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ABSTRACT. The folding and unfolding rates of the small protein, barstar, have been monitored using stopped-
flow measurements of intrinsic tryptophan fluorescence a&t@5H 8.5, and have been compared over

a wide range of urea and guanidine hydrochloride (GdnHCI) concentrations. When the logarithms of the
rates of folding from urea and from GdnHCI unfolded forms are extrapolated linearly with denaturant
concentration, the same rate is obtained for folding in zero denaturant. Similar linear extrapolations of
rates of unfolding in urea and GdnHCl yield, however, different unfolding rates in zero denaturant, indicating
that such linear extrapolations are not valid. It has been difficult, for any protein, to determine unfolding
rates under nativelike conditions in direct kinetic experiments. Using a novel strategy of coupling the
reactivity of a buried cysteine residue with 5¢hthiobis(2-nitrobenzoic acid) (DTNB) to the unfolding
reaction of barstar, the global unfolding and refolding rates have now been determined in low denaturant
concentrations. The logarithms of unfolding rates obtained at low urea and GdnHCI concentrations show
a markedly nonlinear dependence on denaturant concentration and converge to the same unfolding rate in
the absence of denaturant. It is shown that the native protein can sample the fully unfolded conformation
even in the absence of denaturant. The observed nonlinear dependences of the logarithms of the refolding
and unfolding rates observed for both denaturants are shown to be due to the presence of (un)folding
intermediates and not due to movements in the position of the transition state with a change in denaturant
concentration.

Characterization of the structures and stabilities of the The free energy of activation of a folding or unfolding
various conformational states that a polypeptide chain canreaction is also assumed to have a linear dependence on
sample is a principal goal of protein folding studies. The denaturant concentration, because the folding and unfolding
stability of a protein, in terms of the free energy change rate constants observed for many proteins show exponential
(AGy) that occurs upon unfolding from the native (N) state dependences on denaturant concentratter®). Thus, the
to the unfolded (U) form, is commonly determined by the logarithms of the folding and unfolding rates determined in
analysis of denaturant-induced or thermally induced equi- the presence of denaturant are typically extrapolated linearly
librium unfolding transitions, where the structural changes with denaturant concentration to determine the rates at zero
occurring during the unfolding transition can be monitored denaturant. For a number of proteins that fold genuinely by
spectroscopically. The observation of a cooperative unfolding a two-state mechanism, there is good agreement between the
transition allows the determination of the stability of the AGy(H,0) values obtained by linear extrapolation of free
native protein by use of a two-state, ¥ U, model, and energy changes in an equilibrium unfolding transition and
AGy obtained in the presence of denaturant is extrapolatedfrom the linear extrapolation of the logarithm of the ratio of
linearly with denaturant concentration according to the linear the unfolding to folding rates obtained from kinetic experi-
free energy modellj to obtainAGy(H-0), the free energy  ments 6—9; listed in ref10). Other support for the legitimacy
of unfolding in the absence of denaturant. The linear free of linear extrapolation of the logarithm of a folding or
energy model has been validated strongly by studies utilizing unfolding rate comes from a recent study of the folding of
combined analyses of GdnH@hduced and temperature-  ubiquitin, where the unfolding rates obtained experimentally
induced unfolding transition2). More recently, validation  at low denaturant concentrations using HX have been shown
of the use of the linear free energy model has come from to agree with the rates obtained by linear extrapolation of
hydrogen exchange (HX) studie3—5). the rates obtained at high denaturant concentrations by optical
spectroscopic method41).
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(13—16). Curvature can arise when intermediates are presentunfolding pathwaysZ9, 31). Native state HX experiments
on the folding or unfolding pathwaylp, 17—21), due to can measure equilibrium stability parameters under native
denaturant-induced changes in the rate-limiting kinetic step conditions 82). When a protein has hydrogens that exchange
(12). Alternatively, curvature can result from Hammond only from the globally unfolded state, their measured HX
behavior (4) in which the structure of the transition state rates can be used to compute the free energy of the global
changes with denaturant to resemble the least stable stateinfolding equilibrium under the conditions of the HX
under the experimental conditions5( 22). The observation = measurement. Similarly, the global unfolding rates at equi-
of such nonlinear dependence of the logarithm of rates onlibrium can be determined by monitoring the reactivity of
denaturant concentration for several proteit3(16) ques- the thiol of a buried cysteine residue which becomes exposed
tions the validity of the linear extrapolations commonly used only upon global unfolding. Barstar has two buried cysteine
to determine the unfolding rates in nondenaturing conditions. residues: Cys40 and Cys82. The accessibility of the buried
Even when the logarithms of the unfolding rates show linear cysteine to thiol-modifying agents such as DTNB is easily
denaturant dependences at high denaturant concentrationsnonitored 9). Since DTNB can react only with an exposed
the linear extrapolation of log rates obtained in high urea thiol, the observed rate of labeling of a cysteine will depend
and GdnHCI concentrations may result in different unfolding on the rate of exposure of the buried cysteine side chain. A
rates at zero denaturant concentration. For example, themutant of barstar, containing a single core tryptophan (Trp53)
unfolding rate for barnase obtained by linear extrapolation and a single cysteine (Cys82), was used for the DTNB
of rates in GdnHCI is 10-fold lower than the rate obtained labeling studies described here. The advantage of using this
similarly from urea-induced unfoldind.8, 23). Thus, linear mutant is that the fluorescence-monitored kinetics can be
extrapolations of unfolding rates determined at high denatur- assigned to changes occurring in the environment of the core
ant concentrations can be misleading, and in the absence ofryptophan, and the Cys82 thiol provides a unique buried
experimental data concerning unfolding kinetics at low site for the DTNB reaction.
denaturant concentrations, it is difficult to determine the  The protein was equilibrated in different concentrations
folding and unfolding pathways accessible to the native of denaturant and reacted with DTNB. The rate of the DTNB
protein under nondenaturing conditions. These problemsreaction at every denaturant concentration was monitored for
clearly highlight the importance of determining the folding different concentrations of DTNB. The dependence of the
and unfolding rates in the absence of denaturant and at lowphserved DTNB reaction rate on the DTNB concentration
denaturant concentrations, so as to eliminate the need forclearly indicates that a structural transition precedes the
extrapolations from data obtained at high denaturant con-|abeling reaction and the rates for this transition could be
centrations. determined from the observed labeling rates. The results
Barstar, a protein extensively used for protein folding indicate that, under native conditions, the protein can unfold
studies 24—30), serves as a model system to understand to the fully unfolded form, similar to the denaturant-induced
the denaturant dependence of folding and unfolding rates.unfolded form. The data also reveal that intermediates are

