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ABSTRACT: The unfolding of the SH3 domain of the PI3
kinase in aqueous urea has been studied using a synergistic
experiment−simulation approach. The experimental observa-
tion of a transient wet molten globule intermediate, IU, with an
unusual non-native burial of the sole Trp residue, W53,
provides the benchmark for the unfolding simulations
performed (eight in total, each at least 0.5 μs long). The
simulations reveal that the partially unfolded IU ensemble is
preceded by an early native-like molten globule intermediate
ensemble I*. In the very initial stage of unfolding, dry globule
conformations with the protein core filled with urea instead of
water are transiently observed within the I* ensemble. Water
penetration into the urea-filled core of dry globule
conformations is frequently accompanied by very transient burial of W53. Later during gradual unfolding, W53 is seen to
again become transiently buried in the IU ensemble for a much longer time. In the structurally heterogeneous IU ensemble,
conformational flexibility of the C-terminal β-strands enables W53 burial by the formation of non-native, tertiary contacts with
hydrophobic residues, which could serve to protect the protein from aggregation during unfolding.

■ INTRODUCTION

Statistical mechanics theory embodied in the energy landscape
approach has provided much insight into the protein folding
process.1−4 Within this framework, simple Gö models have
been used extensively to study the folding reactions of small
proteins. Such simplified models, which only account for the
interactions present in the native state,5,6 are supported by the
observation that the folding rate of a protein is governed by
native state topology.7−10 However, mounting evidence
suggests that crucial non-native interactions exist in unfolded
states11,12 as well as in kinetic folding intermediates.13−19 Those
findings have necessitated the development of advanced
theoretical models for protein folding, which account for
both native and non-native interactions.20−22 The presence of
such non-native interactions might be fundamental to the
aggregation of some proteins.19 Nevertheless, non-native states
have also been shown to assist the folding process,20,23,24 and
they may support protein function by aiding conformational
switching.25 It seems that it is the balance between native and
non-native interactions21 which sculpts the free energy
landscape of a protein,7 but the role played by non-native
interactions in stabilizing intermediates populated during either
folding or unfolding remains to be elucidated in molecular
detail for any protein.

SH3 domains have long been used in both simulations and
experiments as model proteins for studying the folding and
unfolding of small single domain proteins. In particular, the
folding and unfolding pathways of the SH3 domain of PI3
kinase (PI3K SH3 domain) have been delineated in detail, in
the absence26−28 and in the presence of cosolutes.29 A four-
state model has been shown to account for both folding and
unfolding over the entire range of guanidine hydrochloride
(GdnHCl) concentration from 0 to 5 M in the presence of a
stabilizing cosolute.29 An equilibrium and kinetic intermediate
(IU) has been shown to be populated during unfolding in
GdnHCl as well as in urea.26 Importantly, IU has also been
shown to form after the rate-limiting step of folding in native
conditions,26 and hence, structural characterization of IU
provides information about late events during folding. In the
native state, the single Trp (W53) residue of the protein is
exposed to the solvent (Figure 1a). Recent kinetic studies of the
unfolding of PI3K SH3 in GdnHCl have demonstrated that
W53 undergoes a transient and partial non-native burial in IU.
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These findings imply that non-native interactions are present in
IU, but the nature of the specific interactions that drive transient
burial of W53 is not yet known.
An important question, not so far addressable by experiment,

is whether the unfolding of the PI3K SH3 domain commences
with the formation of a dry molten globule (DMG) ensemble
in which the tight side chain packing characteristic of the native

state hydrophobic core is perturbed without any concomitant
penetration of water molecules.30 Experimental demonstration
of the formation of a dry molten globule intermediate has been
reported for only a few proteins, and it has become important
to determine whether it is a general feature of protein folding
and unfolding reactions.31 Early molecular dynamics (MD)
simulations were performed at temperatures probably too high
for DMG intermediates to be stable enough to be detected on
the unfolding pathway. Only recently have microsecond long
MD simulations, carried out to investigate the very early stage
of hen egg lysozyme unfolding in aqueous urea at 37 °C,
revealed the presence of a transient DMG intermediate.32 That
study showed that the stronger dispersion interaction of urea
with the protein, compared to that of water, allows urea to
penetrate the protein core earlier than water, resulting in the
population of a DMG intermediate. Further simulations
showed that it is mainly the hydrophobic residues that remain
dry in the DMG, presumably due to their interaction with
urea.33 The generality of urea-filled DMG formation remains,
however, to be established. In fact, it has been suggested that
the shape and size of the protein may allow water to penetrate
first.34

In the present study, we employ a combined experiment−
simulation approach to obtain a detailed description of the
unfolding of the PI3K SH3 domain in aqueous urea.
Experimentally, hyperfluorescence is observed in IU populated
during urea-induced unfolding, indicating that W53 has become
partially buried and engaged in non-native tertiary interactions
in this intermediate. Atomistic molecular dynamics simulations
also identify the IU ensemble with partial burial of W53. The
structure of IU as well as the molecular interactions leading to
the non-native burial of W53 is characterized in detail.
Interestingly, the simulations also reveal a transient, urea-filled
DMG ensemble formed very early during unfolding, the

Figure 1. Panel a shows the structure of the PI3K SH3 domain,
highlighting the single Trp residue, W53 (magenta), and the seven Tyr
residues (cyan) at positions 4, 6, 10, 12, 57, 71, and 74. The ribbon
diagram was generated from the PDB file 1PNJ using the UCSF
Chimera package from the Resource for Biocomputing, Visualization,
and Informatics at the University of California, San Francisco.77 Panel
b shows the assignment of secondary structure to the sequence of the
protein using STRIDE.39 Green arrows indicate β-sheets, blue spirals
indicate the 310 helix, and yellow indicates turns or coils.

