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Abstract To investigate the role of the heme axial ligand in the
conformational stability of c-type cytochrome, we constructed
M58C and M58H mutants of the red alga Porphyra yezoensis
cytochrome c6 in which the sixth heme iron ligand (Met58) was
replaced with Cys and His residues, respectively. The Gibbs free
energy change for unfolding of the M58H mutant in water
(vvG‡unf = 1.48 kcal/mol) was lower than that of the wild-type
(2.43 kcal/mol), possibly due to the steric e¡ects of the mutation
on the apoprotein structure. On the other hand, the M58C mu-
tant exhibited a vvG‡unf of 5.45 kcal/mol, a signi¢cant increase
by 3.02 kcal/mol compared with that of wild-type. This increase
was possibly responsible for the sixth heme axial bond of M58C
mutant being more stable than that of wild-type according to the
heme-bound denaturation curve. Based on these observations, we
propose that the sixth heme axial ligand is an important key to
determine the conformational stability of c-type cytochromes,
and the sixth Cys heme ligand will give stabilizing e¡ects.
3 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Heme proteins exhibit an extensive array of biological func-
tions including electron carrier as cytochrome c, enzymes as
catalase, and oxygen storage/transport proteins as myoglobins
and hemoglobins. The functions of the heme proteins can be
attributed to the diversity of the protein structure, the heme
prosthetic group (e.g. heme a, heme c, protoheme, siroheme),
and the ¢fth and sixth heme axial ligands. In the case of
c-type cytochromes, the protoheme is covalently bonded via
thioether linkages to the two Cys residues, and the axial His
and Met ligands are generally coordinated to the heme iron as
its ¢fth and sixth ligands, respectively [1^3]. On the other

hand, the b-type heme proteins (e.g. peroxidases [4], myoglo-
bin [5]) have a ¢fth His ligand and a sixth H2O ligand, and
many b-type cytochromes [6] have bis-His ligands. Further-
more, cytochrome P450 [7] has a ¢fth Cys ligand and a sixth
H2O ligand. Thus, heme proteins have various axial ligation
patterns, and the ligands play essential roles in the functions
of heme proteins [2^7]. For example, in horse heart cyto-
chrome c, the replacement of axial Met80 with Cys caused a
signi¢cant decrease in the redox potential from 262 mV to
3390 mV [2].
Studies on improving the conformational stability of gen-

eral non-heme proteins have been extensively conducted by
site-directed mutagenesis [8^12]. According to those studies,
examples of strategies for increasing the stability are as fol-
lows: increase in internal hydrophobicity [8], introduction of
hydrogen bonds and salt bridges [9,10], introduction of a di-
sul¢de bond [11], and replacement with Pro [12]. On the other
hand, the relationship between the stability of heme proteins
and the axial ligands remains to be clari¢ed [13].
In our laboratory, the structure/function relationships of

cytochromes c have been investigated [14^16]. In the case of
the red alga Porphyra yezoensis cytochrome c6 [15], we have
determined its primary and tertiary structures (JC5849 (PIR
number), AB040818 (DDBJ number) and 1gdv (PDB code)),
and investigated the correlation between the structure and the
redox potential, which was the highest (370 mV) among solu-
ble heme proteins. Cytochrome c6 is a class I c-type cyto-
chrome, in which the heme iron has Met-His axial coordina-
tion, and functions as an electron carrier between cytochrome
b6f and the P700 reaction center of photosystem I in the
thylakoid lumen. In this work, we investigated the role of
heme axial ligands in the conformational stability of cyto-
chrome c6 from P. yezoensis by site-directed mutagenesis stud-
ies.

