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One of the goals of biophysics is to understand how the
specific three-dimensional conformation of protein is spon-

taneously folded. A hierarchical folding funnel model was proposed
to explain the folding mechanism of small proteins. The equilibri-
um molten globule (MG) state was reported in several globular
proteins, such as cytochrome c and R-lactalbumin.1�5 It was
reported that this equilibrium MG state was identical to the
transient folding intermediate observed in kinetic refolding, mainly
by spectroscopic methods.4�8 Moreover, it has been known that
the intrinsically disordered proteins (IDPs), which have partial
unfolding regions including MG-like structure, have some impor-
tant functions accompanying protein�protein, protein�DNA
or �RNA, and protein�lipid interactions.9�11 Therefore, the
structure and stability of themolten globule state are very important
for understanding the folding, stabilization, and functional mechan-
isms of proteins.

Horse cytochrome c is a small globular protein of 104 residues
with a heme region. Its equilibrium intermediate state was one of
the first examples of acid MG states at low pH with a high
concentration of KCl.1 The equilibrium MG states of cytochrome
cwere reported under special solution conditions, such as a low pH
and a high salt concentration.1,12,13 Ohgushi et al. revealed that (1)
the quantity of the R-helix of the MG state, which we call MG1, is
identical to that of the native (N) state from CD, (2) the MG state
is as compactly folded as the N state from the light scattering
measurements, and (3) on the other hand one-dimensional 1H
NMR spectra of the MG state have the characteristics of the
random coil state, indicating the rigid side chain packing is lost.
Hydrogen-exchangeNMR spectroscopy showed that theMG state
of cytochrome c has strongly protected amide protons in three

major helices (N-terminal, 60s, and C-terminal helices), while
many other amide protons involved in tertiary structure hydrogen
bonds in the N state are only marginally protected in the MG
state.12 The global structure, such as the size and shape, of the MG
state is slightly expanded, but globular as determined by solution
X-ray scattering.14

CD measurements revealed another acid MG state, which we
call MG2, in the thermal transition from MG1 to the D state at a
low pH with a high concentration of KCl.15 The secondary
structure of the MG2 state was identical to that of MG1, and the
tertiary structure of theMG2 state was more disordered than that
of theMG1 state. In a recent study, the ClO4

�-inducedMG state
was observed at a low pHwith a high concentration of ClO4

� at a
low temperature based on CD measurement.16 The far-UV CD
spectra of the ClO4

�-induced MG at low temperature are
identical to those of the N state. On the other hand, the intensity
of near-UV CD of the ClO4

�-induced MG state was more
suppressed than that of theMG1 state, indicating that the tertiary
packing was more disordered.

The alkali MG state of cytochrome c was reported at alkaline
pH with a high salt concentration.17�20 Although the secondary
structure of the alkali MG state was identical to that of N, the
hydrodynamic radius, RH, of alkali MG was ∼20% larger than
that of the N state.

The MG states of cytochrome c were reported under spe-
cial solution conditions, such as an acidic pH and a high salt
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ABSTRACT: To understand the stabilization, folding, and functional mechanisms
of proteins, it is very important to understand the structural and thermodynamic
properties of the molten globule state. In this study, the global structure of the acid
molten globule state, which we call MG1, of horse cytochrome c at low pH and high
salt concentrations was evaluated by solution X-ray scattering (SXS), dynamic light
scattering, and circular dichroism measurements. MG1 was globular and slightly
(3%) larger than the native state, N. Calorimetric methods, such as differential
scanning calorimetry and isothermal acid-titration calorimetry, were used to evaluate the thermodynamic parameters in the
transitions of N to MG1 and MG1 to denatured state D of horse cytochrome c. The heat capacity change, ΔCp, in the N-to-MG1
transition was determined to be 2.56 kJ K�1 mol�1, indicating the increase in the level of hydration in the MG1 state. Moreover, the
intermediate state on the thermal N-to-D transition of horse cytochrome c at pH 4 under low-salt conditions showed the same
structural and thermodynamic properties of the MG1 state in both SXS and calorimetric measurements. The Gibbs free energy
changes (ΔG) for the N-to-MG1 and N-to-D transitions at 15 �C were 10.9 and 42.2 kJ mol�1, respectively.
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concentration,1,12,13 an alkaline pH and a high salt concen-
tration,17�20 a low concentration of denaturant, alcohol, or
surfactant,21�25 and acetylation of the side chain of lysine residues
at low pH.26 The MG state of the mutant yeast cytochrome c was
observed at neutral pH by site-directed mutagenesis to rupture the
hydrogen bond of the two ω-loops.16 Recently, the equilibrium
acid MG state of authentic cytochrome c under a native condition,
in which the native state exists stably at low temperature, has been
indicated in the thermal N-to-D transition of cytochrome c by
precise calorimetry and CD measurement.27

Differential scanning calorimetry (DSC) of the thermal transi-
tion from the acid MG to the D state is one of the best ways to
elucidate the thermodynamic stability of these MG states. While
the MG state of R-lactalbumin exhibits noncooperative thermal
unfolding,28 the acid MG state of cytochrome c shows the
cooperative unfolding transition.27,29,30 The stability of the
MG1 state of cytochrome c at low pH and a high salt concentra-
tion was determined as a balance of electrostatic repulsions
between positive residues, which favor the extended conforma-
tion, and opposing forces such as hydrophobic interactions,
which stabilize the MG state.26

Although the MG1-to-D state transition of horse cytochrome c
was initially explained as a two-state transition on the basis of DSC
and isothermal titration calorimetry (ITC) data,29,30 a circular
dichroism (CD) study later showed that the intermediate state,
MG2, exists in the thermal transition from MG1 to the D state.15

The thermodynamic stability of the MG2 state has not yet been
examined in detail by calorimetry. It was also confirmed that the
alkaliMG shows a cooperative structural transition, such as thermal
unfolding, cold denaturation, or denaturant unfolding.17�20

Although it was difficult to evaluate the transition from the N
state to the MG state by DSC because the enthalpy change was
too small to induce the thermal transition, the pH-induced
transition from the N state to the MG1 state of bovine cyto-
chrome c was clearly evaluated by isothermal acid-titration
calorimetry (IATC).31 This N-to-MG1 transition was explained
well by the two-state transition model. Recently, the MG-like
intermediate state on the thermal N-to-D transition of horse
cytochrome c was observed at pH ∼4 and under low-salt
conditions, called the native conditions, by precise DSC and
CDmeasurements.27 The compactness of the intermediate state,
which is a feature of the MG state, has not been examined
until now.

