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ABSTRACT: (Un)folding transition states ofSaccharomyces cereVisiae iso-1-ferri- and ferrocytochromesc
were studied using equilibrium and kinetic denaturation experiments. The wild-type protein and the global
suppressor variant, N52I (isoleucine replaces asparagine 52), were examined. Denaturation was induced
by guanidinium chloride (GdmCl) and monitored by circular dichroism (CD) spectropolarimetry without
stopped-flow devices. Soret CD spectra indicate that thermal and GdmCl denatured states are different,
and heat is the more effective denaturant. Equilibrium data show that the high stability of ferrocytochrome
c can be rationalized as a requirement to bury the oxidation-induced positive charge and remain folded
under physiological conditions. Kinetic data are monoexponential and permit characterization of the rate-
limiting transition state for unfolding as a function of [GdmCl]. For the oxidized wild-type protein, the
transition state solvent accessibility is nearly the same as that of the denatured state. Three perturbations,
reducing the wild-type protein, reducing the N52I variant, and substituting position 52 in the oxidized
protein, change the free energy and solvent accessibility of the transition state. In contrast, substituting
position 52 in the reduced protein apparently does not change the transition state solvent accessibility,
allowing more detailed characterization. In the reduced proteins’ transition states at 4.3 M GdmCl, the
position 52 side chain is in a denatured environment, even though transition state solvent accessibility is
only one-third that of the denatured state (relative to the native state).

Anfinsen (1973), Merrifield (Gutte & Merrifield, 1969),
and co-workers showed that a protein’s amino acid sequence
determines its three-dimensional structure, stability, and
function. Levinthal (1968) reasoned that a path exists for
the folding of the denatured protein into its native, functional
state. Since these landmark reports, there has been much
interest in elucidating the folding paths. Many studies focus
on ferricytochromesc, with particular interest paid to
characterizing transient intermediates. Intermediates, how-
ever, may or may not be on the path. In contrast, the
transition state is guaranteed to be on the path. The de facto
instability of the transition state makes it impossible to study
directly, but inferences can be made by comparing the effects
of perturbations on the equilibrium thermodynamics and
kinetics of folding and denaturation. The principle of
microscopic reversibility states that the transition state is the
same for folding and unfolding.
Saccharomyces cereVisiae iso-1-cytochromec contains

108 amino acid residues and a heme covalently linked via
two thioethers. During the course of its function, the iron
cycles between the ferri (Fe3+) and ferro (Fe2+) states.
Several features of this protein make it desirable for structure/
function studies. First, many studies of iso-1-ferricytochrome
c stability toward guanidinium chloride (GdmCl)1 denatur-
ation have been reported. Second, GdmCl denaturation
studies on the ferro form have been conducted indirectly
using electrochemistry (Willis et al., 1993; Komar-Panicucci
et al., 1994). Third, high-resolution structures of both

oxidation states are available (Louie & Brayer, 1990;
Berghuis & Brayer, 1992).
The global suppressor mutation (Shortle & Lin, 1985) in

which asparagine 52 is replaced by isoleucine (N52I), rescues
several nonfunctional cytochromec variants (Das et al., 1989;
Berroteran & Hampsey, 1991). When this substitution is
introduced by itself, the stability (∆GD) of the ferri form
increases (Das et al., 1989). Chemical denaturation studies
on the ferro form of the N52I variant have been conducted
indirectly using electrochemistry (Willis et al., 1993; Komar-
Panicucci et al., 1994). Furthermore, high-resolution struc-
tures of the N52I variant in both oxidation states are available
(Berghuis et al., 1994). Structural differences between the
wild-type protein and the N52I variant are minor, with the
exception of the change of the side chain and the expulsion
of a conserved, buried water molecule.
We report kinetic and equilibrium denaturation studies of

two iso-1-cytochromesc in both the ferri and ferro states.
Experiments are directed toward characterizing the transition
state for (un)folding and complement studies of transient
intermediates. Together these studies will help elucidate the
folding path of cytochromec.

MATERIALS AND METHODS

Nomenclature.Variants are denoted using the one-letter
code (IUPAC-IUB Joint Commission on Biochemical
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1 Abbreviations: CD, circular dichroism; GdmCl, guanidinium
chloride; kf, first-order rate constant for folding;kobs, observed first-
order rate constant;ku, first-order rate constant for unfolding; N52IOX,
iso-1-ferricytochromecwith isoleucine at position 52 and threonine at
position 102; N52IRED, iso-1-ferrocytochromec with isoleucine at
position 52 and threonine at position 102; wtOX, iso-1-ferricytochrome
c with threonine at position 102; wtRED, iso-1-ferrocytochromec with
threonine at position 102; [GdmCl], GdmCl concentration;∆Cp, heat
capacity of denatured state minus that of the native state;∆GD, stability,
free energy of denatured state minus that of the native state;Θ,
ellipticity; [Θ], molar ellipticity at a particular [GdmCl].
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Nomenclature, 1983) with the wild-type residue listed first,
followed by the position in the amino acid sequence using
the vertebrate numbering system (Moore & Pettigrew, 1990),
and the variant residue. Heme oxidation states are denoted
by the subscripts RED and OX, indicating ferro and ferri
states, respectively. The C102T variant (Cutler et al., 1987)
is used as the wild-type (wt) protein because elimination of
the sole free sulfhydryl makes the protein more amenable
to biophysical studies but does not change its structure or
function (Berghuis & Brayer, 1992; Gao et al., 1991). The
N52I variant also contains the C102T mutation.
Chemicals.GdmCl and 3-(N-morpholino)propanesulfonic

acid (MOPS) were purchased from Sigma Chemical Com-
pany (St. Louis, MO) and used without further purification.
GdmCl was dissolved in buffer, and the pH was adjusted
with HCl. Stock solution concentrations varied from 5.0 to
8.0 M as evaluated by refractive index measurements (Pace
et al., 1990) versus buffer at 298 K.
Proteins. Iso-1-cytochromesc were expressed inS.

