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Characterization of Two Oxidatively Modified Phospholipids in Mixed
Monolayers with DPPC

Karen Sabatini,* Juha-Pekka Mattila,” Francesco M. Megli,* and Paavo K. J. Kinnunen'

*Dipartimento di Biochimica e Biologia Molecolare, Universita di Bari, Centro di Studio sui Mitocondri e Metabolismo Energetico—CNR,
Bari, ltaly; and *Helsinki Biophysics and Biomembrane Group, Medical Biochemistry, Institute of Biomedicine, University of Helsinki,
Helsinki, Finland

ABSTRACT The properties of two oxidatively modified phospholipids viz. 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-
phosphocholine (PoxnoPC) and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazePC), were investigated using a
Langmuir balance, recording force-area (7-A) isotherms and surface potential . In mixed monolayers with 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) a progressive disappearance of the liquid expanded-liquid condensed transition and film
expansion was observed with increasing content of the oxidized phospholipids. The above is in agreement with fluorescence
microscopy of the monolayers, which revealed an increase in the liquid expanded region of DPPC monolayers. At a critical
pressure 75 ~ 42 mN/m both Poxo- and PazePC induced a deflection in the 7-A isotherms, which could be rationalized in terms
of reorientation of the oxidatively modified acyl chains into aqueous phase (adaptation of the so-called extended conformation),
followed upon further film compression by solubilization of the oxidized phospholipids into the aqueous phase. Surface potential
displayed a discontinuity at the same value of area/molecule, corresponding to the loss of the oxidized phospholipids from the
monolayers. Our data support the view that lipid oxidation modifies both the small-scale structural dynamics of biological
membranes as well as their more macroscopic lateral organization. Accordingly, oxidatively modified lipids can be expected

to influence the organization and functions of membrane associated proteins.

INTRODUCTION

Biological membranes are centrally involved in the control
and execution of a great variety of cellular processes, thus
requiring the maintenance of their proper structure and func-
tion (1-4). The structural core of all biomembranes is pro-
vided by the lipid bilayer. The fluid mosaic model (5)
described biomembranes mainly as a diffusion barrier and
a structural matrix embedding the active molecules, periph-
eral and integral membrane proteins, and covalently linked
complex carbohydrates. Yet, it has become evident that
biomembranes possess a considerable degree of static and
dynamic heterogeneity because of i), the large number of
different lipid species; and ii), their liquid crystalline nature
(1,6-9). Furthermore, the lateral organization and the
thermodynamic state of biomembranes determined by their
lipids have been suggested to be correlated to the physio-
logical functional states of cells (1), determining, e.g.,
protein-lipid interactions, further controlling the activity of
membrane associated enzymes, for instance (2,3,10-16).
Accordingly, perturbing the bilayer structure leads to modifi-
cations of membrane properties, as well as alterations and
loss of both integral (17,18) and peripheral (19,20) protein-
lipid interactions and, subsequently, changes in a variety of
biological processes (21-25).
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Reactive oxygen species (ROS) are produced by cellular
metabolism, mitochondrial respiration in particular, as well
as in processes such as inflammation and phagocytosis
of virus- or bacteria-infected cells (26,27). The formation of
ROS is induced also by ultraviolet and ionic irradiation of
cells (28,29). ROS overproduction damages cellular macro-
molecules, above all lipids, and the latter have been sug-
gested also to be the targets for the above radiations (30).
Extensive evidence supports the notion that lipid peroxida-
tion is centrally involved in degenerative, age-related diseases
such as Parkinson’s and Alzheimer’s disease (21,31-34),
as well as cardiac arrhythmia, hypertension, inflammatory
diseases (21,31,35), schizophrenia (36), and cancer (37—40).
Yet, in spite of their obvious relevance to the understanding
of the molecular basis of the above pathological conditions
the exact mechanisms of action of oxidized lipid species
have remained elusive. It has been proposed that membrane
damage after oxidative attack involves impairment of ion
transport mechanisms (41) and modification of the function
of membrane proteins (1,22). To this end, similarly to lipids
in general, also oxidized lipid species can elicit their cellular
level effects by two principally different mechanisms, viz. by
influencing and perturbing lipid-protein interactions via
liganding to specific proteins, as well as by modifying the
membrane bulk physical properties (1). The latter mecha-
nism is likely to act high in the hierarchy of cellular control
mechanisms, integrating entire metabolic pathways in the
various organelles (42).

