
Kinetic Barriers to the Folding of Horse Cytochromec in the Reduced State†

Abani K. Bhuyan* and Rajesh Kumar

School of Chemistry, UniVersity of Hyderabad, Hyderabad 500046, India

ReceiVed June 28, 2002; ReVised Manuscript ReceiVed August 22, 2002

ABSTRACT: To determine the kinetic barrier in the folding of horse cytochromec, a CO-liganded derivative
of cytochromec, called carbonmonoxycytochromec, has been prepared by exploiting the thermodynamic
reversibility of ferrocytochromec unfolding induced by guanidinium hydrochloride (GdnHCl), pH 7.
The CO binding properties of unfolded ferrocytochromec, studied by13C NMR and optical spectroscopy,
are remarkably similar to those of native myoglobin and isolated chains of human hemoglobin. Equilibrium
unfolding transitions of ferrocytochromec in the presence and the absence of CO observed by both
excitation energy transfer from the lone tryptophan to the ferrous heme and far-UV circular dichroism
(CD) indicate no accumulation of structural intermediates to a detectable level. Values of thermodynamic
parameters obtained by two-state analysis of fluorescence transitions are∆G(H2O) ) 11.65((1.13) kcal
mol-1 andCm ) 3.9((0.1) M GdnHCl in the presence of CO, and∆G(H2O))19.3((0.5) kcal mol-1 and
Cm ) 5.1((0.1) M GdnHCl in the absence of CO, indicating destabilization of ferrocytochromec by
∼7.65 kcal mol-1 due to CO binding. The native states of ferrocytochromec and carbonmonoxycytochrome
c are nearly identical in terms of structure and conformation except for the Fe2+-M80 f Fe2+-CO
replacement. Folding and unfolding kinetics as a function of GdnHCl, studied by stopped-flow
fluorescence, are significantly different for the two proteins. Both refold fast, but carbonmonoxycytochrome
c refolds 2-fold faster (τ ) 1092µs at 10°C) than ferrocytochromec. Linear extrapolation of the folding
rates to the ordinate of the chevron plot projects this value ofτ to 407 µs. The unfolding rate of the
former in water, estimated by extrapolation, is faster by more than 10 orders of magnitude. Significant
differences are also observed in rate-denaturant gradients in the chevron. Formation and disruption of the
Fe2+-M80 coordination contact clearly impose high-energy kinetic barriers to folding and unfolding of
ferrocytochromec. The unfolding barrier due to the Fe2+-M80 bond provides sufficient kinetic stability
to the native state of ferrocytochromec to perform its physiological function as an electron donor.

Short secondary structural elements in isolation can
achieve folding very fast, in nanoseconds to a few micro-
seconds (1-6). Such a great speed of folding (unfolding),
however, is not seen for real proteins. Small single-domain
proteins that exhibit two-state kinetics generally fold fast.
But there is a considerable variation in the folding rate even
among these proteins: some fold with a time constant,τ, in
the range∼130-1000 µs (7-13), while others fold slow,
yieldingτ of a few milliseconds to tens of milliseconds (14-
17). These observations indicate that the folding speed is
set by inherent substantial kinetic barriers so that the rate of
folding does not approach the diffusion limit. Further, the
kinetic barriers are high for some proteins and low for others,
resulting in a wide variation in folding rates.

Kinetic barriers to folding and unfolding could be fortu-
itous or obligatory. When non-native interactions exist in
the unfolded polypeptide ensemble, and if they persist during

the folding run, they can retard folding by arresting the
partially structured polypeptide into local minima of wrong
compact conformations. Folding resumes when the unwanted
interaction is ruptured by thermal fluctuations of the mol-
ecule. In essence, persistent non-native interactions whose
dissolution rates are smaller than the protein-folding rate can
act as kinetic barriers. These fortuitous or adventitious
barriers (also called “A-type” barrier; ref18), can block
folding of the entire refolding population or of only a fraction
of it, and is exemplified by cis-trans proline isomerization-
limited folding-unfolding observed for several proteins (refs
19-22, for example). Obligatory or intrinsic barriers (also
called “B-type” barrier; ref18), on the other hand, are
inherent and purposeful, and hence are evolutionarily con-
served. The kinetic barrier imposed by the formation of the
set of native-state salt bridges in a hydrophobic interior of
the Arc repressor, for example, is an intrinsic barrier even
though their replacement by amino acid mutations accelerates
the folding rate enormously (23).

The folding-unfolding reaction of horse cytochromec
presents especially revealing examples of both fortuitous and
intrinsic barriers. The unfolded molecules of oxidized
cytochromec (ferricytochromec) contain H26 and H33 as
the Fe3+ coordination ligands (24-27). Fe3+-H26 and
Fe3+-H33 are non-native but stable contacts in unstructured
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polypeptides, and the dissociation rates of these two ligands
from the iron are far smaller than the protein refolding rate
(13). As a result, during refolding of ferricytochromec, the
histidines, along with the polypeptide segments that they
belong to, become trapped in the folding structure. This act
of misfolding displaces the histidine-resident chain segments
from the distal side of the heme to the proximal side of M80.
Consequently, folding is retarded because the misconfigured
chain organization must spend a long time in a kinetically
frozen state before the dissociation of non-native histidines
allows ligation of M80 and correct chain configuration. Thus,
the dissociation of the non-native histidines at later stages
of folding impose a kinetic barrier that is fortuitous, because
folding is indeed fast when the polypeptides are allowed to
refold under conditions where unfolded-state non-native
histidine ligation is abolished (13, 18).

What then is the obligatory barrier for refolding (unfold-
ing) of cytochromec? This is the central theme of the present
study. Reduced cytochromec (ferrocytochromec) has been
chosen for these experiments because non-native heme
ligands do not interfere with inherent accelerated folding of
this protein (13), and thus there is no fortuitous barrier. A
strategic in vitro procedure has been used to replace the
Fe2+-M80 bond with Fe2+-CO in both native and unfolded
states. It is shown that the CO binding properties of
GdnHCl-unfolded ferrocytochromec are remarkably similar
to those of carbonmonoxymyoglobin, and hence the CO-
bound ferrocytochromec is being called carbonmonoxycy-
tochromec, just as the nomenclature carbonmonoxymyo-
globin (28) and carbonmonoxyhemoglobin (29) flows. The
replacement suppresses the protein stability from 19.3((0.5)
kcal mol-1 to 11.65((1.13) kcal mol-1 at the cost of minimal
or virtually no structural alteration. The presence of CO also
changes the folding chevron in terms of both the kineticm
values and the folding rates in a substantial manner. In the
curved folding limbs the refolding time in water scales down
from ∼1.99 ms in the absence of CO to∼1.09 ms in the
presence of CO. More dramatic is the effect on the unfolding
rate; the Fe2+-M80 f Fe2+-CO replacement increases the
unfolding rate in water by more than 10 orders of magnitude.
The results and analyses demonstrate how the formation and
rupture of the Fe2+-M80 bond impose obligatory kinetic
barriers to in vitro folding and kinetic stability of ferrocy-
tochromec.

MATERIALS AND METHODS

Horse heart cytc (Type VI from Sigma) was used without
further purification. GdnHCl and sodium dithionite were
obtained from Gibco BRL and Merck, respectively. Protein
concentrations were determined by the use of molar extinc-
tion coefficients (Table 2). All experiments were done in
0.1 M sodium phosphate buffer in an inert atmosphere.
Extreme care was taken to minimize air exposure of
solutions. During low-temperature measurements, vapor
fogging and condensation on the outer surfaces of cuvettes
and flow cells were avoided by blowing a constant stream
of nitrogen.

NMR Spectroscopy.A 600 µL solution of unfolded
cytochromec (∼2 mM protein, 6.35 M GdnHCl, 0.1 M
phosphate, 15% D2O, pH 6), contained in a 5 mm NMR
tube, was deaerated by passing nitrogen into the solution,

reduced by the addition of sodium dithionite to a final
concentration of 20 mM, and liganded with13CO by bubbling
the gas gently into the solution for∼30 s. The tube was
sealed by the use of a rubber stopper. To ensure complete
equilibration, the sealed NMR tubes were shaken gently in
dark for∼30 min. NMR spectra were recorded at 22°C in
Bruker or Varian spectrometers operating at carbon frequen-
cies of 125.7 or 150.9 MHz. The spectra were of 16K data
points covering a spectral width of 50 kHz. A relaxation
delay of 5 s was employed. Typically, 10 000 scans were
averaged.

Equilibrium Unfolding Measurements.Samples of cyto-
chrome c, prepared in the 0-8 M range of GdnHCl,
contained 10-15 µM protein. The solutions were deaerated
and reduced under nitrogen with 0.5-1 mM sodium dithion-
ite and incubated in tightly capped quartz cuvettes or rubber-
capped small glass tubes for∼45 min. Tryptophan fluores-
cence excited at 280 nm (slit width 0.75 nm) was measured
at 358 nm (slit width 1.25 nm) using a 1 cmsquare quartz
cuvette in a photon counting instrument (SPEX 320). Far-
UV CD at 222 nm was measured using a 1 mmcylindrical
cuvette in a JASCO J720 spectropolarimeter.

