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ABSTRACT: We have previously shown that horse cytochrome c (cyt c) forms oligomers by domain swapping its C-terminal α-
helix when interacting with ethanol. Although folding of cyt c has been studied extensively, formation of domain-swapped
oligomers of cyt c during folding has never been reported. We found that domain-swapped oligomeric cyt c is produced during
refolding from its guanidinium ion-induced unfolded state at high protein concentrations and low temperatures. The obtained
dimer exhibited a domain-swapped structure exchanging the C-terminal α-helical region between molecules. The extent of dimer
formation decreased significantly for the folding of C-terminal cyt c mutants with reduced hydrophobicity achieved by
replacement of hydrophobic residues with Gly in the C-terminal region, whereas a large amount of heterodimers was generated
for the folding of a mixture of N- and C-terminal mutants. These results show that cyt c oligomers are formed through
intermolecular hydrophobic interaction between the N- and C-terminal α-helices during folding. A slow phase (4−5 s) was
observed in addition to a 400−500 ms phase during folding of a high concentration of cyt c in the presence of 1.17 M guanidine
hydrochloride. The fast phase is attributed to the intramolecular ligand exchange process, and we attribute the slow phase to the
ligand exchange process in oligomers. These results show that it is important to consider formation of domain-swapped
oligomeric proteins when folding at high protein concentrations.

Cytochrome c (cyt c) is a globular heme protein with three
long α-helices surrounding its heme.1−3 Cyt c transfers

electrons from the cytochrome bc1 complex to cytochrome c
oxidase in the respiratory chain in mitochondria. It also plays a
key role in apoptosis, where it is released to the cytosol when
permeabilization of the mitochondrial outer membrane
occurs.4,5 The heme of cyt c forms covalent bonds with two
cysteine residues, and His18 and Met80 are coordinated to the
heme iron. We have shown that cyt c forms polymers by
successive domain swapping of the C-terminal α-helix.6 The C-
terminal helix of cyt c was displaced from its original position in
the monomer, and the Met−heme coordination was perturbed

significantly, causing higher peroxidase activity in the dimer
than in the monomer.6,7 It has also been reported that domain-
swapped cyt c oligomers are formed by exposure of the oxidized
monomeric protein to alkaline conditions at high protein
concentrations.8

Research on proteins showing domain-swapped structures is
becoming more frequent,9−12 and domain-swapped structures
have also been reported for amyoloidogenic proteins.13−17
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Oligomerization of RNase A has been studied intensively,18−20

and it has been shown that RNase A oligomerizes most
efficiently at high temperatures, where it is completely
denatured.21,22 Nuclear magnetic resonance spectroscopic
studies of RNase A have shown that the protein partially
retains the native helices but the β-sheet is fully denatured in
40% acetic acid, and its dimerization occurs from the folding
intermediate during the dissolution process of its precipitates.23

A high activation energy was obtained for formation and/or
dissociation of dimeric stefin A, p13suc 1, and cyanovirin-N,
suggesting that domain swapping proceeds via complete
unfolding.24−26 The domain-swapped dimer of barnase has
been reported to be produced from the same folding
intermediate as its monomer.27 It has been suggested that
domain-swapped oligomers of cyanovirin-N are trapped folding
intermediates.28 The heme of horse myoglobin has been shown
to dissociate from the protein during formation of its domain-
swapped dimer, presumably because of a protein structural
change at the active site.29 Although the formation of domain-
swapped oligomers during folding may be a common character
of many proteins, the detailed mechanism and interaction
responsible for oligomerization remain unknown.
Cyt c has served as a model for protein folding. In the folding

of oxidized cyt c, a hydrophobic collapse of the polypeptide
chain occurs with formation of the N- and C-terminal α-helices
on a submillisecond time scale,30−33 followed by coordination
of Met80 to the heme iron on a millisecond time scale.34−37

Approximately 44% of the α-helical signal of native oxidized cyt
c arose during folding within the dead time of the stopped-flow
circular dichroism (CD) measurement, indicating that a
significant amount of secondary structure was formed within
4 ms.38 A transient dimer has been detected during folding of
cyt c by small-angle X-ray scattering (SAXS) measurements,39

but its nature remains unknown. In this study, we show that cyt
c forms domain-swapped oligomers during folding by hydro-
phobic interaction between the N- and C-terminal α-helices.
We also observed a slow kinetic folding phase (4−5 s) at high
protein concentrations in the presence of 1.17 M guanidine
hydrochloride (GdnHCl) and attributed it to the ligand
exchange reaction of oligomeric cyt c.

■ MATERIALS AND METHODS
Plasmids of Wild-Type and Mutant Human Cyt c.

Human cyt c was expressed by coexpressing the cyt c and cyt c
heme lyase (CCHL) genes.40,41 The human cyt c gene was
amplified by polymerase chain reaction (PCR) of the
pME18SFL3 plasmid containing the human cyt c gene
(Toyobo, Osaka, Japan) and subcloned into the SmaI−PstI
site of the pUC18 plasmid. The cyt c heme lyase (CCHL) gene
was obtained from the Saccharomyces cerevisiae gene (strain
ATCC 18824) by PCR. The CCHL gene was subcloned into
the PstI−HindIII site of the human cyt c gene-containing
plasmid, where a lac promoter sequence was placed upstream of
the CCHL gene. After digestion of the obtained plasmid with
SmaI and HindIII, the fragment containing both human cyt c
and CCHL genes was subcloned into the SmaI−HindIII site of
the pEMBL18+ plasmid.42 Point mutations were introduced
into human cyt c by PCR-based in vitro mutagenesis of the
human cyt c expression plasmid using forward and reverse
primers (Sigma-Aldrich) (Table S1 of the Supporting
Information). Plasmid DNAs were prepared using the QIAprep
spin Mini prep kit (Qiagen). DNA sequencing was conducted
with the BigDye Terminator version 3.1 cycle sequencing kit

(Applied Biosystems, Inc., Foster City, CA) and an ABI PRISM
310 genetic analyzer sequencing system (Applied Biosystems,
Inc.). The obtained plasmids were introduced into competent
Escherichia coli Rosetta2 (DE3) pLysS cells (Novagen).

