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Protein-Induced Surface Structuring in Myelin Membrane Monolayers
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ABSTRACT Monolayers prepared from myelin conserve all the compositional complexity of the natural membrane when
spread at the air-water interface. They show a complex pressure-dependent surface pattern that, on compression, changes
from the coexistence of two liquid phases to a viscous fractal phase embedded in a liquid phase. We dissected the role of major
myelin protein components, myelin basic protein (MBP), and Folch-Lees proteolipid protein (PLP) as crucial factors determining
the structural dynamics of the interface. By analyzing mixtures of a single protein with the myelin lipids we found that MBP and
PLP have different surface pressure-dependent behaviors. MBP stabilizes the segregation of two liquid phases at low
pressures and becomes excluded from the film under compression, remaining adjacent to the interface. PLP, on the contrary,
organizes a fractal-like pattern at all surface pressures when included in a monolayer of the protein-free myelin lipids but
it remains mixed in the MBP-induced liquid phase. The resultant surface topography and dynamics is regulated by combined
near to equilibrium and out-of-equilibrium effects. PLP appears to act as a surface skeleton for the whole components whereas

MBP couples the structuring to surface pressure-dependent extrusion and adsorption processes.

INTRODUCTION

Biological membranes are complex fluids constituted by a
wide variety of lipids and proteins whose thermodynamic
and/or structural compatibilities inherently lead to many
possible manners of organization. It is generally accepted that
biological membranes are spatially inhomogeneous (1-3)
and an important biological role has been attributed to this
property as a mechanism for conveying information among
different levels of organization (4-9). Some mechanisms
involved in maintaining the heterogeneity such as phase
transitions (10), nonideal mixing in binary mixtures (11,12),
Ca”" binding in charged membranes (13,14), among others,
have been identified in simple systems. Membrane proteins,
formerly mostly conceived as preferentially partitioning in
preassembled lipid domains are increasingly recognized as
fundamental structuring factors driving lateral heterogeneity.
Proteins are known to mediate the formation of domains
through electrostatic lipid-protein interactions (15,16), ex-
clusion or partition into cholesterol enriched phases (17), and
through hydrophobic mismatch (18). Likely, in natural
membranes these phenomena are also determinants of the
inhomogeneous distribution of components but the study of
complex systems becomes difficult with the growing number
of variables escaping precise control. Monomolecular layers
prepared from whole natural membranes enable one to study
some aspects of complex systems. However, since the asym-
metric arrangement of the lipids and proteins is lost and the
thickness is reduced to one hemilayer, no direct extrapolation
of the results obtained in monolayers to the behavior of the
natural bilayer membrane is possible. In spite of that, these
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systems, having the compositional complexity of the whole
natural membranes, can be studied under controlled condi-
tions of packing, surface pressure, surface potential (19,20),
and at the same time, permit one to relatively manipulate the
composition while directly observing the surface topography
(21). The role of some protein and lipid components has been
explored recently in native pulmonary surfactant monolayers
(22,23).

Monomolecular layers from the isolated bovine spinal
cord whole myelin have been previously described (20).
Myelin membranes can be obtained with high purity and are
quite unique in that the lipid/protein ratio is higher than in
other cellular membranes. The lipid fraction is represented
by ~40% cholesterol and it is much enriched in sphingo-
lipids, namely sphingomyelin, galactocerebroside, and sulfa-
tide. Two major basic proteins represent ~80% by weight of
the whole protein fraction: the amphitropic myelin basic
protein (MBP) and the hydrophobic transmembrane Folch-
Lees proteolipid protein (PLP); both have important struc-
tural roles in myelin membrane organization (24,25). The
whole myelin membrane is soluble in chloroform/methanol
and can be spread at the air-water interface as a monolayer
with the same composition of the original membrane and
conserving the surface behavior and topography of films
spread from aqueous dispersion of myelin vesicles (20,21).
The surface pattern of myelin monolayers is characterized by
two coexisting liquid phases at low surface pressure; at high
surface pressures a continuous viscous phase, which is em-
bedded in a liquid phase, self-organizes as a fractal structure.
This is characterized by self similar patterns extending over a
scale ranging from micrometers to millimeters, with a fractal
dimension of 1.7 (21,26). Over the whole compression range
the phase coexistence involves lateral segregation of some
lipid components (such as cholesterol, galactocerebroside,
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and phosphatidylserine) in liquid ordered domains separated
from others containing the major myelin proteins (PLP and
MBP) together with other lipids (i.e., such as ganglioside GM1)
(27). Previous results on interfacial films prepared from
myelin lipid fractions that contained PLP as the sole protein
species, allowed one to conclude that the myelin lipids were
responsible for liquid phase coexistence, stable only up to
very low surface pressures, whereas the presence of PLP
induced fractal structures with a fractal dimension of 1.6
(28). In this work we have dissected the thermodynamic and
topographic variations induced by the purified major myelin
proteins (PLP and MBP) on monolayers formed by the protein-
free whole myelin lipid fraction. The results show that, indi-
vidually or in combination, both proteins constitute major
structuring factors accounting for the surface topography of
whole myelin monolayers. The self-structuring of the inter-
face is a result of an out-of-equilibrium organization driven
by PLP and a near-equilibrium surface organization induced
by MBP. We were also able to partially correlate the topo-
graphic and thermodynamic behavior of this complex mixture.

