculated at 7.5 μM monomer, the
typical concentration used in the kinetic experiments, using CM=ΔG°(H2O)+(RT·ln[monomer])/m.

b ΔΔG‡ for unfolding=−RT·ln[(kunf(H2O)WT)/(kunf(H2O)mutant)]; the kunf(H2O) values are given in Table 1. Positive ΔΔG‡ values
correspond to faster unfolding by the mutant.

c The unitless β-value=munf
‡ /mequil, where mequil is the value determined from equilibrium studies.12

d ΔG°(H2O) I2–N2 represents the free energy change, in the absence of denaturant, for unfolding of N2 to I2 as defined in Eq. ( 2a). The
ΔΔG for I2–N2=ΔG°(H2O)WT, I2–N2−ΔG°(H2O)mutant, I2–N2, so that a negative value indicates that the mutant exhibits a greater free
energy difference between I2 and N2 than WT.

e ΔG°(H2O) 2U–I2 represents the free energy change, in the absence of denaturant, for unfolding of I2 to 2U as defined in Eq. ( 2b). The
ΔΔG for 2U–I2=ΔG°(H2O)WT, 2U–I2−ΔG°(H2O)mutant, 2U–I2, so that a positive value indicates that the I2 species of the mutant is
destabilized relative to WT.

f The m 2U–I2 value was calculated according to Eq. ( 2c). For consistency, the calculated WT is given, rather than the fitted value from
SF-CD burst-phase analyses.



in the absence of urea, kunf(H2O), the globally fitted
unfolding rate extrapolated to the absence of
denaturant. The Ala mutants generally unfold with
similar or slower rates than the corresponding Gly
mutant. This trend is consistent with the Gly
mutations generally being more destabilizing than
the Ala mutations. The noteworthy exceptions are
H2A-N89G (1.2- to 1.5-fold slower than N89A) and
H2B-N64G, which has an 8.5-fold lower kunf(H2O)
value than N64A.
In 3 M urea, 12 mutants exhibited unfolding rates

within 2-fold of the WT rate, corresponding to
ΔΔGunf

‡ values ≤0.4 kcal mol−1 (Fig. 4a). Only six
mutants exhibited 3- to 4-fold higher unfolding rates
than WT. These mutational effects are in striking
contrast to the trends observed for the kunf(H2O)
values (Table 1; Fig. 4a). Only two mutants, H2A-
N68G and H2B-N64A, exhibit larger kunf(H2O)
values than WT, while 10 mutants unfold ≥2.5-
fold more slowly than WT, a finding that is
intuitively inconsistent with destabilizing muta-
tions. In a simple two-state kinetic mechanism, one
would expect destabilizingmutations to unfold with
rates similar to or faster than WT.
The contrasting changes in the unfolding rates at 3

and 0 M urea reflect changes in the munf
‡ values, the

slope of the log-linear urea dependence of the
unfolding rates [Eq. (4)]. The mutants have munf

‡

values equal to or greater than WT (Table 1). The
kinetic m‡ values usually correlate with the ΔASA
between the ground state and the transition state.
Larger munf

‡ values suggest that the transition states
traversed by the mutant heterodimers are more

unfolded-like, with greater exposure of surface area
than observed in the WT dimer. The Tanford β-
value (Table 2) describes the position of the
unfolding transition state with respect to the burial
of the surface area achieved upon folding:

h =
mz

unf

mequil
ð1Þ

where mequil is the m value determined from equi-
librium experiments. The β-value can vary from 0
to 1, reflecting very native-like and unfolded-like
transition states, respectively. The WT β-value is
0.18, implying that ∼20% of the surface area
exposed upon unfolding is solvent-accessible in the
rate-determining unfolding transition state between
N2 and I2. The larger β-values of the mutants imply
that the ΔASA of the mutants is 1.16- to 1.9-fold
greater than WT.

Fig. 2. Rates for the folding of the I2 kinetic interme-
diate to the native H2A–H2B dimer. Refolding was
initiated from isolated monomers equilibrated at varied
initial urea concentrations. Data points represent semi-
global fits of multiple SF-CD and SF-FL traces, and the
continuous line represents the global fits to Eq. (4) of SF-
CD and SF-FL traces from 0.4 to 1.6 M urea. Errors are
shown or are smaller than the size of the data points. The
gray broken line represents the previously published
global fit for refolding of the H2A–H2B dimer from 4 M
urea.11 Conditions: final monomer concentration of
7.5 μM, 200 mM KCl, 20 mM KPi, pH 7.2, and 0.1 mM
K2EDTA, 25 °C.