Purification of Horse and Human Cyt c. Oxidized horse
heart cyt c (Sigma-Aldrich) was purified by cation exchange
chromatography with CM52 (Whatman, Springfield Mill,
England). Recombinant wild-type (WT) and mutant human
cyt c proteins were overproduced in E. coli Rosetta2 (DE3)
pLysS cells. The cells were grown at 37 °C in 25 g/L modified
LB broth (3 g/L yeast extract, 2 g/L NaNO3, and 1.5 mL/L
glycerin) until the OD600 reached 1.2−1.5. Cells were harvested
by centrifugation and suspended in a minimal volume of 50
mM potassium phosphate buffer (pH 7.0). The obtained cyt c
solution was dialyzed overnight in 5 mM potassium phosphate
buffer (pH 7.0). Cyt c was purified via cation exchange
chromatography with CM52 (Whatman) and subsequently via
gel chromatography (Hiload 26/60 Superdex 75, GE Health-
care, Buckinghamshire, England) using a fast performance
liquid chromatography (FPLC) system (BioLogic DuoFlow 10,
Bio-Rad, Hercules, CA) [flow rate of 0.8 mL/min, monitoring
wavelength of 415 nm, solvent of 50 mM potassium phosphate
buffer (pH 7.0), and temperature of 4 °C]. Oxidized cyt c was
obtained via the addition of a potassium ferricyanide (Sigma-
Aldrich) solution and the subsequent removal of the unreacted
ferricyanide with a DE52 (Whatman) column. The purity of cyt
c was confirmed by the ratio of the absorbance at 409 nm to
that at 280 nm (Abs409/Abs280 > 4.1). Molar extinction
coefficients of WT and mutant human cyt c were determined by
the hemochrome method.43 The concentration of cyt c was
adjusted by the intensity of its Soret band.

Refolding of Cyt c. Purified oxidized monomeric horse and
human cyt c (0.02−2.3 mM) in the unfolded state were
obtained by addition of GdnHCl (final concentrations of 3.5−
6.5 M) in 50 mM potassium phosphate buffer (pH 7.0).
Refolding of cyt c was performed by two methods.

Desalting Column Method. Refolding was performed by
removing GdnHCl from the oxidized cyt c solution with a
desalting gel column (PD SpinTrap G-25, GE Healthcare)
without changing the cyt c concentration significantly. The
column was washed four times with 400 μL of 50 mM
potassium phosphate buffer (pH 7.0) by centrifugation (800g)
for 1 min and subsequently incubated at the experimental
temperature for 30 min before being used. Approximately 100−
140 μL of the cyt c solution containing GdnHCl was added to
the column, and the contents were subsequently subjected to
centrifugation (800g) for 2 min, yielding folded cyt c. The
dilution factor for the desalting gel column was ∼1.1. Because
the folding of cyt c occurred while the solution passed through
the column, the actual dilution factor was even smaller than this
value, and thus, we used the initial cyt c concentration before
the desalting experiment for analysis.

Rapid Mixing Method. Refolding of cyt c was performed by
diluting oxidized cyt c containing 3.5−6.5 M GdnHCl in 50
mM potassium phosphate buffer (pH 7.0) with the same buffer
at 1:6 ratios using a rapid mixer (SM10003, Unisoku, Osaka,
Japan) (mixing dead time of 1−2 ms) at 4 °C. The two pistons
of the mixer were loaded with cyt c containing 3.5−6.5 M
GdnHCl and the dilution buffer, respectively. The remaining
GdnHCl in the cyt c solution obtained after the dilution was
removed with the desalting gel column (PD SpinTrap G-25,
GE Healthcare).
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Size Exclusion Chromatographic Analysis. The amount
of oxidized oligomeric cyt c in the solution was analyzed by size
exclusion chromatography with a Superdex 75 10/300 GL gel
column (GE Healthcare) using the FPLC system (BioLogic
DuoFlow 10, Bio-Rad) [flow rate of 0.5 mL/min, monitoring
wavelength of 409 nm, solvent of 50 mM potassium phosphate
buffer (pH 7.0), and temperature of 4 °C]. The elution curves
were fit with a multipeak Gaussian fitting procedure (Origin 8,
OriginLab Corp.). The intensity of the peak area of the dimer
or higher-order oligomers was divided by a value of 1.1, because
the absorbance at 409 nm of the dimer or higher-order
oligomers was 1.1 times larger than that of the monomer. The
percentages of the monomer and oligomer were obtained by
dividing the normalized area of the peak in the elution curve by
the total area of the peaks.
Preparation of Dimeric Cyt c. Concentrated (0.5−2.3

mM) oxidized monomeric horse or human cyt c was unfolded
by addition of 5.0−6.5 M GdnHCl in 50 mM potassium
phosphate buffer (pH 7.0). Refolding was performed with the
desalting column (PD SpinTrap G-25, GE Healthcare). The
dimers were purified by gel chromatography (Hiload 26/60
Superdex 75, GE Healthcare) using the FPLC system
(BioLogic DuoFlow 10, Bio-Rad) [flow rate of 0.8 mL/min,
monitoring wavelength of 409 nm, solvent of 50 mM potassium
phosphate buffer (pH 7.0), and temperature of 4 °C].
X-ray Crystallography. Crystallization was conducted at

277 K using the sitting drop vapor diffusion method with a
crystal screening kit (Emerald Biosystems Inc.). The protein
concentration was 50 mg/mL in 50 mM Tris-HCl buffer (pH
7.4). The droplet prepared by mixing 1 μL of the protein
solution with 1 μL of the reservoir solution was equilibrated.

The reservoir solution consisted of 40% PEG 200, 200 mM
(NH4)2HPO4, and 0.1 M Tris-HCl buffer (pH 8.0).
The preliminary structure was obtained by a molecular

replacement method (MOLREP) using the atomic coordinates
of the structure of horse cyt c (PDB entry 1HRC) as a starting
model. Structural refinement was performed using REFMAC.
The molecular model was manually corrected, and water
molecules were picked up in the electron density map using
COOT. The data collection and refinement statistics are
summarized in Table S2 of the Supporting Information.

Optical Absorption and CD Measurements. Absorption
spectra were recorded with a UV-2450 spectrophotometer
(Shimadzu, Kyoto, Japan) using a 1 cm path-length quartz cell
at 20 °C. CD spectra were recorded with a J-725 CD
spectrophotometer (Jasco, Kyoto, Japan) using a 0.1 cm path-
length quartz cell at 20 °C. Protein solutions in 50 mM
potassium phosphate buffer (pH 7.0) were filtered through a
0.45 μm filter (Millex, Millipore, Bedford, MA) before
measurements.

