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Kevin W. Plaxco,‡,§,| J. Iñaki Guijarro,‡,§ Craig J. Morton,§,⊥,# Maureen Pitkeathly,‡ Iain D. Campbell,⊥ and
Christopher M. Dobson*,‡

Oxford Centre for Molecular Sciences, New Chemistry Laboratory, and Department of Biochemistry, UniVersity of Oxford,
South Parks Road, Oxford OX1 3QT, England

ReceiVed August 21, 1997; ReVised Manuscript ReceiVed October 27, 1997

ABSTRACT: The equilibrium unfolding and the kinetic folding and unfolding of the 67 residue Fyn-SH3
domain have been investigated. Equilibrium unfolding experiments indicate that, despite the lack of both
disulfide bonds and prosthetic groups, Fyn-SH3 is relatively stable with a free energy of folding of-6.0
( 0.6 kcal mol-1 at 20 °C. Kinetic experiments indicate that the domain refolds in a rapid two-state
manner without significant population of intermediates (k ) 94.3 s-1 in H2O at 20 °C). Despite the
presence of two proline residues, the refolding of the domain is monophasic, and no significant proline
isomerization-like refolding phase is observed. This can be attributed to an extremely low level of the
incorrect (cis) isomer of the structurally important Pro134 residue in the protein denatured in 8 M guanidine
hydrochloride. Analysis of the temperature and guanidine hydrochloride dependence of the folding rate
suggests that the folding transition state of this protein is relatively well organized. A comparison with
the refolding kinetics and thermodynamics of other homologous SH3 domains indicates that these exhibit
an equivalent degree of transition state organization. This potentially arises from conservation of key
features of the transition state conformation despite sometimes relatively low overall sequence identity.
Such a comparison further suggests that relative thermodynamic stability is an important factor in
determining the relative folding rates of natural proteins with a common fold, but that specific details of
the amino acid sequence can also play a significant role in individual cases.

Small, monomeric, single-domain proteins lacking kineti-
cally complicating factors such as disulfide bonds, prosthetic
groups, or nativecis-proline residues are relatively simple
systems for the study of protein folding. Comparison of the
refolding of members of a homologous family of such
kinetically simple proteins provides an opportunity to study
the relative importance of various equilibrium properties in
defining folding rates in the absence of potentially compli-
cating factors such as significantly differing topologies or
structures. With this aim, we have characterized the refold-
ing kinetics of the src homology 3 domain of human Fyn
tyrosine kinase (Fyn-SH3).1

The SH3 domain is a small (∼60 residue) protein module
found in a large number of multidomain proteins, primarily
those involved in cellular signaling (1). This module has
been well characterized by both NMR and X-ray techniques
and is a smallâ-barrel composed of two perpendicular
â-sheets, lacking disulfide bonds andcis-proline residues.
The SH3 domain provides an excellent system for studying
the kinetics and thermodynamics of protein refolding due to
this structural simplicity. Detailed characterizations of the
folding kinetics of the related spectrin (2), src (3, 4) and
PI3 SH3 (PI3-SH3, ref5) domains have already been carried
out. The preliminary investigation of refolding of the drk
SH3 domain has also been reported (6). The solution
structures of the SH3 domain from human Fyn both alone
(7) and complexed with poly-proline peptide ligands (7, 8)
have recently been described. We present here the kinetics
and thermodynamics of the refolding of the Fyn-SH3 domain
and discuss the implications of these data for the structure
of the folding transition state and the determinants of protein
folding kinetics.

MATERIALS AND METHODS

Recombinant human Fyn-SH3 was expressed as a glu-
tathioneS-transferase fusion protein inE. coli and purified
as described previously (7). The construct used consisted
of the 67 structured residues of the domain, an amino-
terminal 2 residue extension (GS) (7), and a carboxy-terminal
6 residue tail (EFIVTD). Pure Fyn-SH3 was exchanged into
20 mM NH4HCO3 on a DG-10 desalting column (BioRad)
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and lyophilized to produce buffer-free material for folding
studies.

Synthetic peptides were produced on an Applied Biosys-
tems automated peptide synthesizer using Fmoc chemistry.
Fmoc-[13C]proline was produced by reaction of uniformly
labeled [13C]proline (CK gas products) with Fmoc-succin-
imide (NovaBiochem). The [13C]proline was dissolved in
6% Na2CO3 at 0 °C, and 1.1 equiv of Fmoc-succinimide in
the minimum volume of DMF was added. After mixing,
the reaction mixture was left for 3 h at room temperature
with constant stirring. The crude product was washed with
diethyl ether, and then acidified with citric acid to a final
pH value of 3. This solution was extracted with diethyl ether
and the material analyzed for purity and composition by
HPLC, thin-layer chromatography and mass spectrometry.
Analysis indicated that the extracted material was a single
species with the expected mass for the Fmoc-proline, and
consequently the material was lyophilized and used without
further purification.

