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Abstract

The interaction of 1-palmitoy-2-oleoyl-sn-glycero-3-phosphocoline (POPC) and 1-palmitoy-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), two of the major components in biological membranes, were investigated using the monolayer technique at the air—water interface.
The pressure—area isotherms indicate that both phospholipids are miscible through all range of compositions. POPE-POPC form stable
mixtures, with a minimum for the Gibbs energy of mixing at Xpopc =0.4. A virial equation of state was fitted to the experimental values.
Positive values found for the second virial coefficient indicate repulsion between POPC and POPE. The interaction parameter was evaluated
which indicated that a corresponding decrease in the repulsion occurs when POPC molar fraction is low. This effect suggests the existence of
hydrogen bonds between POPE and the water beneath the interface.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Monolayer; Surface pressure isotherms; Phospholipids; Equation state; Thermodynamic analysis

1. Introduction

Phospholipids are the most abundant lipids in biological
membranes, where they act as a matrix in which proteins
are embedded or adsorbed. They are believed to play
an important role not only as the structural units of the
bilayer but also in the integration and function of membrane
proteins [1].

Currently, there is renewed interest in the investigation
of the phospholipid systems found in biological membranes
[2], including the phospholipid compositions required
to reconstitute a particular membrane function [3.4].

* Corresponding author. Tel.: +34 934035986; fax: +34 934035987.
E-mail address: jordihernandezborrell@ub.edu (J. Hernandez-Borrell).
! Permanent address: Departament d’Engenyeria Quimica, UPC 08222
Terrassa, Spain.

0927-7765/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2004.12.012

These compositions generally include phospholipids with
mixed acyl chains, one saturated (at the sn-I position)
and the other unsaturated (at the sn-2 position), linked
to the glycerol backbone, as in the case of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC).

Both native lipids of natural origin and synthetic lipids are
commonly used in the reconstitution of membrane proteins
in proteoliposomes [5], as well as in the two-dimensional
crystallization of protein membranes [6]. The use of a
particular phospholipid composition is usually determined
by practical constraints, often associated with large screening
studies [7,8]. Thus, POPC is a phospholipid with a low tran-
sition temperature and reasonable chemical stability that is
commonly used as a model lipid [9]. However, in many cases,
such as the lactose permease of Escherichia coli, the presence
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of the phosphatidylethanolamine headgroup is required for
cotrect protein membrane insertion [10] and folding [11].
There are also many examples of cytoplasmic proteins, e.g.
protein kinase C, whose regulation appears to be affected
by the presence of POPE [12,13]. Therefore, research on the
mixing properties of POPE and POPC in monolayers is of
interest.

Here we present a thermodynamic study of the mixing
properties of POPE and POPC in which we examine the in-
teractions between the phospholipids using the equation of
state of the film.

A study of the same phospholipid system has been started
by using spectroscopic techniques and atomic force mi-
croscopy on Langmuir-Blodgett films (LBs) to gain insight
into their structural characteristics [14].

2. Theory
2.1. Experimental

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) and 1-palmitoyl-2-oleoyl-sn-glyeero-3-
phosphocholine (POPC), specified as 99% pure, were
purchased from Avanti Polar Lipids (Alabaster, AL,
UBA) and used without finther purification. The subphase
buffer for preparing the Langmuir films was a 50mM
Tris—HCI buffer (pH 7.4) containing 150mM NaCl, pre-
pared in Ultrapure water (Milli Q® reverse osmosis system,
18.3 ME: em resistivity). Chloroform and methanol, HPLC
grade, were purchased from SIGMA (St. Louis, MO,
USA).

The lipids were dissolved in chloroform-methanol (3:1,
viv)to afinal concentration of 1 mg mL~". Them onolayers of
POPE, POPCand their mixtures were prepared ina 312 DMC
Langmuir-Blodgett trough manufactured by NIMA Technol-
ogy Ltd. (Coventry, England). The trough was placed on
a vibration-isolated table (Newport, Irvine, CA, USA) and
enclosed in an environmental chamber. The subphase was
filtered with a Kitasato system (450 nm pore diameter) be-
fore use. The resolution of surface pressure measurement
was £0.1mNm~". In all experiments, the temperature was
controlled at 24.0 £ 0.2 °C by an external circulating water
bath. Before each experiment, the trough was washed with
chloroform and rinsed thoroughly with purified water. The
cleanliness of the trough and subphase was ensured before
each run by cycling the full range of the trough area and as-
pirating the air—water surface, while at the minimal surface
area, to zere surface pressure.

The corresponding aliquot of lipid was spread on the
surface of the subphase solution with a Hamilton mi-
crosyringe. A period of 15min was required to allow the
solvent to evaporate before the experiment was started. The
compression rate was Scm?min~!. Every m—A isotherm
was repeated at least three times and the isotherms showed
satisfactory reproducibility.

2.2. Surface thermodymamic analysis

The area per molecule for an ideal mixed monolayer with
two components 4 can be caleulated from:

A= A ol {n

where ) and y; are the mole fractions of the components, and
A and 45 are the area per molecule of the pure components
at the same surface pressure.

The excess area, AE, for a binary monolayer can be ex-
pressed as:

AF= A — Gndi + bl )

where 4|7 is the average area per molecule of the mixed
monolayer. 41, 4] and 4, can be cbtained from the corre-
sponding 7—A4 isotherms.

The interaction between two phospholipid components in
amixed monolayer, at a constant surface pressure 7 and tem-
perature, can be evaluated from the caleulation of the excess
Gibbs energy (G%), which is given by:

g
= [ LG+ ol r ®
0
The Gibbs energy of mixing is given by:
An‘uxG = AmmGld + GE (4)

where the first term, the ideal Gibbs energy of mixing (A,
G‘d), can be calculated from the equation:

AminG = RT(x1Lnx) + x Lo xo) (5)

where R is the universal gas constant and 7'is the temperature.
2.3. Equation of state analysis

For a two-dimensional ideal gas we may write:
wd =kT 6)

where k is the Boltzmann constant and 7 the temperature.

If it is assumed that the phospholipid molecules cannot
be compressed to a zero area, the equation of state can be
expressed [15] as:

wih — Ag) = kT [ih]
or in its linear form:

T4 A

T ®

where o is a factor related to the aggregation between
molecules in the monolayer and 4 is the minimum area per
molecule occupied by the monolayer molecules. A value of
=1 is attributed to the ideal gas monolayer behaviour.

The surface pressure, area and temperature behaviour for
non-ideal phospholipid monolayers have been more accu-
rately represented using other equations of state [16-18].
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Thus, the two-dimensional virial equation of state can be
written as:

TA
*T

where by, &1 and b, are the virial coefficients. The value of
by is attributed to the aggregation state of the film-forming
molecules. When s tends towards zero, the 74 product would
tend towards the A7 value, or a fraction of AT for aggregate
systems [19]. On the other hand, the value of &; provides
information about the exclusion volumes and the interaction
between the molecules in the film. Negative or positive val-
ues indicate attractive or repulsive interactions between the
molecules, respectively. The rest of the virial coefficients are
not significant.

= bg + b7+ byrt? (9)

3. Results and discussion

The surface pressure area (7—4) isotherms of POPE:POPC
mixed monolayers are shown in Fig. 1, at 24.0 £0.2°C for
both pure phospholipids and their mixtures. The monolayer
of POPE exhibited a LC-LC’ transition at 36.0mNm ™! due
to a different ordering of the molecules within the same
physical state. Apparently, the POPE monolayer collapsed
at 50.7mNm L. These features are in agreement with pre-
viously published data [20,21]. Interestingly, a discontinuity
was observed at a surface pressure of 45.5mNm~L. Typi-
cally, the monolayer of pure POPC was always in the LE
phase, showing a collapse pressure of 46 mNm™", also in
agreement with data from other studies [22]. The LC-LC’
transition of POPE gradually disappeared when POPC was
incorporated in the monolayer, and vanished for the mixture
of xpopc=0.6.

The values of excess area (4F) obtained by using
Eq. (2) versus composition at various surface pressures
are shown in Fig. 2. The maximum and minimum abso-
lute values were found at SmNm™ and xpopc=0.2 and
40mNm™! and xpopc = 0.8, respectively. Negative values

504 A
&
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30

n (mN-m™)

o N\
4 )

0 T T T T T T
0,4 0,6 08 1,0 12 14 1,6

Area per molecule (nm?)

Fig. 1. Surface pressure versus area per molecule isotherms of POPE (OJ),
xeore =02 (O), xporc=04 (A), xporc=0.6 (V), xporc=0.8 (<)) and
POPC ().
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Fig. 2. Excess area per molecule as a function of composition for pure and
mixed POPE:POPC monolayers at various surface pressures: (ll) 5, (@) 10,
(&) 15, (¥) 20, (#) 25, (0) 30, (O) 35 and (A) 40 mN'm~".

Table 1
Excess of Gibbs energy of mixing, GF, of POPE:POPC mixtures at different
surface pressures

7 (mNm™) GEfn (KTmol ™)

XPOPC

0.2 04 0.6 0.8
40 —2.74 —2.75 —2.08 —0.23
35 —261 —2.60 —197 —0.22
30 —231 —2.32 —1.76 —0.19
25 —2.02 —2.04 —1.56 —0.17
20 —1.69 —171 —132 —0.15
15 —131 —1.35 —1.04 —0.13
10 —0.90 —0.96 —0.73 —0.08
5 —044 —0.50 —036 —0.02

were found, however, inmost of the compositions and surface
pressures.

The values of GP at different pressures calculated
according to Eq. (3) are listed in Table 1. The highest
absolute values of GP appeared at the highest surface
pressures (40mNm ™). The values of ApxG caleulated
from data in Table 1 using Eqgs. (4) and (5), associated with
changes in xpopc, are shown in Fig. 3. Values of AmxG
were all negative, suggesting that no phase separation occurs

[ 41
~ 1
k]
E -2 o> —
= 3
< % i
G, -3+ sy
x -
: ——
N X S
i ND /
-4 \8
-5 . T T : :
0.0 0.2 0.4 0.6 0.8 1.0
XPOPC

Fig. 3. Variation of the Gibbs energy of mixing with the mole fraction of
POPC at different surface pressures: () 5, (@) 10, (4) 15, (¥) 20, (4) 25,
(0) 30, (O) 35 and (A) 40mNm~ 1.

207




Selected publications

236 O. Doménech et al. / Colloids and Surfaces B. Biointerfaces 41 (2003} 233-238

TA/KT
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Fig. 4. Variation of w4/kT values with surface pressure at different mole

fractions, POPE (O), xrorc =0.2 (O), xrorc =04 (A}, xpopc =0.6 (V),
Xxropc=0.8 () and POPC. (W),

in the mixed monolayers. A minimum value of ApG
was found at xpopc=04 for all surface pressures studied
(5-40mNm~1). As can be observed, the absolute values of
AnpixG increase as surface pressure increases. This can be
explained by the shorter intermolecular distances associated
with high surface pressures [23].

This thermodynamic analysis indicates that the interaction
between POPE and POPC is energetically favourable, show-
ing the greatest stability across a range of surface pressures
for monolayers with ypopc =0.2-0.6. Remarkably, many bi-
ological membranes [2] and compositions used in the recon-
stitution of transmembrane proteins in proteoliposomes con-
tain a high proportion of POPE [24-26].

A plot of wA/kT versus 7 at 24.04+ 0.2 °C is shown in
Fig. 4. This plot indicates that neither Eq. (6) nor Eq. (8)
are fulfilled even when 7 — 0. Alternatively, the well-known
virial equation of state was used (Eq. (9)). The virial coef-
ficients (bo, b1, b2) and correlation coefficients obtained are
listed in Table 2. Since the values of the first virial coefficient
(bo) are lower than 1, two-dimensional phospholipid aggre-
gates could exist at low surface pressures. Thus, in agreement
with the literature [17,19], their aggregation number (1/bg)
can be estimated within the order of tens. This could be re-
lated, at least indirectly, to the existence of laterally structured
lipids (microdomains), also shown in POPE:POPC liposomes
using fluorescence techniques [27].

The values ofthe second virial coefficient, &1, were all pos-
itive (Table 2), indicating that the predominant interactions

present in the monolayer were repulsive. This is in agree-
ment with the earlier work of Stigter and Dill [28]. These
interactions, however, are slightly more repulsive for POPC
than POPE. This observation can be understood taking in
consideration: (i) that the van der Waals forces between the
acyl chains should be higher for POPE than for POPC be-
cause the PE headgroup is smaller than PC [29]; and (ii) that
the ethanolamine group is less hydrophobic than the choline
group which results in a different orientation of each head-
group [30]. Also, the ions and water molecules beneath the
monolayer may reduce the electrostatic repulsion [31], and
particularly the ability of POPE to form hydrogen bonds.
Thus, while POPE could form hydrogen bonds with water
and other molecules, POPC cammot [30,32].

The values of &; for POPE and POPC (Table 2) are
higher than those reported for DSPE and DSPC, 0.127 and
0.158, respectively [17] and, similarly to what we reported
here, are related with negative values of G¥ [33]. DSPE and
DSPC are homophospholipids with 18C saturated chains and
higher enthalpies and transition temperatures than POPE and
POPC [9,34]. Possibly, the electrostatic repulsion between
the headgroups may be more efficiently counterbalanced
by the attractive hydrophobic interactions of the stearoyl
chains [35].

For an evaluation of the nature of the interaction between
two molecules in a mixed monolayer the following equation
can be used [36]:

b = B0 + (Bax2® + 20bD1x112 (10)

where (b1); and (b ) are the second virial coefficients of the
pure components 1 (POPE) and 2 (POPC), respectively, and
(b1)12 is the second virial coefficient due to interactions be-
tween both components. The obtained values of (&1 );2, shown
in Table 2, are positive, confirming the existence of repulsive
interactions between POPC and POPE. Nevertheless, these
values are lower than the mean value of the individual sec-
ond virial coefficients [36], that is [(b1)1 + (D2)2))/2=0.254,
indicating a less repulsive interaction between molecules of
POPE and POPC in the mixture than between molecules in
the pure components. The fact that a unique value of (b1)12
is not obtained indicates that other interactions are present,
probably involving the subphase. The zwitterionic nature of
the phospholipids and the ability of PE to form hydrogen
bonds [32] suggest that interactions exist between the phos-
pholipids at the interface and the water molecules and ions

Table 2
Virial ¢oefficients and correlation coefficient from the fitting of the values shown in Fig. 4
XPOPC

0 0.2 0.4 0.6 0.8 1
by 0.093 0.089 0.093 0.112 0.141 0.168
by (mmN"") 0.243 0.210 0.215 0.228 0.259 0.265
b, (m?>mN~2) —0.0024 —0.0019 —0.0019 —0.0020 —0.0025 —0.0025
r 0.9996 0.9996 0.9995 0.9995 0.9995 0.9992
(b1)12 (mmN~1) - 0.137 0.177 0.195 0.249 -
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of the subphase [28,32]. This would explain the increased
contribution of the subphase at lower ypopc.

Water can form hydrogen bonds with PE and with itself,
leading to some sort of bi-dimensional network around the
PE heads [37]. Since PC does not form hydrogen bonds, the
introduction of PC into the film interferes with the hydrogen-
bonding network [3] and permits a more favourable interac-
tion between the tails of the molecules. The breakdown of
the hydrogen bonding leads to an effective decrease in the
mean area per molecule, as can be observed in the isotherms
(see Fig. 1). The dynamics of hydrogen bonds between water
molecules and micelles, lipid vesicles, bilayers or proteins
[38] is slower; that is, the lifetime of the hydrogen bond be-
tween the polar groups of the molecules ofthese systems and
awater molecule is much longer than that between two water
molecules. This implies that the molecules of PE in the film
are more static than those of PC, and consequently the attrac-
tive interactions between hydrocarbon chains could be less
favourable. These observations are in agreement with the dif-
ferences between PC and PE headgroups reported elsewhere
[30].

The network breakdown described above leads to an in-
crease in entropy, which contributes to a decrease in the ex-
cess of Gibbs energy (Table 1). It should be pointed out that
the described behaviour occurs when PE and PC are in the
low condensed state. At high surface pressures, when PE is
in the more condensed state, the behaviour is different, as can
be seen in Fig. 2 for a surface pressure of 40mNm ™.

If the value (b1)12=[(d1)1 +(b2)2))/2 is introduced in Eq.
(10), the following expression for (&1 )m, that we represent as
(bl)iﬂ by similarity with Eq. (1), can be obtained:

B = (b + Gz (1
We can predict that ideal behaviour will be observed in the

case of either an ideal mixture or when the components are
immiscible. Also, by similarity with Eq. (2), we can define:

B1E = BDm — B — Gihxz (12)

0,01
0,004 S
0,014
-0,02-

-0,03 /

-0,04

E -1
b~ (mmN’)

-0,05-7 T T T T T
0,0 0,2 0,4 0,6 0.8 1,0

X popc

Fig. 5. Values of the parameter b1 ® as a function of composition.

The values of (b1)E, which are negative, are shown in
Fig. 5, and indicate that less repulsive interactions are present
in the mixture (this behaviour can be also infered by inspec-
tion of Fig. 2). In contrast, at high xpopc (=0.8) the mixture
shows a (b1)F value of practically zero, indicating either that
the mixture tends to an ideal behaviour or that the compo-
nents are practically immiscible or seggregated [27]. This
behaviour is in agreement with the results shown in Fig. 2
and Table 1.

4. Conclusions

The most stable composition for the mixed monolayers,
minimum values of GE and A ix &, was found at ypope = 0.4
Therefore, the POPE:POPC (0.6:0.4, mol/mol) monolayer
would be one of the most appropriate phospholipid matrix
for use in the analysis of biological membranes, in particular
for membrane protein insertion [8,39].

