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ABSTRACT: The detection and characterization of non-native interactions in a partially
unfolded form of any protein are important not only with regard to how they might facilitate
folding but also in the context of their possible role in driving the protein toward amyloid
fibril formation. The SH3 domain of PI3 kinase is known to unfold via an early, partially
unfolded intermediate. In this study, the kinetics of unfolding of this protein in guanidine
hydrochloride was studied by monitoring the fluorescence of its sole tryptophan residue, W53.
W53 is fully solvent-exposed in both the native and unfolded states, as indicated by a similar
wavelength (356−357 nm) of maximal fluorescence emission, and a similar quantum yield of
fluorescence. W53 becomes partially buried in the unfolding intermediate, as seen in the 6−7
nm blue shift in its wavelength of maximal fluorescence emission in the intermediate, and in
the transient initial increase in the quantum yield of its fluorescence during unfolding. It
appears that W53 is engaged in non-native interactions in the unfolding intermediate. It is also
shown that the transition from the native state to the unfolding intermediate occurs as a gradual and not an all-or-none transition.

The unfolded states of many proteins have been shown to
possess specific stabilizing interactions not present in the

folded states.1−6 Such non-native interactions may persist, or
new non-native interactions may form, when the unfolded
protein becomes compact upon being transferred to refolding
conditions.2,7,8 It also appears that native-like structure may be
stabilized by non-native interactions in compact unfolded
states.6,9−11 Non-native structure has also been detected in
molten globules populated at equilibrium,12,13 as well as in
kinetic folding intermediates,8,14−23 where they may play a role
in accelerating the folding reaction.24 φ value analysis of the
transition-state (TS) ensemble25 has had a dominant role in
experimental studies of protein folding, and noncanonical φ
values26,27 as well as high canonical φ values28 have been
interpreted in terms of non-native contacts in the TS. Residues
that have been identified in this way to make key non-native
interactions in the TS appear to be important in determining
folding kinetics rather than native-state stability.29

Evidence that non-native interactions may play a productive
role in protein folding is at odds with native-centric views of
folding.30 Native-centric views of folding originated from
simplified computational studies based on the Gö model,31 in
which interactions present only in the native state are
incorporated. They have been reinforced by experimental
studies that suggest that the TSs of folding of apparently two-
state folding proteins32 have native-like topology.33 While it
remains difficult to detect experimentally the formation of non-
native structures on protein folding pathways,34 dissatisfaction
with the native-centric view34−36 has led to the development of
computational models in which the protein samples both native
and non-native conformations during the folding/unfolding
process.30,37−40

It is especially important to determine how late into the
folding process non-native interactions persist. One way of

studying structures formed after the rate-limiting step of folding
is to study the unfolding reaction, both under native conditions
and under unfolding conditions. Native-state hydrogen
exchange (HX) studies have provided much information
about partially folded forms populated before the rate-limiting
step of unfolding, and presumably after the rate-limiting step of
folding,41−43 but HX is not suited to identifying non-native
interactions. Partly unfolded intermediates have also been
detected in kinetic studies that show that they are often
populated early during unfolding,42,44−50 and for some proteins,
they may possess non-native interactions.18,48,51

Kinetic unfolding studies performed on the SH3 domain of
the PI3 kinase (PI3K SH3), at low and high concentrations of
guanidine hydrochloride (GdnHCl), have revealed that
unfolding intermediate ensembles, IN and IU, are populated
very early during unfolding.43,50 IU possesses native-like
secondary structure and U-like tyrosine (Tyr) fluorescence,
highlighting its molten globule-like properties, and is populated
at very high concentrations of GdnHCl.50 IN has N-like
fluorescence, but unlike N, it has two loops showing U-like
protection against hydrogen exchange and is populated only in
the absence of GdnHCl or in the presence of low
concentrations of GdnHCl.43 There is no evidence, from
native-state hydrogen exchange studies, of any U being
populated in the absence of GdnHCl.43 Amyloid fibril
formation by the PI3K SH3 domain has been studied
extensively,52,53 but identification of the monomeric form
from which such aggregation commences remains elusive.
In this study, the unfolding of the PI3K SH3 domain in