SAXS Measurements. All samples were prepared in 50
mM potassium phosphate buffer (pH 7.0). SAXS measure-
ments were taken using a rotating anode X-ray generator,
UltraX18 (Rigaku), in which a monochromatic X-ray with a
wavelength of 1.54 Å was focused through a confocal Max-Flux
mirror (Rigaku). Scattering profiles were collected using an X-
ray image intensifier CCD detector (Hamamatsu Photonics
K.K.). The sample cell with a path length of 0.1 cm was
controlled at 10 °C. We measured a series of monomer and
dimer dilutions, which were used to eliminate interparticle
interference by extrapolation to zero protein concentration.
Surface envelope models were calculated using GASBOR44

after the treatment of the scattering profile with GNOM.45 The

Figure 1. Oxidized monomeric and oligomeric horse and human cyt c obtained by folding. (A) Percentage of oligomeric horse cyt c obtained by
refolding from the unfolded state in 50 mM potassium phosphate buffer (pH 7.0) containing 3.5−6.5 M GdnHCl with the desalting (□) and
rapid mixing (---○---) methods. GdnHCl was removed from the 0.2 mM unfolded cyt c buffer solution during the desalting method at 4 °C. For the
rapid mixing folding method, 1.4 mM cyt c in buffer containing GdnHCl was diluted with the buffer to 0.2 mM cyt c at 4 °C (1:6 mixture). (B)
Folding at different cyt c concentrations by the desalting method at 4 °C: monomer (black), dimer (red), and sum of trimer and higher-order
oligomers (blue) of horse (circles with dotted lines) and human cyt c (squares with dashed lines). (C) Natural logarithm of the ratio between the
concentrations of oxidized oligomeric and monomeric cyt c [ln([O]f/[M]f)] obtained by folding with the desalting method at various temperatures
for 0.85 mM horse cyt c (●), 0.85 mM human cyt c (---■---), and 2.3 mM horse cyt c (○). (D) Percentage of oligomeric horse cyt c
obtained by refolding with the desalting method at 4 °C at different cyt c concentrations from the unfolded state containing 6.5 M GdnHCl. The
error for each data point is ±3%.
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average structure was obtained after superimposing the 30
independently calculated models.
Change in Absorbance during Folding of Cyt c.

Changes in absorbance around 695 nm during folding of
oxidized horse cyt c, WT human cyt c, and a mixture of I9G and
L98G human cyt c mutants were monitored with rapid-scan
stopped-flow equipment (RSP-601-03, Unisoku). Unfolded
oxidized horse (0.3 or 3.0 mM) or human (0.3 mM) cyt c
containing 3.5 M GdnHCl in 50 mM potassium phosphate
buffer (pH 7.0) was diluted with the same buffer at a 1:2 ratio
using the rapid mixer (SM10003, Unisoku) (mixing dead time
of 1−2 ms) at 12 °C. The absorption spectra after mixing with
an interval of 0.04 s were measured until 20 s had elapsed. An
average of 10 independent measurements at each concentration
was performed. The time profiles were calculated for the
difference in the intensities of the absorption between 695 and
750 nm. The time profiles obtained for horse cyt c at high and
low protein concentrations were least-squares fitted by global
fitting with biexponential functions with the same rate
constants but different intensities (Origin 8). The time profiles
of WT human cyt c and a mixture of human cyt c mutants were
fit by the same procedure.

■ RESULTS

Oligomerization of Cyt c. Oxidized horse monomeric cyt
c (0.2 mM) was unfolded via an addition of GdnHCl (3.5−6.5
M) and refolded using 50 mM potassium phosphate buffer (pH
7.0). Refolding was performed by two methods: (1) with a
desalting spin column to remove GdnHCl from the solution
without changing the protein concentration significantly and
(2) with a rapid mixer (mixing dead time of 1−2 ms) to rapidly
reduce the GdnHCl concentration. Dimeric and trimeric cyt c
proteins were detected in the elution curves of size exclusion
chromatography, in addition to the monomer for both refolding
methods (Figure S1 of the Supporting Information). These
results show that cyt c oligomerizes during folding.
Oxidized horse cyt c formed ∼14% (heme unit) of oligomers

when 3.5−6.5 M GdnHCl was removed from the cyt c (0.2
mM) solution with the desalting column at 4 °C (Figure 1A
and Figure S1A of the Supporting Information). The amount of
oligomers produced during refolding did not vary much with
the initial GdnHCl concentration when they were refolded with
the desalting column, because the cyt c concentration did not

change significantly during the folding process. However, more
oligomers were obtained when oxidized horse cyt c was
refolded with the rapid mixer for the case in which the protein
concentration after completion of mixing was the same as that
of the desalting method, 0.2 mM (Figure 1A and Figure S1B of
the Supporting Information). The extent of formation of
oligomeric cyt c decreased from ∼32 to ∼22% (heme unit) in
the solution when the initial GdnHCl concentration was
increased from 3.5 to 6.5 M for folding with the rapid mixer at
4 °C. Cyt c may start to refold when the GdnHCl
concentration decreases below the threshold of unfolding of
the protein. When using the rapid mixer, the GdnHCl
concentration may have decreased below the threshold before
mixing was complete after 1−2 ms, and oligomerization may
occur within its mixing dead time. Therefore, the actual cyt c
concentration during the protein folding process was
presumably higher than the final cyt c concentration (0.2
mM) after the completion of mixing, and the actual folding of
cyt c occurred at a lower protein concentration in the case of
higher initial GdnHCl concentrations. Because the amount of
oligomers obtained by the rapid mixer method varied with the
initial GdnHCl concentration, we used the desalting method
for the analytical studies and the rapid mixing method for the
kinetic studies.
We performed X-ray crystallographic analysis to investigate

the structure of dimeric horse cyt c. The 1.8 Å resolution
structure of dimeric horse cyt c obtained by folding with the
desalting column exhibited a domain-swapped structure, where
the C-terminal α-helix in the dimer was relocated from its
original position observed in the monomer (PDB entry 3WC8)
(Figure 2A). The dimeric cyt c structure presented here was
similar to the structure of the dimer obtained by treatment with
ethanol,6 although some changes were observed in the hinge
loop region, because of its structural flexibility. These results
show that domain-swapped oligomers of horse cyt c are
generated by folding from its unfolded state. The hydrophobic
amino acid residues in the N-terminal α-helix and/or the heme
of a protomer of dimeric cyt c were in the proximity of the
hydrophobic residues in the C-terminal α-helix of the other
protomer (Figure 2B), indicating that intermolecular hydro-
phobic interactions between the N- and C-terminal helices are
important for the formation of dimeric cyt c during folding.

