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ABSTRACT: A protein unfolding reaction usually appears to be so
dominated by a large free energy barrier that identifying and
characterizing high-energy intermediates and, hence, dissecting the
unfolding reaction into multiple structural transitions have proven to
be a challenge. In particular, it has been difficult to identify any
detected high-energy intermediate with the dry (DMG) and wet
(WMG) molten globules that have been implicated in the unfolding
reactions of at least some proteins. In this study, a native-state thiol
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labeling methodology was used to identify high-energy intermediates,

as well as to delineate the barriers to the disruption of side chain packing interactions and to site-specific solvent exposure in
different regions of the small protein, single-chain monellin (MNEI). Labeling studies of four single-cysteine-containing variants
of MNEI have identified three high-energy intermediates, populated to very low extents under nativelike conditions. A significant
dispersion in the opening rates of the cysteine side chains has allowed multiple steps, leading to the loss of side chain packing, to
be resolved temporally. A detailed structural analysis of the positions of the four cysteine residue positions, which are buried to
different depths within the protein, has suggested a direct correlation with the structure of a DMG, detected in previous studies.
It is observed that side chain packing within the core of the protein is maintained, while that at the surface is disrupted, in the
DMG. The core of the protein becomes solvent-exposed only in a WMG populated after the rate-limiting step of unfolding at

high denaturant concentrations.

he unfolding of at least some proteins' ’~ appears to
commence by expansion of the native protein (N)
structure leading to the transient formation of a dry molten
globule (DMG) intermediate. In the DMG, some tight packing
interactions have broken,® '* but the protein core has not yet
become hydrated.® The principal loss of structure occurs as the
DMG further unfolds with the penetration of water, and
although this may occur by gradual diffusive unfolding of the
protein,'" there is little structural information available for any
protein about the sequence of unfolding events in what appears
to be the rate-limiting step of unfolding to the unfolded state
(U).'** An important unanswered question concerning the
unfolding of a DMG is whether water penetrates into its
structure in an all-or-none manner or whether it does so
gradually. When does the core become fully hydrated? Are
packing interactions lost sequentially or cooperatively? Such
questions are difficult to answer because of the difficulty in even
identifying the presence of high-energy unfolding intermedi-
ates. Characterizing their structures is an even greater challenge.
Intermediates higher in energy than the N, DMG, and U
states undoubtedly exist, but they are too transiently populated
to be studied by conventional spectroscopic methods. Although
they can be stabilized by tuning either the protein sequence by
mutation'>™'* or the experimental conditions,'>'® structural
characterization at high resolution is nevertheless difficult.
Intermediates that are populated at low levels, >0.5%, can now,
however, be characterized on the millisecond time scale by
newer nuclear magnetic resonance (NMR) methods."” The

-4 ACS Publications  © 2014 American Chemical Society

3608

native-state hydrogen exchange (HX) method'®™? can also be

used to detect high-energy intermediates, but it provides
structural information only at the level of the protein main
chain and not side chains. The analogous native-state thiol
labeling (SX)**** method allows characterization of the
intermediate structure at the level of side chain packing and
solvent accessibility. SX methods in general have proven to be
useful in providing site-specific kinetic and thermodynamic
information about the exposure of cysteine side chains
engineered into different parts of the protein, during either
protein folding”>* or unfolding.>”*° The capability of SX
experiments, unlike HX experiments,”' to determine equili-
brium and kinetic data under exactly the same conditions
makes it possible to place structure opening and closing events
in the context of global unfolding and folding events. The
native-state SX method appears to be well suited to the
characterization of the progressive decrease in the level of side
chain packing and increase in side chain solvent accessibility
that occurs when a DMG intermediate unfolds to the U state.

One of the proteins that has been shown to commence
unfolding by transforming to a DMG is the small protein,
single-chain monellin (MNEI), which is derived®' from its
naturally occurring double-chain variant (dcMN).>* In
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monellin, a single a-helix is packed against five antiparallel S-
strands in a p-grasp fold>® The unfolding and refolding
reactions of MNEI have been characterized exten-
sively. ' "?*3*737 In the DMG of MNEI, the a-helix has
moved marginally away from the f-sheet, but little is known
about further unfolding, other than it can occur as a §radual
diffusive process'’ on more than one pathway.'*>*" The
native-state SX methodology can potentially provide structural,
kinetic, and thermodynamic information about the movement
of the a-helix away from the f-sheet in the DMG and upon
further unfolding.

In this study, the native-state SX methodology has been used
on four single-cysteine-containing variants of MNE], in each of
which the cysteine side chain is buried at a different location at
the helix—f-sheet interface (Figure 1A). Three high-energy
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Figure 1. Characterization of the single-cysteine-containing mutant
forms of monellin. (A) Structure of monellin, showing residues A74,
L63, and T13, which were individually mutated to cysteine, as well as
C42, which is present in the wild-type protein. The structure was
drawn from PDB entry 1IV7 using PyMOL. (B) Equilibrium unfolding
transitions of Cys74 (O), Cys63 (A), Cys42 (O), and Cys13 (V) at
pH 8.0 and 25 °C, monitored by fluorescence emission at 340 nm,
upon excitation at 280 nm. The solid lines through the data represent
nonlinear least-squares fits to a two-state unfolding model.

intermediates, populated to very low extents under nativelike
conditions, have been identified. The kinetic and thermody-
namic data obtained have allowed a mapping of these partially
unfolded forms on both sides of the main rate-limiting barrier,
under different denaturant conditions. The rates at which
cysteine residues, located at different locations along the helix—
sheet interface, become accessible to labeling and hence to
solvent are dispersed over a 10°-fold range, indicating that
solvent accessibility increases in multiple steps, and have
allowed the structural events accompanying the unfolding
reaction to be resolved temporally. The cysteine residue in the
a-helix becomes exposed presumably because of the fluctuating
motion of the helix away from the fS-sheet, faster than residues
in the f-sheet. Side chains in the core remain protected until
after the rate-limiting step. The characterization of the kinetics
and/or thermodynamics of site-specific labeling of cysteine side
chains under nativelike conditions has allowed a delineation of
when and how packing interactions are lost during the
unfolding of the DMG, to allow penetration of the solvent
into the core of the protein.

B MATERIALS AND METHODS

Protein Purifications. The method for the purification of
MNEI has been described previously.>® The wild-type protein
(Cys42) has a single exposed tryptophan (W4) residue in the
first f-strand, a single buried cysteine (C42) in the second f-
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strand, and seven tyrosine residues in different parts of the
structure. The single-cysteine-containing mutant proteins,
C42AA74C (Cys74), C42AL63C (Cys63), and C42AT13C
(Cys13), were generated by site-directed mutagenesis and
purified using the same protocol that was used for the wild-type
protein. The purity of each protein was confirmed by mass
spectrometry. The concentrations were determined by
measuring the absorbance at 280 nm, using an extinction
coefficient of 14600 M~' cm™.%

Reagents. All experiments were conducted at pH 8.0 and
25 °C. The reagents used in the experiments were of the
highest purity grade from Sigma. Guanidine hydrochloride
(GdnHCIl) was purchased from USB and was of the highest
purity grade. Native bufter contained 100 mM Tris and 500 yM
EDTA, and unfolding buffer contained, in addition, GdnHCL
Concentrations of GdnHCI solutions were determined by
measurement of the refractive index on an Abbe 3L
refractometer from Milton Roy. Concentrations of the stock
solutions of PDS and DTNB were measured using their molar
absorption coefficients at 247 nm (&,,, = 16300 M~ cm™") and
325 nm (&5,5 = 17380 M™' em™), respectively.”®~*° All buffers
and solutions were filtered through 0.22 ym filters and degassed
before being used.