GdnHCl was investigated using the fluorescence of the sole Trp
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residue, W53, as well as ANS fluorescence as the probes. The
native (N) and unfolded (U) states are shown to have similar
quantum yields of intrinsic Trp fluorescence, and the
equilibrium unfolding transition appears to be anomalous
when measured by this probe. W53 is shown to be fully solvent-
exposed in the native state (N) of the protein (Figure 1), and

the native and unfolded (U) states have similar Trp
fluorescence. Nevertheless, in kinetic studies, a transient burst
phase increase in Trp fluorescence is observed to accompany
the formation of IU during unfolding at high denaturant
concentrations, which increases in a monotonically linear
manner with an increase in the concentration of the denaturant
in which the protein is unfolded. A transient increase in ANS
fluorescence is also observed, indicating that IU has features of a
wet molten globule. Thus, it is shown that the unfolding of the
PI3K SH3 domain proceeds via the transient, partial, and non-
native burial of W53 in a molten globule intermediate, IU.

■ MATERIALS AND METHODS
Protein Expression and Purification. The protein was

purified as described previously.50,54 Electrospray ionization
mass spectrometry showed that the protein had the expected
mass of 9276.2 Da.
Buffers, Reagents, and Experimental Conditions. All

reagents and buffers of the highest purity were procured from
Sigma. Ultrapure grade GdnHCl was obtained from USB Corp.
Phosphate buffer (20 mM, pH 7.2) was included in the buffers
used for all experiments, which were all performed at 25 °C.
NATA (N-acetyl-L-tryptophanamide) of the highest purity was

procured from Sigma. The concentrations of stock solutions of
GdnHCl were determined by refractive index measurements on
an Abbe refractometer. The concentration of the protein was
determined by measurement of absorbance at 280 nm using an
ε of 17900 M−1 cm−1.55

For equilibrium unfolding experiments using Trp fluores-
cence as the probe, the protein concentrations were 10−15 μM.
For the kinetic unfolding experiments, using Trp fluorescence,
the protein concentration was 20 μM.

Equilibrium Unfolding Experiments. Fluorescence ex-
periments were performed on a stopped-flow module (SFM-4,
Biologic) in a fluorescence cuvette with a path length of 1 cm.
The wavelength used for the selective excitation of Trp
fluorescence was 295 nm, with a bandwidth of 4 nm. The
fluorescence emission was measured through either a 320 nm
(Asahi Spectra) or a 387 nm (Semrock) band-pass filter with a
bandwidth of 10 nm.

Kinetic Unfolding Experiments. All kinetic unfolding
experiments, using either Trp fluorescence or ANS fluorescence
as the probe, were performed using the SFM-4 stopped-flow
module. Typically, a dead time of 6 ms was achieved with a
cuvette with a path length of 0.15 cm. For experiments using
ANS, the ANS concentration was 540 μM in the unfolding
buffer and the protein concentration was 45 μM. The
wavelength for excitation was 295 nm with a bandwidth of 4
nm, and the emission wavelength was 450 nm with a bandwidth
of 25 nm.
To obtain a spectrum of the protein at time zero, kinetic

traces of unfolding in 3.7 M GdnHCl were monitored at
different emission wavelengths, with fluorescence excitation at
295 nm. For this purpose, a stopped-flow module (RX2000
rapid kinetic spectrometer accessory from Applied Photo-
physics) was synchronized with a Spex Fluoromax 3
spectrofluorimeter. A dead time of 60 ms was achieved with
a 1:5 ratio of mixing: 160 μL of native protein was diluted into
640 μL of 4.6 M GdnHCl. The single-exponential fits to the
kinetic traces were extrapolated to time zero to obtain the
spectrum at time zero.