After cleavage from the support, all peptides were purified
by RP-HPLC on a Beckman System Gold HPLC using either
a Brownlee 4.6× 30 mm C8 reverse phase column (ABI)
for analytical runs or a Vydac 10× 250 mm column for
preparative work. Analytical run fractions containing peptide
were collected manually and lyophilized for analysis by mass
spectrometry. Fractions containing peptide from preparative
runs were collected manually, pooled, and lyophilized.

Equilibrium unfolding experiments were conducted on
recombinant Fyn-SH3 samples (0.1 mg/mL) equilibrated with
various concentrations of guanidine hydrochloride (GuHCl)
for at least 45 min on a Perkin-Elmer LS 50B fluorimeter
thermostated to 20.0( 0.5 °C. Sample excitation was at
280( 1.25 nm, with emission monitored at 340( 1.25 nm.
In all experiments, final GuHCl concentrations were deter-
mined by refractrometry (9). Thermodynamic parameters
were calculated by fitting the equilibrium data to the
equations describing a two-state folding reaction (see ref10)
using the nonlinear least-squares fitting algorithm in Ka-
leidaGraph (Albeck Software, Reading, PA).

The refolding of Fyn-SH3 was characterized using an
SX17-MV stopped-flow fluorimeter (Applied Photophysics)
equipped with a Grant LTD6G water bath thermostated to
(0.1 °C. Excitation was at 280( 4 nm, with detection
above 320 nm by use of the appropriate cut off filter. Kinetic
data were obtained by diluting Fyn-SH3 (0.19 mM) in 8.0
M GuHCl, 20 mM Tris-HCl, pH 7.2, 11-fold with 20 mM
Tris-HCl, pH 7.2 (Tris). Kinetics of the recovery of peptide
binding were followed by including 0.07 mM of a synthetic
SH3 ligand peptide (PPRPLPVAPPGSSKT) in the refolding
buffer and subtracting the intrinsic fluorescence change from
that observed in the presence of peptide. [Peptide binding
occurs at a rate of>1000 s-1, and increases the solvent
shielding of the binding cleft tryptophan (8), thus producing
a large and effectively instantaneous change in net fluores-
cence]. The GuHCl concentration dependence of Fyn-SH3
refolding was analyzed by monitoring the recovery of native
fluorescence as Fyn-SH3 in Tris containing 8 M GuHCl was
diluted 11-fold into Tris containing the appropriate amount
of GuHCl. The temperature dependence of Fyn-SH3 refold-
ing was followed by measuring the kinetics of refolding at
temperatures between 6 and 75°C after allowing the
refolding buffer, the denatured Fyn-SH3, and the fluorimeter

cell to equilibrate at each temperature for at least 15 min.
The native Fyn-SH3 signal was determined by diluting native
Fyn-SH3 in Tris with Tris containing 0.8 M GuHCl (final
GuHCl concentration 0.727 M). Unfolding experiments
were conducted using either manual mixing on the Perkin-
Elmer fluorimeter (for slowly unfolding samples) or the
Applied Photophysics stopped-flow fluorimeter (for rapidly
folding samples). The final protein concentration was 0.1
mg/mL for the manual mixing and 0.3 mg/mL for the
stopped-flow fluorimeter. All other conditions were as
described above. Reported values and confidence levels
represent the average and standard deviation of 10 measure-
ments (intrinsic fluorescence and peptide binding), fitted
values and estimated fitting errors (equilibrium unfolding,
temperature dependence, and intrinsickf-H2O, ku-H2O, mq

f and
mq

u), or the average and standard deviation of several peak
volume ratios (prolinecis-trans ratios). Control experi-
ments with native protein indicated that small variations in
signal intensity due to lamp drift and sample diffusion would
prevent detection of small amplitude phases (<2%) with rates
of <0.02 s-1 or intermediate amplitude (∼5%) with much
slower rates. Data were analyzed using the software supplied
with the fluorimeter or the nonlinear least-squares fitting
algorithm in KaleidaGraph.

Kinetic NMR measurements were conducted using a
pneumatic mixer as previously described (11). Fyn-SH3
(final concentration 0.2 mM) in 8.0 M2H-GuHCl was
diluted 11-fold in 50 mM sodium phosphate buffer, p2H 7.2
(uncorrected meter reading), in2H2O at 20°C to initiate the
refolding of the protein. Experiments were conducted at a
proton frequency of 500.1 MHz using a home-built spec-
trometer based on an Oxford Instruments 11.4 T magnet and
a GE-1280 computer. A series of one-dimensional1H
spectra was recorded after diluting the protein in the refolding
buffer. The delay between each transient was 1 s, and two
transients were accumulated. The resulting delay between
two spectra is thus 2 s. NMR data were analyzed using the
Felix software package (Biosym) on a SGI Indigo computer.

