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Abstract Two models have been proposed to explain the

interaction of cytochrome c with cardiolipin (CL) vesicles.

In one case, an acyl chain of the phospholipid accommo-

dates into a hydrophobic channel of the protein located

close the Asn52 residue, whereas the alternative model

considers the insertion of the acyl chain in the region of the

Met80-containing loop. In an attempt to clarify which

proposal offers a more appropriate explanation of cyto-

chrome c–CL binding, we have undertaken a spectroscopic

and kinetic study of the wild type and the Asn52Ile mutant

of iso-1-cytochrome c from yeast to investigate the

interaction of cytochrome c with CL vesicles, considered

here a model for the CL-containing mitochondrial mem-

brane. Replacement of Asn52, an invariant residue located

in a small helix segment of the protein, may provide data

useful to gain novel information on which region of cyto-

chrome c is involved in the binding reaction with CL

vesicles. In agreement with our recent results revealing that

two distinct transitions take place in the cytochrome c–CL

binding reaction, data obtained here support a model in

which two (instead of one, as considered so far) adjacent

acyl chains of the liposome are inserted, one at each of the

hydrophobic sites, into the same cytochrome c molecule to

form the cytochrome c–CL complex.

Keywords Cytochrome c � Site-directed mutagenesis �
Cardiolipin �Mitochondrial membrane � Resonance Raman

Introduction

Cytochrome c is a peripheral membrane protein function-

ing in-between the inner and the outer membrane of the

mitochondrion, mediating electron transfer between dif-

ferent proteins of the respiratory chain. It is a single-chain

protein and possesses three major and two minor a-helices

in the structure. The prosthetic group is covalently bound

by two thioether bridges to two cysteine residues, Cys14

and Cys17. Under physiological conditions, His18 and

Met80 are the axial ligands of the heme iron. Studies of

engineered cytochrome c have significantly improved our

knowledge of the role played by side chains (in particular,

the invariant residues) in terms of structural stabilization,

folding, and functionality [1–7]. In fact, yeast iso-1-cyto-

chrome c is an ideal model system because its structure and

properties in solution have been extensively studied [8–11],
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and a system to produce mutants by site-directed muta-

genesis has been developed [12, 13].

In the cellular environment a portion of cytochrome c is

bound to cardiolipin (CL), one of the phospholipids con-

stituting the mitochondrial membrane. Cytochrome c

binding to CL produces a tertiary conformational rear-

rangement in the protein with formation of a nonnative but

still compact structure characterized, as the molten globule

[14, 15], by a perturbed heme crevice [16]. Similar

behavior is observed in vitro when cytochrome c is mixed

with CL liposomes under appropriate conditions; a stable

(cytochrome c–CL) complex is formed at neutral pH and

low ionic strength [17–21].

In addition to its electron transfer function carried out

in the mitochondrion under normal conditions, cyto-

chrome c plays a primary role in programmed cell death

(cell apoptosis). In response to a variety of apoptosis-

inducing agents, the protein is released into the cytosol

where it actively participates in the execution of cell

apoptosis by binding to the apoptosis protease activation

factor, APAf-1, with subsequent activation of procaspase

9 [22, 23]. The peroxidase activity acquired by mito-

chondrial membrane-bound cytochrome c is critical dur-

ing the early stages of the apoptotic process. The

cytochrome c–CL complex acts as a powerful CL-specific

peroxidase, generating CL hydroperoxides, which, having

low affinity for the protein, favor complex dissociation

and allow release of free soluble cytochrome c from the

mitochondrial membrane into the cytosol [24]. Interest-

ingly, on the basis of temperature-dependent conforma-

tional changes at pH 3.0 in the absence of lipids, it has

recently been suggested that binding of CL to cytochrome

c leads to a conformational switch to a b-sheet structure

with the concomitant appearance of peroxidase activity

and heme exposure [25]. Thus, whereas the native fold is

important for cytochrome c to act as an electron carrier in

mitochondria, the nonnative compact conformation of the

CL-bound protein is essential for it to participate in the

apoptotic program.

A better understanding of the mechanism(s) governing

the cytochrome c–CL interaction is highly desirable.

Determination of the structural properties of the cyto-

chrome c–CL complex and of the factors affecting its

stability is of importance since this would give more

insight into how the early stages of the apoptotic process

evolve. Previous work on the interaction of cytochrome c

with CL liposomes revealed the presence in the protein of

(at least) two protein binding sites, namely, the A-site and

the C-site, characterized by different affinities for the

phospholipid [17–20]. The interaction at the A-site was

proposed to be of an electrostatic nature and involves

positively charged residues of cytochrome c (possibly

Lys72 and Lys73) and the deprotonated negatively charged

phosphate group of the phospholipid. Conversely, at the C-

site the protein interaction with CL liposome is hydro-

phobic and should be stabilized by hydrogen bonding

between the Asn52 residue and the protonated phosphate

group of the lipid.

