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ABSTRACT: The denaturation of bovine and horse cytochromes-c by weak salt denaturants (LiCl and CaCl2)
was measured at 25°C by observing changes in molar absorbance at 400 nm (∆ε400) and circular dichroism
(CD) at 222 and 409 nm. Measurements of∆ε400 and mean residue ellipticity at 409 nm ([θ]409) gave a
biphasic transition for both modes of denaturation of cytochromes-c. It has been observed that the first
denaturation phase, N (native) conformationT X (intermediate) conformation and the second denaturation
phase, X conformationT D (denatured) conformation are reversible. Conformational characterization of
the X state by the far-UV CD, 8-anilino-1-naphthalene sulfonic acid (ANS) binding, and intrinsic viscosity
measurements led us to conclude that the X state is a molten globule state. Analysis of denaturation
transition curves for the stability of different states in terms of Gibbs energy change at pH 6.0 and 25°C
led us to conclude that the N state is more stable than the X state by 9.55( 0.32 kcal mol-1, whereas the
X state is more stable than the D state by only 1.40( 0.25 kcal mol-1. We have also studied the effect
of temperature on the equilibria, N conformationT X conformation and X conformationT D conformation
in the presence of different denaturant concentrations using two different optical probes, namely, [θ]222

and∆ε400. These measurements yieldedTm, (midpoint of denaturation) and∆Hm (enthalpy change) atTm

as a function of denaturant concentration. A plot of∆Hm versus correspondingTm was used to determine
the constant-pressure heat capacity change,∆Cp () (∂∆Hm/∂Tm)p). Values of∆Cp for N conformationT
X conformation and X conformationT D conformation is 0.92( 0.02 kcal mol-1 K-1 and 0.41( 0.01
kcal mol-1 K-1, respectively. These measurements suggested that about 30% of the hydrophobic groups
in the molten globule state are not accessible to the water.

The pathway by which a newly synthesized polypeptide
chain spontaneously folds to its native functional form is
still a central goal of the protein chemists. In recent years,
great interest has been focused on detecting and character-
izing the intermediates that might be formed during the
folding of proteins. The “molten globule” (MG) is one such
intermediate of significance. It is being intensively studied
by both kinetic and equilibrium methods because of its
possible implication in the folding process of several proteins.
Equilibrium molten globules are important tools to study
protein folding because they are much easier to structurally
characterize than kinetic intermediates. The common struc-
tural characteristics of molten globule state are (1) as
follows: (i) the presence of pronounced amount of secondary
structure, (ii) the absence of most of the specific tertiary
structure produced by the tight packing of side chains, (iii)
the compactness of the protein molecule with the radius of
gyration 10-30% larger than the native (N) state, (iv) the
presence of a loosely packed hydrophobic core that increases

the hydrophobic surface accessible to solvent. The molten
globule state of proteins is often observed under mildly
denaturing conditions, e.g., moderate concentrations of strong
denaturants such as guanidine hydrochloride and urea (2, 3),
at acidic or alkaline pH with or without stabilizing ions (4-
6), and heat (7). To date, most of the studies on molten
globule state of cytochrome-c are in extreme conditions only,
i.e., in acidic solution at pH 2 containing high salt concentra-
tion or when positive charges at acidic pH are neutralized
by anions (4, 8, 9).

While the formation of molten globule from the acid
denatured horse cytochrome-c in the presence of salt at pH
2.0 has been widely studied, little progress has been made
to detect an on pathway MG during foldingT unfolding
induced by denaturants near neutral pH. However, occurrence
of MG state has been speculated during the denaturation of
cytochrome-c by urea and guanidine hydrochloride (10-12).
We have been interested for some time in the conformational
and thermodynamic characterization of denaturation of
proteins by weak salt denaturants such as LiCl and CaCl2

(13-19). These weak salt denaturants have been shown to
induce a biphasic denaturation curve monitored by absorption
of horse ferricytochrome-c in the Soret band region (17, 18).
We report here the results on the structural and thermody-
namic characterization of the intermediate state occurring
on the pathway between the native and denatured states of
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horse and bovine cytochromes-c using measurements of (i)
the far-UV circular dichroism (an index of secondary
structure), (ii) near-UV circular dichroism (an index of
packing of side chains), (iii) intrinsic viscosity (a measure
of radius of gyration), and (iv) 8-anilino-1-naphthalene
sulfonic acid (ANS)1-protein interaction (a measure of
presence of hydrophobic clusters accessible to the solvent).
These measurements led us to conclude that the intermediate
state of both the proteins has all the common structural
characteristics of MG (1).

Thermodynamic stability parameters associated with the
unfolding transition are important in the understanding of
physical mechanism of MG formation and its relation to
protein folding. Thermodynamic stability parameters associ-
ated with the transition between MG and acid denatured
states of horse cytochrome-c have been measured (7, 9, 48).
However, there is no report on the measurements of these
parameters associated with formation of MG from the native
protein. In this study, we have measured all the thermody-
namic parameters to describe transition between the N and
MG states and between the MG and denatured states, and
report that native structure of horse and bovine cytochromes-c
is stabilized mainly by hydrophobic interactions, and second-
ary structure contributes little to the protein stability.

MATERIALS AND METHODS

Commercial lyophilized chromatographically purified horse
heart cytochrome-c (type IV) and bovine heart cytochrome-c
were purchased from Sigma Chemical Company. Since both
proteins gave a single band on SDS-PAGE, they were used
without further purification. Lithium chloride, sodium salt
of cacodylic acid, and ANS were from Sigma Chemical
Company. Calcium chloride and potassium chloride were
from Merck (India). These and other chemicals were
analytical-grade reagents.

Horse and bovine cytochromes-c samples were oxidized
first by adding 0.1% potassium ferricyanide as described
earlier (5). The concentration of the oxidized horse cyto-
chrome-c (h-cyt-c) and that of bovine cytochrome-c (b-cyt-
c) were determined experimentally using a value of 106 000
M-1 cm-1, the molar absorption coefficient (ε) at 409 nm
(20). Concentration of stock solutions of LiCl and CaCl2 were
determined by measuring the difference refractive index of
each solution and 0.03 M cacodylate buffer containing 0.1
M KCl (21). Concentration of the stock solution of ANS
was determined spectrophotometrically using a value of 5000
M-1 cm-1 for ε at 350 nm (22). For optical measurements
all solutions were prepared in the 0.03 M cacodylate buffer
containing 0.1 M KCl at pH 6.0 and equilibrated overnight
at room temperature.

