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ABSTRACT: Protein folding and unfolding reactions invar-
iably appear to be highly cooperative reactions, but the
structural and sequence determinants of cooperativity are
poorly understood. Importantly, it is not known whether
cooperative structural change occurs throughout the protein,
or whether some parts change cooperatively and other parts
change noncooperatively. In the current study, hydrogen
exchange mass spectrometry has been used to show that the
mechanism of unfolding of the PI3K SH3 domain is similar in
the absence and presence of S M urea. The data are well
described by a four state N < Iy < I, & U model, in which
structural changes occur noncooperatively during the N < Iy
and Iy © I, transitions, and occur cooperatively during the I,
< U transition. The nSrc-loop and RT-loop, as well as B
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strands 4 and S undergo noncooperative unfolding, while # strands 1, 2, and 3 unfold cooperatively in the absence of urea.
However, in the presence of S M urea, the unfolding of § strand 4 switches to become cooperative, leading to an increase in the
extent of cooperative structural change. The current study highlights the relationship between protein stability and cooperativity,
by showing how the extent of cooperativity can be varied, using chemical denaturant to alter protein stability.

B INTRODUCTION

Proteins possess dynamic structures.’ A folded protein remains
in equilibrium with many partially unfolded to completely
unfolded states that are higher in free energy than the native
(N) state.” ° The identification and characterization of such
partially unfolded intermediate states on the free energy
landscape, as well as of the cooperativity of the transitions to
these states, remain a central goal of protein folding studies.””
The sampling of these intermediates can be facilitated by
suitable manipulation of pH, temperature, pressure, or chemical
denaturants, such as urea and guanidine hydrochloride
(GdnHCIl). Despite chemical denaturants being used for
many years to unfold proteins, little is known about how
they affect the intrinsic dynamics of folded proteins,'® and how
they thereby affect the cooperativity of protein unfolding
reactions.''

A denaturant may act by interacting directly with a protein,
or by perturbing water structure, or by doing both. It appears
that urea drives protein unfolding by directly and preferentially
interacting with the polypeptide backbone.'”™'® Direct
interaction of urea with the polypeptide backbone is not
surprising, because of the similarity in their chemical structures;
the carbonyl oxygen of urea can hydrogen bond to the amide
hydrogen of the polypeptide backbone.'”'” But how such
interactions modulate the dynamical coupling of conforma-
tional change within and between secondary structural units,
which are specified by backbone hydrogen bonding, is not clear.
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It is therefore important to compare and understand the
intrinsic dynamics of a protein in the presence and absence of a
denaturant.

Proteins sample high free energy intermediate states via a
range of structural openings. 18721 Such intermediates can be
studied using techniques, such as native state thiol label-
ing,”**”** nuclear magnetic resonance (NMR),”**° and by
hydrogen exchange (HX) techniques.'®”” HX coupled to mass
spectrometry (HX-MS) provides information about the
temporal evolution of coexisting populations of different
structural forms of the protein, and can resolve between
noncooperative and cooperative unfolding.”’27_3’1 Hence, in
the current study, HX-MS has been used to characterize the
native-state dynamics of the PI3K SH3 domain in the presence
and absence of urea, to understand the cooperativity of the
conformational transitions that the protein can undergo.

The PI3K SH3 domain is an 82 residues-long protein, in
which five § strands and one helix-like loop are arranged in a
closed f3 barrel-like fold.”> While it was originally thought to be

“two-state” folder,*>** studies utilizing multiple spectroscopic
probes have revealed intermediate states.”> >’ The PI3K SH3
domain undergoes a nonspecific collapse early during folding,**
and transient non-native tryptophan (Trp) burial early during
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the unfolding.” The equilibrium unfolding curves of the PI3K
SH3 domain carried out using either urea or GdnHCI showed
significant slopes in the pre and post unfolding transition
baselines,*’ suggesting that the native and unfolded state
ensembles are sensitive to solvent conditions.””™** A previous
native-state dynamics study of the PI3K SH3 domain by HX-
MS in the absence and presence of GdnHCI indicated that a
native-like intermediate (Iy) is populated in both the solvent
conditions.** The current study aims to understand how urea
affects the cooperativity of partial unfolding and folding
transitions of the PI3K SH3 domain.

The current study shows that the PI3K SH3 domain
undergoes two kinds of structural opening events, non-
cooperative and cooperative. Two partially unfolded inter-
mediate states, Iy and I,, are populated both in the presence
and in the absence of urea. I, forms via noncooperative
structural opening events, but the logarithm of the apparent
rate constant of formation of I, shows a strong dependence on
urea concentration, similar to that seen for the logarithm of the
apparent rate constant of formation of the unfolded state (U),
suggesting that I, is a high free energy intermediate state. The
presence of urea leads to an increase in the cooperativity of the
unfolding. In the absence of any denaturant, f strands 1, 2, and
3 unfold cooperatively, while the rest of the protein undergoes
noncooperative unfolding. In the presence of S M urea, the
structural opening of f strand 4 changes from being
noncooperative to being cooperative; consequently, there is
an overall increase in unfolding cooperativity.

B EXPERIMENTAL METHODS

Protein Purification. The PI3K SH3 domain was purified
as described previously.”> The purity of the protein was
assessed by electrospray ionization mass spectrometry (ESI-
MS), which showed the expected mass of the protein of 9276
Da, and that the protein was >95% pure. The concentration of
the purified protein was determined by measuring the
absorbance at 280 nm, using an extinction coefficient of
17900 cm™' M71.%

Chemicals and Buffers. All the reagents and buffers used
were of the highest purity grade available from Sigma, unless
otherwise specified. Urea was obtained from United States
Biochemicals. Sodium phosphate (20mM), 20 mM 3-
morpholinopropanesulfonic acid (MOPS), and 20 mM Tris
HCI were used as buffers at pH 7.2, pH 6.2, and pH 8.2,
respectively. To quench the exchange reaction, ice-cold 100
mM glycine hydrochloride, at pH 2.3, was added to obtain a
final pH of 2.6. For exchange out in the presence of urea, the
concentration of the urea was determined by refractive index
measurements on an Abbe refractometer. The pH values
reported were not corrected for the isotope effect.

Fluorescence Monitored Unfolding Kinetics. Urea-
induced unfolding of the PI3K SH3 domain was monitored
as described previously,” using a stopped-flow module (SFM4)
from Biologic. An excitation wavelength of 268 + 1 nm was
used, and the fluorescence emission was collected at 300 + 10
nm using a band-pass filter from Asahi Spectra. The final
protein concentration used was 20 yM.

Deuteration of PI3K SH3 Domain. Protein was
deuterated as described previously.** Briefly, the lyophilized
protein was dissolved in 20 mM sodium phosphate buffer, pH
7.2, prepared in D,O (protein concentration 500 uM). The
solubilized protein was incubated at 70 °C for 10 min. After 10
min, the protein solution was immediately transferred on to ice
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for 30 min, after which it was equilibrated at 25 °C. For
deuteration of the protein at pH 6.2 and 8.2, the same
procedure was followed except 20 mM MOPS, pH 6.2
(prepared in D,0) and 20 mM Tris HCl, pH 8.2 (prepared
in D,0) were used, respectively.

