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ABSTRACT: Cytochrome c undergoes structural variations during the apoptotic process; such changes have been related to
modifications occurring in the protein when it forms a complex with cardiolipin, one of the phospholipids constituting the
mitochondrial membrane. Although several studies have been performed to identify the site(s) of the protein involved in the
cytochrome c−cardiolipin interaction, to date the location of this hosting region(s) remains unidentified and is a matter of
debate. To gain deeper insight into the reaction mechanism, we investigate the role that the Lys72, Lys73, and Lys79 residues
play in the cytochrome c−cardiolipin interaction, as these side chains appear to be critical for cytochrome c−cardiolipin
recognition. The Lys72Asn, Lys73Asn, Lys79Asn, Lys72/73Asn, and Lys72/73/79Asn mutants of horse heart cytochrome c were
produced and characterized by circular dichroism, ultraviolet−visible, and resonance Raman spectroscopies, and the effects of the
mutations on the interaction of the variants with cardiolipin have been investigated. The mutants are characterized by a
subpopulation with non-native axial coordination and are less stable than the wild-type protein. Furthermore, the mutants lacking
Lys72 and/or Lys79 do not bind cardiolipin, and those lacking Lys73, although they form a complex with the phospholipid, do
not show any peroxidase activity. These observations indicate that the Lys72, Lys73, and Lys79 residues stabilize the native axial
Met80−Fe(III) coordination as well as the tertiary structure of cytochrome c. Moreover, while Lys72 and Lys79 are critical for
cytochrome c−cardiolipin recognition, the simultaneous presence of Lys72, Lys73, and Lys79 is necessary for the peroxidase
activity of cardiolipin-bound cytochrome c.

Cytochrome c (cyt c) is a single-chain hemoprotein of 104
amino acids containing three major and two minor α-

helices in the structure, with the prosthetic group lying within a
crevice lined with hydrophobic residues. The heme is covalently
attached to the polypeptide chain by two thioether bridges with
residues Cys14 and Cys17, while His18 and Met80 are the axial
ligands of the six-coordinated low-spin heme iron in the native
state. As a mitochondrial peripheral membrane protein, cyt c
acts between the inner and outer membrane, mediating
electron transfer between different proteins of the respiratory
chain (i.e., between cyt c reductase and cyt c oxidase).
The observation that cyt c plays a role in cell apoptosis after

its release from the mitochondrion has renewed interest in this

protein in recent years.1−3 Approximately 15% of the protein is
tightly bound to cardiolipin (CL), one of the phospholipids
constituting the mitochondrial membrane.4−10 The remaining
protein is free or interacts very weakly with the membrane via
electrostatic interactions and can be readily mobilized. Whereas
the free (or loosely bound) cyt c participates in electron
transfer, inhibits ROS formation, and prevents oxidative stress,
the tightly bound protein can acquire peroxidase activity, an
event crucial for initiating the apoptotic process.4 During
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apoptosis, cyt c is released from the mitochondrial interface
space into the cytosol, an event that implies dissociation of the
protein from the mitochondrial membrane.11,12 The interaction
of cyt c with CL plays a key role in the cell because the
interaction modulates protein function, determining whether
cyt c conducts its “normal” role in the respiratory chain or is
released into the cytosol where it participates in the apoptotic
event.
The structural changes observed in cyt c upon apoptosis have

been related to modifications occurring when the protein forms
a complex with CL,5−8 with formation of a heterogeneous
ensemble of non-native protein species.13 The CL-bound cyt c
shows an altered tertiary structure and a perturbed heme
crevice; furthermore, the native Met80−Fe(III) axial bond is
lost. Depending on the conditions, the sixth coordination
position of the heme iron remains unbound or is occupied by
another side chain (possibly a lysine).6,14,15 The partially
unfolded conformation of phospholipid membrane-bound cyt c
favors the peroxidase activity of the protein, allowing the access
of small molecules (such as H2O2) into the heme pocket of the
macromolecule.16

As a powerful CL-specific peroxidase, the cyt c−CL complex
generates CL hydroperoxides, which actively participate in the
release of cyt c (and of other pro-apoptotic factors) from the
mitochondrial membrane.17,18 Thus, while the native fold is
important for cyt c to function as an electron carrier, the non-
native compact conformation of the CL-bound protein favors
its peroxidase activity, an event important for the execution of
the apoptotic program.
In the past two decades, the mechanism of cyt c−CL

complex formation has been widely investigated. The first
studies of Kinnunen and collaborators revealed that cyt c binds
to CL through two binding sites, which were called the A-site
and the C-site.19 At the A-site, the interaction is electrostatic in
nature and involves positively charged residues of cyt c (namely,
Lys72 and Lys73) and the deprotonated negatively charged
phosphate group of CL. Conversely, at the C-site, the protein−
CL interaction is hydrophobic and is likely stabilized by the H-

bond formed by Asn52 with the protonated (uncharged)
phosphate group of CL. Ionic strength influences and
modulates the cyt c−CL interaction around neutrality, because
the cyt c−CL complex spontaneously forms at low ionic
strengths but promptly dissociates as the ionic strength is
increased.5,6 The “extended lipid conformation” model,
formulated by Kinnunen and collaborators,19,20 hypothesizes
that at the C-site one acyl chain of CL is accommodated in the
protein interior by extending from the surface to the heme
pocket region through a hydrophobic channel close to the small
helix comprising the invariant residue Asn52. According to this
model, the other chain of the phospholipid points in the
opposite direction from the headgroup. The hypothesis that
upon complex formation the heme pocket region of cyt c is
markedly altered5 found support from the studies of Stewart et
al., who demonstrated that the interaction of cyt c with fatty
acids induces the cleavage of the native Fe−Met80 axial bond.21