The validity of the linear free energy model to obtain populated during the transition of the native state to the
AGy(H20) from the AGy obtained in a GdnHCI-induced ynfolded form.

unfolding transition on the basis of a two-state model has

been verified experimentally for barst&) (Also, the values =~ MATERIALS AND METHODS

of AGy(H20) obtained from urea-induced and GdnHCI- ] o )

induced equilibrium unfolding transitions are identical, _ Protein Purification. The mutant protein W38F/W44F/
further validating the determination afGy(H.O) on the ~ C4O0A containing a single tryptophan (Trp53) and a single

basis of the linear free energy model. This value for Cysteine (Cys82) was prepared as described eadigy. (
AGy(H0) is, however, not correctly predicted from the Protein concentration was determined by absorbance at 280

observed fluorescence-monitored folding and unfolding rates "M. USiNgezso = 10000 M™* cm ™.
in urea @4) or GdnHCI @6). Buffers and SolutionsAll experiments were done at 25
The folding as well as unfolding reactions of barstar appear °C, in buffer containing 100 mM Tris and 0.5 mM EDTA
to be multistate with discrete intermediates populating at pH 8.5. Concentrations of stock urea or GdnHCI solutions
parallel pathways20, 24—30). The Tyr47-Pro48 bond is were determined by refractive index measurements. The
in the cis conformation in the native state, and upon concentration of the stock DTNB solution was determined
unfolding, it can exist in both theis (Ur or the fast folding by absorbance at 325 nm, usingaps = 17380 Mt cm™*
form) andtrans (Us or the slow folding form) conformations. ~ (34). In all of the experiments, the protein concentration used
Native barstar in high denaturant concentration unfolds to Was 10uM, and the DTNB concentration was varied between
Ur via parallel competing pathways where intermediates have 0.5 and 8.0 mM.
been detected?(, 28—29). In the work presented here, the Measurement of Unfolding and Refolding Rates for the
folding rates and unfolding rates for the<N Ug transition N = Ugr Transition by FluorescenceThe unfolding and
of barstar have been determined using a thiol reaction refolding experiments in different denaturant concentrations
strategy similar to native state hydrogen exchange methodol-were done in the stopped-flow module, SFM 400, from
ogy. Biologic, France. The fluorescence changes during the
Pulsed HX experiments have provided detailed information kinetics were monitored at 320 nm upon excitation at 295
about folding pathways and intermediates during folding (see nm, using the MOS-250 detection system from Biologic. To
ref 5 for review). In a similar manner, the reactivity of the obtain the refolding rates of &) the refolding of the
thiol group of cysteine side chains has been used in pulsedtransiently unfolded protein was monitored6). Native
thiol—disulfide exchange experiments to study folding and barstar was unfolded fd& s in different urea and GdnHCI
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concentrations and then refolded by dilution of denaturant. Combining eqs 1 and 2 gives
This short unfolding time does not allow proline isomeriza-

tion to occur, and ¥is therefore not formed. The folding qu°

rates so obtained correspond to the-dJ N transition. AG(H,0) = —RTIn =5 (3a)
Measurement of Equilibrium Unfolding Transitiorisor At

equilibrium unfolding measurements, barstar solutions con- .

taining different concentrations of denaturant were incubated Mg = _RT(miu + mﬂf) (3b)

for ~3 h (incubations ranging from 2 to 24 h gave the same

results). Tryptophan fluorescence excited at 295 nm was The values forAGy(H,O) andmg obtained by the above
monitored at 320 nm using a SPEX Fluorolog fluorimeter. analysis of rates can be compared to the same values obtained
Circular dichroism (CD) measurements at 222 nm were madeby a two-state analysis using the linear free energy model
on a Jasco 720 spectropolarimeter. (2, 37) of the equilibrium unfolding transition monitored by

Measurement of Cysteine Labeling RatEke free thiol ~ CD or fluorescence. For barstar, however, théy(H:0)
group of cysteine reacts with DTNB at alkaline pH, resulting obtained from a two-state analysis of the equilibrium
in the attachment of one TNB group to the cysteine, and the unfolding transition corresponds to the free energy difference
release of one TNB The rate of reaction can therefore be between the native state and an equilibrium mixture pf U
monitored by measurement of the increase in absorbance agnd Us states. The difference in free energy change for the
412 nm due to the release of TNBThe amount of protein N = Ug reaction and the N= Ur = Us reaction AAG)
labeled can be determined from the fraction of TNB depends on the energy difference between the two unfolded
released, usings;> = 14100 Mt cm™t (34). Under the forms differing in the isomerization of one proline bond. The
experimental conditions used, the entire labeling kinetics equilibrium constanK = Ug/Us is 0.47 @5); thus,AAG =
were observable, and 100% labeling was obtained at all ~RTIn(K/1 + K) = 0.7 kcal/mol. After addition of 0.7 kcal/
denaturant and DTNB concentrations. The labeling reactionsmol, the value ofAGy obtained from optically monitored
were carried out by mixing the protein equilibrated in equilibrium unfolding transitions was found to be consistent
different denaturant concentrations with DTNB in the same With the free energy change for a group of amide protons
denaturant concentration in the SFM 400 module. Thus, theobtained by hydrogen exchang8).(Thus, the value for
denaturant concentration did not vary at all during the AGu(H20) obtained from the two-state analysis of the
labeling reaction. Labeling kinetics in the native state and equilibrium unfolding transition was corrected for the proline-
in low denaturant concentration were also monitored in a related step by addition of 0.7 kcal/mol, so that it could be
CARY 100 UV-VIS spectrophotometer, where the reactions compared with the value obtained from extrapolation of rates
were initiated manually. for the N== Ug reaction.