The fitting of a virial equation of state to the experimen-
tal values shows positive values for the second virial coeffi-
cient, b1, and indicating repulsive interactions. Additionally,
the (b1)12 coeflicient indicates less repulsive interactions in
the mixture than in the pure components, especially for low
POPC compositions. The properties of the mixtures may be
explained by the ability of PE to form hydrogen bonds with
the water beneath the monolayer, and the possibility that PC
could break them.

5. Future directions

Taking the collapse pressures of the single monolayers
as 50.7 and 46mNm ™! for the POPE and the POPC mono-
layer, respectively, the mixed monolayers will be miscible at
xpopc = 0.2 and 0.4 (different collapse pressure) and immis-
cible at ypopc = 0.6 and 0.8 (similar collapse pressure). Con-
trarily, taking the collapse pressure of POPE as45.5mNm™!,
all mixed monolayers would become immiscible.

The nature of the discontinuity at 45.5mNm™! for the
POPE monolyer requires further investigation. Atomic force
microcopy of Langmuir—Blodgett monolayers could provide
detailed information on the nanostructure of this monlayer
(work in progress).
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Abstract

Cardiolipin {(CL) is a phospholipid found in the energy-transducing membranes of bacteria and mitochondria and it is thought to be
mvolved m relevant biological processes as apeptosis. In this work, the mixing properties of CL and 1-palmitoyl-2-cleoyl-sx-glycero-3-
phosphoceline {POPC) and 1-palmitoyl-2-olecyl-si-glycero-3-phosphoethanolamine {(POPE) at the air—water interface, have been examined
using the themmodynamic framework analysis of compression isotherms. Accordingly, the values of the Gibbs energy of mixing, the more
stable monolayers assayed were: POPC:CL {0.6:0.4, molmol) and POPE:CL (0.8:0.2, molimol). The results reflect that attractive forces are the
greatest contributors to the total interaction m these compositions. Supported planar bilayers {SPBs) with such compositions were cxamined
using atomic force microscopy (AFM) at different temperatures. With the POPC:CL mixture, rounded and featureless SPBEs were obtained at 4
“C and 24 °C. In contrast, the extension of the POPE:CL mixture revealed the existence of different lipid domains at 24 °C and 37 *C. Three
lipid domains coexisted which can be distmguished by measuring the step height difference between the uncovered mica and the bilayer. While
the low and intermediate domains were temperature dependent. the high domain was composition dependent. When cytochrome ¢ {cyt ) was
myected inte the fluid cell, the protein shewed a preferential adscrption onto the high domain of the POPC.CL. These results suggest that the

high demamn is mamly formed by CL.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Monolayers; Supported planar bilayers; Atomic force microscopy

1. Introduction

The three major components comprising the mitochondrial
imner membrane of eukaryotic cells are phosphatidylcholing
(PC, 40% in weight), phosphatidylethanolamine (PE, 40%),
and cardiolipin (CL, 20%) [1]. Natwally occwring phospho-
lipids include mixed acyl chains, one saturated (at the sm-1
position) and the other unsaturated (at the sm-2 position)
linked to the glycerol backbone, which is nommally in a fluid
state under physiological conditions [2]. Such is the case
with  1-palmitoyl-2-oleoyl-sr-glycero-3-phosphoethanolamine

* Comesponding author. Departament de Fisicoguimica, U.B. 08028-Barce-
lona, Spain.
E-mail address: jordihemandezborrelli@ub._edu (J. Hemandez-Borrell).

0005-2736/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 101016/ bbamem.2006.02.008

(POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC), whose mixing properties at the interface have
been previously reported [3]. Our interest in these particular
species stems fom our finding that transmembrane protein
reconstinition in proteoliposomes was highly dependent upon
the presence of phospholipids with low gel-to-liquid
crystalline phase transition temperatures (7.,) [4,5]. More-
over, the physiological activity of many transmembrane
proteins is dependent upon the ability of phospholipids, such
as PE, to establish intermolecular hydrogen bonding [6,7].
‘While neutral phospholipid matrices (i.e., POPC) are widely
used in biophysical studies [8,9], mixtures with POPE or
anionic phospholipids [10] that establish hydrogen bonds at
the protein-membrane interface should be used to mimic
standard physiological conditions. For these purposes, one
effective phospholipid is CL, which is a doubly negatively-
charged four-tailed phospholipid, and the most unsaturated
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lepid frund ot only 0 meochesdoa [11], and in bacterial
meminunes, for which few stedies on itz iMemctions with
odher phospholipid species are available [12]. On the ofer
haned, the proportion of CL in the inner membmne of
mitochendiia 8 quie vaiable, ranging fiom 3 0 9 ol
depending on the evolubion steee [13). Signdficamly, CL s
eogentind fir fundemmental procesies that occur of the immer
mitochendrsl membranes, swch as ATP syvnthesiz, ADPATPE
manslocation, o electron wansport. Furthermione, meny imes
meminne protems and nansponers (ie, cyochmome o (oyt
cl)., inmterzmet sebectively with CL a8 their acivily depends on
its presemce [14,15]. In porticolar, it has been rq:u:mud thut
clecivon manspoit theough eytochrome ¢ oxdass requires at
least 3 or 4 molecubst of CL to be available within the
neightating, phosphelipid matm [16]

The boss of CL from the mner membrane of mitochondis
b been related to severnl pathodogic conditions such as
ischemia [17.18] and aging [19.20]. Morcover, it has been
sugpedted that the celesse of oyt o from the mnes
mitechondoal mernbrine during apopaesis miy be nelated w0
ur dependent apon levels of CL [21], Thus, althoogh several
samfies [22,23] have essablished e comial mle of mitchon-
drinl lipsds during cell deah, it remoins wnclear why CL
appears 0 be so fondamental 1o the overall procsss. Henee,
an mvestigaton of the mising properties of CL with ather
major companents of the inner m#ochondrial membrane (PE
wd PO will peorvicle valuable infarmation on the natuze of
their intemctions and their possible implications for processes
of blogical inneres.

Here, we examine the minmg properies of two bisuy
systems, POPCLCL and POPECL, ot the am—vwater mierfice
wsing a thermodsremic famework amalysis of comgression

isoothemmes. Mareover, we hisve stdied the bilayer sructone by
atomic ferce microscopy (AFM), which i m effective
technigue for obiaining infermation on phospholipid domains
[24,25] mnder biomimetic conditions. The occuence of
laterally segregated lipid regions is iponane, considering thar
lipid domains might play a role in the mserion of protems
[140,26), Heénce, to eximine them in oo own phospholimd
madrices, we used AFM to characterme suppored plana
balers {5PRs ) of thise POPCCL and POPE:CL compasiims
thest were pudged, based on & thermodynamic swdy, o be the
st stabde.

I Materisls and methods
LI Lanpmmly weouph

200, Prpavation of Spil emalans

FOFC {1-pammitond-2-oleoyivm glycere-d-phosphncholine), FOFE (-
palmitod 2 soleoylse ghvceno 5 phoapdnedianolaeme), md €L (Carcholi-
), epecifed s 90% pome, wene purchased Som Aaans Polar Ligids
{Alahases, AL, USA) sl vsed withour Wsthes purificnion. Home Lzt
eyvlochmome ¢ ves mechasd fom Signma Chesical Co, Macnd, Spain)
The bulfer bemeath dhe morokivers wis S0 Tris—HCL busler (M 7.50)
cohining 15mbd WoCl, propared @ Ultrrpurs watwr (Male 0% povorss
ki apsiem, (A AMOem resbivig sl Eersd with o KEasam
syelemy (450nm pore  dizssberp before use The preparsion of ihe
momclmyers was perfommed inoa 302 DMC Lergmuir-Bledges roggh
monmafactanl by WA Techoology Lbi {Coveniry, Enghmdh The tromgh
Jomd ares; 137enr] was plced on 8 vimbico-dsolated table (Mewpor,
Irvime. CA. USAF sl endosed @ an mvimomentl - chamber. The
resolution of sdfbce preteore megsement wis £0.1mN m b oo all
sy [ ] : il d ot 24002 50 via aiz exiesl
circulamng waier tedh Pefoee each experiment, the troagh was vashed with
] riresd, i phiy with punfisd waser, The cdeanliness. of the
tmugh and suhphase was ensired before 2ack nm by oveling the full mage ofthe

05 1.0 15
Area per molecules (mm)

a0

25 3.0 35 4.0 45

Pip- 1. Sorfios pressure verss area Ter moleowe sciemes of (C BOPC 09 e =02 (A1 i =10, (%5 o =008, (71 e =08, and @ L. et Pooess aren per
mabecsle ey Emcsion of coempoeation e POPC-CL mieed] mumolyyes o vanims mrfces prossoes: () S, 08 10, (&) 15, 0% B0, 000 25, {060 30, 040035, (%75 4mbm )
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Fig.2. Variation of the Gibbs energy of mixing for the POPC:Cl system with the mole fraction of CL at different surface pressures: (H) 5, (@) 10, (4) 15, (%) 20, (O)

25, (0) 30, (A) 35, (V) 40mN'm '

trough area and aspirating the air-water surface, while at the minimal surface
area, to zero surface pressure.

The lipids were dissolved in chloroform—methanol (3:1, v/v) to a final
concentration of 1mg-mL . The corresponding aliquot of lipid was spread onto
the surface of the subphase solution with a Hamilton microsyringe. A 15-min
period was required to allow the solvent to evaporate before the experiment was
begun. The compression barrier speed, calculated to the final surface pressure,
was Scm’min 1. Every n-4 isotherm was repeated three times minimum, with
the isotherms showing satisfactory reproducibility.

2.1.2. Isotherm analysis
The area per molecule of an ideal mixed monolayer of two components can
be calculated as follows:

A= di 4 n

where A% is the area per molecule of the mixed monolayer and y;, A4,
and x,, 4, are the molar fractions and the area per molecule of the pure
component 1 and 2, respectively.

50 1

40 -

0 T T T T
05 1.0 1.5 2.0

T T T T T T T

T
25 3.0

Area per molecule (nm?)

Fig. 3. Surface pressure versus area per molecule isotherms of () POPE, (O) 3cr.=0.2, (A) xcr=04, (V) xcr=0.6, (<) xc=0.8, and (I>) CL. Inset: excess
area per molecule as a function of composition for POPE:CL mixed monolayers at various surfaces pressures: (H) 5, (@) 10, (A) 15, (¥) 20, (OJ) 25, (O) 30,

(A) 35, (V) 40mNm .

213



Selected publications

Pt

Arize G (ledrminl™")

1.0

Fig 4. Wesiatlo: of Se Gibbs snsngy ol missg o e POFE CL aysiess well the mob: fiacthon of CL an lerein suslios presines (W55, (8} 10, (&) 15, (%) 10,00

2 D030, o 58, T A mMeom |

The excess area, &, for & hinary moTelaver oan be expressed as folloos:

A= diy - (5 + ) {2
where 43 s the aren per molecake of the mixed mamokiver,

The inkracsos betwesn two phosphofipid conponents in 2 mixed
moualaves. al sITENT 7 amd , @=m be
evaliainl S he caleulasion of e eseess s susgy (0L whack [

oo by

& =£ [az — {xpdy + 2o ) e {3}
Tha: Gilsirs emempy o mixisg B given by
Al = A ™ O {4

whene e Seat torms the desd (ehbis energy of mixing (4, %1, con be
caleulied Som (e mpuation

B BTy Log, + g lag, )

whem & iz the universil gas comstant anc T is the tomparsdes
22 Bupporied Bilaver solios

didid, Proparanion of fposmer
The meibod for oolaming lposomes Bas beem previousty desoribed
[25], Bneilly, Bpids were dessoleed m chlomfoms mehomel (30, wivk and
e 83 bt the dessser composimon in & corscal tube. The sobvent ws
wvaporied mde o stremn of nitogen. The liped film wis mambained oocer
redied pressare for af beas 2k, The resuliing film was ndmted @ SUmabd
Tre-HCL, 150mbdd MaCl, pi 740 i 2 sl conceraraion of 20k To
olimn mmilimeller vesicles, e kymied lipedk were exsuded 00 fmes
theoigh two polvestosse Thes {4000 poes dlne Nodespore, CA, USA)
with im extruder device obi d froms Lipes B brarses (Vimcomver, B,
Carewlal The sive and pohdispersty of mch prepapSon e guomilored
systemesically by quasi-claste lipht saSeing usag s Auosizer e photon
lation  specmopk Malvern | , UKL A domsiasr
ek was mypically ohserved mdicating ihe peesence of —3liom skoed
pertices
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nnmisal sing conshit ol 008N L The inssnens was exjuippend with a 1"
scmmer | Hipm) and #e Tapping mode Buid ool was exberseely nashed with
eitamol asd water before cach experoment Mice sqrans 0l e, from
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el on i sleal dise. Sl Iy, SOl of K were specal 0a e
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eoacerazat of € . The b defferemos betwsen the baating denisit o the
pirro-scanner ard gie surfice of the sample is seeomd 3 -5 B Ras been sven
expermenially that the difference bevwem fhe temperatoe of ihe beating
element and the mic maface gmommch 7p o o 25%, =0 e el lemgesiune of
the mmpls wis d with & th ple (Cinde Primey Senmnosoopoe
IEermomseier EW-H1100-20 DigiSense, Resbumon 0] "G, Ascimcy =015
provided with Omwega Prevision. Fine Wire Themmooomsles). A doell nmee of
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eliznod afler movciamy he wopsaune. Hnagess wess nodonled i o eorsaai)-
fioroe Toode md in ligmd. The set poin was comsmuoushy adjusted duning the
tinaglig 9 isliiinie R foce applisd. Prlol o lneging e anpl, e lip-
sample pairwas tremmal by sabdred . All the mmages were processed nemp Diprhl
IRsirosients soffawe

3. Results and discussion
35 Langmuir trough

Lipid memolayers fomed ar the ar-water imerface consti-
tube a wversatile membrane model w0 investipate the interactions
and phiysicochemical properties of their compenents. Thus, the
maxing properties of CLowith the two mugor phosphalipids
compoments of the imey mochondnnl membone (POPC and
POPE) may be related to, or mfluence the inleraction =
activity of, some relevant prodens (Le., oyl ch

The surfnce pressuse-rea {1-4) Botherms of the pue
phospholipkds and POPC:CL mixed motolayets are showm
i Fig 1. At the temperatune of these expeciments (24.0+0.2
2C), all mmolnyu:’s exhibifed n Ei..pl';d-mcpunﬂm:l {LE}
phase " Collspse pressare values §m) of the POPCICL
mizesd nnm:l':n:,-l.'r.s fell within the wvalues of ithe pure
componems, +6mN m ' oand 3 0mN m ' fr POPC ansd

! The feaoses of the pure POFE and PO monoleyvers ond the mberoiion o
mized mmokmyvers have teen dismsed in a peevinus paper (3],

CL respectively, followmng o linewr relabonship. These resali
are consistend with those repcu:r:ﬁ elspwhere [12] and con be
imerpireted aceosding (o the Gibbs phase male &g an indication
of coanplese miscibility between POPC and CL a8 the sur-
waser interface.

The miscibilay of POPC and CL, however, can be further
evaluzted by Uiy E|.|. (RN |.'a||.'ul:|hng the excess area per
miolecule (A%} As can be seen in the inset of Fig. 1, the values of
A" were negative far all compositions amnd surfece poessunes, The
Wiimnan |_'-:|:|31i'.-'c wvalues were ohserved i e =4, These
resulis reflect the existence of aneactive forcss berween POPC
ancd CL, whose exact nafore 15 difficult te sscertain based only on
thermodynamic anabvsi. Indeed, it 4" is evaluated a0 high
propartions of CL (3o 2= 008, s valoes appeoach o, This,
Beturcior, at this lms, would eflect the relitive menense of the
repulsive forces due io mereasing encounters of CL molecules st
the interface. However, proportions of POPC as low as 3%
would redace the fiequency of auch encoarers, allowing the
mraolayer to become stable. For a more seoussie imerpeetation,
the vabis of Ao (7 calculated accocding w0 Eg. {4) and
exspcinied with r.hm:-g:._-s N ¥eq, WE Sown in 1'ig. 2, Ascon be
seett, Ay dF values were all negative, suggesting that o phase
sepnrntion soours o the mied manoloyers. In concordance weith
the values given in the inser of Fig. 1, the minimum value
aeorred at yey =4 for all surfaee presunes studied. Hence, we
can conclede that fhis |mnn'|||.:,lr:|' is, in compamnsen with the
olfuers, the mave sable. It 18 worth noting, however, that the
weelier pat iy wiis hagher m CL them the noturably DT malinr
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ratse found in the maschondria mmer membrane (e =023 [1].
Orar resubts are similar to those foand for the epp PCCL system
(12], whech underlines the fact that neotral speces have a
defmite imfluence on CL mixing moperties, distibtion, and
ultimasely on the potential formation of domains. hviously, the
presence of otver phospholipids soch as PE will resali in sub-
stimtinl changes in the PC:CL molar ratso. To evahese such an
influence, the binary mixiae of PE and CL was alsa
irvesteraticn.

