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ABSTRACT: The finding that cytochrome c (cyt c) plays a role in programmed cell death after its release
from the mitochondrion has recently renewed interest in this protein. The structural changes in cytochrome
c observed at early stages of the apoptotic process have been related to changes occurring in the protein
when it forms a complex with phospholipid vesicles. Among the lipids constituting the membrane,
cardiolipin is the one thought to bind to cyt c. In this paper, we have investigated the influence exerted
by ionic strength on cytochrome c-cardiolipin interaction and found that formation of the cytochrome
c-cardiolipin complex occurs via two distinct transitions, implying a high-affinity site and a low-affinity
site. Ionic strength significantly influences complex stability; sodium chloride dissociates the complex
through two distinct transitions, the second of which occurs at a very high anion concentration. ATP also
dissociates the complex, but under the conditions that were investigated, its action is limited to the high-
affinity site. The dissociation process is characterized by a very slow kinetic rate constant (kobs ) 4.2 ×
10-3 s-1) and requires several minutes to be completed. We ascribe it to the high activation barrier met
by the protein when restoring the native Fe(III)-M80 axial bond. The peroxidase activity shown by
cardiolipin-bound cytochrome c is indicative of a less packed protein tertiary conformation in the complex.
In line with earlier reports, these data highlight the manifold functions of cytochrome c besides the well-
known role it plays in oxidative phosphorylation, shedding more light on the properties of the cytochrome
c-cardiolipin complex, involved in the progression of early stages of apoptosis.

Cytochrome c (cyt c)1 is a single-chain hemoprotein
composed of 104 amino acids, acting as an electron carrier
in mitochondria. It contains the heme as a prosthetic group
lying within a crevice and covalently attached to the
polypeptide chain by two thioether bridges formed with
residues C14 and C17. H18 and M80 are the axial ligands
of the heme iron in the native protein (1). As a mitochondrial
peripheral membrane protein, cyt c functions between the
inner and outer membrane, mediating electron transfer
between different proteins of the respiratory chain; more
specifically, cyt c mediates electron transfer between cyt c
reductase and cyt c oxidase (2–4).

The finding that cyt c plays a role in programmed cell
death (i.e., in cell apoptosis) after its release from the
mitochondrion has recently renewed interest in this pro-
tein (5, 6). In the cytoplasm, cyt c binds to the apoptosis
protease activation factor (APAf-1) and forms a complex
which, activating pro-caspase 9, gives rise to an enzymatic

reaction cascade leading to apoptosis in cells (7–9). The
structural changes involving cyt c in cell apoptosis have been
related to changes occurring in the protein when it forms a
complex with phospholipid vesicles at an early stage of the
process (3, 10). Among the lipids constituting the membrane,
cardiolipin (CL), a phospholipid with two negatively charged
phosphate groups and four fatty acyl chains, is that appointed
to bind to cyt c (11–13). The interaction between cyt c and
CL induces changes in the protein tertiary structure, including
perturbation of the heme pocket region and displacement of
Met80 from the sixth coordination position of the heme iron.
As recently observed, the less packed non-native conforma-
tion assumed by the protein in the complex formed with CL
facilitates the access of small molecules, such as hydrogen
peroxide, to the heme site (14). The peroxidase activity
acquired by phospholipid-bound cyt c turns out to be critical
in the early stages of apoptosis; acting as a powerful CL-
specific peroxidase, the complex generates CL hydroperox-
ides which actively contribute to the release of protein from
the mitochondrial membrane (15, 16).