Fluorescence-Monitored Equilibrium and Kinetic
Studies. GdnHCl-induced equilibrium unfolding transitions
were monitored on the stopped-flow module (SFM 4) from
Biologic. An excitation wavelength of 280 nm was used, and
emission was collected at 340 nm using a 10 nm band-pass filter
(Asahi Spectra). The final protein concentration was 10 M. A
detailed description is given in the Methods of the Supporting
Information.

Measurement of Thiol Labeling. 4,4’-Dipyridyl disulfide
(PDS) and S§,5'-dithiobis(2-nitrobenzoic acid) (DTNB) were
used as the thiol labeling reagents. They react with a solvent-
exposed cysteine residue in the protein to produce a mixed
disulfide and a free moiety (4-thiopyridone and TNBT,
respectively). The labeling kinetics was measured by following
the increase in absorbance due to the released moiety, at 324
nm for PDS and 412 nm for DTNB labeling.**~** The slow
labeling reactions were monitored by manual mixing, with a
dead time of 20 s, on a CARY 300 double-beam
spectrophotometer; the faster reactions were monitored on
the SFM 4 module, with a dead time of 10 ms. Labeling of the
protein, which was equilibrated in different concentrations of
GdnHCI for 6 h, was initiated by addition of the labeling
reagent at the same denaturant concentration, so that the final
concentration of GdnHCI remained constant.”® Because thiol
labeling reactions are sensitive to small changes in pH, the pH
was carefully checked and found not to have changed at the end
of the labeling reaction. It should also be mentioned here that
the addition of PDS to a buffer solution containing GdnHCI
did not cause any appreciable changes in pH. The final protein
concentration was 5—15 uM for PDS labeling and 30 uM for
DTNB labeling. The concentration of the labeling reagent was
at least 5-fold higher than the protein concentration, in all
experiments, to maintain pseudo-first-order conditions. To rule
out any artifact that might arise from the labeling reagent
possibly sticking to the sides of the reaction tube, the
concentration of the reagent was checked in the blank solution
at the end of the reaction and was not found to be significantly
altered. Labeling kinetics was also measured at higher GdnHCI
concentrations (above the midpoint of denaturant-induced
unfolding, C,,), in the case of Cys13, by diluting native protein
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into a final high concentration of denaturant (2—-7 M
GdnHCl), in the presence of an at least 10-fold excess of PDS.

It should be noted that for both Cys74 and Cys63,
precipitation was observed after 10 h. Because the labeling
kinetic traces were found to reach the expected amplitude,
indicating that complete labeling had occurred, it was
concluded that it was the labeled protein that slowly
precipitated. This is also consistent with the observation that
at higher PDS concentrations, at which the labeling is faster, the
precipitation was also found to be faster. However, the
precipitation was slow enough not to affect the measurement
of the labeling kinetics.

Determination of the Bimolecular Rate Constant of
Labeling. The labeling reaction of an exposed cysteine residue
was monitored to determine the bimolecular rate constant (k).
Because the cysteine in the protein is exposed only at GdnHCI
concentrations exceeding the C,, k, was measured at lower
denaturant concentrations with pentapeptides having the same
flanking sequence present in the protein (FRCDI for Cys74,
YQCYV for Cys63, RPCMK for Cys42, and PFCQN for
Cys13), to account for the effect of local chemistry on the
labeling reaction.”> The peptides were purchased from
Genscript Corp. and further purified to <98% purity by reverse
phase chromatography. The labeling kinetics of the peptides
was measured under conditions similar to those used for the
protein.

Data Analysis. Analysis of Equilibrium and Kinetic Data.
The equilibrium unfolding transitions were analyzed according
to a two-state N <> U model.*! The free energy of unfolding,
AG,, is assumed to be linearly dependent on denaturant
concentration:

AG, = AG,™° — m[denaturant]

(1)

where mg is the denaturant dependence of AG, and AG,™° is
the free energy of unfolding in water.

For a two-state process, the logarithm of the rate constants of
unfolding and refolding shows a linear dependence on
denaturant concentration, as described by the equations

Inl, =1Ina,m° + m [denaturant]

)
®3)

where and are the unfolding and refolding rates in 0
M GdnHCI, respectively, and m,; and m; represent their

Ini; =1In ,1sz0 + m/lf[denaturant]

H,0 H,0
Ay A

dependences on denaturant concentration, respectively.
Analysis of Thiol Labeling Kinetics. Under pseudo-first-
order conditions, the observed rate of labeling, k,,, of an
exposed cysteine in the unfolded state, or an unstructured
peptide, by a thiol reagent L, is given by k,, = ky[L], where k,
is the bimolecular rate constant of labeling. The value of k;, is
therefore obtained as the slope of a plot of k, versus [L].
The labeling of a cysteine residue, buried in the native state,
can be described according to the thiol labeling (SX)
mechanism,*** similar to the Linderstrom—Lang mechanism
for amide hydrogen exchange reactions,* as shown in Scheme

1. The labeling of a buried cysteine in the closed state is limited

Scheme 1

k k
Closed (-S -H) T_p’ Open (-S-H) [_Ij]> Exchanged (-S-S-X)

cl
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by the opening rate (k,,) and the closing rate (kq). The
exchange competent form [Open(-S-H)] can be formed due to
local, subglobal, or global unfolding events that expose the
cysteine side chain. Under steady-state conditions, the observed
rate of labeling, k., is given by

kopkb [L]

O ey + kg + KylL]

(4)
Under nondenaturing conditions, which do not favor
opening events, k,, < ky. Equation 4 simplifies under two
limiting conditions, depending on the relative values of k; and
ky[L].
In the SX1 limit, when k,; << k,[L], then
kobs = kop (5)
Hence, in the SX1 limit, k,, is independent of [L], and k,, is
directly measured.
In the SX2 limit, when k, > k;[L], then
_ kopkb[L]

Kopky[L]

obs op

(6)
Hence, in the SX2 limit, k,,, shows a linear dependence on [L].
The equilibrium constant for opening (K, = k,,/kq) and, thus,
the free energy associated with opening [AG,, = —RT In(K,,,)]
are measured. Hence, by varying [L], kinetic as well as
thermodynamic information can be obtained.

Kinetic Simulations. Scheme 2 was used to simulate the
fluorescence and thiol labeling data for Cys74, using KINSIM.*

ol

Scheme 2

k
Né’ 13—2> U

Sl Ik

L UL

According to Scheme 2, N forms an on-pathway, labeling
competent form I, which finally converts into U. The rate
constants k; and k_; correspond to k,, and kg, respectively,
while k; and k, represent the rate of labeling (ks = kp[L]) of
the exposed cysteine in I3 and U. All the rates except k,, which
is the rate of conversion from I; to U, were fixed at the
experimentally measured values in the simulations.

