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Refolding of the SH3 domain of PI3 kinase from the guanidine
hydrochloride (GdnHCl)-unfolded state has been probed with millisecond
(stopped flow) and sub-millisecond (continuous flow) measurements of the
change in fluorescence, circular dichroism, ANS fluorescence and three-site
fluorescence resonance energy transfer (FRET) efficiency. Fluorescence
measurements are unable to detect structural changes preceding the rate-
limiting step of folding, whereas measurements of changes in ANS
fluorescence and FRET efficiency indicate that polypeptide chain collapse
precedes the major structural transition. The initial chain collapse reaction is
complete within 150 μs. The collapsed form at this time possesses
hydrophobic clusters to which ANS binds. Each of the three measured
intra-molecular distances has contracted to an extent predicted by the
dependence of the FRET signal in completely unfolded protein on
denaturant concentration, indicating that contraction is non-specific. The
extent of contraction of each intra-molecular distance in the collapsed
product of sub-millisecond folding increases continuously with a decrease
in [GdnHCl]. The gradual contraction is continuous with the gradual
contraction seen in completely unfolded protein, and its dependence on
[GdnHCl] is not indicative of an all-or-none collapse reaction. The
dependence of the extent of contraction on [GdnHCl] was similar for the
three distances, indicating that chain collapse occurs in a synchronous
manner across different segments of the polypeptide chain. The sub-
millisecond measurements of folding in GdnHCl were unable to determine
whether hydrophobic cluster formation, probed by ANS fluorescence
measurement, precedes chain contraction probed by FRET. To determine
whether hydrogen bonding plays a role in initial chain collapse, folding was
initiated by dilution of the urea-unfolded state. The extent of contraction of
at least one intra-molecular distance in the collapsed product of sub-
millisecond folding in urea is similar to that seen in GdnHCl, and the initial
contraction in urea too appears to be gradual.
© 2010 Elsevier Ltd. All rights reserved.
ss: jayant@ncbs.res.in.
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Introduction

Proteins are evolutionarily selected heteropoly-
mers, but their response to solvent change appears
to be very similar to that of simple homopolymers.1,2

In particular, unfolded protein chains undergo
global contraction when transferred from a good to
d.
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a bad solvent.3,4 This contraction has been captured
by equilibrium fluorescence resonance energy trans-
fer (FRET) studies, in ensemble5–9 as well as single
molecule10–12 measurements, which show that un-
folded protein chains contract upon denaturant
dilution. Kinetic FRET experiments reveal the
diffusive and gradual nature of the initial chain
contraction in the sub-millisecond time domain,
upon transfer of unfolded protein from unfolding
to refolding conditions.6,13–15 The polymer-like
dynamics of protein molecules is not restricted to
unstructured polypeptide chains. For example, the
diffusive, gradual swelling of the protein chain
during the unfolding of monellin, which happens
concomitantly with the loss of specific structure, is
describable by a simple model of polymer physics.16

But the role of polymer-like dynamics in the
initiation as well as the progression of structure
formation during protein folding is still not fully
understood.
Polymer chains contract when intra-chain interac-

tions dominate over chain–solvent interactions, and
the consequent chain collapse reduces the confor-
mational space that needs to be sampled by the
diffusing protein chain in its search for the native
conformation. It is commonly assumed that poly-
peptide chain collapse during protein folding is
driven by non-specific intra-chain hydrophobic
interactions.3,17 Because of its non-specific nature,
hydrophobic collapse is expected to be very rapid,
leading to the formation of loose clusters of non-
polar side chains, which remain hydrated, in a fluid-
like contact with each other.18 But it is also possible
that chain collapse might, instead, be initiated by the
formation of backbone hydrogen bonds, when intra-
chain hydrogen bonding becomes progressively
stronger at lower concentrations of denaturant,19,20
resulting in intra-chain hydrogen bonds replacing
the protein–denaturant hydrogen bonds that dom-
inate at high concentrations of denaturant.21 Such
intra-chain hydrogen bonds could form in a non-
specific, long-range manner,14,22–24 leading to non-
specific chain collapse, or in a specific, short-range
manner leading to the formation of secondary
structures that are compact and facilitate interac-
tions between non-polar side chains.25,26 A recurring
question regarding the initiation of the protein
folding reaction concerns the interplay between
hydrophobic collapse and the formation of specific
structure.13,14,27–30
For folding reactions, heteropolymer theory pre-

dicts that chain collapse should occur before the
formation of native structure.31 Direct measure-
ments of chain collapse during folding have
indicated that collapse precedes any significant
structure formation for some,3,32–34 but not all35–37

proteins. Ultrafast measurements of the initial chain
collapse reactions of several proteins38–42 suggest
that collapse occurs in the ∼10 μs or faster time
domain, and that structure forms in the ∼100 μs and
slower time domain. For proteins that complete
folding within a few microseconds, it is not possible
to resolve, temporally, chain collapse from structure
formation,43 but it appears that ultrafast folding
could be the consequence of a pre-existing chain
collapse in the unfolded state.44 The extent of chain
collapse might itself be modulated by long-range,
intra-chain electrostatic interactions.17,45,46 Much
remains to be understood about the specificity of
chain collapse that occurs initially during folding,
and about what drives it.
SH3 domains are small, all-β proteins. A typical

member of this family is the SH3 domain of PI3
kinase (PI3K SH3), which has 83 residues threaded
through five β-strands and two helix-like turns
(Fig. 1).47 Like many other small proteins, SH3
domains had appeared to be two-state folders, with
intermediates not being populated significantly on
their folding pathways.48,49. But sparsely populated
intermediates have been identified in nuclear
magnetic resonance (NMR) spectroscopy studies,
as in the case of the Fyn SH3 domain.50,51 A non-
native helical folding intermediate52,53 has been
identified by circular dichroism (CD) and small-
angle X-ray scattering (SAXS) studies of the folding
of the src SH3 domain at low temperature (where
hydrophobic interactions are weakened). Very
recently, a partially folded intermediate, which
forms at a late stage during the folding of the PI3K
SH3 domain, has been identified.54 Studies of the
unfolding of the PI3K SH3 domain, using hydrogen
exchange detected by mass spectrometry,55 in the
absence and in low concentrations of denaturant
also suggested that the dissolution of structure
during unfolding occurs in many steps; hence,
refolding too must occur in many steps in the
absence and in low concentrations of denaturant.
Nevertheless, earlier refolding studies were not
able to detect any intermediate on the refolding
pathway, probably because a suitable high-resolution
probe was not used.48 The PI3K SH3 domain
therefore presents itself as an attractive model system
for using site-specific probes to determine whether
folding begins by initial chain collapse, and to
understand the interplay of chain collapse and
structure formation.
In this study, the refolding of the PI3K SH3

domain was investigated in the presence of guani-
dine hydrochloride (GdnHCl), as well as urea, using
multiple probes, including 1-anilino-naphthalene-8-
sulfonate (ANS) fluorescence and steady-state
multi-site FRET. Both stopped flow and continuous
flow measurements were made with mixing dead
times of 1.8 ms and 0.15 ms, respectively. It was seen
that ANS binds, albeit weakly, to the refolding
protein within 0.15 ms, indicating that the unfolded
protein has transformed into a form containing
solvent-accessible hydrophobic clusters competent