The absorption measurements of each protein were carried
out in a Shimadzu-2100 UV-Vis spectrophotometer and a
Jasco V-560 UV/VIS spectrophotometer whose temperature
was regulated by circulating water from an external ther-
mostated water bath and by a peltier-type temperature
controller (ETC-505T), respectively. Isothermal denaturation
curves of both cyt-c preparations induced by weak salt
denaturants (LiCl and CaCl2) at 25.0( 0.1°C was measured

in Shimadzu spectrophotometer. Protein concentrations for
the spectral measurements were 7-10 µM in the Soret
region. The thermal denaturation of proteins in the presence
and absence of different concentrations of both denaturants
were carried out in Jasco UV/Vis spectrophotometer with a
heating rate of 1°C/min. The change in the absorbance at
400 nm of proteins was measured in the temperature range
20-85 °C. These isothermal and thermal denaturations of
h-cyt-c and b-cyt-c were also measured in a Jasco spec-
tropolarimeter (model J-715) equipped with a peltier-type
temperature controller (PTC-348 WI). Protein concentration
used for CD measurements was in the range 18-20 µM,
and 0.1 and 1.0 cm cells were used for the far-UV and Soret
region measurements, respectively. CD instrument was
routinely calibrated with D-10-camphorsulfonic acid. The
results of all the CD measurements are expressed as mean
residue ellipticity ([θ]λ) in deg cm2 dmol-1 at a given
wavelengthλ (nm) using the relation

where θλ is the observed ellipticity in millidegrees at
wavelengthλ, Mo is the mean residue weight of the protein,
c is the protein concentration (mg/cm3), and l is the path
length (cm). It should be noted that each observedθλ of the
protein was corrected for the contribution of the solvent.

Fluorescence spectra were measured in a Perkin-Elmer
L-50 spectroluminescencemeter in a 5-mm quartz cell at 25
°C, with both excitation and emission slits set at 12 nm.
Protein concentration for all the experiments was in the range
7-10 µM. For the ANS fluorescence in ANS-protein
binding experiments, the excitation wavelength was 360 nm
and emission spectra were recorded from 400 to 600 nm.

Viscosity measurements were carried out in an Ostwald
type viscometer with a flow rate of 60 s for 1 mL of distilled
water. Viscometer was kept in a thermostated water bath to
maintain the temperature of samples at 25.0( 0.1°C. Protein
concentration used was in the range 2.0-25.0 mg mL-1. As
described earlier (23), the reduced viscosity (ηred) of the
protein was determined at different protein concentrations
using the relation

whereto and t are the times of fall of 1 mL of solvent and
1 mL of protein solution, respectively,c is the protein
concentration in g mL-1, υj2 is the partial specific volume of
cyt-c, which is equal to 0.724 mL g-1 (24), and Fo is the
density of the solvent.

Reversibility of the isothermal denaturation by LiCl and
CaCl2 was checked using the procedure described earlier
(25). Reversibility of the thermal denaturation was checked
by matching the optical property before and after the
denaturation.

RESULTS

LiCl- and CaCl2-induced denaturations of ferricyto-
chromes-c from horse and bovine hearts were measured by
observing changes in the absorption at 400 nm and circular
dichroism (CD) at 222 and 409 nm at pH 6.0 (0.03 M
cacodylate buffer containing 0.1 M KCl) and 25( 0.1 °C.
Each stable state of the denaturation equilibria was character-

1 Abbreviations: cyt-c, cytochrome-c; CD, circular dichroism; ANS,
8-anilino-1-naphthalene sulfonic acid; DSC, differential scanning
calorimetry.

[θ]λ ) θλMo/10cl (1)

ηred ) (t - to)/toc + (1 - (υj2 Fo))/Fo (2)
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ized by far- and near-UV CD, intrinsic viscosity, and ANS-
protein fluorescence measurements. We have also measured
the heat-induced denaturation of both proteins in the presence
of different concentrations of LiCl and CaCl2. The thermal
denaturation in the presence of the denaturants was monitored
by the measurements of CD at 222 nm and absorption at
400 nm.

LiCl-Induced Denaturation at 25( 0.1 °C. Figure 1A
shows the LiCl-induced transition of h-cyt-c followed by
observing changes in∆ε400, which is a measure of the
interaction between heme and globin molecules (26). This
transition is a composite of at least two distinct processes.
The first transition is centered in [LiCl] (molar concentration
of LiCl) range 0-5.9 M and is represented here by the
reaction NT X, where X is the intermediate state of the
protein between its N and D states. The second transition
occurs in the [LiCl] range 6.0-10.0 M and is represented
here by the reaction XT D. It is seen in Figure 1A that the
pretransition region occurs in a wide [LiCl] range, and as
reported earlier (27), the optical property of the native
protein,yN shows nonlinear dependence on the [denaturant].
It should, however, be noted that the [LiCl] dependence of
yN (see the solid line in Figure 1A) is determined from the
observed values of∆ε400 in the [LiCl] range 1.5-3.8 M. It
is also seen in Figure 1A that the X state exists in a very
narrow [LiCl] range, and the dependence ofyX, the optical
property of the X state on [LiCl] cannot be determined from
these results. As will be described later, we have determined

[LiCl] dependence ofyX from the measurements of the heat-
induced denaturation curves of h-cyt-c in the presence of
LiCl in the concentration range 4.00-5.75 M (see inset in
Figure 3A). The solid line shown in Figure 1A describes
this dependence. As observed in the case of pretransition
region, the posttransition region also occurs in a wide
concentration range 8.0-10.0 M, andyD, the property of the
D state shows linear dependence on [LiCl] (see the solid
line in Figure 1A). It has been observed that both transitions,
N T X and X T D, are reversible.