Studies on cyt c-phospholipid interactions have revealed
the presence, on the protein, of (at least) two binding sites
for CL, named the A-site and the C-site (17, 18). At the
A-site, which is thought to be composed of a network of
positively charged residues (possibly K72, K73, and K86),
the interaction of the protein with CL is electrostatic in nature
and involves the deprotonated (negatively charged) phos-
pholipid. The protein-CL interaction at the C-site, on the
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Vergata”, Via Montpellier 1, 00133 Roma, Italy. Phone: +39 06
72596364. Fax: +39 06 72596353. E-mail: santucci@med.uniroma2.it.
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other hand, is hydrophobic in nature, stabilized by H-bonding
between residue N52 of cyt c and protonated CL. According
to the so-called extended lipid conformation hypothesis (19),
one acyl chain of the phospholipid accommodates to a
hydrophobic channel of the protein which extends from the
surface to the heme pocket region, while the other chain
points in the opposite direction from the headgroup. The pH
affects the cyt c-CL interaction; at low pH, the cyt c-CL
complex forms via the C-site of the protein (acidic environ-
ment favors CL protonation), while at neutral pH, cyt c binds
to CL via both the A-site and the C-site (12, 18). Around
neutrality, ionic strength influences the cyt c-CL interaction;
the cyt c-CL complex spontaneously forms at low ionic
strength and undergoes dissociation at high ionic strength
(17, 18). An additional binding site for phospholipids,
indicated as the L-site, was recently detected at acidic pH.
Like the A-site, the L-site is electrostatic in nature, being
composed of a cluster of positively charged residues (possibly
K22, K27, and H33) (20).

To gain deeper insight into the influence exerted by the
ionic strength on the cyt c-CL interaction, the binding of
CL to cyt c has been investigated kinetically and at
equilibrium. Results we obtained provide new information
about the role played by ionic strength in influencing cyt
c-CL binding and complex stability around neutrality.

MATERIALS AND METHODS

Materials. Horse heart cyt c (type VI, oxidized form) and
bovine heart cardiolipin (>80% polyunsatured fatty acid
content, primary linoleic acid; 98% purity) were from Sigma
Chemical Co. (St. Louis, MO) and were used without further
purification. All reagents were analytical grade.

Circular Dichroism Measurements. Circular dichroism
(CD) measurements were carried out using a Jasco (Tokyo,
Japan) J-710 spectropolarimeter equipped with a personal
computer as a data processor. The molar ellipticity, (θ)
(degrees square centimeter per decimole), 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.

Binding of cyt c to CL vesicles [cmc of approximately 1
µM, as determined by the spectroscopic method based on
the fluorescence of 1,6-diphenylhexatriene (21)] was inves-
tigated by following the changes induced in the Soret CD
spectrum (400-450 nm) of the protein by stepwise addition
of few microliters of a 3.5 mM CL ethanol solution to a 10
µM cyt c solution (Vi ) 1 mL; 0.5 cm path length cell). The
buffer consisted of 25 mM Hepes and 0.1 mM EDTA (pH
7.0). Dichroic spectra were recorded after the sample had
been mixed for 5 min. The same procedure was employed
to follow the salt-induced dissociation of the complex (cyt
c-CL).

Electronic Absorption Measurements. Electronic absorp-
tion measurements were carried out at 25 °C using a Jasco
V-530 spectrophotometer. An extinction coefficient (ε408) of
106 mM-1 cm-1 was used to determine the cyt c concentration.

Fast Kinetics Measurements. Kinetic measurements were
carried out employing either (i) a rapid-mixing stopped-flow
apparatus (Biologic SAS, Claix, France) with a dead time
of 10 ms, interfaced with a Jasco J-710 spectropolarimeter
(for CD kinetics), or (ii) a rapid-mixing stopped-flow SX.18

MV apparatus (Applied Photophysics Co., Salisbury, U.K.)
with a dead time of 1 ms, equipped with a diode array for
collection of transient spectra over the 350-700 nm absorp-
tion range (for absorption kinetics).

For CD kinetics, ferric cyt c was mixed with CL (at pH
7.0) and progress curves were followed at 416 nm, with a
0.2 cm path length observation cell. In the case of absorption
kinetics, the diode array allowed collection of transient
spectra with a 1 ms time resolution. From these, it was also
possible to collect progress curves at individual wavelengths
as well as absorption spectra at given time intervals. The
same procedure was used to follow the NaCl-induced
complex dissociation.

Kinetic progress curves were fitted according to the
following equation:

Sobs ) S∞ (∑
i)1

i)n

∆Si e(-kit) (1)

where Sobs is the signal (via either circular dichroism or
absorption) at a given wavelength and at a given time
interval, S∞ is the signal (via either CD or absorption) at
longer time intervals (when the reaction is completed), ∆Si

is the signal change for phase i, ki is the rate constant for
phase i, and t is time. The ( sign means that, at different
wavelengths, the signal intensity may either decrease or
increase.

