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ABSTRACT: The folding/unfolding equilibrium of theR-spectrin SH3 domain has been measured by NMR-
detected hydrogen/deuterium exchange and by differential scanning calorimetry. Protection factors against
exchange have been obtained under native conditions for more than half of the residues in the domain.
Most protected residues are located at theâ-strands, the short 310 helix, and part of the long RT loop,
whereas the loops connecting secondary structure elements show no measurable protection. Apparent
stability constants per residue and their corresponding Gibbs energies have been calculated from the
exchange experiments. The most stable region of the SH3 domain is defined by the central portions of
theâ-strands. The peptide binding region, on the other hand, is composed of a highly stable region (residues
53-57) and a highly unstable region, the loop between residues 34-41 (n-Src loop). All residues in the
domain have apparent Gibbs energies lower than the global unfolding Gibbs energy measured by differential
scanning calorimetry, indicating that under our experimental conditions the amide exchange of all residues
in the SH3 domain occurs primarily via local unfolding reactions. A structure-based thermodynamic analysis
has allowed us to predict correctly the thermodynamics of the global unfolding of the domain and to
define the ensemble of conformational states that quantitatively accounts for the observed pattern of
hydrogen exchange protection. These results demonstrate that under native conditions the SH3 domain
needs to be considered as an ensemble of conformations and that the hydrogen exchange data obtained
under those conditions cannot be interpreted by a two-state equilibrium. The observation that specific
regions of a protein are able to undergo independent local folding/unfolding reactions indicates that under
native conditions the scale of cooperative interactions is regional rather than global.

For many years, our view of the folding equilibrium in
proteins has been distorted by the so-called two-state model,
in which proteins are assumed to be in equilibrium between
two discrete states, the native and unfolded states. Today,
we know that the two-state view is misleading and that the
behavior observed under transition conditions cannot be
extrapolated to native conditions. In particular, the hetero-
geneity in the pattern of hydrogen exchange protection
measured by NMR for many proteins has demonstrated the
existence of multiple conformations under equilibrium condi-
tions and cannot be rationalized in terms of the two-state
model (1-13).

In hydrogen/deuterium exchange experiments performed
under the so-called EX2 regime (see, for example, refs8
and14 and below), amide groups that are buried from the
solvent in the native structure become able to undergo the
exchange reaction as a result of some unfolding event or
conformational change that render them exposed to the
solvent. If only two states were accessible to a protein, all
amide groups that are protected in the native state would

exhibit the same protection factors since the same unfolding
event will expose all of them to the solvent. Moreover, the
Gibbs energy calculated from this event would be equal to
the global Gibbs energy for global unfolding. This is not
what is observed experimentally. For all proteins studied to
date, the pattern of protection factors shows significant
variations between residues, indicating that certain amide
groups become exposed to the solvent as a result of local
rather than global unfolding events (1-8, 12, 13, 15-18).
These local unfolding events occur independently of each
other and give rise to a large number of conformational states
in which small regions of the protein fold and unfold in all
possible combinations. Under equilibrium conditions the
probabilities of those conformations are dictated by their
Gibbs energies.

In this paper we have studied the conformational equilib-
rium of the SH31 domain fromR-spectrin. SH3 domains are
small conserved modular domains (∼60 amino acids) that
mediate protein-protein interactions in cellular signaling
cascades and many other important biological processes(19-
23). The structure of several SH3 domains is known at high
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resolution. In general, SH3 domains fold as compactâ-bar-
rels with five to six antiparallelâ-strands. SH3 domains
mediate protein-protein interactions and modulate enzyme
activity by their ability to bind specific proline-rich peptides.
Since SH3 domains receive and transmit information via
these specific interactions, it is important to understand how
the structural cooperativity is propagated through the native
domain structure. The combined use of NMR-detected
hydrogen-deuterium exchange and high-sensitivity dif-
ferential scanning calorimetry provides a unique way of
measuring residue-level and global stability parameters and,
therefore, of exploring the nature of the native state confor-
mational ensemble.