MATERIAL AND METHODS

Myelin fractions

The isolation of the protein-free myelin lipid fraction, containing almost all
the myelin lipids (except gangliosides) was previously described (28).
Briefly, purified bovine spinal cord whole myelin was solubilized in 19 vol
of chloroform/methanol (2:1, v/v). Whole myelin is initially fully soluble in
this medium (high molecular weight proteins, such as the Wolfgram
proteins, subsequently aggregate slowly with time). A Folch’s partition of
the extract is immediately performed by the addition of 1/5 vol of water that
results in two sharply separated lower and upper clear immiscible solvent
phases (respectively, representing a proportion of 3:7 v/v). The upper phase
(containing the gangliosides), together with the two-phase interface (in
which the MBP and Wolfgram proteins are accumulated) were discarded.
The lower phase (chloroform/methanol/water 86:14:1), which contains over
98% of all the major myelin lipids and PLP as the sole protein component,
was washed twice with an upper solvent solution prepared by mixing the
pure solvents in the same proportions as the experimental upper solvent
phase (chloroform/methanol/water 3:48:47). Finally, PLP is rendered
insoluble after equilibration of the lower solvent phase (in proportion 1:1)
with upper solvent solution containing 0.1 M potassium citrate. PLP
accumulates at the interface and was discarded. The procedure is repeated
three times and ultimately the lower phase is washed with a citrate-free upper
phase (in proportion 1:1). The amount of PLP remaining in the final extract
was below 1.1 X 102 mol % with respect to total lipids. According to high
performance liquid chromatography (HPTLC, running solvent, chloroform/
methanol/water 70:30:4 revealed with 3% cupric acetate/8% ortophosphoric
acid) the composition of the total lipid extract matches that of whole myelin.

MBP and PLP purification procedure

To obtain myelin basic protein we followed a purification procedure
previously employed (29). Bovine spinal cord was grinded in a chloroform/
methanol 2:1 solution (0.5 g/ml) and stirred overnight at 4°C. The solution
was filtered and the retained material was further dispersed in chloroform/
methanol 2:1 (0.1 g/ml). After repeating the procedure three times, the
retained material was resuspended in acetone (0.1 g/ml), filtered, dispersed
in milli-Q water (0.05 g/ml), and stirred overnight at 4°C. The aqueous
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dispersion, after filtering and resuspension in milli-Q water (0.2 g/ml), was
titrated to pH 3 with hydrochloric acid under stirring. The pH 3 solution,
where the MBP becomes soluble, was filtered and the pellet was discarded.
The pH 3 extract was lyophilized and resuspended in hydrochloric acid 0.01
M/acetic acid 1 M/sucrose 20% 1:1:1. This resuspended material was passed
through a Sephadex G100 column (2.8 X 92 cm column for 150 mg of
protein) previously equilibrated with hydrochloric acid 0.01 M. Elution was
carried out with hydrochloric acid 0.01 M and the fractions containing
protein, as detected by absorbance at 225 nm were collected, pooled, and
lyophilized.

We obtained Folch-Lees proteolipid as previously described (30). Bovine
brain white matter was grinded in 19 vol of chloroform/methanol 2:1,
filtered and 0.2 vol of KCI 0.1 M was added to the eluted solution. After
mixing, the emulsion separates into two solvent phases under standing, with
the lower phase containing the PLP. This phase was washed and equilibrated
six times with upper solvent phase (chloroform/methanol/water 3:48:47).
After reducing the volume to half of the original (under a nitrogen flux), it
was cooled to 4°C and precipitated with 4 vol of ethyl ether. The insoluble
material was washed twice with methanol/acetic acid (100:1), and solubi-
lized in chloroform/methanol/acetic acid (50:50:1). The latter solution was
passed trough a Sephadex LH20 column and the eluted fractions with the
first protein peak were collected and passed again through Sephadex LH20.
The Folch Lees proteolipid obtained contains <1.55 ug of Pi/mg of protein
and 30 ug of sulfatide/mg of protein.

SDS-PAGE of the purified protein fractions showed bands running
with a molecular weight (MW) of 18,500 for MBP and 25,000 for PLP,
in agreement with literature (although the MW accepted for PLP is 29,000,
it usually runs as a lighter MW band in these systems (24)).

Fluorescence and Brewster angle microscopy

Monolayer microscopy images were taken in real time while simultaneously
recording isothermal compression of the film. The setup consisted of a
Langmuir balance (KSV minithrough equipment, Helsinki, Finland, or
KIBRON microtrough, Helsinki, Finland) mounted on the stage of a Zeiss
Axiovert or Axioplan (Carl Zeiss, Oberkochem, Germany) fluorescence
microscope, and/or a miniBAM (Nanofilm Technologies, Gottingem,
Germany), as previously described (28).

For observations with the miniBAM, the surface was illuminated with a
658-nm p-polarized light from a 30-mW laser diode at the Brewster angle of
the bare interface (from which a minimum of reflectance is achieved) and the
reflected light was collected with a standard achromat (12.5-mm diameter,
25-mm focus). When a film is spread on the aqueous subphase it acts as a
third optical medium and reflects light depending on its local thickness and
refractive index.

The gray level signal of our camera is linearly related to the light intensity
for 1/500 shutter speed at least up to 160 gray arbitrary units. The relative
reflectance / can be derived (7 = 0.99) from:

I=—-0915x10"°+ (4.502 X 10*) GL, 1)

where GL is the gray level in arbitrary units (31).

Gray level measurements were taken at the maximum illumination area
of the bell-shaped light intensity distribution. The mean value of 10 X 10
pixels sections (83 X 83 wm) was measured. These values were reproducible
from one experiment to another (£10 arbitrary units).

For fluorescence observation, lipid or lipid-protein solutions were doped
with 0.8 mol % of N-(lissamine rhodamine B-sulfonyl) diacyl-sn-glycero-3-
phosphatidylethanolamine (Rho-egg PE) with 55% of unsaturated acyl
chains or 1 mol % N-(7-nitro-2-1,3-benzoxadiazol-4-yl) dipalmitoyl-sn-
glycero-3-phosphoethanolamine (NBD-DPPE) (Avanti Polar Lipids, Ala-
baster, AL). After spreading onto a TRIS-Ca buffer PH 7.4 (10 mM Tris, 100
mM NacCl, 20 mM CacCl,), the solvent was allowed to evaporate for 10 min.
Films were imaged during isometric compression with a charge-coupled
device video camera Zeiss or a Micromax camera (Princeton Instruments,
Trenton, NJ) commanded through the Axiovision software of the Zeiss
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microscope or the Metamorph 3.0 software (Universal Imaging, West
Chester, PA). A 20X objective was used. All the experiments were
performed at room temperature (23 = 2°C).