Oxidative damage of the acyl chains causes loss of double
bonds, chain shortening, and the introduction of hydroperoxy
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groups and is thus expected to affect the structural charac-
teristics and dynamics of lipid bilayers (43—45), such as de-
crease in phospholipid acyl chain order, evident as loss of
anisotropy in the EPR spectra of spin-labeled oriented planar
layers (46—48). Importantly, the above could be demon-
strated also for phospholipids from isolated rat liver mito-
chondria maintained in respiration state IV in vitro (49),
as well as for liver mitochondrial phospholipids from rats
treated with carbon tetrachloride (50). It is also relevant to
note that lipid peroxidation is a chain reaction and leads to a
facile propagation and spreading of free radical reactions in
the affected tissues, causing under pathological conditions
accumulation of oxidized lipids (51). Because of the obvious
importance of understanding changes in the biophysical
properties of lipid bilayers imposed by peroxidized lipids, we
characterized by Langmuir balance the effects of two
oxidatively modified phospholipid species on the monolayer
properties of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC). The two lipids used in the present study were
1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine
and  l-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PoxnoPC and PazePC, respectively, Fig. 1). Importantly,
their availability in pure form allows us to evaluate the con-
tribution of individual oxidized lipid species on the measured
parameters. We investigated lipid-lipid interactions by re-
cording force-area (77-A) isotherms and calculated from these
data the interfacial elastic moduli of area compressibility
(C,™ 1), providing an indicator for changes in the structure of
the film (52). Information on the electric properties of the
film was obtained from the measurement of surface dipole
potential ¢ (53). The lateral organization of the mixed mono-
layers was investigated by fluorescence microscopy.

MATERIALS AND METHODS
Materials

PoxnoPC, PazePC, and 1-palmitoyl-2-(N-4-nitrobenz-2-oxa-1,3-diazol)ami-
nocaproyl-sn-glycero-3-phosphocholine (NBD-PC) were from Avanti Polar
Lipids (Alabaster, AL). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
NaCl, Hepes, and EDTA were from Sigma (St. Louis, MO). The purity of the
above lipids was verified by thin layer chromatography on silicic acid coated
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FIGURE 1 Chemical structures of the two oxidatively modified phospho-
lipids used: (A) 1-palmitoyl-2-(9’-oxo-nonanoyl)-sn-glycero-3-phosphocholine
(PoxnoPC) and (B) I-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine
(PazePC).
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plates (Merck, Rahway, NJ), using chloroform/methanol/water/ammonia
(65:20:2:2, v/v) as the eluent. No impurities were detected upon examination
of the plates after iodine staining. Concentrations of DPPC, PoxnoPC, and
PazePC were determined gravimetrically using a high-precision electro-
balance (Cahn Instruments, Cerritos, CA) and the concentration of NBD-PC
was determined spectrophotometrically, using the molar extinction coeffi-
cient & = 21,000 cm ™" at 465 nm. Stock solutions of the lipids were prepared
in chloroform and stored at —20°C. Freshly deionized filtered water (Milli
RO/Milli Q, Millipore, Jaffrey, NH) was used in all experiments.

Monolayer measurements

A computer-controlled Langmuir type film balance (uTrough XL, Kibron,
Helsinki, Finland) equipped with a Precision Plus trough was used to si-
multaneously measure 7-A and Ag-A isotherms, using the embedded fea-
tures of the control software (FilmWare 3.52, Kibron). The indicated lipid
mixtures were made in chloroform and were spread in this solvent onto the
air-aqueous phase (15 mM NaCl) interface with a Hamilton microsyringe.
This subphase was employed since the presence of salt decreases noise in the
surface potential measurements. Compression isotherms recorded on 20 mM
Hepes, 0.1 mM EDTA, pH 7.4 were indistinguishable from these reported
here (data not shown). Total surface area of the trough is 120 cm? and the
volume of the subphase is 20 ml. After 5 min equilibration (to ensure
evaporation of the solvent), the film compression was started using two
symmetrically moving barriers. Compression rate was in all measurements
4 Az/chain/min, so as to allow for the reorientation and relaxation of the
lipids in the course of the compression. Surface pressure (77) was monitored
with a metal alloy probe hanging from a high precision microbalance (KBN
315, Kibron) connected to a computer and is defined as

T="7,—7, (D

where v, is the surface tension of the air/buffer interface and vy is the value for
surface tension in the presence of a lipid monolayer compressed to varying
packing densities. Monolayer dipole potential ¢ (53) was measured using the
vibrating plate method (uSpot, Kibron). All the isotherms were recorded at
ambient temperature and were repeated at least twice to ensure reproducibility.

Analysis of isotherms

Phase transitions were identified using derivatives of surface pressure with
respect to area (54). The value for monolayer isothermal compressibilities
(Cs) for the indicated film compositions at the given surface pressure ()
was obtained from 7-A data using

CS = (71/A7.,)><(dA/d7T)T, (2)

where A is the area per molecule at the indicated surface pressure 7. To
identify the phase transition points we further analyzed our data in terms of the
reciprocal isothermal compressibility (CyY) as discussed previously (55).
Accordingly, the higher the value for Cs ™', the lower the interfacial elasticity.

