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Evidence that proteins may unfold utilizing complex competing path-
ways comes from a new pulse-labeling protocol in which the change in
reactivity of a single cysteine residue in a protein during unfolding is
measured, making use of its easily monitored reaction with the Ellman
reagent, dithionitrobenzoic acid. The kinetics of unfolding of two single
cysteine-containing mutant forms of the small protein barstar, C82A,
which contains only Cys40, and C40A, which contains only Cys82, have
been studied. The data suggest that unfolding occurs via two parallel
pathways, each forming competing intermediates. In one of these early
intermediates, Cys40 and Cys82 are already as reactive as they are in the
fully unfolded protein, while in the other intermediate, the Cys thiol
groups are unreactive. One more long-lived intermediate also needs to be
included on the pathway defined by the early intermediate with unreac-
tive Cys thiol groups to account for the difference in the rates of fluor-
escence change and of change in Cys40 reactivity. The demonstration of
multiple intermediates and pathways for unfolding indicates that protein

unfolding reactions can be as complex as protein folding reactions.
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Introduction

Statistical models of protein folding suggest that
a large energy landscape is initially accessible to
unfolded protein molecules for folding (Bryngelson
& Wolynes, 1987; Bryngelson et al., 1995; Dill &
Chan, 1997; Chan & Dill, 1998; Pande et al., 1998;
Sali et al., 1994). From the energy landscape per-
spective, it is therefore not surprising that folding
reactions may be two-state, or multi-state with the
accumulation of folding intermediates, and may
utilize multiple competing pathways. A similarly
complex energy landscape is likely to be available
to folded protein molecules for unfolding (Dill &
Chan, 1997; Chan & Dill, 1998; Pande et al., 1998),
and the unfolding reaction would then be expected
to be characterized by the same degree of complex-
ity as is the folding reaction. Thus, from the energy
landscape perspective, protein molecules may tra-
verse the energy surface in many different ways
during unfolding, and the unfolding reaction may
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also occur through multiple pathways that could
be either two-state, or multi-state with the accumu-
lation of unfolding intermediates. Nevertheless, it
is still commonly believed that although proteins
might refold via specific intermediates, unfolding
occurs without the accumulation of intermediates.

The question of whether proteins unfold wvia
intermediates has been actively addressed only in
the past few years. Kinetic intermediates have been
shown to exist on the unfolding pathway of ribo-
nuclease A (Kiethaber et al., 1995; Phillips et al.,
1995), Escherichia coli dihydrofolate reductase
(Hoeltzli & Frieden, 1995), and barstar (Nath et al.,
1996, Zaidi et al., 1997; Bhuyan & Udgaonkar,
1998). The occurrence of unfolding intermediates
has also been suggested by equilibrium hydrogen
exchange measurements in the case of several pro-
teins, including oxidized and reduced cytochrome
c (Bai et al, 1995; Xu et al., 1998; Bhuyan &
Udgaonkar, 2000) and barstar (Bhuyan &
Udgaonkar, 1999a). Structural information about
unfolding intermediates will result in characteriz-
ation of the transition state for unfolding, which is
thought to lie close to the native state (Goldenberg
& Creighton, 1985; Segawa & Sugihara, 1984a,b).

© 2000 Academic Press
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Various spectroscopic techniques have been used
to monitor the formation or loss of structure
during folding or unfolding, respectively. Of the
various techniques used to date, the only technique
which gives direct information about the status of
individual residues in the milliseconds to seconds
to s time domain is pulse-labeling by hydrogen
exchange (Udgaonkar & Baldwin, 1988; Roder et al.,
1988). The hydrogen exchange method, although
very useful in characterizing intermediates, suffers
from several drawbacks: (i) it is biased towards
identification of native-like structure. For instance,
although hydrogen exchange methods provide
direct information on only one of the partners of a
hydrogen bond, it is always assumed that the
other partner in a folding intermediate is always
the same as that in the fully folded protein; (ii) it
does not provide information on the surface top-
ology because surface amide hydrogen atoms are
invariably inaccessible for study; and (iii) the
exchange reaction itself cannot be monitored
directly.

Cysteine residues in proteins serve as excellent
probes for studying both the structure and kinetics
of folding of proteins. This is because the thiol
group containing side-chains of cysteine residues
are the most reactive of all the amino acid side-
chains. One of the earliest studies on the use of the
reactivity of cysteine residues for studying protein
folding was the equilibrium unfolding and refold-
ing of the constant fragment of the immunoglobu-
lin light chain (Goto & Hamaguchi, 1982).
Subsequently, there have been reports on pulse-
labeling of cysteine residues to probe for refolding
intermediates in yeast phosphoglycerate kinase
(Ballery et al., 1993) and apomyoglobin (Ha & Loh,
1998).

Barstar, a protein comprised of 89 amino acid
residues, has been used extensively as a model sys-
tem for studying protein folding and unfolding
(Bhuyan & Udgaonkar, 1999a; Schreiber & Fersht,
1993; Shastry et al., 1994; Shastry & Udgaonkar,
1995; Agashe & Udgaonkar, 1995). Stopped-flow
circular dichroism (CD) and fluorescence studies
on wild-type and mutant proteins have shown that
the unfolding of barstar occurs via at least two
competing pathways (Nath et al., 1996; Zaidi et al.,
1997):

Scheme 1.

The intermediates, Ii; and I, form rapidly on
two parallel pathways. It was suggested that on
each pathway, a rapid pre-equilibrium is estab-
lished between N and I}, and/or I3 before either

intermediate can unfold to U. In this mechanism,
the N =1} equilibrium, as well as the N =1}
equilibrium, is dependent on temperature and
GdnHCI concentration. The results suggested that
I, is largely devoid of secondary structure but has
an intact core, while I}, is characterized by a sol-
vent-exposed hydrophobic core but still possesses
secondary structure.