For equilibrium unfolding measurement of cytc-CO, the
dithionite-reduced samples were saturated with CO by
passing a slow stream of the dry gas through the solutions
for a minute. To ensure complete equilibration, the sealed
tubes were shaken gently in dark for∼30-240 min at room
temperature. Steady incubation of the samples without
shaking produced no difference. Fluorescence emission at
358 nm (excitation: 280 nm) was measured at 22°C using
a FluoroMax-3 instrument (Jobin-Yvon, Horiba) setting the
excitation and emission slits to 0.75 and 10 nm, respectively.
222-nm CD measurements were performed using rectangular
cells (1 mm path length) in a Jasco J715 instrument.

pH Titration of the Unfolded Protein.The pH of an
unfolding buffer solution (6.1 M GdnHCl, 75 mM phosphate,
25 mM acetate) was adjusted to different values in the range
7.6-4.6 by the addition of minimal volumes of concentrated
phosphoric acid and NaOH. Ten microliters of a 0.14 mM
protein solution unfolded in 6 M GdnHCl was added to 1
mL of each of these buffer solutions of variable pH. The
samples were then deaerated, reduced under nitrogen by the
addition of ∼1 mM sodium dithionite, saturated with CO
by passing the gas into the solutions for a minute, and
incubated in sealed cuvettes at room temperature in dark for
an hour. Optical absorption spectra in the Soret region (475-
375 nm) were recorded at 22°C in a Shimadzu UV-3101PC
UV-Vis-NIR spectrophotometer interfaced to a TCC
controller.

Measurements of Folding and Unfolding Kinetics.Cyto-
chromec (0.345 mM), initially unfolded in 6.35 M GdnHCl,
pH 7, was reduced under nitrogen by the addition of a
concentrated solution of sodium dithionite to a final con-
centration of 3.2 mM and liganded with CO. The CO-
saturated unfolded protein solution was loaded in a gastight
syringe and equilibrated at 10°C for ∼10 min. In the
meanwhile, the refolding buffer solution containing the
desired concentration of GdnHCl was reduced by the addition
of dithionite to a final concentration of 3.2 mM and filled in
a gastight syringe. The protein and buffer solutions were then
loaded into the stopped-flow mixing module that was
exhaustively washed with deionized water containing 3.2 mM
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sodium dithionite. Folding was initiated by two-syringe
mixing: 30 µL of the unfolded protein with 270µL of the
refolding buffer. The total flow rate was 7.143 mL s-1. After
recording kinetics at a given concentration of the denaturant,
a fresh protein solution and the refolding buffer of another
concentration of the denaturant were loaded. This two-syringe
procedure ensures minimal air oxidation of the protein. The
final protein concentration in the folding mixture was 34µM.
After recording kinetics, the waste solutions were collected
to check the GdnHCl concentrations to which the protein
refolded and to record visible absorption spectra to ensure
that the protein had CO bound to its heme group during the
course of measurements.

Unfolding experiments were performed following the same
procedure of two-syringe mixing (30µL of the native protein
with 270µL of the unfolding buffer). The CO-bound native
cytochromec was prepared as follows. An unfolded protein
solution (∼1.3 mM cytochromec, 7.5 M GdnHCl), reduced
and liganded with CO, was diluted 5-fold with dithionite-
containing native buffer to obtain the CO-bound folded
protein in 1.5 M GdnHCl. This procedure was carried out
manually in an inert atmosphere at room temperature before
loading the protein sample into the stopped-flow syringe.
The unfolding buffer containing a desired concentration of
GdnHCl was reduced with dithionite, but contained no CO.
The final protein concentration in unfolding experiments was
∼26 µM. The unfolding kinetics were recorded in less than
5 min of the preparation of the CO-bound native protein.

The kinetics of folding and unfolding were measured using
SFM3 or SFM4 mixing modules (Biologic) regulated at 10
°C by the use of an external water bath. The 280 nm
excitation source was obtained from a 150 W xenon lamp.
Fluorescence emission by the mixed solution, contained in
a 0.8 mm square flow cell, was measured at 359 nm. A few
refolding traces at lower concentrations of GdnHCl were
recorded also by heme optical absorption at 411 and 550
nm. The dead time, determined experimentally by using the
procedure suggested by the instrument manufacturer, was
∼1.5 ms. Data were acquired using the software provided
by Biologic. Typically, 10-20 shots were averaged for noise
reduction.

Analysis of Equilibrium Unfolding CurVes.The fluores-
cence data were scaled by dividing the signals at different
concentrations of GdnHCl by the signal at the highest
concentration of the denaturant. CD data were not subjected
to normalization. The observables as a function of GdnHCl
were least-squares fitted to a two-state NT U model using
eq 1 (30):

whereSobs is the observed signal, andCf andCu andmf and
mu represent intercepts and slopes of native and unfolded
baselines, respectively.mg (or the equilibriumm value) is a
parameter related to the change in surface area during the
global unfolding of the protein, and [D] represents the
concentration of GdnHCl. The far-UV CD signals in the

native-state baseline region were fitted toCf + mf1[D] +
mf2[D]2.

Analysis of Kinetic Traces.The time dependence of signals
was fitted to single- or double-exponential functions to obtain
apparent rates,λi, the initial signal,S0, which corresponds
to the “zero-time” signal in the stopped-flow time window,
the observed signal,Sobs, and the final equilibrium signal,
S∞, corresponding to the signal value att ) t∞. TheS0, Sobs,
andS∞ signals were subjected to initial normalization by first
subtracting the buffer fluorescence signals and then dividing
by the recorded signal of the unfolded protein in the highest
GdnHCl concentration. In the unfolding set of measurements,
theS∞ value of the kinetic trace at the highest concentration
of GdnHCl employed was used to divide the fluorescence
signals. The GdnHCl dependence ofS0 and S∞ signals
describe the titration of the missing amplitude, which is lost
within the dead time of measurement, and the equilibrium
global transition, respectively.

CheVron Analysis. The dependence ofλ on GdnHCl
concentration in the range 1.6-6.5 M was analyzed accord-
ing to the two-state model, NT U:

where,ku(H2O) andkf(H2O) are unfolding and refolding rate
constants, respectively, in the absence of GdnHCl.

The denaturant dependence ofλ in the entire range of
GdnHCl concentration was analyzed by polynomial fits (31):

The fitted values ofkf(H2O) andku(H2O), along with the
correspondingmvalues, were compared with those calculated
by the use of the equations

where

RESULTS

Binding of Carbonmonoxide to Unfolded Ferrocytochrome
c. Under normal physiological conditions, the heme group
of mitochondrial cytochromec is axially bonded to H18 and
M80 and does not bind any other ligand of intra- or
extracellular origin. Unfolding of the protein, however,
weakens and ruptures the Fe2+-M80 bond and brings about
significant changes in heme-ligand chemistry at this axial
site (13). Advantage can be taken of this fact to engineer

Sobs)
Cf + mf[D] + Cu + mu[D] exp(-∆G + mg[D]

RT )
1 + exp(-∆G + mg[D]

RT )
(1)

K )
[U]

[N]
)

ku

kf

λ1 ) ku + kf

log ku ) log ku(H2O) + mu[GdnHCl]

log kf ) log kf(H2O) + mf[GdnHCl] (2)

log kf ) log kf(H2O) + m1,f[GdnHCl] - m2,f[GdnHCl]2

log ku ) log ku(H2O) + m1,u[GdnHCl] - m2,u [GdnHCl]2

(3)

log kf(H2O) ) log ku(H2O) - log K(H2O)

log ku(H2O) ) log kf(H2O) + log K(H2O) (4)

log K(H2O) ) -∆G(H2O) +
mg[GdnHCl]

2.3RT
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the binding of extrinsically added CO. The13C NMR
spectrum of unfolded ferrocytochromec recorded in the
presence of saturating amount of13CO (not shown) confirms
CO binding. The resonance at 207.91 ppm (Table 1) is due
to the heme-bound13CO of unfolded carbonmonoxycyto-
chromec (UCO). This chemical shift is very close to reported
values of carbon shift of bound13CO in native hemopro-
teins: 208.29 ppm for carbonmonoxymyoglobin (32), 208
ppm for theR-subunit, and 207 ppm for theâ-subunit of
human hemoglobin (33-35). In the case of ferrocytochrome
c, the extent of the13C shift of the heme-liganded carbon-
monoxide depends on the concentration of GdnHCl in the
unfolding medium. The protein binds CO even under
moderately unfolding conditions, as expected from the mass
action principle, but the13C resonance is shifted upfield by
as much as 2 ppm. For example, in the presence of∼3.5 M
GdnHCl, the13C peak resonates at∼206.9 ppm (not shown).
These chemical shifts are collected in Table 1.