1H-15N and1H-13C HSQC spectra (12, 13) were recorded
respectively on15N- and15N-13C-labeled Fyn-SH3 (2 mM)
in Tris and in Tris containing 8.0 M GuHCl (prepared with
5% 2H2O). Spectra were recorded at 20°C at a1H resonant
frequency of 500.1 MHz. Thecis-transproline isomer ratio
in the denatured protein can in principle be determined from
the ratios of the CRH, CâH, and CδH cis and trans peak
volumes. However, as these peaks were not well resolved
in the denatured protein spectra,1H-13C HSQC spectra were
also acquired on a specifically labeled synthetic Fyn-SH3
fragment consisting of the 40 carboxy-terminal residues of
Fyn-SH3 with a uniformly labeled13C-proline at residue 134.
Spectra of this material were recorded at a concentration of
2 mM in Tris containing 8.0 M GuHCl and 5%2H2O. For
the synthetic pentapeptide YIPSN dissolved in Tris contain-
ing 8.0 M GuHCl (5%2H2O), thecis-transproline isomer
ratio was assessed using a one-dimensional1H spectrum.
Assignment ofcis-transsignals and thecis-transratio was
confirmed using a natural abundance1H-13C HSQC spec-
trum (12, 13).

Amino acid sequence alignment and pairwise identity
calculations were performed for the SH3 domains from Fyn,
src, spectrin, PI3, and drk using the program AMPS (14) at
the EMBL server.
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RESULTS AND DISCUSSION

Data from the equilibrium chemical denaturation of Fyn-
SH3 are well fitted by the equations describing a two-state
unfolding transition (10) with a free energy of folding
(∆GH2O) of -6.0 ( 0.6 kcal mol-1 (Figure 1). This is
relatively high for a small protein lacking disulfide bonds
although some other proteins of similar size such as ubiquitin
(15) and chymotrypsin inhibitor 2 (16) display similar
stabilities. Compared to other SH3 domains, Fyn-SH3 is
very stable. Indeed, the free energies of folding of the
structurally related src, spectrin, PI3, and drk SH3 domains
are only-4.1,-3.8,-3.4, and∼0 kcal mol-1, respectively
(4, 10, 5, 6). As SH3 domains display a highly conserved
core structure but a relatively low sequence identity, the
differences responsible for the higher stability of Fyn-SH3
may be very subtle and remain unclear. No significant
intermediates are observed during the equilibrium unfolding
of the domain, although a substantial dependence of the
fluorescence of the native and denatured states on the
concentration of the denaturant GuHCl is observed. The
derived GuHCl sensitivity (meq) is 1.36( 0.13 kcal mol-1

M-1. The parametermeq reflects the effect of GuHCl on
the relative free energy of the folded state and is thought to
parallel the change in solvent-accessible surface area during
folding. The value ofmeq obtained for Fyn-SH3 compares
well with the values derived for other small, single-domain
proteins of similar size (17).

The refolding kinetics of Fyn-SH3 from 8 M GuHCl are
effectively identical whether probed by intrinsic fluorescence
or by the recovery of peptide binding activity. The native
fluorescence of the two tryptophan residues of the protein,
which reflects details of the packing of the hydrophobic core,
is recovered with a rate of 25.6( 1.2 s-1 in 0.727 M GuHCl.
This refolding is well described (residual amplitudes<3%)
by a single-exponential rate equation (Figure 2A) with no
significant improvement in the quality of fit (as monitored
by residual amplitudes or serial correlation of the residuals)
from higher order fits (data not shown). No burst phase
event is evident in the intrinsic fluorescence as the single-
exponential fit extrapolates at time zero to the expected value
for the fluorescence of the unfolded protein in the refolding

buffer. The kinetics of the recovery of peptide binding under
identical conditions (Figure 2B) are 23.7( 2.0 s-1. That
both the core packing geometry and active site tertiary
structure are recovered with identical kinetics suggests that
Fyn-SH3 folds in a concerted, two-state reaction. Kinetic
NMR experiments (11), while exhibiting significantly poorer
time resolution, are in agreement with this observation since
the spectrum acquired∼2 s after the initiation of refolding
is that of the native protein (Figure 2C).

Refolding of the Fyn-SH3 domain as measured by the
recovery of native tryptophan fluorescence occurs with an
extrapolated intrinsic rate (the folding rate in the absence of

FIGURE 1: Equilibrium denaturation of Fyn-SH3 by GuHCl (20
°C) is well fitted by the equations describing a two-state transition
and indicates that the domain is relatively stable (∆GH2O ) -6.0
( 0.6 kcal mol-1). The derivedmeq value, 1.36( 0.13 kcal mol-1

M-1, is very similar to that obtained for other small, globular
proteins (17).

