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ABSTRACT: Understanding the origin of the cooperativity
seemingly inherent in a folding or unfolding reaction has been a
major challenge. In particular, the relationship between folding
cooperativity and stability is poorly understood. In this study,
native state hydrogen exchange in conjunction with mass
spectrometry has been used to explore the free energy landscape
accessible to the small protein monellin, when the stability of the
protein is varied. Mass distributions obtained in the EX1 limit of
exchange have allowed a direct distinction between correlated (cooperative) and uncorrelated (noncooperative) structure-
opening processes. Under conditions where the native protein is maximally stable, a continuum of partially unfolded states is
gradually sampled before the globally unfolded state is transiently sampled. Under conditions that stabilize the unfolded state of
the protein, the slowest structure-opening reactions leading to complete unfolding become cooperative. The present study
provides experimental evidence for a gradual uphill unfolding transition on a very slow time scale, in the presence of a large free
energy difference between the native and unfolded states. The results suggest that the cooperativity that manifests itself in protein
folding and unfolding reactions carried out in the presence of denaturant might merely be a consequence of the effect of the
denaturant on the unfolded state and transition state stabilities.

Energy landscape theory suggests that entropy−enthalpy
compensation during protein folding may occur in a

manner that results in many small (∼kBT) distributed barriers
between the native (N) and unfolded (U) states.1,2 On the
resultant rugged free energy landscape, protein folding or
unfolding would proceed via a continuum of states, in a gradual
manner. For several proteins, there is now substantial
experimental evidence for gradual unfolding3,4 and folding,5,6

including downhill folding.7,8 Changes in the stabilities of N
and U can affect the cooperativity of the transition (Figure 1)
and can potentially cause a switch from a cooperative two-state
process to a one-state gradual transition. Hence, factors that
affect the stabilities of the ground states may modulate the
cooperativity of the process. While the presence of a large
barrier may prevent misfolding to aggregation prone states, the
absence of a dominant barrier leads to the coexistence of
multiple conformations which can be important for protein
function.9,10 It is therefore important to understand the
cooperativity of folding and unfolding transitions, and the
factors that modulate it.
Delineation of the degree of ruggedness in the energy

landscape of a protein relies on the use of an appropriate probe
and upon the experimental conditions. Under most exper-
imental conditions, either N or U is the most stable species, and
the interconversion between them appears to be dominated by
a large free energy barrier. Consequently, folding and unfolding
reactions appear to be “two-state”, all-or-none reactions in
which high energy intermediates are populated to too small an
extent to be detected. Structural information on sparsely
populated intermediate forms can, however, be obtained by the
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Figure 1. Modulation of the free energy surface describing protein
unfolding and folding. A barrier limited transition (middle panel) can
become barrierless due to a stabilization of the N state (left panel) or
destabilization of the U state (right panel). The N and U energy wells
are shown by the red and dark blue dashed lines, respectively. The
position of the transition state along the reaction coordinate is given
by the point at which the native and unfolded wells intersect each
other. The resultant free energy surface (gray solid line) is determined
as −ln[exp{−GN(x)} + exp{−GU(x)}], where GN(x) and GU(x) are
the parabolic free energy wells shown for N and U, respectively, and x
is the horizontal variable. The left and right panels are indicative of
unfolding reactions that would be completely uphill. The figure was
inspired by Figure 6 in ref 66.
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use of high resolution probes such as NMR,11 as well as the
native-state thiol labeling12−14 and native-state hydrogen
exchange (HX) methodologies. Native state HX can detect
transient opening motions of the protein, from fast fluctuations
that expose very localized structure to very slow unfolding
events that expose the core of the protein.15 Moreover, HX
monitored by mass spectrometry (HX-MS) provides the time
evolution of the population distributions of various species,16

which allows a “two-state” transition to be distinguished
directly from a gradual process.17,18

Under physiologically relevant pH conditions, HX into most
proteins occurs in the EX2 limit,15,19−21 providing a measure of
the free energy change associated with a structure-opening
reaction (see Supporting Information (SI) text). HX studies
have enabled the identification of cooperative units called
foldons which are thought to assemble in a sequential manner
to form partially unfolded forms (PUFs). Such HX studies have
therefore provided an understanding of cooperativity in the
context of thermodynamic stability. However, equilibrium data
from native state HX experiments do not report on the
temporal order of events, and hence, “kinetic cooperativity” can
only be addressed by monitoring exchange in the EX1 limit,22

which provides a measure of structure-opening rates
directly.23−26 In addition, only in the EX1 limit can correlated
and uncorrelated opening motions be delineated from the mass
distributions seen in HX-MS experiments,16,27,28 making it
possible for a cooperative transition to be distinguished from a
continuous transition. Extensive studies14,29−31 of the refolding
and unfolding reactions of the small protein monellin (MNEI),
which have revealed that its overall folding reaction is slow,
suggest that it is likely to undergo HX in the EX1 limit even
under native-like conditions.
In the present work, HX-MS, which probes the solvent

exposure of amide backbones all over the protein structure, has
been used to describe the degree of cooperativity inherent in
the unfolding transition of monellin under native and mildly
denaturing conditions. The HX-MS experiments under native-
like conditions show that exchange into the protein does indeed
occur in the EX1 limit at pH 8. Several amide hydrogens are
found to exchange in multiple kinetic phases by uncorrelated
local openings. Transient global unfolding, corresponding to
the very slow phase of exchange, also occurs via uncorrelated
openings in zero denaturant. Stabilization of U by the addition
of 0.5 to 1.5 M GdnHCl, or destabilization of N by an increase
in pH from 8 to 9, causes transient global unfolding to become
a cooperative transition.