Figure 2. Spectroscopic characterization of urea-induced unfolding of the PI3K SH3 domain at 298 K, pH 7.2. Panel a shows the fluorescence
emission spectra with excitation at 295 nm. The solid line in panel a represents the spectrum of the native state in zero denaturant. The dashed line
shows the spectrum of the unfolded state in 8 M urea. Each spectrum in panel a was normalized to a value of 1 for the fluorescence signal at 356 nm
of the native protein upon excitation at 295 nm. The inset in panel a shows a plot of the fraction of unfolded protein, f U, versus [urea] determined
from measurement of the intrinsic tryptophan fluorescence at 320 nm upon excitation at 295 nm. The continuous line through the data represents a
fit to eq 3 which yielded values for the free energy of unfolding and the midpoint of the transition of 4.5 kcal mol−1 and 4.3 M, respectively. Panel b
shows representative kinetic traces of unfolding at pH 7.2, 298 K. Unfolding in urea was probed by measurement of the change in the intrinsic W53
fluorescence signal at 320 nm with excitation at 295 nm. The data in panel b was obtained when the native protein was diluted into 6 M (cyan), 7 M
(dark yellow), and 8 M (pink) urea. Each trace was normalized to a value of 1 for the fluorescence signal of the unfolded protein in 8 M urea
(represented by the dashed line). The dotted line represents the signal of the native protein. Panel c shows the equilibrium versus kinetic amplitudes
of unfolding monitored using W53 fluorescence at 320 nm upon excitation at 295 nm. (●) equilibrium unfolding transition; (▲) t = 0 points; (▼) t
=∞ points of the kinetic traces of unfolding. The solid line through the equilibrium points for unfolding in panel c is a fit to eq 1. The dotted line in
panel c represents the linearly extrapolated native baseline. The error bars represent the standard deviations from two independent experiments.
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dissolution of which is frequently accompanied by the transient
and weak non-native burial of W53. Taken together, these
findings highlight the importance of combining experiments
and simulations for understanding the underlying molecular
picture at different stages of a denaturant-induced protein
unfolding reaction.

■ RESULTS

In this study, experiments characterizing the unfolding of the
PI3K SH3 domain in urea have been complemented with long
time scale atomistic molecular dynamics simulations of
unfolding in urea, to provide molecular insights into the
unfolding reaction. The transient non-native burial of W53,
which is observed both by experiment and simulation, provides
an unfolding benchmark for both studies.
Spectroscopic Characterization and Millisecond

Measurements of the Kinetics of the Unfolding of the
PI3K SH3 Domain. Figure 2a shows the fluorescence spectra
of native (N) protein, and of unfolded (U) protein in 8 M urea,
upon excitation of the fluorescence of the sole Trp residue,
W53 (Figure 1a), at 295 nm. The spectra clearly indicate that
W53 is exposed to the solvent in both the N and U states with
emission maxima at 356 nm. This is also depicted in Figure 1a
where the structure of the native state shows that W53 is
completely exposed to the solvent. The inset in Figure 2a
shows that the equilibrium unfolding of the protein (data
shown in Figure 2c) in urea using W53 fluorescence at 320 nm
can be translated to a plot for fraction unfolded using eq 2,
indicating that the N ↔ U transition is two-state-like.
Moreover, the data also indicates that, even though W53 is
completely exposed in the N and U states, the equilibrium
unfolding curve can still be used to monitor a change in the
microenvironment of W53 during unfolding in urea. It should
be noted that the small increase in the quantum yield of W53
fluorescence upon complete unfolding in urea is not seen for
unfolding in GdnHCl.18

Figure 2b shows representative kinetic traces of unfolding
probed by the measurement of W53 fluorescence at 320 nm.
The kinetic traces at >6 M urea do not extrapolate to the value
of the fluorescence of the native protein but to fluorescence
values exceeding native-state fluorescence. The initial hyper-
fluorescence of W53 suggests the initial formation of a burst
phase intermediate. A comparison of the equilibrium and
kinetic amplitudes of the fluorescence-monitored unfolding is
shown in Figure 2c. Although the equilibrium unfolding
transition of the native state shows the fluorescence to be
first increasing, then decreasing, and again increasing, the

fluorescence of the t = 0 points of unfolding lies significantly
above that of the native protein baseline, and increases
monotonously. The data in Figure 2c 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 above results confirm the presence of an unfolding

intermediate (IU) that had been detected before in previous
studies using both GdnHCl and urea. In a recent study of the
GdnHCl-induced unfolding of the PI3K SH3 domain, transient,
non-native partial burial of W53 in this intermediate was
observed, which manifested itself as hyperfluorescence of W53
during the kinetics of unfolding.18 In that study, other possible
causes of the transient hyperfluorescence had been considered
and discounted.18 A similar hyperfluorescence is now seen even
in urea-induced unfolding of the protein (see above), and thus,
it can be concluded that W53 undergoes a transient non-native
burial in IU in the presence of urea too. It should be noted that
it was important to demonstrate the hyperfluorescence of W53
in IU for unfolding in urea too because there is experimental
evidence showing that urea, but not GdnHCl, directly binds to
peptide bonds,35 and it was therefore possible that the structure
of IU is different for unfolding in urea and for unfolding in
GdnHCl. In this context, it has been shown previously that the
structure of the transition state for the unfolding of barstar in
urea is significantly different from that for unfolding in
GdnHCl.36 The observation made in the current study that
the spectroscopic properties of IU are essentially the same in
both GdnHCl and urea suggests that the rearrangement of
tertiary contacts that enables the partial burial of W53 in IU
should also be independent of the denaturant used.
Consequently, a molecular dynamics simulation approach was
used to understand the nature of tertiary contacts that stabilize
this transient partial burial of W53 in IU.

Partial Burial of W53 during the Multistage Unfolding
of the PI3K SH3 Domain in Urea. Multiple unconstrained
MD simulations of the PI3K SH3 domain solvated in a box of
aqueous 8 M urea solution were performed and analyzed by the
simultaneous use of multiple measures to enable a detailed
multidimensional characterization of this process. The exper-
imentally observed unfolding time is ∼seconds with the
formation of IU occurring in less than a few milliseconds.
Given the size of the system, it is challenging to perform full
unfolding simulations under experimental conditions, as the
unfolding time is dominated by the waiting time (in a free
energy minimum) that is much longer than the time to cross
the free energy barrier. Therefore, we performed simulations

Table 1a

run id T (K) length (ns) highest RMSD (Å) U visited DMG visited at (ns) IU visited duration of IU (ns) W53 buried in I* W53 buried in IU

1 300 758 10.8 no ∼30 yes 80 yes yes
2 300 584 7.5 no ∼30 yes 543 yes no
3 300 582 12 no ∼40 yes 140 yes no
4 310 781 26.3 yes ∼40 yes 99−560 yes yes
5 310 570 11.6 no ∼50 yes 380 yes yes
6 400 518 17.3 no ∼8 yes 18−518 yes yes
7 425 309 29 yes ∼2 yes 8−42 yes no
8 450 257 28 yes ∼8 yes 13−90 yes yes

aDetails of the eight MD runs performed. Five of them were performed at 300−310 K for 500 ns or longer. Three others were performed at higher
temperature (400−450 K) to accelerate unfolding kinetics and explore the temperature effect on the unfolding landscape. All simulations were
performed in aqueous 8 M urea solution at 1 atm pressure. The population of IU was determined on the basis of the following criterion: 0.25 ≤ Q ≤
0.5. W53 burial in IU was found in run 1 (300 K), run 4 (310 K), run 6 (400 K), and run 8 (450 K).