MATERIALS AND METHODS

Protein Expression and Purification.Wild-type SH3 was
overexpressed from a pET3d plasmid in theEscherichia coli
BL21 (DE3) strain. The plasmid was a kind gift from Dr.
Luis Serrano (EMBL, Heidelberg). Collected cells were lysed
in 5 mM sodium citrate, pH 3.5, in a French press, and the
protein was recovered from the supernatant by precipitation
in ammonium sulfate at 75%. Precipitated protein was
solubilized in 50 mM sodium phosphate buffer and 100 mM
NaCl, pH 7.0, containing 6 M urea, and dialyzed extensively
against the same buffer. The protein was purified by a gel
filtration step on a Hi-Load Superdex 75 column (Pharmacia),
and purity was checked by SDS-PAGE electrophoresis.

Hydrogen Exchange.Exchange samples were prepared
from a stock solution ofR-spectrin SH3 by extensively
dialyzing it against deionized water and further lyophilization.
H-D exchange was initiated by rapidly dissolving the
lyophilized protein in deuterated buffer (20 mMd5-glycine
for pH* 3.0 and pH* 2.5 or 20 mMd3-acetate for pH* 4.0).
The sample was filtered to remove insoluble protein, and
then immediately placed in a 5 mm NMRtube and into the
magnet. The final protein concentration was approximately
5 mM when dissolved in 500µL of deuterated buffer. The
pH* of samples was checked after each experiment. Values
of pH* reported in D2O solutions represent direct pH meter
readings, without correction for isotope effects. The experi-
ment dead times (i.e., time between dissolving the protein
and the start of data acquisition) were between 15 and 20
min. The probe temperature was determined immediately
before each experiment using a sample of 80% ethylene
glycol and 20%d6-dimethyl sulfoxide. Magnet shims were
preadjusted on a sample identical to the exchange one. All
NMR experiments were performed at 24.7°C on a Brüker
AMX-500 spectrometer belonging to the instrumentation
center of the University of Granada. A set of 20-30 two-
dimensional phase-sensitive COSY spectra were acquired
during the exchange at progressively longer time intervals.
Acquisition was performed using the time-proportional phase
incrementation technique (TPPI) (24). Data sets comprised
256 × 2048 data points and the spectral width was 6024
Hz. A light presaturation of the residual water signal was
done during the relaxation delay.

The program package NMRpipe (25) was used to process
the NMR data on a Silicon Graphics O2 workstation. Prior
to Fourier transformation, the 2D data matrix was multiplied
by a square-sine bell window function in both dimensions
and then zero-filled to 4096× 4096 words. The NMRview

package (26) was used for computerized cross-peak identi-
fication and analysis. The assignment of the COSY NH-
CRH cross-peaks of our spectra was readapted to our
experimental conditions, taking as a reference the published
assignment at pH 3.5 and 35°C (27). The intensity of each
NH-CRH cross-peak was taken to be the average of the
intensities (absolute values) of the four components of the
COSY cross-peak and was normalized by comparison with
the averaged intensity of the cross-peak CRΗ-CâΗ corre-
sponding to the nonexchangeable protons of Ala55. For each
residue, the normalized peak intensity was considered to be
proportional to the proton occupancy of the corresponding
amide group. The time assigned to each proton occupancy
value was taken to be the middle of the acquisition time for
each COSY spectrum, and “time zero” is the time when the
protein was dissolved into deuterated buffer.

The exchange kinetics of 33-39 amide protons could be
measured, depending on the conditions. A single-exponential
decay function,I ) I0 exp(-kext) + c, was fitted to the
normalized cross-peak intensities in order to determine their
exchange rate constants,kex. I is the normalized signal
intensity at timet (in seconds),I0 is the amplitude of the
exchange curve,kex is the observed hydrogen exchange rate
constant, and the constantc is the peak intensity at the infinity
time point. A home made program was used to calculate
the sequence-specific intrinsic rate constants of exchange for
each amide proton,kint, at the different pH* values using
the exchange data of Bai et al. (28) for model peptides.

Protection factors against exchange, PF, were determined
as PF) kint/kex.

Under our experimental conditions, the intrinsic exchange
rate constants for all amide protons are several orders of
magnitude lower than the reported refolding rate constant
of R-spectrin SH3 (20). Accordingly, an EX2 mechanism
for the amide hydrogen exchange could be assumed (28).

