
27 (2007) 103–112
http://www.elsevier.com/locate/biophyschem
Biophysical Chemistry 1
A molten globule-like intermediate state detected in the thermal
transition of cytochrome c under low salt concentration☆
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Abstract

To understand the stabilization mechanism of the transient intermediate state in protein folding, it is very important to understand the structure
and stability of the molten globule state under a native condition, in which the native state exists stably. The thermal transitions of horse
cytochrome c were thermodynamically evaluated by highly precise differential scanning calorimetry (DSC) at pH 3.8–5.0. The heat capacity
functions were analyzed using double deconvolution and the nonlinear least-squares method. An intermediate (I) state is clearly confirmed in the
thermal native (N)-to-denatured (D) transition of horse cytochrome c. The mole fraction of the intermediate state shows the largest value, 0.4, at
nearly 70 °C at pH 4.1. This intermediate state was also detected by the circular dichroism (CD) method and was found to have the properties of
the molten globule-like structure by three-state analysis of the CD data. The Gibbs free-energy change between N and I, ΔGNI, and that between N
and D, ΔGND, were evaluated to be 9–22 kJ mol−1 and 41–45 kJ mol−1, respectively at 15 °C and pH 4.1.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many globular proteins have been known to exhibit an
equilibrium molten globule (MG) state, which is a compact
denatured state with a native-like secondary structure but a
largely disordered tertiary structure [1–3]. It was reported that
the equilibrium MG state of each protein is identical to its
transient intermediate on folding [2,4–6]. However, most
equilibrium MG states are stabilized under special solution
conditions, such as low pH and high anion concentration. The
transient intermediate state in protein folding is observed under
a native condition, in which the native state exists stably. The
stability of the equilibrium MG state in a native condition is
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very important for understanding the stabilization mechanism of
the transient intermediate state in protein folding.

Cytochrome c is a small globular protein of 104 residues
with a heme region [7]. Its equilibrium intermediate state was
one of the first examples of the MG state [1]. The equilibrium
MG states of cytochrome c were reported under special solution
conditions, such as low pH and a high concentration of anions
[1,8,9]; a low concentration of denaturant, alcohol, or surfactant
[10–15]; and acetylation of the side chain of lysine residues at
low pH [16]. The MG state of the mutant yeast cytochrome c by
site-directed mutagenesis to rupture the hydrogen bond of two
omega loops was observed at neutral pH [17].

The structural characteristics of the MG state of cytochrome
c show that the native-like secondary structure is retained; that
most of the specific tertiary structure of the native state, such as
the rigid side-chain packing, is absent; and that the molecules
are globular and compact [1,2,18]. The stability of the MG state
of cytochrome c at low pH and with a high concentration of
anions was studied in the transition from the MG to the D state
[19–21] and the transition from the N to the MG state [22]. The
pH-induced transition from the N to the MG state of bovine
cytochrome c was well explained with the two-state transition
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model by isothermal acid-titration calorimetry (IATC) [22].
Although the MG-to-D-state transition of horse cytochrome c
was well explained by the two-state transition model using
differential scanning calorimetry (DSC) and isothermal titration
calorimetry (ITC) [19,21], it was reported that the intermediate
state exists in the thermal transition from the MG to the D state
by a circular dichroism (CD) study [20].

The stability of the MG state at low pH and high anion
concentration was suggested to be determined by a balance of
electrostatic repulsions between positive residues, which favor
the extended conformation, and the opposing forces such as
hydrophobic interaction, which stabilize the MG state [16].
However, the stability of the equilibrium MG state of
cytochrome c under a native condition has not been examined
in detail.

Here it is worthwhile to be reminded that our fundamental
knowledge of the thermodynamic mechanism to determine the
stability of small globular proteins has been revealed by
differential scanning calorimetry (DSC) [23–25]. Those studies
showed that the thermal transition of these proteins–bovine
cytochrome c, metmyoglobin, α-chymotrypsin, and myoglo-
bin–could be well explained by the two-state transition model
as the first approximation, judging from the coincidence
between the directly observed calorimetric enthalpy (ΔHcal)
and the van't Hoff enthalpy (ΔHvH) evaluated by assuming the
two-state model. Additionally, the small difference between
these two enthalpies also suggested an intermediate state
populating around the transition temperature, although the
fraction of the intermediate state was too small to be
characterized quantitatively in the previous studies. Because
of the recent development of DSC method, it is highly expected
to examine these equilibrium intermediate states in the thermal
transition in order to clarify the relationship between the
intermediate state and the MG state under a native condition.

In this study, we have confirmed the existence of an
intermediate state in the thermal transition of horse cytochrome
c under a low salt concentration at around pH 4 by using a
highly precise differential scanning calorimeter, VP-DSC. In
addition, we have detected a molten globule-like intermediate
state of cytochrome c spectroscopically. We have also evaluated
the thermodynamic parameters of the thermal transition of
cytochrome c, including the intermediate state.