Effects of Cyt c Concentration and Temperature on
Oligomerization. The swapping region of dimeric Hydro-

Figure 2. Crystal structure of oxidized dimeric horse cyt c obtained by refolding with the desalting method. (A) Structure of dimeric cyt c (red and
blue) (PDB entry 3WC8). (B) Expanded view with the interactions between the hydrophobic amino acid residues of the N- and C-terminal α-
helices. The heme is shown as raspberry sticks. I9 and F10 (pink) and L94, Y97, and L98 (cyan) are shown as sticks. N-Terminal (red) and C-
terminal (blue) helices are labeled αN and αC, respectively.
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genobacter thermophilus (HT) cytochrome c552 (cyt c552) is
different from that of dimeric horse cyt c.6,46 The
oligomerization properties are also different between horse
cyt c and HT cyt c552; i.e., high-order oligomers were detected
in horse cyt c, whereas only tetramers and lower-order
compounds were detected in HT cyt c552.

6,46 We investigated
the effects of protein concentration and temperature on
oligomerization during folding of horse and human cyt c,
where the amino acid sequence of human cyt c is 88% identical
to that of horse cyt c and human cyt c exhibits a three-
dimensional structure similar to that of horse cyt c (PDB
entries 1HRC and 3NWV). Size exclusion chromatographic
analyses showed that the amount of oxidized horse and human
cyt c oligomers increased from ∼1 to ∼62% and from ∼1 to
∼76% (heme unit), respectively, when the protein concen-
tration was increased from 0.02 to 2.3 mM for folding in 50
mM potassium phosphate buffer (pH 7.0) at 4 °C (Figure 1B
and Figure S2 of the Supporting Information). These results
strongly indicate that formation of domain-swapped oligomers
of cyt c during folding is an intermolecular process for both
horse and human cyt c.
When the temperature during folding was increased from 4

to 40 °C, the amount of oligomers formed by folding of 0.85
mM horse or human cyt c decreased from ∼42 to ∼11% (heme
unit) for both proteins and from ∼62 to ∼24% (heme unit) for
folding of 2.3 mM horse cyt c (Figure S3 of the Supporting
Information). These results show that the intermolecular
interaction for oligomer formation is favored at low temper-
atures over the intramolecular interaction for the formation of
monomers. The plots of the logarithmic value of the dimer over
monomer concentration versus the inverse of temperature
exhibited linear correlations for both horse and human cyt c
(Figure 1C). These results show that horse and human cyt c
exhibit similar oligomerization properties, because of the
similarity of the protein structures.

Oligomerization of N- and C-Terminal α-Helical
Mutant Cyt c. Formation of N- and C-terminal α-helices
and subsequent association of these helices by hydrophobic
interaction occur early in the process of cyt c folding.47−49 To
elucidate the effect of intermolecular interaction between the
N- and C-terminal α-helices of cyt c on oligomer formation
during folding, we investigated folding of N- and C-terminal α-
helical mutants of cyt c with reduced hydrophobicities. The
dimeric horse cyt c structure revealed that hydrophobic residues
Ile9 and Phe10 and the heme in the N-terminal region are in
the proximity of hydrophobic residues Leu94, Tyr97, and/or
Leu98 in the C-terminal region (Figure 2B). It has been shown
in the monomeric structures of horse and human cyt c that Ile9
of the N-terminal α-helix is in the proximity of the amino acids
in the C-terminal α-helix, and Tyr97 and Leu98 of the C-
terminal α-helix are in the proximity of the amino acids in the
N-terminal α-helix or the heme (PDB entries 1HRC and
3NWV).1−3,50 It has also been reported that Leu94 of the C-
terminal α-helix of horse cyt c plays a critical role for the N- and
C-terminal α-helical interaction at the initial stage of folding.32

In addition, Ile9, Phe10, Leu94, Tyr97, and Leu98 are all
conserved between horse and human cyt c. Therefore, we
constructed I9G, L94G, Y97G, and L98G mutants of human
cyt c. Although Phe10 exhibits the most profound interhelical
contacts, purification of a Phe10 mutant with reduced
hydrophobicity was not successful, probably because removal
of Phe10 was crucial for folding to its native structure. The
optical absorption and CD spectra of these cyt c mutants in the
oxidized form corresponded well to those of the WT protein
(Figure 3A−C), indicating that the monomeric structures of
these mutants were similar to that of WT cyt c. However, the
protein stability against GdnHCl of these mutants decreased
significantly compared to that of the WT protein, because of
the decreased hydrophobicities at the N- or C-terminal α-helix
(Figure 3D).

Figure 3. Optical absorption and CD spectra and stability of oxidized monomeric WT and mutant human cyt c. Optical absorption spectra in the
(A) 350−600 nm and (B) 600−800 nm regions and (C) CD spectra in the 190−250 nm region of monomeric cyt c. Spectra of WT (gray), I9G
(red), L94G (cyan), Y97G (blue), and L98G (purple) human cyt c are shown in panels A−C. (D) CD ellipticity of monomeric cyt c at 222 nm in
the presence of GdnHCl: WT (□, gray), I9G (○, red), L94G (△, cyan), Y97G (▽, blue), and L98G (◇, purple). The midpoint GdnHCl
concentrations for the folding−unfolding transition of WT, I9G, L94G, Y97G, and L98G were 2.7, 1.8, 1.0, 1.0, and 0.8 M, respectively. Protein
concentrations of (A, C, and D) 10 μM (heme) and (B) 100 μM (heme).
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WT and I9G human cyt c formed oligomers during folding
for ∼31 and ∼26% (heme unit), respectively, by removal of 6.5
M GdnHCl at 4 °C with a desalting column (Figure 4 and

Table 1). Only ∼2 and ∼1% (heme unit) of dimers were
detected for L94G and Y97G cyt c, respectively, by folding
under the same conditions, and no dimer was detected for
L98G cyt c. These results show that the amount of oligomer
formation decreases as the stability of the monomer decreases
(Figures 3D and 4 and Table 1). The decrease in the extent of
formation of oligomers for mutant cyt c compared to that for
WT cyt c indicates that the hydrophobic interaction between
the N- and C-terminal α-helices is important for the formation
of oligomers during folding.
Folding was conducted with different combinations of WT

and mutant cyt c in equal amounts: WT/N-terminal α-helical
mutant, WT/C-terminal α-helical mutant, and N-terminal α-
helical mutant/C-terminal α-helical mutant. Approximately
44% (heme unit) of the proteins formed oligomers during
folding of a mixture of WT (0.5 mM) and I9G cyt c (0.5 mM).

