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The Influence of Poly-(L-Lysine) and Porin on the Domain Structure of
Mixed Vesicles Composed of Lipopolysaccharide and Phospholipid:
An Infrared Spectroscopic Study

Peter Lasch, Christian P. Schultz, and Dieter Naumann
Robert Koch-Institut, 13353 Berlin, Germany

ABSTRACT Fourier transform infrared (FTIR) spectroscopy has been used to study the thermotropic phase behavior of
binary lipid mixtures composed of deuterated phospholipids (PLs) and lipopolysaccharides (LPSs). Furthermore, the influence
of an extrinsic high-molecular, polycationic polypeptide (poly-(L-lysine), PLL500) and an intrinsic membrane protein (outer
membrane protein F, OmpF) on these binary mixtures was investigated by FTIR spectroscopy. “Deep rough” mutant LPS
(ReLPS), isolated from Salmonella minnesota R595, and perdeuterated 1,2-dimyristoylphosphatidylethanolamine (DMPE45,)
were used as model lipids. Deuteration of one of the lipids permitted the detection of lipid protein interaction with each lipid
component separately. For this purpose, the symmetric >CH, and >CD, stretching bands were utilized as specific monitors
to scrutinize the state of order of the membranes. From the individual phase transition temperatures T, and the shape of the
phase transition profiles, it is established that ReLPS and DMPE,, are molecularly immiscible. In addition to the two domains
of the pure lipid components, a third, domain-like structure is detected that may coexist with these pure domains. This
domain-like structure undergoes a gel to liquid-crystalline L, (B <> «) phase transition at temperatures distinctly different from
that of the respective pure lipid domains. The nature of this type of domain is discussed in terms of a “border region” model
that adequately explains the experimentally observed complex phase transition profiles. It is further demonstrated that the
extrinsic polycationic polypeptide PLL 40 and the intrinsic, pore-forming protein OmpF isolated from Escherichia coli interact
preferentially and highly specifically with the negatively charged ReLPS. Both the synthetic polypeptide and the pore-forming
protein increased the tendency of ReLPS and DMPE_;, to segregate into distinct, well-separated domains. Whereas the
transition profiles of the ternary system ReLPS/DMPEs,/PLL 500 sShowed the features of a phase segregation phenomenon
not affecting the transition temperatures of the pure lipid components, the ternary system composed of ReLPS/DMPE 5, and
OmpF exhibited phase transition curves that were characterized by an unspecific (DMPE,5,/OmpF) and a strong and unique
(ReLPS/OmpF) type of lipid-protein interaction. Furthermore, semiquantitative estimations supported the supposition that
OmpF might be able to induce bilayer asymmetry in preformed symmetrical ReLPS/DMPE 5, vesicles.

INTRODUCTION

Gram-negative bacteria contain, besides the cytoplasmatic
membrane and the murein layer, an additional barrier, the
outer membrane (OM), which plays an important role in
bacterial antibiotic resistance, regulation of nutrient and
waste product exchange, and protection against proteolytic
enzymes, bile and bile salts, or other biologically active
substances. It is well known that the outer membrane is
made up of two different leaflets, one outer sheet formed
exclusively by lipopolysaccharides (LPSs), and an inner
layer composed mostly of phosphatidylethanolamines
(80%) and phosphatidylglycerols (~15%) (Kamio and Ni-
kaido, 1976; Nikaido and Vaara, 1985). In this asymmetri-
cal bilayer, channel-forming proteins (porins) are embed-
ded, which allow hydrophilic molecules of less than 600 Da
to cross the OM. Lipopolysaccharides are only found in the
OM of Gram-negative bacteria and are responsible for many
immunological reactions in host organisms during infection
(Rietschel and Brade, 1992; Rietschel et al., 1994; Schletter
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et al., 1995). These LPSs consist of a poly- or oligosaccha-
ride portion and a negatively charged, so-called core region
that is covalently linked to a lipid moiety, the lipid A, which
anchors the LPS in the outer membrane and represents the
“endotoxic principle” of LPS. The molecular assembly of
LPS is thought to be responsible for the barrier function of
the OM toward a variety of important hydrophobic drugs,
because of its ability to form highly ordered structures and
strongly interacting complexes with porins and divalent
cations (Rottem and Leive, 1977; Nikaido and Vaara, 1985;
Labischinski, 1985). It has become evident from several
experiments that the outer leaflet of the OM of deep rough
mutants, which produce minimal LPS structures, contains
besides LPS small amounts of phospholipids (Kamio and
Nikaido, 1976, Nikaido, 1979; Nikaido and Vaara, 1985). It
has been extensively discussed that the known higher sen-
sitivity of these LPS mutant strains to various hydrophobic
drugs is due to lateral phase segregation phenomena and the
formation of stable phospholipid domains in the outer layer
of the OM, which allow the hydrophobic molecules to
penetrate (Takeuchi and Nikaido, 1981; Vaara and Vaara,
1983b; Nikaido, 1990). To influence the permeation prop-
erties of the OM, divalent cations and polycationic mole-
cules like, e.g., Ca®", high-molecular-weight poly-(L-ly-
sine), and polymyxin nonapeptide (PMBN) have been used
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as membrane-active substances (Jones and Osborn, 1977;
Vaara and Vaara, 1983a; Marvin et al., 1989). The treatment
of smooth (wild-type) strains of Gram-negative bacteria
with polycations causes the release of 20-30% LPS from
the OM and, at the same time, drastically increases its
permeability to hydrophobic antibiotics (Vaara and Vaara,
1983b). In view of these data, a gradual depletion of LPS
molecules beyond a critical level, causing phospholipids
(PL) to appear in the outer leaflet of the OM to compensate
for the loss of LPS from the cells, was discussed. Such PL
patches are thought to be present in the outer leaflet of the
OM smooth strains after treatment and to be characteristic
of deep rough mutants. The passage of hydrophobic agents
through the OM may take place at these symmetrical PL
domains.

To characterize the nature of LPS interaction and the
lateral domain organization of LPS/PE mixtures, Langmuir-
Blodgett measurements were performed (Fried and Roth-
field, 1978). From these studies it was concluded that one
LPS molecule and 16 molecules of PE may form a tight
stoichiometric complex constituting molecularly mixed do-
mains. These findings were found to be diametrically op-
posite to considerations based on electron spin resonance
measurements of LPS and spin-labeled phospholipid (PE)
mixtures (Takeuchi and Nikaido, 1981). The authors stated
that LPS and PE tend to persist in separate lipid domains,
even in the presence of porin and Ca?*. Modern Fourier
transform infrared spectroscopy (FTIR) provides an easy-
to-use and structure-sensitive methodology for the inves-
tigation of complex systems like ternary mixtures of
lipopolysaccharide/perdeuterated 1,2-dimyristoylphosphati-
dylethanolamine (LPS/DMPE i5,) and outer membrane pro-
tein F (OmpF), with the additional advantage of avoiding
the use of potentially perturbing probe molecules. Thus, to
characterize the presumed highly specific LPS/OmpF inter-
actions and to test the “phospholipid domain” hypothesis,
binary mixtures of deep rough mutant LPS (ReLPS) from S.
minnesota and perdeuterated DMPE s, and the influence of
the intrinsic, pore-forming protein OmpF from E. coli and
the extrinsic, high-molecular poly(L-lysine) polypeptide on
the domain organization of these binary lipid mixtures were
investigated by FTIR spectroscopy. The wealth of structural
information obtained is discussed in terms of structure and
permeability properties of the OM.