The surfice pressure-mes (m-A) isothenms of POPE.CL
mmixed monolayers are shown in Fig. 3 at 24+0.2 °C for both
phospholipids mnd their mixtures, The fentures of the PFOPE
moneokyer, mainly its eollapse at 30 7mN m " and the nare of
the rypical LC-LC phase wansition [27], have been previeashy
discussed [3]. OF note, the POPE monoloyer oside, surisce
collapse pressore valwes decvessed gradually by mcreasing the
mirlier fraction of CL. According to the Gibbs phose mbe, ths
indicates thet the mixed monolnyers are miscible ot 4 =0T,
Beginning with this lowest propastion of CL, the LO-LC phase
wmnsition hecomes. abolished {Fig. 31

The vahws of AF versas the molsr fraction of CL s
different surfhes presgures are shown i the inget of Fig 3. As
can be seen ot xeg = 08, the vihes of 4% were positive and
decrensed when sufuce pressure increased. The excess aveas
wend negative B pepcDE and up to om=3lmMN o om :
suggesting that attractive forces are the greafest contribudor
o the total interaction. ndeed, thes 1% quite conceivable basex
o the tendency of POPE o form hydrogen bonds [28]. Om
ihe other hand, repalsive forces would predomdinae at high
mile fractions of CL {>80°0), a8 mulcated by the posibve
valies of 4" ohained. This behavior, also ohserved ot bow
mele Bactions of CL (20-40%0 ar 40m™ m ", most Lkely
rewlts from the negative chirge cimed by CL. [k 15 wosth
noting that the suwface chorge density increases with
increasing  surface pressore, which resuli in increased
repalsion between CL mwdecules. Remarkably, except fior
the vahies caleolsted m 4bmi m ', A% displaved opposite
behivioral temdencies. As can be inferred from the d4%ide
values, repalsve forces would predominge as the surfsce
preasuse mereased, while arractive feees would predominate
as surface pressures decrensed.

Fip. 4 shows the Gibbs energy resuliing fivm mixing the
POPE:CL binary systen atdifferent surfius pressires. As can be
seem, ot high CL mwlar finctions (e = 0.8) the monolayers
become less stable and repuliive forees arise. As discussed
abervie for AT witlwes, this bebavios woubd result From the negative
electic charge carmied by CL malecules. The mors themmody-
mamiically stable composition oocurs at zep =0.2 aver the moge
of surfice pressures stihied, At such o composition, the

Lahle ©
Heighin andl pocghiness {80 a8 w0 sempentores of e SPE: of POPCCL

o 0.0 A
L
.4 op
0
0.0
-

= €]
0 FE T Bciien i o0 P AT
-g'¢ La.w bl

Bz 7. 1A) Topopraphic image of an 5FE of POPECL (0,802, molmol) af
24 *C Buffer (pH 7400 S0mtd Tns-HCL and 150md) WaCl (B Heigh
profie anabysis slomp the white line shoem @ ped 4

aractive forces in the system would be higher than in the
other compositions. This POPECL molar vatio aoineikles with
the progertion of those conpanents foamd in e mitochomdial
maner memheane,

Faie @ gguantitativie pustification of the interaction between PC,
PE and CL, G5 vnlues can be caleulnted fiom Eg, (45, Toking fior
msrance the mobelsyer at MmN m " (Fig 3), 8 beoomes clear
that the POPC:CL system = mose stable than the POPECL
ayatern. [ is also eviden that the veplacement of the PC by PE
gtoup changes the character of the interaction fom stractive o
vepuliive it gy 2 (LE,

3.2 AFM iy D.f:ulr.l,nm.:\.l' P'Jamnr talapers rSP.E':.J

[x is well knoeam that the phospholipid compositen of ceriain
beodogeeal membranes, contain high propations of PE and CL.
SPBg, formed fiom simple extensions of lipossmes onfo

Thbie 2
Height and mugghmess {8, ol the ten Ssnpesdres of the bpid domains m ihe
Pl of BOPECL e 80003, molmol presested m Fig. 74 ad B

(0404, molmed) presersed in Fig. 54 and © Ii;r;:jnm e ik

E‘;‘; il T4 T2t o h {mm #y Anmip B {nmp B,y (v
Exighs b {in} &, {nm} T {reinf R, {pn) t'”' ) ‘I;f:‘? ::; :Efﬂf E::
i lipid domains SAMLD 1R 13 45140 | f .17 High ﬁﬁ:':-; ﬂ.ld t‘wt'l.'l 7 '1:1:'1
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comvement surfices [ 29| have been asceptied as suitabile models
fior srl_:ﬂ:,-'inl_l the m;u:._g_mphic charncteristics of bilnyers,
Althoagh comparisons of monolayers and bilayers can be
condentiones, it B ﬂr.u{:plmi fhirt ihe surfnce pressare of the
biological membeanes is abowt 300 m ' [30) Thus, dhe most
stable monolayers at this pressure (Fig. 3} were taken o form
SPHs with the same compositiun,

Charsetertzation of the S5PBs fomed frem POPC:CL
Ii|um|1-',p,:ﬁ wis curied out a2 4 %0 and 24 90, nght ami aiborve
the phnse transition temperature {1, } of the micune m solution,
Oy tie other hand the characterization of fthe SFBs formed from
POPEALCE. Ei|1m:qn'p:i was ciuried ol at 24 °C qnd 37 20, aihove
the Ty MNevenheless, the use of T, here is merely indicaive,
because i has been shown thi the suppotmz materal has 2
definite effect on the |1l'|.'|5|e transition of each _-.1-'11.:|5;phr||i|_1id
ixture [311],

By sprencing liposomes foomed with the POPC:CL (6o 4,
mal:mel) phospholipid matrix onte mica, munded  and
featureless SFBs wene obtiined, ot 4 °C (Fig, 6A) and 24 °C
{Fig. 6C). As supgested by the thermodynamic onelysis
perfonned above, kteral separations were b observed. The
bilayers” thicknesses, calculated from cross-sechomal analysis
{Fig. 6B and I, respectively), decreased as the visualization
temperture increased, while the oughoess (8,) valoes wene
very similng (Table T

A topographic image of am SPB finmed with the POPE:CL
{0,2:4012, molamol ) |1|1|sus;|h;lrpid madri athove the Ty of the

mixture is shown in Fig, 7. The POPE:CL (0.8:0.2, mol:mel)
syslem covers mote subsiate than the POPC.CL (g0 4, mol:
med) for the same extension bmee. The diferences n the
spreading behavior between POPE:CL and POPC: CL prepara-
tions could be nelated with: (i) the propensity of POPE and OL

the T, foi s POPCCL aad POPE CL s sl e e AFM ex e
were established o 4 *Cand 22 47 funpblisted ThA-DFH and DFH seady
stale aalsotropy expesimenis)

0 boarm nom-Laimellar phases [32]; and {u) the ditterent bydmdion
degrees of PO and PE [33,24],

The ihickmness, obtained by measaring the step height in Fig.
TH beraeen the uncoversd micn {darkest region in Fig. 7A ) ansd
ihe layer, was cstablished m 5.1 0.2 nm {n=350) with a e /.
valwe of 0. 16mm {n=30) {Table ). Imerescingly, lipid domaing
agnm:u'ﬂ:l, winch Gan ht_-1!||.l_;l||sg'.|as!|m,| by abifferences mihe colar
seale. This obasrvation 18 in concdadance with CL domains
revembed m neurad membemes wsing fuocescent probes [35] anst
recent AFM ohservations [ 36], From Fig. 7B, two lipid domains
were viesalized with a difference ;o height of 1.5=02nm
{n=5). Similar values have been reponted for interdpmain
differences with other phospholipids systems [24,57]. Interest-
imely, close inspection of high-reselubion imeges in the sune
anen revenled the existence of two diffierent lipid subdomeing
{Fig. BAK i thi lower domarn of Fre. TAL At this time, three Lpid

RO e

Feg, 0. Topogrugrtic brage of o SPE of POPE:CL (0.8:0.2, ssolimalh 6 24 70
Buffer {pbl Ta0r SimM Tris-HO8 and 1 50mM NaClafer m s igection of
ot e (Ll
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domains coexisted: low, intermediate and high (Table 2).
Although the differences in height between the low and
intermediate domains were small, they were always reproduc-
ible and much lower than the high domain. The differences
between the low and the intermediate domains conld result from
a difference in tilt of the species, asymmetric distribution of the
species, or alternatively, because of the formation of non-
lamellar phases [38]. To investigate the nature of each lipid
domain, the temperature of the sample was changed. AFM
images taken at 37 °C (Fig. 8B) show that the low domain (white
arrow) spreads, occupying a larger area than at 24 °C (Fig. 84),
while the intermediate domain (black arrow) is restricted to a
minor area. Strikingly, while the low and intermediate domains
were temperatnre-dependent the higher domain remained
unaltered in height and extension when the observation
temperature was increased. This behavior could result because
of CL is present in just one leaflet in these regions, which could
in tiurn be related with the uncoupling transition of top and distal
monolayers of the SPBs [31].

These observations suggest that CL might be laterally
segregated from POPE. At this point, we presume that the
highest lipid domain could be mainly enriched in CL, based
in the fact that its extension is 17% of the total area of the
SPB and is consistent with the nominal composition of the
liposomes used to form these SPBs. In agreement with this
interpretation, we have observed (data not shown) that the
area increases as the proportion of CL in the binary mixture
increases. On the other hand, this behavior compares well
with the domains observed in SPBs of POPE:POPG [10].
Cantion, however, should be taken with this interpretation
taking into account the impossibility of assigning these
domains to a particular phospholipid species. On the other
hand, thermodynamic analysis of POPE:CL monolayers
suggests that some sort of miscibility exists between both
phospholipids. Hence, it is possible that the low and
intermediate domains could result from a different POPE
enrichment in CL than in the high domain.

To explore the surface charge exposed by each domain, cytc
(positively charged at this pH) [39] was injected into the fluid
cell where SPBs similar to that shown in Fig. 7A were
previously formed. In agreement with other works [40], protein
molecules were not topographically visible onto the SPBs
interface (Fig. 9). Importantly, there was a remarkable increase,
from 0.13 {Table 2) to 0.29, in the R, value of the high domain
while the low domain remain wnaffected. These observations
strongly suggest that the high domain is mainly formed by CL
[12]. This observation is in agreement with results elsewhere
published [41] where it has been shown that cyt ¢ adsorbs
preferentially at anionic bilayer-buffer interfaces.

It is well known that CL is functionally relevant for the
energy transduction process based on evidence that it facilitates
the binding of eyt ¢ to eyt ¢ oxidase. There are cwrently three
proposed models to explain the effects of CL on ¢yt ¢ oxidase
[42]. One of these proposed models is based on the fact that CL
may increase the surface concentration of cyt ¢ close to the
respiratory chain. Thus, the interaction of cyt ¢ with the SPBs
showed here will be of relevance for a filller understanding of

clectron-transfer processes, as well as for greater insight into
apoptosis when the matrix where the proteins are located is
modified. Work is cwrently underway in our laboratory to
demonstrate these points.
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Ahstract

In this work the presence of nveried hexagonal phases Hg of | spalmitoy-2-obeoyl-mmglyosm:3-phosphosthano kimine (POPE) and cantiolipin
(CL) 0802, molmol) in the presence of Ca™ were observed via ™ P-NME spectroscopy. When suspensions of the same composition were
extended into mica, Hy phases tramsformed into structures which Ffrabores ane those ol supported planar bilayes (SPHs). When chancterized by
atomie Force microscopy (AFM), the SPHs revealad the existence of mwo Esterally segregaied domaing (the inendonmain height being ~1 mm),
Cytochrme ¢ {eyt ¢, which binds preferentially 1o acadic phosphalipids ke CL, was used to demonstrate the nabore of the domoms. Wee used -
anikinonaplialen-8-sulfimate (ANS | 1o demonsimte that in the presence of oyt o, the flsorescence of ANS decreased significantly in lamellar phises.
Comversely, the ANS binding 10 Hy phases was negligible. When e ¢ was injected intr AFM fui] imaging cells, whene SPBs of POPE-CL had
previmsly fommed poorly defined structures, protein aggregates (~ 100 nm dismeter) were cstensibly observed anly on the upper domains, which
suggests mot oaly that they are mainky fommed by CL, bt aleo provides evidence of bilayer foomation from Hy phases. Furthermaone, o model for the
nanostructure of the 5PHs is horein proposed
© 2006 Elsevier BV All riphts reserved

Fywands: Liposome, Sepported phaar bilyers (SPBak, Henagonal phose (B, *P-NMR: ANS 11

L ML Oy Gyt el

1. Introduction SPHs represent an adequate model for mvestigating membrse

propenies such & phospholipis dommns, protem insertion, and

It is well known that phosphatidylethanolamines (PEs) and
cardiohpin (CL), among other phospholipsds, can adopd imverted
hexagonal phases Hy in suspension wnder specilic conditions
[1]. Howewver, the predominance of these kisds of phospholipids
in the mitochondrn or in the Ercherichia coli cytoplasmic
membrane does not result in bexagonal but in bilayer stnectures
[2.3). Om the other hand, the formaton of supporied planar
biluyers (SPBs) [4] from liposomes has emerged a5 an
approprste miodel to investigage the physicochemical propertics
of bomembmnes by means of aomic force mcroscopy (AFML

* Cosrexponaling auttor. De; &F Fuusutal de Fasmacs
LB, 08005, Spam

E-mail addrezy: prihbemandebome@ieh adu {1, HemanderHond]

(HHS-27 50« see fromd matier © 2006 Elsevier BV, A nphis resarved.
i B0 100 ). e 200606012

processes like cell adhesion of inleractions of active molecules
under hiomemetical condstsons [3,5-8]. SPB4 are currently
obtained by the so-called vesicle-fusion technique [%], which
conaists on the deposition of liposomes onto a conveniend solid
support and the Ingter's mnsformation méo o planar bilayer ufter
rupfure and spreadieg [4,5.10,11]. In fact, an intrigumg question
i5 whether SPBs could be obinined from preparations of
phospholipids in non-lamellor phises.

OF particalar imterest ane the mixtures of PE and CL, de (o their
mplicaors m many hicenergetic processes [12]. Alihough the
ocourmence of norlamellar phases m vive 15 doubafid, o is
notewarty thet when ctochrome (cyt o), pramsirdy associbe with
L, & is relessed from the mitochondrin at the onset of apopiosis [13],
Muoneover, it has been dermonstrted that e redese mochism
ilepremcs on thes presenos af Ca™™ [14]. 16 & not knivam, hosvever, hiv
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Fig. 1. Sold-simie "P-MMR specim at 35 “C comesonding w0 POPECL
{IEAL L maolamad)] dapendons n w From S0 -mPd Tris—HCL pl 7500 150 mbd
Hall bl {dmbed ling), and in 200 mh Cally sdeded bl (consmuoms lineh
Spevtns were aormaleed m e e Eegghe All chanical il values ase guotsl
in ppm wiih refesence o exienmad B3% phosphonc acid @ W0 2 o wiemnce
{0 pam L. poaitive valoes refemeg 1o low-geld shifis

phospladipad phases might provide the sdequase poerfacial srocture
for oyt o bmding under sisch condnsoms.

W hinve ghowmn thit SPR2 cim be fommed from hipisomesof 1-
palmitoyl-2-nleay bsn-glycero-3-phosphocthanolamine (FOPE)

O Plomdruch ot al | Biockiveice er Bloplrica dera [P63 (3007 Jid- 16 (o]}

and CL {0L8:40.2) mol'med [15]. On the other haswl, it is worth
noting that such lposemes are nomnally incubsted m the
presence of divalem cations when the suspensions are depos itad
oo mica. As discussed elsewhere 5,100, Co™ and Mg ions
appear w Ecilitae the extension and fasion of liposomes ono
thee negatively charge bome by the mica. Theredors, the existence
of non-lamellor phases, albeit m two danensions, should be
considered,

In this regord, the main purposes of thes shady ane 10
mvestignte whether: (i) 5PBs of POPE-CL (0L8:0.2, mlmaol)
could be effectively formed from Hyy suspensions of the same
compasition; and (1) if lamelker or Hy, phases may bind eyt o
By combining our AFM ebscrvations of SPBs and banding
expernments m solution, wing D-anilmonaphtalene-E-sulfnate
(ANS)L we have mvestigated whether CL forms lnserally
segregaled domaine oro meca.

2, Materials anal methods
21 Mlatewiats

T-nl Jrlasae vl

E b 2ol eyl elyce : s darnite (FOPE) and %99
pare capdsolpie {1 ) were prscisssd from Avardi Polar Lipids {4 lsbasier, AL,
LRA) and used washout Eariber

(AMS) wms obiained from Molscolor Probes |Iu[u¢.llﬁt| Hore e
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Figg. X (A) Topograpkae inage of plasss strocioes oblanel by grsuding FOPECYL (08002, med amol) segeraioss = 50 mM Tris-HCL pH T 40, 150 mM Nal,
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10 2. Prosadmoch or af

cybctsnme ¢ was punclased Bum Sigme Clensiold Co. Mdnd, Spain). Mes
wis obmined from Asteville S conmmaker Mica Co., Vi, USA). Teo differen
ey | oSoma woere ik (A4 ) S0 mbd Trs-HOL pH 730, 150 md Mady sl
() S0 Tris-HCL pEE 740, 150 mM NaCL 20 mM Cally

23 P edear miggetle PEaTRARGE BRIFETEREE

Al b B e sl {20 500, W) elngk anlistioda of the deslied faxbing ol
POFE andt CL weere evapomied s onvies in n conbal tobe merg 8 nosavapor
Tha sesaliing &ir lipid film was then kept ander bigh wanmm ovenight @
ensare the absence of organic solvenl waces Suspensons for *'P-Muclear
Pelagnutic Rasomames 'P-NMR) spectoiomy wom oilained by bvdation in
exgesd ff efter buffer A or B o firal concentration of 12 mM. The reszihimg
mispomaion was thes pallsted by ctrcentrifipdion 28 1156000 g for | hai 55
The bydrmied pellet wass ihen rescspended m 5060 pl. of ST i psced m
a monvenfioral 5§ mem MR tshe. A cipillasy s emisining TH was added
fior fiedd- freqoency sabilimmos.