Despite several studies performed to identify the site(s) of
the protein involved in the cyt c−CL interaction, to date the
location of these hosting region(s) remains unidentified and is
matter of debate. A recent study locates this site in the region
containing a network of positively charged residues located in
the heme-binding region (Lys72, Lys73, and Lys86). It is
proposed that the cleft formed by these side chains permits
penetration of the acyl chain deep into the protein until it
reaches the heme pocket region.7 This model represents a
plausible alternative to the extended lipid conformation model
described above.19

Very recently, the hypothesis that two acyl chains of CL,
instead of one, may penetrate inside the protein during
complex formation has been formulated.8 This model is based
on two main considerations: (i) the evidence that the cyt c−CL
binding reaction is characterized by two distinct transitions6

and (ii) the observation that CL, which possesses a unique
structure with respect to all the other phospholipids forming
the mitochondrial membrane,22,23 is the only phospholipid able
to bind cyt c tightly. According to this model, upon complex

Figure 1. Schematic representation (left) of the three-dimensional structure of horse heart cyt c. The heme group, with Fe(III) bound to His18 and
Met80, is colored green. The region of residues 15−60 is colored purple to underline its poor secondary structure content. CL is colored orange with
two acyl chains inserted in the protein structure according to the interaction model proposed by Sinibaldi et al.8 Note the opposite orientation of
Lys73 as compared to that of Lys72 and Lys79, and the proximity of the Lys79 amino group to one of the CL phosphate groups (indicated by the
black arrow). Detail of the salt bridges (right) anchoring Lys73 to Glu66 and Glu69. This figure has been generated using the horse heart cyt c three-
dimensional structure deposited in the Protein Data Bank as entry 1AKK46 with UCSF Chimera.47
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formation, the CL binding to cyt c involves electrostatic
interactions of CL phosphate groups with Lys79 and Lys72.
To gain deeper insight into this disputed point, we have

investigated the role that residues Lys72, Lys73, and Lys79 (see
Figure 1) play in the cyt c−CL interaction, because these side
chains appear to be deeply involved in cyt c−CL recognition.7

To this end, the Lys72Asn, Lys73Asn, Lys79Asn, Lys72/73Asn,
and Lys72/73/79Asn mutants of horse heart cyt c were
produced and characterized. Through the Lys → Asn mutation,
positively charged residues are replaced with polar side chains
carrying no net charge, under the conditions investigated.
Equine cyt c is the protein utilized for this study because it
behaves very much like its human counterpart24 and, unlike
yeast cyt c, actively participates in cell apoptosis.4,15,25−28

In contrast with other reports, this investigation has been
conducted on the ferric form of the protein. In the cytoplasm,
ferric (not ferrous) cyt c binds APAf-1 to form the complex that
initiates the execution of the apoptotic process through the
activation of pro-caspase 9.29

■ EXPERIMENTAL PROCEDURES
Construction of the Horse cyt c Expression System. A

version of the horse cyt c synthetic gene was designed on the
basis of the sequence of a previously reported cyt c synthetic
gene25,29 and its synthesis accomplished by Primm srl (Milan,
Italy). The synthetic gene was flanked by the NcoI and BamHI
restriction sites, at the 5′ and 3′ ends, respectively. The pBTRI
plasmid was converted to the horse cyt c expression plasmid by
removing the yeast iso-1-cyt c gene and replacing it with the
new synthetic horse cyt c gene, by using the unique NcoI and
BamHI sites. The sequence of the expression construct
(pHCyc) was confirmed by DNA sequence analysis (M-
Medical, Milan, Italy). Plasmid pHCyc was then subjected to
one round of mutagenesis, which introduced the Lys72Asn,
Lys73Asn, and Lys79Asn substitutions into the horse cyt c
gene.
Cell Growth and Purification of Recombinant Pro-

teins. The expression plasmids of horse cyt c were introduced
into Escherichia coli JM 109 as the wild type (wt) or its variants.
Protein expression and purification of the recombinant protein
were then conducted as previously described.30 Briefly, bacteria
containing the pBTRI (or the mutated) plasmid were grown at
37 °C, in 2 L of SB medium containing 100 μg/mL ampicillin
to an absorbance of 0.3 OD at 600 nm. Induction was
accomplished by adding IPTG (isopropyl β-D-thiogalactopyr-
anoside) to a final concentration of 0.75 mM. Cells were then
incubated at 37 °C overnight, harvested by centrifugation, and
frozen at −80 °C. After the cells had thawed, the reddish pellets
were resuspended in 50 mM Tris-HCl buffer (pH 8.0) (3−4
mL/g of wet cells). Lysozyme (1 mg/mL) and DNase (5 μg/
mL) were then added to the homogenized cells. The
suspension was left in ice for 1 h and then sonicated for 1
min, at medium intensity. After centrifugation, the supernatant
was dialyzed overnight against 10 mM phosphate buffer (pH
6.2) and loaded on a CM 52 column (40 mL bed volume)
equilibrated with the same buffer. Purification was performed
by eluting the protein with 1 volume of 45 mM phosphate (pH
6.8) and 250 mM NaCl, following a previously published
procedure.31 After purification, the recombinant proteins
(∼500 μM) had a purity of >98% [determined by sodium
dodecyl sulfate−polyacrylamide gel electrophoresis analysis and
reverse phase high-performance liquid chromatography (not
shown)] and stored at −80 °C in 200 μL aliquots. The same

procedure was used for the purification of the Lys72/73Asn/
His26Tyr and Lys72/73Asn/His33Tyr mutants.