MATERIALS AND METHODS
Materials

Dimyristoylphosphatidylcholine (DMPC) and poly-(L-lysine) with 500 ly-
sine residues (PLLs0)) were purchased from Sigma (Deisenhofen, Ger-
many). The deuterated phospholipid DMPE 45, was obtained from Avanti
Polar Lipids (Birmingham, AL) and was used without further purification.
Before preparation of the binary mixtures, 7,,, and AH, values of the fully
hydrated pure ReLPS and DMPE 5, membrane vesicles were determined
by FTIR. From the literature it is known (Petersen et al., 1975) that
perdeuteration of the acyl chains of phospholipids generally causes a 4-5
K decrease in phase transition temperature. Furthermore, it is known that
the use of D,O solutions causes an upshift in the main phase transition
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temperatures 7,,, of ~0.2—0.4 K (Casal and Mantsch, 1984). For DMPE s,
a T, of ~46.2°C was observed, in good agreement with the literature data
(49.5°C for DMPE in H,O; Mabrey and Sturtevant, 1976).

For all experiments, ReLPS isolated from deep rough mutant R595 of
Salmonella minnesota was used. For LPS isolation, the cells of this strain
were grown at 37°C, and the LPS was isolated and purified according to the
phenol/chloroform/light petrol ether extraction procedure described by
Galanos and Liideritz (1975). Only electrodialyzed samples of the Na™ salt
form of ReLPS, absolutely devoid of the divalent cations Ca®>" and Mg ™,
were used for FT-IR analysis. The gel to liquid crystalline phase transition
temperature 7, of pure ReLPS dispersions in D,O was determined by
FTIR at 26.1°C, a value corresponding well with earlier findings (Nau-
mann et al., 1989). OmpF porin from E. coli K12 (Garavito and Rosen-
busch, 1986) was a generous gift from J. P. Rosenbusch (Biozentrum
Basel).

Sample preparation

To obtain fully hydrated vesicles of the binary mixtures, the desired
amounts of DMPE, and ReLPS (or DMPE 5, and DMPC) were first
dissolved in a chloroform-methanol-water mixture (83/15/2 vol%) and
were subsequently sonicated for 15 min (Sonorex RK100; Bandelin
GmbH, Berlin, Germany) at the minimum power setting. The solvent was
then removed by evacuation for an overnight period. After dispersion in a
D, O buffer (pD at 7.2), the lipid mixtures were again sonicated for 15 min
at temperatures above the main phase transition of both lipid components
(50°C). Subsequently, the lipid dispersions were quickly frozen in liquid
nitrogen and slowly thawed. This cycle was repeated three times.

To obtain lipid dispersions suitable for FTIR measurements, the sam-
ples were pelleted by centrifugation (Beckman Airfuge; Beckman Instru-
ments, Munich; 80,000 X g, 30 min) and prepared as gel films between two
CaF, windows with spacers of 50 um. Further “annealing” of the samples
was achieved directly in the IR cuvette by applying three repeating tem-
perature cycles (4°C — 70°C — 4°C) to guarantee complete equilibration
of the samples. The equilibration process was checked by FTIR spectros-
copy from the conformity of successive up- and down-scan phase transition
profiles.

OmpF was integrated in the mixed lipid vesicles by applying three
freeze-thaw cycles in the presence of the protein, followed by annealing
cycles until equilibration was reached. To remove the detergent octyl-
polyoxyethylene (o-POE), the proteoliposomes were then dialyzed against
20 mM EDTA buffer for 72 h. No denaturation of the protein after these
treatments was detected using the constancy of the structure-sensitive
amide I band contour as a criterion.

The integration of OmpF into the liposomes was assessed by FTIR
linear dichroic measurements, in accordance with a method described by
Rothschild (Rothschild and Clark, 1979). The dichroic ratios were deter-
mined for the amide I band at 1630 cm ™' and the amide II band near 1550
cm~ ' (data not shown). Orientation parameters obtained for the B-sheets of
the porin relative to the membrane normal (49°) were found to be in a good
agreement with results (47°) published by Nabedryk and co-workers (Na-
bedryk et al., 1988).

For further data analysis, the molar ratios of ReLPS and DMPE s,
(binary mixtures) and of ReLPS and OmpF (ternary mixtures) were deter-
mined using the integral intensities of the symmetrical >CH, stretching
band at 2850 cm ™' (for ReLPS), the >CD, stretching band at 2089 cm ™'
(for DMPE,s,), and the tyrosine ring vibration band at 1515 cm™' (for
OmpF) as internal standards.

Experimental design, FTIR data acquisition,
and evaluation

The membrane samples were sealed in a gas-tight IR cuvette cartouche,
which was placed in a thermostatted metal jacket. The temperature was
controlled by a programmable temperature bath (Haake 3C; purchased
from Haake Karlsruhe, Germany). For precise temperature measurements,
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a thermocouple connected to a Testotherm thermometer (Testo, Lenzkirch,
Germany) was placed in a bore of the IR window near the sample. Spectra
were recorded on an IFS-66 FTIR spectrometer (Bruker Analytische
Messtechnik GmbH, Karlsruhe, Germany), equipped with a water-cooled
globar and a deuterated triglycine sulfate (DTGS) detector. The nominal
spectral resolution used was 4 cm ™~ '. One hundred ten scans were coadded
per sample spectrum and were apodized using a trapezoidal four-point
apodization function for Fourier transformation. Interferograms were zero-
filled, using a zero filling factor of 4 to yield an encoding interval of
approximately one data point per wavenumber. Typically, a linear temper-
ature gradient of 0.25 K/min with two repeating temperature cycles from
5°C — 80°C — 5°C was applied for temperature profile measurements.
Effectively, one averaged FTIR spectrum was collected and stored per 0.5
K temperature increase/decrease.

Mathematical operations on the spectra (Fourier transformation, water
vapor subtraction, baseline correction, determination of peak parameters)
were accomplished using the OPUS 2.0 software package from Bruker and
a macrointerpreter of the Bruker IR software package. Briefly, spectra of
the lipid mixtures were base line subtracted in the 3000-2800 and 2200—
2000 cm ™' regions. Subsequently, the peak parameters (band position,
intensity, and half-width) of the v,,(>CH,) and v, (>CD,) bands were
determined using the peak picking routines of the Bruker software package.
The 6-profiles (cf. Appendix) were calculated with self-written software,
and they were fitted with the software package Origin 4.0 (MicroCal
Software, Northampton, MA).