Fig. 1. Structure of the PI3K SH3
domain. The positions of W53
(green), E17 (red), G33 (red) and
T70 (red) are shown. E17, G33 and
T70 were mutated independently to
C, to yield three different single
cysteine-containing mutant pro-
teins, Cys17, Cys33 and Cys70,
respectively. The ribbon diagram
was generated from PDB file 1pnj
using Rasmol.
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to bind ANS. Three-site FRET measurements indi-
cated that the form of the protein bound was
compact, and that the transition from the unfolded
state to this compact state was gradual and non-
specific. It appears that folding of the PI3K SH3
domain begins with a non-specific collapse of the
polypeptide chain.
Results

Spectroscopic and kinetic characterization of
the PI3K SH3 domain by fluorescence and CD
measurements

The PI3K SH3 domain has a single tryptophan and
seven tyrosine residues (Fig. 1). Fluorescence and
CD measurements were done (Supplementary Data
Figs S1 and S2) to show that the protein used in this
study is identical in its spectroscopic properties, as
well as in its stability and folding kinetics, to that
used in earlier studies.48,54,56

Millisecond measurements of ANS
fluorescence-monitored kinetics

Thehydrophobic dyeANSbinds to solvent-exposed
hydrophobic clusters on proteins.57 This binding
results in an increase in fluorescence quantum yield
of the dye and a blue shift in the fluorescence
spectrum. In most instances, it was found that ANS
does not bind to the native or the unfolded forms of
proteins, including the PI3K SH3 domain.56
Figure 2a shows that when refolding is carried out
in the presence of ANS, there is a burst phase
increase in ANS fluorescence, within the dead time
of stopped-flow mixing (2 ms). This initial jump in
ANS fluorescence is relatively small, and corre-
sponds to an increase of only 20 – 30 % of the ANS
fluorescence of unfolded protein. Subsequently,
there is a decrease in ANS fluorescence as the
protein completes folding, and this decrease occurs
in two kinetic phases for folding in concentrations of
GdnHCl b0.8 M. The amplitude of the burst phase
increase in fluorescence, as well as the observed rate
constant for the fast phase of the decrease in ANS
fluorescence, decreased with an increase in
[GdnHCl]. The inset in Fig. 2a shows that the
amplitude of the burst phase increase in ANS
fluorescence becomes smaller with an increase in
[GdnHCl], even at concentrations of GdnHCl that
correspond to the native protein baseline of the
equilibrium unfolding curve. The observed refold-
ing rate constants of the decrease in ANS fluores-
cence match those measured using intrinsic tyrosine
fluorescence as the probe (Fig. 2b). Separate experi-
ments (data not shown) indicated that the presence
of ANS in the concentration range 100 – 540 μM did
not alter the observed refolding rate constants.

Thionitrobenzoate (TNB) quenches the
fluorescence of W53 by FRET

The use of multi-site FRET to measure the
changes in molecular dimensions, which occur
during folding or unfolding reactions, is well
documented.6,8,13,16,32,58–60 The sole tryptophan



Fig. 2. ANS fluorescence-moni-
tored kinetics of the PI3K SH3
domain at pH 7.2, 25 °C. (a)
Representative kinetic traces of
refolding in 0.4 M and 0.8 M
GdnHCl (top to bottom) in the
presence of ANS, starting from
unfolded protein in 4 M GdnHCl.
The kinetics of refolding was mon-
itored by measurement of the total
ANS fluorescence above 450 nm.
The continuous black lines through
the data show fits to a single-
exponential equation for the kinetic

trace obtained in 0.8 M GdnHCl, and to a double-exponential equation for the trace in 0.4 M GdnHCl. The broken line
represents the ANS fluorescence of unfolded protein in 4 M GdnHCl. The inset shows the dependence of the total
amplitude ( ) on the concentration of GdnHCl present during refolding. The amplitudes are normalized to a value of 1 for
the amplitude of the ANS fluorescence change observed for the refolding in 0.4 M GdnHCl. (b) A comparison of the fast
and slow observed refolding rate constants monitored by intrinsic fluorescence at 300 nm ( and ) and ANS fluorescence
above 450 nm ( and ). The continuous lines through the refolding constant data are least-squares fits to
logE = logEwater + mf GdnHCl½ �. The values of the constants for both phases are similar to those shown in the legend to
Supplementary Data Fig. S1. The error bars represent standard deviations obtained from three independent experiments.
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residue in the sequence was chosen to serve as the
donor for FRET measurements of the changes in
intra-molecular distances that occur during the
folding of the PI3K SH3 domain. The small TNB
moiety was chosen to serve as the FRET acceptor.5,61

Since the wild type protein has no cysteine residue
that the TNB moiety could be attached to, three
single cysteine-containing mutant proteins (Cys17,
Cys33 and Cys70) were made by site-directed
mutagenesis, and the TNB moiety was attached to
the cysteine thiol by reacting each protein with 5, 5'-
dithiobis (2-nitrobenzoic acid) (DTNB) (see Materi-
als and Methods).
Figure 3a–c show the fluorescence spectra of

Cys17, Cys17-TNB, Cys33, Cys33-TNB, Cys70 and
Cys70-TNB in the folded and the unfolded forms.
It is seen that the TNB adduct quenches the
fluorescence of W53 in the native as well as the
unfolded proteins, that for each pair the extent of
quenching is greater in the native state than in the
unfolded state, and that the extent of quenching in
the native state depends on the position of the
TNB adduct. The quenching of W53 fluorescence
due to FRET is seen to depend on the separation
between the donor and the acceptor in the protein.
It is also seen that the difference between the
fluorescence signals of the native and unfolded
protein is small for all three unlabeled proteins: for
each unlabeled protein, the quantum yield of the
donor (W53) does not change by more than 12 %,
as determined from the areas under the spectra of
the native and unfolded proteins. Nevertheless, in
subsequent FRET experiments, fluorescence was
monitored at 387 nm to ensure that the fluores-
cence of the donor does not change significantly
on refolding.
The insets in Fig. 3a–c show that when intrinsic
fluorescence is used to monitor unfolding, the
equilibrium unfolding curves of the labeled and
the unlabeled proteins overlap well for each single
cysteine-containing mutant protein. Hence, the
stability of each mutant variant is unaffected by
the presence of the TNB adduct. The stability of all
three proteins, labeled as well as unlabeled, is very
similar.