Hydrogen Exchange. To initiate the hydrogen exchange
(HX) reaction, S pL of deuterated protein (500 yM, 20 mM
sodium phosphate pH 7.2, D,0) were diluted to 100 uL (20-
fold dilution) with exchange buffer (with or without urea, 20
mM sodium phosphate pH 7.2, H,0). For the HX reaction at
pH 6.2 and 8.2, the same procedure was followed except that
the deuterated protein at pH 6.2 and 8.2, and labeling buffer at
pH 6.2 (20 mM MOPS prepared in H,0) and at pH 8.2 (20
mM Tris HCl prepared in H,0O) were used, respectively. All the
exchange reactions were carried out at 25 °C. At the specified
time of exchange, the reaction was quenched by adding ice-cold
100 pL of 100 mM glycine-HCl, pH 2.3 in H,O (resulting in an
additional 2-fold dilution). For the back-exchange control
(BKEX), the same labeling procedure was followed, except that
deuterated labeling buffer was used (20 mM sodium phosphate,
pH 7.2, D,0) instead of protonated labeling buffer.

Sample Processing for ESI-MS. After quenching, the
protein was desalted using a Sephadex G-25 Hi-trap desalting
column attached to an AKTA basic HPLC system (GE
Healthcare Life Sciences). Protein was eluted from the
desalting column with ice-cold acidic water (pH was adjusted
to 2.6 by formic acid). S0 uL of the desalted protein were
injected into the HDX module attached to a nanoAcquity
UPLC, which was coupled to a Synapt G2 HD mass
spectrometer (Waters Corporation). In the HDX module,
protein was first allowed to accumulate in a trap column (C18
reverse phase), followed by elution with a gradient of 3—40%
acetonitrile in 2 min, at a flow rate of 40 yL/min. The eluted
protein was infused online into the mass spectrometer. The
entire chromatographic setup was maintained at 4 °C to
minimize back-exchange in the HDX module.

Peptide Mapping. For peptide mapping, the desalted
protein was injected into an immobilized pepsin column
(Applied Biosystems), which was equilibrated with water
containing 0.05% formic acid. Protein was passed through the
pepsin column for a total of 4 min at a flow rate of 50 yL/min.
The peptides thus generated were trapped using the trap
column, and then separated using an analytical column (C18
reverse phase), with a gradient of 10—37% acetonitrile
containing 0.1% formic acid in 10 min. To identify the
peptides as well as their retention times, the MS/tandem MSF
method was used, followed by analysis using the ProteinLynx
Global Server (PLGS, v2.4, from Waters Corporation).

Data Acquisition by ESI-MS. For acquiring MS data, the
capillary voltage, source temperature, and desolvation temper-
ature were kept at 3 kV, 35 °C, and 100 °C, respectively. To
minimize carryover, 2 or 3 blank runs were carried out in
between two sample runs.

Data Analysis. Intact Protein. The first 20 scans from the
time the protein started eluting were combined. The spectra
were further analyzed with the MassLynx software using the
background subtraction, smoothen, and centroid functions. The
signal was normalized with respect to the total area under the
curve of the +11 charge state. The number of deuteriums
(amide sites) retained (protected) was obtained by subtracting
the centroid mass of protonated protein from the observed
centroid mass of each exchanged sample. A plot of the number
of deuteriums retained versus time of HX was fitted to either a
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Figure 1. Kinetics of HX into the PI3K SH3 domain in the absence of urea at pH 7.2, 25 °C. Representative mass distributions (+11 charge state)
are shown for exchange in the first 180 s (A) and from 180 s to 6.5 h (B). The solid vertical lines represent the centroid /z values for the N state (S
s), U state (6.5 h), and for the partially unfolded intermediate states populated at the ends of the fast (red vertical line) and slow (green vertical line)
kinetic phases of HX (panel C). (C) A plot of the number of deuteriums retained as a function of time of exchange was fitted to a double exponential
equation (solid line). 30 # 1 deuteriums are retained at S s of HX in the N state. The first 7 + 1 deuteriums exchange out at a mean apparent rate
constant of 3.5 + 0.2 X 1072 57", and the next 7 + 1 exchange out at a mean apparent rate constant of 3.0 + 0.3 X 107* s™". The inset shows the
dependence of the width at 50% of the peak height of the higher mass distribution on time of exchange. (D) The increase in the fraction of
completely exchanged protein was fit to a single exponential equation (solid line), to yield a mean apparent rate constant of 1.4 + 0.2 X 107*s". (E)
The fractional deuterium retention at pH 6.2 (red open square), pH 7.2 (black open circle), and pH 8.2 (blue open diamond) in the native-like
forms (high mass distributions) is plotted versus time of exchange (data were normalized to the total amplitude of the HX reaction at S s, to account
for the fact that more deuteriums were retained at lower pH, see Table S1, and were individually fit (solid lines) to determine the mean apparent rate
constants for the fast noncooperative and slow noncooperative phases of HX at pH 6.2, 7.2, and 8.2, which are listed in Table S1. (F) The fraction of
completely exchanged protein is plotted versus time of exchange at pH 6.2 (red open square), pH 7.2 (black open circle), and pH 8.2 (blue open
diamond) were individually fit (solid lines) to determine the apparent rate constants of the cooperative phase at pH 6.2, 7.2, and 8.2, which are listed
in Table S1. At the end of the HX reaction, the protein was found to retain 2 + 1 deuteriums at pH 7.2, 25 °C, which was expected since HX was
carried out in buffer containing 95% H,O and 5% D,O. The error bars in panels C, D, E, and F represent the spread in the data from two separate
experiments and are smaller than the size of the symbols for most data points.

single or a double exponential function using the SigmaPlot deuterium retained versus time was fitted to either a single or a
software (v12), to determine the apparent rate constants and double exponential equation to determine the apparent rate
amplitudes of the HX reaction. The fractional deuterium constants and amplitudes of the HX reaction.

46 Kinetic Simulation. The mass distribution of the +11

charge state at different times of HX in the absence of
(m(y — msyp)) denaturant was globally fit to a kinetic mechanism in MATLAB
(VR2011a). The function fminsearchbnd was used to determine
the parameters of the kinetic mechanism. Details of the
formulation of the kinetic mechanism are given in the
Supporting Information.

retention was calculated as follows.