FIGURE 2: Kinetics of refolding of Fyn-SH3 are concerted. Native
levels of both intrinsic fluorescence (97( 3%) (A) and peptide
binding activity (95 ( 6%) (B) are recovered with effectively
identical kinetics (25.6( 1.2 and 23.7( 2.0 s-1, respectively, in
0.727 M GuHCl at 20°C). Consistent with this observation, the
native NMR signal intensity (95( 8%) is recovered within the 2
s dead time of kinetic NMR measurements (C), indicating that a
native core geometry is recovered within that time frame. The
expected fluorescence of the unfolded protein in the refolding buffer
(40%) is indicated in (A) by an arrow. It was calculated by linear
extrapolation of the fluorescence of denatured Fyn-SH3 at high
GuHCl concentrations.
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denaturant) of 94.3( 2.7 s-1 (Figure 3). The unfolding rate
is relatively slow (ku-H2O ) 9.9 × 10-4 ( 1.4 × 10-4 s-1).
Several lines of evidence indicate that the refolding of the
domain follows a two-state mechanism lacking significant
kinetic intermediates. A plot of ln(k) versus guanidine
hydrochloride concentration is linear away from the folding/
unfolding transition region (r2 ) 0.999 for both folding and
unfolding). Equilibrium parameters (∆GH2O andmeq) derived
from fitting kinetic data over a broad range of denaturant
concentrations to a two-state model are consistent with the
equivalent parameters obtained from equilibrium experi-
ments. Indeed, as derived from kinetics (see ref16), ∆GH2O

is -6.68( 0.01 kcal mol-1, which is within the confidence
limits of the value obtained from equilibrium unfolding, and
meq, calculated frommq

f and mq
u values of-1.09 ( 0.01

and 0.52( 0.01 kcal mol-1 M-1, respectively (Figure 3), is
1.61( 0.02 kcal mol-1 M-1, which is relatively close to the
1.36( 0.13 kcal mol-1 determined from equilibrium studies.
These results suggest that no stable folding or unfolding
intermediates are significantly populated during folding (16)
and are strong evidence that the refolding of the Fyn-SH3
domain is well described as a two-state process.

The native Fyn-SH3 domain contains twotrans-proline
residues (7). One of these, Pro140, is near the C-terminus
of the domain and may play no significant role in its
refolding. The other proline, Pro134, forms part of the
peptide binding surface and directly contacts the fluorescent
residue Trp119 (Figure 4). Previous studies of prolinecis-
trans isomer ratios suggest that 10-30% of unfolded Fyn-
SH3 molecules could contain an incorrect,cis-proline residue
at this position and thus fold with the slow rate (0.1-0.01
s-1 at 20°C) associated withcis-trans isomerization (19).
However, native levels both of fluorescence (97( 3%) and

of peptide binding (95( 6%) activity are recovered within
200 ms in 0.727 M GuHCl (Figure 2A,B), and no slow phase
(k ) 0.02-10 s-1) is observed with an amplitude of>2%
by fluorescence (data not shown) or>8% by NMR spec-
troscopy (Figure 2C).

The isomerization of proline residues in near-native folding
intermediates has been observed during the refolding of
several proteins (e.g., refs20, 21). Inspection of the Fyn-
SH3 structure suggests, however, that due to the role Pro134
plays in peptide binding and in defining the geometry of the
two tryptophan residues, the protein is unlikely to fold to a
structure exhibiting the observed native fluorescence and
activity if this residue is in the incorrect,cis, conformation
(Figure 4). Simulated annealing calculations (XPLOR, ref
22) of the Fyn-SH3 structure with Pro134 restricted to the
cis conformation produce a highly strained structure with a
significantly altered hydrophobic core and binding pocket
geometry (D. Pugh and I. D. Campbell, personal com-
munication). This further suggests that it is improbable that
acis-proline could be incorporated at this point in the folded
protein without significantly disrupting native fluorescence
and peptide binding activity.