Fig. 3. Representative plots of the urea dependence of
the folding (circles) and unfolding (squares) rates for
mutant heterodimers with Ala (blue) and Gly (red)
substitutions. (a) H2A-E64A/G. (b) H2B-N64A/G. The
data points represent semi-global fits of multiple SF-FL
and SF-CD kinetic traces at a given final urea concentra-
tion, and the associated errors are equal to or less than the
size of the data symbols. The global fits of the data to Eq.
(4) are shown as lines. The results of the previously
published WT fits are shown as black broken lines.
Conditions are described in the legend to Fig. 2. Chevron
plots for other mutant heterodimers are presented in the
Supplementary Data.
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Folding kinetics of the H2A–H2B mutant
heterodimers

The mutant heterodimers were refolded from
isolated monomers, as described above for WT
(Fig. 2). Like WT H2A–H2B,11,12 the folding kinetics
of all mutants had the following attributes: (1) the
kinetic responses were well fit by a single first-order
exponential at all urea concentrations, (2) the fitted
rates exhibited little protein concentration depen-
dence, (3) similar rates were measured by SF-FL and
SF-CD, (4) there was a substantial SF-CD burst-
phase amplitude, (5) a log-linear relationship be-
tween the observed rate and the urea concentration
at higher urea concentrations, and (6) the folding
and unfolding rates appeared to converge in the
equilibrium transition region. These attributes dem-

onstrate that the mutants fold by the same mecha-
nism as WT (Scheme 1). The kinetic responses of the
mutants were analyzed semi-globally and globally
as described for WT, and the fitted parameters are
given in Table 1. Data from representative mutants
are shown in Fig. 3; the data for the other mutants
are presented in the Supplementary Material.
In general, the mutations have much less effect on

the folding rates than the unfolding rates. The
change in the folding rates measured at 0 M urea
and the extrapolated kfold(H2O) values are shown in
Fig. 4b. Thirteen mutations exhibit kfold(H2O) and
k0 M rates that are within 2-fold of the WT values.
Except for H2A-E64A, the trends for kfold(H2O) and
k0 M are similar (either little effect or change in the
same direction); however, the observed effects are
usually greater for the kfold(H2O) value. Destabiliza-
tion can be manifested as slower folding; however,
only fourmutations exhibit kfold(H2O) values that are
2- to 4-fold slower than WT.
The ratio of kfold(H2O)/k0 M (Table 1) provides a

measure of the extent of rollover at low urea
concentrations. WT and most mutants have ratios
≤2.0. This is consistent with visual inspection of the
chevrons (Fig. 3; Supplementary Figs. S1 and S2),
which suggests that most mutations do not signif-
icantly enhance the extent of rollover, and many
mutations decrease it. Only the stabilizing H2A-
E64A mutation significantly enhances the rollover
(Fig. 3a).

The ΔΔG values of the H2A–H2B mutant
heterodimers

SF-CD burst-phase analyses were used to deter-
mine the ΔG°(H2O) and m values describing the
stability of the WT I2 ensemble.11 These fitted values
were very similar to the values calculated from the
parameters for equilibrium unfolding transitions
and kinetic folding and unfolding experiments,
using the following equations:

DG- H2Oð ÞI2 −N2
= − RTln

kunf H2Oð Þ
kfold H2Oð Þ
� �

ð2aÞ

DG- H2Oð Þ2U− I2 = DG- H2Oð Þequil − DG- H2Oð ÞI2 −N2

ð2bÞ

m2U− I2 = mequil − mz
fold − mz

unf

� �
ð2cÞ

The stabilities of the I2 ensembles for the mutants
were determined by calculation rather than burst-
phase analyses because of the higher precision and
greater technical ease. The kfold(H2O) values were
employed in these calculations, rather than the k0 M
values (Table 1), because the reaction described by
kfold(H2O) converges with the unfolding reaction
[described by kunf(H2O)] in the transition region. In
other words, the principle of microscopic reversibil-
ity argues that kfold(H2O) and kunf(H2O) are the
appropriate parameters to describe the transition
state between I2 and N2 and the free energy

Fig. 4. Effect of mutations on the unfolding and
folding rates. (a) Comparison of the fold change in the
unfolding rates at 3M urea (shaded bars) and extrapolated
to the absence of denaturant (filled bars). Positive values
represent the fold increase in the mutant's unfolding rate
(kmutant/kWT), that is, faster unfolding; negative values
indicate slower unfolding (kWT/kmutant). (b) Comparison
of the fold change in the folding rates at 0 M urea (shaded
bars) and extrapolated to the absence of denaturant (filled
bars). Positive values represent an increase in the mutant's
folding rate (kmutant/kWT), that is, faster folding; negative
values indicate slower folding (kWT/kmutant).
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difference between these two species. If k0 M values
are used in Eq. (2a), the conclusions described below
are not significantly altered.
Except for H2B-N64A, all mutations destabilize

the I2 species ≥0.4 kcal mol−1 , with an average
ΔΔG2U–I2 of ∼1 kcal mol−1 (Table 2). Thus, residues
that contribute significantly to the stability of I2 are
distributed across the primary structure of H2A and
H2B. The mutant 2U–I2 m values are generally
slightly lower than but within 25% of the WT value
calculated from Eq. (2c), suggesting that the muta-
tions do not greatly alter the amount of surface area
buried in the I2 ensemble. However, the β-values
[Eq. (1)] indicate that the mutations shift the I2-to-N2
transition states toward I2.
The ΔΔG values for different species and states