■ MATERIALS AND METHODS
Protein Purification. The method for the purification of

MNEI has been described previously.30 The purity of the
protein was confirmed by mass spectrometry. The mass of the
protein, as determined from electrospray ionization mass
spectrometry (ESI-MS), is 11403 ± 0.3 Da. The protein
concentration was determined by measuring the absorbance at
280 nm, using an extinction coefficient of 14 600 M−1 cm−1.30

Reagents. All HX reactions were carried out at 25 °C. The
reagents used in the experiments were of the highest purity
grade from Sigma. Guanidine hydrochloride (GdnHCl) was
purchased from USB (USA) and was of the highest purity
grade. The labeling buffers, used to initiate the exchange
reactions, were 20 mM sodium phosphate at pH 7, 20 mM Tris
at pH 8, and 50 mM glycine at pH 9. The quench buffer, used
to stop the labeling reaction, was 100 mM glycine hydro-

chloride, containing 8 M GdnHCl at pH 2.2, on ice. The pH
values reported for D2O buffers are uncorrected for any isotope
effect.

Fluorescence-Monitored Equilibrium and Kinetic
Studies. GdnHCl-induced equilibrium and kinetic unfolding
transitions were monitored on the stopped-flow module
(SFM4) from Biologic, in the manner described previously.30

An excitation wavelength of 280 nm was used, and emission
was collected at 340 nm using a 10 nm band-pass filter (Asahi
Spectra). The final protein concentration was 10 μM.

Deuteration of MNEI. MNEI can be fully unfolded at high
pH (above 12.5). Exposure of the protein to pH 12.8 for 7−10
min does not result in any significant deamidation or other
chemical modification of the protein: the mass of fully
protonated protein was found to be altered by less than 0.2
Da by such high pH treatment (data not shown), which is
within the error of mass measurement. Hence, the protein was
deuterated by unfolding it at pH 12.8 in the presence of D2O
and refolding back at pH 8. The lyophilized protein was
dissolved in D2O buffer (10 mM Tris, pH 8.2), to a final
concentration of 200 μM. The pH of the solution was increased
to 12.8 by the addition of 1 N NaOD. After 5 min, the pH was
dropped to 1.6 by the addition of 1 N DCl and then readjusted
slowly to pH 8. The pH was not dropped to 8 directly since the
pI of the protein is 8.6 and refolding at pH 8, at high protein
concentration, led to the precipitation of the protein. The
increase in mass due to deuteration was the same when the
protein was heated to 70 °C, in the presence of D2O, for 10
min. However, at higher concentrations, MNEI precipitates
upon heating, and the pH jump method was therefore used to
deuterate the protein. CD spectra and fluorescence-measured
unfolding rates confirmed that the pH jumps did not affect the
structure of the protein significantly (data not shown).

Hydrogen Exchange Kinetics of the Intact Protein.
Seven microliters of deuterated protein (∼200 μM concen-
tration) in D2O buffer (10 mM Tris, pH 8) were diluted 20-
fold into 133 μL of exchange buffer (20 mM Tris in H2O, pH
8) to initiate the exchange reaction. After different times of
exchange at 25 °C, the reactions were quenched by the addition
of 125 μL of the exchange reaction to 375 μL of the quench
buffer, on ice. The final quenched reaction contained 2.5 μM
protein, 75 mM glycine-HCl (in H2O), and 6 M GdnHCl, at
pH 2.6 on ice. The samples were incubated under quenched
conditions in 6 M GdnHCl for 1 min to facilitate subsequent
fragmentation (see below). For exchange in higher GdnHCl
concentrations (0.5−1.5 M GdnHCl), the denaturant concen-
trations in the exchange and quench buffers were adjusted
accordingly.

Sample Preparation for Electron Transfer Dissociation
(ETD). Segment-specific HX data were obtained by chemical
fragmentation of the intact protein after exchange in protonated
solvent. Ten microliters of deuterated protein (∼500 μM) were
diluted 15-fold into 140 μL of exchange buffer to initiate the
reaction. The higher protein concentration as well as partial
unfolding due to incubation in 6 M GdnHCl provided better
ion counts of the fragments obtained from ETD.

Processing of Samples for Mass Spectrometry. After
incubation in 6 M GdnHCl for 1 min, the quenched reaction
was desalted using a Sephadex G-25 Hi-trap column from GE,
equilibrated with Milli-Q water, pH 2.6 (pH adjusted with
HCl) on ice, in conjunction with an ÄKTA basic HPLC system.
To measure the mass of a completely deuterated protein
sample, the deuterated protein was desalted with a ZipTip
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column and eluted out in 50 μL solvent (50% acetonitrile in
D2O). After addition of 145 μL of D2O and 2 μL of 5% formic
acid, the sample was injected directly into the mass
spectrometer using a syringe pump.
Data Acquisition by ESI-MS. The desalted samples were

injected into the HDX module (Waters Corp.) coupled with a
nanoACQUITY UPLC system and the Synapt G2 HD mass
spectrometer. The protein was loaded onto a C18 reverse phase
trap column in 0.05% formic acid at a flow rate of 100 μL/min
for 1 min and eluted using a gradient of 35−95% acetonitrile
(0.1% formic acid), at a flow rate of 40 μL/min, in 3 min. The
chromatography was carried out at 4 °C in the Waters HDX
cooling module.
The capillary voltage was set to 3 kV, the source temperature

to 80 °C, and the desolvation temperature to 200 °C. A scan
duration of 0.5 s was used, and the first 40 scans, from the time
at which the protein started eluting, were combined to get a
cumulative ion count of ∼106 for each sample. Between two
successive sample runs, 2−3 wash runs were given by injecting
Milli-Q water to ensure minimal carryover from the previous
runs. The instrument parameters used for ETD fragmentation
have been detailed in the SI methods. The combined spectra
were background subtracted and smoothened using the
MassLynx 4.1 software. The list spectrum option was used to
export data to SigmaPlot and Origin.
Data Analysis. (A) Analysis of Hydrogen Exchange

Kinetics for the Intact Protein. The m/z peak having the
highest intensity (the 13 charged state) was analyzed at each
time point and plotted after normalizing to the area under the
peak determined using the Origin software. Further analysis of
kinetic rates was done using the SigmaPlot v10 software. The
number of deuteriums retained, determined as the difference in
the mass of the exchanged sample at each time point and the
completely protonated protein, plotted as a function of time
were fit to a sum of three exponentials for 0 M GdnHCl and to
a sum of two exponentials for higher GdnHCl concentrations.
For HX in the presence of 0.5−1.5 M GdnHCl, the fraction of
unfolded protein was determined as the area under the peak
centered at an m/z of 878.4 ± 0.06 relative to the total area
under the 13 charged state peak. The areas and widths were
obtained by fitting the m/z distribution to a sum of two
Gaussians using the Origin software.
(B) Analysis of Hydrogen Exchange Kinetics for ETD