Peroxidase ActiVity Measurements. The peroxidase activity
of cyt c and of the cyt c-CL complex (at varying CL
concentrations) was measured at pH 7.0 and 25 °C using 1
mM hydrogen peroxide and 10 mM guaiacol. Product
formation (tetraguaiacol; ε470 ) 26.6 mM-1 cm-1) was
followed using a Jasco V-530 spectrophotometer. The protein
concentration was 1 µM. The same experiments were carried
out by using GdmHCl (at concentration varying within the
0-6 M range) in place of CL. Data were reported as fractions
of the “plateau” value.

RESULTS

Cyt c Binding to CL. For hemoproteins, the Soret CD
spectrum is strictly correlated with the heme pocket confor-
mation (22). In particular, the negative 416 nm Cotton effect
is considered diagnostic of Fe(III)-M80 coordination in
native cyt c (23, 24); changes in the 416 nm dichroic signal
reveal alterations of the heme pocket region which involve
the displacement of M80 from the axial coordination to the
heme iron (24, 25) and a rearrangement of the tertiary
structure with formation of non-native compact forms of the
polypeptide [as the molten globule (25)] or, in some cases,
of the unfolded state. A CD investigation of the cyt c-CL
interaction is particularly interesting for two main reasons.
(i) As described above, the heme pocket alteration is rapidly
detected by the 416 nm dichroic band; (ii) the binding process
cannot be successfully followed by absorbance spectroscopy
because the optical spectrum of the cyt c-CL complex is
very similar to that of free cyt c (spectra not shown). Figure
1 illustrates the Soret CD spectrum of cyt c at pH 7.0, in the
absence and presence of CL (CL:cyt c molar ratio of 6:1).
The disappearance of the negative 416 nm Cotton effect
observed upon addition of CL in solution provides clear
evidence that the polyphosphate induces consistent alteration
of the protein heme pocket region. Absorbance measurements
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carried out in the 670-720 nm range, shown in the inset of
Figure 1, confirm displacement of M80 from the sixth
coordination position of the heme iron. As shown in Figure
2, the stepwise addition of CL in solution brings about two
distinct transitions leading to formation of the cyt c-CL
complex. This observation suggests that the protein binds
to CL via (at least) two distinct binding sites characterized
by different affinities for the phospholipid. Since the two-
transition process suggests that the two binding sites are
functionally independent, analysis of data was carried out
according to the following equation:

Y)R
(K1[L])n

1+ (K1[L])n
+ (1-R)

(K2[L])m

1+ (K2[L])m
(2)

where K1 and K2 are the affinity constants for the two binding
sites, [L] is the free ligand concentration (i.e., CL concentra-
tion for data depicted in Figure 2 and NaCl concentration
for data depicted in Figure 3), n and m are the cooperativity

indexes for the high-affinity and low-affinity sites, respec-
tively, and R is the relative spectral contribution for CL
binding to the high-affinity site. Equation 2 is a phenom-
enological equation reflecting a process characterized by two
transitions with cooperative binding behavior. From analysis
of data, a K1 of (4.9 ( 0.5) × 104 M-1 for the first transition
(n ) 2.0 ( 0.3) and a K2 of (2.4 ( 0.5) × 104 M-1 for the
second transition (m ) 4.0 ( 1.0) were determined. Further,
the value of the spectral contribution to the Cotton effect
that was determined (R ) 0.78 ( 0.08) turns out to be much
larger for the high-affinity site. As a whole, data obtained
suggest the presence of a larger number of high-affinity sites
than low-affinity sites; from a functional viewpoint, the latter
sites appear to be more tightly correlated, displaying a higher
degree of cooperativity.

