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Little is known about the role of protein dynamics in directing
protein unfolding along a specific pathway and about the role
played by chemical denaturants in modulating the dynamics and
the initiation of unfolding. In this study, deuterium-hydrogen
exchange (HX) detected by electrospray ionization mass spectrom-
etry (ESI-MS) was used to study the unfolding of the SH3 domain
of the PI3 kinase. Unfolding on the principal unfolding pathway
occurs in 2 steps, both in the absence and in the presence of 1.8 M
guanidine hydrochloride (GdnHCl). In both cases, the first step
leads to the formation of an intermediate, IN, with 5 fewer
protected amide hydrogen sites than in N. In the second step, IN
loses the structure protecting the remaining 14 amide hydrogen
sites from HX as it unfolds completely. ESI-MS analysis of frag-
ments of the protein created by proteolytic digestion, after com-
pletion of the HX reaction, shows that IN has lost protection against
HX in the same segments of native structure during unfolding in
the absence and presence of 1.8 M GdnHCl. Hence, GdnHCl does
not appear to play a direct active role in the initiation of unfolding.
However, at higher GdnHCl concentrations, a second unfolding
pathway is shown to compete effectively with the N 7 IN 7 U
pathway. In this way, the denaturant modulates the energy land-
scape of unfolding.

hydrogen exchange � mass spectrometry � protein unfolding � partially
unfolded conformation � native-state exchange

Folded proteins possess dynamic structures, and the lowest
energy conformation of a folded protein exists at equilibrium

with many high energy conformational substates, which are
Boltzmann-distributed in the folded protein ensemble (1–4).
Fluctuations in protein structure appear not to be random. They
may be directed toward enhancing function (3–7), but their role
in preferentially directing protein folding and unfolding reac-
tions on to specific pathways is poorly understood (8). Even less
is known about how the thermal fluctuations that lead to protein
unfolding are perturbed by denaturants such as guanidine hy-
drochloride (GdnHCl) and urea. Protein denaturants may act
indirectly by disrupting the structure of water, thereby making
hydrophobic groups more readily solvated (9, 10), or directly by
interacting more strongly than water with the protein backbone
and side chains (11–13). To understand how denaturants act, it
is necessary to determine whether the mechanism of unfolding
of a protein, as well as the thermal fluctuations that enable
unfolding, are the same in the absence of a chemical denaturant
and in the presence of a high concentration of the denaturant.

Structural characterization of protein unfolding in the pres-
ence, as well as absence, of denaturant becomes possible when
the hydrogen exchange (HX) experiment is carried out in
conjunction with NMR spectroscopy or MS. HX-NMR experi-
ments have been carried out on many different proteins under
conditions where HX is rate-limited by the intrinsic exchange
rate constant (kint) of the fully solvent-exposed amide hydrogens
(the EX2 limit), and they have enabled the structural charac-
terization of partially unfolded forms (PUFs) in equilibrium with

native protein (14–17). But such studies cannot reveal the
temporal order in which the PUFs form from the native protein.
The temporal order is revealed when HX experiments are
carried out in conditions where exchange is rate-limited by the
rate constants of conformational change and not by kint (the EX1
limit) (18–20). But so far, HX experiments, carried out both in
the absence and in the presence of a high concentration of
denaturant on an appropriately chosen protein, have been
unable to demonstrate directly that the same partially unfolded
conformation is populated initially under both conditions be-
cause of the difficulty in ensuring that HX occurs in the EX1
limit in the absence of both denaturant and high pH.

SH3 domains have long been exploited as archetypal ‘‘2-state’’
folders in protein folding studies, particularly for investigating
transition states (21, 22), but recent investigations have revealed
that folding intermediates are populated both before (23, 24) and
after (25) the rate-limiting step in folding. HX-MS measure-
ments have shown that SH3 domains sample partially unfolded
conformations in the native state ensemble and even the fully
unfolded conformation, in native-like conditions (15, 26, 27).
The SH3 domain of the PI3 kinase is the slowest folding member
of the SH3 domain family (28), suggesting the possibility that HX
into the protein might occur in the EX1 limit even in the absence
of denaturant at pH 7.2, 25 °C (29, 30). Moreover, a kinetic
intermediate populated on the direct pathway of unfolding of
this SH3 domain (25), can potentially serve as the signpost on the
unfolding pathway for asking whether unfolding in zero and in
high denaturant concentrations occurs by the same pathway (31).