2. Materials and methods

2.1. Construction of expression vectors
Construction and overproduction of the cytochrome c6 gene (petJ)

in Escherichia coli were performed according to a method described
by Arslan et al. [17] with slight modi¢cations. The matured petJ se-
quence was ampli¢ed using the forward primer P1: 5P-GCAGATC-
TAGATAATGGAGAAAAAG-3P corresponding to codons for ami-
no acid residues 1^9 of the cytochrome c6 N-terminal region, and the
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reverse primer P2: 5P-GCGGATCCTTACCAACCTTTTTCAGATT-
GAG-3P corresponding to the C-terminal region. The ampli¢ed petJ
sequence was ligated to the pelB signal sequence adapter (synthesized
by Sawady Technology Co.). The resulting pelB^petJ hybrid gene was
cloned into NdeI^BamHI sites of pET22b(+) (Novagen) to create the
plasmid pET22Pyc6.
Cytochrome c maturation genes, ccmA^H, were polymerase chain

reaction (PCR)-ampli¢ed from E. coli MC1061 genomic DNA using
the forward primer P3: 5P-CCAGAATTCGGTTGCCGCGAAGAT-
GCAT-3P corresponding to upstream of the ccmA gene from the
E. coli K12 MG1655 genome sequence (AE000309), and the reverse
primer P4: 5P-TTCCTGCAGCAACGCGGGGCACAATAAA-3P
corresponding to downstream of the ccmH gene. The resulting
ccmA^H gene was cloned into EcoI^PstI sites of pSTV28 (Takara
Shuzo Co.) to create the plasmid pSTV28ccmA^H.

2.2. Site-directed mutagenesis
The mutations of petJ were introduced by the megaprimer PCR

method [18]. The mutagenic oligonucleotides P5: 5P-GGTAAAAAT-
GCCTGCCCTGCTTTCGGAGG-3P and P6: 5P-GGTAAAAATGC-
CCATCCTGCTTTCGGAGG-3P were used to change the ATG co-
don encoding Met58 into TGC (Cys) and CAT (His), respectively.

2.3. Protein expression and puri¢cation
Puri¢cation of wild-type cytochrome c6 was performed as previ-

ously described [15]. For the overproduction of mutant cytochrome
c6, both pET22Pyc6(mutant) and pSTV28ccmA^H were co-introduced
into E. coli BL21(DE3). The procedure for the overproduction of
cytochrome c6 followed that described previously [19] with slight
modi¢cations. The synthesized mutants were puri¢ed by Bio-
CAD700E perfusion chromatography (Applied Biosystems) according
to the method for the wild-type. The degree of purity was con¢rmed
from the absorbance ratio A275/A553 and tricine^SDS^PAGE [20].

2.4. Spectroscopic analysis
UV/visible spectra were measured with a Hitachi U3310 spectro-

photometer using quartz cuvettes of 1.0 cm path length. Protein con-
centrations of cytochromes c6 were determined spectrophotometrically
from the pyridine ferrohemochrome spectrum (550 nm, 29.1 mM31

cm31) [21]. Circular dichroism (CD) spectra were recorded at 25‡C in
20 mM sodium phosphate bu¡er (pH 7.0) with a Jasco J720 spectro-
polarimeter using 0.2 cm path length rectangular quartz cuvettes. The
K-helical contents were calculated from the CD absorbance at 222 nm
based on the 100% value of 332 000 deg cm2/dmol [22].

2.5. Redox titrations
Redox titrations were performed under anaerobic conditions with a

continuous stream of argon, in 100 mM sodium phosphate bu¡er (pH
7.0) at 25‡C [23]. The potentials were measured with a Horiba F-13
pH meter equipped with an ORP electrode, and the optical spectra
were recorded throughout the titration on a Hitachi U3310 spectro-
photometer. The redox mediators were used to stabilize the solution
redox potential as described previously [14] except for the measure-
ment of the M58C mutant. For the M58C mutant, the following
mediators were used: 20 WM duroquinone, 10 WM 2-hydroxy-1,4-
naphthoquinone, 10 WM anthraquinone-2-sulfonate, 2 WM benzyl
viologen, 1 WM phenylsafranine, and 1 WM indigo carmine. The redox
data were analyzed from the theoretical curve obtained using the
Nernst equation (n=0.9^1.1): E=E0+(RT/nF) ln ([ferric]/[ferrous]).