Wild-type barstar has cysteine residues at pos-
itions 40 and 82 along the sequence of the protein,
which do not form a disulfide bond
(Ramachandran & Udgaonkar, 1996). In this study,
two single cysteine-containing mutant forms of
barstar have been studied: C82A, in which only
Cys40 is present, and C40A, in which only Cys82
is present. A crystal structure of the C82A protein
is available (Ratnaparkhi et al., 1998) and the struc-
ture is quite similar to the solution structure of
wild-type barstar (Lubienski et al., 1994). Cys40 is
95 % buried in the native state of the protein, while
Cys82 is 75 % buried (Figure 1).

Here, we report the use of a novel pulse-labeling
strategy for probing the structure of unfolding
intermediates at the level of individual amino acid
residues. This technique monitors the reactivity of
a buried Cys residue (Cys40 in C82A, and Cys82
in C40A) during unfolding, making use of its easily
monitored reaction with the Ellman reagent,
dithionitrobenzoic acid (DTNB). Reactivity is
measured by determining the extent, as well as
rate of labeling, of the cysteine thiol group upon
reaction with DTNB. It is shown that the change in
reactivity of Cys40 in C82A, as well as of Cys82 in
C40A, occurs in two kinetic phases: an unobserva-
ble rapid burst phase, in which either Cys thiol
group becomes as reactive as it is in fully unfolded
protein in about 30-50 % of the molecules, and a
slower observable phase, in which the remaining
molecules unfold. For C82A, the rate of the obser-
vable phase is faster when monitored by trypto-
phan fluorescence than by change in reactivity of
the Cys40 thiol group, while for C40A, the rate of
the observable phase is the same whether moni-
tored by tryptophan fluorescence or by the change
in reactivity of the Cys82 thiol group. These results
strongly suggest the presence of two competing
pathways of unfolding.

Results

Fluorescence monitored kinetics of unfolding

The kinetics of unfolding of C82A as well of
C40A monitored by intrinsic tryptophan fluor-
escence are different at pH 8.5 and 7.0, although
the stabilities of either protein at the two pH values
are similar. For C82A, C,,, at pH 7.0 is 4.0 M and at
pH 8.5 is 3.6 M, while for C40A, C,, at pH 7.0 is
4.3 M and at pH 8.5 is 4.05 M. Figure 2(a) and (b)
show the superposition of the kinetic start and
end-points on the equilibrium curve for unfolding
of C82A at pH 8.5 and 7.0, respectively, while
Figure 2(c) and (d) show the superposition of the
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Figure 1. Solution structure of wild-type barstar.
Cys40 and Cys82 are 95% and 75 % buried. The Figure
was drawn using MOLSCRIPT (Kraulis, 1991).

kinetic start and end-points on the equilibrium
curve for unfolding of C40A at pH 8.5 and 7.0,
respectively. In all cases, the end-points of the kin-
etic experiments reproduce the equilibrium signals.
For C82A, it appears that there is a 10 ms (which
corresponds to the dead-time of stopped-flow mix-
ing) burst phase change in fluorescence, shown by
the start-points of the kinetic experiments not fall-
ing on the linearly extrapolated native baseline, in
the kinetic experiment at pH 8.5, but not at pH 7.0.
This would suggest the accumulation of at least
one unfolding intermediate at pH 8.5, but not at
pH 7.0. For C40A, there appears to be burst phase
changes in fluorescence at both pH 7.0 and pH 8.5,
suggesting that an unfolding intermediate accumu-
lates at both pH values.

For both proteins, the rates of unfolding at
pH 85 are marginally faster than the rates at
pH 7.0 (Figure 2(a)-(d), insets). All unfolding
experiments have been carried out using concen-
trations of urea that completely unfold the protein.
The unfolding reaction of barstar shows two kin-
etic phases in the folding transition zone, with the
slower phase corresponding to the isomerization of
the Tyr47-Pro48 peptide bond, which is in the cis
conformation in the native state (Schreiber &
Fersht, 1993; Shastry et al., 1994). The amplitude of
this slow phase, which has rates of approximately
0.01 s7!, decreases with increasing denaturant con-
centrations, and has zero amplitude at high dena-
turant concentrations in the post transition zone.
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Figure 2. Kinetics of unfolding of C82A and C40A at
25°C. Kinetic versus equilibrium amplitudes of the urea-
induced unfolding of (a) and (b) C82A, and (c) and (d)
C40A at (a) and (c¢) pH 85, and (b) and (d) pH 7.0.
Unfolding was monitored by intrinsic tryptophan fluor-
escence. (O) equilibrium unfolding curve; (W) starting
point of the kinetic unfolding curve, obtained by extra-
polation to t=0; (A) end-point of the kinetic unfolding
curve, obtained by extrapolation to t=oo. All ampli-
tudes are relative to a value of 1 for the native protein.
The mid-points of the equilibrium unfolding curves are
at 3.6 M and 4.0 M urea at pH 8.5 and 7.0, respectively,
for C82A; and at 4.05 M and 4.3 M urea at pH 8.5 and
7, respectively for C40A. In each panel, the broken line
is the estimated value of the optical signal of N obtained
by linear extrapolation from the folded protein baseline;
and, the dotted line represents the optical signal of N,
assuming no dependence on denaturant concentration.
Insets show the dependence on urea concentration of
the observed rate constants for the unfolding of C82A
and C40A, monitored by intrinsic tryptophan fluor-
escence at pH 8.5 as well as pH 7.0.

Therefore, the kinetic phase that is observed here,
as well as the fast unobservable burst phase rep-
resent structural events during unfolding.

