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Abstract

Little is known about how the sequence of structural changes in one chain of a heterodimeric protein is
coupled to those in the other chain during protein folding and unfolding reactions, and whether individual
secondary structural changes in the two chains occur in one or many coordinated steps. Here, the unfold-
ing mechanism of a small heterodimeric protein, double chain monellin, has been characterized using
hydrogen exchange-mass spectrometry. Transient structure opening, which enables HX, was found to
be describable by a five state N « |; — |, < I3 — U mechanism. Structural changes occur gradually
in the first three steps, and cooperatively in the last step. § strands 2, 4 and 5, as well as the a-helix
undergo transient unfolding during all three non-cooperative steps, while f1 and the two loops on both
sides of the helix undergo transient unfolding during the first two steps. In the absence of GdnHCI, only
B3 in chain A of the protein unfolds during the last cooperative step, while in the presence of 1 M GdnHClI,
not only B3, but also B2 in chain B unfolds cooperatively. Hence, the extent of cooperative structural
change and size of the cooperative unfolding unit increase when the protein is destabilized by denaturant.
The naturally evolved two-chain variant of monellin folds and unfolds in a more cooperative manner than
does a single chain variant created artificially, suggesting that increasing folding cooperativity, even at the
cost of decreasing stability, may be a driving force in the evolution of proteins.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

The folding reactions of many small proteins have
usually been studied by ensemble averaging probes
such as fluorescence and circular dichroism, and
found to be describable by a two-state transition
between the unfolded (U) and native (N) states.
These studies have led to the belief that naturally
occurring proteins have evolved to fold in a two-
state manner'~® without populating partially folded
intermediate structures that could potentially aggre-
gate.” Nevertheless, the two-state description does
not preclude the transient population of high energy
intermediates. Indeed such intermediates have

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

been detected, when looked for, by hydrogen
exchange (HX)°'? as well as by sulfhydryl labelling
(SX)'"""2 experiments, and their characterization
has enabled delineation of the sequence of struc-
tural change. Moreover, the folding reactions of
many proteins have been shown to proceed via
the transient population of folding intermediates that
are stable enough to accumulate sufficiently to be
detected.’®"” The limited cooperativity inherent in
the folding reactions of many proteins has made
possible detailed structural characterization of their
folding pathways.

When methods such as time-resolved fluores-
cence resonance energy transfer (tir-FRET),'®2°
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single-molecule FRET?' or hydrogen exchange-
mass spectrometry (HX-MS),'>?*%* are used to
study folding or unfolding reactions, not only can
they reveal the sequence of structural changes, but
they can also identify and quantify the populations
of co-existing conformations. These methodologies
have enabled extreme non-cooperativity to be
observed, which manifests itself as gradual continu-
ous transitions between conformations populated
during folding.?*2® Clearly, folding need not be slo-
wed down by only a single or a few dominant (5—10
kgT) barriers, but may be slowed down by a Iarge
number of distributed small (1-3 kgT) barriers.>*"
Both tr-FRET?**? and HX-MS'® measurements
have proven to be of great utility in revealing the
sequence of structural events, and in bringing out
the lack of cooperativity in the folding reactions of
the small protein monellin in its artificially created
single chain variant, MNEI. MNEI is a single chain
variant of the naturally occurring, double chain mon-
ellin (dcMN), in which the C-terminus of chain B is
covalently connected via a Gly-Phe linker, to the
N-terminus of chain A (Figure 1). The structures of
MNEI and dcMN are virtually identical®**** except
at the linker region (Figure 1). Kinetic studies utiliz-
ing the tr-FRET method have revealed continuous
loss of structure during unfolding.?® It has also
revealed which segments of structure undergo con-
tinuous change.”® The tr-FRET studies have also
revealed how multiple folding pathways of MNEI dif-
fer in the sequence of structure forming events.**’
The HX-MS method has revealed that the unfolding
and refolding reactions are gradual in strongly
refolding conditions in the absence of denaturant,
and gain limited cooperativity in the presence of
denaturant. It has revealed, as has the tr-FRET
method, that the sole helix forms gradually during
folding.*® The HX-MS method has brought out ele-
gantly how the cooperativity of a foIdin399 reaction is
related intimately to protein stability.'?*"*'
Surprisingly, dcMN appears to be more stable
than MNEI when the usual standard state protein

concentration of 1 M is used to calculate the
stabilities of the proteins. The standard free
energy of unfolding, AG° was found to be
6.3 kcal.mol™! and 11.4 kcal.mol~' at pH 8 for
MNEI and dcMN, respectively.'#** It is not known
how the pathways of folding and unfolding of dcMN
differ in structural terms from those of the less
stable MNEI. Nor is it known how the greater appar-
ent stability of dcMN affects the cooperativity of its
folding-unfolding reactions, and whether the lack
of cooperativity observed for MNEI is due to the arti-
ficial linking together, covalently, of the two chains
of naturally evolved dcMN.

Here, HX-MS studies of dcMN have been
carried out to determine the sequence of
structural events during transient unfolding in
native conditions. An important goal was to
resolve whether the (un)folding reactions of the
naturally occurring dcMN lack cooperativity to the
same extent as that of the artificially created
single chain variant, MNEI. The study was also
carried out to test the relationship between
cooperativity and stability, revealed by previous
studies on MNEI. It is shown that the unfolding of
dcMN occurs via three continuous non-
cooperative phases of structure loss are followed
by a final cooperative phase. All the phases of
exchange/unfolding show strong dependences on
denaturant concentration, suggesting that the
partially unfolded intermediates formed transiently
at the end of each kinetic phase are high free
energy intermediates. High resolution segment-
specific structural analysis reveals that only the
B3 strand of chain A of dcMN undergoes
cooperative unfolding in the absence of
denaturant, while all other secondary structural
units complete their transient unfolding during the
three non-cooperative phases. The cooperativity
of wunfolding increases in the presence of

0.6-1 M GdnHCI: the B2 strand of chain B as
well opens up cooperatively along with the 3
strand of chain A.

Figure 1. Structural comparison of MNEI and dcMN. Panel a shows the structural alignment of main chain peptide
backbones of MNEI (in green) and dcMN (in blue and red). Chain B of dcMN is shown in blue, while chain A is shown
in red. The Gly-Phe linker which is shown in pink, joins the two chains of dcMN to yield MNEI. The structures were
drawn using the Pymol software and the PDB ID 1IV7 and 3MON.
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Results respectively. The peak width (FWHM) of the chain
B mass distributions showed a small but
HX kinetics in the absence of denaturant consistent decrease with time of HX. The

difference in peak width between the first and last
timepoints was 2.8 Da which could be explained
by accounting for a decrease in stochastic isotopic

To determine the kinetics of HX into the individual
chains B and A, mass distributions corresponding
to the + 7 charge state (the most intense one) were hetero . . ;

. . - geneity due to fewer deuteriums being
obtained at different times of exchange. The back-  (oaineq at longer times than at initial times of HX
exchange control showed that 49 + 1 deuteriums (Figure 2(g)).*?

were retained by these two chains together. At 5 s The appearance of the low m/z peak at later time

of HX, 33 = 1 deuf[eriums were retained, indicating points for chain A corresponded to the appearance
that 16 + 1 deuteriums were weakly protected and ¢ ;ompletely exchanged chain A. The fractional

gxchanged out ][apriglxt/{ 1The ] remainin% SSBi :j area under this peak increased exponentially with
euteriums, out of which 16 + 1 were in chain B an time (Figure 2(h)). This slowest phase of