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp410019f | J. Phys. Chem. B XXXX, XXX, XXX−XXXC



both at room temperature (300−310 K) and at elevated
temperature (400−450 K). Details of these simulations are
tabulated in Table 1. Briefly, eight different simulations were
performed in 8 M urea, five (runs 1−5) at room temperature,
and three (runs 6−8) at high temperature. The simulations
were carried out for 500 ns or longer, and the total aggregate
simulation time was ∼4.4 μs. Complete unfolding of the
protein was observed in only one trajectory at 310 K and in two
of the high temperature trajectories (run 4, run 7, and run 8,
Table 1, see also discussions below). Nevertheless, the
simulations performed in this study appear to capture an
unfolding intermediate IU and therefore can be used to provide
molecular insights into the interactions of W53 with the rest of
the protein at different stages of unfolding, leading to its
hyperfluorescence. Figure 3a compares the distributions of the

radius of gyration, Rg, of the protein in water and in 8 M urea.
The distribution in urea shown in Figure 3a was obtained from
an aggregate of ∼3.3 μs simulations performed at ∼300 K,
whereas that in water was obtained from a 100 ns simulation at
300 K. Figure 3a suggests that the protein remained fairly
folded in water with an average Rg value of ∼13 Å. In contrast,
the protein explores various unfolded conformations in urea
(the observed largest Rg value was 27 Å). The RMSD plateaus
to ∼4 Å after 20 ns of simulation (Figure 3b), suggesting that
the protein structure remains fairly stable in water. When the
simulation was, however, carried out, at an elevated temper-
ature (500−600 K), full unfolding was observed in pure water
(see later).
The simulations were then used to determine whether, when,

and how W53 becomes transiently buried during urea-induced
unfolding, as observed in the experiments. Results from all eight
runs in aqueous 8 M urea are shown in Figures 4 and Figures
S1−S7 (Supporting Information). Figure 4c shows the
evolution of the solvent-exposed surface area (SASA) of the
W53 side chain, as well as of the Cα-RMSD during a ∼0.8 μs
trajectory at 310 K (run 4). The evolution of the W53 side
chain SASA alone is shown in Figure S8 (Supporting
Information). In the native state, the SASA of the side chain
of W53 is ∼140 Å2, implying a solvent-exposed side chain.
Figure 4c suggests that W53 undergoes partial burial at different
stages of unfolding, consistent with the experimentally observed
hyperfluorescence of W53 as described above. While details

vary, all trajectories consistently show W53 burial during
different stages of unfolding.
The first transition to a partially buried state (SASA ≤ 75 Å2)

is evident at a shorter time scale (∼50−80 ns) in a native-like
ensemble (RMSD ≤ 6 Å), that is short-lived. This ensemble is
referred to as I* hereafter. All of the trajectories show transient
drop(s) in W53 SASA in I* (see Figures S1−S7, Supporting
Information). W53 becomes re-exposed to solvent at ∼100 ns
as I* gradually unfolds further. At a much longer time scale
(>300 ns), a partially unfolded, long-lived intermediate
ensemble (referred to as IU in experimental studies18,26) is
populated with an RMSD of ∼12 Å. In this intermediate, W53
undergoes transitions between partially buried and solvent-
exposed states in run 1, run 4, run 5, run 6, and run 8.
Interestingly, run 3 and run 7 show an IU population with no
significant W53 burial (see later). The probability of finding
W53 buried in the simulated IU ensemble is ∼10.7 ± 1%,
estimated from a loosely defined IU ensemble consisting of 153
880 conformations with 6 Å < RMSD < 16 Å. The fluctuations
in the SASA of W53 in this state are much larger than what is
observed in I*, suggesting that the environment around W53 is
more plastic in IU than in I*. The IU population is also noticed
in high temperature simulations (run 6 and run 8, see Table 1,
and Figures S5 and S7, Supporting Information). In experi-
ments, the transient burial of W53 in IU was found to be
accompanied by a relatively small blue shift in the λmax of W53
fluorescence,18 but it could not be determined whether the shift
was due to W53 becoming partially buried in all IU molecules or
due to W53 becoming fully buried in only a fraction of IU
molecules. The simulations indicate that the latter is true.
The IU ensemble eventually unfolds to the fully unfolded

state, U (with RMSD > 16 Å). IU is a structurally loose
ensemble, in which the majority of the native contacts are
broken and a significant amount of secondary structure is
disrupted. IU is much longer-lived than I* (see also Figures S1−
S7, Supporting Information), suggesting that most of the W53
hyperfluorescence seen in experiments is contributed by the IU
ensemble. The value of Rg is seen to increase up to 24 Ǻ, while
the value of Q reduces to around 0, which is expected for the U
state. W53 is found to be transiently and infrequently buried
also in the U ensemble. Thus, the conformational ensemble in
which W53 can be partially buried is structurally heterogeneous
and is populated at different stages of unfolding. A comparison
with the evolutions of the W53 SASA and RMSD during a
thermal unfolding simulation at 500 K (Figure S9a, Supporting
Information) reveals that both heat and urea denature the PI3K
SH3 domain in a similar manner: native-like I* structures are
visited early with a later population of partially unfolded IU
conformations.
The evolution of Rg (Figure 3a) further suggests that the

initial I* ensemble, in which W53 is buried, is highly compact
in nature (Rg ∼ 13−14.5 Å). Hence, I* is slightly swollen
compared to the native state (Q ≥ 0.75), whose Rg is ∼12−13
Å, but mainly native-like as suggested by RMSD (≤6 Å). In
contrast, the longer-lived IU ensemble is structurally loose with
Rg ∼ 16 Å. The U ensemble has an overall much higher Rg
value (∼21 Å), although transient drops to lower values,
suggesting nonspecific collapse, are often noticed. The
evolution of Q (Figure 4b) further confirms that I* has
native-like structure (Q ≈ 0.6), whereas IU is more unfolded (Q
≈ 0.4). Thus, the conformational ensemble in which W53 can
be partially buried is structurally heterogeneous.