Fraction D =
(m(IOO%D) - m(S%D))

Here m;) is the observed centroid mass at time t of exchange.
The centroid mass of the back-exchanged sample (pH 7.2, 25
°C) was considered as the 100% deuterated control, and the

centroid mass at 6.5 h of exchange (pH 7.2, 25 °C) was B RESULTS
considered as the 5% deuterated control. HX in the Absence of Denaturant. The HX reaction was
Peptide Analysis. The retention times of the peptides were initiated by diluting the deuterated protein 20-fold into the
identified using the PLGS software. In order to determine the protonated buffer at pH 7.2, 25 °C. The exchange was allowed
centroid mass, as well as the width of the isotopic mass to proceed for variable times before it was quenched by
distribution at 20% of the distribution height, intensity values lowering the pH to 2.6. The back exchange control sample
for the isotopic mass distributions were exported to HX- (BKEX) retained 44 + 1 deuteriums. The mass distribution at S
Express2, an Excel-based macro program.””** The isotopic s of HX was unimodal (Figure 1A), and the centroid mass
mass distributions of the peptides were fitted to either a single indicated that 30 + 1 deuteriums were retained at this earliest
binomial (to deconvolute a unimodal pattern of exchange), or a time point of HX. Hence, out of 44 + 1 amide sites, only 30 +
double binomial (to deconvolute a bimodal pattern of 1 were sufficiently protected to serve as structural probes at pH
exchange) function. The fractional deuterium content was 7.2, 25 °C; the other amide sites (14 + 1, ~ 30% D) exchanged
calculated as for the intact protein. The plot of the fraction out too rapidly to be monitored. Figure 1A,B shows how the
8265 DOI: 10.1021/acs.jpcb.7b04473
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mass distribution evolved with time of exchange. For the first
180 s of HX, the mass distribution remained largely unimodal,
but shifted gradually to lower mass. After 180 s of HX, the mass
distribution became bimodal, with the appearance of a mass
distribution corresponding to completely exchanged protein.
Figure 1C shows that the centroid of the higher mass
distribution shifted to lower mass in two kinetic phases,
without any change in the width of the mass distribution
(Figure 1C inset). Figure 1D shows that the relative amount of
the completely exchanged protein increased exponentially with
time, at a rate that was similar to the slower of the two kinetic
phases of movement of the higher mass distribution (Table S1).

The N state that afforded protection to 30 + 1 deuteriums,
gradually lost 7 + 1 deuteriums in the fast phase of
noncooperative HX. The pause in HX before the slow phase
of noncooperative HX suggested that a partially unfolded
intermediate, Iy, was sampled transiently. During the slow
phase of noncooperative HX, two processes appeared to occur
simultaneously. In one process, some of the protein molecules
giving rise to the high mass distribution, in which structure (Iy)
afforded protection to 23 + 1 deuteriums, lost a further 7 + 1
deuteriums noncooperatively, leading to the transient for-
mation of another partially unfolded intermediate, I,.
Simultaneously, all protein molecules, whether N, Iy, or I,
appeared to lose their entire protective structure in a
cooperative manner, leading to the transient formation of the
completely unfolded (exchanged) protein (U).

It was important to determine whether the HX occurred in
the EX1 or in the EX2 regime. The EX2 regime is observed
when the apparent intrinsic rate constant of exchange, ki, is
rate-limiting in the overall process of exchange, and it manifests
itself in an HX-MS experiment as a single unimodal mass
distribution which changes its centroid m/z position gradually
with time of exchange. HX occurs in the EX1 regime when the
apparent rate constant of structural opening to exchange is rate-
limiting. In this case, HX-MS will usually, but not al-
ways'"*#*%% show a bimodal mass distribution whose
individual peaks change in relative areas but not in position
with time of exchange. In a previous study,”* only 19
deuteriums were found to be protected in the protein at S s
of exchange, and exchange was shown to occur in the EX1
regime. In the current study, it was observed that by taking care
to minimize back-exchange of deuteriums,’** the number of
deuteriums retained by the protein at S s of exchange increased
to 30 + 1. In this context, it was important to determine
whether HX still occurred in the EX1 regime, or whether the
additional deuteriums probed, exchanged in the EX2 regime.
The apparent rate constants of folding (0.3 s™') and unfolding
(9 x 1075 s71) of the PI3K SH3 domain®** are much slower
than the apparent intrinsic exchange rate constant of the PI3K
SH3 domain at pH 7.2, 25 °C (25 s7');>’ thus, the protein is
expected to undergo HX in the EX1 regime. Figure 1E,F and
Table S1 show that the apparent rate constants of all the
observed kinetic phases of HX were similar at pH 6.2, 7.2, and
8.2. Since the observed apparent rate constants of HX in the
EX2 regime would have changed 10-fold with a change in pH
by 1 unit, it was clear that HX did occur in the EX1 regime (see
also Supporting Information), in agreement with the earlier
study.** It should be noted that both the stability and the global
unfolding kinetics of the protein are the same at pH 6.2 and pH
7.2 (Figure S1) and pH 8.2, 25 °C.**

HX in the Presence of 5 M Urea. In 5 M urea, the PI3K
SH3 domain is ~95% unfolded at equilibrium (C,, for the PI3K
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SH3 domain is 3.7 M urea).”> The difference between
unfolding in the absence and in the presence of a high
concentration of denaturant, such as 5 M urea, is that the
partially unfolded intermediates that are only very transiently
sampled in the former case are likely to be stabilized and
populated in the latter case. Moreover, all the unfolding
transitions that involve an increase in the denaturant-accessible
surface area are expected to occur at a faster rate. When HX
was initiated simultaneously with unfolding in S M urea, pH
7.2, 25 °C, the changes in the mass distribution with time of
HX were found to be qualitatively similar to those seen for HX
in the absence of denaturant (Figure 2). The only difference
was that all kinetic phases were faster. While the fast
noncooperative phase leading to the formation of Iy was only
3-fold faster (Figure 2C), the slow noncooperative and
cooperative phases leading to the formation of I, and U,
respectively, were about 50-fold faster (Figure 2C,D). Another
important observation was that as the urea concentration was
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Figure 2. Kinetics of HX into the PI3K SH3 domain in the presence of
S M urea at pH 7.2, 25 °C. Unfolding and HX were allowed to
proceed simultaneously in S M urea for different times. At the end of
the reactions (15 min), 95% of the protein molecules were found to be
completely exchanged. Representative mass distributions (+11 charge
state) are shown for exchange in the first 30 s (A) and from 30 s to 15
min (B). The solid vertical lines represent the centroid m/z values for
the N state (S s), U state (15 min), and for the partially unfolded
intermediate states populated at the ends of the fast (red vertical line)
and slow (green vertical line) kinetic phases of HX (panel C). (C) A
plot of the number of deuteriums retained as a function of time of
exchange was fitted to a double exponential equation (solid line). The
first 5 + 1 deuteriums exchange out at a mean apparent rate constant
of 87 + 0.6 X 1072 57!, and the next 5 + 1 exchange out at a mean
apparent rate constant of 5.1 & 0.6 X 107> s™'. The inset shows the
dependence of the width, at 50% of the peak height, of the higher mass
distribution on time of exchange. (D) The increase in the fraction of
completely exchanged protein was fitted to a single exponential
equation (solid line), to yield a mean apparent rate constant of 6.5 +
0.9 X 107> 57", At the end of the HX reaction, the protein was found to
retain 2 + 1 deuteriums at pH 7.2, 25 °C, which was expected since
HX was carried out in buffer containing 95% H,O and 5% D,O. The
error bars in panels C and D represent the spread in the data from two
separate experiments.
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increased from 0 to 5 M, the number of deuteriums that
exchanged cooperatively progressively increased from 16 + 1 in
0M, to22 + 1in 5 M urea (Table S1).

