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ABSTRACT: The thermodynamics and kinetics of folding of the chicken src SH3 domain were characterized
using equilibrium and stopped-flow fluorescence, circular dichroism (CD), and nuclear magnetic resonance
(NMR) hydrogen exchange experiments. As found for other SH3 domains, guanidinium chloride (GdmCl)
denaturation melts followed by both fluorescence and circular dichroism were nearly superimposable,
indicating the concerted formation of secondary and tertiary structure. Kinetic studies confirmed the
two-state character of the folding reaction. Except for a very slow refolding phase due to proline
isomerization, both folding and unfolding traces fit well to single exponentials over a wide range of
GdmCl concentrations, and no burst phase in amplitude was observed during the dead time of the stopped-
flow instrument. The entropy, enthalpy, and heat capacity changes upon unfolding were determined by
global fitting of temperature melts at varying GdmCl concentrations (0.4-3.7 M). Estimates of the free
energy of unfolding,∆GU

H2O, from guanidine denaturation, thermal denaturation, and kinetic experiments
were in good agreement. To complement these data on the global characteristics of src SH3 folding,
individual hydrogen-deuterium (HD) exchange rates were measured for approximately half of the backbone
amides in 0 and 0.7 M GdmCl. The calculated free energies of the opening reaction leading to exchange
(∆GHD) indicated that unfolding is highly cooperativesslowly exchanging protons were distributed
throughout the core of the protein. The slowly exchanging protons exhibited∆GHD values higher than
the global∆GU

H2O by∼1 kcal/mol, suggesting that the denatured state might be somewhat compact under
native conditions. Comparison of the src SH3 with homologous SH3 domains as well as with other
small well-characterizedâ-sheet proteins provides insights into the determinants of folding kinetics and
protein stability.

SH3 domains have emerged in the last decade as intergal
parts of many signal transduction and cytoskeletal proteins
and have been shown to mediate a myriad of protein-protein
interactions (1). Beside their biological importance as protein
adapters, their ability to fold independently, modest size, and
lack of disulfide bonds and bound cofactors make the SH3
domains an attractive model system for understanding the
principles of protein folding at their simplest level. The
abundance of both crystal and solution structures for many
members of the SH3 family (2-10) further facilitates detailed
investigations of their folding. Except for some variability
in the loop regions, all structures display the distinctive SH3
fold (11): two 3-strandedâ-sheets packed orthogonally
against each other to form a single hydrophobic core.
Several SH3 domains have been the subject of detailed
thermodynamic and kinetic studies to complement this
structural information. Experiments on the spectrin SH3
domain (12) point to a moderately stable protein with simple
two-state folding kinetics. A search for putative folding
initiation sites failed to detect any peptide hairpins with
nativelike structure in solution, suggesting the importance
of tertiary interactions in stabilizing SH3 domains (13).
Studies on theDrosophiladrkN SH3 domain took advantage
of the low stability of this domain to examine directly the
unfolded state (14). The existence of a dynamic equilibrium

between folded and unfolded protein in H2O enabled the
application of innovative NMR1 experiments for the detection
of residual structure in the unfolded state under native
conditions and in the presence of GdmCl (15, 16). Other
SH3 domains studied include Sem5 SH3 (17), PI3K SH3
(J. I. Guijarro, personal communication), and human fyn SH3
(K. W. Plaxco, personal communication).
The present study was motivated by two objectives. First,

our laboratory has identified src SH3 mutants with highly
simplified sequences that still fold properly (18). The wild-
type SH3 kinetic and thermodynamic parameters reported
here provide an important point of reference for the
biophysical analysis of such mutants. Second, a systematic
comparison between homologous SH3 domains should make
apparent the spectrum of stabilities and folding rates available
to this particular fold and reveal how changes in the sequence
affect the parameters of folding. Such information can later
be extended to comparisons with other, SH3-like proteins,
which are functionally unrelated to the original members of
the family: Sso7d (19), PsaE (20), and HIV-integrase DNA
binding domain (21). Our results on the src SH3 domain
confirm the two-state folding model for small proteins and
for the first time provide residue-specific information on SH3
domain stability. Significant differences in the folding
parameters of src SH3 and the other homologous proteins
point to the conclusion that the determinants of the protein
fold are distinct from the factors influencing stability and† This work was supported by a grant from the Office of Naval
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folding kinetics. The src SH3 data presented here further
illuminates the folding of allâ-sheet proteins (22-27).