Circular Dichroism (CD) Measurements. CD measure-
ments were taken at 25 °C using a Jasco (Tokyo, Japan) J-710
spectropolarimeter equipped with a personal computer as a
data processor. In the near-UV (270−320 nm) and Soret
(380−450 nm) regions, the molar ellipticity, [Θ] (degrees
square centimeters per decimole), is expressed on a molar
heme basis. Binding of cyt c (as wt or Lys → Asn variants) 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 few microliters of a 2.5 mM CL
buffered solution to a 10 μM cyt c buffered solution. The buffer
consisted of 25 mM Hepes and 0.1 mM EDTA (pH 7.0).
Dichroic spectra were recorded after samples had been mixed
for 10 (wt) or 20 min (variants).

Electronic Absorption Measurements. Electronic ab-
sorption measurements were taken at 25 °C using a Jasco V-
530 or double-beam Cary 5 spectrophotometer (Varian, Palo
Alto, CA). The cyt c concentration was determined on the basis
of an extinction coefficient (ε) of 106 mM−1 cm−1 at 408 nm.

Resonance Raman Measurements. The resonance
Raman (RR) spectra were recorded 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). Backscattered light from a
slowly rotating NMR tube was collected and focused into a
triple spectrometer (consisting of two Acton Research
SpectraPro 2300i instruments and a SpectraPro 2500i instru-
ment in the final stage with a grating of 3600 grooves/mm)
working in the subtractive mode, equipped with a liquid
nitrogen-cooled CCD detector. A spectral resolution of 1 cm−1

was calculated theoretically on the basis of the optical
properties of the spectrometer. However, for the moderately
broad experimental RR bands observed in this study (∼10
cm−1), the effective spectral resolution will in general be lower.
The RR 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 0.8 μL aliquots of CL (2.5
mM) buffered solution to 50 μL of a 30 μM protein buffered
solution, recording the spectrum 20 min after mixing. The
CL:protein molar ratios reported in the figure captions
correspond to the CL concentration above which no further
spectral variations were observed. It is also noted that the
frequencies of the RR bands observed at 412 and 418 cm−1,
assigned to the δ(CCC)2,4 bending vibrations of the thioether
bridges,32 have been determined by a curve-fitting program
(Lab Calc, Galactic) to simulate the spectra (Figure S1 of the
Supporting Information). A Lorentzian line shape with a line
width of 9 cm−1 was used. Any variation in the overall line
shape of these two bands can be ascribed to changes in their
relative intensities. It is noted that in the case of the Lys72/
73Asn/His33Tyr and Lys72/73/79Asn triple mutants the band
at 412 cm−1 shifts to 413 cm−1.

Peroxidase Activity Assay. The peroxidase activities of
free wt cyt c and its mutants, the cyt c−CL complex, and the
mutants in the presence of CL were determined by measuring
the H2O2-dependent oxidation of guaiacol as a function of
guaiacol concentration. The steady-state kinetics of guaiacol
oxidation to give its tetramer was measured spectrophoto-
metrically at 470 nm and 25 °C (ε470 = 26.6 mM−1 cm−1).

Biochemistry Article

dx.doi.org/10.1021/bi400324c | Biochemistry 2013, 52, 4578−45884580



■ RESULTS
Lys72, Lys73, and Lys79 are located in the Met80-containing
loop adjacent to the heme pocket region (Figure 1, left panel).
As invariant (Lys72 and Lys79) or largely invariant (Lys73)
residues, the three lysines are expected to play a central role in
the stabilization and the correct functionality of the native
protein. When one (or more) of these lysines is (are) replaced,
the loop segment partially unfolds and the heme pocket region
is altered; in particular, the strength of the Met80−Fe(III) axial
bond is significantly decreased.7 Because the segment of 70−80
residues is a largely invariant region in c-class cytochromes and
is involved (as recently reported) in the cyt c−CL binding
process,7,8 in this paper the properties of the Lys72Asn,
Lys73Asn, Lys79Asn, Lys72/73Asn, and Lys72/73/79Asn
mutants of equine cyt c were characterized by CD, UV−vis,
and resonance Raman spectroscopies to assess the involvement
of the lysine residues in the binding reaction with CL.
Stability of the Mutants. The stability of the mutants was

investigated by following the Gdm-HCl-induced protein
unfolding process. The denaturation profiles are shown in
Figure 2. The experimental points refer to the ellipticity

measured at 222 nm, a probe for the α-helix structure; changes
in ellipticity are expressed as a percentage of unfolding. Unlike
the native protein, the mutants display biphasic unfolding
profiles in which the first transition is characterized by a
midtransition denaturant concentration (c1/2 = 1.0 M) and the
second transition by a c1/2 value of 2.5 M. These results suggest
that some of the helix segments present in the native protein
unfold during the first transition. The two longest helices,
namely, the N- and C-terminal helices, are known to be very
stable;33 therefore, the segments expected to unfold are the
helix of residues 50−54, the 60s′ helix (residues 61−68), and
the very short helix of residues 72−74. Considering that the
latter two helices are held together by a salt bridge involving
Lys73 and Glu66, the conformational changes involving the
helix of residues 72−74 are expected to destabilize the 60s′
helix as well.
Structural Properties of the Mutants As Revealed by