Fragments. The c and z ions obtained from chemical
fragmentation were identified from the centroid spectra using
the BioLynx software. The average mass of each fragment was
determined, from the intensity-weighted isotopic abundances,
with and without exchange. The deuteriums retained in each c
or z ion were determined from the difference in the masses of
the fragments obtained from a deuterated and a protonated
sample. The deuterium retention of different segments in the
protein was obtained by subtracting the deuterium retention of
consecutive c and z ions. For example, subtraction of the
number of deuteriums retained in the c4 ion (residues 1−5)
from those in the c39 ion (residues 1−40) yields the number of
deuteriums retained in the protein fragment extending from
residues 6 to 40.
(C) Global Fitting. The mass spectra, obtained from HX in

the absence and presence (1 M) of GdnHCl, at all time points,
were globally fit using the MATLAB software to determine the
kinetic mechanism of unfolding under native-like conditions.
The m/z distribution for the 13 charged state was simulated as

described in the SI methods and fitted to the data using
lsqcurvef it.

■ RESULTS
Hydrogen Exchange under Native Conditions. Deu-

terated protein was diluted 20-fold into protonated exchange
buffer at pH 8 not containing GdnHCl, and the mass
distributions were measured at different times of exchange.
The mass of N, determined from the spectrum obtained at 5 s
of exchange (Figure 2A), indicated that it retains 44 ± 1

deuteriums. Only these 44 backbone deuteriums serve as
structural probes because all other deuteriums exchange out
very rapidly in protonated solvent. In native conditions, at pH
8, it is observed that the mass distribution remains unimodal
(Figure 2A,B), for all times until the exchange reaction is
complete (36 days), with a constant width (Figure 2D, inset)
and shifts only in the centroid value. The variation in the width
of the distribution corresponds to a change of 1.7 Da, which is
within the range expected for width changes due to isotope
incorporations into the protein.32 A plot of the number of
deuteriums retained versus the time of exchange fits well to the
sum of three exponentials (Figure 2C), indicating that there are
three kinetic phases of HX in 0 M GdnHCl: fast and slow
phases which are complete within 3 min and 8 h, respectively,

Figure 2. Hydrogen exchange in 0 M GdnHCl. Representative spectra
(13 charged state) are shown for exchange in 0 M GdnHCl, at pH 8
(A) in the first 3 min, and (B) from 10 min to 36 days. The solid
vertical lines represent the centroid m/z values for the N state (5 s), U
state (36 days), and for the species populated at the end of each
kinetic phase of exchange (see panel C). (C) A plot of the number of
deuteriums retained as a function of time of exchange/unfolding fits to
the sum of three exponentials which yields the rate constants and
amplitudes for the fast and slow phases, as reported in the legend of
Figure 4, and of the very slow phase ((1.4 ± 0.007) × 10−6 s−1). The
inset shows the data for the first 8 h, corresponding to the fast and
slow phases. (D) The fractional deuterium retention measured in 0 M
GdnHCl, at pH 7 (□) and pH 8 (○) until 200 h was globally fit (solid
line) to a sum of three exponentials to obtain the rate constants for the
fast ((2.7 ± 0.7) × 10−2 s−1), slow ((5.1 ± 0.1) × 10−4 s−1), and the
very slow ((2.1 ± 0.2) × 10−6 s−1) phases of exchange. The inset
shows the width (full width at half-maximum) of the mass
distributions at all times of exchange in 0 M GdnHCl at pH 8. The
solid line through the data has been drawn to guide the eye.
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and a very slow phase which is completed in 36 days. At the
end of the very slow phase, the protein was found to retain 5 ±
1 deuteriums, which was expected since the exchange was
carried out in 95% H2O, 5% D2O. Given the slow rates of
exchange, it was important to confirm that the protein is not
affected by prolonged incubation in solution, under the
experimental conditions used. Figure S1 shows that the protein
stability does not change significantly.
Mechanism of Exchange in 0 M GdnHCl. In HX-MS

experiments, it is very important to distinguish between the
EX1 and the EX2 limits of exchange in order to differentiate
between cooperative and noncooperative opening motions (see
Discussion). The most definitive way to do this is to measure
the pH dependence of the observed rates: in the EX1 limit, kobs
is independent of pH (eq S2), while in the EX2 limit kobs is
proportional to kint and increases 10-fold for every unit increase
in pH (eq S3). In 0 M GdnHCl, at pH 7, as at pH 8, unimodal
mass spectra are observed to evolve in three observable kinetic
phases (Figure S2A,B). The exchange processes at pH 7 and 8
are compared in Figure 2D, in which the deuterium retention
was normalized33 to the total amplitude to account for the fact
that the N state retains more deuteriums at pH 7 than at pH 8.
The rate constants of the three phases were found to be
comparable across pH 7 and pH 8; consequently, the data at
both the pH values could be fit globally. The observation that
the rate constants of all three kinetic phases of exchange are
identical at pH 7 and 8 indicates that the HX in all three kinetic
phases takes place in the EX1 limit in 0 M GdnHCl at pH 8. It
should be noted that the global stability of MNEI is similar at
pH 7 and pH 8, and only slightly lower at pH 9 (Figure S3A),
and that the global unfolding rates are similar at the three pH
values (Figure S3B).
Hydrogen Exchange in the Presence of Denaturant.

