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Abstract

We have used two-dimensional infrared correlation spectroscopy (2D-IR) to study the interaction and conformation of cytochrome c in the
presence of a binary phospholipid mixture composed of a zwitterionic perdeuterated phospholipid and a negatively-charged one. The influence of
the main temperature phase transition of the phospholipid model membranes on the conformation of cytochrome c has been evaluated by
monitoring both the Amide I′ band of the protein and the CH2 and CD2 stretching bands of the phospholipids. Synchronous 2D-IR analysis has
been used to determine the different secondary structure components of cytochrome c which are involved in the specific interaction with the
phospholipids, revealing the existence of a specific interaction between the protein with cardiolipin-containing vesicles but not with phosphatidic
acid-containing ones. Interestingly, 2D-IR is capable of showing the existence of significant changes in the protein conformation at the same time
that the phospholipid transition occurs. In summary, 2D-IR revealed an important effect of the phospholipid phase transition of cardiolipin on the
secondary structure of oxidized cytochrome c but not to either reduced cytochrome c or in the presence of phosphatidic acid, demonstrating the
existence of specific intermolecular interactions between cardiolipin and cytochrome c.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cytochrome c is a basic protein that has an essential role in
the electron transport chain of eukaryotes. It performs its
function by reversibly binding with its redox partners integrated
into mitochondrial membranes and diffusing freely in the
mitochondrial intermembrane space. This small peripheral
protein acts as an electron transfer on the inner mitochondrial
membrane surface where it is suggested to be partially inserted,
at least in some steps during the electron transport, which could
give rise to hydrophobic interactions with the membrane lipids
[1,2]. Cytochrome c has been considered as a paradigm for
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electrostatically interacting peripheral membrane proteins since
it is dissociated from lipid membranes by increasing ionic
strength [3]. Many studies have shown its ability to bind and
interact with anionic phospholipids and particularly with
cardiolipin: the denaturation temperature of cytochrome c is
decreased in their presence, they induce the appearance of
infrared bands characteristic of aggregated proteins and increase
its amide hydrogen–deuterium exchange rates, cytochrome c
tends to aggregate at the lipid surface and induce the presence of
non-bilayer structures, etc. [4–7].

Among the different phospholipids found in the mitochon-
drial membranes, cardiolipin, localized in the inner mitochon-
drial membrane, is the specific phospholipid required for a
correct function of the electron transport in the mitochondria [8].
To this respect it is important to point that cardiolipin is a
structurally unique phospholipid which contains two phosphate
groups, four acyl chains, and is capable of forming intramole-
cular hydrogen bonding [9].Many studies in lipid vesiclemodels
have shown that cardiolipin and cytochrome c interact strongly
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with each other inducing conformational changes in the protein
as well as in the phospholipids [3,7,10–15]. Cytochrome c
interacts with cardiolipin-containing membranes largely by
electrostatic interactions when the protein is in the native state,
though the unfolded form seems to bind tomembranesmainly by
hydrophobic interactions [16,17]. The physiological conse-
quences of the cytochrome c association with cardiolipin are not
only restricted to its function as a component of the
mitochondrial respiratory chain, but are also connected with
the recently discovered ability of this protein to trigger
programmed cell death (apoptosis), involving probably the
cytochrome c release from its complexes with cardiolipin
[10,18]. The release of cytochrome c from mitochondria
followed by its binding to APAF1 constitutes a critical point of
"no return" in the execution of the apoptotic program. Recently,
it has been demonstrated that at early stages of apoptosis,
cytochrome c bound to cardiolipin-containing mitochondrial
membranes acts as a peroxidase that selectively catalyzes
cardiolipin peroxidation, contributing to the outer mitochondrial
membrane permeation, release of cytochrome c into the cytosol,
and initiation of the apoptotic program [18–20].

Fourier transform infrared spectroscopy (FTIR) is a verywell-
suited technique to investigate the conformation of proteins
because the analysis of the Amide bands provides information
about their secondary structure. The Amide I band, in particular,
which is mainly due to the carbonyl stretching vibration of the
peptide bond, has been used extensively to determine the
secondary structure of many proteins, both in free solution as
well as associated to membranes by decomposition of the
original Amide I band into its components and their posterior
assignment and quantification [21,22]. However, due to the
intrinsic bandwidth of the component bands, they highly
overlap, making their identification very difficult. Recently,
multidimensional IR spectroscopy methods have been applied to
spread out congested spectra into a second dimension, such as
non-linear two-dimensional infrared spectroscopy and two-
dimensional infrared correlation spectroscopy [23–25]. Time-
dependent variations in infrared spectra can be induced by an
external perturbation (mechanical, thermal, chemical, etc.) and a
correlation analysis of these fluctuations generates two-dimen-
sional maps increasing the spectral resolution by spreading out
peaks along the second dimension and revealing the order of the
actual sequence of processes induced by the perturbation. This
method provides a way to deconvolve amide bands into their
secondary structure components, as well as to obtain the
correlation of the interaction involving different elements
pertaining to the same or different types of molecules in the
same sample. 2D-IR has been applied to the study of different
key aspects of proteins, such as the identification of their
secondary structure components, aggregation, dynamics, dena-
turation, unfolding as well as protein–lipid interactions [26–30].
Herein, we report the results of our study using the generalized
2D-IR correlation procedure in order to investigate the
interaction and conformation of cytochrome c, in both redox
states, bound to phospholipid model membranes composed of
binary mixtures of a zwitterionic phospholipid (perdeuterated
dimyristoyl-sn-glycero-3-phosphate, DMPCd) and a negatively
charged one, either tetramyristoyl-cardiolipin (TMCL) or
dimyristoyl-sn-glycero-3-phosphate (DMPA). The information
on the protein secondary structure has been obtained both before
and after the phase transition of the phospholipid binary
mixtures. This approach provided a sensitive mean to detect
minor structural changes in response to the phase transition of the
phospholipidmixture due to temperature. Our analysis presents a
direct evidence of the specific interaction between cytochrome c
and cardiolipin, demonstrating the existence of significant
interactions between different secondary structure elements of
cytochrome c with this special type of phospholipid as well as
the capability of this technique to study lipid–protein interaction.

