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ABSTRACT: The folding/unfolding equilibrium of thet-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 fhgtrands, the short;ghelix, 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
thes-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 residueg B4n-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  exhibit the same protection factors since the same unfolding
proteins has been distorted by the so-called two-state modelgevent will expose all of them to the solvent. Moreover, the
in which proteins are assumed to be in equilibrium between Gibbs energy calculated from this event would be equal to
two discrete states, the native and unfolded states. Todaythe global Gibbs energy for global unfolding. This is not
we know that the two-state view is misleading and that the what is observed experimentally. For all proteins studied to
behavior observed under transition conditions cannot bedate, the pattern of protection factors shows significant
extrapolated to native conditions. In particular, the hetero- variations between residues, indicating that certain amide
geneity in the pattern of hydrogen exchange protection groups become exposed to the solvent as a result of local
measured by NMR for many proteins has demonstrated therather than global unfolding event$<8, 12, 13, 15-18).
existence of multiple conformations under equilibrium condi- These local unfolding events occur independently of each
tions and cannot be rationalized in terms of the two-state other and give rise to a large number of conformational states
model (—13). in which small regions of the protein fold and unfold in all

In hydrogen/deuterium exchange experiments performedpossible combinations. Under equilibrium conditions the
under the so-called EX2 regime (see, for example, 8fs probabilities of those conformations are dictated by their
and 14 and below), amide groups that are buried from the Gibbs energies.
solvent in the native structure become able to undergo the In this paper we have studied the conformational equilib-
exchange reaction as a result of some unfolding event orrium of the SH3 domain froma-spectrin. SH3 domains are
conformational change that render them exposed to thesmall conserved modular domains@0 amino acids) that
solvent. If only two states were accessible to a protein, all mediate proteifprotein interactions in cellular signaling
amide groups that are protected in the native state wouldcascades and many other important biological procg4Ses

23). The structure of several SH3 domains is known at high
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resolution. In general, SH3 domains fold as comghbar- package Z6) was used for computerized cross-peak identi-
rels with five to six antiparallej3-strands. SH3 domains fication and analysis. The assignment of the COSY-NH
mediate proteir-protein interactions and modulate enzyme C,H cross-peaks of our spectra was readapted to our
activity by their ability to bind specific proline-rich peptides. experimental conditions, taking as a reference the published
Since SH3 domains receive and transmit information via assignment at pH 3.5 and 3& (27). The intensity of each
these specific interactions, it is important to understand how NH—C,H cross-peak was taken to be the average of the
the structural cooperativity is propagated through the native intensities (absolute values) of the four components of the
domain structure. The combined use of NMR-detected COSY cross-peak and was normalized by comparison with
hydrogen-deuterium exchange and high-sensitivity dif- the averaged intensity of the cross-peaftic-CsH corre-
ferential scanning calorimetry provides a unique way of sponding to the nonexchangeable protons of Ala55. For each
measuring residue-level and global stability parameters and,residue, the normalized peak intensity was considered to be
therefore, of exploring the nature of the native state confor- proportional to the proton occupancy of the corresponding

mational ensemble. amide group. The time assigned to each proton occupancy
value was taken to be the middle of the acquisition time for
MATERIALS AND METHODS each COSY spectrum, and “time zero” is the time when the

protein was dissolved into deuterated buffer.

The exchange kinetics of 339 amide protons could be
measured, depending on the conditions. A single-exponential
decay function,| = 1o exp(—ket) + ¢, was fitted to the
normalized cross-peak intensities in order to determine their
exchange rate constantks. | is the normalized signal

Protein Expression and PurificatioiwVild-type SH3 was
overexpressed from a pET3d plasmid in Egcherichia 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 supernqtant by prec@pitation intensity at timet (in seconds)l, is the amplitude of the
in_ammonium sulfate at 75%. Precipitated protein was exchange curveky is the observed hydrogen exchange rate
solubilized in 50 mM sodium phosphate buffer and 100 MM ,ngtant, and the constaris the peak intensity at the infinity
NaCl, pH 7.0, containig 6 M urea, and dialyzed extensively ime point. A home made program was used to calculate
against the same buffer. The protein was purified by a gél ye sequence-specific intrinsic rate constants of exchange for
filtration step on a Hi-Load Superdex 75 column (Pharmacia), a5ch amide protorky, at the different pH* values using
and purity was checked by SB®AGE electrophoresis. the exchange data of Bai et a28j for model peptides.