along the folding reaction coordinate (dimer equi-
librium, I2, and unfolding transition state) are
compared in Fig. 5. In mutational analyses, the
free energy of the unfolded state of the WT and
mutants are both typically set to zero (e.g., see the
reaction coordinate diagrams in Fig. 6). Thus, the
observed ΔΔG values are attributed to removing an
interaction that stabilizes a folded or partially folded
state, that is, destabilizing N2, I2, or the transition
state connecting them. However, the ΔΔG values
can also reflect introduction of an interaction that
stabilizes the unfolded state but is lost during the
folding reaction. Whether the equilibrium effect of
the mutation is on the N2 or 2U state, comparing
ΔΔG values for different species along the folding
coordinate indicates the extent to which the mutated
residue participates in stabilizing interactions.
Phi-value analyses are a common quantitative

description of the extent of native interactions for an
intermediate or transition state i where ϕ=ΔΔGi/
ΔΔGequil. Typically, ϕ-values range from 0 (indicat-
ing that the native-like stabilizing interactions of the
residue are not significantly formed in state i) to 1
(implying that the native-like interactions are fully
formed in state i). However, because of the altered
β-values, the ϕTS values calculated with ΔΔGunf

‡ are
predominantly b0. Furthermore, there has been
debate about the validity of Phi-value analyses
when the ΔΔGequil values are relatively small;18–20
the various limiting values that have been proposed
would exclude 9–16 of the 18 mutations. Therefore,
the following analyses focus on the magnitudes of
ΔΔG values, rather than specifically on their ratio.
Mutation of a residue to Gly removes side-chain

interactions and decreases helix propensity; thus, the
GlyΔΔG values are indicative of the total stabilizing
potential of the WT residue. The major effect of Ala
mutations is removal of side-chain interactions.
Comparison of the effects of Ala and Gly mutations
at a given residue, that is, Ala-Gly ΔΔG values,
reports on the contribution of helix propensity to
stability using a uniform change in helix propensity
(Ala versus Gly) across the set of mutations.
A key finding of this study is that several residues

in H2A and H2B stabilize the burst-phase I2
ensemble by non-native structure, with mutational
effects of 0.5 to 1 kcal mol−1 . The basis for describing

Fig. 5. Comparison of theΔΔG values for the H2A and
H2B mutations. ΔΔG 2U-to-I2, black, left bars; ΔΔGunf

‡ ,
hatched, middle bars; ΔΔGequil, gray, right bars. The
determination of the values is described in the legend to
Table 2. Mutants are segregated into three groups as
described in the text. (a) WT-Gly values. (b) WT-Ala
values. (c) Ala-Gly values. A positive value indicates that
the Gly mutation is more destabilizing than the Ala
reference state. The span of the y-axis (3.5 kcal mol−1) is
the same in all panels.
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structure as non-native is that the Ala and/or Gly
mutants exhibited (1) ΔΔG2U–I2 values exceeding
the ΔΔGequil values by more than 0.3 kcal mol−1
and/or (2) the ΔΔGunf

‡ values≪0. These effects are
highlighted by the Gly and Ala Group 3 mutants
described below (Fig. 5a and b). The presence of
non-native interactions is more obvious in the Ala
mutations. There is a possible caveat regarding these
criteria. It is conceivable that disruption of a
partially formed cluster of native interactions, for
example, a network of salt bridges, in an interme-
diate species could potentially result in a ΔΔGi
value of different sign or greater magnitude than
disruption of the cluster in the native state,ΔΔGequil.

Gly ΔΔG values

The Gly mutations can be segregated into three
groups: ΔΔG2U–I2 less than, approximately equal to,
or greater than theΔΔGequil values (Fig. 5a). The first
condition describes only H2A-N68G, the only Gly
mutation with a greater kunf(H2O) value than WT
(Fig. 4a). The stabilizing interactions contributed by
Asn68 are only partially realized in the I2 ensemble
and the rate-limiting transition state between I2 and
N2. These effects are illustrated in the reaction
coordinate diagram in Fig. 6a.
The second group of mutations, E61G and E91G in

H2A and all four H2B variants, has similarΔΔG2U–I2
and ΔΔGequil values, suggesting that the interac-
tions formed by these residues in the I2 species
contribute comparable stability to those formed in
the native state. The small ΔΔGunf

‡ values (−0.1 to
−0.3 kcal mol−1 ) for E61G and E91G in H2A and
K43G and S57G in H2B demonstrate that the
interactions present in I2 are largely maintained in
the transition state. In contrast, N64G and E73G in
the middle and C-terminal end of the long α2 helix
of H2B exhibit significantly negative ΔΔGunf

‡ values
(−0.7 kcal mol−1 ). These mutations destabilize the I2
and N2 species to a similar extent but cause
substantially greater destabilization of the transition
state. The WT residues may contribute to the
stability of I2 through some non-native structure,
and these stabilizing interactions are broken in the
transition state leading to N2. These effects are
summarized in the reaction coordinate diagram in
Fig. 6b.
The third group of Gly mutations, E64G and

N89G in H2A, exhibit ΔΔG2U–I2 values significantly
greater than the corresponding ΔΔGequil values and
ΔΔGunf

‡ values≪0 (Fig. 5a). These residues appear
to contribute similar non-native stabilization to I2
and the transition state (e.g., Fig. 6c).

