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Abstract

Electrochemistry of cytochrome ¢ (cyt ¢) immobilized on a cardiolipin (CL) /
phosphatidylcholine (PC) film supported on a glassy carbon electrode was investigated using
variable-frequency AC voltammetry. At low ionic strength, we observed two redox-active
subpopulations characterized by distinct values of potential (E£),2) and electron transfer rate
constant (kgt). At high ionic strength, only one subpopulation was detected, consistent with
the existence of very stable cyt ¢ — CL adducts, most probably formed by hydrophobic
interactions between the protein and the fatty acid (FA) chains carried by CL. This
subpopulation exhibits a comparatively high kgt value (> 300 s ') apparently changing with

the structure of the FA chains of CL, i.e. 18:2(n-6) or 14:0. Our study suggests that



electrochemistry can be a useful technique for probing protein — lipid interactions, and more

particularly the role played by the specific structure of the FA chains of CL on cyt ¢ binding.

Keywords: Cardiolipin; Cytochrome c; Electron transfer, Fatty acid chain; Lipid anchorage;
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1. Introduction

Probing protein — lipid interactions is of considerable interest to gain basic
understanding of structure — function relationships in biological membranes [1, 2], but also to
control the construction of hybrid biological — inorganic objects [3, 4]. Cytochrome ¢ (cyt c)
is a water-soluble protein involved in the respiratory chain of mitochondria [5]. The heme
group of cyt ¢ shuttles electrons from cyt ¢ reductase to cyt ¢ oxidase. Cardiolipin (CL) is an
essential component of the inner mitochondrial membrane [6]. This negatively charged
phospholipid bears two phosphate moieties and four fatty acid (FA) chains of length ranging
from 14 to 22 carbon atoms. CL plays a key role in maintaining optimal activity of numerous
mitochondrial processes, such as electron transfer and ADP/ATP translocation [7], but also
cell apoptosis [8]. The specific structure of FA chains seems to be an important requirement
for biological functions of CL [9]. Interactions between cyt ¢ and CL have been extensively
investigated using liposomes [10, 11]. At neutral pH, cyt ¢ holds a positive charge of ca. +7
(the actual charge depends on the organism from which it derives), whereas CL carries a
negative charge of —1 [12] explaining the occurrence of electrostatic interaction between this
two physiological partners. In addition, evidence for the formation of cyt ¢ — CL adducts
stabilized by hydrogen bonding and hydrophobic interactions at specific sites on the protein

scaffold have been reported [13, 14]. According to the so-called lipid anchorage theory [13,



15-18], one or two FA chains of CL find a place into a large hydrophobic channel of cyt ¢,
which extends from the surface of protein to the neighborhood of the heme group, while the
other FA chains remains within the mitochondrial lipid layer to secure the binding.

The direct electrochemical reduction of cyt c is irreversible at most conventional
electrodes [19]. Reversible electron transfer (ET) between the heme group of cyt ¢ and the
electrode has however been achieved using surface modifiers such as bipyridine adsorbed on
gold [19] or self-assembled monolayers (SAMs) [3, 20]. In addition, the redox properties of
cyt ¢ immobilized on negatively charged SAMs has been used as a probe of the protein
conformation and/or orientation [21-24]. Both the redox potential and the ET rate depend on
the structure of the molecules composing the SAMs. Lipid films containing CL have also
been used to mediate ET between cyt ¢ and the electrode supporting the film [25-28]. As seen
for negatively charged SAMs, electrostatic interaction between cyt ¢ and a CL-modified
electrode is believed to permit the binding of the protein in an orientation allowing ET [27].
Another possibility is the formation of cyt ¢ — CL adducts stabilized by lipid anchorage, but
this hypothesis remains to be tested.