Urea Dependence of Opening/Unfolding Rate Con-
stants. In the current study, two subdenaturing concentrations
(1 and 3 M) apart from one denaturing concentration (S M) of
urea were used to determine the urea dependences for all the
three kinetic phases (Figures S2 and S3). Figure 3 shows that

e

(=3

S
L
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=3
S
S

[Urea] (M)

Figure 3. Urea dependence of the apparent rate constants of the
different kinetic phases of HX into the PI3K SH3 domain at pH 7.2,
25 °C. (black open diamond), apparent global unfolding rate constants
monitored by the intrinsic Tyr fluorescence measurement; (black open
circle), apparent rate constants of appearance of completely exchanged
protein; (blue closed square) and (blue open square), apparent rate
constants of formation of Iy and I,, respectively. The apparent rate
constants of formation of Iy and I, were determined from the shift in
the centroid of mass distribution of the native-like forms (high mass
distribution) with time. The blue solid line is a linear fit (slope m* =
0.09 M™") to the dependence of the logarithm of the apparent rate
constants of formation of Iy on urea concentration. The black solid
line is a linear fit (slope m* = 0.28 M™!) to the combined dependence
on urea concentration of the logarithm of the apparent rate constants
of global unfolding monitored by measurement of Tyr fluorescence
change as well as by HX measurements. For the dependence of the
10§arithm of the apparent rate constants of global unfolding, the slope
m* = 029 M, and for that of slow noncooperative HX, the slope m*
=0.25 M. The error bars represent the spread in the data from two
separate experiments.

the logarithm of the apparent rate constant for the formation of
I has a weak dependence on urea concentration. Hence, either
very little surface area becomes exposed in the transition state
(TS) of unfolding of N to Iy, or urea cannot bind to this TS.
The dependences of the apparent rate constants of formation of
I, and U fell on the linear extrapolation of the dependence of
the logarithm of the apparent global unfolding rate constants
on high urea concentrations. The latter were measured by
monitoring the change in the intrinsic Tyr fluorescence of the
protein. The observation that at low concentration of urea, the
apparent global unfolding rate constants monitored by HX
were in good agreement with the apparent global unfolding rate
constants monitored by intrinsic Tyr fluorescence indicates that
both probes monitor the formation of the same unfolded state.
The kinetic phases corresponding to the formation of I, and U
not only had strong but also similar dependences on urea
concentration.

Mechanism of Unfolding. It was important to elucidate
the kinetic mechanism for HX under native-like conditions.
The assumptions made to do this, the manner in which global
fitting was carried out, as well as the constraints used in the
fitting simulations, are described in the Supporting Information.
A linear four-state mechanism (Figure S4A) was found to be
the simplest mechanism that explains all the native state HX
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data (Figure S4B). This mechanism also suggests that the
formation of I, from Iy is the rate-limiting step for the
unfolding of the PI3K SH3 domain.

Structural Characterization of the Partially Unfolded
Intermediates Observed in HX in the Absence of
Denaturant. In order to obtain structural information on
the different regions of the protein undergoing exchange, peptic
fragmentation of the protein was carried out at low pH, after
the HX reaction was quenched, and the different sequence
segments were identified by mass spectrometry. The fragments
corresponding to different sequence segments of the protein
had been identified earlier (Figure SS). Each sequence segment
was separated by chromatography, and the fraction deuterium
retained (fraction amide sites protected) in each sequence
segment, averaged over all the amide sites within the fragment,
was then determined. In this manner, the fraction deuterium
retained at different times of HX was determined for each
sequence segment.

Figure 4 shows the isotopic mass distributions of different
sequence segments at different times of HX in the absence of
denaturant. The mass distributions of sequence segments 1—11
(f strand 1), 23—35 (f strand 2), and 51—71 (f§ strands 3 and
4) became bimodal at later times of HX, indicating cooperative
structural opening. Moreover, among these three sequence
segments, two sequence segments, 1—11 (f strand 1) and 51—
71 (p strands 3 and 4), showed noncooperative exchange out
too. The high mass distribution corresponding to sequence
segment 23—35 (ff strand 2) was not observed to undergo any
noncooperative exchange with time of exchange. Sequence
segments 12—22 (RT-loop), 36—50 (nSrc-loop), S9—71 (f
strand 4), and 71—81 (f strand S) showed only gradual shifts in
their mass distributions with time of HX, indicating that HX
occurred only via the noncooperative phase of exchange out,
and not during the cooperative structural opening phase.

It is important to note that due to the large number of
deuteriums that were observed to be protected in the current
study, it was possible to get quantitative information (Figure S,
Table 1) for exchange out in each sequence segment, which was
not possible in a previous study.”* The intact protein lost
protection at 14 + 1 out of 44 + 1 deuteriums within the first 5
s of HX, and hence, all the sequence segments showed the
initial drop in deuterium content in the first 5 s of HX, albeit to
different degrees (Figure SH and Table 1). The apparent rate
constants of HX into the individual sequence segments (Figure
S) can be compared to the apparent rate constants of HX into
the intact protein (Table 1) and to the apparent rate constants
describing the N < Iy < I, <> U mechanism (Figure S4). By
doing so, it becomes possible to determine at which step of the
four-state mechanism, does each sequence segment unfold. The
observed apparent rate constants of noncooperative HX into
sequence segments 36—50 (nSrc-loop) and 12—22 (RT-loop)
suggest that they exchange during the N < Iy and Iy < I,
transition, respectively. Noncooperative HX into sequence
segments $9—71 (f strand 4) and 71—81 (8 strand S) occurred
in two kinetic phases whose apparent rate constants suggest
that these sequence segments unfold (open) both during the N
< Iy and the I < I, transitions.

The bimodal mass distributions for sequence segments 1—11
(B strand 1), 23—35 (f strand 2), and S1—71 (5 strands 3 and
4) were deconvoluted into high and low (completely exchanged
sequence segment) mass distributions. Figure SG shows that
the fractional U population calculated at different times of
exchange, from the isotopic mass distribution of completely
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Figure 4. Isotopic mass distributions of representative peptide fragments obtained by proteolysis after different times of HX in the absence of
denaturant at pH 7.2, 25 °C. The isotopic mass distributions of peptide fragments corresponding to sequence segments 1—11 (A), 12—22 (B), 23—
35 (C), 36—50 (D), 51-71 (E), 59—71 (F), and 71—81 (G), are shown at the start of fast kinetic phase (5 s), at the middle of the fast kinetic phase
of HX (50 s), at the end of the fast kinetic phase (240 s), and at 30 and 60 min, when cooperative exchange occurs. For sequence segment 36—50,
which undergoes complete exchange within 60 s; data are shown for 5, 7, 10, 20, and 60 s. Also shown are the isotopic distributions of the BKEX and
U (6.5 h) sequence segments. In each panel, the red line is the envelope of the observed isotopic mass distribution. The dashed vertical lines indicate
the centroid m/z values of the unimodal distributions seen in panels B, D, F, and G and of the bimodal distributions seen in panels A, C, and E. The
blue and green lines are the deconvoluted high mass and low mass distributions, respectively. Below each panel, the structure of the protein is shown,
highlighting the relevant sequence segment. The structures are drawn using Pymol and PDB ID 1PN].