Hydrogen ExchangeExchange samples were prepared  Protection factors against exchange, PF, were determined
from a stock solution ofa-spectrin SH3 by extensively as PF= k/kex.
dialyzing it against deionized water and further lyophilization.  Under our experimental conditions, the intrinsic exchange
H—D exchange was initiated by rapidly dissolving the rate constants for all amide protons are several orders of
lyophilized protein in deuterated buffer (20 mé-glycine magnitude lower than the reported refolding rate constant
for pH* 3.0 and pH* 2.5 or 20 mMi;-acetate for pH* 4.0).  of a-spectrin SH3 20). Accordingly, an EX2 mechanism
The sample was filtered to remove insoluble protein, and for the amide hydrogen exchange could be assur@ég (
then immediately placedhia 5 mm NMRtube and into the Under EX2 exchange, for a particular residue, the equi-
magnet. The final protein concentration was approximately |ibrium between the “open” state, in which the amide proton
5 mM when dissolved in 500L of deuterated buffer. The s exchange competent, and the “closed” state, in which the
pH* of samples was checked after each experiment. Valuesamide proton is protected against exchange, is fully estab-
of pH* reported in DO solutions represent direct pH meter |ished and the opening equilibrium constakt,, can be
readings, without correction for isotope effects. The experi- obtained as followsKop = ke/kint = (PF) L. For each residue,
ment dead times (i.e., time between dissolving the protein the free energy difference between the closed and the open
and the start of data acquisition) were between 15 and 20states is given by
min. The probe temperature was determined immediately
before each experiment using a sample of 80% ethylene AG = —RTIn K,,= —RTIn(1/PF) Q)
glycol and 20%ds-dimethyl sulfoxide. Magnet shims were

preadjusted on a sample identical to the exchange one. All - calorimetry. High-sensitivity differential scanning calo-

NMR experiments were performed at 24C on a Bilker  rimetry (DSC) was performed in deuterium oxide (f)
AMX-500 spectrometer belonging to the instrumentation solutions using a VP-DSC microcalorimeter (Microcal) at a
center of the University of Granada. A set of-280 two- scan rate of 60 deg/min. Unfolding experiments were carried

dimensional phase-sensitive COSY spectra were acquiredgyt in 20 mM glycine or 20 mM acetate buffers in® at
during the exchange at progressively longer time intervals. gifferent values of pH* between 1.0 and 4.5. The samples
Acquisition was performed using the time-proportional phase were prepared by dissolving the lyophilized protein into the
incrementation technique (TPPR4). Data sets comprised  p,O buffers and then filtering the solutions with a Quth
256 x 2048 data points and the spectral width was 6024 \jjllex filter (Millipore). The sample concentration was
Hz. A I|ght presaturation of the residual water Signal was measured by uv absorption at 280 nm using an extinction
done during the relaxation delay. coefficient of 16 147 for the native proteir2@. The
The program package NMRpip25) was used to process concentration of protein in these experiments was about 1
the NMR data on a Silicon Graphics O2 workstation. Prior mg/mL. The temperature dependence of the molar partial
to Fourier transformation, the 2D data matrix was multiplied heat capacity,) of SH3 was calculated from the DSC data
by a square-sine bell window function in both dimensions and analyzed using Origin 5.0 (Microcaf}, curves were
and then zero-filled to 4096& 4096 words. The NMRview fitted by a nonlinear least-squares method using a two-state
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unfolding model as described previousB0J. The enthalpy 0.20
change of unfolding,AH, obtained from the fits was

represented versus the unfolding temperattig,for each 2 015f
pH* value. A temperature-independent heat capacity change £

of unfolding, AC,, was estimated from this plot. ThisC, E olof
value, together with th\H,, and T, values at each pH*, 3

was used to calculate the global unfolding Gibbs energy &£ 005}
change at 24.7C as described elsewher2(.