EXPERIMENTAL PROCEDURES

Chemicals.15NH4Cl for growing labeled src SH3 and D2O
(99.9% isotope pure) were purchased from Isotec, Inc.
GdmCl used in all denaturation experiments was ultrapure
grade from U.S. Biochemical Corp. Deuterated GdmCl was
prepared by repeated lyophilization from D2O. The precise
concentration of GdmCl solutions was determined using
refractometry (28). Solutions for spectroscopic measure-
ments were made with double-distilled deionized water.
Protein Expression and Purification.The chickensrcSH3

gene (for sequence see Figure 5) was cloned in plasmid
pET 15b (Novagen) and expressed in the BL21(DE3)pLysS
strain ofEscherichia coli. A histidine tag at the N-terminus
of the protein contained a thrombin cleavage site (MSG-
SSHHHHHSSGLVPRVGSHM) to facilitate its removal after
purification. After a single-step purification on a Zn2+

affinity column (Pharmacia Biotech), the histidine tag was
removed by an overnight incubation with biotinylated
thrombin (Novagen). Thrombin was then sequestered with
streptavidin-agarose (Novagen) and the preparation was run
over the Zn2+ column again to retain the cleaved histidine
tag. The final yield of protein from 1 L of cells grown in
LB medium was∼30 mg. The purity of the prep was
verified by ESI mass spectroscopy to be>98%. Thereafter,
the protein was stored in 50 mM sodium phosphate, pH 6,
conditions used for all subsequent experiments. Protein
concentration was determined by UV absorbance at 280 nm
using an extinction coefficient of 16 500 M-1 cm-1 (29).

15N-labeled SH3 for NMR spectroscopy was grown in M9
minimal medium with 15N-labeled NH4Cl as the only
nitrogen source. Purification and His tag removal was
carried out as described above for the unlabeled protein.
Equilibrium Fluorescence and CD Measurements.Equi-

librium fluorescence data was collected on a Spex Fluorolog2
spectrofluorometer. Excitation was at 280 nm and emission
was recorded at 225 nm. src SH3 (3µM) in 50 mM sodium
phosphate, pH 6, was prepared at varying concentrations of
GdmCl. The same experiment was performed in deuterated
buffer to measure isotope effects on protein stability. CD
data was collected on an Aviv 62A DS spectrometer. SH3
(50 µM) in 50 mM sodium phosphate, pH 6, was mixed in
a Microlab titrator (Hamilton) with varying amounts of SH3
(50 µM) in 7M GdmCl, pH 6, to yield the desired final
GdmCl concentrations. Changes in ellipticity were followed
at 235 nm. Temperature was maintained at 295 K with a
Peltier device. To obtain a value for∆GU

H2O, the denatur-
ation curves were fitted by nonlinear least-squares analysis
using the linear extrapolation model as applied by Santoro
and Bolen (30).
Equilibrium Temperature-GdmCl Denaturation.Tem-

perature melts in deuterated buffer were conducted at 16
different GdmCl concentrations between 0.4 and 3.7 M.
Changes in ellipticity were followed on an Aviv 62A CD
spectrometer at 235 nm. The instrument was placed in
kinetic mode, and data were collected every degree for 30
s. Temperature was equilibrated for 1 min between mea-
surements. The temperature range was from 273 to 371 K
for low GdmCl concentrations and from 268 to 378 K for
the higher concentrations. All denaturation curves were fitted

simultaneously to eq 1 (31) to generate a three-dimensional
guanidine-temperature denaturation surface:

where

The signal of the native protein at a particular temperature
and denaturant concentration is given by (N0 + CntT+ CngD),
and the signal of the denatured protein by (D0 + DntT +
DngD). ∆Hg and∆Sg are the enthalpy and entropy changes
upon unfolding atTg. ∆Cp, the change in heat capacity, and
m, the dependence of∆GU on [GdmCl], are both assumed
to be independent of temperature and [GdmCl].D is the
GdmCl concentration in (molar),Tg is the reference tem-
perature (295 K), andT is the absolute temperature. A
second fit to the data included individual dependences of
∆H, ∆S, and ∆Cp on GdmCl concentration (26). The
program S-PLUS (Statistical Science, Inc.) was used for the
fitting and error analysis. With the estimates ofm, ∆H, ∆S,
and ∆Cp, the free energy of unfolding,∆GU, can be
calculated at any temperature and GdmCl concentration (eq
2).
Kinetic Measurements.Kinetics of folding and unfolding

