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ABSTRACT: A major goal of protein folding studies is to
understand the structural basis of the coupling between
stabilizing interactions, which leads to cooperative conforma-
tional change. The goal is challenging because of the difficulty in
simultaneously measuring global cooperativity by determining
population distributions of the conformations present, and the
structures of these conformations. Here, hydrogen exchange
(HX) into the small protein monellin was carried out under
conditions where structure-opening is rate limiting for most
backbone amide sites. Detection by mass spectrometry allowed
characterization of not only segment-specific structure-opening
rates but also the cooperativity of unfolding of the different
secondary structural segments of the protein. The segment-
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specific pattern of HX reveals that the backbone hydrogen-bonding network disassembles in a structurally diffuse, asynchronous
manner. A comparison of the site-specific transient opening rates of secondary and tertiary structure in the protein provides a
structural rationale for the observation that unfolding is hierarchical and describable by exponential kinetics, despite being diffuse.
Since unfolding was studied in native conditions, the sequence of events during folding in the same conditions will be the reverse
of the sequence of events observed during unfolding. Hence, the formation of secondary structural units during folding would
also occur in a non-cooperative, diffuse, and asynchronous manner.

B INTRODUCTION

The cooperativity of protein folding and unfolding reactions is
determined by the structural coupling within a complex
network of stabilizing interactions. If all the intramolecular
interactions are strongly coupled to each other, then unfolding
could conceivably be fully cooperative (or “two-state”),
occurring in an all-or-none manner."”” If the coupling is very
weak, then unfolding could conceivably be completely non-
cooperative (or gradual), occurring through a continuum of
states. If interactions within specific regions of the protein are
coupled, but the interactions between these regions are not,
then different parts of the protein would unfold independently,
resulting in a modular disassembly of the protein molecule.”™"
It is, however, unclear how structural events in different parts of
a protein are coupled in cooperative transitions, or why they are
not coupled in gradual folding/unfolding transitions. To
understand the structural rationale for a cooperative versus a
non-cooperative protein folding transition has been a long-
standing challenge.

Understanding the interplay between the individual struc-
tural events that occur during the folding of a protein, and the
cooperativity of the overall process, remains an experimental
challenge because of the difficulty in concurrently obtaining
high-resolution structural information and monitoring the
cooperativity of the process with the same probe. The best
way to delineate the cooperativity of a folding reaction is to
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monitor the populations of the different conformations present
together and examine whether they interconvert in an all-or-
none or gradual manner, with a change in either the folding
conditions (in equilibrium studies) or the time of folding (in
kinetic studies). One method that can directly differentiate
between cooperative and non-cooperative unfolding transitions
is hydrogen exchange (HX) coupled to mass spectrometry
(MS): HX probes the backbone hydrogen-bonding network in
the protein, providing high-resolution structural information,”’
while MS monitors mass distributions, providing population
distributions of the different conformations present.'*~"*

In native conditions, HX into the small protein single chain
monellin (MNEI) has been shown to be limited by the rates of
transient opening (unfolding) of the structure at individual
backbone amide sites."> The HX-MS experiments revealed that
unfolding occurred through a gradual, one-state transition in
which all backbone amide sites opened in an uncorrelated
manner."? Despite being non-cooperative, the structure-open-
ing transitions were found to proceed in well-resolved
exponential kinetic phases, an observation usually associated
with the formation of structurally distinct intermediate forms
with modular structures. Upon the addition of low concen-
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trations of denaturant, a subset of the backbone amide
hydrogen sites did, however, open to HX in a correlated
(cooperative) manner. MNEI is therefore an attractive system
for studying how local structural changes occurring in different
parts of the protein during folding/unfolding are coupled, and
how this coupling establishes the cooperativity of the overall
folding/unfolding reaction.

MNEI is a small, 97-residue sweet protein which folds and
unfolds in multiple steps with several intermediates and parallel
pathways present.'*™>" Detailed structural characterization of
the sequence of unfolding and refolding events and
intermediate structures is, however, lacking. Native-state thiol
labeling (SX)** has provided information on how site-specific
tertiary packing interactions are lost during unfolding, and has
also revealed the presence of multiple barriers on the unfolding
landscape. Nevertheless, since only four residues were probed
by SX in that study, the continuous nature of the unfolding
reaction, observed in the HX experiments,"* which probed the
entire backbone hydrogen-bonding network in the protein,
could not be observed. Correlation of the kinetics of the loss of
specific packing interactions obtained from the SX data with the
kinetics of the site-specific loss of main-chain structure from
HX data should lead to a better understanding of the extent to
which different intramolecular interactions are coupled during
unfolding.

In the present study, the rates of transient opening of
individual structural elements of MNEI have been determined
by examining the fragments of the protein generated
subsequent to exchange. HX into MNEI is expected to occur
predominantly in the EX1 limit at pH 8, even under native
conditions in the absence of denaturant, because the average
intrinsic exchange rate constant calculated for MNEI is 150 s™*
at pH 8,>* while 90% of the protein refolds at rates which are at
least 100-fold slower.”” Indeed, the majority of the backbone
amides were observed to exchange in the EX1 limit, in good
agreement with previous work.”> Careful analysis of the
exchange kinetics was used to identify the few backbone
amide sites which exchange in the EXX or EX2 limit. A
comparison of the segment-specific opening rates, obtained
from the sites which undergo EX1 exchange, with those
observed for the whole protein reveals that each kinetic phase
of exchange, averaged across the whole protein, is associated
with transient structure-opening events in all parts of the
protein. The diffuse loss of structure under native conditions
suggests a lack of any modular architecture in MNEL A
comparison of the HX data with previously obtained SX data
further reveals that the kinetics of loss of local side-chain
packing interactions, which precedes the dissolution of the
proximal secondary structure in different parts of the protein,
can explain the observation of discrete kinetic phases in a non-
cooperative transition.

B MATERIALS AND METHODS

Protein Purification. MNEI was purified as described previ-
ously.'® The purity (>95%) and mass (11403 + 0.3 Da) of the protein
were checked by electrospray ionization mass spectrometry (ESI-MS).
The protein concentration was estimated using an extinction
coefficient of 14 600 M~! cm™ at 280 nm.'*

Reagents. All experiments were carried out at 25 °C. The reagents
used in the experiments were of the highest purity grade from Sigma.
Guanidine hydrochloride (GdnHCI) of the highest purity grade was
obtained from United States Biochemicals. The exchange buffer, used
to initiate HX, was 20 mM Tris (H,O) at pH 8, and 20 mM phosphate
buffer at pH 7. The quench buffer, used to stop the exchange reaction,
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was 100 mM glycine hydrochloride, containing 8 M GdnHCI, at pH
2.2 on ice. The pH values reported for the D,O buffers were not
corrected for any isotope effect.

Deuteration of MNEI. The protein was deuterated as described
previously."® Briefly, the lyophilized protein, dissolved in 10 mM Tris
(D,0), was incubated at pH 12.6 for S min. The pH was subsequently
dropped to 1.6 and then slowly readjusted to 8 using DCl and NaOD,
respectively. Exposure to pH 12.6 unfolded the protein and allowed
deuteration at all exchangeable sites. The mass of the fully deuterated
protein was checked by desalting the sample with ZipTip and injecting
it directly into the mass spectrometer with a syringe pump.