cereVisiae, purified using an FPLC-modified version of the
method described by Willie et al. (1993), lyophilized, and
stored at-70 ˚C. The proteins produced a single band on
SDS-PAGE.
CD Spectra. Spectra were recorded in 0.100 cm path

length jacketed cells on a Jasco J-600 spectropolarimeter with
1.0 nm bandwidth, automatic slit width, 0.2 nm step
resolution, and a scan speed of 50 nm min-1. Each point is
the average of three scans, base line corrected with a buffer
spectrum. Protein concentration was 30-40µM in 50 mM
sodium acetate, pH 4.6. Native state and GdmCl-denatured
state spectra were acquired at 300 K. Temperatures for the

heat- and GdmCl-plus-heat-denatured spectra were chosen
so that the proteins were 99% denatured: 338 K for wtOX

and 349 K for N52IOX. Temperature was kept within 0.2 K
by a circulating water bath. For the GdmCl-denatured
spectra, GdmCl concentrations were chosen at 99% dena-
tured: 2.30 M for wtOX and 3.60 M for N52IOX. Samples
were equilibrated for 10-30 min prior to data acquisition.

Far-UV and Soret CD spectra of wtOX and N52IOX are
shown in Figure 1. The pH used for these experiments was
4.6 rather than 7.0, where the kinetic and equilibrium
experiments were performed, because at pH 7.0 thermal
denaturation is not reversible (Betz, 1993).

Kinetics. CD experiments were performed using an Aviv
CD62DS spectropolarimeter equipped with a Peltier effect
thermoelectric temperature controller run in kinetics mode
under N2(g). Denaturation as a function of time at various
GdmCl concentrations was monitored in the Soret region.
Wavelengths of 415 nm (C102Tox), 414 nm (N52Iox), and
417 nm (C102Tred, N52Ired) were chosen because they exhibit
the largest denaturation-induced ellipticity (Θ) change.
Measurements were made using a 0.5 s time constant, 4 nm
bandwidth, 1.00 cm path length, and a 0.5 s interval.
Temperature was maintained at 298 K. Protein concentration
was determined in 0 M GdmCl with a Shimadzu UV-160
spectrophotometer using an extinction coefficient of 106 100
M-1 cm-1 at 410 nm for oxidized proteins and 129 100 M-1

cm-1 at 416 nm for reduced proteins (Margoliash & Frohwirt,
1959). Final protein concentration was 6-10µM in 50 mM
MOPS, pH 7.0. To maintain the Fe(II) state, experiments
were performed in excess Na2S2O4.

FIGURE 1: CD spectra of ferricytochromec at pH 4.6, 50 mM acetate, in the far-UV (A and B) and Soret (C and D) regions: (s), native;
(‚‚‚), heat-denatured; (- - -), GdmCl-denatured; (-‚ -), GdmCl-plus-heat denatured. (A) wtOX; (B) N52IOX; (C) wtOX; (D) N52IOX.
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Denaturation experiments were performed by diluting
stock protein solutions into various concentrations of buffered
GdmCl. Dilutions were∼100 µL to 3 mL to minimize
dilution-induced temperature changes. Renaturation experi-
ments were performed by equilibrating a∼270µM protein
solution at a GdmCl concentration ([GdmCl]) corresponding
to 95% denatured for as long as it took the corresponding
denaturation experiment to reach equilibrium. Aliquots (100
µL) were then diluted into various concentrations of buffered
GdmCl, and the return to equilibrium was monitored.

Data acquisition was initiated when the protein solution
was added to the cuvette containing the GdmCl solution.
The dead time was 1-3 s with a stir bar facilitating mixing.
Oxidized variants require∼5 min to reach equilibrium.
Reduced variants require∼10-12 min. Measurements after
reaching equilibrium indicate that the pH remains 7.0( 0.1.
We observe the slow ellipticity loss reported by Bowler et
al. (1993), apparently due to aggregation of the denatured
protein.

Data Analysis.Data from all kinetic experiments are well
fit by the equation

whereΘ(t) is the ellipticity at timet, a is the horizontal
asymptote,b is magnitude of the difference in signal between

they-intercept anda, andkobs is the observed first-order rate
constant. Data were fit using a nonlinear least-squares
approach.
The parametera in eq 1, when corrected for protein

concentration and path length, is the equilibrium value of
the molar ellipticity ([Θ]). These values, plus equilibrium
values for which kinetics could not be measured, are plotted
in Figure 2. Data were fit using a nonlinear least squares
approach utilizing the two-state denaturation model assuming
linear base lines (Santoro & Bolen, 1988):

where [Θ] is the molar ellipticity at a particular [GdmCl],
mn andbn are the slope and intercept of the native state base
line,md andbd are the slope and intercept of the denatured
state base line,Cm is the [GdmCl] at the transition midpoint,
m is the slope of a∆GD versus [GdmCl] plot, andRT is the
product of the gas constant and the absolute temperature.
The denaturation free energy in the absence of denaturant,
∆GD,H2O, is the intercept of the∆GD versus [GdmCl] plot.
Kinetic data at all [GdmCl] are summarized in Figure 3.