Myelin monolayer measurements

Surface pressure-molecular area compression isotherms of lipid or lipid-
protein films were registered in a homemade Langmuir balance (20). The
surface pressure and surface potential (measured with an air ionizing **' Am
electrode and an Ag/AgCl reference electrode) were simultaneously
registered. Absence of surface active impurities in the subphase or in the
spreading solvents was ascertained by the invariance of surface potential and
surface pressure under compression. The compression rate was <10 A?
mol ™" min~'. Monolayers were spread from their chloroform: methanol
solutions in an 80-ml Teflon-coated compartment filled with TRIS-Ca*?
buffer PH 7.4 (10 mM Tris, 100 mM NaCl, 20 mM CaCl,). Aliquots of
10-15 nmol of lipids (in no more than 30 ul) were spread reaching initial
surface pressures not above 1 mN/m. The solvent was allowed to fully evap-
orate before beginning compression.

The monolayer phase transitions were detected from the maximum and
the transition midpoint from the minimum, of the surface compressibility
modulus K (K = Cs™!, where Cs is the compressibility), that represents the
in-plane elasticity calculated as follows (32):

K = (~A)(dp/dA), @)

being A the average molecular area at each surface pressure (p) value.

Myelin Langmuir-Schaeffer films

Monolayers were transferred onto alkylated glass coverslips through the
horizontal contact of the glass with the monolayer and then immersing the
coverslip into the aqueous subphase (19,27). Glass coverslips were prepared
for the alkylating reaction by consecutive sonication for 5 min first in high-
grade acetone and then in Milli-Q water; subsequently they were cleaned by
submersion in a piranha solution (30% hydrogen peroxide in sulfuric acid)
during an hour at 90°C. To alkylate the glass surface a self-assembled,
covalently linked, monolayer of alkyl-silane was formed after submerging
the thoroughly cleaned glass coverslips in a 2.5-mM solution of octadecyl
trichlorosilane in toluene during 60 min under constant stirring. The reaction
was performed in a dry-air glass chamber. The hydrophobicity of the surface
was checked based on the contact angle and the free running of a water drop.
The Langmuir-Schaeffer films formed were always kept under aqueous
solutions to avoid collapse. The transferred monolayers were stable for at least
1 week and immunolabeling procedures were subsequently performed (27).
For this, the films were immunolabeled by incubating with primary antibodies
that recognize PLP (mouse anti-myelin proteolipid protein; Serotec, Raleigh,
NC) and MBP (rat anti-myelin basic protein monoclonal antibody; Chemicon,
Temecula, CA), and fluorescent-labeled secondary antibodies.

RESULTS

Effect of PLP and MBP on the surface
thermodynamics and topography of myelin lipids

In our approach we do not attempt to mimic or directly
extrapolate our results to the natural myelin membrane since the
lipid asymmetry of the natural bilayer membrane is lost when
spread as a monolayer; nevertheless, with our system, the effect
of myelin proteins on the thermodynamics and topography of
the lipid interface, can be explored in films containing essentially
all the compositional complexity of the whole natural mem-
brane, under continuously known packing conditions.
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In a previous article, and using a different experimental
approach, we suggested that PLP is necessary for the induc-
tion of the fractal phase since the surface pattern of protein-
free myelin lipid films is mostly homogeneous, showing liquid
phase coexistence only up to very low surface pressures (see
insets in Fig. 1, B and C) (28); the surface pattern of whole
myelin monolayers, changing from round-shaped liquid do-
mains at low surface pressures to a viscous fractal phase at
high surface pressures is discussed below in Fig. 6. The results
are organized by showing first the effect of each individual
isolated protein, and then their combined effects on the
surface thermodynamics and structuring of the myelin lipids.

It is important to point out that for the analysis of mixtures
containing proteins (PLP and MBP) the myelin lipids are
treated as one ‘‘pure’’ component although they consist of a
mixture with >100 different lipids with fixed mol fractions.
The compression isotherm for the myelin lipids (Fig. 1 A)
shows only one collapse point and, as mentioned, remains
topographically homogeneous over all the surface pressure
range. Deviations from the additivity rule in mixtures of pro-
tein (PLP or MBP) and myelin lipids should be interpreted as
if the molecular arrangement of the protein or of at least part
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FIGURE 1 Panel A shows the surface pressure (lower curves), and surface

potential (upper curves) as a function of the mean molecular area of myelin
lipids (dashed line), PLP (dash-dot line), Xpy p 0.00198 mixture (dotted line),
and the curves, calculated as described in the text, for an ideal Xp; p 0.00198
mixture (solid line). Panels B and C are fluorescence microscopy images for
films with Xprp 0.00120 at 0.6 mN m™" (B) and 30 mN m™' (C). The
monolayer in panel B is doped with Rho-egg PE fluorescent probe. Instead,
the film in panel C has NBD-DPPE as a probe that markedly improves
contrast in these conditions. Insets correspond to fluorescence images of
protein-free myelin lipids monolayers at 0.2 mN m~' (B) and 30 mN m™'
(C). The scale bar corresponds to 150 wm.
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of the lipids, change compared to the packing of the pure
protein or the protein-free myelin lipid films, respectively.

Folch-Lees proteolipid protein

Fig. 1 A shows the variation of surface pressure and surface
potential as a function of the mean molecular area of myelin
lipids, PLP, and a mixture with Xp; p0.00198 (X being the
mol fraction). For comparison, we also show the ideal
compression isotherms for the Xp; p0.00198 mixture calcu-
lated by considering a linear contribution of the individual
components in the mixed film:

(AM - AL XL + APLP XPLP),T (3)
(AVM = (AVL AL X, + AVPLP Aprp XPLP)/AM),T7 4

where Ay and AVy, are the calculated mean molecular area
and mean surface potential of the Xp; p0.00198 mixed film.
AL, ApLp are the mean molecular areas and AVy AVpp are
the mean surface potentials of films of myelin lipids and of
pure PLP. X; and Xp;p are the myelin lipids and PLP mol
fractions in the Xp; p0.00198 mixed film.