2. Materials and methods

2.1. Cytochrome c solution

Lyophilized powder of horse cytochrome c (c-2506; Sigma,
St. Louis, MO, USA) was dissolved in 50 mM sodium acetate/
acetic acid buffer at pH 3.8–5.0. This protein solution was
dialyzed with a dialysis membrane, Spectra/Por (132660;
Spectrum Laboratories, Rancho Dominguez, CA, USA), whose
cutoff molecular weight is 6–8 kDa, at 4 °C for about 1 day
against 1 l buffer. The protein solution was ultra-filtrated with a
MolCut ultra filter unit (USY-20; Advantec, Tokyo, Japan),
whose cutoff molecular weight is 0.2 MDa, in order to remove
any aggregation that may be produced during the dialysis. The
concentration of horse cytochrome c was determined with a UB-
35 spectrophotometer (Jasco, Tokyo, Japan) using the extinction
coefficient of ε409=10.6×10

4 M−1cm−1. Before each experi-
ment, the solution was degassed for several minutes by aspiration
with a membrane pump (ULVAC, Kanagawa, Japan) and by
sonication simultaneously with the Perl Clean sonication device
(Fkk, Tokyo, Japan).

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments of
cytochrome c were performed with a highly sensitive
differential scanning calorimeter, VP-DSC (Microcal, Los
Angeles, CA, USA). The experiments were performed using
1.0 mg/ml cytochrome c solution at pH 3.8–5.0, 50 mM sodium
acetate/acetate buffer. At each pH the transition was reversible,
as demonstrated by repeated scans of the same sample. It was
confirmed that the heat capacity profiles observed at the
scanning rate of 1 K/min and 0.5 K/min agree perfectly at pH
4.1. Thus, the thermal transition process can be considered to be
in equilibrium and therefore can be analyzed thermodynami-
cally. Without mentioning in particular, the DSC experiments
were done at a scanning rate of 1 K/min. Absolute heat capacity,
Cp, is determined by the equation [23],

Cp ¼ DCapp
p þ Vp

Cs

Vs
ð1Þ

where ΔCp
app is the apparent heat capacity determined by DSC

and Vp is the partial volume of cytochrome c determined by
density measurement using a highly precise vibrating tube
densimeter, DMA5000 (Anton Paar, Graz, Austria); 9160±
30 ml mol−1 at pH 4.1. Cs and Vs are the heat capacity and
partial volume of the solvent, respectively.

The heat capacity functions were analyzed by double
deconvolution (DD) method, which analyzes the heat capacity
functions as reported previously [26,27], and the nonlinear
least-squares method with the three-state model. The DD
method can determine the enthalpy and the Gibbs free energy
directly from the heat capacity function of the native (N),
denatured (D), and intermediate (I) states of these states in the
transition, using the following Eqs. (2)–(6).

The observed enthalpy, Hobs(T ), and the observed Gibbs
free energy, Gobs(T ), were directly deduced from observed heat
capacity functions (Cobs) using Eqs. (2) and (3). Also, the
enthalpy of the native and denatured states, HN(T ) and HD(T ),
was directly evaluated from the heat capacity functions of the
native state (CN) and the denatured state (CD) using Eq. (2). The
Gibbs free energy of the native and the denatured states, GN(T )
and GD(T ), were also directly calculated from the heat capacity
functions of the native and denatured states using Eq. (3). CN

and CD were evaluated by linear least-squares fitting of heat
capacity in the pre- and post-transition temperature ranges,
respectively.

H ¼
Z T

T0

CpdT ð2Þ
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G ¼ −T
Z T

T0

H
T2

dT : ð3Þ

The mole fractions of the native and the denatured states,
were determined by Eq. (4).

fiðTÞ ¼ exp −
GiðTÞ−GobsðTÞ

RT

� �
ð4Þ

where fi and Gi shows the mole fraction and Gibbs free energy
of each state, native (N) and denatured (D) states.

When an intermediate state exists in thermal transition, the
mole fraction of the intermediate state, fI, is determined with
Eq. (5).

fIðTÞ ¼ 1−fNðTÞ−fDðTÞ ð5Þ
The enthalpy of the intermediate state, HI(T ), was

determined from Eq. (6) [26,27].

HIðTÞ ¼ HobsðTÞ−fNðTÞHNðTÞ−fDðTÞHDðTÞ
fIðTÞ ð6Þ

The van't Hoff enthalpy was calculated with Eq. (7) [26,27].

DHvH
NDðTÞ ¼ RT 2 DCN

DHN
−
DCD

DHD

� �
ð7Þ

where ΔCN, ΔCD, ΔHN, and ΔHD were defined by the
following equations.

DCi ¼ Cobs−Ci ð8Þ

DHi ¼ Hobs−Hi ð9Þ

where ΔCi, Ci, ΔHi, and Hi, show ΔC, C, ΔH, and H, of each
state, N and D states, respectively.