Ala ΔΔG values

The Ala mutations also segregate into three
classes: ΔΔG2U–I2∼0, approximately equal to, or
greater than the ΔΔGequil values (Fig. 5b). The first
class, namely, H2B-N64A, appears to not contribute
to the stability of I2, in contrast to H2B-N64G (Group
2). The N64A mutation does have a significant effect

Fig. 6. Reaction coordinate diagrams describing three
classes of Gly mutations, grouped as shown in Fig. 5. The
WT reaction coordinate is shown as a black dotted line.
The ΔG° value of the unfolded species for both WT and
the mutants were arbitrarily set to zero. The energies of the
WT transition states were estimated from the Kramers
formalism as described previously14 and should be
regarded as illustrative values. The 2U–I2 dimerization
transition state energy was calculated with a pre-
exponential factor of 6×109 M−1 s−1 and an estimated
rate of 108 M−1 s−1 ; since this reaction is too rapid to be
directly measured by SF-FL, the barrier is shown as the
same for WT and the mutants. The first-order I2 to N2 ΔG‡

was calculated for a 5×108 s−1 prefactor and rate of
6.2 s−1 . The changes in ΔG (kcal mol−1 ) between the WT
and mutant states are denoted by δ values. (a) H2A-N68G,
equivalent to a ϕ-value of ∼0.5; (b) H2B-N64G, represent-
ing ϕ-values between 0.9 and 1.3; (c) H2A-N89G,
indicative of non-native structure in I2 and the rate-
limiting transition state.
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on the transition state, with similar ΔΔGequil and
ΔΔGunf

‡ values (Fig. 5b). Taken together, the Ala and
Gly data suggest that helix propensity is the major
stabilizing facet for I2 (diminished by N64G, but
maintained or enhanced inN64A), and stabilizing
side-chain interactions (removed by the N64A
mutation) are not realized until the transition state.
The second class of Ala mutants (only H2A-N68A)

is similar to the Gly Group 2 mutations. H2A-N68G
was the only Gly Group 1 mutation. Of the nine
residues studied, only Asn68, at the C-terminal end
of the H2A central helix, does not meet the criteria
listed above to indicate non-native structure. How-
ever, despite the expected increase in helix propen-
sity of replacing Asn with Ala,21 N64A destabilizes
the I2 ensemble more than N64G (Table 2). This may
imply that greater helicity near the end of α2 inhibits
formation of I2-stabilizing non-helical (presumably
non-native) interactions formed by neighboring
residues.
Like Gly Group 3, the third group of Ala

mutations indicates significant non-native structure
in I2(ΔΔG2U–I2 ≫ΔΔGequil) and/or the transition
state between I2 and N2 (ΔΔGunf

‡ ≪0), resulting in
reaction coordinate diagrams similar to Fig. 6c.
These seven variants can be further sub-divided
with respect to their contributions to non-native
structure in I2 and transition state.
Like their corresponding Gly variants (Group 3),

H2A, E64A, and N89A contribute non-native
structure to both I2 and the transition state. For
Glu64, the stabilization of I2 reflects both side-chain
interactions and helix propensity (E64G is more
destabilizing than E64A). The E64A mutation
drastically increases the extent of rollover at low
urea (Fig. 3a), suggesting that the mutation stabi-
lizes the non-native I2⁎ component of the burst-
phase ensemble. The difference between the Asn89
Ala and Gly ΔΔG2U–I2 values is small relative to the
destabilization of N89G, and therefore, the I2-
stabilizing interactions are largely side chain medi-
ated, as one might expect for a helix-cap residue.
Non-native interactions in I2 and the transition

state are indicated for H2A-E91A, H2A-E61A, and
H2B-S57A, but the corresponding Gly mutations are
in Group 2, with little indication of non-native
structure. Truncation of the H2A-Glu61 side chain
significantly destabilizes the I2 ensemble but has
little effect on N2, a difference that is mitigated by
diminished helix propensity (E61G). ForH2A-Glu91,
Ala destabilizes I2 more than Gly, suggesting that
decreased helicity may favor non-native structure.
For H2B-S57, Ala and Gly destabilize I2 similarly,
demonstrating the importance of side-chain interac-
tions, although helix propensity in the N-terminal
section of H2B-α2 may favor non-native structure.
H2B K43A and E73A destabilize I2 and the

transition state, but like their corresponding Gly
mutations (Group 2), there is no direct indication of
non-native structure in I2 (ΔΔG2U–I2∼ΔΔGequil).
However, Ala ΔΔGunf

‡ values of −0.6 to −0.7 kcal
mol−1 imply disruption of non-native structure in
the transition state. For H2B-Glu73, Ala and Gly

ΔΔG2U–I2 values indicate that both helix propensity
and side-chain interactions contribute to I2 stability,
but similar Ala and Gly ΔΔGunf

‡ values suggest that
non-native structure in the transition state is
mediated by side-chain interactions, presumably
electrostatic, given the basic nature of the histone
proteins. At H2B-K43, the Ala and Gly effects
indicate that the side chain, rather than helix
propensity, is the major determinant of stability at
this position for I2 and N2.