Under EX2 exchange, for a particular residue, the equi-
librium between the “open” state, in which the amide proton
is exchange competent, and the “closed” state, in which the
amide proton is protected against exchange, is fully estab-
lished and the opening equilibrium constant,Kop, can be
obtained as follows:Kop ) kex/kint ) (PF)-1. For each residue,
the free energy difference between the closed and the open
states is given by

Calorimetry.High-sensitivity differential scanning calo-
rimetry (DSC) was performed in deuterium oxide (D2O)
solutions using a VP-DSC microcalorimeter (Microcal) at a
scan rate of 60 deg/min. Unfolding experiments were carried
out in 20 mM glycine or 20 mM acetate buffers in D2O at
different values of pH* between 1.0 and 4.5. The samples
were prepared by dissolving the lyophilized protein into the
D2O buffers and then filtering the solutions with a 0.2µm
Millex filter (Millipore). The sample concentration was
measured by UV absorption at 280 nm using an extinction
coefficient of 16 147 for the native protein (20). The
concentration of protein in these experiments was about 1
mg/mL. The temperature dependence of the molar partial
heat capacity (Cp) of SH3 was calculated from the DSC data
and analyzed using Origin 5.0 (Microcal).Cp curves were
fitted by a nonlinear least-squares method using a two-state

∆G ) -RT ln Kop ) -RT ln(1/PF) (1)
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unfolding model as described previously (20). The enthalpy
change of unfolding,∆Hm, obtained from the fits was
represented versus the unfolding temperature,Tm, for each
pH* value. A temperature-independent heat capacity change
of unfolding, ∆Cp, was estimated from this plot. This∆Cp

value, together with the∆Hm and Tm values at each pH*,
was used to calculate the global unfolding Gibbs energy
change at 24.7°C as described elsewhere (20).

Structure-Based Thermodynamic Analysis.The thermo-
dynamic parameters associated with the folding/unfolding
equilibrium of the SH3 domain were calculated from the
crystallographic structure (PDB file 1shg) (29) using the
structural parametrization of the energetics developed earlier
(30-35).

The stability constants per residue were calculated ac-
cording to the COREX algorithm (16, 17, 36). This algorithm
generates a large ensemble of partially folded conformations
and calculates the probability distribution of these states
under a given set of conditions. For these calculations a total
of 49 146 partially folded conformations were generated with
the computer using the crystallographic structure (PDB file
1shg) as a template. The small size of the protein permitted
the use of a very small window (four amino acids) without
creating a computationally untractable number of states. The
Gibbs energy of each state and its respective probability were
calculated according to the structural parametrization of the
energetics. For any particular residue j, the stability constant
per residue,kf,j, is calculated as the ratio of the summed
probability,Pf,j,i , of all states in which residue j is folded, to
the summed probability,Pnf,j,i, of all states in which that
residue is not folded:

It has previously been shown, through the analysis of various
protein structures, that hydrogen exchange protection factors
can be obtained from the stability constants per residue (16-
18, 36). The protection factor of residue j, PFj, can be
expressed in terms of probabilities:

where the correction term∑iPf,j,i
ex is the sum of the prob-

abilities of all states in which residue j is folded, yet exchange
competent. The competence for exchange of residue j in a
particular state i, is evaluated according to the exposition of
the amide group to the solvent (16). Accessible surface area
(ASA) calculations based on the method of Lee and Richards
(37) are implemented within the COREX algorithm.

RESULTS AND DISCUSSION

Hydrogen Exchange Kinetics.The amide hydrogen-
deuterium exchange for more than half of theR-spectrin SH3
residues can be followed under the experimental conditions

used in this paper. In all cases the exchange shows first-
order kinetics and allows an accurate determination of the
exchange rate constants,kex (Figure 1). The experimental
protection factors per residue are shown in Figure 2 (lower
panels in each plot). Values are relatively low under our
conditions and strongly dependent on pH*. Protected residues
are grouped mainly in six regions of the protein sequence,
corresponding to different elements of secondary structure:
(a) residues 8-16, which correspond to the firstâ-strand
(â1) and the first arm (â2) of the RT loop; (b) residues 22-
26, corresponding to the second arm (â3) of the RT loop;
(c) residues 30-34, corresponding to theâ4 strand; (d)
residues 41-46 forming theâ5 strand; (e) residues 49-53
forming theâ6 strand; (f) residues 55-61, corresponding
to the short 310 helix and the C-terminal (â7) strand. In
general, residues located in the loops connecting secondary
structures do not show measurable protection. An exception
to this is Gly28, which is part of a divergingâ-turn,
separating theâ3 andâ4 strands and whose NH group forms
a hydrogen bond with the CdO group of Ala11. Other