The thermodynamic parameters determined by the DD
method were refined by the nonlinear least-squares fitting
method [26,27] using SALS software [28]. The fitting of the heat
capacity functions by the three-state transitionmodel was carried
out with several fitting parameters: enthalpy change, ΔH, heat
capacity change, ΔCp, and mid-point temperature, Tm, of the
Table 1
The thermodynamic parameters, such as the mid-point temperature, Tm, the enthalpy c
cytochrome c determined by DSC and IATC

pH Tm,NI/°C ΔHNI/kJ mol−1 Tm,ND/°C ΔHND/kJ mol−1 Δ

3.8 68±2 141±8 68.0±0.3 449±6
4.1 69±1 141±6 70.2±0.3 468±6 5
4.5 73±1 155±6 74.1±0.2 498±6 6
5.0 73±1 157±3 762±0.2 520±4 5
2.9 d 40 d 288±1 d

The ΔH was evaluated at Tm.
a These values of the ΔCp were determined by the three-state analysis of the hea
b This value of the ΔCp was the linear fitting of the temperature dependence of
c These values of the ΔH were determined by the two-state analysis.
d These data were evaluated by IATC method.
thermal transitions (the transition from the N to the I states and
that from the N to the D states). In this nonlinear least-squares
fitting with the three-state model, the heat capacity change of the
transition from the N to the I states,ΔCp, NI, was fixed to zero in
order to suppress the degrees of freedom of the fitting. Because
the ΔCp, ND determined by the three-state analysis has a rather
large error (see Table 1), the ΔCp, ND was evaluated from the
temperature dependence of the enthalpy change of the transition
from the N to D states at the transition temperature, ΔHND,
assuming that the pH dependence of the enthalpy change, ADH

ApH

� �
,

is zero. It was reported thatΔCp, ND was not influenced so much
in ADH

ApH

� �
[29]. On the other hand, the ADH

ApH

� �
in the transition from

the N to the MG state of bovine cytochrome c cannot be
disregarded [22].

2.3. Isothermal acid-titration calorimetry

Isothermal acid-titration calorimetry (IATC) is a method for
evaluating the enthalpy of protein molecules as a function of pH
using isothermal titration calorimetry (ITC) and pH measure-
ment [22,29]. The experiments were performed with 0.5 mg/ml
cytochrome c solution of 20 mM KCl. The HCl titration was
measured with an isothermal titration calorimeter, the ITC unit
of MCS (MicroCal, Northampton, MA, USA) with a cell
volume of 1.368 ml. The titration was carried out with injections
of 2, 5, and 10 μl of 20–400-mM HCl solution in 20 mM KCl
by using a 250 μl syringe. A control experiment was performed
with the reference solution, 20 mM KCl solution. The pH of the
HCl titration was measured by using a glass electrode and a pH
meter, F23 (Horiba, Kyoto, Japan). The solution used for the pH
measurements was identical to that used for the calorimetric
measurements. For the pH measurements, the initial volume of
the protein solution was 10 ml, and the injection volumes were
determined as the ratios between the initial and injection
volumes became identical to those of each corresponding
injection in the ITC measurements. The temperature of the
titration vessel for pH measurement was kept constant in a
handmade glass bath with circulating water from a thermostat
water bath, VM-150 (Advantec, Tokyo, Japan). The dilution
heat of HCl solution was corrected as previously described [29].
The neutralization heat was observed above pH 4. The pH
dependence of the neutralization heat was estimated by the
hange,ΔH, and the heat capacity change,ΔCp on the thermal transition of horse

Cp,ND
a/kJ K−1 mol−1 ΔCp,ND

b/kJ K−1 mol−1 ΔHND−2 c/kJ mol−1

57±0.7 378±2
.6±0.7 6.2±0.1 391±2
.3±0.7 413±1
.8±0.7 422±1

t capacity function.
ΔH (see Fig. 5).



Fig. 1. (A) The temperature dependence of the partial molar heat capacity of
horse cytochrome c at pH 3.8 (closed squares), 4.1 (open circles), 4.5 (closed
triangles), and 5.0 (crosses). The solid lines show the theoretical fitting curves
determined by the analysis with the three-state transition model. (B) The
residuals of two-state (upper graph) and three-state (lower graph) fittings.

Fig. 2. (A) The sum of the mole fraction of the native and denatured states of
cytochrome c in the thermal transition at pH 4.1 calculated by the double
deconvolution (DD) method. (B) The temperature dependence of the enthalpies
of cytochrome c determined by the DD method. The solid lines show the ΔHN,
which is defined as Hobs−HN, where Hobs is the observed enthalpy and HN is
the enthalpy of the N state of cytochrome c. The filled squares show the
calorimetric enthalpy, ΔHcal, which is defined as HD−HN, where HD is the
enthalpy of the D state of cytochrome c. The open circles show theΔHNI, which
is defined as HI−HN, where HI is the enthalpy of the intermediate state on
thermal N–D transition. The dotted lines show the van't Hoff enthalpy.
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quadratic fitting of the heat from reference experiments at this
pH range, and the neutralization heat was corrected from the
heat of sample experiments. In this study, the neutralization heat
is very small compared with the heat from the pH-induced
structure transition of cytochrome c. The enthalpy function of
pH was analyzed with a two-state model and the nonlinear least-
squares fitting process by Eqs. (10)–(12) as previously
described [22,29].