Hydrogen Exchange Kinetics. The exchange reaction was
initiated by a 15-fold dilution of 500 yuM deuterated protein into
exchange buffer. At different times of exchange at 25 °C, the reaction
was quenched by adding 375 uL of quench buffer to 125 uL of the
exchange reaction, on ice. The final quenched reaction, containing 6 M
GdnHCI, was incubated for 1 min on ice to facilitate subsequent
fragmentation. To ensure uniform processing of samples, this step was
incorporated into experiments with the intact protein as well as with
the fragments. For exchange in 1 M GdnHCI, the denaturant
concentrations in the exchange and quench buffers were adjusted
accordingly.

Sample Processing. The quenched samples were desalted using a
Sephadex G-25 Hi-trap column from GE, on an AKTA basic HPLC
system, and eluted into Milli-Q water, pH 2.6, on ice, in order to
maintain quenched conditions.

Data Acquisition by ESI-MS. After desalting, the samples were
injected into the HDX module (Waters Corp.) of the nanoACQUITY
UPLC system coupled to a Synapt G2 HD mass spectrometer. A final
desalting was achieved by loading the protein onto a CI8 reverse
phase trap column for 1 min at a flow rate of 100 yL/min, in 0.05%
formic acid. The protein was eluted from the trap column in a 3 min
chromatographic run, between 35 and 95% acetonitrile (0.1% formic
acid). The temperature during chromatography was maintained at 4
°C in the Waters HDX cooling module to ensure minimal back
exchange. The parameters used for ionization in ESI-MS were as
follow: capillary voltage, 3 kV; source temperature, 80 °C; desolvation
temperature, 200 °C. A cumulative ion count of >10° was obtained by
combining 40 scans.

Electron-transfer dissociation (ETD) was the chemical fragmenta-
tion method used for generating fragments of MNEI subsequent to
exchange.”* The ETD reagent used for fragmentation of the intact
protein was 1,4-dicyanobenzene. Radical anions of this reagent were
generated using a glow discharge current of 35 pA. A total of 10°
counts of the reagent per scan were obtained using a flow rate of 25
mL/min for the makeup gas (nitrogen). Optimum fragmentation was
observed for the +11 charge state. The instrument parameters for
fragmentation were as follow: sample cone voltage, 30 V; extraction
cone voltage, 4 V; trap wave velocity, 300 m/s; wave height, 0.35 V;
transfer collision energy, ramped from 10 to 14 eV.

In order to confirm the lack of hydrogen/deuterium migration
(scrambling), the instrument parameters used in the present study
were varied systematically to achieve harsher conditions more likely to
cause scrambling. A previous study,” using the same mass
spectrometer and ionization source as that used in the present
study, had carried out an extensive investigation of the parameters that
affect the extent of scrambling, and found that increasing the sample
cone voltage had the maximum effect. Hence, the deuterium retention
in MNE], in 0 M GdnHCI, was measured at different sample cone
voltages in the range of 10—60 V, keeping all other parameters fixed at
the values mentioned above, which were shown to cause minimal
scrambling. Migration of hydrogens/deuteriums prior to fragmenta-
tion should alter the number of deuteriums measured in a given
fragment. As shown in Figure S1, the deuterium retention in each
ETD ion did not vary significantly with cone voltage, at different
exchange times, confirming the lack of scrambling under the present
experimental conditions.

Pepsin Inhibition Assay. The inhibitory action of MNEI on
pepsin activity was checked by digesting a known substrate of pepsin
(SH3 domain of PI3K*®) in the presence of MNEL First, 10 nM

DOI: 10.1021/jacs.6b03356
J. Am. Chem. Soc. 2016, 138, 5866—5878


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03356/suppl_file/ja6b03356_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b03356

Journal of the American Chemical Society

pepsin was incubated with different concentrations of MNEI (1—50
nM) for S min at room temperature. Following this, 1 #M SH3 was
added. After 30 s of incubation, the solution was injected into the mass
spectrometer at 4 °C, to quantify the amount of intact SH3 domain
left.

The fluorescence intensity of a mixture of 20 M SH3 domain and
1 uM MNEI was compared to the additive intensity of each protein
measured separately, in order to determine if MNEI interacts with the
SH3 domain. An excitation wavelength of 295 nm was used, and
emission was collected at 360 nm.

Data Analysis. A. Analysis of ETD Fragments. The centroid
spectra obtained from ETD fragmentation were analyzed using the
BioLynx software to identify the individual ¢ and z ions of the protein
produced by chemical fragmentation. The intensity weighted isotopic
abundances were used to estimate the average mass of each ion. The
number of deuteriums retained in each ion was determined by
comparing the mass of the given ion obtained from an exchanged
protein sample with the mass of the ion obtained from the protonated
protein. Consecutive ¢ and z ions were used to monitor the extent of
exchange in different sequence segments of the protein. For example,
the average mass of the c39 ion (spanning residues 1—40) minus the
average mass of the c4 ion (spanning residues 1—5) yielded the
number of deuteriums retained at the backbone amide sites in the
sequence segment spanning residues 6—40. Table S1 shows how the
ETD ions obtained for MNEI were used to calculate the mass of each
sequence segment of the protein. It should be noted here that even
though multiple subtractions were used to arrive at the mass of a given
sequence segment, none of the subtractions involved overlapping
sequence segments. The mass of a smaller segment was subtracted
from that of a larger one, only when it was completely contained
within the larger segment.

B. Analysis of Gaussian Distributions. The combined spectra were
background subtracted and smoothened in the MassLynx 4.1 software.
The smoothened spectra of each ETD ion were fit to a Gaussian
distribution function in Origin Pro 8 in order to determine the width
(full width at half-maximum), height and centroid of each mass
distribution as a function of time.

C. Analysis of Kinetic Traces. The number of deuteriums retained
in a fragment ion was determined as a function of the time of
exchange, to obtain the kinetic traces for HX into the corresponding
sequence segment in the protein. The traces were fit to a single, double
or a triple exponential equation to determine the rates and amplitudes
of HX into each segment. The percentage of exchange at time ¢, in
each segment, was calculated as

AD,
X 100

total

(1)

where AD, denotes the number of deuteriums that have undergone
exchange at time t in a given sequence segment, and AD,,, denotes
the total number of deuteriums which could be monitored in the same
segment. Hence, the extent of exchange into each segment increases
from 0 to 100% as the protein structure opens. For each of the three
kinetic phases of HX, the mean rate of HX (R) averaged over all the
sequence segments is given by

_ N
X ag, 2)
where @; is the number of amide sites that undergo HX into sequence

segment i and 7; is the observed time constant of HX into sequence
segment i for the same kinetic phase.