In homogeneous mixtures, the most frequent situation is
that the mean surface parameters will deviate from the ad-
ditivity rule as the molecular packing and orientation would
likely differ from the single components due to interactions
among them. Nevertheless, ideal mixtures with no deviations
could also occur. For PLP-myelin lipid mixtures, both
independent mean surface parameters change almost addi-
tively with composition for the Xp; p0.00198 mixture (Fig.
1 A), and the same behavior was observed for other mol
fractions (results not shown). However, the pressure-induced
reorganization of PLP, beginning at 11 mN m™", is no longer
observed when mixed with myelin lipids, and the mean
molecular area deviations (nearly always below 3%) become
maximum at 15 mN m ™' in close correspondence to the PLP
reorganization range. The fluorescence microscopy (Fig. 1, B
and C) directly reveals that when PLP is added to myelin
lipids it induces the lateral segregation of a fractal-like phase,
confirming previous results (28). The two-phase coexistence
present in the protein-free myelin lipids film at low surface
pressures (see inset in Fig. 1 B) remains and its surface
pressure of mixing is not modified by the presence of PLP.
The round liquid domains merge at surface pressures below
1 mN m™", similar to the protein-free lipid mixture; however,
the fully homogeneous pattern observed for the pure lipids
at higher surface pressures (inset in Fig. 1 C) is replaced by
a fractal-like structure (Fig. 1 C).

Myelin basic protein

Graphs A-D in Fig. 2 show the dependence on the MBP mol
fraction, at 5 and 40 mN m™!, of the mean molecular area
and mean surface potential/molecule in mixed MBP-myelin
lipids films. Two different features are readily recognized

4257

depending on the surface pressure. At 5 mN m ', MBP
contributes rather additively to the mean molecular area and
mean surface potential per molecule as expected from either
anonmixing or an ideal mixing of components (Fig. 2, A and
B). However, at 40 mN m~! MBP no longer contributes to
any of those mean surface parameters (Fig. 2, C and D),
suggesting the exclusion of the protein from the film (this
may correspond to the collapse of pure MBP beginning at 10
mN m ). The progress of the reorganization as a function of
the surface pressure is shown in Fig. 2 E. Here, the actual
mean molecular area of a myelin lipid film with Xygp 0.0092
was converted to relative areas taking two different theoret-
ical limiting reference states. The first limit is a mixed film
with MBP incorporated in the interface and contributing
additively to the mean molecular area (see scheme f in Fig.
2). For a quantitative estimation of the latter over the whole
compression range it was assumed that the protein remains
integrated to the interface after its collapse, conserving its
limiting mean cross-sectional area, and contributing propor-
tionally to the mean molecular area in the mixed film. The
second limit corresponds to a film of myelin lipids with MBP
excluded from the interface (see scheme g in Fig. 2). The
transition from one limiting reference state of surface organi-
zation to the other occurs over a surface pressure range be-
ginning at ~16 mN m~' (Fig. 2 E).

The surface pressure versus MBP mol fraction phase
diagram for films of MBP with myelin lipids is shown in Fig.
3 A. Notice that this is a pseudobinary phase diagram since
the myelin lipids actually consist of a mixture; the mol
fraction of MBP is relative to the total components. Within
this context, ‘‘myelin lipids’’ imply fixed relative propor-
tions of the lipid components in such a way that when MBP
mol fraction is known, all other mol fractions become fixed.
The phase diagram was elaborated on data from fluorescence
microscopy (and BAM) and the analysis of compression
isotherms of mixed and pure monolayers. The isotherms of
mixtures of MBP and myelin lipids show a discontinuity in
the slope that is well detected by a local maximum and a
local minimum of the in-plane elasticity (compressibility
modulus, K). The first maximum, indicating the beginning of
reorganization, is shown for pure MBP and for mixed
monolayers (Fig. 3 A, open circles); it remains essentially
invariable with changes of the proportion of MBP. The first
minimum, pointing to the surface pressure midpoint of the
transition (7ry,), is only shown for MBP-myelin lipids films
(Fig. 3 A, open diamond) because films of pure MBP are
fully collapsed at that surface pressure. The 7, remains con-
stant at high MBP mol fractions but diminishes near Xyp
0.0092 approaching the onset of the transition. On the other
hand, a second maximum in K (Fig. 3 A, open down-triangle),
indicating the beginning of collapse, is independent on the
addition of MBP compared to that of protein-free films up to
Xumep 0.0092; above that, and coincidental with the first re-
organization point in the isotherm, it increases and then
remains constant.
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4258

100 65

AV n"}(fV cm™ molecule’) Molecular Area (A?%)

1.5 0.8
0.0 05 1.0 1.5 2.0 0.0 05 1.0 15 2.0
X wep (x107)
1.4
o E ; I Y9 B
933 a4, ‘f*w*}@ RIEBRRA
© A i
= f g
1.2 4
= S (m) (@)
8 1.1 A,
© A a
£10- - L M e == * -
(] n
> 0.9+ =
e ]
o n
< 0.8 .
o
0.7 +— r ' . . . .

5 10 15 20 25 30 35 40
n (mNm?)

FIGURE 2 Panels A-D show the mean molecular area (A and C) and
mean surface potential per molecule (B and D) at 5 mN m~! (A and B) and
40 mN m~! (C and D) as a function of the MBP mol fraction for films of
MBP and myelin lipids. The continuous lines in panels A and B represent the
mean values of each parameter for the ideal (additive) contribution of both
components in the mixture. The dashed lines in panels C and D indicate the
mean values for each parameter corresponding solely to the myelin lipids.
Panel E shows the mean molecular area of a Xypp 0.0092 mixed film
expressed as a ratio relative to two limiting reference states. The first,
(scheme f, W), considers that MBP is included in the myelin lipid film
contributing additively to the mean molecular area. The protein is considered
to remain in the film even after reaching its collapse surface pressure and
conserving the same molecular area at collapse (limiting molecular area).
The second reference state (scheme g, A), considers that MBP is excluded
from the film over the whole surface pressure range, and the mean molecular
area is that of the myelin lipids. A value of 1 for the relative mean molecular
area indicates that the actual area of the film matches with the mean
molecular area of the respective reference state (dashed horizontal line).