The bimolecular rate constant for the reaction of the (B) Analysis of Cysteine Labeling Rat&he bimolecular
cysteine thiol with DTNB depends on the temperature, pH, rate constant for the reaction of cysteine with DTN®)
and ionic strength35). Also, charged residues adjacent in was determined by obtaining labeling rates at different DTNB
sequence to the cysteine influence the labeling 28g To concentrations for the peptide (EGCDI). The observed
determine the bimolecular rate constant for the reaction of kinetics of release of TNBduring labeling of the peptide
DTNB with a fully exposed Cys82, the labeling reaction was fit to a single-exponential equation, with one apparent rate
also carried out on a pentapeptide corresponding to theconstant. This apparent rate constant was determined at
sequence flanking Cys82 in barstar (EGCDI). The peptide different DTNB concentrations, and the slope of the rate
was purchased from Chiron Technologies, Australia. The constant vs DTNB concentration gives the bimolecular rate
DTNB labeling experiments of the peptide were done under constant, which was then determined at different denaturant
the same conditions as the protein in the presence of differentconcentrations.
denaturant concentrations. The observed kinetics of release of TNBuring labeling

Data Analysis. (A) Analysis of Fluorescence Monitored of the protein fit either to a single exponential or to a
Kinetics The rates observed for the M= Ur reaction biexponential equation, depending on the concentration of
monitored by fluorescence vary exponentially with denaturant denaturant used. When the TNBelease kinetics fit to a
concentration in the range of denaturant concentration useddouble exponential, then the relative amplitudes correspond-

in these experiments and were fit to the equations: ing to the two apparent rate constants gave the fraction of
molecules reacting with that rate.
Ini=In iszO — m, [denaturant] (1a) The slow labeling rate observed for the native protein, and

at low denaturant concentrations, was fit to the thiol

InJ,=In iquo 4 mlu[denaturant] (1b) disulfide exchange mechanism:

mechanism 1
where A{H° and 1,/° are the values of the rates in the K, K,
absence of denaturant ang, andm;, represent the depend- closed (SH)?p open (SH)— exchanged (STNB)
ences of these rates on denaturant concentration. '
For a two-state transition, the valuesgf°, 1,0, m,,
andm,, determined from the fits can be used to obtAiGy
[=—RTIn(A/4s)] and its denaturant dependence, given by

In this model, exchange-competent [open(SH)] and exchange-
incompetent [closed(SH)] conformations interconvert with
rate constantk,, andkg, respectively. Exchange occurs only
HO from the open conformation with an intrinsic exchange rate
AG, = AG, ™" + mg[denaturant] (2)  constanke (=k[DTNB]). The equation describing exchange
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at equilibrium can be obtained by using Cleland’s method
of net rate constant88), where each rate step is reduced to
a net rate constank'{, and the procedure of summing the

transit times () for each step39):

ke

kex = _(kop + kcl) + kop(K:‘) (4a)

Equation 4a can be rearranged to eq 4b, which defines the
dependence of the observed slow labeling rakgg) (on
DTNB concentration:

_ kyk[DTNB]
Kabs= Kop + kg + K,[DTNB]

(4b)

Plots ofkgps vs [DTNB] were fit to eq 4b to obtaitk,, and
ko. At each denaturant concentration, the DTNB dependence
of the labeling rate was determined from three to four
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Ficure 1. Observed folding and unfolding rates for thesN Ug

independent experiments. This allowed the errors in the transition of barstar at 25C, pH 8.5. The rates of folding (open

values ofk,, andk to be estimated as the standard deviation
from three repetitions at each denaturant concentration.

If the exchange-competent state (open SH) in mechanism
1 corresponds to the globally unfolded state (kd),andk
will correspond to the global unfolding and folding rates,
respectively, for a two-step openinglosing transition.

If the opening-closing transition is not a two-state process,
and an intermediate (1) is present on the pathway from the
closed native state (N) to the open unfolded state (U), but
exchange occurs only from the U state, according to the
mechanism:

mechanism 2

k X
2 = UTNB

1
N==1 =

ko1

then the observed exchange rate, obtained by the method o
net rate constants, is given by

gk Rk Kk,
Xkt k tk

ik /&J
Koy + kg + Ko\Kyp )

A comparison of eq 5 with eq 4a indicates that the overall
opening rate constaRg, for labeling according to mechanism
2 is given by

k1k2
ko, +k +Kk

(6)

Kop

Assuming a fast preequilibrium between N and | (thakis,
k-1 > ko), the observed unfolding rate constaht, which is
equal to the overall opening rate constégy is given by

Klkz
U1+ K, "

whereK; is the equilibrium constant for the N to | tran-
sition. Since the global unfolding equilibrium constalt,
(FAdAs = koplka) is, according to mechanism 2, equal to

symbols) and unfolding (closed symbols) were measured in different
concentrations of urea (triangles) and GdnHCI (circles) by monitor-
ing the changes in the intrinsic tryptophan fluorescence at 320 nm
upon excitation at 295 nm. The solid line through the refolding
data represents the equation lbg= log(63) — 0.5[denaturant].
The dashed lines through the unfolding rates representog
log(0.06) + 0.15[urea] and logdl, = log(0.78)+ 0.31[GdnHCI].