In this report, it is shown that native state HX into the SH3
domain of the PI3 kinase indeed occurs within the EX1 limit. In
the absence of denaturant, unfolding occurs in 2 principal steps.
In the first step, 5 of the 19 amide hydrogen sites protected
against HX in the folded protein, lose their protection, and an
intermediate, IN, with 14 protected amide hydrogen sites is
populated. In the second step, all amide hydrogen sites become
deprotected during transient formation of U. In high denaturant
concentration, the principal unfolding reaction also occurs in 2
steps: the intermediate IN, with 14 protected amide hydrogens,
is now populated within a few seconds of unfolding. Proteolytic
analysis of the locations of the protected amide hydrogen sites in
IN formed in the absence and presence of denaturant suggests
that this initial unfolding intermediate has the same structure in
both unfolding conditions.

Results and Discussion
In this study, HX studies were carried out at pH 7.2 and 25 °C,
by diluting the deuterated protein 15-fold into labeling buffer,
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either containing 0, 0.5, or 1 M GdnHCl in which the protein
remains native (N) at equilibrium or containing 1.8 M GdnHCl
in which �95% of the protein molecules are unfolded (U) at
equilibrium. After increasing durations of labeling, exchange was
quenched at pH 2.6, and the samples were processed for ESI-MS.
An apparently unimodal spectrum (isotope distribution) is seen
for N, which is centered at a mass indicating that N has 19 � 1
amide hydrogen sites that are protected from HX. All other
amide hydrogen sites undergo HX because of weak protection
under the labeling and sample work-up conditions used in this
study.

HX During Unfolding in Strongly Destabilizing Conditions. Fig. 1A
shows mass spectra collected at different times of HX/unfolding
in 1.8 M GdnHCl. At the earliest time (5 s) of HX/unfolding
itself, the unimodal mass profile characteristic of the 19 deute-
riums-containing N from which unfolding began has changed
significantly. It has become bimodal, with approximately 15% of
the mass distribution in a lower mass peak and approximately
85% in a higher mass peak. Importantly, the higher mass peak
is not that of N with 19 protected deuteriums, but of a native-like
intermediate conformation, henceforth referred to as IN, with
only 14 protected deuteriums consequent to 5 deuteriums having
exchanged out. Hence, 85% of the protein molecules have
partially unfolded to IN at 5 s of unfolding in 1.8 M GdnHCl. The
lower mass peak indicates that at this time about 15% of the
protein molecules have unfolded to a conformation that is fully
protonated. The mass spectrum is bimodal because the inter-
mediate appears to unfold to a fully exchange-competent con-
formation in one slow step and because the intermediate and
unfolded conformations differ in mass by 14 Da, resulting in
their mass distributions being well separated (30). With time of
unfolding, the mass spectrum remains bimodal, and the lower

mass peak gains in intensity at the expense of the higher mass
peak. At each time of unfolding, the mass profile fits well to the
sum of 2 Gaussian distributions. Finally, the 2 peaks collapse into
a single lower mass peak, as all molecules become completely
protonated at all of the 19 amide hydrogen sites that are
protected in the N, except 2 deuteriums that remain bound due
to 7% residual deuterium present during labeling.

Fig. 1B shows that the change in the fractional population of
completely protonated molecules occurs with biphasic kinetics:
an approximately 15% burst phase change is followed by a slow
apparently exponential phase. For unfolding in 1.8 M GdnHCl,
it is known from optical studies that unfolding occurs via an N
7 IU7 U mechanism and that the on-pathway intermediate IU
is populated to an extent of 15% at 10 ms of unfolding (25).
Hence, the slow exponential phase appears to correspond to the
formation of U, and the burst phase corresponds to the accu-
mulation of IU, which, like U, has no protected amide hydrogen
sites. This is not surprising because previous studies have shown
that although IU is N-like in its far-UV circular dichroism
properties, it nevertheless is U-like in its f luorescence properties
and it has considerably more solvent-exposed surface area than
N (25).