■ RESULTS
Spectroscopic Characterization of the PI3K SH3

Domain by Fluorescence Measurements. In this study,
the unfolding of the PI3K SH3 domain has been investigated
by utilizing intrinsic Trp fluorescence as the probe for the first
time. Previous studies of unfolding had utilized measurements
of intrinsic tyrosine fluorescence.50,54 Panels A and B of Figure
2 show the fluorescence spectra of the protein when it is excited
at 268 nm, upon which both Tyr and Trp fluorescence is
excited, and when the protein is excited at 295 nm, only Trp
fluorescence is excited. Upon excitation at 268 nm, the
fluorescence spectrum of the protein shows an emission
maximum at 356 nm, with a small shoulder at 300 nm (Figure
2A).54 Tyr fluorescence is quenched by the sole Trp residue
(W53). The extent of this quenching is higher in N than in U in
4 M GdnHCl.
When the excitation wavelength is, however, 295 nm, the

fluorescence spectra obtained for N and for U in 4 M GdnHCl
indicate that the quantum yields of W53 fluorescence, as given
by the areas under the spectra, are the same in states N and U.
The similar quantum yields of fluorescence in N and U indicate
that there is no additional mechanism for the quenching of
W53 fluorescence in N that is absent in U, and that the
fluorescence of W53 is as much quenched by solvent in N as it

Figure 1. Structure of the PI3K SH3 domain showing the single Trp
residue (red), W53, and the seven Tyr residues (yellow) at positions 4,
6, 10, 12, 57, 71, and 74. The NH group of the side chain of W53 is
seen to be oriented toward the solvent and away from the π-clouds of
all the Tyr residues. The inset shows the arrangement of Glu17
(magenta), Glu18 (magenta), and Asp19 (gray) with respect to W53
in the vicinity of W53. The ribbon diagram was generated from
Protein Data Bank entry 1pnj using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco.85
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Figure 2. Fluorescence emission spectra and equilibrium unfolding curves of the PI3K SH3 domain. Fluorescence emission spectra with excitation at
268 (A) and 295 nm (B). The solid lines in all panels represent the spectra of the native state in zero denaturant. The dashed lines in panels A and B
show the spectra of the unfolded state in 4 M GdnHCl. Each spectrum in panels A and B was normalized to a value of 1 for the fluorescence signal at
320 nm of the unfolded protein upon excitation at 295 nm. Panel C shows an equilibrium unfolding transition of the PI3K SH3 domain monitored
by measurement of tyrosine fluorescence at 300 nm upon excitation at 268 nm. Panel D shows an equilibrium unfolding transition of the protein
monitored by measurement of W53 fluorescence at 350 nm upon excitation at 295 nm. The fluorescence data in panels C and D have been
normalized to a value of 1 for the native state in each case. The solid line through the data in panel C is a fit to a two-state N↔ U model, with values
for the free energy of unfolding and the midpoint of the transition of 4.2 kcal mol−1 and 1.4 M, respectively. The vertical dashed lines in panels C and
D indicate the value of 1.4 M for Cm. The solid line through the data in panel D was drawn by inspection only.

Figure 3. Kinetic traces of unfolding of the PI3K SH3 domain at pH 7.2 and 25 °C. Unfolding in GdnHCl was probed by measurement of the
change in the intrinsic Trp fluorescence signal at 320 (A) and 387 nm (B), as well as of the change in ANS fluorescence at 450 nm with an excitation
at 295 nm (C). The data in panels A−C were obtained when the native protein was diluted into 2.5 (blue), 3 (red), and 3.5 M GdnHCl (green). In
panels A and B, each trace was normalized to a value of 1 for the fluorescence signal of the unfolded protein in 4 M GdnHCl. In panel C, each trace
was normalized to a value of 1 for the fluorescence signal of the native protein. The inset in panel C shows the dependence of the total amplitude of
the ANS fluorescence change (maroon squares) on the concentration of GdnHCl present during unfolding. The amplitudes are normalized to a
value of 1 for the amplitude of the ANS fluorescence change observed for unfolding in 5.3 M GdnHCl. The dashed lines in panels A and B represent
the fluorescence signal of the native protein. In all the panels, the solid lines through the traces represent fits to a single-exponential equation. The
error bars represent standard deviations obtained from two independent experiments.