κf,j )

∑
i

Pf,j,i

∑
i

Pnf,j,i

(2)

PFj )

∑
i

Pf,j,i - ∑
i

Pf,j,i
ex

∑
i

Pnf,j,i + ∑
i

Pf,j,i
ex

(3)

FIGURE 1: Amide hydrogen-deuterium exchange kinetics for
several residues ofR-spectrin SH3 at pH* 2.5, 3.0, and 4.0 and
24.7°C. Each plot represents the dependence of the COSY NH-
CRH cross-peak intensity of some selected residues with the time
of exchange at each pH* value. Symbols correspond to the
experimental data. Solid lines are the best fits to a single-exponential
decay function, from which the exchange rate constants have been
derived.
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exceptions are Thr37 and Asn38, which are located in the
n-Src loop and show measurable protection at pH* 2.5. Two
nonobservable Pro residues are at positions 20 and 54.

Differential Scanning Calorimetry.Since the exchange
experiments are performed in D2O, the global stability of
theR-spectrin SH3 domain was measured by high-sensitivity
differential scanning calorimetry (DSC) at different pH*
values (Figure 3). As in the case of aqueous solutions, the
heat capacity,Cp, curves obtained in deuterated buffers could
be accounted very well by the two-state unfolding model
(20). This result indicates that within the transition region
the conformational equilibrium of the SH3 domain is
dominated by the native and unfolded states with no
measurable influence of partially folded intermediates. The
results of these experiments are summarized in Table 1 and
Figure 4A. The enthalpy change of unfolding is dependent
on the unfolding temperature as observed for this and other
proteins in aqueous solution. At the reference temperature
of 60 °C the enthalpy of unfolding (∆H(60)) was equal to
189 kJ/mol and the heat capacity change (∆Cp) was equal
to 3.9 kJ/(K‚mol). These values are slightly higher from those
obtained for the same protein in aqueous solution (∆H(60)
) 180 kJ/mol and∆Cp ) 3.5 kJ/(K‚mol) (20)). Figure 4B
shows the pD dependence of the Gibbs energy change of

global unfolding,∆GU, calculated from the DSC results at
25 °C. In this plot, the pH* values were transformed into
pD values by adding 0.4 pH unit to the pH meter readings.
It is clear that∆GU exhibits a sigmoidal dependence on pD

FIGURE 2: Pattern of protection factors (PF) per residue for
R-spectrin SH3 at pH* values of 2.5, 3.0, and 4.0. Experimental
values [ln(PF)exp] (solid bars) have been obtained from the exchange
kinetics as described in Materials and Methods. Calculated values
of the protection factors [ln(PF)calc] (open bars) and the stability
constants per residue (solid lines) were calculated using the COREX
algorithm from the crystal structure of the SH3 domain (see text).
Upper and lower limits of each graph have been set to the values
(∆GU/RT, corresponding to the global unfolding of the protein,
as determined by DSC, i.e., the expected value of ln(PF) for a
residue that would exchange only upon the global unfolding of the
protein.

FIGURE 3: DSC thermograms ofR-spectrin SH3 in deuterium oxide
buffers at the three pH* values of the hydrogen exchange experi-
ments. Experimental curves correspond to the partial molar heat
capacity,Cp, of the protein. Best fits using a two-state unfolding
model are shown practically superimposed to the experimental data.

Table 1: Thermodynamic Parameters for the Unfolding of the SH3
Domain ofR-Spectrin in Deuterium Oxide Obtained by Differential
Scanning Calorimetry

pH* ∆Hm (kJ/mol) Tm pH* ∆Hm (kJ/mol) Tm

4.5 227 70.9 2.75 167 52.6
4.0 219 68.7 2.5 150 49.6
3.5 211 64.8 2.25 129 45.3
3.25 193 60.2 2.0 119 42.4
3.0 183 57.8 1.0 114 41.4