It is now considered that the equilibrium MG state may
correspond to the late folding intermediate of cytochrome
c.4,7,8 On the other hand, it was confirmed that the alkali MG
state of cytochrome c had off-pathway status.19,20

In this study, the thermodynamic parameters of the thermal
transition from MG1 to the D state of horse cytochrome c at
acidic pH with a high salt condition were evaluated by DSC with
the three-state model that includes MG2. To examine the
thermodynamic properties of MG1 of horse cytochrome c, the
pH-induced N-to-MG1 transition of horse cytochrome c was
evaluated by IATC, although that of bovine cytochrome c was
already reported previously by us.31 Additionally, the structural
properties of the MG1 state and ClO4

�-induced MG state were
evaluated by CD and solution X-ray scattering (SXS) measure-
ments. Moreover, the structural properties of the MG-like
intermediate state on the thermal N-to-D transition of horse
cytochrome c at pH ∼4 and a low ionic strength were examined
via analysis of the temperature dependence of the SXS data using
the thermodynamic parameters from DSC.

’MATERIALS AND METHODS

Cytochrome c Solution. Lyophilized powder of horse cyto-
chrome c (c-2506; Sigma, St. Louis, MO) was dissolved in buffer.
This protein solution was dialyzed with a Spectra/Por dialysis
membrane (132660; Spectrum Laboratories, Rancho Domin-
guez, CA), with a molecular mass cutoff of 6�8 kDa, at 4 �C for
∼1 day against 1�2 L of buffer. The protein solution was
ultrafiltered with a MolCut ultra filter unit (USY-20; Advantec,
Tokyo, Japan), with a molecular mass cutoff of 0.2 MDa, to
remove any aggregation that may have been produced during the
dialysis. The concentration of horse cytochrome c was deter-
mined with a UB-35 spectrophotometer (Jasco, Tokyo, Japan)
using an extinction coefficient (ε409) of 10.6 � 104 M�1 cm�1.
Circular Dichroism Spectroscopy. Circular dichroism (CD)

experiments were performed with a J-720 spectropolarimeter
(Jasco) with 2 mm and 1 cm path-length quartz cells in the
temperature range of 5�95 �C. The experiments were per-
formed with 0.07�0.45 mg mL�1 protein solutions. The cell
temperature was controlled with a PTC-343W temperature
control unit (Jasco). The CD spectra of cytochrome c were
recorded in the far-UV region (210�255 nm), near-UV region
(270�330 nm), and Soret region (370�440 nm), in the same
way as in the previous study.13

The temperature dependencies of the molar ellipticity, [θ], at
222 and 282 nm were measured from 5 to 95 �C using a heating
rate of 1 Kmin�1. The buffer solutions used in these experiments
were 50 mM glycine buffer and 500 mM KCl (pH 1.5). The
normalized CD ([θ]nor) was calculated by

½θ�norðTÞ ¼ ½θ�ðTÞ � ½θ�NðTÞ
½θ�DðTÞ � ½θ�NðTÞ

ð1Þ

where [θ]N and [θ]D represent the molar ellipticity of the native
and denatured states determined from the baselines of the pre-
and post-transition, respectively, by linear least-squares fitting of
eq 2 in the low-temperature range for the native state and in the
high-temperature range for the denatured state.

½θ�i ¼ AiðT � T0Þ þ Bi ð2Þ
where T0 was fixed to 273.15 K in this analysis.
To examine the theoretical fitting curves, we analyzed the

normalized CD ([θ]nor) at 222 and 282 nm simultaneously with
the three-state transition model using the equation

½θ�nor ¼ ½θ�NfN þ ½θ�IfI þ ½θ�DfD ð3Þ
where [θ]N, [θ]I, and [θ]D are the molar ellipticities of the native
(N), intermediate (I), and denatured (D) states of cytochrome c,
respectively. [θ]N, [θ]I, and [θ]D at 222 and 282 nm were
evaluated by this analysis as a fitting parameter. fN, fI, and fD were
the mole fractions of the N, I, and D states of cytochrome c,
respectively, examined by DSC measurements. The temperature
dependencies of [θ]N, [θ]I, and [θ]D at 222 and 282 nm were
assumed to have linear functions.
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
measurement.31,32 Here the experiments were performed with
a 0.5 mg/mL cytochrome c solution of 500 mM KCl. The HCl
titration was measured with an isothermal titration calorimeter,
the ITC unit of MCS (MicroCal, Piscataway, NJ) with a cell
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volume of 1.368 mL. The titration was conducted via injections
of 2, 5, and 10 μL of a 20�400 mMHCl solution in 500mMKCl
by using a 250 μL syringe. A control experiment was performed
with the reference solution, a 500 mM KCl solution. The pH of
the HCl titration was measured by using a glass electrode and an
F23 pH meter (Horiba, Kyoto, Japan). The solution used for the
pH measurements was identical to that used for the calorimetric
measurements. The temperature of the titration vessel for pH
measurement was kept constant in a handmade glass bath with
circulating water from a VM-150 thermostated water bath
(Advantec, Tokyo, Japan). IATC experiments were performed
at 16, 17.5, 20, 22.5, and 25 �C. Each enthalpy function at all
temperatures was analyzed by the two-state global fitting method
reported previously.31 The fitting parameter [(∂ΔCp)/(∂pH)]
can be fixed to zero to fit all the experimental data within the
experimental error.
Differential Scanning Calorimetry. Differential scanning

calorimetry (DSC) experiments on cytochrome c were per-
formed with a VP-DSC highly sensitive differential scanning
calorimeter (MicroCal). The experiments were performed using
a 1.0 mg mL�1 cytochrome c solution in 50 mM glycine buffer
with 200, 300, 400, 500, and 600 mM KCl (pH 2.5). Before each
experiment, 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). DSC experiments were conducted at
a scanning rate of 1 K min�1. In all samples, the transition was
reversible, as demonstrated by repeated scans of the same
sample. The heat capacity functions were analyzed by the non-
linear least-squares method with the three-state model reported
previously.32�34 In this study, ΔCp,MG1�D and ΔCp,MG1�MG2

were used as fixed parameters to reduce the degrees of freedom of
fitting.ΔCp,MG1�D was fixed to 3.6 kJ K�1 mol�1 as described in
pH-Induced Transition from the N State to the MG1 State of
Horse Cytochrome c Evaluated by Isothermal Acid-Titration
Calorimetry.ΔCp,MG1�MG2 was fixed to 0 kJ K