The results from fluorescence microscopy show that MBP
mixed with myelin lipids induces the coexistence of two
phases at surface pressures above 1 mN m ' in the otherwise
homogeneous surface organization of the protein-free lipids
(Fig. 3, B—F). As the proportion of MBP increases, the probe
enriched phase becomes larger in area suggesting that the
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FIGURE 3 Panel A shows the surface pressure-MBP mol fraction
pseudobinary phase diagram of MBP-myelin lipids monolayers. Values
obtained from the isotherm analysis correspond to the transitions evidenced
by discontinuities in the surface pressure-molecular area compression
isotherms detected as a local maximum (O) and a local minimum (<>) in the
compressibility modulus. The beginning of collapse, detected as a local
maximum in the isotherms is also indicated (V). The limits for the two-
liquid-phase coexistence were determined by fluorescence microscopy as the
surface pressure point where domains first appear after expansion of an
initially homogeneous film (M). The dashed line represents the best fit to
those values. Representative fluorescence images in the two-liquid-phase
coexistence region were included in panel A. Images are shown for films
with Xygp 0.0200 at 5.8 mN m™! (right lower image) and 20.5 mN m!
(right upper image) and for a film with Xypp 0.0032 at 5.0 mN m ™" (left
image below the dashed line). A BAM image of a film with Xygp 0.0032 at
34 mN m ' is also included to illustrate the region of the phase diagram
where aggregates are formed (left image above the dashed line). Panels
outside the phase diagram (B—F) are fluorescence microscopy images
corresponding to myelin lipids-MBP films, at 3.0 mN m™', containing
0.0020 (B), 0.0032 (C), 0.0060 (D), 0.0100 (E), and 0.0200 (F) MBP mol
fraction (the corresponding mol fractions are indicated with arrows in the
abscissa of panel A). Panels G and H are fluorescence microscopy images of
the same area of a Langmuir-Schaeffer film with Xygp 0.0032 transferred at
10 mN m ™. The label corresponding to the anti-MBP (H) colocalizes with
the fluorescent probe, Rho-egg PE (G). Scale bar represents 150 um in
fluorescence images and the side length of the BAM image is 1083 um.

protein partitions into that phase as further confirmed by the
labeling with anti-MBP on the Langmuir-Schaeffer trans-
ferred monolayers (Fig. 3, G and H). Further measurements
of the area covered by the fluorescent phase and the area



Domains in Myelin Monolayers

occupied by MBP, calculated from its compression isotherm,
indicate that MBP should be associated with lipids forming a
protein-lipid phase (see Appendix). The segregated domains
merge under compression but the stability gap of the two-
phase state is increased by higher proportions of MBP in the
film up to a plateau (Fig. 3 A, solid squares and dashed line).
Both coexisting phases are liquid, with mostly circular
deformable domains, and boundaries that fluctuate as a result
of thermal motion, all indicative of relaxed line tension. This
feature, together with a high rate of events of lateral merging,
confers a conspicuous dynamics to the surface pattern that
changes under the compression from homogeneously sized,
small and numerous domains, to large and more dispersed ones.
The electrostatic repulsive barriers that need to be overcome
to bring domains into contact and merging do not seem to be
above the order of the thermal energy for this system.

When the percentage of area of fluorescent phase is
analyzed as a function of surface pressure we found one or
two different behaviors depending on the MBP proportion
(Fig. 4 A). For films with low MBP mol fractions (Xygp
0.0060 and below) there is a monotonic decrease of fluo-
rescent phase that finally disappears by merging (Fig. 4 A,
solid triangles). For higher MBP mol fractions the area
occupied by the fluorescent phase first decreases with a slight
slope, a behavior analogous to films with low MBP mol
fractions, but this is followed by a second regime with higher
slope that is maintained until the phases fully merge (Fig. 4 A,
solid circles and crosses). The surface area of fluorescent
phase markedly decreases until it becomes reduced to small
regions around the boundary of fluorescence-depleted do-
mains (Fig. 4 D). The surface pressure point where the sec-
ond regime begins (Fig. 4 A, arrow) is close to the minimum
of the in-plane elasticity (Fig. 3 A, open diamond) and
coincides with the pressure point for monolayer exclusion of
MBP (Fig. 2 E). This second regime appears when the region
where MBP is stably included in the interface is below the
stability gap for two-phase coexistence. Then, disappearance
of the fluorescent phase becomes dependent on the exclusion
of MBP from the interface and the regime of surface dy-
namics changes.

MBP relocation within the interface

After MBP is excluded from the surface film it could either
desorb from the interface or adopt a stable, or unstable (but
kinetically trapped), organization adjacent to the monolayer.
The localization of MBP was studied by Brewster angle
microscopy (BAM), a technique that can distinguish varia-
tions of optical thickness among different regions of the
same film or within a particular region as a function of time
because relative reflectance values are proportional to the
interfacial thickness (I ~ t2, where / is the relative reflectance
and ¢ is thickness) (31). BAM has been previously used to
describe the variations of optical thickness of interfaces
formed with glycosphingolipids with oligosaccharide chains
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FIGURE 4 Panel A shows the percent of fluorescent phase area, measured
from fluorescence microscopy images as a function of surface pressure for
films with mol fractions of MBP of 0.0032 (A), 0.0100 (@), and 0.0200
(+). The vertical arrow approximately indicates the surface pressure at
which the change in behavior takes place. Panels B—D show fluorescence
microscopy images of films with Xypp 0.0100 at 5.8 mN m™' (B),
15.6 mNm ™! (C), and 25.0 mN m~! (D). The scale bar represents 150 wm.

