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We show in this study that mitochondrial creatine kinase promotes
segregation and clustering of cardiolipin in mixed membranes, a phenom-
enon that has been proposed to occur at contact sites in the mitochondria.
This property of mitochondrial creatine kinase is dependent on the native
octameric structure of the protein and does not occur after heat-
denaturation or with the native dimeric form of the protein. Cardiolipin
segregation was demonstrated by differential scanning calorimetry using
membranes containing cardiolipin and either dipalmitoylphosphatidy-
lethanolamine or 1-palmitoyl-2-oleoylphosphatidylethanolamine. Addition
of the ubiquitous form of mitochondrial creatine kinase leads to the
formation of a phosphatidylethanolamine-rich domain as a result of the
protein binding preferentially to the cardiolipin. Such phase separation does
not occur if cardiolipin is replaced with dioleoyl phosphatidylglycerol.
Lipid phase separation is observed with other cardiolipin-binding proteins,
including cytochrome c and, to a very small extent, with truncated Bid
(t-Bid), as well as with the cationic polypeptide poly-L-lysine, but among
these proteins the octameric form of mitochondrial creatine kinase is by far
the most effective in causing segregation and clustering of cardiolipin. The
proteins included in this study are found at mitochondrial contact sites
where they are known to associate with cardiolipin. Domains in
mitochondria enriched in cardiolipin play an important role in apoptosis
and in energy flux processes.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

There are locations in the mitochondria at which
the inner and outer mitochondrial membranes come
into close apposition. These sites have been referred
to as contact sites and are enriched in both a
mitochondrial isoform of creatine kinase (MtCK),1
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as well as cardiolipin (CL).2 The importance of the
assembly of lipids and proteins at this site has been
linked to their biological function for energy
channeling and mitochondrial permeability transi-
tion pore (MTP) opening, an early event in mito-
chondria-mediated apoptosis,3,4 where domains in
mitochondria that are enriched in CL play an
important role.5,6

There are two forms of MtCK in vertebrates; the
sarcomeric form (sMtCK) found in striated muscle,
and the ubiquitous form (uMtCK) present in most
other tissues, including brain and kidney.7 It has
long been known that cardiolipin (CL) is important
for the binding of MtCK to the mitochondrial
membrane.8–11 MtCK undergoes a concentration-
dependent reversible oligomerization between octa-
meric and dimeric forms,7 with octameric uMtCK
dissociating 23–24 times slower, compared with
sMtCK.12 The crystal structures of both octameric
d.
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MtCK's are known.13–14 The octameric form binds
rapidly to anionic phospholipids, while the dimeric
forms binds much more slowly, possibly requiring
prior octamerization at the membrane surface.15 The
octameric MtCK mediates intermembrane contact
that is stabilized by electrostatic interactions bet-
ween anionic lipids16 and several C-terminal lysine
residues of the protein.17
Figure 1. Differential scanning calorimetry (DSC). Scan rat
Pipes (pH 7.40), 1 mM EDTA, 150 mM NaCl with 0.002% (w/
Sequential heating and cooling scans. Numbers are the order
scans being heating scans, each of which was followed by one
along the y-axis for clarity of presentation. (a) DPPE:CL (0.65:0
DPPE; (b) and (c) Lipid with added octameric uMtCK at a lipi
Lipid with added dimeric uMtCK at a lipid to dimeric protein
We present evidence that MtCK forms clusters
of CL away from other lipids. We use differential
scanning calorimetry (DSC) to assess the changes
in miscibility of the lipid components of the
membrane. The application of DSC for studying
the formation of membrane domains induced by
peptides or proteins has been discussed re-
cently.18 DSC has the advantage of not requiring
e 0.75 deg.C min−1. Lipid concentration 2.6 mM in 20 mM
v) NaN3. Lipid mixture is DPPE:CL (0.65:0.35, mol:mol).
in which the scans were carried out, with odd-numbered
of the even-numbered cooling scans. Scans are displaced
.35, mol:mol) alone with an inset showing the DSC of pure
d to octameric protein molar ratio of (b) 560 or (c) 910). (d)
molar ratio of 1000.