�1 mol�1 as a first
assumption.
Solution X-ray Scattering. Solution X-ray scattering (SXS)

measurement was performed using the method reported
previously.35 SXS experiments were conducted at beamlines
BL10C of the Photon Factory at KEK and BL40B2 of SPring-8
at JASRI in Japan. The SXS profiles were measured with a flow cell
through which all of the sample solution was allowed to flow at a
rate of 3 μL s�1. The measurement time was 10 min. The X-ray
wavelengths were 0.1488 nm (BL10C, Photon Factory) and
0.1 nm (BL40B2, SPring-8). The sample-to-detector distances
were∼0.8m (BL10C, Photon Factory) and 1m (BL40B2, SPring-8).
The scattering angle was calibrated with the position of layers
from the collagen fiber. The temperature of the cell holder was
controlled at 10�85 �C via circulation of temperature-controlled
water from a thermostat water bath. The temperature of the sample
cell was measured with a thermocouple that contacted the sample
cell. Protein concentrations were varied from 0 to 17 mg mL�1 at
pH 2.5, 4, and 7 with or without salt, KCl, or NaClO4. The sample
and reference solutions were degassed for several minutes by
aspiration with a membrane pump and by sonication simulta-
neously with the sonication device. To examine the thermal
transition of cytochrome c at pH 4, we performed the SXS
experiments at several temperatures (22.1�84.4 �C) with a 10
mg mL�1 cytochrome c solution. The SXS profiles were extra-
polated to infinite dilution using the SXS profiles of 0�17
mg mL�1 protein solutions at 21.0, 68.4, and 84.7 �C.

The SXS profile was analyzed by the method reported
previously.35 When the protein concentration, c, is sufficiently
low for the effect of the spatial correlation between protein
molecules to be negligible, the SXS profile for the protein
[I(K,c)] is represented by the equation

IðK, cÞ ¼ ~KMðΔzÞ2InðKÞ ð4Þ
where M is the molecular mass of the protein. K is the absolute
value of the scattering vector defined as K = (4π/λ) sin(θ/2),
where λ is the wavelength of the incident X-ray and θ is the
scattering angle. K~ is a constant defined by the Thomason factor,
Avogadro's number, the detector distance, the thickness of the
sample, and the intensity of the incident X-ray. The function
In(K) is the normalized scattering factor of the protein, where
In(0) = 1.
The quantity Δz is the excess number of electrons per unit

weight of the protein defined by the equation

Δz ¼ z� Fνp ð5Þ
where z is the number of electrons per unit weight of the protein,
F is themean number density of electrons in the solvent, and νp is
the partial specific volume of the protein. The SXS profile
extrapolated to infinite dilution, I(K), is evaluated from a series
of scattering data of the different protein concentrations.
In this study, the SXS profiles of the thermal transition of

cytochrome c at pH 4 were analyzed with the three-state model.
The SXS profile as a function of temperature is represented by
the equation

IðK,TÞ ¼ ~KM∑
i
fiðTÞ½ΔziðTÞ�2In, iðKÞ ð6Þ

where fi(T) and Δzi(T) show the temperature functions of the
mole fraction and Δz of each state, respectively: the native (N),
intermediate (I), and denatured (D) states of cytochrome c. fi(T)
was determined by DSC measurements. In this study, it was
assumed that the In(K) of each state was independent of
temperature. It was confirmed that the In(K) of the native state
of cytochrome c was independent of temperature (see Figure 6).
The mean squared radius, Rsq, and the forward scattering
intensity, I(0), of the native state and the molten globule state
of proteins are determined by the Guinier analysis from the SXS
profile. Those values of the denatured states of proteins are
determined from the SXS profile by Debye analysis. Distance
distribution functions, P(r), were calculated with GNOM.36

Density Measurement. All densities of the solutions were
measured at 25 �C by using a DMA5000 high-precision vibra-
ting tube densimeter (Anton Paar). Air and pure water were
used in the calibration of the densimeter as indicated by the
manufacturer.
The partial specific volume (νp) of the protein was calculated

by using the following equations

ds ¼ 1
νs

ð7Þ

νs ¼ ðνp � νbÞfp þ νb ð8Þ
where ds is the density of the solution, νs, νb, and νp are the
specific volumes of the solution and buffer and the partial specific
volume of the protein, respectively, and fp is the mass fraction of
the protein. The density was measured with a 0�10 mg mL�1

protein solution.
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Dynamic Light Scattering Measurement. Dynamic light
scattering (DLS) measurements were performed by using a
Zetasizer NanoZS (Malvern Instruments).37 The DLS measure-
ments were performed at 15 �C with 1�2 mg mL�1 protein
solutions. All samples were filtered through a 0.22 μm pore size
membrane before the measurements. The hydrodynamic radii
(RH) of the N state (pH 4) and MG1 (pH 2.5, 200 mM KCl) of
cytochrome c were calculated using the Einstein�Stokes relation.