Refolding kinetics of the unlabeled and the
TNB-labeled proteins in GdnHCl

The refolding kinetics of each unlabeled and
labeled mutant protein was measured using fluo-
rescence as the probe. For the labeled proteins,
fluorescence was measured at 387 nm. At this
wavelength, the fluorescence of the donor in the
unlabeled protein does not change (see above);
hence, the change in the fluorescence of the donor in
the labeled protein represents the change in the
FRET signal.60 For the unlabeled proteins, fluores-
cence was measured at 300 nm. Figure 3d–f show
that for each pair of labeled and unlabeled protein,
the fast as well as the slow refolding rate constants
are unaffected by the presence of the TNB adduct.
Moreover, the observed rate constants and their
dependences on [GdnHCl] are very similar for the
different labeled and unlabeled mutant proteins,
and are very similar to those of the wild type
protein.
Figure 4a–c compare the equilibrium amplitudes

of the fluorescence change at 387 nm to the kinetic
amplitudes, for each pair of unlabeled and labeled
protein, Cys17 and Cys17-TNB, Cys33 and Cys33-
TNB, and Cys70 and Cys70-TNB, respectively. The



Fig. 3. Spectroscopic properties, stabilities and refolding kinetics of the unlabeled and labeled single cysteine-
containing mutant variants of the PI3K SH3 domain. Fluorescence emission spectra of the unlabeled (blue lines) and
labeled (red lines) proteins in their native (continuous lines) and unfolded (broken lines) states are shown for (a) Cys17
and Cys17-TNB, (b) Cys33 and Cys33-TNB, and (c) Cys70 and Cys70-TNB. Fluorescence was excited at 295 nm. In each
panel, the data were normalized to a value of 1 for the fluorescence at 387 nm of labeled unfolded protein in 4 MGdnHCl.
The insets show the equilibrium unfolding curves of the corresponding unlabeled (blue symbols) and labeled (red
symbols) proteins. The data for each pair of labeled and unlabeled proteins were fit together to a two-state model, and the
fits yielded values for Cm andΔGu of 1.4 M and 4.1 kcal/mol (Cys17 and Cys17-TNB), 1.4 M and 4.2 kcal/mol (Cys33 and
Cys33-TNB) and 1.5 M and 4.7 kcal/mol (Cys70 and Cys70-TNB). (d–f) The dependence on GdnHCl concentration of the
observed rate constants for the fast and slow phases of refolding are shown for (d) Cys17 and Cys17-TNB, (e) Cys33 and
Cys33-TNB, and (f) Cys70 and Cys70-TNB. The filled and open symbols represent the observed rate constants of the fast
and slow refolding phases, respectively. For monitoring folding of the labeled proteins (red symbols), fluorescence was
excited at 295 nm and measured at 387 nm; while for the unlabeled proteins (blue symbols), fluorescence was excited at
268 nm and monitored at 300 nm. The continuous lines through the refolding constant data are least-squares fits to the
equation: logE = logEwater + mf GdnHCl½ � and yielded values for λf

water andmf
f of 0.22 s

-1 and –0.23M-1 (Cys17 and Cys17-
TNB), 0.4 s-1 and –0.3 M-1 (Cys33 and Cys33-TNB) and 0.4 s-1 and –0.3 M-1 (Cys70 and Cys70-TNB). The values for λs

water
andms

f obtained were 0.02 s-1 and –0.01 M-1 (Cys17 and Cys17-TNB), 0.03 s-1 and –0.017 M-1 (Cys33 and Cys33-TNB) and
0.02 s-1 and –0.02 M-1 (Cys70 and Cys70-TNB). The error bars shown for the data in d–f represent the spread in the data
from two separate experiments.
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equilibrium unfolding transitions of Cys17, Cys33
and Cys70 show that the increase in fluorescence at
387 nm is small, and that the increase is comparable
in magnitude to that seen for N-acetyl-L-tryptopha-
namide with an increase in denaturant
concentration.6 Nevertheless, the equilibrium
unfolding transitions appear to retain an essentially
sigmoidal shape. For each unlabeled proteins, the
time zero points of the kinetic traces appear to fall on
the extrapolated unfolded protein baseline, within
experimental error.
Clearly sigmoidal equilibrium unfolding transi-
tions were seen for the labeled proteins. When
refolding was commenced from 4 M GdnHCl, a
substantial (20 – 35%) fraction of the total change in
fluorescence signal occurred in a sub-millisecond
burst phase, within the 2 ms dead time of stopped-
flow mixing. The time zero points of the kinetic
traces of refolding were found to fall on the
extrapolated unfolded protein baseline, and the
infinity points fall on the equilibrium unfolding
transition.

image of Fig. 3
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Dependence of the FRET efficiency and the D–A
distance on the concentration of GdnHCl

