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We studied the effect of submicromolar concentrations of cytochrome c (cyt c) on the phase behavior of ternary
lipid membranes composed of charged dioleoylphosphatidylglycerol, egg sphingomyelin and cholesterol. The
protein was found to induce micron-sized domains in membranes belonging to the single-fluid-phase region
of the protein-free ternary mixture and, as a result, to expand the region of coexistence of liquid ordered (Lo)
and liquid disordered (Ld) phases. Direct observations on individual vesicles revealed that protein adsorption
increases the area of Ld domains. Measurements using a fluorescent analog of cyt c showed that the protein
preferentially adsorbs onto domains belonging to the Ld phase. The adsorption was quantitatively characterized
in terms of partitioning ratios between the Ld and the Lo phases. The protein was also found to induce vesicle
leakage even at relatively low concentrations. In eukaryotic cells under normal physiological conditions, cyt c
is localized within the intermembrane space of mitochondria. During cell apoptotis, cyt c is released into the cy-
tosol and its adsorption to intracellular membranes may strongly perturb the lipid distribution within these
membranes as suggested by our results.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Interactions of water-soluble proteins with membranes play an im-
portant role in many biological processes, such as signal transduction
and transport processes [1]. A good example for such a water-soluble
protein is the peripheral membrane protein cytochrome c (cyt c),
which is a globular heme protein with a diameter of about 3.4 nm,
carrying approximately 4 effective positive charges. With its well char-
acterized structure and many important biological functions, cyt c is a
suitablemodel macromolecule for studying the association and interac-
tion of peripheral proteins with lipid membranes.

In general, upon adsorption to a membrane composed of negatively
charged and neutral lipids, a peripheral positively charged protein may
induce local changes in lipid composition. A number of theoretical
studies have considered this problem, see e.g. [2,3], but experimental
evidence for adsorption-induced lipid demixing is rather limited.
Mainly single- and two-component lipid membranes in the presence
of cyt c have been studied [4–11]. The role of protein adsorption
on the stability of liquid ordered and liquid disordered phases in
membranes has not been addressed in detail.

Lipid rafts have been proposed as functionally important com-
ponents of cell membranes. A number of studies indicate their in-
volvement in processes such as protein and lipid sorting and signal
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transduction, cholesterol transport, membrane trafficking, cytoskeleton
adhesion, fusion and fission, endocytosis and apoptosis; see e.g. refer-
ences [12–18]. A newdevelopment inmolecularmedicine called “mem-
brane-lipid therapy” relies on the interaction of proteins with lipid
domains to modulate the cell activity, thus providing a possible treat-
ment of human diseases [19,20]. Because of the resolution limitations
of optical microscopy, it is difficult to detect nanometer-sized mem-
brane domains enriched in saturated lipids, cholesterol and specific pro-
teins, and the existence of such domains in living cells still a matter of
debate [21]. On the other hand,model systems such as giant unilamellar
vesicles (GUVs) [22,23] containing cholesterol and sphingolipids can
serve as a powerful tool to visualize raft-like liquid ordered domains
for characterizing biologically relevant phenomena; see e.g. references
[24–28]. In membranes composed of mixtures of saturated and unsatu-
rated lipids with cholesterol at room temperature, one can observe
phase separation and domain formation on themicron scale. Depending
on the membrane composition and with the help of fluorescently
labeled lipids, one can then visualize domains in GUVs by confocal mi-
croscopy [29]. Recently, it has been demonstrated that phase separation
and domain formation can be visualized not only in membranes
containing mixtures of zwitterionic lipids but also for ternary mixtures
with anionic lipids [30–32], which in turn opens new possibilities
for investigating systems relevant to biological membranes. In par-
ticular, the inner leaflet of the plasma membrane as well as the
membranes of many cellular organelles which have been proposed
to exhibit raft-like domains contain charged lipids [33–35]. The
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mitochondrial membrane also contains a number of charged lipids,
such as phosphatidylinositols, fatty acids and cardiolipin, whose total
fraction is of the order of a few tens weight percent [36].

In this work, we used cyt c as amodel protein to address the effect of
adsorption of a positively charged protein to negatively charged mem-
branes with several fluid domains. The latter membranes contained
both zwitterionic and anionic lipids. The interaction of cyt c with these
lipids involves a number of different factors. Several studies indicate
that the peripheral or integral binding of cyt c to charged lipid mem-
branes depends on the lipid-to-protein (L/P) molar ratio. It has been
shown that for low L/P ratios below approximately 8, horse heart cyt c
binds electrostatically to pure dioleoylphosphatidylglycerol (DOPG)
vesicles, whereas at higher L/P ratios above approximately 18, partial
penetration of cyt c into the lipid bilayer takes place [4]. Furthermore,
the absorption of cyt c to negatively charged lipid membranes is highly
dependent on the ionic strength of the solutions. On the one hand, at
low ionic strength and high (horse heart) cyt c concentrations, the pro-
tein might even insert into DOPG lipid bilayers [5,6]. On the other hand,
binding of cyt c to membranes containing a fraction of the charged lipid
cardiolipin, was shown toweaken in solutions of low ionic strength. Col-
lapse of cardiolipin-rich domains was also observed [7]. Binding of cyt c to
single-component membranes composed of anionic lipids also leads to
changes in the phase behavior of the lipids: Upon binding, cyt c lowers
the phase transition temperature and broadens the transition of charged
phosphatidylglycerol lipids [8]. Lateral lipid redistribution of two-
component membranes made of anionic and neutral lipids has also been
observed; see e.g. [9–11] and references therein. Large micrometer-sized
domains in phosphatidylcholine vesicles containing a small fraction of
phosphatidic acid were detected [9]. However, the effect of cyt c on the
phase state ofmembraneswithmore complex lipid composition exhibiting
phase separation has not been explored so far.