Cysteine reactivities in native and
unfolded proteins

Figure 3(a) shows the reaction of Cys40 in C82A
under native conditions, and Figure 3(b) shows the
reaction of Cys40 under conditions where the pro-
tein is fully unfolded. It is observed that Cys40 in
C82A reacts 1000-fold more slowly under native
conditions (second order rate constant of 2.2 M1
s71) than under unfolding conditions (second order
rate constant of 2300 M~! s7! in 5.8 M urea). Simi-
larly, Cys82 in C40A reacts 1000-fold more slowly
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Figure 3. Reaction of DTNB with Cys40 in C82A. (a)
Reaction with protein in native buffer at pH 8.5. (b)
Reaction in 6.1 M urea. The lines through the data are
single exponential fits to the data, which yield observed
rates of 0.004s! and 3.8s™! for the folded and
unfolded proteins, respectively.

under native conditions (second order rate con-
stant of 1.8 M s7') than under unfolding con-
ditions (second order rate constant of 2900 M~! s~*
in 5.8 M urea) (data not shown). For both proteins,
the rate measured in unfolding conditions
decreases very marginally with increasing urea
concentrations (data not shown). Thus, there is a
wide difference in the reactivity of either Cys thiol
group under native conditions, where it is buried,
and unfolding conditions, where it is assumed to
be fully exposed to solvent.

Cysteine-labeling reactions

Figure 4(a) shows the extent of the labeling reac-
tion with time, in a direct unfolding experiment,

when C40A is diluted directly into a solution con-
taining 6.7 M urea (final) and 1.5 mM DTNB (final
concentration). The reaction of DTNB with Cys82
is found to be biphasic, with 50 % of cysteine thiol
groups in the protein molecules reacting with a
rate of 3.6 s™!, which corresponds to the rate of
reaction of 1.5 mM DTNB with C40A unfolded to
equilibrium in 6.7 M urea. The other 50 % of mol-
ecules react at a rate of 0.2 s~!, which corresponds
to the rate of unfolding of C40A in 6.7 M urea
(Figure 2). This result suggests that half of the pro-
tein molecules have unfolded and therefore
become reactive with DINB in the dead-time
(6 ms) of stopped-flow mixing, while the remain-
ing molecules become reactive only as they unfold
over the 30 second time domain.

Figure 4(b) shows the reaction of Cys82 in C40A
with DTNB, when the labeling reaction is initiated
at different times of unfolding in 6.1 M urea. As
expected, the observed amplitude of the reaction of
DTNB with the Cys thiol group increases with
increasing unfolding times. At any time of unfold-
ing, the entire amplitude (£10 %) of the reaction of
the Cys thiol group with DTNB is captured. For
C40A, as well as for C82A (data not shown), the
rate of the reaction of the Cys thiol group with
DTNB at any time of unfolding is the same as the
rate of the reaction of DTNB with the Cys thiol
group in fully unfolded protein. Figure 4(b) makes
another important point: the rate of the labeling
reaction is fast compared to the rate of the unfold-
ing reaction.

Figure 5 shows typical time-courses of the pulse-
labeling experiments with C82A (Figure 5(a)) and
C40A (Figure 5(b)) for unfolding in 6.7 M urea.
Observable data fit best to a single exponential in
each case. When extrapolated to t=0, the fits
suggest that 30-60% of the protein molecules
become fully accessible to labeling of the Cys thiol
group in a burst phase, and that the remaining
40-70% of the protein molecules become fully
accessible for labeling at the Cys thiol group in the
observable kinetic phase. The molecules that
become reactive in the burst phase do in fact get
labeled initially, when unfolding is initiated in the
presence of DTNB (Figure 4(a)).

The data in Figures 4 and 5 suggest that an
unfolding intermediate accumulates in the burst
phase, in which the Cys thiol group has become
reactive. Since all protein molecules do not become
reactive in the burst phase, to what is essentially
an irreversible chemical modification, the rate of
reversion of this intermediate to the native form
must be slow compared to the rate of subsequent
unfolding reactions. More importantly, a compet-
ing pathway along which native molecules can
unfold at comparably fast rates must also be avail-
able for native protein molecules to traverse. The
diversion of a significant fraction of the unfolding
molecules to the competing pathway, in which
there is no thiol-reactive burst phase intermediate,
would account for the observation that only some
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Figure 4. Unfolding of C40A studied by measurement
of the reactivity of Cys82. (a) C40A was diluted directly
into a buffer containing 6.7 M urea and 1.5 mM DTNB.
The change in exposure of Cys82 during unfolding, as
measured by the change in absorbance at 412 nm,
occurs in two kinetic phases. It is best described by the
following expression: F(f)=Y(0) + A; exp(—kit)+ A,
exp(—k,t), where F(t) is the fractional increase in absor-
bance at 412 nm at time t. (b) Unfolding of C40A was
monitored by pulse labeling of Cys82 at different times
after commencement of unfolding. C40A was unfolded
in 6.1 M urea. Raw data, namely the intensity of trans-
mitted light at 412 nm versus time of unfolding (or dur-
ation of pulse) are shown. Arrows denote the time of
adding DTNB to the unfolding protein solution. In each
case, data from four experiments in which a pulse of
DTNB was given at two, four, six and ten seconds after
commencement of unfolding are shown together. Each
exponential trace represents the reaction of the Cys thiol
group with DTNB, after different times of unfolding.
The broken line shows the baseline with only DTNB. It
is seen that all traces begin essentially from the baseline,
the rates of labeling (obtained by fitting the resultant
changes in absorbance to single exponentials) are inde-
pendent of time of application of the labeling DTNB

of the unfolding molecules become labeled by
DTNB in the burst phase (see Discussion).