HðpHÞ ¼ HNðpHÞ½1−fDðpHÞ� þ HDðpHÞfDðpHÞ; ð10Þ

where HN and HD are the enthalpy functions of the native and
acid-denatured states, respectively, and fD(pH) is the molar
fraction of the denatured state.

fDðpHÞ ¼ f1þ exp½DGðpHÞ=RT �g−1 ð11Þ
where ΔG(pH) is the Gibbs free-energy change, and R and T
are the gas constant and temperature, respectively.

DGðpHÞ ¼ ðln10ÞRT
Z pH

pHd

DmðpHÞdpH ð12Þ

where Δν(pH) is the proton-binding number difference, and
pHd is the mid-point in the pH transition of the protein
molecule. The enthalpy functions of the native and acid-
denatured states were approximated as constants in this study.

2.4. Circular dichroism spectroscopy

Circular dichroism (CD) spectra in the far-UV (215–
250 nm), the near-UV (270–330 nm), and the soret (390–
440 nm) regions of cytochrome c were measured with a
spectropolarimeter, J-720 (Jasco, Tokyo, Japan) with 1-cm path-
length quartz cells in the temperature range of 20–95 °C. The
experiments were performed with 0.07–0.45 mg/ml cyto-
chrome c in 50 mM sodium acetate/acetic acid buffer at pH
4.1. The cell temperature was controlled with a temperature
control unit, PTC-343W (Jasco). The temperature dependences
of the molar ellipticity, [θ], at 222 nm, 282 nm, 289 nm, and
416 nm were measured at 20 °C–95 °C. The scanning rate of
heating was 1 °C/min. The normalized CD ([θ]nor) was
calculated by the following.

½h�norðTÞ ¼ ½h�ðTÞ−½h�NðTÞ
½h�DðTÞ−½h�NðTÞ

ð13Þ

where [θ]N and [θ]N represent the molar ellipticity of the native
and denatured states determined from the baselines of the pre-
and post-transition, respectively, determined by linear least-
squares fitting (Eq. (14)) in the temperature range of 20–30 °C



Fig. 3. The temperature dependence of the mole fraction of each state of
cytochrome c at pH 4.1 determined by the three-state analysis with the nonlinear
least squares method. The mole fractions of the native (thin solid line), the
intermediate (thick solid line), and the denatured (dotted line) state were shown.

Fig. 4. The enthalpy as a function of pH on acid denaturation of horse
cytochrome c at 40 °C. The filled squares show the experimental data. The solid
lines show the theoretical fitting curve and the base lines of the native and
denatured states.
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for the native state and in 85–95 °C for the denatured state at all
the wavelengths.

½h�i ¼ AiðT−T0Þ þ Bi ð14Þ
where T0 was fixed to 273.15 K in this analysis. The estimated
values for the two fitting parameters, Ai and Bi (i=N, D), were
determined for each wavelength as shown here: at 222 nm (AN;
−2, BN; −9.8, AD; 5, BD; −4.9), at 282 nm (AN; −40, BN; −6.3,
AD; −30, BD; 5.5), at 289 nm (AN; −20, BN; −8.6, AD; −20,
BD; 2.0), and at 416 nm (AN; −10, BN; −28, AD; −130, BD; 63)
where Ai is in the unit of deg cm

2 dmol−1 K−1, and Bi is in kdeg
cm2 dmol−1.

The normalized CD of the intermediate state ([θ]I
nor(T )) is

evaluated by Eq. (15).

½h�norI ðTÞ ¼ ½h�norðTÞ−fDðTÞ
fIðTÞ ð15Þ

The mole fraction functions of each state determined by DSC
were used in this analysis.

3. Results

3.1. Thermal transition of cytochrome c evaluated by calorimetry

Fig. 1 shows the temperature dependences of the partial
molar heat capacities of cytochrome c at pH 3.8, 4.1, 4.5, and
5.0. It was confirmed that these thermal transitions from DSC
experiments satisfied to be in equilibrium as mentioned in
Materials and methods.

Fig. 2A shows the sum of the mole fraction of the native and
denatured states, fN+ fD, of cytochrome c calculated by the DD
method. The negative peak was observed at 50–80 °C. The
minimum value of the mole fraction of the sum of the native and
denatured states is about 0.6 at around 70 °C. This indicates that
the mole fraction of the intermediate state is about 0.4 at around
70 °C.
Fig. 2B shows the enthalpy functions of each state of
cytochrome c on the thermal transition at pH 4.1 as determined
by the DD method. The ΔHN increases sharply from 60 to
80 °C. The van't Hoff enthalpy, ΔHvH, is smaller than ΔHcal

throughout this temperature range. The ΔHvH and ΔHcal are
321 kJ mol−1 and 459 kJ mol−1, respectively, at the mid-point
temperature, Tm, of the N–D transition. DHvH

DH cal is 0.7 at Tm. This
strongly indicates the existence of the intermediate state in this
transition.