were followed by stopped-flow fluorescence as described
previously (32). The final src SH3 concentration was 5µM.
Folding and unfolding were initiated by 10-fold dilutions of
the protein from 4 and 0 M GdmCl, respectively, to the
appropriate final GdmCl concentrations. Signal sampling
was every 0.5 ms with a calibrated instrument dead time of
1.7 ms. The temperature was held constant at 295 K with a
circulating water bath. At each GdmCl concentration, 5-7
experiments were performed sequentially and the kinetic
traces were averaged. The exact GdmCl concentration of
the multiple shots was measured by refractive index. Folding
and unfolding rates were determined from single-exponential
fits to the kinetic traces using Biologic software. The rates
in 0 M GdmCl and the kineticm values were obtained by
fitting kinetic data to:

A slow phase (k ) 0.017 ( 0.002 s-1) due to proline
isomerization was followed by sampling every 100 ms for
400 s. Because of the large difference in time scale, the
rates of the two phases could be measured independently.
NMR Spectroscopy.HD exchange experiments were done

with 1.7 mM 15N-labeled src SH3, in 50 mM potassium
phosphate, pH 6, at two GdmCl concentrations. The 0 M
GdmCl experiment was performed on a 750 MHz Bruker
DMX spectrometer, while the 0.7 M GdmCl experiment was
performed on a 500 MHz Bruker DMX instrument. In both
cases, HD exchange was initiated by rapidly dissolving
protein lyophilized from NH4HCO3 in deuterated buffer
containing either 0 or 0.7 M GdmCl. Multiple sensitivity-
enhanced HSQC spectra were collected at 295 K as described

signal) N0 + CntT+ CngD +

(D0+ DntT+ DngD)e
-∆G/RT

1+ e-∆G/RT
(1)

∆GU )
∆Hg+ mD- T∆Sg∆Cp[Tg - T+ T ln (T/Tg)] (2)

ln kobs) ln [kf
H2O exp(-mf[GdmCl]/RT) +

ku
H2O exp(mu[GdmCl]/RT)] (3)
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by Yi and Baker (33) to follow the exchange. The exact
pH was measured after the experiment, and the correction
pD ) pH + 0.4 was applied. Processing of the HSQC
spectra as well as peak volume intergration was performed
using the program FELIX 2.30 (Biosym Technologies, San
Diego, CA). In the analysis of the spectra, we made use of
the previously published src SH3 assignments (34). As our
construct differed by five residues at the N-terminus and one
at the C-terminus, ambiguous peaks were assigned by a
NOESY-HSQC experiment (35) with a mixing timeτ ) 90
ms. Observed exchange rates (kobs) for each amide were
determined by fitting a single exponential to the data with
the program Kaleidagraph (Abeldeck). Random-coil ex-
change rates (krc) were calculated by the method of Bai et
al. (36), which corrects for the steric and inductive effects
of neighboring side chains. We used low-salt exchange rate
constants for the 0 M GdmCl experiment and high-salt rate
constants for the 0.7 M GdmCl experiment to account for
the effect of ionic strength on exchange rates.

RESULTS

Equilibrium Denaturation.Guanidine denaturation of the
src SH3 domain was followed by both CD and fluorescence
to monitor changes in secondary and tertiary structure,
respectively. src SH3 has two partially buried tryptophans
whose fluorescence decreases significantly upon unfolding
(18). Taking into account sloping of the folded and unfolded
baselines, the denaturation curves were fitted using the linear
extrapolation model (30) to estimate the free energy of
unfolding in the absence of GdmCl,∆GU

H2O. The unfolding
transitions detected by the two probes were nearly coincident
(Figure 1), suggesting that disruption of secondary and
tertiary structure occurred concurrently. The estimates of
the free energies of unfolding and them values obtained
using the two methods were within experimental error (Table
1). Chemical denaturation was also performed in deuterated
buffer to assess isotope effects on stability and for compari-
son of∆GU