The collected Ay versus A data were analyzed in terms of ul, the
component of the monolayer dipole moment vector perpendicular to the
monolayer plane. The values for u_L were obtained essentially as described
by Brockman (53). In short, Ay was plotted against 1/A,, and subsequently
the linear regions of curve were fitted by equation

A = Ay +37.70 L X1/A,, 3)

to give an estimate of molecular dipole moment uL.

Fluorescence microscopy

Lateral organization of mixed monolayers of DPPC and either PoxnoPC or
PazePC was observed by fluorescence microscopy whereas compressing the
indicated films in the above described instrument to the given values of 7. The
trough (wTroughS) was mounted on the stage of an inverted microscope (Zeiss
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IM-35, Jena, Germany) and the quartz-glass window in the bottom of the trough
was positioned over an extra-long working distance 20X objective (Nikon,
Tokyo, Japan). A 450-490 nm bandpass filter was used for excitation and a 520-
nm longpass filter for emission. Images were viewed with a Peltier-cooled 12-bit
digital camera (C4742-95, Hamamatsu Photonic, Hamamatsu, Japan) inter-
faced to a computer and running image-processing software provided by
the camera manufacturer (HiPic, 4.2.0). NBD-PC (X = 0.02) was included in
the indicated lipid mixtures as a fluorescent probe (56). After equilibration the
monolayers were compressed at a rate of 2 A/chain/min by two symmetrically
moving barriers. All measurements were carried out at ambient temperature of
24 = 1°C and were repeated at least twice. The percentages of the monolayer in
fluid and solid phases at given values of surface pressure were calculated from
the fluorescence microscopy images using the program Imagel.

RESULTS

-A isotherms for PoxnoPC/DPPC and
PazePC/DPPC monolayers

Compression isotherms (Fig. 2, A and B) were first recorded
for binary mixtures of the aldehyde group bearing PoxnoPC
(Fig. 1) and DPPC. Isotherms for the latter lipid were in
keeping with the behavior reported previously, with clearly
discernible liquid-expanded to liquid-condensed (LE — LC)
phase transition (57). Data for PoxnoPC/DPPC monolayers
reveal several interesting features (Fig. 2 A). First, increasing
Xpoxnopc abolishes the LE-LC coexistence region in a pro-
gressive manner, with nearly complete disappearance at
Xpoxnorc = 0.40. Yet, a discontinuity indicative of the main
phase transition is still evident at 7 ~ 20 mN/m. This
behavior suggests the films with Xpoxnopc = 0.40 to be
predominantly in the liquid expanded state. The second
interesting feature of the isotherms is the presence above 7 =
40 mN/m of another transition, which becomes more pro-
nounced with increasing Xpoxnopc. Isobars of mean molec-
ular area A versus Xpoxnopc at surface pressures of 5, 10, 20,
40, and 50 mN/m were constructed (Fig. 2 C). At surface
pressures of 5 and 20 mN/m the presence of PoxnoPC led to
a slight expansion of the monolayer, whereas at 10 mN/m
the expansion was more pronounced. In contrast, at surface
pressure of 50 mN/m, i.e., above the transition at ~42-44
mN/m, PoxnoPC caused film condensation. However, anal-
ysis of these data revealed this condensation to be apparent
only, with 7 approaching 0 upon Xpoxnopc — 1.0. Accord-
ingly, we may conclude PoxnoPC to dissolve from the
monolayer into the aqueous subphase. This process appears
to follow first-order kinetics, with a sharp inflection point in
7r-A isotherms, denoted as 7, and defined as the critical
pressure for the dissolving of the oxidized lipids from the
films into the aqueous phase. To this end, micelle formation
in highly oxidized phospholipid mixtures has been suggested
on the basis gel exclusion chromatography (58).

We then proceeded to study PazePC, which upon deproto-
nation of its carboxyl moiety bears a negative charge (Fig. 1).
Similarly to PoxnoPC 7 versus A isotherms of DPPC/PazePC
films reveal the disappearance of the LE — LC transition (Fig. 2
B). Yet, compared to PoxnoPC the curves for PazePC lift-off
earlier (i.e., at lower area/molecule values) and a more
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pronounced shift of the curves to the right (larger area/molecule
values) is evident at low pressures (Fig. 2 B) and already at
Xpazepc = 0.10, as shown also by the A versus Xp,,.pc dataat 5,
10, 20, 40, and 50 mN/m (Fig. 2 D), showing the pressure and
composition dependent expanding and condensing effects of
PazePC in DPPC monolayers. For PazePC film expansion is
pronounced already at Xp,,epc from 0.10 to 0.15. Similarly to
PoxnoPC a break in the compression isotherms is seen for
PazePC containing films at surface pressures 75 of ~40 to 42
mN/m, also showing loss of this oxidized lipid from the binary
phospholipid monolayer into the aqueous phase.