Biochemistry Article

dx.doi.org/10.1021/bi3008627 | Biochemistry 2012, 51, 8226−82348228



is in U. Indeed, examination of the structure of the vicinity of
W53 in N indicates that the side chain of W53 is oriented such
that it would be minimally quenched by neighboring Tyr
residues, or by any neighboring Glu or Asp residues (Figure 1).
The wavelength of maximal fluorescence emission upon

excitation at 295 nm is seen to be approximately the same in N
and U: it is at 356 nm for N and 357 nm for U (Figure 2B).
This indicates that W53 is as solvent-exposed in N as it is in U.
Although calculations of solvent-accessible surface area indicate
that the side chain of W53 has a surface accessibility of only
60% (computed using the algorithm in ref 56), the U-like
solvent exposure of W53 in N was confirmed by acrylamide
quenching experiments, which indicate that the bimolecular
quenching rate constant, kq, has the same near diffusion-
controlled value in states N and U (M. Kishore and J. B.
Udgaonkar, unpublished results).
Figure 2C shows an equilibrium unfolding curve of the

protein determined by monitoring Tyr fluorescence at 300 nm,

the wavelength at which the spectra of N and U are most
different (Figure 2A). Because the protein contains seven Tyr
residues distributed throughout the sequence, the sigmoidal
transition curve, characteristic of a two-state N ↔ U transition,
monitors the loss of tertiary interactions globally throughout
the protein.50 Figure 2D shows the equilibrium unfolding
transition determined by measurement of W53 fluorescence
emission at 350 nm, the wavelength of maximal emission, on
GdnHCl concentration. The transition induced by GdnHCl is
anomalous and not characteristic of a typical two-state
transition. In contrast, the equilibrium transition induced by
urea is sigmoidal in nature.54

Millisecond Measurements of the Kinetics of Unfold-
ing Monitored by the Measurement of the Fluorescence
of W53 and ANS Fluorescence. Panels A and B of Figure 3
show representative kinetic traces of unfolding probed by the
measurement of W53 fluorescence at 320 and 387 nm,
respectively. In both instances, the kinetic traces of unfolding

Figure 4. Kinetics of GdnHCl-induced unfolding monitored by Trp and ANS fluorescence. Panels A and B show the equilibrium vs kinetic
amplitudes of unfolding monitored using the fluorescence of W53 at 320 and 387 nm, respectively, upon excitation at 295 nm: (green circles) the
equilibrium unfolding transition of the protein, (blue squares) time zero points, and (magenta triangles) t = ∞ points of the kinetic traces of
unfolding. The solid lines through the equilibrium points (green circles) for unfolding in panels A and B were drawn by inspection only. The vertical
dashed lines in panels A and B represent the positions of the midpoint (Cm = 1.4 M) of the equilibrium unfolding transition, determined from the
experiment in Figure 2C. Also shown in panels A and B are the dependencies of the fluorescence of NATA (turquoise squares) upon excitation at
295 nm, when measured at 320 (A) and 387 nm (B). In each of the panels, the fluorescence of the protein was normalized to a value of 1 for the
fluorescence in 4 M GdnHCl. Similarly, the fluorescence values of NATA in different GdnHCl concentrations were normalized to a value of 1 for
NATA in 4 M GdnHCl. Panel C shows the fluorescence emission spectra, upon excitation at 295 nm, of the N state (solid pink line), the U form in
3.7 M GdnHCl (dashed pink line), and the initial burst phase product (IU) at 0 ms of unfolding in 3.7 M GdnHCl (blue circles). Each spectrum in
panel C was normalized to a value of 1 for the fluorescence signal at 320 nm of the unfolded protein in 3.7 M GdnHCl. The dotted line shows the
λmax for the initial burst phase product (IU) at 0 ms of unfolding in 3.7 M GdnHCl; the dashed line shows the λmax for the N state, and the solid line
shows the λmax for the U state in 3.7 M GdnHCl. The inset in panel C shows the dependence of the ratio of the fluorescence of the burst phase
intermediate [F(IU)] to that of the N state [F(N)] at different wavelengths of emission. The solid line in the inset was drawn by inspection only.
Panel D shows the comparison of the observed rates of unfolding using (dark blue squares) the intrinsic Tyr fluorescence at 300 nm,50 (red triangles
and green circles) Trp fluorescence at 320 and 387 nm, respectively, and (magenta triangles) ANS fluorescence at 450 nm in GdnHCl as the probes.
The brown diamond represents the observed rate of unfolding for a 15-fold higher concentration of protein, determined by measurement of W53
fluorescence at 387 nm at 4 M GdnHCl. The solid line through the data in panel D indicates the fit to the three-state model for unfolding described
previously.50 The error bars represent standard deviations obtained from two independent experiments.
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(in >2 M GdnHCl at 320 nm and in >3.5 M GdnHCl at 387
nm) do not extrapolate to the value of the fluorescence of the
native protein, but to fluorescence values exceeding the native-
state fluorescence. This result suggests that the burst phase
intermediate, IU, which was previously identified,50 has Trp
fluorescence properties that are different from those of N and
U. Unfolding subsequent to this burst phase occurs in a single-
exponential phase at all GdnHCl concentrations.
The hydrophobic dye, ANS, binds to solvent-exposed