“P-NAR specis were recosded 55 deniled slewikee [16] on & Brker
ARN-HM specirmeter (Bruber Vspafiols, S.4 . Madnd), opemiing s
161 98 Mz usimg & 90% pulss sequence, with proton-decoupling, emdusted
g sipnal sapling by means of 3 Walte- 16 ompomite pulse seqoemce

1T 18] The single pulse sequence win Wied inscw] of the plasecyelal
Hahin echo pake sequence [19] 0 ohaim specim with higher sigmal-m=pniss

A

#00

1113

06 rm

200 pm
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1110 vy

pm
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ratios [20]. Encl spectrom wes the pesult of secoslsting S096 srmeded seas
using 248 complex daia. points, with a 90 pulse of 16 s (B 195 KHzj, an
ererprakis delay ol 1.0 & smid o epeciral walth of 50 kH: An expumersal
mahiplicntion revcisrg m a line broadenirg of %0 Hr ws mplisd hefoee
Fosnier mmafosmation o bogeove the sifsalio-snie sal. Spects wess
processed on @ personal congpater numirg the TopSpem v 1.3 sofiwane {Broker
Hinapin OeehH. Cermomy) om Debian GNUVLinex v, 3 1. All chamical shift
wadars arw quotedd i parts per million (ppm) with wfereres 1o pung ensemal #5%
pligdor: seul in B0 66 & releress {0 poal, poiilive valies feleeieg o b
field shifix

2 1 Flanracrmns Heasn e

Ay desenibied ebwwlers for fluoresence nessumments [1] e Epids
suspensions obimined eoher in baller A or B iliposomses or Hy phases,
respecsnehy] wers il fhrnupk solvearonate memiranes (M 1o eomiral
ismier) ming an Exsrder device (Lipes Biomemivnnes e BO) and dilmed
wilh agrpoprion: Waller 10 o sl comsermition of 100 phd ol ploapbedipels
Floorescenoe measurements were carned ool ming an S1M-Aminen. B 100
specimbarometer 38 21 T Under confmumn sSerimg ANES was aldmd from a
sinck sobsmon in etbanod (5 mii) to e coveme (o the desired fzal conceminson
P0-160 ) The mesircmenl Were G08e Using cnciliben Al cmieis
wavebmpihs of A80 and 280 pm, respectively. The excimation and emmeson slits
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Fig_ 3. (A Topopmphe mage of FOPECL §0.8:0 2, modmol) $Pls a8 248 °C; (8} delbeciion mape of paed A; (C) inprgmphic mape of the 5P aiter ibe adosion of

eyt {1 il JI¥) Defloction image of paned
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1 Pamdnick of ol | Biochivea o Blapdisrkea Acta §78F (200T) Fov-os 165

were § and 3 m arad £ ard 4 pn, resgesctively. Oyl wan added wike cuvens o
a final lpsd-so-protein molar ratie of — | ard ncubsted for 30 min & 24 °C.

24 Supporsed plavar Wlavees formation aud AFM observarions

The expermwril procedanm were adapied fom pevvios woks [1.7,15)
Brefly, 50 gl of the Hy phase sospensons (i bufier A) wese pippried oeio
~05 e’ Frushly clraved mica sheel. Afler allowing (he vesicles bo adsirh al
roam temperiure {24 Tlﬁn'!ummllunu:ﬁmnamwulst‘.uﬂt‘l?'
free buffer (ruffer B and the tip immadiately immersed = the befir, Fors bt
AFM meavoscmens, oyt ¢ wis added inio e [luid ool o & firal coscorarsiion
ol 5 phl Al s ware aoquined in wiping mode with & Mulimods Digial
Instromerss (Samtm Bartarm, CA) mwmosope commodled by 8 Manoscope TV
abectronics fimed with a 15515 pm scamney " acamaer), Standanl V-shaped
81 M mpse, with @ mominad foree constars of 008 ¥ m " {yspoy, Gesmany),
wirg wand I amdet W pememir the forees eugiied o ke sanple, B vieslien
amplituge of the tip was reduoed as Tach & poesshie ad ampdnde segpo i was
set an bagh as posihle weshout losing corsact wish (he sarface of the eomsde, The
son mie was aed jo 15 He Before overy sample, the AFM ligoid cell was
winshied] with efbamod and alira pune witer (Ml O severs osmosis svsiem L sl
allowed w0 dry m an Ny siream. Mica disos (preen mica) wem deaved with
won ek amal plosd oo & Telon dis by & waki-itwoludile spoy, These Tellon
dises were glued om0 @ sieel dise and then mommeed mio e piemelecinc
wiagier AN images wese stanned dinle g limthorn ail L with
the Nancacme [V sotiware.

A, Results and dbscussbon

In Fig. 1, the *"P-NMR powder pattern specti of the FOPE:
CL (0802, mol'mol) systens =t 23 °C in the bufler in the
presence (cotinuas line) and shsmee (dashed line) of 20 mM
CaCly; shows the typical feanwes fim the Hy and lamellar
organmizations, respectively. These resulls are in accordance with
the fact that PEs, as well as CL, have a stong tendency to ndops
Hyy pilisses in the peesence of Ca®™ . The existence of hexagonal
phases of POPECL o 25 °C & m concondance with two facts:
{i) POPE exhibits a typical bilsyer-to-hexagonal phase transi-
Hon between 66 and 74 "C, which in tum decrenses in the
presence of Cu™" [21]; nd (i) CL adopts an My phase n the
presence of Ca™* [12]. Indeed, the POPE-2CL system exhibits the
coexistence of kmellar and Hy phases between 5 andl 18 °C, Hyg
phase being predominant shove 18 °C remaining so up io 70 °C
in the presence of Ca®" (" P-NMR dats ot shown),

When POPECL lypsd suspensons in e comtaining bulfer
{i.e., in the Hy phase) (Fig. 1) were deposited onio mica, planar
ilayer-like stroctuses (4] with two domains were ohaerved (Fig.
2A). The nhsence of distinctive geometrical facels ns those
reporied for cubic and hexagonal phases of odher composiisons
[23] indicate thit the Hy phise of the POPE:CL system 15 nid
remained after adsorption omto the mica surface. Bilayer
thickness can be inferred by measuring the siep height between
the wp of the laver and the uncorverss! mica (red color in the
lower-lefi comer). Thus, while the height of the lewer domuin,
4640016 om (n=25), fcll within the mnge cxpected fir
hilayer thickness [7] the upper domain appesred as an upper
layer, measuring ~ 100008 om (n=250) sbove the lower
dommain. In addition, the thickness of the upper Byer comeided
with the depth of namseroas defects (holes) observed. When this
SPB was repeatedly scanned at a force of = 300N for 205 (Fig.
288}, the upper laver became unsiable and lipsd melecales could

be swept away. As can be observed by followme the cross-
sectional analysis along the white line drawn in Fig. 2C and I,
this chservation = consistent with the et tht the surfsce
overlnying the lower domain decrensed, Furthermeore, the height
of the wpper domain was confirmed by messuring the depth of
the small scraiched srea (islicaied by the back swow in Fig.
IR} As expected, the resulting measuremend |~ 0.94+0.04 nm)
coincided with the imerdomain height reponed above,

To investigate the nature of the upper domam, eyt © was
injected inte the AFM fhuid imaging cell where the POPE-CL
system was previoasly formed. Similar vo Fig. I, two domains
cnn be easily distiguished by differences in the color scale of
the topography image (Fig. 3A), a8 well as by the deflection
mmages (Fig, IB). When eyt o (positively charged o this pH)
[24] was injected, small bright spots with a higher height
emerged predommnantly o the edges of the upper domain (Fig.
MCp Such behaviour has been observed for an alkaline
phosphatnse [25] which has been related w0 a decrease in the
imerfacial tension at the phase boundary. Hesides, there is a
luteral grow of the ugper domam. This could be attbuted either
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o a partial Esertkn of cyt o nbo the bilayer or b the themmal
response of the phospholipids as & consequence of the
continueus action of the laser, To assast with visualization, the
comespaonating deflection image (Fig. 3D) is pwesented. Here,
poorly defined structures, presumnbly protein aggregates
{~ 100 mm diameter), can be observed on the upper donsain.
In agreement with these observations, circular aggregstes of oyt
« have been observed on acid lipid bilayers, although of beger
dinrneeter (=00 nam) | 26] than these sheerved bere. However,
the ohservation of single entities of cyt ¢ sppeared 1o depend
on the balance between clectrostaiic and ydrophobic forces
[27.28].

ANE 5 a fuoorescent molecule extensively used for
mionttorng changes m the hydrophilie phosphate modety of
phospholipds [29.30], Typically, the fheorescence miensity
incresses as the label i3 added w phospholipid suspensions
until & platesu is reached ot high probe concentrations [31].
These behaviours are illustrated by the Langmuoir-like
isotherms [16] obtained by labelling the POPE:CL sysiems
with ANS in the presence (Fig, 4A) and absence (Fig, 4B) of
Ca'". It is well known thit eyt ¢ associstes electrosatically
with acufic phospholipsds st newtral pH [12]. On the other
hand, st high CL coments (=20%) the protem becomes
partially inserted into the bilayer [13], Hence that ANS can be
displnced from suspenssons of POPECL i presence of oy o,
Consequently, the flunrescence of ANS decreased im both the
Hy phase (Fig. 44) and liposomes (Fig. 4H) & a resuly of te
competition between eyt ¢ oamd ANS for the same biniding
sites. Floorescence imtensity values fiw Hy phases i the

Fig 5, Gome of Be everds Boughl i occur curng dthe foemation of plear sirectoey on mic; {A) POPECL (RB:2, ssolmal) ke

presence of eyt © (Fig. 4A) reveaded that cyt ¢ hinding was
practically negligihle becnuse the values in the presence of
protein fell within the same stndand devistion vabues as
oblained in its absence. In addition, the fluorescence
intensities exhibited were higher for the lomellar than for
the Hp phases. This behaviour is probably due 1o the Bact that
the amionic phospholipid-buffer ingerfaces are less exposed
(megatve curvature) compared with thm of liposomes
(pesitzve curvature)l However, the sccessibility of cyt o for
the polar hemd regions, which shoukl diffuse through apolur
regions 1o aceess the binding sive, was clearly reduced in the
case of the Hy phases. Although indirectly, this confinms the
lamiellar nature of the supported strochres omo which eyt ¢
binds (Fig. )

All of these findings led ws to propose » model for
interpreting, those struciures. observed throagh the AFM (Fig.
5). Basscally, POPE-CL i3 in a bexagonal phase when depasited
onto the subsimate (Fig. SA). The presence of Ca™ induces, in
several imermediate steps similar fo those depicted m Fig. 5B
ad C, the formation of planie stractures in two levels or
domains (Figs. 2 and 3. Althoogh the composition of each
denimin 15 difficult © sscemtain, we have presiouwsly reported
[15] that there is & decrense only in the thickness of the bower
oo bot not in the upper domam by increasing  the
temiperture. Therefore, it coubd be aseamed that the bower
domains are POPE-enriched bilayers. This is further substan-
wated by two facis: (5 te height of these domains was
comsistent with the FE bilayers’ height [11) and (i) the
thermotropic gel-to-Musd plase tmpsiton was ebserved around

Mll ]

4 (Hgh phase ad

(B} Tmdon siin sk, {T) Hy 1o lesneller phase inssison dbowisg an mvesied ssleelle, (1) scpronsd plasar bilaver slowisg laemnlly ssgregned O1, mtw

rilaver; and (Fi & plarar bilaver witlh the gafendead CL aom Rrmason
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24 °C [15]. Interpreting the wpper domain thet binds cyt c is &
bit mwre difficul. As o1 ¢ is nalonic phospholipid-specific in
natire, snd taking imo sccount the shility of Ca™ to imduce
kteral phase separation of mixtures conlnining negaiively
charged phospholipids [10], it seems reasonable to sssume that
the upper domnin should be moatly formed by CL (Fig. 5D T
B more difficult, however, to provide a reasonable explanation
for the height ol this domunin, (within the moge of the beight of o
phospholipid monolryer). Nevertheless, @ overestmmation of
the herght as a resalt of tip repulsin could ot be excladed.
(nher potential scenarios to explain the ocorrence of these
domaims melude: {i} one possessing an wpper CL-ennched
monelayer sdiorbed onto the bilsvers (Fig. SE); or (0) one with
CL molecules n “extended™ conformation [34] 'rn'ang'i'nﬂ:l
upper dompins (Fig. 5F). Although positle, the existence of o
monoelayer with the acyl chais adsorbed on top of the polar bead
groups 5 umnlikely besed on the onture of the mitemmolecular
forces that woould be involved. Omn the other hand, an extenled
conformation would result = an intermediste step in the
trasafarmationn] process of Hy pheses into biloyers when
deposited onto mica. Thus, sssuming that by the aotion of the
tip, the molecules that are swept sway (Fig. 2B) might be
mainly of CL, the structurml model shown in Fig. 2D could be
the most licely. (iber sppeoeches sndd techniques will be
underiaken for our goowp in te mear futune 1o demonstmte this
Typothesis.
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Thermal response of domains in cardiolipin content bilayers
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Abstract

In the study described here, supported planar bilayers (3PBg) of POPE:CL (0.8:0.2,
mol:mol} were examined using atomic force microscopy (AFM). SPBs were formed
from suspensions of POPE:CL (0.8:0.2, mol:mol) in inverted hexagonal () phases
(buffer containing Ca”"). Three laterally segregated domains which differ in height were
observed at 24 °C. Based on the area accounted for each domain and the nominal
compogition of the mixture, we interpret that the higher domain ig formed by CL, while
the intermediate and lower domains are formed by POPE. The three domains respond to
temperature increase with relative changes in their area. At 37 °C we observed that the
increage in the area of the intermediate domain occurs at the expense of the lower
domain. *'P-NMR DSC were used in combination with AFM to characterize the phase

behavior of the suspensions and to elucidate the nature of the structures observed.

Keywords: supported planar bilayers, . 'P-NMR, DSC, AFM,
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1. Introduction

Among the main components of the mitochondrial inner membrane of eukaryotic and
many bacterial cells, cardiolipin (CL), a doubly negatively-charged four-tailed
phospholipid, is one of the most relevant constituents. The two-dimensional
phospholipid matrix that constitutes the bilayer is formed by phosphatidylcholine (PC,
40 % in weight), phosphatidylethanolamine (PE, 40 %), and cardiolipin (CL, 20 %) [1].

[t is believed that CL plays a crucial role in the transference of electrons from
cytochrome ¢ (cyt ¢) to specific transmembrane proteins involved in the energy
transduction [2]. Related to that and based mainly on atomic force microscopy (AFM)
observations, it has been demonstrated that there 1s a specific affinity of eyt ¢ for CL [3,
4]. On the other hand, we studied in detail the mixing properties of 1-palmitoy-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), and CL at the air water interface [5].
reaching the conclusion, based on the values of the excess energy of mixing, that the
POPE:CL. (0.8:0.2, mol/mol) composition is the most stable. Notably, laterally
segregated domains [6] were observed by means of atomic force microscopy (AFM) in
supported planar bilayers (SPBg) [7] formed by deposition of lipid suspensions of the
POPE:CL (0.8:0.2, mol/mol) composition onto a mica surface. In fact, the SPBg at 23
°C were obtained not from liposomes but from Ay phases [5, 8]. However, the
mechanism of conversion of the Ay phases (suspensions) into lamellar phases (SPBs)
onto mica remains unclear, and divalent cations such as Ca®" and Mg®" appear to be
necessary to facilitate the extension onto the substrate. Several points arose from those
experiments: (1) whether there is a response of the observed domains to changes in
temperature; and (ii) whether a phase transition can be observed in these SPBs. In the
present paper, we will address such points by combination of *'P-NMR spectroscopy,
differential scanming calorimetry (DSC) and AFM. While *'P-Nuclear Magnetic
Resonance (*'P-NMR) spectroscopy enable us to investigate the nature (Hy; or lamellar
phase) at different temperatures, DSC will enable us to obtain the enthalpy and
temperature (77,) of the transition of the phospholipid suspensions. The influence of the

temperature on the domains will be assessed by AFM.
2. Materials and methods

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine  (POPE) and cardiolipin
{CL), specified as 99% pure, were purchased from Avanti Polar Lipids (Alabaster, AL,

230




Selected publications

USA)Y and used without further purification. Chloroform/methanol (3:1, v/v) stock
solutions of the desired phospholipids mixture were evaporated to dryness in a flask
uging a rotavapor. The resulting thin lipid film was then kept under high vacuum
overnight to ensure the absence of organic solvent traces.

Suspensions for *'P-Nuclear Magnetic Resonance (*'P-NMR) spectroscopy and DSC
were obtained by hydration in excess of 50 mM Trs-HCL, 150 mM NaCl and with or
without 20 mM CaCly, pH 7.40, to a final concentration of 2.5 mM. Samples for NMR
where then pelleted by ultracentrifugation at 115,000g for 1 h at 5 °C. The hydrated
pellet was then resuspended in 300 pl. of supernatant and placed in a conventional 5
mm NMR tube. A capillary tube containing DO wag added for field-frequency
stabilization.