R

B RESULTS

Fragments Obtained from ETD of the Intact Protein.
The native state of MNEI was found to be resistant to digestion
by acid proteases such as pepsin, which are usually used to
generate fragments of a protein in HX-MS experiments.””*"
Inhibition assays showed that MNEI is, in fact, an inhibitor of
pepsin activity (Figure S2; see Methods and Discussion). The
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intact protein, after HX, was therefore fragmented by ETD in
the mass spectrometer,” in order to obtain the pattern of HX
into the different secondary structural elements. ETD causes
breakage at N—Ca bonds, resulting in c ions (N terminal half)
and z ions (C terminal half) (Figure S3). The low efficiency of
ETD in fragmenting an intact protein™ resulted in relatively
long fragments. Nevertheless, the entire sequence of the protein
could be covered (Figure 1A). The mass of a sequence segment
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Figure 1. Fragmentation of MNEIL (A) The sequence of MNEI along
with the secondary structural elements, denoted by dark brown arrows
for the S f strands and a light brown bar for the sole a helix, are
shown. The solid colored lines below the sequence indicate the
sequence segments probed by HX-MS, by analyzing the ETD
fragment ions as described in the Methods section. (B) The structure
of MNEI (PDB ID: 1IV7) is shown with the different sequence
segments colored according to panel A. The N and C termini of the
protein have also been marked. The protein structure was drawn using
the program PyMOL.

(Figure 1A) was measured by taking the difference in the
average masses of continuous ¢ or z ions, as described in the
Methods and Table SI. These segments have been mapped
onto the protein structure in Figure 1B. The lack of
intramolecular hydrogen migration (scrambling), which is a
major concern in any chemical fragmentation method,”*** was
confirmed, as described in the Methods.

In the presence of 1 M GdnHCI, cooperative exchange from
two fragments of the protein led to bimodal mass distributions
(see below), which yield two centroid masses for the same c or
z jon. Since it was not possible to subtract the mass obtained
from a unimodal distribution from that obtained from a
bimodal spectrum, opening rates in 1 M GdnHCI could be
obtained for only five of the seven segments probed in the
absence of denaturant.

Segment Specific HX-MS Kinetics in 0 M GdnHCI. The
mass distributions of all the ¢ and z ions, produced by ETD,
subsequent to exchange in the absence of denaturant, were
found to shift in a unimodal manner at all times of exchange
(Figures S4 and SS). Hence, the rates of transient opening to
HX were measured by quantifying the shift in the centroid
values of the individual fragments. The kinetic data obtained
from analyzing the ETD fragment ions, are shown in Figure 2.
The 44 + 1 deuteriums retained in the protein at the earliest
time after which exchange was quenched (5 s) served as
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Figure 2. HX kinetics of different sequence segments of MNEI in 0 M GdnHCI, pH 8. The overall kinetics of HX into the whole protein is shown in
the first panel.'® The deuterium retention of each sequence segment was obtained with respect to time of HX, in the absence of denaturant, from the
ETD experiment, as described in the Methods section. The solid lines through the data represent fits to a single, double or triple exponential
equation. The rate constants and amplitudes obtained from these fits are reported in Table 1. The insets show the first 250 s of data for those
segments which show a change in deuterium retention over that time scale. The dashed vertical lines represent different times of exchange: 3 min

(gray), 8 h (blue), 72 h (red), and 36 days (black).

Table 1. HX Rates and Amplitudes of Different Sequence Segments of MNEI in 0 M GdnHCI, pH 8

Sequence Fast phase Slow phase Very slow phase
segment
Rate Amplitude’ Rate Amplitude’ Rate Amplitude’
(x107%s™") (x107*s™) (x107%s™")
Whole protein” 1£0.5 13+1(33%) | 1.4+05  12+1(31%) | 1.4+0.007 [14+1(36%)
Met1-Glu5 22+0.14 1 - - - -
(BD) (100 %)
Ile6-Ala20 1.9+1.2 2 2.25+0.8 3 - -
(Nterm-ahelix) (40%) (60%)

Val21-Arg40 24+0.2 5 1.4+04 3 35+19 2
(Cterm-ahelix) (50%) (30%) (20%)
Ile6-Arg40 23+04 7 1.3+0.1 7 1.45+0.07 3

(a helix) (41%) (41%) (18%)
Pro41-Ala67 1.3+0.35 3 0.35+0.23 3 0.65+0.16 6
(B2+B3) (25%) (25%) (50%)
Ser68-Tyr80 | 0.7 +0.01 2 0.98+0.18 2 0.58+0.14 4
(p4) (25%) (25%) (50%)
Thr82-Pro97 1.3+0.5 1 2+0.2 3 - -
(BS) (25%) (75%)
Mean Rate 1.5 0.9 0.7
R)°

“Values in italics correspond to the number of deuteriums which exchange; percentage of exchange is reported in brackets. YValues taken from ref
13. “Calculated using eq 2 described in Methods. “The shaded cells correspond to the two segments of the helix which together constitute the Ile6-
Arg40 segment.

structural probes. The loss of information due to back exchange

is negligible in the case of ETD, which occurs within the mass
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spectrometer; consequently, the same number of deuteriums is

monitored for the fragments as for the intact protein'® A
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comparison of the deuterium retention at the S s time point of
exchange and the back exchange sample (which was prepared
by directly quenching a fully deuterated sample, in order to
determine the number of deuteriums lost during sample
processing) revealed that around 28 deuteriums were lost
within $ s of exchange. These backbone amide deuteriums are
likely to have undergone rapid exchange via local fluctuations,
and therefore would not be reporting on structure-opening
events in the protein.

In a previous study,” it had been shown that overall HX into
MNEI occurs in three kinetic phases: 13 + 1 deuteriums
exchange in the fast phase, 12 + 1 in the slow phase and 14 + 1
in the very slow phase. These kinetic phases were attributed to
the formation of two intermediates, I, and I, and the unfolded
state, U, respectively. The exchange rates for most of the
sequence segments monitored in this study compared well with
the three rates of overall HX into the whole protein, and
showed a wide dispersion over S orders of magnitude (Table
1). The mean rate calculated for each kinetic phase (see
Methods), from HX into individual segments, was comparable
to the rate observed for that phase for the whole protein. Also,
for each kinetic phase the total number of deuteriums which
exchanged out from all the segments was found to be similar to
the number observed for the whole protein.

The kinetic data revealed that 1 exchanged out in the fast
kinetic phase, followed by S which completed exchange in the
fast and slow kinetic phases. 2, 33, #4, and the helical segment
(Ile6-Arg40) exchanged out significant fractions of their
backbone deuteriums in all the three kinetic phases. While
the N-terminal half (Ile6-Ala20) of the helix exchanged out in
the fast and slow phases, the C-terminal half (Val21-Arg40) of
the helix opened out in all three phases observed for the full
helical fragment. Thus, the C-terminal half of the helix retained
protection for much longer than the N-terminal half. In order
to interpret the exchange kinetics shown in Figure 2, in terms
of the structural transitions which precede exchange and result
in the formation of exchange competent states, it was important
to establish whether exchange occurs in the EX1 or the EX2
regime.

Mechanism of HX. The exchange regime can be
established by measuring the pH dependence of the observed
exchange rates, ky,, (see SI text). For the intact protein,13 the
pH independence of the exchange rates of all three kinetic
phases, suggested that the observed backbone amide
deuteriums exchange in the EX1 limit. However, a comparison
of the mean rate for each phase may obscure site-specific
differences in the mechanism of exchange. In order to interpret
the exchange kinetics of the individual sequence segments
monitored in this study, it was, therefore, important to
determine the pH dependence of ky,, for each sequence
segment as well.