CD. The mutants show well-defined far-UV dichroic spectra
(not shown) typical of proteins with α-helix secondary
structure, and ellipticity comparable to that of the native

form. Panels A and B of Figure 3 illustrate the Soret (400−450
nm, related to the heme pocket structure) and near-UV (270−

300 nm, related to the Trp59-surrounding microenvironment)
CD spectra, respectively. The Soret CD spectra of the mutants
are very similar; with respect to the wild-type (wt) protein, the
416 nm Cotton effect is slightly shifted (∼2 nm) toward the
blue and is approximately 30% weaker. Because this signal is
attributed to the Phe82− and Met80−heme interaction and is
considered a probe for the environment on the Met80 side of
the heme pocket,34,35 a weaker 416 nm Cotton effect is
associated with an increased distance between residues Phe82
and Met80 and the heme group, possibly related to the
conformational change of the loop of residues 70−85 induced
by mutation(s). According to previous studies, only the
Met80−Fe−His coordinated protein contributes to the 416
nm dichroic signal;30,35 therefore, a weakened Cotton effect
reveals formation of a minor (∼30%) heterogeneous
subpopulation of species having non-native X−Fe−His18
axial coordination (where X is a misligated endogeneous
ligand) in equilibrium with the major Met80−Fe−His18
coordinated species. Moreover, the near-UV CD spectrum of
the mutants (Figure 3B), associated with the Trp59−heme
propionate H-bonding, suggests that the distance between the
two interacting groups is increased, as indicated by the weaker
dichroic bands centered at 284 and 289 nm.

Mutants Binding to CL Liposomes Followed by CD.
Figure 4 shows the titration curve of the Lys72/73Asn (●),
Lys73Asn (▼), Lys72Asn (▽), and Lys79Asn (■) mutants
binding to large (100 μm) unilamellar CL liposomes. The

Figure 2. Unfolding profiles of the Lys72Asn, Lys73Asn, Lys79Asn,
and Lys72/73Asn mutants (●) and native cyt c (▼) in the presence of
increasing amounts of Gdm-HCl. The mutants show extremely similar
profiles. Dichroic measurements were taken at 222 nm. The protein
concentration was 10 μM in 20 mM Hepes and 0.1 mM EDTA (pH
7.0). The temperature was 25 °C.

Figure 3. Soret CD (A) and near-UV (B) spectra of the Lys72Asn,
Lys73Asn, Lys79Asn, Lys72/73Asn, and Lys72/73/79Asn mutant
(). The mutants show extremely similar spectra in both regions
investigated. The CD spectrum of the native protein (···) is reported
for comparative purposes. Other experimental conditions as for Figure
2.
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experimental points refer to the variation of the 414 nm [416
nm for the wt protein (○)] Cotton effect induced by stepwise
addition of CL vesicles to a 10 μM protein solution. The
marked decrease in the 414 nm Cotton effect observed after
addition of CL to the Lys72/73Asn and Lys73Asn solution
indicates that binding of cyt c to the CL vesicles (CL
concentration higher than its critical micelle concentration)
alters the heme pocket region in a manner similar to that
observed for native cyt c, hence, in agreement with the
progressive growth of a species with non-native heme
coordination upon increasing CL concentration. Furthermore,
the mutants show a higher affinity for the phospholipid. The
416 nm Cotton effect of the native protein fully disappears
upon complex formation (6:1 CL:cyt c molar ratio in solution),
thus suggesting that the CL-bound protein has non-native
heme coordination.6,35 The same can be expected for the
Lys72/73Asn and Lys73Asn mutants. The behavior of the
other mutants is markedly different; the Lys72Asn variant
shows very little change in the 414 nm dichroic band, and the
Lys79Asn variant does not seem to react with CL. A similar
result was obtained for the Lys72/73/79Asn triple mutant
(data not shown). With respect to wt cyt c, whose reaction with
CL vesicles requires approximately 1−2 min to form the
complex,6 the mutants require a longer reaction time of
approximately 10−12 min. This may derive from the unfolding
of the loop of residues 75−87 in the mutants, which alters the
conformation of the region hindering the insertion of the acyl
chain of CL. As illustrated in Figure 4, while the Lys72/73Asn
and Lys73Asn mutants form the protein−CL complex through
two distinct transitions (like the native protein), the Lys72Asn
and Lys79Asn (as well as the Lys72/73/79Asn) mutants do not
bind the phospholipid. Furthermore, like wt cyt c, the Lys73Asn
and Lys72/73Asn mutants do not react with CL at high ionic
strengths (data not shown).6

UV−Vis and RR Spectra of the Mutants. The UV−vis
and RR spectra confirm that the single Lys79Asn and triple
Lys72/73/79Asn mutations have an only minor effect on the
wt protein and that their interaction with CL is relatively
limited (see Figures S2 and S3 of the Supporting Information).
Figures 5−7 show a comparison of the electronic absorption
and RR spectra of the wt protein and the Lys72Asn, Lys73Asn,

and Lys72/73Asn mutants in the absence and presence of CL
liposomes. The spectra of the variants at alkaline pH are also
shown. In agreement with the CD data (Figure 3), comparison
of the single-mutant spectra in the absence of CL (CL/cyt c, 0)
with those of the wt reveals that a minor population of a
misligated alternative LS species with non-native axial iron
coordination is induced by the mutations. In particular,
comparison with literature data shows that the observed
reduced intensity of the CT band at 695 nm, the slight upshift
of the high-frequency RR bands (represented by the ν3 mode),
and the intensification of the band at 412 cm−1 are consistent
with a Lys−Fe−His coordinated misligated species.29,30,37,38