RESULTS
The strategy for analyzing lipid mixtures

Dispersions of many bilayer-forming amphiphiles (e.g.,
phospholipids, sphingolipids, lipopolysaccharides) show a
remarkably complex thermotropic polymorphism. The acyl
chain melting phase transition of lipid bilayers, the so-called
gel to liquid-crystalline phase transition (e.g., the Lg <> L,
phase transition of lamellar bilayer structures according to
the nomenclature of Luzzati (Tardieu and Luzzati, 1973))
involves the introduction of conformational disorder (i.c.,
gauche rotamers in the acyl chains) and conformational
rearrangements in the interfacial and polar headgroup re-
gions, which, in turn, lead to considerable changes in the
infrared spectrum of the given amphiphiles. IR bands ob-
served in the 30002800 cm ™' region, which arise predom-
inantly from the symmetrical and asymmetrical >CH, and
>CHj; stretching vibrations, are known to be sensitive to
temperature-induced changes, and it is well established that
the frequency, the intensity, and the width of these bands
specifically monitor the membrane state of order and the
motional freedom of the methylene groups (for a review see
Casal and Mantsch, 1984). Lipids with fully deuterated acyl
chains show the >CD), stretching bands between 2050 and
2200 wave numbers, well separated from the C-H stretching
region. Because they are overlapped less by other vibra-
tional modes, only the symmetrical >CH, and >CD,
stretching modes were used in this study to analyze the
thermotropic phase behavior.

The strategy for elucidating the phase behavior of binary
mixtures of lipids by vibrational spectroscopy and obtaining
information on phase separation processes at the molecular
level is generally to investigate the mixed membranes, in
which one of the lipid components is deuterated. This makes
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it possible to detect membrane order parameters of an
individual component in a multicomponent system in a
single experiment (Dluhy et al., 1983; Casal and Mantsch,
1984; Kouaouci et al., 1985).

FTIR spectra of a lipid mixture of ReLPS and DMPE 4,
recorded at different temperatures during a typical heating
run are shown in Fig. 1. Quite obviously, all of the C-H and
C-D stretching bands change abruptly in frequency, inten-
sity, and width in the phase transition region, indicating a
decrease in conformational order with increasing temperature.

The experimentally available frequency/temperature pro-
files of the symmetrical stretching band of >CH, and
>CD, exhibit a nonlinear functional relationship to the
temperature dependence of the fraction of melted lipids
6(T). Thus only 6(T) profiles have to be used to obtain
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FIGURE 1 Typical FTIR spectra obtained from a fully hydrated lipid
dispersion of a binary mixture composed of ReLPS and deuterated
DMPEs,. (4) A survey spectrum in the 1300-3000 cm ™' region. (B)
Series of FTIR spectra in the >CH, and >CD, stretching region collected
at different temperatures of a typical heating run. Phase transitions, par-
ticularly sharp for the DMPE,s, component, are evident from abrupt peak
shifts to higher values, the increase in bandwidths, and the decrease in band
intensities.
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reliable thermodynamic parameters such as the midpoint
phase transition temperature 7,,, and the van’t Hoff enthalpy
AH, of the transition. The description of the model used to
generate these 6(7) phase transition profiles and to deter-
mine the 7,,, and AT, values is given in the Appendix.

Binary lipid mixtures

For legibility, only some of the experimentally determined
frequency/temperature profiles of the ReLPS and DMPE s,
component in binary lipid mixtures are depicted in Fig. 2.
From these curves it is evident that the ReLPS transition
profiles change systematically to higher temperatures with
increasing portions of DMPE,, (vice versa for the
DMPE s, profiles). From the shape of the transition profiles
shown in Fig. 2, it can also be seen that the phase behaviors
of the ReLPS and DMPE s, components give rise to at least
two different transitions. This can be visualized by calcu-
lating the first derivatives of the experimental frequency/
temperature profiles. As an illustration, Fig. 3 shows the
first derivatives of the experimental frequency/temperature
plots of a binary mixture of DMPC and DMPE i, in an
equimolar ratio (Fig. 3 4) and, in comparison, of a binary
mixture (32 mol% DMPEs,) of ReLPS and DMPE 45, (Fig.
3 B). The two synthetic phospholipids undergo the Lg <> L,,
phase transition at nearly identical temperatures (36°C),
whereas the phase transition temperatures of pure DMPC
and DMPE 5, membranes are known to be at 23.6°C and at
46.2°C, respectively (Casal and Mantsch, 1984). Character-
istically, the transition width of the phase transitions of each
lipid component is about twofold larger for ReLPS/
DMPE;, mixtures (Fig. 3 B) than for DMPC/DMPE s,
mixtures (Fig. 3 4). Furthermore, the curves of the ReLPS/
DMPE;, mixture show evidence of additional transition
features, whereas the respective transition curves of the
binary phospholipid mixture suggest the presence of a pure,
ideally mixed lipid phase.

For all binary mixtures tested, the 6(7) profiles were
calculated according to procedures described in the Appen-
dix. Table 1 summarizes the results obtained from the
evaluation of the 7y, (>CH,) and 7, (>CD,) marker bands,
which make it possible to monitor separately the phase
behavior of the ReLPS and the DMPE i5,-lipid components
in mixture. 7,,, AT,,, and the molar fractions M, and My
were determined as illustrated in the Appendix (the index A
is used for the pure lipid domains; B is used for the third
type of domain).

As demonstrated in Table 1, the ReLPS component in
mixture undergoes a phase transition around ~26°C (T, A,
A domains of ReLPS), a value close to that observed for the
pure ReLPS membranes. Furthermore, fractions of the
DMPE s, component exhibit a phase transition near 43°C
(Tm.a» A domains of DMPE y5,), a value also quite similar to
that observed for the pure DMPE 5, membranes. This indi-
cates that pure ReLPS is present in one type of domain with
a T,, at ~26°C, and pure DMPE,s, is present in a second
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FIGURE 2 Typical temperature-induced frequency versus temperature
(4 and C) and fraction of melted lipids 0 versus temperature (B and D)
transition profiles obtained for different binary mixtures of ReLPS >CH,:
A and B (or >CD,: C and D) and DMPE,s,, using the symmetrical
methylene stretching band as a monitor. The composition of the mixtures
varied, as indicated by the inset. The 6(7) profile of pure DMPE s, in D
was calculated for the phase transition region only.

type of domain melting between 43°C and 44°C. Between
32°C and 37°C, ReLPS and DMPE,s, apparently undergo
additional concomitant phase transitions (7}, 3, B domains
of ReLPS and DMPEs,). The interpretation of this third,
“domain-like” structure is more complicated and requires a
model. A discussion of this phenomenon must include the
following two most probable scenarios: the existence of
“mixed domains” or the presence of “large interacting
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FIGURE 3 First derivatives of frequency versus temperature profiles
obtained from binary mixtures of DMPC and DMPEs, in an equimolar
ratio (4), and of ReLPS with DMPE s, in a molar ratio of 32:68 (B). (4)
A typical example of complete miscibility leading to a single, homoge-
neously mixed phase. (B) The thermotropic phase behavior of a binary
mixture for which the two components are segregated into domains. The
phase transition temperatures of the pure components are 7,,(DMPC) =
23.6°C, T,,(DMPEs,) = 46.2°C, and T,,(ReLPS) = 26.1°C.

domain borders.” This problem is further detailed in the
Discussion.