Table 1. Transition characteristics of DPPE:CL (0.65:0.35,
mol:mol) in the presence and absence of proteins (first
heating scan)

Protein
added

Lipid to
protein

molar ratio

Major
component

Minor
components

T
(°C)

ΔH
(kcal mol−1)

T
(°C)

ΔH
(kcal mol−1)

None – 42 3.5 25 1.6
uMtCK

octamer
560 55 7.6 40 1.7

uMtCK
octamer

910 53 5.0 38 2.0

uMtCK
dimer

1000 39.4 3.2 27 3.0

Cytoch. c 200 54 3.2 35 3.5
Cytoch. c 430 51 1.4 35 4.3
Cytoch. c 870 38 3.7 22 1.1
t-Bid 200 42 2.0 32 2.5
t-Bid 410 39 4.6 19 1.3
Poly-L-

lysine
450 59 2.1 50 3.5

Poly-L-
lysine

900 53 2.5 38 4.4
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bulky labels that can modify the behavior of the
system, and the method is widely applicable. This
application of DSC is based on the fact that a
pure lipid component will give rise to a sharper
phase transition with a higher enthalpy than will
the same lipid component present in a mixture.
This is analogous to a pure crystal exhibiting a
sharp melting behavior over a narrow range of
temperature compared with an impure substance
melting over a broad range of temperature. Lipid
domain formation, i.e. the enrichment of a
particular lipid component in one region of the
membrane (a domain), will result in this lipid
component exhibiting a sharper phase transition
(melting behavior), together with an increase in
the transition enthalpy. In addition, we have
measured how this phenomenon is related to the
conformation of the protein as monitored by
circular dichroism (CD), a spectroscopic method
sensitive to the secondary structure of the
protein. We demonstrate that the ability of the
ubiquitous mitochondrial creatine kinase (uMtCK)
to recruit CL is dependent on its native structure
as well as its octameric form. The capacity of
uMtCK to recruit CL is greatly enhanced
compared to that of other basic proteins, in
particular cytochrome c and tBid, which are also
important players in apoptosis and are known to
have affinity for CL.
Results

DSC

A mixture of DPPE:CL (0.65:0.35, mol:mol) is
composed of miscible lipids,18 giving a single broad
phase transition over the range of temperature of
approximately 2–45 °C, intermediate between that
of each of the individual lipid components. CL has a
phase transition below 0 °C and is not observable by
DSC, while DPPE has a transition at 63.3 °C as a
pure hydrated lipid.19 The transition of pure DPPE
is very sharp, occurring over a narrow temperature
range (Figure 1(a), inset). The transition of DPPE:CL
(0.65:0.35, mol:mol) is reproducible on heating and
cooling, exhibiting a small shift to lower tempera-
tures on cooling (Figure 1(a)). Hysteresis between
heating and cooling is common in DSC and occurs
because of kinetic effects of the transition as well
as instrumental factors. The enthalpies and tem-
peratures of the transitions of DPPE:CL (0.65:0.35,
mol:mol) in the absence and in the presence of
proteins are given in Table 1 for the first heating
scan. A higher temperature and enthalpy of a
component is indicative of partial phase separation
of the higher-melting DPPE component. In addi-
tion to lipid transitions, there could have been
DSC peaks arising from protein denaturation.
However, a protein thermal denaturation transi-
tion could not be detected by DSC below 70 °C.
This thermal denaturation is not observed by DSC
because the breadth of the transition is too great
and/or its enthalpy is too small to give rise to an
observable DSC peak at the concentrations of
protein used. Nevertheless, we show by CD that
some protein denaturation does occur in this
temperature range. We ascribe the loss of protein
effect on the lipid phase transitions after the first
heating scan as being caused by irreversible
thermal denaturation of the protein. Thus, all of
the transitions observed by DSC below 70 °C
correspond to phase transitions of the lipid.
Addition of octameric uMtCK to hydrate a lipid
film of DPPE:CL resulted in a marked change in
the DSC profile on the first heating scan (Figure
1(b) and (c); Table 1). The protein was added from
a concentrated solution and would thus be mostly
octameric, having a slow dissociation rate.7,12 The
final molar ratio of lipid to octameric uMtCK was
560 (Figure 1(b)) or 910 (Figure 1(c)). As expected,
the extent of separation of the DPPE component is
greater at lower ratios of lipid to protein (Figure
1(b) and (c); Table 1), as indicated by the higher
temperature and enthalpy of the high-melting
component of the transition on the first scan. The
dimeric uMtCK has much less affect on the phase
transition behavior of the lipid (Figure 1(d); Table
1). There is a small component at 52.3 °C, but its
enthalpy is only 0.3 kcal mol−1. This shift in the
transition of a portion of the lipid may be caused
by the dimer itself or by a small amount of
remaining octamer.
For experiments done with POPE:CL at