For a reversible two-state reaction,kobs is the sum of the

FIGURE 2: Equilibrium denaturation results: (O), wtOX; (4) N52IOX (0) wtRED; (3), N52IRED. The curves are the fits to eq 2. Native and
denatured base lines resulting from the fit are also shown. Vertical bars indicate the amplitude for each kinetic experiment (see Kinetics
under Results).

Θ(t) ) a+ be-kobst (1)

[Θ] )
mn[GdmCl]+ bn + (md[GdmCl]+ bd)e

-m([GdmCl]- Cm)/RT

1+ e-m([GdmCl]- Cm)/RT

(2)
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first-order rate constant for unfolding,ku, and the first-order
rate constant for folding,kf (Matouschek et al., 1990).

Plots of -RT ln(ku) and -RT ln(kf) versus [GdmCl] are
frequently linear (Tanford, 1970). The slopes and intercepts
of these plots aremu

q andbu
q andmf

q andbf
q, respectively.

Thus,kobsversus [GdmCl] plots are described by four kinetic
parameters,mu

q, bu
q, mf

q, andbf
q. These kinetic parameters

can be used to calculate theequiValent of the equilibrium
parametersCm andm:

RESULTS

wtOX and N52IOX CD spectra. The native states of wtOX
and N52IOX are indistinguishable in the far-UV (Figure 1).
This observation is consistent with the fact that the fold of
both proteins is the same (Berghuis et al., 1994). The far-
UV spectra are also identical in the heat- and GdmCl-plus-
heat-denatured states. In contrast, wtOX has a consistently
more negative ellipticity in the GdmCl-denatured state than
does N52IOX. Neither denatured state has a random coil
spectrum (Brahms & Brahms, 1980), suggesting residual
structure. Bowler et al. (1994) also report residual structure
in the GdmCl-denatured state of the oxidized C102S variant.
The Soret region is a sensitive probe of the environment

on the Met-80 side of the heme (Pielak et al., 1986). In this
region only the GdmCl-plus-heat-denatured state spectra are
clearly the same for the two proteins (Figure 1). Comparison
of the native state spectra shows that the negative Soret
Cotton effect is larger in the N52IOX protein. Comparison

of the GdmCl-denatured state spectra shows that the∼400
nm positive Cotton effect of N52IOX is nearly absent in the
wtOX spectrum while the∼420 nm positive Cotton effects
are almost identical. Comparison of the heat-denatured state
spectra shows that the profiles are the same, but the
ellipticities of N52IOX are uniformly more positive. Although
this discrepancy may reflect structural differences, it may
also be due to the temperature difference.
Equilibrium Thermodynamic Parameters from End Kinet-

ics. Equilibrium GdmCl denaturation of yeast cytochromes
c and many variants is reversible and complete in 5 min
(Ramdas & Nall, 1986; Nall, 1983; Bowler et al., 1993;
Hickey et al., 1991). In our studies, renaturation equilibrium
ellipticities lie on the native base line. Therefore, within
the time of these experiments (<30 min), denaturation is
reversible for all four proteins.
The reduced proteins are oxidized by atmospheric oxygen,

and the denatured state is oxidized faster than the native state.
Nevertheless, the ferro proteins remain reduced over the
course of the experiments as determined by an insignificant
change in absorbance at 550 nm upon addition of Na2S2O4

after equilibrium was reached. Therefore, under the condi-
tions of these experiments, unfolding is fast relative to
oxidation but slow enough to be monitored without stopped-
flow devices.
Equilibrium data for all proteins are well fit by a two-

state model (Figure 2). Two further observations provide
additional evidence for two-state behavior: (1) the kinetic
data are well represented by a single exponential, and (2)
the use of kinetica values (eq 1) as equilibrium values gives
parameters that agree with classically obtained equilibrium
parameters (vide infra). The measured equilibrium param-
etersm andCm are presented in Table 1 (method 1), and
∆GD,H2O values are presented in Table 2.
Hickey et al. (1991) report thermal and chemical dena-

turation∆GD values for similar cytochromec variants that
are in reasonable agreement. Given the difference in
denatured states (Figure 1), however, we restrict comparisons
to GdmCl denaturation studies.
The∆GD,H2O value for wtOX agrees with values for similar

variants obtained between pH 7.0 and 7.5 [4.7( 0.5 kcal
mol-1 (Hickey et al., 1991); 6.4( 0.3 kcal mol-1 (Betz &

Table 1: Equilibrium and Kinetic Parametersa

method mf
q b bf

q c mf
q b bf

q c mb Cm
d

wtOX
1e nch nc -3.8( 0.2 6.9( 0.3 -4.2( 0.5 1.33( 0.02
2f 0.3( 0.2 1.49( 0.07 nai na na na
3g 1.1( 0.4 1.0( 0.5 -3.0( 0.5 5.6( 0.6 -4.1( 0.6 1.10( 0.07