From the individual fractions M, and My of ReLPS
summarized in Table 1, it is also evident that a higher
relative amount of DMPE s, leads to a decreased amount of
ReLPS present in pure domains. Remarkably, above a molar
content of 60% DMPEs,, clear evidence for the presence of
pure ReLPS domains can no longer be found. Similar results
were obtained from the 6(7) profiles of the DMPE s, com-
ponent (see Table 1), which exhibited two separate 7,
values for DMPEs,, one transition typical for domains of
the pure lipid (7, values at about 43°C), and another type of
domain with 7, values between 34°C and 37°C. In analogy
to the results obtained for ReLPS, pure DMPE;, domains
could not be observed below a DMPE s, content of ~30%.

The T, /molar fraction relationship, summarized in Table
1, is graphically illustrated by Fig. 4. From this diagram it
becomes evident that at molar ratios of ReLPS/DMPE,
ranging from 70/30 to 40/60, both components (ReLPS and
DMPEs,) give T,, o values very close to that of the pure
lipids (domains A). Furthermore, it is evident that the B-
type domains of both lipids melt at significantly higher
(ReLPS) or lower (DMPEs,) transition temperatures 7, g
than the pure lipids.
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Interaction between the polycationic polypeptide
poly-(L-lysine) and the binary lipid mixtures

Poly-(r-lysine) (PLL), a polycationic polypeptide, is known
to induce in vivo increased permeability rates of the OM
toward a series of important hydrophobic drugs (Vaara and
Vaara, 1983a). It has been speculated that PLL can interact
with the negatively charged LPS and thereby induces the
formation of pure phospholipid bilayer regions in the OM
(Vaara and Vaara, 1983b). These PL bilayer domains are
thought to be those regions where lipophiles may diffuse
through the OM barrier. To test this assumption, high-
molecular PLL 54, was added to binary lipid mixtures con-
taining DMPEs, and ReLPS in nearly equimolar ratios.
The phase behavior of the ternary system was analyzed
subsequently by FTIR. The molar ratio ReLPS/PLL 5, was
~1000, and consequently the relation between the nega-
tively charges of ReLPS to the positive charges of PLL s,
was adjusted to a value near 8 (at pD values near 7.2,
PLL 500 has 500 positive charges and ReLPS four effective
negative charges per molecule at most; Nikaido and Vaara,
1985). Fig. 5 shows typical experimental transition profiles
for the untreated and the PLLs40,-treated binary mixtures.
Characteristic phase transitions were observed for the
ReLPS (Fig. 5 A) and the DMPE 45, (Fig. 5 B) components,
respectively. From the evaluation of the 6(7) curves of the
ReLPS component, 7}, 4 and T}, g values were obtained at
26.6°C and 35.1°C, and from the 6(7) profiles of the
DMPE;, component, values were obtained at 44.4°C and
34.7°C, respectively (see Table 1). In comparison to the
0(T) profiles of the binary mixtures (with comparable
DMPEs,/ReLPS ratio), the PLL s -treated binary mix-
tures exhibited higher M, and, consequently, lower My
values for the ReLPS and DMPE 5, components. Moreover,
the slope (cooperativity) of the two A transitions at 26.6°C
(pure ReLPS domains) and at 44.4°C (pure DMPE,s, do-
mains) was found to be close to values typical for the
respective pure lipids (cf. Table 1).

Ternary membrane systems, composed of
ReLPS, DMPE;,, and porin (OmpF)

To study the interaction of the outer membrane protein
OmpF with ReLPS and to test the domain structure in the
presence of this most common intrinsic outer membrane
protein, OmpF was integrated in binary mixtures of ReLPS
and DMPE 5. These ternary membranes were subsequently
investigated by FTIR spectroscopy. The addition of
DMPE s, was essential, because it is known that the pres-
ence of phospholipids significantly promotes the integration
of porin into lipid bilayer structures (Wiese et al., 1994). Per
1 mg ReLPS we have integrated 0.50, 0.38, and 0.25 mg
OmpF to yield molar ratios of LPS/OmpF of ~14, ~18, and
~24, respectively, whereas the ReLPS/DMPE s, ratio was
adjusted to be ~39% for all three preparations (Table 1).
Usually isolated OmpF is stabilized by detergents (e.g., by
0-POE) to prevent the protein from self-aggregation. How-
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TABLE 1 Phase transition parameters obtained for the binary lipid mixtures composed of ReLPS and DMPE ;5,, the binary
mixtures interacting with PLL 54, and the ternary system ReLPS/DMPE5,/OmpF
[°C] [pj/mol] [°C]
Composition of the mixtures* T ™ AH, T M, Tos My
ReLPS-component (¥,,(>CH,) modes)
ReLPS (pure membrane) 26.1 467 1.00 — —
32% DMPE s, 26.6 557 0.55 324 0.45
43% DMPE s, 27.1 336 0.33 36.5 0.67
60% DMPE s, 25.9 395 0.22 373 0.78
46% DMPEs, + PLL 5o, (10> LPS/PLL) 26.6 469 0.57 35.1 0.43
47% DMPE,s, + OmpF, (14:1 LPS/OmpF) 923 590 0.74 34.0 0.26
38% DMPE,s, + OmpF, (18:1 LPS/OmpF) 42.5 646 0.63 354 0.37
30% DMPE;, + OmpF, (24:1 LPS/OmpF) 42.1 578 0.45 354 0.55
DMPE,;5,-component (¥,,(>CD,) modes)

32% DMPE s, 43.0 932 0.23 36.0 0.77
43% DMPE s, 433 832 0.44 355 0.56
60% DMPE s, 43.5 935 0.64 35.6 0.36
DMPE;, (pure membrane) 46.2 1694 1 — —
46% DMPEs, + PLL 500, (10> LPS/PLL) 44.4 846 0.71 34.7 0.29
47% DMPEs, + OmpF, (14:1 LPS/OmpF) 42.4 622 0.54 334 0.46
38% DMPE;, + OmpF, (18:1 LPS/OmpF) 423 582 0.54 33.9 0.46
30% DMPEs, + OmpF, (24:1 LPS/OmpF) 41.9 532 0.46 322 0.55

*Estimated errors in lipid composition: *3%.