17 +1wereinchain A, served as probes for structure. : .
TN ; ; exchange corresponded to transient sampling of
The mass distribution of chain B shifted gradually  y,¢ glogally unfolpded state. The mass dif?eré;nce

to lower mass with time in three non-cooperative between the two well-separated peaks in the
Kinetic phases, remaining unimodal over the entire ;45| mass distribution was 7 + 1 Da, indicating
'ﬂme f OIhHX (Flglér.ets_g(?) an(fd (E)).' (,)An the fothec; that 7 + 1 amide sites opened up cooperatively to

and, the mass distribution ot chain A was foun transiently sample the globally unfolded state. In

to remai?h thpimOQal thand shift graduallty to kllowtgr the case of chain B, the rate constant of transient
mass with time in thrée non-cooperativeé KINelic 4553 ynfolding could not be determined in a

phases, over an initial penqd of (_exchange t|_me similar manner, as its mass distribution remained
(Figure 2(c)), but showed bimodality later during nindal over the entire range of exchange times.
exchange (Figure 2(d)) when exchange occurred s ingicated that all amide deuteriums had
in & cooperative kinetic phase. Figure 2(e) and (f)  gychanged out from chain B, before the slowest

show three well-separated non-cooperative kinetic : :
phases of exchange for chain B and chain A. cooperative phase of HX occurred in dcMN.

2.0
— 055
a 10s N g
— 255 £ 15
50s ::-/
— 120s = L0
180 s ; i
— 400s =
—— 20 min Sos
= ~
D
=
E O : 0.0
e 0 104 5x105  10¢ 10° 10' 102 103 10 105 10¢ 107
=]
—
=
St
2 -
s OB
= 3 1..1"
Z = )
< D
g )
=
2
—— 20 min b1
®
S
=
769 770 771 772 773 774 7(%9 770 0 104 5x105 10° 0 4.0x105 8.0x10° 1.2x10¢

m/z Time of exchange (s)

Figure 2. Hydrogen exchange kinetics of dcMN in the absence of GdnHCI at pH 8, 25 °C. Representative mass
spectra (+7 charge state for both the chains) are shown for the exchange of chain B (panels a, b) and chain A (panels c,
d). The vertical solid lines represent the centroid m/z values for the N state (5 s, red line), U state (10 d, gray line) and for
the intermediate species formed at the end of each kinetic phase of exchange. The plots of the number of deuteriums
retained as a function of time of exchange for chain B (panel €) and chain A (panel f) are fit to the sum of three
exponential equations. The insets show the fast and slow phases of exchange. Panel g shows the dependence of the
peak width (full width at half maximum) of the mass distributions on time of exchange for chain B. The broken line was
drawn by inspection to guide the eye. Panel h shows that the increase in the fraction of completely exchanged chain A,
with time of exchange, fits well to a single exponential equation with a rate constant of (3.4 = 0.3) x 1078 s~". The error
bars show the standard deviations in the data obtained from two separate experiments.
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HX occurred in the EX1 regime

Correct interpretation of HX kinetics data required
accurate determination of whether HX occurred in
the EX1 or EX2 or EXX regime.®'>***¢ The bimo-
dal mass distributions observed during the cooper-
ative phase of HX for chain A suggested that HX
had occurred in the EX1 regime.'?#*°“¢%” The grad-
ual shift in the unimodal mass distributions seen in
Figure 2 suggested, however, the possibility that
HX might have occurred in the EX2 and not in the
EX1 regime, through very localized structural
openings.

To distinguish between the EX1 and EX2
regimes, it was necessary to examine the pH
dependence of the observed rate constants of
HX.** The observed rate constant of exchange in
the EX2 regime is expected to increase 10-fold with
a unitincrease in pH, and to be independent of pH in
the EX1 regime. When the HX reaction was carried
out at pH 7, 8 and 9, the rate constants of each
kinetic phase, for both the chains, were found to
be independent of pH (Figure S1). Thus, for both
the chains, the HX reaction occurred in the EX1
regime in each of the kinetic phases. The observa-
tion that the rate constants of the very slow phase of
HX into chain B and chain A, and the global unfold-
ing rate constant measured only for chain A, were
marginally higher at pH 9 than at pH 7 and pH 8,
can possibly be accounted for by the decreased sta-
bility of dcMN at higher pH.>*

HX kinetics in the presence of denaturant

The equilibrium denaturation midpoint (Cm) of
dcMN is 0.7 M GdnHCI at pH 8, 25 °C and 10 uM
protein concentration (Figure S2). In the presence
of low concentrations of GdnHCI such as 0.2 and
0.4 M, both chains showed exchange behavior
similar to that seen in 0 M GdnHCI. The mass
distribution of chain B shifted gradually towards a
lower m/z as a unimodal peak throughout the
reaction (Figures S3(a), (b), S4(a) and (b)), as it
did in the absence of GdnHCI. Similarly, the mass
distribution of chain A remained unimodal during
the initial phase of exchange shifting gradually
from higher to lower m/z (Figures S3(c) and S4
(c)), but became bimodal when exchange became
cooperative later on (Figures S3(d) and S4(d)).
Chain B exchanged all of its deuteriums in three
non-cooperative kinetic phases characterized by
shifts in a unimodal mass distribution (Figures S3
(e) and S4(e)). The width of the mass distributions
of chain B decreased by 2 Da with time of HX
(Figures S3(f) and S4(f)). The change in peak
width, which was due to fewer deuteriums being
retained at longer times than initial times of HX,
was not very significant. Chain A lost all of its
deuteriums in four kinetic phases: the first three
were non-cooperative (Figures S3(g) and S4(g))
and the fourth slowest phase was cooperative

(Figures S3(h) and S4(h)). The number of
deuteriums that exchanged out cooperatively in
the slowest phase of exchange in chain A
remained constant across the GdnHCI
concentration range of 0 to 0.4 M. Each of these
kinetic phases, as expected, become faster in the
presence of denaturant. No significant change in
the amplitude of each phase was observed across
this concentration range of denaturant (0-0.4 M)
(Tables 1 and S1).

At denaturant concentrations (0.6—1 M) near the
Cm of dcMN, chain B showed a gradual shift in its
mass distribution at initial times of HX (Figures 3
(a), S5(a) and S6(a)), and a broadening in its
mass distribution later on, which could not be fit to
a single Gaussian distribution anymore. Instead,
the mass distributions fitted better to two
Gaussian distributions, indicating more
cooperative structural opening (Figures 3(a), S5(b)
and S6(b)). The high m/z population lost all of its
remaining deuteriums cooperatively, and
completely exchanged-out protein appeared as
the lower m/z population. Figure S7 shows an
increase in the peak width (FWHM) of the isotopic
distribution, which also indicated the cooperative
unfolding of chain B in the presence of 0.6 to 1 M
GdnHCI. On the other hand, chain A exchanged
out in a manner similar to how it exchanged out at
lower GdnHCI concentrations (Figures 3(b), S5(c),
(d), S6(c) and (d)). The dependence of the
number of deuteriums retained on the time of
exchange fit well to the sum of three exponential
equations, for both the chains (Figures 3(c), (d),
S5(e), (f), S6(e) and (f)). The fractional area under
the low m/z mass distribution increased in an
exponential manner with the time of exchange
(Figures 3(e), (f), S5(g), (h), S6(g) and (h). These
results suggested that the exchange happened in
four kinetic phases in these solvent conditions for
both chains B and A: three non-cooperative
phases and a slowest cooperative phase. 4 + 1
deuteriums in chain B, and 7 + 1 deuteriums in
chain A exchanged out cooperatively in the
slowest phase of exchange, with similar rate
constants (Tables 2 and S1).