Pulse-labeling versus fluorescence
monitored kinetics

Figure 6(a) shows the rates of unfolding of C82A
monitored by measurement of the change in reac-
tivity of Cys40 as well as measurement of change
in intrinsic tryptophan fluorescence at different
urea concentrations. It is seen that the rate of
unfolding monitored by probing the reactivity of
Cys40 is two- to eightfold slower than the rate of
unfolding monitored by tryptophan fluorescence.
The observable part of the unfolding kinetics there-
fore indicates that the tryptophan residues get
exposed to solvent much earlier than Cys40.
Figure 6(b) compares the rate of unfolding of C40A
monitored by accessibility of Cys82 to solvent to
that measured by intrinsic tryptophan fluorescence
at different urea concentrations. In this case, the
rates of change in tryptophan fluorescence and
change in Cys82 reactivity are similar.

Figure 6(c) compares the amplitude of the burst
phase for unfolding measured by the change in
reactivity of Cys40 in C82A to that measured by
tryptophan fluorescence. Figure 6(d) does likewise
for the change in reactivity of Cys82 in C40A.
Observable data measured by either probe were
fitted to single exponentials, and the exponentials
extrapolated to t = 0. For the fluorescence data, the
apparent burst phase amplitude was determined
by subtracting the signal at t =0 from the signal
expected from linear extrapolation of the native
protein signal (Figure 2). For the Cys reactivity
data, the extrapolated value at ¢t = 0 (Figure 5) indi-
cates the burst phase amplitude. For both proteins,
the amplitude of the apparent burst phase for
unfolding monitored by tryptophan fluorescence
shows very little dependence on urea concen-
tration. In both cases, the burst phase amplitude,
monitored by measurement of reactivities of
the Cys residues, increases with increasing urea
concentrations.

Discussion

Cysteine residues in proteins serve as useful
probes to monitor structure formation and dissol-
ution in kinetic studies of protein folding and
unfolding. Using the method of pulse-labeling, the
reactivity of a cysteine residue towards a thiol-
specific reagent can be measured. This provides an
additional technique to those utilizing pulse-label-
ing by hydrogen exchange (Udgaonkar & Baldwin,
1988, Roder et al., 1988) or real-time NMR

pulse and were the same as that observed for the label-
ing of equilibrium-unfolded protein (6.4 s!), and only
the amplitude of the labeling reaction increases with
time of application of the labeling pulse.
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Figure 5. Kinetics of unfolding of (a) C82A and (b)
C40A monitored by the pulse-labeling technique. Each
protein was unfolded to a final urea concentration of
6.7 M. Each point is an average of two or three exper-
iments. The broken lines through the data are single
exponential fits to the data, and yield apparent rate con-
stants ks of (a) 0.27 s7! and (b) 0.19 s~%. The continuous
lines through the data are fits to equation (A7), using
values for k, of 0.5s71 (C82A) and 0.23 s7! (C40A)
which were obtained as the rates of fluorescence
changes (Figure 2) using equation (A6). The error in the
determination of the extent of labeling at each time of
unfolding is estimated to be +10%, from multiple
experiments.

(Kiefhaber et al., 1995; Hoeltzli & Frieden, 1995;
Bhuyan & Udgaonkar, 1999a, 2000) for probing for
what occurs at a particular site in a protein during
folding and unfolding. Here, the unfolding reaction
has been probed using this technique because the
rate of unfolding is slow enough for the well-
characterized thiol reagent DTNB to be used.
Observed rates of unfolding are in the range 0.1 to
0.5 s™! (Figures 2 and 6) while the rate constant of
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Figure 6. Kinetics of unfolding of (a) and (c) C82A,
and (b) and (d) C40A, at pH 8.5 monitored by intrinsic
tryptophan fluorescence versus pulse-labeling of a Cys
thiol group. (a) and (b) Dependence of the observed rate
constants on urea concentration. (c) and (d) Dependence
of burst phase amplitudes on urea concentration. (@)
data obtained using intrinsic tryptophan fluorescence as
Data probe; (A) data obtained using Cys thiol reactivity
as a probe. The continuous lines have been drawn by
inspection only. For C82A, the values of k; and ks at the
different urea concentrations, obtained by fitting the
changes in fluorescence and cysteine reactivity at each
urea concentration to equations (A6) and (A7), are
0.34 s7! and 0.05 s (5.8 M urea), 0.4 s~' and 0.18 s!
(6.1 M) 0.44 s7! and 0.22 s7! (6.4 M), and 0.46 s~' and
0.27 s7! (6.7 M), respectively. For C40A, the values of k,
and ks at the different urea concentrations, obtained by
fitting the changes in fluorescence and cysteine reactiv-
ity at each urea concentration to equations (A6) and
(A7) are 0.19s7! and 0.16 s7! (5.8 M urea), 0.21 s7*
and 0.23 57! (6.1 M), 0.23 s7! and 0.24 s7! (6.4 M), and
0.234 s~ and 0.2 s7! (6.7 M).

reaction of DTNB with a cysteine thiol group in
protein unfolded in 6.1 M urea is 6 to 30-fold faster
at 3 s! (Figure 3). Thus, the number of unfolded
molecules is not expected to change significantly
during the pulse-labeling step, which is approxi-
mately one second.