2. Materials and methods

2.1. Materials

Bovine cytochrome c (type VI, oxidized form), deuterium oxide (99.9%),
EDTA and HEPES were purchased from Sigma Chemical Co. (Madrid, Spain).
Cytochrome c was used without any further purification. 1,2-Dimyristoyl-d54-
sn-Glycero-3-Phosphocoline (DMPCd), 1,2-Dimyristoyl-sn-Glycero-3-Phos-
phate (DMPA) and 1,1′,2,2′-tetramyristoyl-cardiolipin (TMCL) were obtained
from Avanti Polar Lipids (Alabaster, AL). Salts were of analytical grade. Water
was twice distilled and deionized in a Millipore system from Millipore Ibérica
(Madrid, Spain).

2.2. Sample preparation

Aliquots containing 3 mg of lipid in chloroform/methanol (2:1, v/v) were
placed in a test tube, the solvents removed by evaporation under a stream of O2-
free nitrogen and finally, traces of solvents were eliminated under vacuum in the
dark for more than 3 h. The molar relationship between phospholipids in the
mixtures was 2:1 for both DMPCd/TMCL and DMPCd/DMPA. A pre-weighted
amount of freeze-dried protein was suspended by addition of an appropriate
volume of 20 mMHEPES, 50 mMNaCl, 0.1 mMEDTA, pH* 7.4 buffer in D2O,
to give a final concentration of about 10 mM. The protein solution was then
added to the tube containing the dried lipid to obtain a final lipid/protein mole
ratio of 25:1, and the suspension was vortexed at about 5 °C above the transition
temperature of the phospholipid mixture to obtain multilamellar vesicles (MLV).
The mixture was freezed/thawed twice in order to ensure a complete
homogeneity of the sample and maximization of contacts between the protein
and the phospholipid and then incubated for 10 min at 5 °C above the transition
temperature with occasional vortexing. The freeze/thaw cycle was repeated again
and the suspension was then centrifuged at 10000 rpm for 20 min in order to
remove the protein that was not bound to the phospholipid in the membrane. The
freeze/thaw, incubation and centrifugation steps were repeated twice more in
order to remove the unbound protein. The pellet was resuspended in D2O buffer
and used for the measurements. This process ensured that the H–D exchange was
maximized.When required, reduced cytochrome cwas obtained by incubation of
oxidized cytochrome c with a buffer solution containing a small quantity of
dithionite. Afterwards reduced cytochrome c was passed through a column
containing G-25 Sephadex in order to remove the dithionite. The reduced
cytochrome containing solution was lyophilized, checked for the reduction
extent and used immediately afterwards to prepare the samples as stated above.
The phospholipid and peptide concentration were measured by methods
described previously [31,32]. The final lipid/protein ratio, measured by
comparison of the lipid C_O stretch/Amide I ratios obtained before and after
centrifugation, was about 55:1 and 58:1 for oxidized cytochrome c and about
54:1 and 61:1 for reduced cytochrome c in the presence of the phospholipid
mixtures DMPCd/TMCL and DMPCd/DMPA, respectively.

2.3. Infrared spectroscopy

For the infrared measurements, MLVs, resuspended in approximately 25 μl
of D2O buffer, were placed in between two CaF2 windows separated by 50 μm



Fig. 1. Infrared spectra in the 4000–1000 cm−1 range for the sample containing
oxidized cytochrome c and the phospholipid mixture DMPCd/TMCL at 20 °C
(—) and 70 °C (······).
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Teflon spacers and transferred to a Harrick Ossining demountable cell. Fourier
transform infrared spectra were obtained in a Nicolet 520 Fourier transform
infrared spectrometer equipped with a DTGS detector. Each spectrum was
obtained by collecting 250 interferograms with a nominal resolution of 2 cm−1