B RESULTS

Characterization of the Mutant Proteins. Figure 1B
compares the equilibrium unfolding curves of the four single-
cysteine-containing mutant forms of monellin (Cys74, Cys63,
Cys42, and Cysl13) used in this study. The free energies of
unfolding obtained from these data are compared in Table 1.
While Cys13, Cys42, and Cys74 are similar in stability, Cys63 is
found to be destabilized by 1.8 kcal mol™. It appears that the
replacement of leucine at position 63 with cysteine may have
created a destabilizing cavity within the protein.

Thiol Labeling Kinetics. The labeling of the C42 thiol in
Cys42 by PDS was studied under pseudo-first-order conditions
(Figure 2). In the absence of any denaturant, the labeling of the
thiol in the native protein is described well by a single
exponential. In 3 M GdnHCI, where the protein is fully
unfolded, the labeling of the thiol in the unfolded protein

occurs again with single-exponential kinetics, at a rate much
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Table 1. Comparison of the Kinetic and Thermodynamic Parameters Measured by Fluorescence and Thiol Labeling at pH 8.0

and 2§ °C*?
fluorescence thiol labeling
protein AG . (keal mol™) 4,800 (s7) A0 (s71) AG,,"™° (keal mol™) k80 (s71) kop ™ (s7)
Cys74 6.5 + 0.19 (3.1) 436 (—4.8) 1.6 X 107 (0.7) 10.6 (=3.1) 1100 (-2.3) 1.58 X 107 (0.7)
Cys63 44 021 (33) 148 (=5.7) 4% 107 (0.7) 83 £ 0.15 (-32) 183 (—2.2) 1.7 x 107 (0.6)
Cys42 6.2 + 018 (32) 115 (—4.2) 5% 107° (0.7) 6.9 + 0.1 (-0.3) 1790 1.4 x 1072
Cys13 6 + 025 (3) - 32 % 107° (0.7) 2.7 + 0.1 (—04) >2000 >2
“Values in parentheses are the corresponding m values in kilocalories per mole per molar. buf stands for the very fast phase of refolding observed by
fluorescence.
124 1295 determined from the equilibrium unfolding curve (Figure 2D).
o0 10+ 10 1 Hence, it appears that the fast phase corresponds to labeling of
§ 0 08 the cysteine thiol in U, where it would be completely solvent-
S el s exposed. The relative amplitudes of the slow and fast phases did
% wd il not change when the concentration of PDS was varied in the
z t N micromolar to millimolar range, indicating that the presence of
' : the thiol reagent does not affect the stability of the protein.
00 T 00 T The values of the bimolecular labeling rate constant, ky, of
0 1000 2000 3000 4000 5000 0.0 02 04 6000.0 12000.0 . . . L. .
Time (s) the cysteine thiol in the protein in the U state were determined
1275 1200 for different GdnHCI concentrations defining the unfolded
w107 s T protein baseline of the equilibrium unfolding curve (see
3 0s- g o081 Materials and Methods). Figure S1 of the Supporting
é 064 ::a Information shows the values of k, for unfolded Cys74,
£ 0] £ 47 Cys63, Cys42, and Cys13. It also shows values of k;, determined
g ol £ at lower GdnHCI concentrations using a pentapeptide for each
Y oo cRERDBET protein, whose sequence flanking the cysteine on both sides
- T T T r T T T T 1

0.0 0.2 0.4

Time (s)

0.6 0.8 0 1 2 3 4 5

[GdnHCI] (M)

Figure 2. Representative traces of thiol labeling of Cys42 by PDS at
pH 8.0 and 25 °C. The native protein was equilibrated at different
GdnHCI concentrations, and labeling was initiated by the addition of
PDS, without any change in the denaturant concentration. The orange
lines represent the labeling traces and the solid black lines the fits. (A)
Labeling of the native protein in 0 M GdnHCI by 3 mM PDS. The
solid black line shows a single-exponential fit of the data; only a slow
phase of labeling is seen. (B) Labeling of the protein equilibrated in
1.84 M GdnHCI by 0.7 mM PDS. The solid black line is a fit to the
sum of two exponentials; a slow phase and a fast phase of labeling are
seen. (C) Labeling of the protein incubated in 3 M GdnHCI by 0.5
mM PDS. The solid black line is a single-exponential fit of the data;
only a fast phase of labeling is seen. (D) Relative amplitude of the fast
phase of labeling. The relative amplitude of the fast phase of labeling
(red squares) is plotted together with the fraction of unfolded protein,
fu (O), at different GdnHCl concentrations. fy values were
determined from the equilibrium unfolding curve shown in Figure 1.

faster than that observed for the native protein. In 1.84 M
GdnHC], in which approximately half the Cys42 molecules are
unfolded at equilibrium, labeling occurs with biexponential
kinetics, with the slow apparent rate constant similar to that
observed for the native protein, and the fast rate constant
similar to that observed for the unfolded protein. The final
absorbance signal indicates the extent of labeling. More than
90% labeling was observed under all experimental conditions.

The relative amplitudes of the fast phase of labeling,
corresponding to the labeling of the thiol in protein in the U
state or in a state in which the thiol has U-like exposure, and of
the slow phase corresponding to the labeling of the thiol in
protein in the N state were determined at the different GdnHCl
concentrations defining the transition zone of the equilibrium
unfolding curve. The relative amplitude of the fast phase of
labeling was found to predict the fraction of unfolded protein,
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corresponded to the sequence flanking the cysteine residue in
the protein. It is seen that for each protein, the values obtained
using the peptide at low GdnHCI concentrations merge with
the values obtained using the unfolded protein at high
denaturant concentrations. Hence, the values of k,, obtained
using the pentapeptide at low GdnHCI concentrations, are
applicable for a fully exposed thiol in the protein at low
GdnHCI concentrations. This was important because proper
application of eq 4 to describe the labeling of the thiol in the
native protein requires a reliable value of k, at each of the
GdnHCI concentrations in which native-state SX measure-
ments were conducted. Figure S1 of the Supporting
Information also shows that the values of k;, are similar for
the cysteine thiols in the different locations in the four different
proteins. In each case, the value of k, decreases with an
increasing GdnHCI concentration, 2presumably because of the
accompanying increase in viscosity. 3

The kinetics of labeling of the cysteine side chain in the
native protein under nativelike conditions (zero to low
GdnHCI concentrations) has been analyzed using eq 4. In
the analysis, the value of k, was fixed at the value measured for
the exposed cysteine thiol, in either U or an unstructured
pentapeptide. In native-state SX experiments, it is assumed that
the cysteine thiol is as exposed in the labeling competent form
as it is in U2** In native-state HX experiments, too, it is
assumed that the intrinsic exchange rate is the same as that
measured for unstructured model peptides.**