In this study, the interaction of yeast cyt c with three-component
lipid membranes was investigated by measuring the changes in
the phase behavior of these membranes. The preferential partitioning
of cyt c between different membrane domains was quantitatively char-
acterized as well as the change in the domain area fractions upon
adsorption of the protein. GUVs composed of the mixture DOPG, egg
sphingomyelin (eSM) and cholesterol (Chol) were used as a model sys-
tem, where DOPG is a negatively charged unsaturated lipid, mimicking
the lipid environment of cyt c in the cell. Indeed, phosphatidylglycerol
(PG) was chosen as a mimic for the charged lipids in the mitochondrial
membrane because of its relatively low pKa (around 3). The low pKa

implies that PGs remain charged in unbuffered or weakly buffered
solutions even when local effects caused by salt or changes in the lipid
environment are taken into account [37,38]. Furthermore, PGs are
used as a precursor for cardiolipin synthesis in the inner membrane of
mitochondria [39] and can substitute for cardiolipin in a number of
mitochondrial functions [40]. Cholesterol and saturated lipids are also
present in mitochondrial membranes, with a larger fraction in the
outer mitochondrial membrane [36].

We characterized the phase diagram of the ternary mixture DOPG/
eSM/Chol in the absence and presence of cyt c using confocal microsco-
py to image the GUVs. Changes in the domain areas and vesicle leakage
upon cyt c adsorption to phase separated membranes were investigat-
ed. The partitioning of cyt c between liquid-disordered and liquid-
ordered domains was quantitatively determined and the role of the
overall membrane composition explored.

2. Materials and methods

2.1. Materials

The lipids DOPG (1,2-dioleoyl-sn-glycero-3-phospho-[1′-rac-
glycerol], sodium salt), eSM and cholesterol were purchased from
Avanti Polar Lipids (Alabaster, AL). The fluorescent labels 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiIC18)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[poly(ethyl-
ene glycol) 2000-N′-carboxyfluorescein] (DSPE-PEG2000-CF) were
obtained from Molecular Probes (Eugene, OR) and Avanti Polar Lipids,
respectively. Yeast cyt c (Saccharomyces cerevisiae), HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) and EDTA (ethylenedi-
aminetetraacetic acid disodium salt dehydrate) were purchased from
Sigma Aldrich (Steinheim, Germany). Alexa Fluor 633 carboxylic acid
succinimidyl ester for fluorescent labeling of cyt c was purchased from
Invitrogen (Darmstadt, Germany). Labeling was performed according
to the protocol of the manufacturer. The final concentration of the fluo-
rescently labeled protein was checked with UV/VIS spectroscopy.

2.2. Vesicle formation

GUVs composed of DOPG/eSM/Chol mixtures were prepared by the
method of electroformation [41] with some modifications [30]. Briefly,
10 μl of 2 mg/ml of the lipid mixture in chloroform was spread on con-
ductive glasses coated with indium tin oxide (ITO). The lipid mixtures
contained 0.4 mol.% of the fluorescent dyes DiIC18 and/or DSPE-
PEG2000-CF. In order to remove the organic solvent, the ITO glasses
were dried at 60 °C under high vacuum for 2 h. A chamber was formed
by inserting a rectangular Teflon spacer between two opposing ITO
coated glasses with the conductive sides facing each other. About 2 ml
of preheated 100 mM sucrose solution in a 2 mM HEPES/1 mM EDTA
buffer at pH 7.5 was injected into the chamber. In the following, we
will refer to the 2 mM HEPES/1 mM EDTA buffer at pH 7.5 simply as
to the buffer. The chamber was then placed in an oven at 60 °C. An AC
field with amplitude of 1.0 V (peak-to-peak) and frequency of 10 Hz
was applied for 2 h. Afterwards, the chamber was removed from
the oven and left at room temperature (~23 °C) for equilibration. The
vesicle suspension was then diluted with a solution of 110 mM glucose
in buffer at room temperature.

2.3. Confocal laser scanning microscopy

The GUV solution was placed in a sealed chamber, and the top-view
vesicle observation was done by Leica TCS SP5 confocal microscope
(Heidelberg GmbH, Germany) with a 63× water immersion objective.
The dyes DiIC18 and DSPE-PEG2000-CF were excited with a diode-
pumped solid-state laser at 561 nm and an argon laser at 488 nm, re-
spectively. The emission signals were collected separately in the ranges
571–671 nm and 500–600 nm, respectively. To reduce artifacts due to
light-induced domain formation [42,43] illuminationwith low intensity
of the laser source was used.

Fluorescently labeled yeast cyt c stock solution at a concentration of
7.4 μMwas prepared in buffer. The glass slides of the observation cham-
ber were pretreated with unlabeled cyt c solution at a concentration of
4 mM to avoid vesicle adhesion and bursting. After coating, the glass
slides were rinsed with distilled water and dried. This step also ensured
that there is noprotein loss due to adhesion of the positively charged cyt
c to the negatively charged glasswalls of the chamber. After introducing
the GUV suspension, the protein solution was added drop-wise up to a
final protein concentration of 0.56 μM. Samples were left for at least
30 min to ensure that the adsorption of protein to the vesicles has
reached equilibrium; see Fig. S1 in the Supporting Information. Yeast
cyt c was excited with a laser source of 633 nm and fluorescence
emission was collected between 642 nm and 720 nm. Bleaching of the
protein dye within the typical observation times was not detected; see
Fig. S2 in the Supporting Information.

2.4. UV/VIS spectroscopy

A Helios Gamma UV/VIS spectrophotometer (Fisher Scientific
GmBH, Germany) was used to measure the absorbance spectra of the
unlabeled yeast cyt c in quartz cuvettes with a path length of 1 cm.
The absorption was measured at concentrations between 1 and 5 μM
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in buffer for the wavelength range of 300–600 nm. The spectra were
used to determine the extinction coefficient of cyt c at 410 nm.