N52IOX
1 nc nc -1.7( 0.1 6.5( 0.3 -3.0( 0.6 2.25( 0.05
2 1.2( 0.1 0.2( 0.3 -0.8( 0.1 3.5( 0.4 -2.0( 0.1 1.6( 0.2
3 1.3( 0.1 0.1( 0.3 -1.9( 0.2 7.0( 0.4 -3.2( 0.2 2.14( 0.07

wtRED
1 nc nc -1.5( 0.2 8.1( 0.7 -3.8( 0.5 3.88( 0.03
2 0.25( 0.01 1.22( 0.03 -1.1( 0.8 6.2( 3.8 -1.3( 0.8 3.9( 0.5
3 0.4( 0.3 0.9( 1.3 -1.3( 0.4 7.5( 1.6 -1.7( 0.5 3.9( 0.4

N52IRED
1 nc nc -1.30( 0.07 9.8( 0.4 -3.9( 0.8 4.53( 0.04
2 1.0( 0.1 -1.0( 0.3 -1.15( 0.09 8.9( 0.6 -2.2( 0.1 4.6( 0.1
3 1.18( 0.06 -1.7( 0.3 -1.47( 0.08 10.7( 0.4 -2.7( 0.1 4.70( 0.05

aUncertainties are one standard deviation of the fit to the approprite equation, or one standard deviation of the fit to the appropriate equation
followed by propagation of error analysis. To obtain accurate uncertainties, modified forms of the equations were used where [GdmCl] was
replaced by ([GdmCl]- [GdmCl]average). b kcal mol-1 M-1. c kcal mol-1. dM. eUses dependentku andKD. f Usesku andkf outside transition region.
gDeconvoluteskobs into ku andkf. h nc, not calculated.i na, not available.

kobs) ku + kf (3)

-RT ln(ku) ) mu
q[GdmCl]+ bu

q (4)

-RT ln(kf) ) mf
q[GdmCl]+ bf

q (5)

Cm )
bu

q - bf
q

mf
q - mu

q
(6)

m) mu
q - mf

q (7)
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Pielak, 1992); 6.3( 0.3 kcal mol-1 (Auld, 1993); 5.6( 0.4
kcal mol-1 (Bowler et al., 1993); 6.6( 0.3 kcal mol-1

(Hilgen-Willis, 1993); 5.0 ( 0.5 kcal mol-1 (Komar-
Panicucci et al., 1994); 5.9( 0.3 kcal mol-1 (Linske-
O’Connell et al., 1995)]. Another value is significantly lower
[1.57 kcal mol-1 (Koshy et al., 1994)], probably because
Koshy et al. used the true wild-type protein.
The -m value for wtOX agrees with values for similar

variants obtained between pH 7.0 and 7.5 [3.9( 0.5 kcal
mol-1 M-1 (Hickey et al., 1991); 4.6( 0.2 kcal mol-1 M-1

(Betz & Pielak, 1992); 4.2( 0.3 kcal mol-1 M-1 (Auld,
1993); 4.9( 0.3 kcal mol-1 M-1 (Bowler et al., 1993); 4.6
( 0.2 kcal mol-1 M-1 (Hilgen-Willis, 1993); 3.9( 0.2 kcal
mol-1 M-1 (Komar-Panicucci et al., 1994); 4.4 kcal mol-1

M-1 (Linske-O’Connell et al., 1995)]. Another value is
significantly lower [0.91 kcal mol-1 M-1 (Koshy et al.,
1994)].
For N52IOX, ∆GD,H2O is within the uncertainty of a similar

variant (N52I;C102A) between pH 7.0 and 7.2 [7.0( 0.5
kcal mol-1 (Hickey et al., 1991)]. Our value, however, is
significantly smaller than those from two other reports [9.0
( 0.5 kcal mol-1 (Komar-Panicucci et al., 1994); 10.0(
0.5 kcal mol-1 (Linske-O’Connell et al., 1995)] and signifi-
cantly larger than that of Koshy et al. (1994; 3.02 kcal
mol-1). Despite these differences, Koshy et al. (1994) report
a similar stability increase upon changing asparagine 52 to
isoleucine (1.5 kcal mol-1).
Because the N52IOX end-kinetic data give a smaller

stability increase than other reports, a conventional equilib-
rium denaturation was performed. All measurements were
performed on the same day with a 20-30 min equilibration
time. The resulting parameters (Cm ) 2.22( 0.02 M,m)
3.6( 0.3 kcal mol-1 M-1, ∆GD,H2O) 8.0( 0.7 kcal mol-1)
are within uncertainty of the end-kinetic results (Table 1,
method 1) but bring the stability increase closer to earlier
measurements. This result gives us confidence in the end-
kinetic values.
For N52IOX, -m is within the uncertainty of a similar

variant (N52I;C102A) between pH 7.0 and 7.2 [3.6( 0.5
kcal mol-1 M-1 (Hickey et al., 1991)]. Our value, however,
is significantly smaller than two reports [4.2( 0.2 kcal mol-1

(Komar-Panicucci et al., 1994)]; 4.77 kcal mol-1 (Linske-
O’Connell et al., 1995)] and significantly larger than that of
Koshy et al. (1994; 1.39 kcal mol-1).
The increased∆GD,H2O upon reduction of the wild-type

protein calculated from the data in Table 2 (9.4( 2.2 kcal
mol-1) matches the value for GdmCl denaturation at pH 4.6
from electrochemistry [10.1( 0.4 kcal mol-1 (Hilgen-Willis
et al., 1993)] and for a closely related variant, C102A [10.7
( 0.3 kcal mol-1 (Komar-Panicucci et al., 1994)]. Thus,
the stability increase is pH insensitive. The uncertainty in