According to the so-called extended lipid conformation

hypothesis [18], at the C-site one acyl chain of the

phospholipid accommodates into a hydrophobic channel of

the protein which extends from the surface to the heme

pocket region, whereas the other chain points in the opposite

direction from the headgroup into the liposome. This

hypothesis emphasizes greatly the role played by the Asn52

residue located at the C-site, since its interaction with the CL

liposome is considered crucial for a correct insertion of the

acyl chain into the protein. More recently, Kalanxhi and

Wallace [21] reported that the insertion of the acyl chain may

occur in the region of the Met80-containing loop, the acyl

chain gaining entry into the protein in-between two parallel

hydrophobic polypeptide stretches surrounded by positively

charged residues (such as Lys72 and Arg91). These

hypotheses identify two distinct regions of the macromole-

cule that may be involved in the interaction with CL vesicles.

In an attempt to clarify this still widely debated point, we

exploited the potential offered by site-directed mutagenesis

to produce the Asn52Ile mutant from yeast iso-1-cytochrome

c. Replacement of Asn52, an invariant residue located in a

small helix segment of the protein (residues 49–54 in yeast

Fig. 1 Ribbon structure of yeast iso-1-cytochrome c. The heme

group, with Fe(III) bound to His18 (blue) and Met80 (magenta), is

represented in green. At the bottom, residue Asn52 is shown in red.

The protein structure [8] was visualized with Swiss-Pdb
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cytochrome c; see Fig. 1) is expected to provide new data

useful to gain novel information on the role played by this

residue in the cytochrome c–CL binding reaction. An earlier

investigation reported that the Asn52Ile mutant displays

higher stability than the wild-type protein [26]. Determina-

tion of whether Asn52 plays a primary role in the stabiliza-

tion of the cytochrome c–CL complex is of importance

because it would correlate Asn52 with the activation of the

apoptotic process and provide additional evidence justifying

the invariance of this residue in the sequence of c-class

cytochromes.

Materials and methods

Materials

CL, as sodium salt from bovine heart (approximately 98%

purity, lyophilized powder), was obtained from Sigma

Chemical (St. Louis, MO, USA) and was used without fur-

ther purification. All reagents used were of analytical grade.

Liposome preparation

Aqueous dispersions of CL liposomes were prepared

according to a procedure described previously [27]. Briefly,

a film of lipid was prepared on the inside wall of a round-

bottomed flask by evaporation of a chloroform solution

containing the proper amounts of lipid. The films obtained

were stored in a dessicator overnight under reduced pres-

sure and then 1 ml of a 20 mM N-(2-hydroxyethyl)piper-

azine-N0-ethanesulfonic acid buffer solution was added to

obtain a 2.5 mM lipid dispersion. Solutions were vortex-

mixed and then freeze–thawed six times from liquid

nitrogen temperature to 30 �C. Dispersions were then

extruded (ten times) through a 100-nm polycarbonate

membrane. Extrusions were carried out at 30 �C.

Protein expression and purification

The expression plasmid pBTRI harboring both the yeast

iso-1-cytochrome c gene (CYC1) and the heme lyase gene

(CYC3) was a kind gift from A.G. Mauk of British

Columbia University, Vancouver. The CYC1 gene encodes

the Cys102Thr variant of yeast iso-1-cytochrome c. In this

variant, protein dimerization is precluded and the ferricy-

tochrome autoreduction rate is greatly diminished. Since

the optical and electrochemical properties are indistin-

guishable from those of iso-1-cytochrome c [12], the

Cys102Thr variant is denoted here as ‘‘wild type.’’

Site-directed mutagenesis of the iso-1-cytochrome c

gene (Cys102Thr variant) was performed directly on the

pBTRI plasmid. Specific amino acid substitution (Asn52Ile)

was introduced into yeast iso-1-cytochrome c using a

QuikChange site-directed mutagenesis kit (Stratagene, La

Jolla, CA) and the following oligonucleotides:

50-TCGTACACAGATGCCATTATCAAGAAAAACG

TGTTGTGG-30

50-CCACAACACGTTTTTCTTGATAATGGCATCTG

TGTACGA-30

Bacterial expression and purification of the recombinant

protein were conducted essentially as previously described

[14].

Escherichia coli strain JM 109 containing the pBTRI

plasmid (or the mutated plasmid, see above) was grown at

37 �C, in 2 liters of superbroth medium containing

100 lg ml-1 ampicillin at an optical density of 0.3 at

600 nm. Induction was accomplished by adding isopropyl-

b-D-thiogalactopyranoside to a final concentration of

0.75 mM. Cells were incubated at 37 �C overnight, har-

vested by centrifugation, and frozen at -80 �C. After they

had thawed, the reddish pellets were resuspended in

50 mM tris(hydroxymethyl)aminomethane–HCl buffer, pH

8.0 (3–4 ml g-1 of wet cells). Lysozyme (1 mg ml-1) and

DNase (5 lg ml-1) were added to the homogenized cells.

The suspension was left in ice for 1 h and then sonicated

for 1 min, at medium intensity, 50% duty cycle. After

centrifugation for 30 min at 10,000g to remove cell debris,

the clarified supernatant was dialyzed overnight versus

10 mM phosphate buffer, pH 6.2, and then loaded on a CM

52 column (40-ml bed volume) equilibrated with the same

buffer. Purification was performed by washing the column

with 1 vol of 45 mM phosphate buffer, pH 6.8, followed

by 1 vol of 45 mM phosphate buffer ? 75 mM NaCl, pH

6.8, and by successively eluting the protein with 1 vol of

45 mM phosphate buffer ? 250 mM NaCl, pH 6.8. After

purification, the recombinant Cys102Thr variant of yeast

iso-1-cytochrome c and the Asn52Ile mutated protein

(yield 5–7.5 mg l-1) were promptly oxidized by adding a

few grains of potassium ferricyanide and then subjected to

extensive dialysis against 100 mM phosphate buffer, pH

7.0. The recombinant protein (approximately 50 lM) was

more than 98% pure (from sodium dodecyl sulfate poly-

acrylamide gel electrophoresis analysis and reverse-phase

high-performance liquid chromatography, data not shown)

and stored at -80 �C in 200-ll aliquots.