For the folding of a mixture of WT (0.5 mM) and L98G cyt c
(0.5 mM), one may expect ∼15.5% of the proteins to form
oligomers, because 31% (heme unit) of the proteins formed
oligomers by folding of 0.5 mM WT cyt c at 4 °C while L98G
cyt c produced no oligomer (Figure 4 and Table 1). However,
∼34% (heme unit) of the proteins formed oligomers during
folding of a mixture of WT (0.5 mM) and L98G cyt c (0.5
mM) (Figure 4 and Table 1). No oligomer formed during
incubation of folded WT and L98G cyt c together in the same
buffer at 4 °C for 10 h (data not shown). These results indicate
that L98G cyt c interacts with WT cyt c during folding, forming
heterodimers in addition to WT cyt c homo-oligomers.
Interestingly, when the N- and C-terminal mutants (I9G/
L94G, I9G/Y97G, and I9G/L98G; 0.5 mM each) were folded
together, many dimers (67−71%, heme unit) were produced
compared to the number produced by folding of 1.0 mM WT
cyt c (44%, heme unit) (Figure 4 and Table 1). The increase in
the amount of dimers strongly suggests that the interaction of
the N-terminal α-helix of L94G, Y97G, or L98G cyt c with the
C-terminal α-helix of I9G cyt c has an essential role in
oligomerization. In addition, the elution volume of the dimer
during gel chromatography shifted largely from 11.0 mL for the
WT and mutant cyt c homodimer to 10.4−10.6 mL for the
I9G/L94G, I9G/Y97G, and I9G/L98G cyt c heterodimers
(Figure 4). No peak was detected at the elution volume of the
WT cyt c dimer. These results indicate that the heterodimer
was the main species for the 1:1 mixture of the N- and C-
terminal mutants. The smaller elution volume for the
heterodimers suggests more open structures for the hetero-
dimers than for the WT or I9G homodimer. The open
structural property for the heterodimer was also detected in the
SAXS measurement (see below). No dimer formed by
incubation of folded I9G and L98G cyt c together in 50 mM
potassium phosphate buffer (pH 7.0) at 4 °C for 10 h (Figure
4, curve k). These results support the hypothesis that the
oligomers form during folding.

Characterization of Homo- and Heterodimers of N-
and C-Terminal α-Helical Mutant Cyt c. The absorption
maximum of the Soret band of the oxidized WT human cyt c
dimer blue-shifted to 406.5 nm with an increase in intensity of
∼10% compared to that of the monomer band at 409.5 nm
(Figure 5A). Similar absorption properties of the Soret band
were detected for other homo- and heterodimers of N- and C-
terminal α-helical mutant human cyt c. The intensity of the 695

Figure 4. Size exclusion chromatography after folding of oxidized WT
and mutant human cyt c and a mixture of two mutant forms of cyt c.
Cyt c was refolded with the desalting method from the unfolded states
in 50 mM potassium phosphate buffer (pH 7.0) containing 6.5 M
GdnHCl at 4 °C: (a) WT, (b) I9G, (c) L94G, (d) Y97G, (e) L98G
(concentration of 0.5 mM for parts a−e), (f) WT (1.0 mM), (g) WT/
L98G, (h) I9G/L94G, (i) I9G/Y97G, and (j) I9G/L98G (concen-
tration of 0.5 mM for each protein for parts g−j). The elution curve of
a mixture of I9G (0.5 mM) and L98G (0.5 mM) cyt c after they had
been incubated together at 4 °C for 10 h is shown in part k. The
elution curves for the dimer regions in parts c−e and k are expanded
20-fold. The peak positions in the elution curve for monomeric (12.4
mL) and dimeric (11.0 mL) WT human cyt c are represented as black
dotted lines in parts f−k. The intensities of the curves are normalized
by the highest absorbance.

Table 1. Amounts of Oligomers Formed by Folding of
Oxidized WT and Mutant Human Cyt c and Their Mixture
with the Desalting Method at 4 °C

cyt ca (mM) oligomerb (%)

WT 0.5 31
WT 1.0 44
I9G 0.5 26
L94G 0.5 2.1
Y97G 0.5 0.7
L98G 0.5 0.0
WT/I9G 0.5/0.5 44
WT/L98G 0.5/0.5 34
I9G/L94G 0.5/0.5 67
I9G/Y97G 0.5/0.5 71
I9G/L98G 0.5/0.5 71

aConcentration of each component. bDimer and higher-order
oligomers. The error for each data point is ±3%.
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nm band, characteristic of Met80−heme coordination,
decreased considerably in the oxidized WT human cyt c
dimer compared to that of its monomer (Figure 5B), indicating
that the Met−heme coordination was perturbed significantly in
the dimer. Similar changes in the absorption spectra have been
observed in dimeric horse cyt c.6 However, although Met80 was
not bound to the heme in the crystal structure of dimeric horse
cyt c (Figure S4 of the Supporting Information), Met80 in a
dimer may be in equilibrium between dissociated and
associated forms to the heme iron in solution, because the
695 nm absorption band was observed with a lower intensity
(Figure 5B).6 The intensity of the 695 nm band in the oxidized
I9G human cyt c dimer was also weaker than that of the band in
the oxidized WT or I9G human cyt c monomer, whereas the
intensity decreased significantly for all the heterodimers of N-
and C-terminal mutant cyt c (Figure 5B). These results indicate
that the Met80−heme coordination in these heterodimers is
considerably perturbed compared to that of WT and I9G cyt c
homodimers, presumably because of the flexibility of the overall
protein structure for the heterodimers.
The intensities of the negative 208 nm band in the CD

spectra of both oxidized WT and I9G cyt c homodimers were
slightly larger than those of their monomers (Figure 5C).
These results demonstrate a slight perturbation in the
secondary structure of these dimers compared to that of the
monomer. The intensities of the 208 and 222 nm CD bands for
the I9G/L94G, I9G/Y97G, and I9G/L98G cyt c heterodimers
were reduced significantly compared to those of the WT and
I9G cyt c homodimers (to ∼70% for the 222 nm band) (Figure
5C), indicating that heterodimers are partially unfolded.
According to the SAXS measurements, the oxidized WT

human cyt c dimer exhibited a structure with two globular units
connected to each other (Figure 5D). The solution structure of
dimeric human cyt c revealed by SAXS measurement was
similar to that reported for the horse cyt c dimer.6 The I9G/

L98G heterodimer exhibited a size of 2.3mer, which consisted
of a globular unit with two small, unfolded units beside it. The
fact that the I9G/L98G heterodimer was larger than the WT
dimer was consistent with the observation of smaller elution
volumes for the heterodimers in size exclusion chromatography
(Figure 4, curves h−j). The globular unit may be formed by the
interaction of the C-terminal helix of I9G cyt c with the N-
terminal helix of L98G cyt c, and the mutated N- and C-
terminal α-helices may not interact with each other.
Intermolecular interaction between the native N-terminal α-
helix of the C-terminal mutant and the native C-terminal α-
helix of the N-terminal mutant may be stronger than the
intermolecular interaction containing a mutated amino acid,
and the native interaction may become dominant during
folding. In fact, ∼7 and ∼73% (heme unit) of the WT
homodimer and the I9G/L98G heterodimer dissociated to
monomers, respectively, after incubation at 47 °C for 30 min,
whereas the I9G homodimer dissociated completely to
monomers with the same treatment (Figure 6). These results
show that the I9G/L98G heterodimer is more stable than the
I9G homodimer, presumably because the heterodimer may
contain one strong intermolecular hydrophobic interaction
between the N- and C-terminal α-helices, whereas the I9G
homodimer may contain two but only weak interactions
between helices. The high stability of the WT dimer is due to
the two strong nativelike intermolecular hydrophobic inter-
actions between the unmodified N- and C-terminal α-helices.