The *'P-NMR spectra were recorded as detailed elsewhere [9] on a Bruker ARX-400
spectrometer (Bruker Espaiiola, S.A., Madrid) operating at 161.98 MHz using a 90°
pulse sequence, with proton-decoupling during signal sampling by means of a Waltz-16
compogite pulse sequence [10,11]. The single pulse sequence was used instead of the
phase-cycled Hahn echo pulse sequence [12] to obtain spectra with higher signal-to-
noise ratios [13]. Each spectrum was the result of accumulating 4096 scans sampled
using 2048 complex data points, with a 90° pulse of 16 ps (B, = 19.5 kHz), an
interpulse delay of 2.1 g, and spectral width of 50 kHz. An exponential multiplication
resulting in a line broadening of 50 Hz was applied prior to Fourer transformation to
improve the signal-to-noise ratio. The spectta were processed on a SGI Indigo
workstation running the X-WINNMR v. 3.1 software. All chemical shift values are
quoted in parts per million (ppm) with reference to external 85% phosphoric acid in
H:0 (0 ppm), positive values referring to low-field shifts.

DSC analyses were performed using a MicroCal MC-2 calorimeter following
procedures described elsewhere [14-16]. The obtained data were analyzed using the
original calorimeter software. 7, was taken as the temperature of maximum excess
specific heat (and measured to the nearest 0.5 °C). The calorimetry accuracy for 7, was
+ 0.1 °C, + 0.2 keal mol”. Each sample was scanned in triplicate over the temperature
range 4-40 °C at a scan rate of 0.47 °C min’". The base line was horizontal over the
temperature range employed.

SPBs were made by vesicle fusion as previously described [5]. Briefly, lipids were

disgsolved in chloroform:methanol (3:1, wv:v) and mixed to obtain the desired

231



Selected publications

composition in a conical tube. After mixing the lipids, the solvent was evaporated under
a nitrogen stream to dryness. This lipid film was maintained under reduced pressure
overnight and then hydrated in 50 mM Tris-HCI, 130 mM NaCl, 20 mM CaCly, pH 7.40
to a final concentration of 230 uM. To obtain large unilamellar vesicles (LUV) the
hydrated lipids were extruded 10 times through two polycarbonate filters (400 nm pore
gize, Nucleopore, CA, USA) with an Extruder device obtained from Lipex
Biomembranes (Vancouver, BC, Canada). In order to obtain supported bilayers, 50 L,
of LUV suspension was pipetted on freshly cleaved mica (0.4 em?, from Asheville-
Schoonmaker Mica Co., VA, USA) and incubated at room temperature for 20 min.
After the incubation period, the samples were carefully rinsed with the same buffer
without Ca®* to remove the unadsorbed SUV. Mica supports were glued onto Teflon
digks with a commercial epoxy and mounted on a steel disc.

Images were acquired with a commercial AFM (Nanoscope III, Digital Instruments,
CA, USA) and SizN, cantilevers (Olympus, Tokyo, Japan) with a nominal spring
constant of 0.08 N'm ™. The instrument was equipped with a *“J” scanner (120 pm) with
a Tapping® mode fluid cell. The cell was washed extensively with ethanol and water
before each experiment to eliminate contaminants. The images were recorded in
Tapping® mode under liquid envirenment. The set point was continuously adjusted
during the imaging to mimmize the force applied. The images were obtained in a zero
gcan angle. and the scan rate was adjusted between 1 and 1.8 Hz, according to the scan

size. All images were processed using Digital Instrument software.
3. Results
3.1, Calcium influence in suspensions of POPE:CL (0.5:0.2, mol:mol)

*IP_-NMR spectroscopy is an appropriate technique to unambiguously characterize lipid
phases like lamellar or Hy to verify the existence of these phases in lipid systems.
Figure 1 shows the *'P-NMR powder pattern spectra of POPE:CL (0.8:0.2, mol:mol)
systems at 15, 21 and 40 °C in the presence {(continuous lines) and in the absence
(dashed lines) of 20 mM CaCl,. The samples in the absence of Ca®* mainly showed the
typical features of lamellar phase in the whole temperature range studied. In the

presence of calcium however, the three spectra mainly showed the typical shape
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corresponding to the ff; phase; at 15 °C a contribution of lamellar phase was observed
which progressively disappeared when the temperature was increased.

In order to characterize the thermotropic behavior of this composition we show in
Figure 2 the normalized DSC endotherms of POPE:CL (0.8:0.2, mol:mol) in the
presence (continuonus ling) and in the absence (dashed line) of 20 mM Ca®". In the
absence of calcium only a broad transition appeared in the temperature interval studied,
with a T}, centered at 15.2 °C, attributable to the gel to liquid phase transition of the
lamellar POPE:CL system. Nevertheless, in the presence of calcium a more complex
endotherm appears consisting in a narrower peak with a pronounced tailing. The
temperature of maximal excess specific heat (T,,) of the narrow peak occurred at 21.6

°C, similar to the 7, of the gel to liquid phase transition of pure POPE.
3.2. Topography of POPE:CL (0.8:0.2, mol:mol) microdomains

The SPBs obtained by extension on mica of the of Ay phases of POPE:CL (0.8:0.2,
mol:mol) at room temperatures i shown in Figure 3. When the spreading process was
stopped by washing with Ca**-free buffer, high surface coverage of the mica results (up
to approximately 85% in Figure 3A). Some defects, holes, and red are visible in the
images. At first sight, two laterally segregated domains, distinguishable by the
difference in the color scale, are observed. The thickness of the underlying domain in
Figure 3A (darker domain) was established in 4.64 £ 0.16 nm (n=23) by measuring the
step height between the top of the layer and the uncovered mica. Thig value compares
well with the depth of the obgerved holes. On the other hand, several small domains, the
lighter patches seen in Figure A, were 1.00 = 0.08 nm (n=25) taller than the underlying
domain, and these small patches account for 20% of the total area covered by the SPB.
Remarkably, a magnification of a small area of this SPB (see the inset in Figure 3A)
reveals the existence of a third domain (black arrows in Figure 3B). This third domain is
lower (~ 0.3 nm) than the second domain. Hence, we will use the terms upper domain
(UD), intermediate domain (ID) and lower domain (LD) to differentiate between the
three regions observed in the SPBs of POPE:CL (0.8:0.2, mol:mol).

The occurrence of three domains in a binary system suggests that, in addition to the
lateral phase separation due to the differences in molecular structure, POPE and CL may
simultaneously undergo time a thermal transition. Although we were working above the

transition temperature of the mixture (see Figure 2), we investigated whether the SPB
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responds to temperature changes. Thus, the images of SPBs at two temperatures studied
are shown in Figures 4. At 24 °C, two domains (UD and ID) are observed (Figure 44).
However, a close inspection of the image revealed the existence of a small patch which
constitute the third domain (LD). Notably, when the temperature was increased up to 37
°C (Figure 4B), the LD became unveiled and the three domains were clearly
distinguishable. It appears that the LD was originated from the small patch observed in
Figure 4A and at the expense of the ID. Besides, while the UD remaing unaffected by
repetitive scans of the area (Figure 4C), the LD expands, against the ID.

4. Discussion

POPE:CL (0.8:0.2, mol:mol), the most stable composition of thig binary mixture
according mixing properties studied in monolayers [5] was used in this study because of
its biological significance [2].

*P_NMR powder paftern spectra of the phospholipid suspensions used to prepare
SPBs revealed that, at the temperatures of observation, the mixture is always in Ay
phase. In agreement with works elsewhere released [5.8] the analysis of AFM images
provided information to unambiguously establish that POPE:CL ¢0.8:0.2, mol:mol}
suspensions in Hy phase, become oriented towards a lamellar structure when spread
onto a mica surface. As has been shown for other phospholipid systems that include
negatively charged species, the interaction between that species and the substrate
depends on Ca®* presence [17,18]. In our case Ca”" should be considered as the main
driving force for the transformation of Hy phases into SPBs. As described above in the
methods section, after spreading the phospholipids in y phase, the process 1s usually
stopped by washing with Ca*'-free buffer [19]. Thus, while after washing the aqueous
phase above the SPBs becomes free of the divalent cation, the aqueous space
immediately below the inner leaflet facing the mica surface retains Ca®*. On the other
hand, pure POPE, like other PEs, could not free itself form SPBs spontaneously but
mixed with CL. Therefore, it is likely to assume that CL adsorption onto negatively
charged mica would be Ca®*-mediated [20]. Similarly to a mechanism proposed
elsewhere [21], the mobility of CL and, by extension, POPE, would become severely
hindered by the presence of the cation. This will result in the lateral segregation in
separated domains of POPE and CL that we observed by AFM. Besides, and based only

on the nominal composition of our system and the estimated surface coverage, it can be
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assumed that while the intermediate and lower domains are formed by POPE, the upper
domain 18 formed by CL. This is in agreement with the observation that cyt ¢ (positively
charged at pH 7.40) adsorbs selectively onto upper domains [5,8].

Three domains were observed that respond to temperature increase with changes in
their relative area and shapes. According to DSC data, the POPE:CL (0.8:0.2, mol:mol}
suspensions used to prepare the SPBs will always be above T, either in presence (21.6
°C) or absence (15.2°C ) of Ca®". Although differences (up to 2 °C) in the T, values
between liposomes and SPBs of the same composition have been reported [22, 23], it is
unrealistic to assume that by increasing the temperature from 24 to 37 °C we would be
observing the phase transition of the POPE:CL system in SPBs. The most dramatic
change was the retraction of the intermediate domain, which is concomitant with the
expansion of the lower domain. Assuming that both domaing are formed by POPE, the
step height difference between them (~0.3 nm) suggests that a thermal phase transition
between two POPE phases is underway. However, since both phases are still present at
37 °C, above the T, of the pure POPE, the phase change could not be attributed
exclugively to the effect of the temperature. Alternatively, because the SPB is adsorbed
onto mica in presence of Ca®’, the existence of oriented hexagonal phases or other
structures onto the substrate should be considered. However, other approaches should
be used to prove this possibility [24]. Finally, it is worth mentioning that the monolayer
of POPE exhibits a characteristic phase transition between two liquid condensed (L.C)
states at a surface pressure of 36.0 mN m '[5,25]. Therefore, it cannot be totally
excluded that the thermal changes observed in the POPE bilayer domains of the SPBs
could be related to changes in the equilibrium between these mesophases. Future studies

are planned to address these points.
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Figure Lengends

Figure 1

Solid-state *'P-NMR spectra corresponding to POPE:CL (0.8:0.2, mol/mol) dispersions
in Ca® free 50 mM Tris-HCL, pH 7.40, 150 mM NaCl buffer (dashed line), and in 20
mM CaCl; added buffer (continuous line), at 15°C, 21 °C and 49 °C. The spectra were
normalized to the same height. All chemical shift values are quoted in ppm with
reference to external 85% phosphoric acid in H,O as a reference (0 ppm), positive

values referring to low-field shifts.

Figure2

Excess heat capacity measured ag a function of temperature for POPE:CL (0.8:0.2,
mol:meol) dispersions in Ca®" free 50 mM TrisHCL pH 7.40, 150 mM NaCl buffer
{dashed line), and in 20 mM CaCl; added buffer (continuous line).

Figure 3

Topographic image of supported planar bilayers (SPBs) obtained by spreading
POPE:CL (0.8:0.2, mol:mol) suspensions in 30 mM Tris-HCI, pH 7.40, 150 mM NaCl,
20 mM CaCl, after being washed with Ca®™ free buffer (A). Zoom of the inset (B):
upper domain (black star), intermediate domain (black arrows), lower domain (white

asterisk), bare mica (white star). Images were obtained in Tapping® mode.

Figure 4

Topographic images at (A) 24 °C and (B) 37°C of a supported planar bilayer (SPBs)
obtained by spreading POPE:CL (0.8:0.2, mol:mol) suspensions in 30 mM Tris-HCI, pH
7.40, 150 mM NaCl, 20 mM CaCl, after being washed with Ca”" free buffer. (C) The
SPB at 37°C after repetitive scanning. Upper domain (black star), intermediate domain
(black arrows), lower domain (white asterisk), bare mica (white star). Images were

obtained in Tapping® mode.
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Abstract

Langmuir-Blodgett (LB) films of pure 1-palmitoy-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) and 1-palmitoy-2-oleoyl-sr-glycero-3-phosphocholine
(POPC), as well as a mixed monolayer in which % pepe = 0.4, were transferred onto
mica and observed by atomic force microscopy (AFM). The force spectroscopy (FS)
mode allowed us to characterize the nanomechanical properties of the LB monolayers
extracted at different surface pressures. For pure POPC and pure POPE monolayers
extracted at 30 mN m™, a small jump in the approaching force curve oceurs only at very
low force (POPC) or does not occur at all (POPE). However, for the mixed
POPE:POPC monolayer the jump, or discontinuity in the force curve, occurs at higher
forces (~ 800 pN). The nanostructure and nanomechanics of the POPE monolayer
extracted at 36.5 mN m™ were studied in detail, since the distinctive liquid condensed
phase transition exhibited by this phospholipid was evident at this surface pressure.

Keywords: Atomic force Microscopy (AFM), Force spectroscopy (FS), Langmuir-
Blodgett films (L.B’s).
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1. Introduction

The physicochemical properties of biclogical membranes are crucial to an
understanding of membrane function, since their main role is to provide a barrier that
divides electrolvtic solutions into different compartments, guaranteeing at the same time
membrane mechanical stability. Hence, understanding the relationship between the
components of the membranes and their overall mechanical behavior has become an
important issue, and has been the focus of great scientific effort in recent years.

Atomic force microscopy (AFM) is a powerful tool for understanding the
mechanism of liposome fusion and deposition onto hydrophilic surfaces [1]. Moreover,
it has provided a wealth of new information regarding bilayer topography [2-4], domain
segregation [5, 6] bilayer phase transition [7, 8] etc. thanks to the ability to image
surfaces with subnanometer resolution. In addition, AFM imaging has also been applied
to study two-dimensional protein crystals [9, 10] and Langmuir-Blodgett (L.B) films
[11, 12]. On the other hand, the force spectroscopy (FS) mode has allowed researchers
to gather additional information about the mechanics of different substrates using
nanometric and subnanonewton resolution. In fact, FS has been applied to the
understanding of nanomechanical properties of a vast number of well-defined molecular
systems. These include indenting hard surfaces [13, 14] or cells [15] by an AFM tip,
meaguring the interactive forces arising between a chemically functionalized tip and a
chemically derived surface (known as chemical force microscopy) [16], studying the
golvation forces of liquids in the proximity of flat surfaces [17], measuring the entropic
forces that play a role in the stretching simple polymers [18] or the unfolding
polyproteins [19, 20]. Particularly in the case of lipid bilayers, FS has allowed scientists
to experimentally measure the forces arising between phospholipid molecules, such as
DLVO forces, hydration forces or steric forces [21]. Recent contributions have also
dealt with membrane nanomechanics by measuring the elastic/plastic deformation of
bilayers ag the AFM tip applies a linearly increasing contact force on the membrane
surface. These experiments have revealed a jump in the approaching force curve,
interpreted as membrane breakthrough or membrane failure, as the AFM tip penetrates
the membrane [22, 23]. The force at which this jump occurs is the maximum force that
the membrane ig able to withstand without breaking. Therefore, the elastic deformation
region can be easily assessed from the force curves, measured as the reversible force

regime before the ‘jump’ occurs. The jump indicates that the membrane has been
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punctured, which implies the onset of bilayer plastic deformation. The quantitative
measurement of the force at which the jump occurs is a direct measurement of bilayer
nanomechanics, and this force can be regarded as a fingerprint of membrane
composition, just as force is the fingerprint for an indented hard surface or an unfolded
polyprotein. Most of the studies deling with the nanomechanical properties of the
membranes have been conducted on supported planar bilayers (SPBs) [9] where the
phospholipid molecules spontaneously assemble. Likewige, a direct measurement of the
dependence of the lateral pressure (directly related to phospholipid packing within the
network) and membrane (nano)mechanical stability is difficult to carry out when it
comes to studying SPBs since it cannot be externally modified. In contrast, the use of
Langmuir-Blodgett (LB) monolayers (where the lateral pressure iz constant and
externally controlled) would help to directly measure the effect of the applied lateral
pressure on the nanomechanics of phospholipid monolayers. FS would also provide
with structural information that is often difficult to obtain from AFM images: since
most of such monolayers are intrinsically soft, contact-mode imaging of such
monolayers may result in monolayer damaging while the AFM tip scans the surface.
Imaging in tapping mode could reduce such interaction. However, if experiments are
conducted in air, rather than in liquid environment, the snap-in force may be greater
than the monolayer mechanical stability. In such cases, the soft AFM tip required to
image soft layers would immediately make physical contact with the surface, thus
penetrating the monolayer without gnarding the electronic feedback signal against such
force instability, with the overall result that no topographic information (e.g., the height
of the monolayer) [24] could be obtained. Since the width of the jump in the force-
distance curves mentioned above is intrinsically related to the monolayer depth, in this
case FS allows the researchers to extract valuable structural and mechanical information
that could not have been otherwise experimentally obtained.

Among subcellular organelles mitochondrial membranes are of particular interest.
Phosphoethanclamine (PE) and phosphocholine (PC) are the major phospholipids
present in significant amounts and that constitute the phospholipid matrix inner
mitochondrial membranes. Both are zwitterionic phospholipids and influence the
physicochemical properties of this membrane. On the other hand, among the
zwitterionic phospholipids, PE is present in large amounts in membranes of eukaryotic
and bacteria cells, where its presence is crmtical in such relevant processes as

transmembrane protein asgembly and solute transport. Such is the case of lactose

245



Selected publications

permease, for which the requirement of PE in functions in wivo has been clearly
demonstrated [25]. In addition, PE appears to be related to the formation of
phospholipid domains when lactose permease is reconstituted into proteocliposomes [10,
26].