2.5. Flow chamber measurements

A flow chamber made in house was used for single vesicle observa-
tion to resolve changes in the domain area fraction before and after the
addition of cyt c. The flow chamber consisted of a nylon frame with
holes on both sides connected to Tygon tubing for fluid exchange. The
nylon frame was sealed from above and below with glass slides using
silicone grease. The chamber was carefully filled with buffer avoiding
bubble formation. Then the vesicle solution was introduced. The cham-
ber was left to rest for approximately 40min to allow for the vesicles to
settle at the chamber bottom. Afterwards, the cyt c solutionwas injected
into the system with a programmable VIT-FIT syringe pump (LAMBDA
CZ s.r.o., Czech Republic) at sufficiently low speed that did not disturb
the system by fluid flow and allowed to monitor a selected vesicle.
The amount of the introduced cyt c solution exceeded the chamber
volume 4 times. Then the system was left to equilibrate for a minimum
of 30 min. During the injection and resting time, the vesicles were
observed with phase contrast using laser illumination at 633 nm to
avoid artifacts associated with oxidation of the fluorescent dye. The
3D images were recorded with bidirectional scanning using the DPSS
laser at 561 nm.

3. Results and discussion

3.1. Phase diagram of the ternary mixture DOPG/eSM/Chol

WecharacterizedGUVs composed of DOPG,which represents anun-
saturated lipid with a low melting temperature carrying a net negative
Fig. 1. Phase diagramof theDOPG/eSM/Chol ternarymixture obtained from confocal laser scann
sucrose (inside)/110mM glucose solution (outside) in 2 mMHEPES/1 mM EDTA buffer at pH 7
into the Ld phase. The images, representing 3D projections, were used to identify different phas
shown. One should note that the domain patterns for Lo–Ld coexistence as shown for the compos
about twohours and always leads to afinal patternwith only two large domains as in Fig. 3A. Fo
in buffer-free sugar solutions as obtained in Ref. [30]. The different symbols correspond to the no
coexistence. Scale bars represent 10 μm.
charge, eSM, a high melting temperature lipid, and cholesterol. The
transition temperature of DOPG is −18 °C. Thus, at room temperature,
this lipid is in thefluid phase. At room temperature, eSM is still in the gel
phase and enters the fluid phase only at 39 °C. Thus, at room tempera-
ture membranes composed of the DOPG/eSM/Chol mixture can exhibit
immiscibility depending on the specific membrane composition. This
was already demonstrated in a previous study, where vesicles made of
this mixture and in glucose/sucrose solutions were shown to exhibit
phase separation and domain formation depending on the particular
membrane composition [30]; see inset in Fig. 1 for data on the phase
state of DOPG/eSM/Chol vesicles in buffer-free solution. To provide
protein-friendly conditions with pH control, here we investigated the
phase behavior of this ternary mixture in a 2 mM HEPES/1 mM EDTA
buffer at pH 7.5, which is typically used for studies involving cyt c. It is
known that the phase state of membranes is sensitive to small changes
in the environment, e.g., in pH, temperature or ions [44]. As we will
show below, indeed the presence of the buffer results in a number of
changes in the phase diagram of the DOPG/eSM/Chol mixture, com-
pared to the phase diagram of the samemixture in buffer-free solution.

Confocal microscopywas used to explore in detail more than 70 dif-
ferent membrane compositions in the Gibbs triangle of the DOPG/eSM/
Chol mixture in buffer at room temperature (~23 °C) after an equilibra-
tion time of approximately 2 h. Our first aim was to locate the coexis-
tence region of liquid ordered (Lo) and liquid disordered (Ld) phases,
which is biologically relevant [45]. The fluorescently labeled lipid
DiIC18 used in our studies is known to preferentially partition into the
Ld phase and to be excluded from Lo and solid ordered (S) domains
[46]. The marker DSPE-PEG2000-CF preferentially partitions into the
Lo phase. Our measurements suggested that it is sufficient to use only
the dye DiIC18 in order to characterize the phase diagram of DOPG/
eSM/Chol from confocal images of GUVs. The following domain features
ingmicroscopyobservations onGUVs at (23±1)°C. TheGUV solutions usedwere 100mM
.5. The vesicles were labeled with DiIC18 (green false color) which partitions preferentially
e regions in the Gibbs triangle; see text for details. For clarity, only single vesicle halves are
ition 30/50/20 represent transient patterns after about 20 minutes. Full equilibration takes
r comparison, the inset in the upper right part shows the phase diagram of DOPG/eSM/Chol
tation in themain legend. The hatched area in the inset indicates the region of Lo–Ld phase

image of Fig.�1


Fig. 2. Changes in the phase diagram of DOPG/eSM/Chol membranes in buffer in the
presence of 0.56 μM cyt c at (23 ± 1)°C. The solid blue curves represent the putative
boundaries of the coexistence region for liquid-ordered and liquid-disordered phases.
The area shaded in light yellow and outlined with the blue dashed curve represents the
two-fluid-phase coexistence region in the absence of cyt c as displayed in Fig. 1. This
area is expanded in the presence of cyt c. No changes in the membrane phases were
detected for the other compositions. Because of the inherent variation in the vesicle com-
position, all outlined coexistence regions should be considered as rough guides to the eye.
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were used to distinguish the various regions in the Gibbs triangle. For
vesicles in the single-fluid-phase (Lo or Ld) region, the fluorescent dye
is homogenously distributed in the membrane and the vesicles appear
smooth, quasispherical and with fluctuating membrane; see vesicle
image corresponding to the composition 20/53/27 DOPG/eSM/Chol in
Fig. 1. In the region of coexistence of the two fluid phases Lo and Ld,
the domains have smooth boundaries and are free to move relative to
each other; see images with compositions 30/50/20 and 40/40/20 in
Fig. 1. These two images display transient domain patterns with many
small and large domains as observed after about 20 min. Full equilibra-
tion takes about 2 h and eventually leads to complete phase separation
with one Lo and one Ld domain as one would expect theoretically [47].
When one fluid phase and the gel phase (Ld and S or Lo and S) coexist,
the solid domains are depleted from fluorescent dye and appear dark,
exhibit angular features and are rigidwith fixed boundaries; see images
with compositions 63/30/7, 50/40/10 and 40/53/7 in Fig. 1. These vesi-
cles may also appear faceted. For GUVs with a composition in the
three-phase coexistence region (Ld, Lo and S), three types of domains
can be distinguished: (i) angular, rigid and very dark S domains;
(ii) weakly fluorescent Lo domains and (iii) strongly fluorescent Ld
domains; see image with composition 20/63/17 in Fig. 1. All confocal
snapshots of GUVs where made in 3D projection; for the compositions
in the fluid phase, only one vesicle hemisphere was captured to avoid
artificial deformation in the images caused by membrane fluctuations.
For some of the compositions examined, and in particular for those
that are close to the boundaries of the coexistence regions, we observed
both vesicles with and without domains. This phase variation in the
vesicle composition arises from the preparation method and has also
been observed in earlier studies [30,48–51]. The overall membrane
phase state shown in Fig. 1 corresponds to a “majority rule”, i.e., more
than 50% of the vesicles were in this particular phase state. Between
70 and 100 vesicles per batch were examined and for some of the
compositions, in particular those close to the phase boundaries, several
batches were prepared and studied.