While 13C NMR provides a direct demonstration of CO
binding to unfolded ferrocytochromec, the heme optical
absorption is the most convenient and useful probe to monitor
the conformational changes and kinetic events of folding of
carbonmonoxycytochromec. Table 2 presents the relevant
changes in the band positions and extinction coefficients of
heme absorption in Soret and visible regions caused by CO
binding. The Soret band (418 nm;π f π* transition) of
unfolded ferrocytochromec blue-shifts to 414 nm in the
presence of CO, indicating ligand binding and the production
of a homogeneous population where the sixth axial site of
the heme is occupied by CO. In the visible region, CO
binding causes bothR- and â-bands (552.5 and 522 nm,
respectively) to broaden and red-shift with a large fall in
the extinction coefficient of theR-band.

The heme spectral properties have been used in a number
of experiments for the determination of CO binding param-
eters, including the equilibrium affinity of CO for unfolded

ferrocytochromec, the second-order binding rate, and
rebinding rate following laser photolysis. The data are not
shown. The equilibrium affinity of CO for unfolded ferro-
cytochromec is of interest in the context of this study (see
discussion), and the association constant (Ka, M-1) is given
as an entry in Table 1.

Equilibrium Unfolding of Ferrocytochrome c in the
Presence of Carbonmonoxide.Because of its preferential
binding to the unfolded state of ferrocytochromec, CO is
expected to drive the folding-unfolding equilibrium of the
protein (NT U; K ) U/N) toward the unfolded state. Figure
1a shows the steady-state fluorescence intensity of reduced
cytochromec as a function of GdnHCl in the presence and
the absence of CO. The unfolding transition curve, indeed,
is shifted to the left as a consequence of CO binding to
ferrocytochromec. The details of changes in the fluorescence

Table 1: 13C Chemical Shifts and Equilibrium Constants for CO
Binding to Unfolded Horse Ferrocytochromec, Horse Myoglobin,
and Human Hemoglobina

log Ka

(M-1)

13C chemical
shift (ppm)

horse carbonmonoxycytochromec 7.32 207.91
horse carbonmonoxymyoglobin 7.46(74) 208.29b,30

human hemoglobin
R-chain 8.48(74) 208(31)

â-chain 8.75(74) 207(31)

a Conditions, horse ferrocytochromec: 6.35 M GdnHCl, 0.1 M
phosphate buffer, pH 6, 20°C; horse myoglobin, 0.1 M phosphate, pH
7, 20 °C; human hemoglobin, pH 6.35-8, 20 °C. b The 13C chemical
shift of bound CO in carbonmonoxymyoglobin found in the present
study is 209.75 ppm.

Table 2: Optical Transitions in Unfolded Ferrocytochromec (6.35 M GdnHCl, 0.1 M Phosphate Buffer, pH 6.5) in the Presence and the
Absence of CO (1 atm Pressure)

λmax(nm) ε (cm-1 mM-1) assignment

ferrocytochromec 418 109.74 π f π* (a1u,a2ufeg)
(-CO) 522 (â) 10.02 π f π* (vibronic)

552.5 (R) 13.593 π f π* (a1u,a2ufeg)

carbonmonoxycytochromec 414 168.13 π f π*
(+CO) 534 8.69 π f π*

560 6.28 π f π*

FIGURE 1: GdnHCl-induced equilibrium unfolding of ferrocyto-
chromec in the presence (filled symbols:2 and9) and the absence
(open symbols:4 and0) of CO at 10°C, neutral pH, monitored
by (a) tryptophan fluorescence at 358 nm on excitation at 280 nm
and (b) far-UV CD. The curves are least-squares fits to the data
using a two-state model according to eq 1. The native-state baseline
of CD data (b) are approximated byθ ) cf + m1[GdnHCl]+m2-
[GdnHCl]2. Values of∆G (kcal mol-1) andmg (kcal mol-1 M-1),
respectively, obtained are: (a) 11.65((0.2) kcal mol-1 and 2.95-
((0.28) kcal mol-1M-1 in the presence of CO (2), and 19.3((0.5)
kcal mol-1 and 3.7((0.2) kcal mol-1M-1 in the absence of CO
(4); (b) 12.12((0.7) kcal mol-1 and 3.2((0.1) kcal mol-1M-1 in
the presence of CO (9), and 20.4((0.3) kcal mol-1 and 3.8((0.1)
kcal mol-1M-1 in the absence of CO (0).
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intensity across the unfolding transition and in the post-
transition region have been described in detail (36, 37, 13).
In brief, structural unfolding in the transition region produces
a sharp increase in tryptophan fluorescence, but the fluores-
cence continues to increase monotonically in the post-
transition baseline region due to a denaturant-dependent
continuous expansion of the unfolded chain that results in
an increase in the average heme-tryptophan distance. The
denaturant dependence of fluorescence values all through the
two transitions have been normalized with respect to the
fluorescence intensity of completely unfolded proteins (in
GdnHCl concentrations of 6.7 and 7.7 M, respectively, in
the presence and the absence of CO). The solid lines
represent the iterated fits to eq 1. The fit parameters, namely,
∆G(H2O), mg, andCm (=∆G(H2O)/mg), for both transitions
are given in the legend to Figure 1.

The GdnHCl-induced unfolding transitions monitored by
far-UV CD are shown in Figure 1b. In the presence of CO,
the transition has shifted to lower values of the denaturant.
Unlike the linear dependence on GdnHCl of fluorescence
values in the native baseline region, the CD signals show a
pronounced curvature before the onset of sharp signal loss
across the global transition regions. This feature has been
described previously for ferrocytochromec (13), and a
second-order polynomial has been used to approximate the
native baselines in eq 1. The iterated fit parameters for the
two transitions thus obtained are given in the figure legend.

Both probes, tryptophan fluorescence and far-UV CD,
yield apparent two-state unfolding transition of ferrocyto-
chromec in the presence of CO. In this paper the value of
∆G(H2O) (11.65( 1.13 kcal mol-1) obtained from fluores-
cence will be used to indicate the thermodynamic stability
of carbonmonoxycytochromec. ∆G(H2O) for ferrocyto-
chromec under identical conditions is 19.3((0.5) kcal mol-1

(see legend to Figure 1).
Preparation and the Identity of NatiVe Carbonmonoxycy-

tochrome c (NCO).Because of the tight affinity of unfolded
ferrocytochromec for CO (Ka ) 2.09× 107 M-1, Table 1),
it is easier to prepare unfolded carbonmonoxycytochromec
(UCO), and folding kinetics can be studied simply by diluting
the protein with the refolding buffer. Preparation of native
carbonmonoxycytochromec (NCO) for unfolding kinetic
studies, on the other hand, is not straightforward since the
heme iron of native ferrocytochromec does not bind extra-
polypeptide ligands. But the refolded product of UCO is
NCO, and the latter can be used directly to study unfolding
kinetics. It is, of course, necessary to show the spectral and
structural properties of NCO and to establish that CO is
indeed bound to the refolded product.

Figure 2a shows the Soret heme spectra of NCO, and of
native (N) and unfolded (U) ferrocytochromec, all of the
same protein concentration (5( 0.2 µM). Refolding of
ferrocytochromec (U f N) results in a 418f 415.5 nm
blue shift of the Soret peak, accompanied by a loss of the

FIGURE 2: Spectral properties and lifetime of native carbonmonoxycytochromec. All measurements on the native proteins were done
immediately after their preparation by diluting the unfolded protein solutions. (a) Optical absorption spectra: broken line,λmax ) 418 nm,
unfolded ferrocytochromec (6.35 M GdnHCl); continuous line,λmax ) 415.5 nm, native ferrocytochromec prepared by 6.35f 1.5 M
GdnHCl dilution; thick solid line,λmax ) 414 nm, the native state of carbonmonoxycytochromec prepared by 6.35f 1.5 M GdnHCl
dilution of the CO-bound ferrocytochromec solution; the inset shows visible region spectra for these three proteins. (b) Fluorescence
spectra of native carbonmonoxycytochromec showing quenched fluorescence emission (thick solid line) obtained by 6.35f 1.5 M GdnHCl
dilution of the unfolded protein solution containing 1 atm CO (thin solid line). (c) Far-UV CD spectra of native states of
carbonmonoxycytochromec (b) and ferrocytochromec (O) prepared by 6.35f 1 M GdnHCl dilution of the corresponding unfolded
protein solutions. (d) Kinetics of thermal dissociation of CO from native carbonmonoxycytochromec at 22 °C (thick solid line,τ ) 40
min) prepared by 6.35f 1.5 M GdnHCl dilution of the unfolded protein solution. The flat baseline has been generated by 6.35f 6.35 M
GdnHCl dilution of the unfolded protein solution.
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shoulder. The spectra of N and NCO, both refolded to 1.5
M GdnHCl from the corresponding unfolded states in the
presence of 6.35 M GdnHCl, are quite different. The NCO
peak (414 nm) is relatively sharp, with an extinction
coefficient nearly twice the value for the N peak (415.5 nm).
Differences in the visible region are also seen (inset, Figure
2a). These differences mean that refolding of UCO produces
the native state of ferrocytochromec with CO still bound to
the heme group.