This increase of ΔHN corresponds to the enthalpy change in
the thermal N–D transition of cytochrome c. ΔHNI is about
100 kJ mol−1 at 60–70 °C.

Based on these results, we analyzed the heat capacity
functions of cytochrome c by the nonlinear least-squares
method using the three-state model. In Fig. 1A, the solid lines
show the theoretical fitting curve calculated with the three-state
analysis. These theoretical curves agree with the experimental
heat capacity data very well. Fig. 1B shows the residuals of two-
state and three-state fittings. The residual of two-state fitting is
larger than that of three-state fitting, particularly in the pre-
transition temperature range. The root mean square deviations
of the analysis with the two-state and three-state transition
models are 0.40 and 0.18 μW, respectively. The difference in the
deviations between the two- and three-state models is
significant in comparison with the noise of the calorimeter,
VP-DSC: 0.10 μW, as evaluated by DSC measurement of water.

Fig. 3 shows the mole fraction function of temperature in
each state–N, I, and D–on the thermal transition of horse
cytochrome c at pH 4.1 determined by the three-state analysis
with the nonlinear least-squares method. The mole fraction of
the I state is largest, 0.4, at about 70 °C. The thermodynamic
parameters of the N–D thermal transition of horse cytochrome c
are shown in Table 1. The ΔHND, determined by using DSC
with the three-state analysis, shows values that are about 100 kJ
mol−1 higher than the value of ΔHND with two-state analysis.

The thermodynamic parameter at low temperature was
evaluated by isothermal acid-titration calorimetry (IATC) to



Fig. 5. The temperature dependence of the enthalpy change, ΔH, obtained by
DSC and IATC methods. The filled squares show the enthalpy change from the
N to the D state, ΔHND, determined by DSC with the three-state transition
model. The open squares show that from the N to the I state, ΔHNI. The open
circles show the ΔHND, determined with the two-state transition model. The
filled triangles show the enthalpy change from the N to the D state, ΔHND,
determined by IATC. The solid line represents the fitting line of ΔHND from
DSC and IATC in this study. The broken line shows ΔHND by the two-state
transition analysis reported previously [30].
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confirm the correctness of these thermodynamic parameters
determined by the three-state analysis from DSC experiments.
Fig. 4 shows the enthalpy function of pH on the acid-
denaturation of horse cytochrome c at 40 °C evaluated by
IATC. The acid-denaturation of the protein molecule is
observed in the pH range 3.5–2.5. The theoretical curves
calculated with the two-state transition model agree with the
experimental data. The mid-point pH, pHd, is 2.9 on the pH-
induced transition from the N to the D state. The proton
binding-number difference, Δν, is 2.9 and the enthalpy change,
ΔH, is 288 kJ mol−1 in the transition.

Fig. 5 shows the temperature dependence of the ΔH of horse
cytochrome c determined by DSC and IATC. The values of
ΔHND determined by the present study using DSC with the
three-state analysis are higher than the values of ΔHND

previously reported [30] by about 100 kJ mol−1. The value of
ΔHND determined by ITAC is also higher by 100 kJ mol−1. On
the other hand, the ΔHND determined with the two-state model
agrees almost completely with the ΔHND reported previously
[30]. The ΔHcal and ΔHvH at Tm determined with the two-state
model in pH 4.1 are 393 kJ mol−1 and 391 kJ mol−1, and the
DHvH

DHcal becomes 1.0.
The heat capacity change, ΔCp, ND, is calculated from the

temperature dependence of ΔHND obtained by DSC and IATC
using linear least-squares fitting. The ΔCp, ND of horse
cytochrome c is 6.2 kJ K−1mol−1 in this study. This result is
identical to ΔCp, ND previously reported [30]. The ΔCp, ND

determined by the temperature dependence of ΔHND and the
ΔCp, ND deduced from three-state analysis of the single heat
capacity profile agree within error (see Table 1). In this study,
the nonlinear least-squares fitting with the three-state model
was performed with ΔCp, NI fixed to 0 kJ K−1mol−1 in order
to reduce the degrees of freedom of the fitting. It was
confirmed that these two ΔCp, ND, determined by the
temperature dependence of ΔHND and ΔCp, ND deduced
from three-state analysis of the single heat capacity profile,
agree within error with ΔCp, NI fixed to 0–3 kJ K−1mol−1. In
the case where ΔCp, NI is fixed to over 3 kJ K−1mol−1,
however, the ΔCp, ND deduced from three-state analysis of the
single heat capacity profile was lower than that determined by
the temperature dependence of ΔHND.

It was found that at least one intermediate state exists in the
thermal unfolding of cytochrome c under not only the low salt
condition as shown here but also several salt conditions such as
with 0–500 mMKCl and 0–80 mMNaClO4, and that this three-
state characterization on the thermal transition is observed in
bovine cytochrome c (data not shown).