The fluorescence values of the time zero points of
the kinetic traces of folding for the labeled and
unlabeled proteins, as well as the fluorescence values
for the unfolded protein in different high concentra-
tions of GdnHCl, were translated into FRET effi-
ciency using Eq. (1). FRET efficiency is plotted
against [GdnHCl] for the W53-C17TNB distance in
Fig. 4d, for the W53-C33TNB distance in Fig. 4e and
for the W53-C70TNB distance in Fig. 4f. For each
intra-molecular distance, it is seen that the FRET
Fig. 4 (legend o
efficiency in the product of sub- millisecond folding
decreases in an asymptotic manner. This decrease
merges with that seen for the fully unfolded protein,
and a final limiting value is reached at a high
concentration of GdnHCl. The dependence of the
FRET efficiency on [GdnHCl] does not extrapolate at
zero denaturant to the FRET efficiency measured in
the native protein. This indicates that all three intra-
molecular distances measured in the product of sub-
millisecond folding are significantly larger than they
are in the fully folded protein.
The FRET efficiency data in Fig. 4d–f were

converted into intra-molecular distance data using
n next page)
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Eq. (2). In order to do so, it was first necessary to
determine the value of the Förster's distance R0,
which is given by Eq. (3), and the values of the
overlap integral J and the quantum yield of the
donor QD, were determined as described.16 These
values are summarized in Supplementary Data
Table S1. The third parameter in Eq. (3) is the
refractive index n and values of 1.333 for native
protein in native buffer and 1.400 for unfolded
protein in 4 M GdnHCl were used in Eq. (3). The
donor, W53, is exposed to the solvent in the native
state, and each cysteine residue is at a position
where it is exposed to the solvent (Fig. 1). The
absorbance spectra of the three labeled proteins
confirmed that the TNB adducts are fully solvent-
exposed (data not shown). Hence, a value of 2/3
was used for κ2 in Eq. (3).6,32,60 Table 1 shows that
the values of R0 determined for all three FRET pairs
are nearly identical for the native and unfolded
proteins. Hence, the value of R0 for the burst phase
product of stopped-flowmixing (the product of sub-
millisecond folding) was assumed to be identical
with that of the unfolded protein.
Figure 4g–i show how the unfolded form and the

burst phase product of stopped-flowmixing contract
upon a decrease of [GdnHCl], for Cys17-TNB,
Cys33-TNB and Cys70-TNB, respectively. It is seen
that for all three intra-molecular distances, the
contraction has a continuous and gradual depen-
dence on the denaturant concentration. This
dependence appears to be describable by a single-
exponential equation.
Figure 5a shows how the fractional change in

FRET efficiency in the burst phase product of
stopped-flow mixing and in the unfolded state,
which was determined using Eq. (4), depend on
[GdnHCl]. It is seen that the dependence values for
Fig. 4. Kinetic versus equilibrium amplitudes of folding mo
Cys33-TNB and (c) Cys70 and Cys70-TNB. FRET was measure
(a–c) Symbols ( ) and ( ) represent the equilibrium unfoldin
respectively; (△) and ( ) represent the time zero points of the k
proteins, respectively; (□) represents the infinity points of th
broken lines in a–c represent the extrapolated unfolded protei
unfolding data of the labeled proteins represent fits to a two-st
unlabeled proteins are drawn by inspection only. (d–f) sho
concentration in the product of the sub-millisecond refoldin
respectively. ( ) The FRET efficiency (E) in the completely unf
GdnHCl in the unfolded protein baseline of the equilibrium u
efficiency of the forms that are the products of the sub-millise
data represent fits to a single-exponential equation: E = E 0ð
GdnHCl, a is the amplitude and m is the constant that defines
The broken line represents the FRET efficiency in 0MGdnHCl
in the data from two or more different sets of experiments. (g–
the product of the sub-millisecond refolding of the PI3K SH3 do
W53-C33TNB distance in Cys33-TNB and (i) the W53-C70TN
completely unfolded forms that are present at concentrations o
of the equilibrium unfolding transition for the labeled protein
product of the sub-millisecond phase of refolding. The continu
equation. The broken lines represent the D–A distance for ful
the three FRET pairs overlap well within experi-
mental error. Similarly, the dependences on
[GdnHCl] of the fractional contraction of the
three intra-molecular distances, shown in Fig. 5b,
which were determined using Eq. (5), overlap for
the three distances. These results suggest that the
three intra-molecular distances in the product of
sub-millisecond folding (the burst phase product of
stopped-flow mixing) contract in a synchronous
manner upon a decrease of [GdnHCl].

Sub-millisecond measurements of chain
collapse using a continuous-flow mixer

Both the ANS fluorescence signal and the FRET
signal change within the 6 ms dead time of stopped-
flow mixing. Although the amplitudes of these
signal changes that accompany the formation of the
burst phase product of stopped flow mixing were
easily determined (Figs. 2 and 4), it was important to
try to determine the rate constant of formation of
this burst phase product. In order to do so, a
continuous mixing apparatus with a mixing dead
time of 0.15 ms was used.14 Figure 6a and b merge
data of continuous-flow mixing and stopped-flow
mixing for ANS fluorescence-monitored refolding of
the wild type PI3K SH3 domain in 0.4 M and 0.7 M
GdnHCl, respectively. The data merge well, but no
kinetic process can be discerned in the first
millisecond of folding. It appears that the initial
jump in ANS fluorescence has occurred within the
0.15 ms dead time of continuous-flow mixing.
Similarly, when the folding of Cys17-TNB (Fig. 6c)
or of Cys70-TNB (Fig. 6d) was monitored by FRET
in 0.4 M and 1.0 M GdnHCl, no kinetic process was
discerned during the first millisecond of folding.
Again, the continuous mixing kinetic trace for the
nitored by FRET. (a) Cys17 and Cys17-TNB, (b) Cys33 and
d by measurement of the change in fluorescence at 387 nm.
g transitions for the unlabeled and the labeled proteins,
inetic traces of refolding for the unlabeled and the labeled
e kinetic traces of refolding of the labeled proteins. The
n baselines. The continuous lines through the equilibrium
ate N↔Umodel for unfolding. The continuous lines for the
w the dependence of the FRET efficiency on GdnHCl
g reaction for Cys17-TNB, Cys33-TNB and Cys70-TNB,
olded forms that are present in different concentrations of
nfolding transition for the labeled proteins. (□) The FRET
cond phase of refolding. The continuous lines through the
Þ + aexp−m D½ � where E (0) is the FRET efficiency in 0 M
the dependence of E on the denaturant concentration, [D].
for fully folded protein. The error bars represent the spread
i) The contraction of different intra-molecular distances in
main: (g) theW53-C17TNB distance in Cys17-TNB, (h) the
B distance in Cys70-TNB. ( ) The D–A distances in the
f GdnHCl corresponding to the unfolded protein baseline
s. (□) The D-A distance of the collapsed species that is the
ous lines through the data are fits to a single-exponential
ly folded protein in 0 M GdnHCl.