That the CO-bound molecule, refolded from UCO (i.e.,
UCO f NCO), is structurally and conformationally congru-
ent to native ferrocytochromec can be established from a
number of spectroscopic observations. Figure 2b shows
fluorescence emission spectra of UCO and NCO, both at
identical protein concentration. The UCO molecule is
fluorescent (see also Figure 1a), and the emission maximum
upon excitation of the tryptophan indole (280 nm) occurs at
367 nm. The NCO emission spectrum shown in Figure 2b
was recorded within 2 min of diluting the UCO solution from
6.35 to 1.5 M GdnHCl. In fact, this dilution has been used
for preparation of NCO used in the kinetic unfolding studies
reported in this work (see below). Since the Fe2+-CO bond
is photosensitive, undesirable exposure of the NCO sample
to the excitation beam was avoided. The spectrum shown
represents just a single emission scan recorded rapidly (5
nm s-1) with minimal opening of the excitation slit. NCO,
like native ferrocytochromec, is fluorescence-silent. The
quenched fluorescence suggests that in the folded polypeptide
of NCO, the center-to-center separation of the heme and the
W59 indole is nearly identical to that in native ferrocyto-
chromec (<10 Å; see ref38).

Figure 2c shows the peptide CD spectra of NCO and native
ferrocytochromec (N) at 22 °C. An unfolded ferrocyto-
chromec solution (6.35 M GdnHCl) was divided into two
parts: one was liganded with CO (UCO) and the other was
not (U). UCOf NCO and Uf N reactions were carried
out under identical conditions to a final GdnHCl concentra-
tion of 1 M. In each case a two-scan averaged spectrum was
recorded within 60 s of refolding. Data below 210 nm were
not taken because of large noise in the signal amplified by
the presence of slight excess of sodium dithionite that absorbs
strongly in this region. The presented spectra show almost
identical values of MRE (mean residue ellipticity) for NCO
and N. Native ferrocytochromec dissolved directly in 1 M
GdnHCl also gives the same spectrum (data not shown). The
identical appearance of NCO and N spectra indicates the
congruence of the two proteins in terms of secondary
structure content. It may be concluded from these results
that the NCO species is just the native state of ferrocyto-
chromec, except that CO replaces the M80 ligand.

The NCO protein, even though conformationally equiva-
lent to N, is not stable. The bound CO undergoes slow
thermal dissociation to yield to the formation of the Fe2+-
M80 bond. The reaction Fe2+-CO f Fe2+-M80 + CO
transforms NCO to N, and this process imposes a time
constraint in the use of NCO after its preparation. Figure 2d
shows the kinetics of thermal dissociation of CO from NCO
at 22 °C. The process can be followed by recording
absorbance at 550 nm which is theR-band of visible heme
absorption of native ferrocytochromec (inset, Figure 2a).
The NCO protein was prepared by 6.35f 1.5 M GdnHCl

dilution of UCO. The baseline signal has been generated by
diluting the UCO solution into the unfolding buffer. At 22
°C, ∼10% of the total observable signal is lost by the end
of the fifth minute of the measurement. It is thus necessary
to minimize the time period between the preparation of NCO
and its use in recording unfolding kinetics. Unfolding kinetics
reported here were all recorded at 10°C and within 2-5
min of preparation of NCO. Thus, CO could have dissociated
from only a small fraction of NCO molecules (<5%), and
the observed unfolding kinetics is almost entirely due to
NCO.

Folding and Unfolding Kinetics of Carbonmonoxycyto-
chrome c. Kinetic Traces.Figure 3a shows the initial 40 ms
of a few kinetic folding traces, normalized with reference to
the signal of UCO at 10°C. The folding traces are best
described by two exponentials (inset, Figure 3a). In the
presence of 0.75 M GdnHCl, the fast phase shows an
apparent rate,λ1, of 400 s-1, and the slow phase decays with
λ2 of 14 s-1. The residuals from single- and double-
exponential fits to the data are shown up to 400 ms in the
inset to the figure. Relative amplitudes corresponding to the
two phases are 0.9 and 0.1, respectively. Refolding to all
concentrations of GdnHCl showed two kinetic phases: a fast
major phase, and a rather slow minor phase. The amplitude
of the minor phase for the refolding runs is no more than

FIGURE 3: Initial 40 ms of fluorescence-monitored stopped-flow
kinetic traces at 10°C, neutral pH. (a) Refolding of carbonmon-
oxycytochromec is rapid, and a large part of the expected signal
with reference to the signal of the unfolded protein (6.1 M GdnHCl,
b) is already lost outside the stopped-flow window; the lower the
denaturant concentration in the refolding medium, the larger the
loss. The refolding traces are fitted better by a two-exponential
function (inset). The major phase is 20-32-fold faster than the
minor phase, and the average ratio of the amplitudes of the two
phases is 94:6. (b) Observed unfolding kinetics do not indicate
submillisecond loss of the expected signal with reference to the
fluorescence of the native protein (1.5 M GdnHCl,b). Unfolding
traces are described by a single exponential.
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10% of the observed signal, and the averaged relative
amplitudes of the two phases are 0.94 and 0.06, respectively.

In the stopped-flow kinetics of refolding of UCO to
strongly nativelike conditions, a major fraction of the
fluorescence signal expected of the folded protein is already
seen to have recovered within the dead time of the instrument
(Figure 3a). In the presence of 0.75 M GdnHCl,∼70% of
the total expected signal is lost. This lost signal, also called
missing amplitude or burst phase amplitude, has a strong
dependence on the final concentration of GdnHCl in the
refolding milieu; the lower the final denaturant concentration,
the larger the missing amplitude (Figure 3a).

Figure 3b shows the initial 40 ms of kinetics of unfolding
of NCO in the presence of three concentrations of GdnHCl.
The traces have been normalized with respect to the
fluorescence signal att ) t∞ of the unfolding kinetics in the
presence of 6.9 M GdnHCl. The entire unfolding course,
regardless of the final concentration of the denaturant, fits
to a single exponential. Also, the stopped-flow “zero-time
signal” does not suggest the occurrence of a significant burst
phase reaction. In the presence of 6.2 M GdnHCl, the burst
phase accounts for only∼23% of the total expected
fluorescence.

CheVron. Figure 4a presents the denaturant dependence
of the logarithm of the observed folding and unfolding rates
at 10°C. The transition midpoint,Cm, for the equilibrium N
T U transition of ferrocytochromec in the presence of CO
is ∼3.9 M GdnHCl (Figure 1), which corresponds to the
relaxation minimum in the chevron plot (Figure 4a). Ex-
pectedly, the apparent rate of folding increases progressively
as the GdnHCl concentration in the reaction medium is
lowered below the transition midpoint. The folding limb of
the chevron is mostly linear. When strongly nativelike
conditions are approached (i.e., below∼1.5 M GdnHCl),
the folding limb deviates slightly away from the linearity.
Similarly, the unfolding rate increases linearly with increasing
concentration of the denaturant up to∼6.5 M GdnHCl,
beyond which the rate appears to drop slightly.

The apparent rollover of rates under strongly nativelike
conditions is not really accentuated. On the basis of the linear
functional dependence of protein relaxation rates on the
denaturant concentration for most part except for the slight
nonlinear regions in the chevron extremities and the cor-
respondence in denaturant concentration of the relaxation
minimum and the equilibriumCm value, a two-state analysis
of folding kinetics (NCOT UCO) may be considered. The
solid line through the chevron in Figure 4a represents two-
state fit of folding kinetics by the use of eqs 2. Rate data in
the rollover regions were excluded, and only those in the
range 1.5-6.5 M GdnHCl were used to generate the chevron
fit (indicated by thick solid line). Values ofkf(H2O) andku-
(H2O) obtained from this analysis are listed in Table 3.