Figure 3. (a) Probability distributions of the distributions of the radius
of gyration, Rg, of the protein in water (black) and in 8 M urea (red).
The distribution in urea shown in a was obtained from an aggregate of
∼3.3 μs simulations performed at ∼300 K, whereas that in water was
obtained from a ∼100 ns simulation at 300 K. (b) The evolution of the
root-mean-square deviation, RMSD (Cα atoms only), from the native
structure during a ∼100 ns simulation in water at 300 K, showing a
plateau at ∼4 Å after 20 ns (black, raw data; red, moving average of 1
ns).
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It should be noted that I* has not been detected in earlier
experimental studies.18,26 This is probably because it is formed
very early (<100 ns in simulations) in the unfolding reaction.
Moreover, simulations show that I* is extremely short-lived
(∼ns) and quickly transits to the IU ensemble. A comparison
with the simulation results performed in water (Figure 3)
further confirms that native-like but slightly swollen I*
structures are populated en route during an early stage of
urea-induced denaturation but not in water at 300 K. However,
during a thermal unfolding simulation, conformations similar to
I* are found to be populated (Figure S9, Supporting
Information).
Unfolding of the PI3K SH3 Domain Occurs Non-

cooperatively. Exploring the cooperativity of the structural
changes during the unfolding reactions of small proteins has
been a challenge in experiments, due to the limited sensitivity
of the probes commonly used. The use of multisite time-
resolved fluorescence resonance energy transfer (FRET) probes
has, however, shown that unfolding reactions can be so highly
noncooperative that they occur in a gradual manner, both in the
case of barstar37 and monellin.38 In the case of the PI3K SH3
domain, hydrogen exchange-mass spectrometry (HX-MS)
studies27 have suggested that unfolding at low GdnHCl
concentration is gradual in nature, and that at higher GdnHCl
concentration at least one unfolding intermediate is populated.
The results of the simulations presented above show that the
burial of W53 can occur on different time scales during the
urea-induced unfolding of the protein, consistently implying
that the reaction is noncooperative and is not all or none. The

comparison of the urea unfolding results with the thermal
unfolding data (Figure S9, Supporting Information) suggests
that heat unfolds the protein in a manner similar to how urea
does: a short-lived native-like early intermediate, similar to I* in
urea, is first formed, followed by population of a longer-lived
more unfolded IU intermediate. On the basis of this result, it
can be concluded that urea does not make the unfolding more
noncooperative, and that both I* and IU are en route unfolding
intermediates.
The evolution of secondary structure, calculated using the

program STRIDE,39 was computed to understand better the
structural details of the unfolding process. Figure 4d shows that
the secondary structure of the protein remains fairly
undisrupted up to 100 ns, despite the fact that Q decreases
to ∼40%. As unfolding progresses, the C-terminal β-strands
(mainly β3 and β4) become strongly disrupted in the IU state,
whereas the β1 and β2 strands stay mostly intact. This trend
was found in all trajectories that show an IU population with
W53 burial (see Figures S1−S7c, Supporting Information).
However, the two trajectories that exhibit no significant burial
of W53 in the IU state (run 3 and run 7) show structural
weakening of the N-terminal β-strand(s) before the C-terminal
ones (Figures S3c and S6c, Supporting Information). These
results strongly suggest the presence of significant structural
heterogeneity in the IU state (see later). For this reason, those
two runs (run 3 and run 7) with distinct IU structures were
analyzed and discussed separately from the remaining
trajectories. The unfolded U ensemble lacks any significant
secondary structure.

Figure 4. Simulation data showing partial burial of W53 at different stages of the unfolding of the PI3K SH3 domain in 8 M urea at 310 K (run 4 in
Table 1). Panels a and b show the time dependences of the radius of gyration, Rg, and of the fraction of native contacts, Q, respectively. Panel c
shows the evolution of the solvent-exposed surface area, SASA, of the W53 side chain and of the root-mean-square deviation, RMSD (Cα atoms
only), from the native structure during a typical 800 ns trajectory. Each point on this plot is colored according to its time of occurrence with the color
scale shown. The solid black line at W53 SASA = 75 Å2 defines the partially buried states. Panel d shows the evolution of secondary structure (red =
β-strands, blue = helices, black = coils).

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp410019f | J. Phys. Chem. B XXXX, XXX, XXX−XXXE



Also computed were the changes in the native tertiary
contact probabilities for the N → I* → IU process. The contact
probabilities (Qij) were estimated by ensemble averaging (N =
0.75 ≤ Q ≤ 1; I* = 0.5 ≤ Q ≤ 0.75; and IU = 0.5 ≤ Q ≤ 0.25)
using the conformations obtained from all trajectories except
run 3 and run 7. The Q-based criterion used to define each
ensemble is somewhat arbitrary, as the N → I* → IU transition
appears to be gradual (see later). These results are depicted in
Figure 5. The native contact probabilities for each ensemble

(N, I*, IU, and U) are also shown in Figure S10 (Supporting
Information). Figure 5 implies that the disruption of tertiary
native contacts as the protein unfolds from N to I* to IU is
gradual. The unfolding is initiated with the weakening of the
long-range native contacts between the N-terminal strands (β1
and β2) and the residues 56−68 (β3 and β4). For all those
contacts, the probability of formation decreases from the N
state by a value of ≥0.5. Weakening of contacts is also observed
in I* between residues 49−54 and residues 66−70, which
becomes more prominent in IU. Figure S10 (Supporting
Information) suggests that, even in the N ensemble, the nSrc
loop is unstructured. These results are in good agreement with
previous hydrogen−deuterium exchange (HX) measurements,
which suggested that the unfolding of the PI3K SH3 domain
begins from residues 1−13, residues 37−51, and residues 52−
72 in 1.8 M GdnHCl.27 In the IU ensemble, the contacts
between β1, β2, and β5 (circled in black in Figure 5) are
maintained (Qij

⟨N⟩ − Qij
⟨IU⟩ ≤ 0.25), suggesting that this core is

preserved. The simulation results (Figure 5 and Figure S10,
Supporting Information) combined with the previously
reported HX measurements suggest that the unfolding of the
PI3K SH3 domain is gradual in nature, and begins with
loosening of the tertiary, long-range, native contacts (contacts
between β1 and β2 as well as between β3 and β4), while the β1,
β2, and β5 strands maintain a core in the trajectories that
exhibit W53 burial in the IU state. In contrast, results from run 3
and run 7 suggest that W53 remains in a locally more native-
like environment in the IU conformations populated in those
trajectories.

The experimental observation that the hyperfluorescence of
W53 in IU increases monotonously in a nonlinear manner with
an increase in urea concentration (Figure 2c) also indicates that
unfolding from N to I* to IU is noncooperative and might be
gradual in nature. It should be noted that the N to IU transition
monitored using tyrosine fluorescence does show an apparently
sigmoidal dependence on urea concentration, but a sigmoidal
dependence of such a burst phase transition is not necessarily
indicative of a cooperative transition.28,40−44 When unfolding is
carried out in GdnHCl, the increase in the hyperfluorescence of
W53, as well as in the fluorescence of ANS when bound to IU
which accompanies the N → IU transition, also increases in a
nonlinear monotonous manner with an increase in GdnHCl
concentration, again suggesting that this transition is gradual in
nature.18 In this context, it should be noted that the structure of
the N state also appears to be malleable, with the content of its
secondary structure changing significantly with the addition of a
stabilizing salt.29 Our results support the emerging view that
incremental loss (gain) of side chain packing can result in a
progression of discrete intermediates in protein unfolding
(folding) reactions (see ref 31 and references therein), which
calls for a re-evaluation of the simple two-state resulting in the
noncooperative nature of the model of protein unfolding/
folding reaction.