The exchange kinetics was monitored in the presence of
denaturant, at pH 8, by diluting the native, deuterated protein
into protonated exchange buffer to have the final desired
denaturant concentration (Figures 3 and S4). The mass
distribution of N (obtained at 5 s of exchange) in the presence
of 1 M GdnHCl is similar to that in the absence of denaturant
and continues to shift as a unimodal peak to lower m/z values
for the first 3 min of exchange (Figure 3A). At longer exchange
times (10 min onward), the distribution becomes bimodal, and
two well separated peaks can be observed (Figure 3B). The
distribution centered at the lower m/z value corresponds to
that for a species with deuterium retention of 4 ± 1, which can
be attributed to the 5% deuterium remaining in solution during
exchange, suggesting that it represents U that forms transiently.
The shift in the centroid m/z value of the higher mass
distribution, which corresponds to the loss of the first 25
deuteriums via uncorrelated opening events, takes place in two
kinetic phases in the presence of 1 M GdnHCl (Figure 3C), as
well as 0.5 and 1.5 M GdnHCl (Figure S4), which correspond
to the fast and the slow phases observed in the absence of
GdnHCl. The separation between the two peaks of the bimodal
distribution at the end of the slow phase corresponds to a mass
difference of 14 deuteriums; these slowest exchanging
deuteriums become exposed to exchange in a correlated
opening motion leading to the formation of the globally
unfolded state, which forms transiently in the very slow phase.
The time evolution of the fractional area under the peak
corresponding to U fits well to a single exponential equation
(Figure 3D) and provides a measure of the apparent rate
constant of the very slow phase of exchange, which corresponds

to transient global unfolding of the protein. Hence, like in
native-like conditions, exchange in 1 M GdnHCl also proceeds
in three kinetic phases. However, unlike in the absence of
denaturant, the mass distributions become bimodal in
denaturant. The last 14 deuteriums exchange out in a
cooperative opening motion in the presence of not only 1 M
GdnHCl (Figure 3) but also 0.5 and 1.5 M GdnHCl (Figure
S4) in the very slow phase of exchange.
The mechanism of exchange was also determined in the

presence of denaturant by measuring kobs at pH 7 (Figure
S2C,D) and pH 9 (Figure S5). In 1 M GdnHCl, the three
observable kinetic phases overlap in the pH range 7−9 (Figure
3C,D, insets) and can be fit globally. This suggests that in the
presence of GdnHCl, exchange in all the three phases takes
place in the EX1 limit. The bimodal distribution seen in the
very slow phase of exchange (Figure 3B) further supports the
result that exchange in the very slow phase proceeds in the EX1
limit.27

Denaturant Dependence of Exchange Rates. An
increase in denaturant concentration does not affect the rates
of the fast and the slow phases of exchange significantly (Figure
4A,B). However, the rate of the very slow phase of exchange
increases with denaturant (Figure 4C). This is not unexpected
since global unfolding leads to an increase in the accessible
surface area of the protein, which results in the denaturant

Figure 3. Hydrogen exchange in 1 M GdnHCl. Representative spectra
are shown for exchange in 1 M GdnHCl, at pH 8 (A) in the first 3 min
and (B) from 10 min to 72 h. The solid vertical lines in panels A and B
represent the centroid m/z values for the N state (5 s), U state (72 h),
and the species populated at the end of each kinetic phase (see panel
C). (C) The number of deuteriums retained as a function of time fits
to a sum of two exponentials, corresponding to the fast and slow
phases, with rate constants and amplitudes as reported in the legend of
Figure 4. The inset shows the change in the fractional deuterium
retention with time at pH 7 (□), pH 8 (○), and pH 9 (Δ), until 8 h,
which was globally fit to a sum of two exponentials to obtain the rate
constants of the fast ((1.1 ± 0.07) × 10−2 s−1) and the slow ((3 ± 1.6)
× 10−4 s−1) phases of exchange. (D) The increase in the fraction of
unfolded species with time fits to a single exponential equation, which
yields the rate of the very slow phase ((3.6 ± 0.8) × 10−5 s−1). The
inset shows a comparison of the increase in the fraction unfolded with
time at pH 7 (□), pH 8 (○), and pH 9 (Δ) which can be globally fit
to yield the rate constant of the very slow phase ((3.2 ± 0.4) × 10−5

s−1).
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dependence of the rate (see Discussion). A comparison of the
rate constant of the very slow phase of exchange in 0.5−1.5 M
GdnHCl to global unfolding rates measured by fluorescence in
2−6 M GdnHCl reveals a downward kink in the unfolding arm
of the chevron at low denaturant concentrations (Figure 4D).
Structural Identification of the Cooperative Unit. In

order to identify the amide sites that are involved in the
cooperative opening motion in the presence of denaturant,
fragments of the protein were analyzed by mass spectrometry,
subsequent to HX in 1 M GdnHCl. While most HX-MS studies
rely on proteolysis for fragmentation,34 MNEI was found to be
resistant to digestion by pepsin and other acid proteases.
Chemical fragmentation by ETD provides an alternative
method of fragmenting the protein while causing minimal
hydrogen scrambling.35 Figure 5A,B shows that while the mass
distribution of the Asp22-Pro97 sequence stretch becomes
bimodal at 6 h of exchange in 1 M GdnHCl, that of the Ser68-
Pro97 stretch remains unimodal at all times of exchange (data
not shown), indicating that the cooperative unit is localized
between the residues Asp22 and Ser68. Similarly, it is evident
from Figure 5C,D that the sequence stretch flanked by Arg40
and Thr82 also shows cooperative behavior in the presence of
denaturant. All other fragments obtained from ETD showed

unimodal mass distributions at all times of exchange (data not
shown). Taken together, these data identify the location of the
cooperative unit as the sequence stretch between Pro41 and
Ala67 (Figure 5E).
The difference in mass between the two peaks seen for the

Asp22-Pro97 segment as well as for the Met1-Thr82 segment,
is 14 Da, which corresponds to the size of the cooperative unit
observed for the intact protein, under the same conditions
(Figure 3B). This suggests that the only part of MNEI that
exchanges cooperatively in the presence of denaturant resides
in the Pro41-Ala67 sequence stretch, spanning two adjacent β-
strands. In the absence of denaturant, the 14 deuteriums in the
Pro41-Ala67 sequence stretch exchange out in an uncorrelated
manner like all other deuteriums.