The native-like intermediate IN had not been detected in
previous optical studies (25) of the unfolding because its f luo-
rescence and circular dichroism properties are the same as that
of N. Hence, it is necessary to position IN correctly with respect
to the N 7 IU 7 U pathway. Kinetic simulations were carried
out to decide whether (i) IN is on-pathway in an N 7 IN 7 IU
7 U mechanism, (ii) off-pathway in an IN 7 N 7 IU 7 U
mechanism, (iii) off-pathway but forming from IU in a branched
mechanism (supporting information (SI) Text), or (iv) whether
it defines a second unfolding pathway N 7 IN 7 U which
competes with the N 7 IU 7 U pathway in a 2-pathway
mechanism (SI Text). These simulations indicate that the 2-path-
way mechanism (SI Text and Fig. S1) is sufficient to explain not
only the data in Fig. 1 but also the previously obtained optical
data on unfolding (25). Importantly they rule out the alternative
mechanisms (SI Text).

Native-State HX-MS Also Reveals Two Stages of Unfolding. In native-
like conditions, the frequency of the unfolding events leading to
the transient formation of IN, IU, and U will be very low.
Nevertheless, the kinetics of unfolding can be measured by
appropriate native-state HX measurements, here carried out in
0 M (Fig. 2 A and B), 0.5 M (Fig. S2 a and b), and 1.0 M (Fig.
S2 c and d) GdnHCl at pH 7.2, 25 °C. In all 3 conditions, the mass
spectra at different times of HX/unfolding are bimodal (see next
page). But during the time taken for the first 5 deuteriums to
exchange out, which decreases from 240 s in 0 M GdnHCl to 20 s
in 1 M GdnHCl (Figs. 2 and S2), the relative intensity of the
lower mass peak is very low (�5% of the molecules have become
fully protonated); hence, the mass profile is essentially unimodal
during this time. As the mass profile migrates during the time the
first 5 deuteriums take to exchange out, its width does not
change.

In native-like conditions, unlike in 1.8 M GdnHCl (Fig. 1), the
exchange-out of the first 5 deuteriums upon transient unfolding
to IN is slow enough to be resolved temporally. Two observations
concerning the time taken for the 5 deuteriums to exchange out,
which decreases significantly with an increase in GdnHCl con-
centration (Figs. 2 and S2), suggest that HX into IN occurs by the
EX1 mechanism. Firstly, this observed time is much larger than
the time constant for intrinsic exchange, kint

�1. Hence, the rate
constant of the IN 3 N transition, which would necessarily be
faster than that of the N 3 IN transition in native conditions,
must be ��kint. This fulfills a necessary condition for HX to
occur in the EX1 limit. Secondly, this observed time is the same
whether HX is carried out at pH 8.2 or at pH 7.2 (Fig. S3). If HX

Fig. 1. Unfolding kinetics of the SH3 domain in 1.8 M GdnHCl, pH 7.2
monitored by HX-MS. Exchange was allowed to proceed in 1.8 M GdnHCl for
different times. (A) shows representative spectra obtained at different times
of unfolding. The mass spectrum shown in green corresponds to the native-
state having 19 � 1 deuteriums protected and was obtained by quenching the
exchange after 5 s of labeling in the absence of GdnHCl. The mass spectrum for
the unfolded-state is shown in red. All of the mass spectra correspond to the
� 9 charge state. (B) shows the increase in the fraction of completely proton-
ated molecules with the time of unfolding. The error bars represent the
standard deviations from 3 separate experiments. The solid line through the
data represents a kinetic simulation to the 2-pathway mechanism using values
for the rate constants as shown (Fig. S1).
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were occurring in the EX2 limit, the time taken for the 5
deuteriums to exchange out would be substantially shorter at the
higher pH because kint is 10-fold higher at pH 8.2 than at pH 7.2
(SI Text). On the other hand, the observed pH independence is
expected when HX into IN occurs in the EX1 limit, because the
stability and unfolding kinetics of the protein are identical at
both pH values (Fig. S4).