Ala-Gly ΔΔG values

To assess the importance of helix propensity, we
compare in Fig. 5c the effects of Ala and Gly
mutations on the ΔΔGequil and ΔΔG2U–I2 values.
Positive values indicate that Ala is the less destabiliz-
ing substitution. Helix propensity has a significant
impact on equilibrium stability in the α2 helix of H2A
(Glu61, Glu64, and Asn68) and at the center and C-
terminal end of the H2B α2 helix (Asn64 and Glu73).
In contrast, the other sites probed by mutation have
Ala-Gly ΔΔG values≤0.4 kcal mol−1 .
For H2A-Glu61 and Glu64 and H2B-Glu73, the

stabilization achieved by increased helix propen-
sity is only partially realized in I2 (Ala-Gly
ΔΔGequil NΔΔG2U–I2). Conversely, helix propensity
has a greater effect on I2 than N2 at Asn64 in the
center of H2B's α2 helix. As noted above, at H2A-
Asn68 and Glu91, Ala, relative to Gly, stabilizes N2,
but destabilizes I2, suggesting that helix propensity
might inhibit the formation of stabilizing non-native
interactions.

Folding–unfolding double-jump experiments

The possible folding mechanisms that could
explain the rollover observed at low denaturant
concentrations (Figs. 2 and 3) and the relationship
between I2 and I2⁎ are diagrammed in Supplemen-
tary Scheme 1. A parallel mechanism, where I2 and
I2⁎ are discrete intermediates that both lead to N2, is
inconsistent with the observation that the kinetic
responses of WT and all 18 mutants are very well
described by a single, first-order exponential at all
urea concentrations. For example, two distinct rates
should be distinguishable for: (1) H2A-E64A,
exhibiting the most pronounced rollover, with a
predicted 5-fold difference between the observed
k0 M and extrapolated kfold(H2O) rates; or (2) WT at
≥1.2 M urea, where the predicted difference
between the extrapolated k0 M and observed folding
rate should be ≥5-fold.
To distinguish between other potential mechan-

isms (Supplementary Scheme 1b–d), we performed
SF folding–unfolding double-jump experiments at
0 M urea with WT and H2A-E64A. Overall, the
results for both variants were the same as reported
previously forWT refolding to 1Murea.11 Firstly, no
unfolding amplitude (accumulation of N2) was
observed at delay times of ∼10 ms, demonstrating
that the burst-phase I2 ensemble is an obligatory
intermediate. Secondly, the increase in unfolding



amplitudes was well described by a single exponen-
tial with no indication of a lag phase in the
accumulation of N2 (Supplementary Fig. 3). The
absence of any lag phase or bi-exponential response
casts doubt on potential sequential mechanisms
where I2⁎ must pass through I2 to reach N2
(Supplementary Scheme 1b and c). Thirdly, the
rates describing the exponential increase in unfold-
ing amplitude for WT and H2A-E64A were in
excellent agreement with the rates observed for
direct refolding experiments at the same final
conditions (details in Supplementary Fig. 3). Fur-
thermore, these double-jump rates were substantially
lower than the extrapolated kfold(H2O) values. These
results demonstrate that I2⁎ can fold directly to the
native heterodimer and suggest that there is no
significant kinetic barrier between I2⁎ and I2. Rather,
the data lend themselves to the interpretation that I2⁎
and I2 represent alternative populations in a broad
ensemble of species. These experiments cannot
differentiate between two possibilities (diagrammed
in Supplementary Scheme 1d): (1) a broad ensemble
of ground-state species formed in the SF burst phase
(e.g., I2 and I2⁎) whose relative population shifts
toward I2 as urea concentrations increase, presum-
ably by destabilizing the non-native components of
the I2⁎ end of the ensemble, or (2) a more narrow
ground-state ensemble that traverses a broad transi-
tion state whose rate-limiting features move as a
function of urea concentration.

Discussion

Expanded kinetic mechanism for the folding of
the H2A–H2B heterodimer

Our current working mechanism shown in
Scheme 1 adds new details to the previously
published models.11,12 First, Fig. 2 verifies that the
isolated monomers at equilibrium are kinetically
competent to fold to N2 across a range of urea
concentrations. Second, the rollover observed below
0.4 M urea shows that obligatory I2 burst-phase
ensemble contains I2⁎ species with some degree of
non-native structure that is destabilized by low
concentrations of urea. An equally plausible but
indistinguishable interpretation is that the I2 ensem-
ble folds to N2 over a broad, rough transition state
that shifts as a function of urea concentration. Third,
residues that contribute to the stability of the I2
ensemble are widespread across the sequences of
H2A and H2B. Furthermore, except for H2A-Asn68,
the residues targeted for mutation appear to be
involved in stabilizing interactions that are non-
native to some extent.