Kiko/k—», the observed folding ratg, which is equal to the
overall closing ratek, is given by

8

K1 andk, can be determined by fitting the unfolding rates
to eq 7, andk—, can be determined by fitting the observed

folding rates to eq 8.

All of the fitting procedures were carried out using
Eigmaplot 5.0. The goodness of the fits of the various
guations to the data was estimated by the multiple correla-
tion coefficient R). All of the fits had R values between
0.95 and 0.99, indicating that the equations used were
satisfactory.

RESULTS

Kinetics Monitored by Fluorescenc&he refolding and
unfolding kinetics were monitored for the ¢ Ug transition
to allow comparison with the rates obtained from the cysteine
labeling experiments, because the cysteine is expected to be
completely exposed in &) and the DTNB reaction rate is
much faster than the proline isomerization step that leads to
the formation of . Refolding rates of Ywere measured
by transiently unfolding N in urea or GdnHCI, followed by
refolding (see Materials and Methods). It can be seen from
Figure 1 that the refolding rates are identical in urea and
GdnHCI. Also, the refolding rates obtained for this mutant
of barstar are similar to those obtained earlier for wt barstar
(24, 26). The measured refolding rates fit well to eq 1a.

The fast phase of the unfolding of N corresponds to
unfolding to the | state. The unfolding rates in urea and
GdnHCI have different denaturant dependences and also do
not extrapolate to the sanig:° when fit to eq 1b (Figure
1). This clearly indicates that eq 1b describing the linear
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dependence of the logarithm of the unfolding rate constant 1.06
is not appropriate for fitting the data. The incorrectness of
the linear extrapolations according to eqgs 1a,b is further borne
out by the extrapolated rates in water not predicting the value
of AGy(H20) and its denaturant dependence obtained from
the equilibrium unfolding transition (egs 3a,b).

The equilibrium unfolding transitions monitored by CD
and fluorescence are similar. A two-state analysis of the data
gives a value forAGy(H,0) of 4.2 4+ 0.5 kcal mot* and
for mg of 1.2+ 0.1 kcal mof* Mt in urea and 2.4: 0.1
kcal moi't M~ in GdnHCI @0). The value forAGy(H;O)
for the N= U transition is obtained by adding the energy
difference 0.7 kcal mot?) to correct for the proline-related
Ur = Us step (see Materials and Methods). Thus, the value TSGR
for AGy(H20) for unfolding to W is 4.9+ 0.5 kcal mot™. 0.98 | L | ! !
The value forAGy(H,O) obtained by extrapolation of un- 0 300 600 900 1200 1500 1800
folding and refolding rates to low denaturant concentrations 1.06
(~3.9 kcal mot? from rates in urea, 2.5 kcal mdl from
rates in GAnHCI) does not agree with the valu&gi,(H-0)
obtained from equilibrium measurements. Also, the denatur-
ant dependence &Gy(H,0) obtained from the equilibrium
unfolding transition in urea and GdnHCI does not match that
obtained from the rate dependence®(8 kcal moft M1
in urea and 1.2 kcal mot M~ in GdnHCI). Thus, it is clear
that the linear extrapolation of the logarithm of the folding
and unfolding rates for the N= Ug transition of barstar is
inadequate.

Cysteine Labeling Kinetic§ he reaction of a buried thiol
group with DTNB can be used to determine the unfolding 1.00
and refolding rate when the two reactions are coupled.

Protein equilibrated in different denaturant concentrations

was reacted with DTNB, also at the same denaturant
concentration, and the rate of the labeling reaction was

monitored by the release of TNRFigure 2). A single, slow

labeling rate is observed for the native protein and in low 1.06
denaturant concentrations (Figure 2a). Biphasic labeling '
kinetics are observed at intermediate denaturant concentra-
tions, and a single fast labeling rate is seen at high denaturant
concentrations (Figure 2b,c).

The fractional amplitude of the fast labeling rate corre-
sponds to the fraction of unfolded protein, as determined
from a two-state analysis of the equilibrium unfolding
transition monitored by either CD or fluorescence (Figure
3a,b). This indicates that all molecules that are labeled at
the fast rate have the same exposure of the cysteine residue
as does U. When the labeling reaction is done in increasing :
DTNB concentrations, the fast labeling rate increases linearly | | | | | !

-
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Transmittance (V)

1.00

with DTNB concentration (data not shown). The slope of 00 02 04 06 20 40 60 80
the DTNB dependence gives the bimolecular rate constant ) -1
for the labeling reaction. Since the bimolecular rate constants Time (S )

could be obtained only in the transition and posttransition gyre 2: Representative data of kinetics of labeling of barstar
regions for the protein where the fast labeling rate is with DTNB at 25°C, pH 8.5. Native protein or protein incubated
observed, labeling was also done with a pentapeptidein different denaturant concentrations was reacted with DTNB, and
corresponding to the sequence flanking Cys82 in barstar overihe progress of the reaction was monitored by the change in trans-

. . mittance at 412 nm due to release of TNRa) Labeling of native
the entire denaturant range in both urea and GdnHCI. Theprotein with DTNB; the solid line is a fit to a single-exponential

bimolecular rate constants obtained from the fast labeling equation with an apparent rate of 0.0046 ¢b) Labeling of protein
reaction of the protein and the peptide (Figure 3c,d) agreeincubated in 3.5 M urea (circles), fit to a biexponential equation
well. An initial increase in the bimolecular rate constant with Wwith rates of 1.9 and 0.17$, and proteini 7 M urea (triangles),
GdnHCI concentration below 0.2 M is observed for the fit to a single exponential with a rate of 4.7's(c) Labeling of