D2O with the∆GHD values determined for slowly
exchanging amide protons (see below). As observed for
cytochromec (37), the src SH3 domain is∼0.5 kcal/mol
more stable in D2O than in H2O (Table 1).
To obtain thermodynamic parameters for the unfolding of

the src SH3 domain, we performed temperature denaturations
followed by CD at 16 different GdmCl concentrations and
over a wide temperature range (Figure 2). This method

reduces the uncertainties in estimating quantities in 0 M
denaturant since the extrapolations are based on more data
compared to a GdmCl denaturation experiment at a single
temperature. The temperature-GdmCl denaturation surface
was fit using two models in which the denaturant dependence
of the thermodynamic parameters was described either with
(1) a single overallm value (eq 1) or with (2) explicit
denaturant dependences of∆H, ∆S, and∆Cp. ∆Cp was
assumed to be temperature-independent in both cases (38).
The∆GU estimates from the two models were similar (4.7
( 0.22 and 4.44( 0.2 kcal/mol), however, the∆H and∆S
values differed considerably. Given the high correlation
between estimates of∆H and∆S (0.998) in both models,
independent treatment of their GdmCl dependences, as in
model 2, is probably not warranted. We report∆H, ∆S,
∆Cp, and∆GU

H2O values at 295 K (Table 1) for the first
model because of the fewer free parameters involved. The
temperature melts were done under conditions identical to
the NMR experiments described below to allow meaningful
comparison of the free energy estimates. The simultaneous
fit of all temperature denaturation curves yielded∆GU

D2O

andmvalues at 295 K very close to those obtained from the
individual GdmCl denaturation experiments (Table 1). Ap-

FIGURE 1: Equilibrium GdmCl denaturation followed by fluores-
cence (b) and CD (1) at 295 K. Fluorescence was recorded at 225
nm and CD at 235 nm. Solid lines are the fits to the experimental
data using the linear extrapolation model. Baselines were corrected
for sloping (30) before conversion to fraction folded.

Table 1: Summary of Kinetic and Thermodynamic Parameters in
H2O and D2O at 295 Ka

in H2O in D2O

GdmCl
denaturation

kinetic
experiments

GdmCl
denaturation

temperature
denaturationsb

∆GU
H2O (kcal/mol) 4.1c ( 0.1 3.7d ( 0.06 4.7c ( 0.17 4.7( 0.22

3.8d + 0.1
m [kcal/(mol‚M)] 1.6c ( 0.03 1.4f ( 0.03 1.7c ( 0.06 1.7( 0.07

1.5e ( 0.03
∆H (kcal/mol) 6.9( 0.1g

∆S[cal/(K‚mol)] 7.7( 0.4g

∆Cp [kcal/(K‚mol)] 0.70( 0.02

a All experiments were done in 50 mM phosphate, pH (pD) 6.
Standard errors are those estimated from the least-squares fit.bData
were obtained from the global fitting of the temperature-GdmCl
denaturation surface.cDetermined by fluorescence.d Value obtained
from the extrapolated rates of folding (kf ) 56.7 ( 3.0 s-1) and
unfolding (ku ) 0.1( 0.01 s-1) in 0 M GdmCl. eDetermined by CD.
f m) mf + mu; mf ) 0.99( 0.02 andmu ) 0.45( 0.01. g Because of
the high correlation between the estimates of∆H and∆S, the actual
uncertainties in these parameters are likely to be considerably larger
than the errors obtained from the least-squares fitting given in the table.

FIGURE2: Three-dimensional guanidine-temperature denaturation
surface. Closed circles represent experimentally determined values
from the individual temperature melts at different GdmCl concen-
trations. Continuous net is the best fit of eq 1 to the experimental
data.
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parently, the assumption of the linear extrapolation model
that ∆GU is linearly dependent on [GdmCl] over a broad
concentration range holds true for this protein.
Stopped-Flow Kinetic Measurements.The kinetics of