“The index A is used to mark phase transition parameters of the core domains of the pure lipid components; index B is used to mark the third domain type.

SEstimated errors for T}, values: +0.3°C.
IEstimated errors in kJ/mol for AH,: =20%.

ever, detergents themselves are membrane-active com-
pounds and strongly influence the state of order of any lipid
membrane. FTIR spectroscopic investigations on a ternary
system in the presence of 0-POE exhibited coinciding phase
transition temperatures at ~21°C for the ReLPS and
DMPE;, components (data not shown). In these cases, the
respective van’t Hoff enthalpies AH, indicated signifi-
cantly decreased and nearly identical values. Thus, to study
the influence of OmpF on binary mixtures of ReLPS and
DMPE,,,, the detergent had to be removed quantitatively
by extensive dialysis after integration of OmpF into the
mixed membranes. Because the pure detergent gives rise to

T T T T T T T T T T T
45f .
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F 35f \
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apure DMPE,, i
~ £ oDMPE,, in domain B
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FIGURE 4 A graphical illustration of the 7, values of ReLPS/DMPE 45,
mixtures differing in lipid composition. At least for binary mixtures con-
taining 30—-60% DMPE,s,, pure domains of ReLPS and DMPE,, are
found (gray region). A third, domain-like structure is also suggested by this
representation.

strong IR absorption bands at 1349 cm ™' and 2855 cm ™',
complete absence of these bands in the IR spectra was taken
as an indication that o-POE was completely removed.
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FIGURE 5 Comparison of experimental the phase transition profiles
(T) obtained for a binary mixture of ReLPS, DMPEs,, and for a binary
mixture interacting with the extrinsic, high molecular polypeptide poly-(L-
lysine) (PLL s¢0,). In both cases the ReLPS/DMPEs, ratio was ~1:1. (4)
The influence of PLL 54, on the ReLPS component. (B) The correspond-
ing phase transition profiles for the DMPE;, component, using the
,(>CD,) band as a monitor.
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Again, the 6(7) profiles of the ternary systems were calcu-
lated from the experimental band parameters of the >CH,
and >CD, symmetrical stretching bands. Some of the ex-
perimental data (frequency versus temperature profiles) are
given in Fig. 6, 4 and B, respectively. As expected, OmpF
preferentially interacted with the naturally occurring lipid
component ReLPS, and as for the binary mixtures, the 6(7)
profiles could be satisfactorily fitted by two fit functions
(see Appendix). In this way, 7}, values were obtained for the
ReLPS component at ~42°C and ~35°C, respectively. For
further data interpretation, it was essential to know which of
the T, o or T, 5 values can be assigned to the ReLPS
fraction that interacts directly with OmpF. Details of this
assignment problem are given in the Discussion. In contrast
to the ReLPS component, the two transition temperatures
T, and T, 5 of the DMPE s, component were found to be
nearly unchanged with values at ~42°C and ~34°C for the
binary and ternary mixtures, respectively.

DISCUSSION

The results obtained for the binary and ternary mixtures of
ReLPS, DMPEs,, PLL (509, and OmpF demonstrate the
potential of FTIR spectroscopy for the analysis of lipid
miscibility, domain structure, and cation- or protein-induced
lateral phase separation phenomena (cf. also Dluhy et al.,
1983). The use of lipid mixtures in which one of the lipid
components has perdeuterated acyl chains provides the clear
advantage of being able to monitor the order parameters of
each lipid component in the mixture simultaneously in a
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FIGURE 6 Comparison of the phase transition profiles ¥(7) obtained for
a ternary mixture of ReLPS, DMPE ,5,, and OmpF and a binary mixture of
ReLPS and DMPEs,. The ReLPS/DMPE 45, ratio was in both cases ~1:1.
(4) The influence of OmpF on the ReLPS component, using the ¥, (>CH,)

band as a monitor. (B) The corresponding phase transition profiles, which
illustrate the influence of OmpF on the DMPE 5, component.

Volume 75 August 1998

single experiment without the use of any perturbing probe
molecules.

Binary lipid mixtures

The temperature-induced phase transition profiles detected
for the two components ReLPS and DMPE 45, provide am-
ple evidence that pure domains of ReLPS and DMPE i,
coexist at least in mixtures containing DMPE 5, in molar
fractions ranging from 30% to 60% (see gray region in Fig.
4). However, as suggested by Table 1, considerable amounts
of the two lipid components definitely melt at temperatures
distinctly different from the melting points of corresponding
pure substances. One may then ask questions about the
structure or the molecular organization of this third type of
“domain.” First, the correspondence of the 7,, values
obtained for ReLPS and DMPE 45, may simply suggest the
presence of mixed domains. However, a different interpre-
tation model may be particularly valid. For an understand-
ing of the molecular organization of these “B domains,” it
must be pointed out that the real shapes of the 6(7) transi-
tion profiles strongly give rise to the supposition that this
third type of “domain-like” structure is not as homogeneous
as suggested by the nearly coinciding 7}, g values. It seems
rather more likely that these “domains” are defined by a
situation in which the pure lipid domains are surrounded by
several two-dimensional layers of lipid molecules. As a
consequence, the pure domains are either stabilized
(ReLPS) or disturbed (DMPE,s,) by their specific environ-
ments, represented by the adjacent DMPE,s, and ReLPS
molecules, respectively. In other words, it is more plausible
to presume that binary mixtures of lipids—being as differ-
ent as ReLPS and DMPE ;5,—are not miscible at all, but
will rather tend to assemble in small domains of the pure
lipid components, which at their border regions are mutu-
ally influenced by the adjacent molecules of the neighboring
domains. One consequence of this model would be that with
increasing distance from the domain borders, the state of
order becomes more similar to that of a pure lipid compo-
nent. In Fig. 7 we have tried to make the latter consider-
ations intelligible. This figure shows a typical 6(7) phase
transition profile obtained for the DMPE 45, component in a
binary mixture. The relative amount of DMPE s, molecules
in pure domains (“A domain”) and the contribution from
DMPE;, molecules residing in two-dimensional layers at
the domain borders (“B domain”) give rise to the particular
shape of the phase transition profiles. From Fig. 7 it also
becomes evident that the AH, 5 values have no clear phys-
ical significance, because the phase behavior of the B do-
mains is quite heterogeneous.