Interfacial elastic moduli of area compressibility
of PoxnoPC/DPPC and PazePC/DPPC films

To gain further insight into the structural characteristics of the
oxPL/DPPC monolayers, the above compression isotherms
were analyzed in terms of their compressibility modulus C "
as a function of 7 and X,xpr (Fig. 2, E and F). Increasing Xxpr.
dramatically decreased C, ' for both oxidized phospholipid
species, revealing augmented elasticity of the films. Com-
pressibility data also reveal the phase transition of DPPC and
the high-pressure inflection point in 7-A isotherms observed
for films with oxPLs, the minima in C [1 coinciding with the
critical pressure 77 at surface pressures of ~42—44 and 4042
mN/m for PoxnoPC and PazePC, respectively (Fig. 2, E and F).
The depicted graphs also illustrate the differences in compres-
sion isotherms for PazePC and PoxnoPC after the high-
pressure inflection. The shapes of 7 versus Cs~' curves in the
vicinity of the new transition are different for the two oxPLs.
For PazePC there is a decrease of the first shoulder and an
increase of the second one, whereas for PoxnoPC a decrease of
both shoulders is evident both below and above 7, ~42 mN/m.
In both cases the first shoulder appears close to the collapse
pressure of pure oxidized lipid and after the completion of the
transition the values for C;l equal those for DPPC. C;l
versus Xoxpr data at surface pressures from 5 to 50 mN/m were
constructed to better demonstrate the changes in film com-
pressibility modulus with varying X,.pp. (Fig. 2, G and H). At
5 mN/m, the behaviors of PoxnoPC/DPPC and PazePC/DPPC
films were almost identical. In contrast, at 40 mN/m the
compressibility of PazePC/DPPC monolayers exceeded that of
PoxnoPC/DPPC (i.e., the value of C; "' for PazePC/DPPC is
lower than for PoxnoPC/DPPC), for all mole fractions studied.
Further, at 40 mN/m the value of CS_1 for PazePC/DPPC
showed a local minimum at Xp,,.pc = 0.25.

Surface potential-area (A,-A) isotherms for
oxPL/DPPC films

Taking into account the nature of the monolayers containing
oxPLs one readily anticipates alterations in the monolayer
dipole potential (53). Accordingly, surface potential-area
isotherms for both PoxnoPC/DPPC and PazePC/DPPC
monolayers were measured to further investigate the effects
of these oxPLs on membrane properties (Fig. 3, A and B). A
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FIGURE 2. Representative compression isotherms for PoxnoPC (A) and PazePC (B) in mixed monolayers with DPPC, the mol fraction X of the oxidized
phospholipid (Xoxpr) species increasing from left to right as 0.0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.4, and 1.0. The given lipid mixtures were spread onto 15 mM NaCl
at ambient temperature (~24°C). After 4 min of equilibration the films were compressed at a rate of 4 A%/molecule/min. Panels C and D illustrate variations in
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shoulder at the same A/molecule corresponding to the break
in 7-A data at ~40 mN/m is observed for both oxPLs in
DPPC, this shoulder becoming more pronounced with
increasing Xpoxnopc (Fig. 3 A). For mixed monolayers of
PazePC a shoulder similar to that for PoxnoPC/DPPC films
is observed (Fig. 3 B). Yet, the shoulder for PazePC is
broader and occurs at higher mean molecular areas. To gain
more insight into the differences between the two oxPLs, we
constructed ¢ versus X,,pr. isobars at 5, 10, 20, 40, and 50
mN/m (Fig. 3, C and D). Increase in X,.p;. decreased ¢, as
compared to neat DPPC. The decrement due to PazePC
(~100 mV for pure PazePC at m = 5 mN/m) was more
pronounced than that due to PoxnoPC (~45 mV for pure
PoxnoPC at 77 = 5 mN/m). Although these are considerable
force fields as such, also the impact of the difference in the
chemical structures is of interest with a difference of ~55
mV between PoxnoPC and PazePC at 5 mN/m (Fig. 3, C and
D), the former bearing an aldehyde and the latter a carboxylic
function. Finally, we also constructed iy versus X,xpL
isochores at 40, 45, 50, 55, 60, 70, and 80 A?/molecule
(Fig. 3, E and F), which demonstrate a decrement in ¢ with
increasing X,,pr. Interestingly, the value for Ay of pure
PazePC and PoxnoPC was independent of the mean molec-
ular area, indicating a packing density dependent reorienta-
tion of the component of dipole moment vector perpendicular
to the monolayer plane w_L, yielding nearly constant surface
dipole potential during film compression. To better illustrate
this feature values for p_L were calculated by fitting Eq. 3 to
the linear parts of Ay versus 1/A for the data in the liquid
expanded phase (between ~75-90 A*/molecule) and regions
between 61-65 and 40-45 A%*molecule. Only modest
changes in w_L are apparent for both PoxnoPC and PazePC
with increasing X, pr. in the liquid expanded phase (Fig. 3, G
and H). Instead, for the range 61-65 A*/molecule there is a
drastic increase in pL at Xxpp. = 0.1-0.25 when compared to
neat DPPC. At Xxp.. = 1.0 the value of w_L approaches zero
indicating the dipole moment vector to be oriented parallel to
the monolayer surface or the oxidized phospholipid dissolv-
ing from the film into the aqueous subphase. Essentially
similar behavior is observed for the range of A varying
between 40 and 45 Az/molecule, however, the increase in p L
between X xpr from 0.1 to 0.25 is less pronounced.