exchanged sequence segments (1—11, 23—3S, and 51-71)
agreed well with the appearance of U as measured for the intact
protein in the absence of denaturant. Sequence segment 59—71
(p strand 4) did not show cooperative opening (Figure 4F),
indicating, that only sequence segment S1—58 (f strand 3), a
small part of the bigger segment S1—71 (f strands 3 and 4)
exchanged cooperatively. Furthermore, quantification of the
shift in the mass distribution with time of HX for both
sequence segments (S1—71 and $9-—71) suggested that
sequence segment 59—71 (ff strand 4) was responsible for
the shift in the high mass distribution observed for sequence
segment S1—71, and hence, sequence segment 51—58 did not
participate in noncooperative openings. HX into the sequence
segment 1—11 also occurred during the fast and slow phases of
noncooperative exchange (Figure SA). The apparent rate
constants of the fast and slow phases of noncooperative
exchange were found to agree well the with apparent rate
constants of formation of Iy and I,, suggesting that sequence
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segment 1—11 also exchanged during the N < Iy and Iy « I,
transitions (Table 1).

The data in Figure SH show that the 14 + 1 deuteriums that
lost protection within first S s of HX into the intact protein
were lost from the nSrc-loop, RT-loop, and f strands 2 and S. It
should also be noted that while the intact protein had 30 + 1
protected deuteriums after S s of HX, the peptic fragments
together retained only a total of 16 + 1 deuteriums. It is
known™” that the amide hydrogens belonging to the first two
residues of a peptide fragment exchange too fast for their
exchange to be observed. This is likely to be the reason why the
count of the protected deuteriums in all the sequence segments
is less than the count in the intact protein.

Structural Characterization of Partially Unfolded
Intermediates Observed during Unfolding in the
Presence of 5 M Urea. Figure S6 shows the mass
distributions corresponding to different sequence segments at
different time of HX in the presence of S M urea. Sequence
segments 36—50 (nSrc-loop), 12—22 (RT-loop), and 7181 (f
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Figure S. Kinetics of HX into different sequence segments in the absence of urea at pH 7.2, 25 °C. Panels A, B, C, D, E, and F shows the fraction
deuterium retained versus time for the fast and slow phases of HX into sequence segments 1—11, 12—22, 36—50, S1-71, 5971, and 71-381,
respectively. The solid lines in the panels are either a single (panels B and C) or a double exponential (panels A, D, E, and F) fit to the data. The
kinetic parameters describing the deuterium exchange out for each of the segments are listed in Table 1. The black dashed line indicates a value of 1
for the fraction deuterium retention in the BKEX sample. (G) The relative amounts of completely exchanged segments, which were obtained from
deconvolution of the bimodal distribution (Figures 4A, C, and E), versus time of HX. The black solid line indicates the single exponential fit that was
obtained from the plot of the fraction unfolded versus time for the intact protein in the absence of urea (Figure 1D). (H) Fractional decrease in
deuterium during the first S s of HX. The error bars represent the spread in the data from two separate experiments.

strand 5) showed a continuous shift in the mass distribution
with time of HX, indicating that they exchanged protected
deuterium by the opening of one amide site at a time. As
observed for HX in the absence of urea, the shift in the centroid
of the mass distribution for sequence segments 36—50 and 12—
22 fits to a single exponential equation, while for the sequence
segment 71—81 the shift fit to a double exponential eq (Figure
6) The apparent rate constants obtained from the fits indicated
that sequence segment 36—50 exchanged out during the
formation of Iy, sequence segment 12—22 exchanged out
during the formation of I,, and that sequence segment 71—81
exchanged out during the formation of Iy as well as of I, (Table
1).

Sequence segments 1—11, 23—35, and 51-71 showed
bimodal mass distributions with time of HX indicating
cooperative opening as observed for HX in the absence of
urea. Unlike in the absence of urea, sequence segment 59—71
showed bimodal mass distribution for HX in the presence of 5
M urea, indicating that it underwent cooperative opening in the
presence of S M urea. Figure 6G shows that the fractional U
population calculated as the fraction of segment that had
completely exchanged at different times of exchange, from the
isotopic mass distributions of sequence segments 1—11, 23—35,
51-71, and 59—71 agreed well with the appearance of U as
measured for the intact protein in the presence of S M urea.
This suggests that f strands 1, 2, 3, and 4 forms the
cooperatively unfolding core of protein in the presence of S
M urea, while only f strands 1, 2, and 3 form the cooperatively
unfolding core in the absence of urea.

In the presence of S M urea, the centroids of the high mass
distributions corresponding to the sequence segments 1—11
and 51-71 were found to be at higher m/z than seen in the
absence of urea, indicating that the species which opened
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cooperatively contained more protected deuteriums. Figure 7
shows representative mass distributions of sequence segments
1—11 and S1-71 after HX in the absence and presence of 5 M
urea. For both the sequence segments the width of the mass
distribution was observed to be higher for HX in the presence
of urea, indicating that the cooperativity was higher in the
presence of 5 M urea. Sequence segment 1—11 was observed to
exchange out 76% of its deuteriums cooperatively in the
absence of urea, and 82% in the presence of 5 M urea (Table
1). In the case of sequence segment 51—71, the fraction of
deuterium exchanging out cooperatively increased from 48% in
0 M urea to 70% in the presence of S M urea. Quantitative
analysis showed that the reason behind the increase in the
fraction of cooperatively exchanging deuterium was sequence
segment 59—71. Sequence segment 59—71 exchanged its
deuterium noncooperatively in two kinetic phases in the
absence of denaturant (Figures 4F and SE), and deuteriums
that exchanged out during the second phase of noncooperative
exchange in the absence of urea were found to exchange
cooperatively in the presence of 5 M urea (Figures 6E and S6F)
(see above). Hence, sequence segment 51—71 became more
cooperative only because of sequence segment 59—71
becoming cooperative in the presence of S M urea. Sequence
segment 51—58 appeared not to undergo any change in its HX
behavior.