FIGURE 4: Panel A: Plot of the enthalpy change (∆Hm) versus the
temperature of unfolding (Tm) for R-spectrin SH3. Data represented
with filled circles correspond to the experimental values obtained
by DSC. The straight line is the least-squares fit to a linear
dependence of the enthalpy change of unfolding versus temperature,
from which a temperature-independent heat capacity change of
unfolding,∆Cp ) 3.9( 0.3 kJ/(mol‚K), has been estimated. Panel
B: Dependence with pD of the Gibbs energy change for the global
unfolding of SH3. Values at each pD (filled squares) were calculated
from the DSC results. The solid line is the curve calculated using
eq 4 (see Results). This calculation assumes that four carboxylic
groups have anomalous pKa’s as discussed in the text.
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with a midpoint near pD 3.4. At pD 1.4 the stability of the
protein is minimal and exhibits a∆GU of 4.3 kJ/mol. At pD
4.9 ∆GU reaches a value of 17.9 kJ/mol. The slope of the
curve indicates that at the midpoint of the pD curve (pD
3.4) an average of 1.2 protons becomes associated to the
protein upon unfolding.

Global and Local Unfolding.The Gibbs energies corre-
sponding to the global unfolding of the protein were 7.7,
11.6, and 16.7 kJ/mol at pH* 2.5, 3.0, and 4.0 respectively,
at the same temperature in which the hydrogen exchange
experiments were performed. The errors estimated for the
global unfolding Gibbs energy changes determined from the
DSC results are no larger than(0.5 kJ/mol. Gibbs energy
values per residue were also calculated from the hydrogen
exchange data (eq 1) at the three pH* values considered in
this work. The apparent Gibbs energies obtained from the
experimental exchange data of practically all residues in the
SH3 domain were consistently lower than the Gibbs energy
change of global unfolding (see Figure 2). The only possible
exceptions to this behavior were W41, W42, and R49 which
at pH* 2.5 exhibit Gibbs energies of 7.05, 6.85, and 7.09
kJ/mol, respectively, and are within 1 kJ/mol of the global
unfolding Gibbs energy. For all remaining residues, the
individual Gibbs energies were lower than the global Gibbs
energy by 1.6 kJ/mol or more. At pH* 3.0 and 4.0 the
apparent Gibbs energies obtained from the exchange data
were at least 2.0 kJ/mol lower than the global Gibbs energy.
These results indicate that, under the experimental conditions
considered in this paper, the amide exchange of essentially
all residues in the domain occurs primarily via either local
or subglobal unfolding reactions; i.e., none of the residues
requires the complete unfolding of the protein in order to
exchange its amide hydrogen with the solvent. In addition,
there are no residues exhibiting superprotection, indicating
that even residues in the most stable core of the protein
become exposed by local unfolding and that no residual
protection remains in the denatured state.

Analysis of the pH Dependence of the Gibbs Energy.From
a general thermodynamic standpoint, the pH or pD depen-
dence of the Gibbs energy change of an unfolding process,
∆GU, can be expressed by the equation:

where∆GU
o is the Gibbs energy change at the reference pH,

pKa,i is the pK of a group i in the unfolded state, and pKa,i
0 is

the pKa of that group in the native state. As shown above,
∆GU shows the characteristic sigmoidal dependence associ-
ated with a reaction coupled to a protonation reaction. For
the thermodynamic analysis, the pH* values were trans-
formed into pD values by adding 0.4 pH unit to the pH meter
readings. Accordingly, in the pD scale the midpoint of the
curve is centered at about pD 3.4. Even though the slope of
the curve at the midpoint is consistent with the uptake of an
average of 1.2 protons upon unfolding, several carboxylic
groups might be contributing. Analysis of the crystallographic
structure reveals the existence of four carboxylic groups,
Glu7, Glu17, Glu22, and Asp40 which are substantially
buried from the solvent or participate in the formation of
salt bridges. These groups are expected to exhibit anomalous

pKa’s and be the most likely contributors to the observed
protonation effects. Application of the Tanford-Kirkwood
algorithm (38) (Garcı́a-Moreno, personal communication) to
the crystallographic structure (PDB file 1shg) yielded pKa’s
of 3.95, 2.48, 4.00, and 3.13 for those groups. Since in D2O
the pKa’s of the free groups are 4.15 for Glu and 3.75 for
Asp, it seems that Glu17 and Asp 40 are the groups expected
to have the most anomalous pKa’s and be the main contribu-
tors to the pH or pD dependence of the SH3 domain stability.
In fact, these values account well for the experimental pD
dependence of∆GU (Figure 4B). A nonlinear least-squares
fit of the experimental data to four carboxylic groups did
not change the pKa values significantly and converged to
pKa’s of 3.95, 2.48, 4.0, and 3.11, respectively. The intrinsic
stability of the SH3 domain prior to the protonation of the
carboxylic groups (∆GU

o) was found to be equal to 18.9 kJ/
mol. The values for∆GU at 25 °C in D2O buffers are in
general slightly higher (from 0 to 2.4 kJ/mol depending on
the pH/pH* values) than those obtained in aqueous solution
(20). This indicates that there is a small increase in the
stability of the SH3 domain produced by the D2O/H2O
solvent exchange. This increase has been observed previously
(39), although with some proteins a stability decrease in D2O
solutions has been reported (40).