Properties of IU from Experiments and Simulations
Identify It as a Wet Molten Globule. Earlier experimental
studies performed at high concentrations of denaturant and
using optical probes showed that the unfolding of the PI3K
SH3 domain could be explained by invoking an intermediate
ensemble, IU.

26 A detailed kinetic analysis also showed that IU is
populated after the rate-limiting step during refolding. The
same study used the fluorescence from seven Tyr residues
distributed in the sequence to probe for changes in tertiary
structure and used far-UV CD at 222 nm to probe for changes
in secondary structure during unfolding. These probes showed
that IU resembles a wet molten globule in having U-like Tyr
fluorescence but N-like secondary structure. Moreover, it was
shown that only about 55% of the overall SASA becomes
buried in IU during refolding, indicating that it does not have a
very rigid structure.26 The properties of the IU ensemble
obtained from the simulations are in overall agreement with
those obtained from experiments (see above). IU is a
structurally loose (molten globule) ensemble, in which a
majority (∼60%) of the native contacts is broken, and a
significant amount of secondary structure is disrupted. In
addition, the tyrosine residues are seen to be mainly solvent-
exposed in the simulated IU state (see Figure S11, Supporting
Information), which is in agreement with previous experimental
data that indicated that the tyrosine fluorescence of IU is the
same as that of U.26

The observation that the fluorescence of W53 in IU decreases
in a monotonous, nonlinear manner with a decrease in urea
concentration (Figure 2c) can also be interpreted to indicate
that the IU ensemble is a conformationally heterogeneous
ensemble.18,29 It appears that a denaturant or heat induced
conformational interconversion can occur within the IU
ensemble as a result of increased conformational entropy,
with each subpopulation differing in the extent to which W53 is
buried (see Figure 4c and Figure S9a, Supporting Information).
Consistently, the simulation results presented here also
demonstrate the broad fluctuation in the SASA of W53 (see
Figure 4c) within the IU ensemble. In addition, the simulations
highlight structural heterogeneity within the IU ensemble (see

Figure 5. Changes in the probabilities of native contact formation for
the I* state (above the diagonal) and the IU state (below the diagonal)
from the native state, N. The probabilities were estimated by ensemble
averaging (N = 0.75 ≤ Q ≤ 1, I* = 0.5 ≤ Q ≤ 0.75, and IU = 0.25 ≤ Q
≤ 0.5) using the conformations obtained from multiple trajectories (a
total of ∼350 000 conformations from run 1, run2, run 4, run 5, run 6,
and run 8 are used for this analysis). Tertiary long-range contacts that
are disrupted are circled in purple, and the ones maintained are circled
in black. The locations of β-strands (green boxes) are also shown
along the sequence (yellow line) drawn along each axis.
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the section below on the requirement of W53 burial in the IU
ensemble for unfolding).
Long-Range Interactions Leading to Burial of W53

during Unfolding. Contact formation between W53 and the
rest of the protein was computed as a function of time of
unfolding, in order to identify the residues contributing to its
partial burial. Residues i and j are deemed to be in contact if any
heavy atom of residue i is within 5 Å of any heavy atom of
residue j. Figure 6a shows the set of residues interacting with
the side chain of W53 at different stages of the unfolding
reaction. Results from the other seven trajectories are shown in

Figures S1−S7 (Supporting Information). In addition, typical
snapshots of the local environment of W53 (buried or exposed)
in different ensembles (I*, IU, or U) are shown in Figure 6b. In
the N state, the solvent-exposed W53 has been shown by NMR
to be in contact with residues D19, D66, F67, and P68. In the
native-like I* ensemble, the side chain of W53 forms long-range
contacts mainly with two sets of residues: residues 12−24 (RT
loop) and residues 66−71 (β5 strand), which involves
hydrophobic (e.g., with Y12, F67, and P68) as well as van
der Waals forces. One snapshot at 60 ns (Figure 6b) shows the
conformation in which W53 is partially buried due to
interactions with Y12. The relative orientations of W53 and
Y12 rule out the possibility of π−π interactions. Thus,
predominantly hydrophobic forces appear to promote the
W53−Y12 interaction. The unfolding of I* is accompanied by
disruption of many of those contacts. The conformation at 160
ns, with W53 getting re-exposed, and in which the contacts
with the RT loop are disrupted (Figure 6b) supports this result.
The unfolding of I* results in the re-exposure of W53, which is
accompanied with a significant change in the tertiary structure
of the protein (resulting in a further decrease in Q from 0.4 to
<0.3; Figure 4b).
Interestingly, as unfolding progresses, a completely different

set of contacts with W53, which are non-native in nature,
emerges in the IU ensemble (0.25 ≤ Q ≤ 0.5). Such contacts
involve residues 26−49 from the nSrc loop and residues 1−6
from the β1 strand. The residues that form contacts with the
buried W53 side chain in the IU ensemble with >20%
probability are A1, Y6, V30, N31, K32, G33, S34, L35, and
V36. These contacts can be classified into medium-range (3 < |i
− j| < 10) and long-range (|i − j| ≥ 10) contacts. A similar
classification of contacts within a protein structure has been
used previously.45,46 Clearly, most of the contacts formed by
W53 in IU are long range in nature. A major fraction of those
residues involved in long-range contacts with W53 are
hydrophobic in nature. Snapshots of the IU conformations
with a partially buried W53, from the trajectory, support this
observation (Figure 6b). Thus, the formation of long-range,
non-native contacts with a cluster of hydrophobic residues
underlies the burial of W53 in the long-lived IU state.
As mentioned above, W53 may be partially buried even in

the U state (Q ≤ 0.25). However, the burial occurs less
persistently and infrequently compared to what is observed in
IU, which is likely due to the lack of structure and to the greater
conformational freedom of the chain in U. The residues that
form transient contacts with the buried W53 in the U state with
>20% probability are F40, E45, A46, K47, and P48. Thus, the
transient and infrequent burial of W53 in the U state is
primarily accompanied by the occasional formation of medium-
range contacts with the nSrc loop.