Sequence segments 1—11, 5S1—71, and 59—71 also exchanged
noncooperatively, and the apparent rate constants for the shift
in the mass distribution for all three agreed well with the
apparent rate constant of formation of Iy. As observed for HX
in the absence of urea, sequence segment 51—71 showed the
fast phase of noncooperative exchange because of the smaller
sequence segment 59—71. As in the absence of denaturant,
sequence segment 23—35 (f strand 2) was not observed to
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Table 1. Kinetics of the Fast and Slow Phases of HX, into Different Sequence Segments of the PI3K SH3 Domain at pH 7.2, 25
°C in the Absence and in the Presence of S M Urea”
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fast phase of slow phase of .
. . cooperative exchange
noncooperative exchange noncooperative exchange
Deuterium
sequence retention apparent apparent apparent
segment deuterium . deuterium
atSs rate rate deuterium rate
exchange exchange
constant out constant exchange out constant out
x 107 (s7) x 107 (s™) x 107 (s™)
0.68 £ 0.05 0.16 £ 0.02 0.16 £ 0.02 0.36+0.02
+ + +
Intact Protein (30.0 £ 1.0) 35£02 (7.0 1.0) 3.0£03 (7.0 1.0) 1402 (16.0+1.0)
0.72 £0.02 —— 0.11£0.02 SLO%G0 0.11£0.02(5.0% | o0 g 0.50+ 0.02
(32.0 £ 1.0) o (5.0%1.0) S 1.0) o (22£1.0)
0.71 £0.03 0.2140.04 0.15+0.03 0.36+0.02
+ + +
All segments (15.5+0.2) 31204 (4.5£0.2) 23£05 (3.2£0.1) 21£06 (7.840.2)
0.64 + 0.07 0.13+£0.01 0.10 £0.01 0.41 £0.02
+ + +
(14.9 £ 0.1) i (3.0£0.1) ZEI (23£0.1) AN (9.7£0.1)
0.43£0.13 03426 0.43+0.13
36-50 (1.8 £0.3) (1.840.3)
(nSre-loop) 0.25+0.10 0.25+0.10
+
(1.2 £0.5) el (12£0.1)
0.78 £ 0.09 13401 0.80+0.11
12-22 (1.0 £0.1) (1.0£0.1)
(RT-loop) 0.78 +0.03 7204 1.0 0.78 +£0.03
(1.3£0.1) (1.3£0.1)
0.56 + 0.06 0.32 +£0.06 0.25+0.01
+ +
71-81 (2.0£0.2) 65£1.0 (1.1£0.2) 21201 (0.9£0.1)
(B strand 5) 0.45 £ 0.02 0.15+0.02 0.29 +0.02
dt a5
(1.6 £0.1) Sllgselly (0.5£0.1) AN (1.0£0.1)
0.96 £ 0.02 0.11£0.01 0.08 £0.01 0.76 +0.04
+ + +
1-11 (3.5£0.1) 2:4£06 (0.4£0.1) 35£13 (0.3£0.1) 1.6£0.1 (2.840.1)
(B strand 1) 0.91 £ 0.01 0.09 +0.01 0.82 £0.02
+ +
(3.520.1) 22E10L (0.4£0.1) A 700£10 | 3o k0
0.63 £0.05 L7401 0.63 +0.05
23-35 (2.4£0.1) (24+£0.1)
(B strand 2) 0.62 £ 0.02 0.62 +0.02
+
(2.4%0.1) el (24%0.1)
0.92 +0.06 0.23 £0.02 0.19+0.01 0.49 +0.02
- + + +
" :&azgjs R (4.8%0.3) 47420 (12+0.1) 3.3£06 ‘ (1.0£0.1) 33£06 1 h 600
0.84 +0.04 0.15+0.01 0.70 +0.05
and 4 e +
) @9+ 0.1) 1.7+03 09401 Absent 65.0+10.0 @140.1)
0.85 £0.07 0.24+0.03 0.61+0.01
+ +
59-71 (2.2£0.1) 75£20 (0.6+0.1) 24£01 ‘ (1.6£0.1)
(B strand 4) 0.80 +0.03 0.16 +0.01 0.64 +0.02
+ +
(22£0.1) Nickaiisi 0.4+0.1) Aiger 83.0£300 1 17402
0.96 + 0.02 13106 0.88 +0.02
51-58” (2.6£0.2) (24402)
(B strand 3) 0.78 £ 0.04 0.73 £0.05
+
(2.6 £0.1) eI (24%0.1)

“The numbers in the white and gray colored rows were obtained for HX in the absence and presence S M urea, respectively. Deuterium retention at
S s was obtained by subtracting the number of deuteriums that were found to have exchanged out at 5 s from the back exchange control. The data in
column 2 shows the fractional change in deuterium content that has not occurred at S s along with the number of deuteriums (in brackets) yet to
exchange out. The data in columns 4, 6, and 8 show the fractional decrease in deuterium content, along with the number of deuteriums that
exchange out (in brackets) in each kinetic phase. The data in the row labeled “all segments” sums the changes in deuterium content that occur in all
the segments, as well as rate constants that have been averaged across all segments. ASequence segment is a part of the bigger sequence segment 51—
71. To determine the exchange out kinetics of sequence segment 51—58, the contribution of sequence segment 59—71 was subtracted from the data

of sequence segment S1—71.

undergo any noncooperative exchange even in the presence of
S M urea.

The apparent rate constants for the three kinetic phases and
their dependences on urea concentration were measured for the
individual sequence segments (Table 1). Figure S7A shows that
for the N to Iy transition, the apparent rate constants for the
individual sequence segments were dispersed around the
apparent rate constants observed for the intact protein. In
contrast, Figures S7B and S7C show that for the Iy <> I,, and I,
< U transitions, the dependences on urea concentration of the
apparent rate constants for the individual sequence segments
matched the dependences of the apparent rate constants of the
intact protein. Figure 8 shows a structural representation of
fraction deuterium retained in N, Iy, I,, and U for HX in the
absence and presence of 5 M urea.
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B DISCUSSION

Noncooperative versus Cooperative Structural Open-
ings in the Absence of Denaturant. The variety of
structural openings that a protein undergoes in native
conditions,>®>* which might be local, or global,55 are easily
probed by HX measurements.'**® To understand the nature of
structural opening, whether noncooperative or cooperative, it is
important to determine whether exchange occurs in the EXI,
EX2, or EXX regime, at pH 7.2, 25 °C. 1127283057 This was
especially important because unimodal mass distribution may
result from HX via noncooperative openings in either regime,
while bimodal distributions only result from HX via cooperative
openings in the EX1 regime.

Several observations regarding HX into the intact protein
suggested that it occurs in the EX1 regime (1) The exchange
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Figure 6. Kinetics of HX into different sequence segments in the presence of S M urea at pH 7.2, 25 °C. Panels A, B, C, D, E, and F shows the
fraction deuterium retained versus time for the fast and slow phases of HX into sequence segments 1—11, 12—22, 36—50, 51-71, 5971, and 71—
81, respectively. The solid lines in the panels are either a single (panels A, B, C, D, and E) or a double exponential (panel F) fit to the data. The
kinetic parameters describing the deuterium exchange out for each of the segments are listed in Table 1 (gray colored rows). The black dashed line
indicates a value of 1 for the fraction deuterium retention in the BKEX sample. (G) The relative amounts of completely exchanged segments, which
were obtained from deconvolution of the bimodal distribution (SI Figures S6 A, C, E, and F), versus time of HX. The black solid line indicates the
single-exponential fit that was obtained from the plot of the fraction unfolded versus time for the intact protein in the presence of S M urea (Figure
2D). (H) Fractional decrease in deuterium during the first S s of HX. The error bars represent the spread in the data from two separate experiments.

rate constants of the two noncooperative phases as well as of
the cooperative phase were the same at pH 6.2, 7.2 and 8.2, 25
°C (Figure 1EJF). (2) Bimodal mass distributions were
observed at the later times of HX in the absence of denaturant,
as well as in the presence of urea, which is conclusive proof that
HX occurs in the EX1 regime. (3) The dependence on urea
concentration of the apparent rate constant of the slow phases,
both noncooperative and cooperative, of HX, extrapolated at
zero denaturant to the values measured by HX in the absence
of urea. (4) The width of the unimodal mass distributions seen
during the fast and slow phases of noncooperative HX did not
change with time of HX (Figures 1C and 2C). (S) For several
sequence segments, the apparent rate constants for complete
exchange were similar to the apparent rate constants for
complete HX into the intact protein, both in the absence
(Figure SG) and presence of S M urea (Figure 6G).