Structure-Based Thermodynamic Analysis.The structure
of the SH3 domain ofR-spectrin has been solved crystal-
lographically at 1.8 Å resolution (PDB file 1shg) (29). This
structure was used to perform structure-based thermodynamic
calculations using the structural parametrization of the
energetics described before (30-35).

(A) Heat Capacity Change.The primary contributions to
the heat capacity change upon protein unfolding arise as a
result of the exposure to solvent of nonpolar and polar groups
that were buried in the native state. For the SH3 domain of
R-spectrin 3074 Å2 of nonpolar, 1922 Å2 of polar, and 110
Å of hydroxy surface area become exposed to the solvent
upon unfolding. These changes in accessibility yield a∆Cp

of 3.77 kJ/(K‚mol), which is very close to the experimental
value of 3.9 kJ/(K‚mol) obtained in this work and the value
of 3.4 kJ/(K‚mol) obtained previously in aqueous solution
(20). Additional contributions such as those associated with
the protonation of carboxylic groups contribute very little
[about 0.15 kJ/(K‚mol)].

(B) Enthalpy Change.The enthalpy change upon unfolding
is dominated by two terms: a positive contribution due to
the disruption of internal interactions (van der Waals,
hydrogen bonds, etc.) and a negative term resulting from
the solvation of groups that are buried in the native state
(33). At 60 °C, the enthalpy change for unfolding of the
SH3 domain predicted by the structural parametrization is
186 kJ/mol, which compares very well with the value of 180
kJ/mol obtained experimentally in H2O and the value of 189
kcal/mol obtained here in D2O.

The SH3 domain ofR-spectrin has a packing density
slightly higher than that of an average globular protein. For
the SH3 domain ofR-spectrin the average number of
noncovalently bonded atoms within a distance of 3 Å is 4.6
compared to an average number of 4.4-4.5 for other
proteins. This packing density is reflected in a higher
magnitude of the enthalpy change as discussed before (33).
Due to the atomic composition of this protein, these closely

∆GU ) ∆GU
o - RT∑

i

ln[1 + 10pKa,i-pH

1 + 10pKa,i
0-pH] (4)
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packed atoms tend to be less polar than average, increasing
the relative contributions of nonpolar van der Waals interac-
tions to the enthalpy change.

(C) Entropy Change.The entropy change upon unfolding
consists mainly of two opposing contributions, the confor-
mational entropy increase of backbone and side chains and
the negative change due to the solvation of groups that are
buried from the solvent in the native state. The conforma-
tional entropy change amounts to 1.35 kJ/(K‚mol) and the
solvation entropy to-1.23 kJ/(K‚mol), yielding a combined
total of 0.12 kJ/(K‚mol) at 25°C. Together with the enthalpy
change, the structural parametrization predicts a Gibbs energy
of stabilization of 19.2 kJ/mol at 25°C, in excellent
agreement with the experimental value of 18.9 kJ/mol
obtained from DSC.

The above results indicate that the structural parametriza-
tion of the energetics accounts accurately for the energetics
of stabilization of the SH3 domain ofR-spectrin and that
the partitioning of the energetics into its enthalpic and
entropic components is captured correctly.