Structure-Based Thermodynamic AnalySise thermo- 0.00 . \ ) .
dynamic parameters associated with the folding/unfolding 0 200 400 600 800 1000
equilibrium of the SH3 domain were calculated from the Time (min)
crystallographic structure (PDB file 1shg29) using the
structural parametrization of the energetics developed earlier 0.30
(30-39). 0.25% pH*30 .+ 13

The stability constants per residue were calculated ac- 2 R
cording to the COREX algorithmg, 17, 39. This algorithm g x
generates a large ensemble of partially folded conformations E
and calculates the probability distribution of these states =4
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 0 2000 4000 6000
the use of a very small window (four amino acids) without Time (min)
creating a computationally untractable number of states. The
Gibbs energy of each state and its respective probability were 0.30 "
calculated according to the structural parametrization of the 0.25 pH* 4.0 . L33
energetics. For any particular residue j, the stability constant 2 420 4 Va4
per residueks;, is calculated as the ratio of the summed £ x V8
probability, Py, of all states in which residue j is folded, to g OB
the summed probabilityP.;i, of all states in which that § 0.10
residue is not folded: & 005

0.00 —
Z Ptii 0 2000 2000 6000 8000
|
Kij = (2 Time (min)
ZPnf’j’i Ficure 1: Amide hydroger-deuterium exchange kinetics for
I

several residues af-spectrin SH3 at pH* 2.5, 3.0, and 4.0 and

24.7°C. Each plot represents the dependence of the COS¥- NH
It has previously been shown, through the analysis of various C]?H Crﬁss'peakt'“te“ﬁ'ty Hoi sorr|1e SeéeCtebd Ire5|dues W'thdthte tltrr?e
: : of exchange at each pH* value. Symbols correspond to the
protein struc_:tures, that hydrog_e_n exchange protect|_on faCtorSexperimentaI data. Solid lines are the best fits to a single-exponential
can be obtained from the stability constants per resifiée ( gecay function, from which the exchange rate constants have been

18, 36. The protection factor of residue j, PFan be derived.

expressed in terms of probabilities: used in this paper. In all cases the exchange shows first-
o order kinetics and allows an accurate determination of the
zpf,j,i - zpf,j,i exchange rate constantg, (Figure 1). The experimental
I I

PE — 3) protection factors per residue are shown in Figure 2 (lower
1 o panels in each plot). Values are relatively low under our
anf,j,i + z fi conditions and strongly dependent on pH*. Protected residues
! ' are grouped mainly in six regions of the protein sequence,
) o corresponding to different elements of secondary structure:
where the correction terfy Py, is the sum of the prob- (4 residues 816, which correspond to the firgt-strand
abilities of all states in which residue j is folded, yet exchange (1) and the first arm42) of the RT loop; (b) residues 22
competent. The competence for exchange of residue j in a6, corresponding to the second arfi8) of the RT loop;
particular state i, is evaluated according to the exposition of (c) residues 3634, corresponding to thg4 strand; (d)
the amide group to the solveritd). Accessible surface area | asiques 4146 forming theB5 strand; (e) residues 4%3
(ASA) calculations based on the method of Lee and Richardsforming the 86 strand; (f) residues 551, corresponding
(37) are implemented within the COREX algorithm. to the short & helix and the C-terminalA7) strand. In
RESULTS AND DISCUSSION general, residues located in the loops conr)ectlng second_ary
structures do not show measurable protection. An exception
Hydrogen Exchange KineticsThe amide hydrogen to this is Gly28, which is part of a diverging-turn,
deuterium exchange for more than half of thepectrin SH3 separating thg3 andp4 strands and whose NH group forms
residues can be followed under the experimental conditionsa hydrogen bond with the €0 group of Alall. Other
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g ol Ficure 3: DSC thermograms af-spectrin SH3 in deuterium oxide
=1 buffers at the three pH* values of the hydrogen exchange experi-
R ments. Experimental curves correspond to the partial molar heat
10 15 20 25 30 35 40 45 50 55 60 capacity,C,, of the protein. Best fits using a two-state unfolding
Residue number model are shown practically superimposed to the experimental data.
6F pH* 4.0 Table 1: Thermodynamic Parameters for the Unfolding of the SH3
3 af Domain of a-Spectrin in Deuterium Oxide Obtained by Differential
& Scanning Calorimetry
g 2r
0 pH* AHnm (kJ/mol) Tm pH* AHn (kJ/mol) Tm
€ 2f 45 227 709 275 167 52.6
E 4r 4.0 219 68.7 25 150 49.6
O 3.5 211 64.8 2.25 129 45.3
10 15 20 25 30 35 40 45 50 55 60 3.25 193 60.2 2.0 119 42.4
Residue number 3.0 183 578 1.0 114 414

Ficure 2: Pattern of protection factors (PF) per residue for
a-spectrin SH3 at pH* values of 2.5, 3.0, and 4.0. Experimental
values [In(PR)] (solid bars) have been obtained from the exchange 2401 A
kinetics as described in Materials and Methods. Calculated values s10k
of the protection factors [In(PE)J (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
+AGy/RT, corresponding to the global unfolding of the protein, 1201
as determined by DSC, i.e., the expected value of In(PF) for a 90 S
residue that would exchange only upon the global unfolding of the 3540 45 50 55 6065 7075
protein. T,(0

180

m

150+

AH_(kJ / mol)
.