Fluorescence microscopy of
oxPL/DPPC monolayers

The impact of the oxPLs on the two-phase region of mixed
films with DPPC was analyzed by fluorescence microscopy

Sabatini et al.

(56), visualizing the lateral distribution of the LE phase
favoring fluorescent lipid analog, NBD-PC (X = 0.02).
DPPC in the LE-LC coexistence region reveals the presence
of nonfluorescent solid domains in a continuous fluid and
fluorescent phase (Fig. 4). The appearance of the solid
domains coincided with the onset of the LE — LC transition.
The condensed domains appear to be randomly arrayed and
are observed to diffuse in the plane of the monolayer due to
Brownian motion. However, they rarely come into contact
indicating that the domains repel each other at short distances
(59,60). Upon further compression of DPPC films, the solid
phase domains grow in size whereas their number decreases
slightly at the expense of the fluid phase (Fig. 5). At 7 = 40
mN/m bright clusters of the fluorescent probe become
evident, together with dark areas. Interestingly, these two
domains are separated by a continuous gray area, with an
apparent gradient of fluorescence intensity. With further
increase of 7 to 50 mN/m the intermediate phase disappears
and a two-phase region is seen. The presence of the two
oxPLs causes drastic differences both in the size and shape of
the solid condensed phase and for both PoxnoPC and
PazePC the solid domains first appear at 9—-10 mN/m for
Xoxp = 0.10 and 0.20 (Fig. 3). At X,xp = 0.40 no
indications of phase separation at 7 < 16 mN/m were seen
(Fig. 3), in agreement with the presence of the phase
transition at ~20 mN/m for oxPL/DPPC isotherms of the
same compositions (Fig. 2, A and B). For all compositions
and pressures the domains for PoxnoPC/DPPC are smaller
and their number higher than for PazePC/DPPC (Fig. 5). The
shape of the solid domains in oxPL/DPPC mixed monolay-
ers is more uniform than those seen in neat DPPC and the
domains remain stable and distinguishable also at high
pressures of ~40-50 mN/m.

DISCUSSION

Because of the impairment of a number of cellular processes
by lipid peroxidation (e.g., 41,43—45) it was of interest to
characterize and compare the surface properties of the two
oxidatively modified phospholipids PazePC and PoxnoPC,
as reflected in their impact on mixed monolayers with DPPC.
These two lipids were chosen for this study to be able to
evaluate unambiguously the contribution of the aldehyde and
carboxylic functions to their properties. Yet, our preliminary
experiments with mixtures obtained from reacting 1-palmi-
toyl-2-linoleoyl-PC (PLPC) in the so-called Fenton reaction
with H,O, and FeCl, (K. Sabatini, F. M. Megli, and P. J. K.