Hence, it appears that HX into IN must occur in the EX1 limit
even though essentially unimodal mass spectra are seen. For the
turkey ovomucoid third domain, unimodal mass spectra were
also observed when HX occurs in the EX1 limit (18, 32). In this
study, the shift in the apparently unimodal mass profile during
the exchange-out of the first 5 deuteriums can be explained if
transient unfolding to IN occurs in more than 1 step, with 1–2
amide hydrogen sites losing protection in each step. Fig. S5
shows that the mass spectrum at any intermediate time during
the migration of the apparently unimodal mass peak in zero
denaturant is not describable as the weighted sum of the mass
spectra of N, which has 19 protected amide deuteriums, and IN,
which has 14 protected amide deuteriums (see SI Text). Simi-
larly, the initial stages of exchange out in 0.5 and 1 M GdnHCl
at pH 7.2, and in 0 M GdnHCl at pH 8.2, are also not describable
by a 2-state transition between N and IN. Exchange-out of the 5
deuteriums during the N3 IN transition in more than one step
is possible if the deuteriums are distributed in at least 2 distinct
regions of the protein structure, which unfold either sequentially
or independently of each other.

Further evolution of the mass spectra, as all molecules become
completely protonated with increasing time of HX, proceeds in
a more pronounced bimodal manner. The higher mass and lower
mass peaks both change not only in relative intensity but also in
position and width. In such cases, an estimate of the half-life (t1/2)
of the observed exchange process can be obtained as the time of
exchange at which the width of the mass distribution is at
maximum (see Data Analysis). Fig. 3 shows how the overall peak
width changes with time of exchange in 0, 0.5, and 1 M GdnHCl,
at pH 7.2, and in 0 M GdnHCl, at pH 8.2. The observed rate

constants (0.693/t1/2) of formation of fully protonated molecules
in 0, 0.5, and 1 M GdnHCl fall reasonably well on the extrap-
olated dependence on GdnHCl concentration of the fluores-
cence-monitored rate constants for unfolding to U (Fig. 3D) at
pH 7.2. Hence, the observed rate constants for complete pro-
tonation appear to be the effective rate constants of unfolding
to U, indicating that HX at the 14 amide hydrogen sites that were
protected in IN occurs into U. Since the observed rate constant
is about the same as the rate constant of unfolding to U, HX, into
U must occur in the EX1 limit, as already suggested by the
bimodal nature of the mass spectra. HX into U is expected to
occur in the EX1 limit because the observed rate constant of the
folding of U is estimated to be 0.3 s�1 in 0 M GdnHCl, 0.09 s�1

in 0.5 M GdnHCl, and 0.025 s�1 in 1 M GdnHCl (25). These
values are all much smaller than the value of kint (SI Text), which
is a necessary condition for HX to occur in the EX1 limit. The
EX1 nature of the HX reaction is confirmed by its pH indepen-
dence: the observed rate constant of HX/unfolding in 0 M
GdnHCl is the same at pH 7.2 and pH 8.2 (Figs. 2 and S3). The
demonstration that HX in the EX1 limit is truly responsible for
the bimodal mass spectra seen during exchange into U in
native-like conditions is important because EX1 behavior can
sometimes arise from uncorrelated unfolding smaller than global
unfolding (30).

It should be noted that the observed rate constant of HX in
1.8 M GdnHCl is also predicted (within a factor of �2) by the
fluorescence-monitored rate constant of unfolding to U. It is not
surprising that HX into U occurs in the EX1 limit during
unfolding in 1.8 M GdnHCl, when it does so in 0, 0.5, and 1 M
GdnHCl, because U folds much more slowly in 1.8 M GdnHCl.
Moreover, an iso-m/z point is observed for the mass spectra
describing HX during unfolding in 1.8 M GdnHCl (Fig. 1),
pointing to a 2-state unfolding reaction from IN to U. The
absence of a similar iso-m/z point for mass spectra describing HX

Fig. 2. Kinetics of native-state exchange of the SH3 domain at pH 7.2.
Exchange was allowed to proceed for different times in 0 M GdnHCl. The
native-state spectra shown in green in (A and B) were obtained as described
in the legend to Fig. 1. The mass spectrum shown by the red line in (B)
corresponds to the completely unfolded state, which retains 2 deuteriums due
to the presence of residual (7%) D2O during labeling. (A) shows the unimodal
mass spectra for exchange of the first 5 deuteriums, at different times of
labeling. The mass spectra shift gradually to the m/z value of IN during the time
indicated above the arrow. (B) shows representative mass profiles for the
exchange of the remaining 14 protected deuteriums, at different times of
labeling. The mass spectra in both the panels correspond to the � 9 charge
state.