The objective of the present study was to determine whether electrochemistry of cyt ¢
immobilized on a lipid-modified electrode could provide insights on the interactions between
cyt ¢ and CL. This approach requires precise measurements of the redox properties of CL-
bound cyt c. To this aim, instead of cyclic voltammetry (CV), we used the variable-frequency
AC voltammetry (ACV) method developed by Creager and coworkers [29, 30] allowing the
study of small amounts of immobilized redox centers transferring electrons at different
potentials and rates. Finally, the role played by hydrophobic interaction on electrochemistry
of CL-bound cyt ¢ was probed using electrodes modified by CL carrying either saturated or

unsaturated FA chains, i.e. myristic acid (14:0) or linoleic acid (18:2(n-6)).



2. Materials and methods

2.1. Materials

Natural soybean phosphatidylcholine (PC) with FA of composition 18:2(n-6) (66.8%),
16:0 (14.7%) and 18:1(n-9) (7.1%), and 1,1',2,2'-tetramyristoyl cardiolipin (CL14:0) were
obtained from Avanti Polar Lipids. 1,1',2,2'-tetralinoleoyl cardiolipin (CL18:2(n-6)) was
purchased from Sigma. Lipids were purified using high performance liquid chromatography
(HPLC), and then dissolved in chloroform/methanol mixture (98/2 v/v) to prepare ca. 0.1 pg
uL ™" solutions containing CL and PC in a 20/80 molar ratio. Exact lipid concentration was
determined by quantitative analysis of FA using FA23:0 as an internal standard [31]. Briefly,
after addition of BF; in CH;OH (0.8 mL, 14% w) and butylated hydroxytoluene (0.01% w/w)
as antioxidant, the lipids were transesterified by heating at 100 °C during 10 min. The amount
of FA methyl esters was measured using a gas chromatograph equipped with an on-column
injector and a flame-ionization detector. Cyt ¢ from bovine heart provided by Sigma was used
without additional purification. All other reagents were of the highest purity available.
Solutions containing cyt ¢ (50 uM) and TRIS-HCI buffer (20 mM, pH 7.0) were prepared
using deionized water coming from a MilliQ Millipore system. EDTA (1 mM) was added to
prevent divalent cation substitution [28]. Protein solutions were stored at 4 °C and discarded

when older than one week.

2.2. Preparation of lipid-modified electrodes
The electrode supporting the lipid film was a glassy carbon (GC) rotating disk
electrode of 0.071 cm® (Metrohm) polished with alumina to a mirror finish, cleaned in water

using an ultrasound bath, and rinsed with acetone. Several drops (ca. 2 pL) of lipid solution



were deposited on the GC disk to obtain a total amount of 1 pg of lipids. Solvents were then

evaporated by rotation of the electrode at 500 rpm.

2.3. Electrochemical measurements

Electrochemical experiments were carried out in a standard three-electrode cell at the
controlled temperature of 25 +0.1 °C. The reference electrode was a saturated calomel
electrode (SCE) and the counter electrode a platinum wire. Voltammetric data were recorded
using a potentiostat (PGSTAT30A , Autolab) equipped with a FRA additional module. To
immobilize cyt ¢ on the lipid film, the electrode was immersed in an argon-purged cyt ¢
solution and cycled between 0.3 and —0.3 V vs. SCE at a scan rate of 50 mV s ' (Fig. S1 in
supplementary data). Then, the electrode was gently washed with argon-purged TRIS-HCl
buffer solution (20 mM, pH 7) and transferred to a second cell containing the same buffer
solution but no cyt c. Measurements of the redox potential (£,,) and ET rate of cyt ¢
immobilized on the lipid-modified electrode was carried out using the frequency-variable
ACV method developed by Creager and coworkers [29, 30]. ACV experiments at high
frequencies showed two redox peaks. As a result, for each peak potential, a plot of the
background corrected peak current against the logarithm of the frequency was fitted using an
equivalent circuit, which simulates an electrode modified by adsorbed redox species
exhibiting a distribution of ET rate constants. This procedure gave us the value of the ET rate
constant (kgt) and coverage (I') of each cyt ¢ subpopulation (see supplementary data for
further details). Electrochemical measurements were repeated at least four times with each
time a completely new lipid-modified electrode. The mean values of Ej, kgt and I thus
obtained were statistically compared using Statgraphics 5.1+ software. Analysis of variance
(ANOVA) was carried out using the post-hoc Fisher’s least significant difference test.