folding were examined at 295 K over a wide range of
denaturant concentrations (0.4-7 M GdmCl). Under all
conditions both the folding and unfolding traces followed
by fluorescence fit well to single exponentials, indicating a
lack of intermediates in the folding reaction. There appear
to be no early burst-phase events that significantly alter the
environment of the tryptophans. The signal immediately
after the instrument dead time (1.7 ms) approaches very
closely the unfolded baseline; the small difference could be
accounted for by extrapolating the trace to the zero time point
(Figure 3A). The src SH3 domain contains twotrans-
prolines in its native state, and we detect a slow proline
isomerization phase with a rate constant ofk ) 0.017(
0.002 s-1 (Figure 3A). The observed contribution of proline
isomerization to the total change in amplitude during folding
(∼10%) is somewhat smaller than expected from an assumed
cis/transequilibrium ratio of 1:4 in solution. Similar results
were reported previously for the spectrin SH3 domain (12)
and may be explained by local sequence effects favoring the
trans-proline conformation in the unfolded state (K. W.
Plaxco, personal communication). Figure 4 shows the
combined kinetic data from all experiments. The dependence
of ln kobs on [GdmCl] has the typical v-curve shape, with
the left arm of the curve dominated by the folding rate and
the right arm by the unfolding rate. The data were fit using
a simple model in which the logarithms of the folding and

unfolding rate constants depend linearly on denaturant with
slopes ofmf andmu, respectively (see Experimental Proce-
dures, eq 3). The ratio of the transition and equilibriumm
values,mf/m, is one measure of the position of the transition
state along the reaction coordinate. The value of 0.69 for
the src SH3 suggests that∼70% of the buried surface area
of the folded protein is excluded from solvent in the transition
state.
Equilibrium HD Exchange Experiments.Equilibrium HD

exchange of amide protons with solvent is a probe for local
structural stability. Under EX2 conditions (kf >> krc) (39),
the free energy for the opening reaction that leads to
exchange of individual protons can be obtained from the
measured rates of exchange (kobs) and an estimate of the
random-coil exchange rate (krc):

In a simple model (37), both denaturant-independent local
fluctuations and denaturant-dependent global unfolding
contribute to exchange. With increasing GdmCl concentra-
tions, global unfolding becomes dominant and a convergence
of ∆GHD values to the global∆GU is expected. We were
able to measure HD exchange rates for 33 nonoverlapping
amide protons by following their peak intensities in1H-
15N HSQC spectra. Representative time courses of HD
exchange are shown for two protons (Figure 4). The
observed rates,kobs, were obtained from single-exponential
fits to the data. Random-coil exchange rates were calculated
as described in the Experimental Procedures section. Even
though the EX2 exchange mechanism was not tested directly,
the assumption is very likely to be correct for both
experimental conditions, on the basis of our determination
of kf in 0 and 0.7 M GdmCl and estimates of the fastestkrc
(in 0 M GdmCl, kf ) 56.7 s-1 and krc ) 4 s-1; in 0.7 M
GdmCl,kf ) 14.9 s-1 andk rc ) 1 s-1). Since the measured
kfs reflect global folding, protons exchanging through local
fluctuations should have even higher closing rates. Panels
A and B of Figure 5 show the∆GHD values for the amide
protons in 0 and 0.7 M GdmCl, respectively, calculated from
eq 4. The secondary structure elements in which the amides
participate are indicated. In Figure 5A the cutoff line at 4.67
kcal/mol is the∆GU

D2O value from equilibrium GdmCl
denaturation and represents the expected∆GHD for protons

FIGURE 3: (A) Refolding kinetics of src SH3 in 0.4 M GdmCl at
295 K followed by stopped-flow fluorescence. The slow phase due
to proline isomerization accounts for∼10% of the total change in
signal. The baseline for the denatured protein in 0.4 M GdmCl is
assumed to be the same as that in 4 M GdmCl since equilibrium
GdmCl denaturation did not reveal any dependence of the fluo-
rescence signal of the unfolded protein on GdmCl. (B) GdmCl
dependence of lnkobs at 295 K. Closed circles are averages of the
rates obtained from 5-7 folding or unfolding experiments at a
particular GdmCl concentration. Solid line is the best fit of eq 2 to
the experimental data.

FIGURE 4: Time course of HD exchange for two amide protons in
0.7 M GdmCl at 295 K: F10 (b) is a fast-exchanging proton, while
Y14 (1) is a slowly exchanging one. Proton occupancy was
determined by integrating peak intensities of amide protons from
HSQC spectra at different time points. The extrapolated intensity
of the slowest exchanging proton at time zero was taken as 100%
proton occupancy for all protons. The solid lines are the best single-
exponential fits to the experimental data.