Burial of solvent-accessible surface area in I2
and the transition state to N2

Of the 18 mutations, 16 exhibit m values associ-
ated with the folding of 2U to I2 that are less than
that of WT, although most m2U–I2 values are within

0.3 kcal mol−1 M−1 (∼25%) of the WT value. Thus,
the solvent-accessible surface area buried upon
formation of the I2 ensemble is only modestly
diminished in response to destabilization.
All 18 mutants exhibit munf

‡ values (Table 1) with
absolute values greater than that of WT and thus
higher β-values as well (Table 2). These results
indicate that the transition state ensemble between
N2 and I2 is shifted toward the I2 species with
respect to the amount of buried surface area. This
plasticity of the N2-to-I2 transition state upon
mutation has been observed previously with dele-
tion of the N-terminal tails of H2A and H2B.11

Transition states that are relatively resistant to
mutational effects are the foundation of the Phi-
value analyses applied to several small monomeric
proteins (for review, see Ref. 22). There are
noteworthy exceptions, such as an immunoglobulin
domain from human cardiac titin, TI I27,23 where
several destabilizing mutations shift the unfolding
transition away from the native state, as observed
for the H2A and H2B mutations studied here. This
direction of movement of the transition state upon
mutation is consistent with the effects observed for
the stabilizing ΔN-H2B and destabilizing ΔN-H2A
mutations.11

Structure in the dimeric kinetic I2 ensemble

Of the 129 and 122 residues in H2A and H2B,
respectively, ∼125 residues are in well-structured
regions (Fig. 1). From these residues, those targeted
for mutation were chosen based on their solvent
accessibility, focusing primarily on the long central
α2 helices. The choices were further narrowed down
by the helix propensity predictions of AGADIR,24

summarized in Supplementary Fig. 4. In H2A, only
the central 17 residues of α2 and the short, seven-
residue αC are predicted to have substantial helix
propensity. The AGADIR predictions for H2B
are generally lower than those for H2A, in contrast
to the experimental results where H2B is more
helical.12 For H2B, only α1 has predicted modest
helix propensity, with minor propensity predicted
for the central to C-terminal segments of α2.
The effects of the Gly mutations, with removal of

side-chain interactions and reduction in helix
propensity, are the most straightforward indicators
of whether a residue contributes to the stability of I2.
All Gly mutations destabilize the I2 ensemble by
≥0.8 kcal mol−1 , demonstrating that I2 contains
elements of structure in the central α2 helices as well
as the H2A-α3 and αC and H2B-α1 helices.
In the H2A monomer, only E61G (center of α2)

and E91G (N-terminus of αC) were destabilizing, by
0.4 to 0.3 kcal mol−1 .12 This result is consistent with
AGADIR predictions of helix propensity for these
residues, although in contrast, E64G is predicted to
have similar helicity but does not appear to be
folded in the H2Amonomer. Glu61 and Glu91 are in
relatively close proximity in the native dimer as part
of an acidic patch, which includes Glu64. Based on
their relative ΔΔGequil and ΔΔG2U–I2 values, Glu61



and Glu91 residues are fully folded in I2, while their
neighboring residues, Glu64 and Asn89 (C-cap of
α3), respectively, are unfolded in the monomer and
develop stabilizing non-native interactions in I2.
Asn68 at the C-terminus of α2 becomes partially
structured in I2; however, increased helix propensity
at this position (Ala versus Gly) as well as at Glu91
destabilizes I2, presumably through disrupting non-
native interactions.
In contrast to the AGADIR predictions, Lys43 in

α1 is not folded in the isolated H2B monomer, while
S57G, N64G, and E73G destabilize the monomer.12

The data in this study show that α1 and α2 of H2B
become fully folded in the I2 ensemble, although the
central and C-terminal regions (N64G and E73G)
may contribute to non-native interactions. For
residue 43, helix propensity does not dictate stability
in I2 or N2 (Fig. 5c), suggesting that the salt bridge
between Lys43 and Asp48 is more important and
may be formed in the I2 species.
In summary, residues that contribute to the

stability of the isolated H2A and H2B monomers
become fully folded upon association to form I2. The
structure developed in the dimeric intermediate
ensemble includes residues that span much of α2 in
H2B and the C-terminal half of α2 in H2A.
Additionally, residues in α1 of H2B as well as α3
and αC of H2A contribute to the stability of I2.