Another aspect concerns the fact that pure domains of
ReLPS and DMPEs, are found for most of the binary
mixtures. If ReLPS and DMPE 5, were really miscible, one
would expect for a binary mixture either one single mixed
phase (if the lipids are miscible in any ratio) or (if ReLPS
and DMPE s, are only partially miscible) one pure A com-
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FIGURE 7 Illustration of how the shape of the 6(7) transition profiles
can be explained by the “border model,” using the example of a 6(7) profile
of the DMPE 5, component of a binary mixture of ReLPS and DMPEs,.
It is assumed that a “core domain” of the pure DMPEs, is surrounded by
various layers of DMPE s, molecules, constituting a so-called scope of
influence, S. These layers are influenced by the second component, in this
case by ReLPS. The experimental transition profile can thus be thought to
be the superposition of the transition of the pure domain A and the
individual transitions of the different layers surrounding domain A (in this
case, five layers, B, through Bs, ZMy; = Mp).

ponent (either ReLPS or DMPE 5,) and one single type of
mixed domains. Consequently, the presence of two different
types of pure domains is explained most reasonably by the
proposed border model, although the mixed domain model
cannot be ruled out completely.

If one accepts that the border model is valid, the relatively
large My values found for all mixtures can be taken as an
indication of the prevalence of relatively small domains.
Then it is possible to estimate the absolute size of the pure
domains. For this purpose it is necessary to estimate the
so-called scope of influence S, i.e., the distance from the
domain border to a region where the state of order is expect
to be unchanged and equals the pure component (see Fig. 7
and Appendix). If one assumes that the domains can be
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approximated by circular areas, one can estimate the diam-
eter of the unperturbed pure domain (the A domains) by
simple geometrical considerations (see Appendix), provided
that the value of the S is known. By Langmuir-Blodgett
measurements, area values per fatty acid chain of the used
ReLPS charge have been determined to be comparable to
that obtained for typical phospholipids (~0.2 nm?) (Schultz,
1993). These observations were found to be in accordance
to data of x-ray studies (Labischinski et al., 1985, ~0.181
nm?; Kato et al., 1990, ~0.185 nm?) and molecular mod-
eling calculations (Kastowsky et al., 1991). Furthermore, it
is known that ReLPS molecules have six (hexaacyl form) or
seven (heptaacyl form) and DMPE s, two fatty acids per
residue. If one assumes, for example, that S = 5 (as depicted
in Fig. 7) layers of DMPEs,, one can calculate for the pure,
unperturbed domains diameters of », ~ 3.5 nm for a 32
mol% DMPE s, mixture and , =~ 7 nm for a mixture with
43 mol% DMPE s, (for calculation of r, values, see Ap-
pendix). Table 2 gives an overview of these r, values. The
diameters r, were estimated assuming a thickness of five or
three layers of ReLPS and DMPE,s, molecules, respec-
tively, as the arbitrary value of S. Thus, although these
calculations can be taken only as rough approximations
from a theoretical point of view, the method turns out to be
quite useful for comparative analysis in practice.

Interaction of binary mixtures with the extrinsic
protein poly-(L-lysine)

The polycationic polypeptide poly-(L-lysine) (PLL sq)) in-
teracts with the negatively charged ReLPS molecules and
affects the thermotropic phase behavior of the deuterated
phospholipid DMPE is,. This fact is evident from the shape
of the phase transition profiles. Whereas the phase transition
temperatures are virtually unchanged by PLL s, the M,
and My values undergo significant changes. In comparison
to the phase transition profiles of the binary mixtures, the
M, values of the PLL s5yq-treated mixtures (i.e., the part of
lipids coexisting in “pure domains”) are increased for both
amphiphiles, which, in accordance with the border model,
lends strong support to the supposition that PLL s, is able
to induce increased domain sizes. Calculations on the basis

TABLE 2 Estimated radii of pure lipid domains as calculated
from the M, and Mg values

Domain radius (nm)

ReLPS-  DMPE,,,-

Composition of the binary mixtures domains**  domains**
32% DMPEs, 17 (10) 3.5(2)
43% DMPE 5, 7(5) 7 @)
60% DMPE s, 5@3) 15 (9

46% DMPEs, + PLL 509, (10° LPS/PLL)
38% DMPEs, + OmpF, (18:1 LPS/OmpF)

18 (11) 20 (12)
22 (13) 10 (6)

*Estimated errors: *=50%.
“The radii were calculated assuming values of S (scope of influence) of five
and three (in parentheses) surrounding layers of lipids.
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of the above-mentioned model yielded radii of ~18 or ~11
nm for ReLPS and ~20 or ~12 nm for the DMPE,
component, assuming reasonable values of five or three
lipid layers, respectively, for S. Consequently, the domain
area was increased by more than fourfold after the addition
of PLL 50, Thus, although the model used for data inter-
pretation requires a couple of assumptions and idealizations,
the induction of larger domain sizes due to the interaction of
PLL 500y with the ReLPS component of the binary mixture
is, at least in a semiquantitative sense, out of the question.
PLL 500, induces no major 7, shifts for the DMPEs, or the
ReLPS components for the given concentrations. The ap-
parent 7, shifts suggested by Fig. 5 can be sufficiently
explained by the proposed border model as the effect of
mutually changed M, and My values. It may be that
PLL 50, is able to link up the charged ReLPS headgroups
via electrostatic interactions, thus inducing increased
ReLPS and, as a secondary effect, increased DMPEs,
domain sizes. This type of interaction is therefore assumed
to induce primarily headgroup-mediated domain reorgani-
zation, a statement that contrasts with the effects of the
intrinsic membrane protein OmpF.

Interaction of binary lipid mixtures with the
intrinsic protein OmpF

The main conclusion that can be drawn from the results of
Fig. 6 is the following. The integral outer membrane protein
OmpF interacts preferentially with the ReLPS component in
mixed membranes. Apparently OmpF causes a significant
upshift of 7, and an increased state of order of the ReLPS
component, indicating strong stabilizing effects exerted by
the protein. In contrast, the interactions of porin with the
DMPE;, component are weak but characteristic for non-
specific interactions between a typical phospholipid and a
membrane protein. The state of order of DMPE 5, is only
slightly decreased before and very slightly increased after
the phase transition, whereas the cooperativity of the tran-
sition is reduced. The latter findings are in good agreement
with literature data describing nonspecific lipid/protein in-
teractions (Curatolow et al., 1977; Chapman et al., 1979;
Gomez-Fernandez et al., 1980; Heyn et al., 1981).