and then Fourier transformed using a triangular apodization. A sample shuttle
accessory was used in order to average background spectra between sample
spectra over the same time period. The spectrometer was continuously purged
with dry air at a dew point of −40 °C in order to remove atmospheric water
vapor from the bands of interest and avoid correlation peaks due to the water
vapor. The spectra were recorded after equilibrating the samples at 8 °C for
20 min in the infrared cell at 2 °C intervals with a 2-min delay between each scan
using an external bath circulator connected to the infrared spectrometer.
Subtraction of buffer spectra taken at the same temperature as the samples was
performed interactively using either Grams or Spectra-Calc (Galactic Industries,
Salem, NH) as described previously [33]. Frequencies at the centre of gravity,
when necessary, were measured by taking the top 10 points of each specific band
and fitted to a Gaussian band. Band-narrowing strategies were applied in order
to resolve the component bands in the Amide I′ region, i.e., derivation and
Fourier self-deconvolution [34,35]. Second-derivative spectra were calculated
over a 15-data point range. Fourier self-deconvolution was done using the
deconvolution software of Grams, which uses the deconvolution technique of
Griffiths and Pariente, with a narrowing parameter (γ) of 7.8 and a smoothing
parameter of 80% [36]. These parameters assumed that the spectra were not
over-deconvolved as was evidenced by the absence of negative side lobes.
Protein secondary structure elements were quantified from curve-fitting analysis
by band decomposition of the original Amide I′ band after spectral smoothing
using the same software stated above [33]. Briefly, for each component, three
parameters were considered: band position, band height and band width. The
number and position of component bands was obtained through deconvolution
and in decomposing the amide I′ band, Gaussian components were used. The
curve-fitting procedure was accomplished in two steps: in the first one, band
position was fixed, allowing width and heights to approach final values, and in
the second one, band positions were left to change. When necessary, these two
steps were repeated. Band decomposition was performed using SpectraCalc
(Galactic Industries, Salem, MA). The fitting result was evaluated visually by
overlapping the reconstituted overall curve on the original spectrum and by
examining the residual obtained by subtracting the fitting from the original
curve. The procedure gave differences of less than 2% in band areas after the
artificial spectra were submitted to the curve fitting procedure. The frequency
positions of the band centers were independently evaluated by second derivative
procedures, being always very close to the positions found by deconvolution. It
is assumed that the extinction coefficients of the different protein components do
not differ to a great extent and that the error derived from this assumption is
within the range of errors inherent to the methodology.

2.4. Two-dimensional correlation infrared spectroscopy

Two-dimensional correlation analysis was carried out using the 2D-Shige
program written by Shigeaki Morita and Yukihiro Ozaki (Kwansei-Gakuin
University, Japan) obtained from the webpage http://sci-tech.ksc.kwansei.ac.jp/
~ozaki/e_2D.htm. To obtain the 2D-IR maps, heating was used as the
perturbation to induce time-dependent spectral fluctuations in the IR spectra
of DMPCd/TMCL/cytochrome c and DMPCd/DMPA/cytochrome c complexes,
in both the oxidized and reduced states, so that to induce the phase transition of
the phospholipid membranes and observe any modulation of the conformation
on the protein induced by the phase change. Correlation intensities were
computed for the infrared spectra at different temperatures by applying the
generalized two-dimensional correlation algorithm of Noda through the 2D-
Shige program. The average spectra of the temperature scans were used as
reference in the analysis. Although it was possible to obtain 2D correlation plots
from the original spectra, the spectra selected for the correlation analysis were
Fourier self-deconvolved before the actual analysis was performed [37]. The
absence of artifacts in the deconvolved spectra was verified by comparing and
confirming that the number of bands and their positions arising in the
deconvolved spectra matched those in obtained in the second-derivative spectra
[38]. Visualization of the 2D-IR maps was performed with the use of Origin
software (Microcal Systems, Boulder, CO). The maximum and minimum
intensities for the whole correlation map were found, their values were
multiplied by two and a maximum of thirty contour lines were drawn, so that the
number of contour lines reflect their intensities in relation to the main peak. As
reviewed by Noda [25], the synchronous (in our case, synthermal) 2D
correlation spectrum of dynamic spectral intensity variations represents the
simultaneous occurrence of coincidental changes in spectral intensities
measured at frequencies ν1 and ν2. The asynchronous (in our case, asynthermal)
spectrum of dynamic spectral intensity variations represents sequential, or
unsynchronized, changes in spectral intensities measured at ν1 and ν2. In the
synchronous spectrum correlation peaks appear at both diagonal and off-
diagonal peaks (auto-peaks and cross-peaks, respectively), whereas the
asynchronous spectrum has no auto-peaks, but cross-peaks located at off-
diagonal positions. Since the synchronous spectrum is always required for
interpretation of intensity and width changes, and our interest aims to find the
inter-molecular interactions between cytochrome c and the phospholipid
molecules, we have used throughout this work the synchronous 2D-IR
correlation contour maps to analyze the data as it has been done before [39].
3. Results

3.1. Thermotropic behavior of the phospholipids in the binary
mixtures

We have studied by infrared spectroscopy the binding and
interaction of both oxidized and reduced cytochrome c with two
different binary phospholipid mixtures, namely DMPCd/TMCL
and DPMCd/DMPA, in order to observe any effect on both
types of molecules, phospholipid and protein. It is well
established that a shift in the frequency of the CH2 symmetric
stretching band is a reliable index of the phase behavior of a
phospholipid dispersion, since the CH2 stretching frequencies
respond primarily to conformational disorder and increase with
the introduction of gauche bonds in the fatty acyl chains [40].
Since in this study one of the phospholipids was acyl chain-
perdeuterated (DMPCd), and the other was not, it was possible
to independently detect changes which might occur with each
one (3000–2800 cm−1 and 2200–2000 cm−1 regions, Fig. 1).
Moreover, since the samples have been prepared by mixing and
washing the unbound protein as described in Materials and
methods, the data correspond to the phospholipid acyl chains
when the protein was effectively bound to the phospholipid
membrane.