FIGURE 2 (Continued).

mean molecular areas A versus X,p. for PoxnoPC and PazePC, respectively, as binary mixtures with DPPC at 5 (), 10 (@), 20 (A ), 40 (¥), and 50 (¢) mN/
m. The data were taken from the graphs in panels A and B. Standard deviations would be contained within the symbols and were omitted for the sake of clarity.
Panels E and F compile the values for 7 versus elastic moduli C, ! calculated from panels A and B, for PoxnoPC and PazePC containing films, respectively,
with increasing Xoxpr. as (@) 0.0, (b) 0.5, (c) 0.25, and (d) 1.0. Corresponding C, ™" versus X pc data at 5 (W), 10 (@), 20 (A), 40 (¥), and 50 (¢) mN/m, are
shown for PoxnoPC/DPPC (G) and PazePC/DPPC (H) monolayers, and were taken from the graphs illustrated in panels A and B.
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FIGURE 3 Representative surface potential A¢s versus A for PoxnoPC/DPPC (A) and PazePC/DPPC (B) monolayers. X,,p; increases (top to bottom) from
0.0,0.05,0.1,0.15,0.2,0.25, 0.4, to 1.0. Panels C and D depict isobars for Ay versus Xoxpr data for PoxnoPC/DPPC and PazePC/DPPC films, respectively, at
constant lateral pressure of 5 (W), 10 (@), 20 (A ), 40 (¥), and 50 (#) mN/m. Panels E and F show isochores of Ays versus Xxpy. for PoxnoPC and PazePC,
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Kinnunen, unpublished observations) revealed very similar
overall behavior to what is reported here for the two pure
oxidized phosphatidylcholines. Compared to neat DPPC the
presence of the polar modifications of the sn-2 acyl chain in
these oxPLs exerted drastic effects on the monolayer
compression isotherms and film organization. In brief, both
oxidized lipids expanded the monolayers and caused a grad-
ual disappearance of the LC-LE coexistence region, together
with the progressive appearance of a discontinuity at higher
pressures, caused by the loss of oxPLs from the monolayer
into the subphase. Further, both oxPLs lowered the mono-
layer surface potential considerably, together with the ap-
pearance of a local maximum coinciding with the onset of
the high surface pressure transition. Importantly, the most
pronounced modifications to monolayer electrical properties
occurred in the surface pressure range of 2040 mN/m, thus
including equilibrium lateral pressure of ~33 mN/m esti-
mated for natural membranes (61). Finally, evident from fluo-
rescence microscopy, both PazePC and PoxnoPC in mixed
monolayers with DPPC shift the appearance of LC domains
to higher surface pressures.

To allow for rational analysis of the impact of these lipids,
we needed to characterize their impact over the whole range
of mol fractions, from 0 to 1.0. Unfortunately, as far as we
are aware of, direct quantification of the various lipid per-
oxides from tissues has not been reported. Accordingly, the
extent of lipid peroxidation is monitored indirectly based on
the measurement of conjugated dienes, lipid hydroperoxides,
isoprostanes, and degradation products such as malodialde-
hyde and 4-hydroxynoneal. These compounds represent
steps in the radical chain reaction, some of them are unstable
and susceptible to autooxidation and may additionally derive
from reactions other than lipid peroxidation. The above
factors make these assays prone to errors (38) and the quan-
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FIGURE 4 Fluorescence microscopy images for
PoxnoPC/DPPC (A) and PazePC/DPPC (B) monolayers
as a function of X,p;. and recorded at the indicated values
of 7. All monolayers contained NBD-PC (X = 0.01) as the
fluorescent dye. Compression rate was 2.5 A%/acyl chain/
min and the subphase was 15 mM NaCl, pH 7.4. Images
were recorded at ambient temperature of 24 * 1°C.

titative assessment of the level of oxidative modifications
remains a challenge. The oxidized PCs studied here represent
oxidation products of one of the most abundant phospholipid
of human membranes, 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC), and are additionally derived from
other common phosphatidylcholines bearing a cis-9 double
bond containing fatty acid (e.g., palmitoleic, linoleic, or lin-
olenic acid) in the sn-2 position. PoxnoPC has been rec-
ognized as the main product of ozone mediated oxidation of
lung surfactant extract, possessing apoptosis and necrosis
promoting activity (62). PazePC is present in low density
lipoprotein (LDL) and has been shown to function as a weak
ligand for the peroxisome proliferator-activated receptor,
PPAR (63).

A model where the hydrophilic group bearing sn-2 acyl
chains of PazePC and PoxnoPC would reverse their direction
so as to accommodate the polar moieties into the vicinity of
the lipid headgroups in the air-water interface (Fig. 6 A)
could readily explain the expansion of the monolayer. This is
in keeping with results of previous studies (48,64,65) re-
vealing that oxidatively modified fatty acyl chains may lo-
cate closer to the interface than the corresponding unoxidized
chains. Chain reversal is well established also for fluorescent
phospholipid analogs bearing aromatic moieties in the sn-2
chain (e.g., 66). The similarities between the two oxidized
lipids are rather striking. Yet, there were also distinct dif-
ferences. Film expansion was more pronounced for PazePC,
most likely reflecting its charge upon deprotonation of the
carboxylic moiety, its higher affinity for water, and perhaps
also the larger size compared to the aldehyde moiety of
PoxnoPC, all the above features manifesting upon the
looping back of the —COOH moiety into the lipid-water
interfacial region. Coulombic repulsion between the negative
charges of lipid headgroup phosphates and the deprotonated