. . L - . protein incubated in 1.5 M GdnHCI (circles), fit to a biexponential
peptide (Figure 3d). This is probably due to the increase in equation with rates of 16.9 and 0.73'sand protein in 4.2 M

the labeling rate with increasing ionic strength as reported GdnHCI (triangles), fit to a single-exponential equation with a rate
earlier for this reaction36). At GdnHCI concentrations  of 8.05 s
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Ficure 3: Amplitudes and rates of the fast and slow DTNB labeling reactions. (a and b) Equilibrium unfolding transition in urea (a) and

GdnHCI (b) monitored by CD at 222 nm (open triangles) and tryptophan fluorescence at 320 nm (open circles). The fractional amplitude

of the fast phase of the DTNB labeling of the protein equilibrated in different denaturant concentrations (closed squares). The error bars

represent the standard error determined from multiple experiments. The solid lines through the data are obtained by fitting to a two-state,
= U equilibrium unfolding model. (c and d) The bimolecular rate constag)sat different denaturant concentrations were obtained

from the dependence of the fast labeling rate on DTNB concentration. Dependence of the bimolecular rate constant on urea (c) and GdnHCI

(d) concentrations, determined by labeling the peptide (EGCDI) (open squares) or from the fast labeling rate obtained at high denaturant

concentrations for barstar (closed squares). The lines represent linear regressions through the entire data in urea (c) and through the data

from 0.2 to 5.0 M GdnHCI (d). (e and f) Dependence of the slow labeling rate observed with protein equilibrated in low denaturant

concentrations at different DTNB concentrations: (e) i@, (2.1 ©), 3.2 @), and 3.5Q) M urea; (f) in 0 @), 0.2 ©), 0.6 @), 0.9 O)
M GdnHCI. The lines represent nonlinear least-squares fits to eq 4b.

greater than 0.2 M, and for urea, the bimolecular rate constantlinear regression (Figure 3c,d), and the valuégdbtained
decreases with increasing denaturant concentration. This isfrom the fit at each denaturant concentration was used in
probably because of the increase in viscosity of the reactionthe analysis of the slow labeling rates for the protein. The
medium with increasing denaturant concentration. The urea dependence of ldgwas fit to a single linear regression,
denaturant dependence of the logarithmkpfvas fit to a whereas the GdnHCI dependence of lgdrom 0 to 0.2 M
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and from 0.2 to 5.0 M was fit separately to different linear 100
regressions. ’
The slow cysteine labeling rates observed in the pretran- ¥,
sition and transition regions of denaturant concentration do ¥,
not change linearly with DTNB concentration (Figure 3e,f). <
Within the transition region, the DTNB dependence of the -
slow labeling rates could be obtained only wp4 M urea Q
and up to 1.5 M GdnHCI. Beyond these denaturant concen- ©
trations in the transition regions, the rates showed negligible 8 1
c
Q
7]
0
O

DTNB dependence even at very low DTNB concentrations,
which is expected wheky becomes slower thada, at higher
denaturant concentrations (see Discussion). Beyond the
transition region, where only unfolded molecules are present
at equilibrium, monitoring the kinetics of DTNB labeling
only provides the labeling rate constant. The dependence of
the slow labeling rate on DTNB at each denaturant concen-
tration was fit to eq 4b. The bimolecular rate constag) (
obtained for the labeling of the peptide at different denaturant
concentrations was used, and valueskgrandk, at each 100
denaturant concentration were obtained from the fits.
Both the openingkp) and closing ) rate constants show
a steep denaturant dependence (Figureldagrees, within 10
experimental error, with the folding rate constant obtained
by monitoring the fluorescence changes during the-tN "
transition. The most important observation from Figure 4a
is that theky, obtained in low urea and GdnHCI concentra- 8—
tions converges to the rate obtained in the absence of X
-
<

T ]1||||||

LI llll‘l

denaturant (0.02879). Using the values ok,, and kg
obtained by fitting the DTNB dependence of the labeling of
the native protein, the free energy change calculated is

4.5+ 0.1 kcal/mol, and this value agrees well with the value 0.01 &
of AGy(H20O) obtained from the equilibrium unfolding E
transition. B oor —
PN N NN NN S N IV il N
DISCUSSION 0.001 0 1 2 3 4 §5 @& 7
Determination of Unfolding Rates in Folding Conditions Denaturant [M]

There have begn only a few mstance_s in the past Where_ FGure 4: Observed folding and unfolding rates obtained by

has been possible to measure unfolding rates under nativemonitoring fluorescence changes and from the cysteine labeling
conditions. One strategy that was successful for the dimeric method. Rates obtained by fluorescence-monitored kinetics are
Arc repressor, where the unfolding reaction was coupled to depicted as open symbols and rates obtained from cysteine labeling