of different length (31) and to detect the formation of protein
aggregates in lipid films at the air-water interfaces (33,34).
Fig. 5, A-C, shows the surface topography of a film with
Xmpp 0.0100 at different surface pressures as observed by
BAM. After the low pressure surface pattern disorganizes
new structures are formed with time that can be clearly
visualized as brilliant spots (Fig. 5 C). These were also
observed in films with lower and higher MBP mol fractions
(i.e., Xmpp 0.0032 and Xygp 0.0200). The reflectance levels
were quantified along the compression isotherms of the films
and the results are shown in Fig. 5 D for Xygp 0.0100. The
MBP-containing and MBP-free phases present at low sur-
face pressures were identified and separately quantified by
comparing BAM and fluorescence images of the same field.
The MBP-free lipid phase shows an almost invariant reflec-
tance level as a function of surface pressure that is similar to
that observed for myelin lipid monolayers (compare Fig.
5 D, solid circles with inset (solid circles)). As already
discussed in a previous article (28), the myelin lipid fraction
contains a high percentage of cholesterol (40%) and shows a
rather condensed isotherm, with a limiting close packing at
41 A and only a small lateral and transverse reorganization.
By contrast, the MBP-containing phase largely increases its
reflectance during compression (Fig. 5 D, solid squares).
The range of values over which the increment of reflectance
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FIGURE 5 Panels A-C are BAM images of a myelin lipids film with
Xnmpp 0.0100 at 129 mNm™' (4), 252 mNm ™" (B), and 34.0mN m ™' (C).
BAM images are shown at 1/50 shutter speed to improve contrast. Panel D
shows the relative reflectance levels as a function of surface pressure for a
film with Xygp 0.0100. The relative reflectance measured by BAM of MBP-
containing fluorescent phase () and the MBP-free nonfluorescent phase (@)
were separately quantified at low surface pressures by comparison with
fluorescence microscopy images of the same field. The reflectance levels of
the high pressure domains are also indicated (#). The relative reflectance
values were computed from images taken with 1/500 shutter speed (our
BAM was calibrated under those conditions; see Materials and Methods
section). Arrows A, B, and C are indicative of the surface pressures
corresponding to panels A—C. The inset shows the relative reflectance levels
as a function of surface pressure for pure films of MBP (*) and myelin lipids
(@). The scale bar represents 285 pum.

levels occurs is similar to that of pure films of MBP up to
collapse (compare Fig. 5 D, solid squares, and inset (stars)).
The high pressure bright domains (measured at 34 mN m ")
seemingly represent a jump in reflectance after the mono-
tonic increase (Fig. 5 D, solid diamond). The reflectance of
these structures must involve new arrangements requiring
the presence of both myelin lipids and MBP because none of
the individual components achieves those reflectance values.
Results strongly suggest that the protein remains adjacent
to the interface, forming aggregated structures at surface
pressures in the range of average pressures usually assumed
for membranes (35). When the film is expanded, the MBP-
induced low pressure pattern of round domains self-organizes
again (not shown) indicating that the alternation among both
topographic arrangements represents a reversible protein
reorganization along the perpendicular direction to the
interface, with MBP remaining associated to the monolayer.
In the region above the two liquid phase coexistence (Fig.
3 A) MBP becomes aggregated adjacent to the monolayer of
myelin lipids. Moreover, this is an equilibrium organization
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that can be also reached by adsorption of MBP from the
subphase (see below).

Combined effects of PLP and MBP on
myelin lipids

Apart from the effect of each of the myelin proteins on the
surface pattern organization, we aimed at recognizing how
both proteins may interact and if their separate effects could
combine to reconstitute the surface pattern of the monolayer
formed by whole myelin (Fig. 6, A and B).

FIGURE 6 Fluorescence microscopy images of whole myelin (A and B)
and premixed MBP-PLP-myelin lipids monolayers (C—H) at 3.0 mN m ™"
(A, C, E, and G) and 35 mN m~! (B, D, F, and H), with variable mol
fractions of PLP (Xppp = 0.00180 for C—F and Xpy p = 0.00050 for G and H)
and MBP (Xyp = 0.0032 for C, D, G, and H and Xygp = 0.0005 for £
and F). The scale bar represents 200 wm.
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We observed the pattern of mixed films in which the
relative protein proportions were varied (Fig. 6, C—H). As
stated before, when only PLP is included in the monolayers
with myelin lipids, it induces the organization of segregated
domains with a fractal-like appearance and the coexistence
with liquid round-shaped domains is maintained only up to
1 mN m~' (Fig. 1, B and C). On the other hand, when only
MBP is present in the myelin lipid film it stabilizes the
coexistence of two liquid phases (Fig. 3, B—F), whose
surface pressure for merging depends on the MBP propor-
tions, with absence of fractal pattern at higher surface
pressures and with the protein becoming excluded to a plane
adjacent to the monolayer (Fig. 5 C). When both MBP and
PLP are present in films with the total myelin lipid fraction,
in the same proportions as in the whole myelin membrane,
the pattern becomes very similar to that exhibited by the
whole myelin monolayer (compare Fig. 6, C and D, with Fig.
6, A and B). Moreover, in films formed with a premixture of
MBP, PLP, and myelin lipids (at 12.8 and 35 mN m™ ")
labeling to both proteins always colocalizes in the same
phase, similar to what was found in the monolayer formed
with whole myelin (27) (Fig. 7). If the proportion of MBP is
decreased, the general pattern becomes dominated by the
PLP effect evidenced by the acquisition of the general fractal
appearance. In the range of low surface pressures, the
thoroughly connected domains have rather rounded relaxed
boundaries that turn into rigid borders at high surface
pressures (Fig. 6, E-F). Conversely, if the proportion of PLP
is decreased, the pattern is reverted to round-shaped liquid
domains at low surface pressures and, at high surface
pressures, clusters with a fractal-like aspect appear (Fig. 6,
G—H). Interestingly then, the organization of the probe
enriched phase at low pressures, as fractal-like or as round
boundary domains, depends on the relative proportions of
PLP and MBP. At high pressures, when MBP is excluded
from the film, a fractal-like pattern always appears if PLP is
present. Also, the proportion of the fluorescent phase at low
surface pressures coincides with the sum of the amount of
fluorescent phase induced by MBP (for each mol fraction)
and PLP. This reinforces the colocalization of both proteins.

We have further inquired if in whole myelin monolayers,
apart from their colocalization (Fig. 7), both proteins may
mutually influence their surface organization. In Fig. 8§ A we
show that in mixtures of myelin lipids and both proteins,
MBP still reorganizes by escaping from the interface with a
surface pressure dependence very similar to that observed in
the absence of PLP (see Fig. 2 E). Thus, PLP is not capable
of retaining MBP inserted in the monolayer at relatively high
surface pressures; nevertheless, MBP still remains associated
to the interface, as detected by immunolabeling (Fig. 7 H),
but in the subsurface adjacent to the monolayer. In mixed
films of PLP and MBP both components contribute addi-
tively to the mean molecular area (Fig. 8 B) and, in mixed
monolayers with both proteins and myelin lipids, deviations
from the ideal behavior at low surface pressures (below MBP
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FIGURE 7 Fluorescence microscopy images of Langmuir-Schaeffer films
of premixed myelin lipids PLP (Xpp 0.00180)-MBP (Xpgp 0.0032) at 12.8
mNm~' (4, B,E,and F) and 33 mNm™"' (C, D, G, and H). The label for the
fluorescent probe Rho-egg PE (A, C, E, and G) and the anti-PLP (B and D)
or anti-MBP (F and H) are shown for the same field areas. The scale
bar represents 150 um.

collapse) were never detected. This can be deduced from Fig.
8 A and was also ascertained for other protein proportions
(not shown).