The folding reaction of barstar is considerably
faster, with the fastest observable rate being
approximately 30 s~ (Shastry et al., 1994; Shastry
& Udgaonkar, 1995), and it is clear that slow thiol-
modifying reagents such as DTNB or pyridine dis-
ulfide cannot be used to probe folding reactions.
Other thiol reagents such as the thiosulfonates
(Roberts et al., 1986; Rothwarf & Scheraga, 1991),
which react with thiol groups in less than a milli-
second, can be used to study fast folding reactions
(Ha & Loh, 1998).
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Pulse-labeling by thiol exchange with DTNB
versus pulse-labeling by hydrogen exchange

The advantage of pulse-labeling of Cys thiol
groups by DTNB over pulse-labeling by hydrogen
exchange is that in the former case it is possible to
monitor not only the extent of the reaction of the
thiol with the label but also the rate of reaction
(Figure 4). The rate of reaction of the thiol can pro-
vide information about intermediate forms with
cysteine thiol-reactivities distinct from the native
and the unfolded state. In the results presented
here, the rate of reaction with DTNB of Cys40 in
C82A or of Cys82 in C40A at any time of unfold-
ing is the same as that seen when the protein is
completely unfolded in the same concentration of
denaturant used in the kinetic experiment. This
result suggests that the form of protein with which
DTNB reacts at any time of unfolding, has its lone
cysteine thiol group in the same environment as
the completely unfolded protein, U. If the environ-
ment were different from that in U, then the reac-
tivity of the cysteine thiol group would also be
expected to be different, because its reactivity
depends on its pK,, which can be significantly
affected by its immediate environment (Li et al.,
1993).

There are two other advantages of the cysteine
modification protocol over the hydrogen exchange
protocol: (i) as long as the cysteine modification
reaction is much faster than the folding reaction, it
does not matter what happens to the protein after
the labeling pulse. The protein need not even
complete folding; and (ii) the use of fast cysteine-
modifying agents, such as the thiosulfonates, in
conjunction with a full range of single cysteine-
containing mutants should make it possible to
determine whether surface residues get transiently
buried during folding and thus, address the ques-
tion as to whether non-native structures form
during folding.

A possible complication in the interpretation of
experiments utilizing pulse-labeling by cysteine
thiol modification is the coupling of the folding/
unfolding reaction to the cysteine modification
reaction. Modification of the thiol group can per-
turb the equilibrium between native, intermediate
and unfolded species. For example, modification of
Cys40 and/or Cys82 in barstar leads to an increase
in stability of the protein (Ramachandran &
Udgaonkar, 1996). However, two experimental
results suggest that such coupling can be ruled out
in the kinetic experiments reported here. Firstly, at
any time during unfolding, the rate of reaction of
the cysteine thiol group is that expected for the
thiol group in the completely unfolded protein.
Kinetic coupling would have resulted in the rates
being different, because the observed rate would
then be a combination of the rate corresponding to
that for completely unfolded protein and the rates
for folding and unfolding. Secondly, unfolding
rates measured by monitoring cysteine thiol group
reactivity rates are either the same (in the case of

C40A) or smaller (in the case of C82A) than rates
measured by monitoring tryptophan fluorescence
(Figure 5). Kinetic coupling would have resulted in
faster apparent rates of unfolding. The absence of
kinetic coupling suggests that under the conditions
of the experiments reported here (in the presence
of high concentrations of urea and [DTNB]/
[Protein]>1, and the rate of labeling> rate
of unfolding), both unfolding and labeling are
essentially irreversible (see below). It should be
mentioned that in studies with other proteins
where such coupling might be suspected, the use
of multiple thiol reagents would allow the extent
of coupling to be determined.

Here, the rate of change of cysteine reactivity
has been compared to the rate of change in fluor-
escence during unfolding for each protein. Such
comparisons for the two proteins are valid because
the stabilities of C40A and C82A are similar, as are
their unfolding kinetics (Figure 2).

Fluorescence monitored unfolding kinetics at
pH 7.0 and pH 8.5

For C82A, a sub-millisecond burst phase change
appears to occur in the fluorescence monitored
unfolding kinetics at pH 8.5, but not at pH 7.0,
although the observed rates are not very different
at the two pH values (Figure 2). In the case of
C40A, apparent burst phase changes in fluor-
escence occur at both pH values (Figure 2). The
burst phase change in fluorescence at any concen-
tration of urea was determined as the difference
between the value of the extrapolated native state
fluorescence at that concentration of urea and
the t = 0 value of the kinetic curve for unfolding in
the same concentration of urea. Unfolding rates
are very slow (0.1 to 0.5s7!), and the 10 ms
mixing dead time cannot account for the missing
amplitudes.

Inspection of the data in Figure 2 reveals, how-
ever, that the t = 0 signals of the kinetic curves are
essentially the same as the signal for native protein
in the absence of denaturant. In addition, burst
phase amplitudes determined using extrapolated
native protein baselines do not show any depen-
dence on denaturant concentration (Figure 6(c) and
(d)). This would imply that the stability of any
burst phase intermediate is independent of dena-
turant concentration, which is very unlikely. It is
therefore difficult to determine whether the burst
phase change in fluorescence is indeed real, or an
artifact caused by the slope of the native protein
baseline. It should be mentioned, however, that
while wild-type barstar does not display a burst
phase change in fluorescence under similar con-
ditions at pH 7.0, a single Trp-containing mutant
form of the protein does, whether the slope of the
native baseline is taken into account or not. In the
latter case, the burst phase change increases with
an increase in urea concentration in a seemingly
cooperative manner (Zaidi et al., 1997). Clearly,
more experiments are necessary to ascertain the
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significance of the apparent burst phase changes in
fluorescence. It should be realized, however, that if
the t = 0 values of kinetic curves in Figure 2(a), (c)
and (d) do indeed represent the native signals in
unfolding conditions, then the positive slope of the
native protein baseline in each case must represent
accumulation of at least one equilibrium unfolding
intermediate which is more fluorescent than the
native protein.