Although chevron rollover, in the classical realm of folding
kinetics, is generally taken to suggest accumulation of kinetic
intermediate (39), the phenomenon itself is poorly under-
stood. Factors other than the intrinsically rate-limiting step
of a kinetic sequence may also contribute to slowing down
the observed rates. Notable is the effect of viscosity of the
reaction medium. Concentrated solutions of denaturant are
considerably viscous (40), and the denaturant viscosity can
retard the observed rates, especially in the unfolding limb
(41). To eliminate the effect of viscosity of GdnHCl solution,

the observed rates can be corrected by using the procedure
suggested by Jacob & Schmid (41). For clarity the folding
chevron is replotted in Figure 4b along with the correction.
The correction does alleviate the curvature in Figure 4b,

FIGURE 4: (a) Apparent rates of the major phase of folding
monitored by fluorescence (b) and Soret heme absorbance at 411
nm (x), of unfolding monitored by fluorescence (O), and of the
minor phase of folding (9). The boldface line represents two-state
fit of the data in the range 1.6-6.4 M GdnHCl (demarcated by
vertical dashed lines) by the use of eq 2. The inset shows the 94:6
distribution of amplitudes of the major (b) and the minor (9) phase
of folding. (b) The chevron plotted after correction of the apparent
rates for the effect of viscosity of GdnHCl: folding rates before
and after correction (b and 2); unfolding rates before and after
correction (O and 4). The thick solid line (extrapolated to the
ordinate by dash-dot-dash line) is the two-state fit (eq 2) of the
corrected chevron using the data in the range 1.6-6.4 M GdnHCl.
The thin solid curved lines represent polynomial fit of the viscosity-
corrected data by the use of eq 3. (c) Normalized signal values at
time t ) 0 and t ) ∞ (S0 and S∞, respectively) in folding and
unfolding kinetics of carbonmonoxycytochromec as a function of
GdnHCl: S0 from refolding ([) and unfolding (3), andS∞ from
refolding (0) and unfolding (]) experiments. The fluorescence-
monitored equilibrium unfolding data (2, see Figure 2a) are also
plotted to show that kinetics were recorded long enough for the
protein to relax to equilibrium. The solid line through these data
represent a two-state equilibrium fit, and yields∆G(H2O) ) 11.75
kcal mol-1 andmg ) 2.98 kcal mol-1 M-1. Dashed lines represent
linear extrapolations of baselines. The area enclosed byS0 values
([) under the unfolded baseline extrapolated to the ordinate
describes the unobservable amplitudes lost in the dead-time of
stopped-flow. The small solid circles (b) throughS0 data represent
an empirical fit (see text).
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especially in the unfolding limb, although not entirely. Two-
state values of kf(H2O), ku(H2O), and ∆G(H2O) (eq 2)
obtained for the corrected chevron are given in Table 3. The
value of 7.5 kcal mol-1 for ∆G(H2O) determined from this
analysis is less than that obtained from equilibrium unfolding
data by 4.15 kcal mol-1 (Table 3, Figure 1a).

Figure 4b also shows the two-state analysis taking the
chevron curvature into account. The analysis is based on a
second-order polynomial functional dependence of the rates
on the denaturant (equations 3,4; ref31). The polynomial-
fitted values ofkf(H2O) andku(H2O) are listed in Table 3.
The value of 9.7 kcal mol-1 for ∆G(H2O) calculated in this
way compares with 11.65 kcal mol-1 obtained from equi-
librium unfolding data (Table 3, Figure 1a). Given the noise
in data and the long extrapolation of the unfolding limb to
the ordinate, the significance of this difference of 1.95 kcal
mol-1 in the values of∆G(H2O) cannot be stressed.

Signal Amplitudes.Figure 4c presents a quantitative picture
of denaturant dependence of fluorescence signal amplitudes
at timest ) 0 andt ) ∞ of folding and unfolding kinetics.
The fluorescence signal at botht ) 0 andt ) ∞ of folding
kinetics (So

fol andS∞
fol, respectively) have been normalized

with reference to the fluorescence of the initial unfolded
protein. Similarly,So

unfol andS∞
unfol are, respectively,t ) 0

andt ) ∞ fluorescence of unfolding kinetics normalized with
respect to thet ) ∞ signal of unfolding in the presence of
the highest concentration of GdnHCl employed. The dena-
turant dependence of both sets of values,S∞

fol and S∞
unfol,

coincide, within experimental error, with the equilibrium
unfolding transition, NCOT UCO (Figure 4c), indicating
that kinetics were recorded long enough for the protein to
relax to equilibrium. The solid line through theseS∞

fol,unfol

data points has been drawn using the equilibrium unfolding
parameters given in the legend to Figure 1a. The value of
So

fol decreases as the concentration of GdnHCl in the folding
medium falls, consistent with the observations made in Figure
3a. The area between theSo

fol values and the unfolded
baseline extrapolated linearly to nativelike conditions con-
tains the unobservable fluorescence signal associated with
burst phase folding kinetics. The GdnHCl dependence of the
So

fol values may, in principle, be used to describe the melting
transition of the product of the burst phase reaction. There
is some scatter in theSo

fol data, and their GdnHCl dependence
does not indicate a distinct denaturant-induced phase transi-
tion. The data in the range 0.6-6.0 M GdnHCl simulate the
empirical relation,So ) a + bx + cx(exp(-dx)), wherea,
b, c, and d are constants andx is the concentration of
GdnHCl. The denaturant distribution ofSo

unfol (Figure 4c)
shows that only a minor fraction of the total expected
unfolding amplitude is lost in the bursts phase. With the

available data, it is difficult to determine whether theSo
unfol

values define a simple linear extension of the native-state
baseline into the unfolding region or an unfolding process
faster than measurable by stopped flow.

Ligand-Based Homogeneity of the UCO Population.The
heme-ligand chemistry plays an important role in the folding
of cytochromec (13), and it is important to establish the
nature of unfolded-state heme ligation after the addition of
CO. Unfolding of ferrocytochromec at neutral pH results
in the rupture of the Fe2+-M80 bond, and the heme site
exhibits a dynamic intrapolypeptide ligand equilibrium
involving H26, H33, M65, and M80. CO, by virtue of its
tight binding to the unfolded-state heme iron, is expected to
replace all non-native ligands to yield a ligand-based
homogeneous population of UCO. To check if this indeed
is true so that the possibility of interference of folding with
non-native intrapolypeptide ligand could be excluded alto-
gether, a few relevant equilibrium heme absorption spectra
of UCO are examined in Figure 5. The objective is to show
a complete displacement of all kinds of ligands by CO.

Displacement of Methionine and Histidine by CO.The
unfolded-state heme-ligand equilibria of ferrocytochromec
can be modulated to a large extent by the addition of excess
of extrinsic histidine and methionine, preferably, their
analogues, and the resultant changes are easily detected by
shifts in both the band position and the extinction coefficient
in the Soret region of the heme absorption spectrum. Figure
5a shows that the unfolded-state spectrum of ferrocytochrome
c in the presence of 200-fold molar excess of NAM
(N-acetyl-DL-methionine), a water-soluble analogue of me-
thionine, changes dramatically when 1 atm of CO is added,
indicating the ability of CO to displace this ligand com-
pletely. Similar experiments show that CO readily displaces
the imidazole ligand bound to the Fe2+ iron (not shown).
These results suggest that the UCO population consist only
of CO-bound hexacoordinate molecules.

pH Dependence of Soret Spectra of UCO.To show further
that the UCO population is homogeneous and that the CO
ligand is irreplaceable by the intrapolypeptide histidines, H26
and H33, the Soret spectrum of UCO can be examined in
the pH range through the pKa of imidazole ionization.
Protonation of the imidazole side chain results in deligation,
and hence a change in the Soret spectrum. Figure 5b shows
that the Soret spectrum of UCO (in 6 M GdnHCl) at different
values of pH in the range 7.6-4.6 changes little. The peak
absorption maximum stays constant (414.1( 0.1 nm). A
slight variation in the peak intensity is due to differences in
protein concentration. Clearly, the possibility of non-native
histidine ligation in the unfolded molecules in the presence
of CO is precluded. These are strong indications that the

Table 3: Kinetic Parameters for Folding and Unfolding of Carbonmonoxycytochromec and Ferrocytochromec Obtained from Chevron
Analysis as Described in the Texta

∆G(H2O) (kcal mol-1) Cm (M GdnHCl)

log kf(H2O) logku(H2O) kinetic equilibrium kinetic equilibrium

carbonmonoxycytochromec
2-state analysis (eq 2) 3.40 (3.39) -2.14 (-2.34) 7.2 (7.50) 11.65 3.95 3.95
polynomial fit (eqs 3 and 4) 2.96 (2.96) -4.30 (-4.34) 9.7 (9.75) 11.65 3.95 3.95

ferrocytochromec (eqs 3 and 4)b 2.7 -15.3 (-15.2) 23.2 19.3 4.95 5.1
a Values within brackets are obtained after correcting the observed rates according to logλcorr ) log λobs + log(η/ηo), whereη and ηo are

viscosities in the presence and the absence, respectively, of GdnHCl.b Data from ref13.
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UCO population is homogeneous in terms of heme-CO
ligation.

Comparison of Denaturant Dependence of Folding-
Unfolding of Ferrocytochrome c and Carbonmonoxycyto-
chrome c: The Salient Points. Figure 6a illustrates the effect
of Fe2+-M80 f Fe2+-CO replacement on the folding
chevron obtained under identical experimental conditions.
Clearly, both folding and unfolding rates of carbonmonoxy-
cytochromec are larger at all concentrations of GdnHCl.
The relative increase in the unfolding rates is more substan-
tial. The polynomial-fitted values ofkf(H2O), ku(H2O), and
∆G(H2O) according to eqs 3 and 4 are given in Table 3.
The rate-denaturant gradients of both chevrons change
continuously, but the gradient becomes relatively shallower
for carbonmonoxycytochromec as the denaturant concentra-
tion in the medium falls. As the ordinate intercepts indicate,
the refolding rate of carbonmonoxycytochromec is just
2-fold larger than that for ferrocytochromec, but the
unfolding rate is larger by more than 10 orders of magnitude
(Table 3). Figure 6b compares the GdnHCl dependence of
So

fol. The distributions are very similar, suggesting that the
immediate response of the unfolded polypeptides on being
driven to fold is similar for ferrocytochromec and carbon-
monoxycytochromec.