Residual Contacts in U. In a previous experimental study
of the folding of the PI3K SH3 domain, refolding was shown to
begin by the nonspecific collapse of the unfolded state to a
structure-less globule.28 In that study, although the far-UV CD
spectrum of the GdnHCl-induced unfolded state exhibited
features of a random coil state, multisite FRET measurements
on the unfolded state of the protein indicated that intra-
molecular distances were close in value to those calculated for
an unfolded polypeptide chain modeled as a random coil but
only when the excluded volume effect was not accounted for.47

This suggested the existence of residual structure in the
unfolded state. This residual structure may be tertiary in nature,
which is a result of the constantly changing environment of the

Figure 6. Panel a shows the evolution of W53 contacts with the rest of
the protein during run 4 (Table 1). A contact is considered if heavy
atoms of two residues are within 5 Å of each other. Only tertiary
interactions are shown (|i − j| > 3). Panel b shows snapshots of I*, IU,
and U states from the trajectory. The protein is shown using a cartoon
representation. The color scale used is green to white (N-terminal to
C-terminal). W53 and the residues in contact with it are shown in
licorice representation. The W53 side chain is shown in purple,
whereas the following colors are used for the contacting atoms: C =
cyan, O = red, N = blue.
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aromatic residues (Trp, Tyr, and Phe) as the protein unfolds.48

In the simulations, transient drops in Rg for the unfolded state
ensemble are consistently observed (Figure 4). Some native-
like packing between the β1 and β2 strands and/or between the
β3 and β4 strands may persist even in the U state (Figure S10c,
Supporting Information).
In addition, the formation of medium-range interactions

between W53 and the hydrophobic residues in U is observed,
resulting in the infrequent partial burial of W53 (Figure 6).
Residual structure observed in the denatured states of several
proteins49,50 has been suggested to arise due to the formation
of hydrophobic clusters (native or non-native).51−53 Medium/
long-range, non-native, residual attractions between hydro-
phobic residues have been shown to form transiently, even in
expanded unfolded forms lacking any secondary structure.46 In
fact, non-native secondary structure was shown to populate
compact conformations of the denatured state of the SH3
domain of α-spectrin.54 Hydrophobic clusters in the unfolded
state may serve as nucleation sites for the formation of structure
during folding,55,56 and the folding of the src SH3 domain,57

and recently the folding of both the Fyn and PI3K SH3
domains58 has been shown to commence with the formation of
non-native secondary structure.
Is W53 Burial in the IU Ensemble a Requirement for

Unfolding? In the IU ensemble, strands β1, β2, and β5 mostly
maintain their structure, while the rest of the protein becomes
unfolded and conformationally flexible (Figures 4 and 5). All
seven tyrosine residues become solvent-exposed in the IU state
(Figure S11, Supporting Information). The conformational
flexibility of the partially unfolded IU ensemble enables the
transient burial of W53 by allowing it to form non-native
contacts with hydrophobic residues from the nSrc loop and the

N-terminus of the β1 strand. It appears, however, that the burial
of W53 is not a requirement for unfolding. For instance, run 3
(at 300 K) and run 7 (at 425 K) show unfolding through
intermediate structures that do not experience W53 burial. In
those trajectories, unfolding begins with the disruption of the
β1 and/or β2 strands from the rest of the protein (Figures S3
and S7, Supporting Information). As a result, the IU ensemble
shows much less W53 burial due to the absence of long-range
interactions. This is because the β3 and β4 remain structured,
thereby not allowing W53 to become buried in the IU ensemble
(Figures S3 and S7, Supporting Information). This finding
shows that the burial of W53 within a specific IU conformation
is strongly related to the detailed structure of the protein.
Nevertheless, the transient burial of W53 in the I* state,
accompanied by interactions with the RT loop, is noticed in
those trajectories (Figure S12, Supporting Information),
suggesting that the structural heterogeneity in I* is much less
compared to IU.

Initial Dry Nature of the Transient Molten Globule
State I*. Transient burial of W53 is observed to occur first in
the I* ensemble, which is native-like and structurally compact,
and which has most of the secondary structures intact. The I*
ensemble has, however, significantly lost tertiary interactions.
Such structural features of I* are characteristic of a molten
globule state. It was important to determine whether the side
chains buried in the hydrophobic core have become hydrated in
I*, or whether the hydrophobic core is dry as in a dry molten
globule (DMG). Both experiments and simulations have
suggested the existence of an early DMG intermediate, with
native-like secondary structure and with a hydrophobic core
that has not yet become hydrated, during the unfolding of small
proteins.31,32 To test the wet/dry nature of I*, the population

Figure 7. Characteristics of the initial molten globule state I*. Panel a shows the radial distribution functions between the center of mass (CMX) of a
urea/water molecule and the (CMP) of protein at 0−1 and 40−41 ns of unfolding during run 4 (Table 1). Panel b shows the number of urea
molecules in contact for each residue averaged over the first 100 ns of simulation. A solvent molecule is considered in the FSS if any heavy atom of
the solvent is within 4 Å of the dry residues (heavy atoms only). Panel c shows the time spent in the dry state (Nw ≤ 1, where Nw is defined by the
number of water molecules within 4 Å of a particular residue). The data shown is averaged over the first 100 ns of the trajectory. Snapshots of the
“dry” residues are depicted in panel d. A total of 12 dry residues, i.e., G3, Y6, L28, V30, G33, L54, G56, G65, F67, P68, G69, and V72, are shown as
van der Waals spheres in blue. W53 is also shown in purple.
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of urea/water molecules inside the protein core of I* was
characterized. For this, the radial distribution function between
the center of mass of a urea/water molecule (CMU/CMW) and
of the protein (CMP) at 0−1 ns and at 40−41 ns of unfolding
(Figure 7a) was computed. The density of urea increases much
faster than water within the protein core (10 Å), suggesting that
urea penetrates the protein core in I* before water does.
As shown in Table 1, DMG formation is seen in all of the

eight trajectories performed at different temperatures (see
Figure S13, Supporting Information). The core of the initial
molten globule I* appears to remain dry for up to ∼40−50 ns
at ∼300 K during unfolding; nevertheless, the denaturant
molecules can penetrate the core. The preferential penetration
of urea is associated with the subtle swelling of the structure
(suggested by the evolution of Rg shown in Figure 4a) and
weakening of tertiary native contacts (contacts between β1 and
β2 as well as between β3 and β4). The first observation of an
initially formed transient DMG intermediate, using simulations,
was reported for the urea-induced unfolding of the hen egg
lysozyme.32 The present study reports a similar urea-filled
DMG intermediate during the unfolding of the PI3K SH3
domain. Lysozyme and the PI3K SH3 domain have significant
structural differences: (a) 129 residues versus 82 residues, (b)
predominantly α-helical versus β-sheet rich protein, (c) two
domains versus a single domain, respectively. The results
presented here, combined with those reported earlier32 and
previous experimental observations,31 support the formation of
the DMG intermediate during the early stages of the
denaturant-induced protein unfolding, as a general molecular
mechanism. Such preferential intrusion of urea into the dry
protein core has been attributed to the stronger van der Waals
(vdW) interaction of urea with the hydrophobic core of the
protein.16,32,59 This interaction results in the preferential
accumulation of urea in the first hydration shell of the protein,
as suggested by the evolution of the ratio of water to urea,
⟨NW⟩/⟨NU⟩, in the first solvation shell (FSS) of the protein
(Figure S14a, Supporting Information). Within the first 15 ns,
the value of ⟨Nw⟩/⟨NU⟩ drops from 4 to 2.5 and then fluctuates
between 2 and 3. For comparison, the ⟨NW⟩/⟨NU⟩ is 4.3 in the
bulk. This result suggests that the concentration of urea
constantly remains about 2 times higher in the first solvation
shell of the protein compared to the bulk during unfolding.
Further decomposition of the ratio in terms of protein residue
type (hydrophobic, polar, and charged) reveals a consistently
smaller value of ⟨NW⟩/⟨NU⟩ near the hydrophobic residues