Similar but slightly less pronounced effects are observed in the
corresponding spectra of the Lys72/73Asn double mutant,
indicating that the population of the misligated species is
smaller in this mutant. The assignment of the spectral variations
induced by mutation to the presence of a small Lys−Fe−His
population is consistent with the RR spectral variations
observed in the absence of CL at alkaline pH, where a Lys−
Fe−His population is also expected,36 characterized by (i) the
loss of the CT band at 695 nm, (ii) an upshift of the core size
marker bands, (iii) a downshift of ν8 at 348 cm−1, and (iv) an
increase in the intensity of the 412 cm−1 band.
The main effect on the UV−vis spectra of the mutants with

an increase in the CL:protein molar ratio is a rapid decrease in
the intensity of the 695 nm band and a clear increase in

Figure 4. Titration curve of CL vesicles binding to the Lys72/73Asn
(●), Lys73Asn (▼), Lys72Asn (▽), and Lys79Asn (■) mutants.
Experimental points refer to the variation of the 414 nm (416 nm for
the native protein) Cotton effect induced by stepwise addition of CL
to a 10 μM protein solution. The titration curve of native equine cyt c
(○) is reported for comparative purposes. Experimental points are the
average of at least three measurements. Other conditions are as for
Figure 2.

Figure 5. Electronic absorption (A) and resonance Raman (B) spectra
of 30 μM Lys72Asn mutant in 20 mM Hepes and 0.1 mM EDTA (pH
7.0) in the absence and presence of CL vesicles. The CL concentration
corresponds to a CL:protein molar ratio of 5. The spectra of the
mutant protein at pH 9.9 in 50 mM glycine and wt at neutral pH are
also shown for comparison. The 460−650 and 650−730 nm regions of
the absorption spectra 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 resonance Raman spectra were as
follows: laser power at the sample, 6 mW (Lys72Asn mutant) and 10
mW (wt); integration time, from 15 to 40 min (Lys72Asn mutant)
and 5 min (wt). The intensities are normalized to that of the ν4 band
(not shown). The arrows and frequencies colored red indicate
variations in band intensities that follow the change in protein pH.
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scattering due to the liposomes, which is the probable origin of
the red shift of the Soret band and possibly also the apparent
complete disappearance of the CT band for low CL:cyt c molar
ratios (∼1.5). The RR spectra reveal that the three mutants
interact to different degrees with CL. The RR spectra of the
Lys72Asn mutant, in the high-frequency (HF) and low-
frequency (LF) regions (Figure 5), are essentially invariant
with an increase in CL concentration, indicating that CL does
not interact significantly with this variant, as also revealed by
the CD measurements. Conversely, in accord with the CD data,
significant changes are observed in the corresponding spectra of
the Lys73Asn and Lys72/73Asn mutants (Figures 6 and 7).
The CL-induced changes in the case of the Lys73Asn mutant,
although similar to those noted for the wt protein in the
presence of CL where a misligated Lys−Fe−His low-spin
species is formed upon CL complexation,28 are more
pronounced, indicating a more extensive conversion to the
misligated Lys−Fe−His species. The RR spectra show
progressive variations, particularly an increase in the relative
intensity of the band at 412 cm−1 and a frequency downshift of
the ν8 mode at 348 cm−1, upon increasing the CL
concentration until a CL:cyt c molar ratio of 5 is reached.
The enhanced effects of CL complexation observed for the
Lys73Asn mutant compared to those for the wt protein are in
agreement with the reported higher CL affinity displayed by
other Lys73 mutants.7 The CL-induced changes observed in
the RR spectra of the Lys72/73Asn mutant have some

similarities with those of Lys73Asn, in particular a slight upshift
of the core size marker bands and a downshift of the ν8 mode,
but an important difference is clearly evident. The low-
frequency RR spectrum of the Lys72/73Asn mutant complex
with CL shows an overall intensification of the band centered at
∼415 cm−1 indicating an intensification of both the 412 and
418 cm−1 bands (Figure 7 and Figure S1 of the Supporting
Information). As reported previously, the relative intensity of
these bands can provide a clear means of distinguishing
between hexacoordinate low-spin heme species in which the
sixth ligand is a Lys or His residue.29,30,37,38 The band at 412
cm−1 is typical of a Lys-bound form, as is highlighted by the
mutant spectrum at pH 9.9 (Figure 7). Conversely, the
intensification of the band at 418 cm−1 is consistent with the
changes observed when cyt c adopts a bis-His coordination.38

Thus, the RR spectra of the Lys72/73Asn mutant strongly
indicate that the misligated species formed upon interaction
with CL is a mixture of Lys-bound (as the wt) and bis-His
forms.
To confirm the presence of a bis-His species in the CL

complex of the Lys72/73Asn mutant and identify which His
residue displaces the native Met80 ligand, the two triple
mutants (Lys72/73Asn/His26Tyr and Lys72/73Asn/His33-
Tyr) were prepared incorporating mutations of His26 and
His33, the two His residues that may substitute for Met80. The

Figure 6. Electronic absorption (A) and resonance Raman spectra (B)
of 30 μM Lys73Asn mutant in 20 mM Hepes and 0.1 mM EDTA (pH
7.0) in the absence and presence of CL vesicles. The CL concentration
corresponds to a CL:protein molar ratio of 5. The spectra of the
mutant protein at pH 9.7 in 50 mM glycine and wt at neutral pH are
also shown for comparison. The 460−650 and 650−730 nm regions of
the absorption spectra 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 resonance Raman spectra of the
mutant were as follows: laser power at the sample, 6 mW; integration
time, from 10 to 30 min. For wt, see Figure 5. The intensities are
normalized to that of the ν4 band (not shown). The arrows and
frequencies colored red indicate the variations in band intensities that
follow interaction of the protein with CL or a change in protein pH.