2.6. Denaturation
Quantitative disruption of protein structures with guanidine hydro-

chloride (Gdn-HCl) as denaturant was measured by monitoring the
CD signal intensity at 222 nm or by monitoring the Soret absorbance
peaks of heme-bound proteins as a function of Gdn-HCl concentra-
tion. The protein solutions (5 WM protein in 10 mM sodium phos-
phate (pH 7.0) containing Gdn-HCl) were incubated for 1 day at 4‡C
to reach equilibrium, and the CD and visible spectra were measured at
25‡C. The denaturation data were analyzed with a theoretical curve
based on vGunf =3RTlnKD =vG‡unf3m[Gdn-HCl] by assuming the
two-state folding^unfolding transition with the equilibrium constant
KD [24]. The thermodynamic parameter, vG‡unf , shows free energy
change from the folded state to the unfolded state in the absence of
a denaturant, and m shows the dependence of the free energy change
(vG‡unf ) on the denaturant concentration. Thermal denaturation of

the proteins was measured by monitoring the CD signal intensity at
222 nm as a function of temperature (40‡C/h from 5 to 95‡C), and the
data were ¢t to a two-state model [25] to yield Tm.

2.7. Computational procedure
The initial structures of the molecules were constructed using (Mac-

roModel) with the crystal structure of P. yezoensis cytochrome c6
(1gdv). Geometry optimization and computation of the electronic
structures of the molecules were conducted by ab initio molecular
orbital calculation (UHF: STO-3G level), using SPARTAN. All com-
putations were conducted on an SGI workstation.

3. Results and discussion

3.1. Construction and overproduction of mutant cytochromes c6
To investigate the role of the axial ligands in the conforma-

tional stability of P. yezoensis cytochrome c6, we constructed
the M58C and M58H mutants of cytochrome c6 in which the
sixth heme iron ligand (Met58) was replaced with Cys and
His, respectively; those amino acid residues are the axial li-
gands in many natural heme proteins, and were selected as the
sixth heme axial ligand instead of Met58 in the cytochrome c6.
E. coli BL21(DE3) cells harboring both pET22Pyc6(mutant)
and pSTV28ccmA^H were able to overproduce recombinant
cytochromes c6. The recombinant protein without any muta-
tions is designated non-mutant. The cell pellets were reddish
brown, indicating heme protein overproduction. About 2 mg
of recombinant cytochromes c6 was obtained from a 1 l cul-
ture of E. coli cells cotransformed with the ccmA^H gene
cluster. Each of the recombinant cytochromes c6 was e¡ec-
tively transported to the periplasm of E. coli using the pelB
signal sequence, and the sequence was cleaved o¡ by signal
peptidase, as deduced from the N-terminal amino acid se-
quence.

3.2. UV/visible spectra and redox potential of the mutant
cytochromes c6

As shown in Fig. 1, the UV/visible absorption spectra of the
non-mutant were quite similar to those of wild-type cyto-
chrome c6. The ferric forms showed visible absorption max-
ima at 526 (K+L) and 409 (Soret) nm, and the ferrous forms at
553 (K), 522 (L), and 416 (Soret) nm. The absorption peaks
for the ferric and ferrous forms were assigned to the low-spin
Met-His axial coordinated heme iron, which is characterized
by class I c-type cytochromes [1]. Moreover, the midpoint
redox potential (Em) of the non-mutant (370 mV) was almost
identical to that of the wild-type (371 mV). For the M58C
mutant, the ferric forms showed absorption peaks at 566, 539
(K+L) and 418 (Soret) nm, and the ferrous forms at 553 (K),
522 (L), and 417 (Soret) nm (Fig. 1C). In addition, the Em of
the M58C mutant (3286 mV) showed a signi¢cant decrease of
3657 mV compared with that of the wild-type (371 mV).
These results are generally consistent with the absorption
peak and the Em of cytochrome c-Cys80 [2], indicating that
the sixth ligand of the heme iron of the M58C mutant was
Cys. On the other hand, the ferric forms of the M58H mutant
showed absorption peaks at 529 (K+L) and 408 (Soret) nm,
and the ferrous forms at 554 (K), 523 (L), and 417 (Soret) nm
(Fig. 1D). Furthermore, the absorption peak at 695 nm,
which is observed in sulfur (Met) charge transfer to Fe3þ,
disappeared in the ferric form of the M58H. The Em of the
M58H mutant (82 mV) was lower than that of the wild-type
(371 mV), and this phenomenon agrees with that of cyto-
chrome c-His80 [3]. From these results, we conclude that the
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sixth ligand of the heme iron of the M58H mutant was His.
The pyridine ferrohemo-chromogens of these cytochromes c6
had an K-band at 550 nm, indicating that their prosthetic
groups were heme c [21].