We also measured the penetration, as an increase of sur-
face pressure, of MBP into monolayers of myelin lipids, pure
PLP, and in mixed PLP-myelin lipids films (Xprp 0.00180,
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FIGURE 8 Panel A shows the mean molecular area of a MBP-PLP-
myelin lipids films (Xpypp 0.0090, Xprp 0.00292) as a function of surface
pressure, expressed as a ratio relative to two limiting reference states. The
first considers that all the components are included in the film and contribute
additively to the mean molecular area (scheme b, W); the MBP is considered
to remain in the film after its collapse occupying its limiting molecular area.
The second reference state (scheme ¢, A) considers that MBP is excluded
from the film and the mean molecular area is that of an ideal PLP-myelin
lipids film (Xpp 0.00292). A relative mean molecular area of 1 indicates that
the actual area of the film matches with the mean molecular area of the
respective reference state (dashed horizontal line). Panel B shows the mean
molecular area as a function of the PLP mol fraction of MBP-PLP mixed
monolayers at 8.0 mN m~'. The continuous line represents the mean
molecular area resultant from a lineal contribution of both components in the
mixture (ideal mean molecular area). Panel C shows the final surface
pressure of films of PLP (W), myelin lipids (@), and PLP-myelin lipids
(Xprp 0.00180, V) initially at 12.5 mN m™ !, after the adsorption of MBP
solubilized in the subphase at the indicated concentrations. The surface
pressure reached after the adsorption of MBP at the clean air-water interface
is also indicated ().

the proportion in natural myelin) initially organized at
12.5 mN m~ ! (the equilibrium surface pressure of MBP at
the air-water interface). If there were favorable interactions
of MBP and PLP that could stabilize the former in the in-
terface, then the presence of PLP should lead to increases
of surface pressure (due to penetration of MBP) above that
obtained in PLP-free myelin lipid monolayers and this was
not observed (Fig. 8 C). In fact, the surface pressure change
after the adsorption of MBP (from 25 to 300 nM in the
subphase) to any of the interfaces is quite similar.

The surface properties of one component (i.e., packing,
stability) should change due to the presence of another if new
interactions occur at the interface. Our results show that none
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of the surface properties measured for a protein are influ-
enced by the presence of the other protein at the interface.
They occupy the same molecular areas; MBP experiences
the same surface pressure-dependent rearrangement and pro-
duces the same surface pressure increase after adsorption, in
the presence or absence of PLP in the myelin lipid interface.
These results as a whole suggest no interaction among both
proteins.

Equilibrium and nonequilibrium patterns

It would be expected that if a surface organization represents
a relatively stable equilibrium condition it should be at-
tainable from different initial situations. We have explored if
similar patterns could be obtained from the adsorption of
MBP from the subphase and in premixed films. Fig. 9, C and
D, shows the adsorption of MBP to a film of myelin lipids
initially at 28.5 mN m™' as detected by BAM. After the
injection of MBP in the subphase, the originally homoge-
neous interface (Fig. 9 C) becomes covered with round
bright domains without changes of the surface pressure (Fig.
9 D). The reflectance level, shown in the inset of Fig. 9 D, is
similar to that of domains formed in premixed MBP-myelin
lipids films at 34 mN m ™" (Fig. 5 D) and no variations occur
in the reflectance of the background (inset, Fig. 9, C and D).
The adsorption of MBP to a mixed film of PLP and myelin
lipids (XpLp 0.00120) initially at 28 mN m~ ! is shown in Fig.
9, I-L. The images reveal no clear pattern at first (Fig. 9 I) but
after MBP is added to the subphase, the contrast gradually
increases with time and a fractal-like pattern becomes clearly
noticeable (Fig. 9, J-L). This change is also evident in the
surface plots of the images corresponding to the film before
MBP injection (Fig. 9 M) and after maximum contrast was
reached (Fig. 9 P).The effect of MBP is primarily on the
PLP-induced fractal-like structure that increases its thickness,
and only a few round-shaped aggregates are also formed (not
shown). Another indication that the fractal-like phase
changes its properties after MBP adsorption is the variation
of the Rho-egg PE fluorescent probe partition. As shown in
Fig. 9, N and O, only after the adsorption of MBP the fractal
becomes visible (the inset in Fig. 9 N is included as a control
that the fractal is always present because it can be detected
with another probe, NBD-DPPE). Again, no surface pressure
variation is produced after MBP adsorption.

At ~12 mN m™' the adsorption of MBP to films of
protein-free myelin lipids induces, concomitantly with a
surface pressure increase, the pattern of round-shaped liquid
domains that MBP also induces in premixed MBP-myelin
lipid mixed monolayers (Fig. 9, A-B). Finally, when MBP
adsorbs to a PLP-myelin lipid film (Xppp 0.00120) initially at
12.8 mN m ™', a liquid phase is induced as circular domains
and around the fractal-like phase. The resultant surface pat-
tern closely resembles that of whole myelin monolayers and
premixed PLP-MBP-myelin lipids films (compare Fig. 9 H
with Fig. 6, A and C). It is interesting that, as MBP adsorbs to
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MBP adsorption to PLP-free films
Fluorescence microscopy

BAM
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FIGURE 9 Fluorescence microscopy (A, B, E-H, N, O)
and BAM (C, D, I-L) images of myelin lipids (A-D) or

PLP-myelin lipids films (Xprp 0.00120) (E-L, N, O) before
(A,C,E,I,N) and after (B, D, F-H, J-L, O) the injection of
MBP in the subphase (100 nM). Myelin lipids monolayers

MBP adsorption to PLP-containing films
Fluorescence microscopy

the interface, intermediate states are self-organized, exhibiting
a marked similarity with the pattern of films with high ratios
of PLP/MBP (compare Fig. 9 G with Fig. 6 E).