Figure 7. Electronic absorption (A) and resonance Raman (B) spectra
of 30 μM Lys72/73Asn mutant in 20 mM Hepes and 0.1 mM EDTA
(pH 7.0) in the absence and presence of CL vesicles. The CL
concentration corresponds to a CL:protein molar ratio of 5. The
spectra of the mutant protein at pH 9.9 in 50 mM glycine and wt at
neutral pH are also shown for comparison. The 460−650 and 650−
730 nm regions of the absorption spectra 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 resonance
Raman spectra of the mutant were as follows: laser power at the
sample, from 6 to 10 mW; integration time, from 10 to 60 min. For wt,
see Figure 5. The intensities are normalized to that of the ν4 band (not
shown). The arrows and frequencies colored red indicate the
variations in band intensities that follow interaction of the protein
with CL or a change in protein pH.
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UV−vis and RR spectra of both Lys72/73Asn/His33Tyr and
Lys72/73Asn/His26Tyr mutants in the absence of CL are
similar to those of the wt species, indicating that the mutation
has little effect on the local heme structure (Figures 8 and 9,

respectively). Although with an increase in CL concentration
the Lys72/73Asn/His33Tyr variant displays spectral variations
very similar to those observed for the Lys72/73Asn mutant, in
the case of the Lys72/73AsnHis26Tyr variant, a progressive
increase in the RR spectra of the relative intensity of the band
at 418 cm−1, with the concomitant appearance of a new band at
405 cm−1 (Figure S1 of the Supporting Information) assigned
to the bis-His asymmetric stretching mode [νas(Fe−Im2), as
previously observed in the spectrum of the N-fragment of cyt c
and cyt c″38], is consistent with the presence of a pure bis-His
species, corresponding to His33−Fe−His18 coordination.
Furthermore, the variations observed at alkaline pH for the

Lys72/73Asn/His26Tyr variant are consistent with the
formation of a misligated species; however, the band typical
of Lys−Fe−His coordination at 412 cm−1 does not intensify. A
similar result was reported for the single horse heart His26Tyr
mutant at alkaline pH,29 the low-frequency RR spectra at
alkaline pH of the two mutants (Lys72/73Asn/His26Tyr and
His26Tyr) being very similar.

Peroxidase Activity of Mutants. To evaluate the effects of
mutation(s) on the cyt c−CL interaction, the steady-state
kinetics of the free or CL-bound mutants were investigated and
their peroxidase activity was determined. In the absence of CL,
all the mutants exhibit Km and kcat values for guaiacol closely
similar to those observed for the wt protein. Conversely, in
contrast with wt cyt c,39 the addition of CL does not bring
about any enhancement of the kcat/Km ratio either for the
Lys72Asn and Lys79Asn mutants (which do not bind CL) or
for the Lys73Asn and Lys72/73Asn mutants (which bind CL)
(Table S1 of the Supporting Information).

■ DISCUSSION
Effect of Mutation of Lys72, Lys73, and Lys79 on the

Global Stability of Horse Heart cyt c. These data reveal that
the mutations significantly affect the protein structure; the
spectroscopic (and, thus, structural) features of the Lys72Asn,
Lys73Asn, Lys79Asn, Lys72/73Asn, and Lys72/73/79Asn
mutants consistently differ from those of the wt protein. This
suggests that when one lysine (or more) is missing, the
rearrangement of the region of residues 66−92 alters the heme
crevice and the region surrounding Trp59 (Figure 3), thus
decreasing protein stability. The biphasic nature of the Gdm-
HCl-induced mutant denaturation indicates that approximately
42% of the helical content is lost at the end of the first

Figure 8. Electronic absorption (A) and resonance Raman (B) spectra
of 30 μM Lys72/73Asn/His33Tyr mutant in 20 mM Hepes and 0.1
mM EDTA (pH 7.0) in the absence and presence of CL vesicles. The
CL concentration corresponds to a CL:protein molar ratio of 7. The
spectra of the mutant protein at pH 9.6 in 50 mM glycine and wt at
neutral pH are also shown for comparison. The 460−650 and 650−
730 nm regions of the absorption spectra 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 resonance
Raman spectra were as follows: laser power at the sample, 3 mW;
integration time, from 20 to 40 min. For wt, see Figure 5. The
intensities are normalized to that of the ν4 band (not shown). The
arrows and frequencies colored red indicate the variations in band
intensities that follow interaction of the protein with CL or a change in
protein pH.