ANOVA was performed as long as criteria of normality and homogeneity of variances were



respected. For data set not following criterion of normality, non parametric Kruskall-Wallis
ANOVA was performed. For each group of means tested, differences were considered as

significant when P-value < 0.05.

2.4. Atomic force microscopy images

Images of the GC electrode and the lipid film were obtained under ambient condition
using a multimode AFM (Nanoscope V, Digital Instruments, Veeco). Tapping mode was used
to reduce the potentially destructive lateral forces exerted on the lipid film. Topographic and
error amplitude images were simultaneously recorded using commercial silicon probes of
nominal radius < 10 nm (TAP150, Veeco) and cantilevers of spring constant of 5 N m ' and

resonant frequency of 20 kHz (MPP12100, Nanodevices).

3. Results and Discussion

3.1. Characterization and stability of the supported lipid film

Unless otherwise noted, the lipid film was composed of PC and either CL 14:0 or
CL18:2 in 80/20 molar ratio to mimic the mitochondrial membrane composition [6]. This
choice is furthermore justified by the finding that cyt ¢ interacts more favorably with CL
when the latter is mixed with PC [32]. Besides, we verified that a GC electrode covered with a
film of pure PC does not efficiently exchange electrons with cyt ¢ (Fig. S2 in supplementary
data) [26].

The good quality of the CL/PC film coating the GC electrode was confirmed by
inspection of the AFM images recorded on the same spot before and after evaporation of a

drop of lipid solution. As shown in Fig. 1, the surface is fully covered by lipids forming most



certainly a monolayer. Small patches on the top of the lipid film can also be observed. Since
the relative height of these patches is ca. 2 nm, they are ascribed to the formation of a bilayer.

The coating of the GC electrode by the lipid film was additionally checked using
Fe(CN)s* as a redox probe (Fig. S3 in supplementary data). As expected, the electrochemical
signal of this anion in TRIS-HCI buffer solution (pH 7) is mostly suppressed after
modification of the GC electrode with a negatively charged lipid film. This redox behavior
points to the successful formation of a lipid film covering the entire electrode surface. We
however note that the current — potential response is not flat but takes the shape of a wave, as
would be observed in the case of an array of microelectrodes, suggesting the existence of
pinholes [33]. Small defects in the lipid film are without consequences for the study of the
electrochemistry of immobilized cyt ¢, since there is no direct ET between the protein and a
bare GC electrode (vide infra).

The stability of the lipid film under electrochemical conditions was verified by re-
dissolution of the lipids in chloroform at the end of a series of measurements. Quantitative
analysis by gas chromatography indicated that less than 20% of the amount initially deposited
was lost after a period of two hours, emphasizing the good stability of the lipid-modified
electrode. In a previously reported study, CL was mixed with cholesterol to improve the
stability of the lipid film during long-time electrochemical measurements [27]. This method
was found unnecessary because of the stability of our lipid film, and was disregarded as the

presence of cholesterol could alter the interactions between CL and cyt c.

3.2. Electrochemistry of cyt ¢ at CL/PC-modified electrode
We first verified by CV that there is no ET between cyt ¢ in solution and a bare GC
electrode (Fig. 2) [27]. After modification of the GC electrode with a CL/PC film, CV shows

reversible redox peaks ascribed to the reduction and the oxidation of the heme group of cyt c.