Traditional methods of monitoring denaturation suggest
that in 8 M GuHCl the Fyn-SH3 domain is fully unfolded.
Indeed, equilibrium unfolding of the Fyn-SH3 domain
indicates that the protein is denatured even at a substantially
lower concentration of GuHCl than the 8 M GuHCl used in
the above refolding studies (Figure 1). To characterize the
8 M GuHCl denatured state of Fyn-SH3,1H-13C and1H-
15N HSQC spectra were recorded on isotopically labeled

FIGURE 3: Dependence of the kinetics of unfolding and refolding
of Fyn-SH3 on GuHCl concentration. The intrinsic folding rate of
Fyn-SH3 (the extrapolated rate in H2O, kf-H2O) is 94.3( 2.7 s-1.
The plot of ln (k) versus [GuHCl] is linear in the regions away
from the folding/unfolding transition. This indicates that the
refolding of the domain does not proceed through stable kinetic
intermediates (16). The slopes of these curves are a measure of the
mq values of the folding and unfolding transition states (16). In
particular, the ratioR ) mq

f /(mq
u - mq

f) is thought to reflect the
relative solvent-accessible surface area of the folding transition state.
The value ofR obtained for Fyn-SH3, 0.68, is very similar to values
obtained for both the spectrin (0.69, ref37) and src SH3 domains
(0.69, ref3) and slightly higher than the value determined for PI3-
SH3 (0.60, ref5). This suggests that all four proteins fold via similar
transition state conformations though the PI3-SH3 domain transition
state may be slightly less well organized.

FIGURE 4: Diagrammatic representation of the Fyn-SH3-peptide
complex. The peptide is shown in ball-and-stick representation,
while the protein is shown as a backbone worm. The program
Molscript was used to produce this figure (18). Certain Fyn-SH3
residues involved in the interaction are shown in CPK and
labeled: the two tryptophan residues, the two proline residues, and
tyrosine 137. The structure of Pro134 is clearly constrained by
Trp119 and Tyr137, and this observation, together with molecular
dynamics simulations (D. Pugh, personal communication), strongly
suggests that acis-proline cannot be accommodated at this position
without significantly disrupting both the peptide binding surface
and the intrinsic fluorescence of the protein.
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samples. Comparison to the spectra of native Fyn-SH3
indicates that there is a substantial loss in dispersion of the
amide resonances in denatured Fyn-SH3, consistent with the
loss of secondary and tertiary structure (Figure 5). Similarly,
the1H-13C HSQC shows a reduction in dispersion of peaks,
particularly of the CRH resonances (data not shown). Of
particular interest in the1H-13C HSQC are the proton
resonances of the two proline residues. Both proline HδC
resonances are shifted from their native chemical shift values
of 2.98 and 3.25 ppm (C.J.M. and I.D.C., unpublished data)
to 3.79 and 3.86 ppm, which are very close to the values
predicted for a random-coil conformation in 8 M GuHCl
(3.67 and 3.72 ppm) (23). This suggests that the proline-
containing sequence is unfolded in 8 M GuHCl.

There are significant differences in the non-Cδ 13C
chemical shift between thecis- and trans-proline isomers
(24) which, in principle, should allow the determination of
the relative amounts of the two species. In denatured
samples of13C-labeled Fyn-SH3, spectral overlap renders
such an analysis extremely difficult. A small peptide
corresponding to the region around Pro134 was, however,
more amenable to analysis. A pentapeptide covering residues
132-136 (YIPSN) of the Fyn-SH3 domain was synthesized
and studied by 1D1H NMR in 8 M GuHCl. The percentage
of cis-proline in this peptide, as measured by the ratio of
peak integrals for thecisandtransresonances in 1D spectra,
was found to be 8( 2%. This amount ofcis-proline in the
intact Fyn-SH3 domain should give rise to an observable
slow phase during Fyn-SH3 refolding. To clarify the origins
of this discrepancy, a peptide corresponding to the 40
carboxy-terminal residues (residues 114-154) of Fyn-SH3
was synthesized with a [13C]proline residue included at
position 134. The observed chemical shifts (Figure 6) are

consistent with those expected for a random-coil conforma-
tion in 8 M GuHCl (23). Analysis of1H-13C HSQC spectra
of this construct indicated that the level ofcis Pro134 in 8
M GuHCl was, however, only 4( 2%. If the actual ratio
falls within the lower half of the confidence range, or the
isomerization rate is very slow (<0.02 s-1), then it would
not give rise to an observable phase in the folding experi-
ments monitored by fluorescence due to sample diffusion,
lamp drift, and photobleaching. This may be the reason for
the lack of an observable proline isomerization limited
refolding phase.