Based on these observations, we were able to partially construct the
phase diagram of DOPG/eSM/Chol in buffer; see Fig. 1. Compared to the
conditions of buffer-free glucose/sucrose solutions as in reference [30],
see inset in Fig. 1, we observe that the coexistence region of two fluid
phases (Ld and Lo) is slightly shifted towards higher DOPG concentra-
tions, and, in addition, expanded in this direction. Furthermore, we
detect a three-phase coexistence region (Ld, Lo and S), see triangular
data points in Fig. 1 and the associated image in the lower right corner
of Fig. 1.

The differences in the media surrounding the membrane in the two
studies consist of the following: In reference [30], the investigated
vesicleswere in 0.2Mglucose solution. Here, the vesicleswere prepared
in 0.1 M glucose but in addition to this, we used a buffer of 1 mM EDTA
and 2 mM HEPES at pH 7.5. Thus, the study in Ref. [30] and that in the
present paper differ in the pH and the ionic strengths of the aqueous
solutions. For the 0.2 M glucose solution, we measured a pH of 6.1 and
a conductivity of 1.8 mS/m, whereas the conductivity of the buffered
glucose solution at pH 7.5 was found to be 25.7 mS/m, i.e., more than
tenfold higher. The small difference in the pH has presumably a negligi-
ble effect. The higher ionic strength of the buffered solution, however,
could explain the observed changes in the phase diagram. Addition of
salts, i.e. increased ionic strength, was already shown to stabilize the
two-phase coexistence region of this ternary mixture, as expressed in
an increase in the miscibility temperature [30].

3.2. Effect of cyt c on the phase behavior of the DOPG/eSM/Chol
ternary mixture

After characterizing the phase diagram of the DOPG/eSM/Chol
ternary mixture in buffer, we studied the influence of cyt c on the
membrane phase behavior. Cyt c is known to influence the main
phase transition of single-component PG membranes by broadening
as well as lowering the gel-to-liquid-crystal phase transition tempera-
ture [8,52]. In two-componentmembranes made of anionic and neutral
lipids, cyt c was observed to induce lateral lipid redistribution [9–11]
and, in some cases, formation of large micrometer-sized domains [9].

For the majority of our observations, we chose a protein concentra-
tion of 0.56 μM in order to characterize the changes in the phase dia-
gram of the ternary lipid mixture (other protein concentrations were
also explored as discussed later in the text). The vesicles were observed
for approximately 30min after adding the protein solution to allow for a
homogeneous distribution of cyt c in the chamber and equilibration of
the adsorption process; see Fig. S1 in the Supporting Information. The
observations were up to 1 h after mixing to avoid possible domain-
induced budding, in particular, for membrane compositions close to
the binodal of the two-fluid-phase coexistence region. After adding
the cyt c to the solution, the domains appeared to be symmetric across
the bilayer, i.e., the domains in one leaflet appeared to be in registration
with domains in the opposite leaflet, as observed for symmetric mem-
branes [53].

First, we considered compositions within the two-fluid-phase coex-
istence (Ld + Lo) region. Upon the addition of cyt c, changes in the
domain sizeswere observed (see next section for details)without, how-
ever, changing the phase state (Ld+ Lo).We then explored vesicleswith
composition from the single-fluid-phase region (Ld or Lo). In this case,
for certain membrane compositions, cyt c induced phase separation
and formation of fluid domains. This result is consistent with previous
observations studying the changes in the membrane phase state and
domain formation in DOPG/eSM/Chol upon contact with positively
charged large unilamellar vesicles [30]. We also examined lipid compo-
sitions from the solid–fluid (Ld+ S, Lo+ S and Ld+ Lo+ S) coexistence
regions. In particular, we explored themixtures 60/30/10, 50/40/10, 40/
50/10 DOPG/eSM/Chol. In these solid–fluid coexistence regions of the
phase diagram, cyt c was not observed to alter the phase state of the
membrane, namely, the vesicles continued to exhibit coexisting solid
and fluid domains (we did not determine possible changes in the do-
main area fraction caused by cyt c). Presumably, the inter-lipid cohesive
interactions in the gel phase are strong enough to prevent protein-
induced rearrangement of the lipids and demixing.

Fig. 2 summarizes the results describing the changes in the phase
state of DOPG/eSM/Chol membranes upon interaction with cyt c at a

image of Fig.�2
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concentration of 0.56 μM. The region of two-fluid-phase coexistence is
enlarged at the expense of the single-fluid-phase region; see the blue
boundary of the phase coexistence region in Fig. 2. Thus, we conclude
that the adsorption of cyt c leads to an extension or enlargement of
the Ld–Lo coexistence region. In the absence and presence of cyt c, the
estimated Ld–Lo phase boundary is given by the broken blue curve and
the solid blue curve in Fig. 2, respectively.