hydrophobic clusters on proteins.57 This binding results in an
increase in the fluorescence quantum yield of the dye, and in a
blue shift in the fluorescence spectrum. Figure 3C shows that
when unfolding is conducted in the presence of ANS, there is a
burst phase increase in ANS fluorescence, within the dead time
of stopped-flow mixing (6 ms). This initial jump in ANS
fluorescence is relatively small and corresponds to an increase
of only 20−30% of the ANS fluorescence of the unfolded
protein. Subsequently, a decrease in ANS fluorescence is
observed, as the protein completely unfolds, and this decrease
occurs in a single kinetic phase at all GdnHCl concentrations.
The inset in Figure 3C shows that the amplitude of the burst
phase increase in ANS fluorescence becomes larger with an
increase in GdnHCl concentration.
Panels A and B of Figure 4 compare the equilibrium and

kinetic amplitudes of W53 fluorescence-monitored unfolding in
GdnHCl at 320 and 387 nm, respectively. The change in the
Trp fluorescence of the protein, at either 320 or 387 nm,
observed in the equilibrium unfolding transitions, is small and is
comparable in magnitude to that seen for NATA with an
increase in denaturant concentration, as shown in panels A and
B of Figure 4. The fluorescence emission at 320 and 387 nm
shows no change when the protein goes from low to high
concentrations of GdnHCl, as expected for a Trp residue that is
exposed in both N and U. Because the changes in Trp
fluorescence at 320 and 387 nm in the equilibrium unfolding
transitions were negligible, clear native and unfolded protein
baselines were not observed. Nevertheless, it is seen that the
fluorescence signals at the time zero points of the kinetic traces
of unfolding above 2.5 M GdnHCl, which represent the
fluorescence of W53 in IU, lie above the fluorescence signal
expected for fully exposed W53 in the native or unfolded
protein. The fluorescence of W53 has a much stronger
dependence on GdnHCl concentration in IU than in N or U,
and this dependence is much stronger than that of NATA.
Thus, the amplitude of the burst phase change in the
fluorescence of W53 increases with an increase in GdnHCl
concentration, and the amplitude at any concentration of
GdnHCl is higher at 320 nm than at 387 nm (Figure 4A,B).
The data in panels A and B of Figure 4 also show that the t =∞
points of the kinetic traces of unfolding lie on the equilibrium
unfolding transitions, indicating that all reactions were
monitored to completion.
The data therefore suggested that the fluorescence spectrum