Real burst phase changes in fluorescence fol-
lowed by slower changes during unfolding are not
the consequence of proline isomerization leading
to biphasic kinetics. The folding and unfolding kin-
etics of barstar show a fast and slow phase only in
the transition zone where coupling between the
structural transitions and isomerization of
Tyr47-Pro48 occurs (Schreiber & Fersht, 1993;
Shastry et al., 1994). The observable phase seen in
the measurements reported here (Figures 2 and 5)
correspond to the fast phase (Zaidi ef al., 1997;
Schreiber & Fersht, 1993; Shastry et al., 1994). In
the post transition zone, the slow phase caused by
proline isomerization is not seen because coupling
no longer occurs (Shastry et al., 1994; Kiefhaber et
al., 1992) and only the kinetics of the faster struc-
tural transitions are evident.

Complex unfolding kinetics are not caused by
native-state heterogeneity

Before considering a possible mechanism for
unfolding, it is important to rule out the most
straightforward explanation for multiple phases of
unfolding, which would be that they arise from
heterogeneity in the native form of barstar. For
example, in the case of staphylococcal nuclease,
native form heterogeneity has been demonstrated
by NMR methods (Wang et al., 1990), and is
believed to be responsible for the observed com-
plex unfolding kinetics (Alexandrescu et al., 1990).
In the case of barstar, however, three different
results suggest that the native state is homo-
geneous. Firstly, many different heteronuclear and
homonuclear NMR studies of structure and
dynamics have been unable to detect heterogeneity
in the native state (Bhuyan & Udgaonkar, 1998;
Lubienski et al., 1994). Secondly, time-resolved flu-
orescence studies (Swaminathan et al., 1996) have
shown that Trp53 in the core not only displays a
single lifetime, but also a very narrow lifetime dis-
tribution. The width is very similar to that of
model N-acetyl L-tryptophan amide in solution.
This clearly shows that the core around Trp53 is a
single state in N. Of course, a single fluorescence
lifetime will also be seen if multiple forms intercon-
vert faster than the decay of fluorescence. Fluor-
escence lifetimes are, however, in the nanosecond
time domain, and fast interconversion in the nano-
second time domain would not lead to the kinetics
of unfolding displaying multiple rates, because all
native molecules would initially convert to the
form that unfolds fastest and consequently, only a
single fast unfolding reaction would be seen.

Lastly, if multiple native forms were present, then
the kinetics of unfolding would be expected to
depend on the initial conditions prior to com-
mencement of the unfolding reaction. When the
initial conditions are, however, varied from very
native-like (no denaturant present) to marginally
native-like (different pre-transition zone-concen-
trations of denaturant present), while the final
unfolding conditions are constant, the unfolding
kinetics of barstar are not affected (Schreiber &
Fersht, 1993; Shastry et al., 1994; Shastry &
Udgaonkar, 1995). Thus, it is very unlikely that the
native state of barstar is heterogeneous in com-
position, and the complex unfolding kinetics
observed are most likely to arise from multi-state
unfolding of a single native form.

Mechanism of unfolding

The following experimental observations must
be explained by any proposed mechanism: (i) the
kinetics of unfolding monitored by measurement
of Cys reactivity are biphasic, with a rapid phase
followed by a slower phase. In the fast phase, only
a fraction of protein molecules become reactive;
(i) the rate of unfolding of C82A monitored by
measurement of Cys reactivity is slower than the
rate of unfolding monitored by intrinsic trypto-
phan fluorescence. Thus, there are at least two
slow observable unfolding reactions. The depen-
dences on urea concentration of the two rates are
different; (iii) the rate of unfolding of C40A moni-
tored by measurement of Cys82 reactivity is the
same as the rate of unfolding monitored by intrin-
sic tryptophan fluorescence; and (iv) apparent
10 ms burst phase changes in fluorescence might
also occur during unfolding.

The following mechanism is proposed to account
for the data:

Iu2 k, > Iu3

Scheme 2.

Mechanism 2 (Scheme 2) can be solved analyti-
cally to determine how the relative amounts of N,
I, I},  and U change with time during unfold-
ing, when N is the only species present at the com-
mencement of the unfolding reaction (Szabo, 1969).
Expressions for the changes in fluorescence and
cysteine reactivity with time of unfolding, that are
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expected if unfolding follows mechanism 2 are
given in the Appendix. The good fits of the exper-
imental data to the expressions for the changes in
fluorescence (equation (A6)) and cysteine reactivity
(equation (A7)) with time of unfolding (Figure 5),
demonstrate that mechanism 2 adequately and cor-
rectly describes the data.

In mechanism 2, two intermediates, I, and 12,
accumulate rapidly on two competing pathways of
unfolding. I, exposes the thiol groups of Cys40
and Cys82 completely to solvent, while I3 does
not. The rates of formation of I; and I§; are rapid
with respect to the rates of the following confor-
mational changes (k;, k5, >k,, ky, ks). The extent to
which they accumulate in the burst phase depends
on the values of k; and k;. Thus, the magnitude of
the burst phase change in cysteine thiol group
reactivity is given by equation (A9) (see Appen-
dix), and its dependence on denaturant concen-
tration is dictated by equations (A9) and (A10).

It is important to understand the necessity of
including the competing pathway defined by I}
and I3, in mechanism 2, to account for the data
presented here. In its absence, the entire change in
cysteine reactivity would be expected to occur
rapidly in the burst phase because all molecules
would convert rapidly to Ij;. In the presence of the
competing 1pathway, the fraction of molecules that
unfold to Iy will depend on the relative values of
k, and k;, and is given by equation (A9).

Iy and I, resemble N in their fluorescence prop-
erties: burst phase changes in fluorescence will be
seen if either does not. Thus, mechanism 2 can also
account for the data if the burst phase changes in
fluorescence are real. It is only necessary that in
equation (Al), the value of Fj; is not unity as is
assumed in equations (A3) and (A6), but be
between 1 and zero. In that case, the dependences
on urea concentration of the burst phase changes
in fluorescence will be different from those seen for
burst phase changes in reactivities of Cys thiol
groups (Figure 6), because the dependences on
denaturant concentration of k; and k; are different.