Methionine Coordination during Folding of Cyt c at
Different Protein Concentrations. The Met80−heme iron
bond formation process during the final folding step of oxidized
horse and human cyt c was investigated by monitoring the
intensity change of the 695 nm absorption band related to the
Met80−heme coordination. The Met80−heme coordination
process was monitored at different protein concentrations: 0.1
mM (low concentration) and 1.0 mM (high concentration).

Figure 5. Optical absorption and CD spectra and SAXS curves shown by Kratky plots of oxidized monomeric and dimeric WT and mutant human
cyt c. Optical absorption spectra in the (A) 350−600 nm and (B) 600−800 nm regions and (C) CD spectra in the 190−250 nm region of dimeric
cyt c: WT (black) and I9G (red) homodimers and I9G/L94G (cyan), I9G/Y97G (blue), and I9G/L98G (purple) heterodimers. The gray line
represents the spectrum of monomeric WT cyt c. (D) Small-angle X-ray scattering curves of monomeric (gray) and dimeric WT cyt c (black) and
the heterodimer of I9G and L98G cyt c (purple). Surface envelopes of monomeric and dimeric cyt c obtained from the scattering curves are shown at
the right. The intensities of the curves are normalized by the highest intensity. Protein concentrations of (A and C) 10 μM (heme), (B) 100 μM
(heme), and (D) 1.0 mM (heme).
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The intensity of the 695 nm band increased gradually with time
by rapid mixing of denatured cyt c (0.3 or 3.0 mM) in 50 mM
potassium phosphate buffer (pH 7.0) containing 3.5 M
GdnHCl with the same buffer at 12 °C (1:2 mixing) (Figure
7A,B). The concentration of cyt c decreased to 0.1 or 1.0 mM
and that of GdnHCl to 1.17 M after mixing. The increase in
absorption at 695 nm in horse cyt c was observed mainly within
2 s for folding at low protein concentrations, whereas the
change was still observable after 10 s for folding at high
concentrations. To determine the folding rate constants,

absorbance differences between 695 and 750 nm were plotted
versus time after mixing (Figure 7C). A biexponential behavior
was identified for the changes in the absorbance differences at
both low and high cyt c concentrations with rate constants of
2.8 ± 0.2 and 0.27 ± 0.01 s−1, respectively (Table 2), although
the percentage of the slower phase increased from ∼22 to
∼58% with the increase in the cyt c concentration from 0.1 to
1.0 mM.
A biexponential behavior was also identified for the change in

absorption during folding of oxidized WT human cyt c or a
mixture of I9G and L98G human cyt c mutants at 0.1 mM,
although the rate constants (1.8 ± 0.2 and 0.19 ± 0.1 s−1) were
slightly lower than those of horse cyt c. The percentages of the
slower phase during folding of oxidized WT human cyt c and a
mixture of I9G and L98G human cyt c mutants were estimated
to be ∼31 and ∼85%, respectively (Table 2). A large decrease
in the overall absorption change for the mixture of I9G and
L98G cyt c mutants was observed (Figure 7D), because of a
large decrease in the intensity of the 695 nm band for the
heterodimer (Figure 5B).

■ DISCUSSION

More oligomers formed with an increase in protein
concentration during folding of horse or human cyt c (Figure
1B), indicating that the oligomerization is an intermolecular
process and is competitive with a monomeric folding process.
The produced dimeric horse cyt c exhibited a domain-swapped
structure, in which the C-terminal α-helix was exchanged
between protomers (Figure 2). These results suggest that both

Figure 6. Size exclusion chromatography of oxidized dimeric WT and
mutant human cyt c. The cyt c solution was analyzed after incubation
of the dimers at 47 °C for 30 min: (a) WT dimer, (b) I9G dimer, and
(c) heterodimer of I9G and L98G cyt c. The intensities of the curves
are normalized by the highest absorbance.

Figure 7. Changes in the 695 nm absorption band of oxidized cyt c during folding. (A and B) Folding of oxidized horse cyt c at (A) 0.3 and (B) 3.0
mM in buffer containing 3.5 M GdnHCl diluted to one-third by the rapid mixing method (1:2 mixing). Absorption spectra 0.0, 0.04, 0.08, 0.16, 0.28,
0.40, 0.60, 0.92, 1.4, 2.0, 3.0, 5.0, 9.0, and 15.0 s after mixing are shown. (C) Time courses of the difference absorption between 695 and 750 nm of
horse cyt c at (a) 0.1 and (b) 1.0 mM (concentrations after mixing). (D) Time courses of the difference absorption between 695 and 750 nm of
human cyt c at 0.1 mM: (a) WT and (b) 1:1 mixture of I9G and L98G cyt c. The red dashed lines in panels C and D represent the least-squares-
fitted biexponential curves. Residuals of the fitted curves are shown in the top sections of panels C (black for 0.1 mM horse cyt c (left axis) and red
for 1.0 mM horse cyt c (right axis)) and D (black for WT human cyt c (left axis) and red for 1.0 mM horse cyt c). Protein concentrations (after
mixing) of (A) 0.1 and (B) 1.0 mM.
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horse and human cyt c form domain-swapped oligomers by
folding from their denatured states. The amount of oligomeric
cyt c obtained during folding with the rapid mixing method
decreased with an increase in the initial GdnHCl concentration,
suggesting that folding of cyt c and its oligomerization may
occur at the same GdnHCl concentration within the mixing
dead time of the mixer (1−2 ms). The cyt c concentration
when folding proceeded via the rapid mixing method can be
estimated by comparison of the amount of oligomers formed
between the rapid mixing and desalting methods. Because
∼32% of horse cyt c formed oligomers by folding from the
solution containing 3.5 M GdnHCl with the rapid mixing
method (Figure 1A and Figure S1B of the Supporting