∆GD,H2O for the reduced proteins is larger than that for the
oxidized proteins because extrapolation to 0 M GdmCl is
longer. The extrapolation is justified because the directly
measured stabilities agree with those from electrochemistry.
The increase in∆GD,H2O upon reduction of the N52I

protein (11.2( 4.2 kcal mol-1, Table 2) agrees with that
calculated from the electrochemical method at pH 4.6 for
both this protein [9.4( 0.4 kcal mol-1 (Willis et al., 1993)]
and a closely related variant, N52I;C102A [9.4( 0.3 kcal
mol-1 (Komar-Panicucci et al., 1994)].
Kinetics. In Figure 2 the vertical bars depict amplitudes,

theobserVedellipticity range in a kinetic experiment. The
limit of each bar is the molar ellipticity of the first point
used in the exponential fit (eq 1), and the symbol represents
the equilibrium value (a in eq 1). If 100% of the folding
(unfolding) amplitude is observed, the vertical bar extends
from the extrapolated denatured (native) base line to the
symbol. For clarity, amplitudes are not shown for all
experiments. Anomalously small amplitudes are due to
occasional instrument or operator error leading to longer dead
times. Nevertheless, rate constants from these experiments
follow the same trends as rate constants from data collected
over a larger ellipticity range (Figure 4). Values ofkobsrange
from 0.002 to 0.75 s-1.
The transition state explored here appears to correspond

to the slowest unfolding phase of iso-2-cytochromec [kobs
) 1/τ ) 0.01-0.05 s-1 (Nall & Landers, 1981)] and the
slow but minor phase of equine cytochromec unfolding
[kobs) 1/τ ) 0.3 s-1, (Ridge et al., 1981)]. In terms of
folding, this transition state corresponds to the Soret-
absorbance detected slow phases of iso-2- and equine
cytochromesc (Osterhout & Nall, 1985; Elo¨ve et al., 1994).
In those reports, however, this slow phase accounts for only
30% of the amplitude in iso-2-cytochromec folding and is
not observed by fluorescence.

Table 2: Derived Parameters

protein ∆GD,H2O
a mu

q/mb

wtOX 5.6( 0.8 0.9( 0.1
N52IOX 6.8( 1.4 0.6( 0.1

0.47( 0.05c
wtRED 15( 2 0.40( 0.07
N52IRED 18( 4 0.33( 0.07

a ∆GD,H20 ) mCm. Units are in kcal mol-1. The uncertainty is from
the standard deviation of the fit to eq 2 and propagation of error analysis.
b mu

q from method 1.cRelative to authentic equilibrium data (see
text).

FIGURE 3: Plots ofkobs versus [GdmCl]. Symbols are from the
legend to Figure 2. Open symbols are data used in the method 3 fit
to eq 8. Solid curves are the result of the fit. Dashed curves are the
fit curve( one standard deviation. Vertical bars indicate [GdmCl]
at which the protein is 98% native and 98% denatured.
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In contrast to reports on other cytochromesc, we observe
monoexponential kinetics that account for∼100% of the
signal change between the native and denatured states. The
discrepancies arise because of our longer dead time (obviat-
ing detection of early intermediates) and the fact that, at the
wavelengths used, CD is sensitive primarily to the environ-
ment on the Met-80 side of the heme (Pielak et al., 1986).
At Cm, kobs for folding equalskobs for unfolding for all

four proteins. This observation proves that the unfolding
kinetics do not correspond to dissociation of polymeric
protein produced by lyophilization (Nall & Landers, 1981).
To determine the effect of ionic strength, a kinetic

experiment was performed on each protein at itsCm and an
ionic strength of 24 M2 (i.e., [GdmCl]+ [NaCl] ) 4.9 M).
Neitherkobs nor a is strongly ionic strength dependent.

DISCUSSION

Heat and GdmCl Produce Different Denatured States.For
each protein the GdmCl-denatured state is different from the
heat-denatured state (Figure 1). This effect is particularly
striking in the Soret spectra. When both GdmCl and heat
are used, the spectra are very similar to those from heat
denaturation alone, indicating that heat is the more effective
denaturant. The difference in denatured state structures may
account for the discrepancy in stability upon reduction at
pH 4.6 and 300 K between thermal denaturation [6.6( 0.8
kcal mol-1 (Cohen & Pielak, 1995)] and GdmCl denaturation
determined electrochemically [10.1( 0.4 kcal mol-1 (Hilgen-
Willis et al., 1993)]. Paradoxically, although heat is the more
effective denaturant, stability is actually greater toward
GdmCl. In summary, for each oxidized protein, thermal and
GdmCl denatured states are different, and heat is the more
effective denaturant.
Equilibrium Data. Our equilibrium results agree with

other reported values (see Results). Both the N52IOX and
N52IRED variants are more stable than their wild-type
counterparts.
Values ofm (eq 2) and∆Cp, the heat capacity of the

denatured state minus that of the native state, are interpreted
in terms of differences in solvent-exposed surface area
between the native and denatured states (Schellman, 1978;
Shortle & Meeker, 1986; Murphy et al., 1992; Spolar et al.,
1992; Myers et al., 1995). Neither mutagenesis nor reduction
changes eitherm (Table 1, method 1) or∆Cp (Cohen &
Pielak, 1995; D. F. Doyle, unpublished observations). This

observation is at first surprising because both perturbations
change the hydrophobicity of the solvent-exposed denatured
state, which should affectm and∆Cp. The fact thatm is
refractory, however, is in accord with the idea that the heme
remains ligated in the denatured state near neutral pH
(Muthukrishnan & Nall, 1991) and renders the changes in
mu

q even more remarkable.