; ; ot ; L as closed symbols. (a) Rates in urea (triangles) and GdnHCI
dimer dissociation, was to use the change in efficiency of (circles). The line through the refolding rates representsijog

fluorescence resonance energy transfer between the mono=z'y o4 g 15[denaturant} 0.04[denaturand] and the line through
mers as they unfoldedl§). Another strategy that was  the unfolding data in urea represents fog= —1.55+ 0.24[urea]
successful with the immunoglobulin light chain was to — 0.004[ure&]. The line through the unfolding data in GdnHCl is
compare he raes of reducton of a buried disufide bond S Py TSPEERR, O LHnS TS e (T
with the unfoldlng ratez(O). Here, it has peen demonstra_ted monitored by fluorescence (same as shown in (Iq:igur’e 1). The solid
that the thiol labeling reaction of a buried cysteine residue jines are fits to eq 7. The equilibrium constait) and the rate
can be used for determining the global unfolding and (k,) obtained from the fits aré&; = (0.04)@4%lureal gnd k, =
refolding rates in zero or low denaturant concentrations. The (0.6)@2u in urea andK; = (0.03)&7Ic4"HCl and k, =
strategy used should be generally applicable for any protein (L.1)€°4c"in GdnHCI. The inset shows rates measured at
in which a single cysteine residue can be placed in a buriedthe lowest concentrations of denaturants.
position by mutagenesis. A limitation of this method is that s not affected by the presence of DTNB: the fraction of
the cysteine introduced at a buried site should not alter the protein unfolded at any denaturant concentration, as deter-
stability of the protein. It is certainly advantageous to use a mined by the fraction of the labeling reaction that occurs
naturally occurring buried cysteine residue, as done here infast, does not depend on the concentration of DTNB<8.5
the case of barstar, where one of the two naturally occurring mm) used. If the stability of the protein was indeed altered
buried cysteine residues was mutated to alanine to get apy DTNB, the fractional amplitude of the fast phase of
single cysteine-containing protein. labeling would not remain constant with a change in DTNB
It is important here to stress that the protein structure is concentration.
very unlikely to be perturbed by the presence of the Similarities between Cysteine Labeling and Hydrogen
millimolar concentrations of DTNB used. Protein stability ExchangeThe analysis of the observed labeling rate in the
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cysteine labeling (SX) experiments reported here, based onthe concentration of the labeling reagent, DTNB, without
mechanism 1 (eqgs 4a,b; see Materials and Methods), wastherwise changing the conditions. Hence, it is relatively easy
developed originally to provide a theoretical basis for amide to determineky, andke.

hydrogen exchange (HX) reactions observed in protéifis ( Labeling of Cys82 Occurs in the Globally Unfolded State
The conformational openings that facilitate HX can be global Several observations, evident in Figure 4, support the
unfolding, local unfolding, or limited native state fluctuations conclusion that the labeling-competent open form is the
that do not involve appreciable unfoldingZ 42). Labeling globally unfolded form and not an intermediate form: (i)
with the TNB™ group is expected to perturb such structural both k., andky show steep denaturant dependences, unlike
events more than the introduction of hydrogen isotopes. Thelocal unfolding events which show negligible denaturant
modified protein, which is as stable as the unmodified protein dependence; (ii) the closing rate agrees well with the
(43), does not, however, affect the rates in mechanism 1, refolding rates determined directly by observing the folding
and the observed SX and HX rates therefore reflect the samekinetics in either denaturant using tryptophan fluorescence;
microscopic rate constants given in eqs 48D .( (i) the value of AGy(H20) obtained from the closing and

The dependence of the slow cysteine labeling rate on opening rates in the absence of denaturant is comparable to
DTNB concentration was fit to eq 4b, with the assumption the free energy change observed in the equilibrium unfolding
that the form reacting with DTNB has the thiol side chain transition monitored by CD or fluorescence; and (iv) the
as exposed as U and, hence, reacts with the same bimoleculaspening rates obtained in the presence of low concentrations
rate constant,). Determination of the opening rate constant of urea and GdnHCI converge to the same rate in the absence
kop is not influenced by the value &: the opening event  of denaturant. Thus, the apparent opening and closing rates
depends only on the stability of the closed state and is notcorrespond to the overall global unfolding and refolding rates,
influenced by the labeling reaction that follows. This is also respectively.
evident from the form of eq 4b1@). The determination of Unfolding in Natve Conditions.In the absence of any
the closing rate constant is, however, correlated with the denaturant, native barstar has been shown to be capable of
value of k, because closing and labeling are competing unfolding sufficiently so as to expose completely the buried
reactions of the open state, and the relative magnitudes ofcysteine side chain which can then react with DTNB. The
these rates determine the fraction of molecules that getrate at which this cysteine becomes exposed in the native
labeled. This was also verified by varying the valuegin state (0.02879) is similar to the rate of unfolding predicted
the fit: there was no effect on the value determinedkfgr from the directly observed refolding rate and the free energy
but the value obtained for the closing rdéégdepended on  change obtained from the equilibrium unfolding transition
the value used fdk,. Hence, an accurate value fgrat each analyzed on the basis of a two-state model and the linear
denaturant concentration was independently determined byfree energy extrapolation method. This implies that global
labeling a small pentapeptide flanking the sequence of Cys82unfolding similar to denaturant-induced unfolding occurs in
(Figure 3). It should be mentioned that, in the analysis of native conditions, and it is likely that the native protein has
HX data also, the intrinsic HX rate in the protein is assumed sufficient conformational flexibility to sample a large number
to be the same as the intrinsic proton exchange rates observedf partially folded states apart from the completely unfolded
in model peptides44). state.