The exchange kinetics of most sequence segments appeared
similar across pH 7 and pH 8 (Figure S6) and could, therefore,
be fit globally to obtain the exchange rate constants. The only
exception was the Metl-GluS segment, for which the kinetics
was significantly different under the two conditions; hence, for
this segment the kinetics of exchange at pH 7 and pH 8 were fit
separately. For a more quantitative analysis, rate constants
obtained by fitting the kinetic traces of exchange at pH 8
(Figure 2; Table 1) were compared to the rate constants
determined from a global fit of the pH 7 and pH 8 kinetics
(Table S2) in Figure 3. The Met1-GluS segment exchanged 10-
fold slower at pH 7 than at pH 8, which is indicative of
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Figure 3. Comparison of exchange kinetics at pH 7 and pH 8, in 0 M
GdnHCI. The exchange rate constants determined from a global fit of
the kinetics of exchange measured at pH 7 and pH 8 (Figure S6) have
been compared to the rate constants determined from the kinetics at
pH 8 (Figure 2). For the Met1-GluS segment, exchange kinetics at pH
7 (white bar) and pH 8 (gray bar) were fit separately to obtain the
corresponding rate constants of exchange. The error bars represent the
spread in the measurements from two separate experiments. The
yellow and black horizontal lines correspond to rate constants which
are 3-fold and 10-fold slower, respectively, than the mean rate constant
at pH 8. The red arrows indicate the segments for which significant
decrease in rate is observed at pH 7, compared to pH 8.

exchange occurring in the EX2 limit. For the three deuteriums
which exchanged out from the Ile6-Ala20 segment in the slow
phase, the rate constant obtained from the global fit (Table S2)
was 4-fold slower than that obtained from a fit of the pH 8 data
alone (Table 1), as shown in Figure 3. The difference in rates
for all other backbone amide sites was observed to be less than
2-fold, which appears to be within the error of the
measurements.

Any change in the exchange kinetics in the transition from
the EX2 to EX1 limit, ie, in the EXX regime, as the pH is
increased from pH 7 to pH 8, could be expected to manifest
itself as small changes in peak shape which may not be detected
by analyzing the centroids of the mass distributions alone. A
comparison of the widths and heights of the mass distributions
(Figures S7 and S8) ruled out any subtle changes in the mass
distributions across pH 7 and pH 8. The changes in the widths
of the mass distributions during the course of exchange were
less than the changes expected due to random stochastic
exchange,”" and they were the same at pH 7 and pH 8. The
heights varied less than 10% around the mean height, and the
heights and their variation were the same at pH 7 and pH 8.
Simulations of the HX kinetics using 3-fold slower rates (see SI
text) further confirmed that the majority of the observed
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deuteriums in MNEI exchange in the EX1 limit at pH 8. The
observed exchange rates in 0 M GdnHCI are, therefore,
equivalent to the structure-opening rates of the corresponding
backbone amide sites. Since the addition of denaturant further
reduces kg, exchange in the presence of GdnHCl would
continue to be in the EX1 regime.

Segment-Specific HX-MS Kinetics in 1 M GdnHCI.
Comparison of the structure-opening rates across 0 and 1 M
GdnHCI allowed an identification of the opening events which
exposed significant surface area in the protein. In the presence
of 1 M GdnHC], the following observations could be made: (1)
the rates of transient opening of a subset of the observed
backbone amides were affected, and (2) a subset of the
observed deuteriums opened cooperatively. The kinetic traces
for exchange out of the segments corresponding to f1, a helix,
P4, and BS in 1 M GdnHCI are shown in Figure 4. The rate
constants and relative amplitudes for each segment are reported
in Table 2.
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Figure 4. HX kinetics of different sequence segments of MNEI in 1 M
GdnHCI, pH 8. The deuterium retention of each sequence segment
was obtained with respect to time of HX in the presence of denaturant,
in a way similar to that for HX in 0 M GdnHCI. The solid lines
through the data represent fits to a single-, double-, or triple-
exponential equation. The rate constants and amplitudes obtained
from these fits are reported in Table 2. The inset shows the first 250 s
of data for the Ile6-Arg40 segment. The dashed vertical lines represent
different times of exchange: 3 min (gray), 8 h (blue), and 72 h (red).

The kinetics of HX during the fast and slow phases were
largely unaffected by the addition of 1 M GdnHCI, except for a
25% increase in the amplitude of the slow phase, observed for
the 4 (Ser68-Tyr80) fragment (Table 2). For the very slow
phase, the exchange kinetics of deuteriums in the helix (Ile6-
Arg40) were 10-fold faster, while the exchange rates for the
deuteriums in 4 (Ser68-Tyr80) were 100-fold faster in the
presence of denaturant. The addition of 1 M GdnHCI therefore
primarily affected the very slow phase of exchange, in
agreement with previous results.”” For the Ser68-Tyr80
segment, although six deuteriums were observed to exchange
with a rate constant (7.7 X 107> s™!) which is commensurate
with the very slow phase (Table 2), four of these were classified
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under the slow phase of exchange, in order to ensure that the
total number of deuteriums which exchanged from all the
fragments agreed with the number observed to exchange for the
intact protein. The observation that, at the end of the slow
phase (8 h), two deuteriums were left to exchange from the
Ser68-Tyr80 segment (Figure 4) further supports the
conclusion that these sites undergo exchange in the very slow
phase.

The previous study, which monitored overall transient
structure-opening rates for the whole protein,"* showed that
while all observed deuteriums exchange one at a time in 0 M
GdnHC], 14 deuteriums exchange in an all-or-none manner in
1 M GdnHCI. The ETD ions which identified the cooperative
unit have been indicated on the sequence of MNEI in Figure
SA. The Metl-Arg40 and Ser68-Pro97 ions showed unimodal
distributions, while Met1-Thr82 and Asp22-Pro97 showed
bimodal distributions at all time points in the presence of
denaturant (Figure S10). The two forms of each ion giving rise
to the bimodal distribution differed in mass by 14 Da,
indicating that the entire cooperative unit observed in the
intact protein was located in Pro41-Ala67 ($2 and f33). The
rate at which the cooperative unit transiently opens to HX was
determined by measuring the area under the lower mass
distribution (Figure SB) for one of the ions which displayed
bimodality (Asp22-Pro97), and compared well with the rate of
cooperative structure-opening observed for the whole protein."

The observation of the entire cooperative unit, comprising 14
deuteriums, in a single sequence segment (Pro41-Ala67) of the
protein is further strong evidence for the lack of scrambling in
the present ETD study. Intramolecular migration of hydrogens
and deuteriums prior to fragmentation would have precluded
this observation and resulted in smaller cooperative units being
observed in more than one sequence segment of the protein.

In 0 M GdnHCI, the 14 deuteriums in the Pro41-Ala67
segment were observed to exchange in three distinct phases
(Table 1). Of the deuteriums in this sequence segment, 50%,
which exchanged out in the very slow kinetic phase in 0 M
GdnHCI, exchanged out 40-fold faster in the presence of
denaturant (Table 2). On the other hand, 25% of deuteriums in
this sequence segment, which exchanged out at a rate of 0.013
s' in 0 M GdnHCl, were slowed down by 3 orders of
magnitude in 1 M GdnHCl. This was an unexpected
observation, as the addition of denaturant should speed up
and not slow down structure-opening transitions.