Kinetics. The kinetics of GdmCl-induced denaturation is
well fit by a single exponential and is ionic strength
independent. The transition states probed here correspond
to the overall rate-limiting step of denaturation because we
observe the slowest unfolding phase. From the Eyring
equation, the activation free energy is obtained by adding a
constant (17.6 kcal mol-1 at 300 K) to bu

q. Changes in
activation free energy are equal to differences inbu

q. This
approach avoids the potential complications of applying
traditional transition state theory, which is based on covalent
bond making/breaking, to a transition state that may not
involve making or breaking covalent bonds. Although this
approachis based on transition state theory

the approach isnotbased on any particular form of the theory
(Fersht et al., 1992). Traditionally,p in eq 8 iskBT/h, where
kB is Boltzmann’s constant andh is Planck’s constant. By
assumingp is 1 s-1, eq 4 can be defined (physically
unrealistically) as the unfolding activation free energy. This
assumption avoids the inappropriate use of traditional transi-
tion state theory. Here, only changes in activation free
energies (differences inbu

q values) are important.

We evaluated the kinetic data using three methods and
the resulting parameters are given in Table 1. In method 1,
equilibrium thermodynamic parameters are combined with
kinetic denaturationdata to obtain the kinetic parameters.
Only the denaturation parameters (mu

q, bu
q) are calculated

because of the existence of folding intermediates (vide infra).
At any [GdmCl], the equilibrium constant for denaturation,
KD, is calculated from equilibrium data. Using the relation-
ship kobs ) ku(1 + 1/KD), ku is obtained fromkobs andKD.
Plots of-RT ln(ku) versus [GdmCl] are shown in Figure 4.
Linear fits of the data in Figure 4 have a reducedø2 ≈ 1,
therefore, higher order fits are not justified.

In method 2, kinetic data are evaluated nearly indepen-
dently of equilibrium data. Equilibrium thermodynamic data
are used to determine the transition region, the [GdmCl]
range at which the protein is between 98% native and 98%
denatured (vertical lines in Figure 3). At [GdmCl] below
or above this region,kobs is determined solely bykf or ku,
respectively. Plots of-RT ln(kobs) versus [GdmCl] were
made for each high and low [GdmCl] range, and linear
regression was used to obtainmu

q, bu
q, mf

q, andbf
q.

In method 3, the kinetic data are fit to the kinetic two-
state equation obtained from combining eq 3-5

using a nonlinear least-squares approach. Results of the fits
are the solid curves in Figure 3.

FIGURE4: Plot of-RT ln(ku) (method 1) versus [GdmCl]. Symbols
are from the legend to Figure 2.

ku ) pe-∆Gu
q/RT (8)

kobs) e
-(mu

q[GdmCl]+ buq)

RT + e
-(mf

q [GdmCl]+ bfq )

RT (9)
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The three methods are complementary, and each method
has advantages and disadvantages. Method 1 gives kinetic
parameters that depend on the measured equilibrium param-
eters, precluding independent evaluation. This method,
however, focuses on the most accurately determined param-
eters (m, Cm, mu

q, andbu
q) which are also the most valuable

for characterizing the transition state.
Method 2 results in measured and equivalent equilibrium

parameters that are nearly independent. The kinetic param-
eters are used to calculate equivalent equilibrium parameters
which are compared to the measured ones (reported under
method 1). The comparison provides an objective evaluation
of the kinetic parameters. Furthermore, the two folding
parameters are independent of the two unfolding parameters.
There are two possible problems, however. First, the kinetic
data are from outside the equilibrium transition region.
Extrapolation into this region is invalid if intermediates exist.
Second, in regions of [GdmCl] at which kinetic data must
be collected forkobs to equalkf (or ku), the reaction may be
too fast to measure.
In method 3, kinetic data are evaluated independently of

measured equilibrium thermodynamic parameters. Like
method 2, equivalent equilibrium parameters can be calcu-
lated to objectively evaluate the kinetic parameters. Unlike
method 2, the limitation of extrapolating to the transition
region does not apply because the data are from the transition
region. Furthermore, the method 2 limitation of collecting
kinetic data in regions where the reaction is too fast is less
stringent. Indeed, method 3 allows determination of unfold-
ing kinetic parameters for wtOX that could not be obtained
using method 2. Unlike method 2, however, the folding
parameters are not independent of the unfolding parameters.
Therefore, complications from folding intermediates may
affect the unfolding parameters. This limitation is partially
ameliorated by excluding kinetic data at [GdmCl] where an
intermediate is observed. This is done for wtOX by eliminat-
ing the kinetic values at the three lowest [GdmCl] from the
fit. Additionally, the other methods require transformation
of kinetic data to free energy space (where units are kcal
mol-1) before the kinetic parameters can be calculated. In
method 3, kinetic data are fit directly.