Individual membranes are unique in composition. However, naturally occurring
phospholipids include mixed acyl chains, one saturated (at the sn-1 position) and the
other unsaturated (at the s»#-2 position), linked to the glycerol backbone, normally in a
fluid state under physiological conditions. Two synthetic phospholipids that accomplish
these conditions are 1-palmitoy-2-oleoyl-srn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoy-2-oleoyl-sn-glycero-3-phosphocoline (POPC). In a previous paper, we
studied the mixing properties of POPE:POPC monolayers [27], our thermodynamic
analysis revealing that the most stable monolayer was the one formed by POPE:POPC
{0.6:0.4, mol/mol).

The aim of this paper is two-fold. On the one hand, we aim to get further insight into
the topographic characterization of the POPC and POPE LB monolayers by means of
AFM. On the other hand, we aim to gain information on the mechanical properties of
such LBs using the F3 mode through the force-distance curves. In particular, we are
interested in studying nanomechanical stability of the monolayers, which is a
straightforward reflection of their molecular organization and in the measurement of
their thickness. Particular attention has been put into the LC-LC” [28] phase transition
of POPE [27].

2. Materials and Methods

2.1 Preparation of Langnuiir-Blodgett films

1-palmitoyl-2-olecyl-sn-glycero-3-phosphoethanolamine (POPE), and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC), gpecified as 99% pure, were purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and used without further purification.
The subphase buffer for preparing the Langmuir-Blodgett filmg wag a 50 mM TrigHCL
buffer (pH 7.40) containing 150 mM NaCl, prepared in Ultrapure water (Milli Q
reverse osmosis system, 18.3 MQ-em resistivity). Chloroform and methanol, HPLC

grade, were purchased from SIGMA (St. Louis, MO, USA).
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The lipids were dissolved in chloroform-methanol (3:1, v/¥) to a final concentration
of 1 mg'mL!. The preparation of the LBs for POPE, POPC and POPE:POPC (0.6:0.4,
mol:moly were performed in a 312 DMC Langmuir-Blodgett trough manufactured by
NIMA Technology Ltd. (Coventry, England). The trough was placed onto a vibration-
igolated table (Newport, Trvine, CA, USA) and enclosed in an environmental chamber.
The subphase was filtered with a Kitasato system (450 nm pore diameter) before use.
The resolution of surface pressure measurement was = 0.1 mN-m™". In all experiments
the temperature was controlled at 24.0 + 0.2 °C by an external circulating water bath.
Before each experiment, the trough wag washed with chloroform and ringed thoroughly
with purified water. The cleanliness of the trough and subphase was ensured before each
run by cycling the full range of the trough area and aspirating the air-water surface,
while at the minimal surface area, to zero surface pressure.

The corresponding aliquots of lipid were spread, drop-by-drop, onto subphase
golution with a Hamilton microsyringe. A period of 15 min wag required to allow the
solvent to evaporate before the experiment was started. The compression barrier speed,
vis-a-vis the final surface pressure, was 5 cm®min'. LB films were transferred onto
freshly cleaved mica, lifting the substrate, at a constant rate of | mm-min™. The transfer
ratios were evaluated and proved near the unity, indicating that the mica was almost

covered with the monolayer.

2.2 Atomic force microscopy imaging

AFM measurements were made at a constant temperature of 24 °C with a Nanoscope
IV from Digital Ingtruments, Santa Barbara, CA, equipped with a 50 pm piezoelectric
gcanner. All the images were taken in air in contact mode with a silicon nitride
cantilever and a nominal spring constant of 80 pN nm™'. The applied force was kept as
low as possible to minimize monolayer damaging. All the images were processed using

Digital Instrument (Nanoscope 6.12r1) software.

2.3 Force Spectroscopy

FS was performed with a Molecular Force Probel-D, (Asylum Research, Santa Barbara,
CA). Force plots were acquired using V-shaped SizNs tips (OMCL TR400PSA,
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Olympus) with a nominal spring constant of 80 pN nm ™. Individual spring constants
were calibrated using the equipartition theorem [29] after having correctly determined
the photodetector optical sensitivity (V/nm) by measuring it at high voltages after
several minutes of performing force plots to avoid hysteresis. Applied forces F are given
by F =1k x A, where A stands for the cantilever deflection. The surface deformation is
given ag penetration (8), evaluated ag & = z —A, where z represents the piezo-scanner
displacement. More than 300 force curves were acquired in at least 10 different spots of
the same sample. The tip-sample approaching velocity was set for all force curves at

600-1000 mm 5™,
3. Results and Discussion

Figure 1 displays the surface pressure-area isotherms of the pure POPE, POPC and
POPE:POPC ¢0.6:0.4, mol:mol) at 24.0 = 0.2 °C. The features of these isotherms were
congsistent with others in the literature [30]. The monolayer of pure POPC wag always in
the liquid expanded (LE) phase and showed a collapse surface pressure of 46 mN m™.
In turn, the monolayer of POPE is in LE up to 36.0 mN m™ where it exhibites the
characteristic phase transition between two liquid condensed (LC) states, LC-LC". The
LC and LC® phases have been interpreted as two distinct tilted mesophases in long
chain fatty acids [31] and have been also identified in phospholipids [27,32]. On the

other hand, the collapse was observed at 50.7 mN m™'. The mixed monolayer, with a

% pope = 0.4, presents algo the LC-LC’ phage transition, but now at a surface pressure of
44.7 mN-m " and a collapse surface pressure at 48.7 mN-m .

The variation of compression modulus (C;) values with © for the three monolayers
are shown in the inset of Figure 1. As can be seen, below ~ 7 mN-m™ the POPE
monolayer always displays greater C; values than the POPC and the mixed monolayer.
This demonstrates that the pure POPE monolayer can have more compressibility at low
surfaces pressures. From 7 to 25 mN-m™, the C, values were always greater for the
POPC than for the POPE monolayer. This fact should be attributed to the different size
of the PE and PC headgroups [33, 34]. Furthermore, above 25 mN-m™ the three
monolayers showed similar mechanical compressibility as reflected by the C, values.
POPE monolayer showed a first-order transition at 36.0 mN'm™ and a second order

transition at 45.5 mN-m™". The first transition confirms the existence of LC and LC”
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states, which simply reflect, as in other systems [35], a different molecular ordering. In
fact, the LC and LC’ states have already been reported for OPPE, the structural
enantiomer of POPE, and imaged by using the Brewster Angle Microscope (BAM)
[32].

To perform a topographical characterization, POPC and POPE monolayers were
transferred onto a mica substrate at a surface pressure of biological interest 30 mN m’!
[36] and imaged with AFM in contact mode. Figure 2 shows the AFM topographic
images of pure POPC (Figure 2A) and POPE (Figure 2B) monolayers and the mixed

monolayer with % pope = 0.4 (Figure 2C). It is important to point out that all monolayers
remain in the LE phase at this surface pressure (see Figure 1). The AFM images
provided continuous and smooth monolayers with average surface roughness, Ra= 0.10,
0.05 and 0.14 nm, respectively. These values are in close agreement with others
elsewhere reported [37]. In turn, the LB image of the mixed monolayer (Figure 2C)
provided wisual evidence that POPE and POPC mix ideally at this molar fraction. This
ig in agreement with the behavior predicted from a thermodynamic study previously
published [27].

The AFM images (Figure 2) reveal a continuous, homogeneous, and featureless LB
formation. Since the monolayers are defect-free, other topographic characteristics such
ags monolayer height or monolayer (nanc)mechanical properties are difficult to
determine from the AFM images. Regarding the thickness, they can be inferred by
seratching the surface and measuring the step height between the top of the monoclayer
and the uncovered mica. However, this has bee revealed inadequate method when
dealing with phogpholipids as POPE and POPC. Thus, we could not accompligh this
method on the POPC monolayer because after scractching the layer, the phospholipid
molecules tend to respread immediately fulling up the area uncovered (result not
shown). Hence, the step height measurement can not be performed. Although, the
molecular packing iz more effective in the mixed monolayer than in the pure
monolayers (Figure 1) similar behaviour was observed for the POPC:POPE mixture
(results not shown). On the other hand, although we were able to scratch the POPE
monolayer (Figure 3), the heights obtained ~ 0.48 nm, were below the values expected
for a monolayer.

To obtain further information on mechanical properties, and particularly on the

thickness of the monolayers under investigation, we have conducted FS experiments.
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Interestingly, we observed that whereas for pure monolayers, a small jump in the
approaching force curve occurs at very low forces for POPC (Figure 2A.1) and, or does
not occur for POPE (Figure 2B.1) at all, for the mixed POPE:POPC monolayer the
jump or digcontinuity in the force curve, an unambiguous signature of its mechanical
stability, occurs at higher forces (~ 800 pN). These results point out to the fact that there
is a direct relationship between the compactness of the monolayer, reflected by the
area/lipid values (Figure 1), and the mechanical stability of the monolayers.

It is worth mentioning here that the width of the jump observed in the force curves is
interpreted as the height of the layer observed [24, 38]. As can be seen, the jump or
breakthrough is clearly observed for POPC (Figure 2A.2) and POPC:POPE (Figure
2C.2). The width of the jump (~ 2 nm) correlates well with the height of phospholipid
monolayvers elsewhere published [39]. Remarkably, no jump or breakthough was
observed in the POPE monolayer (Figure 2B.2) and for this reagon height could not be
established using FS. Thig result, however, was not totally unexpected because: (i) very
low yield threshold values (~1.63 nN) have been reported for POPE bilayers [38], and
(ii) there are evidences of the extreme soft nature of other unsaturated PE monolayers
[3, 21]. As a matter of fact in Figure 2A.1 one can observe that the jump occurs at a
force value cloge to ~ 0 nN, which implies that POPC monolayer is punctured since the
cantilever is in physical contact with the monolayer. Therefore, if lower values than the
observed for POPC should be expected for POPE monolayers, it is not surprising that
the jump not occurs in thig case. These behaviors should be attributed to the chemical
differences between PC and PE headgroups [33,34]. This observation suggests that
when performing an AFM image in contact mode involving such soft monolayers, the
tip may be partially indenting the surface. Besides, this interpretation is in agreement
with force determinations carried out with DOPC [7] and DOPE [3.21,40],
phospholipids with two double unsaturated acyl chains.

In conclussion, the thickness measurements obtained from AFM images for soft
samples can, in general, be somewhat inaccurate due to the high probability the studied
sample would be suffering damage as the scan ig performed. Thig fact is particularly
relevant in those cases in which the jump-to-contact force exceeds the mechanical
stability of the monolayer. In such cases, once the tip is sufficiently close to the sample
as to experience the snap-in (or jump-to-contact) force, it is physically in contact with
the surface. Upon further extending the piezo, the cantilever starts exerting a pressure

on the monolayer until it breaks, giving nigse to the above-mentioned jump or
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breakthrough. If the force required to break the monolayer is lower than the jump-to-
contact force, then the yield threshold force occurs at ‘negative forces’, which implies
that when performing AFM images in contact mode the surface may be damaged during
the entire scan. It is therefore clear that FS, through force-extension curves, allows one
to gather additional structural information, such as monolayer height, which cannot be
obtained by contact mode AFM images.

Ag mentioned before, the very distinctive feature of POPE and OPPE izotherms is
the so called LC-LC" transition that occurs at ~36.5 mN m™' [27, 32]. Figure 4 shows a
contact mode AFM image of a POPE monolayer extracted at 36.5 mN m’, which
corresponds to the plateau region shown in Figure 1. Unlike the featureless,
homogeneous image shown in Figure 2B (extracted at 30 mN m™), the monolayer
topography presents here a more complex structure, Re= 0.16, in which two different
regions can be observed. Clearly, the LB film transferred at 36.5 mN m™ (Figure 4A) is
not homogeneous and numerous domains, predominantly round in shape with diameters
ranging from 500 + 100 nm (n=10) to 87 + 18 nm (n=30), are observed. A
magnification of a small area of Figure 4A ig shown in Figure 4B. At first sight, just
judging the color scale, these domaing would be interpreted as vacancies produced in
the process of transference of the monolayer to the mica substrate. The depth of these
structures was 0.80 + 0.06 nm (n=30) and it is unlikely that such value may account for
the thisckness a POPE monolayer. Indeed, values as low as ~1.8 nm have been reported
for DOPE monolayers at 40 mN m™ [39]. Since we are imaging the LB of POPE in the
plateau region (Figure 1), where LC and LC” states coexist, it ig an apealing possibility
that in Figure 4 we would be observing some stage of the phase separation. This is,
however, an unlikely because, the LC and LC’ phases, represent two different tilted
orientations of the POPE molecules and 0.8 nm would exceed the difference expected
between both phases. At this point the topography images can not provide any
information to discriminate between both phases. To definitively proof that the dark
domains are the subsirate, we have scratched the LB exiracted at 36.5 mN m™. As
evidenced in the profile analysis (Figure 5) the step height ig 0.80 nm which coincides
with the depth of the monolayer. Although the scratched square was not completely flat,
Rea= 0.07 nm, it can be concluded that we are uncovering the mica during the scanning
process. Therefore the domains observed in Figure 4 are real vacancies and not
phospholipids phase. The occurrence of such defects 1s not occasional but repetitive.

Hence that we suspect that during the LC-LC’ transition, the molecules tilt changing the

251



Selected publications

interaction from the next-nearest neighbors to the nearest [31] resulting both, in the
compaction of the monolayer and in the formation of free spaces that we observe as
defects.

Finally, to evaluate whether the LC-LC’ trangition has any effect on the mechanical
properties of the monolayer, the force curves performed on LBs of POPE extracted at
30 mN m! were compared to those obtained on a POPE LB monolayer extracted at 38
mN m™ (Figure 6). Recalling the force plots on LB obtained at 30 mN m™', displayed in
Figures 2B.1-2B.2, no breakthrough or jump in the force curve were observed, thus
underscoring the low (or nonexistent) mechanical stability of the monolayer in its iquid
phase. In contrast, the force curves obtained on the monolayer extracted at 38 mN m’
exhibited a repetitive, clear jump in the approaching curve at a force value of ~ 2.2 nN,
thus revealing a greater mechanical stability. Therefore, it seems clear that the sudden
reduction in the area’molecule value (the plateau region in Figures 1 and 4) results in a
more compact and packed molecular structure. This gives rise to an important increase
in the force, which the monolayer is able to withstand before breaking. Importantly, the
tip-distance curve derived from the piezo extension curve for the monolayer extracted at
38 mN m” enables us to established the monolayer width in ~ 2 nm. This value is
greater than the difference obtained from the determination of depth in the domaing in
Figure 4. Again, FS demonstrates to be a useful tool to determine thickness of
phospholipids monolayers. There are some variables, however, that have an effect on
the membrane breakthrough force, such as the ionic strength of the measuring medium
[37], the tip [41] and phospholipid chemistry, the tip as it increases in velocity [42], and

temperature [43]. Future works in our laboratory will address these points.

Acknowledgements

$.G-M. would like to thank the Generalitat de Catalunya for financial support. O. D. is
the recipient of a ‘Recerca 1 Docéncia’ fellowship from the Unmiversity of Barcelona.
This work was supported by Grant CTQ2005-07989 from the Ministerio de Ciencia v
Tecnologia (MCYT) and SGR00664 (Generalitat de Catalunya) of Spain.

10

252




Selected publications

References

[1] I. Jass, T. Tjarnhage, G. Puu, From liposomes to Supported Planar Bilayer
Structures on Hydrophilic and Hydrophobic Surfaces: An Atomic Force microscopy
Study, Biophys. J. 79 (2000) 3159-3163.

[2] T.C. Kaasgaard, I H.Leidy, I.H. Ipsen, O.G.Mouritsen, K.Jorgensen. In situ atomic
force microscope imaging of supported lipid bilayers, Single Mol. 2 (2001) 105-108.

[3] J.Schneider, Y.F. Dufréne, W.R.Barger Jr., G.U.Lee, Atomic force microscope
image contrast mechanigm on supported bilayers, Biophys.J. 79 (2000) 1107-1118.

[4] ISchneider, W. Barger, G.U. Lee, Nanometer scale surface properties of supported
lipid bilayers measured with hydrophobic and hydrophilic atomic force microscope
probes. Langmuir 19 (2003)1899-1907.

[5] ©. Doménech, F.Sanz, M.T. Montero, J. Hernandez-Borrell, Thermodynamic and
structural study of the main phospholipids components comprissing the mitochondrial
inner membrane, Biochim.Biophys.Acta 1758 (2006) 213-221.

[6] ©. Domeénech, M.T. Montero, Jordi Hernéndez-Borrell, Supported planar bilayers
from hexagonal phases, Biochim.Biophys.Acta (in press).

[7] Z.V.Leonenko, E.Finot, H.Ma, T.E.Dahms, D.T. Cramb, Investigation of
themperature-induced phase transitions in DOPC and DPPC phospholipids bilayers
using temperature-controlled scanning force microscopy, Biophys. I. 86 (2004) 3783-
3793,

[8] M.C.Giocondi, C.Le Grimellec, Temperature dependence of the surface topography
in dimiristoylphosphatidylcholine/distearoylphosphatidylcholine multibilayers,
Biophys.J., 86 (2004) 2218-2230.

[9] 5. Merino, O. Domeénech, I. Diez-Pérez, F. Sanz, M. T. Montero, J. Hernandez-
Borrell, Surface thermodynamic properties of monolayers versus reconstitution of a
membrane protein in solid-supported bilayers, Colloid Surf. B-Biointerfaces 44 (2005)
93-98.