Denaturant dependence of exchange and
global unfolding rates

Figure 4(a) shows that the rate constants of HX at
all GdnHCI concentrations were the same for
chains A and B, for the fast, slow and very slow
phases of exchange. Consequently, the observed
rate constants of HX for both chains had the same
dependence on GdnHCI concentration. Figure 4
(a) also shows that the slowest cooperative phase
had the same rate constants at 0.6—1 M GdnHCI,
for both chains. This slowest cooperative phase
was not observed for chain B at 0—0.4 M GdnHCI.
The rate constants of exchange/unfolding for all of
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Figure 3. Hydrogen exchange kinetics of dcMN in 1 M GdnHCI at pH 8, 25 °C. Representative mass spectra (+7
charge state for both the chains) are shown for chain B (panel a) and chain A (panel b). The solid vertical lines
represent the centroid m/z values of the N state (5 s, red line), U state (20 h, gray line) and the intermediate species
formed at the end of each kinetic phase. Panels ¢ and d show the dependences of the number of deuteriums retained
on the time of exchange, for chains B and A, respectively. In both cases, the data fit well to the sum of three
exponentials. Panels e and f show that the increase in the fraction of completely exchanged protein with time fits to a
single exponential equation for both chains B and A, yielding global unfolding rate constants of (63.5 + 10.2) x 10~°
s 'and (101 = 2.2) x 10°® s~ for chain B (panel e) and chain A (panel f), respectively. The error bars show the
standard deviations in the data obtained from two independent experiments.

the phases increased with the concentration of
GdnHCI, indicating that unfolding exposed more
solvent-accessible surface area and that the
transition states were stabilized by the denaturant.

The rate constants of global unfolding at higher
denaturant concentrations were also determined
by measurement of intrinsic Trp fluorescence at
pH 7, 8 and 9 (Figure S8). The rate constants of
the slowest cooperative phase seen by HX
measurement at GdnHCI concentrations greater
than 0.6 M, by which both chains A and B
transiently populate the globally unfolded state,
were predicted by the linear extrapolation of the
dependence of the logarithm of the observed rate
constants of unfolding on GdnHCI concentration.
The HX monitored rate constants of global
exchange/unfolding at GdnHCI concentrations
lower than 0.4 M, were found to be slower than
the extrapolated fluorescence-monitored rate
constants of global unfolding, and a downward
kink was observed in the dependence of the
logarithm of the unfolding rate constant on
GdnHCI concentration (Figure 4(b)).

Kinetic simulations of unfolding

The kinetic data indicated that the exchange
occurred in an uncorrelated manner in three
phases, which were followed by a correlated
phase of exchange. The observation that HX
occurred in four kinetic phases, well-separated in
their timescales, suggested that, minimally, the
unfolding mechanism must have four discrete
steps in order to be able to account for the data. It
appeared that fast opening events in one or more
segments of the native structure led to the
transient sampling of a partially unfolded
intermediate |4, that slow opening events led to
the transient sampling of a partially unfolded
intermediate |, and that very slow opening events
led to the transient sampling of a partially unfolded
intermediate 3. The slowest opening events
occurred cooperatively and led to the transient
sampling of the completely unfolded state, U.
Simulations to  different  kinetic = models
incorporating N, 14, I, I3 and U were carried out
(see Sl) to determine the simplest scheme that
could account for the time course of change in the
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Figure 4. Dependences of the rate constants of the different kinetic phases of HX at pH 8, and of intrinsic Trp
fluorescence-monitored global unfolding, on denaturant concentration. In both cases, data were collected at 10 uM
protein concentration. The red and blue symbols denote the observed rate constants for chains A and B, respectively.
(a) Open symbols represent the rate constants of exchange measured from the shift in the centroid m/z of the mass
distributions with time. A, A, the rate constants of the fast phase of HX; [J, [, the rate constants of the slow phase of
HX; v, v, the rate constants of the very slow phase of HX; A, A, the observed rate constants of transient formation of
the globally unfolded state determined by measuring the increase in the area of the fully exchanged out peak with
time. The solid lines are the linear fits to the dependences of the logarithm of the rate constants of each phase for both
the chains, and have slopes of 0.9 M~ (fast phase), 1.5 M~ (slow phase) and 1.4 M~ (very slow phase). (b) Global
unfolding rate constants monitored by measurement of the change in intrinsic Trp fluorescence at 340 nm (green filled
circles). Red and blue triangles represent global unfolding rate constants determined by HX for chains A and B,
respectively. The solid line through the data is a linear fit to the dependence of the global unfolding rate constants
measured by fluorescence change on denaturant concentration. The dashed line through the data is a global linear fit
of the dependence of global unfolding rate constants measured by HX on GdnHCI concentration. The error bars show

the standard deviations in the data obtained from two independent measurements.

mass distributions of chain A and chain B. Figure S9
shows that the simplest five-state scheme
satisfactorily accounts for the data.

ETD fragmentation of the intact protein

Electron transfer dissociation (ETD) of intact
dcMN was carried out subsequent to HX, in order
to obtain  high-resolution, = segment-specific
structural information. ETD generates c ions (N-
terminal peptide fragments) and z ions (C-terminal
peptide fragments) by the breakage of the N-C,
bond,*® with minimal hydrogen scrambling.*® As
dcMN is composed of two non-covalently bound
chains, which get separated from each other during
the chromatographic run, the chains were frag-
mented sequentially and the peptides were identi-
fied. Reliably identified ¢ and z ions were mapped
on to the sequence of the protein (Figure S10). Four
ions from each chain were considered, in order to
determine the patterns of HX into the different
sequence segments. Individual sequence seg-
ments, into which the extent of exchange was deter-
mined, are listed in Table S2.

Kinetics of HX into different sequence
segments in zero denaturant

In the absence of denaturant, the sequence
segments of chain B, 1-5 (1), 6-13 (loop
between 1 and a1 and N-terminal of a-helix), 14—
25 (a-helix), 26—35 (loop between a1 and $2) and
36-51 (B2), represented by the c4, ¢34, z37 and
z26 ions, respectively, opened up non-
cooperatively as evident by the gradual shift of the
mass spectra from high mass to low mass, with
time of HX (Figure S11). The sequence segments
of chain A, 52-56 (short loop before 3), 64-76
(B4) and 77-96 (B5), represented by the c4, z32
and z19 ions, respectively, also showed non-
cooperative structure opening (Figure S12).
However, the sequence segment 57-63 (B3)
represented by the c26 ion, showed cooperative
structural opening as indicated by the bimodal
mass distribution during the slowest phase of HX
(Figure S12).

The shift of the centroid of the mass distributions
of the individual fragments was measured as a
function of time of HX, in order to determine the
rate constants of the transient opening events. In
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Table 1 Rate constants of HX in the absence of denaturant at pH 8, 25 °C?