3.2. Thermal transition of cytochrome c evaluated by circular
dichroism measurement

CD experiments were performed to confirm the existence of
the intermediate state in the thermal transition of cytochrome c
that was observed by DSC experiments. Fig. 6A shows the CD
spectra of far-UV (215–250 nm), near-UV (270–330 nm), and
Soret (370–440 nm) regions of horse cytochrome c at 20 °C,
70 °C, and 95 °C. The CD spectra at 20 °C show the structure of
the N state and those at 95 °C show the structure of the D state
(see Fig. 3). At 70 °C, the mole fractions of the N, I, and D states
are 0.31, 0.39, and 0.30, respectively, judging from the mole
fraction functions from DSC. So the CD spectra at 70 °C show
the mixture of the spectra of the N, I, and D states. In far-UV
CD, the CD spectrum at 20 °C shows a large negative peak at
222 nm, which derives from the quantity of the alpha-helix
structures. This negative peak decreased in the spectrum at
95 °C. The CD spectrum at 70 °C shows a negative peak in the
middle of the CD spectra at 20 °C and 95 °C. In near-UV CD,
the CD spectra at 20 °C show two negative peaks, at 282 nm and
289 nm, reflecting the tertiary structure change derived from the
side-chain packing of tryptophane residue of the protein
molecule. These two peaks disappear in the CD spectra at
95 °C. In the soret region, the CD spectrum at 20 °C shows a
large negative peak of the Cotton effect at 416 nm, reflecting the
interactions between Met 80 and the heme region [31,32]. This
negative peak disappears above 70 °C. This indicates that the
interactions between Met 80 and the heme region disappear
above 70 °C. The temperature dependence of the molar
ellipticity, [θ], on the thermal transition of cytochrome c is
evaluated at several wavelengths, which probe different types of
structure information.

Fig. 6B shows the temperature dependence of the normalized
CD of several wavelengths–222, 282, 289, and 416 nm–on the
thermal transition of horse cytochrome c at pH 4.1. The
normalized CDs are deduced as described in Materials and
methods. The normalized CDs at 222 and 282 nm change in the
same temperature range. On the other hand, the normalized CDs
at 289 and 416 nm change in lower temperature range than that
in which the CDs at 222 nm and 282 nm change. The mid-point
temperature where the normalized CD becomes 0.5 at 222 nm,
282 nm, 289 nm, and 416 nm are 71.7 °C, 71.5 °C, 70.5 °C, and



Fig. 6. (A) The CD spectra of Far-UV (1), Near-UV (2), and Soret regions(3) of horse cytochrome c at pH 4.1. The CD spectra of horse cytochrome c are observed at
20 °C (thin solid lines), 70 °C (thick solid lines), and 95 °C (dotted lines). (B) The temperature dependence of the normalized CD of several wavelengths, 222 nm
(black line), 282 nm (red line), 289 nm (blue line), and 416 nm (purple line) on the thermal transition of cytochrome c at pH 4.1. The dark-yellow line shows the
difference between normalized CDs induced by subtracting the normalized CD at 222 nm from that at 289 nm.

109S. Nakamura et al. / Biophysical Chemistry 127 (2007) 103–112
69.8 °C, respectively. The discrepancies in the mid-point
temperature among the several wavelengths indicate the
existence of at least one intermediate state in the thermal N–
D transition of horse cytochrome c. The difference between
normalized CDs–for example, subtracting the normalized CD at
222 nm from that at 289 nm–shows the largest value near 70 °C
(Fig. 6B) where the mole fraction of the intermediate state
determined by DSC becomes maximum (Fig. 3), indicating that
the intermediate state detected by CD is the same state as that by
DSC analysis.

In order to compare the CDs of these thermodynamic states,
the normalized CDs of the intermediate state ([θ]I

nor(T)) at the
four wave-lengths were evaluated by Eq. (15). All these
functions were found to be well approximated as linear
functions of temperature with slightly positive slopes. The
values at 70 °C for 222 nm, 282 nm, 289 nm, and 416 nm were
determined by linear least-squares fitting of these functions as
0.11, 0.22, 0.47, and 0.57, respectively.

4. Discussion

4.1. The intermediate state in the thermal transition of
cytochrome c

Through precise DSC data and CD measurement, our study
showed that the intermediate state exists in the thermal
transition of horse cytochrome c. However, the thermal
transition of cytochrome c has also been described with the
two-state transition model by calorimetric and spectroscopic
methods [20,23,30]. By virtue of the fact that Far-UV (222 nm)
and near-UV (282 nm) CD were changed at the same
temperature, the thermal transition of horse cytochrome c was
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explained with the two-state transition by CD measurement
[20]. Our study confirmed that the normalized CDs of
cytochrome c at 289 and 416 nm are changed at lower
temperatures than that at 222 nm (Fig. 6B). The discrepancies in
the transition temperature among the several wavelengths
indicates the existence of an intermediate state on the thermal
N–D transition of horse cytochrome c.