’RESULTS

CD Measurements of the Acid Molten Globule State
of Cytochrome c. Figure 1 shows the CD spectra of the N
(pH 4.0 and 15 �C), MG1 (pH 2.5, 200 mM KCl, and 15 �C),

ClO4
�-induced MG (pH 2.5, 80 mM NaClO4, and 15 �C), and

D (pH 4.0 and 95 �C) states. In the far-UV region, the CD
spectra of the MG1 state and the ClO4

�-induced MG state agree
almost totally with that of the N state, indicating that the R-helix
contents of MG1 and ClO4

�-induced MG are identical with that
of the N state.
In the near-UV region, the CD spectra of the N state show two

negative peaks, at 282 and 289 nm, derived from the side chain
packing of the tryptophan residue of the protein molecule. These
two peaks disappear in theCD spectra of theD state, indicating that
this side chain packing of tryptophan residue was lost in theD state.
Although the near-UV CD spectra of MG1 and ClO4

�-induced
MG are close to that of N, there are clear distinctions between that
of N and those of these MG states. The results indicate that the

Figure 1. CD spectra of far-UV (A), near-UV (B), and Soret (C) regions of horse cytochrome c. Thin lines show the CD spectra of the N state (pH 4.0 and
15 �C). Thick lines and dashed lines show theCD spectra ofMG1 (pH2.5, 200mMKCl, and 15 �C) andClO4

�-inducedMG(pH2.5, 80mMNaClO4, and
15 �C), respectively. Empty circles show the CD spectra of the D state (pH 4.0 and 95 �C).

Figure 2. Temperature dependence of normalized CD at 222 nm (9)
and 282 nm (O) in the transition from the MG1 state to the D state of
horse cytochrome c at pH 2.5 in 500 mM KCl. Solid lines show the
theoretical fitting curves calculated by three-state analysis using thermo-
dynamic parameters from DSC measurements.

Figure 3. Guinier plots of several states of cytochrome c: (O)N (pH 7.0
and 25 �C), (b) MG1 (pH 2.5 and 200 mM KCl), (0) ClO4

�-induced
MG (pH 2.5 and 80mMNaClO4), and (þ)D (pH 4.0 and 85 �C). Solid
lines show the theoretical profiles obtained from the least-squares fit of
the Guinier and Debye formulas to the experimental ones.
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specific side chain packing of the tryptophan residue of the MG1
and ClO4

�-induced MG state remains, but the order of the
structure is more reduced than that of the N state. This also
indicates that the specific side chain packing of the tryptophan
residue of the ClO4

�-induced MG is more disordered than that of
the MG1 state.
In the Soret region, theCD spectrumof theN state shows a large

negative peak of the Cotton effect at 416 nm, derived from the
interactions between Met-80 and the heme region.16 This negative
peak at 416 nm disappears in the CD spectra of the MG1, ClO4

�-
inducedMG, and D states, indicating that the interactions between
Met-80 and the heme regionwere lost in theMG1, ClO4

�-induced
MG, and D states. These results for the CD spectra agree closely
with those of the previous report.13

Figure 2 shows the temperature dependence of the normalized
CD at 222 and 282 nm in the thermal transition of horse
cytochrome c at pH 2.5 in 500 mM KCl. The normalized CD
at 282 nm increased over a lower temperature range than that at
222 nm. This discrepancy indicates the existence of at least one
intermediate state (MG2) in the thermal MG1-to-D transition of
horse cytochrome c. This is consistent with a previous report.15

The theoretical fitting curves were calculated on the basis of the
thermodynamic parameters from DSC measurement, which are
shown later. They agreed with the measurement data very well.
This indicated that the thermodynamic parameters of the three-
state model are consistent with the CD data in this figure.
SolutionX-ray ScatteringProfile of theAcidMoltenGlobule

State of Cytochrome c at Low pH and a High Anion Concen-
tration.Guinier plots of the SXS profile give the forward scattering
intensity, I(0), and the mean square radius, Rsq, which is clear
information about the size or compactness of the protein molecule
in solution. Figure 3 shows the Guinier plots of SXS profiles in the
N (pH 4.0 and 21 �C), MG1 (pH 2.5, 200 mM KCl, and 12 �C),
ClO4

�-induced MG (pH 2.5, 80 mMNaClO4, and 12 �C), and D
(pH 4.0 and 85 �C) states of cytochrome c. In the appropriate K
range (for the N andMG states,KRsq < 1.1; for the D state,KRsq <
2.0), all experimental data were approximated well by the fitting
curves.
The I(0) and Rsq values of horse cytochrome c are listed in

Table 1. The Rsq values of the N state at pH 4.0 and 7.0 are

identical within experimental error, indicating that the solvent pH
does not influence the Rsq of the N state. The Rsq of the MG1 state
at pH 2.5 in 200 mM KCl and that in 500 mM KCl almost agree.
The Rsq of MG1 is almost identical to that of the N state of
cytochrome c. In particular, this indicates that MG1 is slightly (3%)
larger than the N state. The Rsq of ClO4

�-induced MG is also
slightly (10%) larger than those of the N and MG1 states, but far
smaller than that of the D state. The forward scattering intensities
[I(0)] of MG1 and ClO4

�-induced MG states are different from
that of theN state. This difference in the I(0) of each state is related
to the excess number of electrons per unit weight of the protein,Δz,
shown as eq 4. TheΔz is defined by the partial specific volume, νp,
and the mean number density of electrons in the solvent, F, shown
as eq 5. F is calculated from the density of the buffer solution, db.
The νp and db values of the N, MG1, and ClO4

�-induced MG
states are listed in Table 1. The difference in I(0) between the N
and MG1 states can be explained by the large difference in the db
values of theN andMG1 states. On the other hand, themain factor
in the difference in I(0) between the N state and the ClO4

�-
induced MG state is the νp of ClO4

�-induced MG, which is
remarkably smaller than that of the N state.
Figure 4 shows the Kratky plots of cytochrome c in the N (pH

4.0 and 21 �C), MG1 (pH 2.5, 200 mM KCl, and 12 �C), ClO4
�-

inducedMG (pH2.5, 80mMNaClO4, and 12 �C), andD (pH 4.0
and 85 �C) states. The Kratky plots of the N, MG1, and ClO4

�-
induced MG states clearly showed the globular pattern. In parti-
cular, the Kratky plots of the N and MG1 states agreed closely.
Figure 5 shows the distance distribution functions, P(r), of the N,
MG1, and ClO4

�-induced MG states. The I(0), Rsq, and Dmax

values are listed in Table 1. The I(0) and Rsq from P(r) function
analysis almost agree with those from Guinier analysis. The SXS
profiles indicate that the global structure, the shape and size,
of MG1 is almost identical to that of the N state. They also
indicated that the ClO4