[10] S. Merino-Montero, O. Doménech, M. T. Montero, J. Hernindez-Borrell,
Preliminary atomic force microscopy study of two-dimensional crystals of lactose
permease from Escherichia coli, Biophys.Chem. 118 (2003) 114-119.

[11] I M.Solleti, M.Botreau, F.Sommer, W.L.Brunat, 5 Kasas, T.M.Duc, M.R.Celio,
Elaboration and characterization of phgopholipid Langmuir-Blodgett films, Langmuir
12 (1996) 5379- 5386

[12] S .Krol, M.Ross, M.Sieber, S Kunneke, H.J.Galla, A. Janshoff, Formation of Three-

Dimensional Protein-Lipid Aggregates in Monolayer Films Induced by Surfactant
Protein B, Biophys J, 79( 2000) 904-918.

11

253



Selected publications

[13] S.G. Corcoran, R.J. Colton, E.T. Lilleodden, W.W. Gerberich, Anomalous plastic
deformation at surfaces: nanoindentation of gold single crystals, Phys. Rev. B. 66 (1997)
16057-16060.

[14] JFraxedas, S.Garcia-Manyes, P.Gorostiza, F.Sanz, Nanoindentation: toward the
sensing of atomic interactions. Proc.Natl. Acad.Sci.U.5.A. 99 (2002) 5228-5232.

[15] S.Sen, S.Subramanian, D.E. Discher, Indentation and adhesive probing of a cell
membrane with AFM: theoretical model and experiments, Biophys. I 89 (2005) 3203-
3213.

[16] D.V. Vezenov, A Noy, L.F. Rozsnyai, C.M.Lieber, Force titrations and iomzation
state sensitive imaging of functional groups in aqueous solutions by chemical force
microscopy, JAmM.Chem.Soc 119 (1997) 2006-2015.

[17] 8.J.O’Shea, M.E.Welland, Atomic force microscopy at solid-liquid interfaces,
Langmuir 14 (1998) 4186-4197.

[18] T.Hugel, M.Rief, M. Seitz, H.E.Gaub, R.R.Netz, Highly Stretched Single
Polymers:  Atomic-Force-Microscope  Experiments Versus Ab-Imitic  Theory
Phys.Rev.Lett 94 (2005) 048301.

[19] M.Carmén-Vazquez, A F.Oberhauser, S.B.Fowler, P.E. Marszalek, S.E. Broedel,
J.Clarke, JM.Fernandez, Mechanical and chemical unfolding of a single protein: a
comparison. Proc.Nalt. Acad.Sci.lU.5.A. 96 (1999) 3694- 3699,

[20] H.Li, W.A Linke, A.F.Oberhauser, M.Carrién-Vazquez, J.G Kerkvliet, H.Lu, P.E.
Marszalek, J.M.Fernandez, Reverse engineering of the giant muscle protein titin, Nature
418 (2002) 998-1002.

[21] Y.F. Dufréne, W.R.Barger, JB.D.Greeen, G.U.Lee, Nanometer-scale surface
properties of mixed phospholipid monolayers and bilayers, Langmuir 13 (1977) 4779-
4784.

[22] I.Pera, R.3tark, M .Kappl, H.J.Butt, F.Benfenati, Using the atomic fore microscope
to study the interaction between two solid supported lipid bilayers and the influence of
synapsin, Biophys. I. 87 (2004) 2446-2433.

[23] H.J.Butt, V.Franz, Rupture of molecular thin films observed in atomic force
microscopy. Theory. Phys.Rev. E. 66,0311601/1-0311601/9.

[24] E.J.Choi, E.K.Dimitriadis, Cytochrome ¢ adsorption to supported, anionic lipid
bilayers studied via atomic force microscopy, Biophys. J., 87 (2004) 3234-3241.

[25] Bogdanov,M., Dowhan, W. Phosphatidylethanclamine 1s required for # vivo

function of the membrane-associated lactose permease of Escherichia coli, Biol. Chem.
270 (1995) 732-736.

12

254




Selected publications

[26] S. Merino, O. Doménech, M. Vifias, M. T. Montero, J. Hernandez-Borrell, Effects
of Lactose Permease on the Phospholipid Enviroment in Wich It Is Reconstituted: A
Fluorescence and Atomic Force Microscopy Study, Langmuir 21 (20035) 4642-4647.

[27] ©. Doménech, . Tomrent-Burgués, S. Merino, F. Sanz, M. T. Montero, J.
Hernandez-Borrell, Surface thermodynamics study of monolayers formed wath
heteroacid phospholipids of biclogical interest, Colloid Surf. B-Biointerfaces 41 (2003)
233-238.

[28] G.A.Overbeck, D.Mobius, A new phase in the generalized phase diagram of
monolayer films of long-chain fatty acidg, I.Phys.Chem., 97 (1993) 1999-8004.

[29] E.L.Florin, M.Rief, H.Lehmann, M.Ludwig, C.Dommair, V.T.Moy, H.E.Gaub,
Sensing specific molecular interactions with the atomic force microscope,
Biosens.Biolectron. 10 (1995) 1344-1350.

[30] H.L.Brokman, K.R Applegate, M.M.Momsen, W.C.King, J.A.Glomset, Packing
and  electrostatic  behavior of  s#-2-docosahexaenoyl and  -—arachidonoyl
phosphoglycerides, Biophys.J., 85 (2003) 2384-2396,

[31] D.K.Schwart, C.M.Knobler, Direct observation of transitions between condensed
Langmuir monolayer phases by polarized fluorescence microscopy, J.Phys.Chem, 97
(1993) 8849-8851.

[32] LRey-Gémez-Serranillos, J. Mifiones (Jr.), P.Dynarowicz-Latka, I Mifiones,
0O.Conde, Surface behavior of oleoyl palmitoyl phosphatidy] ethanolamine (OPPE) and
the characteristitcs of mixed OPPE-miltefosine monolayers, Langmuir 20 (2004)
11414-11421.

[33] D. Stigter, K.A.Dill, Lateral interaction among phsopjolipid head groups at the
heptane/water interface, Langmuir 4 {1988) 200-209.

[34] M.Langmer, K.Kubica, The electrostatic of lipid surfaces, Chem.Phys.Lipids 101
(1999) 3-35.

[35] M.K.Durbin, A.Malik, R.Ghaskadvi, M.C.8hih, P.Zschack, P.Dutta, X-ray
diffraction study of a recetly identified phase transition in fatty acid languwir
monolayerg, J.Phys.Chem., 98 (1994) 1753-17335.

[36] G. Cevce, D. Marsh, Phospholipid Bilayers. Physical Principles and Models, Wiley-
Interscience, New York, 1987.

[37] P.E.Milhiet, C.Domec, M.C.Giocondi, N.Van Mau, F.Heitz, CLe Grimellec,
Domain formation in models of the renal brush border membrane outer leaflet,
Biophys.J. 81 (2001) 547- 553.

[38] S.Garcia-Manyes, (G.Oncing, F.Sanz, Effect of ion-binding and chemical

phospholipids structure on the naomechanics of lipid bilayers studied by force
spectroscopy, Biophys.J. 89 (2005) 1812-1826.

13

255



Selected publications

[39] J.M. Solleti, M.Botreau, F.Somer, T.M.Duc, M.R.Celio, Characterization of mixed
miscible and nonmiscible phospholipid Langmuir-Blodgett films by atomic forece
micrsocopy, J.Vac.Sci. Technol. 14 (1996) 1492-1497.

[40] Y F. Dufténe, T.Boland, J.Schneider, W.R.Barger., G.U.Lee, Characterization of
the physical properties of model biomembranes at the nanometer scale with the atomic
force microscope. Faraday Discuss. 111 (1998) 79-94.

[41] R.P.Richter, A Brisson, Characterization of lipid bilayers and protein assemblies
gupported on rough surfaces by atomic force microgcopy, Langmuir 19 (2003) 1632-
1640.

[42] V.Franz, S.Loi, H.Muller, E.Bamberg, H.H.Butt, Tip penetration through hpid
bilayers in atomic force microscopy, Colloids and Surf. B: Biointerfaces 23 (2002) 191-
200.

[43] Garcia-Manyes, 5. G. Oncins, and F. Sanz. Effect of temperature on the
nanomechanics of lipid bilayers studied by force spectroscopy. Biophys. J. 89(2005)
4261-4274.

14

256




Selected publications

Figure Legends

Figure 1. Surface-pressure area isotherms of pure and mixed monolayers at the air-

water interface. (A) POPC, (o) POPE, (0) % popc = 0.4. INSET. Compressibility

modulus of the three monolayers. (A ) POPC, (o) POPE, (0) X pope=0.4.

Figure 2. 2 pm* AFM contact mode images of POPC (A), POPE (B) and POPC:POPE

(% popc=0.4) (C) monolayers extracted at 30 mN m’.
Force-piezoelectric extension curves on these POPC (A1), POPE (B.1) and

POPC:POPE (X pcpc = 0.4) (C.1) monolayers. Inset: force vs. tip-sample approching

curves derived from the previous force vs. piezoelectric extension curves for POPC

{A.2), POPE (B.2) and POPC:POPE (X popc = 0.4) (C.2), underscoring the low force

contact region in which the jump or monolayer indentation can be observed.

Firgure 3. Example of determination of the thickness of a monolayers by using AFM
contact mede. AFM topography image of a POPE monolayer transferred at 30 mN-m’™'
{A). The monolayers thickness can be evaluated by scratching the surface. The height
profile analysis (B) evidenced, however, that the AFM tip dnift the phospolipid towards
to the edges and that the mica is not totally flat due to the re-spreading of material over
the substrate. The thickness of the monolayer obtained by measuring the step height
between the monolayer and the substrate were 0.42 £ 0.07 nm clearly below the values

expected for a monolayer.

Figure 4. ©-A isotherm of the POPE monolayer with two AFM images: A) LB film ata
7=36.5mN'm". B) Amplification of image 3A.

Figure 5. Determination of the thickness of a monolayers of POPE transferred at 36.5
mN-m™ by using AFM contact mode. (A). The monolayers thickness can be evaluated
by scratching the surface. (B) The height profile analysisThe thickness of the monolayer
obtained by measuring the step height between the monolayer and the substrate were

0.80+ 0.07 nm.
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Figure 6. (A) Surface-pressure area isotherms of pure POPE (extracted from Figure 1).
Inget: zoom of the LC-LC” transition. (B, C). Force vs. piezo displacement curves on a
POPE monolayer extracted at 30 mN m™ and 38 mN m™ (B, C, respectively). Insets:
force vs. tip-sample approching curves derived from the previous force vs. piezoelectric
extension curves, underscoring the low force contact region in which the jump or

monolayer indentation can be observed.
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Abstract

In this work we have studied the adsorption of cytochrome ¢ (cyt ¢) on monolayers and
liposomes formed with: (i) pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanclamine (POPE) or cardiolipin (CL); and (i)
the more thermodynamically stable binary mixtures POPE:CL (0.8:0.2, mol:mol) and
POPC:CL (0.6:0.4, mol:mol). Surface constant pressure experiments have shown that the
maximum and minimum interaction were undergone by the pure CL. (anionic phospholipid)
and the pure POPE (zwitterion) monolayers respectively. The observation by atomic force
microscopy (AFM) of the images of Langmuir-Blodgett (LB) films extracted at 30 mN m’'
suggest that the different interaction of cyt ¢ with the POPE:CL and the POPC:CL
monolayers could be originated from lateral phase separation occurring in the POPE:CL
mixture. The competence between 8-amlino-1-naphtalene sulfonate (ANS) and cyt ¢ for the
game binding sites in liposomes of identical nominal compositions that the monolayers was
exploited to obtain binding parameters. In agreement with the monolayer experiments the
largest binding was observed for the POPE:CL liposomes. All the observations strongly
support the existence of a selective adsorption of ¢yt ¢ on CL which is differently modulated
by different neutral phosgpholipids (POPE and POPC).

1. Introduction
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Cytochrome ¢ (cyt ¢) is a peripheral membrane protein that is found associated with the inner
membrane of mitochondria. It is an essential component of the mitochondrial respiratory
chain that transfers electrons between the CoQHe-cytochrome ¢ reductase and the cytochrome
¢ oxidage complexes. In part because cyt ¢ is a soluble protein, it i often conceived as a
shuttle for electrons. Far from this simple view, the mechanism by which cyt ¢ diffuses
between the reductant and the oxidant protein substrates may involve translational motion of
cyt ¢ in the aqueous intermembrane mitochondrial gpace or in the two-dimensional plane
defined by the bilayer'. In this regard it has been early established using fluorescence of
monolayers® and solid-state 31 P-NMR? that cyt ¢ binds specifically to anionic phospholipids.
More recently the nature of the phospholipid-cyt ¢ interaction has been investigated by atomic
force microscopy (AFM)® and combined with force spectroscopy (FS)’. The biological
implications of such interaction appears to be related with the transport of electrons itself® as
well as with the release of eyl ¢ during process of apoptosis’. In both, relevant processes, the
involvement of cardiolipin (CL) has been demonstrated. Actually we have evidenced the
specific affimty of cy ¢ for CL by using a combination of fluorescence measurements and
AFM observations®. On the other hand major zwitterionic phospholipids that are present in
significant amounts and that constitute the phosgpholipid matrix inner mitochondrial
membranes i.e. phosphoethanolamine (PE) and phosphocholine (PC), could influence such
interaction. In previous works we have studied the mixing properties of the binary systems: 1-
palmitoy-2-oleoyl-sr-glycero-3-phosphoethanclamine  (POPE),  1-palmitoy-2-oleoyl-s#-
glycero-3-phogphocholine (POPC) and cardiolipin monolayers and supported planar bilayers
(SPEs)™. Accordingly, the values of the Gibbs energy of mixing, the more stable monolayers
assayed were: POPC:CL (0.6:0.4, mol:mol) and POPE:CL ¢0.8:0.2, mol:mol). Hence that
those compositions were used to investigate the topographic characteristics of the SPBs
through AFM. Thus, while POPC:POPE and POPC:CL yield homogeneous SPBs, lateral

phase segregation of the POPE:CL system were observed'’. In the present work we will

! Cramer,W.A.;Knaff,D.B. in Energy transduction in biological membranas. A Texbook of Bicenergetics.
Springer-Verlag , N.Y. 1991; p 164

2 Teissie, . Biochemistry 1981, 20, 1554-1560.

* Pinheiro, T.J.T.; Watts,A. Biochemistry 1994, 33, 2451-2458.

& Lei,C.;Wollenberger,U; Cheller,F.W. Electroanalysis 1999, /1, 274-276.

* Choi, E.J.;Dimitriadis, E.K. Biophys.J. 2004, 87, 3234-3241.

® Robinson, N.C. .J. Bioenerg. Biomew. 1993, 25, 153-163.

" McMillin,J.B.; Dowhan, W, Biochin Biaphys. Acta 2002, 1582, 97-107.

? Domeénech,O; Sanz,F.; Montero,M.T.; Hernandez-B orrell, . Biochim. Biaphys.Acta 2006, 1758, 213-221.
* Doménech,0.; Torrent-Burgués,J.; Merino,S.; Sanz,F.;Montero,M.T.; Hernandez-BorrellJ. Colloid Surf. B-
Biointerfaces 2005, 4/, 233-238.

" Doménech,d.; Montero,M.T.; Hernandez-Bormell,T. Biochim. Biophys.Acta 2006, in press.

266



Selected publications

investigate the effects of cyt ¢ on pure POPC, POPE and CL, and the more
thermodynamically stable mixtures POPE:CL (0.8:0.2, mol:mol) and POPC:CL (0.6:0.4,
mol:mol) at constant surface pressure. By combining our monoclayer results with binding
experiments in solution, using 8-anilino-l-naphtalene sulfonate (ANS)', we have

investigated whether CL is essential for cyt ¢ adsorption onto bilayers.
2. Materials and methods

2.1 Chemicals. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanclamine (POPE), and cardiolipin (CL), specified as 99%
pure, were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used without
further purification. Horse heart cytochrome ¢ (cyt ¢) was purchasged from Sigma Chemical
Co. (Madrid, Spain). 8-anilino-1-naphtalene sulfonate (ammonium salt, ANS) were purchased
from Molecular Probes (Eugene, OR). The concentration of the spreading solutions of
phospholipids were 1 mg mL™ in chloroform-methanol (3:1, v/v). The buffer used was 50
mM Tris-HCl buffer (pH 7.40) contaiming 150 mM NaCl, prepared in Ultrapure water (Milh
Q¥ reverse osmosis system, 18.3 MQ-cm resistivity) and filtered with a Kitasato system (450

nm pore diameter) before use.