The temperature dependence of the CH2 and CD2 symmetric
stretching frequencies in the absence of cytochrome c of TMCL
and DMPCd in the DMPCd/TMCL 2:1 mixture are shown in Fig.
2A, whereas the temperature dependence of the CH2 and CD2

symmetric stretching frequencies of DMPA and DMPCd in the

http://sci-tech.ksc.kwansei.ac.jp/~ozaki/e_2D.htm
http://sci-tech.ksc.kwansei.ac.jp/~ozaki/e_2D.htm


Fig. 2. Frequency of the symmetrical CH2 stretching (●), the symmetrical CD2 stretching (○) and the maximum of the Amide I′ band of cytochrome c (□) for
mixtures containing DMPCd/TMCL (A–C) and DMPCd/DMPA (D–F) at a molar relationship of 2:1 as a function of temperature in the absence (A, D) and in the
presence of cytochrome c (B, C, E and F) in the oxidized (B, E) and reduced forms (C, F).
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DMPCd/DMPA2:1mixture are shown in Fig. 2D. In the absence
of cytochrome c, the observed transitions, which correspond to
the gel-to-liquid crystalline phase transition for both mixtures
DMPCd/TMCL and DMPCd/DMPA, were slightly broad,
showing Tm values between the ones observed for the pure
phospholipids (Tm is approximately 20 °C for DMPCd [41],
34 °C for TMCL [42] and 50 °C for DMPA [43]). The slightly
broadening which is observed could be related to a non-ideal
behavior of the phospholipid mixtures, but no evidence for
domain formation is apparent [44]. The mean Tm values were
27 °C for DMPCd and 31 °C for TMCL in the DMPCd/TMCL
mixture, and 31 °C for DMPCd and 34 °C for DMPA in the
DMPCd/DMPA mixture. When oxidized and reduced cyto-
chrome c were present in the binary mixture composed of
DMPCd/TMCL, similar transitions were observed (Fig. 2B and
C, respectively) but they showed small shifts to higher
temperatures (about 2–3 °C) in their Tm values. These Tm
values were 29 °C for DMPCd and 34 °C for TMCL in the
presence of oxidized cytochrome c and 29 °C for DMPCd and
35 °C for TMCL in the presence of reduced cytochrome c. When
oxidized and reduced cytochrome c were present in the binary
mixture composed of DMPCd/DMPA, a similar effect was found
since the Tm values were shifted to higher temperatures (about
2–5 °C) with respect to the Tm values in the absence of the
protein (Fig. 2E and F, respectively). These Tm values were
33 °C for DMPCd and 37 °C for DMPA in the presence of
oxidized cytochrome c and 36 °C for DMPCd and 39 °C for
DMPA in the presence of reduced cytochrome c. It is interesting
to note that the difference between the Tm of each specific
phospholipid in the same mixture was slightly higher for the
DMPCd/TMCL mixture than for the DMPCd/DMPA one.

3.2. Secondary structure of cytochrome c in the presence of the
phospholipid model membranes

The infrared spectra of the Amide I′ region of fully hydrated
cytochrome c in D2O buffer at 20 °C and 70 °C in the oxidized
and reduced forms, both in free solution and bound to either
DMPCd/TMCL or DMPCd/DMPA binary mixtures, are shown
in Fig. 3. The spectra is formed by different underlying com-
ponents, appearing at about 1686, 1672, 1655, 1643, 1632, and
1617 cm–1 as observed by self-deconvolution and derivation, in



Fig. 3. Amide I′ band decomposition of cytochrome c in solution (A, D) and in the presence of phospholipid binary mixtures composed of DMPCd/TMCL (B, E) and
DMPCd/DMPA (C, F) model membranes at a molar relationship of 2:1. Cytochrome c was either oxidized (A–C) or reduced (D–F). The component bands (dotted
line), the original envelope (solid line) and the difference between the fitted curve and the original spectrum (dashed line) are shown. The spectra shown were obtained
at 20 °C and 70 °C as indicated in the figure.
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agreement with previous reports [6,28,29,45]. To assign the
component bands to specific structural features and estimate
the percentage of each component, we have decomposed the
Amide I′ infrared band as described in Materials and methods
and compared them to literature values [22]. For cytochrome c
in solution, the component at 1655 cm–1, the main one, is char-
acteristic of -helices [46] while the components at 1672 cm–1

and 1632 cm–1 are generally associated with β-turns and β-
sheets, respectively. However, these bands have been also
attributed to extended chains connecting α-helices [47], to
helix-helix interactions [48] as well as to solvent accessible
helices [49]. Since cytochrome c is composed of three major
and two minor -helices [50] and contain little β-structure [51]
we have assigned the bands appearing at 1655 and 1632 cm–1 to
α-helices [49]. Taking into account all these data, the secondary
structure content of cytochrome c in solution is presented in
Table 1. At 20 °C, both the oxidized and reduced forms of
cytochrome c present a similar secondary structure content,
being the α-helix the greatest one, in accordance with previous
results [52–54]. Upon increasing the temperature (see Table 1),
the α-helical content decreased at the same time that random
and β-turn structures increased for both redox states of
cytochrome c in accordance with previous results [6,28,45].
However, the extent of the change was greater for the oxidized
form that for the reduced form, indicating that the reduced form
is more stable thermally than the oxidized one [55].

Upon binding of cytochrome c to vesicles composed of either
DMPCd/TMCL or DMPCd/DMPA both at a 2:1 molar ratio (Fig.
3), the Amide I′ band maximum was shifted about 2–3 cm–1

towards lower wavenumbers, either in the gel or in the liquid–
crystalline phases, in agreement with previous results [6, 29].
The number of the Amide I′ component bands were identical to
those found for the protein in solution, but their frequency and
intensity was not (Fig. 3 and Table 1). Whereas both oxidized
and reduced forms of cytochrome c in the presence of either
DMPCd/TMCL or DMPCd/DMPA, presented similar secondary
structure contents at 20 °C, they showed different secondary
structure contents compared to the protein in solution. In the



Table 1
Comparison of the secondary structure content of cytochrome c as determined
by infrared spectroscopy in solution and in the presence of phospholipid binary
mixtures as indicated (see text for details).