of W53 in IU might be blue-shifted not only with respect to that
of W53 in U, as has been reported for Trp residues that are
partially buried in the folding intermediates of other
proteins,58−60 but also with respect to that of W53 in N.
Hence, the Trp fluorescence spectrum of IU, upon excitation at
295 nm, was determined. Figure 4C compares the fluorescence
emission spectrum of IU in 3.7 M GdnHCl to the spectrum of
N, and to the spectrum of U in 3.7 M GdnHCl. The spectrum
for IU has an emission maximum at 350 nm, which is blue-
shifted by ∼6 nm from the emission maximum at 356 nm for N

and by ∼7 nm from the emission maximum at 357 nm for U in
3.7 M GdnHCl. The spectrum of IU also indicates that the
quantum yield of W53 is significantly higher in IU than it is in N
and U. The inset in Figure 4C shows that the relative increase
in Trp fluorescence upon the formation of IU is greater at lower
wavelengths on the blue side of the fluorescence emission
spectrum of N and decreases with an increase in wavelength on
the red side of the spectrum.

Multiple Spectroscopic Probes Monitor the Same
Unfolding Pathway. Figure 4D shows a comparison of the
observed rates of unfolding monitored using intrinsic Tyr
fluorescence,50 Trp fluorescence at 320 and 387 nm, and ANS
fluorescence at 450 nm. At any GdnHCl concentration, the
observed unfolding rate constants measured by the different
probes are identical. In previous studies,50,61 the kinetics of
unfolding at GdnHCl concentrations above 3 M were
immeasurable because the entire intrinsic Tyr fluorescence
change occurred within the dead time of mixing.50 It is
observed here, using Trp fluorescence and ANS fluorescence as
the probes, that the observed rates of unfolding can be
measured reliably above 3 M GdnHCl. Moreover, the curvature
in the unfolding arm of the chevron becomes clear when it is
constructed with rate constants monitored by Trp fluorescence
and ANS fluorescence. To rule out the possibility of transient
aggregation, we monitored unfolding of a 15-fold higher
concentration of the protein in 4 M GdnHCl by measuring the
W53 fluorescence at 387 nm. It is seen that the rate of
unfolding remains unchanged (Figure 4D).
The data in Figure 4D were fit to the three-state model (N

↔ IU ↔ U) described in detail previously.50 The parameters
used to fit the observed data were identical to those obtained in
the previous study.

■ DISCUSSION
Structural Features of the Early Unfolding Intermedi-

ate, IU. The unfolding mechanism of the PI3K SH3 domain in
the presence of high concentrations of denaturant was shown
earlier to proceed via a three-state mechanism, with an on-
pathway unfolding intermediate (IU) forming early during
unfolding.50 Further studies in the presence of a stabilizing
cosolute, Na2SO4, indicated that IU was stabilized to the same
extent as the native state.62 In both studies, IU manifested itself
as a very early unfolding intermediate, whose formation was
accompanied by a burst phase change in the intrinsic Tyr
fluorescence of the protein, and whose accumulation resulted in
a downward curvature being observed in the unfolding arm of
the chevron plot. It was concluded from the study in the
absence of salt that IU has U-like tyrosine fluorescence
properties, but N-like far-UV CD properties.50 In this study
(Figure 3C), it is shown that IU binds to the hydrophobic dye,
ANS, albeit weakly, suggesting that it possesses a solvent-
accessible hydrophobic surface. Hence, IU appears to possess
the classical features of a molten globule intermediate.63

The formation of solvent-accessible surface area in IU would
have come at the expense of considerable loosening of
structure, but it is not known at present whether water
molecules are able to penetrate the hydrophobic core in IU, as
has been suggested for molten globules in general.64 A
thermodynamic analysis of the N ↔ IU transition has, however,
indicated that IU possesses ∼45% of the solvent-accessible
surface area present in U, suggesting that considerable water
penetration has occurred in IU.