Assuming that the process NT X, designated here as
transition I, follows a two-state mechanism, results shown
in Figure 1A were used to determine values of∆GI (Gibbs
energy change associated with the transition I) using the
relation

whereR is the universal gas constant,T is the temperature
in Kelvin, andy is the observed optical property correspond-
ing to transition I. These values of∆GI in the range-1.3
kcal mol-1 e ∆GI e 1.3 kcal mol-1 are plotted as a function
of [denaturant] in Figure 1D. The plot of∆GI versus [LiCl]
was analyzed for∆GI

0 (∆GI value at 0 M [denaturant]) and
mI, the slope (∂∆GI/∂[denaturant]) using the relation (28)

FIGURE 1: Equilibrium unfolding curves of h-cyt-c in the presence of LiCl (open symbols) and CaCl2 (filled symbols) measured by∆ε400
(A), [θ]409 (B), and [θ]222 (C). See text for the dependence ofyx on [denaturant]. The inset in panel B shows the dependence of the optical
property of the X state,yx on [denaturant]. Panel (D) shows plots of∆GI and∆GII versus [denaturant]. In this panel X’s are obtained from
the studies of thermal denaturation in the presence of salt denaturants (see text), and other symbols have the same meaning as in panels
A-C.

∆GI ) -RT ln [(y - yN)/(yX - y)] (3)

∆GI ) ∆G0
I - mI[denaturant] (4)
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The solid line was drawn according to eq 4 using values of
∆GI

0 and mI given in Table 1. This table also shows the
value ofCm,I, the midpoint of transition I () ∆GI

0/mI).
Assuming that the process XT D, designated here as

transition II, is also of a two-state type, results shown in
Figure 1A were used to determine values of∆GII (Gibbs
energy change associated with the transition II) using the
relation

where y is observed optical property corresponding to
transition II. Values of∆GII in the range-1.3 kcal mol-1

e ∆GII
1 e 1.3 kcal mol-1 are plotted as a function of [LiCl]

in Figure 1D, where it is seen that the plot of∆GII versus
[denaturant] is linear. A linear least-squares analysis was used

to obtain values of∆GII
0 andmII using the relation

where the subscript II represents the fact that these parameters
correspond to transition II and the superscript “0” represents
the value at 0 M LiCl. Values of∆GII

X, the value of∆GII at
5.9 M LiCl andCm,II () ∆GII

0/mII) were also determined.
Figure 1B shows the LiCl-induced transition curve of

h-cyt-c followed by observing changes in [θ]409, the mean
residue ellipticity at 409 nm, which is a probe for monitoring
heme-globin interaction (29). As expected from the results
shown in Figure 1A, this transition (Figure 1B) is also
biphasic, i.e., it involves at least two distinct reactions, NT
X (transition I) and XT D (transition II). Solid lines in

FIGURE 2: Near-UV CD spectra, fluorescence spectra in the presence of ANS, and intrinsic viscosity values in mL g-1of the native (N),
intermediate (X), and denatured (D) states at pH 6.0 and 25°C. Panels A-C and D-F represent results of h-cyt-c and b-cyt-c, respectively.
Molten globule (MG) florescence spectra of proteins at pH 2 in the presence of ANS are also shown in panels B and E.

∆GII ) -RT ln [(y - yX)/(yD - y)] (5)

∆GII ) ∆G0
II - mII [denaturant] (6)
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Figure 1B show [LiCl] dependencies of the optical property
of the native state, denatured state, and intermediate state.
The inset in this figure shows data points that were used to
determine the dependence ofyX on [denaturant].

Assuming that each transition follows a two-state mech-
anism, results shown in Figure 1B were used to determine
values of∆GI and∆GII using eqs 3 and 5, respectively. The
values of Gibbs energy change in the range-1.3 kcal mol-1

e ∆G e 1.3 kcal mol-1 associated with each transition are
plotted as a function of [LiCl] in Figure 1D. A linear least-
squares analysis was used to analyze∆GI versus [LiCl] and
∆GII versus [LiCl] plots for the thermodynamic parameters
using eqs 4 and 6, respectively.

Figure 1C shows the LiCl-induced transition curve of
h-cyt-c followed by observing changes in [θ]222, a measure
of the secondary structure (30). A comparison of results
shown in this figure with those shown in Figure 1A,B
suggests that no change in secondary structure occurs during
the transition between N and X states. It is also seen in this
figure that unfolding of the secondary structure occurs in
the [LiCl] range 6.0-9.0 M, which corresponds to the
transition X T D (see Figure 1A,B). Assuming that the
transition XT D monitored by [θ]222 measurements is of a
two-state type, values of∆GII were determined at different
LiCl concentrations using eq 5. The∆GII versus [LiCl] plot

is shown in Figure 1D. A least-squares analysis of this plot
according to eq 6 gave values of thermodynamic parameters.

Figure 2A shows the near-UV CD spectra of h-cyt-c in
the native, intermediate, and denatured states. It can be seen
in this figure that the near-UV CD spectrum of the X state
is similar to that of the D state, and the characteristic negative
peaks in the region 282-289 nm of the native protein that
arise from the tryptophan and tyrosyl side-chains (7, 31) are
absent in both X and D states. Figure 2A also shows the
CD spectrum of the randomly coiled h-cyt-c in 6 M
guanidine hydrochloride (GdnHCl), which is identical to
those of X and D states observed in the presence of LiCl.

Figure 2B shows the ANS fluorescence when it is added
to h-cyt-c in the native and X states. The excitation was
carried out at 365 nm and emission was recorded in the range
400-600 nm. It is seen in Figure 2B that the fluorescence
of ANS, in the presence of the protein existing in the X state,
shows an increase in fluorescence intensity accompanied by
a blue shift with respect to native state. It should be noted
that the fluorescence measurements in the presence of LiCl
concentration that gives the D state cannot be carried out
due to the insolubility of ANS in high denaturant concentra-
tions.