Circular dichroism measurements

Circular dichroism (CD) measurements were carried out

using a J-710 spectropolarimeter (JASCO, Tokyo, Japan)

equipped with a PC as a data processor. The molar ellip-

ticity ([h]; deg cm2 dmol-1) is expressed on a molar heme

basis in the Soret (400–450 nm) region. In the far-UV

region, measurements (not shown) were carried out in the

215–250-nm range.
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Binding of cytochrome c (as the wild type or the

Asn52Ile variant) to CL liposomes was investigated by

following the changes induced in the Soret CD spectrum

(400–450 nm) of the protein by stepwise addition of a few

microliters of a 2.5 mM CL buffered solution to a 10 lM

(or 30) cytochrome c buffered solution (Vi = 1.0 ml;

0.5 cm pathlength cell). In both cases the buffer was

25 mM N-(2-hydroxyethyl)piperazine-N0-ethanesulfonic

acid ? 0.1 mM EDTA, pH 7.0. Dichroism spectra were

recorded 10 min (wild type) or 25 min (Asn52Ile variant)

after mixing.

Electronic absorption measurements

Electronic absorption measurements were carried out at

25 �C using a JASCO V-530 spectrophotometer and

a double-beam Cary 5 spectrophotometer (Varian, Palo

Alto, CA, USA). An extinction coefficient of e408 =

106 mM-1 cm-1 was used to determine the concentration

of wild-type and mutated cytochrome c.

Fast kinetics measurements

Kinetic measurements were carried out employing a rapid-

mixing stopped-flow apparatus (SX.18 MV, Applied

Photophysics, Salisbury, UK) with 1-ms dead time,

equipped with a diode array for transient spectra collection

over the 350–700-nm wavelength range.

Ferric cytochrome c was mixed with CL and absorption

transient spectra were collected with a 1-ms time resolution

between 350 and 700 nm. Further analysis was then carried

out on progress curves at 695 nm, with a 1 cm pathlength

cell.

Kinetic progress curves were fitted according to the

following equation:

Aobs ¼ A1 �
Xi¼n

i¼1

DAi exp � kitð Þbð Þ; ð1Þ

where Aobs is the absorption at 695 nm at a given time

interval, A? is the final absorption (when the reaction is

complete), DAi is the signal change for phase i, ki is the rate

constant for phase i, t is time, and b is a phenomenological

factor, referable to the cooperativity of the kinetic process

(b[ 1 for positive cooperativity, b\ 1 for negative

cooperativity, and b = 1.0 for no cooperativity). The sign

± indicates that, depending on the wavelength, the signal

may either decrease or increase.

Resonance Raman measurements

Resonance Raman spectra were obtained using a 5-mm

NMR tube and by excitation with the 406.7-nm line of a

Kr? laser (Innova 300 C, Coherent, Santa Clara, CA,

USA). Backscattered light from a slowly rotating NMR

tube was collected and focused into a triple spectrometer

(consisting of two Acton Research SpectraPro 2300i and a

SpectraPro 2500i in the final stage with a 3,600 grooves per

millimeter grating) working in the subtractive mode,

equipped with a liquid-nitrogen-cooled CCD detector. It

should be noted that the spectral resolution of the reso-

nance Raman spectra cited in the figure captions is that

calculated theoretically on the basis of the optical proper-

ties of the spectrometer. However, for the moderately

broad experimental resonance Raman bands observed in

the present study (about 10 cm-1), the effective spectral

resolution will in general be lower. The resonance Raman

spectra were calibrated with indene and CCl4 as standards

to an accuracy of 1 cm-1 for intense isolated bands. The

spectral changes induced by CL liposomes were monitored

following the stepwise addition of 2-ll aliquots of CL

(3 mM) buffered solution to 150 ll of a 30 lM protein

buffered solution, recording the spectrum 30 min after

mixing.

Results

Structural properties of the Asn52Ile mutant

CD measurements

The Asn52Ile mutant shows a well-defined far-UV

dichroism spectrum typical of proteins with a-helix sec-

ondary structure (not shown); the ellipticity at 207 and

221 nm is approximately 10% higher than that of the

wild-type form. Figure 2 shows the Soret CD spectrum
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Fig. 2 Soret circular dichroism (CD) spectrum of the Asn52Ile

mutant (solid line). The CD spectrum of the wild-type protein (dotted
line) is reported for comparative purposes. The experimental condi-

tions were 100 mM phosphate buffer, pH 7.0, and 25 �C
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(400–450 nm, strictly correlated with the heme pocket

structure), in which the Cotton effect centered at 416 nm

for the wild-type protein is blueshifted (by approximately

2 nm) and markedly stronger in the mutant. This signal has

been attributed to the Phe82–heme and Met80–heme

interaction and is considered a probe of the environment on

the Met80 side of the heme pocket [28, 29].