Non-native structure in the I2 ensemble and the
transition state leading to N2

Over the past two decades, there has been an
ongoing debate regarding whether kinetic inter-
mediates are productive steps in protein folding or
misfolded, kinetic traps, including off-pathway
species (for review, see Refs. 25–28). Much of the
debate has focused on small (b100 residues), single-
domain, monomeric proteins, many of which fold
rapidly by two-state mechanisms. In contrast, larger
proteins with multiple domains, both monomeric
and oligomeric, generally fold via kinetic intermedi-
ates and more complicated folding mechanisms.
Presumably, this greater complexity reflects the
enhanced difficulties associated with attaining
more complicated native structures composed of
multiple domains and/or subunits.
It is instructive to compare the kinetic folding

mechanisms of four histone folds: the eukaryotic
H2A–H2B heterodimer11 and the (H3–H4)2 hetero-
tetrameric dimer of dimers10 as well as the archaeal
homodimers hMfB and hPyA1.29 Despite signifi-
cantly different stabilities,30 the eukaryotic hetero-
dimers fold by a similar mechanism, as described in
Scheme 1, with an association rate that approaches
the diffusion limit. However, despite a conserved
dimerization motif and stabilities comparable to
H2A–H2B, the homodimeric hMfB and hPyA1 fold
by simpler mechanisms. Two-state folding is ob-
served for hPyA1 with an association rate of
9×106 M−1 s−1 ; hMfB folds up to 8 times faster via
a burst-phase monomeric intermediate.29 Based on
these examples of faster association and folding in

the presence of kinetic intermediates, it was hypoth-
esized that the histone kinetic intermediates are not
traps but serve to accelerate folding in a hierarchical
manner.
Coupled to the debate regarding the productive or

nonproductive nature of kinetic intermediates, there
is a question of the contribution of non-native
interactions in ensembles of partially folded species.
There are several examples of non-native interac-
tions in transient kinetic folding intermediates. In
some instances, such as the incorrect residue ligating
to the heme in cytochrome c,31 the non-native
interactions are clearly off-pathway and inhibit
rapid and efficient folding. However, there is a
growing body of literature that indicates that the
formation of non-native structure is not an off-
pathway folding event and, furthermore, that these
structures may contribute favorably to rapid protein
folding. The hidden folding intermediates of a four-
helix bundle, redesigned apocytochrome b562, which
exist after the rate-limiting step, have been selec-
tively populated at equilibrium by mutagenesis and
structurally characterized by NMR.32–34 Although
these intermediates have native topology in three of
the four helices, there are several specific non-native
hydrophobic interactions that result in repacking of
the hydrophobic core to maximize burial of hydro-
phobic surface area in the absence of folding of the
final helix. However, rearrangement of this non-
native structure is rapid and facile such that folding
is not slowed; neither are transient kinetic inter-
mediates populated.
Examples of non-native structure in populated

kinetic intermediates in helical proteins are the E
colicin immunity proteins Im735 and SIm9 (a variant
of the related Im9 protein)36 and apomyoglobin.37 In
these examples, a well-formed helix docks in a non-
native orientation or register with respect to other
helices in the intermediate ensemble, which leads to
an enhanced burial of hydrophobic surface area. For
the immunity proteins, the general trend seems to be
that mutations that destabilize the intermediate
exhibit faster rates of folding from the intermediate
to the native state, and this is particularly apparent
for the Im7 mutants that revealed the presence of
non-native interactions.35 This trend suggests that
the population of the intermediates and their non-
native structure is a kinetic trap to some extent. The
A-state equilibrium intermediate of apomyoglobin,
populated at pH 4, is very similar to the on-pathway
kinetic intermediate. In the mutational study that
identified non-native structure in the apomyoglobin
intermediate ensembles, the few mutations that
significantly destabilized the equilibrium A-state
had little effect or slightly decreased the rate of
folding from I to N.37 In contrast to the immunity
protein model, it appears that the apomyoglobin
intermediate, with its non-native structure, does not
impede folding given that destabilization of the
intermediate does not accelerate folding. The apo-
myoglobin results are similar to those observed for
H2A–H2B. Every position mutated resulted in
destabilization of I2 (Table 2), and all mutations



(except H2A-E61A) have little effect or a minor
decrease in the rate of folding from I2 to N2 (Fig. 4b).
These findings demonstrate that non-native struc-
ture is not necessarily a significant impediment to
folding and may favor efficient folding. This
conclusion is supported by computational studies
showing that non-native structure in intermediate
ensembles, including hydrophobic interactions, can
enhance folding.38,39

Conclusions

The mutations studied in this report indicate that
residues in the α2 helices of H2A and H2B, as well as
α1 of H2B and the C-terminus of α3 and the short
αC of H2A, contribute to the stability of the I2 burst-
phase species. It is likely that other segments of H2A
and H2B are involved in stabilizing the I2 species,
but further mutational studies are necessary to
identify these residues. It is a significant result that
eight of the nine (if not all) sites targeted by
mutation stabilize I2 by interactions that are non-
native to at least some extent. Given that destabiliz-
ing I2 and these non-native interactions does not
accelerate folding, it is concluded that the native and
non-native structure present in the I2 ensemble
enables efficient folding of the H2A–H2B hetero-
dimer. It is speculated that I2 stability is achieved by
formation of an ensemble of partially folded dimeric
structures that maximize burial of hydrophobic
surface area and perhaps formation of favorable
non-native electrostatic interactions between Glu
residues in the acidic patch and the many cationic
residues in this highly basic dimer. Furthermore, the
interactions that stabilize the I2 ensemble, including
those that are non-native, favor efficient folding by
narrowing the manifold of populated conformations
to a set that is poised for folding to the native state,
with facile rearrangement of non-native interactions
to those observed in the native dimer. These
speculations can and will be tested by additional
mutational studies.