Figure 2C shows the reduced viscosity,ηred, of h-cyt-c in
the native, intermediate, and denatured states as a function
of protein concentration. A linear least-squares analysis of
the plot ofηred versusc, the protein concentration, gave the
value of the intrinsic viscosity ([η]), the value ofηred at c )
0 (32). It can be seen in Figure 2C that the value of [η]
increases from 2.74( 0.28 mL g-1 for the native protein to
values of 3.52( 0.20 mL g-1 for the X state and 14.76(
0.22 mL g-1 for the D state. A comparison of [η] of the D
state with that of the protein in 6 M GdnHCl ([η] ) 14.5 ml
g-1) (17, 24) suggests that h-cyt-c in concentrated LiCl
solution behaves as a random coil.

Effect of Temperature on NT X Equilibrium. We have
studied the effect of temperature on h-cyt-c in the presence
of LiCl in the concentration range 4-5 M in which N T X
equilibrium exists at 25°C (see Figure 1A). It has been
observed that the thermal denaturation of the protein is
reversible at all LiCl concentrations. Figure 3A shows typical
heat-induced transition curves in this [LiCl] range. It is seen
in this figure that h-cyt-c in the presence of a fixed [LiCl]
undergoes a biphasic transition. However, the transition
occurring in the higher temperature range is not complete
even at 85°C. To understand the nature of each of these
transitions, heat-induced unfolding of h-cyt-c in the identical
denaturing conditions was also measured by monitoring
change in [θ]222. Figure 3B shows typical results of these
measurements. It is seen in this figure that the pretransition
baseline shows dependence on bothT and [LiCl]. The inset
in this figure shows results that were used to determine this
dependence. Figure 3B also shows that the heat-induced
denaturation is incomplete at LiCl concentrations in the
measurable temperature range. At each [LiCl], a comparison
of the thermal transition curve measured by∆ε400 (Figure
3A) with that followed by [θ]222 measurements (Figure 3B)
suggests (i) that no change in [θ]222 occurs in the lower
temperature range in which transition NT X is observed
during∆ε400 measurements, and (ii) that the second transition
monitored by∆ε400 measurements represents the melting of
the secondary structure.

FIGURE 3: Thermal denaturation curves of h-cyt-c in the presence
of 4.0, 4.25, 4.5, and 4.75 M LiCl monitored by∆ε400 (A) and
[θ]222 (B). To maintain clarity transition curve in the presence of
5.0 M LiCl is not shown. Inset shows plots ofyX versus temperature
at 4.25, 4.5, 4.75, 5.0, 5.25, 5.5, and 5.75 M LiCl.
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Assuming that the first transition curve of h-cyt-c at a
given [LiCl] shown in Figure 3A, represents a two-state
process NT X (transition I), one can determine∆GI as a
function of temperature using eq 3, provided the temperature
dependencies ofyN andyX are known at each [LiCl]. Inset
of Figure 3A shows plots of∆ε400 of the protein in the X
state as a function of temperature at different LiCl concentra-
tions. It is seen in this figure thatyx can be observed in a
very narrow temperature range, it does not depend on
temperature, and it shows dependence on [LiCl]. The relation
describing this [LiCl] dependence ofyX was determined, and
it was used to draw the solid line showing theyx dependence
on [LiCl] in Figure 1A. To determine the dependency ofyN

of cyt-c on composition variables ([LiCl] and temperature),
the native protein was heated at 1.5, 2.0, 3.0, and 3.5 M of
LiCl, and ∆ε400 was measured as a function of temperature.
It was observed thatyN depends on both temperature and
[LiCl]. Using these observations onyN, yX, and values ofy
(∆ε400) of the heat-induced transition between N and X states
(Figure 3A),∆GI was determined at each temperature with
the help of eq 3. At each [LiCl] value of∆GI in the range
-1.3 kcal mol-1 e ∆GI e 1.3 kcal mol-1 in the transition
region were plotted against temperature, and these plots
(stability curves not shown) were analyzed to determine the
value of Tm,I, the midpoint of transition I and∆Hm,I, the
enthalpy change atTm,I, using the procedure described earlier
(33). Values of∆Hm,I andTm,I at different LiCl concentrations
are shown in Figure 4A. A linear least-squares analysis of
∆Hm,I versusTm,I plot gave the value of 0.90( 0.08 kcal
mol-1 K-1 for ∆Cp,I, the constant-pressure heat capacity
change () (∂∆Hm,I/∂Tm,I)p) associated with NT X process
(transition I) induced by LiCl. Values ofTm,I, ∆Hm,I, and
∆Cp,I were used for determining∆GI at a given [LiCl] and
25 °C using the relation

values of∆GI at 25°C thus determined are represented by
X’s in Figure 1D.

Effect of Temperature on XT D Equilibrium. We have
measured the heat-induced denaturation curves (plot of∆ε400

versus temperature) of h-cyt-c in the presence of LiCl
concentration range 6.0-6.8 M in which the protein exhibits
X T D equilibrium at 25°C (see Figure 1A). It has been
observed that the thermal denaturation of the protein is
reversible at all LiCl concentrations. Figure 5A shows typical
denaturation curves of these measurements. It can be seen
in this figure that the optical property of the denatured

protein,yD, shows dependence on temperature and [LiCl].
The relations describing this temperature dependence ofyD

at different denaturant concentrations were determined.
We have also monitored the heat-induced denaturation of

h-cyt-c in the presence of LiCl concentration range 6.0-6.8
M by measuring CD at 222 nm and observed that the thermal
denaturation of the protein is reversible at each [LiCl].
Typical denaturation transitions are shown in Figure 5B. It
can be seen in this figure thatyD ([θ]222 of the D state) shows

Table 1: Thermodynamic Parameters Characterizing the LiCl and CaCl2 Denaturations of h-cyt-c and b-cyt-c at pH 6.0 and 25°Ca

h-cyt-c b-cyt-c

denaturant transition
∆GI

0/∆GII
Xb

kcal mol-1
mI/mII

kcal mol-1 CmI/CmII M
∆GI

0/∆GII
Xa

kcal mol-1
mI/mII

kcal mol-1 CmI/CmII M

LiCl N T X 9.5 ( 0.3 -2.0( 0.1 4.8( 0.1 10.5( 0.2 -2.1( 0.1 5.1( 0.2
X T D 1.5( 0.3 -1.5( 0.1 6.7( 0.1 1.5( 0.4 -1.9( 0.1 6.8( 0.2

CaCl2 N T X 9.2 ( 0.4 -4.1( 0.1 2.3( 0.1 10.3( 0.4 -4.5( 0.1 2.3( 0.1
X T D 1.2( 0.3 -3.4( 0.2 3.2( 0.1 0.9( 0.1 -3.6( 0.1 3.1( 0.1

a Since for each transition induced by given denaturant, (∆G, [denaturant]) data obtained from different optical probes fall on the same line, all
data were taken together to get the best fit according to eq 4 for NT X and eq 6 for XT D transitions.b ∆GII

X is the value of∆GII at [denaturant]
where the X state exists.