Native State HXversus Natie State SXNative state HX Equilibrium amide HX studies of barstar have also shown
studies have yielded much valuable information about the that the free energy change for the formation of the exchange-
structures of intermediates under native conditions and havecompetent state in low GdnHCI concentrations, determined
also been used for determining the stability of the native from the rates of exchange of the slowest exchanging protons,
state B8, 4, 32, 45, 46). Determination of folding and is similar to the free energy change for the global unfolding
unfolding rate constants by use of the native state HX transition monitored by optical probe®)(Thus, it is possible
methodology depends on how fast the exchange reaction isthat the conformational space accessible to barstar is similar
compared to the folding (closing) reaction. When the intrinsic under native and denaturing conditions, and only the relative
exchange ratekg,) is much faster than the closing rate free energies of the different conformations change with
constant K;), then the observed raté.f9 is equal to the denaturant.
opening rate constaritg) (the EX1 limit). Whenke, is much Nonlinear Denaturant Dependence of Log Rafdse data
smaller thanky, then the observed rate is equal Kgkex in Figure 4a for the N— Ur reaction of barstar clearly show
(the EX2 limit), whereKy, (=kop/ke) is the equilibrium that the refolding rates when measured down to zero
constant for the formation of the exchange- (labeling-) denaturant concentration show deviation from the linear
competent state (see mechanism 1 and eq 4). Thus, to deterequation (eq 2a). A similar curvature was seen for the
mine bothk,, andk; from HX experiments, the exchange logarithms of refolding rates monitored directly at low urea
experiments have to be carried out over a wide range of concentrations forwt barstar and was attributed to the
conditions so thake, varies sufficiently and, consequently, presence of a folding intermediate in the folding pathway
HX can be measured in the EX1 limit as well as in the EX2 of Ug to N (24). Nonlinearity in the logarithm of the
limit. To vary kex in HX experiments, it is necessary to vary unfolding rates is also evident for both denaturants (Figure
pH over a wide pH range~4—10), but this is not feasible  4b). The logarithm of the unfolding rates in urea varies
for many proteins because usually protein stability varies smoothly with denaturant concentration whereas that of the
considerably with change in pH. Thus, there are only a few unfolding rates in GdnHCI seems to vary in three distinct
instances of HX being used to determlagandk (11, 23). steps, each having a different denaturant concentration
On the other hand, in the cysteine labeling methodology, dependence (Figure 4b, inset). Such sharply kinked GdnHCI
variation of the exchange rate is achieved easily by changingconcentration dependence of log rates has previously been
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observed for barnase, when the unfolding rates in low the observation that the log of unfolding rates in GdnHCI
denaturant concentration were determined by folding and cannot be described by a quadratic dependence on GdnHCI
hydrogen exchange competition experimer#3),(and the concentration, but, instead, a polynomial with higher order
nonlinearity was attributed to the presence of on-pathway terms is required to describe the GdnHCI concentration
intermediates12). dependence (Figure 4a). The logarithms of the unfolding rates
Deviations from the linear relationships of eqs 1a,b can in GdnHCI have an unusually steep dependence on GdnHCI
also arise from the movement of the transition state during concentration. This steep dependence on GdnHCI concentra-
folding/unfolding with a change in denaturant concentration. tion compared to the much shallower dependence on urea
According to the Hammond postulatd7j, the closer the  concentration is unlikely to be the consequence of GdnHClI,
two states on a reaction pathway are in energy, the morebut not urea, being an ionic denaturant. Barstar is stabilized
their structures will resemble each other. If the exposure of in the presence of salts, and unfolding rates in high urea
the protein side chains is taken as the reaction coordinate,concentrations are reduced in the presence of 0.8 M KCI
and greater exposure of buried groups results in higher energy(20). The observed unfolding rates in low{ M) GdnHCI
states, then the position of the transition state will move concentrations are, however, higher and not lower than the
toward the more unstable (exposed) state along the reactiorunfolding rates predicted on the basis of a two-state model
coordinate. Since the stabilities of the native and unfolded from the free energy of unfolding\Gy, determined from
proteins change with denaturant concentration, the positionthe equilibrium unfolding transition and the observed folding
of the transition state is also expected to change with rates. It should be noted that when the unfolding rates of
denaturant concentration, in accordance with the Hammondubiquitin were measured in low concentrations of GdnHCI
postulate. To account for Hammond behavior, the kinetic by native state HX, they did not show a steeper dependence
values (m, and m;,) are usually assumed to have linear on GdnHCI concentration than that expected on the basis of
dependences on denaturant concentratib® 48). This a two-state unfolding modell{). The steeper dependence
results in the denaturant concentration dependence of the logpbserved here for barstar therefore suggests non-two-state
rates according to egs 1a,b to be quadratic instead of linear.unfolding behavior.
In accordance with this, for proteins such as barnase and In fact, the plot of log unfolding rate versus GdnHCI
U1A, curved chevron plots have been fit to quadratic concentration appears to have two sharp inflections, at 0.3
denaturant dependenceks(48). Despite the curvature in -~ M GdnHCI and at 1.5 M GdnHCI (Figure 4b, inset). Sharp
rates, the values foAGy determined from the rates were inflections in plots of rate constants are inconsistent with a
found to be dependent linearly on denaturant concentrationsmooth movement of the transition stafi?,(15) and are
(eq 2) for U1A (16). This result was used as a justification usually due to a change in the rate-determining step or a
for attributing the curvature to movement of the transition change of mechanism. The presence of parallel pathways
state and not due to the presence of any intermediates. that differ in the degree of exposure of the transition state
Folding/Unfolding Kinetics of Barstar Are Not Two State can also lead to such kink4d3), and when each pathway
The agreement of the value faiGy(H,0) obtained directly has essentially the same activation energy barrier (see below),
in the absence of denaturant from the cysteine labeling rateshe kink need not be upwar@1). It is therefore clear that
with the value obtained from the equilibrium unfolding the curvatures in both arms of the chevron plots of barstar,
transition, based on the linear free energy model, is expectedseen for urea as well as GdnHCI, cannot be described
either for a two-state reaction or for a multistate reaction in adequately by movements in the transition state during
which the observed apparent rates obtained are defined byfolding/unfolding, and the curvatures are more likely to be
the rate constants of all the elementary reactions in the overallthe consequence of the folding/unfolding reaction being more
unfolding/refolding reaction. If the reaction in urea is, complex than a simple two-state reaction.
however, assumed to be two state and the curvature in the Indirect support for the existence of parallel pathways is
logarithm of the folding and unfolding rates is fit to quadratic also provided by the observation that refolding rates in urea
expressions in denaturant concentrations (Figure 4a) toand GdnHCI (Figure 4a) are identical at identical molar
account for movements in the transition state, then the concentrations. The coincidence of refolding rates in urea
denaturant concentration dependenceA@y determined and GdnHClI indicates that the activation energy barrier for
from these rates is predicted to be nonlinear, because theefolding is the same in either denaturant. Information about
curvature in the logarithm of the unfolding and refolding the solvent exposure of the transition state during refolding
rates for barstar is not symmetric as in the case of UllB). ( can be obtained from the denaturant concentration depen-
The validity of the linear free energy relationship for barstar dence of the logarithm of the refolding rates,) and of
has, however, been established firmly in previous studiesthe free energy change during equilibrium unfoldimgs).
(2, 3) and is further validated in this study by the agreement The m value for any transition represents the difference in
of the value ofAGy(H:O) obtained by the cysteine labeling the extent of solvent exposure between the two states
method with that obtained from the equilibrium unfolding involved in the transition. The extent of solvent exposure of
transition. This implies that the quadratic equations used for the transition state during folding can be estimated from the
describing the dependence of log rates with denaturantTanford 3 value (31), which is defined as the ratio of the
concentration are inappropriate for use in the case of barstardependence on the denaturant concentration of the free
and the nonlinearity observed in the denaturant dependencesnergy of activation for foldingAG:-p) and of the equi-
of the log rates indicates that the unfolding/folding of barstar librium free energy of unfoldingAGy) (14). Although the
cannot be two state. denaturant concentration dependence of the free energy of
The inappropriateness of a two-state model for describing activation for folding is the same in either denaturant
the N== U transition of barstar becomes more evident from (because the folding rates are identical), the valumefs
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2-fold higher in GdnHCI than in urea. Tlts values for the 6