Protein folding does not obey simple Arrhenius kinetics
due, at least in part, to the influence of a relatively large
difference in the heat capacities of the transition and
denatured states (∆Cp

q) (25, 26). The contribution of∆Cp
q

to the temperature dependence of the folding rate is often
described by a modification of the Eyring equation (25). For
a two-state folding transition, the modified equation is

where T is the absolute temperature;kb, h, and R are
respectively the Boltzmann, Planck, and gas constants; and
∆Hq(T0) and∆Sq(T0) are the values of the activation enthalpy
and entropy of folding, respectively, at an arbitrary reference
temperatureT0. The termkb/h, originating from the preex-
ponential probability term in the Eyring equation, represents
the probability of a molecule with as much or more energy
than the transition barrier actually passing over the barrier,
while the remainder of the equation calculates a pseudoequi-
librium between the starting state and conformations higher
in energy than the barrier. Figure 7 shows an Eyring plot
[ln (kf /T) versus 1/T] for the refolding rate of Fyn-SH3
against temperature. The data are well fit to the above
equation (r2 ) 0.9996) with the following relative thermo-
dynamic parameters:∆Hq(293 K)) 10.3( 0.01 kcal mol-1,
∆Sq(293 K) ) -0.0172( 0.0003 kcal mol-1 K-1, and∆Cp

q

) -0.444( 0.006 kcal mol-1 K-1.

FIGURE 5: 1H-15N HSQC spectra of Fyn-SH3 (A) in 20 mM Tris-
HCl, pH 7.2 (Tris), and (B) in 8 M GuHCl/Tris. The signals in
boxed regions in (A) are folded signals as a relatively small spectral
width was used in the15N dimension to improve the resolution of
the spectrum. The poor dispersion observed in 8 M GuHCl indicates
that the protein is unfolded under these conditions.

FIGURE 6: 1H-13C HSQC of a synthetic peptide in 8 M GuHCl.
The sequence of the peptide corresponds to the 40 C-terminal
residues of Fyn-SH3 and contains13C-proline at the position of
residue Pro134. Thetrans-proline peaks are all shown and labeled.
The well-resolved cross-peaks fromcis-proline resonances are
shown in boxed regions at a threshold level 1/4 that of the rest of
the spectrum. Resonances from thecis-proline (4( 2% of thetrans
peak volumes) are substantially weaker than those arising from the
trans conformer, indicating an unusually lowcis-trans ratio.

ln (kf /T) ) ln (kb/h) + [∆Sq(T0) - ∆Hq(T0)/T]/R +

∆Cp
q [ln (T/T0) + T0/T - 1]/R
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CONCLUSIONS

The kinetics and thermodynamics of folding of the Fyn-
SH3 domain fit well to a two-state model. The equilibrium
data indicate that the protein undergoes effectively a single
transition between a native and denatured conformation, with
no significant intermediates populated under equilibrium
conditions. Kinetic analysis is perhaps more sensitive to the
appearance of folding intermediates than is equilibrium
denaturation, but the kinetic data for Fyn-SH3 are also well
fitted by a two-state folding model. Consistent with the
apparently two-state refolding of Fyn-SH3, the refolding
kinetics of the domain are monophasic and effectively
identical, whether probed by intrinsic fluorescence or by the
recovery of peptide binding activity. This suggests that
species with a fluorescence differing from that of the native
or unfolded states do not accumulate during the folding
process. A plot of ln (k) versus [GuHCl] is linear in the
extremes of high and low denaturant concentration, further
suggesting that no stable intermediates are populated during
refolding. Last, the values of∆GH2O andmeq are very similar
whether calculated from equilibrium or kinetic data. While
values for∆GH2O are within experimental error, the values
for meq differ by slightly more than the experimental error.
This disparity may be a result of the difficulty in analysis of
the equilibrium data, due to the significant dependencies of
both native and denatured Fyn-SH3 fluorescence on the
concentration of GuHCl (2). The refolding kinetics of the
spectrin (2), src (4), and PI3 SH3 domains (5) are also well
fitted by a two-state model.

There is no indication of a proline isomerization-limited
refolding phase in Fyn-SH3, despite the presence of a proline
residue in the ligand binding site and the absolute require-
ment for thetrans isomer at this residue to form the native
structure. While this may be due to a large increase in the

rate of proline isomerization during the folding process (27),
it is possible that it is simply the result of an unusually small
population of thecis isomer in the unfolded protein. The
cis-trans ratio, 4 ( 2%, is substantially smaller than the
10-33% ratios previously reported for small peptides or
unfolded proteins (28) but is similar in magnitude to the
proline isomerization linked event reported during the
refolding of the SH3 domain from spectrin (2). The basis
for such a lowcis-trans ratio is unclear. Under identical
conditions, a synthetic pentapeptide corresponding to the
sequence around Pro134 of Fyn-SH3 shows acis-trans
proline ratio of 8( 2%. While these values overlap with
that for the protein, they suggest that nonlocal sequence
effects may result in a slightly lower level ofcis isomer in
the denatured protein. This is highlighted by the 10% proline
isomerization-limited phase observed for the src SH3 domain
(4) which has an identical sequence around the equivalent
proline residue. The evidence for any residual structure in
denatured Fyn-SH3, however, is lacking and at this stage,
our data are unable to support a definitive statement as to
the reason for the lack of observable proline isomerization
during refolding. This is a question worthy of further
investigation, as several other proline-containing proteins
appear to lack isomerization-like folding phases (e.g., refs
29, 30) including the relatively stable, tenth fibronectin type
III domain of human fibronectin which contains eight proline
residues (31).