Fast phase of Slow phase of Very slow phase of | Slowest phase of
non-cooperative non-cooperative non-cooperative cooperative
Sequence exchange exchange exchange exchange
segment
Rate Rate Rate Rate No. of
constant Amplitude’ constant Amplitude’ constant Amplitude® | constant D
(x102s1) (x 10 s1) (x 100 s1) (x 100 s1)
Intact chain B 2.0£0.2 6.0+£0.2 3.1+£1.0 45+0.1 9.0+£1.3 4.0+0.2 B
(1-51)
1-5 6.0+2.6 0.5+0.2 71.1£22.2 0.3+0.15 158+ 11.5 0.06 £ 0.02 _
B
6-13
(loop1 + N-term 20+1.5 1.2+0.2 4.8+22 0.3+0.07 _ _
a-helix)
14-25
(a-helix) 1.1+0.6 1.6+0.3 1.4+0.6 2.1£0.1 84+28 22+0.3 _
26-35
(loop between 4.6+2.0 1.8+ 0.6 _ B B
al - B2)
36 -51 _
B2) 2.0+0.7 20+04 58+2.6 1.0+£0.3 9.0+£2.0 1.8+0.1
Mean _
rate€ 1.85 2.13 8.72
Intact chain A 0.6£0.2 25+0.5 2.5+0.24 3.6+04 9.0+1.5 3.1+£0.3 34+03 7£1
(52-96)
5256 -
(short loop 0.5+0.5 0.3+0.1 23+£23 02+0.1 9.0+ 1.0 0.3£0.1
before B3)
57-63
B3) 3.0+02 6+1
64176 ~
B4 0.6 +0.06 1.0+0.14 24+1.0 0.72+0.2 6.0+1.6 32+0.15
77-96 ~
BS) 0.72+0.2 1.3+£0.2 1.7+ 0.6 1.4+0.1 7.0+0.1 0.64+0.1
Mean —
i 0.64 1.92 6.3

#The values in the white and grey coloured rows were obtained for HX into chains B and A of dcMN, respectively.
®Values correspond to the number of deuteriums undergoing exchange in each phase.
®Calculated using Eq. (1) described in the Materials and Methods section.
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Figure 5. Kinetics of HX into different sequence segments of dcMN in the absence of denaturant at pH 8, 25 °C.
Panels a, b, c, d, e, f, g, and h show the number of deuteriums retained as a function of time, by the sequence
segments 1-5, 6-13, 14-25, 26-35, 36-51, 52-56, 64—76 and 77-96, respectively. The solid lines in all the panels
represent a single, double or triple exponential fit to the data. The insets show the first two phases of HX for those
sequence segments into which exchange occurs in three kinetic phases. The number of deuteriums retained by each
sequence segment at any time of HX were calculated in a similar manner as was done for the intact protein (see
methods). Panel i shows the increase in the fraction of the completely exchanged segment, 57-63, with time. The
solid line through the data is a fit to a single exponential equation. The relative amounts of the completely exchanged
segment were obtained by deconvolution of the bimodal mass distributions shown by the c26 ion that spans the 3
strand of chain A. The kinetic parameters obtained from the fits are listed in Table 1. The error bars represent the
standard deviations in the data obtained from three independent experiments.

the case of the fragment that showed bimodality,
the bimodal mass distribution was deconvoluted to
high mass and low mass distributions, and the
increase in the fractional area under the low m/z
peak was measured in order to determine the
transient structure opening rate constant of that
fragment. The kinetic parameters of the transient
opening events of different sequence segments in
the absence of denaturant are listed in Table 1.
For each chain, the sum of the deuteriums
retained in the ETD fragments at 5 s of HX
matched the number of deuteriums retained in the
intact chain. This suggested that no scrambling of
the amide deuteriums happened during the
fragmentation of the protein inside the mass
spectrometer. Moreover, the total number of
deuteriums that exchanged out in each kinetic
phase from individual segments of a particular
chain, matched the number of deuteriums that
exchanged out from the intact chain (see Table 1).

Intact chain A exchanged out in three non-
cooperative phases and one cooperative phase,
while intact chain B exchanged out in three non-
cooperative phases in the absence of denaturant
(Figure 2). The sequence segments of chains A
and B also opened up in multiple kinetic phases.

The sole a-helix and B2, B4 and B5 unfolded in
three non-cooperative kinetic phases, and the
short loops, 6-13 and 26—-35, exchanged out in
two and one kinetic phases, respectively.
Although B1 (1-5) and short loop 52-56 opened
up in three kinetic phases, the majority of their
deuteriums were lost only in the fast kinetic phase.
The remaining B-strand, B3, exchanged out in the
slowest cooperative phase of HX (Figure 5).

The mass distributions of the c4, z32 and z19 ions
of chain A were unimodal at all times of exchange,
while only the ¢26 ion showed a bimodal mass
distribution (Figure S12). When the sequences of
these ions were mapped on to the sequence of
the protein, it was evident that only the residues of
the B3 strand opened up in a correlated manner in
the slowest phase of HX (Figure 5(i)). The rate
constant of this cooperative phase also agreed
well with the rate constant of the global unfolding
phase of intact chain A. The number of
deuteriums undergoing exchange in the
cooperative phase was also the same for the c26
ion and the intact chain A (Table 1). Hence, the
slowest opening residues were found to be
located in the B3 strand, and exchanged out only
during the global unfolding of the protein.
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Figure 6. Kinetics of HX into different sequence segments of dcMN in the presence of 1 M GdnHCI at pH 8, 25 °C.
Panels a, b, d, e and f show the number of deuteriums retained as a function of time by the sequence segments 1-5,
6-35, 52-56, 64—76 and 77-96, respectively, whereas panels ¢ and g show the increase in the fraction of completely
exchanged segments, 36-51 and 57—63, with time. The solid lines through the data in all the panels represent either a
single (c and g) or double (a and e) or triple (b, d and f) exponential fit to the data. The insets show the first two phases
of HX for those sequence segments into which exchange occurs in three kinetic phases. The number of deuteriums
retained by each sequence segment at any time of HX was calculated in a manner similar to that for the intact protein
(see methods). The relative amounts of completely exchanged segment were obtained by deconvolution of the
bimodal mass distributions shown by the z37 (panel c) and c26 (panel g) ions that span the 2 strand of chain B and
the B3 strand of chain A, respectively. The kinetic parameters obtained from the fits are listed in Table 2. The error
bars represent the standard deviations in the data obtained from three independent experiments.

Kinetics of HX into different sequence
segments in the presence of 1 M GdnHCI

The c4 and ¢34 ions from chain B showed a
continuous shift in the mass distribution with time
of HX in the presence of 1 M GdnHCI. But the z37
ion, which showed a unimodal mass distribution in
the absence of GdnHCI, showed a bimodal mass
distribution (Figure S13(a)). Hence, in the
presence of 1 M GdnHCI, the exchange rate
constant of a group of sequence segments had to
be considered, instead of the individual sequence
segments. Thus, the deuterium retention
calculated for (c34—c4) covered the sequence
segment 6-35, which includes the loop between
B1—a1, ol, and the loop between ol1—f2.
Sequence segment 1-5 (1) unfolded in two non-
cooperative  kinetic phases (Figure 6(a)).
Sequence segment 6-35 exchanged out in three
non-cooperative kinetic phases (Figure 6(b))
whose rate constants agreed well with the rate
constants of HX into intact chain B. The rate
constants of these three phases, as well as the
number of deuteriums that exchanged out in each

phase of HX, were also comparable for intact
chain B and its sequence segments (Table 2).

The B2 strand exchanged out cooperatively in the
slowest phase of HX in the presence of 1 M
GdnHCI. The ¢34 and z37 ions share residues
14-35. The ¢34 ion showed a unimodal shift in its
mass spectra for the entire time of HX, while the
z37 ion showed bimodal mass distributions,
indicative of cooperative opening (Figure S13(a)).
Figure 6(c) shows the appearance of the U
population with time of HX; the rate constant of
this phase also agreed well with that of the global
unfolding phase of chain B (Table 2). 4 + 1
deuteriums were lost from B2 in a concerted
manner during global unfolding.

In the case of chain A, the sequence segments
exchanged out in a manner similar to that in the
absence of denaturant. Sequence segments 52—
56 and 77-96 lost their protection in three non-
cooperative kinetic phases (Figure 6(d) and (f)),
while sequence segment 64—76 exchanged out in
two non-cooperative kinetic phases (Figure 6(e)).