The kinetics of overall HX into the intact protein had
indicated that the very slow phase of exchange involved the
opening of 14 amide sites, which opened gradually in 0 M
GdnHCI and cooperatively in the presence of denaturant."
However, the kinetics of HX into the individual segments
showed that the very slow phase of opening actually involves
the opening of an additional seven amide sites (belonging to
the helix and $4) which could not be observed in the mass
spectra of the intact protein. This could possibly be because the
movement of the higher m/z peak could be monitored reliably
only up to 12 h, after which the intensity of the peak reduced
and it merged with the lower mass distribution, thereby
precluding the detection of any further loss of deuteriums from
the higher mass distribution. Since the cooperative unit was
localized to only two of the ETD ions, the additional seven
deuteriums were detectable in the present fragmentation data.

Denaturant Dependence of HX Rates. The kinetics of
HX into the intact protein were measured over a range of
denaturant concentrations, from 0 to 3 M GdnHC], as reported
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Table 2. HX Rates and Amplitudes of Different Sequence Segments of MNEI in 1 M GdnHC], pH 8

Sequence Fast phase Slow phase Very slow phase
segment
Rate Amplitude” Rate Amplitude’ Rate Amplitude’
(x107%s™") (x1074s™) (x107%s™)
Whole 1+£0.5 13+1 1.4+0.5 12+1 3.6+0.8 14+1
protein” (33%) (31%) (36%)
Met1-Glus 5+£2.8 1 - - - -
(BD) (100 %)
Ile6-Arg40 4+14 6 3.5+0.35 5 26+1.5 5
(a helix) (38%,) (31%) (31%)
Pro41-Ala67 - - - - 2.8+0.5 14
(B2+43) (100%)
Ser68-Tyr80 1+£0.4 2 0.77+£0.33 4 7.7+33 2
()] (25%) (50%) (25%)
Thr82- 1.9+0.14 1 624 2 - -
Pro97 (33%) (67%)
B5)
Mean Rate 24 1.5 2.92
R)’

“Values in italics correspond to the number of deuteriums which exchange; percentage of exchange is reported in parentheses. "Values taken from

ref 13. “Calculated using eq 2 described in Methods.
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Figure S. Exchange out from the cooperative unit in the presence of
GdnHCL (A) The peptide fragment map of MNEI is shown with the c
and z ions produced by ETD denoted by colored solid lines beneath
the sequence of the protein. The Metl-Arg40 (red) and Ser68-Pro97
(green) ions remain unimodal, while Met1-Thr82 (blue) and Asp22-
Pro97 (black) show bimodality (Figure S10). These ions were used to
identify the cooperative unit of the protein in 1 M GdnHCI, as
described in the text. (B) The mass distribution for the Asp22-Pro97
ion is shown from 10 min onward for HX in 1 M GdnHC]I, pH 8. (C)
The increase in the fraction of the lower mass species, ie, the
unfolded state, is shown with respect to time. The solid line through
the data is a fit to a single-exponential equation which yields a rate
constant of 2.8 X 107 s7%.
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previously'® and shown in Figure 6. While the rate constants of
the fast and slow phases of exchange showed negligible

100
101 -
102
107
104 —/
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10'7!'|'|'|'|'|'|

01 2 3 4 5 6

[GdnHCI] (M)

Rate constant (s™1)

Figure 6. Denaturant dependence of HX and fluorescence-monitored
rates at pH 8, 25 °C. The gray squares represent the unfolding rates of
MNEI measured by fluorescence (excitation wavelength, 280 nm;
emission wavelength, 340 nm) in the range of 2.5—6.5 M GdnHCL
The solid gray line corresponds to a linear regression fit of the rate
constants determined by fluorescence. The orange squares correspond
to the rate constants of the very slow phase of HX determined in 0—3
M GdnHCI. The solid orange line represents a linear regression fit of
the very slow exchange rates in 0—1.5 M GdnHCL.

dependence on denaturant concentration (data not shown), the
rate constant of the very slow phase of exchange increased
steeply with an increase in denaturant concentration, up to 1.5
M GdnHCI. At all denaturant concentrations, 14 sites were
observed to exchange cooperatively in the very slow phase of
exchange."” A comparison of the very slow HX rates with
unfolding rates monitored by fluorescence further revealed that
the denaturant dependence of the former was significantly
larger than that of the latter. This manifested itself as a kink in
the unfolding arm of the Chevron plot (Figure 6). At higher
denaturant concentrations (3 M GdnHCI), the very slow
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exchange rate showed good agreement with the fluorescence-
measured rates.

Mapping Exchange Rates to the Protein Structure.
The kinetic traces for the individual sequence segments were
used to determine the relative extent of exchange for each
segment and mapped onto the protein structure for different
times of HX, in 0 M (Figure 7) and 1 M GdnHCI (Figure 8).
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% exchange

Figure 7. Sequential loss of secondary structure during transient
unfolding of MNEI in 0 M GdnHCI. The percentages of exchange out
from each sequence segment of fully deuterated native protein were
calculated as described in the Methods and mapped onto the structure
of MNEI in order to obtain the sequence of conformational changes
which expose amide deuterium sites to exchange. The percentage of
exchange is O for the native protein (S s) and 100 for the unfolded
state (36 days). The degree of exchange out is shown at 3 min
(corresponding to the end of the fast phase), at 8 h (corresponding to
the end of the slow phase), and at 36 days (corresponding to the end
of the very slow phase of global unfolding) as well as at intermediate
time points of exchange. HX into the helix is described by the
sequence segments Ile6-Ala20 and Val21-Arg40. §1 is shown in white
to indicate that it was excluded from the analysis of opening rates since
it exchanges in the EX2 limit. The color bar at the bottom indicates
the increase in the percentage of exchange. The deuterium retention
for each sequence segment is reported in Table 1.

The extent of exchange increased from 0% for the N state at S s
of exchange, to 100% for the U state at the final time point of
exchange. Mapping the exchange kinetics onto the structure of
the protein (Figure 7) revealed the temporal order of structure-
opening events accompanying the transient formations of I; (in
3 min), L, (in 8 h), and U (in 36 days).

The presence of 1 M GdnHClI (Figure 8) did not appear to
alter the sequence of partial opening events observed in the
absence of denaturant. A lack of denaturant dependence of the
rates of the fast and slow phases (Tables 1 and 2) indicated that
the transition states preceding I, and I, do not have significant
surface area exposure. It was, however, interesting to note that
the conformation corresponding to the higher mass species
underwent further exchange from 2 to 8 h (Figures SB and 8).
Hence, I, continues to open elsewhere even as it undergoes
cooperative opening of $2—f3 to transiently form the globally
unfolded state, suggesting that the ensemble of structures that
constitute I, is fairly dynamic.

Comparison of HX and SX Experiments. In a previous
thiol labeling (SX) study of the unfolding of MNEL* the
dissolution of tertiary packing interactions was monitored along
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Figure 8. Sequential loss of secondary structure during transient
unfolding of MNEI in 1 M GdnHCI. The percentages of exchange out
from different sequence segments of fully deuterated native protein, at
different times of exchange in 1 M GdnHCI, have been mapped onto
the protein structure. HX into the helix is described by the sequence
segment Ile6-Arg40. 1 is shown in white to indicate that it was
excluded from an analysis of opening rates since it exchanges in the
EX2 limit. The structures of the two populations which differ in the
exchange of the cooperative unit at 2 and 8 h of exchange are shown.
The deuterium retention for each sequence segment is reported in
Table 2.

the helix—sheet interface of the protein. The rates as well as the
free energies associated with the opening of four cysteine
residues (Table S3) were determined under native-like
conditions that were identical to those of the present HX
study, thus allowing a direct comparison of the current HX and
previous SX data.