Because the phase boundaries were deduced from optical microsco-
py, one could imagine that the formationofmicron-sized domainswith-
in the new cyt c-induced extension of the Ld–Lo coexistence region
arises from the coalescence of submicron domains that exist already in
the absence of cyt c. However, such a scenario is rather unlikely because,
in the absence of cyt c, the deduced Ld–Lo coexistence region corre-
sponds to complete phase separation characterized by the formation
of two large domains after an equilibration time of about 2 h. Therefore,
we would need a molecular mechanism that stabilizes the submicron
domains and prevents their coalescence within the extension of the
Ld–Lo coexistence region but is ineffective within the original Ld–Lo
coexistence region of the protein-free system. Such a mechanism is
hard to imagine because this mechanism would apply, for any chosen
tie-line, only to some segment of this tie-line, even though themateri-
al parameters characterizing the two membrane domains have con-
stant values along the whole tie-line. On the other hand, one could
speculate that local segregation and molecular clustering in the mem-
brane are initiated upon adsorption of cyt c, which would induce the
formation of Ld and Lo domains in regions of the phase diagram
where only single (Lo or Ld) phases are observed in the absence of
the protein.

As mentioned in the introduction, the effect of cyt c on the mem-
brane depends on the lipid-to-protein (L/P) molar ratio in the system.
Thus,we expected that the vesicle response should depend on the over-
all protein concentration. We investigated the phase state changes in
DOPG/eSM/Chol vesicles brought into contact with solutions of cyt c at
various concentrations in the range from 1 nM to 1.39 μM. At very low
concentrations, 6.5 nM and lower, no changes in the phase state of
the membranes in the one-fluid-phase region were detected under
the microscope (membranes with the following compositions were
monitored: 50/30/20, 40/30/30 and 30/40/30). At very high protein
concentrations, 1.2 μM and higher, the changes induced on the mem-
brane phase state were difficult to characterize because the vesicles
appeared unstable upon adding the protein solution and ruptured in a
bursting fashion or collapsed in a way similar to events reported for
cardiolipin doped membranes [7]. (Note that these protein concentra-
tions are comparable to typical lipid concentrations in GUV systems.)
For intermediate concentrations, we observed changes associated with
the phase state of the membrane (as illustrated by the phase diagram
in Fig. 2 for a cyt c concentration of 0.56 μM) and changes in the domain
sizes for membrane compositions belonging to the region of two-fluid-
phase coexistence.

Several studies in the literature have explored the effect of factors
such as the L/P ratio and the ionic strength on the mode of interaction
of cyt cwith themembrane. Thus, we estimated the L/P ratio for our sys-
temat a protein concentration of 0.56 μM. For this purpose, we assumed
that there was no lipid loss during the preparation of the vesicles
and their transfer to the observation chamber. If we consider the total
lipid and not only the external leaflet of the membrane immediately
accessible to cyt c in the bulk, the L/P ratio is approximately 16. For
such an L/P ratio and low ionic strength of the solution (as in our
system), the predominant protein–membrane interactions are of elec-
trostatic nature [4]. Let us note however, that the studies in reference
[4] have been performed on pure DOPG vesicles, while in our system,
the fraction of DOPG in the membrane is lower and varies. In addition,
we cannot fully exclude the possibility that cyt c interacts with eSM,
for which studies are not available in the literature to the best of our
knowledge. Thus, interactions of non-electrostatic nature cannot be
entirely excluded.
3.3. Changes in the domain areas upon binding of cyt c

We evaluated the area change of fluid domains upon adsorption of
cyt c using a flow chamber to introduce the protein at a concentration
of 0.56 μM.We used two ways of monitoring the domain area changes,
both of which have advantages and disadvantages: (i) We selected a
vesicle and directly followed the changes upon introducing the protein
solution. Such experiments are laborious because of the long observa-
tion times and the difficulty of following a single vesicle during the
exchange of solutions in the observation chamber. Thus, only a few ves-
icles per membrane composition were observed. (ii) We examined a
population of vesicles before introducing cyt c, and then investigated
another vesicle population after adding the protein. The advantage of
in this approach is that the results are statistically averaged over many
vesicles. However, the history of the individual vesicles is not known
and frequent vesicle budding during the solution exchange, leading to
systematic shifts in the vesicle compositions, is to be expected. In both
approaches, there are concerns about the exact membrane composition
of the vesicles. It is known that for multicomponent lipid mixtures, the
composition of vesicles in a batch can vary drastically from vesicle to
vesicle depending on the individual vesicle history during the prepara-
tion step. Particularly strong deviations in the vesicle composition
are observed for multicomponent lipid mixtures which are not fully
miscible at the temperature of observation [30,48,51]. One important
advantage of the first approach, however, is that each explored vesicle
has the same initial and final lipid composition, whereas studies of
vesicle populations involve averages over different components.

Below, we present results using both approaches. The vesicles were
labeledwith DiIC18which partitions into the Ld phase. For the areamea-
surements, we chose spherical vesicles exhibiting only two domains.
Apart from being well equilibrated (the phase separation and domain
coalescence are completed), calculating the domain areas in such
vesicles is simple. The domains have the shapes of spherical caps and
the domain area can be estimates from measurements of the projected
domain diameter and the vesicle radius.

We chose to examine three different membrane compositions
which exhibit two-fluid-phase (Ld/Lo) coexistence in the absence of
cyt c: 20/60/20, 30/50/20 and 40/40/20; see also Fig. 6B. The cardiolipin
concentration in the inner membrane of mitochondria ranges from 18%
to 24% of the lipid content [36]. Taking into account that cardiolipin
possesses two negative charges compared to PG, which carries only
one net charge, the compositions we have chosen are a suitable mimic
for the mitochondrial membrane in terms of the membrane surface
charge.