DISCUSSION

Carbonmonoxycytochrome c: The Identity.Cytochrome
c acts as both an electron-transfer protein in the mitochondrial
respiratory chain and a proapoptotic protein in the genetically
destined cell death program, and for neither of these functions

does it require binding of CO. The iron atom of the
protoporphyrin IX heme prosthetic group of cytochromec
forms two out-of-plane coordinate bonds with the polypeptide
chain: one with the sulfur of M80 and another with the
imidazole side chain of H18. The resulting hexacoordinate
structure of the heme iron along with the native tertiary fold
of the polypeptide around it precludes binding of non-native
ligands. Extrinsically added cyanide (CN) and imidazole
(Im), nonetheless, form Fe3+-CN and Fe3+-Im bonds by
displacing the M80 sulfur in ferricytochromec even under
physiological conditions (42). But the situation reverses
dramatically when ferricytochromec is converted to ferro-
cytochromec by merely reducing the Fe3+ atom to Fe2+.
The Fe2+-M80 bond in native ferrocytochromec is so strong
that even CO fails to rupture it (43). The preparation of the
CO derivative of ferrocytochromec is, however, needed for
a number of studies related to protein function, motion, and
ligand binding dynamics. For such studies, CO ligation has
hitherto been achieved by allowing the ligand to bind to the
ferrous form of the chemically modified protein in which
the M80 sulfur is carboxymethylated in order to prevent its
coordination with the iron (42, 44-48). It has also been
known for half of a century that CO complex of ferrocyto-
chromec can be formed at extremely alkaline pH values
(49, 44).

The present work shows how denaturant-induced unfolding
of ferrocytochromec facilitates the protein-CO reaction.

FIGURE 5: (a) Soret spectra showing the replacement of ligands
from the heme iron of the unfolded protein: broken line, unfolded
ferrocytochromec (6.35 M GdnHCl, pH 7, 22°C); thin solid line,
the same unfolded protein in the presence of 200-fold molar excess
of NAM (N-acetyl-DL-methionine); thick solid line, when CO is
added to the NAM-containing protein solution. (b) Soret spectra
of carbonmonoxycytochromec in the pH range 7.6-4.6 in the
presence of 6 M GdnHCl, 24°C. Theλmax is a constant (414.1(
0.1 nm).

FIGURE 6: Comparison of the denaturant dependence of rates and
amplitudes between ferrocytochromec (thin lines) and carbonmon-
oxycytochromec (boldface lines) studied under identical conditions.
(a) Two-state polynomial fits (eq 3) of folding chevrons. Note the
vertical and horizontal shifts of the carbonmonoxycytochromec
chevron relative to that of ferrocytochromec. (b) GdnHCl depen-
dence ofS0 andS∞ signals. TheS∞ signals reproduce the respective
equilibrium unfolding transitions, and the denaturation midpoints,
Cm, match the inflection points in the chevrons. The denaturant
distribution ofS0 values are similar for both the proteins, and they
do not indicate, within the error limit, the titration of a submilli-
second species. The data for ferrocytochromec have been taken
from ref 13.
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This approach was necessary to achieve the objective of
finding out the kinetic barrier. The rationale and the
mechanism of the denaturation-coupled CO ligation process
are simple. In unfolded ferrocytochromec at neutral pH the
Fe2+-H18 bond stays intact, but the Fe2+-M80 bond is
ruptured, an indication of which is obtained by examining
the pure chemical exchange cross-peaks in a 2D exchange
NMR spectrum recorded on a sample poised at the midpoint
of the equilibrium unfolding transition (unpublished result).
The sixth coordination site, as a result of departure of M80,
becomes available for potential intrachain heme ligands,
namely H26, H33, M65, and M80. Indeed, all four serve as
the sixth coordination ligand of the ferrous heme iron in the
form of transient contacts (50, 13). When CO is added to
the unfolded protein solution, the transient intrachain ligands
are effectively replaced by CO, for thermodynamic rather
than kinetic reasons (see below). The resultant ensemble of
the unfolded protein is now homogeneous in regard to the
presence of the Fe2+-CO bond (see below; also Figure 5).
The CO-liganded derivative is like a chemically engineered
mutant and can be treated as an independent and “self-
sufficient” system to study several important aspects of
folding-unfolding and motional dynamics of ferrocyto-
chromec. It can be refolded and unfolded, akin to a double-
jump experiment, to examine the limiting role of the Fe2+-
M80 contact in folding.

A question concerning the number of CO molecules bound
per molecule of ferrocytochromec arises. Because NMR
exchange spectra across the unfolding equilibrium of ferro-
cytochromec provide direct evidence for rupture of the
Fe2+-M80 bond in the unfolded state, binding of one CO
molecule on the M80 side of the heme is easily envisioned.
But in view of a substantially large binding constant of CO
to the unfolded heme (Table 1), binding of another CO on
the H18 side of the heme due possibly to weakening of the
Fe2+-H18 bond is not precluded. Further studies will be
needed to address this issue.

Apparent Two-State Equilibrium Unfolding of Carbon-
monoxycytochrome c.Both probes, tryptophan fluorescence
and far-UV CD (Figure 1), indicate that the equilibrium
unfolding of ferrocytochromec in the presence of CO
involves only the native and the unfolded state without
accumulation of structural intermediates to any detectable
level. Apparent two-state nature of unfolding is seen in the
absence of CO as well (Figure 1), consistent with earlier
reports (13, 50), suggesting that CO binding does not stabilize
any possible structural intermediate. The presence of struc-
tural species intermediate between the native and the
unfolded state of ferrocytochromec in the presence or the
absence of CO cannot, however, be precluded from these
observations. Intermediates of transient lifetime escape
detection in conventional equilibrium experiments. It is
known that the GdnHCl-induced NT U equilibrium of
ferrocytochromec involves at least one short-lived partially
unfolded state identifiable by stopped-flow NMR hydrogen
exchange measurements under moderate to strongly desta-
bilizing conditions (51). Subsequent native-state hydrogen
exchange (HX) studies have shown the existence of two more
short-lived intermediate structures (52). These observations
on ferrocytochromec raise important questions concerning
the existence, the identity, and the enumeration of transient
intermediate structures involved in the folding-unfolding

equilibrium of carbonmonoxycytochromec. Strategic HX
experiments will be needed to obtain a detailed picture of
the equilibrium.

Stability of Carbonmonoxycytochrome c.The unfolding
free energy,∆G(H2O), of ferrocytochromec is 19.3((0.5)
kcal mol-1 (Figure 1, Table 3), consistent with previous
reports (13, 53). TheCm value associated with the transition
is 5.1 ( 0.15 M GdnHCl at 10°C (Table 3). Indeed,
ferrocytochromec is one of the most stable proteins known
to date. But the value of∆G(H2O) for carbonmonoxycyto-
chrome c is 11.65 ( 1.13 kcal mol-1 (Figure 1). The
difference of 7.65 kcal mol-1 (∆∆G(H2O)) in the free energy
of folding between ferrocytochromec and carbonmonoxy-
cytochromec indicates a drastic destabilization of the protein
caused by CO binding. The stability loss may appear to
reflect destabilization of the native protein consequent upon
disruption of the Fe2+-M80 bond by CO. But the destabi-
lization is also associated with a change inmg, the equilib-
rium m value; it changes from 3.7( 0.4 to 2.95( 0.28
kcal mol-1 M-1. The decrease may be due to increased
population of structural intermediates (53) as well as because
of a more compact denatured state (54, 55). The Fe2+-M80
f Fe2+-CO replacement could be similar to the weakening
of the Fe2+-M80 bond in oxidized cytochromec where
equilibrium intermediates unobservable in optically moni-
tored unfolding have been shown to be present (53). The
decrease inmg also indicates that part of the stability loss of
ferrocytochromec due to CO binding is a consequence of
the altered structure of the unfolded state.

The alterations in the structure of unfolded ferrocyto-
chrome c caused by CO binding can be understood by
considering the following scheme depicting the dynamics
of unfolded-state heme-protein interactions reported in
previous studies (13, 50) (Scheme 1).