2.2 Preparation of lipid Monolayers: surface pressure-area isotherms and surface pressure

constant experiments

The surface pressure () was measured with a resalution of £ 0.1 mN-m ' using a 312 DMC
Langmuir-Blodgett (LB) trough (NIMA Technology Ltd. Coventry, England). The working
surface area of the through is 137 cm® The through was placed on a vibration-isolated table
(Newport, Irvine, CA, USA) and enclosed in an environmental chamber. The temperature of
the subphase was maintained at 24.0 £ 0.2 °C by using an external circulating water bath.
Before each experiment, the trough was washed with chloroform and rinsed throughly with
purified water. The cleanliness of the trough and subphase formed by the buffer was ensured
before each run by cycling the full range of the trough area and aspirating the air-water
surface, while at the minimal surface area, to zero surface pressure. Constant-surface pressure
experiments were performed by spreading a desired lipid onto the subphase free of cyt ¢, and

then compressing the lipid film to the desired surface pressure (z= 30 mN m™). Convenient

" Slavik, J. Bicchim. Biophys. Acta 1982, 694, 1-25.
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volumes of spreading solution of lipids were carefully deposited onto the subphase by using a
microsyringe (Hamilton, Reno, NV). After 15 min to allow monolayer stabilization cyt ¢ was
injected beneath the monolayer to reach a final concentration of 2 pM (equivalent to a lipid to
protein molar ratio (LPR) of 15. Thereafter the change of surface area per molecule (A4) with
time () was measured. To obtain a quantitative interpretation of these experiments data were
fitted to the following Langmuir-like equation

(k1)

A=A, .
1+ (k)

4]

where Ady,. 18 the maximum increase of the area reached in steady-state conditions by the
monolayer, &; is a rate constant determined by the nature of the substances involved and the
experimental conditions, and b is a parameter that is related with the cooperativity of the
process. For compression isotherms the corresponding aliquot of lipid was spread onto the
subphase solution. After a 15 min period the experiment was started. The compression barrier
speed, calculated to the final surface pressure, was 5 em”min”. Every 74 isotherm was
repeated three times mimimum, with the isotherms showing satisfactory reproducibility. LB
films were transferred onto freshly cleaved mica, lifting the substrate at a constant rate of 1
mm-min”". The transfer ratios were evaluated and were near the unity, indicating that the mica

was almost covered with the monolayer.

2.3 Atomic Force Microscopy. Images were generated with a commercial AFM (Nanoscope
I11, Digital Instruments, CA, USA) and SizN. cantilevers (Olympus, Tokyo, Japan) with a
nominal spring constant of 40 N-m™'. The instrument was equipped with a “I” scanner (120
pm) and the Tapping mode. Mica squares (0.4 cm?®, from Asheville-Schoonmaker Mica Co.,
VA, USA) were glued to a steal disc. Images were recorded in air at constant-force. The set
point was continuously adjusted during the imaging to mimmize the force applied. All the

images were processed using Digital Instruments software.

2.4 Preparation of liposomes and binding experiments. Chloroform/methanol (3:1, v/v) stock
solutions of desired lipid compositions were evaporated to dryness in a flask using a
rotavapor. The resulting thin lipid film was then kept under reduced pressure overnight to
ensure the absence of organic solvent traces. Multilamellar vesicles were obtained by
hydration in buffer to a final concentration of 60 pM. Thereafier, suspensions were filtered
through Nucleopore (Costar, Cambridge, MA) polycarbonate filters (200 nm nominal
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diameter) using an Extruder (Lipex Biomembranes Inc., BC) device. Size and polydispersity
of liposomes were monitored by quasi-elastic ight-scattering (QLS) using an Autosizer Ilc
photon correlation spectrophotometer (Malvern Instruments, U.K.). A dominant peak was
typically observed indicating the presence of ~ 200 nm sized-particles. Final lipid
concentration was 50 uM assured by phosphorus quantification. The lipid-bound ANS shows
intense fluorescence at 480 nm (excitation, 380 nm), while the non-bound ANS exhibits low
fluorescence in aqueous solution. All measurements of ANS fluorescence were made in an
SLM-Aminco 8100 spectrofluorometer provided with a jacketed cuvette holder. The
temperature of the cuvette was kept constant at 24.0 = 0.1 °C using an external circulating
water bath (Haake, Germany). Stock solutions of ANS in ethanol were freshly prepared and
protected from the light exposure. These experiments consisted in the incubation of
cytochrome ¢ to a final lipid to protein molar ratio of 15 (LPR ~ 1, w/w) for 30 min at 24 °C.
Thereafter, the samples were titrated with the stock solutions of ANS. The adsorption data of
ANS binding on bilayers were fitted to the following Freundlich-like isotherm™

(#ans], f

HNS]s = Cou TS L T

@

where & is the binding constant, C,,; 18 the maximum concentration of ANS bound to
liposomes, b 15 interpreted as the cooperativity of the binding process and B and « subscripts
refer to bound and free ANS concentration, respectively. The value of bound ANS can be
calculated having into account that it is proportional to the fluorescence. Equation 2 can be

used to calculate the variations in the electrostatic surface potential according to
k
AW = £ In| =2 (3)
F k

where T is the temperature, R the universal gas constant, F the Faraday constant and £, and

ko are the binding constants with and without the presence of eyt ¢, respectively.

2 Montero,M.T.; Pijoan,M.; Merino-Montero,3.; Herndndez-Borrell J. Zangnuir 2006, 22, 7574-7578.
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3. Results and discussion

Firstly, we have carried out constant surface pressure measurements of monolayers at 30 mN
m’’, which is often assimilated to the surface pressure of the biclogical membranes’. Upon
the injection of eyt ¢ beneath the monolayers, the changes in the average area per molecule
(A4) with time (f) were followed (Figure 1). As can be seen the maximum and minimum
variations of A4 were undergone by the pure CL (amonic phospholipid) and the pure POPE
(zwitterion) monolayers respectively. For a better comparigon the parameters obtained by
fitting the experimental data of all the monolayers to the Eq. 1 are listed in Table 1. Here, for
instance, it can be seen that Ad,,,, for CL is ~ 9 fold Ad,.,, for POPE. On the other hand, the &
and b values for the pure CL monolayer were lower than for the other phospholipids. Besides,
the Ady.. values were slightly higher for pure POPC and mixed POPC:CL monolayers than
for the pure POPE. It is worth noting that the A4, reached by the POPE:CL mixture was
significantly higher than the other monolayers with the only exception of the pure CL
monolayer. Nevertheless, this not provides explanation on the different adsorption that we
have observed between the two binary compositions studied in the present work. Indeed, the
different behavior between POPC:CL (0.6:0.4, mol/mol) and POPE:CL (0.8:0.2, mol/mol}
could not be a mere indication of the electrostatic nature of the ¢yt c—bilayer. In such a case,
assuming that the main driving force of the interaction would be electrostatic, the POPC:CL
monolayer, with a higher proportion of the anionic phospholipid, should result in a higher A4
than the POPE:CL monolayer. However, that was not the case. These results point out to the
fact that the nature of the interaction between cyt ¢ and the phospholipid mixtures is not solely
governed by electrostatic interactions'. Thus, while the interaction between cyt ¢ and
zwitterionic phospholipids (POPE and POPC) monolayers involves an hydrophobic
contribution'”, the presence of anionic phospholipids® (in that work phosphatidilglycerol) has
been probed to enhance the penetration of cyt ¢. Having into account that cyt ¢ 1s positively
charged at this pH", the increased penetration observed in CL presence may be atiributed to
the contribution of electrostatic interactions.

We know from a precedent work, where we studied the mixing properties of

POPC:CL and POPE:CL monolayers®, that the excess Gibbs energy of mixing (G¥) for both

" G. Ceve, D. Marsh, Phospholipid Bilayers. Physical Principles and Models, Wiley-Interscience, New York,
1987.

" Kostrzewa,A.;Pali,T.;Froncisz,Marsh,D. Binchemistry, 2000, 39, 6066-6074.
" Quinn, P.J.; Dawson, R.M.C. Biochen./. 1969, 113, 791-804.
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compositions are negatives and therefore the interactions between the molecules are mainly
atractives. We concluded that in the range of molar fraction studied (y¥cr=0-1) the mixtures
with either POPE or POPC mix ideally. In a recent work'® based on the existence of two
collapse pressures in the range ¥cr = 0.1-0.3, it was inferred that phase separation of the
components occur and the thermodynamic analysis was supported by AFM observations.
Therefore, looking for possible analogies, we have extended our work and investigated the
surface pressure-area (m-A) isotherms of our systems for Y <0.2. Thus, while POPC:CL

monolayers were miscible in all proportions, even Jcr <0.2 {(data not shown), two well

defined surface collapse pressures we have observed for the POPE:CL system at yc1<0.2
(Figure 2). This finding matches reasonably well with the behaviour of the DPPE:CL
system'”. According to the Gibbs-phase rule this would indicate that POPE and CL are not
completely miscible at molecular level at the air water interface at ycr<0.2. To perform a
topographical characterization of such monolayers, LBs of the systems under investigation
were lransferred onto a mica substrate at 30 mN m™ and imaged with AFM in contact mode
(Figure 3). As can be seen, POPC (Figure 3A) and POPC:CL (Figure 3D) (0.6:0.4, mol/mol)
appeared ag continuous and smooth with average surface roughness, Re = 0.10, and 0.06 nm,
respectively. On the other hand, the LBs of POPE (Figure 3B) and CI (Fig.3C) were not
homogeneous. In the monolayer of POPE, Ra = 0.14, round structures of 75 &+ 15 nm (n=>50),
randomly distributed and that amount for ~ 6.39 % of the total substrate area, appeared. The
step height difference between the round structures and the upper layer region was ~1.16 nm.
In the LB of CL (Figure 3C) structures with no particular shape are seen. The step height
difference between these structures and the upper layer was ~ 0.90 nm. Both step height
values were lower than expected for a monolayer, hence that we suspect that at this pressure,
30mNm, a overlayered structure has been transferred. Besides, the LB of the POPE:CL
(0.8:0.2, mol/mol) monolayer wield algo a non-homogeneous structure (Figure 3E).
Interestingly, a magnification of two small areas of this LB (gee the magnifications of the
ingets on the left side of Figure 3E) reveal the existence of two different regions, resembling
the features of the pure POPE (Figure 3B) and CL (Figure 3C) respectively. Although non
conclusive, this observation could indicate that a kind of lateral segregation occurs which
matches with the formation of domaing observed in supported planar bilayers (SPBs) of the

same composition®. A note of caution should be added in making such comparison between

' Sennato,S.;Bordi,F.;Cameiti,C.;Coluzza,C.;Desideri,A.;Rufini,S. S Phys.Chem. 2005, 109,15950-15957.
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LBs and SPBs because in Figure 3 we are showing the topographies of the acyl chains facing
the air. Besides, as mentioned above the G values, -1.5 and -3.8 kJ mol’l, for POPE:CL
(0.8:0.2, mol/mol) and POPC:CL (0.6:0.4, mol/mol), respectively, indicate that the
contribution of the repulsive interactions to the net G° value are more important in the
POPE:CL than in the POPC:CL system. Theoretically, it is likely to assume that this will
result in a lateral segregation of the molecules.

In thig regard an appealing possibility would be the selective adsorption of ¢yt ¢ on
enriched CL domains in monolayers. This would be the reason of the higher adsorption of cyt
¢ on POPE:CL (0.8:0.2, mol/mol) system (Figure 1). Conversely, when CL is mixed with
POPC, the electrostatic interaction is less favoured. Thus, the 3-4 molecules of CL necessaries
for electron transport through cytochrome ¢ oxidase'” would be indicative of a stoichiometric
requirement for the ¢yt ¢-CL binding. Remarkably, this requirement would be acomplished
i.e. by the POPE:CL (0.8:0.2, mol/mol} system because of the lateral segregation but not for
the POPC:CL (0.6:0.4, mol/mol) monolayer.

To further investigate the favoured interaction of cyt ¢, binding experiments on
liposomes have been carried out. ANS is a fluorescent molecule that has probed to be useful
for monitoring changes in the hydrophilic phogphate moiety of phosgpholipids caused by i.e.
drugs'®*® and oyt ¢ itself™®. Tipically, fluorescence intensities increase as ANS is added to
liposomes until a plateau is reached at high probe concentrations (Figure 4 and 5). In
presence of cyt ¢ ANS 1s displaced as a result of the competition between the protein and the
label for the same binding sites’ Consequently, as a general behavior, in presence of eyt ¢, the
fluorescence of ANS decreases.

The values obtained by fitting the isotherm (eq. 2) to the ANS binding data and the
calculated surface potential values (eq. 3) are shown in Table 2. As can be seen the values
reached at 2w (Chy; ) were always lower in presence of cyt ¢. In absence of protein, the
greatest and lowerest values for C,,,, were for the POPC:CL (0.6:0.4, mol/mol) and, CL and
POPE, bilayers respectively. In presence of cyt ¢ the maximum displacement of ANS, that is
the greatest binding of the protein, was shown by the POPE:CL (0.8:0.2, mol/mol)
composition, which ig in agreement with the largest adsorption observed for the POPE:CL
monolayer (Figure 1). With the exception of CL, it can be said that he values & and b were

higher in presence of eyt ¢ in all cases. As can be seen by simple inspection of the binding

'" Robinson, N.C. /. Bioenerg, Biomem. 1993, 25, 153-163.
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curves, liposomes formed with pure phospholipids bound from very low amounts of cyt ¢ for
POPC (Figure 4A) to almost negligible amounts for POPE and CL (Figure 4B and 4C). On
the other hand, the mixtures, either of POPC:CL (Figure 5A) or POPE:CL (Figure 5B),
exhibited a largest binding. These behavior are in close agreement with the minimal
adsorption of ¢yt ¢ that we have observed onto POPC and POPE (Figure 1) and suggest, in
agreement with results elsewhere reported'”, that cyt ¢ would not penetrate into zwitterionic
lipid monolayers.

The variations in the electrostatic surface potentials (A¥) calculated according to eq. 3 are
also shown in Table 2. According to the high standard deviations of the measurements only
the AY values for CL and POPE:CL are significant. The positive value for the POPE:CL and
CL systemsg indicates that cyt ¢ is able to screen, in some extension the negative charge bear
by these liposomes. These behavior are in obvious agreement with the highest adsorption of
cyt ¢ on pure CL and POPE:CL monolayers (Figure 1). It is important to bear in mind that CL
is a parficular phospholipids that displays two different binding sites for eyt ¢**?!. Besides,
recent surface force measurements® revealed that the absolute surface charge bear by CL
liposomes can not be inferred simply assuming that the phospholipid is fully deprotonated at
neutral pH. Posgibly, changes in the structure of the bilayer in presence of the ¢yt ¢, involving
the postulated CL extended conformation®, could unveil the charge partially screened by the
intramolecular hydrogen bond.

Indeed, the interaction of cyt ¢ with acidic phospholipids, and particularly the level of
penetration of the protein into the bilayer, seems to follow a subtle balance between
electrostatic and hydrophobic interactions®. In addition, other factors that would influence the
interaction are the orentation of the proten®?® and its possible partial unfolding at the

3,27

surface of anionic phospholipids™’. Whichever the exact mechanism involved, taking into

account the whole body of results presented in this paper, the POPE:CL system, with the

nominal mole fraction of CL found in the inner mitochondrial membrane, provide additional

8,10

evidences™ - of the selective adsorption of ¢yt ¢ on CL domains.

2 Rytomaa,M. ;Kinnunen, P.K.J. J Biol. Chem. 1994, 269, 1770-1774.
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Figure Legends

Figurel. Increase of the surface area A ag ag function of time of monolayers of CL (m), POPE

(®), POPC (), POPE:CL (0.8:0.2, mol/mol) (o), and POPC:CL (0.6:0.4, mol/mol) (&).

Figure 2. Surface pressure versus area per molecule isotherms of (m) POPE, (@) POPE:CL
(0.95:0.05, mol/mol), (o) POPE:CL (0.90:0.10, mol/mol) and (C)POPE:CL (0.80:0.20,

mol/mol).

Figure 3. AFM Tapping mode images of POPC (A), POPE (B), CL (C) POPC:CL (0.6:0.4,
mol/mol) (D), and POPE:CL (0.8:0.2, mol/mol) (E) monolayers extracted at 30 mN m™.
Amplification of image (F).

Figure 4. Concentration of ANS bound for liposomes formed with POPC (&), POPE (B), CL
(C) as a function of the free ANS concentration, in the abgence (m) and in presence (o) of cyt
¢ 2 uM. The total lipid concentration wag 30 pM. Values are the average of 3 independent

experiments.

Figure 5. Concentration of ANS bound for liposomes formed with POPC:CL (0.6:0.4,
mol/mol) and (D) POPE.CL (0.8:0.2, mol/mol) as a function of the free ANS concentration,
in the abgence (m) and in presence (0) of cyt ¢ 2 uM. The total lipid concentration was 50 uM.

Valueg are the average of 3 independent experiments.

Table Legends

Table 1.
Parameters obtained from constant-surface pressure experiments. Adg, 1s the maximum
increase of the area reached in steady-state conditions by the monolayer, £; is the rate constant

and b ig the cooperativity of the process.
Table 2. Parameters obtained from ANS binding data on. C,,; is the fluorescence intensity

(related with the maximum concentration bound),  is the cooperativity, & is the binding

constant, Ay is the variation in the surface potential of liposomes.
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POPC:CL POPE:CL
POPC POPE CL
(0.6:0.4, mol/mol)  (0.8:0.2, mol/mol)
i 29£02 1.49£0.13 129+05 2.23£0.09 6.4£0.3
(42 molenle™) 9%0. . ) 9%0. . ) A4%0.
k(x10% ¢! 28+03 25405 17402 25+0.2 29+0.4
b 0.91+0.13 12403 0.67 +0.03 1.00+0.09 0.91+0.11
Table 1
13
POPC:CL POPE:CL
POPC POPE CL
(0.6:0.4, mol/mol) (0.8:0.2, mol/mol)
+cyte +cyte tceyte tceyte tceyte
Coee (UM) 5.05 3.44 25 3.0 292 0.47 7.4 4.43 6.4 238
b 0.97 150 1.02 153 13 1.1 1.22 1.49 1.21 1.40
EMHx10? 329 8.2 2.5 2.6 3.4 5.9 3.06 3.7 23 5.0
Ay (mV) - +240+150 - +3.40 £1.80 5 +134£15 5 +0.20+1.30 5 +840+1.20
Tabel 2
14
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