Fig. 3A gives an example for the behavior of a single vesicle upon ad-
dition of cyt c. Themembrane composition is 30/50/20DOPG/eSM/Chol.
The initial area fraction of the Ld domain is (21.05 ± 0.75)% and, after
the addition of the protein solution, it increases to (26.12 ± 0.70)%.
The error represents standard deviation from image processing. Mea-
surements on two other vesicles with this membrane composition
yielded change by 7.31% and 1.75%. The sizes of the vesicles were
not observed to change. Observations on three other vesicles made of
40/40/20 and 20/60/20 DOPG/eSM/Chol yielded similar changes in the
Ld domain area fraction, namely an increase between 3 and 5%. No
dependence on the area increase as a function of themembrane compo-
sition was observed. Statistical measurements over populations of
vesicles made of 30/50/20 DOPG/eSM/Chol yielded an increase of the
Ld area fraction of approximately 3.5%; see Fig. 3B.

Even though the error for the area changes when averaged over
vesicle populations is large and the difference between the cases with
and without cyt c is small, we are confident that the effect is present.
The measurements on individual vesicles unequivocally show that the
Ld area fraction increases in the presence of the protein. In general,
measurements over vesicle populations should be always backed up
by direct tests on individual vesicles. Note that if themajority of the ves-
icles exhibits budding during the addition of the protein, systematic



Fig. 3. Change in the domain area in 30/50/20DOPG/eSM/Chol vesicles upon adsorption of
cyt c at a concentration of 0.56 μM. (A) 3D projections of a vesicle before (left) and after
(right) introducing cyt c. The membrane was labeled with DiIC18 which preferentially
partitions into the Ld phase. Scale bars correspond to 10 μm. Upon adsorption of cyt c,
the Ld domain area increases by approximately 5% (B) Change in the area fraction of the
Ld domains measured on two vesicle populations before and after the addition of cyt c
(open squares). The average values (solid squares) are also given. The error bars represent
standard deviations.
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shifts in themembrane composition of the vesicles are expected, affect-
ing the final distribution of the data as obtained for vesicle populations.

The above results imply that upon interaction and binding of cyt c to
multicomponent lipidmembranes containing charged lipids, apart from
demixing, the protein causes redistribution of lipids. Apparently, the
bound protein attracts more charged lipids to the liquid disordered
domains where it predominantly binds (as we will see in the next
section) leading to an increase of the area of the Ld domains.

3.4. Preferential partitioning of cyt c between liquid ordered and liquid
disordered domains

Tofind outwhether cyt c exhibits preferences to raft-like domains in
cells or rather tends to avoid them, we quantitatively characterized
the partitioning of the protein between liquid-ordered and liquid-
disordered domains in vesicles with compositions belonging to the
region of coexistence of these two fluid phases. The Lo domains were
identified using thefluorescent dyeDSPE-PEG2000-CF,whichpartitions
preferentially into the Lo phase.

To resolve the preferential adsorption of cyt c, we labeled the protein
with Alexa Fluor 633. No overlap in the spectra with the lipid dye was
observed in the detection ranges used in this work. The final protein
concentration of the labeled analog was determined from absorbance
measurements; see Fig. S3. We did not observe an effect of the fluores-
cent label on the adsorption behavior of the protein as judged by the
change in the domain area fractions.

To examine the preferential partitioning of cyt c between the Ld and
Lo phases,we chose the same threemembrane compositions considered
in the previous section. After preparing the GUVs, the solution of the
labeled cyt c was added drop-wise reaching a final concentration of
0.56 μM. After allowing for 30 min equilibration in the observation
chamber, the vesicles were examined with confocal microscopy. Fig. 4
shows cross section images of a vesicle with domains in the presence
of the protein. Direct observation of the images suggests that cyt c
preferentially partitions into the Ld phase, i.e. the DOPG-rich domains.
This behavior is expected as positively charged cyt cwould preferential-
ly interact with the more negatively charged Ld domains. Our data are
also in agreement with another qualitative study reporting preferential
partitioning of cyt c in cardiolipin-rich domains [7]. In addition, our
measurements also provide evidence for weak partitioning of cyt c
into the Lo domains; see Fig. 4B and the following paragraph, which
reflects the fraction of charged lipids present in the raft-like Lo phase.

The partitioning of cyt c between Ld and Lo phaseswas quantitatively
characterized by analyzing the intensity profiles of the fluorescence sig-
nal of the protein in the confocal images of GUVs. The image analysis
was performed using an in-house-written program in Matlab, which
traces the vesicle contour by a least-squares algorithm [54]. The fluores-
cence intensity along themembranewas extracted from the image after
changing from Cartesian to polar coordinates (r, θ); see inset in Fig. 5B.
The Ld and Lo phases were identified from the angular intensity profile
of the signal from the dyeDSPE-PEG2000-CF,whichpartitions preferen-
tially into the Lo phase; see Fig. 5A. Then, the signal in the red channel,
i.e. the intensity from cyt c only, along the radial direction r was aver-
aged over the polar angle θ individually for the Ld and the Lo phases;
see Fig. 5B.

The data was analyzed in the following way. At identical settings of
the microscope, we measured the background signal from a sample
containing the pure buffer and subtracted it from the intensity profile
of the vesicle. We found that the signal inside the vesicle was higher
than the background value (see Supporting Information), suggesting
cyt c permeating the membranes as we will discuss further below. The
signal from cyt c adsorbed on the membrane was obtained after
subtracting the background, which can be well fitted by the sum of a
Gaussian distribution and a Gauss error function with 0.5 μm width.
The latter is justified by a diffraction-like broadening of the signal as de-
scribed by the point spread function,which can be approximatedwith a
Gaussian profile. Therefore, the total intensity signal as measured in
Fig. 5B can be represented as a superposition of a Gaussian distribution,
a Gauss error function, and a constant background value; see dashed
and solid lines in Fig. 5B.

We then find the areas of the Gaussian profiles ALd and ALo for cyt c
adsorbed on the Ld and the Lo phases, respectively. Their ratio, PLd/Lo =
ALd/ALo, determines the partitioning ratio of cyt c between the two
phases.