Unlabelled image
Unlabelled image


Fig. 5. Fractional contraction in the initially collapsed
form. (a) The FRET efficiency data of Fig. 4d–f were
normalized to the FRET efficiency in the folded and in the
unfolded states using Eq. (4). ( , and ) The fractional
changes in FRET efficiency in different concentrations of
GdnHCl for Cys17-TNB, Cys33-TNB and Cys70-TNB,
respectively. The continuous line represents an exponential
fit to the combined data in Fig. 4d–f. (b) The distance data
of Fig. 4g–i were normalized to the distances in the
unfolded protein and in the collapsed form in the absence
of GdnHCl (obtained by extrapolation of the continuous
lines in Fig. 4g–i to zero [GdnHCl]), using Eq. (5). ( , and
) The fractional contraction in Cys17-TNB, Cys33-TNB

and Cys70-TNB, respectively. The continuous line repre-
sents an exponential fit to the combined data in Fig. 4g–i.
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first millisecond merges well with the slower
stopped-flow kinetic trace, but it appears that the
initial contraction of the protein upon folding from
the unfolded state in 4 M GdnHCl to the product of
sub-millisecond folding (the burst phase product of
stopped-flowmixing) is complete within the 0.15 ms
dead time of continuous-flow mixing. Hence, the
initial collapse of the polypeptide chain during the
folding of the SH3 domain is complete within
0.15 ms of the commencement of folding.

FRET measurement of initial chain collapse
during folding in urea

To determine whether refolding in urea begins
with chain collapse, the refolding of Cys70-TNB was
monitored for three different concentrations of urea.
The change in FRET was monitored by measure-
ment of the change in the fluorescence signal at
387 nm (see above). Figure 7a compares the kinetic
and equilibrium amplitudes for Cys70 and Cys70-
TNB, and shows that a substantial change (up to
55 %) in the FRET signal occurs during the burst
phase of stopped-flow mixing for folding in urea
too. The data show a sigmoidal equilibrium
unfolding transition for the labeled protein, and
the mid-point is the same as that for the unlabeled
protein. The time zero points of the kinetic traces of
refolding were found to fall on the extrapolated
unfolded protein baseline for Cys70 and Cys70-
TNB, and the infinity points are seen to fall on the
equilibrium unfolding transition for Cys70-TNB. It
is seen that the FRET signal decreases continuously
with an increase in [urea], both for the burst phase
product of stopped-flow mixing and for the
completely unfolded protein. Figure 7b shows the
change in FRET efficiency with the urea concen-
tration for the W53-C70TNB distance using Eq. (1).
For this intra-molecular distance, it is seen that the
FRET efficiency in the product of sub-millisecond
folding decreases in an asymptotic manner. This
decrease merges with that seen for the fully unfolded
protein. The dependence of the FRET efficiency on
[urea] does not extrapolate at zero denaturant to the
FRET efficiency measured in the native protein. This
indicates that the intra-molecular distance measured
in the product of sub-millisecond folding is signifi-
cantly larger than that in the fully folded protein.
Discussion

Intra-molecular distances in the unfolded state
of the PI3K SH3 domain

In 4 M GdnHCl, the three intra-molecular
distances measured by FRET for the unfolded
protein are close in value (within ∼2 Å) to the
distances calculated for an unfolded polypeptide
chain modeled as a random coil without accounting
for the excluded volume effect.62 All three distances
expand when [GdnHCl] is increased from 4 M to
5 M (Fig. 4). Such continuous expansion of intra-
molecular distances in the unfolded protein (Figs. 4
and 7) with an increase in denaturant concentration
is the expected response of a simple polymer when
the nature of the solvent is changed from bad to
good.63,64 Hence, it appears that the unfolded PI3K
SH3 domain behaves like a random coil polymer,
although it is not possible to completely rule out the
existence of residual structure in the unfolded
state.65–67 The extent of expansion of the intra-
molecular distances in the unfolded PI3K SH3
domain with an increase in [GdnHCl] is similar to
the extent to which intra-molecular distances were



Fig. 6. Sub-millisecond refolding.
Kinetic traces were measured using
ANS fluorescence and FRET as
probes in a continuous-flow mixer.
(a and b) Sub-millisecond refolding
kinetic traces at 0.4 M and at 0.7 M
GdnHCl, respectively, for the fold-
ing of the wild type PI3K SH3
domain,monitored bymeasurement
of ANS fluorescence. (c and d) Sub-
millisecond refolding kinetic traces
monitored by FRET in 0.4 M
GdnHCl (red) and 1.0 M GdnHCl
(green) for Cys17-TNB and Cys70-
TNB, respectively. The initial 55 s of
the kinetic traces obtained after
stopped-flow mixing are also
shown. (a–d) The data are normal-
ized to a value of 1 for the unfolded
protein in 4 M GdnHCl, represented
by the broken line. The sub-millisec-
ond data from the continuous-flow
mixer and the millisecond data from
the stopped-flow are normalized to
each other as described in Materials
and Methods.
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observed to expand in unfolded barstar upon an
increase in denaturant concentration.5–7 Unfolded
state expansion with an increase in denaturant
concentration has been observed for several other
proteins,8–12 but not for all of the proteins that have
been studied.35,37

Polypeptide chain collapse precedes the
rate-limiting step during the folding of the
PI3K SH3 domain

SH3 domains have served as model proteins for
folding studies for many years. In particular, in the
guise of two-state folders, they have provided very
useful information on the transition state of
folding.68,69 It was reported for several other two-
state folders, that polypeptide chain collapse is
concomitant with structure formation during
folding.35,36 In these cases, SAXS measurements
indicated that chain contraction occurs not initially
in the sub-millisecond time domain but, surprisingly,
in the millisecond – second time domain along with
structure formation.35–37 For one of these proteins,
protein L, single-molecule FRET experiments have,
however, indicated that chain contraction does
indeed occur.64,70 It has been suggested that SAXS
measurements might not be as sensitive as FRET
measurements for measuring chain contraction when
folding reactions are initiated by denaturant
dilution,71 but this is certainly not always the
case.27,52,72 In the case of tendamistat, the absence
of an initial collapse reaction was deduced from the
absence of sub-millisecond change in intrinsic
tryptophan fluorescence,73 but several other pro-
teins that have been shown by FRET to undergo sub-
millisecond collapse reactions do not display sub-
millisecond changes in intrinsic tryptophan
fluorescence.3,41,74,75 It now appears that even
some proteins that once seemed very well approx-
imated as two state folders might fold via well-
populated collapsed states; collapse need not be
concomitant with folding itself. 32,76
In this study, it was shown that the PI3K SH3

domain undergoes chain collapse before the rate-
limiting step in folding. Two probes, ANS fluores-
cence and FRET, were used to confirm this result;
however, the rate of the collapse process could not
be determined. Both probes of collapse, FRET as
well as ANS fluorescence, indicated that the collapse
process was complete within 0.15 ms, suggesting a
lower limit of 20,000 s-1 for the rate constant of the
collapse reaction. Rapid initial polypeptide chain
contraction consequent to solvent change has been
reported for other proteins.3,4,77 Initial chain con-
traction during refolding might occur within a few
microseconds.31,72,78

What drives initial chain collapse during the
folding of the PI3K SH3 domain?