0.75:0.25 molar ratio (Figure 2(a), panel A) or at
0.8:0.2, mol:mol (not shown), octameric uMtCK
causes a sharpening of the broad transition of the
lipid mixture, with a partial separation of the POPE
and CL components. Thus, the maximal excess heat
capacity (height of the DSC peak) increases about
twofold in the presence of the protein from about
200 cal deg.C−1 mol−1 to 400 cal deg.C−1 mol−1,



Figure 2. (a) DSC heating and cooling curves for POPE:CL (0.75:0.25, mol:mol); panel A, POPE:CL (0.75:0.25, mol:mol)
alonewith an inset showing theDSCof pure POPE; panel B, POPE:CL (0.75:0.25,mol:mol) with added octameric uMtCK at
a lipid to octameric proteinmolar ratio of 360. Other details are as for Figure 1. (b) Panel A, DSC heating and cooling curves
for DPPE:POPG (0.65:0.35, mol:mol) or with added octameric uMtCK at a lipid to octameric protein molar ratio of 970;
panel B, DSC heating and cooling curves for DPPE:DOPG (0.65:0.35, mol:mol) orwith added octameric uMtCK at a lipid to
octameric protein molar ratio of 550. Other details as for Figure 1, except that results are given for two independent
experiments. The second experiment is distinguished by a prime on the scan number.
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indicating less mixing of the two lipid components
and more segregation into domains. Pure POPE has
a phase transition temperature of 25 °C (Figure 2(a),
panel A, inset), considerably lower than that of
DPPE, shown in Figure 1. Hence, the DSC scans in
Figure 2 are over a lower temperature range. In
addition, the peak of the POPE component is less
well separated from that of the lipid mixture in the
presence of certain proteins than was the case for
mixtures with DPPE (Figure 1). The molar ratio of
lipid to octameric uMtCK was 360 (Figure 2(a),
panel B; Table 2). Less effect of protein was observed
with DPPE:POPG (0.65:0.35, mol:mol) at a lipid to
protein ratio of 970 or with DPPE:DOPG (0.65:0.35,



Table 2. Transition characteristics in the presence and
absence of uMtCK (first and second heating scans)

Lipid
mixture

Lipid to
protein

molar ratio

Major
component

Minor
components

T
(°C)

ΔH
(kcal mol−1)

T
(°C)

ΔH
(kcal mol−1)

POPE:CL
(0.75:0.25,
mol:mol)
First scan

– 17 1.7 12 2.0

+uMtCKa 360 14.3 3.1 17.9 0.2
POPE:CL

(0.75:0.25,
mol:mol),
Second scan

– 16 1.0 12.2 2.5

+uMtCKa 360 12.2 2.7 18 0.2
DPPE:DOPG

(0.65:0.35,
mol:mol)
First scan

– 53.6 3.6 47.6 2.4

+uMtCKa 550 53.6 4.6 47.6 3.7
DPPE:DOPG

(0.65:0.35,
mol:mol)
Second scan

– 52.5 3.1 47.6 3.5

+uMtCKa 550 52.5 4.7 47.3 3.0
a uMtCK added to lipid mixture described in the row above.
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mol:mol) at a lipid to protein ratio of 550 (Table 2).
However, with the DPPE:POPGmixture (Figure 2(b),
panel A) there does appear to be a small component
with the thermal transition temperature of about
65 °C, corresponding to a small amount of residual
DPPE. The small peak at 73 °C (0.5 kcal mol−1)
corresponds to the denaturation of some of the free
unbound uMtCK. The phase transition temperatures
of pure POPG or DOPG are close to or below 0 °C.20