compared to the polar and charged ones, suggesting that during
the full time course of the unfolding reaction urea preferentially
interacts with hydrophobic residues. We also plotted the time
dependence of the number of hydrogen bonds (backbone−
backbone, backbone−urea, and backbone−water) in Figure
S14b (Supporting Information). An initial decrease in the
number of backbone−backbone hydrogen bonds from ∼30 to
∼20 is noticed during the first ∼20 ns. During this time, the
protein swells to a Rg value of 14 Å. On this time scale, the
number of backbone−urea hydrogen bonds increases from ∼40
to ∼56, whereas the backbone−water hydrogen bonds remain
nearly constant. An increase in backbone−water hydrogen
bonds is observed after the first ∼40 ns. This result is consistent
with the mechanism in which urea−backbone interaction
results in the swelling of the protein core followed by water
penetration. Following this initial phase, the intraprotein
hydrogen bonds decrease gradually. The number of back-
bone−urea hydrogen bonds fluctuates around an average value
of ∼60, whereas the backbone−urea hydrogen bonds fluctuate
around an average value of ∼88. This result implies that the
denaturing action of urea is further augmented by preferential
hydrogen bond formation with the protein backbone. Never-
theless, hydrogen bonding alone cannot direct urea-induced
protein unfolding. In that case, more prevalent interactions
between urea and polar residues of protein would be expected,
which is clearly not the scenario presented here (see Figure
S14a, Supporting Information), and also for a number of other
proteins.32,60,61

Figure 7b shows the average number of contacting urea
molecules per residue in I* during the first 100 ns. The top 10
residues in terms of urea binding tendency are Y12, Y14, L26,
K34, F42, Q46, K49, W55, R66, and R79, suggesting
preferential binding of urea with residues that have either
hydrophobic or bulky side chains. To gain detailed insight into
the residue-specific dryness of I*, tdry, the time spent by each
residue in the dry state during the first 100 ns of unfolding was
computed (Figure 7c). A residue is considered dry at any time t
if NW ≤ 1, where NW is the number of water molecules within 4
Å of the heavy atoms of that particular residue. If residues are
considered “dry” residues when tdry ≤ 25 ns, then a total of 12
residues have to be considered, i.e., G3, Y6, L28, V30, G33,
L54, G56, G65, F67, P68, G69, and V72. The majority of the
dry residues are hydrophobic (both aliphatic and aromatic) and
constitute the dry interior of the initial molten globule state, I*.
Figure 7d displays snapshots of these dry residues at 40−60 ns

Figure 8. Panel a shows the Cα radius of gyration, Rg, of the dry residues during the unfolding reaction. Panel b shows the ratio of urea to water in
the first solvation shell (FSS) of the dry residues during the first 100 ns. A solvent molecule is considered in the FSS if any heavy atom of the solvent
is within 4 Å of the dry residues (heavy atoms only). The data shown is block-averaged over a 1 ns window. Data from run 4 (Table 1) has been used
for the analysis presented here.
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of unfolding, revealing the compact nature of the dry core of
the PI3K SH3 domain. It should also be noted that the initially
formed, transiently populated, urea-filled dry core appears to be
an intrinsic feature of the I* molten globule, as it is also
observed in the trajectory that unfolds via structurally different
IU conformations, that do not show significant W53 burial (see
Figure S10, Supporting Information). It must be mentioned
that the initial swelling of the protein, while maintaining its
native-like structure, is also observed in thermal unfolding
simulation (Figure S9b−d, Supporting Information). Such
swelling is observed even before water penetrates the protein
core (∼25 ns), suggesting that the DMG-like structures are
transiently populated also during thermal unfolding.
Nature of the Transient W53 Burial within the Native

Hydrophobic Cluster of I*. The time dependence of Cα−Rg
of these dry residues was computed during the 700 ns of
unfolding (Figure 8a), to check how long this core is
maintained during unfolding. The Cα−Rg of the dry residues
remains unchanged until ∼40 ns. A slight decrease of Cα−Rg
during 40−80 ns of unfolding suggests that the dry core
becomes more tightly packed. Interestingly, transient burial of
W53 also occurs at this time. Subsequently, an increase of Cα−
Rg to ∼8 Å is observed, which remains constant until the
protein unfolds completely.
An estimate of how the ratio ⟨NW⟩/⟨NU⟩ in the first solvation

shell (FSS) of those dry residues changes during the first 100 ns
of unfolding is displayed in Figure 8b. An overall decrease of
⟨NW⟩/⟨NU⟩ from 3.25 to <1 in the first ∼40 ns supports the
conclusion that urea intrudes into the core ahead of water. The
drop in Cα−Rg at ∼40−80 ns coincides with an increase in
water with respect to urea around those dry residues. The data
suggest that after ∼40 ns water starts to intrude into the core.
At this time, the occasional enhanced population of water, due
to solvent density fluctuations, inside the hydrophobic core of
the protein can trigger a transient and slight collapse. This
collapse appears to promote the partial burial of W53 initiated
by a subtle side chain reorganization of the native hydrophobic
cluster (e.g., residues from the RT loop). The burial of W53 in
I* is much more transient compared to what is observed in IU.
An important question is whether I* is a discrete

thermodynamic state or not. The observations from both
experiments and simulations (see above) showing that the
unfolding of N to IU via I* is a gradual process suggest that the
hydration of the core hydrophobic residues is not an all-or-
none process, and that I* may not be a discrete state. In order
to validate this in silico, it will be necessary to define the free
energy landscape for the protein unfolding reaction in aqueous
urea using multiple reversible folding/unfolding equilibrium
trajectories. Given the size of the protein and the time scale of
the process (∼milliseconds), such calculations will be computa-
tionally expensive with the currently available resources. An
alternative way is to perform accelerated molecular dynamics
methods such as replica exchange. However, crucial kinetic
information such as preferential intrusion of urea into the
protein core may then be missed.