The shape of the graph of Figure 2 reveals that both sites
must be saturated to achieve full protein population bound
to CL (corresponding, at CD, to the full disappearance of
the negative 416 nm Cotton effect). Any hypothesis of
protein denaturation is excluded since the R-helix content
of CL-bound cyt c is comparable to that of the free protein
[as revealed by the far-UV CD spectrum (not shown)]. The
observation that cyt c-CL binding is characterized by two
distinct transitions is in good accord with previous hypothesis
claiming the existence on the protein of two distinct binding
sites for CL, named the A-site and the C-site (17, 18).

Measurements carried out as a function of pH [pH range
of 6.5-7.5 (not shown)] do not highlight significant differ-
ences in the protein-CL binding process. However, while
at pH 6.5 turbidity is observed in solution in the presence of
60 µM CL, at pH 7.5 it becomes visible at 80 µM CL. We
noted that turbidity significantly alters the Soret CD spec-
trum, the 408 nm Cotton effect becoming stronger and
differently shaped (not shown).

Salt-Induced Complex Dissociation. The increase in ionic
strength due to addition of sodium chloride in solution affects
the cyt c-CL binding reaction. Data depicted in Figure 3
provide clear evidence that the salt induces dissociation of
the cyt c-CL complex (at 0.4 M salt the negative 416 nm
dichroic signal, typical of the free protein, is almost fully
recovered), indicating that at neutrality the complex stability
is modulated by ionic strength. In agreement with the data
depicted in Figure 2, the two-transition profile of Figure 3
is consistent with the presence on the protein of two distinct

FIGURE 1: CL binding to cyt c. Soret CD spectrum of cyt c recorded
in the absence (s) and presence (ss-) of 60 µM CL. The protein
concentration was 10 µM. Experimental conditions: 25 mM Hepes
and 0.1 mM EDTA (pH 7.0). The temperature was 25 °C. The
inset shows the absorbance spectrum of cyt c in (from top to bottom)
the absence and presence of 25 and 60 µM CL. The wavelength
range was 670-720 nm.

FIGURE 2: Titration curve for CL binding to cyt c. Changes in the
416 nm Cotton effect induced by stepwise addition of CL to a 10
µM cyt c solution. Experimental points are averages of at least
three measurements. Other conditions were as described in the
legend of Figure 1.

FIGURE 3: NaCl-induced dissociation of the cyt c-CL complex.
Changes in the 416 nm Cotton effect induced by stepwise addition
of NaCl to a 10 µM cyt c solution containing 60 µM CL.
Experimental points are averages of at least three measurements.
Other conditions were as described in the legend of Figure 1.
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binding sites for CL which are differently influenced by ionic
strength. Analysis of the NaCl-induced dissociation of the
cyt c-CL complex was performed according to eq 2, in
which it is assumed that dissociation of the complex results
from a competitive action of the salt for binding to the
protein. A K1 of (2.1 ( 0.3) × 104 M-1 was determined for
the first transition (n ) 1.0 ( 0.3). For what concerns the
second transition, the limited number of experimental points
renders the evaluation of m uncertain; indicatively, a K2 of
(3.4 ( 0.6) × 103 M-1 is determined for an m of 3.0 ( 1.
The value of the spectral contribution (R ) 0.78 ( 0.08) is
identical to that determined above for CL binding to the
protein. As a whole, data suggest that the high-affinity site
for CL is also the site more sensitive to the presence of salt
in solution.

Earlier work (17, 18) proposed a competitive action of
anions versus deprotonated CL at a level of the A-site to
explain the salt-induced dissociation of the cyt c-CL
complex. To gain deeper insight into this point, we inves-
tigated the cyt c-CL interaction as a function of ionic
strength. Thus, CL was added to protein solutions containing
different salt concentrations. The profiles in Figure 4,
obtained at 0.1, 0.12, and 0.2 M NaCl, provide clear evidence
of the role played by electrostatics in the binding process:
while at 0.1 M salt approximately 20% of the protein interacts
with CL, at 0.12 M salt the percentage drops to ap-
proximately 10%, and no binding is monitored in the
presence of 0.2 M salt.