Sequence segment 57-63 (B3) was found to
open up in a correlated manner in the slowest
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Table 2 Rate constants of HX in the presence of 1 M GdnHCI at pH 8, 25 °C?

Fast phase of Slow phase of Very slow phase of Slowest phase of
non-cooperative non-cooperative non-cooperative cooperative
Sequence exchange exchange exchange exchange
segment Rate Rate Rate Rate
constant Amplitude® constant Amplitude® constant Amplitude® constant No. of
(x102s7) (x10%s7) (x 106 s (x 106 s D
Intact chain B
a-sm 9.0+3.0 3.1+0.2 76.4 +30.0 33+0.6 344.0 £ 54.7 3.8+04 63.5+10.2 4+1
1-5 35+1.3 0.6 +0.1 9.4+38 0.15+0.03 _ _
BD
6-35
(loop 1 + a-helix 7.0+1.2 25+04 65.0+15.3 14+04 250.0 £ 50.0 52+03 B
+ loop 2)
36-51 70.0+6.0 4+1
B2)
Mean 6.0 41.34 B B
rate‘
Intact chain A
(52-96) 8.0+44 1.5+04 553+73 2.8+0.1 196.0 + 13.0 3.7+£03 100.9+2.2 7+1
52 - 56
(short loop 29+1.0 0.3+0.1 15.7+10.0 0.2+0.12 90.2 +10.1 0.5+0.04 _
before p3)
57 - 63 63.8+4.1 T+1
(B3)
64176 N 702+124 | 08+02 | 125.6+26 | 43+0.1 N
(B4)
77 -96 80+1.3 14+03 30.2+8.0 1.3+£0.2 131.4+42.2 14+03 -
B5)
Mean 6.1 342 123.0
rate‘

3The values in the white and grey coloured rows were obtained for HX into chains B and A of dcMN, respectively.
bValues correspond to the number of deuteriums undergoing exchange in each phase.
°Calculated using Eq. (1) described in the Materials and Methods section.

phase of exchange (Figure S13(b)) with a rate
constant that agreed well with the global unfolding
rate constant (Figure 6(g)). The number of
deuteriums (7 = 1) that exchanged out from the B3
strand during the slowest phase of HX also
remained the same in both the absence and

10

presence of denaturant. The global unfolding rate
constants measured for both the segments 36-51
(B2) and 57-63 (B3) were also in very good
agreement with each other (Table 2).

For each kinetic phase of HX into chain B and
chain A in the intact protein, measured in both the
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absence and the presence of GdnHCI, the mean
rate constant, calculated from the exchange rate
constants of the different segments, agreed well
with the rate constant of exchange measured into
the chains in intact protein (Tables 1 and 2). For
each kinetic phase, the exchange rate constants
of the individual sequence segments were not
identical but were dispersed around the mean rate
constant (Tables 1 and 2), suggesting that
different sequence segments did not lose
structure in a synchronous manner.

Discussion

dcMN undergoes HX in the EX1 regime

The observed rate constants of HX will be the rate
constants of transient unfolding only when HX
occurs in the EX1 regime (see Sl text). The
observation that the rate constants of the fast and
slow non-cooperative phases of exchange of both
the chains are independent of pH in the range 7-9
(Figure S1), suggests that the protein undergo HX
in the EX1 regime for these phases of exchange.
The rate constants of the very slow non-
cooperative phase of both the chains, as well as
the cooperative phase of chain A, show only a 2-
fold increase with an increase in pH from 7 to 9,
which is insignificant in comparison to the
expected 100-fold increase if HX were in the EX2
regime.*>° It is likely that the small increase in
the rate constants of exchange of the two slowest
phases with an increase in pH is due to the

a

decreased stability of dcMN at higher pH.** The
appearance of bimodal mass spectra at the later
phase of exchange also confirms that HX occurs
in the EX1 regime. In fact, HX was expected to
occur in the EX1 regime, because kit (43.3s7 ") is
more than 280-fold faster than the closing (folding)
rate constant, kg (0.15 s~') at pH 7 (see SI). At
pH 8, the folding rate constant is the same as at
pH 7, and HX is even more likely to be in the EX1
regime. In a previous study, it was observed that
MNEI, the single chain homolog of dcMN, also
undersgoes HX in the EX1 regime at pH 8, 25 °
C."%%% In the presence of 0.2-1 M GdnHCI, k for
dcMN will be even slower; hence, HX will continue
to be in the EX1 regime.

Structural loss initially occurs via a
multitude of incremental structure
opening events

The observation (Figures 2 and 3) that mass
spectra shift continuously with time of exchange,
both in the absence and presence of GdnHCI,
suggests that 1-2 amide sites open up to HX at a
time. In other words, the continuous shift in the
peak of the mass distribution is suggestive of
gradual (barrier-less) structural change. The very
large number of crossover points of the mass
distributions (Figures 2 and 3) confirms that
structure opening to HX occurs incrementally via a
multitude of steps that make it close to being
continuous in nature.

0.4

Fraction deuterium retained

0.6 0.8 1.0

Figure 7. Structural change during transient unfolding. The fraction of deuterium retained, which represents the
fractional structural change yet to occur, has been mapped on to the structures of native dcMN for the N state (at5 s
of exchange), the U state (at 12 days of exchange) and the partially unfolded intermediates populated at the end of
each kinetic phase of HX in the absence (a) and presence (b) of denaturant. The separation of the two chains during
the I3 « U transition is not shown. The colour bar at the bottom indicates the fraction of deuterium retained in the
different secondary structural elements. The structures of dcMN were drawn using the Pymol software and the PDB

file ID 3MON.
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Gradual unfolding occurs in three
sequential non-cooperative kinetic
phases followed by cooperative global
unfolding

Gradual unfolding has been shown to be
interrupted by three kinetic pauses (Figure 4(a)),
at each of which a high energy intermediate, I, I»
or ls, is populated transiently (Figure S9). The
observation that the logarithm of the rate constant
of each phase increases significantly with an
increase in GdnHCI concentration (Figure 4(a))
indicates that 14, I, and I3 are the products of
specific structural transitions that cause significant
change in surface area, rather than of local
fluctuations, for which a lack of dependence on
the denaturant concentration of the rate constants
is expected.®'? The fast phase is 50 to100-fold fas-
ter than the slow phase which is 50 to 100-fold fas-
ter than the very slow phase, even in 1 M GdnHCI
where about 87 % of the protein molecules are
unfolded at equilibrium (Figure S2). It is therefore
unlikely that 14, I, and I3 form in competition with
each other on multiple pathways, because then
the flux of molecules unfolding to U would predom-
inantly occur via l4. In support of the intermediates
being transiently populated in the absence of denat-
urant, the plot of the logarithm of the observed rate
constants of unfolding, measured by both HX and
fluorescence, versus GdnHCI concentration, shows
a kink at low (~0.4 M) GdnHCI concentration (Fig-
ure 4(b)). Such kinks denoting the population of
kinetic unfolding intermediates in native-like condi-
tions have also been seen for several other pro-
teins.10,53756

The similarity in the rate constants of the three
non-cooperative phases of exchange for chain A
and chain B (Figure 4(a)), indicates that both the
chains remain associated with each other as the
protein unfolds to intermediates |4, I, and |3, which
must therefore be dimeric intermediates. All
protection against HX is lost during the slowest
cooperative phase, as I3 unfolds to U, because,
presumably, the two chains dissociate transiently
during this phase, and the individual chains
possess no structure®* that affords protection. For
several other proteins, including the RNase H,** tur-
key ovomucoid third domain,>”*® barstar,® ubiqui-
tin,°° RNase A°®' and thioredoxin,®? it has also
been observed that the slowest exchanging amide
sites require global unfolding of the protein to occur,
before they can undergo exchange.