Note that the above analysis does not require knowledge on wheth-
er the protein permeates the membrane of the vesicles. Upon perme-
ation, for example caused by pore formation in the membrane [55],
the protein adsorption–desorption equilibrium will be established also
at the internal leaflet of the vesicle membrane. The adsorbed protein
will redistribute between the two fluid phases and even though this
might affect the absolute value of the intensity at the membrane in
the different phases, their ratio will not be affected. Furthermore, as
we mentioned above, the domains in the opposite leaflets were in
registration.

For each of the three compositions, 20/60/20, 30/50/20 and 40/40/
20, we analyzed 79, 90 and 43 vesicles respectively. Fig. 6 summarizes
the results for the partitioning ratio PLd/Lo of cyt c between the two
phases for the three different lipid compositions belonging to the two-
fluid-phase coexistence region. For all compositions, PLd/Lo is larger
than one indicating that the protein favors adsorption to the Ld domains
which contain a large molar fraction of negatively charged DOPG. An-
other important outcome of our measurements is that the partitioning
ratio does not change significantly with variation in the overall mem-
brane composition. On average, the ratio PLd/Lo ≈ 4.42 ± 1.15, i.e. the
concentration of the adsorbed cyt c in the Ld domain is more than
four-fold larger than that of cyt c adsorbing to the raft-like Lo phases.
Because the PEG dye could, in principle, affect the partitioning of cyt c,

image of Fig.�3


Fig. 4. Cytochrome c preferentially adsorbs to the Ld phase domain as demonstrated by cross section confocal images of a GUV composed of 40/40/20 DOPG/eSM/Chol, with fluorescent
signals fromDSPE-PEG2000-CF (green) partitioning predominantly in the Lo phase (A), labeled cyt c (red) partitioning predominantly in the Ld phase (B), and theirmerged image (C). The
upper right part of the image in panel (B) is enhanced to show the stronger preference of the protein to the Ld phase andweak fluorescence in the vesicle exterior resulting from free cyt c.
The scale bar corresponds to 10 μm.
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we examined a few vesicles, which were not labeled with DSPE-
PEG2000-CF. The partitioning ratio was found to be PLd/Lo = 3.95 ±
0.4, which is similar to that in labeled vesicles. We thus conclude that
the PEG label has no significant effect on the partitioning of cyt c. We
assume that cyt c predominantly interacts with the oppositely charged
DOPG. This was confirmed by tests performed on phase separated ves-
icles where DOPG was replaced by dioleoylphosphatidylcholine
(DOPC). On vesicles made of DOPC/eSM/Chol 30/50/20 no detectable
Fig. 5. Fluorescence intensity analysis of the partitioningof cyt c in the Lo and Ld domains of
a vesicle composed of 40/40/20 DOPG/eSM/Chol (same vesicle as in Fig. 4). (A) Angular
dependencies of the fluorescent intensity along the vesicle contour for cyt c (red)
and DSPE-PEG2000-CF (green). The green signal is used to allocate the regions of the
membrane in Lo or Ld phases. (B) Fluorescence intensity of cyt c averaged over the polar
angle for the Ld phase (solid squares) and Lo phase (open squares). The dotted line repre-
sents the fit of the signal inside and outside the vesicle to a sum of a Gaussian error
function and a constant; see text for details. The solid and dashed lines are fits of the
experimental data for the Ld and Lo phases, respectively. These fits represent sums of a
Gaussian distribution for cyt c adsorbed to the membrane, a superposition of Gaussian
error function and a constant for the free cyt c in the external and the internal solution.
The inset shows an image of the analyzed vesicle with the polar coordinates indicated.
For this particular vesicle, we obtain the partitioning ratio PLd/Lo = 2.41.
adsorption of the protein was observed; see Fig. S4 in the Supporting
Information. If cyt c interacted only with DOPG, the concentration of
DOPG in the Ld phase would be 4.42 times larger than in the Lo phase
for all three membrane compositions explored. In the considerations
above, we have tacitly assumed that the adsorption interaction of cyt c
with DOPG in the Lo phase follows the same linear law of mass action
as that in the Ld phase and that the adsorption to the Ld phase has not
reached saturation.

Inspection of the phase diagram in Fig. 6 shows that the mole frac-
tion X of DOPG satisfies 0.1 b X b 0.6 for all compositions within the
fluid–fluid coexistence region obtained here. Therefore, this coexistence
region can contain tie lines with two end points, a and b, that are char-
acterized by Xa/Xb =4.4, i.e., by the partitioning ratio PLd/Lo of DOPG for
the two coexisting fluid phases as deduced from the fluorescence data.
Any such tie linemust not cross the end tie line that provides the bound-
ary between the fluid-fluid and the three-phase coexistence region. In
Fig. 6, we have included such a tie line (broken purple line) that is
close to all three lipid compositions, for which the partitioning ratio
was found to be essentially constant. Within the measurement error,
the area fractions of the Ld and Lo domains as deduced from Fig. 3B
roughly correspond to the requirement as set by the lever rule, in such
a way that the area of the Ld domain is smaller than the area of the Lo
domain. The angle between this tentative tie line and the DOPG/eSM
side of the Gibbs triangle is relatively small and about 13°. However,
any conclusions we can currently draw about the inclination of the tie
Fig. 6. Partitioning of cyt c in vesicles with Ld and Lo domains. (A) The dependence of cyt c
partitioning between Ld and Lo phases as given by the intensity ratio of the cyt c signal in
the Ld and Lo domains for the different compositions. The error bars represent standard
deviation. The numbers on the bars correspond to the numbers indicating the different
membrane compositions in the ternary phase diagram in (B). (B) Gibbs triangle with
schematically indicated regions of coexistence of Ld and Lo phases in the presence of cyt
c (solid blue curve) and absence of cyt c (dashed blue curve) as shown in Fig. 2. The dashed
purple line describes a possible tie line in the two-fluid phase coexistence region in the
presence of cyt c; see text for details.
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line are highly speculative in view of the poor precision of the phase
boundaries of the two-fluid phase coexistence region that we have
sketched in Figs. 2 and 6.