In general, methods 2 and 3 are used to evaluatemu
q and

bu
q obtained by method 1. The method 1 values are then
used to make inferences about the transition state. Insights
gained from methods 2 and 3 are also used to make
inferences about the populated states on either side of the
transition state (i.e., native state, denatured state, or an
intermediate).
The classic evidence for folding intermediates is the obser-

vation of folding rate constants (usually at low [GdmCl])
smaller than expected from two-state kinetics (Matouschek
et al., 1990). Although less common than folding intermedi-
ates, unfolding intermediates have been observed (Kiefhaber
et al., 1995). Using kinetic data from [GdmCl] where
intermediates are observed to extrapolate into the transition
region is inappropriate and causes a discrepancy between
the measured and equivalent equilibrium parameters. Ad-
ditionally, intermediates may be deduced from a discrepancy
between measured and equivalent equilibrium parameters
when other reasons for the discrepancy have been ruled out.
Amplitudes are also useful for detecting intermediates.

Amplitudes may be less than the expected signal change for

two reasons. First, a fast forming intermediate may be
present that has a different response to the probe than the
native or denatured states. Second, the reaction may be so
fast that significant signal loss occurs in the dead time. With
a 3 s dead time, ifkobs e 0.2 s-1 and the reaction is two-
state, then the amplitude will be more than half of the
expected signal change. Therefore, only kinetic data with
kobs e 0.2 s-1 are used in method 3 to increase confidence
in the identification of intermediates.

For wtOX, mu
q and bu

q cannot be calculated by method 2
because unfolding is too fast for us to measure wherekobs)
ku ([GdmCl]g 1.88 M). Note the absence of data in Figure
3 at [GdmCl] where the protein isg98% denatured. There
is a folding intermediate at low [GdmCl] becausekobsis lower
than expected and because the amplitudes are small even
thoughkobs e 0.2 s-1. This observation means thatkf has
contributions from at least two states and rendersmf

q and
bf

q values from method 2 useless. To minimize the effect of
the folding intermediate on method 3,kobsat the three lowest
[GdmCl] were not included in the fit. The agreement
between the measured and equivalent equilibrium parameters
is remarkable considering that some effect of the intermediate
is present. Because the influence of the intermediate is
propagated by method 3, and because the threekobs values
>0.2 s-1 fall very close to the fit line, it is concluded that
mu

q andbu
q from method 1 for wtOX are valid and describe

the transition between the native state and the transition state.

For N52IOX, the equivalent equilibrium parameters from
method 2 do not agree with the measured values (method
1). The reason for the disparity becomes clear by examining
the method 3 fit (Figure 3), for which the equivalent
equilibrium parameters agree with the measured ones.
Contrary to the observation for wtOX, kobs values> 0.2 s-1

are not close to the fit line. Thus, either the reaction is too
fast for us to measure reliably or there is an unfolding
intermediate. Under these circumstances it is inappropriate
to usemu

q andbu
q values from method 2. Values ofmf

q and
bf

q from methods 2 and 3 agree; therefore, there is no
evidence for a folding intermediate. Themu

q andbu
q values

from method 1 are valid becausemu
q, bu

q, m, andCm values
from methods 1 and 3 are within the uncertainty of each
other. These parameters, however, describe the transition
between either the native state or an intermediate and the
transition state. Lacking compelling evidence for an unfold-
ing intermediate, we interpret the parameters as describing
the transition between the native state and the transition state
for N52IOX.

For wtRED, the equivalentCm from methods 2 and 3 are in
good agreement with the measuredCm. Given the disagree-
ment between the equivalentm values and the measuredm
value, however, the agreement is not meaningful. Although
the kinetic folding parameters from methods 2 and 3 are
within uncertainty of each other, and no classical evidence
for a folding intermediate is seen (Figure 3), a folding
intermediate is still present because anomolously small
amplitudes are observed at low [GdmCl] (Figure 2). The
kinetic unfolding parameters from all three methods agree.
Therefore, themu

q andbu
q values from method 1 for wtRED

are valid and describe the transition between the native state
and the transition state. For N52IRED, the conclusions are
identical to those for wtRED.
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In summary, for all four proteinsmu
q andbu

q from method
1 describe the transition between the native state and the
rate-limiting transition state. There is evidence of a folding
intermediate for wtOX, wtRED, and N52IRED but not for
N52IOX. There may be an unfolding intermediate for N52IOX,
but there is no evidence of an unfolding intermediate for
wtOX, wtRED, and N52IRED.
Combining Equilibrium and Kinetic Data.The ratiomq/m

measures the increase in transition state solvent exposure
from the native state relative to that in the denatured state
(Tanford, 1970). For a kinetic two-state mechanism,mf

q or
mu

q may be used as an indication of transition state solvent
exposure. Due to the detection of folding intermediates, we
use onlymu

q/m (Table 2).

In contrast to other proteins (wheremu
q/m ≈ 0.3; Ma-

touschek & Fersht, 1993; Jackson & Fersht, 1991; Milla
et al., 1995; Parker et al., 1995) the wtOX transition state
is nearly as solvent exposed as the denatured state (i.e.,
mu

q/m approaches unity). Analysis of the data of Ikai et al.
(1973) reveals thatmu

q/m also approaches unity for equine
ferricytochromec at pH 6.5. The N52I substitution dramati-
cally reduces the solvent exposure of the transition state
relative to the denatured state. For the ferro forms,mu

q/m is
significantly smaller than for the ferri forms but not
significantly different from each other. Also,mu

q/m for the
ferro forms is similar to that for other proteins.