folding transition state are therefore different in urea and 3 a
GdnHCI. The simplest explanation for this would be that 4L

different pathways are utilized in urea and in GdnHCI, L

because it is unlikely that energetically similar but structurally 2L

dissimilar transition states occur on the same pathway. Earlier | \‘\~~;;>\

kinetic experiments have shown that intermediates ac- 0 e TTmee
cumulate during the N~ U unfolding transition of barstar . h
at high denaturant concentrationg0( 29, 49, 50). The 2L

nonlinear dependence of the logarithms of the folding and |

unfolding rates seen here at low denaturant concentrations

O . . ; -4 -

indicate the existence of intermediates at low denaturant |

concentrations also. N R R I R

A Three-State Unfolding Pathwag.minimal three-state 0 1 2 3 4 5 6 7 8

Free Energies of | and U relative to N (kcal/mol)

model (mechanism 2), where intermediate | has a buried Urea [M]

cysteine residue like the native protein and labeling occurs

only from the globally unfolded U state, was used to analyze 6 | b
the observed folding and unfolding rates in urea and GdnHCI. 4l

It is evident that an intermediate with an exposed cysteine L

residue cannot form rapidly because the entire labeling 2~

kinetics would then be very fast, unlike the slow labeling NG ‘

rates observed here. In this model, if a fast preequilibrium 0 = <

(determined by the equilibrium constalt) is established r \\\'"--,_

between N and |, and | unfolds to U, the observed unfolding 2 SN

and folding rates are given by eqs 7 and 8. When fit to eq 4 K ANy

7, the observed unfolding rates yield values kgrand the -l (RN
ratek, as well as their dependences on denaturant concen- 6L RN
tration (see legend to Figure 4). The logarithm of all the L
rate constants is assumed to vary linearly with denaturant 7 S S L S S
concentration. The value obtained for the equilibrium o 1 2 3 4 5
constantK; (see legend to Figure 4) indicates that, in the GdnHCI [M]

absence of denaturant, | is populated only to the extent of fgyre5: Denaturant concentration dependence of the free energies

3—4%. It would have been unlikely for this small fraction of | and U relative to that of N. Free energies were determined

of | to have been detected by any of the optical probes or from the values oK, andKy at each denaturant concentration,

by NMR spectroscopy that has been used in the past foraccording to mechanism 2. The solid line represents the N state,

studving the foldina/unfoldi fi f barstar 25— the dashed line represents the | state, and the dotted line corresponds
ying the folding/unfolding reactions of barstar £ to the U form, in urea (a) and GdnHClI (b).

27). The free energies of | and U relative to that of the native

state were determined fro, and the global free energy — conclusionsit has been shown that measurement of the

change was determined from the equilibrium unfolding ccessibility of a buried cysteine residue in a protein by use

transition (Figure 5). _ _ofasimple thiol labeling reaction is a valid approach to study
It has not been the purpose of this study to determine athe mechanism of protein folding and unfolding. Monitoring

detailed multistate mechanism for the unfolding of barstar ihe rates of DTNB labeling reactions allows the global

at low denaturant concentrations. The purpose has been morgnfo|ding and refolding rates to be determined. The method

to demonstrate that the mechanism is not a simple two-stategemonstrates that linear extrapolation of the logarithm of

one. Itis clear that mechanism 2, with the assumption of & yates may not always be reliable. In particular, determination

fast preequilibrium between N and |, is the simplest scheme of ynfolding rates of barstar in the absence of any denaturant

that describes the observed data somewhat reasonably, buind in low concentrations of denaturant shows that the

close inspection of the data in Figure 4b (see inset) showsdenaturant dependence of logarithm of rates is nonlinear due

that it is clearly not completely adequate: the fit of the data {5 non-two-state folding behavior.

in Figure 4b to the equation derived from mechanism 2 is

clearly not good at very low GdnHCI concentrations. When ACKNOWLEDGMENT
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