3.3. Secondary structure of the mutant cytochromes c6
The helical nature of the recombinant cytochromes c6 was

con¢rmed by far-UV CD measurement, which is able to probe
the secondary structure of globular proteins (Fig. 2). The
K-helical contents of the wild-type, non-mutant, M58C and
M58H cytochromes c6 under the experimental conditions
(20 mM sodium phosphate (pH 7.0) at 25‡C) were estimated
to be 72.7, 73.8, 74.6 and 66.1%, respectively, based on the
ellipticity of 332 000 deg cm2/dmol for 100% helicity [22].
Accordingly, the non-mutant and the M58C mutant preserved
their K-helical contents to almost the same degree as that of
the wild-type cytochrome c6. On the other hand, the K-helical
content of the M58H was slightly less than that of wild-type
cytochrome c6, and this may be due to the perturbation of the
short L-sheet structure (residues 55^58) [15] by the replace-
ment of Met58 with His58, which has a low tendency to
form the L-sheet structure [26].

3.4. Role of the heme axial ligand in conformational stability of
cytochrome c6

The denaturation of the cytochromes c6 mutants with Gdn-
HCl was measured by monitoring the CD signal intensity at

222 nm or by monitoring the Soret absorbance peaks (Fig. 3).
The denaturation curve of the non-mutant, which was ob-
tained by monitoring the K-helix structure (Cm = 0.95 M),
was quite similar to that of wild-type cytochrome c6
(Cm = 0.95 M) (Table 1). Thermodynamic parameters of the
cytochromes c6 mutants, which were obtained by assuming a
simple two-state folding^unfolding transition, are summarized

Fig. 1. UV/visible spectra of the ferrous and ferric forms of wild-type and mutant cytochromes c6. Absorption spectra of 5 WM cytochrome c6
were measured in 10 mM sodium phosphate (pH 7.0) at 25‡C. A: Wild-type; B: non-mutant; C: M58C; D: M58H.

Fig. 2. CD spectra of wild-type cytochrome c6 (solid line), non-mu-
tant (dotted line), M58C (dashed line) and M58H (semi-dotted line).
The spectra were recorded in 10 mM sodium phosphate (pH 7.0) at
25‡C. The protein concentrations were 10 WM as determined spec-
trophotometrically.
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in Table 1. Furthermore, the K-helical denaturation curves of
the wild-type and the non-mutant were quite similar to their
respective heme-bound denaturation curves (Fig. 3B), indicat-
ing that the dissociation of the sixth Met ligand is tightly
coupled with the unfolding of cytochrome c6. This agrees
with the protein unfolding of horse heart cytochrome c [27].
The vG‡unf of 1.48 kcal/mol and the m of 1.96 kcal/mol/M

of the M58H mutant were smaller than those of the wild-type
(2.43 kcal/mol and 2.56 kcal/mol/M, respectively), as shown in
Table 1. The decrease in the thermodynamic stability of
M58H is attributable to the perturbation of the secondary
structure (Fig. 2). In contrast, the axial coordination with
His58 was signi¢cantly strong and was almost unchanged dur-
ing the Gdn-HCl denaturation (Fig. 3B). Therefore, in con-
trast with the native cytochrome, the unfolding of the M58H
mutant is independent of the dissociation of the sixth His
ligand.
On the other hand, the vG‡unf and m values of the M58C