For a detailed characterization of the molecular interac-
tions between ReLPS and OmpF, it is important to know
which ReLPS subpopulation (A, with a 7, , of ~42°C, or
B, with a 7}, 5 of 34°C) has direct contact sites with the
OmpF trimers. Starting with the assumption that at different
LPS/OmpF molar ratios (but always ratios with an excess of
lipopolysaccharide), the number of LPS molecules in the
direct vicinity of OmpF should be roughly constant, we
could assign the A domains of ReLPS as the ReLPS sub-
populations that strongly and directly interact with OmpF.
This assumption is backed by two facts. First, phase tran-
sition temperatures near 42°C have never been obtained for
ReLPS in the absence of OmpF, for pure ReLPS or for
ReLPS/DMPE binary lipid mixtures. Second, we found that
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with increasing ReLPS/OmpF ratios, the M, values were
decreased. Calculations based on different ReLPS/OmpF
ratios and the M, values proved the constancy of the num-
ber of ReLPS molecules that are in direct contact with the
OmpF trimer (i.e., 10—12 LPS per OmpF) for all three
ternary membrane preparations tested (see Table 1). The
characterization of the second LPS subpopulation (B do-
main), which gives T, values between 34°C and 36°C, is
much more complicated, because the effects of ReLPS-
DMPE;, and ReLPS-ReLPS/OmpF interactions are super-
imposed. As already mentioned, the FTIR spectroscopic
characterization of membranes composed only of ReLPS
and OmpF is hindered by the fact that the integration of
OmpF into LPS membranes is much more effective if
phospholipids are present (Wiese et al., 1994). It is partic-
ularly interesting that the ReLPS molecules that interact
with the porin gave rise to a very pronounced and even
sharper phase transition profile than that observed for the
OmpF-free binary mixtures (the 7}, 5 value is increased by
~17 K!). This fact, the particularly high cooperativity of the
T, transition, characterizes a surprising and, to the knowl-
edge of the authors, hitherto undescribed type of lipid/
protein interaction. Most of the authors, who investigated
mixed systems of membrane proteins and synthetic phos-
pholipids, stated that membrane proteins lower the phase
transition temperature and lower the AH,, values of the
surrounding lipid layer. Obviously, OmpF may exert a very
specific effect on the ReLPS component.

The simple calculations based on the border model (see
Fig. 7 and the Appendix) suggested that every OmpF trimer
interacts directly with ~10-12 ReLPS molecules. This
number of ReLPS molecules per porin seems to be realistic.
Simple geometrical considerations based on Langmuir-
Blodgett or x-ray diffraction data for ReLPS (Kato et al.,
1990; Schultz, 1993) and x-ray diffraction data of OmpF
(Cowan et al., 1992) suggest that ~30 ReLPS molecules
can reside in the immediate vicinity of one porin trimer,
provided that both the “extracellular” and the “periplasmic”
halves of OmpF are exposed to ReLPS. In vivo this number
should be decreased to less than 15, because the OM is a
highly asymmetrical membrane containing LPS only in its
extracellular leaflet. Our findings suggest that 10-12
ReLPS molecules are located next to OmpF, which is quite
close to the number 15. This fact and the observation that
different types of lipid-protein interactions are present in
one and the same lipid mixture may give rise to speculations
that OmpF has induced the segregation of asymmetrical
lipid clusters in mixed vesicles. This notion, i.e., one LPS
solvation layer surrounding every trimer preferentially at
the extracellular part of OmpF, and a phospholipid environ-
ment (DMPE) at the periplasmatic porin surface, may be
taken as one explanation of our experimental results. Thus
strong LPS-OmpF interactions on the extracellular part of
OmpF, together with highly specific binding sites for LPS,
could be the driving force for the appearance of asymmetry
in such bilayers in vivo and may further explain the appear-
ance of PL in the outer leaflet of the OM in LPS-defect
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mutants that are known to express reduced amounts of porin
(Ames et al., 1974; Nikaido and Vaara, 1985). The molec-
ular nature of the LPS/OmpF interactions, however, still has
to be described in detail. Particular candidates for specific
LPS/OmpF interactions are the hydroxyl groups of the
B-hydroxy fatty acids and the >C==0 carbonyls of the ester
and amide bound fatty acids of the lipid A anchor of LPS.
Future FTIR experiments on the LPS/PL/OmpF mixture,
using '*C=0-labeled DMPE to spectroscopically separate
the various >C=0 carbonyl functions of LPS and PL, are
necessary to scrutinize these assumptions.

Porin/DMPE interactions are of the pure hydrophobic
type, and are most probably mediated by the acyl chains of
the phospholipid and the hydrophobic amino acid side
chains at the boundary surface of OmpF (Cowan et al.,
1992). Whereas the induction by OmpF of asymmetrical
lipid clusters in its immediate vicinity is only one (but the
most plausible) of several scenarios, the existence of differ-
ent lipid domains in ternary membranes of ReLPS,
DMPE,s,, and OmpF is beyond question. Applying the
described border model and comparing the resulting domain
sizes with data calculated for the ternary and the binary
mixtures (cf. Table 2), one can easily see that in ternary
mixtures, domains containing ReLPS are generally in-
creased in size. This fact indicates again the preference of
OmpF-RelLPS interactions in the ternary system. These
considerations are in good accordance with literature data
on other membrane proteins, such as protein A (Haverstick
and Glaser, 1989), lipophilin (Boggs et al., 1977), and
p-B-hydroxybutyrate dehydrogenase (Wang et al., 1988),
illustrating that integral membrane proteins may interact
preferentially with one type of phospholipid and build up a
nonrandom distribution of lipids in their immediate vicinity.

The findings of stable pure domains made up by
DMPE;, in binary and ternary structures are consistent
with results published by the group of Nikaido (see, e.g.,
Takeuchi and Nikaido, 1981), which already stated, on the
basis of electron spin resonance measurements on LPS/PE
mixtures, that LPS and PE are segregated in separate lipid
domains. This may suggest that similar PL. domains are also
present in vivo, i.e., in the outer OM leaflet of Gram-
negative bacteria exhibiting defective LPS structures (Ni-
kaido and Vaara, 1985). In fact, such symmetrical phospho-
lipid bilayer domains are the only loci where hydrophobic
molecules like hydrophobic antibiotics may effectively pen-
etrate the bacterial OM. Recently, Raetz and co-workers
could show that an antibacterial drug (L-161, 240), a LPS
biosynthesis inhibitor, had considerable in vitro activity,
even against wild-type strains of Escherichia coli, whereas
mutants with a defective outer membrane barrier function
showed a minimal inhibitory concentration ~100 times as
low as for the wild-type strains of E. coli and other enter-
obacteria (Onishi et al., 1996; Vaara, 1996). In this context
our findings may contribute to a better understanding of
those processes controlling the self-promoted permeation of
LPS biosynthesis inhibitors through the outer membrane.
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APPENDIX