∆GI ) ∆Hm,I [(Tm,I - 298)/Tm,I ] -
∆Cp,I [Tm,I - 298+ 298 ln(298/Tm,I)] (7)

FIGURE 4: ∆Hm versusTm plots of h-cyt-c and b-cyt-c in the
presence of various concentrations of LiCl (open symbols) and
CaCl2 (filled symbols). For transition NT X of both proteins, LiCl
and CaCl2 concentrations are 4.0, 4.25, 4.5, 4.75, and 5.0 M and
2.0, 2.1, and 2.25 M, respectively. For transition XT D of both
proteins, LiCl and CaCl2 concentrations are 6.0, 6.2, 6.4, 6.6, and
6.8 M and 2.75, 2.85, 2.95, 3.05, 3.15, and 3.25 M, respectively.
Circles and squares represent (∆Hm, Tm) data obtained from∆ε400
and [θ]222 measurements, respectively. Broken lines represent
enthalpies at midpoint temperature for NT D process in the pH
range 2.0-6.5 (41, 44).
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dependence on bothT and [LiCl]. The relation describing
the yD dependence on temperature and [LiCl] was deter-
mined. It should be noted that these dependencies of [θ]222

of D states on the composition variables ([LiCl] andT) were
determined using data in the same [LiCl] ranges as used in
the case of∆ε400 measurements.

Assuming that heat-induced denaturation (transition II) of
h-cyt-c in the presence of LiCl follows a two-state mecha-
nism, each transition curve presented in Figure 5A,B was
analyzed for∆GII , at each temperature and [LiCl] using eq
5 with known dependencies ofyx andyD on [LiCl] and T.
We have constructed stability curves (∆GII versusT) at all
LiCl concentrations (plots not shown) and analyzed these
plots for∆Hm,II andTm,II values. Values of these thermody-
namic parameters are shown in Figure 4A. A linear-least-
squares analysis of∆Hm,II versusTm,II plot gave a value of
0.41 (( 0.02) kcal mol-1 K-1 for ∆Cp,II. At a given [LiCl],
values ofTm,II, ∆Hm,II, and∆Cp,II were used for determining
∆GII at 25°C using eq 8, and these values are shown as X’s
in Figure 1D.

CaCl2-Induced Denaturation at 25( 0.1 °C. Figure 1
shows CaCl2-induced denaturation curves of h-cyt-c at pH

6.0 at 25°C, followed by observing changes in∆ε400 (panel
A), [θ]409 (panel B), and [θ]222 (panel C). It is seen in this
figure that, as observed in the case of LiCl-induced dena-
turation of the protein, CaCl2 induces a biphasic transition
when unfolding of the protein was followed by observing
changes in∆ε400 and [θ]409, whereas single step unfolding
was observed in case of [θ]222 measurements. The CaCl2-
induced denaturation was reversible. Denaturation curves
were analyzed for thermodynamic parameters associated with
transitions NT X and X T D using eqs 3-6 in a manner
similar to that used for the analysis of LiCl-induced transition
curves. Values of thermodynamic parameters for transition
I and transition II are given in Table 1.

The intermediate X observed on the denaturation pathway,
N T X T D, has been characterized by far-UV CD
measurements (Figure 1C), near-UV CD measurements
(Figure 2A), ANS-protein fluorescence intensity measure-
ments (Figure 2B), and [η] measurements (Figure 2C). It
can be seen in these figures that the structural characteristics
of the X state in the presence of CaCl2 are the same as those
observed for the state X in the presence of LiCl (Figure 2A-
C). It should be noted that fluorescence measurements in
the presence of CaCl2 concentration that gives the D state
could not be carried out due to the insolubility of ANS in
the high denaturant concentrations.

Effect of Temperature on CaCl2-Induced Denaturation of
h-cyt-c.We have also studied the effect of temperature on
N T X and XT D equilibria induced by CaCl2 by measuring
changes in∆ε400 and [θ]222. It was observed that the thermal
unfolding followed by∆ε400 measurements induces a revers-
ible biphasic transition; transition I in [CaCl2] range 2.0-
2.6 M and transition II at concentrations above 2.8 M. On
the other hand, the thermal unfolding transition followed by
[θ]222 at various denaturant concentrations showed a simple
single-step denaturation process. These results are similar
to those obtained for the thermal unfolding of the protein at
different concentrations of LiCl. The method employed to
analyze the thermal unfolding transition curves was the same
as the one used for analyzing thermal denaturation curves
shown in Figures 3 and 5. Results of this analysis are given
in Figure 4A.

To see the effect of amino acid substitution on h-cyt-c
denaturation process and on the thermodynamic parameters
associated with denaturation, we have carried out identical
sets of experiments on b-cyt-c, which differs from its horse
homologue in three helical amino acid residues (34). Figure
6 (panels A-C) shows reversible LiCl- and CaCl2-induced
denaturations of b-cyt-c monitored by observing changes in
∆ε400, [θ]409, and [θ]222 at pH 6.0 and 25°C. ∆ε400 and [θ]409

measurements suggest that the unfolding by both denaturants
is biphasic and involves the formation of an intermediate
(Figure 6A,B), whereas [θ]222 measurements give a single
transition between N and D states (Figure 6C). The inter-
mediate state obtained in the presence of low concentrations
of these denaturants that retains all the native secondary
structure (see Figure 6C) was characterized by the near-UV
CD, ANS-protein fluorescence, and intrinsic viscosity
measurements. Figure 2D shows the near-UV CD spectra
of the protein in the native, intermediate, and denatured
states. It is seen in this figure that the near-UV CD spectra
of the D state obtained in the presence of LiCl and CaCl2

are comparable to that of the random coil protein. It can

FIGURE 5: Thermal denaturation curves of h-cyt-c in the presence
of 6.0, 6.2, 6.4, 6.6, 6.8, and 8.2 M LiCl monitored by∆ε400 (A)
and [θ]222 (B) measurements.