Stability of the Asn52Ile mutant

The stability of the Asn52Ile mutant was investigated by

CD at 222 nm, following protein unfolding induced by

guanidine hydrochloride (spectra not shown). The process

is reversible and reaches completion in a few minutes. The

thermodynamic parameters of the transitions, reported in

Table 1, indicate that the Asn52Ile variant shows an

increased stability with respect to the wild-type protein.

The DG0 value, i.e., the apparent free-energy change in the

absence of denaturant, was estimated by extrapolating the

curve to zero denaturant concentration on the assumption

of a linear dependence of the apparent free-energy change

(DGD) versus denaturant concentration [30]. The value of

DGD was obtained from the apparent denaturation equi-

librium constant, KD, determined by the expression

KD = (hi - hobs)/(hobs - hf), where hi, hf, and hobs repre-

sent the initial, final, and observed values of the ellipticity,

respectively. The thermodynamic parameters for the

unfolding titration (see Table 1) provide quantitative

indication for the markedly higher stability of the Asn52Ile

mutant with respect to the wild-type protein

(DG0 = 47.3 ± 1.1 vs. 22.4 ± 1.1 kJ mol-1). The data

also suggest that the variant has a compactness comparable

to that of the wild-type protein, as indicated by the values

of m (12.5 vs. 12.4 kJ mol-1 M-1), a parameter that

directly measures the dependence of DGD on the denatur-

ant concentration according to the empirical equation

DGD = DG0 - m[D], where [D] is the denaturant

concentration. m is assumed to be proportional to the

change of accessible area of a protein upon unfolding

[30, 31].

The Asn52Ile mutant–CL liposome interaction

Previous studies on equine ferricytochrome c have shown

that formation of the CL–cytochrome c complex is asso-

ciated with changes of the tertiary structure of the protein,

with a marked alteration of the heme pocket region, and

with the displacement of Met80 from the sixth coordination

position of the heme iron [18–21]. In this paper we extend

the investigation to yeast iso-1-ferricytochrome c as, in

contrast to horse cytochrome c, a stable Asn52Ile mutant of

the protein from yeast is obtained by site-directed muta-

genesis. Figure 3 shows the Soret CD spectrum of the

mutant recorded at neutral pH in the absence and in the

presence of large (approximately 100 lm) CL unilamellar

liposomes. The dramatic decrease of the 414-nm Cotton

effect induced by CL indicates that cytochrome c binds to

CL vesicles (the CL concentration used was higher than its

critical micelle concentration) and that such interaction

alters the heme pocket region. However, unlike the wild-

type protein (whose spectrum is shown in the inset in

Fig. 3), a weak dichroic signal still remains visible, sug-

gesting that part of the mutated protein population main-

tains the Fe(III)–Met80 bond unaltered. It is underlined that

for our experimental conditions, free cytochrome c is

characterized by a well-defined negative 416-nm Cotton

effect. The disappearance of such a negative band upon

addition of CL liposomes to the protein solution (6:1 molar

Table 1 Denaturation parameters of the N52I mutant of iso-1-cyto-

chrome c

C1/2
a

(M)

DG0

(kJ mol-1)

m
(kJ mol-1 M-1)

Wild-type cytochrome

c
1.8 22.4 12.4

N52I mutant 2.4 47.3 12.5

Horse cytochrome cb 2.5 33.5 13.4

The experimental conditions were 0.1 M phosphate buffer, pH 7.0,

and 25 �C. Thermodynamic parameters are determined from circular

dichroism studies in the helix region (see the text for details). The

estimated errors in C1/2, DG0, and m are ±0.1 M, ±1.1 kJ M-1, and

±0.9 kJ mol-1 M-1, respectively
a Denaturant concentration at the midtransition point
b From [15]
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Fig. 3 Cardiolipin (CL) vesicles binding to the Asn52Ile mutant.
Soret CD spectrum of mutated cytochrome c obtained in the absence

(solid line) and in the presence (dotted line) of CL (6:1 CL to

cytochrome c molar ratio). The experimental conditions were 10 lM

protein, 20 mM N-(2-hydroxyethyl)piperazine-N0-ethanesulfonic acid

(Hepes) ? 0.1 mM EDTA, pH 7.0, and 25 �C. The inset shows the

same measurements carried out on the wild-type protein under the

same experimental conditions
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ratio) reveals that all the protein is fully bound to the lipid.

The binding reaction with CL vesicles is characterized by a

slow equilibrium (as illustrated in the inset in Fig. 5).

Approximately 97% of the mutant is bound to CL in

18–20 min after mixing, whereas approximately 100% of

the wild-type protein is CL-bound after 3–4 min. As

already observed for the equine protein [24], the stepwise

addition of CL liposomes to a wild-type cytochrome c

solution gives rise to two distinct transitions during com-

plex formation (Fig. 4). Conversely, the binding of the

Asn52Ile mutant (also illustrated in Fig. 4) is characterized

by a two-state transition, suggesting that in this case only

one site of the protein interacts with CL vesicles. When

reacting with CL, yeast iso-1-cytochrome c and the

Asn52Ile variant form very stable complexes which do not

dissociate in the presence of 0.5 M NaCl, unlike that

observed for the equine cytochrome c [24].