Structural mechanism of unfolding

The capability to determine the time course of
exchange into each segment of both chain B and
chain A (Tables 1 and 2) for which a fragment
could be generated after HX by ETD, allowed the
structure opening events to be described, most
simply, by a [N < |y < I < I3] « U mechanism
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(see Sl). The HX data were found to fit well to this
simple mechanism (Figure S9). It became
possible then to determine a structural mechanism
for unfolding in 0 M GdnHCI (Figure 7(a)) and in
1 M GdnHCI (Figure 7(b)).

The structural mechanism determined for dcMN
(Figure 7) stands in stark contrast to that
suggested for cytochrome ¢,°°° RNase H** and
moPrP.%° For all of these other proteins, each struc-
tural unit (foldon) apparently loses all its structure
independently in only one step, and the foldons
appear to lose their structure in a sequential man-
ner. For several other proteins, including barstar,®®
thioredoxin,’” T4 lysozyme,®* human PrP®> and
mouse Dpl°® foldons have not been observed in
HX NMR studies. It appears that natural selection
has provided multiple solutions to how structure
can develop in protein folding reactions not just
across different proteins, but also for the same pro-
tein.®” Evolution has ensured robustness in folding
by allowing for different mechanisms for structure
to assemble.

In the case of dcMN, the data preclude the
existence of foldons. On the contrary, each
secondary structural unit unfolds in more than one
kinetic phase. It appears that the structure in each
secondary structural unit is stabilized by multiple
specific tertiary (packing) interactions, which break
sequentially in three kinetic phases.'*?* Hence, all
the structure in a secondary structural unit cannot
be lost in one cooperative step. The alternative
explanation is that dcMN utilizes multiple pathways
to unfold, and that each secondary structural unit is
lost in a different step on each pathway. Indeed, the
folding of dcMN has been shown to occur via multi-
ple pathway.®’ Moreover, in the case of the single
chain variant MNEI, multi-site FRET studies®” have
shown that the same structure may be lost early on
one folding pathway and late on another.

Unfolding in the absence of denaturant

Native-state HX studies,®”%:2340:41:43.44,58-62,68,

9 such as the current study, reveal how folding
occurs under physiological conditions in the
absence of any denaturant. In this study using
HX-MS, the structural mechanism of unfolding has
been elucidated both in the presence and in the
absence of chemical denaturant (Figures 7 and
S9). While the kinetic mechanism is the same, the
structures of the intermediates are different at zero
and low denaturant concentrations (Figure 7): sec-
ondary structural elements are lost at different
stages of unfolding, as also seen in the case of
other proteins.?**° The sequence of structure for-
mation during folding will be the exact opposite of
the sequence of structure loss during unfolding
under identical conditions. Hence, the current study
indicates that the structures of folding intermediates
are modulated by chemical denaturant. This result
is important because most studies of protein folding
are carried out in the presence of denaturant, and
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thus the structural mechanism elucidated might be
different from that which would apply under physio-
logical conditions in the absence of any denaturant.

dcMN as a model for binding-induced folding

The folding of dcMN is an example of a binding-
induced folding reaction: the individual chains of
dcMN do not possess any structure in isolation,>*
and acquire structure only after forming an encoun-
ter complex.?” Many partially or completely
unfolded proteins, as well as intrinsically disordered
proteins, fold and acquire structure upon ligand
binding, in order to function in physiological condi-
tions.”®”" For example, the unfolded PI3K SH3
domain folds in the presence of a proline-rich pep-
tide.” The current study, showing that the folding
of dcMN occurs via progressively more structured
folding intermediates, therefore suggests that many
binding-induced folding reactions may occur in mul-
tiple steps, and raises the possibility that the inter-
mediate forms that are populated may themselves
have physiological function because they possess
partial native-like structure.

Modulation of cooperativity upon addition of
denaturant

Earlier studies with both MNEI and the PI3K SH3
domain had shown how the cooperativity of
unfolding can be modulated by changing the
relative stabilities of the N and U states and the
transition state, either by addition of denaturant or
osmolyte, or by changing the pH, or by
mutation.'?33°*1 |n this study, it is shown that
the size of the cooperatively unfolding unit of dcMN
becomes larger when the protein is destabilized
upon the addition of GdnHCI (Figures 2 and 3). It

is perhaps because of the greater hydrophobicity
(Figure S14(a)) and deeper burial (Figure S14(b))
of the residues in B3 compared to those in B2, that
B3 opens up cooperatively in the slowest phase of
exchange in native and native-like conditions. The
strongly protected residues in LysN,® ubiquitin®
and cold shock protein®® also appeared to be more
hydrophobic.

In the presence of 1 M GdnHCI, 4 + 1 deuteriums
in B2, which are protected in I3, exchange out during
the Is < U step in an all-or-none manner
(Figure S13(a) and Table 2). Thus, the structure
of I3, from which cooperative exchange occurs, is
different in the absence and presence of
denaturant. 2 is not protected against HX in I3 in
0 M denaturant, but is protected in the presence
of 1 M GdnHCI (Figure 7). Surprisingly, the 4
amide deuteriums in B2 that lose their protection
only during the slowest cooperative phase of
unfolding in 1 M GdnHCI include 3 that lose their
protection earlier in the fast and slow phases of
transient unfolding in 0 M GdnHCI. The
observation that 3 amide deuteriums in p2
exchange out 100—-1000 fold slower in 1 M than in
0 M GdnHCI, was unexpected because the
denaturant should have promoted faster unfolding.
It suggests that GdnHCI smoothens the energy
barriers by slowing down the fast and slow phases
of exchange into B2 in such a manner that the
effective barrier for these 3 deuteriums to
exchange out is increased.*®

Comparison of the unfolding cooperativity of
dcMN and MNEI

The structures of dcMN and MNEI are virtually
identical to each other (Figure 1). In the case of

AGY(MNED)

AG2(dcMN)

NchN

Figure 8. Comparison of the free energy surfaces of dcMN and MNEI in native conditions. The red and blue dashed

lines represent the N and U energy wells of the proteins,

respectively. The point of intersection of the N and U energy

wells along the reaction coordinate is the position of the transition state. The resultant free energy surfaces are
denoted by the grey lines and were drawn according to the equation, G = —In [exp{—yU (x)} + exp{—yN (x)}], where y

(x) and yy (x) are the parabolic functions describing the

free energies of the U and N wells, respectively, and x is the

horizontal variable. The barrier-limited transition, between the N and U energy wells for dcMN, becomes barrierless

for MNEI, as a consequence of the relative extents to wh
to in the former.

ich the N and U states are destabilized in the latter compared
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MNEI, exchange is completely non-cooperative in
the absence of denaturant.’® In contrast, 7 + 1 deu-
teriums exchange out cooperatively in the slowest
phase of exchange in the case of dcMN in the
absence of denaturant (Figure 2 and Table 1). In
the case of destabilized mutant variants of MNEI
too, 7 amide deuteriums exchange out coopera-
tively in the slowest phase in the absence of denat-
urant and were shown to belong to the sequence
stretch Pro41-Ala67 which spans 2 and p3,*° but
it had not been possible to determine whether they
belonged to B2 or f3.7>*? In the case of dcMN, B2 is
part of chain B, while B3 is part of chain A. Since
only the chain A component of dcMN shows cooper-
ative HX in the absence of denaturant, and since
the number of cooperatively exchanging amide
deuteriums (7 = 1) matches the number of cooper-
atively exchanging amide deuteriums in the desta-
bilized MNEI variants, it is likely that the
cooperatively exchanging deuteriums belong to B3
and not to p2.