No pure PG component is observed with the samples
shown in Figure 2(b).
We compared the lateral phase separation of CL

and DPPE caused by uMtCKwith that of other basic
mitochondrial proteins. Cytochrome c is known to
bind specifically to anionic membranes,21,22 and
particularly to CL.23–25 The interaction of this
protein with CL may play an important role in
apoptosis.26–28 Cytochrome c is also thought to have
a role in catalyzing the oxidation of CL, contributing
to apoptosis.29 The oxidized form of CL has less
affinity for cytochrome c, allowing it to be liberated
into the cytosol during apoptosis.30 Although
cytochrome c appears to induce some lateral phase
separation of CL and DPPE (Figure 3), this effect is
not as marked as that found with MtCK, even at
higher molar concentrations of protein than that
used for uMtCK (Table 1). At a lipid to protein ratio
of 870, the observed lipid transitions are quite
similar to that of the lipid in the absence of protein
in contrast to the case of uMtCK.
Another protein that is believed to bind to CL is

truncated Bid (t-Bid), which is a proapoptotic Bcl-2
protein that targets to mitochondria by binding to
CL31–34 at mitochondrial contact sites.35,36 How-
ever, this protein has essentially no effect in
promoting the formation of domains with anionic
lipids (Figure 4; Table 1) at the molar concentrations
used in this study.
A major driving force for the formation of

membrane domains enriched in anionic lipids is
through charge neutralization.37 One would there-
fore expect poly-L-lysine to be effective in promoting
charge segregation in this system, as it has been
observed in other systems.38 We find that poly-L-
lysine can induce the segregation of DPPE in
mixtures with CL (Figure 5; Table 1). Poly-L-lysine
does not induce the formation of an inverted
hexagonal phase with CL, but it can do so with
some 65:35, mol:mol mixtures of PE and CL.39

However, in the present study, the PE has only
saturated palmitoyl chains and is therefore not likely
to convert to an inverted phase. Furthermore, after
the first heating scan, the heating and cooling scans
are reversible, which is not seen for systems forming
a hexagonal phase at high temperature.

CD

The DSC showed that, in general, there was a
change in the behavior of the system after the first
heating scan. A likely cause for this is the
irreversible denaturation of the protein during the
first heating scan. To determine the thermal
denaturation properties of the proteins that were
used, we measured the CD in the presence and in
the absence of sonicated liposomes (SUVs) com-
posed of DPPE:CL (0.65:0.35, mol:mol), of CL alone
and of POPE:CL (0.75:0.25, mol:mol).
Solutions of uMtCK form aggregates on heating

in the absence of lipid as observed visually and by
the increase in dynode voltage in the CD instru-
ment (not shown). In the presence of SUVs of CL
there was a marked increase in turbidity at room
temperature when uMtCK was added (Figure
6(a)). This turbidity increased gradually with
temperature over the range 25–85 °C, at which
point the protein was coagulated and no CD signal
could be measured. This change was irreversible
on recooling (Figure 6(a), panel B, red curve). With
POPE:CL (0.75:0.25, mol:mol) SUVs, the protein
retained its native helical content at room tem-
perature (Figure 6(b)), as it did also in DPPE:
DOPG SUVs (not shown).
The unfolding of cytochrome c was monitored by

CD (Figure 7(a)). In the absence of lipid, the protein
undergoes an unfolding process at about 85 °C
(Figure 7(b)). This is in agreement with data
reported in the literature using DSC,40,41 or CD.42

In the presence of SUVs of CL, the denaturation
temperature is shifted markedly to lower values
(Figure 7(b)). Similar results were observed using
SUVs composed of DPPE:CL (0.65:0.35, mol:mol) as
with CL alone. This is in accord with the results
obtained by Spooner and Watts43,44 using NMR,
and Heimburg and Marsh, using FTIR,45 showing
that lipid binding loosens the protein structure. The
shift to lower temperatures may be a consequence
of the low surface pH in bilayers with anionic
lipids.46



Figure 3. DSC heating and cooling curves for DPPE:CL (0.65:0.35, mol:mol) with added cytochrome c at a lipid to
protein molar ratio of (a) 200, (b) 430, and (c) 870. (d) CL with added cytochrome c and CL at a lipid to protein molar ratio
of 200 as in (a). Other details are as for Figure 1.
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Although poly-L-lysine at neutral pH does not
have much secondary structure in buffer, it has been
shown to acquire enhanced secondary structure in
the presence of anionic lipids.47,48 This is the case
also with SUVs of DPPE:CL (0.65:0.35, mol:mol)
(Figure 8(a)). This structure is lost on heating (Figure
8(b), black curve) and is not regained completely on
cooling (Figure 8(b), red curve).
For all of the proteins and poly-L-lysine, the CD

spectra show that through the phase transition of the
lipid mixture during the first heating scan, a
significant fraction of the protein remains in its
native state and is able to interact with CL and
produce domains.
Discussion