Figure 9 shows the extents of side-chain SX and backbone
amide exchange, as a function of time, under native conditions.
The transient structure-opening transitions have been defined
in the context of the N state, in which there was 0% side-chain
labeling and backbone amide exchange. The C13 side chain in
the helix was the fastest to get labeled, within 2 s. Since the side
chains in the helix, which were studied, were protected by
packing against the /3 sheet, the opening of C13 could only have
taken place by a fluctuating movement of the helix away from
the sheet. The loss of packing interactions at the helix—sheet
interface was, however, not accompanied by any change in the
extent of HX, indicating that the intra-helical hydrogen bonding
was largely intact when the helix frayed away from the S
strands. Within 3 min, further side-chain packing was lost at the
C42 residue, while f strands 2—S still retained >70% of their
backbone hydrogen bonding. The side chains of C74 and C63,
which were the slowest to get labeled, taking 72 h to do so, also
lost protection against labeling significantly faster than the
backbone hydrogen-bonding network in f strands 2, 3, and 4.
In fact, 2 and $3 had >40% of their deuteriums undergoing
exchange only in the subsequent 36 days. These results indicate
that tertiary packing interactions are lost faster than proximal
secondary structure during transient unfolding under native
conditions.

DOI: 10.1021/jacs.6b03356
J. Am. Chem. Soc. 2016, 138, 5866—5878


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03356/suppl_file/ja6b03356_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b03356

Journal of the American Chemical Society

8h 72h

36 days

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
% exchange

Figure 9. Comparison of HX and SX in 0 M GdnHCI, pH 8. The
extents of side-chain and backbone exposure are shown at various
times of labeling/exchange. The buried residue positions mutated to
cysteine and probed in the thiol labeling study®” are shown as spheres
in the native protein. The thiol side chain of a cysteine residue in an
open (solvent-exposed) conformation is shown as a red sphere. The
degree of exchange of backbone amides, from fully deuterated native
protein, is indicated by the color bar shown at the bottom.

B DISCUSSION

HX experiments provide valuable insight into changes in
secondary structure in different parts of a protein.””">* In
previous studies, ETD was used effectively to determine the HX
pattern at single amino acid resolution, by fragmenting the
peptides produced after pepsin digestion.”> The fragmentation
of MNEI by ETD in the current work is one of the rare
examples of dissociation of intact protein molecules by this
method.’® The structure-opening rates monitored by HX into
MNE], are widely dispersed, and a mapping of these rates on to
the protein structure has allowed a determination of the
hierarchy of unfolding events (Figures 7 and 8).

Identification of the Exchange Mechanism. HX experi-
ments can determine both site-specific stabilities (in the EX2
limit>~°) as well as the temporal order of unfolding events (in
the EX1 limit''~"**%*"*%), For a reliable interpretation of HX
results, it is first essential to identify unambiguously the
mechanism of exchange (see SI text). Mass distributions
obtained in HX-MS experiments are often used to infer the
exchange regime. Unimodal distributions may result from
exchange in either limit, while bimodal distributions only result
from exchange in the EX1 regime.'"”"?

The bimodal mass distributions observed for the very slow
phase in the presence of low concentrations of GdnHCI
(Figure S and ref 13) are, therefore, conclusive proof of HX
occurring in the EX1 limit. Hence, the k, values determined at
these GAnHCI concentrations correspond to k,, values. The
observation that the dependence on GdnHCI concentration of
kgps of the very slow phase extrapolates at zero denaturant to
the value directly measured for kg, in 0 M GdnHCI (Figure 6)
provides strong evidence that exchange occurs in the EXI
regime even in the absence of denaturant, because otherwise
there would not have been any agreement between the
extrapolated and measured values. This was further confirmed
by determining the pH dependence of the kg, in 0 M GdnHCL

5874

pH Dependence of Exchange Rates. For the intact
protein, the exchange rates of all three phases were comparable
across pH 7 and pH 8."" The observation that the exchange
rates are comparable at pH 7 and pH 8 for each of the sequence
segments, except for two segments (Figure 3 and Table S2)
(see Results), for each of the kinetic phases, suggests that HX
does indeed occur in the EX1 limit. It is therefore very unlikely
that HX occurs by local fluctuations at rapidly fluctuating amide
sites distributed all over the protein structure, because that
would occur in the EX2 limit." > Nevertheless, since the rate
obtained for each kinetic phase was a mean rate measured for
multiple deuteriums which exchanged in that kinetic phase, it
was important to consider the possibility that a few of the
amide deuteriums might exchange 10-fold slower (in the EX2
limit) or 3—S-fold slower (in the EXX limit) at pH 7. Such
exchange could be obscured by the presence of multiple
exchanging deuteriums in the relatively long lengths of the
fragments obtained in the present study. Fortunately, the
number of exchanging deuteriums in each sequence segment
was split among three kinetic phases at both pH 7 and pH 8.
For example, even though a total of eight deuteriums were
observed to exchange from the Ser68-Tyr80 segment in 0 M
GdnHCI (Table 1), only two were found to exchange in each of
the fast and slow phases, at both pH 7 and pH 8. This served to
effectively improve the resolution of the present study, despite
the lengths of the segments observed. Moreover, if one or two
deuteriums exchanged with different rates at pH 7 and pH 8 by
the EX2 mechanism, even though the mean rate for a given
kinetic phase of a segment of the protein would not change
significantly, the number of deuteriums which exchange in that
phase would reduce. Hence, a further strong indication that
most observed deuteriums exchange in the EX1 limit is the
observation of similar amplitudes of each kinetic phase at pH 7
and pH 8 (Table S2). The kinetic traces simulated with 3-fold
slower rate constants (Figure S9, see Results) show that, while
a few of the 44 deuteriums observed in the present study might
exchange in the EXX regime, the bulk of the backbone amide
sites exchange in the EXI1 limit in 0 M GdnHC], in an
uncorrelated manner (see below).

Cooperativity of Unfolding of Individual Secondary
Structural Elements. The cooperativity of transitions can be
directly determined in the EXI1 limit by analyzing mass
distributions. A bimodal mass distribution, observed for
MNEI in the presence of denaturant, is indicative of the
presence of two populations of exchange competent species
which interconvert via the cooperative opening of multiple
amide sites. On the other hand, a unimodal distribution which
shifts in mass with time, observed for MNEI in the absence of
denaturant, is indicative of one or two deuteriums opening at a
time in an uncorrelated manner.'>"* Previous studies with high-
resolution structural probes had shown that, in experiments in
which the entire protein structure is monitored, important
features can get averaged and obscured, which are revealed only
while observing individual segments or residues of the
protein.”” In HX-MS studies, since mass distributions analyzed
for fragments of the protein correspond to lower charge states
than those observed for the whole protein, the likelihood of
detecting smaller cooperative units, which result in smaller
separation between two peaks in a bimodal distribution, is
greater. In the current study, the unimodal mass distributions of
the individual ions produced by ETD, as well as the constant
widths and heights of the mass distributions at all time points in
the absence of denaturant (Figures S4, S5, S7, and S8), indicate
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that all parts of the protein exchange gradually in 0 M GdnHCL
Hence, in the case of MNEI the lack of overall kinetic
cooperativity observed earlier for the whole protein'® is now
seen to hold true for the individual sequence segments
monitored. The unimodal mass distributions also suggest
that, while the structure-opening reactions under native
conditions populate multiple intermediate states, the interven-
ing energy barriers are crossed in a gradual one-state manner,
through a continuum of states.