mutant were 5.45 kcal/mol and 3.36 kcal/mol/M, respectively,
and a signi¢cant increase of 3.02 kcal/mol in the conforma-
tional stability (vG‡unf ) was realized compared with the wild-
type. Furthermore, the axial bond of Fe3þ^Cys was more
stable than Fe3þ^Met in the proteins according to the heme-
bound denaturation curve (Fig. 3B). However, the denatura-
tion curve of M58C was fairly dissimilar to that obtained by
monitoring the CD signals. The heme-bound denaturation
occurred apparently via three-state transitions (folded state
(F)Iintermediate (I)Iunfolded state (U)). The former tran-
sition (FII) occurred in the same Gdn-HCl concentration
range (0^2.2 M) as the protein unfolds, whereas the latter

transition (IIU) occurred at higher concentrations of the
denaturant (over 2.2 M) (Fig. 3). The former transition seems
to correspond to the dissociation of the Fe3þ^Cys bond, in-
dicating that the dissociation couples with the protein unfold-
ing. Thus, the increase in vG‡unf (3.02 kcal/mol) of the
K-helical structure of the M58C mutant is possibly due to
the enhancement of the axial bond strength.
Ab initio energy calculation shows that the bonds of

N(His)^Fe3þ and S(Cys)^Fe3þ are more stable than that of
S(Met)^Fe3þ by 5.2 and 17.8 kcal/mol, respectively. These
values cannot be simply compared with the experimental
data obtained here (Fig. 3B) because the measured vG‡unf
values are di¡erent between the folded and unfolded states
and the energies of each unfolded state are not involved in
the calculated values. However, the theoretical data suggest
the bonds energies of N(His)^Fe3þ and S(Cys)^Fe3þ are sig-
ni¢cantly higher than that of S(Met)^Fe3þ and consistent with
the experimental results (Fig. 3B).
The e¡ects of the ligand exchanges between M58H and

M58C mutants are contrastive. Although the axial bond of
the Fe3þ^His is stronger than that of Fe3þ^Met (Fig. 3B), the
replacement with His decreases the stability. The ligand
change from Met to His gives destabilizing e¡ects in the pro-
tein structure, e.g. exposure of the hydrophobic residues to the
solvent, which agrees with the decrease of the K-helical con-
tents (Fig. 2). This structural change may dissect the heme
dissociation reaction from the protein unfolding (Fig. 3). On
the other hand, the ligand change from Met to Cys gives
stabilizing e¡ects through the formation of a stable bond be-
tween the ligand and the heme iron, which is consistent with

Fig. 3. Denaturation curves of wild-type and mutant cytochromes c6. The secondary structures of wild-type and mutant cytochromes c6 were
monitored from the CD signal intensity at 222 nm against Gdn-HCl concentration at 25‡C (A). The dissociation of heme in wild-type, non-mu-
tant, M58C and M58H cytochromes c6 was monitored from the Soret absorption peaks at 409, 409, 418 and 408 nm, respectively (B). The pro-
teins were denatured by titration with Gdn-HCl in 10 mM sodium phosphate (pH 7.0) at a protein concentration of 5 WM. Wild-type (circles);
non-mutant (triangles); M58C (squares); M58H (diamonds).

Table 1
Thermal and Gdn-HCl denaturation data

Cytochrome Cm (M)a vG‡unf (kcal/mol)b m (kcal/mol/M)c Tm (‡C)d

Wild-type 0.95 2.43 2.56 48.83
Non-mutant 0.95 2.42 2.54 49.57
M58C 1.62 5.45 3.36 58.45
M58H 0.76 1.48 1.96 48.73
aMidpoint of the unfolding transition determined by Gdn-HCl denaturation.
bFree energy change (vGunf ) from the folded state to the unfolded state in the absence of denaturant.
cDependence of free energy change (vGunf ) on Gdn-HCl concentration.
dMidpoint of the thermal denaturation transition.
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the native protein structure and preserves the coupling be-
tween the heme binding and the protein folding. This agrees
with the result that the secondary structure was not a¡ected
by the mutation in the absence of Gdn-HCl (Fig. 2).
In conclusion, we propose that the sixth heme axial ligand

is an important key to determine thermodynamic stability of
c-type cytochromes, and the sixth Cys heme ligand will give
stabilizing e¡ects owing to the formation of stable axial bond
between the heme iron and the sixth ligand.
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