In previous calorimetric studies, the heat capacity functions can
be well explained by the two-state transition from the coincidence
between ΔHcal and ΔHvH [23,30]. The small difference between
these two enthalpies suggested an intermediate state populating
around the transition temperature, although the fraction of the
intermediate state was too small to be characterized quantitatively
[23]. In our study, the mole fraction of the intermediate state is
about 0.4 and the DHvH

DH cal is 0.7 at around 70 °C, as evaluated by the
DD method and the nonlinear least-squares fitting with the three-
state model. These discrepancies in the fraction amount and in the
value of DHvH

DH cal are derived from the discrepancy between the
baselines of the N and D states used for analyzing DSC curves.
TheΔHND determined by the two-state analysis of our DSC data
agrees with that of the previous report (Fig. 5), and the DHvH

DH cal is 1.0.
However, the fitting baselines determined by the two-state model
deviated from the experimental data especially at the pre-transition
temperature (Fig. 1B). On the other hand, the fitting base lines
determined by the three-state model agree very well with the
experimental heat capacity data. This discrepancy between the
fitting baselines determined by the two-state model and the
experimental heat capacity data can be evaluated in detail by using
a highly precise differential scanning calorimeter, VP-DSC.

The ΔCp, NI was estimated at 0–3 kJ K−1mol−1, judging
from the coincidence between the ΔCp, ND determined by the
temperature dependence of ΔHND and the ΔCp, ND deduced
from the three-state analysis of the single heat capacity profile.
The results described up to now are almost unchanged when the
ΔCp, NI is 0–3 kJ K−1mol−1.

In this study, the enthalpy change, ΔHND, of horse
cytochrome c determined by the three-state transition model,
is about 100 kJ mol−1 higher than that of ΔHND determined by
the two-state transition model. By using the following
equations, the Gibbs free-energy difference, ΔGND, is deduced
from ΔHND.

A

AT
DG
T

� 	
¼ DH

T 2
ð16Þ

The DGND
T is largest when the temperature is −5 °C in the

three-state transition model and 10 °C in the two-state transition
model [30]. At temperature when the DGND

T is largest, the mole
fraction of the native state is largest. This indicates that the cold
destabilization of horse cytochrome c is not generated above
−5 °C at pH 4.1.
4.2. The molten globule-like intermediate state in a native
condition

The normalized CD of the intermediate state ([θ]I
nor) of

222 nm, 282 nm, 289 nm, and 416 nm at 70 °C are 0.11, 0.22,
0.47, and 0.57, respectively. As the CD at 222 nm of the
intermediate state is close to that of N state, the intermediate
state was indicated to have a significant amount of native-like
secondary structure. The [θ]I

nor of 282 nm and 289 nm showed
that the [[θ]I

nor] at 282 nm and 289 nm of the intermediate state
are rather near to N, but there are clear distinctions between that
of N and intermediate state. It indicated that the specific side-
chain packing of the tryptophane residue of the intermediate
state remains, but the order of the structure is reduced than that
of the N state. These properties of near-UV CD of the
intermediate state are similar to that of MG state of cytochrome
c previously reported. For example, the [θ] of near-UV CD of
MG state is close to that of N state, and the [θ] at 282 nm is
changed cooperatively in the thermal transition from MG to
denatured state of cytochrome c [20].

4.3. Stability of the molten globule-like intermediate state of
cytochrome c

4.3.1. Effect of the electrostatic repulsions on the stability of
the molten globule state

The effect of the electrostatic repulsions on the stability of
theMG state was evaluated by using acetylated horse cytochrome
c with various degrees of charge repulsion [16]. At pH 1.8, the
intact cytochrome c exists in the acid denaturation state. But the
16 acetylated cytochrome c, i.e., the 16 acetylated amino groups
of cytochrome c, at pH 1.8 has a molten globule structure. The net
charges of the intact and 16 acetylated horse cytochrome c at pH
1.8 are estimated to be +25 and +9, respectively. The MG state is
stabilized by lowering the electrostatic repulsions of positive
charge in acetylated cytochrome c. This stabilization mechanism
can explain the stabilization of the MG state under low pH and
high anion concentrations. The anions act to lower the
electrostatic repulsions of positive charge.

In this study, the MG-like intermediate state of cytochrome c
was observed under low anion concentrations at pH 4.1. The net
charge of horse cytochrome c at this pH is estimated to be +18
based on the amino-acid composition and the intrinsic pKa of
the residues. The reduction of the net positive charge number
can be considered to be the main factor to stabilize the MG-like
intermediate state at pH 4.1 even under low salt concentrations.

The 6 acetylated cytochrome c at pH 1.8 is estimated to have
the same net charge as the intact molecule at pH 4. While almost
all molecules of the 6 acetylated cytochrome c at 50 °C at pH
1.8 exist in the acid denatured state [16], theMG-like intermediate
state ismore stable than the denatured state at 50 °C at pH4.1 (Fig.
3). This suggests that the electrostatic interaction caused between
the negative charges of the deprotonated carboxyl groups at this
pH and the positive charges in the intact molecule stabilize the
MG-like intermediate state.