T (°C) α-Helix/310-Helix
1650–1670 cm−1/
1625–1640 cm−1

Random
1641–
1649 cm−1

β-Turn
1670–
1690 cm−1

Solution Ox 20 63% 21% 16%
Ox 70 48% 30% 22%
Rd 20 61% 21% 18%
Rd 70 54% 25% 21%

+DMPCd/TMCL 2:1 Ox 20 55% 30% 15%
Ox 70 49% 41% 10%
Rd 20 51% 34% 15%
Rd 70 45% 44% 11%

DMPCd/DMPA 2:1 Ox 20 52% 29% 19%
Ox 70 48% 41% 11%
Rd 20 54% 29% 17%
Rd 70 47% 43% 10%

The values are rounded off to the nearest integer.
Ox/Rd, oxidized and reduced cytochrome c, respectively.
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presence of the binary phospholipid mixtures and for both redox
forms of cytochrome c, while the intensity of the α-helical
component decreased about 10%, the random component
increased about the same extent, the content of β-turns
remaining very similar (Table 1). At 70 °C, while the α-helical
and β-turn content decreased, the random coil increased (Table
1). These data demonstrate that both oxidized and reduced forms
of bovine cytochrome c interact with membranes containing
negatively-charged phospholipids as well as the secondary
structure of the protein changes upon this interaction. Interest-
ingly, when pure DMPCd was used to form the model
membranes, the protein was recovered almost completely in
the supernatant (not shown), demonstrating therefore that the
protein only binds to negatively-charged membranes. It should
also be noted that the deuteration level of cytochrome c was
Fig. 4. Stacked difference infrared spectra of the C_O and Amide I′ regions of the m
mixture DMPCd/DPMA plus oxidized (C) and reduced (D) cytochrome c recorded a
taken as the reference one. The vertical bars represent absorbance units as indicated
maximized for all samples (see Materials and methods), since
the intensity of the Amide II band of cytochrome c in all samples
was minimal; furthermore, the observed changes in the Amide II
envelope were insignificant and ascribed to denaturation of the
protein at high temperatures (not shown for briefness). It is
interesting to note that the denaturation temperature of
cytochrome in solution is about 80 °C [6] but 20–30 °C lower
when bound to vesicles of pure anionic phospholipids [6,29,45].

In Fig. 4 we present the stacked infrared difference spectra of
the C_O and Amide I′ regions at different temperatures of
mixtures containing either oxidized or reduced cytochrome c
with either DMPCd/TMCL or DMPCd/DPMA binary mixtures.
For the sample containing oxidized cytochrome c in the presence
of the DMPCd/TMCL mixture (Fig. 4A) it is possible to observe
two different transitions, one defined by the change in the
intensity of the C_O component band of the phospholipid
mixture, appearing at about 1737 cm−1, and another one defined
by the change in the intensity of well defined Amide I′
components appearing at about 1670, 1656 and 1633 cm−1 (note
the differences in intensities). Themain change in the intensity of
the 1737 cm−1 band occurs at about 28–32 °C whereas the
change in the intensity of the protein bands occur at about 59–
61 °C, i.e., the first one coincides with the Tm of the phospholipid
mixture and the second one coincides with the denaturation
temperature of the protein. However, small but significant
changes in intensity were observed in the Amide I′ components
at temperatures in which the Tm occurs. Therefore, the changes
we observe in thismixture correlate very well with the changes in
secondary structure commented above. Similar results were
observed for the other mixtures (Fig. 4B–D) since transitions
about 27–34 °C and 63–65 °C were obtained for the mixture of
reduced cytochrome c in the presence of DMPCd/TMCL, about
34–36 °C and 59–60 °C were obtained for the mixture of
oxidized cytochrome c in the presence of DMPCd/DPMA, and
about 35–39 °C and 64–66 °C were obtained for the mixture of
reduced cytochrome c in the presence of DMPCd/DPMA.
ixture DMPCd/TMCL plus oxidized (A) and reduced (B) cytochrome c and the
t regularly increasing temperature intervals as indicated. The first spectrum was
.
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3.3. Two-dimensional correlation analysis of oxidized and
reduced cytochrome c

The above mentioned data cannot provide information on the
interactions between the secondary-structure elements of the
protein and the phospholipids that give rise to the observed
changes. We have therefore used 2D-IR in order to get a deeper
insight on the interaction between the phospholipids in the
different mixtures and cytochrome c in its two redox states.
Since, as shown above, there are two transitions when
cytochrome c is mixed with either DMPCd/TMCL or DMPCd/
DPMA, the first one corresponding to the gel to liquid–
Fig. 5. Synchronous 2D-IR maps in the Amide I′ region of oxidized (A, B) and reduc
temperatures used for the generation of the 2D-IR maps were 12–52 °C (A), 52–78 °C
reduced one. The correlation spectra were obtained using the 2D-Shige program. Th
spectra shown above the 2D-IR maps correspond to the diagonal auto-peaks.
crystalline phase transition of the phospholipids and the second
one to the unfolding of the protein due to its denaturation, we
have obtained 2D-IR correlation maps at two temperature
ranges, the first one encompassing the gel to liquid–crystalline
phase transition of the phospholipid mixture and the second one
encompassing the denaturation of the protein (see Fig. 2).