Native-State SX Measurements. The observed rate of
labeling of the cysteine thiol in native protein, k, is expected
to vary linearly with PDS concentration in the SX2 limit (eq 6)
and to be independent of PDS concentration in the SX1 limit
(eq S). Figure 3 shows how k, varies with PDS concentration,
for each of the single-cysteine-containing proteins at different
GdnHClI concentrations. Depending on the values of kg[L], kg,
and k,, for a given single-cysteine-containing protein, and
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Figure 3. Thiol labeling kinetics at pH 8.0 and 25 °C. The observed rates of thiol labeling (k,), obtained by fitting the traces corresponding to the
slow labeling phase (i.e., the labeling of native protein) to a single-exponential equation, are shown as a function of PDS concentration. (A and B)
Cys74in 0.75 (A) and 1 () M GdnHCL. The insets show k, values in 1.25 (V) and 0.23 (O) M GdnHC], respectively. (C and D) Cys63 in 0.25
() and 0.5 (O) M GdnHCL The insets show kp, values in 1 (V) and 0 (O) M GdnHC], respectively. (E) Cys42 in 0 (O), 1 (A), and 1.5 (O) M
GdnHCL. (F) Cys13in 0 (O), 0.6 (A), and 1.84 (O0) M GdnHCL. The inset in panel E shows the observed rates of labeling for Cys42 with DTNB in
0 (blue circles) and 0.2 (red squares) M GdnHCI. The solid lines through the data in panels A and C represent nonlinear least-squares fits to eq 4,
and the solid lines through the data in panels B and D—F represent linear regression fits to eq 6. For all fits, the values of k, were constrained to the

measured values (Figures S1 and S2 of the Supporting Information).

because these rates depend on the concentration of PDS and
GdnHCI used, labeling was observed to happen in both the
SX1 and SX2 limits, in only the SX2 limit, or primarily in the
SX1 limit.

Figure 3A shows the dependence of k,, on PDS
concentration for the labeling of Cys74 in 0.75 and 1 M
GdnHCI, and Figure 3C does likewise for the labeling of Cys63
in 0.25 and 0.5 M GdnHCI. In these cases, the values of k,
that could be determined cover 70—80% of the total observed
range of k,, values. Hence, these data could be fit reliably to eq
4, and dependable values of k; and k,, and hence for K, and
AG,, could be obtained. To confirm that the values obtained
for K,, at low (<1 M for Cys74 and <0.5 M for Cys63)
GdnHCI concentrations are dependable, the values obtained
for k., at the lowest PDS concentrations were fit to eq 6 for the
SX2 limit (Figure 3B,D). It was found that these data for both
proteins are described well by eq 6, and from the slopes of the
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straight lines, the values of K,, (and AG,,) could be
determined. For both proteins, the values obtained for K,
from analyzing k., values only in the SX2 limit agreed very well
with the values obtained by fitting the entire dependence of k
on PDS concentration. For the labeling of Cys74 in 0.25 M
GdnHCI, as well as for the labeling of Cys63 in 0 M GdnHCI,
the values obtained for kg, are all seen to be in the SX2 limit
(insets of panels B and D of Figure 3), and dependable values
of K, could be obtained. It should be noted that it was not
possible to use PDS concentrations of >10 mM, because of
solubility constraints, and hence, the SX1 limit of labeling could
not be reached in 0.25 M GdnHCI for Cys74 or 0 M GdnHCI
for Cys63.

At high concentrations (>1.25 M for Cys74 and >1 M for
Cys63) of GdnHCI, however, the values determined for k,
covered only the last 30% of the total range of kg, values
(insets of panels A and C of Figure 3), and although a reliable
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value of k,, is obtained at high PDS concentrations where
labeling occurs primarily in the SX1 limit, it was possible that
the values obtained for k and, hence, for K,,, by fitting the data
to eq 4 may not be as dependable. When, however, only the last
30% of the dependencies of k., on PDS concentration, in 0.75
and 1 M GdnHCI for Cys74 and in 0.25 and 0.5 M GdnHClI for
Cys63, were analyzed according to eq 4, the values obtained for
K, were found to be similar to the values obtained by fitting
the complete dependencies of ky,, on PDS concentration and
to be similar to the values obtained by fitting only that data that
were in the SX2 limit (see above and below). This suggests that
the values of K, obtained at high GdnHCI concentrations for
both proteins are unlikely to be unreliable.

In the case of Cys42, labeling in 0 M GdnHCI was found to
take place in the SX2 limit for PDS concentrations of up to 10
mM (Figure 3E), above which the solubility of PDS limited the
measurements. Labeling in low concentrations of GdnHCI of
up to 2 M was also found to be predominantly in the SX2 limit;
at higher concentrations of PDS, the dependence of ky, on
PDS concentration decreases, indicating that labeling was now
occurring by both the SX2 and SX1 mechanisms. Con-
sequently, only data for lower concentrations of PDS (Figure
3E), where the dependence of kg, on PDS concentration is
linear, were fit to eq 6 to obtain values of K, and AG,, at
different GdnHCI concentrations (see below).

In an attempt to obtain labeling data extending into the SX1
limit, a second thiol labeling reagent, DTNB, which has a
higher solubility, was also used. The inset of Figure 3E shows
that at zero denaturant, k., has begun to saturate at the highest
concentration of DTNB (60 mM) that could be used. Hence,
the data were fit to eq 4, using the k, measured for the DTNB
labeling of Cys42 (Figure S2 of the Supporting Information).
Values obtained for k,, kg, and AG,, at zero denaturant are
listed in Table 1. Unfortunately, it was not possible to obtain
values of k,, and ky from DTNB labeling of Cys42 in the
presence of GdnHCI: even in 0.2 M GdnHCI, the labeling
kinetics remains in the SX2 limit (Figure 3E, inset). Values of
K, could, however, be obtained at different concentrations of
GdnHCI of up to 2 M, by fitting the linear part of the
dependencies of k., on DTNB concentration to eq 6. The
values obtained for K, from PDS labeling match those
obtained from DTNB labeling at all GdnHCI concentrations
(see below). Compared to PDS, DTNB is a larger, charged
molecule, and thiol labeling is known to depend significantly on
the chemistry of the labeling reagent.”>*>*” Hence, the
observation that similar values of AG,, at zero denaturant
(6.8 kcal mol™ for PDS labeling and 6.9 kcal mol™" for DTNB
labeling) are obtained using the two reagents reinforces the
reliability of the values of the kinetic and thermodynamic
parameters obtained using the SX methodology.

In the case of Cysl13, k, increases linearly with an increase
in PDS concentration up to 20 mM (Figure 3F), which is the
solubility limit for this reagent at higher denaturant
concentrations. Thus, for Cysl13, labeling takes place entirely
in the SX2 limit, and hence, only the values of K,, and AG,,
could be determined by fitting the data to eq 6 (Table 1).
Nevertheless, because ko, in the SX1 limit (equal to the k)
has to be necessarily higher than any value of k,,, measured in
the SX2 limit, a lower limit for k,, can be set at 2 s~!. Given the
value of K, a lower limit of 2000 s™! can then be set for ky
(Table 1).

Global Folding and Unfolding Kinetics. It was important
to place the site-specific cysteine thiol opening and closing rates

P
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in the context of the global folding and unfolding rates
measured by fluorescence. In previous studies,> the folding and
unfolding kinetics of Cys42 have been studied at pH 7, but
because the cysteine labeling experiments had to be conducted
at a higher pH (pH 8), the global folding and unfolding kinetics
have been characterized at pH 8 in the study presented here,
using fluorescence as the probe. It should be noted that it was
also important to show that the folding kinetics of the four
single-cysteine-containing variants are similar, just as their
stabilities are similar (Figure 1B).