It is interesting to note that, despite the non-cooperative
nature of the structure-opening reactions under native
conditions, MNEI was completely resistant to pepsin digestion
in the native state. Susceptibility to proteases is generally
indicative of a lack of protected structure,”’ thereby implying
that a completely resistant protein should unfold in an entirely
cooperative manner. It was therefore important to understand
why MNEI was resistant to pepsin digestion. A simple
inhibition assay (Figure S2) showed that MNEI could inhibit
and therefore itself be resistant to pepsin digestion. Hence, the
resistance of the native state of MNEI to pepsin digestion is not
incommensurate with the non-cooperative loss of structure in
the protein: MNEI binds to pepsin not as a substrate, but as an
inhibitor. Indeed, MNEI belongs to the family of cystatin
proteins,*' members of which are known to inhibit other acid
proteases.42

Nature of the Opening Reactions Which Result in
Exchange. Backbone amide sites in a protein can lose
protection via either local fluctuations or global structural
changes.” The faster event would dominate the exchange
process, precluding the detection of the slower reaction by HX.
The exchange of one or two deuteriums at a time in MNEI, in 0
M GdnHCI, suggests that the entire backbone hydrogen-
bonding network in the protein could be dissolving via local
openings at the backbone amide sites. A lack of denaturant
dependence of the rates of the fast and slow phases of exchange
is commensurate with the corresponding opening reactions
causing negligible surface area exposure in the protein.
However, in the case of MNEI, HX has been shown to occur
in the EX1 limit at the vast majority of amide sites; hence, the
local opening events which expose single amide sites at a time
to exchange are structure-opening events, and are unlikely to be
the same as the rapid fluctuations or breathing motions which
are typically identified in the EX2 limit by the characteristically
low free energy and surface exposure changes associated with
them.”>*

Indeed, several of the 44 deuteriums probed in the present
study are deeply buried, making it unlikely that all of these can
exchange via breathing/fluctuating motions of the protein.
Moreover, the observation of three distinct opening rates
indicates the presence of three different classes of backbone
amide deuteriums with characteristic waiting times. The widely
dispersed opening rates, k,, unlike the dispersion in Kk,
measured in the EX2 limit,> are indicative of multiple barriers
which need to be crossed in order to form the exchange
competent species. Furthermore, the coupling between
secondary and tertiary interactions, revealed by a comparison
of SX and HX kinetics (see below), suggests that the multiple
waiting times are associated with the loss of different local
tertiary interactions over different time scales, and not with
kinetically dispersed breathing motions. It should be noted that
local changes which expose little or no surface area have also
been shown to be associated with structural transitions in a
protein.”* Hence, although “local” in terms of a single site
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undergoing exchange at a time, the opening events which lead
to exchange in MNEI under native-like conditions are not
fluctuating/breathing motions, but structural transitions which
occur non-cooperatively.

The denaturant dependence of the observed HX rates of the
very slow phase of exchange provides further evidence to
support the conclusion that exchange in this phase is governed
by global unfolding of the protein (see SI text). The formation
of the globally unfolded state in 0 M GdnHC]I, via uncorrelated
opening of backbone amide sites, one at a time, leads to the
unusual observation of uncorrelated motions resulting in a
significant change in surface area, as indicated by the steep
dependence of k,, on GdnHCI concentration. Uncorrelated
opening of deeply buried residues in the protein core, which
lose protection via structural unfolding, has also been observed
in the case of the turkey ovomucoid third domain'"*” and the
SH3 domain of PI3 kinase.”® It was therefore concluded that,
while the opening reactions in the fast and slow phases of
exchange in MNEI lead to the formation of the intermediates I,
and I,, the very slow phase of exchange is associated with the
formation of U."” This was further confirmed by simulating the
experimentally observed mass distributions, for HX into MNEI
in 0 and 1 M GdnHC], according to a minimal four-state kinetic
model (Figure S11), which incorporates uncorrelated opening
in the EX1 limit.

Structural Heterogeneity under Native Conditions.
Mapping the exchange kinetics of individual sequence segments
on to the structure of the protein (Figures 7 and 8) reveals that
there is no distinct structural unit in MNEL It appears that the
hydrogen-bonding network disassembles in a diffuse manner
from different parts of the protein, at all stages of transient
unfolding. The dispersion of the individual segment-wise rates
around the mean rate for each kinetic phase (Tables 1 and 2)
further indicates that the transient structural changes occur in
parallel, but at slightly different rates in different regions of the
protein molecule, indicating that the loss of structure occurs
asynchronously across the protein structure.

The diffuse loss of secondary structure from all parts of the
protein, during unfolding under native conditions, is in contrast
to the foldon architecture detected in the case of several other
proteins.”*** Kinetic and equilibrium e)iperiments have shown
that for RNaseH* and cytochrome ¢****” cooperative units of
structure are lost in a hierarchical manner during unfolding to
the U state. Nevertheless, a hierarchy of folding/unfolding
events may not always be associated with the presence of a
modular architecture in the protein, as seen here for MNEL In
the case of ubiquitin,*® the turkey ovomucoid third domain,””
and T4 lysozyme,* too, it has been shown that multiple amide
sites with similar opening rates or protection factors are
distributed all over the protein molecule, resulting in
structurally heterogeneous opening transitions. For several
other proteins investigated by NMR,* > residues with similar
thermodynamic stabilities have been found to be structurally
dispersed.

The lack of a modular folding architecture in MNEI suggests
a lack of coupling between the backbone hydrogen-bonding
interactions in and across different secondary structural
elements, thus providing a structural basis for the non-
cooperative unfolding of the protein. Amide sites within most
segments open to HX in multiple kinetic phases indicating that
each of these sequence segments has multiple subsets of amide
hydrogen sites which open on different time scales. The
observation that the unfolding of a secondary structure such as
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a helix or a f§ strand occurs in multiple steps is noteworthy.
Earlier studies had suggested this possibilitg in the case of a few
other proteins®*** and model peptides.”®*” The observation of
diffuse non-cooperative loss of secondary structure across
multiple segments, in parallel, is significant and suggests that
individual secondary structures, or even parts of the same
secondary structural unit, are differentially stabilized by multiple
key tertiary interactions which need to break before secondary
structure can dissolve.

Loss of Local Tertiary Packing Interactions Precedes
Dissolution of Proximal Secondary Structure. A wide
dispersion in rates is observed for the opening of backbone
(Table 1) as well as side-chain (Table S3) structure. Both HX
and SX** experiments reveal the presence of multiple steps in
the dissolution of secondary and tertiary interactions,
respectively. Thus, while both side-chain and main-chain
structures dissolve non-cooperatively in MNEI, it is also
evident from Figure 9 that in all parts of the protein probed by
the SX and HX experiments, the loss of local tertiary packing
precedes the loss of hydrogen-bonding interactions in the
vicinity. This observation suggests that the kinetic pauses
observed during HX into the individual segments correspond to
the waiting times for the breaking of specific tertiary packing
interactions, providing a structural rationalization for the well-
defined kinetic phases.