U* represents the five-coordinate form, and superscripts
to U identify the residues that serve as intrapolypeptide
ligands of the heme iron atom. The consequences of the CO
binding reaction are (1) a decrease in enthalpy due to
preferential U-CO bonding and (2) an increase in chain
configurational entropy due to removal of the loops in the
chain ensemble. The four loops existing before CO binding
are formed of chain segments H18-M80, H18-M65, H18-
H33, and H18-H26, all mediated by bonding of the terminal
residues of the segments with the Fe2+ atom. The loops, taken
as intrachain links, could serve to constrain the number of

Scheme 1
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conformations accessible to the unfolded chain and that
would lower the configurational entropy. In the absence of
the intrachain loops, the unfolded state is expected to be more
stable. The stabilization energy, estimated from the equilib-
rium association constant of CO with the unfolded protein
(log Ka ≈ 7.32; Table 1), is∼9.7 kcal mol-1.

Now, the∆G values available for three branches of the
following thermodynamic cycle (Scheme 2)

yield ∼2 kcal mol-1 for the free energy corresponding to
the destabilization of the native state of ferrocytochromec
by CO binding. We note that the free energy associated with
the Fe2+-M80 bond is only of this order (56). This
observation demonstrates that the predominant cause of the
decreased stability of carbonmonoxycytochromec is stabi-
lization of the denatured state.

The thermodynamic affinity of the unfolded protein for
CO can be thought of as to how much of the intrinsic energy
of the Fe2+-CO bond is spent to change the chain config-
uration. The bond energy, more or less, is used to break the
intrachain loops that leads to the expansion of the polypeptide
chain. On the basis of these considerations along with various
∆G values found here Figure 7 shows a free energy diagram
depicting the effect of CO binding on the stability of native
and unfolded states of ferrocytochromec. The energy levels
are also consistent with kinetic data (see below).

Rapidity of Folding and Unfolding of Carbonmonoxycy-
tochrome c.Within the limit of stopped-flow resolution
(dead-time≈ 1.5 ms),∼94% unfolded molecules of car-
bonmonoxycytochromec refold extremely fast. The remain-
ing 6% molecules (see Figure 4a) represent most likely the
fraction of oxidized protein that does not bind CO or a small
population of nonmonomeric aggregated product. This minor
population refolds∼32-fold slower when nativelike condi-
tions (<1 M GdnHCl) are approached. For the fast-folding
molecules the rate constant,kf(H2O), is 2455 s-1 (τ ≈ 407
µs, Table 3), when estimated from the two-state analysis of
rate-denaturant data in the GdnHCl concentration range 1.5-
6.5 M (equation 2), but decreases to 915 s-1 (τ ≈ 1092µs)
when the entire rate-denaturant space is analyzed by the use
of eq 3 to account for the chevron curvature (see Figure 4,
Table 3). We must note the deficiencies in our general
understanding, analysis, and interpretation of curvatures in
protein folding chevrons. To make progress in the present
situation, the folding time constant of carbonmonoxycyto-
chromec measured by tryptophan fluorescence at 10°C is
projected in the range 407-1092µs (Figure 4a,b).

Submillisecond folding rapidity has recently been shown
for a few monomeric proteins, including the N-terminal
domain ofλ repressor (3600( 400 s-1 at 37°C; ref 7) and
cold shock proteins CspB (1070( 20 s-1 at 25 °C; ref 8)

and Bc-Csp (1370( 140 s-1 at 25 °C; ref 11). It will be
useful to examine these rates normalized with reference to
the temperature. Generally, a reaction with an activation
energy of 12 kcal mol-1 is expected to speed up by a factor
of 2 for every 10 K rise in temperature. Indeed, the activation
energy for refolding of ferrocytochromec in the presence
of 1.1 M GdnHCl obtained from Eyring analysis of the
temperature dependence of folding rates is≈12 kcal mol-1

(unpublished result). Assuming that the general rate-tem-
perature relation holds for protein folding reaction as well,
especially within the small range of temperature relevant
here, the value ofkf(H2O) for carbonmonoxycytochromec
will scale-up to the range 2745-7575 s-1 (τ≈158-437µs)
at 25°C. This is extremely rapid folding, perhaps next only
to the folding of the C-terminal domain of the prion protein
(12).

Carbonmonoxycytochromec unfolds also rather fast in a
single observable phase. The unfolding rate constant in water,
ku(H2O), projected from chevron analyses by the use of eqs
3, is in the range 3× 10-3-4.6× 10-5 s-1 (τ ) 334-2174
s) at 10°C (Figure 4, Table 3). Application of the rate-
temperature relation casts a value in the range 9× 10-3-
1.4 × 10-4 s-1 (τ ) 111-714 s) at 25°C, far smaller than
the ku(H2O) value of ∼10 s-1 at 25 °C reported for the
unfolding of CspB (8). The unfolding rates of carbonmon-
oxycytochromec in higher concentrations of GdnHCl are,
however, unusually fast (Figure 4). For example, when the
unfolding milieu contains 6.9 M GdnHCl, the rate is 279
s-1 (526 s-1, after correction for the viscosity effect of the
denaturant). Further studies of this unfolding reaction will

Scheme 2

FIGURE 7: Diagram illustrating the effect of Fe2+-M80 f Fe2+-
CO replacement on the relative free energies of native and unfolded
states and the intervening activation barrier(s) in cytochromec. The
energy levels were estimated from kinetic parameters that describe
the folding chevrons (Figure 6, Table 3), thermodynamic parameters
derived from equilibrium unfolding experiments (Figure 1a, Tables
3), equilibrium constant for the association of CO with unfolded
ferrocytochromec (Table 1), and temperature dependence of
refolding rates of ferrocytochromec in the presence of 1.1 M
GdnHCl (data not shown). Due to this synthesis from several lines
of evidence, the energy levels of transition states may not appear
scaled exactly as described in the text. The error falls in the range
0.3-2 kcal mol-1. The free energy of the native state of ferrocy-
tochromec is arbitrarily set to zero.
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provide much sought information regarding the fast events
in protein unfolding.

Two-State or Multi-State Kinetics?Of the four standard
criteria for apparent two-state folding kinetics, namely, (i)
both folding and unfolding reactions must display monopha-
sic kinetics (allowing for minor heterogeneity of the unfolded
state), (ii) the denaturant concentration corresponding to the
bottom of the chevron must match the equilibriumCm value,
(iii) the denaturant dependence of folding and unfolding rates
must be linear, and (iv) values of∆G(H2O) andmcalculated
from kinetic data must match those determined from two-
state analysis of equilibrium unfolding data, only the first
two stand strictly the test for two-state folding-unfolding
kinetics of carbonmonoxycytochromec in the classical sense.
The value of∆G(H2O) obtained from polynomial analysis
(eq 3) of the chevron is fairly close to the one from the
equilibrium transition, but the value derived from two-state
analysis (eq 2) is smaller by∼4 kcal mol-1 (Table 3). Such
a discrepancy in the value of∆G(H2O) obtained from
equilibrium and kinetic analyses, observed here as well as
in a previous study of the folding of ferrocytochromec (Table
3, and ref13), arises mainly from the long extrapolation
employed to estimatekf(H2O) andku(H2O). Given this the
available data and their interpretations are not sufficient to
make a case for or against the involvement of intermediate
structures. But considering the apparent two-state kinetics
of ferrocytochromec under identical conditions (13) (see
also Figure 6), it is likely that no kinetic intermediate of
carbonmonoxycytochromec accumulates.

Burst Phase Of Folding.In folding kinetics of carbon-
monoxycytochromec, a part of the total expected fluores-
cence signal is already lost in the submillisecond timesthe
stronger the refolding condition, the larger the signal loss.
In the presence of 0.75 M GdnHCl,∼70% of the total
fluorescence signal is immeasurable in the stopped-flow
window (Figure 3a). Certainly, some kind of fast chain
reorganization event(s) that results in quenching of tryp-
tophan fluorescence occurs in the stopped-flow dead time.
The origin of folding burst signals, whether from a specific
and productive chain collapse or from a mere nonspecific
chain contraction on being driven from a strongly unfolding
to a strongly refolding solvent, remains uncertain. Evidence
has been presented in the literature to support both inter-
pretations for the burst phase in the folding kinetics of
ferricytochromec (57-64). It is also possible that burst
kinetics entail the presence of a sequence of polypeptide-
contracted states, akin to a higher-order continuous transition,
that can increasingly restrict the conformational search. With
the limited data available in the present study we abstain
from commenting further on the origin of the burst signal.

Folding-Unfolding of Carbonmonoxycytochrome c and
Ferrocytochrome c.As has been detailed above, carbon-
monoxycytochromec is prepared from ferrocytochormec
by replacing the iron-M80 ligand with a CO molecule.
The change destabilizes ferrocytochromec substantially
(∆∆G(H2O) ) 7.65 kcal mol-1; Figure 1, Table 3), but the
structures of the two proteins are nearly identical. The subtle
perturbation also produces a dramatic change in folding-
unfolding kinetics under identical experimental conditions
(Figure 6, Table 3).