Exchange at pH 9. Figure 6A,B shows representative
spectra for exchange in 0 M GdnHCl, at pH 9. A unimodal
mass distribution shifts to lower m/z with increasing time of
exchange in three kinetic phases (Figure 6C). From 7 h
onward, peak widening is observed and the mass distributions
can be fit to a sum of two Gaussian distributions (Figure 6B),
with the lower m/z peak corresponding in mass to that of the U
state. The separation between the two peaks of the bimodal
mass distribution suggests that seven deuteriums exchange out
in the slowest phase of exchange. The fractional area under the
lower mass peak was used to determine the rate at which the

Figure 4. Denaturant dependence of hydrogen exchange kinetics at
pH 8, 25 °C. The kinetics of the (A) fast, (B) slow, and (C) very slow
phases of exchange have been measured as described in the legends to
Figures 1 and 2, in 0 M (○), 0.5 M (Δ), 1 M (□), 1.5 M (▼) and 3 M
(◊) GdnHCl. The rate constants of the fast and slow phases,
determined by globally fitting the kinetic curves in panels A and B to
single exponential equations are (1 ± 0.5) × 10−2 s−1 and (1.4 ± 0.5)
× 10−4 s−1, respectively. The amplitudes of the fast and slow phases are
13 ± 1 and 12 ± 1 deuteriums, respectively. The solid lines through
the data represent the fits. (D) The apparent rate constant of the very
slow phase of hydrogen exchange (○), obtained from a single
exponential fit of the fraction unfolded plots in panel C, have been
compared to the observed global unfolding rates determined from
fluorescence measurements (●). The solid line through the
fluorescence data and the dashed line through the HX data are linear
regression fits. The error bars, which represent the spreads in the
measurements from two separate experiments, are smaller than the
size of the symbols.

Figure 5. Identification of the backbone amide hydrogens which
exchange cooperatively. The spectra obtained after 6 h of exchange in
1 M GdnHCl, pH 8 for the sequence stretch (A) Asp22-Pro97, (B)
Ser68-Pro97, (C) Met1-Thr82, and (D) Met1-Arg40. (E) The
structure of MNEI (PDB ID: 1IV7) with the cooperative unit
consisting of the sequence stretch Pro41-Ala67 in β-strands 2 and 3
highlighted in red. (F) The peptide map of the protein with the ETD
fragments shown in color-coded bars below the sequence. The cyan
arrows and gray bar above the amino acid sequence indicate the β-
strands and α-helix, respectively.
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unfolded state is transiently formed, in the slowest phase of
exchange (Figure 6D). The most striking difference between
native-state exchange at pH 9 and at lower pH (7 and 8) is that
at pH 9 the mass distributions widen in the slowest phase of
exchange. This suggests an increase in the cooperativity of the
global unfolding transition upon an increase in the pH, similar
to that observed upon the addition of denaturant, albeit with a
smaller cooperative unit consisting of around seven deuteriums
at the higher pH.
Exchange in the presence of 1 M GdnHCl at pH 9 is very

similar to that in 1 M GdnHCl at pH 8 and pH 7. There are
three observable kinetic phases of exchange (Figure 3C−D
insets), and the mass distributions evolve in a bimodal manner
(Figure S5) during the very slow phase of exchange. The
separation between the two peaks of the bimodal mass
distribution suggests that 11 deuteriums exchange out in the
very slow phase of exchange. The presence of two distinct and
well separated mass distributions in 1 M GdnHCl at pH 9
further indicates that the size of the cooperative unit, involved
in the global unfolding transition in 0 M GdnHCl at pH 9,
increases upon the addition of denaturant.

■ DISCUSSION
The focus of the present study is to understand the origin of
the cooperativity inherent in the unfolding transition of a
protein and the factors that modulate it. The HX-MS
experiments have allowed a delineation of the ruggedness of
the free energy surface of the protein MNEI under native-like
conditions. Changes in solvent conditions that affect the
stabilities of N and U are found to modulate the energy

landscape and affect the cooperativity of structure-opening
transitions in the protein.

Hydrogen Exchange Takes Place in the EX1 Limit. The
mass distributions obtained in HX-MS spectra provide a
measure of the population distributions, which can directly
distinguish between cooperative and noncooperative transi-
tions.16,27,28,36 Exchange itself is correlated in the EX1 limit (SI
text), and every opening event leads to exchange. Hence,
correlated and cooperative opening of multiple amide sites,
followed by correlated exchange in the EX1 limit, leads to
bimodal spectra in which one peak corresponds to the
exchanged and the other to the unexchanged species.27,28,36

On the other hand, uncorrelated and noncooperative opening
events followed by exchange in the EX1 limit result in unimodal
spectra, corresponding to the exchange of one or two
deuteriums at a time. In the EX2 limit (SI text), a certain
amide site may open and close several times prior to exchange.
Uncorrelated exchange in the EX2 limit therefore leads to
unimodal mass distributions, irrespective of whether the
opening motions are correlated or uncorrelated.16,27 Hence
cooperative and noncooperative openings can be distinguished
from mass distributions describing HX only in the EX1 limit.
But mass spectra resulting from uncorrelated motions followed
by exchange in the EX1 limit would be similar to those
observed in the EX2 limit. Hence, in order to distinguish
between correlated and uncorrelated transitions, it is very
important to establish that exchange does indeed take place in
the EX1 limit. For MNEI, a lack of pH dependence of the
observed exchange rates, for all kinetic phases, in the absence
(Figure 2D) and in the presence (Figure 3C,D, insets) of
denaturant confirms that exchange at pH 8 takes place in the
EX1 limit. The unimodal mass spectra observed for MNEI are
therefore indicative of uncorrelated opening motions, and not
of exchange in the EX2 limit, while bimodal distributions
suggest cooperative opening processes.