The 30 =+ 1 protected, and hence, slow exchanging amide
hydrogens in the N state (Figure 1C) are expected to be
hydrogen-bonded to the carbonyl groups of other residues.*®
The DSSP program™ identified 33 hydrogen-bonded amide
hydrogens in the protein. The intrinsic exchange rate constants
(ki) at pH 7.2, 25 °C were determined for these 33 amide
hydrogens.>® For each of these residues, the value of p = log
ki/kq " was then determined using a value of 0.3 s™' (see
above) for kg, the rate constant for structure closing (see
Supporting Information). It was found that 27 residues had p >
13,2 had p = 1.2, 2 had p = 1.1, and 2 had p = 1.0. Thus,
virtually all amide hydrogens had p values close to or greater
than 1.3, which has been suggested to be the EX1 boundary.®’
Clearly, there is no correlation between the number of amide
hydrogens that show noncooperative exchange (14) and the
predicted p values of the structured amide sites.

In the fast phase of noncooperative exchange, during which
the native state loses at 7 + 1 deuteriums, the native state is in
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equilibrium with Iy. The members of the Iy ensemble differ
very slightly from each other in their structural properties, in
having just one or a few amide sites differently exposed.'
Hence, a continuum of N-like states form during the N < Iy
transition, leading to a gradual shift in the centroid of the
native-like high mass distribution. The kinetic pause observed
before the start of the second phase of gradual, noncooperative
exchange at another 7 + 1 amide sites (Figure 1C), could be
because critical tertiary interactions have to be broken before
noncooperative transient exposure of amide sites continues
during the transient formation of I,. Hence, a continuum of
partially unfolded intermediates is sampled during the transient
formation of I, from Iy, which results in the gradual shift in the
centroid of the high mass distribution in a manner similar to
that observed during the formation of Iy. A kinetic pause is
then observed, indicating that the transient sampling of
conformations more unfolded than I,, requires that critical
interactions have first to be broken. These critical interactions
appear to be extensive, because once they are broken; the
protein samples the globally unfolded state. 16 + 1 amide sites
become exposed during the transient cooperative transition
from I, to U.

Structural fluctuations observed in proteins are believed to be
important for their function,”** including in enzyme catalysis,”*
diffusion of ligand®® and protein—protein interactions. It is
possible that noncooperative openings could facilitate the
binding of the PI3K SH3 domain to proline-rich sequences
during signal transduction events. Although it has been
suggested that native-state fluctuations in SH3 domains are
important for their functions,®* there is, at present, no
experimental evidence which suggests that fluctuations of the
PI3K SH3 domain are important for its function.

Structural Openings/Unfolding Modulated by the
Presence of Urea. In three different urea concentrations,
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Figure 7. The increase in the cooperativity of the structural opening in
the presence of S M urea at pH 7.2, 25 °C. Panels A and C shows the
mass distributions for the sequence segments 1—-11 and 51-71,
respectively, at t;,, of global opening. Both the sequence segments
exhibit a bimodal mass distribution suggesting cooperative opening.
The red solid line is the observed isotopic mass distribution. The blue
and green solid lines are the deconvoluted mass distributions for the
high and low mass species, respectively. The vertical dashed lines
indicate the centroid values for each mass distribution. The blue
dashed lines for both the sequence segments are at higher m/z values
in the presence of 5 M urea. Panels B and D show the kinetics of the
change in the width of the mass distribution at 20% of the height of
the isotopic mass distribution, for S M (gray filled circle) and 0 M
(circle) urea, for the sequence segments 1—11 and S1-71,
respectively. Both the sequence segments show an increase in peak
width in the presence of S M urea. The vertical dashed lines in panels
B and D correspond the ¢, values (90 s for S M urea and 75 min for 0
M urea), for both the sequence segments. Note that the time at which
the peak width is maximum is difficult to determine directly because
the maxima are broad. The error bars in panels B and D represent the
spread in the data from two separate experiments.

ranging from native-like (1 M urea, Figure S2) to
subdenaturing (3 M urea, Figure S3) to strongly denaturing
(S M urea, Figure 2), the PI3K SH3 domain was observed to
exchange its protected deuteriums in three kinetic phases. The
observation that the protein undergoes HX in two non-
cooperative phases and a cooperative phase both in the absence
and in the presence of urea, suggests that it samples the same
conformational space it does in the absence as well as in the
presence of urea.

The observation (Figure 3) that the dependence of the
logarithm of the apparent rate constants for the formation of U,
determined from the HX measurements, extrapolates linearly
(within error) into the linear dependence seen for the
logarithm of the apparent global unfolding measured by Tyr
fluorescence, confirms that the cooperative phase of HX at all
urea concentrations arises from global unfolding. This is an
important observation especially since at zero and low urea
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Figure 8. The structures of the partially unstructured intermediate
states in the absence (A) and (B) in the presence of S M urea. The
color bar indicates the fraction deuterium retained in the secondary
structure elements in each state. For the N state, the fraction
deuterium retained represents the deuterium that has not exchanged
out at 5 s of HX. The structure of the PI3K SH3 domain is depicted
using Pymol and the PDB file ID 1PNJ.

concentrations, the formation/sampling of U occurs very
transiently, and it is only at 5 M urea that U is populated
predominantly at equilibrium. The observation that the
dependence on urea of the logarithm of the apparent rate
constant for the formation of I, falls on that of the logarithm of
the apparent rate constant for the formation of U was
surprising. It suggests that both reactions are slowed down
the same transition state. In other words, I, must form after the
rate-limiting step of unfolding, like U (see Supporting Text).
The observation that the linear dependence on urea
concentration of the logarithm of the apparent rate constant
for the formation of Iy is weak (Figure 3) suggests that the TS
for the formation of Iy is very native-like.

The observation that the logarithm of the apparent rate
constant of each kinetic phase, for both the intact protein
(Figure 3) and for the individual sequence segments (Figure
S7), has linear dependences on urea concentration indicates
that urea facilitates the intrinsic dynamics of the protein by
stabilizing the transition state preceding each intermediate state
(Figure 3). Hence, it can be concluded that the mechanism of
unfolding is not altered by the presence of urea, and that only
the apparent rate constants are altered. The linear four-state
mechanism (Figure S4) that describes transient unfolding in
the absence of urea, therefore also describes complete (95%)
unfolding in the presence of S M urea. The formation of I, from
Iy is seen to be the rate-limiting step for the unfolding of the
PI3K SH3 domain, from analysis according to this mechanism.