The 2D-IR analysis of oxidized and reduced cytochrome c in
buffer at two temperature ranges is shown in Fig. 5. The
synchronous 2D-IR correlation contour map of oxidized
cytochrome c corresponding to heating from 12 °C to 52 °C
(Fig. 5A) shows two main auto-peaks located at 1669 and
1645 cm–1 and a smaller auto-peak at 1623 cm–1, indicating that
ed (C, D) cytochrome c in D2O buffer as a function of temperature. The range of
(B) for the oxidized cytochrome c, and 12–62 °C (C) and 62–78 °C (D) for the

e solid and dotted lines represent positive and negative peaks, respectively. The
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these are the frequencies at which the main changes take place
during this temperature range. It should be noted that frequencies
above 1685 cm–1 and below 1620 cm–1 were not taken into
account in order to obtain information about secondary
structures since they are not related to specific secondary
structure elements of proteins (see above). The most intense
cross-peaks were observed at the same frequencies (1669–
1645 cm–1) andwere positive, indicating that, during the heating
process, these two components were synchronized. Smaller
positive cross-peaks appeared at 1669–1623 cm–1 and 1645–
1623 cm–1. These observations emphasize that for the protein in
solution and below its denaturation temperature, the major
changes occur on bands corresponding to β-turns and random
structures and to a lesser extent to α-helix. The synchronous 2D-
IR correlation contour map of oxidized cytochrome c (52 °C to
78 °C, Fig. 5B), shows three main auto-peaks located at 1668,
1655 and 1643 cm–1, indicating that these are the frequencies at
which the main changes take place during this temperature
range. The most intense cross-peaks were observed at
frequencies 1668–1655 cm–1, 1655–1642 cm–1 and 1668–
1642 cm–1. Whereas the two first cross-peaks were negative,
indicating that, during the heating process, one increased while
the other one decreased, the third one was positive, indicating
that these two components were synchronized during denatura-
tion. The synchronous 2D-IR correlation contour map of
reduced cytochrome c corresponding to heating from 12 °C to
62 °C (Fig. 5C) shows two main auto-peaks located at 1669 and
1645 cm–1 similarly to the one corresponding to the oxidized
form but two smaller auto-peaks at 1656 and 1626 cm–1. The
most intense cross-peak was observed at the same frequencies
(1669–1645 cm–1) and was positive. Smaller positive cross-
peaks appeared at 1669–1626 cm–1 and 1645–1626 cm–1.
However, there were three less-intense negative cross-peaks at
1669–1657 cm–1, 1657–1645 cm–1, and 1657–1626 cm–1,
reflecting a different behavior to the oxidized form. The
synchronous correlation map for reduced cytochrome c (62 °C
to 78 °C, Fig. 4D) shows one main autopeak at 1657 cm–1 and
smaller auto-peaks at 1670, 1645, 1633 and 1620 cm–1,
frequencies at which the main changes take place during
this denaturation range. The most intense cross-peaks were
observed at frequencies 1670–1657 cm–1, 1657–1645 cm–1 and
1670–1645 cm–1. Similarly to what was found for the oxidized
form of cytochrome c, the two first cross-peaks were negative
and the third one was positive. Small intensity cross-peaks
appeared at 1657–1633 cm–1 and 1657–1620 cm–1 (positive)
and 1670–1633 cm–1, 1670–1620 cm–1, 1645–1633 cm–1 and
1645–1620 cm–1 (negative). The data for both oxidized and
reduced cytochrome c forms are fully consistent with previous
IR data, i.e., the disappearance of the α-helix component is
associated with the appearance of random structures during the
unfolding process.

3.4. Two-dimensional correlation analysis of cytochrome c
bound to membranes

The synchronous 2D-IR correlation contour map of oxidized
cytochrome c in the presence of DMPCd/TMCL corresponding
to the temperature range from 8 to 46 °C (Fig. 6A) presents much
less intense auto-peaks and cross-peaks than that corresponding
to the phospholipid bands (not shown) because this range
encompass the gel to liquid–crystalline phase transition. The
most intense and narrow Amide I′ auto-peaks were located at
1658 and 1633 cm–1 indicating that these are the frequencies at
which the main changes should take place due to the interaction
of the protein with the phospholipids. Smaller intensity auto-
peaks were observed at 1678, 1669 and 1616 cm–1 (peaks at
frequencies higher than 1690 cm–1 are due to the deconvolution
wings of the C_O band of the phospholipid). The most intense
cross-peak was observed at the same frequencies (1658–
1633 cm–1) and it was positive. Less intense, but informative,
cross-peaks were observed correlating frequencies 1678–
1657 cm–1, 1678–1633 cm–1, 1678–1617 cm–1, 1657–
1617 cm–1 and 1633–1617 cm–1 (positive), as well as 1669–
1657 cm–1 and 1669–1633 cm–1 (negative). These data indicate
that the major secondary structure of the protein which more
significantly senses the phase transition of the phospholipid
mixture is the α-helix component (bands at 1658 cm–1 and
1633 cm–1). When the synchronous 2D-IR correlation contour
map was obtained for reduced cytochrome c in the presence of
DMPCd/TMCL (8 to 50 °C, Fig. 6B) there were wider and less
intense auto-peaks and cross-peaks than those corresponding to
the oxidized one. The major Amide I′ auto-peaks were located at
1635 and 1621 cm–1, and minor ones were observed at 1681,
1671, 1658 and 1645 cm–1. The secondary structure compo-
nents which varied the most were the ones assigned to α-helix
(1635 cm–1) and aggregated β-sheet (1621 cm–1). The
appearance of small positive cross-peaks at 1681–1636 cm–1

and 1681–1622 cm–1 would indicate the appearance of small
quantities of intermolecularly aggregated β-sheet. The synchro-
nous 2D-IR correlation contour maps of oxidized and reduced
cytochrome c in the presence of DMPCd/DMPA corresponding
to the temperature ranges from 12 to 48 °C and 12 to 51 °C are
shown in Fig. 5C and D, respectively. Besides presenting much
less intense and wider auto-peaks than the one observed for the
oxidized form of cytochrome c in the presence of DMPCd/
TMCL but similar to the synchronous spectrum of reduced
cytochrome c, it is noteworthy to observe that both correlation
maps were nearly identical since broad auto-peaks were
observed at about 1626 cm–1 and 1619 cm–1.