In the course of potential cycling, the redox peaks develop in height, eventually reaching a
maximum value after a period of 5-10 min (Fig. S1 in supplementary data). This
electrochemical response indicates that saturation coverage of cyt c¢ on the lipid film is
achieved. During the cycling procedure, the half-peak potential is slightly shifted toward
negative values, consistent with previous observations [22, 34]. As shown in Fig. 2, the half-
peak potential of the heme group of cyt is E1, = —11 mV vs. SCE with a peak-to-peak
separation AE, =44 mV at a scan rate of 50 mV s, in good agreement with the voltammetric
data measured under similar conditions at a CL-modified graphite electrode [28].

The voltammograms recorded after the transfer of the CL/PC-modified electrode
saturated with surface-confined cyt ¢ in a cell containing no protein clearly show a signal lost
(Fig. 2), indicating that the amount of cyt ¢ in the vicinity of the electrode has significantly
decreased. The most possible explanation is that free-diffusing cyt c is able to exchange
electrons with the electrode through the lipid film, hence the large signal in solution
containing protein. In addition, removal of surface-confined protein loosely interacting with
the lipid film is very likely during the transfer procedure. The methodology used here is
therefore suitable to limit the electrochemical measurements to the fraction of cyt c that
interacts either electrostatically or hydrophobically with the lipid film.

CV of immobilized cyt ¢ shows redox peaks spanning over a large potential range
(Fig. 2). In contrast, the ACV displays a sharp peak that can be easily discriminated from the
background current (Fig. 3). The ACV measured at the frequency of 4 Hz shows a peak for
immobilized cyt ¢ centered at about —20 mV vs. SCE. The formal potential of cyt ¢ in solution
is E12501 = +15 mV vs. SCE. Although the measured redox potential for immobilized cyt ¢
varies with the electrode material and the nature of the modifier, electrochemical and
spectroscopic studies have shown that a large potential shift up to —0.4 V relative to E}/ 501

may be associated with large modification of the protein structure away of its native state



[35]. Here the potential is only slightly downshifted by relative to that in solution, as in the
case of gold electrodes coated with alkanethiols terminating in carboxylic acid groups [20],
which indicates that cyt ¢ immobilized on the lipid film is not denaturated.

A full monolayer of cyt ¢ would correspond to a surface concentration of about 15
pmol of protein per cm? [23]. The surface concentrations measured by ACV were 5.2 and 8.1
pmol cm 2 for CL14:0 and 18:2, corresponding to a theoretical surface coverage of 35% and
54%, respectively (Table 1). We however note that the actual surface coverage of
immobilized protein should be significantly lower since the roughness factor of the glassy

carbon electrode largely exceeds unity (see AFM images in Fig. 1).

3.3. Evidence for two subpopulations of immobilized cyt ¢

Five representative ACVs acquired at frequencies ranging from 4 to 692 Hz for cyt ¢
immobilized on a CL/PC-modified electrode are shown in Fig. 3. At low frequencies, there is
one redox peak centered at about —20 mV. The peak current rapidly decreases with increasing
the frequency, indicating that the redox process under scrutiny cannot exchange electrons
rapidly. At frequencies exceeding 30 Hz, a new redox peak centered at about =130 mV
appears. The height of this second peak is much less responsive to frequency increase,
indicating a fast ET process. This electrochemical behavior, which was observed at both
CL14:0/PC- and CL18:2/PC-modified electrodes, can only be explained by the existence of
two independent subpopulations of immobilized redox molecules exhibiting different redox
potentials and ET rates. Additional support for this assumption was obtained from the plot of
the background corrected ACV current at =50 mV against the logarithm of the frequency, on
which two distinct sigmoids centered respectively below 1 Hz and above 100 Hz could be

clearly observed (Fig. S4 in supplementary data) [29, 30].