Both folding and unfolding rates of carbonmonoxycyto-
chromec are faster than those for ferrocytochromec. By

assuming that the apparent activation energies for folding
and unfolding in water,Ea

f andEa
u, respectively, are given

by an expression of the typeEa ) -RT ln(k/Ao), wherek is
the rate constant (kf(H2O) and ku(H2O)) and Ao is the
preexponential factor, the heights of the activation barriers
for folding and unfolding in water can be estimated for both
the proteins. The factorAo can be set to∼2 × 1010s-1. This
value has actually been determined in refolding experiments
of ferrocytochromec in the presence of 1.1 M GdnHCl
(unpublished result). The magnitudes ofkf(H2O) andku(H2O)
(Figure 6 and Table 3) show thatEa

f and Ea
u for carbon-

monoxycytochromec, relative to ferrocytochromec, are
smaller by∼0.4 and∼14.2 kcal mol-1, respectively (Figure
7). The transition-state energy levels in the figure may not
appear scaled exactly to yield these values because of errors
(0.3-2 kcal mol-1) in the evaluation of the ground-state
energy. The scenario, is however, consistent with faster
folding and unfolding of carbonmonoxycytochromec and,
together with observed equilibrium stabilities (Figure 1),
properties of unfolded states (Figure 5), and chevron features
(Figures 4,6), provides a framework to understand how
cytochromec folds.

Kinetic Mechanism of Cytochrome c Folding. Refolding.
Heme-ligand exchange reactions in the unfolded polypeptide
play a key role in the folding of cytochromec (13, 18, 24-
27, 60, 65). A model of heme-ligand exchange dynamics
proposed recently explains how ligands can arrest and retard
folding of ferricytochromec but not interfere with the folding
of ferrocytochromec (13). Scheme 1 shows the essential
parts of the model relevant for the present. It can be shown,
by using the microscopic rates of the four equilibria, that
the ratio of equilibrium populations of unliganded (U*, five-
coordinate form) and liganded (Ui, where i is the in-
trapolypeptide ligand) molecules in the unfolded ensemble
of ferrocytochromec is 45:55. The U* molecules, which have
no equilibrium occupancy at the sixth coordination site of
the heme, will fold unaffected. In the case of the Ui

molecules, a liganded form will enter the folding pathway
only if the rate of dissociation of the ligand from the heme
iron is slower than the folding rate (see ref66). The
dissociation times for all four ligands of ferrocytochromec,
as Scheme 1 shows, are smaller than the refolding time of
the polypeptide (τ∼1.99 ms). We note that this value ofτ
for refolding of ferrocytochromec, obtained strictly from
the curved chevron (Figure 6), allows for the maximum upper
limit. The folding chevron of ferrocytochromec is linear
when kinetics are measured by Soret heme absorbance. On
the basis of this fact, backed by extensive model calculations,
the refolding time of ferrocytochromec at 10°C has been
set at 370( 180 µs (13). In any case, ligand dissociation
times would be smaller than the refolding time. Conse-
quently, heme ligation in the unfolded state of ferrocyto-
chromec does not interfere with refolding.

Now, the present study shows that when the intrapolypep-
tide-heme ligation is abolished by the addition of CO the
value of τ decreases from 1.99 to 1.09 ms (Figures 4 and
6). This observation suggests that even though the non-native
ligands do not interfere with ferrocytochromec refolding
the very act of forming the native Fe2+-M80 bond is critical
in determining the speed of folding. Consider the folding
picture in the absence of CO. In general, the entire polypep-
tide has to be configured to make way for the formation of
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secondary structures and native tertiary contacts. The im-
portant interactions specific to achieving the native confor-
mation of the M80 residue are the Fe2+-M80 bond and the
two key hydrogen-bonding interactionssone between the
sulfur atom of M80, already engaged in iron bonding, and
the side-chain oxygen of Y67, and the other between the
main-chain nitrogen of M80 and the hydroxyl oxygen of T78.
When the polypeptides are transferred to a strongly folding
milieu, the affinity of the M80 ligand for the Fe2+ atom,
relative to that of the other three non-native ligands, is
expected to increase largely. Also, the dissociation times of
the non-native ligands are likely to decrease by severalfold.
These expectations together with the fact that a fraction of
the unfolded chain ensemble is already M80-liganded,
suggest that the Fe2+-M80 bonding configuration appears
at an early stage of folding. The two hydrogen bonds
involving M80, Y67, and T78 are likely to form at a later
stage following the acquisition of secondary structure, since
the latter two residues are parts of the 60’s helix (residues
60-69) and theâ(II)-turn (residues 75-79), and experiments
have suggested that secondary structures do not form in the
early phase(s) of cytochromec folding (63, 64). The
asynchrony in Fe2+-M80 bonding and hydrogen bond
formation is expected to produce two M80-related kinetic
barriers. Relative magnitudes of the two barriers need to be
determined. Carbonmonoxycytochromec, by the virtue of
possessing Fe2+-CO bonding configuration, does not en-
counter the barriers, and hence folding is accelerated.

Unfolding. The effect of the native-state Fe2+-M80
bonding on the unfolding rate of the protein is even more
striking (Figure 6). At 10°C, pH 7, ferrocytochromec
unfolds with a rate constant,ku(H2O), of 6.3 × 10-16 s-1

(Table 3). It is remarkable that the rate is increased by more
than 10 orders of magnitude to∼4.6 × 10-5 s-1 for
carbonmonoxycytochromec. The corresponding decrease in
the activation energy barrier,Ea

u (∼14.2 kcal mol-1), strongly
suggests that the rupture of the Fe2+-M80 bond is the rate-
limiting step in the unfolding of ferrocytochromec. As
already mentioned, the Fe2+-M80 bond in native ferrocy-
tochromec is so strong that even CO fails to break it.
Unfolding of ferrocytochromec is slow, monoexponential,
and simple (13). There is no burst-unfolding phase in
stopped-flow kinetics monitored by tryptophan fluorescence
or far-UV CD, implying the absence of submillisecond
processes. In unfolding, the rates of dismantling of secondary
and tertiary structures, water intrusion into the protein core,
and possible swelling of the protein are all limited by
breakage of the Fe2+-M80 bond. The lone phase of
ferrocytochromec unfolding along with the observation of
little structural unfolding concomitant with Fe2+-M80 f
Fe2+-CO replacement under strongly native-like conditions
indicates that the rupture of the Fe2+-M80 bond must
precede the main structural unfolding step. The native state
of carbonmonoxycytochromec could not exist if the event
of Fe2+-M80 rupture followed the structural unfolding step.
The native structure of cytochromec apparently does not
unfold readily without first deligating M80, which presents
the major kinetic barrier to unfolding. The limiting role of
the iron-M80 bond has also been shown for the oxidized
forms of horse cytochromec (67) andRhodobacter capsu-
latuscytochromec2 (68). This M80-associated barrier must
offer kinetic stability to the protein. In the absence of the

barrier, as it is in carbonmonoxycytochromec, unfolding is
extremely fast.

Importance of the Fe2+-M80 Bond in the Maintenance
of Cytochrome c NatiVe Structure.The Fe2+-M80 bond acts
as the obligatory barrier in the folding of ferrocytochrome
c, and indeed, the M80 residue is evolutionarily conserved
(69). This residue is obviously indispensable for cytochorme
c to function as an electron transfer protein. However, the
molecule survives the replacement of M80 with extrinsic
ligands. The replacement is achieved readily for ferricyto-
chrome c at the cost of marginal loss of structure and
stability. For example, native ferricytochromec binds
extrinsically added imidazole even under physiological
conditions, and the transition midpoints (Cm) of denaturant-
induced melting transitions in the presence and absence of
imidazole are nearly identical (24, 70). This study shows
that such ligation-engineering in ferrocytochromec requires
some effort, and cannot be carried out directly, because the
ferrous iron chemistry and a relatively more compact interior
of the reduced protein (71, 72) render extraordinary stability
to the Fe2+-M80 bond. The data presented in this paper also
show large changes in the thermodynamic stability and
folding and unfolding kinetics of the protein as a consequence
of the Fe2+-M80 f Fe2+-CO replacement.

The thermodynamic and kinetic stability provided by the
Fe2+-M80 bond and the M80-associated hydrogen bonding
interactions is advantageous for ferrocytochromec to function
as an electron donor to acceptors, including cytochromeb5

and cytochromec oxidase. In electron transfer, the intermo-
lecular interactions between the donor and the acceptor
molecule are electrostatic, and hence extensile in nature. This
mode of intermolecular association facilitates rapid and often
large-scale conformational fluctuations of the individual
proteins in the complex in order to find the optimal heme-
heme orientation favorable for electron transfer. Molecular
dynamics studies of a cytochromec-cytochromeb5 electron
transfer complex have actually shown that the molecular
interaction is flexible and that many transient geometries of
the complex appear (73). It is suggested that the high energy
unfolding barrier due to the Fe2+-M80 bond detected in this
study provides sufficient kinetic stability to ferrocytochrome
c, so that the protein is protected from unfolding during the
high-frequency large-amplitude conformational fluctuations
in the electron donor-acceptor complex.
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