ATP-Induced Complex Dissociation. Previous work (26)
formulated the hypothesis that the cyt c-phospholipid
interaction is influenced by ATP only at the level of the
A-site. To shed more light on this point, CD measurements
were carried out on the protein in the presence of 55 µM
CL. Under these conditions, approximately 100% of the
protein is bound to the phospholipid via both the high-affinity
and low-affinity sites (see Figure 1). We found that ATP
affects the dichroic signal; addition of increasing amounts
of ATP in solution, to a concentration of e10 mM, gradually
increases the strength of the negative 416 nm Cotton effect.
Then the CD spectrum remains unchanged between 10 and
15 mM ATP. Figure 5 shows the Soret CD spectrum

recorded in the presence of 15 mM ATP; the nucleotide
increases the strength of the negative 416 nm Cotton effect
to approximately one-half of that of the native protein. This
indicates that approximately 50% of the complex undergoes
dissociation; interestingly, this is the amount of protein
estimated to be bound to CL via the high-affinity site (see
Figure 2). This suggests that, under the conditions investi-
gated, ATP competes with CL for one of the two protein
binding sites only, namely, that exhibiting a high affinity
for polyphosphates. We found that ATP concentrations of
>15 mM cause turbidity in solution; therefore, it was not
possible to determine if, like sodium chloride, ATP at a
higher concentration also competes with CL for the low-
affinity binding site.

Kinetics of Cyt c-CL Binding and Dissociation. CL
binding to cyt c does not produce significant changes in the
absorption spectrum of the protein. However, we were able
to investigate the cyt c-CL binding kinetics at 695 nm by
following the effect of CL on the CT absorption band of cyt
c [considered a diagnostic indicator of the integrity of the
Met80-Fe(III) bond (24)]. As shown in Figure 6, the kinetics
is characterized by a decrease in absorption, ascribed to the
rupture of the Fe-Met80 axial bond. We found that the curve
amplitude increases with the CL:cyt c molar ratio. The
observed rate constant is independent of the CL concentration
(kobs ) 1.83 ( 0.29 s-1), which suggests the existence of a
rate-limiting step represented, perhaps, by the Fe-Met80
bond cleavage.

More relevant signal change is achieved by CD. In this
case, we followed the CL-induced changes in the 416 nm
Cotton effect. Figure 7 shows the progress curves obtained
at 15, 40, and 70 µM CL. CL influences (i.e., decreases) the
intensity of the negative dichroic band as a function of its
concentration: the higher the CL:cyt c molar ratio, the greater
(i) the change in the magnitude of the signal and (ii) the
amplitude of the kinetic curves. The observed rate constant
(kobs ) 1.83 ( 0.19 s-1) is virtually identical to that deter-
mined by absorption at 695 nm and, also in this case,
independent of CL concentration. Unfortunately, the low
signal-to-noise ratio of progress curves does not allow a
detailed description of the steps characterizing the coopera-
tive interaction at equilibrium (Figure 2). Even though the
binding process is likely to be more complex, here we
illustrate the simplest reaction scheme that may account for

FIGURE 4: Effect of ionic strength on the formation of the CL-cyt
c complex. Changes in the 416 nm dichroic signal induced by
addition of CL to a 10 µM cyt c solution, in the presence of (b)
0.1, (O) 0.12, and (1) 0.2 M sodium chloride. alfa indicates the
fraction of protein molecules interacting with CL. The 416 nm
ellipticity values of the spectra of Figure 1 were taken as end points
of the binding transition. Experimental points are averages of at
least three measurements. Other conditions were as described in
the legend of Figure 1.

FIGURE 5: ATP-induced CL-cyt c complex dissociation. Changes
induced by ATP on the Soret CD spectrum of cyt c in the presence
of 55 µM CL: cyt c with CL (s) and cyt c with CL in the presence
of 15 mM ATP (- · ·-). The CD spectrum of native cyt c (ss-)
is shown for comparative purposes. Other conditions were as
described in the legend of Figure 1.
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kinetic data obtained, where the first step of the process
(characterized by a cleavage rate constant k+1 and a backward
rate constant k-1) consists of cleavage of the axial Fe-Met80
bond, while the successive step (characterized by a bimo-
lecular binding rate constant k+2 and a dissociation rate
constant k-2) consists in the first step of binding of CL to
cyt c. Clearly, the latter process is a phenomenological
representation of a more complex, multistep cooperative
mechanism which, at present, cannot be better determined.