Fig. 3. Peak width analysis of the mass profiles. (A, B, and C) The data for 0
M, 0.5 M, and 1.0 M GdnHCl, respectively. The peak width was determined at
15% intensity of the peak maximum. The vertical dashed lines denote the
half-life of unfolding. (A, Inset) shows the half-life of unfolding when ex-
change was carried out in 0 M GdnHCl at pH 8.2. (D) shows the GdnHCl
dependence of the observed unfolding rate constants obtained from HX-MS
(u) and when unfolding was monitored by the change in intrinsic fluorescence
(F). (E) shows the observed refolding rate constants monitored by the change
in intrinsic fluorescence. The fits through the observed unfolding and refold-
ing rate constants are according to the 3-state mechanism (25). The fluores-
cence data are from ref. 25.
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in native-like conditions (Figs. 2 and S2), suggests that in
addition to transient global unfolding events (to U) many local
unfolding events also occur in native-like conditions. In 1.8 M
GdnHCl, these local unfolding events are not seen because the
global unfolding events dominate.

In native-like conditions, the population of completely pro-
tonated molecules increases in an apparently exponential man-
ner with time of HX, and the observed rate constants of
HX/unfolding extracted from the exponential time dependences
(Fig. S6) agree well (within a factor of �2) with those extracted
from peak width analysis (Fig. 3). More importantly, there is no
evidence for a weak start (lag) to the increase in the population
of completely protonated molecules (Fig. S6). The kinetics of
unfolding/HX (Fig. S6) could be simulated well using the
2-pathway mechanism (SI Text and Fig. S1). The simulations
indicated that in native-like conditions, all N molecules use the
N 7 IN 7 U pathway to sample IN and U. The N 7 IU 7 U
pathway remains essentially inoperative probably because the
rate constants defining it are much smaller than those defining
the N7 IN7U in native like conditions. It should be noted that
unlike in the case of HX experiments in 1.8 M GdnHCl, where
it was possible to demonstrate that IN is on-pathway and not
off-pathway (see above), the HX experiments in zero and low
denaturant concentrations by themselves do not allow such a
delineation to be made. To be able to make such a delineation,
it is first necessary to show that the same 5 amide hydrogen sites
become deprotected during the formation of IN in both high
denaturant and native-like conditions.

The Structure of IN Is Similar in Zero Denaturant and in 1.8 M GdnHCl.
In HX-MS studies, the locations along the sequence of the amino
acid residues whose amide hydrogen sites are protected, or
exchanged, can be identified by fragmenting the protein by
proteolysis after the exchange reaction is complete. The prote-
olysis is carried out under low pH conditions to minimize back
exchange. Fig. S7 shows the pattern of fragments obtained by
pepsin treatment of the protonated SH3 domain at pH 2.6. The
6 fragments were identified by exact mass measurement and
collision induced dissociation (CID) tandem mass spectrometry
(MS/MS) (Table 1) and are seen to cover 93% of the sequence.
To identify the regions of the protein which are unfolded
(exchanged-out) in an intermediate populated at any time during
unfolding, the masses (which indicate the deuterium content) of
the 6 proteolytic fragments made from a sample corresponding
to the intermediate, are compared to the masses of the corre-
sponding fragments made from N and U.

Fig. 4 shows representative mass spectra of the fragments
1–13, 37–51, and 52–72 made from deuterated N, the interme-
diate IN at 40 and 240 s of HX/unfolding in zero denaturant at
pH 7.2, and from U. The mass distributions and average m/z
values of fragments 1–13 and 37–51 from IN at both times of
HX/unfolding are similar to those of U, indicating that the

regions of the protein corresponding to these fragments have lost
their protective structure at 40 s. On the other hand, the mass
distribution and average m/z value of fragment 52–72 from IN at
40 s is N-like but becomes U-like when IN is fully formed at 240 s,
indicating that the region of the protein corresponding to this
fragment loses some of its protective structure between 40 and
240 s of HX/unfolding. The mass distributions and average m/z
values of these fragments from IN at 5 s of unfolding in 1.8 M
GdnHCl are similar to those of IN at 40 s of HX/unfolding in zero
denaturant (Fig. 4), indicating that they have similar structures.
Table 1 (which compares the deuterium contents of the 6
fragments from N from IN at 40 s, as well as at 240 s of
HX/unfolding in zero denaturant, and from IN at 5 s of unfolding
in 1.8 M GdnHCl) clearly shows that the same sequence seg-
ments of the native structure have unfolded in IN at 5 s of
unfolding in 1.8 M GdnHCl and at 40 s of HX/unfolding in the
absence of GdnHCl. Based on the locations of the deuteriums
lost during the N3 IN transition at 40 and 240 s of HX/unfolding
in zero denaturant and at 5 s of unfolding in 1.8 M GdnHCl, the
regions that have unfolded in IN have been mapped on to the
native structure of the protein (Fig. 4D).