It is difficult to dissect out the contributions of side
chain chemistry and main chain hydrogen bonding
to the overall process of compaction during
folding79 and particularly to the initial chain collapse

image of Fig. 6


Fig. 7. Kinetic versus equilibrium amplitudes of the
folding of Cys70 and Cys70-TNB in urea monitored by
FRET. (a) ( ) and ( ) show the equilibrium unfolding
transitions for Cys70 and Cys70-TNB, respectively; (Δ)
and ( ) the time zero points of the kinetic traces of
refolding for Cys70 and Cys70-TNB, respectively; (□)
represents the infinity points of the kinetic traces of
refolding for Cys70-TNB. The broken lines in (a) represent
the extrapolated unfolded protein baselines for the labeled
and the unlabeled proteins. The continuous line through
the equilibrium unfolding data of the labeled protein
represents a fit to a two-state N↔U model for unfolding.
The continuous line through the equilibrium unfolding
data of the unlabeled protein is drawn by inspection only.
(b) The dependence of FRET efficiency on the concentra-
tion of urea in the product of the sub-millisecond refolding
reaction for Cys70-TNB. ( ) The FRET efficiency (E) in the
completely unfolded forms that are present in different
concentrations of GdnHCl in the unfolded protein
baseline of the equilibrium unfolding transition for the
labeled proteins. (□) The FRET efficiency of the forms that
are the products of the sub-millisecond phase of refolding.
The continuous lines through the data represent fits to a
single-exponential equation: E = E 0ð Þ + aexp−m D½ � where
E (0) is the FRET efficiency in the absence of GdnHCl, a
is the amplitude and m is the constant that defines the
dependence of E on the denaturant concentration, [D].
The broken line represents the FRET efficiency in the
absence of GdnHCl for fully folded protein. The error
bars represent the spread in the data from two
independent sets of experiments.
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reaction.80 The observation that an initial jump in
ANS fluorescence occurs within the first 0.15 ms of
folding suggests that the initial collapse of the
polypeptide chain might be driven by hydrophobic
interactions between non-polar residues.3,17,18,81
Such a hydrophobic collapse would result in the
formation of solvated hydrophobic clusters to which
ANS binds. But the FRET signal also changes within
the first 0.15 ms, and it is not possible to temporally
resolve the formation of solvent-accessible hydro-
phobic clusters measured by ANS fluorescence from
the contraction of intra-molecular distances mea-
sured by FRET. It is therefore possible that the initial
driving force for collapse is non-specific hydrogen
bond formation between different segments of the
polypeptide chain, and that such main chain
hydrogen bond-driven collapse is followed by the
formation of hydrophobic clusters, with both pro-
cesses occurring within the first 0.15 ms.
In this study, the initial chain contraction was

shown to occur during refolding in GdnHCl and in
urea (Figs. 4 and 7). A recent study showed that
upon dilution of a urea solution, used to initiate
refolding, intra-chain hydrogen bonding in a protein
becomes stronger while hydrophobic interactions
remain unaffected.20 The extent of chain contraction
is seen to increase with a decrease in [urea] (Fig. 7)
and it is possible that at least in the case of the
refolding of the PI3K SH3 domain in urea, chain
contraction might be driven by hydrophobic inter-
actions and by intra-chain hydrogen bonding. It is
possible that this is so for refolding in GdnHCl as
well: the change in FRET efficiency that occurs upon
the initial contraction of the measured intra-molecular
distance is about the same in GdnHCl and in urea
(Figs. 4 and 7). In this context, it has been shown that a
model polypeptide devoid of any hydrophobic
groups in its sequence undergoes a compaction
upon dilution of GdnHCl.23 This study, as well as
other studies of the compaction of peptides deemed
not to contain hydrophobic residues,22,24 ascribes
the compaction to the formation of non-specific
intra-molecular hydrogen bonds. More work is
needed to further delineate the contributions of
hydrophobic interactions and hydrogen bonding in
driving initial chain collapse during folding. It is
noteworthy that in the case of the initial sub-
millisecond folding reaction of barstar, FRET-mon-
itored chain contraction was shown to occur faster
than ANS fluorescence-monitored formation of
hydrophobic clusters,14 and it was suggested that
the initial contraction might be driven by peptide
hydrogen bond formation.

Nature of the initial chain collapse reaction
during the folding of the PI3K SH3 domain

There has been considerable debate regarding the
co-operativity of the initial collapse reaction during

Unlabelled image
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protein folding.6,13,14,30,71,82 The observation that all
three intra-molecular distances in the burst phase
(6 ms) product of stopped-flow mixing contract in a
non-sigmoidal manner with a decrease of [GdnHCl]
in which folding is commenced, and that each
contraction in distance is continuous with that seen
for fully unfolded protein (Fig. 4), suggests that the
collapse reaction is not an all-or-none transition but
is instead a continuous, gradual transition.6,13 The
monotonic burst phase decrease seen for each of the
three intra-molecular distances in the PI3K SH3
domain is similar to that seen for each of 12 intra-
molecular distances measured during the initial
collapse reaction during the folding of barstar.6,13 In
the case of barstar, the gradual nature of the collapse
reaction was apparent in an equilibrium model for
the commencement of folding,17 and was confirmed
by sub-millisecond measurements of the rate con-
stant of chain collapse: the rate constant was found
to be independent of denaturant concentration.14