When HX occurs in the presence of 1 M GdnHCI,
MNEI and its destabilized variants all have 14
deuteriums exchanging out during the slowest
cooperative phase.* The observation that the num-
ber of cooperatively exchanging amide deuteriums
remains at 7 = 1 in chain A in 1 M GdnHCI in the
case of dcMN (Table 2), indicates that these addi-
tional 7 amide deuteriums are likely to belong to
B2 in MNEI. Indeed, 4 + 1 amide deuteriums of 2
exchange out cooperatively from dcMN in the pres-
ence of 1 M GdnHCI (Table 2).

It has been suggested that the cooperative folding
observed for small naturally occurring proteins is a
product of natural selection, and it has been
observed that small designed proteins have
limited folding cooperativity.””’® While dcMN is a
product of natural selection, MNEI is an artificially
constructed variant. It would appear therefore that
the folding of dcMN is more cooperative than that
of MNEI because evolutionary pressures that mod-
ulate protein function and stability also modulate
protein folding cooperativity.

Kinetic cooperativity depends on
thermodynamic stability

Figure 8 shows how the difference in stabilities of
dcMN and MNEI at the standard state concentration
of 1 M could account for the difference observed in
the cooperativities of their unfolding transitions: the
differences in the stabilities of their N and U states
could make the unfolding of MNEI barrier-less and
the unfolding of dcMN barrier-limited, in native and
native-like conditions (0—0.4 M GdnHCI). The U
state of MNEI is less stable than that of dcMN
because of entropic reasons: it has one chain
while dcMN has two chains. The N state of MNEI
also appears to be less stable than that of dcMN.
Either the covalent linkage of the two chains
introduces strain into, and destabilizes the N state
of MNEI, or the additional two mobile free ends of
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chains A and B entropically stabilize the N state of
dcMN. Not surprisingly, the structure of dcMN
affords protection against HX to fewer amide sites
than does that of MNEI, and the amide sites
protected in dcMN undergo exchange faster than
those protected in MNEL.®

In the absence of any denaturant, the transient
unfolding of MNEI to the U state occurs
completely via three non-cooperative kinetic
phases, while the transient unfolding of dcMN
occurs via three non-cooperative kinetic phases
and one cooperative kinetic phase. In the case of
MNEI, it appears that gradual barrier-less
unfolding pauses at the end of each kinetic phase,
because a specific packing interaction with a high
barrier has to be disrupted before gradual
unfolding can resume.’#?? It is likely that the origin
of the three non-cooperative kinetic phases seen
for dcMN is similar, but it is not known at present
why in the case of dcMN there is an additional
barrier-limited step that retards gradual unfolding.
Nor is it known why B3 loses structure non-
cooperatively in MNEI but cooperatively in dcMN.
It seems that the relative energies of the intermedi-
ates and transition states are modulated in dcMN,
because of its greater overall stability, in such a
manner that its folding is more cooperative than
the folding of MNEL.

It should be remembered that comparing the
stability of heterodimeric dcMN to that of
monomeric MNEI is not straightforward. The free
energy of unfolding of MNEI is independent of
protein concentration. On the other hand, the
dissociation and unfolding of dcMN become more
favorable as the protein concentration is lowered,
in accordance with the Le Chatelier's principle;
hence, the free energy of unfolding will decrease
at lower protein concentration. The free energy of
unfolding of dcMN is 11.4 kcal.mol™' at the
standard concentration of 1 M (Figure S2). It
decreases by ~7 kcal.mol™' when such a
standard solution is diluted by a factor of 10° to
10 uM,”?#° which is the protein concentration at
which the HX reaction was carried out. Since the
free energy of unfolding of 10 pM dcMN is less than
that of MNEI, it is not surprising that the size of its
cooperative unfolding unit, comprising 7 amide sites
in the absence of denaturant, matches that seen for
destabilized mutant variants of MNEI.*® Future
studies will focus on obtaining a better understand-
ing of the correlation between stability and coopera-
tivity in the case of dimeric proteins.

Conclusion

The present HX-MS study structurally delineates
the cooperative and non-cooperative transitions
associated with the unfolding of the naturally
occurring heterodimeric variant of monellin under
native and native-like conditions, as well as under
mildly denaturing conditions. The mechanism of
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unfolding is found to be the same both in the
absence and presence of denaturant. Chain A
unfolds in a cooperative manner while chain B
unfolds in a noncooperative manner in strongly
native conditions (<0.4 M GdnHCI). However, the
extent of the cooperativity of unfolding increases
upon the addition of mildly denaturing
concentrations of GdnHCI (0.6—1 M), where chain
B also exchanges out cooperatively along with
chain A. An analysis of HX into different structural
segments suggested that the 2 and B3 strands,
comprising the core of the protein, unfold in the
slowest cooperative phase. The unfolding of
dcMN is more cooperative than that of MNEI,
which has been rationalized on the basis of their
relative free energies of unfolding.

Materials and Methods

Protein expression and purification

Double chain monellin was purified according to
the protocol described previously.?’ The purity of
the protein was checked by electrospray ionization
mass spectrometry (ESI-MS) and found to be
>95%. The masses of the two chains, determined
by ESI-MS, were found to be 5965.2 Da and
5382 Da for chain B and chain A, respectively, as
expected. The concentration of the protein was
determined by measuring the absorbance at
280 nm, using an absorbance coefficient value of
14,600 M~'cm ™.

Buffers and reagents

All the reagents used here in this study were of
high purity grade, and were purchased from
Sigma. Ultra-pure GdnHCI was obtained from
United States Biochemicals, and was of the
highest purity grade. All the HX experiments were
carried out at 25 °C. Sodium phosphate buffer
(20 mM), Tris buffer (20 mM) and Glycine-NaOH
buffer (50 mM) were used for the labelling reaction
at pH 7, pH 8 and pH 9, respectively. Ice-cold
100 mM Gilycine-hydrochloride buffer containing
8 M GdnHCI at pH 2.2 was used as the quenching
buffer to stop the labelling reaction. The
concentration of GdnHCI in each buffer was
determined by measuring the refractive index of
the solutions using an Abbe refractometer. The pH
values reported for D,O buffers have not been
corrected for any isotope effect.

Fluorescence monitored equilibrium and
kinetic unfolding studies

GdnHCI-induced equilibrium and kinetic unfolding
of dcMN was monitored using a stopped-flow
module (SFM4) attached to the MOS-450 optical
system from Biologic, as described previously.*
An excitation wavelength of 280 nm was used,
and the fluorescence emission was collected at
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340 nm using a 10 nm band-pass filter from Asahi
Spectra. The final protein concentration was 10 uM.

Deuteration of dcMN

Deuteration of dcMN was carried out according to
the protocol described previously for MNEL™
Briefly, the lyophilized protein was dissolved in
D,0 buffer (10 mM Tris, pH 8.2) to a final concentra-
tion of 200 uM. The pH of the solution was then
increased to 12.8 by the addition of 1 N NaOD,
and the protein was incubated for 5 min. Then the
pH of the solution was dropped directly to 1.6 by
the addition of 1 N DCI. Finally, the pH was made
up to 8 by gradual addition of NaOD. dcMN unfolds
at high pH (12.8) and all of its amide sites get
exposed and undergo exchange with solvent deu-
teriums. The mass of the fully deuterated protein
was checked by injecting it directly into the mass
spectrometer and found to be the same every time.
Also, the CD spectrum of refolded, deuterated pro-
tein confirmed that the structure of the protein did
not get significantly affected by the pH jumps (Fig-
ure S15). For ETD experiments, the deuteration
procedure was carried out at 400 uM final protein
concentration.