The synchronous 2D-IR correlation contour map of oxidized
cytochrome c in the presence of DMPCd/TMCL corresponding
to the temperature range from 48 to 73 °C presents higher
intense auto-peaks and cross-peaks than that corresponding to
the low temperature range (Fig. 6A). The most intense Amide I′
auto-peak was located at 1656 cm–1 and less intense but
significant auto-peaks were found at 1667 and 1646 cm–1 as
well as a small auto-peak at 1635 cm–1. The most intense cross-
peaks were observed at 1666–1646 cm–1 and 1656–1646 cm–1

(positive) as well as 1666–1656 cm–1 and 1656–1646 cm–1

(negative). Smaller negative cross-peaks appeared at 1666–
1637 cm–1 and 1646–1637 cm–1 (negative). These data
indicate that the major change which takes place for oxidized
cytochrome c at this temperature range is due to unfolding. The
synchronous 2D-IR correlation contour map obtained for



Fig. 6. Synchronous 2D-IR maps in the Amide I′ region of oxidized (A, C) and reduced (B, D) cytochrome c in the presence of binary phospholipid mixtures
composed of DMPCd/TMCL (A, B) and DMPCd/DMPA (C, D) model membranes at a molar relationship of 2:1. The range of temperatures used for the generation of
the 2D-IR maps were 8–46 °C and 48–73 °C (A), 8–50 °C and 50–74 °C (B), 12–48 °C and 50–67 °C (C) and 12–51 °C and 51–67 °C (D). The correlation spectra
were obtained using the 2D-Shige program. The solid and dotted lines represent positive and negative peaks, respectively. The spectra shown above the 2D-IR maps
correspond to the diagonal auto-peaks.
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reduced cytochrome c in the presence of DMPCd/TMCL at a
temperature range from 50 to 74 °C (Fig. 6B) presented an
intense Amide I′ auto-peak located at 1656 cm–1, similarly to
what was found for oxidized cytochrome c. Less intense auto-
peaks were found at 1646 and 1637 cm–1. The most intense
cross-peak was found at 1656–1637 cm–1 (decrease in α–
helix). Negative auto-peaks were found at 1656–1646 cm–1 and
1646–1637 cm–1 indicating that the decrease in α-helix was
accompanied by an increase in random coil.

The synchronous 2D-IR correlation contour map of
oxidized cytochrome c in the presence of DMPCd/DMPA
corresponding to the temperature range from 50 to 67°C (Fig.
6C) presents an intense auto-peak at 1656 cm–1 and less
intense auto-peaks at 1644, 1634 and 1618 cm–1. Differently
to what was found for both oxidized and reduced cytochrome
c in the presence of DMPCd/TMCL, negative cross-peaks at
1656–1618 cm–1 and 1633–1618 cm–1 accompanied by a
positive cross-peak at 1656–1634 cm–1 indicated that the
decrease in α-helix was accompanied by a significant increase
in aggregated intermolecular β-sheet. A small cross-peak at
1656–1644 cm–1 was also apparent, indicating that random
structures increased at the same time that α-helix decreased.
The 2D-IR correlation contour map of reduced cytochrome c
in the presence of DMPCd/DMPA at a temperature range from
51 to 67 °C (Fig. 6D) was very similar. The most intense
Amide I′ auto-peak was located at 1656 cm–1 along with
another small one at 1621 cm–1. Again, the most intense cross-
peak (negative) was found at 1655–1621 cm–1, indicating that
the increase in aggregated intermolecular β-sheet is accom-
panied by a significant decrease in α-helix. A negative cross-
peak was observed at 1655–1644 cm–1, as well as a positive
one at 1655–1633 cm–1, indicating that a decrease in α-helix
was accompanied by an increase in random coil.

4. Discussion

Cytochrome c, apart from having an indispensable task in
the electron transport chain of eukaryotes, is capable of
initiating apoptosis through cardiolipin peroxidation and
binding to Apaf-1 [10,18–20,56]. Many data show that
cytochrome c and cardiolipin interacts strongly with each
other, not only by electrostatic interactions but also hydrophobic
ones, inducing conformational alterations in the protein
[3,4,6,7,13–15,41,45]. The existence of electrostatic interac-
tions between cytochrome c and the phospholipid molecules
would imply a direct interaction between the protein and the
phospholipid headgroups. However, the existence of hydro-
phobic interactions between them would also imply the
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possibility that the protein could enter into the palisade struc-
ture of the membrane [5,57]. Since the interaction between
cytochrome c and cardiolipin is so strong and it has so many
implications, we have tried in this work to obtain information on
the specific type of interaction between the two types of
molecules and look for the specific components of secondary
structure elements of the protein which might be directly
implicated in binding to the phospholipid. By this way, we report
the results of a study using generalized 2D-IR correlation
spectroscopy to obtain synthermal spectra in order to investigate
the interaction and conformation of cytochrome c, in both
oxidized and reduced states, bound to phospholipid model
membranes composed of binary mixtures of a zwitterionic
phospholipid (DMPCd) and a negatively charged one, either
TMCL or DMPA, and compare the data between the two model
biomembrane systems.