On the basis of the phenomenological Scheme 1, the
observed rate constant can be determined from the following
equation:

kobs )
k+1k+2[CL]

k-1 + k+2[CL]
+

k-2k-1

k-1 + k+2[CL]
(3)

where the parameters appearing in the equation correspond
to those of Scheme 1. In eq 3, kobs depends on [CL] as long
as k+1 significantly differs from k-2. Our data reveal that
kobs is independent of [CL] over the whole range investigated;
this suggests that at least one of two conditions [(i) k+1 =
k-2 ≈ 1.8 s-1, and/or (ii) k+2[CL] . k-1] must be satisfied
[in case ii, the stability of the Fe-Met80 bond allows one
to predict that k-1 > 10k+1; this implies that at the lowest
[CL] investigated, k+2(1.5 × 10-5) > 180 s-1 and k+2 > 1
× 107 M-1 s-1, for k+1 = 1.8 s-1]. At present, it is not
possible to discriminate between conditions i and ii; however,
the very similar rate constant values determined (Figures 6
and 7) provide support to condition i (i.e., k+1 = k-2).

As shown in Figure 8, a signal change opposite in sign is
observed when the cyt c-CL complex is mixed with NaCl.
In agreement with measurements at equilibrium (Figure 3),
data in the figure show that the salt induces dissociation of
the cyt c-CL complex; the process is characterized by a
very slow kinetic rate constant [kobs ) (4.2 ( 0.6) × 10-3

s-1] and requires several minutes to be completed. This very
slow reactivity may be ascribed to either (i) an intrinsically
very slow CL dissociation process or (ii) a high activation
barrier for the tertiary changes leading to recovery of the
Fe-Met80 axial bond. At present, there is no independent
evidence supporting one option or the other, also because

FIGURE 6: Kinetics of CL binding to cyt c, followed by absorption
at 695 nm. Kinetic progress curves: 50 µM cyt c mixed with 80
µM CL (a), 50 µM cyt c mixed with 160 µM CL (b), and 50 µM
cyt c mixed with 250 µM CL (c). Solid lines correspond to nonlinear
least-squares fitting of data to eq 1, employing the following values:
(a) S∞ ) 0.0399, ∆S ) 0.00012, and k ) 1.83 s-1, (b) S∞ ) 0.0397,
∆S ) 0.00035, and k ) 1.83 s-1, and (c) S∞ ) 0.0394, ∆S )
0.00072, and k ) 1.83 s-1. The curves shown are averages of five
accumulations, to improve the signal-to-noise ratio. The temperature
was 20 °C.

FIGURE 7: Kinetics of CL binding to cyt c, followed by CD at 416
nm. Kinetic progress curves: 5 µM cyt c mixed with 15 µM CL
(a), 5 µM cyt c mixed with 40 µM CL (b), and 5 µM cyt c mixed
with 70 µM CL (c). Solid lines correspond to nonlinear least-squares
fitting of data to eq 1, employing the following values: (a) S∞ )
0.54, ∆S ) 0.33, and k ) 1.83 s-1, (b) S∞ ) 1.59, ∆S ) 1.15, and
k ) 1.83 s-1, and (c) S∞ ) 2.38, ∆S ) 1.62, and k ) 1.83 s-1.
Progress curves b and c have been displaced by 0.15 and 0.4 unit,
respectively, for the sake of clarity. The curves shown are averages
of eight accumulations, to improve the signal-to-noise ratio. The
temperature was 20 °C.

Scheme 1

FIGURE 8: Kinetics of NaCl-induced complex dissociation. Kinetic
progress curve of the dissociation of the CL-cyt c complex after
addition of 400 mM NaCl. The complex consisted of 5 µM cyt c
and 70 µM CL (concentration values in solution, after mixing).
CD measurements were carried out at 416 nm. The solid line
corresponds to nonlinear least-squares fitting of data to eq 1,
employing the following values: S∞ ) -0.86, ∆S ) 2.53, and k )
4.2 × 10-3 s-1. Other conditions were as described in the legend
of Figure 1.
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CL binding to cyt c brings about a conformational change
in the protein.