HX kinetics

For carrying out HX into the intact protein, 7 pl of
deuterated protein in D,O buffer (10 mM Tris, pH
8.2) were mixed with 133 pl of protonated labelling
buffer (20 mM Tris, pH 8). The final protein
concentration during exchange was 10 puM. At
different times of exchange, 125 ul of the
exchange reaction were mixed with 375 pl of
quenching buffer (100 mM Gly-HCI, 8 M GdnHCI,
pH 2.2) on ice to stop the exchange reaction. After
quenching, the final pH of the reaction became
2.6, and the final concentration of GdnHCI was
6 M. The samples were incubated for 1 min under
these quenching conditions. For the back-
exchange control, deuterated labelling buffer was
used instead of protonated labelling buffer. The
back-exchange control sample was examined to
determine the number of deuteriums lost during
the sample processing. These deuteriums were
weakly protected and exchanged out rapidly.

Electron transfer dissociation (ETD) was used to
generate fragments of the protein subsequent to
exchange. For the fragmentation experiment, a
final protein concentration of 20 pM was used.
The higher protein concentration helped to
achieve a better ion count of peptide fragments
obtained from ETD. GdnHCI was added to the
quenching buffer to unfold the protein as it also
increased the ion count upon ETD fragmentation.
The concentrations of GdnHCI in the labelling
buffers and quenching buffers were adjusted as
required when the exchange reactions were
carried out at different final concentrations of
GdnHCI (0.2—-1 M).
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Sample processing for mass spectrometry

After quenching and incubation for 1 min, the
reaction mixture was desalted using a Sephadex
G-25 Hi-trap desalting column from GE,
equilibrated with ice-cold acidic water at pH 2.6
(pH was adjusted using formic acid) attached to
either an AKTA basic HPLC system (GE
Healthcare) or a Postnova AF4 system. The
desalted sample was then injected into the HDX
module coupled to a nanoAcquity UPLC (from
Waters Corporation), and analyzed using a
Synapt G2 HD mass spectrometer (Waters
Corporation). The protein was first loaded on to a
C18 reverse phase trap column using water
containing 0.05% formic acid at a flow rate of
100 pl/min for 1 min. The elution of the two chains
of the protein from the column was done using a
gradient of 35—-95% acetonitrile (0.1% formic acid)
at a flow rate of 40 p/min in 3 min. The
temperature of the entire chromatography
assembly was maintained at 4 °C inside the HDX
module (Waters Corporation) to minimize the back
exchange during the processing of the sample.®*#*

For carrying out ETD, the desalted protein was
injected into the HDX module coupled to a
nanoAcquity UPLC. The protein was first trapped
in a trap column with water containing 0.05%
formic acid at a flow rate of 100 pl/min for 1.5 min.
Chains A and B were separated using an
analytical column (C18 reverse phase), with a
gradient of 35-55% acetonitrile containing 0.1%
formic acid, in 9 min. The separation of the two
chains was necessary as only one precursor mass
could be allowed to undergo ETD fragmentation at
a time.

Data acquisition parameters

The source parameters were set to the following
values for ionization: capillary voltage, 3 kV;
sample cone voltage, 40 V; extraction cone
voltage, 4 V; source temperature, 80 °C; and
desolvation temperature, 200 °C. In between two
consecutive sample runs, 2-3 blank runs were
carried out by injecting only distilled water to
minimize the carry-over from the previous run.

1,4-dicyanobenzene was used as the ETD
reagent to fragment the intact protein. The radical
anions were generated from the ETD reagent
using a glow discharge current of 35 pA, and a
makeup gas (nitrogen) with flow rate of 35 ml/min
was used to obtain reagent ion counts of > 10°
per scan. The + 7 charge states for both the
chains A and B were used to achieve optimum
fragmentation. The other instrument parameters
were set to the following values: trap wave
velocity, 350 m/s; trap wave height, 0.5 V. Source
parameters values were set to those mentioned
above for the intact protein. The transfer collision
energy was ramped from 10 eV to 14 eV in order
to achieve higher ion counts of the fragment ions.
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One precursor mass (+7 charge state for both the
chains) from each chain was allowed one after
another to undergo ETD fragmentation inside the
trap cell for ~60 s, and the fragmentation data for
the two chains were collected in two channels.

The sample cone voltage, which has to be
adjusted correctly to prevent the scrambling of
deuteriums prior to fragmentation,”® was set to
40 V. This voltage was chosen because a previous
study with MNEI, using the same mass spectrome-
ter, had shown that scrambling did not occur when
the sample cone voltage was in the range of 10—
60 V.?®> Fragmentation of dcMN was also carried
out at different sample cone voltages ranging from
30 to 50 V, and the fragments did not show signifi-
cant differences in their deuterium retention across
the range of sample cone voltage used (data not
shown). This indicated that scrambling did not occur
in this condition.

Data analysis

(a) Analysis of intact protein. The protein mass
spectrum at each timepoint was generated by
combining 40 scans, each 1 s long, from the
elution peak of the total ion count (TIC)
chromatogram. Each mass spectrum was then
processed further by background subtraction and
smoothening using the MassLynx version 4.1
software (Figure S16). The highest intensity peak
(the + 7 charge state peak) for both chain A and
chain B, from smoothened spectra, was taken for
further analysis at every timepoint. The signal of
the + 7 charge state peak was normalized by its
total area at each timepoint using the Origin
software. Then the mass distribution was fitted to
either a single Gaussian equation if it was
unimodal, or to the sum of two Gaussian
equations if it was bimodal in nature, and the
width(s), height(s) and centroid(s) of the mass
distributions were determined. The number of
deuteriums retained at a particular time point by
both chain A and chain B was calculated by
subtracting the protonated chain mass from the
mass obtained from the centroid of the mass
distribution. The rate constant of exchange
(opening to HX) was determined by fitting the
number of deuteriums retained versus the time of
exchange plot to a single, double or triple
exponential equation using the SigmaPlot
software (v12.0). The fraction of completely
unfolded protein was obtained by dividing the area
under the lower m/z peak with the total area under
the mass distribution.

(b) Analysis of the fragments generated by ETD.
The mass spectra of the ETD fragments of chains
A and B were generated by combining the elution
peaks of the TIC chromatograms obtained
separately for the two chains. The centroid mass
spectra, obtained from these combined mass
spectra, were analyzed using the Biolynx software
to identify the individual ¢ and z ions of both
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chains. The masses of the individual ions were
calculated from the intensity-weighted isotopic
abundances, and the deuterium retained by each
fragment at a particular time was determined in
the same way as it was done for the intact protein.
The extent of exchange at different sequence
segments were determined by doing multiple
subtractions with consecutive ¢ and z ions. The
operations are summarized in Table S2.

The width, height and centroid of the mass
distribution of each ion generated by ETD were
determined in the same way as was done for the
intact protein (see above). The kinetic traces for
HX into different sequence segments were also
obtained and analyzed in the same way as was
done for the intact protein (see above). The mean
rate constant of HX for each kinetic phase of an
individual chain, averaged over all its sequence
segments, was calculated using following equation:

R 2%
foifi
where «; is the amplitude of a particular kinetic phase,

and 7, is the time constant of the same kinetic phase of
i-th fragment.

(1)

Kinetic simulations

To determine the kinetic mechanism of unfolding,
the mass distributions of the +7 charge state at
different times of exchange, for both chain A and
chain B, were globally fit to a five state kinetic
mechanism using the MATLAB software. The
parameters of the kinetic mechanism were
obtained by simulating mass distributions using
the fminsearchbnd function. The process is
described in detail in the SI methods.
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