50 The PI3K SH3 domain has
seven Tyr residues distributed throughout the molecule (Figure
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1), and the observation50,54 that the tyrosine fluorescence of IU
is U-like also suggests that considerable penetration of water
has occurred in IU.
The extent to which IU is populated at the end of the burst

phase of unfolding increases as the GdnHCl concentration is
increased to ∼3 M.50 The observed increase in the amplitude of
the burst phase increase in ANS fluorescence (Figure 3C, inset)
would represent the increase in the extent to which IU is
populated at the end of the burst phase. Above ∼3 M GdnHCl,
IU is fully populated at the end of the burst phase of
unfolding.50 Nevertheless, the amplitude of the burst phase
change in ANS fluorescence continues its monotonic increase
with an increase in GdnHCl concentration even at GdnHCl
concentrations above 3 M and saturates above 4 M. This
indicates that the extent of solvent-accessible hydrophobic
surface competent to bind ANS increases in IU with an increase
in GdnHCl concentration. It therefore appears that complete
disruption of internal packing and consequent generation of
hydrophobic surface in IU occurs gradually in a nonsigmoidal
fashion as the GdnHCl concentration is increased.
Hyperfluorescence of W53 in IU Is Not Due to the

Release of Quenching Present in N. It is possible that even
minor structural perturbations due to the addition of GdnHCl
would be sufficient to alter specific tertiary interactions in
IU,

65,66 and this could lead to a change in the arrangement of
local quenching groups in the vicinity of W53. Hence, a
relatively trivial reason for the transient initial increase in the
fluorescence of W53 during unfolding could be that the
fluorescence of W53 is quenched in the native protein, and that
this quenching is released immediately when unfolding
commences. But the observation that the quantum yield of
fluorescence of W53 in N is the same as in U (see Results)
strongly indicates that the fluorescence of W53 in N is not
quenched by any part of the structure of N. If the fluorescence
of W53 is at all quenched in N, it is quenched by water to the
same extent as it is quenched in U. Moreover, an examination
of the structure of the protein (Figure 1) suggests that this is
very unlikely. If the fluorescence of W53 is quenched in N, it
would have to be by the Tyr residues, because nearby Glu and
Asp residues would be deprotonated at pH 7.2 and, hence,
would not be able to act as quenchers.67 A Tyr residue cannot
quench the fluorescence of a Trp residue by fluorescence
resonance energy transfer, because of the negligible overlap
between the emission spectrum of a Trp and the absorption
spectrum of a Tyr residue.68 A Tyr residue can also quench the
fluorescence of a Trp residue by excited-state proton transfer,
but only when the NH group of the indole ring of the latter is
oriented such that it can interact with the π-cloud of the
former.67,69 The NH group of the indole ring of W53 is
completely solvent-exposed (Figure 1) and is not in a favorable
orientation for interacting with the π-cloud of any of the Tyr
residues. Hence, the hyperfluorescence of IU cannot be
attributed to the release of fluorescence quenching that was
present in N.
Partial Burial of W53 in IU. The other reason for the

hyperfluorescence of W53 in IU could be that W53, which is as
fully solvent-exposed in N as it is in U (see Results), becomes
partially buried in IU. Such an inference is supported by the
observation that the fluorescence spectrum of W53 in IU is
blue-shifted by ∼6 nm (Figure 4C) with respect to the spectra
of W53 in N and U. It is well-known that Trp residues in a
protein exhibit blue shifts in their fluorescence emission
wavelength maxima, depending on the extent of exposure to

water.69 The observation of a blue shift of only ∼6 nm suggests
either that W53 has become fully buried in only a fraction of
the protein molecules, or more likely that IU is an ensemble of
molecules in which W53 is buried to different extents. The
observation that the relative increase in the fluorescence of
W53 in IU over that in N is more on the blue side of the
fluorescence emission spectrum than on the red side (Figure
4C, inset) supports the latter possibility. The observation that
the fluorescence intensity of W53 in IU is significantly higher at
320 nm (Figure 4A), while it is marginally higher at 387 nm
than at 320 nm in N and U (Figure 4B), supports the
conclusion that W53 is partially buried in IU.
The fluorescence of W53, unlike that of the seven Tyr