Stopped-flow kinetics

Figure 5 shows the CL-binding kinetics of wild-type

cytochrome c and the Asn52Ile mutant, monitored by fol-

lowing the absorbance at 695 nm (which is strictly corre-

lated to the Fe(III)–Met80 axial bond [32]). According to

Eq. 1, the analysis of kinetic progress curves requires two

exponentials (n = 2 in Eq. 1) both for the wild-type pro-

tein and for the Asn52Ile mutant. The data indicate that the

CL-binding kinetics of the wild-type protein is character-

ized by a main fast event having a rate constant,

k1 = 0.36 s-1 (±0.05), which is about sixfold lower than

that determined for horse cytochrome c [20]. This reflects

the existence of a higher energy barrier for the interaction

with CL vesicles. The main process is then followed by a

minor event at slightly slower rate [i.e., k2 = 0.071 s-1

(±0.009)]. As previously observed for the equine protein

[20], the rate constant of the binding reaction is indepen-

dent of CL concentration (data not shown), suggesting the

existence, also in this case, of a rate-limiting step perhaps

represented by the Fe(III)–Met80 bond cleavage.

In agreement with the CD data (shown in the inset in

Fig. 5), the Asn52Ile-CL interaction kinetics is signifi-

cantly slower than that of the wild-type protein and is

characterized by a cooperative behavior. The data show

that a large absorbance change with rate constant

k2 = 2.6 9 10-3 s-1 (±0.4) (thus, about 100-fold lower

than that determined for the wild-type protein) follows a

minor faster event [k1 = 7.0 9 10-3 s-1 (±1.0)]. Thus,

compared with wild-type cytochrome c, a higher energy

barrier [approximately 12 kJ mol-1, most of which is

necessary for the cleavage of the Fe(III)–M80 bond] is

encountered by the acyl chain of the phospholipid upon

binding to the mutant.
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Fig. 4 Titration curve of CL vesicles binding to the Asn52Ile mutant

(open circles) and to wild-type yeast iso-1-cytochrome c (filled
circles) showing the variation of the 416-nm (414 nm for the mutant)

Cotton effect induced by stepwise addition of CL to a 10 lM

cytochrome c solution. Experimental points are the average of at least

three measurements. Other conditions are as for Fig. 3

Fig. 5 Kinetics of CL vesicles binding to wild-type cytochrome c
(circles) and to the Asn52Ile mutant (crosses), monitored by following

the absorbance at 695 nm. The kinetic progress curves have been

shifted for the sake of clarity and they were recorded after mixing a CL

(150 lM final concentration) solution with the protein (wild type or

mutant) solution (30 lM final concentration). Continuous lines repre-

sent the nonlinear least-squares fitting of data according to Eq. 1,

employing two exponentials. In the case of wild-type cytochrome c, the

parameters are OD? = 0.031 ± 0.005, DOD1 = 0.017 ± 0.003,

k1 = 0.36 s-1 (±0.05), DOD2 = 0.007 ± 0.001, k2 = 0.071 s-1

(±0.009) (where OD is optical density), with b = 1.0 for both

processes. In the case of the Asn52Ile mutants, the parameters are

OD? = 0.048 ± 0.007, DOD1 = 0.008 ± 0.001, k1 = 7.0 9 10-3

s-1 (±1.0), DOD2 = 0.019 ± 0.003, k2 = 2.6 9 10-3 s-1(±0.4),

with b = 1.0 for process 1 and b = 3.3 for process 2. The inset shows

the kinetic progress curves of the Asn52Ile mutant (line a) and of wild-

type cytochrome c (line b) recorded by CD at 414 and 416 nm,

respectively, after addition of 60 lM CL vesicles to a 10 lM protein

solution (other conditions are as for Fig. 3)
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Resonance Raman measurements