The octameric form of uMtCK facilitates the
appearance of a transition in DSC scans at a higher
temperature and with higher enthalpy than that
for the pure lipid mixture of DPPE:CL (0.65:0.35,
mol:mol) alone (Table 1). At a lipid to protein molar
ratio of 560, uMtCK induces the appearance of a



Figure 4. DSC heating and cooling curves for DPPE:CL (0.65:0.35, mol:mol) with added t-Bid at a lipid to protein
molar ratio of (a) 200 and (b) 400. Other details are as for Figure 1.
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peak at 55 °C with an enthalpy of 7.6 kcal mol−1, as
compared to 42 °C and 3.5 kcal mol−1 for the DPPE:
CL mixture. The enthalpy of the transition for pure
DPPE is 10.2 kcal mol−1 at 63.3 °C (Figure 1(a),
inset), in agreement with literature values.49 We
therefore interpret the formation of the peak at 55o C
when uMtCK is present (Figure 1, panel B, scan 1) to
be a consequence of the lateral phase separation of
Figure 5. DSC heating and cooling curves for DPPE:CL (
polymer molar ratio of (a) 450 and (b) 900. Other details are a
most of the DPPE present from the mixture with CL.
It is known that uMtCK binds only to liposomes
with anionic lipid.16 Thus, the protein interacts
preferentially with the CL component, leaving
DPPE as a domain almost completely separated
from CL. It is interesting that the uMtCK has a large
effect on the transition properties of the lipid
mixture only in the first heating scan. We suggest
0.65:0.35, mol:mol) with added poly-L-lysine at a lipid to
s for Figure 1.



Figure 6. (a) Panel A, CD spectra of uMtCK at 25 °C in
the presence of SUVof CL at a lipid to protein molar ratio
of 190. Addition of protein to clear CL SUV produced
intense turbidity, precluding the quantification in terms of
molar ellipticity; panel B, temperature-dependence of the
ellipticity at 222 nm of uMtCK in the presence of SUV of
CL at a molar ratio of 190. Black curve, heating scan, red
curve, cooling scan. (b). CD spectra of uMtCK at 25 °C in
the presence of clear SUVof POPE:CL (0.75:0.25, mol:mol)
at a lipid to protein molar ratio of 280.
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this is caused by the total denaturation of the protein
at higher temperatures. We have observed that the
magnitude of the ellipticity of uMtCK in the
presence of SUVs of CL is reduced markedly on
heating, caused, in part, by an irreversible protein
coagulation (Figure 6(b)). Thus, in the first heating
scan with the DPPE:CL mixture, a major fraction
of the protein is still in its native state in the
temperature region of the lipid transition. How-
ever, at the end of the first heating scan the protein
is almost completely denatured irreversibly. As a
consequence, the uMtCK has much less effect on
the lipid transitions in the next cooling scan and
subsequent scans. This is fully in line with
experiments on thermal inactivation of uMtCK
enzymatic activity (not shown). We have observed
that when uMtCK is in a dimeric form, there is
almost no segregation of a high-temperature peak
(Figure 1(d)). We therefore conclude that the ability
of uMtCK to induce CL-rich domains is dependent
on the native octameric structure of the protein
forming a cluster of Lys residues near the carboxyl
terminus that have been shown to interact with
anionic lipid.17 In addition, the octameric form of
human MtCK has an isoelectric point (pI) of 7.7,
compared with 7.5 for dimer,50 thus providing an
additional factor favoring the partitioning of the
octamer to the interface of an anionic membrane.
We also tested the mixture of CL with a lower

melting lipid, POPE. This lipid mixture gave a
broad transition in the absence of protein (Figure
2(a), panel A), over a somewhat lower tempera-
ture range, as expected for this more unsaturated
system. In this case also there is a marked
alteration of the phase transition properties of
the POPE mixture with CL, resulting in the
sharpening of the transition and partial separation
of the lipid components (Figure 2(a), panel B). The
separation of the PE-enriched component is less
complete than in the case of the CL/DPPE
mixture, which is also driven by differences in
the acyl chain composition of the two lipid
components. Before the first heating scan, the
lipid and protein mixture was kept at low
temperatures to avoid denaturation of the protein.
Indeed, the CD spectra of the protein in the
presence of SUVs of POPE:CL (0.75:0.25, mol:mol)
corroborates that the protein remains fully helical
at 25 °C (Figure 6(b)).
The DPPE:DOPG mixtures exhibit little change in