Like at pH 7, the unfolding reaction of Cys42 at pH 8 can be
described as a single-exponential process (Figure 4A) whose
amplitude accounts for the entire change in fluorescence during
unfolding (Figure 4C). The logarithm of the observed rate
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Figure 4. Fluorescence-monitored kinetics of refolding and unfolding
of Cys42 at pH 8.0 and 25 °C. (A) Representative kinetic traces of
unfolding (solid cyan lines) in 5.5, 4.5, and 3.5 M GdnHClI (left to
right, respectively). The solid black lines are fits to a single-exponential
equation. The dashed black line represents the signal of the native
protein in the absence of GAnHCI. Each of the traces is normalized to
a value of 1 for the native protein. The inset shows the rate constants
of unfolding at different GdnHCI concentrations. The solid black line
is a fit to eq 2. (B) Representative refolding kinetic traces (solid cyan
lines) in 0.4, 0.6, and 0.8 M GdnHCl (from left to right, respectively).
The solid black lines through the data represent fits to a sum of three
exponentials. The dashed line shows the signal of the protein unfolded
in 3.5 M GdnHClI, from which refolding commenced. The inset shows
the initial part of the kinetic traces. Each of the traces is normalized to
a native signal of 1. (C) Kinetic vs equilibrium amplitudes. (O)
Equilibrium unfolding transition. The solid line through the data
represents a fit to a two-state unfolding model. The extrapolated native
and unfolded protein baseline signals are represented by the short dash
and long dash lines, respectively. The equilibrium amplitude is
compared with the kinetic t =0 (V and ¥) and t = 0o (A and A)
signals for refolding (V and A) and unfolding (¥ and A). (D)
Observed rates of the very fast (green triangles), fast (light blue
circles), slow (light red triangles), and very slow (dark red squares)
phases of refolding. The inset shows the relative amplitudes of the four
phases. The error bars, wherever shown, represent the spread in the
measurements from at least two different experiments. The solid lines
through the data have been drawn by inspection only.
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Figure S. Comparison of the rates monitored by fluorescence and thiol labeling. The observed rates of global unfolding (A) and of the very fast
phase of refolding (V), measured by fluorescence, and the kop (A) and k4 (V) rates of each cysteine residue, measured by thiol labeling, are shown
for (A) Cys74, (B) Cys63, and (C) Cys42. The insets in each panel show an expanded view of the closing rates and the fluorescence-monitored
refolding rates at low denaturant concentrations. The solid lines are fits of the data to eqs 2 (unfolding data) and 3 (refolding data). The error bars
represent the spread in the measurements from at least two different experiments.

constant of unfolding increases linearly with an increase in
GdnHCI concentration (Figure 44, inset). While the unfolding
rate constants of Cys74 and Cys13 are comparable to those of
Cys42, those of Cys63 are 8-fold higher (Figure S3 of the
Supporting Information). The increase in the unfolding rate of
Cys63 is consistent with a decrease in the native-state stability
caused by the mutation. The observed unfolding rates of the
four variants have similar dependencies on GdnHCI concen-
tration: a fit of the data to eq 2 indicates that #, has an average

value of 1.2 + 0.05 M™". Hence, the Tanford /3 value [(RTm; )/

mg] is 0.2, indicating that the transition state (TS) for global
unfolding at a high GdnHCI concentration has only 20% of the
solvent accessibility of the U state.

Like at pH 7, the folding reaction of Cys42 at pH 8 can be
described in terms of four observable kinetic phases: very fast,
fast, slow, and very slow (Figure 4B). The logarithm of the
observed rate constant of each of the four kinetic phases shows
a linear denaturant dependence (Figure 4D). The relative
amplitude of the very fast phase remains constant at ~10%,
while that of the slow phase increases at the expense of the fast
phase (Figure 4D, inset). At GAnHCI concentrations above 0.6
M, the amplitude of the very slow phase increases at the
expense of the slow phase. The refolding kinetics of Cys74 and
Cys63 are similar to that of Cys42 (Figure S4 of the Supporting
Information); the refolding kinetics of Cys13 was not measured
because of a lack of kinetic data from SX measurements with
which to compare it. Overall, the fluorescence-monitored
folding and unfolding measurements, taken in this study at pH
8, are consistent with the refolding mechanism delineated
previously at pH 7°° (see the text of the Supporting
Information), not just for Cys42 but also for Cys74 and
Cys63 (Figures S3 and S4 of the Supporting Information).

The kinetic and thermodynamic parameters listed in Table 1
show that the mutations do not introduce significant changes
into the basic mechanisms of unfolding and refolding.

Comparison of Site-Specific Opening and Closing of
Structure to Global Unfolding and Folding. Figure 5 and
Table 1 compare the values of k,, and kg at different GdnHCI
concentrations to the values of the unfolding rate constant and
the very fast apparent folding rate constant, obtained from
fluorescence measurements. For both Cys74 and Cys63, the
values of k,, at low denaturant concentrations agree well with
the global unfolding rates, extrapolated to zero denaturant. In

3614

the case of Cys74, the values of k are at least 2-fold higher than
the very fast folding rate, indicating that the burial of C74 takes
place faster than any global refolding event. For Cys74 and
Cys63, the denaturant dependence of k, is significantly lower
than that of the very fast rate constant. In the case of Cys42, k,,
and k4 could be compared to the global unfolding and refolding
rates in 0 M GdnHCI only (see above); k,, is 3000-fold faster
than the global unfolding rate at zero denaturant, while k is 15-
fold faster than the very fast folding rate.

Figure 6 and Table 1 compare the values of AG,, for each of
the cysteine residues to the global free energy of unfolding,
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Figure 6. Comparison of the free energies of global unfolding, AG,
(A), and the free energies of opening, AG,, (A), of the cysteine thiols
determined by PDS labeling for (A) Cys74, (B) Cys63, (C) Cys42,
and (D) Cys13. For Cys74 and Cys63 MNEL the AG,, values were
determined from the linear regression fits of the observed rates shown
in panels B and D of Figure 3 (red circles) as well as by fitting only the
last 30% of the curves shown in panels A and C of Figure 3 to eq 4
(A). For Cys42, AG,, values were also measured by DTNB labeling
(O). The solid lines through the data are fits to eq 1. The error bars
represent the spread in the measurements from at least two different
experiments.
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AG,, determined from fluorescence-monitored equilibrium
unfolding transitions. For Cys74 and Cys63, AG,, was
determined from data at low denaturant concentrations (Figure
3B,D), where labeling took place in the SX2 limit, by fitting the
data to eq 6 (see above), as well as by fitting only the last 30%
of the dependencies of ky,, on PDS concentration to eq 4. At
the same GdnHCIl concentration, identical values were
obtained for AG,, (Figure 6A,B). This suggested that fitting
the data at higher denaturant concentrations (>1.25 M for
Cys74 and >0.5 M for Cys63), where only the last 30% of the
dependence of kg, on PDS concentration could be measured,
to eq 4 can also yield reliable values of AG,,.