Structure-Based Calculation of Hydrogen Exchange Pro-
tection Factors.A statistical thermodynamic formalism
aimed at estimating stability constants at the residue level
has been developed earlier (16, 17, 36). The stability
constants per residue map the protein molecule in terms of
the structural stability of different regions. Protein residues
with a high probability of being in the native conformation
are characterized by high stability constants while residues
that are most likely to be unstructured have low stability
constants. For the SH3 domain, the residue stability constants
per residue calculated according to the COREX algorithm
(16, 17, 36) are shown in Figure 2, together with the
calculated values for the hydrogen exchange protection
factors. These are compared with the experimentally deter-
mined values. As seen in the figure, the COREX algorithm
predicts well the pattern of experimental protection factors.
The standard deviation between experimental and calculated
protection factors for those residues that exhibit protection
is 4.6, 3.3, and 2.5 kJ/mol for the experiments at pH* 4.0,
3.0, and 2.5, respectively. These values are within the range
obtained previously for other structure-based∆G calculations
(16, 18, 35). The residues with the largest errors appear to
be randomly distributed within the SH3 structure and not to
be concentrated within any particular structural region or
secondary structural motif of the SH3 domain. Only one
residue (Gln50) is mispredicted by more than 5 kJ/mol at
the three pHs studied. Four other residues (Arg21, Ile30,
Thr32, and Ala56) are mispredicted by more than 5.5 kJ/
mol at pH 4 and 3 but predicted within 4 kJ/mol at pH 2.5.
The agreement in the pattern and amplitude between
predicted and experimental protection factors indicates that
the ensemble of partially folded states predicted to be
populated under native conditions is consistent with the one
observed through the NMR-detected hydrogen exchange
experiments. The differences between the calculated protec-
tion factors and the stability constants per residue that can
be observed for some residues (Figure 2) are due to the
probability that these particular residues be located in a folded
region that becomes exposed to solvent upon the unfolding
of a complementary region.

Structural Distribution of the Energetics of Stability.The
pattern of hydrogen exchange protection reflects the statistical

nature of the native state and the existence of an ensemble
of conformations. If, under native conditions, only two states
were accessible to the protein, the protection factors of all
residues that show protection would be identical. This is
certainly not the case for the SH3 domain or any other protein
that has been measured by this technique, indicating that
under native conditions proteins are characterized by the
existence of multiple independent local unfolding events that
give rise to a large number of conformational states. For some
proteins, a certain number of residues exhibit the phenom-
enon of superprotection (see, for example, ref41). Usually,
these residues are located either in highly stable protein cores
or in regions that exhibit residual structure under denaturing
conditions. This has been observed to be the case for the src
SH3 domain at pH 6 (42). In the case of the SH3 domain of
R-spectrin at acid pH this phenomenon is not observed since
all residues have apparent Gibbs energies lower than the
global unfolding Gibbs energy. Under the experimental
conditions considered in this paper, essentially all amide
groups in the domain undergo hydrogen-deuterium ex-
change via local unfolding reactions. The change from pH*
4.0 to pH* 2.5, with a strong decrease on global stability,
does not appear to have a significant effect on the mechanism
of exchange for the SH3 domain ofR-spectrin. It can be
noticed that, under the conditions of lower stability (pH*
2.5), the apparent Gibbs energy for some residues is
approaching∆GU, indicating that the contribution of global
unfolding to the exchange is increased. This is consistent
with the effect of low denaturant concentrations observed
for a number of proteins (see, for example, refs8 and43).
The pH dependence of the src SH3 domain might be different
from that of the SH3 domain ofR-spectrin due to a different
proportion of acidic residues (four Glu and five Asp for
R-spectrin versus four Glu, three Asp, and one His for src).
In addition, the src SH3 domain appears to have a higher
atomic packing density than theR-spectrin SH3 domain
according to their high-resolution structures (PDB files 1shg
and 1srl).

Figure 5 shows the structure of the SH3 domain color
coded according to the structural stability of each residue.
These results indicate that the most stable region of the SH3
domain is defined by the central portions of theâ-strandss
in particular the hairpin formed by theâ5 andâ6 strands at
both sides of the distal loop, the short 310 helix, and part of
the long RT loop, whereas the loops connecting secondary
structure exhibit lower stability. The peptide binding region,
on the other hand, is composed of a highly stable region
(residues 53-57) and a highly unstable region, the loop
between residues 34-41 (n-Src loop).