4.3.2. The enthalpy change and the heat capacity change in the
thermal transition from molten globule to denatured state of
cytochrome c

In this study, theΔCp,NI is estimated to be 0–3 kJ K−1mol−1.
Therefore, the ΔCp,MG–D is 3.2–6.2 kJ K−1mol−1 and the
ΔHMG–D at 40 °C is 231–327 kJ mol−1.



Fig. 7. The temperature dependence of the Gibbs free-energy change, ΔG. The
filled squares showΔGND(0) and the open squares showΔGNI(0), calculated with
ΔCP,NI fixed at 0 kJ K−1mol−1. The solid lines show ΔGND(3) and the broken
lines show ΔGNI(3), calculated with ΔCP,NI fixed at 3 kJ K−1mol−1.
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The ΔCp,MG–D in this N–MG transition of bovine cyto-
chrome c at pH 3.5 evaluated by IATC was 1.1 kJ K−1mol−1

[22]. This agrees with ΔCp,NI in our study within error.
Potekhin et al. reported that the ΔHMG–D at 40 °C and

ΔCp,MG–D are 160 kJ mol− 1 and 0.65 kJ K− 1mol− 1,
respectively, in the thermal transition of the MG state
stabilized by chloride anion (Cl−) at low pH, as determined
by the two-state model [19]. Hamada et al. reported that the
ΔHMG–D at 40 °C and ΔCp,MG–D are 131 kJ mol−1 and 1.5 kJ
K−1mol−1, respectively, in the thermal transition of the MG
state stabilized by perchlorate anion (ClO4

−) at low pH, as
determined by the two-state model from DSC measurements.
In addition, they reported that the ΔHMG–D at 40 °C and the
ΔCp,MG–D on the salt (NaClO4)-induced transition from D to
MG determined by the two-state model are 169.0 kJ mol−1

and 2.4 kJ K−1mol−1, respectively, from ITC measurements
[21]. These values of the ΔHMG–D and ΔCp,MG–D are smaller
than those estimated in our study. In another report, however,
a CD study found that the thermal transition from the MG
state stabilized by chlorate anion to the D state was not a
two-state transition [20]. Therefore, the thermodynamic
parameters determined by the two-state model should be
reconsidered. Kuroda et al. reported that the ΔHMG–D at
40 °C and ΔCp,MG–D are 183 kJ mol−1 and 4.6 kJ
K−1mol−1, respectively, in the thermal transition of the MG
state stabilized by chloride anion (Cl−) at low pH, as
determined by the three-state model from CD measurements
[20]. The ΔCp,MG–D determined by CD by the three-state
model agrees with the estimation in our study, within error.

4.3.3. The energetic properties of the molten globule-like
intermediate state

Fig. 7 shows the temperature dependence of the Gibbs free-
energy change, ΔG, on the transition from the N to the I and
from the N to the D states. The ΔGND(0) mostly agrees with the
ΔGND(3). On the other hand, the ΔGNI(0) is different from the
ΔGNI(3), especially below 40 °C. The ΔGNI(0) and ΔGND(0) are
22 kJ mol−1 and 41 kJ mol−1 at 15 °C. The ΔGNI(3) and
ΔGND(3) are 9 kJ mol−1 and 45 kJ mol−1 at 15 °C. The Gibbs
free-energy change in the transition from the I to the D states,
ΔGID(0) and ΔGID(0), are 19 kJ mol−1 and 36 kJ mol−1,
respectively, at 15 °C. The MG-like intermediate state in the
thermal transition of horse cytochrome c under native
conditions, such as pH 4.1 and low salt concentration, is
more stable than the denatured state at 20 °C when the fixed
ΔCp,NI is 0–3 kJ K−1mol−1. Latypov et al. reported that ΔGNI

and ΔGND are 8.4 kJ mol−1 and 41.0 kJ mol−1 at 15 °C
determined by the three-state analysis of the GuHCl-induced
N–D transition of cytochrome c using spectroscopic method
[33]. The ΔGNI and ΔGND determined by the three-state
analysis of the GuHCl-induced N–D transition of cytochrome c
mostly agrees those in our study.

In this study, the free energy of the native state, the
molten globule-like intermediate state, and the denatured
state were evaluated under a native condition. The protein
folding mechanism is understood the hierarchical folding
funnel model is divided into two stages (1) stage I, formation
of the molten globule state from the unfolded state with a
large decrease in the conformational entropy; and (2) stage
II, formation of the native state from the molten globule state
[2]. Of course, for folding to proceed correctly, the MG state
must have a lower energy level than the D state, and the N
state must have a lower energy level than the MG state. The
Gibbs free energies of the N, MG, and D states of
cytochrome c evaluated in this study are consistent with
the hierarchical folding funnel model. The structural study of
the equilibrium MG state and the folding intermediate
confirmed that the equilibrium MG state is identical to the
transient intermediate state upon folding [2,4–6]. In this
study, we have found the energetic implication that the
equilibrium MG state is identical to the transient intermediate
on folding.
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