For both Cys74 and Cys63, AG,, is 4.1 and 3.9 kcal mol ™,
respectively, higher than AG, at all GdnHCI concentrations
studied. For Cys42, in the absence of denaturant, the value of
AG,, is similar to that of AG,, but its value (6.9 kcal mol™")
surprisingly does not change with an increase in GdnHCI
concentration up to 2 M. In the case of Cys42, values of AG,,
were obtained from both PDS and DTNB labeling, and Figure
6C shows the good agreement between the two sets of values.
In the case of Cys13, AG,, has a value of 2.7 kcal mol ™! in the
absence of GdnHCI, and it also shows a negligible dependence
on GdnHCI concentration up to 2 M. Measurement of the
labeling kinetics at still higher denaturant concentrations
(Figure SS of the Supporting Information) indicates that
exposure of the C13 side chain results in very little change in
the exposed surface area of the protein, even at 6 M GdnHCL

The kinetic and thermodynamic parameters determined from
thiol labeling and fluorescence measurements for Cys74, Cys63,
Cys42, and Cysl3 are compared in Table 1.

B DISCUSSION

The unfolding of monellin is known to commence via the
formation of a DMG, accompanied by a loss of packing
interactions between the a-helix and the pf-sheet, in the
submillisecond time domain.® In this study, native-state SX
measurements were used to study site-specific opening and
closing events of cysteine side chains, at the interface of the a-
helix and the f-sheet, to identify structural events associated
with the entry of water into interior of the protein, during and
immediately following the formation of the DMG. The kinetics
of side chain exposure could be compared across the single-
cysteine variants because the proteins do not differ significantly
in their mechanisms of folding and unfolding (Figure 1 and
Figures S3 and S4 of the Supporting Information). The native-
state SX measurements of the four single-cysteine-containing
variants of monellin have identified three high-energy
intermediates in which the cysteine thiols become accessible
to labeling by PDS (Figure 7). These intermediates are more
unstable than the N state by ~2.7, 6.9, and 10.6 kcal mol ™. The
denaturant dependence of AG,, is a measure of the surface area
of the 8protein that becomes solvent-exposed by the opening
event.'®?? ko, and k provide information about the intervening
energetic barriers and allow the placement of intermediate
structures along the unfolding reaction coordinate, with respect
to the major unfolding barrier.

Detection of a High-Energy Intermediate after the
Major Unfolding Barrier. In the case of Cys74, the
agreement between the k., and the extrapolated unfolding
rates (Figure SA) suggests that the thiol becomes exposed in a
labeling competent species that forms after the rate-limiting
barrier to unfolding at high denaturant concentrations. The
exchange competent form appears to be have an energy
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Figure 7. Free energy profile showing the positions of the
intermediates detected by thiol labeling along the unfolding reaction
coordinate, in 0 M GdnHCL. The energy levels of the unfolded (U)
and intermediate (I) states with respect to the native state (N) are
colored black. The rates at which the N state undergoes a transition to
each of the detected intermediates, which is the opening rate (kop),
measured experimentally for each of the variant proteins, are colored
gray. The measured closing rates (kg), colored blue, are the rates at
which the thiols in each of the intermediates close back to the N state.
The individual forward rates of crossing each of the intervening
barriers, calculated from the measured rates (text of the Supporting
Information), are colored red.

significantly higher than that of the globally unfolded state
(Figure 6A). It should be noted that the values determined for
AG,, at low GdnHCI concentrations (<1 M) are very reliable
(see Results). Moreover, very similar values (Figure 6A) were
obtained when only the data in the SX2 limit were fit to eq 6,
and when only the last 30% of the observed dependence was fit
to eq 4 (see Results). Thus, it appears that the values obtained
for AG,, at higher (>1.25 M) GdnHCI concentrations, where
only the last 30% of the dependence could be measured and fit
to eq 4, are also likely to be reliable.

A higher value of AG,, compared to AG, indicates “super
protection” in the labeling competent species, which can result
from an overestimation of the value of AG,, or have a
structural basis. Partial structure in the labeling competent form
may lead to the value of k,, determined for a fully exposed
cysteine (see Materials and Methods), being an overestimate,
and consequently AG,, being overestimated. AG,, should
therefore be considered the upper limit for the difference in
energy between the labeling competent form and the N state.**
However, in this case, for the labeling competent species to be
similar in energy to the U state, the value of k;, would have to be
200-fold lower than that estimated from the unfolded protein,
which is unlikely. The difference between the values of AG,,
and AG, therefore appears to be real. A correction due to
proline isomerization, which is only ~1.2 kcal mol™, in the case
of monellin,® would also not account for the energy difference
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of 4.1 kcal mol™' between the U state and the labeling
competent species. Such super protection has been interpreted
as the presence of partial structure in a high-energy
intermediate or residual structure in the U state in previous
HX studies.'>*****” A good agreement between the values of
k,, determined for an unstructured peptide and the unfolded
protein, as well as the similar values of k;, determined across all
four proteins (Figure S1 of the Supporting Information),
eliminates the possibility of a residually structured unfolded
state being populated under nativelike conditions. It appears,
therefore, that the labeling takes place in a partially structured
high-energy intermediate, I;, which is not part of the unfolded
ensemble. The similar denaturant dependences of AG,, and
AG, (Table 1) for Cys74 confirm that I is largely unfolded.
The agreement between k,, and the extrapolated unfolding
rates (Figure SA) suggests that I; forms after the rate-limiting
barrier to unfolding at high denaturant concentrations; but if I
were to form after the overall rate-limiting step in unfolding at
low denaturant concentrations, the labeling of C74 would occur
in U and not in I;. The observation that the value of AG,, for
the labeling of C74 is significantly higher than the value of AG,
suggests that while I; forms after the rate-limiting step of
unfolding at high denaturant concentrations, it forms before the
rate-limiting step of unfolding at low (<1 M) GdnHCI
concentrations (Figures 3A,B and 6A). Panels A—C of Figure
8 show the free energy profiles that explain how labeling of C74
takes place at different GdnHCl concentrations. At low
GdnHCI concentrations (<0.5 M), where the labeling of C74
in I occurs in the SX2 limit, the barrier separating I; from U
would necessarily have to be higher than that separating I; from
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Figure 8. Free energy profiles describing the formation of the
intermediate states identified by thiol labeling of Cys74 (A—C) and
Cys42 and Cys13 (D—F). The energy levels of the intermediate (I;)
and the unfolded (U) states are shown with respect to the native state
(N) in (A) 0 M GdnHC], in which labeling of the C74 side chain is
observed to occur only in the SX2 limit, (B) 1 M GdnHC], in which
C74 labeling takes place in the SX1 and SX2 limits, and (C) 3 M
GdnHC], in which C74 labeling occurs only in the SX1 limit. The
relative barriers and energy levels of I; and I, are shown with respect to
N in (D) 0 M GdnHC], in which the protein is fully folded, (E) 2 M
GdnHCI, which is the midpoint of denaturant-induced unfolding of
the protein, and (F) 7 M GdnHC], in which the protein is fully
unfolded.
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N, so that the protein shuttles between N and I; and is labeled
in I.