For the PI3K SH3 domain, however, the collapse
reaction is too fast for the rate constant to be
determined using the continuous mixer with a
mixing dead time of 0.15 ms; hence, it could not be
confirmed by direct kinetic measurements that its
collapse reaction is not an all-or-none cooperative
transition.
The unfolding of the PI3K SH3 domain has been

studied in the absence of denaturant as well as in the
presence of low concentrations of denaturant
(∼0.5 M GdnHCl) by use of the hydrogen exchange
detected by mass spectrometry. In these conditions,
the unfolding reaction occurs in multiple steps.55
Importantly, the final unfolding of an intermediate
to the fully unfolded state does not occur in an all-or-
none manner. These conditions are identical with
the strongly stabilizing folding conditions utilized in
that study, so the initial stage of refolding would be
expected to be the reverse of the last stage of
unfolding. Hence, it is likely that the initial collapse
of the polypeptide chain during the folding of the
PI3K SH3 domain is a gradual process.
The observation that the FRET signal of the

product of the initial collapse reaction of the PI3K
SH3 domain at any [GdnHCl] is predicted by a
linear extrapolation of the unfolded protein FRET
signal to that [GdnHCl],6,13 suggests that the initial
collapse reaction is non-specific. Such an inference is
supported by the observation that the three intra-
molecular distances contract to the same fractional
extent (Fig. 5) with a decrease in denaturant
concentration. In contrast, in the case of barstar, 12
intra-molecular distances in the product of sub-
millisecond folding were observed to contract to
different fractional extents that had different depen-
dence on denaturant concentration, suggesting that
chain collapse was not synchronous across different
segments of the polypeptide chain.13 Hence, initial
polypeptide chain collapse during the folding of the
PI3K SH3 domain appears to be synchronous, as
would be expected for a chain collapse reaction that
is completely non-specific and the consequence of a
change from a good solvent to a bad solvent.63,71 In
this respect, the collapse reaction of the PI3K SH3
domain resembles the coil to globule transition of a
simple polymer and the observation that the
fractional contraction of the distance separating
two positions along the sequence is not proportional
to the number of residues separating the two
positions is not what is expected for a simple coil
to globule transition.62,83,84

Polypeptide collapse and secondary structure
formation

The far-UV CD spectrum (Supplementary Data
Fig. S2,) of the PI3K SH3 domain has an anomalous
shape,48,54 and the magnitude of the mean residue
ellipticity is more typical of an unfolded protein than
of a folded protein. Furthermore, the far-UV CD-
monitored equilibrium unfolding curve of the PI3K
SH3 domain has an unusual shape (Supplementary
Data Fig. S2). The extrapolated unfolded protein
baseline is relatively steep: the unfolded protein
signal change for a 1 M change in denaturant
concentration is only slightly less than the signal
change in the transition zone for a similar change in
denaturant concentration. Consequently, it inter-
sects the native protein baseline at ∼0.5 M GdnHCl.
Equilibrium unfolding curve baselines that are steep
in this manner, are more likely to reflect gradual
structural folding and unfolding changes5,8,85 rather
than phenomenological dependence of the probe on
the denaturant concentration, as is usually assumed.
Whatever their origin might be, such baselines
complicate the analysis of the change seen in the
far-UV CD signal during refolding, especially
because the absolute change in the signal is too
small for millisecond measurements initiated by
stopped-flow mixing.
Measurement of the change in the far-UV CD

signal upon refolding was possible only over a
narrow range of [GdnHCl] (0.9 – 1.3 M). The major
fractional increase in far-UV CD occurs during the
sub-second burst phase of manual mixing, and the
minor observable kinetic phase accounts for the
entire equilibrium amplitude of signal change when
the latter is determined as the difference between the
linearly extrapolated unfolded protein signal and
the native protein signal (Supplementary Data
Fig. S2). But the absolute increase in the far-UV CD
signal even in the unobservable sub-second kinetic
phase, is so small that it appears that the product of
the initial collapse reaction has very little secondary
structure in any case. In the case of barstar, the
product of sub-millisecond folding does not possess
secondary structure under marginally stabilizing
conditions (1 M GdnHCl or 2.3 M urea), but does so
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at lower denaturant concentrations.3,45 In the case
of the PI3K SH3 domain, the far-UV CD changes at
the lower denaturant concentrations were too small
to measure by stopped-flow mixing and too fast to
measure by manual mixing. Hence, it could not be
determined whether the product of sub-millisecond
folding in strongly stabilizing conditions possesses
secondary structure.
The initially collapsed form of the PI3K SH3

domain in marginally stabilizing conditions (∼ 1 M
GdnHCl) is compact, as measured by FRET, is
solvated, as measured by its ability to bind to ANS,
and has very little ellipticity at 222 nm. It was not
possible to determine the secondary structural
content of the initially collapsed form because the
native state itself has a far-UV CD spectrum of very
low intensity; consequently, the change in ellipticity
during folding is very small (Supplementary Data
Fig. S2). But it would not be unusual if the collapsed
form does indeed have very little secondary
structure: such collapsed forms have been seen for
other proteins.3,9,17,27,32,33,40,41,86,87 In future studies,
it will be important to determine the type of
interaction that would stabilize such a collapsed
form. The interaction could be hydrophobic or non-
specific hydrogen bonding interaction, could be
short-range or long-range, and could be native or
non-native. Understanding how a compact globule
with very little, if any, specific structure is
stabilized is crucial for understanding the subse-
quent development of specific structure during the
folding of a protein. It is yet to be understood
whether the folding reaction commencing via a
non-specific collapse, preceding specific structure
formation, is advantageous in any way, in compar-
ison to it commencing via concomitant collapse and
structure formation.88–91 In order to understand
properly the relevance of initial chain collapse to
subsequent structure formation, current effort in the
laboratory is focused on determining how the
structure of the collapsed product can be tuned
by a change in folding conditions.
Materials and Methods

Buffers and reagents

All reagents and buffers were of the highest purity
obtainable from Sigma. Ultra-pure grade GdnHCl and
urea were obtained from USB Corp. A 20 mM phosphate
buffer (pH 7.2) was used for all experiments, which were
all done at 25 °C. The concentrations of the stock solutions
of GdnHCl and urea were determined by refractive index
measurements on an Abbe refractometer. All experiments
using the unlabeled single-cysteine mutants were done in
the presence of 1 mM dithiothreitol (DTT) obtained from
Invitrogen.
Protein expression, purification and labeling

The PI3K SH3 domain used in earlier studies had an N-
terminal serine residue that was cleaved in 10–15 % of the
protein molecules upon purification but this sequence
heterogeneity did not affect the structure, stability or
folding kinetics of the protein.54 Nonetheless, it was
decided to avoid the sequence heterogeneity altogether in
this study. Hence, the DNA sequence of the clone was
modified so that the expressed protein would not have an
N-terminal serine residue. The sequence of the protein
used in this study is:

AEGYQYRALYDYKKEREEDIDLHLGDILTVNKGSL-
VALGFSDGQEAKPEEIGWLNGYNETTGERGDFPG-
TYVEYIGRKKISP

The protein was purified as described,54 and electro-
spray ionization mass spectrometry showed that the
protein had the expected mass of 9276.2 Da. The purity
of the protein was further confirmed by SDS-PAGE, which
indicated that the protein was N98% pure.
The wild type PI3K SH3 domain contains one trypto-

phan at position 53 and has no cysteine residue. The
mutant proteins Cys17, Cys33 and Cys70 each containing
only a single cysteine residue at the position indicated in
their names, were generated by single-site mutagenesis.
They were sequenced and purified by the protocol used
for the wild type protein.
The TNB-labeled proteins were obtained by incubating

the protein in a 100-fold molar excess of DTNB in 6 M
GdnHCl at pH 8.5. After incubation at room temperature
for 2 h for completion of the reaction, the excess DTNB
was removed using a desalting column (Sephadex-25,
from Amersham Biosciences). Electrospray ionization
mass spectrometry indicated that the proteins were
labeled to N95%, with an increase in mass of 196 Da, as
expected for the addition of the TNB group to the cysteine
thiol.
Determination of protein concentrations

The concentrations of the wild type and unlabeled
cysteine mutants were determined by measuring the
absorbance at 280 nm. In the case of the TNB-labeled
proteins, the TNB label contributes to the absorbance at
280 nm. Hence, a correction was applied to the measured
absorbance readings as described.6
Equilibrium unfolding experiments

All experiments were done in a stopped-flow module
(SFM-4, Biologic) in a fluorescence cuvette of 1 cm path-
length. The wavelength for selective excitation of the
tyrosines was 268 nm with a bandwidth of 4 nm, and
fluorescence emission was measured through a 300 nm
band-pass filter of bandwidth 10 nm (Asahi Spectra). The
concentration of protein used in these experiments was
10 μM. For all FRET experiments, excitation of the
tryptophan fluorescence was done at 295 nm with a
bandwidth of 2 nm. Emission was monitored at 387 nm
(with a bandwidth of 25 nm), for the unlabeled and the
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labeled proteins. Far-UV CD experiments were carried out
on a Jasco-J720 spectropolarimeter. The concentration of
the protein used for experiments at 216 nm and 222 nm
was 40 μMand 30 μM, respectively, and the path-length of
the cuvette used was 0.2 cm.
Kinetic refolding experiments

Manual mixing experiments using far-UV CD

Far-UV CD-monitored refolding experiments were
done by manually mixing unfolded protein in 4 M
GdnHCl with native buffer at pH 7.2. The typical mixing
dead time using a 0.2 cm cuvette was 9–10 s.

Stopped-flow mixing experiments

All tyrosine fluorescence, FRET and ANS fluorescence
experiments were done in the SFM-4 stopped-flow
module. Typically, a dead time of 2 ms was achieved
using a cuvette of 0.08 cm path-length, 6.2 ms was
achieved using a cuvette of 0.15 cm path-length and
10.8 ms was achieved using a cuvette of 0.2 cm path-
length. The concentration used of the wild type and the
unlabeled cysteine-containing mutant proteins was 20 μM
for measurement of changes in tyrosine fluorescence. The
concentration of the unlabeled proteins was 40 μM and
that of the TNB-labeled proteins was 15 μM for experi-
ments using FRET as the probe. The acquisition para-
meters were the same as those used for the equilibrium
experiments. For experiments using ANS, the ANS
concentration was 540 μM in the refolding buffer and
the protein concentration was 45 μM. The wavelength for
excitation was 295 nm with a bandwidth of 5 nm, and the
emission wavelength was 450 nm with a bandwidth of
25 nm.

Continuous-flow mixing experiments

The design and operation of the mixer has been
described.14 The only difference between the previous
and the current setup is that the 150 W Xe (Hg) lamp was
replaced by a 500 W Xe (Hg) lamp. To determine the dead
time of the instrument, the kinetics of the quenching of N-
acetyl tryptophanamide fluorescence by N-bromosuccina-
mide were measured.14 The current dead time of the
instrument is 155 μs at a flow rate of 1 ml s–1. All
experiments using ANS fluorescence and FRET as probes
were done with the settings described for the measure-
ment of the kinetics using the stopped-flow module. The
relative fluorescence intensity profile (Srel) was obtained
with respect to the fluorescence intensity profile of the
unfolded protein in 4 M GdnHCl, using the relationship:

Srel = Sx − Sbð Þ= Sup − Sub
� �

where Sx is the fluorescence signal of the refolding protein,
Sup is the fluorescence signal of the unfolded protein, and
Sb and Sub are the signals for the refolding buffer and
unfolding buffer, respectively. For a direct comparison of
the continuous-flow data with stopped-flow data, the
latter were normalized to the signal of the unfolded
protein in 4 M GdnHCl under identical conditions.
Data analysis

Determination of FRET efficiency

The efficiency of FRET, E, for any donor (D)–acceptor
(A) pair is given by:

E = 1 −
FDA

FD
ð1Þ

where, FD is fluorescence intensity of the donor in the
absence of the acceptor, and is measured in the unlabeled
protein; FDA is the fluorescence intensity of the donor in
the presence of the acceptor, and is measured in the
labeled protein.
E is related to the distance R separating donor and

acceptor by:

E =
R6
0

R6
0 + R6

ð2Þ

where Ro is the Förster's distance, which is given by:

R0 = 0:211 QDJj2n−4� �1=6 ð3Þ
In Eq. (3), QD is the quantum yield of the donor in the

absence of the acceptor, J is the overlap integral, n is the
refractive index, and κ2 is the orientation factor. J and QD
were determined as described.6,16

Calculation of the fractional change in FRET efficiency

The fractional change in FRET efficiency was calcu-
lated as:

FE =
EN − ECð Þ
EN − EUð Þ ð4Þ

where FE is the fractional change in FRET efficiency, EN
is the FRET efficiency in the native state, EC is the
efficiency in the burst phase species and EU is the
efficiency in the unfolded state.
The fractional change in the D–A distance was

calculated using the following equation:

FC =
DU − DCð Þ
DU − D0ð Þ ð5Þ

where FC is the fractional contraction, DU is the D–A
distance in the unfolded state (in 4 M GdnHCl), DC is the
D–A distance in the collapsed form and D0 is the value of
the D–A distance in the collapsed form in the absence of
GdnHCl obtained by extrapolation.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2010.08.046
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