residues, provides site-specific information at the residue level
about the nature of tertiary contacts initiated or disrupted
initially during structure dissolution. W53 is positioned at the
beginning of the third β-strand (Figure 1). The binding of ANS
to IU already suggests that the hydrophobic core packing has
loosened, and therefore, it may be possible that this loosening
leads to a cavity where the conformationally flexible Trp residue
is temporarily buried and is shielded from the effects of solvent
quenching. Because IU possesses a hydrophobic surface capable
of binding to ANS (see above), it would appear that W53 might
be participating in the formation of such a hydrophobic surface.
It appears therefore that W53 must be engaged in non-native
long-range interactions with other neighboring residues in
order to bury itself in a hydrophobic pocket.

Nature of the Transition from N to IU. Several studies
have indicated that the initial collapse of the protein chain
during protein folding may be a gradual process that is slowed
by many distributed, small free energy barriers instead of one
dominant free energy barrier.54,70−75 This study suggests that
the initial step in the unfolding of the PI3K SH3 domain,
leading to the transient non-native burial of W53 in IU, may
likewise be a gradual process and not an all-or-none,
cooperative process: the burst phase increases in W53
hyperfluorescence (Figure 4A,B) and ANS fluorescence (Figure
3C, inset) both have nonsigmoidal (linear or exponential)
dependencies on GdnHCl concentration. Indeed, several
equilibrium unfolding studies, using ensemble66,76−78 or
single-molecule79 measurements, as well as a kinetic unfolding
study,80 have suggested that protein unfolding reactions may be
gradual in nature.

Conformational Interconversion within the IU Ensem-
ble. The transition from N to IU happens in a burst phase
lasting a few milliseconds, and all molecules have formed IU at
the end of this burst phase when unfolding is conducted at
GdnHCl concentrations of >3 M (see above). Nevertheless, the
hyperfluorescence of W53 in IU keeps increasing in a
monotonically linear manner with an increase in GdnHCl
concentration above 3 M (Figure 4A,B). The increase in the
fluorescence of W53 in IU with an increase in GdnHCl
concentration is substantially greater than the increase in
fluorescence of NATA with an increase in GdnHCl
concentration. This observation suggests the structure of IU
changes in a gradual manner with an increase in GdnHCl
concentration, such that W53 becomes more secluded from
solvent in IU at higher GdnHCl concentrations. This would
lead to an increase in the quantum yield of the fluorescence of
W53 in IU at high GdnHCl concentrations. It is likely that IU is
itself an ensemble of conformations differing in the extent to
which W53 is buried, and that increasing the GdnHCl
concentration results a shift in the population distribution
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within the ensemble and leads to the preferential population of
conformations in which W53 is more buried. Such solvent-
induced tuning of structure has been observed previously in
folding intermediates.5,59,62,81

Significance of This Study. It has been shown previously
that IU forms after the rate-limiting step, during the folding of
the PI3K SH3 domain.50 Hence, it appears that the non-native
structure involving the partial burial of W53 in IU persists very
late into the folding reaction. It will be important in future
studies to determine whether the non-native interaction of W53
is specific or nonspecific in terms of its partnering residues,
whether it plays a role in stabilizing IU, and whether it plays a
critical role in completing the folding process.
Non-native interactions may play a critical role in driving the

conformational change that functionally activates a protein, and
they may act as a safeguard against complete unfolding of the
protein during such activation.82 However, they may also have
adverse effects. For example, non-native interactions have been
implicated in driving the aggregation of the yeast prion
protein.83 In general, they may lead to the transient exposure of
aggregation-prone regions of a protein.23 Partially unfolded
forms of proteins, especially those possessing non-native
interactions, have a tendency to aggregate,48 including into
amyloid aggregates.84 It remains to be determined whether the
transient burial of W53 in a hydrophobic pocket, driven by
non-native interactions, plays a role in amyloid fibril formation
by the PI3K SH3 domain.
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