In 1 M GdnHClI (Figure 8B), the labeling of C74 in I; occurs
in both the SX1 and SX2 limits (Figure 3A). Hence, the rate-
limiting barrier to overall unfolding must remain between I;
and U at this GAnHCI concentration. The value of k is lower
than at lower GdnHCI concentrations, and labeling in I; occurs
in the SX2 limit at low PDS concentrations when k; > k[L]
and in the SX1 limit at high PDS concentrations when k,[L] >
k., Kinetic simulations based on the mechanism shown in
Scheme 2 (Figure 9A), with I; on-pathway to U, were
conducted using KINSIM* and show that as long as k;[L]
exceeds the rate from I; to U, labeling in the SX1 limit takes
place predominantly in I;.
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Figure 9. Kinetic simulations for comparison with the fluorescence
and SX data for Cys74. (A) The experimental trace of thiol labeling
(gray circles) with 3 mM PDS, in 1 M GdnHC], was compared to the
traces simulated according to Scheme 2. The values of k,, and kg in 1
M GdnHCl are 6 X 107° and 10 s/, respectively. The rate of labeling
of an exposed cysteine thiol in 1 M GdnHCl (ky and k,) is 80 s™. The
black dashed line is a single-exponential fit through the experimental
data. The formation of the I;-L (orange) and U-L (dark red) species,
formed by labeling of I; and U, respectively, is shown along with the
formation of the total labeled species (light blue) for k, set to a value
of 1 s (main figure) and 100 s™" (inset). When the labeling rate is
greater than k, labeling takes place primarily from I;. (B) The
experimental trace of fluorescence (gray), in 3 M GdnHCl, was
compared to the traces simulated according to Scheme 2, with k, set to
values of 0.01 s™' (dark red) and 0.1 s™" (orange). The values of Kop
and kg in 3 M GdnHCl are 7 X 107* and 0.01 s7', respectively. The
fluorescence signal of I; was fixed at a value similar to that of U. The
simulated traces with k, values of >0.1 s™' compare well with the
experimental data.

At still higher GdnHCI concentrations (Figure 8C), the
barrier separating I; from U appears to become lower than that
separating I; from N. The TS separating N and I; has only 20%
more exposed surface area than N, while that separating I and
U is essentially U-like in its exposed surface area because I; is
U-like (see above). Hence, increasing the GdnHCI concen-
tration stabilizes the latter TS more than it stabilizes the former
TS. Figure 8 shows that I; lies on the native side of the rate-
limiting barrier at low GdnHCI concentrations but on the
unfolded side of the rate-limiting barrier at high denaturant
concentrations, because the rate-limiting barrier changes with
an increase in GdnHCI concentration. Kinetic simulations of
the fluorescence data based on the mechanism shown in
Scheme 2 (Figure 9B) show that the simulated traces fit the
experimental data well only when the I; to U rate exceeds the
backward rate from I; to N. The simulations also suggest that
most of the fluorescence change occurs between N and I
which is consistent with the observation that I; is largely
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unfolded. It should be noted that at high GdnHCI
concentrations, the rate-limiting step of unfolding is the barrier
between N and I, and that the values obtained for k,, at low
GdnHCI concentrations correspond to unfolding over only this
barrier; hence, the values obtained for Ay at high GdnHCI
concentrations using fluorescence measurements extrapolate
linearly to the values obtained for k,, at low GdnHCI
concentrations using SX measurements (Figure SA). In 3 M
GdnHCI, kg is low enough that even at the lowest PDS
concentration of 25 M, k,[L] exceeds ky; consequently, the
labeling in I occurs only in the SX1 limit.

AG,, values could be reliably determined in the SX2 limit
(Figure 3D), below 0.5 M GdnHC], for Cys63, as well. The
difference in the values of AG,, and AG, for Cys63 (3.9 keal
mol™") is similar to that for Cys74 (4.1 kcal mol™"), indicating
that both the thiols become labeled in the same intermediate,
I;. This is also consistent with the observation that for both
Cys63 and Cys74, k,, and 1, agree with each other (Figure 5B).
The destabilization of the native state, by 1.8 kcal mol™" (Figure
1B), results in the value of AG,, of Cys63 (8.3 kcal mol™)
being lower than that of Cys74 (10.6 kcal mol™"). However, an
8-fold increase in the unfolding rate of Cys63 (Table 1), instead
of the expected 20-fold increase, suggests that the mutation
destabilizes the transition state for unfolding, as well. This
explains the lower ky for Cys63 (183 s™') compared to that of
Cys74 (1100 s') (Table 1). The lower denaturant dependence
of kq compared to that of the very fast refolding phase further
confirms that I is on-pathway between the N and U states.

Detection of Intermediates on the Native Side of the
Barrier. In the case of Cys42, k,, is faster than global unfolding
(Figure SC), indicating that a labeling competent intermediate,
I, is formed much faster than the U state and before the major
rate-limiting step of unfolding. The intermediate can be placed
at an energy level similar to that of the unfolded state, not only
in 0 M GdnHClI (Figure 6C) but also in <2 M GdnHCL. This
observation indicates that very little change in surface area
occurs upon unfolding of N to I,. This is not surprising because
I, precedes the TS for unfolding, and the TS itself has only 20%
of the additional surface area that U has, compared to that of N
(see Results).

In the case of Cysl3, the labeling competent species is
formed faster than 2 s~' (Figure 3F and Table 1), indicating
that the labeling takes place in a species, I}, formed before the
major unfolding barrier, at an energy level of 2.7 kcal mol ™},
compared to the N state (Figure 6D). I, has surface exposure
similar to that of the N state, and hence, the free energy change
upon formation of I; from N (AGOP) has little dependence on
GdnHCI concentration (Figure 6D and Figure SS of the
Supporting Information). Because the major unfolding reaction
is much slower (1,72° ~ 107 s7!) than the formation of I, it
appears that this intermediate also precedes the TS of
unfolding. The observation that at >1 M GdnHCI the value
of AG,, is higher than that of AG, suggests that I,, like L,
remains populated even at high denaturant concentrations.

Because of the high barrier to unfolding in the case of
monellin, the protein remains trapped in intermediates I, and I,
long enough for the labeling to take place from the
intermediates, and not from the U state (Figure 8D—F).
Although the possibility that I; and I, are off-pathway to the U
state cannot be ruled out because of the lack of availability of
kinetic data, the lack of any dependence on GdnHCI
concentration of the free energies of unfolding of N to I; and
I,, together with the observation that the TS itself is very
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nativelike in its solvent exposure, suggests that they might be
on-pathway to U. A similar structural transition observed in the
on-pathway DMG intermediate detected in previous studies
suggests that I, is also an on-pathway productive species.® It
should be noted, however, that monellin is known to unfold via
at least two routes,”®*>*” and it is possible that I, and I, are
populated on competing parallel pathways.