∆GII ) ∆Hm,II [(Tm,II - 298)/Tm,II] -
∆Cp,II [Tm,II - 298+ 298 ln(298/Tm,II)] (8)
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also be seen in this figure that the characteristic negative
peaks in the region 282-289 nm of the native protein (31)
are absent in the X state in the presence of low concentrations
of LiCl and CaCl2. Figure 2E shows the ANS fluorescence
in the presence of b-cyt-c in the native and X states. As we
did in the case of h-cyt-c, the excitation was carried out at
365 nm and emission spectrum was recorded in the range
400-600 nm. It can be seen in Figure 2E that the
fluorescence of ANS in the presence of the protein existing
in the X state shows an increase in fluorescence intensity
accompanied by a blue shift. It should be noted that
fluorescence measurements in the presence of LiCl or CaCl2

concentrations that give the D state could not be carried out
due to the insolubility of ANS in the high denaturant
concentrations.

Figure 2F shows the measurements of [η]red of b-cyt-c in
the native, intermediate, and denatured states as a function
of protein concentration. A linear least-squares analysis gave
[η] (mL g-1) values of 2.8( 0.1 for the N state, 3.7( 0.3
(LiCl) and 3.4( 0.3 (CaCl2) for the X state and 14.8( 0.2
(LiCl) and 15.1( 0.4 (CaCl2) for the D state.

Since the unfolding process of b-cyt-c by LiCl and CaCl2

(Figure 6A-C) is similar to that of the denaturation path
followed by h-cyt-c (Figure 1A-C), we have analyzed these
denaturation curves for thermodynamic parameters in a
manner identical to the one used for the analysis of
denaturation curves shown in Figure 1A-C. Values of these
parameters are given in Table 1.

As we did in the case of h-cyt-c, we have studied the effect
of heat on LiCl- and CaCl2-induced denaturation of b-cyt-c

by monitoring changes in∆ε400 and [θ]222. It has been
observed that the heat-induced denaturation of the protein
in the presence of LiCl (4.0, 4.25, 4.5, 4.75, 5.0, 6.0, 6.2,
6.4, 6.6, and 6.8 M) and CaCl2 (2.0, 2.1, 2.25, 2.75, 2.85,
2.95, 3.05, 3.15, and 3.25 M) is reversible. We have analyzed
thermal denaturation curves of b-cyt-c for thermodynamic
parameters, i.e.,Tm, ∆Hm, and∆Cp using same procedure
as used in the case of h-cyt-c. Values ofTm and∆Hm in the
presence of different concentrations of both denaturants and
∆Cp values are given in Figure 4B.

DISCUSSION

The denaturation of horse and bovine cyts-c by weak
inorganic salt denaturants (LiCl and CaCl2) monitored by
∆ε400 and [θ]409 measurements is a biphasic (NT XT D)
process (see Figures 1A,B and 6A,B). This equilibrium study
of denaturation provides a direct evidence of the presence
of a stable folding intermediate at neutral pH, which gets
populated in extremely narrow range of the denaturant
concentration. For each protein, a comparison of the dena-
turation curves monitored by∆ε400 and [θ]409 with that
monitored by [θ]222 reveals that there is no change in the
peptide CD in the denaturant concentration range where
transition I (N T X) is observed (see Figures 1A-C and
6A-C). This comparison suggests that the intermediate state
X has one of the structural characteristics of the molten
globule state, namely, the presence of almost all the
secondary structure that the native protein originally had (1).
To ascertain whether the X state has other molten globule-
like characters, we have carried out fluorescence measure-

FIGURE 6: LiCl (open symbols) and CaCl2 (filled symbols) denaturations of b-cyt-c at pH 6.0 and 25°C, measured by∆ε400 (A), [θ]409 (B),
and [θ]222 (C). Panel (D) shows plots of∆GI and ∆GII versus [denaturant]. In this panel, X’s are obtained from the studies of thermal
denaturation in the presence of salt denaturants (see text), and other symbols have the same meaning as in panels A-C.
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ments of ANS in the presence of horse and bovine proteins,
for ANS shows increase in fluorescence intensity with a blue
shift in the emission maximum on binding with exposed
hydrophobic clusters which are known to be present in the
molten globule (1, 35). Our observations suggest that the
fluorescence intensity and wavelength maximum of ANS
emission spectrum are unperturbed in the presence of both
native proteins, whereas there is a significant change in the
intensity and a blue shift in the emission maximum of ANS
in the presence of the protein in the X state (see Figure 2).
These results suggest that the X state has a molten globule
characteristic, namely, loosely packed hydrophobic core that
increases the hydrophobic surface accessible to solvent (1,
35, 36). Another known structural characteristic of the molten
globule is the absence of most of the specific tertiary structure
produced by tight packing of the side chains in the native
protein (37, 38). The near-UV CD spectral measurements
of horse cyt-c show that the characteristic native interactions
are completely lost in the X state, for the CD spectra of the
X state in both denaturants, are within experimental errors,
identical to that of the randomly coiled state (see Figure 2B).
Furthermore, a comparison of these CD spectra with those
of the molten globule of h-cyt-c reported earlier (37) also
suggests that the intermediate state X is a molten globule.
A comparison of the near-UV CD spectra of the X state of
b-cyt-c with those of the N and D states of the protein
suggests that the characteristic native tertiary interactions are
only partially lost in the X state (see Figure 2D). This finding
is consistent with the reports that there is remarkable diversity
among the molten globule states of homologous proteins,
and there is substantial native-like tertiary packing in molten
globule of some proteins (1). To further characterize the X
state, intrinsic viscosity of N, X, and D states of bovine and
horse cyts-c were measured under appropriate experimental
conditions (see Figure 2C,F). These measurements show that
[η] of the X state is about 20-25% more than that of the
native state. That is, the compactness of the X state in terms
of radius of gyration is about 10-15% more than that of
the native state. It is interesting to note that the increase in
the radius of gyration of h-cyt-c is about 26% (39) upon the
transition from native to the MG state at pH 2. One possible
explanation for the smaller value of the radius of gyration
of MG observed here, could be because h-cyt-c (pI) 10.7)
will be more expanded at pH 2 than at pH 6. We conclude
that the intermediate state X of the foldingT unfolding
reaction of bovine and horse cyts-c induced by LiCl or CaCl2

has all the common structural characteristics of the molten
globule state (1).