Information), the actual cyt c concentration when folding
occurred for this condition was estimated to be 0.55 mM from
Figure 1D. Approximately 22% of horse cyt c formed oligomers
using the rapid mixing method by folding from the unfolded
state with 6.5 M GdnHCl, and the actual cyt c concentration
was estimated from Figure 1D to be 0.33 mM when folding
occurred. By assuming that the GdnHCl was diluted to the
same extent as cyt c, we estimated folding of cyt c occurred at
approximately 1.4−1.5 M GdnHCl for all the initial GdnHCl
concentrations studied. In fact, most of the cyt c molecules exist
in the folded state at this GdnHCl concentration according to
the folding titration against the GdnHCl concentration.51,52

Oligomerization of cyt c may have occurred at the nascent stage
of folding within the mixing dead time when the N- and C-
terminal α-helices of partially folded proteins interacted
intermolecularly (Figure 8), because the amount of oligomers
depended on the actual cyt c concentrations when folding
occurred. The distribution of the size of oligomeric horse cyt c
produced by folding from the solution containing 3.5 M
GdnHCl with the rapid mixing method (estimated cyt c
concentration during folding of 0.55 mM) was similar to that
produced by folding of 0.5 mM horse cyt c with the rapid
mixing method (curve a of Figure S1B of the Supporting
Information and curve c of Figure S2A of the Supporting
Information). These results show that the oligomerization and
the distribution of the size of the oligomers may not depend on
the folding method (the desalting or rapid mixing method), but
rather on the condition of the solution.
Because oligomers may form through dimers (Figure 8), we

may interpret that the monomer and oligomers (dimer and
higher-order oligomers) form with intramolecular and inter-
molecular interactions, respectively, by the following equations.

=t kmonomer: d[M]/d [U ]M M (1)

=t koligomer: d[O]/d [U ]O M
2

(2)

where [M] and [O] represent the concentrations of the folded
monomer and oligomer, respectively, and [UM] represents the
concentration of the unfolded protein. We defined the rate
constants for formation of the folded monomer and oligomer as

Table 2. Folding Rate Constants of Oxidized Horse and WT
and Mutant Human Cyt c at Different Protein
Concentrations Obtained by the Rapid-Scan Stopped-Flow
Mixing Method at 12 °Ca

[cyt c]
(mM)b

initial final
rate constant

(s−1)
amplitude

(%)

estimated
amount of
oligomersc

(%)

horse 0.3 0.1 2.8 ± 0.2 78 ± 2 31
0.27 ± 0.01 22 ± 2

3.0 1.0 2.8 ± 0.2 42 ± 2 69
0.27 ± 0.01 58 ± 2

WT human 0.3 0.1 1.8 ± 0.2 69 ± 2 40
0.19 ± 0.01 31 ± 2

I9G and L98G
humand

0.3 0.1 1.8 ± 0.2 15 ± 2 93
0.19 ± 0.01 85 ± 2

aThe adjusted R2 value of the fit was 0.998 for all measurements.
bProtein concentration during refolding. cValues estimated from
kinetic amplitudes. The amplitudes of the slow phase for horse cyt c,
WT human cyt c, and the mixture of I9G and L98G human cyt c were
multiplied by 1.6, 1.5, and 2.4, respectively, because the absorbance at
695 nm of the monomer was larger than that of the corresponding
oligomer. dMixing of 0.15 mM I9G human cyt c and 0.15 mM L98G
human cyt c was performed.

Figure 8. Schematic view of folding of cyt c and formation of its dimer. (A) Model of unfolded cyt c. (B) Model of monomer intermediates with
intramolecular interaction between the N- and C-terminal α-helices. (C) Structure of monomeric cyt c (PDB entry 1HRC). (D) Model of the
oligomer intermediate with intermolecular interaction between an N-terminal α-helix and a C-terminal α-helix. (E) Model of the dimer intermediate
with intermolecular interaction between the N- and C-terminal α-helices. (F) Structure of dimeric cyt c (PDB entry 3WC8) determined in this study.
N- and C-terminal α-helices and the hemes of the two cyt c molecules are colored red and blue, whereas the rest of the protein is shown in pale
colors.
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kM and kO, respectively. We neglected the interaction of the
intermediate dimer and unfolded monomer. Because the value
of d([O]/[M])/dt is proportional to [UM] throughout the
reaction, we may obtain

∫ ∫= ×

=

k k

k k

[O] /[M]

/ [U ] d[U ]/ d[U ]

[U ] /2

f f

O M
0

[U ]

M M
0

[U ]

M

O M 0 M

M 0 M 0

(3)

where [M]f and [O]f represent the final concentrations of the
folded monomer and oligomer, respectively, and [UM]0 denotes
the initial value of [UM], and thus, we obtain

=k k/ 2[O] /([M] [U ] )O M f f M 0 (4)

Although each folding rate constant of the monomer (kM) and
oligomer (kO) was difficult to deduce, the ratio of the rate
constants of the oligomer and monomer (kO/kM) was
determined to be (1.5 ± 0.3) × 103 M−1 for all the cyt c
concentrations studied.
If we assume the Arrhenius relationship for the folding

reactions

= −k A E RTmonomer: exp[ /( )]M M M (5)

= −k A E RToligomer: exp[ /( )]O O O (6)

where EM and EO represent the activation energies for folding
of the monomer and oligomer, respectively, and we obtain

=

= − − + +

k k

E E RT A A

ln([O] /[M] ) ln[( [U ] )/(2 )]

( )/( ) ln[ /(2 )] ln[U ]
f f O M 0 M

O M O M M 0
(7)

where AM and AO represent the pre-exponential factors for the
folding of the monomer and oligomer, respectively, and T and
R represent the temperature and gas constant, respectively. The
slope in the plot of ln([O]f/[M]f) versus 1/T represents −(EO
− EM)/R, which was positive under the conditions studied,
indicating EM > EO (Figure 1C). The slope of the plot was
similar between different protein concentrations, indicating that
the difference in the activation energy between folding of
monomeric and oligomeric cyt c is not affected significantly by
the protein concentration. The intercept difference of 1.2
between the plots for 0.85 and 2.3 mM cyt c corresponded well
to the value of log[UM]0 (ln 2.3 − ln 0.85 = 1.0).
It has been reported that the hydrophobicities of the N- and