NatiVe State Ensemble of the SH3 Domain ofR-Spectrin.
In the calculations presented here, a total of 49 146 states
were included. The majority of those states, however, have
extremely high Gibbs energies and therefore negligible
probabilities under native conditions. This observation
reflects the basic cooperative nature of the folding process.
To assess the structural characteristics of the native state
ensemble, calculations were performed under conditions of
maximal stability (∆GU ) 19.2 kJ/mol) and the totality of
the states was sorted in ascending Gibbs energy order. It
was found that only 53 states out of the 49 146 had Gibbs
energies lower than 21 kJ/mol (i.e., 0.13%). These states are
illustrated in Figure 6. There were 43 states with lower Gibbs
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energies and correspondingly higher probabilities than those
of the unfolded state under native conditions. As shown in
the figure, these states are created by the independent
unfolding of small regions scattered throughout the entire

domain. In fact, none of those states has more than eight
residues in an unfolded conformation. Collectively, these
local unfolding events are capable of exposing to solvent
all amide groups in the protein even in the absence of global
unfolding. These results account for the observation that the
apparent Gibbs energy obtained for hydrogen exchange is
lower than the Gibbs energy for global unfolding. In fact, at
pH* 4 the Gibbs energies for exchange of even the most
protected amides are close to 3 kJ/mol lower than the global
Gibbs energy for unfolding, in agreement with the results
shown in the figure.

Under native conditions, the dominant equilibrium is not
the equilibrium between the native and unfolded states but
the equilibrium between a large number of states exhibiting
local independent “fluctuations” or “local unfolding” events
that result in the loss of native state interactions at specific
locations within the protein structure. An illustration of this
scenario is the fact that under native conditions the prob-
ability of the “fully” folded state estimated from our
calculations amounts to only∼72% whereas the remaining
28% is accounted mainly by the ensemble of states repre-
sented in Figure 6. Therefore, the native state ensemble is
created by the occurrence of these local and independent
unfolding events in all possible combinations and with
probabilities dictated by their Gibbs energies. Since these
events involve only a few residues, they are characterized
by small enthalpies and smallmvalues. As a result the Gibbs

FIGURE 5: Structure of the SH3 domain ofR-spectrin color coded
according to the magnitude of the stability constants per residue.
In this figure blue denotes the most stable regions of the protein
and the areas colored red the least stable regions. The stability
constants were calculated with the COREX algorithm (16, 17, 36),
and the figure was made using the program MOLSCRIPT (45).

FIGURE 6: Most probable conformations in the native ensemble of the SH3 domain ofR-spectrin. Only the states with Gibbs energies
lower than 21 kJ/mol have been included. The states were generated with the COREX algorithm (16) and account quantitatively for the
pattern of hydrogen exchange protection factors. In this figure red represents native regions and yellow represents unfolded regions. The
states represented have been ordered according to their Gibbs energies: first row, from 0 to 11.1 kJ/mol; second row, up to 13.8 kJ/mol;
third row, up to 17.3 kJ/mol; fourth row, up to 18.9 kJ/mol; fifth row, up to 20.0 kJ/mol; sixth row, up to 21.0 kJ/mol. The Gibbs energy
of the unfolded state (all yellow) is 19.2 kJ/mol.
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energies of those states exhibit negligible temperature or
denaturant concentration dependencies as observed experi-
mentally (8, 11, 13, 44). On the other hand, the completely
unfolded state is characterized by large enthalpy andm
values, and consequently the Gibbs energy for global
unfolding exhibits considerable temperature and denaturant
concentration dependencies. The net result of this behavior
is that, as denaturation conditions are approached either
thermally or chemically, the Gibbs energy for global unfold-
ing decreases at a much faster rate and the equilibrium
becomes dominated by the unfolded and native states. Thus,
in the denaturation transition region the conformational
equilibrium is well accounted for by the two-state model
whereas under native conditions this model fails and the
equilibrium needs to be considered in terms of statistical
ensembles. The approach presented here provides a quantita-
tive account of this behavior.

CONCLUSIONS

Τhe NMR and calorimetric data presented here demon-
strate the existence of multiple independent local unfolding
events in the native state of the SH3 domain ofR-spectrin.
The most important consequence of these experiments is the
redefinition of the concept of cooperativity in the native state.
The observation that specific regions of a protein are able
to undergo independent local folding/unfolding reactions
indicates that under native conditions the scale of cooperative
interactions is regional rather than global. Global cooperat-
ivity is only seen under denaturing conditions and appears
to be the result of the characteristic dependencies of the Gibbs
energies for different processes. The idea of an all-or-none
behaving native state seems to be a product of the extrapola-
tion of results obtained under denaturing conditions to native
conditions. This extrapolation, however, does not provide
an accurate representation of the properties of the native state
ensemble.
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