Evidence for Multiple Opening Reactions. Exchange in
the EX1 limit also allows a direct determination of the opening
rates for backbone amides (SI text). The fast and slow kinetic
phases of exchange therefore correspond to multiple opening
reactions which occur over widely dispersed time scales
(Figures 2C and 3C), in the presence and absence of
denaturant. The continuous shift in the mass distributions in
both phases, in 0 M (Figure 2A,B) and in 1 M GdnHCl (Figure
3A,B), as well as in 0.5 and 1.5 M GdnHCl (Figure S4), with
no significant changes in width, further indicates that the first
25 deuteriums are lost via uncorrelated opening events. Both
phases are orders of magnitude faster than the global unfolding
rates, expected from fluorescence measurements (Figure 4D),
suggesting that these opening events lead to the sampling of
two partially unfolded forms, I1 and I2, on the native side of the
major unfolding barrier. The lack of denaturant dependence of
the fast and slow rates (Figure 4A,B) indicates that there is no
appreciable change in surface area upon unfolding to I1 and I2.
This is consistent with 1−2 deuteriums at a time becoming
exposed to exchange in multiple uncorrelated steps. Uncorre-
lated openings in the EX1 limit, and a lack of denaturant
dependence, are typically interpreted as local fluctua-
tions.28,33,37 However, in this case the multiexponential kinetics
strongly suggests that partially unfolded forms are sampled at
the end of the fast and slow kinetic phases of exchange. The
relatively slow rates of the fast and slow phases as well as the
wide dispersion in the time scales further indicate that the
uncorrelated openings which result in the transient formation

Figure 6. Hydrogen exchange in 0 M GdnHCl, at pH 9, 25 °C.
Representative spectra are shown for exchange in (A) the first 5 h and
(B) from 7 to 217 h. The solid vertical lines in panels A and B
represent the centroid m/z values for the N state (5 s) and the species
populated at the end of each kinetic phase (see panel C). (C) The
number of deuteriums retained as a function of time of exchange, up to
90 h, fits to a sum of three exponentials corresponding to the rate
constants (2.8 ± 0.2) × 10−2 s−1, (1.2 ± 0.2) × 10−4 s−1, and (2.4 ±
0.6) × 10−5 s−1. The inset shows an expanded view of the first two
phases. (D) The increase in the fraction of unfolded molecules fits to a
single exponential equation with an apparent rate constant of (2.25 ±
0.07) × 10−6 s−1.
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of I1 and I2 are associated with specific structural transitions in
the protein (see below).
Global Unfolding in the Absence and Presence of

Denaturant. In the absence of denaturant, the slowest
exchanging deuteriums open via uncorrelated motions resulting
in unimodal mass distributions (Figure 2A,B). This has been
observed to date only in the case of the turkey ovomucoid third
domain, in which the slowest exchanging sites open by
uncorrelated motions, leading to global unfolding.23,24 But
very interestingly in the case of MNEI, the addition of low
concentrations of denaturant (0.5 M GdnHCl and above)
causes the spectra to become bimodal (Figures 3 and S4), and
the last 14 deuteriums open in a correlated manner, indicating
an increase in cooperativity in the presence of denaturant.
For most proteins, the opening of the slowest exchanging

deuteriums has been observed to correspond to the global
unfolding transition, in terms of ΔGHX, the free energy change
associated with the opening15,38−40 as well as the rate of
opening.41,42 In the case of MNEI, the rate of the very slow
phase of exchange at low GdnHCl concentrations is slower
than the rate of global unfolding expected from extrapolation of
fluorescence-measured unfolding rates to low GdnHCl
concentrations (Figure 4D). It should be noted here that
global unfolding rates at such low GdnHCl concentrations
cannot be ascertained by fluorescence measurements because a
very small percentage of the protein molecules are unfolded at
equilibrium under the native-like conditions used. The
denaturant-dependence of the apparent rate constant of very
slow exchange, at zero and low GdnHCl concentrations,
merges into the denaturant-dependence of the apparent rate
constants of global unfolding at high GdnHCl concentrations,
although a sharp kink is observed in the overall dependence on
GdnHCl concentration. In the case of other proteins for which
unfolding rates measured by HX were found to be slower than
extrapolated global unfolding rates and for which kinks in the
denaturant dependences were similarly observed,12,43 the
observations could be attributed to the population of an on-
pathway unfolding intermediate (see below). The observation
that at 3 M GdnHCl the rates measured by HX and
fluorescence are the same suggests that the rate constant of
very slow transient structural opening measured by HX at low
GdnHCl concentrations corresponds to a rate constant of
global unfolding. It is remarkable that the mean waiting time for
all of the amide deuteriums in the protein to exchange out
through transient structural opening events corresponds to the
mean waiting time for the protein to unfold completely. This
suggests that the transient structure-opening fluctuations that
enable HX are the same fluctuations that lead to global
unfolding of the protein.
An important factor to be considered in all HX experiments

is that local motions that expose backbone amides to exchange
may obscure the observation of actual structure-opening events.
In the EX2 limit of exchange, local fluctuations are typically
identified by the low values as well as a lack of denaturant
dependence of ΔGHX.

15 In the EX1 limit, while structural
transitions are inferred usually from correlated openings which
expose multiple amides at a time, uncorrelated exchange is
typically interpreted as local fluctuations.28,33,37 The strongest
evidence suggesting that the uncorrelated opening events in
MNEI in the absence of denaturant are associated with
structure-opening events is the observation of three kinetic
phases of exchange which are orders of magnitude different
from each other in rates. This indicates that there are at least

three classes of backbone amides in the protein, with three
different mean waiting times of exchange, which are more likely
to correspond to different structural transitions than to local
fluctuations which should ideally have similar waiting times,
when not limited by structure. It has been observed in previous
HX studies that even if local motion exposes only one site at a
time, it can be associated with structural changes that affect
several neighboring residues.44

The significant denaturant dependence of the very slow
phase of exchange (Figure 4D) further indicates that the
protein undergoes a considerable change in exposed surface
area in this phase. The depth of the backbone amides in MNEI
varies from 3.3 Å for amides on the surface of the protein, to
8.45 Å for deeply buried amides. Given that complete exchange
has occurred at the end of the very slow phase observed in 0 M
GdnHCl, it is very unlikely that such deeply buried amides
exchange by local motions which are not limited by the
structure of the protein. These observations therefore make it
very likely that, although the backbone amides open one at a
time during the very slow phase of exchange in the absence of
denaturant, the very slow phase results in the transient
formation of the globally unfolded state. Upon the addition
of denaturant, the very slow phase of exchange manifests itself
in a bimodal mass distribution, and the 14 slowest exchanging
deuteriums that exchange out individually in an uncorrelated
manner in the absence of denaturant now exchange out
together in a correlated manner. Hence the β-sheet structure
encompassed by the sequence stretch between Pro41 and
Ala67 (Figure 5E) appears to unfold noncooperatively in the
absence of denaturant but cooperatively in the presence of
denaturant.