3.5. Cyt c permeation through the membrane

From the confocal images of some of the vesicles, we visually
observed weak fluorescence from cyt c both in the vesicle exterior and
in the vesicle interior (see Fig. 4B). To quantify the signal inside the
vesicle and to find out whether it arises from cyt c present in the vesicle
interior or representing some background noise, we also measured the
fluorescence intensity of a sample containing only the buffer and using
identical settings of the laser intensity and the image acquisition. This
backgroundnoisewas found lower than the intensity in the vesicle inte-
rior for all images. This suggests that in all cases cyt c has permeated the
membrane, i.e., the vesicles have leaked, however to a different degree.

To determine the degree of leakage, we performed the following
analysis. The background noise (a constant estimated from the mea-
surementwith buffer only)was subtracted from themeasured intensity
profiles. We then compared the fluorescence intensities measured
outside the vesicle, Iex, and inside the vesicle, Iin, far from the vesicle
membrane; see Fig. 7A. The intensity reflecting the concentration of
free cyt c outside the vesicles, Iex, was approximately the same for
images acquiredwith identical settings of themicroscope. This is under-
standable, because the bulk concentration of cyt c was the same in all
measurements. The degree of leakage was characterized in terms of
the ratio L ≡ Iin/Iex. For L = 100%, the vesicles have fully leaked, while
for lower values of L, partial leakage has occurred. The leakage data for
vesicles with different compositions are given in Fig. 7B. Between 43
and 90 vesicles per composition were examined.

Despite the scatter in the data, some rough conclusions can be
drawn. The vesicles with composition 30/50/20 DOPG/eSM/Chol
exhibited the strongest leakage. About 65% of these vesicles have fully
leaked, while the remaining ones exhibit partial leakage with a peak
around L=60%. Themajority of the vesicles from the other two compo-
sitions showed partial leakage around L = 40%. The compositional de-
pendence of the degree of leakage may suggest that the successful
pore formation requires certain stoichiometry between the protein
and the membrane composition, and, in particular, the fraction of the
charged lipid.

Leakage of vesicles upon adsorption of cyt c has been observed for
membranes made of phosphocholine and cardiolipin (and, in some
cases, cholesterol) [55]. The leakage was ascribed to pore formation
induced by negative spontaneous curvature, resulting from the
adsorption of the protein, and subsequent unfolding. In reference [55]
however, relatively high concentrations of the protein were used
Fig. 7. Vesicle leakage. (A) Schematic illustration for the analysis on leakage: The back-
ground signal (green) as measured on samples containing buffer only is compared to
the intensity profile (red). The background value is subtracted from the intensity mea-
sured inside and outside the vesicle yielding the values Iin and Iex, respectively, as indicated
in the sketch. The ratio Iin/Iex represents the degree of leakage. (B) Histogramof the degree
of leakage Iin/Iex for membranes with different composition. The bin size was set to 20%.
corresponding to L/P ratios between approximately 0.1 and 2. Here, the
protein concentration is much lower (L/P = 16), which explains the
lower degree of leakage compared to that observed in [55]. Indeed, we
also roughly estimated the amount of the bound protein finding that ap-
proximately 50% of the protein in solution was adsorbed to GUVs for all
lipid compositions; see the Supporting Information. Very recently, the
same group explored a broader range of protein concentrations [56].
However, the membrane composition was somewhat different from
that studied here and the measured permeability represented the per-
meability of the membrane to ions and not necessarily to cyt c. Another
difference compared to themeasurements performed in reference [55] is
the asymmetry between the solution enclosed in the vesicles (sucrose
only) and the bathingmedia (salt solution), whichmight be an addition-
al source of tension in the membrane arising from spontaneous curva-
ture [57]. This asymmetry was lacking in our vesicles.

Our results on vesicle leakage combined with the finding on the
strong partitioning of cyt c in the liquid disordered phase may imply
that during apoptosis and cyt c release, the protein effectively destabi-
lizes not only the mitochondrial membrane but also other charged
intracellular membranes that it encounters as we discuss in more detail
in the concluding section.
4. Conclusions

The phase diagram of the ternary mixture DOPG/eSM/Chol was
characterized in buffered conditions. Compared to the buffer-free solu-
tion [30], we found a number of differences in the phase behavior of the
membranes. The two-fluid-phase coexistence region is expanded and
shifted towards higher fractions of DOPG, and a three-phase coexistence
region could be identified. The addition of cyt c at relatively low
submicromolar concentrations was shown to induce phase separation
for compositions belonging to the single-fluid-phase region in the
absence of the protein and, thus, to expand the two-fluid-phase coexis-
tence region.

Under physiological conditions, cyt c plays an important role in the
respiratory chain of eukaryotic cells and acts to transfer electrons be-
tween two transmembrane complexes in the inner membrane of mito-
chondria. During this process, the positively charged cyt c stays in
continuous contact with anionic lipids [58]. In addition, cyt c also
plays a role in apoptosis, which.

Involves movement of pro-apoptotic proteins from the cytosol to the
mitochondrial membranes [59,60]. Several studies have indicated that
these non-residential proteins induce cyt c release from themitochondria
by channel formation or activation of permeability transition pores
[61–63]. The resulting concentrations of cytosolic cyt c in rat heart were
estimated to be on the order of 10 μM [64]. As argued in [55], cyt c may
even orchestrate its own release into the cytosol by forming membrane
pores.

Indeed,we observed these processes already for cyt c concentrations
below 1 μM, i.e., for concentrations that are much smaller than the esti-
mated concentrations of cytosolic cyt c during apoptotis. Therefore, the
readsorption of cytosolic cyt c ontomitochondrial or non-mitochondrial
membranes may lead to lipid redistribution and domain formation
within these membranes as well. In this way, cyt c can generate addi-
tional perturbations of the signal transduction and metabolic pathways
in the cell, perturbations that are likely to enhance the process of
apoptosis.
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