The interaction of proteins with membrane surfaces involves
a number of steps, including the initial binding to the membrane,
induction or stabilization of a specific secondary structure upon
the interaction of the protein with the phospholipids, modulation
of the phospholipid biophysical properties by binding, and
finally the possible insertion of the protein in the membrane,
either partially or fully. Since it has been known for a long time
that the melting process of membrane phospholipids is
influenced by many types of molecules including proteins, and
a shift in the frequency of the CH2/CD2 symmetric stretching
band is a reliable index of the phase behavior of phospholipid
dispersions, we have made a detailed study of these stretching
vibration bands in the presence of both oxidized and reduced
cytochrome c. Moreover, we have analyzed the thermotropic
behavior of the Amide I′ band of the protein in the presence of
the model membrane systems to observe and relate any change
in the protein with the thermotropic behavior of the phospho-
lipids. From these data we have observed that in the binary
model membrane and protein mixture there are two main
transitions, one which corresponds to the phospholipid transition
and another one which corresponds to protein unfolding. If there
were a specific interaction between the different molecules
involved, it should be possible to observe a change in the
secondary structure elements of the protein involved in the
interaction with the phospholipids at temperatures at which the
main phospholipid transition is observed.

Our results are fully compatible with infrared data obtained
by other authors [6,28,58] in which the α-helical content of the
protein is about 40%, besides having some random and β-turn
secondary elements. In the same way, there were no significant
differences between the oxidized and reduced forms of the
protein in solution. Upon increasing the temperature, there was
a significant change on the Amide I′maximum due to unfolding
of the protein, decreasing the α-helical content and a
concomitant increase in β-turn and random coil [6,28,29]. In
all cases, the reduced form of cytochrome c presented a greater
thermal stability than the oxidized one. There were no new
secondary structure elements upon binding of cytochrome c to
membranes, but a slight decrease in the α-helical content at the
same time that a slight increase in random coil was noticed,
suggesting that cytochrome c, when bound to the membrane
surface, was more disordered than in solution. These data would
suggest, in accordance with other authors, that the most
significant change should be due to changes in the tertiary
structure rather than on changes on secondary structure, since
the denaturation temperature decreases upon membrane binding
[6,7,13–15,45,59].

The binding of cytochrome c to membranes containing
negatively-charged phospholipids, either TMCL or DMPA, but
not to zwitterionic ones, was confirmed by infrared spectroscopy
since the Amide I′ band corresponding to the protein was absent
in membranes formed by pure DMPCd. However, it should be
stressed that secondary structure changes were always greater in
the presence of binary mixtures composed of TMCL than in the
presence of DMPA, demonstrating the specificity of binding of
cytochrome c to cardiolipin. Interestingly, the binding of
cytochrome c was slightly higher for mixtures containing
TMCL than for mixtures containing DMPA. For oxidized
cytochrome c in the presence of TMCL, the most intense
observed Amide I′ auto-peaks were located at 1658 and 1633
cm–1 indicating that these are the frequencies at which the main
changes in secondary structure should take place due to the
interaction of the protein with the phospholipid. In the case of
reduced cytochrome c, the auto-peaks, located at 1635 and 1621
cm–1, were wider and less intense, showing, in the first place, the
differences between the two redox states of the protein, and in
the second one, the different secondary structures involved in the
interaction, i.e., α-helix for the oxidized one and aggregated β-
sheet for the reduced one. In the case of DMPA containing
vesicles, the data were very similar to that obtained for reduced
cytochrome c in the presence of TMCL, demonstrating the
specific interaction of oxidized cytochrome c with TMCL. The
data obtained at higher temperatures than those corresponding to
the phase transition of the phospholipidmixtures showed that the
most significant event was due to the unfolding of the protein,
being similar for all redox states and mixtures assayed. In the
same way, the analysis of the temperature dependence of the
maximum of the Amide I′ band and the percentages of
secondary structure indicate that the oxidized form of cyto-
chrome c interacts strongly with cardiolipin than the reduced one
[60]. These data were also reflected in the temperature
dependence of the CH2/CD2 stretching vibrational bands of
the phospholipids, since a bigger effect was observed in the
negative-charged phospholipids (either TMCL or DMPA) than
on the zwitterionic one (DMPCd).

Using 2D-IR generalized correlation spectroscopy in order to
compare the data between the two redox stated of cytochrome c
and the two model biomembrane systems used, we found
significant changes in secondary structure of oxidized cyto-
chrome c in the first temperature range studied (the one
pertaining to the gel to liquid-crystalline phase temperature of
the phospholipid mixture), such that the α-helical component of
oxidized cytochrome c in presence of TMCL increases in
intensity (and possibly segments connecting α-helices). These
data would indicate that these secondary structure elements
would be in close contact with the phospholipid molecules,
since the only physical change occurring at this temperature
range is the phase transition. The appearance of slight
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differences in β-turns and aggregation phenomena, which are
also observed for the protein in solution, could be related to
changes in temperature than to the specific interaction of the
protein with the membrane surface. When reduced cytochrome
c was used, an increase in random coil was observed, indicating
that the interaction of both redox states with membranes was
different but also that the oxidized form was more stable than
the reduced one. Interestingly, in the presence of the binary
mixture containing DMPA no significant differences were
found between the two redox states of the protein. When the
second temperature range was analyzed, no significant changes
were found between the two forms of cytochrome c and the two
phospholipid binary mixtures, since in all cases, a significant
change in the α-helical content of the protein was observed.
These results show that there are important differences in the
secondary structure of cytochrome c in the presence of model
membrane systems containing negatively-charged phospholi-
pids. These differences were much more dramatic in the
presence of cardiolipin than in the presence of phosphatidic
acid, in accordance with published reports.
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