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 CalorimetrySince the exchange
experiments are performed in,O, the global stability of
thea-spectrin SH3 domain was measured by high-sensitivity
differential scanning calorimetry (DSC) at different pH* ol . ‘ , ,
values (Figure 3). As in the case of aqueous solutions, the 1 2 3 4 5
heat capacityC,, curves obtained in deuterated buffers could pD

. g P . . temperature of unfoldingdT{,) for a-spectrin SH3. Data represented
(20). This resu_lt Indlcate_s_th_at within the transition r?9'9” with filled circles correspond to the experimental values obtained
the conformational equilibrium of the SH3 domain is by DSC. The straight line is the least-squares fit to a linear

dominated by the native and unfolded states with no dependence of the enthalpy change of unfolding versus temperature,
measurable influence of partially folded intermediates. The from which a temperature-independent heat capacity change of
results of these experiments are summarized in Table 1 andé’?fc[’)'gg‘gﬁgecrf; \?v-i?hip%?) fkf]r{ém(;)i{ka?é 2?12Pg?eghiitgg?éeﬁhg?féa|
Figure 4A. The enthalpy change of unfolding ls'dependent unfolding of SH3. Values at each pD (filled squares) were calculated
on the unfolding temperature as observed for this and otherfrom the DSC results. The solid line is the curve calculated using
proteins in agueous solution. At the reference temperatureeq 4 (see Results). This calculation assumes that four carboxylic
of 60 °C the enthalpy of unfoldingAH(60)) was equal to groups have anomalou¥gs as discussed in the text.

189 kJ/mol and the heat capacity changecf) was equal

to 3.9 kJ/(kmol). These values are slightly higher from those global unfolding,AGy, calculated from the DSC results at
obtained for the same protein in aqueous solutiakl(60) 25 °C. In this plot, the pH* values were transformed into
= 180 kJ/mol andAC, = 3.5 kJ/(Kkmol) (20)). Figure 4B pD values by adding 0.4 pH unit to the pH meter readings.
shows the pD dependence of the Gibbs energy change ofit is clear thatAGy exhibits a sigmoidal dependence on pD

AG, (kJ/mol)

6
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with a midpoint near pD 3.4. At pD 1.4 the stability of the pKys and be the most likely contributors to the observed
protein is minimal and exhibits AGy of 4.3 kJ/mol. At pD protonation effects. Application of the Tanfer&irkwood
4.9 AGy reaches a value of 17.9 kJ/mol. The slope of the algorithm @8) (Garéa-Moreno, personal communication) to
curve indicates that at the midpoint of the pD curve (pD the crystallographic structure (PDB file 1shg) yieldd¢lp
3.4) an average of 1.2 protons becomes associated to thef 3.95, 2.48, 4.00, and 3.13 for those groups. Since; D
protein upon unfolding. the Ky's of the free groups are 4.15 for Glu and 3.75 for
Global and Local UnfoldingThe Gibbs energies corre-  Asp, it seems that Glu17 and Asp 40 are the groups expected
sponding to the global unfolding of the protein were 7.7, to have the most anomalouk4s and be the main contribu-
11.6, and 16.7 kJ/mol at pH* 2.5, 3.0, and 4.0 respectively, tors to the pH or pD dependence of the SH3 domain stability.
at the same temperature in which the hydrogen exchangeln fact, these values account well for the experimental pD
experiments were performed. The errors estimated for thedependence oAGy (Figure 4B). A nonlinear least-squares
global unfolding Gibbs energy changes determined from the fit of the experimental data to four carboxylic groups did
DSC results are no larger thar0.5 kJ/mol. Gibbs energy  not change the K, values significantly and converged to
values per residue were also calculated from the hydrogenpKy's of 3.95, 2.48, 4.0, and 3.11, respectively. The intrinsic
exchange data (eq 1) at the three pH* values considered instability of the SH3 domain prior to the protonation of the
this work. The apparent Gibbs energies obtained from the carboxylic groups AG;)) was found to be equal to 18.9 kJ/
experimental exchange data of practically all residues in the mol. The values folAGy at 25°C in D,O buffers are in
SH3 domain were consistently lower than the Gibbs energy general slightly higher (from 0 to 2.4 kJ/mol depending on
change of global unfolding (see Figure 2). The only possible the pH/pH* values) than those obtained in aqueous solution
exceptions to this behavior were W41, W42, and R49 which (20). This indicates that there is a small increase in the
at pH* 2.5 exhibit Gibbs energies of 7.05, 6.85, and 7.09 stability of the SH3 domain produced by the@H,O
kJ/mol, respectively, and are within 1 kJ/mol of the global solvent exchange. This increase has been observed previously
unfolding Gibbs energy. For all remaining residues, the (39), although with some proteins a stability decrease4® D
individual Gibbs energies were lower than the global Gibbs solutions has been reporteddy.