Figure 9. Electronic absorption (A) and resonance Raman (B) spectra
of 30 μM Lys72/73Asn/His26Tyr mutant in 20 mM Hepes and 0.1
mM EDTA (pH 7.0) in the absence and presence of CL vesicles. The
CL concentration corresponds to a CL:protein molar ratio of 7. The
spectra of the mutant protein in the pH interval of 9.0−9.6 in 50 mM
glycine are invariant and are shown together with the spectrum of wt
at neutral pH for comparison. The 460−650 and 650−730 nm regions
of the absorption spectra 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 resonance Raman spectra were as
follows: laser power at the sample, from 3 to 5 mW; integration time,
from 20 to 40 min. For wt, see Figure 5. The intensities are normalized
to that of the ν4 band (not shown). The arrows and frequencies
colored red indicate the variations in band intensities that follow
interaction of the protein with CL.
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transition (Figure 2). Of the 104 residues constituting the
polypeptide chain, 41 residues form the two major (N- and C-
terminal) and the three minor helix segments of equine cyt c.
The C-terminal helix (residues 88−102) and the short helix of
residues 72−74 are the segments closest to the mutated region,
constituted by a total of 18 residues that correspond to
approximately 44% of the total residues present in the helices of
cyt c. Although this value is very close to the loss of helix
content (42%) detected by CD, the “foldons theory” elaborated
by Englander and collaborators rules out such a possibility.
These authors found that the region constituted by the C-
terminal and N-terminal helices is the first region to fold and
the last to unfold in the folding−unfolding process of cyt c.35

Therefore, the helices of residues 50−54 and 61−68 are the
segments expected to unfold during the first transition. Because
the helix of residues 72−74 is also missing in the mutants, the
number of residues released when these helices unfold would
be 16, corresponding to ∼40% of the total number of helix-
forming residues (41 side chains). Thus, the invariant Lys72
and Lys79 and the largely invariant Lys73 contribute to the
stabilization of the helix regions and of the Met80−Fe(III) axial
bond; the RR and CD spectra of the mutants reveal that
approximately 30% of the protein population possesses non-
native heme coordination. This subpopulation was not
observed in previous reports where the lysines were mutated
to alanines;10,40 in this regard, it must be taken into account
that, at variance with Ala, Asn is capable of forming multiple
hydrogen bonds both with water molecules and with other
protein polar groups. Thus, although the precise role of Asn
residues in the formation of this subpopulation remains obscure
at this stage, it is possibly linked to the ability of Asn residues to
stabilize an alternative backbone conformation through
formation of hydrogen bonds.
Equally intriguing is the observation that single and multiple

mutations induce the same effect on protein stability. This
suggests that the effect produced by single mutations is not
necessarily locally restricted; it can act as a “long-range” effect
that induces unfolding of the 60s helix segment, an increased
flexibility of the region of residues 66−92, and the rupture of
the native Met80−Fe(III) axial bond, thus favoring formation
of the observed non-native coordinated subpopulation.
Role of Lys72, Lys73, and Lys79 in the cyt c−CL

Binding Reaction. The models proposed to date to describe
the cyt c−CL complex have identified several regions of the
protein that may act as host sites for the insertion of the acyl
chain(s) of the polyphosphate. In particular, the “extended
cardiolipin anchorage to cyt c” theory identified the hydro-
phobic region located close to the Asn52-containing short helix
as a probable host site,19 and recently, our study of the Asn52Ile
mutant−CL interaction has indeed provided evidence that the
region close to the Asn52 residue is deeply involved in the
binding process.8 The model of Kalanxhi and Wallace identifies,
instead, the region of residues 66−92, which comprises the cleft
formed by residues 67−71 and 82−85 and where the network
of positively charged residues (i.e., Lys72, Lys73, and Lys86)
may facilitate the access of the acyl chain.7 Therefore, in this
paper, we extend the study to the region of residues 66−92 that
Kalanxhi and Wallace consider “crucial” for the cyt c−CL
binding process.7 The studies performed to date envisage Lys72
and Lys73 as the residues directly involved in molecular
recognition, while Lys79 is considered to be the best candidate
to substitute for Met80 as the heme−iron axial ligand upon
formation of the cyt c−CL complex.5−8 Our data show that the

replacement of either Lys72 or Lys79 hinders formation of the
cyt c−CL complex. The evidence that these residues are
directed toward the solvent in the wt protein (Figure 1, left
panel) suggests that they are important in protein−CL
recognition. We propose that the cyt c−CL binding process
occurs in two steps; in the first step, the positively charged
Lys72 and Lys79 interact electrostatically with the deproto-
nated phosphate groups located on the liposome surface, and in
the second step, the acyl chain of CL enters the protein. Thus,
Lys72 and Lys79 facilitate the correct orientation for insertion
of the acyl chain into the protein. Furthermore, as Lys79 is the
amino acid assumed to replace Met80 as the axial ligand of the
heme iron at alkaline pH, we envisage that a similar event may
take place during formation of the cyt c−CL complex at neutral
pH.8,31,41,42 The unfolding of the region of residues 60−92
induced by the insertion of the acyl chain destabilizes the native
Met80−Fe(III) axial bond and facilitates the replacement of the
Met80 residue as the axial ligand by another residue, identified
by RR measurements as Lys79. These results in part rectify the
extended cardiolipin anchorage to cyt c model, which proposed
Lys72 and Lys73 as the residues involved in the molecular
recognition with CL;7 on the other hand, they are in agreement
with our model asserting that the CL phosphate groups interact
with the protein in the vicinity of the Lys72 and Lys79 amino
groups.8