their phase transition behavior upon addition of
uMtCK (Figure 2(b)), although uMtCK is known to
bind to PG.51 This points to specificity for CL in the
phase separation phenomenon we are observing.
This specificity has been observed before in the
ability of uMtCK to promote lipid transfer between
juxtaposed bilayers.52
We compared other basic mitochondrial proteins

in their ability to induce phase separation of the
specific lipid mixtures used above. The theoretical pI
of cytochrome c is 9.6, contributing to its interactions
with membranes containing anionic lipids.22 Cyto-
chrome c had been shown to promote the segrega-
tion of anionic lipids in both phospholipid
bilayers,53 as well as monolayers.54 We find some
separation of DPPE and CL with higher concentra-
tions of cytochrome c (Table 1; Figure 3). The ability
of cytochrome c to rearrange lipid is modified by
heating because of the irreversible denaturation of
the protein (Figure 7). Even though cytochrome c
partly denatures in the temperature range of the
lipid phase transition in the presence of anionic
lipid, it is still able to perturb the lipid phase
transition in the first heating scan (Figure 3). There is
evidence that cytochrome c interacts with CL-
containing membranes largely by electrostatic inter-
actions when the protein is in its native state, but the
unfolded form binds to membranes by hydrophobic



Figure 7. (a) CD spectra of cytochrome cmeasured at 25 °C: (A) 6 μM cytochrome c in buffer at pH 7.4; (B) with SUVs
of CL at a lipid to protein molar ratio of 130 (black curve) and after heating to 95 °C (red curve); (C) with SUVs of DPPE:CL
(65:35, mol:mol) at a lipid to protein molar ratio of 410 (black curve) and after heating to 95 °C (red curve). (b) Thermal
denaturation of cytochrome c as measured by CD at 222 nm. Heating curves in black and cooling curves in red for (A)
protein in Pipes buffer (pH 7.4); (B) in the presence of SUVof CL at a lipid to cytochrome cmolar ratio of 130; and (C) in the
presence of SUVof DPPC:CL (0.65:0.35, mol:mol) at a lipid to cytochrome c molar ratio of 410.
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interactions.27,55 Also, membrane domains formed
by CL have been reported with cytochrome c.56–58

tBid also has a high pI, 8.4, and therefore would
partition into the electrical double layer of a
negatively charged membrane at neutral pH. In
addition, tBid appears to have some specificity for
interacting with CL. This protein targets to mito-
chondrial contact sites that are enriched in CL, but it
is not very effective in inducing the formation of
these domains, as indicated by our observation that
tBid has very little ability in causing rearrangement
of the DPPE:CL mixtures (Figure 4), under the
conditions of this study.
Finally, we have studied the behavior of poly-L-

lysinewithDPPE:CLmixtures. This polymer is highly
charged and binds preferentially to anionic lipids. It is
known to induce formation of domains enriched in
anionic lipid.59 We find that this polypeptide can
promote the rearrangement of DPPE and CL, thus
confirming our interpretation of charge clustering.
Heating to high temperatures causes some irrever-
sible modification of the polypeptide secondary
structure (Figure 8), so that the lipid transitions are
different in the first DSC heating scan (Figure 5).
Mitochondria have contact sites that are enriched

in both CL and in MtCK. uMtCK is particularly
potent in inducing lipid phase separation between
CL and zwitterionic lipids. Furthermore, this prop-
erty is dependent on the oligomeric structure of the
uMtCK. One would expect the same phenomenon to
occur at contact sites at physiological temperature,
since the lipid composition of these sites, although
more complex, is still mostly the anionic lipid CL
together with zwitterionic lipids. At contact sites,



Figure 8. (a) CD spectra of poly-L-lysine at 25 °C in
Pipes buffer at pH 7.4 (black), in the presence of SUVof CL
at a molar ratio of 140 (red) and in the presence of SUVof
DPPE:CL (0.65:0.35, mol:mol) at a molar ratio of 450 before
(blue) and after (green) heating. (a) Temperature-depen-
dence of ellipticity of poly-L-lysine at 222 nm in the
presence of SUVs of CL.
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uMtCK could bind to CL on the inner membrane,
stabilizing a CL-rich domain that could bridge the
inner and outer membranes by binding to the
voltage-dependent anion channel on the outer
membrane.60 Thus, the lipid phase segregation
facilitated by uMtCK could help in understanding
the mechanism of contact site formation. The
potency of uMtCK in clustering CL is a nucleation
point for the formation of a CL-rich domain to which
other proteins, such as cytochrome c and t-Bid, can
bind. The binding to the voltage-dependent anion
channel makes MtCK part of the protein complex
forming the permeability transition pore. The
sustained opening of this pore may be more
important for necrosis,61 and has important implica-
tions for energy flux processes taking place in
mitochondria as well as in apoptosis.4,62–64 This
complex at contact sites is also highly enriched in
CL, and its function is modulated by the presence of
CL.65,66 The work presented here indicates that
MtCK may play an important role in recruiting CL
to this membrane domain.
Materials and Methods