FIGURE 3 (Continued).

respectively, constructed at constant mean molecular areas of 40 (M), 45 (@), 50 (A), 55 ('¥), 60 (), 70 (+), and 80 (X) A?/molecule. Also shown is
nL versus Xoxpr. for PoxnoPC (G) and PazePC (H) containing films at 75-90 (corresponding to the liquid expanded phase), (W), 61-65 (A ), and 40-45 (@)

Az/molecule.
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carboxylic moieties together with possible difference in the
size of the hydration shell of the aldehyde and carboxylic
groups could thus contribute to the difference in film ex-
pansion by PoxnoPC and PazePC, respectively. The above is
in agreement with Phillips and Chapman (57), who demon-
strated the expansion of PC and PE films to reflect the
properties of their polar headgroups. Additionally, the orien-
tation of the oxidatively modified sn-2 acyl chains suggested
above leads to the accumulation of polar groups in the inter-
facial region, and hence to the reorganization of the intra-
molecular electric dipoles, including the P~-N"-dipoles of
the PC headgroups of DPPC and oxPLs, explaining the de-
crease of the monolayer surface potential. Moreover, the dis-
appearance of the LC-LE transition and a shift of the
isotherms to the right (e.g., toward larger A/molecule) in the
presence of oxPLs, indicate that the film is in the LE state
(Fig. 2, A and B). It has been demonstrated that monolayer
expansion depends on the length of the acyl chains (57),

0.3 0.4

lipids with shorter chains forming more fluid and expanded
monolayers. Analogously, the reversal of the oxidatively
modified sn-2 acyl chains toward the interface decreases its
effective length, thereby increasing the free volume available
for the sn-1 chains, with their long axis remaining perpen-
dicular to the membrane plane. Continuing this line of thought,
one can also anticipate that at constant temperature and
pressure the oxPL/DPPC mixed monolayers are less ordered
compared to pure DPPC, complying with the disappearance
of the LE-LC coexistence region and with the growth of the
LE phase at X,.p;. = 0.2 (Fig. 5).

Importantly, acyl chain reversal alone is not enough to
explain the presence of the shoulder at ~42 mN/m (Fig. 2, A
and B) and the decrease of the area at collapse from ~40 to
25 A%/molecule with Xoxpr, = 0.40. On the contrary, the area
at collapse should increase because of the presence of the
acyl chains bearing the polar group at the interface.
Accordingly, in addition to the above process, reorientation

Biophysical Journal 90(12) 4488-4499
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and complete extension of the modified sn-2 chains in the
so-called extended lipid conformation (67) into aqueous
phase (Fig. 6 B) followed by dissolving of the oxidized PLs
into the aqueous subphase (Fig. 6 C) seems likely and could
explain the presence of the above-mentioned shoulder in the
compression isotherms. For the extended conformation the
value of A/chain at collapse should be ~(A/chain)/1 — 0.5 X
XoxpL, Whereas upon loss of the oxidized phospholipids from
the monolayer this should be (A/chain)/1 — X,xpp. For
PoxnoPC/DPPC at Xpoxnopc = 0.4 (Fig. 2 A), the A/molecule
at collapse is ~23 10\2, 1.e., area/chain is ~11.5 A2 Hence,
for the extended conformation we get A/chain = (A/chain)/
1 —0.5 X 0.4 = (A/chain)/0.8 = 11.5 A%/0.8 ~ 14.4 A?, and
upon loss of oxPL from the film A/chain = (A/chain)/1 — 0.4
= (A/chain)/0.6 ~ 19.2 A% The latter value is close to the
amount of lipid present for pure DPPC at collapse, A/chain ~
20 A%, Dissolving of 0xPLs from the monolayers and micelle
formation, preceded by adoption of the extended conforma-
tion thus seems very likely. Notably, the same result is
obtained by estimating the value of A ~ 25 A for Xpoxnopc =
0.4 at 50 mN/m (Fig. 2 C). If we assume that all PoxnoPC
dissolves into the aqueous subphase, we will have 60% of
the applied lipid remaining in the film. Accordingly, (A/
molecule)/1 — Xpoxnopc = 25 A%/0.6 ~ 42 A2, which agrees
exactly with the value of A for pure DPPC at 50 mN/m, ~ 42
A?. Based on the above the condensing effect by oxPLs on
DPPC monolayers at high lateral pressures appears to be
apparent only and be caused by loss of the oxidatively mod-
ified lipids into the subphase, reducing the amount of total
lipid in the monolayer. To this end, extrapolation of the
A versus X,.pr. data at 7 = 50 mN/m (Fig. 2, C and D) to
XoxpL = 1.0 approaches zero for both PazePC and PoxnoPC,
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revealing loss of the oxidized lipid from the monolayer.
Finally, the fact that neat PoxnoPC and PazePC films col-
lapse at pressures slightly lower than the values for 7 for the
mixed films suggests that the regions where solubilization
occurs are either binary mixtures of the oxPLs and DPPC,
enriched in the former, or that they are very small so that the
surrounding matrix may retain the departing oxPLs in the
film.