Peroxidase ActiVity of CL-Bound Cyt c. Upon binding to
phospholipids, cyt c undergoes structural changes which
facilitate the access of small molecules, such as hydrogen
peroxide, into the heme site and induce peroxidase activity
in the bound protein (14). In this study, the peroxidase
activity of the CL-bound cyt c was measured by following
the formation of orange-colored tetraguaiacol at low ionic
strength after the addition of guaiacol and hydrogen peroxide
to the solution containing cyt c and CL. As shown in Figure
9, peroxidase activity increases with CL concentration via a
two-transition profile [similar to what is observed for CD
data (Figure 2)]. Data were reported as fractions of the
plateau value corresponding to a peroxidase activity of 160
nM s-1 (corresponding to a turnover number of 0.16 s-1).
Experiments carried out using Gdm-HCl as the denaturant
agent showed a sigmoidal dependence of peroxidase activity
on Gdm-HCl concentration with the maximal value (1400
nM s-1) obtained with fully unfolded cyt c (data not shown).
These results suggest that the phosholipid-bound protein is
characterized by a less packed, but not denatured, non-native
tertiary conformation. No peroxidase activity is shown by
native cyt c.

DISCUSSION

In cell apoptosis, cyt c is released from the mitochondrial
interface space into the cytosol (27). This critical event
requires a decrease in the extent of the protein-CL interac-
tion since this facilitates detachment of the protein from the
membrane and its successive release into the cytosol (13).
Thus, it appears clear that the strength of the cyt c-CL
interaction plays an important role in the cell; it determines
if cyt c will be retained in the intermembrane space carrying
out its role in the respiratory chain or, conversely, released
into the cytoplasm as in the apoptotic event.

Cyt c interacts with CL via two distinct sites, the A-site
and the C-site, located on the protein surface and displaying
different properties (17, 18). As described in detail in the
introductory section, cyt c-CL interaction at the A-site is
electrostatic in nature and is sensitive to ionic strength, while
at the C-site, it is hydrophobic and implies H-bonding
between residue N52 and the protonated phospholipid (18, 28).

Around neutrality, ionic strength significantly affects
protein-phospholipid binding; interactions that are electro-
static in nature (which imply CL binding at the A-site) are
favored at low ionic strength, whereas interactions that are
hydrophobic in nature (implying CL binding at the C-site)
become predominant at high ionic strengths. Also, the
negative surface density originated by CL concentration shifts
the equilibrium toward the protonated form of the phospho-
lipid, thus favoring cyt c-CL binding via the C-site (18).

Data in this paper show that at neutral pH the cyt c-CL
binding process proceeds via two distinct transitions which
are modulated by the phospholipid concentration (Figure 2).
Since the cyt c-CL interaction via electrostatics is predomi-
nant at low ionic strengths and low phospholipid concentra-
tions, we identify the A-site as the site involved in the first
binding transition and indicate it as the high-affinity site for
CL. The second transition, that occurring at a higher CL
concentration, implies instead hydrophobic binding of CL
to the protein via the C-site. Our data indicate that (i)
saturation of both sites is necessary to achieve all the protein
bound to CL (corresponding to the disappearance of the 416
nm dichroic signal at the end point of the second transition),
(ii) the protein-CL interaction at the A-site is characterized
by lower cooperativity (n ) 2; see eq 2), and (iii) the
protein-CL interaction at the C-site displays a steeper
cooperative process, possibly ascribed to the conformational
changes occurring in cyt c as CL binds at the C-site. In this
respect, kinetic data suggest that the binding process possibly
is characterized by a rate-limiting event (as shown by
absorption and CD data). Clearly, this does not mean that
the axial bond cleavage is the factor affecting the process
(even though this possibility cannot be ruled out); it just
suggests that a slow unimolecular structural change (with
which cleavage of the axial bond is associated) likely is
responsible for formation of the cyt c-CL complex. The
existence of a rate-limiting step, represented by tertiary
structural changes, is not new in cyt c folding-unfolding
equilibria; a slow conformational change was observed in
folding of cyt c, following the association of two protein
fragments (29).