Tuning the Cooperativity of the Global Unfolding
Transition. Under native conditions the U state is extremely
unstable, and hence, insignificantly populated. The global
unfolding reaction appears to be a one-state, uphill, gradual
transition (Figure 2). Upon the addition of denaturant, the
unfolding transition becomes barrier-limited and therefore
cooperative (Figure 3). The possible explanations for the
observed switch in cooperativity are that either the U state is
stabilized or the N state is destabilized upon the addition of
denaturant (Figure 1). There is debate in the literature about
the mode of action of chemical denaturants.26,45−48 A
denaturant has a preferential free energy of interaction with
the U state with respect to the N state because the U state has
more surface area exposed for the denaturant to bind to, than
does the N state.47,49−51 The higher extent of binding to
(association of) the denaturant with the U state can be
expected to lower the free energy of the U state with respect to
the N state.
Upon addition of denaturant, unfolding is accelerated

(Figure 4D), indicating that the transition state becomes
stabilized with respect to the N state. The addition of
denaturant also decelerates folding,30 indicating that the
transition state becomes destabilized with respect to the U
state. Hence upon addition of denaturant, the transition state
must be stabilized less than the U state, with respect to the N
state. Since the transition state will have less surface area
exposed than does the U state, it is expected to be stabilized less
than the U state, with respect to the N state. This is an
important point: it is evident from Figure 1 that a barrierless
transition would switch to a barrier-limited process only if the
U state is stabilized more than the transition state with respect
to the N state, upon the addition of denaturant. This difference
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in relative stabilization therefore leads to the presence of a free
energy barrier that did not exist under strongly folding
conditions (zero denaturant), resulting in two-state-like
behavior. It is remarkable that conditions that are typically
used to decrease the stability of a protein (such as an increase in
denaturant concentration), and to measure the cooperativity of
the unfolding reaction, are themselves responsible for making
the transition more cooperative.52

The Pro41-Ala67 sequence stretch, which spans two β-
strands, constitutes the cooperative unfolding unit in the
presence of denaturant. All 14 deuteriums observed to
exchange in this stretch open via a correlated motion in the
presence of GdnHCl, but exchange gradually in 0 M GdnHCl.
The backbone amides in the Pro41-Ala67 stretch are some of
the most deeply buried in the protein and also have the slowest
rates of exchange, suggesting that this segment is one of the
most stable parts of MNEI and is a part of the core of the
protein. It is expected that the barrier induced in the presence
of denaturant would affect the slowest structural transition
during unfolding.
Global Unfolding at Higher pH. It is evident from Figure

1 that a transition from a one-state to a two-state process can be
effected not only by stabilization of U but also by
destabilization of N. The stability of MNEI decreases by 1
kcal mol−1, with an increase in pH from 8 to 9 (Figure S3),
which has been attributed to a decrease in the stability of N due
to the deprotonation of a buried cysteine residue in the
protein.53 The addition of 0.5 M GdnHCl, which is the lowest
denaturant concentration at which a cooperative global
unfolding transition has been observed in this study, causes a
similar change in stability. A comparison of the exchange
kinetics at pH 8 and 9 should therefore allow a better
understanding of how experimental conditions can modulate
the cooperativity of the global unfolding transition in MNEI. In
the absence of denaturant, at pH 9 (Figure 6), bimodality can
be inferred from a widening of the mass distributions in the
slowest phase of exchange. The observation of peak widening,
and the absence of two distinct mass distributions, suggest that
fewer sites undergo correlated opening, and that the size of the
cooperative unit for unfolding at pH 9, 0 M GdnHCl is smaller
than that for unfolding at pH 8, 1 M GdnHCl. At pH 9, the
addition of denaturant, increases the size of the structural unit
undergoing cooperative transitions, indicated by the observa-
tion of well separated peaks (Figure S5).
Thus, while an increase in pH alone from pH 8 to 9 in the

absence of denaturant also causes an increase in the
cooperativity of unfolding, the size of the cooperative unit is
smaller (seven deuteriums exchange cooperatively) than that
observed upon an increase in denaturant alone from 0 to 1 M
GdnHCl, either at pH 8 (14 deuteriums exchange coopera-
tively) or at pH 9 (11 deuteriums exchange cooperatively).
This indicates that the degree of cooperativity induced by the
increase in pH is less than that induced by the addition of
GdnHCl. It is evident that experimental conditions which
modulate the stabilities of the N and U states to result in similar
free energy differences between N and U induce different
degrees of cooperativity because of different effects on the
structure of the protein.
Kinetic Mechanism of Unfolding under Native-Like

Conditions. In order to describe a kinetic mechanism that
incorporates the N and the U states, as well as the partially
unfolded forms I1 and I2, the mass spectra at all times of
exchange in 0 and 1 M GdnHCl were fit globally using a

MATLAB program, according to both sequential and off-
pathway schemes as described in the SI methods. It should be
noted that the HX data do not explicitly show that I1 and I2 are
sampled sequentially in the course of the protein sampling U
but show only that the intermediates are sampled on faster time
scales than is U. Although a sequential scheme (Scheme S2)
was found to be the simplest mechanism which provides
satisfactory fits to the mass spectra describing HX in 0 and 1 M
GdnHCl, the possibility of an off-pathway mechanism cannot
be eliminated on the basis of the fits alone (see SI text). It is,
however, evident that irrespective of the kinetic scheme, N
exchanges a significant number of structurally protected
deuteriums via multiple opening reactions. While the multi-
exponential kinetics reveals the presence of at least two
intermediates, the time evolution of the mass distributions
shows that the transition to each of the intermediates occurs
through a continuum of states.
The logarithm of the unfolding rate constant is expected to

have a linear denaturant dependence for a “two-state” process,
while deviations from linearity can have multiple implica-
tions,43,54,55 such as a movement of the transition state along a
broad energy barrier56 resulting in a smooth curvature in the
unfolding arm. A sharp kink, as observed in the case of MNEI
(Figure 4D) is, however, indicative of a change in the rate
limiting step of unfolding due to the presence of an on-pathway
protected intermediate.12,43 The shift in the rate-determining
step is caused by a change in the stability of the intermediate
upon denaturant addition. The on-pathway intermediate
cannot, however, be correlated to I1 or I2, at the present time.