It is necessary to include the intermediate [{; in
mechanism 2, because in its absence, the rates of
fluorescence change and Cys exposure cannot be
different, as is observed (Figure 6). If I, resembles
U in its fluorescence properties, and N in the extent
it exposes Cys40, then the rate of observable fluor-
escence change will be faster than the rate of Cys40
exposure in C82A, if k,, k; > ks. According to mech-
anism 2, the rate of observable fluorescence change
is determined by k, (equation (A6)), while the rate
of observable change in cysteine exposure is deter-
mined principally by k; and ks (equation (A7)).
Thus, at any denaturant concentration, the rate of
fluorescence change yields k, (Figure 6), and using
the value of k, so obtained, the value of k5 can be
obtained by fitting the change in cysteine exposure
with time to equation (A7). The values of k, and ks
have different dependences on denaturant concen-
tration as given by equation (A10); thus, the obser-
vable rates of fluorescence change and of exposure

of Cys thiol groups have different dependences on
denaturant concentration.

According to mechanism 2, the observed rates of
cysteine exposure and fluorescence change are
identical for C40A because k, ~ ks. An alternative
explanation for identical rates of cysteine exposure
and fluorescence change in C40A is that in mech-
anism 2, I and not I; has Cys82-exposed. In this
alternative scenario, only Cys40 would get exposed
in the N — I}, and I¥; — U transitions, as described
in the Appendix, while Cys82 would get exposed
instead in the N — I3, and I}; — U transitions. The
data do not rule out this alternative, but less
simple, possibility.

Mechanism 2 is similar to mechanism 1, pro-
posed earlier to explain CD and fluorescence stu-
dies of unfolding of wild-type as well as mutant
barstar, except that the chemical labeling studies
reported here suggest that the early intermediates
Iy and I§; cannot be in rapid equilibrium with N,
as suggested from the earlier studies where only
spectroscopic methods were used (Zaidi et al.,
1997). If a rapid equilibrium between N, Ij; and I§
were to be established before further slow confor-
mational changes, then essentially all of the protein
molecules should react rapidly with DTNB,
because they would be sampling the Ij; confor-
mational state at a rate that is much faster than the
labeling reaction. This is a consequence of the equi-
librium population being probed with an essen-
tially irreversible chemical reaction: all molecules
should react as they sample the reactive confor-
mation. This is an important difference between
using a conventional spectroscopic probe such as
CD, and the chemical probe used here.

It is important to note that under the strongly
denaturing conditions of our experiments, the
backward (folding) reactions in mechanism 2 are
expected to be slow compared to the correspond-
ing unfoldin$ reactions. The rates of the backward
transitions, I; — N and I§; — N, must not only be
slower than k; and ks, but they must also be slower
than k,, k, and ks; otherwise all protein molecules
will be labeled with DTNB, as described above.
Thus, backward reactions have not been con-
sidered in mechanism 2.

Structural properties of I,

I, must resemble N in its fluorescence proper-
ties. Since the fluorescence of barstar has predomi-
nant contributions from Trp53 (Nath &
Udgaonkar, 1997) which is completely buried in
the core of the protein, this suggests that the core
of the protein is still sufficiently intact in Ij; that
Trp53 remains secluded from water. The reactiv-
ities of Cys40 and Cys82 in Ij; are the same as that
in U, suggesting that their solvent-exposures as
well as immediate environments in Ij; resemble
those in U. The two cysteine residues are located
in two separate hydrophobic pockets in the protein
structure: Cys40 is located in helix 2, and Cys82 is
located in the loop between helix 4 and the last
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strand of the three-stranded B-sheet (Figure 1). It is
possible to conjecture that these elements of sec-
ondary structure are missing in I{; as they are in U,
so that the reactivities of the Cys thiol groups in Ij;
are the same as they are in U. More experiments
with other single Cys-containing mutant forms of
barstar are necessary to determine the validity of
this hypothesis.

Fluorescence is a commonly used probe to
monitor the kinetics of refolding and unfolding
of proteins. It is observed that for barstar, Cys40
becomes accessible to solvent much more slowly
than the tryptophan residues in the protein,
monitored by their fluorescence. Thus, the use of
the cysteine pulse-labeling technique indicates
that fluorescence does not monitor complete
unfolding, and that fluorescence sensitive confor-
mational changes are followed by fluorescence-
insensitive conformational changes. The results
therefore illustrate the need to use multiple
probes to monitor the kinetics of folding and
unfolding, and demonstrate the occurrence of
conformational changes after all spectroscopic
changes have taken place.

Energy landscapes for protein folding
and unfolding

From the energy landscape perspective, the
accumulation of partially folded intermediate
forms during folding occurs because of local
stable minima, and attests to the ruggedness of
the energy surface (Dill & Chan, 1997, Chan &
Dill 1998; Pande et al., 1998; Onuchic et al., 1997,
Dobson et al., 1998). A change in pH conditions,
temperature, or chemical denaturant concen-
tration, sufficient to cause the unfolding of a
protein is expected to change the stabilities of
such intermediates; hence, local energy minima
originally present may disappear, while new
local energy minima might appear. Thus, the
ruggedness of the energy landscape is expected
to be evident in unfolding conditions (Dill &
Chan, 1997; Chan & Dill, 1998; Pande et al.,
1998), but there are no studies applying the per-
spective of energy landscapes to protein unfold-
ing reactions. The results here demonstrate that
unfolding reactions can be as complex as folding
reactions, suggesting that energy landscapes
accessible to protein molecules during unfolding
can be as intricate as those accessible during
folding. It will be important to compare these
energy landscapes in future studies.