∆GHD ) -RT ln (kobs/krc) (4)
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if they are exchanging through global unfolding only. The
corresponding value in 0.7 M GdmCl is 3.49 kcal/mol
(Figure 5B). Comparison of Figure 5 panels A and B shows
the convergence of free energies in 0.7 M GdmCl as
predicted by the simple model for denaturant dependence
of HD exchange. Also apparent from the plots is that a
number of protons have∆GHD values higher than the
equilibrium value. Allowing for∼0.5 kcal/mol variations
in ∆GHD due to uncertainties in thek rc estimates (40), 13
protons in 0 M GdmCl and 5 protons in 0.7 M GdmCl rise
significantly above the global unfolding threshold. The
structural context of these outliers (Figure 6) as well as the
implications of this discrepancy in free energies for the
denatured state of src SH3 are discussed below.

DISCUSSION

Two-State Folding Process.Both equilibrium and kinetic
data on the folding of the src SH3 are well fit by a two-state
model. Several tests diagnostic for the absence of stable
intermediates provide convincing evidence: (1) nearly su-
perimposable equilibrium denaturation curves followed by
fluorescence and CD; (2) single-exponential folding and
unfolding kinetics; and (3) agreement between kinetically
and thermodynamically determined∆GU andmvalues. This
characterization of the src SH3 domain adds it to the list of
single-domain proteins that fold without detectable popula-
tions of partially folded intermediates.

Thermodynamic Parameters for src SH3.The equilibrium
thermodynamic parameters∆H, ∆S, and∆Cp determine the
stability of proteins at various temperatures. The values
obtained for the src SH3 domain from global fitting of the
temperature melts (Table 1) are the first reported for an SH3
domain near neutral pH. After correction for the size of the
protein, the enthalpy and entropy measurements for src SH3
[∆H ) 1.2 cal/g;∆S) 0.002 cal/(K‚g)] fall within the ranges
[for ∆H, -0.5 to 5 cal/g; for∆S, -0.005 to 0.013 cal/(K‚g)]
previously determined for other single-domain proteins (41-
44). The only other SH3 domain for which the correspond-
ing parameters have been determined is spectrin. Although
these studies were done at low pH (2-4), the∆Cp values
agree quite well. The∆Cp values for a wide variety of
proteins have been shown to correlate with changes in buried
surface area and polar and nonpolar solvent-accessible
surface area upon unfolding (38). For the src SH3 domain
the calculated∆Cp is higher than the experimentally deter-
mined value: 1.14 (calculated) vs 0.69 (experimental) kcal/
(mol‚K). Since the theoretical model assumes complete
unfolding and hydration of the denatured state, the discrep-
ancy between the two values might point to a slightly
compact unfolded state.
Backbone Dynamics of src SH3.We have examined the

equilibrium backbone dynamics of the src SH3 by monitoring
the time course of HD exchange by 2D NMR. The
experiment was prompted by the suggestion (34) that the
protein is unusually flexible since only three slowly exchang-
ing protons were observed. We chose to determine amide
proton ∆GHD values at only two GdmCl concentrations
because at 0 M GdmCl the slowly exchanging protons were
interspersed throughout the structure of the protein and it
did not seem that a more extensive characterization of
denaturant dependence, as done for cytochromec and
RNaseH (45, 46), would be revealing in this case. When
evaluating the HD exchange results, we considered the value
of ∆GHD in 0 M GdmCl to be a measure of local stability
and the dependence of∆GHD on [GdmCl], to be an estimate
of the contribution of local fluctuations toward exchange.
High ∆GHD values in 0 M GdmCl correlate very well with
a large dependence of∆GHD on [GdmCl], as expected,

FIGURE5: ∆GHD values at 295 K for amide protons in 0 M GdmCl
(A) and 0.7 M GdmCl (B). Solid lines at 4.67 kcal/mol (A) and
3.47 kcal/mol (B) indicate the free energy of unfolding in D2O,
∆GU

D2O, as determined from the temperature-GdmCl denaturations
(Figure 2). Residues are shown within the context of the secondary
structure in which they participate according to the NMR structure
solved by Yu et al. (34): S, strand; 310, 310 helix.