�-induced MG state is a compact globular
conformation and that the ClO4

�-induced MG state is slightly
larger than the N and MG1 states.
The hydrodynamic radii (RH) of the N and MG1 states of

cytochrome c were evaluated by DLS measurements. The RH
values of theN andMG1 states were 1.87 and 1.92 nm, respectively

Table 1. Forward Scattering Intensities [I(0)] andMean Square Radii (Rsq) of Horse Cytochrome c Evaluated by SXS and Partial
Specific Volumes (νp) and Densities of the Solvent (db) Determined by Density Measurements at 25 �C

pH salt concentration (mM) T (�C) I(0)a,b Rsq
b (nm) I(0)a,c Rsq

c (nm) Dmax
c (nm)

7.0 � 25.7 1.00( 0.01 1.49( 0.02 1.00( 0.01 1.43( 0.01 3.7

4.0 � 21.0 1.000( 0.004 1.48( 0.01

4.0 � 84.7 0.90( 0.04 2.9( 0.2

2.5 200 mM KCl 12.4 0.86( 0.01 1.52( 0.01 0.85( 0.01 1.48( 0.03 4.3

2.5 500 mM KCl 12.4 0.71( 0.01 1.49( 0.01

2.5 80 mM NaClO4 12.5 1.20( 0.01 1.61( 0.01 1.17( 0.01 1.56( 0.02 4.6

pH salt concentration (mM) νp (mL g�1) db (g mL
�1)

7.0 � 0.72( 0.02 (1.004884 ( 1) � 10�6

4.0 � 0.740 ( 0.002

4.0 �
2.5 200 mM KCl 0.74( 0.02 (1.008413 ( 1) � 10�6

2.5 500 mM KCl 0.73 ( 0.02 (1.022207 ( 1) � 10�6

2.5 80 mM NaClO4 0.680( 0.001 (1.006592 ( 1) � 10�6

aThe forward scattering intensity, I(0), is normalized by I(0) at pH 7.0. b I(0) and Rsq evaluated via Guinier analysis.
c I(0), Rsq, and Dmax evaluated via

P(r) function analysis.
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(listed inTable 2). These indicate that a hydratedmolecule ofMG1
is slightly (3%) larger than that of the N state.
Solution X-ray Scattering Profile of the Molten Globule

State of Cytochrome cObserved as an Intermediate State on
the Thermal N-to-D Transition at pH 4 and a Low Salt
Concentration. Figure 6 shows the temperature dependence
of the Kratky profiles of a 10 mg mL�1 cytochrome c solution in
the thermal transition from the N state to the D state. The Kratky
profiles of cytochrome c at 21.1�39.2 �C agree very well. In the
temperature range of 21.1�39.2 �C, the N state of cytochrome c
exists stably.27 This indicated that the temperature dependencies
of the Kratky profiles of the N state were small. The Kratky
profiles of cytochrome c at 21.1�66.1 �C exhibit a globular
pattern. On the other hand, the Kratky profile at 84.4 �C exhibits
the chain pattern.
The SXS profiles were extrapolated to infinite dilution with the

SXS profiles of 0�17 mg/mL protein solutions at 21.0, 68.4, and
84.7 �C. The mole fraction of the N state at 21.0 �C and that of

the D state at 84.7 �C were almost 1.27 The mole fractions of the
N, I, and D states at 68.4 �C were 0.29, 0.53, and 0.18,
respectively. The SXS profiles of the I state were extracted from
the profiles at 68.4 �C via analysis using thermodynamic para-
meters from the DSC measurements previously reported.27

Figure 7 shows the Kratky profiles of each state of cytochrome c.
The Kratky profile was divided by I(0) for normalization. The
Kratky profiles of the N and I states show the typical globular
pattern. On the other hand, the Kratky profiles of the D state show
the chain pattern.
The height of the Kratky profile of the I state was slightly lower

than that of the N state. This discrepancy is for I(0) of the I state.
I(0) of the I state was larger than that of the N state. The ratio of
I(0) of the N and I states {[I(0)I]/[I(0)N]} is 1.13. This suggested
that the intermolecular interaction of the I state was not neglected
under this measurement condition as discussed later. On the other
hand, the shape of the Kratky profile of the I state was almost
identical to that of the N state, suggesting that this intermediate
state had a compactly globular structure like that of the N state.
pH-Induced Transition from theNState to theMG1State of

Horse Cytochrome c Evaluated by Isothermal Acid-Titration
Calorimetry. Figure 8 shows the enthalpy function of pH in the
transition from the N state to theMG1 state of horse cytochrome c
in 500 mM KCl at 16�25 �C. Each enthalpy functions at all
temperatures analyzed by the two-state global fitting method. The
theoretical fitting curves well explained each experimental enthalpy
function. The thermodynamic parameters at 20 �C in the pH-
induced transition from the N state to the MG1 state are listed in
Table 3. The ΔCp,N�MG1 was evaluated to be 2.56( 0.02 kJ K�1

mol�1 by the temperature dependence of the enthalpy change from
DSC and IATC measurements (described later). Heat capacity
changeΔCp,N�D in the thermal transition from theN state to theD
state is 6.2( 0.1 kJ K�1 mol�1.27 Therefore, heat capacity change
ΔCp,MG1�D in the transition from the MG1 state to the D state is
estimated to be 3.6 kJ K�1 mol�1.
Thermal Transition from the MG1 State to the D State

of Cytochrome c Evaluated by Differential Scanning Calorim-
etry. Figure 9A shows the temperature dependence of the partial
molar heat capacity of cytochrome c at pH 2.5 in 200�600 mM

Figure 5. Distance distribution functions, P(r), of several states of
cytochrome c: (thin line) N (pH 7.0 and 25 �C), (thick line) MG1 (pH
2.5, 200 mM KCl, and 12 �C), and (dotted line) ClO4

�induced-MG
(pH 2.5, 80 mM NaClO4, and 12 �C).

Figure 4. Kratky profiles of several states of cytochrome c: (thin line) N
(pH 7.0 and 25 �C), (thick line) MG1 (pH 2.5, 200 mM KCl, and
12 �C), (dotted line) ClO4

�-inducedMG (pH 2.5, 80 mMNaClO4, and
12 �C), and (þ) D (pH 4.0 and 85 �C).