Figures 6 and 7 show the effects of the stepwise addition

of CL liposomes on the electronic absorption and reso-

nance Raman spectra of the ferric wild-type and Asn52Ile

mutant proteins at pH 7.0, respectively. The spectra of the

wild-type and mutant proteins at alkaline pH in the

absence of CL are also shown for comparison. The UV–vis

spectra of the wild-type protein display only slight varia-

tions upon increasing the CL to protein molar ratio, except

for a clear increase in scattering due to the liposomes,

which is the probable origin of the blueshift of the Q1 band

at 530 nm. Conversely, the resonance Raman spectra are

very sensitive to the presence of CL. The high-frequency

resonance Raman spectra (Fig. 6c) display a progressive

upshift of the bands upon addition of CL in the CL to

cytochrome c ratio interval between 3 and 5, after which

no further variations are observed. The pronounced sad-

dling distortion of the wild-type protein [33] is reflected in

the resonance Raman spectrum by lower core size marker

band frequencies compared with planar heme proteins,

which display an inverse correlation between resonance

Raman band frequencies and the porphyrin core size [34–

36]. Hence, interaction of CL with cytochrome c gives rise

to a less distorted heme. Interestingly, the m11 resonance

Raman band upshifts from 1,561 cm-1 (CL to cytochrome

c molar ratio of 0) to 1,564 cm-1 at higher CL to cyto-

chrome c molar ratios. An analogous effect has been

observed for the alkaline form of cytochrome c (Fig. 6c),

characterized by Lys–Fe–His coordination [37], and the

yeast His26Tyr mutant, characterized by a substantial

subpopulation with Lys–Fe–His coordination [14]. This

observation suggests the growth of a misligated Lys–Fe–

His species when cytochrome c binds to CL vesicles. The

most significant variations upon addition of CL to note in

the low-frequency spectra (Fig. 6b) are (1) the increase in

the relative intensity of the band at 413 cm-1, (2) inten-

sification of the band at 693 cm-1 compared with that at

702 cm-1, and (3) reduced intensity of the weak out-of-

plane modes in the interval from 440 to 670 cm-1 (par-

ticularly c21 at 568 cm-1). These changes are largely

complete by a CL to cytochrome c molar ratio of 3. At

molar ratios greater than 5 no further variations are

observed (in agreement with data on horse cytochrome c

[20]). Similar spectral variations have been observed pre-

viously in the low- and high-frequency resonance Raman

spectra of cytochrome c following a change in axial

coordination, in which a misligated Lys or His residue

replaces the native Met80 residue, leading to a relaxation

of the heme distortion [14, 15, 38–43]. In particular, it has

been reported that the low-frequency resonance Raman

bands in the 340–420-cm-1 region can provide a means to
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Fig. 6 Electronic absorption and resonance Raman spectra of

30 lM wild-type cytochrome c in 20 mM Hepes ? 0.1 mM EDTA,

pH 7.0, for increasing concentrations of CL vesicles. The CL to

cytochrome c molar ratio is shown for each spectrum. In the molar

ratio interval 5–7 no spectral variations are observed. The spectra of

the wild-type protein at pH 9.2 in 50 mM glycine are also shown for

comparison. The 460–650- and 650–730-nm regions of the absorp-

tion spectra (a) are expanded 8- and 100-fold, respectively. The

ordinate scale refers to the protein at pH 7.0 in the absence of CL.

The experimental conditions for the high-frequency (c) and low-

frequency (b) resonance Raman spectra were excitation wavelength

406.7 nm, spectral resolution 1 cm-1, laser power at the sample 10

mW, and integration time 10 min. The intensities are normalized to

that of the m4 band (not shown). The asterisk indicates a laser

plasma line. The arrows in the low-frequency resonance Raman

spectra indicate the variations in band intensities which follow

interaction of the protein with CL

J Biol Inorg Chem (2010) 15:689–700 695

123



distinguish between hexacoordinate low-spin species in

which the sixth ligand is Lys or His [42]. The changes

observed for the 413 and 418 cm-1 bands upon addition of

CL are very similar to those found upon mutation of

cytochrome c His26 [14], binding of oleic acid to cyto-

chrome c [43], or following the alkaline transition of

cytochrome c (Fig. 6b), in which the Met80 axial ligand is

replaced by Lys73 and Lys79 [37]. They are not consistent

with the changes observed when cytochrome c adopts a

bis-His coordination [44], where a significant intensity

increase is expected at 418 cm-1. Hence, the changes

noted upon interaction of cytochrome c with CL are con-

sistent with the growth of a misligated species in which the

heme is characterized by a Lys–Fe(III)–His coordination.

At CL to protein molar ratios in the interval from 5 to 7, the

m3 resonance Raman band due to a pentacoordinate high-

spin species appears at 1,495 cm-1. Similar effects have

been reported previously upon cytochrome c binding to

dioleoylphosphatidylglycerol phospholipid liposomes [45].

The electronic absorption and resonance Raman spectra

of the Asn52Ile mutant in the absence of CL are very

similar to those of the wild-type protein. The most evident

variation regards a slight intensification of the out-of-plane

c5 mode (730 cm-1) compared with the wild-type protein

(Fig. 7b). In agreement with the CD measurements, the

variations in the UV–vis (Fig. 7a) and resonance Raman

(Fig. 7b, c) spectra induced by CL binding in the case of

the Asn52Ile mutant are observed up to a CL to protein

molar ratio of 3, after which no further changes are noted.

The spectral modifications (reduction of the 695 nm band

intensity, an upshift of the m11 and m2 resonance Raman

bands at 1,561 and 1,584 cm-1, respectively, and a pro-

gressive slight intensification of the bands at 411 and

695 cm-1) are the same as those evident for the wild-type

protein upon interaction with CL, but are less pronounced.

Furthermore, as noted for the wild-type protein, similar

spectral variations are observed for the alkaline form of the

mutant. By analogy with the wild-type alkaline form, a Lys

residue is assumed to replace the axial Met80 residue in the

alkaline form of the mutant. In fact, very similar spectral

modifications are observed for both proteins at alkaline pH

(Figs. 6, 7). It is worthy of note that the 695 nm band in the

UV–vis spectrum of the mutant, characteristic of Met–His

axial coordination, is not completely bleached until pH 9.9,

indicating that the pKa of the mutant alkaline transition is

higher than that of the wild-type protein. A similar effect

has been reported for a number of other cytochrome c

mutants [37]. Therefore, it is apparent that only a relatively

small population of a misligated low-spin species with Lys-

His coordination is formed upon CL binding to the mutant.