The redox potential (£,2), and corresponding ET rate constant (kgt) and protein
coverage (I'), calculated from the ACV measurements for each subpopulation are listed in
Table 1 (see also Figs. S5 and S6 in supplementary data). Cyt ¢ of subpopulation 1, which
represents the majority of immobilized protein, is characterized by a comparatively slow ET
rate at a potential close to that of the protein in solution. In contrast, cyt ¢ of subpopulation 2
exchanges electrons at high rate, but at a redox potential negatively shifted by more than 100
mV. Shift in reduction potentials appears thus to parallel the strength of interactions between
cyt ¢ and the lipid film. Numerous studies using liposomes have reported the existence of two
subpopulations of cyt ¢ bound to CL [14, 18, 25, 36, 37]. In most cases, it has been shown
that about 90% of the total amount correspond to electrostatically-bound cyt ¢, while the
remaining 10% correspond to hydrophobically-bound cyt c. In our work, subpopulation 2,
which is the less abundant, was calculated to represent respectively 15% for CL.14:0/PC and
5% for CL18:2/PC of the total coverage of immobilized cyt c. After extensive washing of the
electrode with a high ionic strength solution (i.e. 0.5 M KCl), the signal corresponding to
subpopulation 1 is almost suppressed, while that corresponding to subpopulation 2 remains
mainly unchanged (Fig. 4). These observations strongly suggest that subpopulation 2 is
composed of very stable cyt ¢ — CL adducts formed by hydrophobic interactions, whereas
subpopulation 1 corresponds to cyt ¢ interacting mainly electrostatically with CL.

The ET rates measured for cyt ¢ of subpopulation 2 are order of magnitudes larger to
that measured with cyt c electrostatically immobilized on SAM formed by a thiol spacer
comprising a similar number of carbon atoms [23]. Although insertion of cyt ¢ into the lipid
film might occur, ‘simple’ distance-dependent electron tunneling process cannot explain the
magnitude of the ET rate measured for subpopulation 2 at the lipid-modified electrodes [38].
The most likely assumption is that formation of stable cyt ¢ — CL adducts modifies the

orientation of the protein relative to the electrode surface and/or the coordination sphere of the
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iron ion in the heme group, hence accelerating the ET rate. Indeed, replacement of the amino
acid axially coordinating the heme group of immobilized cyt ¢ has been shown to have a

pronounced effect on the ET rate [35].

3.4. Dependence of the ET rate on the nature of CL

For subpopulation 1, it seems at first sight that the average rate constant is slower at
CL18:2/PC- than CL14:0/PC-modified electrode (ker =8 +2's™' and 30 £11 s, respectively)
(Table 1). Nevertheless, statistical analysis of these mean values showed that the difference is
not significant (P-value = 0.18), leading to the conclusion that there is no influence of the
nature of the CL on the redox properties of cyt ¢ composing subpopulation 1.

Cyt ¢ composing subpopulation 2 behaves differently. Mean values of kgt showed that
there is for the subpopulation 2 an effect of the nature of the CL composing the lipid film (P-
value = 0.002). The ET rate is twice faster at a CL18:2/PC- than at CL14:0/PC-modified
electrode. This results points to an effect of the structure of the FA chains on the ET rate of
cyt ¢ composing subpopulation 2. Evidence for specific interactions between the double
carbon bonds in the FA chains of CL and bound cyt ¢ has been obtained by spectroscopic
methods [36]. According to the lipid anchorage theory, one or two FA chains are brought in
close vicinity to the heme group of cyt ¢. Our study tends to show that such interaction might
provide a more favorable pathway for ET in the case of 18:2(n-6) FA chains holding double
carbon bonds at specific locations. This assumption is yet speculative and additional
electrochemical experiments using CL carrying 18:0 and 18:1 FA chains are needed to
address more precisely this issue, and more broadly the question of the biological function of

atypical FA chain composition in CL of eukaryotes.

4. Conclusions
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Prior to our work, there have been several studies on the electrochemistry of cyt ¢ at
electrodes modified by phospholipids. However the main goal was to measure the rate of ET
under various conditions of pH and ionic strength, without any particular interest to the
biophysical properties and the biological functions of the phospholipids.