energy by 1.6 kJ/mol or more. At pH* 3.0 and 4.0 the  girctyre-Based Thermodynamic Analydike structure
apparent Gibbs energies obtained from the exchange datay the SH3 domain obi-spectrin has been solved crystal-
were at least 2.0 kJ/mol lower than the global Gibbs energy. lographically at 1.8 A resolution (PDB file 1shg9). This
These results indicate that, under the experimental conditionSgi,cture was used to perform structure-based thermodynamic
considered in this paper, the amide exchange of essentiallyaicyjations using the structural parametrization of the
all residues in the domain occurs primarily via either local energetics described befor@0¢-35).

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 Endfgym
a general thermodynamic standpoint, the pH or pD depen-
dence of the Gibbs energy change of an unfolding process,
AGy, can be expressed by the equation:

(A) Heat Capacity Changd&.he 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
a-spectrin 3074 Aof nonpolar, 1922 Aof polar, and 110
A of hydroxy surface area become exposed to the solvent
upon unfolding. These changes in accessibility yielN@,
of 3.77 kJ/(kmol), which is very close to the experimental
value of 3.9 kJ/(Kmol) 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

1 + 10PKaiPH the protonation of carboxylic groups contribute very little
AG, = AG) — RTZm e — (4) [about 0.15 kJ/(Kmol)].
o1+ 1daKavi°—pH (B) Enthalpy ChangeThe enthalpy change upon unfolding

is dominated by two terms: a positive contribution due to

whereAG, is the Gibbs energy change at the reference pH, the disruption of internal interactipns (van der _Waals,
pKa, is the [K of a group i in the unfolded state, and$ is hydrogen bonds, etc.) and a negative term resulting from
the [Ka of that group in the native state. As shown above, the solvation of groups that are buried in the native state
AGy shows the characteristic sigmoidal dependence associ{33)- At 60 °C, the enthalpy change for unfolding of the
ated with a reaction coupled to a protonation reaction. For SH3 domain predicted by the structural parametrization is
the thermodynamic analysis, the pH* values were trans- 186 kJ/mol, which compares very well with the value of 180
formed into pD values by adding 0.4 pH unit to the pH meter kJ/mol obtained experimentally in,® and the value of 189
readings. Accordingly, in the pD scale the midpoint of the kcal/mol obtained here in 0.