Figure 6. Kratky profiles of a 10 mg mL�1 cytochrome c solution at pH
4 from 21.1 to 84.4 �C.
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KCl. The endothermic peak was observed in all heat capacity
functions. When the concentration of KCl was increased, the
endothermic peak shifted to a higher value. The thermal transition
from the MG1 state to the D state of cytochrome c was described
by the three-state model that includes the intermediate state,
MG2.15 In this study, DSC profiles were analyzed by nonlinear
least-squares fitting with two- and three-state models.
Figure 9B shows the DSC profile of cytochrome c at pH 2.5

and 500mMKCl and theoretical fitting curves by two- and three-
state analyses. The theoretical fitting curve of three-state analysis
explained the experimental data very well. On the other hand, the
systematic discrepancy between the experimental and theoretical
curves remained clear.
As shown in Figure 9A, the theoretical curves calculated with

the three-state model explained the experimental heat capacity
function in all cases, from 200 to 600 mM KCl. The thermo-
dynamic parameters, such as the midpoint temperature (Tm), the
heat capacity change (ΔCp), and the enthalpy change (ΔH), are
listed in Table 4. In this study, the nonlinear least-squares fitting
with the three-state model was performed with ΔCp,MG1�D and
ΔCp,MG1�MG2 as fixed parameters to reduce the degrees of

freedom of the fitting.ΔCp,MG1�D was fixed to 3.6 kJ K�1 mol�1

as described above.ΔCp,MG1�MG2 was fixed to 0 kJ K
�1 mol�1 as

the first assumption in Table 4. It was confirmed that the fitting
curves could explain measurement data without large residuals
when ΔCp,MG1�MG2 was fixed to 0�2.5 kJ K�1 mol�1.
Figure 10 shows the temperature dependence of the mole

fraction of each state in the thermal transition of cytochrome c at
pH 2.5 in 200, 400, and 600 mM KCl. At all KCl concentrations,
MG2 was observed at around Tm,MG1�D. The maximal mole
fractions of MG2 in 200, 400, and 600 mM KCl were 0.21, 0.40,
and 0.43, respectively.
Table 4 lists the thermodynamic parameters of the thermal

transition from theMG1 state to the D state of horse cytochrome
c at pH 2.5 and 200�600 mM KCl by DSC. ΔHMG1�MG2 and
ΔHMG1�D at 0 mM KCl were extrapolated from ΔHMG1�MG2

and ΔHMG1�D at 200�600 mM KCl are listed in Table 5.

’DISCUSSION

Structural Properties of the MG1 State of Horse Cyto-
chrome c.Table 2 lists the structural properties of theMG1 state
and the ClO4

�-induced MG state of horse cytochrome c at low
pH and high anion concentrations. The CD spectra showed that

Figure 8. Enthalpy functions of pH evaluated by isothermal acid-
titration calorimetry (IATC). Enthalpy functions of cytochrome c in
the transition from theN state to theMG1 state at ([) 16, (4) 17.5, (2)
20, (O) 22.5, and (9) 25 �C. Solid lines show the theoretical fitting
curves and baselines of the N and MG1 states calculated by the global
fitting method.31

Table 2. Structural Properties of Different Conformational States of Cytochrome c

state [θ]222 (deg cm
2 dmol�1) troughs of CD (280�300 nm) chemical shift dispersiona

Nb �9731 distinct large

MG1c �10728 weak small

ClO4
�-induced MGd �9969 very weak

De �4452 none small

state global structure from Kratky profile Rsq (nm) RH (nm) from DLS analysis

Nb globular 1.48( 0.01 1.87( 0.01

MG1c globular 1.52( 0.01 1.93( 0.03

ClO4
�-induced MGd globular 1.61( 0.01

De chain 2.9( 0.2
aChemical shift dispersion of one-dimensional 1H NMR spectra of Ohgushi et al.1 bAt pH 4.0. cAt pH 2.5 in 200 mM KCl. dAt pH 2.5 in 80 mM
NaClO4.

eAt pH 4.0 and high temperatures.

Figure 7. Kratky profiles of cytochrome c at pH 4, which was extra-
polated to infinite dilution. The black line, empty circles, and pluses
show the Kratky profiles of cytochrome c at 21.0 (N), 68.4, and 84.7 �C
(D), respectively. The red line shows the estimated Kratky profile of the
I state by the analysis of the SXS profile at 68.4 �C as described in
Materials and Methods. Blue and green lines show the Kratky profiles of
the MG1 (pH 2.5, 200 mM KCl, and 12 �C) and ClO4

�-induced MG
(pH 2.5, 80 mM NaClO4, and 12 �C) states of cytochrome c,
respectively.
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the R-helix content of the MG1 state (pH 2.5 and 500 mM KCl)
and the ClO4

�-induced MG state are identical to that of the N
state. On the other hand, the side chain packing of tryptophan
residues and the heme region of the MG1 state is more
disordered than that of the N state. These results were consistent
with those of previous reports.1,13 Ohgushi et al. showed one-
dimensional 1HNMRmeasurements of MG1 and suggested that
the specific side chain packings of the aromatic residues of the

MG1 state are more disordered than that of the N state, and that
the fluctuation of the MG1 state is greater than that of the N
state.1

The Kratky profile of the MG1 state (pH 2.5, 200 mM KCl,
and 12 �C) was identical to that of the N state (pH 4.0 and
21 �C). The Rsq of MG1 is slightly (3%) larger than that of the N
state. This strongly suggested that the global structure, the shape
and size, of MG1 is almost identical to that of the N state. These
results were consistent with the results of the hydrodynamic
radius determined by DLS (Table 2).
Kataoka et al. reported the SXS profile of the acid MG states of

several proteins, including horse cytochrome c, for the first
time.14 They reported that the Kratky profile of the MG state

Figure 9. Temperature dependence of the partial molar heat capacity of
cytochrome c at pH 2.5. (A) Temperature dependence of the partial
molar heat capacity of cytochrome c at pH 2.5 in 200 (9), 300 (O), 400
(2), 500 (4), and 600 mM KCl ([). Solid lines show the theoretical
fitting curves calculated by three-state transition analysis. (B) Tempera-
ture dependence of the partial molar heat capacity of cytochrome c at pH
2.5 in 500 mM KCl (9). Dashed and solid lines show the theoretical
fitting curves by two-state and three-state analyses, respectively.