Herein, lipids were carefully analyzed and the lipid film was composed of CL and PC
in a 20/80 molar ratio to mimic the mitochondrial membrane composition. Using ACV, we
were able to characterize two subpopulations of cyt ¢ bound to CL, a result that could not be
obtained using classical CV techniques. At high ionic strength, only one subpopulation
remained detected, consistent with the existence of very stable cyt c — CL adducts, most
probably formed by hydrophobic interactions. This assumption was further supported by the
high ket values (> 300 s™') measured for this cyt ¢ subpopulation. This finding allowed us to
analyze more finely the influence of CL on the electrochemistry of cyt c. We found that the
ET rate of hydrophobically-bound cyt c is twice faster at a CL18:2/PC- than at a CL14:0/PC-
modified electrode. Our study suggests that electrochemistry might be a useful technique for
probing protein — lipid interactions, and particularly the role played by the specific structure

of FA chains on conformation and orientation of cyt ¢ bound to CL.
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Tables

Table 1. Redox potential (£1,2), and the corresponding ET rate constant (kgt) and cyt ¢
coverage (/") calculated from ACV for the two different subpopulations of cyt ¢ immobilized
either on a CL14:0- or a CL 18:2-modified electrode. The mean values of E1),, ket and I were

extracted from four (CL14:0) and seven (CL18:2) independent measures (see text).

Lipid film Eqz (Vvs. SCE) ker (s I’ (pmol cm ?)
CL14:0

Subpopulation 1~ —0.010 £ 0.006 30 £11 52425
Subpopulation 2~ —0.120 + 0.009 306 +9 0.9 0.1
CL18:2

Subpopulation 1~ —0.020 + 0.004 8 +£2 8.1+3.1
Subpopulation 2~ —0.141 + 0.008 689 +64 0.4 +0.1
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Figure captions

Fig. 1. Topographic (left) and error amplitude (right) AFM images. Same spot on the
electrode before (A) and after (B) deposition of a CL/PC film. Small patches of bilayer

characterized by a relative height of 2 nm can be observed at the bottom left.

Fig. 2. Representative examples of voltammograms recorded at a bare GC electrode (dotted
trace) and a CL/PC-modified GC electrode (dashed trace) in a solution containing 50 uM cyt
c and 20 mM TRIS-HCI (pH 7). The voltammogram recorded for the same lipid-modified GC
electrode after transfer in a 20 mM TRIS-HCI buffer solution that does not contain cyt c is

also shown (solid trace).

Fig. 3. Representative AC voltammograms recorded at frequencies ranging from 4 to 692 Hz
for cyt ¢ immobilized on a CL/PC-modified GC electrode in a 20 mM TRIS-HCI buffer

solution (pH 7). Data are background corrected.

Fig. 4. AC voltammograms recorded at a frequency of 24 Hz for cyt ¢ immobilized on a

CL/PC-modified electrode before (open squares) and after (open triangles) washing with 0.5

M KClI solution.
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Fig. 1. Topographic (left) and error amplitude (right) AFM images. Same spot on the
electrode before (A) and after (B) deposition of a CL/PC film. Small patches of bilayer

characterized by a relative height of 2 nm can be observed at the bottom left.
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Fig. 2. Representative examples of voltammograms recorded at a bare GC electrode (dotted
trace) and a CL/PC-modified GC electrode (dashed trace) in a solution containing 50 uM cyt
c and 20 mM TRIS-HCI (pH 7). The voltammogram recorded for the same lipid-modified GC

electrode after transfer in a 20 mM TRIS-HCI buffer solution that does not contain cyt c is

also shown (solid trace).
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Fig. 3. Representative AC voltammograms recorded at frequencies ranging from 4 to 692 Hz
for cyt ¢ immobilized on a CL/PC-modified GC electrode in a 20 mM TRIS-HCI buffer

solution (pH 7). Data are background corrected.
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Fig. 4. AC voltammograms recorded at a frequency of 24 Hz for cyt ¢ immobilized on a
CL/PC-modified electrode before (open squares) and after (open triangles) washing with 0.5

M KClI solution.
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