curve is centered at about pD 3.4. Even though the slope of The SH3 domain ofa-spectrin has a packing density
the curve at the midpoint is consistent with the uptake of an slightly higher than that of an average globular protein. For
average of 1.2 protons upon unfolding, several carboxylic the SH3 domain ofa-spectrin the average number of
groups might be contributing. Analysis of the crystallographic noncovalently bonded atoms within a distané8 @\ is 4.6
structure reveals the existence of four carboxylic groups, compared to an average number of 445 for other
Glu7, Glul7, Glu22, and Asp40 which are substantially proteins. This packing density is reflected in a higher
buried from the solvent or participate in the formation of magnitude of the enthalpy change as discussed be3gje (
salt bridges. These groups are expected to exhibit anomalouPue to the atomic composition of this protein, these closely
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packed atoms tend to be less polar than average, increasingature of the native state and the existence of an ensemble
the relative contributions of nonpolar van der Waals interac- of conformations. If, under native conditions, only two states
tions to the enthalpy change. were accessible to the protein, the protection factors of all
(C) Entropy ChangeThe entropy change upon unfolding residues that show protection would be identical. This is
consists mainly of two opposing contributions, the confor- certainly not the case for the SH3 domain or any other protein
mational entropy increase of backbone and side chains andhat has been measured by this technique, indicating that
the negative change due to the solvation of groups that areunder native conditions proteins are characterized by the
buried from the solvent in the native state. The conforma- existence of multiple independent local unfolding events that
tional entropy change amounts to 1.35 kJ3f6l) and the give rise to a large number of conformational states. For some
solvation entropy te-1.23 kJ/(kmol), yielding a combined  proteins, a certain number of residues exhibit the phenom-
total of 0.12 kJ/(Kmol) at 25°C. Together with the enthalpy  enon of superprotection (see, for example 48f Usually,
change, the structural parametrization predicts a Gibbs energythese residues are located either in highly stable protein cores
of stabilization of 19.2 kJ/mol at 25C, in excellent or in regions that exhibit residual structure under denaturing
agreement with the experimental value of 18.9 kJ/mol conditions. This has been observed to be the case for the src
obtained from DSC. SH3 domain at pH 642). In the case of the SH3 domain of
The above results indicate that the structural parametriza-o-spectrin at acid pH this phenomenon is not observed since
tion of the energetics accounts accurately for the energeticsall residues have apparent Gibbs energies lower than the
of stabilization of the SH3 domain af-spectrin and that  global unfolding Gibbs energy. Under the experimental
the partitioning of the energetics into its enthalpic and conditions considered in this paper, essentially all amide
entropic components is captured correctly. groups in the domain undergo hydrogeateuterium ex-
Structure-Based Calculation of Hydrogen Exchange Pro- change via local unfolding reactions. The change from pH*
tection Factors.A statistical thermodynamic formalism 4.0 to pH* 2.5, with a strong decrease on global stability,
aimed at estimating stability constants at the residue level does not appear to have a significant effect on the mechanism
has been developed earliet6( 17, 3§. The stability of exchange for the SH3 domain ofspectrin. It can be
constants per residue map the protein molecule in terms ofnoticed that, under the conditions of lower stability (pH*
the structural stability of different regions. Protein residues 2.5), the apparent Gibbs energy for some residues is
with a high probability of being in the native conformation approaching\Gy, indicating that the contribution of global
are characterized by high stability constants while residuesunfolding to the exchange is increased. This is consistent
that are most likely to be unstructured have low stability with the effect of low denaturant concentrations observed
constants. For the SH3 domain, the residue stability constantsfor a number of proteins (see, for example, réfand43).
per residue calculated according to the COREX algorithm The pH dependence of the src SH3 domain might be different
(16, 17, 36 are shown in Figure 2, together with the from that of the SH3 domain af-spectrin due to a different
calculated values for the hydrogen exchange protectionproportion of acidic residues (four Glu and five Asp for
factors. These are compared with the experimentally deter-o-spectrin versus four Glu, three Asp, and one His for src).
mined values. As seen in the figure, the COREX algorithm In addition, the src SH3 domain appears to have a higher
predicts well the pattern of experimental protection factors. atomic packing density than the-spectrin SH3 domain
The standard deviation between experimental and calculatedaccording to their high-resolution structures (PDB files 1shg
protection factors for those residues that exhibit protection and 1srl).
is 4.6, 3.3, and 2.5 kJ/mol for the experiments at pH* 4.0, Figure 5 shows the structure of the SH3 domain color
3.0, and 2.5, respectively. These values are within the rangecoded according to the structural stability of each residue.
obtained previously for other structure-bage@ calculations These results indicate that the most stable region of the SH3
(16, 18, 35. The residues with the largest errors appear to domain is defined by the central portions of fistrands-
be randomly distributed within the SH3 structure and not to in particular the hairpin formed by thes andf6 strands at
be concentrated within any particular structural region or both sides of the distal loop, the shoit Belix, and part of
secondary structural motif of the SH3 domain. Only one the long RT loop, whereas the loops connecting secondary
residue (GIn50) is mispredicted by more than 5 kJ/mol at structure exhibit lower stability. The peptide binding region,
the three pHs studied. Four other residues (Arg21, 1le30, on the other hand, is composed of a highly stable region
Thr32, and Ala56) are mispredicted by more than 5.5 kJ/ (residues 5357) and a highly unstable region, the loop
mol at pH 4 and 3 but predicted within 4 kJ/mol at pH 2.5. between residues 341 (n-Src loop).
The agreement in the pattern and amplitude between Native State Ensemble of the SH3 Domaimebpectrin.
predicted and experimental protection factors indicates thatin the calculations presented here, a total of 49 146 states
the ensemble of partially folded states predicted to be were included. The majority of those states, however, have
populated under native conditions is consistent with the one extremely high Gibbs energies and therefore negligible
observed through the NMR-detected hydrogen exchangeprobabilities under native conditions. This observation
experiments. The differences between the calculated protecreflects the basic cooperative nature of the folding process.
tion factors and the stability constants per residue that canTo assess the structural characteristics of the native state
be observed for some residues (Figure 2) are due to theensemble, calculations were performed under conditions of
probability that these particular residues be located in a folded maximal stability AGy = 19.2 kJ/mol) and the totality of
region that becomes exposed to solvent upon the unfoldingthe states was sorted in ascending Gibbs energy order. It
of a complementary region. was found that only 53 states out of the 49 146 had Gibbs
Structural Distribution of the Energetics of Stabilitihe energies lower than 21 kJ/mol (i.e., 0.13%). These states are
pattern of hydrogen exchange protection reflects the statisticalillustrated in Figure 6. There were 43 states with lower Gibbs
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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
FIGURE 5: Structure of the SH3 domain afspectrin color coded ~ scenario is the fact that under native conditions the prob-
according to the magnitude of the stability constants per residue. gpility of the “fully” folded state estimated from our