Materials

The phospholipids dipalmitoylphosphatidylethanola-
mine (DPPE), 1-palmitoyl-2-oleoylphosphatidylethanola-
mine (POPE), dioleoyl phosphatidylglycerol (DOPG) and
tetraoleoyl cardiolipin (CL) were purchased from Avanti
Polar Lipids (Alabaster, AL). Recombinant mature uMtCK
was expressed and purified as described.14 For some
experiments, the final preparation of uMtCK was concen-
trated fourfold using a 10 kDa cut-off Microcon centrifugal
filter YM-10 (Millipore) and was stored frozen at a
concentration of 7 mg ml−1; the protein is an octamer at
this concentration.7 Diluting the protein to a concentration
below 0.4 mg ml−1 and keeping the diluted solution in the
refrigerator for 24 h before addition to the lipid mixture
causes dissociation of the octamer to the dimeric form.
Horse heart cytochrome c and poly-L-lysine (28,200 Da)
were purchased from Sigma-Aldrich (St. Louis, MO). tBid
was prepared by caspase 8 cleavage of Bid as described.67

Preparation of samples for DSC

Lipid films were made by dissolving appropriate
amounts of lipid in chloroform/methanol (2:1, v/v),
followed by evaporation of the solvent under nitrogen to
deposit the lipid as a film on the wall of a test-tube. Final
traces of solvent were removed in a vacuum chamber
attached to a liquid nitrogen trap for 5 h. Dried films
were used immediately or kept under argon at −20 °C.
Films of DPPE:CL, DPPE:POPG or DPPE:DOPG
(0.65:0.35, mol:mol) were hydrated with buffer alone or
protein solution in 20 mM Pipes (pH 7.40), 1 mM EDTA,
150 mM NaCl, 0.002% (w/v) NaN3, and suspended by
vigorous vortex mixing and warming for a few minutes
below 50 °C to facilitate the hydration of the lipid
mixture. For mixtures of POPE:CL, buffer or protein
solution were kept at 4 °C and hydration was done by
vortex mixing vigorously, while maintaining the tem-
perature below 17 °C. This lipid mixture was more
sensitive to the thermal history of the sample and the
exact ratio of POPE to CL. In order to achieve an accurate
comparison of the phase behavior with and without
protein, care was taken to use the same hydration
protocol for both samples, and to determine the lipid
concentration of the stock solutions in organic solvent by
phosphate analysis.68

Differential scanning calorimetry (DSC)

Measurements were made using a Nano II differential
scanning calorimeter (Calorimetry Sciences Corporation,
Lindon, UT). The scan rate was 0.75 deg.C min−1 with a
delay of 5 min between sequential scans in a series to
allow for thermal equilibration. The features of the design
of this instrument have been described.69 DSC curves
were analyzed by the fitting program DA-2 provided by
Microcal Inc. (Northampton, MA) and plotted with
Origin, version 5.0. The concentration of MLV in the
samples studied was maintained at 2.5 mg ml−1. The cell
volume is 340 μl.

Circular dichroism

CD spectra were recorded on an AVIV model 215
spectropolarimeter equipped with a Thermo Neslab M25
circulating bath. A quartz cell with a 0.1 cm path-length
was placed in a thermally controlled cell holder. The
temperature changes were computer-controlled and
points were taken at 5 deg.C intervals. The machine was
equipped with a Peltier junction thermal device and a
Thermo Neslab M25 circulating bath. For samples
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containing lipid, the lipid was first made into a dry film as
described above, and then hydrated by vortex mixing
with buffer. The lipid suspension was sonicated to clarity
under argon in a bath-type sonicator to make small
unilamellar vesicles (SUVs) and protein was then added to
the SUVs. Addition of uMtCK, cytochrome c or poly-L-
lysine caused the SUVs to become turbid.
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