Table 4. Thermodynamic Parameters in the Thermal Tran-
sition from the MG1 State to the D State of Horse Cyto-
chrome c at pH 2.5 by DSC

[KCl] (mM) transition Tm (�C) ΔCp (kJ K
�1 mol�1)ΔH (kJ mol�1)

200 MG1-to-MG2 52( 9 0.0 (fixed) 71( 40

200 MG1-to-D 44( 1 3.6 (fixed) 179( 20

300 MG1-to-MG2 51( 6 0.0 (fixed) 69( 30

300 MG1-to-D 48( 2 3.6 (fixed) 181( 20

400 MG1-to-MG2 46( 5 0.0 (fixed) 74( 15

400 MG1-to-D 49( 1 3.6 (fixed) 186( 15

500 MG1-to-MG2 53( 2 0.0 (fixed) 88( 13

500 MG1-to-D 52.6( 0.7 3.6 (fixed) 190( 13

600 MG1-to-MG2 46( 4 0.0 (fixed) 82( 11

600 MG1-to-D 52( 1 3.6 (fixed) 194( 9

Table 3. Thermodynamic Parameters in the pH-Induced Transition from the N State to the MG1 State of Horse Cytochrome c at
20 �C by IATC

pHd,N�MG1 ΔνN�MG1 ΔHN�MG1 (kJ mol�1)

3.56 ( 0.04 1.8 ( 0.1 20 ( 2

(∂ΔHN�MG1)/(∂pH) (kJ mol
�1 pH�1) ΔCp,N�MG1 (kJ K

�1 mol�1) (∂ΔCp,N�MG1)/(∂pH) (kJ K
�1 mol�1 pH�1)

�15 ( 2 3.1 ( 0.4 0 (fixed)

Figure 10. Temperature dependence of the mole fraction of the MG1,
MG2, and D states of cytochrome c at pH 2.5 in 200 (A), 400 (B), and
600 mMKCl (C). Thin, thick, and dashed lines show the mole fractions
of the MG1, MG2, and D states, respectively.
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(pH 2.0, 500 mM NaCl, and 20 �C) of horse cytochrome c
showed a globular pattern but differed from that of the N state
(pH 7 and 20 �C). They reported that the Rsq values of the N,
MG, and D (pH 2) states at 20 �C were 1.35, 1.74, and 2.42 nm,
respectively. These values were slightly different from those in
our study. Although the reason for this discrepancy is not clear,
one possibility is the discrepancy in the experimental conditions
between the experiments. The experiments were performed at
10 �C in our study and 20 �C in the previous study. In DSC
experiments, the MG2 state was observed slightly at 20 �C and
500mMKCl. Thus, themixture of theMG1 andMG2 states may
have been measured in the previous study. Another possibility
was the slight differences in the analytical methods between these
studies, especially the extrapolating method of the SXS profile to
an infinite dilution.35

The SXS profiles of the ClO4
�-induced MG state (pH 2.5,

80 mMNaClO4, and 12 �C) showed that the ClO4
�-inducedMG

state also had a compact globular structure. However, the Kratky
profile of the ClO4

�-induced MG state was clearly different from
those of the N andMG1 states. The peak of the Kratky profile was
shifted to a low-angle region. The Rsq of the ClO4

�-induced MG
state is larger than that of the N state by 10%.
In our previous study, the MG-like intermediate state, which

had nativelike R-helical content and a disordered tertiary struc-
ture, was observed on the thermal N-to-D transition of horse

cytochrome c by DSC and CD measurements.27 The extracted
Kratky profile of this intermediate (I) state showed a compact
globular pattern indicating that the I state was the molten
globule state.
The Kratky profile was divided by I(0) to normalize the profile.

Because the I(0) of the I state was larger than that of the N state,
the height of the Kratky profile of the I state was slightly lower than
that of the N state. There is a possibility that the intermolecular
interaction, such as aggregation of the I state, occurred in SXS
measurements. If aggregation of the I state occurred, the apparent
I(0) became larger than the true I(0) value. Therefore, the I(0)
and Rsq values of the I state in this thermal transition were not
evaluated precisely for the aggregation in this study. There is
another possibility that the large I(0) of the I state may be
interpreted by the excess hydration in the I state. It was reported
that the I(0) of the kinetic intermediate state upon folding was
larger than that of the N state by more protein hydration.38,39

Therefore, the difference in the height of the Kratky profile of the I
and N states was insignificant in this study. On the other hand, the
influence of aggregation on the shape of theKratky profile over this
K range was not so large because the amounts of aggregation were
very small. The shape and position of the peak of the Kratky profile
of the I state were almost the same as those of the N and MG1
states. These were clearly different from the shape of the Kratky
profile of the ClO4

�-induced MG state. This suggested that this
intermediate state of the thermal N-to-D transition at pH 4 had
structural properties similar to those of the MG1 state.
The hydrodynamic radii (RH) of the N state and the alkali

molten globule state determined by pulsed-field-gradient NMR
diffusion measurements were reported.19 The RH of the alkali
molten globule is 20% larger than that of theN state. In our study,
the RH values of the N and MG1 states were determined to be
1.87 and 1.93 nm, respectively. The RH of the N state was
consistent with the previous report.19 The RH of theMG1 state is
slightly (3%) larger than that of the N state in our study. It was
consistent with the SXS results and the previous light scattering
results.1 It was suggested that the molecular size, including the
hydration of MG1, was close to that of the N state, in contrast to
the case of the alkali molten globule state.

Table 5. Thermodynamic Parameters of the Thermal Tran-
sitions of Cytochrome c at 50 �C and pH 2.5

N S MG1 MG1 S MG2 MG2 S D

ΔH (kJ mol�1) 113 ( 3 63 ( 16a 107 ( 16a

ΔCp (kJ K
�1 mol�1) 2.56 ( 0.02 0�2.5 1.1�3.6

aThermodynamic parameters extrapolated at 0 mM KCl.