The sequential loss of tertiary and secondary interactions is
also important in the context of molten globules, in which
tertiary packing is significantly disru?ted while secondary
structure may be largely maintained.”® " Previous studies
have shown that both dry and wet molten globular structures
are populated on the refolding'”*" and unfolding'” pathways of
MNEIL The comparison of the HX and SX kinetics under
native conditions (Figure 9) indicates that, while the
intermediates I) and I, have lost tertiary packing interactions
involving the side chains of C13 and C42, they retain hydrogen
bonding in most secondary structural elements. These
observations indicate that I; and I, have the characteristic
features of a molten globular state which is partially solvated.
Since HX detects structure-opening transitions which expose
amide hydrogen sites to the surrounding solvent, the “dry” and
“wet” regions of the molten globular intermediates are
identified, thus providing a higher degree of structural
resolution compared to the ensemble-averaging probes which
have detected molten globules in past studies.

Structural Rationalization of Multiple Kinetic Phases.
The observation of three well-defined kinetic phases for the
whole protein'® indicated two pauses in the unfolding
transition, attributed to the transient formation of two partially
unfolded intermediates, I; and I,. The mechanism of transient
opening of structure to HX, on consideration of overall
exchange into the whole protein, was found to be describable
by a sequential mechanism in which I, and I, are on-pathway to
the U state (Figure S11). The well-resolved exponential kinetics
of exchange had therefore suggested a stepwise transition which
involves the opening of modular units of structure in the
protein.

However, the uncorrelated opening of all backbone amide
sites in 0 M GdnHCI was indicative of several independent
opening events. The kinetic heterogeneity suggests that the
intermediates I, and I, may be ensembles of structurally
heterogeneous conformations. The observation of discrete
steps therefore might seem inconsistent with the kinetic
heterogeneity detected in the same experiment. Uncorrelated
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opening alone cannot preclude the presence of a modular
structure in the protein, since residues which unfold non-
cooperatively may either be dispersed all over the protein
structure””*" or be localized to specific parts of the protein.’’

In the present study, the diffuse loss of secondary structure,
indicated by the uncorrelated opening of backbone amide sites
in the whole protein, reveals the structural heterogeneity
associated with kinetic heterogeneity. The multiple kinetic
phases appear to be a result of differential stabilities of subsets
of backbone amide sites in the protein. It is also evident that
specific tertiary packing interactions contribute significantly to
the differences in the stabilities of the subsets of the amide
hydrogen sites, resulting in the observation of well-resolved
kinetic phases, despite the inherent heterogeneity.

Folding in Native Conditions Will Also Be Diffuse and
Asynchronous. Since the HX experiments have been carried
out under native conditions, the sequence of structural events
during refolding must occur in the exact reverse order of the
sequence of unfolding events. The structural data obtained for
unfolding in 0 M GdnHCI therefore delineates the order in
which secondary structural elements are formed during
refolding in 0 M GdnHCI. Moreover, the refolding reaction
will also be as structurally and kinetically heterogeneous as the
unfolding reaction. The current results therefore provide a
structural rationale for the complex mechanisms delineated for
the foldin% and unfolding of MNEI with ensemble-averaging
probes.">""""7*! The ruggedness of the energy landscape,
delineated by the one-state uphill unfolding transition"® would
also be responsible for the slow time scales of refolding
events.' !

Finally, it is interesting to note that the functional residues in
MNEI, which are responsible for binding to sweet taste
receptors, are dispersed across all secondary structural elements
of the protein.’” The folding mechanisms of proteins often
show a significant effect of a folding—function trade-off.*> Given
the absence of modular architecture and structural patterning
observed in the present study, the presence of functional
residues all over the protein, instead of in clusters in specific
parts of the protein, is perhaps not surprising,

Smoothening of the Energy Landscape in the
Presence of Denaturant. Another interesting observation
made in the present study is that the structure-opening rates of
a subset of backbone amides in the Pro41-Ala67 (2 and /33)
sequence segment, decrease upon the addition of 1 M GdnHCl
(see Results). This result was unexpected as the addition of
denaturant invariably increases unfolding rates. A possible
explanation is that the energy landscape becomes smoothened
upon the addition of denaturant (Figure 10). The presence of
large barriers, which usually dominate unfolding transitions,
precludes the detection of local traps which contribute to
roughness of the free energy landscape. In the case of MNE]I,
the barriers corresponding to the fast and slow kinetic phases of
opening for a part of the f2—f3 segment are not observed
upon the addition of denaturant, and exchange at all the amide
sites in this segment becomes limited by a single barrier. The
structure-opening kinetics of the f2—f3 segment provides
direct evidence for the decrease in the roughness of the free
energy landscape upon the addition of denaturant, even in the
presence of a large activation energy barrier to unfolding under
native-like conditions.

Theoretical studies on protein folding show that ruggedness
in the free energy landscape results in slower folding or
unfolding reactions.’*** In the absence of local minima which
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Free Energy

Reaction Coordinate

Figure 10. Smoothening of the energy landscape upon addition of
denaturant. The transition from state A to state D is shown on a rough
energy landscape (brown) and on a smoother landscape (gray). The
blue arrows denote the conversion from A to D via intermediate states
B and C on the rough landscape, while the red arrow denotes the
conversion of A to D on the smoother landscape, limited by a single
barrier. The structure-opening transitions observed in the Pro41-Ala67
sequence segment of MNEI occur via intermediates, on a rough
landscape, in the absence of denaturant. The addition of 1 M GdnHCl
appears to reduce the intervening barriers (corresponding to the black
arrows in the figure), resulting in a smoother energy landscape.

contribute to the roughness, proteins would diffuse quickly over
the landscape, and only the free energy barrier to folding/
unfolding would determine the rate of the process.”® Rugged-
ness on the free energy landscape has been experimentally
observed largely in the case of downhill folding proteins which
fold rapidly without any significant activation energy barrier.”®
Only in some cases has the roughness of the landscape been
quantified for slow folding proteins in terms of internal
friction.””®® The present study provides direct evidence for the
smoothening of a rough energy landscape for a protein which
unfolds in an uphill manner on a very slow time scale, in the
absence of denaturant.

B CONCLUSION

The present study reveals the structural and kinetic
heterogeneity inherent in the unfolding reaction of the protein
MNEL A wide dispersion in the structure-opening rates
monitored by HX-MS has allowed a determination of the
hierarchy of secondary structure dissolution in different parts of
the protein. Mapping the exchange pattern onto the protein
structure makes it evident that the hydrogen-bonding network
dissolves in a structurally diffuse manner, precluding an
unfolding mechanism based on modular loss of structure.
The exchange kinetics also provides direct evidence for
smoothening of a rough energy landscape upon the addition
of denaturant. A subset of backbone amide sites, localized to
two f strands in the protein, which open in a correlated manner
upon the addition of denaturant, constitute the only
cooperative unit in MNEL The dissolution of local elements
of secondary structure appears to be limited by the proximal
tertiary packing interactions, resulting in the observation of
well-resolved kinetic phases, despite the non-cooperative nature
of the unfolding transition.
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