Materials and Methods

C82A and C40A were purified as described
(Ramachandran & Udgaonkar, 1996). Concentrations of
urea (Gibco BRL) in solutions were determined by refrac-
tive index measurement on an Abbe type refractometer
(Milton Roy). Experiments at pH 7.0 were carried out in
solutions containing 20 mM sodium phosphate buffer

and those at pH 8.5 were carried out in solutions con-
taining 0.1 M Tris. All solutions contained 500 pM
EDTA. All experiments were carried out at 25°C.

Equilibrium and kinetic unfolding experiments

Equilibrium unfolding experiments were carried out
by monitoring fluorescence of the protein at different
urea concentrations. In all experiments, the protein was
allowed to equilibrate for at least three hours prior to
measurement. Fluorescence was monitored on a Spex
DM3000 Fluorolog spectrofluorimeter. The protein
sample was excited at 287 nm and emission monitored
at 320 nm. The excitation and emission band widths
were 0.35 nm and 10 nm, respectively. Measurements
were made with a protein concentration of 2 pM and a
1 cm pathlength cuvette.

Kinetic unfolding experiments, using intrinsic trypto-
phan fluorescence as a probe, were carried out on a Bio-
logic SFM-3 stopped flow machine. The excitation and
emission wavelengths were 287 nm and 320 nm, respect-
ively. The concentration of protein used was 10 pM in a
0.15 cm path-length cuvette.

Reactions of cysteine residues in C82A and C40A
with DTNB

Fully folded proteins, or proteins completely unfolded
in 5.8, 6.1, 6.4 or 6.7 M urea were reacted with DTNB at
pH 8.5. The concentration of protein used was 15 uM
and the DTNB concentration was 1.5 mM. The reaction
of native protein with DTNB was done on a Genesys
spectrophotometer (Milton Roy). The reaction of protein
unfolded in different concentrations of urea was carried
out on a Biologic SFM-3 stopped-flow machine with a
mixing dead time of 10 ms.

Pulse-labeling experiments

Pulse-labeling experiments were carried out on either
a Biologic SFM-3 or SFM-4 stopped-flow machine. The
experiment was carried out by starting with native pro-
tein and unfolding the protein to different final concen-
trations of urea in an aging loop (volume of 150 pl). At
different times after initiation of unfolding, the unfolding
protein was pulsed with DTNB in a second mixing
event. The reaction of DTNB was monitored by the
change in absorbance at 412 nm as a function of time.
The fraction of molecules in which the Cys residue is
exposed was calculated using an extinction coefficient of
13700 M~! cm™! for the thionitrobenzoate ion (Riddles
et al., 1983), released stoichiometrically on the reaction of
DTNB with cysteine residues.

Analysis of kinetic data from fluorescence

All kinetic data obtained by monitoring tryptophan
fluorescence were fit to single exponentials using
equation (A6).

Analysis of pulse-labeling data

Raw light intensity data from pulse-labeling exper-
iments were converted to absorbance using equation (1):

I
Ao = os(1)
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Intng represents the intensity (in V) of the transmitted
light for DTNB alone and Ipror represents the intensity
of transmitted light in the presence of DTNB and pro-
tein.

At each time of unfolding, the trace of absorbance ver-
sus time of labeling was fitted to a single exponential.
The absorbance value at t =00, Y., obtained at each
unfolding time represents the extent of labeling at that
time of unfolding. Plots of extent of labeling versus the
time of unfolding were then fit to equation (A7).
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Appendix

According to mechanism 2 (see the main text),
the changes in fluorescence, F(t), and cysteine
exposure, C(t) during unfolding are given by:

F(t) = Fx x N(t) + Fp x Ij(#) + Frp x I3(t)

+ Fi3 x I(t) + Fy x U(t) (A1)
C(t) = Cn x N(t) + Cn1 x Ij;(t) + Cnp x (1)
+ Cps x I3(H) + Fu x U(t) (A2)

where F; refers to the fluorescence signal corre-
sponding to 1 mol of species i, C; refers to the
cysteine exposure of 1 mol of species i, and i(t) rep-
resents the concentration of species i at time t of
unfolding.

Mechanism 2 will account for the observed
changes in fluorescence with the simple assump-
tion that they take place only during the I, > U
and I}, — [§; transitions, so that Fy=F; =F, =1
and Fj; = Fy =0. It will account for the observed
changes in cysteine exposure with the assumption
that these take place in the N— I}, and I}, - U
transitions so that Cy=C,=Cz=0 and
Cn = Cy = 1. Then, the observed changes in fluor-
escence and cysteine exposure are given by:

F(t) = N(H + [L(H) + I5(t) (A3)

C(t) = Iy(t) + U(t) (Ad)
The combination of parallel and consecutive reac-
tions in mechanism 2 have exact analytical solutions
for N(t), IL(t), I(t), By(t) and U(t), as described by
Szabo (1969) and Shastry & Udgaonkar (1995). The
expressions become simpler when ki ks> kyk, ks,
and for t>ki!, k;'. Under these conditions, the
expression for F(t) simplifies to:

F(t) = <k1 Iji 5 e ket 4 ﬁe“f)fxo (A5)

Furthermore, if k, = ky:
E(t) = Age™™ (A6)

The expression for C(t) is given by:

co=(1-p B e w)

Furthermore, if k, > ks:
C(H = A <1 - Le—k5f> (A8)

ki + ks

From equation (A7), the burst phase change in
cysteine activity is given by:

_ ks '\ _ ky

The increase in the microscopic rate constants of
unfolding, k;, of mechanism 2, with increase in
denaturant concentration, is given by Tanford
(1970):
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logk; = log kY + my,[D] (A10)
where k? is the rate constant of unfolding in the
absence of denaturant, and my; is the slope of the
linear dependence of log A, on the concentration of
denaturant.
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