The molten globule state of the protein is not only
structurally quite different from the unfolded and native
states, but also represents a new thermodynamic state, in
addition to the previously known native and denatured states
(1). It has been shown by a number of authors that the heat
capacity of the molten globule state is significantly larger
than that of the native state (for a review see ref40). We
have determined∆Cp of cyts-c associated with the processes
N T X (molten globule) and XT D and obtained,
respectively, values of 0.90 (( 0.08) and 0.41 (( 0.02) kcal
mol-1 K-1 for h-cyt-c and 0.94 (( 0.08) and 0.42 (( 0.02)
kcal mol-1 K-1 for b-cyt-c (see Figure 4). It is seen in Figure
4 that sum of these values of∆Cp for transitions I and II of
each protein are in excellent agreement with that obtained

by DSC measurements for the process NT D (40, 41). The
structural and thermodynamic characterizations of the molten
globule states of bovine and horse cyts-c permit us to
conclude that this state is stabilized by both secondary
structure and hydrophobic interactions.

Many authors have reported that the acid denatured h-cyt-c
can regain almost all native secondary structure on addition
of (i) neutral salts (4, 38, 42), (ii) low concentrations of
GdnHCl (9), (iii) ANS (8), and (iv) sugar (43). The molten
globule thus formed has the intrinsic viscosity of 3.5 mL
g-1 (4), the radius of gyration of 17-20 Å (5, 39), nonpolar
groups exposed to solvent (4, 5, 42, 43) and∆Cp of 0.3-
0.4 kcal mol-1 K-1 (7, 9) for the process MG conformation
T D conformation. These structural and thermodynamic
characteristics of the molten globule state of h-cyt-c at pH 2
are comparable to those observed here in the presence of
low concentrations of LiCl and CaCl2 near neutral pH.

To analyze NT X T D transition for thermodynamic
parameters of bovine and horse cyts-c at 25°C, two
assumptions, namely, a two-state mechanism of LiCl- and
CaCl2-induced denaturations and a linear dependence of∆GD

on [denaturant] were introduced. One of the criteria to test
the validity of a two-state transition is to see whether one
gets comparable values of thermodynamic parameters as-
sociated with the transition curve monitored by different
structural probes. It can be seen in Figures 1D and 6D that,
for each transition of both proteins, values of∆G from
different optical methods fall on the same∆G versus
[denaturant] plot, suggesting that a two-state assumption
seems to be valid. A more authentic test for the validity of
the two-state assumption is to compare the total Gibbs free
energy change associated with NT X T D observed here
with that from the DSC measurements for a two-state NT
D transition. It is interesting to note that the values of
calorimetric Gibbs free energy change for NT D transitions,
which are 10 and 11 kcal mol-1 for h-cyt-c and b-cyt-c (41,
44), respectively, are in excellent agreement with those
(∆GI

0 + ∆GII
X) obtained from optical methods (see Table 1).

Thus, a two-state assumption for NT X and X T D at pH
6.0 and 25°C is valid. Another assumption that∆GD is linear
function of the [denaturant] seems to be justified, for values
of ∆GI (or ∆GII) estimated for the heat-induced denaturation
of protein in the presence of LiCl and CaCl2 fall on the same
line drawn from the denaturation results obtained at 25°C
(see X’s in Figures 1D and 6D).

It can be seen in Table 1 that about 85% of the total Gibbs
energy change is associated with NT X transition. This is
an important observation, for it suggests that the stability of
native protein is mainly due to interactions that are absent
in molten globule state. As discussed above, the molten
globule state of cyts-c is devoid of tight packing of the
hydrophobic side chains, which play a role in the stabilization
of the native state (45). It has been shown that the covalently
bound heme interacts with about 35% of the buried side
chains (46), and that the removal of heme from cyt-c leads
to unfolding of the polypeptide backbone (47). Thus, the
packing of hydrophobic side chains and heme play a
dominant role in stabilizing the native state of cyts-c.
Furthermore, contribution to native stability due to the
presence of secondary structure seems to be very small.
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The heat capacity measurements show that∆Cp of the
molten globule (X) state of cyts-c is intermediate between
those of the native and unfolded states. It amounts to about
70% of the total difference between the native and unfolded
states. Because the positive∆Cp associated with protein
unfolding is known to be associated with the exposure of
the hydrophobic groups to water, this observation is con-
sistent with the notion that MG retains a part of the native
hydrophobic core devoid of water molecules, and the
hydrophobic interactions are also important in the stabiliza-
tion of molten globules (40). Furthermore, the MG state of
cyts-c retains all the secondary structure present in the native
protein (Figures 1 and 6). These results led us to conclude
that the MG state of cyt-c is stabilized by hydrophobic
interactions and secondary structure.