Also, the NaCl-induced complex dissociation is character-
ized by two distinct transitions. We identify the first transition
as relative to dissociation of cyt c-bound CL from the A-site,
due to the strong competitive action exerted by anions versus
deprotonated CL; the transition observed at very high salt
concentrations, instead, concerns the rupture of the cyt c-CL
complex at the level of the C-site. In this last case, it is likely
that CL dissociation is induced by unspecific binding of
anions to cyt c. High anion concentrations were shown to
influence cyt c conformation, inducing rearrangements of
tertiary nature (30, 31); in this specific case, their action may
weaken the cyt c-CL interaction at the level of the C-site,
thus facilitating a cooperative dissociation of CL.

The finding that the C-site is implied in salt-induced
complex dissociation may appear in contrast with an earlier
study asserting that hydrophobic binding at the C-site is
unaffected by ionic strength (17). However, in previous work,
measurements were carried out in the presence of 180 mM
sodium chloride as the maximum concentration; under such
conditions, the second transition has not yet been observed
in this study. On the other hand, the different CL:cyt c molar
ratios used (23:1 vs 7:1) due to the different techniques that

FIGURE 9: Peroxidase activity of CL-bound cyt c. Peroxidase
activity of cyt c as a function of CL concentration, assessed by
formation of tetraguaiacol. The protein concentration was 1 µM.
The guaiacol concentration was 10 mM and the H2O2 concentra-
tion 1 mM. Data are reported as the fraction of the activity
plateau value (see Results). Other conditions were as described
in the legend of Figure 1.
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were employed (requiring different cyt c concentrations for
measurements) may represent another factor that is able to
influence results.

Data on ATP-induced complex dissociation are in line with
results discussed above. As evidenced by the CD spectrum
of Figure 5, only approximately 50% of the complex is
dissociated by the nucleotide. As described in the previous
section, this represents the amount of protein interacting with
CL at the high-affinity site. Thus, ATP competes with CL
for only one site, identified here as the A-site in view of the
fact that ATP binds to cyt c at a specific site composed of a
cluster of charged residues (32, 33). Conversely, CL binding
at the C-site does not appear to be influenced by ATP.

Unlike native cyt c, the CL-bound protein exhibits
peroxidase activity characterized by a two-transition profile
(see Figure 8). The accessibility of hydrogen peroxide to
the iron site suggests that in CL-bound cyt c the heme crevice
region is significantly altered and Met80 is displaced from
the sixth coordination position of the heme iron. By
comparing the maximum activity value of the CL-bound
protein (160 nM s-1) to that of the fully unfolded cyt c [1400
nM s-1, a value in agreement with a previous finding (34)],
we exclude any hypothesis of protein denaturation; thus, the
CL-bound protein is characterized by a non-native partially
unfolded tertiary conformation.

In conclusion, data in this paper provide new insights into
the cyt c-CL interaction, by showing that (i) binding occurs
via a cooperative two-transition process which implies a high-
affinity site (the A-site) and a low-affinity site (the C-site),
(ii) ionic strength exerts a strong influence on complex
stability, inducing complex dissociation via two distinct
transitions, the first implying the A-site and the other (which
occurs at very high ionic strengths and is markedly coopera-
tive) implying the C-site, (iii) ATP dissociates the complex,
but its action appears to be limited to the A-site, (iv) upon
(salt induced) complex dissociation, a high activation barrier
is met by the protein for restoring the native Fe(III)-Met80
axial bond, and (v) CL-bound cyt c exhibits peroxidase
activity. Thus, in the complex, the protein possesses a non-
native, less packed (but not denatured) tertiary conformation.
In line with earlier data, these results highlight the manifold
functions of cyt c besides the well-known role played in the
oxidative phosphorylation, shedding more light on the
properties of the cyt c-CL complex, which is known to play
a role in the execution of early stages of apoptosis. Results
also support the view asserting that conformational changes
in the tertiary nature of proteins (here, in cyt c) are a
mechanism utilized by macromolecules to achieve structural
diversity and, consequently, a diversity of functions.
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