In contrast with previous reports,5,7 our data rule out a
crucial role of Lys73 for cyt c−CL liposome recognition; in the
absence of this residue, formation of the complex proceeds in a
manner similar to that of the wt protein. Unlike Lys72 and
Lys79, Lys73 is engaged in two salt bridges with the acidic
Glu66 and Glu69 residues (Figure 1, right panel). Therefore,
the Lys73Asn mutant reacts with CL because the molecular
recognition promoted by Lys72 and Lys79 permits the
insertion of the acyl chain into the protein. However, the
process requires more time because, in the absence of Lys73,
the two salt bridges with Glu66 and Glu69 are lost and the
structural rearrangement of the segment of residues 75−87 (i.e.,
the region where residues Lys72 and Lys79 are located) likely
hinders the insertion of the acyl chain of CL.
The binding reaction of the Lys72/73Asn mutant gave

unexpected results, because the simultaneous mutation of
Lys72 and Lys73 does not abolish the binding of CL to the
protein. No unequivocal explanation can be provided on the
basis of the results presented here; it may be tentatively
imputed to the loss of the salt bridges that Lys73 forms with
Glu66 and Glu69. The more flexible, less folded rearrangement
of the region of residues 66−92 may facilitate the insertion of
the acyl chain of CL even in the absence of one of the residues
considered to be important for molecular recognition.
However, this point needs further investigation to be
unequivocally clarified.
As for the other mutants, the K72/73N mutant possesses a

minor Lys−Fe−His coordinated misligated species at neutral
pH; however, when bound to CL, it shows also the formation
of a bis-His species. Three histidines are present in horse cyt
c:43 (i) the proximal heme−iron ligand His18, (ii) His26 that,
H-bonded to the backbone carbonyl of Pro44, maintains the
20s and 40s Ω-loops joined and sterically close [thereby
enhancing the overall rigidity of the macromolecule, the
stability of the heme crevice, and the strength of the native
Met80−Fe(III)−His coordination],30,44 and (iii) His33, which
is located in the 20s Ω-loop. The similarity between the RR
spectra of the Lys72/73Asn and Lys72/73Asn/His33Tyr
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mutants in the presence of CL (Figures 7 and 8 and Figure S1
of the Supporting Information) suggests that His26 is
coordinated to the heme iron in the Lys72/73Asn mutant.
The bis-His coordination is intriguing, but difficult to
rationalize on a structural basis. However, the following
mechanism can be hypothesized: in wt cyt c, the 20s and 40s
Ω-loops are bridged with His26 through H-bonds that this
residue forms with Asn31 and the backbone carbonyl of Pro44;
the constraints imposed on the His26 residue by its H-bonds
with the asparagine side chain and the backbone carbonyl of
Pro44 impair the structural flexibility of the two Ω-loops. This
characteristic provides a significant contribution to protein
rigidity. The binding of CL is associated with a partial unfolding
of cyt c that generates a greater mobility of protein segments.
The bis-His coordination of the CL-bound protein observed in
the absence of both Lys72 and Lys73 indicates that a global
protein rearrangement occurs, His26 and His33 being located
on the opposite side of the macromolecule with respect to
Lys72, Lys73, and Lys79. When CL binds, in the absence of
both Lys72 and Lys73, it is possible that the H-bonds that
His26 forms in the free protein are lost and the free 20s and 40s
Ω-loops may induce a peculiar, more dynamic structural
rearrangement favoring the insertion of the acyl chain of CL
and the repositioning of His26 in the vicinity of the heme with
subsequent coordination to the iron. The bis-His coordination
of the CL-bound Lys72/73Asn mutant suggests that this
conformer is less folded than the other CL-bound mutants; it is
structurally similar to the molten globule state of cyt c, which
also possesses a bis-His coordination.45 Note that the far-UV
CD measurements exclude any possibility of protein denatura-
tion (Figure S4 of the Supporting Information). The formation
of a bis-His species in the double and Lys72/73Asn/His33Tyr
mutants provides further evidence that Lys72 and Lys73 are
crucial for protein stability. Accordingly, in the CL−Lys72/
73Asn/His26Tyr complex, in the absence of Lys72 and Lys73
and the H-bond that links the 20s and 40s Ω-loops and brings
them sterically close, a major structural rearrangement that
allows His33 to coordinate to the heme iron occurs.
The tertiary conformational changes occurring in the

mutants, including those in the heme crevice region where
Met80 is displaced from the axial coordination position, can
offer a possible explanation for the lack of peroxidase activity of
the CL-bound mutants (see Table S1 of the Supporting
Information). A five-coordinate form is necessary for
peroxidase activity; hence, the observation that the CL-bound
mutants are pure six-coordinate proteins, with a lysine (and also
a histidine in the case of the Lys72/73Asn double mutant)
axially bound to the heme iron, is consistent with the absence
of peroxidase activity. Conversely, the wt protein is
characterized by a mixture of six-coordinate and five-coordinate
populations for high concentrations of CL, in agreement with
the peroxidase activity displayed by the cyt c−CL complex.8

However, further work is necessary to confirm this important
observation.
On the whole, our data show that (i) Lys72 and Lys79 are

crucial for cyt c−CL recognition and, thus, for complex
formation and (ii) Lys73 also plays a role in the cyt c−CL
interaction. Although not directly involved in the molecular
recognition mechanism, this residue contributes to the overall
rigidity of the region of residues 66−92 through the salt bridges
it forms with Glu66 and Glu69, thus facilitating the insertion of
the acyl chain of CL. Hence, as Lys72 and Lys79, this residue

also plays a critical role in the first steps of the apoptotic
process.
In conclusion, our results show that the Lys72, Lys73, and

Lys79 residues not only are important for protein stabilization
but also permit the protein to initiate the apoptotic process
catalyzing CL peroxidation.
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