Energy Landscape of Unfolding under Native-Like
Conditions. Native state HX experiments have typically been
carried out in the EX2 limit and have provided an under-
standing of cooperativity in the context of thermodynamic
stability. Such studies have identified distinct cooperatively
unfolding units in several proteins, including cytochrome c15

and RNaseH,19 based on discrete ΔGHX values. For some
proteins, such as T4 lysozyme,57 a continuous dispersion of the
ΔGHX values suggested that the N state was in equilibrium with
a multitude of partially unfolded forms. In the case of
Staphylococcal nuclease,58 native state HX data could not
distinguish between different partially unfolded forms due to a
spread in the ΔGHX values. All of these previous studies were
unable to address the question of kinetic cooperativity under
the same experimental conditions because they were carried out
in the EX2 limit: they could not temporally resolve the
sequence of cooperative unfolding events. Hence, these
previous studies carried out in the EX2 limit also could not
show that unfolding can switch from being cooperative to being
noncooperative upon a change in experimental conditions.
Kinetic cooperativity can only be addressed by monitoring
exchange in the EX1 limit.22 In the current study carried out in
the EX1 limit of HX, it has been possible not only to establish
the temporal sequence of unfolding events but also to
demonstrate that the structural transitions during unfolding
can occur in a gradual manner and not in a cooperative manner.
The HX data indicate that U, as well as I1 and I2, are sampled

through a continuum of structure-opening events. Nevertheless,
the overall kinetics of transient opening to I1 and to I2 or to U is
exponential in nature. It should be noted that while a barrier-
limited process will show exponential kinetics, the observation
of exponential kinetics does not necessarily imply that the
process being observed is barrier-limited. In fact, barrier-less
transitions may also show exponential kinetics.6,59,60 The most
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definitive way to establish the occurrence of a continuous
transition is to analyze the population distributions as unfolding
proceeds.17,18 The present work demonstrates that MNEI
undergoes gradual transient unfolding under native conditions:
the mass distributions obtained from HX-MS reveal that when
U is appropriately destabilized, backbone amides lose
protection in an entirely noncooperative manner.
In the absence of denaturant at pH 8, MNEI samples the

globally unfolded state via noncooperative opening motions
which populate a continuum of species between the N and U
states (Figure 7). While the multiple kinetic phases indicate the

presence of discrete intermediates (I1 and I2), the mass
distributions provide evidence of gradual transitions between
these states. Thus, the energy landscape of MNEI is extremely
rugged in native conditions. Since the HX measurements in 0
M GdnHCl were made under equilibrium conditions, the
refolding mechanism should be the reverse of the unfolding
mechanism. The multiple pathways and intermediates involved
in the refolding of MNEI30 as well as the relatively slow time
scales of refolding further imply that there is considerable
roughness in the free energy landscape of this protein.
Under destabilizing conditions, such as upon the addition of

denaturant or an increase in pH, a significant barrier to global
unfolding is induced due to the stabilization of U or the
destabilization of N, respectively (Figure 7). Such a switch has
been observed for several fast folding proteins60−62 which show
apparently two-state folding under destabilizing conditions, and
which switch to one-state downhill folding when the N state is
stabilized by modulating the temperature,63 solvent conditions,
or even the native structure via mutations.64 Highly denaturing
conditions which reduce the activation energy barrier to
unfolding may cause a similar switch to a gradual unfolding
regime, which has been observed before for MNEI.18

Theoretical studies with coarse-grained protein models have

also been able to capture a switch in cooperativity with
stabilization of the unfolded state.65 The all-or-none exchange
of the last 14 deuteriums in the presence of denaturant,
compared to the loss of deuteriums one at a time in 0 M
GdnHCl, further suggests that several small barriers are
smoothened to result in a single activation energy barrier
upon the addition of denaturant.
Kinetic evidence for gradual folding transitions has been

limited to experimental conditions in which the activation
energy barrier was so significantly reduced that folding became
an essentially downhill process. The exchange kinetics of MNEI
under native conditions demonstrates that even for a very slow
unfolding transition, which is limited by a significantly large free
energy difference between the N and U states, unfolding can
take place through a continuum of states.

■ CONCLUSIONS
The present HX-MS study on MNEI sheds light on the nature
of the global unfolding transitions that take place under native
and mildly denaturing conditions. The mass distributions
monitored in the EX1 limit allow uncorrelated openings to be
directly distinguished from correlated motions. Under native
conditions, MNEI diffuses “uphill” along a rugged free energy
surface and samples a continuum of states before sampling the
globally unfolded form. Solvent conditions that stabilize the U
state, such as an increase in denaturant concentration, result in
a cooperative two-state like global unfolding transition over a
significant free energy barrier. The increase in cooperativity
under conditions that stabilize the U state may have evolved to
protect proteins against aggregation. The present study
provides direct experimental evidence for a continuum of
structure-opening events even in the presence of a large free
energy difference between N and U, which slows down
unfolding. It also provides an understanding of how the
experimental conditions that are typically used to study
unfolding transitions in proteins can themselves modulate the
energy landscape resulting in the transformation of a gradual
process into a cooperative transition.
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Figure 7. Free energy profiles of MNEI under native conditions at pH
8 (upper panel) and upon an increase in denaturant or pH (lower
panel). The gray arrows represent the fast and slow kinetic phases
which lead to the formation of I1 and I2, respectively, while the small
black arrows represent the crossing of smaller barriers which make the
landscape rugged. The red arrows correspond to the global unfolding
transition (gray shaded region). It should be noted here that although
a free energy profile such as this implies a sequential pathway, a kinetic
mechanism cannot be assumed.
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■ ABBREVIATIONS

MNEI, single chain monellin; GdnHCl, guanidine hydro-
chloride; HX-MS, hydrogen exchange coupled to mass
spectrometry; ETD, electron transfer dissociation; PUF,
partially unfolded form; ΔGHX, free energy of opening of
structure to hydrogen exchange
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