In several fragments, fractional levels of deuterium exchange
were observed. This can possibly arise if IN is a heterogeneous
ensemble of conformations, with some conformations having the
fragment-segment folded and others having it unfolded.

Unfolding Begins Similarly in Zero and High Denaturant Concentration
on the N7 IN7 U Pathway. The kinetic HX studies in native-like
conditions indicate N samples first IN and then U through
transient sequential unfolding events that take place on the N7
IN7 U pathway. Eighty-five percent of N molecules unfold via
the same pathway in 1.8 M GdnHCl. In native as well as
unfolding conditions, IN is shown to have lost structure in the
same segments, which in the native protein protect 5 amide
hydrogen sites from HX (Table 1 and Fig. 4D). IN is shown to
serve as the signpost which indicates that unfolding begins in the
same regions of the molecule in the absence and presence of high
denaturant. Thus, the fluctuations that lead to amide hydrogen
exchange in zero and low denaturant are indeed the same as
those that cause unfolding at high denaturant. This result is
important because it has been suggested that this may not be so
in the case of cytochrome c (33), the protein whose equilibrium
unfolding has been best characterized by native-state HX.

Native-state HX studies have previously suggested that a
native protein samples similar PUFs in the absence and presence
of very low concentrations of denaturant (14–18). But these
equilibrium studies could not directly show that these PUFs are
on-pathway, and in a few cases, they have been demonstrated to
be off-pathway (34). The problem of demonstrating on-pathway
roles for PUFs is compounded by the results of kinetic HX
studies that indicate the possibility of multiple unfolding path-
ways (32). The kinetic HX study on cytochrome c, which showed

Table 1. Deuterium levels of peptides originating from N, and from IN at 40 and 240 s of unfolding in 0 M GdnHCl and at 5 s of
unfolding in 1.8 M GdnHCl

Fragment 1–13 21–29 24–36 37–51 52–72 73–83

N 1.48 � 0.21 1.91 � 0.06 2.46 � 0.48 1.78 � 0.01 7.06 � 0.20 1.45 � 0.16
IN (40 s) in 0 M GdnHCl 0.01 � 0.21 1.98 � 0.02 2.77 � 0.08 0.21 � 0.03 6.33 � 0.09 0.94 � 0.02
N-IN (40 s) 1.47 �0.06 �0.31 1.57 0.73 0.50
IN (240 s) in 0 M GdnHCl �0.19 � 0.14 1.92 � 0.04 2.50 � 0.12 �0.10 � 0.08 5.2 � 0.21 0.58 � 0.07
N-IN (240 s) 1.67 �0.003 �0.04 1.89 1.86 0.87
IN (5 s) in 1.8 MGdnHCl �0.33 � 0.11 1.99 � 0.02 2.71 � 0.06 �0.03 � 0.06 6.32 � 0.19 0.94 � 0.05
N-IN (5 s) 1.81 �0.07 �0.25 1.82 0.74 0.51

The number of deuteriums exchanged in a fragment from the sample corresponding to an intermediate are obtained by subtracting the number of deuteriums
retained in that fragment from number of deuteriums protected in the corresponding fragment from native protein.
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that the PUFs identified by equilibrium HX studies are indeed
on-pathway, had to be carried out in the presence of low
denaturant concentration to ensure that HX occurred in the
EX1 limit (20), and hence, it could not address the question of
whether the same unfolding pathway is used in the zero and high
denaturant concentrations. This study demonstrates that the
same initial intermediate is formed on the same (N7 IN7 U)
unfolding pathway during the unfolding of the SH3 domain in the
absence of denaturant and at a high denaturant concentration in
which �95 of the protein molecules become fully unfolded.