FIGURE6: Summary of HD exchange data for the src SH3 domain.
Residues are colored according to local stability: blue, slow
exchange (∆GHD g 5 kcal/mol); yellow, intermediate exchange (4
kcal/mol < ∆GHD < 5 kcal/mol); red, fast exchange or not
measurable (∆GHD e 4 kcal/mol). The NMR solution structure (34)
is shown.
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because protons in stable regions exchange primarily through
global unfolding. The following residue-specific map of src
SH3 stability and dynamics emerged. The slowest exchang-
ing protons are located in two regions of the proteinsat the
base of the so-called RT loop (the second half of strand 1
and the diverging turn between strands 2 and 3) and in
strands 4 and 5, which form a hairpin (Figure 6). Since these
amides also have the largest dependence of∆GHD on
[GdmCl], exchange from these elements probably requires
disruption of the hydrophobic core. Inspection of the src
SH3 structure suggests that such a motion would be
equivalent to opening of theâ-sandwich (global unfolding).
Strands 1 and 6, on the other hand, occur at the N- and
C-termini, respectively, and judging from their intermediate
∆GHD values and moderate dependence of∆GHD on [Gd-
mCl], they may be free to dissociate from the rest of the
structure without substantial exposure of hydrophobic sur-
face. The same is true also for the second half of strand 3,
which bridges the twoâ-sheets and is slightly distorted. The
third set of amide protons occur at the ends of strands or in
loops. They exhibit the lowest∆GHD values and the lowest
dependence of∆GHD on [GdmCl], indicative of exchange
mainly through local unfolding events. The three sets of
protons do not occur contiguously along structural elements
(Figure 6), as is expected forâ-sheet proteins where a single
strand can contain amides with alternating high and low
protection depending on the solvent accessibility and the
strength of hydrogen bonding on either side of the strand.
The HD exchange data suggest that, unlike cytochromec

and RNase H, src SH3 does not undergo large concerted
motions of subdomains. Instead, local unfolding events are
limited to loops and the terminal strands. This qualitative
difference probably results from the larger size (∼100 aa)
of cyt c and RNase H, which makes the stabilization of partial
structures possible. In contrast, src SH3 is a smallâ-sheet
protein for which independent modules are most likely
unstable when outside the context of the rest of the protein.
Protein L, another small protein (60 aa) studied in our lab
(47), and chymotrypsin inhibitor 2 (48) also display similar
fully cooperative unfolding transitions.
Discrepancy between∆GHD and∆GU. A number of the

src SH3 amide protons have∆GHD values significantly above
the ∆GU for global unfolding. Since∆GHD is obtained
directly in 0 M GdmCl, while∆GU

H2O is inferred from
measurements in the transition region, such discrepancy has
often been attributed to a breakdown of the linear extrapola-
tion model at low GdmCl concentrations (47, 49-51). An
upward curvature in the dependence of∆GU on GdmCl
would lead to an underestimation of∆GU

H2Oupon linear
extrapolation. However, the close match between the values
for ∆GU

H2O obtained from two different methods (GdmCl
denaturation and global fitting of the temperature melts) gives
us good confidence in its accuracy. Bai et al. (37) suggest
that the presence of prolines results in larger free energies
being measured by HD exchange than by equilibrium
denaturation because proline isomerization does not occur
on the time scale ofkrc. Considering the small contribution
proline isomerization makes to the overall folding reaction
of the src SH3 domain (∼10%), the correction would be very
small (∼0.06 kcal/mol). A more likely explanation is that
the random-coil exchange rates based on model peptides (36)
do not represent accurately exchange from the unfolded state.
A 3-4-fold overestimation ofkrc would account for the∼1

kcal/mol difference in free energies in 0 M GdmCl. Residual
hydrogen bonds, steric exclusion, or electrostatic repulsion
of the OD- ions that catalyze exchange (52, 53) could all
potentially slow down exchange from the denatured state.
In 0.7 M GdmCl, the discrepancy between∆GHD and∆GU

is reduced (the average difference between∆GHD and∆GU

is ∼0.7 kcal/mol). This result is consistent with the
observation by Zhang and Forman-Kay (15) that under
denaturing conditions, residual structure in the unfolded state
is destabilized.
There are precedents for residual structure in the denatured