Estimation of Intermediate Populations and Barrier
Heights. In previous studies, HX NMR'"®*"** and relaxation
dispersion NMR methods'”**™>* have been successful in
providing high-resolution structural information about tran-
siently populated intermediates. However, HX measurements
monitor only the amide backbone and are inherently limited by
the dynamic range of the AG and m values."”>® On the other
hand, NMR methods fail to detect species that are more than 3
kcal mol™ higher in energy than the ground state. In this study
of native-state SX of monellin, high-energy intermediates have
been detected over a wide range of stabilities between 3 and 10
kcal mol™!, with respect to the native state (Table 1). This has
been possible because of rapid rates of labeling and the slow
unfolding rate of monellin due to a high unfolding free energy
barrier. The populations of each of the intermediates, estimated
from the values of AG,,, are 107%% for Cys74 and Cys63, 8 X
107*% for Cys42, and 1% for Cysl3 (see the Supporting
Information). SX therefore serves as a very powerful technique
for the detection of intermediates populated to extremely low
levels, even when the N state constitutes >99% of the total
population under nativelike conditions.

An intermediate can be detected by SX as long as its
transition to another state is slow compared to the labeling
reaction. Given the low populations of the detected
intermediates, it becomes important to confirm that these
high-energy states, in each of which one or more cysteine thiols
become solvent-exposed, are populated long enough for the
labeling to occur. The experimentally measured values of k,,
kg, ki, and AG,, for Cys74, Cys63, Cys42, and Cysl13, which
are listed in Table 1, have been used to quantify the barriers
(Figure 7) among the N, I, and U states, as discussed in the text
of the Supporting Information. These calculations suggest that,
irrespective of the connectivity between the detected
intermediates, the measured labeling kinetics are consistent
with the labeling of the cysteine thiols in the high-energy
intermediates shown in Figure 7.

Structural Transitions Identified by Thiol Labeling.
The solvent-accessible surface area (SASA) of each of the
residues, chosen for this study, is ~1 A? in the native structure.
As shown in Figure 10, the removal of contacting residues that
are within 4—5 A results in the SASA becoming comparable to
that in the extended conformation of an Ala-X-Ala tripeptide,
which is used as a model of the unfolded state.** The fact that
the solvent exposure of a cysteine thiol requires residues in the
vicinity to also lose side chain packing interactions and move
apart therefore allows thiol labeling to monitor structural
changes in a nonlocal manner even though it probes only a
single residue at a time. In this study, site-specific thiol labeling
has identified opening events of varying amplitudes, in different
parts of the protein structure. While the opening of the C13
and C42 side chains does not expose any significant surface
area across a large range of denaturant concentrations (Figure
6C,D), that of the C74 and C63 residues is accompanied by a
surface area change that is comparable to the global unfolding
of the protein (Figure 6A,B).
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Figure 10. Structural arrangements around the cysteine side chain,
which provide protection against exposure to the surrounding solvent.
Each cysteine residue is shown as a yellow sphere, and the neighboring
residues within S A are shown as red spheres for (A) Cys74, (B)
Cys63, (C) Cys42, and (D) Cys13. The structures have been drawn
from the PDB entry 1IV7 using PyMOL. The SASAs of each side
chain probed, after removal of neighboring residues within S A, are
reported (red). These are compared to the SASAs of the residues in an
Ala-X-Ala tripeptide (blue).

The side chains probed in this study monitor the helix—sheet
interface in monellin. It is likely that the labeling of Cys13
reports on the movement of the single a-helix, because the
packing of the C13 residue against the f-sheet appears to be
responsible for its burial (Figure 10D). It is possible that the
labeling of Cys74, Cys63, and Cys42 might be monitoring the
dissolution of the individual f-strands. If this interpretation is
correct, then the 10°-fold dispersion in the k,, values (Table 1)
allows the corresponding structural events to be temporally
resolved in a hypothetical structural model for unfolding. The
labeling of the C13 side chain is the fastest [>2 s™' (Figure
3F)], suggesting a rapid movement of the helix away from the
P-sheet, accompanied by a negligible change in surface area
(Figure 6D). Even though C42 is present on the adjacent f-
strand and packs against C13, it gets exposed at a 100-fold
slower rate (Figure SC). The slower labeling rates of Cys74 and
Cys63 further confirm that the packing interactions in S-strands
are maintained for much longer and dissolve only after the
major barrier to unfolding has been crossed (Figure SA,B).

Correlation to Structural Transitions in the DMG. The
detection of intermediates on the native side of the major
barrier allows direct correlations to be made to the DMG,
which is known to precede the rate-limiting step of unfolding."
The formation of the DMG in monellin is accompanied by the
fraying of the a-helix away from the f-sheet.> This study also
suggests that the movement of the helix away from the f-
strands is one of the earliest structural transitions leading to
increased solvent accessibility of C13. It would appear that
intermediate I}, in which C13 in the helix becomes competent
to exchange, is either the DMG itself or formed immediately
after the formation of the DMG. If I, is the DMG, it would
mean that the DMG is solvated, at least in the part of the helix
in which C13 resides. Further studies are needed to confirm
such an interpretation.

Disruption of side chain packing interactions, which are
known to stabilize the structure of the native state, accompanies
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the formation of the DMG. However, most of the studies that
have detected a DMG have probed residues on, or close to, the
surface of the protein.>> Although the side chains probed in this
work have comparable SASA values in the native state, they are
present at different depths within the protein, thereby providing
a description of the extent of packing interactions throughout
the molecule. The minimal depth of a residue in monellin is 3.1
A. C63 and C74 side chains, having depths of 8.3 and 9.5 A,
respectively, are the deepest residues and therefore appear to
constitute the core, which is found to remain protected until
most of the protein has unfolded. C42 and C13, which are at
depths of 7.2 and S.4 A, respectively, are closer to the surface
and are exposed faster. Thus, these data suggest that side chain
packing in the core of the protein might be maintained in the
DMG and is disrupted only after the rate-limiting unfolding
barrier, in intermediate I;. I; appears to resemble a wet molten
globule (WMG) in which the core of the protein is hydrated.

The formation of the dry globule is also accompanied by a
change in the distance between W4 and Q29,® which are both
present close to the surface of the protein. This suggests that
while core packing might be retained, surface interactions are
disrupted in the DMG. A recent multiprobe study of the
protein barstar has also shown that the core of the protein
remains “dry” in the DMG and becomes solvated only in the
wet globule.®

B CONCLUSIONS

The observation of a DMG, which has a dry interior, on the
unfolding pathway of proteins has kindled considerable interest
in how different parts of the structure become accessible to the
surrounding solvent.'®**%¢ This study has provided an
understanding of the nature and time scales of the structural
events that lead to the exposure of buried side chains in the
protein. Site-specific SX measurements have been used to
directly monitor the loss of packing interactions in the protein,
subsequent to the formation of the DMG. It has been shown
that side chain packing interactions are lost incrementally, in
multiple steps, resulting in high-energy, low-population
intermediates on both sides of the major unfolding barrier.
This suggests that solvent exposure takes place noncoop-
eratively and that some parts of the protein continue to remain
protected until most of the interactions maintaining the native
structure are lost. Further studies are required to correlate the
changes in secondary structure, which is retained in the DMG
and the WMG, with those in the tertiary structure, which is
already disrupted. This will allow the detected intermediates to
be identified more accurately with the dry and wet globules.
Finally, because the unfolding studies have been conducted
under nativelike conditions, they shed direct light on the
mechanism of protein folding that will be protein unfolding in
reverse under identical conditions.
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