Equilibrium studies of protein folding suggest that both
the temperature and denaturant dependence of protein folding
kinetics can provide a means of monitoring the conformation
of the transition state. The folding transition statem-value
of Fyn-SH3 is 68% that of the native protein, suggesting
that the transition state is a relatively compact structure. The
transition state heat capacity (∆Cp

q) is -0.444 kcal mol-1

K-1, which is only 51% that of the native protein (32). As
equilibrium studies suggest that bothmand∆Cp are directly
proportional to changes in the relative solvent-accessible
surface area (17), this discrepancy is somewhat surprising.
However, a similar discrepancy appears for all of the single-
domain proteins for which we have data, including the
Bacilluscold shock protein (29, 33), chymotrypsin inhibitor-2
(34), protein L (26), the bacterial phosphotransferase protein
HPr (35), and human acyl phosphatase (F. Chiti, personal
communication). Possible origins for this discrepancy
include the inappropriateness of using an Eyring equation-
type model, derived to describe gas-phase reactions, to fit
data derived from a complex, condensed-phase protein
folding reaction (36), or because of temperature-induced
changes in the folding transition state.

Homology studies provide an opportunity to study the role
of global properties, such as stability and gross sequence
composition, in defining the kinetics of protein folding in
the absence of such complicating factors as significantly
differing topologies. The results presented in this paper for
Fyn-SH3, when taken with the results for the SH3 domains
of spectrin (2, 10, 37), drk (6), src (3, 4) and PI3 (5),
represent the largest study to date of the refolding of
members of a family of homologous proteins (see ref38
and references cited therein). We have used this data set to
investigate the transition state placement and the importance
of equilibrium stability and relative sequence identity in
defining the relative folding rates of homologous proteins

FIGURE 7: Eyring plot [ln (k/T) versus 1/T] for the temperature
dependence of Fyn-SH3 refolding over the range 6-60 °C (theTm
of Fyn-SH3 is 72°C; ref 32). The fit indicates a∆Cp

q of -0.444
kcal mol-1 K-1, which is about half that of the native protein (-0.86
kcal mol-1 K-1; ref 32). Since∆Cp is known to correlate with the
relative solvent-accessible surface area (ref17, and references cited
therein), this might indicate that the transition state of folding is
only moderately collapsed. Analysis of the ratioR ) mq

f /(mq
u -

mq
f), also thought to reflect the relative solvent-accessible surface

area of the transition state, is significantly higher (Figure 3). The
origins of this discrepancy are unclear, but a similar discrepancy
appears in data from several other two-state proteins (see Conclu-
sions).
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sharing a similar structure. The structures of the SH3
domains from Fyn (7, 39), src (40), spectrin (41, 42), and
PI3 (43, 44, 45) have been solved by either NMR, X-ray
crystallography, or both, and a homology-based model has
been proposed for drk (6, 46). These domains have a
common global core structure. For instance, the atomic root-
mean-square deviation (RMSD) of the structure superposition
of PI3 and src SH3 domains over 21 residues found in
regions of conservedâ-sheet is only 0.81 Å (43), while the
RMSD of the superposition of Fyn-SH3 and spectrin
structures over 51 CR atoms is 1.1 Å (39). Despite sharing
a common topology, however, the SH3 domains often display
a very low sequence identity (Figure 8 and Table 1).

The ratioR ) mq
f /(mq

u - mq
f) is thought to reflect the

solvent-exposed hydrophobic surface area of the transition
state (or ensemble of states) relative to the native state.
Hence, it is thought to represent the placement of the
transition state on a reaction coordinate defined by the degree
of collapse of the polypeptide chain. For Fyn-SH3, this value
is 0.68, suggesting that the transition state is relatively
compact and nativelike. Effectively identical values ofR
have been observed for the spectrin (0.69, ref37) and src
(0.69, ref4) SH3 domains. This might arise if the confor-
mation of the structured residues in the transition states of
these proteins is, like their native structures, conserved
despite the relatively low pairwise sequence identities (Table
1) (48). Furthermore, if key aspects of the folding nucleus
are conserved, then a homologous SH3 domain containing
additional residues not present in the nucleus would exhibit
a lowerR ratio because a smaller fraction of its polypeptide
chain would be structured in the transition state. This may
account for the lowerR ratio observed for the PI3-SH3
domain (0.60, ref5), which contains an approximately 15
residue loop not present in the other SH3 domains; it is
noteworthy that long loops such as this are known to remain
unstructured in the transitions states of barnase and the
chymotrypsin inhibitor-2 (49, 50). Similar conservation of
R has been observed between other sets of homologous
proteins (51, 52, 38), suggesting that the gross structural