This result is consistent with the kinetic data reported in
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Fig. 7 Electronic absorption and resonance Raman spectra of 30 lM

Asn52Ile mutant in 20 mM Hepes ? 0.1 mM EDTA, pH 7.0, for

increasing concentrations of CL. The CL to cytochrome c molar ratio

is shown for each spectrum. In the molar ratio interval 3–6 no spectral

variations are observed. The spectra of the mutant protein at pH 9.9 in

50 mM glycine are also shown for comparison. The 460–650- and

650–730-nm regions of the absorption spectra (a) are expanded 8- and

100-fold, respectively. The ordinate scale refers to the protein at pH

7.0 in the absence of CL. The experimental conditions for the high-

frequency (c) and low-frequency (b) resonance Raman spectra were

excitation wavelength 406.7 nm, spectral resolution 1 cm-1, laser

power at the sample 10 mW, and integration time 10 min. The

intensities are normalized to that of the m4 band (not shown). The

asterisk indicates a laser plasma line. The arrows in the low-

frequency resonance Raman spectra indicate the variations in band

intensities which follow interaction of the protein with CL
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Fig. 5, which reveal that CL has a relatively minor effect

on the mutant compared with the wild-type protein. Hence,

either the Asn52Ile mutant has a relatively weak interaction

with CL, which can be excluded as the mutant has high

affinity for CL (Fig. 4), or the interaction with CL leads to

more limited structural variations of the heme pocket.

Discussion

CL represents approximately 25% of the total amount of

lipids forming the mitochondrial membrane [46]. About

15% of mitochondrial cytochrome c is tightly bound to the

phospholipid, whereas the remainder is free or loosely

bound via electrostatic interactions and can be readily

mobilized. The loosely bound cytochrome c participates in

electron transfer, inhibits reactive oxygen species forma-

tion, and prevents oxidative stress, whereas the tightly

bound cytochrome c does not participate in electron

transfer but it is thought to give rise to peroxidase activity,

an event crucial for initiating the apoptotic process. It is

known that during apoptosis cytochrome c is released from

the mitochondrial interface space into the cytosol, which

implies protein dissociation from the mitochondrial mem-

brane. This reveals that the cytochrome c–CL interaction

plays an important role in the cell, modulating the protein

behavior and determining whether cytochrome c must

carry out its ‘‘normal’’ role in the respiratory chain within

the intermembrane space, or is to be released into the

cytosol and participate in the apoptotic event.

In this study we have investigated the interaction of

cytochrome c with CL vesicles, considered here a model

for the CL-containing mitochondrial membrane. As has

been demonstrated over the last 15–18 years, cytochrome c

avidly interacts with CL-containing liposomes, forming a

stable cytochrome c–CL complex. Thus, specifically, the

interaction of cytochrome c with CL liposomes was

reported herein. Previous work suggests that binding of CL

liposomes to cytochrome c occurs at two distinct sites of

the protein (namely, the A-site and the C-site) having

different affinities for the phospholipid [20]. The region

comprising the Asn52 residue is thought to be critical in

cytochrome c binding to CL [18]; hydrogen bonding

between Asn52 and the protonated phosphate group of the

CL liposome is expected to promote the acyl chain inser-

tion into the protein through a hydrophobic channel close

to residue 52. In wild-type cytochrome c Asn52 forms a

short helix segment with three other side chains located in a

highly hydrophobic environment. The increased stability of

the Asn52Ile mutant (Table 1) with respect to the wild-type

protein may be in part due to the substitution of a helix-

breaking residue (Asn) with a helix-forming residue (Ile).

However, other factors seem to contribute to mutant

stabilization, such as the enhanced hydrophobicity of the

loosely packed region around the heme propionates

(induced by Ile52) [26] and the interaction of Ile52 with

nearby hydrophobic residues. The latter effect, which plays

a major role in the overall structure stabilization, is likely

responsible for the slower kinetics of the acyl chain

insertion into cytochrome c, which depends, at least in part,

on the relative movement of the 50’s helix with respect to

the 75–87 loop (i.e., the Met80-containing segment). Thus,

the residue located at position 52 is significantly involved

in complex formation. The slower binding kinetics depends

on several factors. First, the mutation-induced stabilization

of the (51–54 residues) helix, which, hindering the chain

penetration into the hydrophobic channel, leads to a higher

energy barrier for helix distortion (or unfolding). Another

major factor is the distortion of the hydrophobic channel

following the Asn52Ile mutation. In wild-type cytochrome

c this channel, which has the correct shape and length to

host the CL acyl chain, has a number of hydrophobic res-

idues (Ile35, Trp59, Met64, Tyr67, and Ile75) close to

Asn52, forming a loosely packed region around the heme

propionates and able to host the acyl chain without sig-

nificant structural rearrangements (see below). The distor-

tion of the hydrophobic channel in the mutant leads to a

rearrangement that significantly influences the structural

and functional properties of the protein. One of the two

binding sites is hindered (Fig. 4) and the other becomes

less accessible to the chain insertion (Fig. 5). Several pie-

ces of spectroscopic evidence support the view that the

Asn52Ile mutation induces distortion of the hydrophobic

channel: the observed modification of the 416-nm Cotton

effect (Fig. 2), the relatively minor CL-induced variations

of the resonance Raman and UV–vis spectra (when com-

pared with the wild-type protein; Fig. 6), and the signifi-

cantly slower binding kinetics shown by the mutated

protein (Fig. 5).