The nature of the unfolding transition between molten
globule and unfolded states has not yet been well understood,
for it is noncooperative for some proteins (48) and a highly
cooperative and two-state type for others (7, 49). The salt
denaturant-induced denaturation measurements at 25°C
(Figures 1 and 5) and heat-induced denaturation measure-
ments in the presence of appropriate concentrations of LiCl
and CaCl2 (e.g., see Figure 3) suggest that the unfolding
transition of the molten globule state of bovine and horse
cyts-c is highly cooperative and reversible. As discussed
above, all the pieces of evidence obtained here suggest that
the transition between MG and D states of h-cyt-c and b-cyt-c
follows a two-state mechanism at 25°C. That the heat-
induced MGT D process of each protein is also a two-
state process is evident from the coincidence of thermody-
namic parameters obtained from∆ε400 and [θ]222 measurements
(Figure 4) and from the excellent agreement between∆Cp,II

values (Figure 4) and calorimetric∆Cp, associated with
thermal unfolding of MG (9, 50); ∆Cp,II values of horse and
bovine proteins are 0.41( 0.03 and 0.42( 0.04 kcal mol-1

K-1, respectively, and the calorimetric∆Cp for the thermal
unfolding of the MG state is 0.4 kcal mol-1 K-1 for h-cyt-c
(9, 50). Extrapolation of∆Hm,II andTm,II versus [denaturant]
plots (not shown) to the concentrations of a denaturant in
which the protein exists in the MG state gave, respectively,
values of 28( 4 kcal mol-1 and 49.8( 0.5 °C for ∆Hm,II

andTm,II, for h-cyt-c and 30( 2 kcal mol-1 and 50.3( 0.5
°C for ∆Hm,II andTm,II for b-cyt-c. These values are in very
good agreement with those obtained from DSC measure-
ments; the calorimetric values are∆Hm ∼ 35 kcal mol-1

and Tm ∼ 50 °C (9, 50, 51). Using values of∆Hm,II, Tm,II

and∆Cp,II in eq 8, we obtained∆GII
X values of 1.2-1.5 and

1.1-1.4 kcal mol-1 at 25°C for h- and b-cyts-c, respectively.
These values of Gibbs energy change are in excellent
agreement not only with those obtained from isothermal
unfolding (see Table 1) but also with calorimetric value of
1.33 kcal mol-1 at 25°C (9). We conclude that the MG state
obtained in the presence of LiCl and CaCl2 at pH 6 and 25
°C is thermodynamically indistinguishable from that obtained
at low pH in the presence of stabilizing cosolvents and
acetylation of lysine residues of cyt-c (9).

Contrary to MGT D transition, thermodynamic param-
eters associated with NT MG of cyt-c have not been
experimentally determined. However, these were predicted
from the difference between the values of the parameter for
N T D transition and for MGT D transition. The predicted

values of h-cyt-c from DSC measurements are∆G°D )
8.5-8.7 kcal mol-1, ∆Hm ) 70-80 kcal mol-1, ∆Cp ) 0.9-
1.05 kcal mol-1 K-1 (7). (No such studies are reported from
bovine protein.) We have determined the values of thermo-
dynamic parameters associated with the process NT MG
from the reversible heat-induced denaturation of the protein
in the presence of LiCl and CaCl2. Values of∆Cp,I of both
proteins given in Figure 4 are in excellent agreement with
those predicted from the calorimetric measurements (7, 9,
50). Values of of∆Hm,I andTm,I in different concentrations
of LiCl and CaCl2 and that those of∆Cp,I are shown in Figure
4. For a protein in a given denaturant, value of∆GII were
estimated using eq 7 with the values of∆Hm,I andTm,I and
∆Cp,I shown in this figure, and∆GI values were plotted
against [denaturant]. The extrapolation of such a plot to 0
M denaturant concentration gave values of∆GI

0, the Gibbs
energy of stabilization, of 9.01( 0.7 and 10.2( 0.5 kcal
mol-1 for the h-cyt-c and b-cyt-c, respectively. These∆GI

0

values associated with NT MG transition of proteins are
in excellent agreement with those obtained from isothermal
measurements as well (Table 1). Furthermore∆GI

0 of
h-cyt-c is in good agreement with that obtained by DSC
measurements (7). To compare the calorimetric∆Hm with
our values we have determined values of∆Hm,I

0 , the value
of ∆Hm,I in the absence of the denaturant from the extrapola-
tion of the plot of ∆Hm,I versus [denaturant] to 0 M
denaturant. The extrapolated values are 86( 6 and 92( 7
kcal mol-1 for ∆Hm,I

0 of h-cyt-c and b-cyt-c, respectively,
which are in good agreement with those predicted from the
DSC measurements.

Folding of a protein in vitro is likely to differ in many
details from that in the cell. However, one feature, which is
common in both in vitro and in vivo folding, is the existence
of the MG state on the foldingT unfolding pathway (1,
52). In vitro experiments have shown that acid-denatured
cyt-c is transformed into the MG state on the addition of
several additives (5, 8, 38). However, there exists no evidence
to show the formation of the native state of cyt-c from its
MG state that exists at low pH. On the other hand, the MG
state that has been observed in this study near neutral pH
reversibly folds to the native state. Thus, our work on the
characterization of the MG state of cyts-c is expected to have
a more physiological relevance than the earlier studies of
characterization of the MG state of the protein at low pH.

Finally, on the basis of the results obtained in this study
it is possible to conclude that (i) the thermodynamically
stable intermediate on the reversible foldingT unfolding
pathway has all the common structural characteristics of the
molten globule; (ii) although the MG state of proteins retain
the entire native helical structure, it is only marginally more
stable than the unfolded protein; and (iii) the hydrophobic
interaction is important in stabilizing the molten globule state
of proteins, for the MG state retains a part of the native
hydrophobic core devoid of water molecules.
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SUPPORTING INFORMATION AVAILABLE

(a) Dependence of optical properties of the native, molten
globule and denatured states of cytochromes-c on [denatur-
ant] and temperature. (b) Thermodynamic parameters (∆G,
m, Cm) of proteins obtained from the transition curves
measured by each of the optical properties (∆ε400, [θ]409, and
[θ]222) at pH 6.0 and 25°C. (c) Thermal denaturation curves
of h-cyt-c in the presence of different concentrations of
CaCl2, monitored by∆ε400 and [θ]222 measurements. (d)
Thermal denaturation curves of b-cyt-c in the presence of
different concentrations of LiCl and CaCl2 monitored by
∆ε400 and [θ]222 measurements. This material is available free
of charge via the Internet at http://pubs.acs.org.
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