Description of the model used to generate 6(7)
phase transition profiles

Fig. 8 4 gives an example of frequency/temperature, intensity/temperature,
and half-width/temperature profiles experimentally determined from a pure
ReLPS preparation. One can easily see that the various parameter/temper-
ature functions differ substantially and may yield quite different transition
midpoint values (7). It is known that two conformational populations of
lipids, one characteristic of the gel and one characteristic of the liquid
crystalline phase, coexist in the phase transition region. Both populations
of lipids are represented in the IR spectra by typical v, (>CH), bands,
which themselves are weighted by a factor 60 that quantifies the fraction of
lipids in the liquid crystalline state (0 = 6 = 1). It could be shown in the
literature (Dluhy et al., 1983) that the superposition of these two bands
results in nonlinear relationships between the respective band parameter
and the real fraction of melted lipid 6(7) in the phase transition region. One
conclusion that can be drawn from these considerations (see also Fig. 8 4)
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FIGURE 8 Illustration of the evaluation process used to generate 6(7)

phase transition profiles. The band parameters (frequency, bandwidth, and
intensity) were first experimentally determined (4). (B) An example of how
the frequency values for the gel (#,) and liquid-crystalline (¥,) states were
determined by extrapolating band parameter/temperature plots from the
high- and low-temperature region through the melting interval (gray re-
gion). (C) A 6(T) profile as calculated by formula 3 of the Appendix for a
pure ReLPS preparation.
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is that the discrepancy between the half-width/temperature, the frequency/
temperature, and the intensity/temperature dependencies is the conse-
quence of the overlay of the gel-state and liquid crystalline state band
differing in the respective band parameters, and is not due to different
physicochemical properties monitored by the half-width, frequency, or
intensity parameters. Furthermore, it should be immediately evident that
the larger the differences between the band parameters of the gel and
liquid-crystalline state bands, the weaker the correspondence (linearity)
between the frequency/temperature profiles (used in many IR studies so far
published) and the phase transition function 6(7).

Although the gel- and liquid-crystalline state bands are superimposed, it
is possible to obtain the 6(7) relationship analytically. For this purpose, a
Lorentzian lineshape is assumed for the two overlapping symmetrical
methylene stretching bands. The following equation describes the shape of
the superimposed band at a given constant temperature (cf. Dluhy et al.,
1983):

I L

~ ~\2 +0 ~ ~\2 ]
[ 4 V— D
1+4( ) 1+4< )
o 5]
(D

where /() is the intensity as a function of frequency, 6 the fraction of lipid
in the liquid crystalline state, ¥, is the frequency of the gel state band, 7,
is the frequency of the liquid crystalline state band, «, is the Lorentzian
half-width of the ordered lipid (gel state), «, is the half-width for the liquid
crystalline state, /, is the peak intensity (absorbance) of the gel state band,
and 7, is the peak intensity of the liquid crystalline state band. From Eq. 1
it is evident that the calculation of 6 requires knowledge of the band
frequencies, intensities, and half-widths. It is possible to obtain these band
parameters from the experimental frequency-temperature, intensity-tem-
perature, and half-width-temperature profiles by linear extrapolation (linear
regression analysis) of the high- and low-temperature region data. Fig. 9 B
shows how the frequency values 7, and ¥, were extrapolated. To calculate
0(T) analytically from the experimental data, Eq. 1 has to be transformed
in the following way:

1v) = (1-0)

dl/(v
if 5(;)) = (2)
then
1
e [lzm B (D) (1 + 4A<n2>2] ©)
1(D) - A(D) - (D)~ (1 + 4B
with

A(Dzwy and 1) ="D =D

a(T)

W(T) is now the frequency value at the band maximum, which can be
derived easily from the experimental data for different temperatures. Equa-
tion 3 describes the functional dependency of 6 on the temperature 7" and
the seven band parameters (/,, /,, a;, as, ¥,, ¥,, and ¥). Fig. 9 C shows the
example of a 6(7) profile as calculated from experimental data obtained
from a pure ReLPS preparation.

In the present study the thermodynamic parameters 7,

m>

values were derived exclusively from these 6(7) profiles.

AH, and the M,

Determination of thermodynamic parameters
from the 6(T) profiles

Thermodynamic parameters such as 7,,, AH,, and molar fractions of lipids
present in different states or domains can be derived from the melting
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FIGURE 9 Graphical representation of an experimental #(7) profile (4)
and a 6(7) phase transition profile (B) obtained for a pure DMPE,
membrane (the profile in B was calculated for the phase transition region
only). (C) The 6(T) profile for the DMPE ;5, component of a typical ReLPS
and DMPE s, mixture (82% DMPEs,), and an example of how the molar
fractions M, and My of the lipids in the domains A and B are determined
from a 6(7) profile by curve fitting.

curves 0(7). For this purpose, the 6(7) profiles were first obtained accord-
ing to the procedures described by Egs. 1, 2, and 3 and then fitted using the
Boltzmann function (Eq. 4), as shown for a pure DMPE 5, preparation (see
Fig. 9 O):

- M,

M,
Ory(T) = T3 ot T Mo, 4)

where 7, is the phase transition temperature at 6 = 0.5, M, is the initial
value of the transition profile (M, = 0), M, is the final value (M, = 1), and
d is a measure of the slope of the 6(7) function. It is assumed that the lipids
participate in a simple two-state equilibrium between the gel and the
liquid-crystalline states. The van’t Hoff enthalpy is then determined ac-
cording to the following formula:

d(e
( )] )

AH, = 4RT?|

" d(7)

(Marsh et al., 1977). The slope [d(0)/d(7)],, can be derived directly from
Eq. 4 and was

o] 1
[mLW-d' (©)

In general, one particular lipid component of a given binary lipid mixture
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may be present in different types of domains, e.g., in domains of the pure
component and in mixed domains. Consequently, the transition function
0(T) can be described as a sum of two (or more) independent transitions 6,
and 6:

O(T) = My - 0A(T) + My~ 65(T) + . .. (7

where M, and My are the fractions of lipids, present in the domains of type
A and B, and 60, and 6 are the corresponding values of the transition at
particular temperatures. M, and My are assumed to be independent of the
temperature 7. It is further assumed that in the presence of a two-domain
system, M, + My = 1. The M, and My values were obtained from the
transition profiles by curve fitting with a sum of two Boltzmann functions,
as described by

1
O(FIT)(T) =My~ [1 - He(TTm_A)/dA]

1
+ Mg+ [1 I e(TTm,B)/dB:| 3

This curve fitting can be carried out for both lipid components of the binary
mixture, as illustrated by Fig. 9 C for DMPEs,. The knowledge of M, and
My from “pure” binary mixtures and binary lipid mixtures interacting with
membrane-active agents makes it possible to semiquantitatively describe
lateral phase separation processes.

The estimation of the absolute domain sizes
using the M, and Mg values

Fig. 7 schematically illustrates the border model (see Discussion), assum-
ing domains of the pure lipid (domain A) surrounded by several “dis-
turbed” layers of the same lipid (domain B). If the domain shape is
considered as a circular area, and if it is also assumed that the ratio of these
areas A ,/Ag equals the ratio of M,/My, one can yield, by simple geomet-
rical considerations,

My T
T N )

where r, is the (average) radius of the circular areas of domain A, and S
is the arbitrary “scope of influence.” The S values were estimated for
DMPEs, and ReLPS as the distances from the respective phase borders to
a region where the state of order is expected to be unchanged. With a
knowledge of S and M /My, it is possible to find r,. Table 2 gives for the
DMPEs, and ReLPS components the r, values as a function of the lipid
composition and for the PLL s~ or OmpF-treated membranes. It should
be emphasized that values of 7, can only be taken as semiquantitative.
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