An alternative to the cytochrome c–CL binding model

introduced by Rytömaa and Kinnunen [18] is the proposal

by Kalanxhi and Wallace [21] in which binding of CL

vesicles to the protein is supposed to occur in the region of

the Met80-containing loop. In this case, the acyl chain is

assumed to penetrate into the protein between hydrophobic

strands 67–71 and 82–85 and the phospholipid anchors to

the protein via electrostatic interactions involving the

deprotonated phosphate group of the CL liposome and the

Lys72 residue of cytochrome c. The electrostatic and

hydrophobic interactions control different aspects of cyto-

chrome c binding to CL. The former govern the initial

protein–CL molecular recognition, whereas the latter play

a major role in cytochrome c–CL complex stabilization,

since they allow insertion of the acyl chain into the protein.

Both regions considered by these models have the potential

to provide suitable sites for CL binding. In particular, as
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reported in Table 2, the hydrophobic patches of the two

sites can interact with an acyl chain of CL. Furthermore,

when CL was manually docked onto the cytochrome c

structure, we found that the acyl chain could be easily

accommodated both in the hydrophobic channel in the

vicinity of Asn52 (Fig. 8a) and in the region of the Met80-

containing loop (Fig. 8b). In fact, in the latter case, the

analysis demonstrated that CL can interact with the highly

hydrophobic patch constituted by residues Tyr67, Leu68,

Phe82, Leu85, and Leu94 and the deprotonated phosphate

group of CL liposome can interact electrostatically with the

Lys72 and Lys73 residues. A study of the adduct formed by

carbon monoxide with the cytochrome c–CL complex [47]

has also provided evidence in support of the Kalanxhi and

Wallace proposal. This investigation revealed that the

cytochrome c–CL-CO complex is stabilized by five to six

positive charges on the surface of the protein, consistent

with binding of CL in a region of positively charged

residues.

Thus, at present the mode by which the protein interacts

with CL vesicles is still unclear. The two-transition CL–

cytochrome c binding process observed in this (and in a

previous [20]) investigation suggests an alternative inter-

action mechanism in which two (instead of one, as con-

sidered to date) adjacent acyl chains of the CL liposome

protrude, one at each of the hydrophobic sites, into the

same cytochrome c molecule to form the cytochrome c–CL

complex. In this model, illustrated in Fig. 9, we assume

that upon binding of the first acyl chain at the high-affinity

site, the tertiary structural rearrangement occurring in

cytochrome c favors the insertion of a second acyl chain at

the level of the low-affinity site. The view that two acyl

chains bind to the protein at distinct times is in agreement

with the observed two-transition binding process (Fig. 4)

and with the biphasic character of the binding kinetics

Fig. 8 The CL acyl chain putative binding sites within cytochrome c.

a Insertion of a CL acyl chain into the hydrophobic pocket

surrounding Asn52. b Insertion of a CL acyl chain into the

hydrophobic pocket surrounding Met80. The CL moiety is shown

in magenta, heme is shown in green, and the iron ion is shown as a

red sphere. Note the putative interaction between Lys79 and one of

the CL phosphate groups

Table 2 The hydrophobic patches of cytochrome c proposed to

interact with the acyl chain of cardiolipin

Residues

43 44 45 46 81 82 83 84 85

Horse cytochrome c Ala Pro Gly Phe Ile Phe Ala Gly Ile

Yeast iso-1-

cytochrome c
Ala Glu Gly Tyr Ala Phe Ala Gly Leu

Fig. 9 A putative 1:1 complex of CL with cytochrome c showing the

acyl chain binding sites within cytochrome c. Note the stereochemical

compatibility of insertion of two acyl chains of CL into the two

hydrophobic pockets illustrated in Fig. 8, with the concomitant

insertion of the other two CL acyl chains within the mitochondrial

membrane plane
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(Fig. 5). This hypothesis is also very realistic from a ste-

reochemical viewpoint, in that insertion of only one acyl

chain into cytochrome c would cause partial exposure to

the solvent of (at least) one of the adjacent acyl chains in

the liposome, a situation disfavored from a solvation

energy viewpoint.

The present results identify a Lys as the residue which

most likely replaces Met80 at the sixth coordination

position of the heme iron upon complex formation

(Figs. 6, 7). Although the experimental data do not allow

an unequivocal identification of the residue substituting

Met80 as the axial ligand of the heme iron, Lys79 may be

reasonably considered as the likely candidate, since Lys72

and Lys73 are involved in the electrostatic interaction

with a deprotonated phosphate group of the CL liposome.

In a previous study in which micelles were used as a

membrane model, a low-spin state formed upon associa-

tion of cytochrome c with the micelles and characterized

by different spectral characteristics with respect to wild-

type cytochrome c was also suggested to result from

Lys79 binding to the heme [48]. Furthermore, the reso-

nance Raman and CD spectra are very similar to those

reported herein. The authors considered improbable the

binding of a His residue, which has been suggested by

some data in the literature [49–51], as similar results

were obtained when the potential His ligands had been

carbethoxylated.

In conclusion, the data presently available indicate that

the cytochrome c–CL binding reaction is a complex, dif-

ficult to define event. However, in good accord with the

large body of data reported in recent years, the model

proposed here in which two adjacent acyl chains of the CL

liposome protrude into the same cytochrome c molecule to

form the cytochrome c–CL complex provides a significant

contribution to better define the mechanism(s) leading to

the cytochrome c–CL complex formation.
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