Figure 11. Temperature dependence of the enthalpy change in the
structure transition of horse cytochrome c examined by DSC and IATC.
Filled squares show the ΔH values of the N-to-D transition of horse
cytochrome c at pH 4 examined by DSC.27 The filled triangle shows the
ΔH of the N-to-D transition examined by IATC.27 Empty squares show
the ΔH values of the N-to-I transition of horse cytochrome c at pH 4
examined by DSC.27 Empty triangles show the ΔH values of the N-to-
MG1 transition of horse cytochrome c at pH 2.5 in 500 mM KCl
examined by IATC. Solid lines show the linear fitting curves of IATC
and DSC results.

Figure 12. Temperature dependence of the Gibbs free energy change,
ΔG, of cytochrome c at pH 4 examined by DSC27 with ΔCp,NI fixed at
2.56 kJ K�1 mol�1. Solid and dashed lines show ΔGN�D and ΔGN�I

values, respectively.
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Thermodynamic Parameters of the Transition from the N
State to the MG1 State of Horse Cytochrome c. The transitions
from the N state to the MG1 state of horse cytochrome c were
directly observed by isothermal acid-titration calorimetry (IATC)
in 500 mMKCl at 16�25 �C. TheΔH at 20 �C and theΔCpwere
20 kJ mol�1 and 3.1 kJ K�1 mol�1, respectively. This property of a
small enthalpy change in the N-to-MG1 transition was consistent
with the ΔH of bovine cytochrome c evaluated by IATC reported
previously.31 The ΔCp of the N-to-MG transition of bovine
cytochrome c was determined to be 1.1 kJ K�1 mol�1 by global
fitting at 20�35 �C. Previous data included not only theN-to-MG1
transition but also the N-to-MG2 transition because theMG2 state
existed stably at 35 �C. In this study of horse cytochrome c, the
experiments were performed at 16�25 �C to evaluate the N-to-
MG1 transition precisely. Of course, this discrepancy was also due
to the difference between bovine and horse cytochrome c.
Figure 11 shows the temperature dependence of ΔH of horse

cytochrome c byDSC and IATC.TheΔCp of theN-to-D transition
was determined to be 6.2 kJ K�1 mol�1 by DSC and IATC data.27

TheΔH of theN-to-MG1 transition determined by IATC and that
of the N-to-I transition determined by DSC27 are plotted simulta-
neously in Figure 11. The SXS experiments suggested that the
intermediate state of the thermal N-to-D transition at pH 4 had
MG1 state-like structure. The ΔH values of the N-to-MG1 and
N-to-I transitions were analyzed simultaneously by linear fitting.
The linear fitting curve explained theN-to-MG1 transition verywell.
The ΔCp of the N-to-MG1 transition was determined to be 2.56
kJ K�1 mol�1. ThisΔCp value was consistent with theΔCp,N�MG1

from IATC and the previous estimation of ΔCp,N�I (0�3
kJ K�1 mol�1 determined by DSC27). This indicated that this
intermediate state on the thermal N-to-D transition at pH 4 had
thermodynamic properties similar to those of the MG1 state.
Table 5 lists the thermodynamic parameters of the thermal
transition of horse cytochrome c at 50 �C and pH 2.5 evaluated
by DSC and IATC.
In this study, ΔCp,N�MG1 was determined to be 2.56 kJ K�1

mol�1. This ΔCp,N�MG1 indicates that the extent of hydrophobic
hydration is increased or the extent of hydrophilic hydration is
decreased in the MG1 state. Although the global structure of the
MG1 state was almost identical to that of the N state from SXS
measurements, the side chain packingwas largely lost and theRsq of
the MG1 state was 3% larger than that of the N state. These results
may suggest that the hydration profile is largely affected by the
slight increase in the Rsq value. In particular, the CD experiments
showed that the side chain packing of the heme region of theMG1
state is more disordered than that of theN state. It was possible that
the hydration of the strong hydrophobic region, such as the heme
region, had a strong influence on ΔCp,N�MG1. The second
possibility for the heat capacity increase may be the dehydration
of the anions that bind the MG1 state as it was suggested that
approximately two chloride ions are bound in the structural change
from the N state to the MG1 state.15 The third possibility may be
the abnormal heat capacity derived from the conformational
change of the MG state that has more freedom for the side chain
conformation than the native state and retains ordered structures.
Although the discussion of the correspondence between the
structural and hydration features suggested in this study may
require detailed structural simulations of the MG1 state in the
future, it is very interesting that such a small increase in theRsq value
can produce the large structural effect.
While the previous study estimated the ΔCp of the N-to-I

transition at pH 4 to be 0�3 kJ mol�1 K�1, in this study, this

ΔCp was determined to be 2.56 kJ K�1 mol�1 by DSC and
IATC. Figure 12 shows the temperature dependence of the ΔG
values of theN-to-D andN-to-I transitions of horse cytochrome c
at pH 4 and a low salt concentration. TheΔG values of the N-to-I
(ΔGN�I) and N-to-D (ΔGN�D) transitions at 15 �C were 10.9
and 42.2 kJ mol�1, respectively. Latypov et al. reported that
ΔGN�I and ΔGN�D at 15 �C and pH 5 were 8.4 and 41.0 kJ
mol�1, respectively, as determined by the three-state analysis of
the GuHCl-induced N-to-D transition of cytochrome c using a
spectroscopic method.40 These results mostly agree with our
results at 15 �C, pH 4, and a low salt concentration, called the
native condition. At a low temperature, the native state of
cytochrome c exists stably under the native condition, such as
pH 4 and a low salt concentration. At 70 �C, the molten globule,
MG1, state was observed stably under the native condition.
Moreover, this molten globule state, MG1, was more stable than
the denatured state by 30 kJ mol�1 at 15 �C under the native
condition. Therefore, this MG1 state observed under the native
condition should be affected by the stabilization and folding
mechanisms of the native state of cytochrome c. However, we
have no information about whether this MG state exists on the
folding pathway. Bhuyan performed kinetic experiments with the
alkali molten globule state of cytochrome c and concluded that
the alkali MG state had off-pathway status.19,20 The detailed
kinetic experiments such as those described previously19,20

should require an examination of on- versus off-pathway status
of the MG1 state under the native condition.
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