features of their folding transition states are also conserved.
To analyze the role of thermodynamic stability in defining

the folding rate of homologous proteins it is important that
these fold in a process lacking significantly populated
intermediates, as the formation of an intermediate could be
rate-limiting, and thereby complicate the analysis. Fortu-
nately, the SH3 domains studied so far fold without effective
accumulation of intermediates and can thus be used for such
analysis. Theoretical (53, 54, 55, 56) and limited experi-
mental (38, 52) evidence has suggested that the folding rates
of homologous proteins which fold via a two-state mecha-
nism may parallel their thermodynamic stability. In accord
with this hypothesis, under similar conditions (i.e., no
denaturant, similar temperature), the more stable Fyn refolds
approximately 2, 24, 105, and 270 times faster than the src,
spectrin, drk, and PI3 SH3 domains, respectively (see Table
1). When the folding rates of the SH3 domains for which
data are available are compared over a large range of
denaturant concentration, rates differing by as much as 3
orders of magnitude can be observed (Figure 9A). However,
under conditions of equal stability, the refolding rates of the
SH3 domains of Fyn, spectrin, and PI3 are rather similar
over a wide range of denaturant concentration (Figure 9B).
For instance, in the presence of sufficient denaturant to
reduce the stability of Fyn-SH3 to-3.4 kcal mol-1 (the free
energy of unfolding of PI3-SH3 at 20°C in the absence of
denaturant), its folding rate is only∼3- and∼8-fold faster
than the folding rate of the spectrin and PI3 SH3 domains,
respectively (instead of∼24- and∼270-fold faster at zero
denaturant concentration). These data suggest that thermo-
dynamic stability is an important factor in determining the
relative folding rates of homologous proteins.

Among the characterized SH3 domains, Fyn and src are
the most closely related, with a sequence identity of 78%
(Table 1). It is therefore particularly interesting that in
contrast to the situation discussed above for the other SH3
domains (which only show pairwise identities of 36% or
lower), the folding rates of Fyn and src SH3 domains are
actually closer to each other at the same denaturant concen-

FIGURE 8: Sequence alignment of the SH3 domains from Fyn, src, spectrin, drk, and PI3. The conserved residues relative to Fyn-SH3 are
underlined. Most of the conserved residues in SH3 domains are surface-exposed and are involved in the peptide binding site rather than in
the hydrophobic core of the corresponding protein (41, 43, 39, 47). Despite this fact, and the often low sequence identity among SH3
domains, these show a common core structure.

Table 1: Sequence Identity and Thermodynamic and Kinetic Parameters for Five SH3 Domainsa

src (%) spectrin (%) drk (%) PI3 (%) R (%) ∆GH2O (kcal mol-1) kf-H2O (s-1) meq(kcal mol-1 M-1) mq
f (M-1)

Fyn 78 34 35 36 0.68 -6.0 94.0 -1.4 -1.9
src 34 32 31 0.69 -4.1 56.7 -1.4 -1.7
spectrin 23 29 0.69 -3.8 4.0 -0.7 -0.9
drk 23 NA ∼0 0.9 NA NA
PI3 0.60 -3.4 0.35 -2.3 -2.4

a Pairwise identities were calculated with the program AMPS (14) based on the sequence alignment shown in Figure 8. Thermodynamic and
kinetic data are taken from the literature as follows: src, ref (4); spectrin, refs (10, 37); drk, ref (6); PI3-SH3, ref (5). NA: data are not available.
Temperatures used to obtain these data in the corresponding studies are as follows: Fyn-SH3, 20°C; src, 22°C; spectrin, 25°C; PI3-SH3, 20°C;
drk, 14 °C. Note thatmq

f is expressed in M-1 units.
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tration than at the same free energy of folding (see Figure
9). One possible explanation of this observation is that one
or more of the sequence changes unique to src SH3 result
in a destabilization of the native structure but not of the
transition state. Such a situation would most simply arise if
the residue or residues involved were to be located in a region
of the protein that is not highly structured in the transition
state. Whether or not this explanation is correct cannot,
however, be deduced from the available data. Indeed, no
relationship is evident between the sequence identities of the
presently characterized SH3 domains and their stabilities,
folding kinetics, or characteristics (R values) of their transi-
tion states (see Table 1). Nevertheless, this finding, along
with earlier observations [e.g., that the least stable of two
homologous forms of the IgG binding domain of strepto-
coccal protein G folds more rapidly (57)], suggests that
specific sequence details, in addition to thermodynamic
stability, can play a significant role in defining the relative
refolding rates of natural proteins sharing a given topology.
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