Computer simulations have suggested that a denaturant can
unfold a protein either by binding directly to the protein via
hydrogen bonding, electrostatic, or van der Waals interactions,
or by altering the solvent environment (35–38). A very recent
NMR study of HX at the peptide groups of dialanine has shown
that GdnHCl, unlike urea, does not hydrogen bond to the
peptide group (13). The result here that the initial step in the
unfolding of the SH3 domain via the N 7 IN 7 U pathway is

similar in zero and 1.8 M GdnHCl suggests that GdnHCl does
not actively attack the protein but instead acts indirectly by
altering the properties of water, thereby facilitating the large
intrinsic thermal fluctuations that drive unfolding on the N7 IN
7 U pathway. It is also possible that the denaturant may act by
stabilizing the partially unfolded, high energy conformations
created by thermal fluctuations, thereby shifting the equilibrium
toward unfolded conformations.

Modulation of the Unfolding Energy Landscape by Chemical Denatur-
ant. A molecular dynamics study of the folding of the SH3
domain had suggested that folding may occur along multiple
folding pathways defined by intermediates (24). This study shows
that in native-like conditions, transient unfolding occurs via the
N 7 IN 7 U pathway but that as the GdnHCl concentration is
raised, the N 7 IU 7 U pathway begins to effectively compete
with the N 7 IN 7 U pathway. In very high denaturant
concentration, the N 7 IU 7 U pathway is the predominant

Fig. 4. The regions of the SH3 domain involved in partial unfolding. (A, B, and C) show representative mass spectra of 3 peptic fragments derived from intact
deuterated SH3 domain after exchange for 40 and 240 s in labeling buffer containing no denaturant and after exchange for 5 s in labeling buffer containing
1.8 M GdnHCl. Peptic fragments from native and unfolded references are also shown. The dotted lines indicate the average m/z values of peptic fragments derived
from the sample corresponding to the native state. (D) shows the locations of protected deuteriums in N, IN at 40 s in zero denaturant [IN (40 s)] or at 5 s in 1.8
M GdnHCl [IN (5 s)], and IN at 240 s of exchange [IN (240 s)] in zero denaturant. Protected deuteriums are distributed throughout the folded protein. The segments
colored yellow have their deuteriums protected, while segments which have exchanged all or some of their protected deuteriums are shown in red. No peptide
could be identified for the region shown in white.
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pathway (25). It should be noted that such switching between
unfolding pathways with a change in denaturant concentration
has also been observed in the case of titin (39).

Methods
Protein Purification. The protein purification procedure has been described
previously (25). The purity of the protein was checked by SDS/PAGE and ESI-MS
and was found to be �98% pure. The molecular weight of the SH3 domain
determined by ESI-MS is 9363.8 Da.

HX-MS Monitored Unfolding Kinetics. For the kinetic study of unfolding in 1.8
M GdnHCl, the procedure followed was similar to that for native-state ex-
change except that the labeling buffer contained 1.95 M GdnHCl, so that the
final GdnHCl concentration was 1.8 M. Unfolding was stopped, and exchange
was quenched by diluting the GdnHCl to 0.9 M, while simultaneously lowering
the pH to 2.6 by addition of an equal volume of the quench buffer.

Native-State Exchange at pH 7.2 Monitored by ESI-MS. Native-state exchange
was carried out by diluting 15 �l of deuterated protein (approximately 700 �M
protein concentration) in D2O-buffer, 15-fold into 210 �l of labeling buffer (20
mM sodium phosphate pH 7.2 in H2O) containing 0 M, 0.55 M, or 1.07 M

GdnHCl so that the final concentration of GdnHCl was 0, 0.5, or 1.0 M. At
different times of labeling, exchange was quenched by decreasing the pH to
2.6, with the addition of an equal volume (225 �l) of quench buffer (100 mM
glycine pH 2.3 in H2O). The samples were desalted and analyzed by mass
spectrometry (for details, see SI Methods).

Pepsin Digestion. After HX, quenching and desalting, samples were subject to
partial pepsin digestion, by passing them through a column packed with
pepsin-agarose beads (from Sigma). The column was equilibrated with water
at pH 2.6. For details, see SI Methods.

Data Acquisition by ESI-MS. A Micromass Q-TOF Ultima mass spectrometer was
used to analyze both intact and digested samples. The mass spectrometer was
operated in the positive ion mode. The concentration of protein in the samples
was typically 11 �M. For details, see SI Methods.

Data Analysis. MassLynx software was used to determine the widths of mass
spectra. Details of data analysis are presented in SI Methods.
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