In this figure blue denotes the most stable regions of the protein ; 0 fn
and the areas colored red the least stable regions. The stabilitycalculatlonS amounts to only72% whereas the remaining

constants were calculated with the COREX algoritti®, (17, 36, 28% is accounted mainly by the ensemble of states repre-
and the figure was made using the program MOLSCRIES). ( sented in Figure 6. Therefore, the native state ensemble is

created by the occurrence of these local and independent
energies and correspondingly higher probabilities than thoseunfolding events in all possible combinations and with
of the unfolded state under native conditions. As shown in probabilities dictated by their Gibbs energies. Since these
the figure, these states are created by the independengevents involve only a few residues, they are characterized
unfolding of small regions scattered throughout the entire by small enthalpies and smatfivalues. As a result the Gibbs

Ficure 6: Most probable conformations in the native ensemble of the SH3 domainspectrin. Only the states with Gibbs energies

lower than 21 kJ/mol have been included. The states were generated with the COREX algb@jttamd( 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 kd/mol; fifth row, up to 20.0 kJ/mol; sixth row, up to 21.0 kd/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

9.

denaturant concentration dependencies as observed experi-
mentally 8, 11, 13, 43. On the other hand, the completely
unfolded state is characterized by large enthalpy and

values, and consequently the Gibbs energy for global
unfolding exhibits considerable temperature and denaturant
concentration dependencies. The net result of this behavior 13,
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, 15.

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 17,
equilibrium needs to be considered in terms of statistical

10.

1

Sadqi et al.

Jacobs, M. D., and Fox, R. O. (1998)oc. Natl. Acad. Sci.
U.S.A. 91 449-453.

Morozova, L. A., Haynie, D. T., Arico-Muendel, C., Van Dael,
H., and Dobson, C. M. (199%at. Struct. Biol. 2871—-875.

11. Bai, Y., and Englander, S. W. (199joteins 24 145-151.
12. Schulman, B. A., Redfield, C., Peng, Z., Dobson, C. M., and

14.

16.

18.

ensembles. The approach presented here provides a quantita-
tive account of this behavior.

CONCLUSIONS

The NMR and calorimetric data presented here demon-
strate the existence of multiple independent local unfolding

events in the native state of the SH3 domairoegpectrin.

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 25.
indicates that under native conditions the scale of cooperative
interactions is regional rather than global. Global cooperat- 26-
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 »g
behaving native state seems to be a product of the extrapola-
tion of results obtained under denaturing conditions to native 29.
conditions. This extrapolation, however, does not provide

an accurate representation of the properties of the native state 30-

ensemble.
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