■ CONCLUSIONS
The molecular interactions underlying the transient partial
burial of W53 during the unfolding of the PI3K SH3 domain in
aqueous urea have been delineated in detail, using a combined
experiment−simulation approach. Experiments revealed a
transient hyperfluorescence of W53 during unfolding in urea,
implying a transient, non-native burial of W53. A consistent,

partial burial of W53 within a cluster of hydrophobic residues at
different stages of unfolding in 8 M urea was also observed in
simulations. In the early stages of unfolding, the initially
solvent-exposed W53 is transiently and partially buried in a
native-like molten globule state I*. A dry urea-filled core is
observed in I* at t ≤ 50 ns during unfolding, suggesting
population of dry molten globule (DMG)-like structures. Urea
enters the hydrophobic core of the protein before water,
resulting in a dry urea-filled core in I* at the very earliest stages
of unfolding. When water starts to penetrate the core, subtle
side chain reorganization of the native hydrophobic core allows
burial of W53 in I*. Interactions between W53 and the
hydrophobic residues (e.g., Y12) from the RT loop (in addition
to those with the β5 strand which were originally present in the
native state) help to initiate the transient burial.
W53 is found to experience a stronger and more consistent

partial burial in a subsequent partially unfolded intermediate
state IU that is seen to form in experiments and is a wet molten
globule in nature. The IU ensemble is conformationally
heterogeneous in nature, and W53 burial in a specific IU
conformation strongly depends on the detailed structure. The
environment of W53 in IU also appears to be structurally
plastic. Simulations reveal that the majority of IU conformations
with an intact hydrophobic core consist of β1, β2, and β5, while
the rest of the protein is unstructured. This partial unfolding of
the local environment of W53 results in its non-native, tertiary
interactions with hydrophobic residues from the N-terminal of
the β1 strand (residues 2−8) and the nSrc loop (residues 26−
49). Such non-native, tertiary contact formation with hydro-
phobic residues allows frequent burial of W53. Furthermore, it
is found that W53 burial is likely not a requirement for
unfolding, and rather a consequence of the structural
heterogeneity of the IU ensemble. In the IU ensemble, a subset
of conformations is found to have structurally intact C-terminal
β-strands, in which the burial of W53 is not noticed. Thus, the
simulations together with previous experimental results suggest
that the non-native, long-range, hydrophobic interactions
leading to the partial burial of W53 during the unfolding of
the PI3K SH3 domain may serve to protect the protein from
aggregation.

■ MATERIALS, METHODS, AND MODELS

Experimental Section. Protein Expression and Purifica-
tion. The PI3K SH3 domain was purified as described
previously.26,28 Electrospray ionization mass spectrometry
showed that the protein had an expected mass of 9276.2 Da.
The sequence of the protein used is given below:
AEGYQYRALYDYKKEREEDIDLHLGDILTVNKGSLV-

ALGFSDGQEAKPEEIGWLNGYNETTGERGDFPGTYV-
EYIGRKKISP

Buffers, Reagents, and Experimental Conditions. All
reagents and buffers of the highest purity grade were procured
from Sigma. Ultrapure grade urea was obtained from USB
Corp. Twenty mM phosphate buffer (pH 7.2) was included in
the buffers used for all experiments, which were all performed
at 25 °C. The concentrations of stock solutions of urea 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
ε = 17 900 M−1 cm−1.62

For equilibrium unfolding experiments using Trp fluores-
cence as the probe, the concentration of the protein used was
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10−15 μM. For the kinetic unfolding experiments, using Trp
fluorescence, the protein concentration used was 20 μM.
Equilibrium Unfolding Experiments. Fluorescence experi-

ments were performed on a stopped-flow module (SFM-4,
Biologic) in a fluorescence cuvette of 1 cm path length. 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 a 320 nm bandpass filter of
bandwidth 10 nm (Asahi Spectra).
Kinetic Unfolding Experiments. All kinetic unfolding

experiments, using Trp 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 of 0.15 cm path
length.
Data Analysis. Analysis of the Equilibrium Unfolding

Data. The equilibrium data for the unfolding of N to U, as a
function of the concentration of urea, [D], was fit to a two-state
N ↔ U model given by the following equation:
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where Y0 is the value of the spectroscopic property being
measured as a function of [D]; YN and YU represent the
intercepts; mN and mU represent the slopes of the pre- and
post-transition baselines for the N ↔ U transition, respectively.
ΔGNU° is the free energy of unfolding of the N state in water,
and mNU is the change in the free energy associated with the
preferential interaction of [D] with the U state, relative to the
N state.
The raw data for the equilibrium unfolding of N to U was

also converted to plots of f U (fraction unfolded) versus [D]
using eq 2 and then fit to eq 3:
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Molecular Dynamics. In recent years, atomistically de-
tailed molecular dynamics simulations have been widely used to
complement experiments in order to provide molecular insights
into denaturant-induced protein unfolding reactions,63−70

which are often inaccessible in the commonly used experiments
due to resolution limits. The initial structure of the PI3K SH3
domain (residues 3−84) was taken from the NMR structure
deposited in the Protein Data Bank (PDB ID code 1PNJ). The
protein was immersed in a 80 Å × 80 Å × 80 Å box of aqueous
8 M urea solution. The final system contained ∼7900 water
molecules and ∼1845 urea molecules. This system consisting of
a total of ∼40 000 atoms was first energy-minimized for 10 000
steps before any production of MD. The particle-mesh Ewald
(PME) method71 was used for the long-range electrostatic
interactions,72 while the van der Waals interactions were treated
with a cutoff distance of 12 Å. The CHARMM22 (c32b1
parameter set) force field was used for both protein and
urea.72,73 For water, a modified TIP3P water model74 was used
with its bond lengths constrained with SHAKE/RATTLE. This
combination of force-field parameters has been extensively used

by us as well as by others to study protein unfolding
reactions.16,32,70 All simulations were performed using the
NAMD275 molecular modeling package using IBM BlueGene
supercomputers with a 2 fs time step in a NPT ensemble at 1
atm. The temperature was controlled using the Langevin
dynamics scheme, and the pressure was controlled using the
Berendsen pressure coupling implemented in NAMD. Eight
MD trajectories were run starting from the initial energy
minimized configurations with initial velocities assigned from a
Maxwell−Boltzmann distribution at the specified temperature.
The simulations were performed for 500 ns or longer. Table 1
summarizes the conditions and length of the different
trajectories. Five trajectories were performed at 300−310 K
to mimic experimental conditions (runs 1−5 in Table 1). Three
other trajectories were run at higher temperature to check the
temperature dependence of the unfolding landscape and to
accelerate folding kinetics. The total aggregate simulation time
was ∼4.4 μs.
The SASA values were calculated in VMD76 using the

measure SASA module, for which a probe radius of 1.4 Å was
used. A cutoff distance of 5 Å between heavy atoms was
considered to define a contact between two residues. A Cα−Cα

native contact was considered to have formed between residues
i and j (|i − j| > 3) if any heavy atom of residue i is within 5 Å of
any heavy atom of residue j.
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