state. Most relevant for our case are the detailed NMR
studies on the N-terminal SH3 domain ofDrosophiladrk
(15, 16), which revealed that backbone parameters (15N
chemical shifts andJ coupling constants) for the unfolded
state deviate significantly from random coil values. Medium-
range NOEs suggest that a number of regions sample turnlike
conformations, and the overall dynamics of the backbone
pointed to a compact unfolded state. In light of these
investigations, the protection from exchange in the unfolded
state of the src SH3 could result from either global compact-
ness of the chain or the persistence of specific interactions
(either native or nonnative). As mentioned above, one region
of the src SH3 with unusually high∆GHD values is the
diverging turn between strands 2 and 3 and the first part of
strand 1. Interestingly, the corresponding region in the drkN
SH3 domain exhibits line broadening, which is indicative
of slow interconversion between different structures. This
fragment was also identified in a library of sites with
propensity for local interactions (54). Peptide studies on the
spectrin SH3 domain (13) did not find any hairpins that form
independently in aqueous solution. These experiments,
however, did not include the diverging turn, and it is also
conceivable that several of the residual elements are required
to stabilize each other. We are currently investigating the
role of this turn in the folding process by mutagenesis and
peptide studies.
Comparison with Otherâ-Sheet Proteins.The charac-

terization of src SH3 enables the comparison of its kinetic
and thermodynamic properties with those of other SH3
domains. The stability and equilibriummvalue for spectrin
(30% sequence identity to src SH3) at neutral pH (55) closely
match those for src SH3 under identical conditions, suggest-
ing that the two-state folding of both proteins is accompanied
by similar burial of surface area and formation of favorable
interactions. At comparable free energies of unfolding,
however, both the rates of folding and unfolding are more
than 10-fold slower for spectrin:kf is 2.83 s-1 vs 56.7 s-1

for the src SH3, andku is 0.007 s-1 vs 0.1 s-1. The same
trend is observed when the two proteins were characterized
at pH 3.5 to examine the dependence of SH3 domain stability
on pH. Interestingly, for both proteins the rate of unfolding
is affected much more strongly by pH than the rate of folding,
pointing to the importance of electrostatic interactions in
stabilizing the native fold, but not so much the transition
state. The fyn SH3 (69% sequence identity to src), on the
other hand, is more stable than src SH3 at neutral pH and
has a slightly higher folding rate (94 s-1) and a significantly
lower unfolding rate (0.001 s-1) (K. W. Plaxco, personal
communication). As it is the unfolding rate that differs by
100-fold, the fyn SH3 must be making more favorable
interactions in its folded state; the denatured and transition
states likely remain the same as judged by the similar
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equilibriumm value andmf/m ratio (0.69 and 0.68 for src
and fyn SH3, respectively). On the other side of the
spectrum is drk SH3, which is only marginally stable (∼0
kcal/mol) in water and has an estimated folding rate of 0.9
s-1 (16). The SH3 fold can thus accomodate a variety of
stabilities and kinetic rates of folding. The variations in
kinetic and thermodynamic parameters may be related to the
distinct functional requirements on the members of this
diverse class of proteins.
A survey of the folding kinetics ofâ-sheet proteins studied

so far reveals a broad range of rate constants. Large
multidomainâ-sheet proteins such as interleukin 1â (24) fold
relatively slowly, while small single-domainâ-sheet proteins,
like the src SH3, fold on time scales similar to those of small
helical proteins (32). CspB (67 aa), whose folding kinetics
and thermodynamics have been extensively characterized
(26), is an extreme example of a rapidly foldingâ-sheet
protein (kf ) 1070 s-1). The similar folding rates of small
â-sheet andR-helical proteins contrast with the different
ability of theoreticians to predict their folds: the success rate
of secondary structure prediction programs is∼ 85% for
helices versus 60% for strands. This dichotomy can be
understood by noting that helices are stabilized primarily by
local interactions and strands by nonlocal ones. This fact
complicates structure prediction ofâ-sheets because (1) a
limited sequence window around a given residue is unlikely
to contain all of its interacting partners and (2) there is
considerable variation in strand conformation due to differ-
ences in protein context, resulting in weak local sequence
signatures. Manyab initio tertiary structure prediction
methods assemble proteins in a hierarchical fashion (56, 57)
and thus are also hampered by the importance of nonlocal
interactions in sheet formation. The fact that in nature
â-sheet proteins are not at a disadvantage in finding their
native state suggests that early restriction of conformational
freedom does occur inâ-sheet proteins. A better under-
standing of the stages inâ-sheet formation should improve
the prediction of the structure of this important class of
proteins.
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SH3 domain in 0 and 0.7 M GdmCl (1 page). Ordering
information is given on any current masthead page.
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