Materials and Methods

Materials

Ultra-pure urea was purchased from ICN Biomedicals
(Costa Mesa, CA). All other chemicals were of molecular
biology or reagent grade from JT Baker (Phillipsburg, NJ).
The construction of the plasmids for expression of the
mutant H2A and H2B histones is described elsewhere.12

The WT and mutant histone monomers were over-
expressed as inclusion bodies, purified, and reconstituted
into native heterodimers as described previously.17

Methods

All equilibrium and kinetic experiments were per-
formed at 25 °C in a standard buffer of 200 mM KCl,
20 mM potassium phosphate (KPi) (pH 7.2), and 0.1 mM
ethylenediaminetetraacetic acid (EDTA). The instrumen-

tation, data collection, and analyses for the equilibrium
data are described elsewhere.12 Kinetic folding and
unfolding data were collected with an AVIV Instruments
SF tower interfaced with an AVIV 202SF CD spectropho-
tometer. The dead time of the SF experiments was ∼5 ms
at a 2-ml/s flow rate. SF-CD kinetics were monitored at
222 nm, and 25 kinetic transients were averaged to
enhance the signal-to-noise ratio of each kinetic trace.
For intrinsic Tyr FL, excitation was at 280 nm, and
emission was detected at 90° to the incoming excitation
beam, using a 295-nm cutoff filter; for each SF-FL trace, 20
kinetic transients were averaged. At each urea concentra-
tion, a data set of four to six kinetic traces (a combination
of SF-CD and SF-FL traces of averaged transients) was
analyzed.
Unfolding reactions were initiated by SF dilution of

folded heterodimer into various final urea concentrations,
generally from 2.4 to 3.6 M. The substrates for the folding
reactions were the isolated H2A and H2B monomers pre-
equilibrated at various urea concentrations from 0 to 1.6M.
Foldingwas initiated by SFmixing of these partially folded
monomers to final urea concentrations equal to the pre-
equilibration conditions; that is, [Urea]initial= [Urea]final.
As described previously forWTH2A–H2B,11 individual

folding and unfolding kinetic traces were fit to a single,
first-order exponential function:

Y tð Þ = Yl + DYi × exp −kobstð Þ ð3Þ
where Y∞ is the final equilibrium signal, ΔYi is the signal
change associated with the kinetic phase, and kobs is the
observed rate for each kinetic trace. The rates determined
from SF-CD and SF-FL were in excellent agreement.
Therefore, using Savuka 5.1,40,41 we semi-globally fit all
SF-CD and SF-FL traces at a given final urea concentration
with rates linked across all kinetic traces; Y∞ andΔYi were
treated as local parameters in all global fits. The resulting
fitted rates are represented by the symbols in Figs. 2 and 3
and Supplementary Figs. S1 and S2. Across the concen-
tration regimes where the semi-globally fitted rates
exhibited a log-linear dependence on [Urea], all kinetic
traces were globally fit to the following equation:

kobs = k H2Oð Þ × exp
−mz Urea½ �

RT

!
ð4Þ

where the globally fitted parameters k(H2O) and m‡ are,
respectively, the folding or unfolding rate constants in the
absence of urea and the dependence of the rates on the
final urea concentration.
The folding–unfolding double-jump experiments at 0 M

urea employed the Aviv Instruments SF tower interfaced
with an AVIV ATF-105 fluorometer. The FL excitation and
emission wavelengths were 280 and 308 nm, respectively.
Two double mixers with 11 and 198 μl delay lines between
the first and second mixers were used, as described
previously.11,15 The shorter mixer allowed folding delays
less than 12 ms, while delays of 50 ms to 5 s were achieved
by aging the folding protein in the longer delay line.
Because of constraints of the three syringe configuration,
folding was initiated by diluting pre-mixed H2A and H2B
monomers unfolded in 5 mM HCl into the standard
folding buffer at 0 M urea. As a control, first-order folding
rates were determined by direct SF jumps from 5 mMHCl
to urea concentrations between 0 and 1.0M, and the results
were virtually identical for refolding from acid unfolded
monomers (data not shown) and isolated, partially folded
monomers at pH 7.2 (Fig. 2). After the various refolding
delays (22 time points spanning 57 ms to 4.1 s), unfolding



was induced by addition of urea in the second mixer to a
final concentration of 3.4 M. The unfolding kinetic
responses were fit globally to a single exponential with
the rate linked across all delay times. The unfolding rates
from the double-jump experiments were in good agree-
ment with the rates determined from direct unfolding SF
kineticmethods. The population ofN2 present after a given
folding delay time was estimated from the observed
unfolding amplitudes.
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