C-terminal α-helices play a critical role in the kinetics of cyt c
folding (Figure 8).32 The dimeric horse cyt c structure also
indicates that N- and C-terminal hydrophobic contacts are
essential for domain swapping (Figure 2B). Reduction of the
hydrophobicity in the N- or C-terminal α-helix in mutant cyt c
may weaken the intramolecular and intermolecular hydro-
phobic interactions between the N- and C-terminal helices
during folding. In fact, folding of cyt c to oligomers was
suppressed in the N- and C-terminal α-helical mutants (Figure
4). We investigated the folding of a mixture of N- and C-
terminal human cyt c mutants, where a large amount of the
heterodimers was obtained with a negligible amount of higher-
order oligomers. The strong intermolecular hydrophobic
interaction between the N-terminal α-helix of the C-terminal
mutant and the C-terminal α-helix of the N-terminal mutant
predominates over the intermolecular and intramolecular
interactions between the native N-terminal α-helix and the

mutated C-terminal α-helix (and between the native C-terminal
α-helix and the mutated N-terminal α-helix). Therefore,
formation of the heterodimer became more favorable than
formation of monomers and homodimers.
The elution volumes of all the heterodimers studied were

smaller than that of the WT cyt c dimer (Figure 4), suggesting
that the interaction between the two mutated terminal α-helices
becomes weaker and the overall protein size becomes larger in
the heterodimers. Approximately 30% of the α-helical
structures was unfolded in the heterodimer compared to the
WT cyt c dimer according to CD measurements (Figure 5C),
and a slightly larger size compared to that of the WT cyt c
dimer was detected for the heterodimer of I9G and L98G cyt c
in the SAXS measurements (Figure 5D). The larger size of the
heterodimer was presumably caused by its partially unfolded
structure, which was also suggested from the CD measure-
ments. The formation of higher-order oligomers may also be
inhibited by the decrease in the level of intermolecular
interaction between the mutated helices. Therefore, folding of
a mixture of N- and C-terminal mutants resulted in a large
amount of heterodimers. These results strongly support the
hypothesis that the intermolecular hydrophobic interaction
between the N- and C-terminal α-helices guides cyt c to form
oligomers during folding.
A slow folding phase (time constant of ∼3 s) of cyt c has

been reported at high protein concentrations,53 and a transient
dimer has been detected in its refolding kinetics by SAXS
measurements.39 In the folding of horse cyt c in the presence of
1.17 M GdnHCl, the intensities of the fast (∼400−500 ms) and
slow (∼4−5 s) phases for the amplitude change of the 695 nm
band differed with protein concentration (Figure 7C and Table
2). A higher ratio of the slow phase was observed at higher
protein concentrations, indicating that this phase may be due to
the formation of the Met80−heme bond during folding of
oligomers, whereas the fast phase represents the formation of
the Met80−heme bond during folding of the monomers. The
ratio between monomeric and oligomeric horse cyt c for the
difference absorption between 695 and 750 nm is 1.6:1.6 By
considering the difference in intensity at 695 nm between
monomeric and oligomeric cyt c, the amount of oligomers
formed by folding at 0.1 and 1.0 mM cyt c was deduced to be
31 and 69%, respectively. These results show that the
oligomerization may affect the formation of the Met80−heme
bond during folding of cyt c, where the ratio of the oligomers
depends on the protein concentration. The amounts of
oligomers produced by folding at 0.1 mM cyt c for WT
human cyt c and a 1:1 mixture of I9G and L98G human cyt c
mutants were estimated in a similar way to be 40 and 93%,
respectively (Figure 7D and Table 2), where the intensity ratios
of the absorption at 695 nm of monomeric and oligomeric cyt c
were deduced from their absorption spectra to be 1.5:1 and
2.4:1 for WT human cyt c and the mixture of I9G and L98G
human cyt c mutants, respectively (Figures 3B and 5B). The
production of a small amount of monomers by folding from the
mixture of I9G and L98G human cyt c mutants was consistent
with the results of size exclusion chromatography (Figure 4,
curve j). However, the amount of oligomers deduced from the
change in kinetics of horse and human cyt c was greater than
those obtained by gel chromatographic analysis, although the
temperature was slightly higher for the kinetic measurements
than for the gel chromatographic analysis (Figure 1B and Table
2). The differences were presumably caused by dissociation of
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the oligomer to monomers in the presence of 1.17 M GdnHCl
after folding had reached completion.
The heme of cyt c in the guanidinium (Gdn) ion unfolded

state at neutral pH is reported to be bis-His-coordinated.37 The
difference in the biphasic nature between the monomer and
oligomer may be due to the difference in the amount of
proteins folding from a misligated species to the His/Met-
ligated native species. Because the absorption at ∼625 nm,
which is attributed to the absorption of a H2O-coordinated
high-spin species,54−56 did not change significantly during
folding (Figure 7A,B), the misligated form may be mainly the
bis-His-coordinated species. The unfolded state of cyt c is
reported to make a contribution to the stability of the protein.57

Equilibrium studies of Gdn ion-unfolded yeast iso-1-cyt c
showed that intermolecular His26−heme dimers occur in 3 M
GdnHCl at pH <5.0 at relatively low protein concentrations.58

The amount of cyt c oligomers obtained by folding with the
desalting method decreased by more than 50% when the pH
was decreased from 7.0 to 4.0 (Figure S5 of the Supporting
Information), where the amount of bis-His-coordinated species
of the unfolded state decreases.37 These results show that
certain amount of domain-swapped dimers may be formed
from the bis-His-coordinated species in the unfolded state. The
intensity of the 695 nm band of horse and human cyt c
homodimers was smaller than the intensity of the band of their
monomers (Figure 5B),6 indicating a weaker coordination of
Met80 to the heme iron in the oligomers than in the
monomers. Therefore, the coordination of Met80 to the
heme iron may be slower in the oligomer than in the monomer
in the folding of cyt c. Although detailed experiments are
necessary to elucidate the ligand properties of oligomers during
the folding of cyt c, our results strongly indicate that the slow
folding phase is caused by the intermolecular hydrophobic
interaction forming domain-swapped oligomers.

■ CONCLUSION
Domain-swapped dimeric cyt c was obtained by folding from
the Gdn ion-induced unfolded state. The amount of oligomers
formed by the refolding of cyt c increased with an increase in
protein concentration and a decrease in temperature. A large
amount of heterodimers was obtained by the folding of a
mixture of N- and C-terminal α-helical mutant cyt c with
decreased hydrophobicities. This heterodimer was more
unfolded than the WT cyt c dimer. These results strongly
indicate that oligomeric cyt c is formed by intermolecular
hydrophobic interaction between the N- and C-terminal α-
helices. The contribution of a slow phase increased in the
folding process of cyt c at high protein concentrations,
corresponding to the ligand exchange process forming the
Met80−heme bond in the domain-swapped oligomer.
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