Importantly, the extended conformation provides a ra-
tional explanation also for the changes in surface potential
preceding the loss of oxPLs from the monolayer and in
particular the negative slope of the associated shoulder, with
the surface potential being affected by extension of the polar
groups of the sn-2 chains into the aqueous phase. The value
for A/molecule ~ 34 A? for PoxnoPC/DPPC with Xpoxnopc =
0.4 at the film collapse corresponds to surface potential ~ 500
mV (Fig. 3 A). Correcting this for Xpppc we obtain 34 A%/0.6
~ 56.7 Az, which agrees well with the A/molecule = 56 A2
for pure DPPC at the same value of surface potential. Our
surface potential data therefore support the conclusion that
we are observing a biphasic process, in which the oxPLs in
the DPPC matrix first adopt the extended conformation and
subsequently dissolve into the subphase upon further in-
crease in 7. Interestingly, it has been observed that the abil-
ity of monolayers containing oxidized phospholipid species
to accumulate the 42-residue form of amyloid B-protein
(AB42) is attenuated at high surface pressures (7 > 35 mN/
m), presumably due to loss of interactions between the
protein and functional groups of the oxPLs (68). Based on
these findings this is likely to be caused by the loss of oxPLs
from the monolayer diminishing the association of AB42
with the lipid film.
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Phase separation seems feasible, with regions enriched in
DPPC and PazePC or PoxnoPC being present, with the sn-2
acyl chains of the latter phospholipid sticking to the sub-
phase. The model presented above, based on the surface pres-
sure and surface potential measurements, is in agreement
with our fluorescence microscopy results. Accordingly, for
both PazePC and PoxnoPC the fluid phase remains at 7 = 50
mN/m, together with clearly distinguishable nonfluorescent
solid domains. For pure DPPC the domain boundaries
became blurred already below 40 mN/m and it is possible to
distinguish four phases, viz. dark (LC), light gray to dark
gray regions, and NBD-PC crystallized into clusters ap-
pearing as bright white spots (Fig. 4). Already low contents
of PoxnoPC or PazePC (X = 0.05) caused the NBD-enriched
domains to disappear. The prevalence of the fluid phase in
the vicinity of the loss of oxPLs from the monolayers could
involve lateral segregation of the oxPL molecules in the
extended conformation. The diminished number and larger
size of the domains evident in PazePC/DPPC monolayers
compared to PoxnoPC/DPPC could arise from an attraction
between the PazePC molecules in the extended conformation
due to H-bonding between the acyl chains and between the
latter and water molecules. Instead, compared to PazePC,
PoxnoPC molecules seem to be more equally distributed in
the monolayer leading to smaller and more numerous DPPC
domains, indicating lower line tension between the DPPC
enriched solid domains and the LE phase enriched PoxnoPC.
Increase in the area of the liquid expanded phase in DPPC
monolayers with X,,p;. > 0.1 is evident upon examination of
the fluorescence images (Fig. 5). However, at X pp = 0.1
there is a decrease in the percentage of the binary monolayer
in the LE phase. Intriguingly, nl goes through a sharp
maximum at this film composition, its value then decreasing
back to the level of pure DPPC at X,p;. = 0.2 (Fig. 3, G and
H). Thus, between these X .py. values the reorientation of the
headgroup P~-N -dipoles could be possible. Subsequently,
pL decreases whereas the percentage of LE phase increases
with increasing X,xpr. This indicates that the phase state of
DPPC monolayers is affected by the presence of oxPLs per
se and depends on the content of these lipids in the
monolayer, further modifying the orientation of the head-
group and the physical state of the matrix lipid. Finally, the
packing density dependent changes in the orientation of the
oxidatively modified chains readily implies phospholipids
such as PoxoPC and PazePC to have profound effects on the
lateral pressure profile as well the dielectricity gradient of
bilayers, including augmented penetration of water into the
hydrocarbon phase of the lipid. As a consequence, oxidation
of membrane lipids should have dramatic impact on the
assembly, conformation, and activity of membrane associ-
ated proteins.
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