It should be noted that the closing rate constant (k) in the
presence of urea will be even slower than what it is in the
absence of urea. Thus, the PI3K SH3 domain will undergo HX
in the EX1 regime in the presence of urea too. It is because the
PI3K SH3 domain exchanges in the EX1 regime that the time
evolution of the mass distribution can be used to distinguish
between noncooperative and cooperative openings, even
though they have very similar apparent rate constants and
denaturant dependences. Similar observations had been made
previously for HX into the turkey ovomucoid third domain,
which also occurred in the EX1 regime."’

Very recently, it has been shown that the cooperativity of
folding/unfolding reactions can be manipulated by altering the
stabilities of the N and U states.'" That study predicted that
when the U state is stabilized upon addition of urea, the
unfolding of the PI3K SH3 domain should become more
cooperative. This is precisely what is observed in the current
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study. As the urea concentration was increased, the size of
cooperative unit was found to increase from 16 + 1 amide sites
in the absence of urea, to 22 + 1 amide sites in S M urea (Table
S1). This urea concentration-dependent increase in the number
of cooperatively opening amide sites had not been seen in the
case of monellin,"* wherein increasing GdnHCI increased the
cooperativity of unfolding, but not the number of cooperatively
opening amide sites. It appears that in the case of monellin, the
size of cooperatively unfolding unit was maximum at the lowest
GdnHCI concentration used.

Urea versus GdnHCl-Induced Unfolding. In a previous
study of native-state HX of the PI3K SH3 domain in the
presence of low concentrations of GdnHCI, unfolding was
found to also proceed through the initial noncooperative
formation of I."* In that study, however, while the transition
from Iy to U was clearly not cooperative at low GdnHCI
concentrations, the presence of I, could not be detected
because the mass distribution of U was not sufficiently
separated on the m/z scale from that of N. This was because
exchange at fewer amide sites was studied because of technical
limitations. Of course, it remains to be seen whether I, is
actually populated during GdnHCl-induced unfolding. It
should be noted that an unfolded-like intermediate, I; has
been shown to be populated during unfolding at high GdnHCl
concentrations,”* and it will be interesting to determine
whether Iy is populated during unfolding at urea concentrations
higher than 5 M. In the current study of urea-induced
unfolding, the formation of Iy, I,, and U each appear to
occur via one pathway, as the logarithm of the apparent rate
constant for the formation of each form does not have a
nonlinear dependence on urea concentration (Figures 3 and
S7).

Structural Changes under Native Conditions. The
observations that the nSrc-loop and RT-loop exchanged out
noncooperatively (Figure 4B and D), in single kinetic phases
(Figure SB,C), leading to the formation of Iy and L,
respectively, suggested that both the loops behave as non-
cooperatively opening units. Both loops had been found to be
highly dynamic in a solution NMR study.”> The RT-loop
appears to have partial § strand character, and there is hydrogen
bonding within the loop amides,”” which might be responsible
for the RT-loop not exchanging out during the initial formation
of Iy, as does the nSrc-loop, but only later when Iy transforms
into I,. The observation that  strands 4 and S both exchange
out in a noncooperative manner (Figure 4F,G), but that the
centroids of the mass distributions of both the sequence
segments shift in a double exponential manner (Figure SE,F),
suggests that both f stands have two groups of amide sites, one
more protected than the other. The NMR structure suggests
that both these f strands have a few amide sites that are
solvent-exposed, and a few that are hydrogen bonded with
other f3 strands (f strands 4 and S hydrogen bond with f
strands 3 and 1, respectively). It is possible that amide sites
which are not involved in hydrogen bonding exchange out
during the transient formation of Iy, while amide sites which
are involved in hydrogen bonding exchange slowly during the
formation of L.

Sequence segments 1—11, 23—3S, and 51—71 clearly show
bimodal mass distributions, suggesting that f strands 1, 2, and 3
form the folded core of protein, which opens up cooperatively
(Figures S and 6). f# strand 1 also shows some noncooperative
structural opening, indicating that some of the amide sites in
this segment do not form part of the cooperatively unfolding
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unit. The RT-loop packs around f strands 3 and 4, while its
ends are joined with f strand 1 and 2. Hence, any structural
fluctuation which leads to the displacement of RT-loop is likely
to lead to exposure of buried hydrophobic surface area and
hence, led to global opening of the protein. Thus, when the
RT-loop loses its structure during the formation of I, it leads to
the cooperative opening of § strands 1, 2, and 3 during the
subsequent formation of U (Figure 8A).

Figure 8A shows that in Iy, the nSrc-loop has exchanged out
completely, while # strands 1, 4, and 5 have exchanged out
partially. The rest of the structure in Iy remain native-like. In I,,
the RT-loop has additionally exchanged out completely, and j
strands 4 and S have also completely lost their protective
structure.

Structural Changes under Strongly Unfolding Con-
ditions. From the mass distribution profiles (Figure S6) it is
evident that the nSrc-loop, RT-loop, and f strand 5 undergo
noncooperative structural openings in the presence of S M urea
too. Figure 8B shows that the structure of Iy is the same in the
presence of S M urea and in the absence of urea. The structure
of I, is different in both the solvent conditions. Only the RT-
loop and f strand S have exchanged out, while § strand 4
remains protected, during the formation of I, in 5 M urea.
Thus, I, possesses more protective structure in S M urea than
the absence of urea. The loss of structure in f strand 4
switching from being noncooperative in the absence of urea to
being cooperative in the presence of S M urea, leading to an
increase in the overall cooperativity of unfolding (Figure 7 and
Table 1). Consequently, sequence segment S1—71 (f§ strands 4
and S5) shows a larger number of amide sites exchanging
cooperatively in the presence of S M urea than in the absence
of urea (Figure 7 and Table 1). The urea-induced increase in
the cooperativity of unfolding could be due to the modulation
of the stabilities of the ground states, and consequent
movement of the transition state for unfolding from being
unfolded-like in the absence of urea to being native-like in the
presence of urea. The linear four state mechanism suggests that
the TS of the Iy <> I, step is the rate-limiting TS for unfolding,
and hence movement of the TS toward being more native-like
could possibly lead to more protection in I,, which unfolds
cooperatively. f strand 1 too shows a slight increase in
cooperativity, but the current peptide resolution is not sufficient
to determine the amide site whose exchange becomes
cooperative in the presence of 5 M urea.

H CONCLUSION

The mechanism of unfolding of the PI3K SH3 domain is found
to be the same in the absence of denaturant and in the presence
of denaturant at high concentration. At high denaturant
concentration, unfolding appears cooperative and two-state
when monitored by ensemble-averaging probes. Nevertheless,
HX-MS measurements in both the absence and presence of
denaturant show that the cooperative structural change is
restricted only to the buried, tightly packed core region of the
protein. The rest of the protein undergoes structural change
noncooperatively. Hence, the unfolding reaction is not two-
state or all-or-none, as suggested by ensemble averaging probes.
The barrier to the cooperative structural change occurring in a
localized region of the protein dominates and conceals
noncooperative structural change occurring elsewhere. The
localized region undergoing cooperative structural change
becomes larger when unfolding is carried out in the presence
of chemical denaturant, indicating folding cooperativity is not
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invariant, as generally thought, but can be modulated by
solvent.
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