If mu
q/m changes, either the unfolding path has changed

(the converse is not necessarily true) or the same sequential
path is followed but the rate-determining step has changed.
Kinetic experiments monitoring all transitions are required
to resolve the ambiguity, but because three of the four
perturbations drastically altermu

q/m it is likely that the path
has changed. This result is in contrast to other proteins for
which substitutions have only a small effect onmu

q/m
(Matouschek & Fersht, 1993; Matouschek et al., 1995; Milla
et al., 1995). Here, the only change thatdoes notsignifi-
cantly affectmu

q/m is the N52I substitution in the reduced
protein. In summary, reducing the wild-type protein, reduc-
ing the N52I variant, and changing the residue at position
52 in the oxidized protein change the unfolding path, but
changing the residue at position 52 in the reduced protein
apparently does not.
Changes in the NatiVe, Denatured, and Transition States.

The redox-induced stability difference is expected to affect
the free energy of both the native and denatured states. Upon
oxidation, the net charge of the heme core (iron and
nitrogens) changes from 0 to+1. Burial of this charge
destabilizes the native state and stabilizes the more solvent-
exposed denatured state. Both effects lead to a smaller
stability for the oxidized protein. In summary, the greater
stability of the reduced proteins may be necessary for the
protein to bury the oxidation-induced positive charge and
remain folded under physiological conditions.
Changing asparagine 52 to isoleucine increases stability.

The stability increase is due to perturbation of both the native
and denatured states. The hydrophobic-for-hydrophilic
substitution destabilizes the denatured state without signifi-
cantly affecting its solvent accessible surface area. Consis-
tent with this idea,m and ∆Cp are unchanged. This
substitution is expected to stabilize the native state primarily
because it is accompanied by expulsion of a buried water.

Both effects lead to a more stable protein with isoleucine at
position 52.
Reduction and substituting isoleucine for asparagine at

position 52 have various effects on the relative free energies
of the native and transition states (i.e., unfolding activation
free energies). The effect of the N52I substitution onbu

q is
insignificant in the oxidized state (-0.4( 0.4 kcal mol-1)
but significant in the reduced state (1.7( 0.8 kcal mol-1).
Reduction increasesbu

q for both the wt protein and the N52I
variant.
Changes inmu

q/m can be due to any combination of
native, transition, and denatured state effects. In this case,
however, we can assign the change to the transition state
becausem does not change and the crystal structures are
nearly identical (Berghuis et al., 1994).
Our data strengthen the proposal of Elo¨ve et al. (1994)

that the oxidized protein transition state corresponds to Fe-S
bond breaking, because Soret CD probes the environment
on the Met-80 side of the heme, and because the rate
determining transition state is nearly completely solvent
exposed. On the other hand, the transition state for the
reduced proteins appears not to correspond to Fe-S bond
breaking becausemu

q/m values are similar to those of non-
heme proteins. This conclusion is consistent with data from
studies of reduced equine cytochromecwhere “the dynamics
of ligand binding and dissociation are much faster in the
reduced state” (Elo¨ve et al., 1994). In the reduced proteins,
the N52I substitution increasesbq without affectingmu

q/m.
These observations suggest that the transition state of the
reduced proteins involves solvent invasion into the hydro-
phobic core. This idea is consistent with the fact that more
energy is required to solvate the ferrous heme than the ferric
heme (Cohen & Pielak, 1995, and references therein). In
summary, the transition state of the oxidized proteins
involves Fe-S bond breaking, and the transition state of the
reduced proteins probably involves solvent invasion into the
hydrophobic core. Finally, it is interesting to note that the
oxidized proteins aresimilar to other proteins with respect
to stability anddifferentfrom other proteins with respect to
transition state solvent exposure, but the reduced proteins
follow the oppositetrends.

Φ Analysis. In general, the greater the stability, the greater
the activation free energy (Tables 1 and 2). However, the
dramatic stability increase upon reduction (∼10 kcal mol-1)
is only partially reflected in increased activation free energy
(∼1 to 3 kcal mol-1). Structural interpretations of these free
energy differences are obtained usingΦ values (Matouschek
et al., 1989). TheΦ value is defined as∆∆GD

q /∆∆GD and
is determined experimentally (in the absence of denaturant)
as (bvar

q - bwt
q )/(∆GD,H2O,var - ∆GD,H2O,wt), where var refers

to a variant protein. Interpretation ofΦ uses the relationΦ
) (∆GF - ∆Gq)/(∆GF - ∆GSOLV), where∆GF is free energy
difference of the native states,∆Gq is the free energy
difference of the transition states, and∆GSOLV is the free
energy difference of the denatured states (Matouschek et al.,
1989). Structural interpretations ofΦ provide information
about solvent exposure of the perturbed site in the transition
state relative to that in the native and denatured states.
If the unfolding path is unchanged, aΦ value of one means

that at the site of the perturbation the transition state is the
same as the denatured state. AΦ value of zero means that
at the site of the perturbation, the transition state is the same
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as the native state. It may be correct to place a structural
interpretation onΦ for the N52I substitution in the reduced
form, becausemu

q/m does not change (Table 2). In the
absence of GdmCl,Φ ) 0.6 ( 0.9, but the uncertainty
obviates interpretation. The uncertainty inΦ is a minimum
at 4.3 M GdmCl whereΦ ) 0.96( 0.14. Therefore, at 4.3
M GdmCl, the position 52 side chain is in the same
environment in the transition state as it is in the denatured
state. Frommu

q/m, the solvent accessibility of the transition
state is approximately one-third that of the denatured state
relative to the native state. In summary, the native state
interactions of the position 52 side chain are absent in the
transition state even though the transition state solvent
accessibility is only 35% that of the denatured state (relative
to the native state).
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