In summary, the PLP segregates as a fractal-like structure
that represents an organization resulting from an out-of-
equilibrium process (26). By contrast, the MBP-dependent
organization appears to be the result of a near-equilibrium
process because it can be reached from completely different
initial situations.

DISCUSSION

Recent results on monolayers prepared from pulmonary
surfactant conclude that the lateral structure in this system
seemingly depends on the presence of cholesterol and not on
the surfactant proteins (22,23). On the other hand, our studies
provide an insight at the molecular level on the capacity of
the two major myelin proteins to induce reorganization of the
total lipid components into the complex surface structuring
of whole myelin monolayers. In myelin monolayers, both
MBP and PLP, individually and in conjunction, acquire an
organization where they become segregated from all or part
of the myelin lipids (27). Depending on the surface pressure,

were set initially at 12.0 mN m~' (A) and 28.0 mN m~'
(C), and surface pressure was 17.5 mN m~! 18 min after
MBP injection (B) and 28.0 mN m~! 110 min after MBP
injection (D). PLP-myelin lipids monolayers were initially
at 12,5 mN m™' (E) or 28.0 mN m~! (, N). Surface
pressure was 16.5 mN m~! (F) and 17.5 mN m~" (G and
H), after 13 (F), 36 (G), and 37 (H) min from the injection
of MBP. Surface pressure remained at 28.0 mN m ™' at 16
J, 0), 54 (K), and 120 (L) min after MBP injection. All
BAM images were taken with 1/500 shutter speed and are
shown without further processing in panels C and D. In
panels /-L, the grayscale level range (GL € [0, 255]) was
equally normalized (GL € [0, 140]) to improve contrast.
The insets in panels C and D are line plots of the
reflectance as a function of the position along the vertical
white lines. Panels M and P are surface plots of the gray
level intensity as a function of x and y coordinates
corresponding to images / (surface plot M) and L (surface
plot P). The inset in panel N corresponds to a film with
Xprp 0.00120 at 30 mN m~* doped with 1 mol % of NBP-
DPPE, instead of 0.8 mol % of Rho-egg PE, which is the
probe used otherwise (A, B, E-H, N, O). The scale bar in
BAM images represents 350 wm, which is the side length
of the fluorescence microscopy images.

MBP adopts two clearly distinct surface organizations that
imply different interactions with the lipids. Both organiza-
tions are rather stable equilibrium conditions since their
surface topography can be reached from different initial
situations: in premixed spread films and by adsorption of
MBP from the subphase; the last condition rules out that the
presence of MBP at the interface could be due to the ex-
istence of kinetic barriers that impair the desorption of the
protein. The transition among both states is surface pressure
dependent and the arrangement acquired at high surface
pressure is reminiscent of that described in bilayers and
natural myelin membranes. However, due to the thermal
energy and depending on the in-plane elasticity (36), the
surface pressure undergoes large fluctuations, which in turn
suggest that MBP could alternate reversibly between at least
two possible organizations. MBP has been described as an
extrinsic protein (as it can be removed from the interface
with high (1 M NaCl) ionic strengths) localized adjacent to
the bilayer, likely stabilized through electrostatic interactions
with the lipid polar headgroups (37-39), and there are also
evidences for hydrophobic interactions (40). The concept
that some segments of MBP could be embedded in the
membrane interface was proposed long ago on the basis of
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experiments with proteolytic enzymes acting on monolayers
(41) and was later supported by various evidences (37,42—
44). In the reconstituted monolayers the protein is arranged
adjacent to the interface but it does not induce any noticeable
deviation from the average molecular area of the lipids,
indicating that the interaction is peripheral and the effect of
the insertion of protein segments into the lipid interface, if
any, is less than the error of area determination regarding
monolayer packing. No deviations were observed at high
surface pressures in other lipid monolayers such as sulfatide,
whereas area contraction occurred in ganglioside films (45);
also, some effects derived from MBP penetration in the
acyl chain region were observed to vary among different
lipids (40). All these data reinforce the concept of MBP as a
highly adaptable protein that can adopt different organiza-
tions at the interface (46) depending on the interaction with
lipids. On the other hand, in the reconstituted monolayers at
high surface pressures, MBP is laterally self-interacting
forming micron-size aggregates. The state of aggregation is
not known in vivo but MBP autoassociates in bulk in the
presence of amphiphiles and some effects on vesicle ag-
gregation appear to depend on multiple protein interactions
47).

At low surface pressures, MBP is completely inserted in
the monolayer and exerts a different impact on the lateral
distribution of lipids actually inducing the segregation of two
liquid phases. In films of whole myelin, two liquid phases are
also present and MBP becomes segregated from a probe-
depleted cholesterol enriched phase (27). This low surface
pressure organization of MBP probably requires a more
deformable or elastic environment and the protein insertion,
coupled to the nonideality of the cholesterol containing lipid
mixtures, appears to be enough for inducing phase segrega-
tion. In bilayer membranes, the exclusion from cholesterol-
enriched phases can act as a mechanism by which proteins
induce lipid domains as extensively reviewed recently (17).
To get more insight into this MBP-lipid stabilizing interac-
tion, an estimation of the ratio of lipids/MBP molecules was
calculated for different MBP proportions, based on direct
measurements of the area occupied by the fluorescent phase
and the mean molecular area of MBP obtained from its
compression isotherm (see Appendix). The number of lipid
molecules per MBP at different surface pressures is shown in
Fig. 10 for four mol fractions. At lower proportions of MBP,
the protein can recruit a larger number of lipid molecules that
decrease with the surface pressure. When the mol fraction of
MBP increases, the number of lipid molecules recruited by
the protein diminishes. Considering the lipid shell surround-
ing MBP, it could vary from approximately three to four or
two to three lateral concentric layers at low or high protein
proportions, respectively. These values are fully coincident
with early calorimetric studies (44) and with the correlation
lengths described for liquid phases (48) that relate to the
propagation of a defect into the lipid phase, being MBP the
perturbing factor. Moreover, in films with low mol fractions
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FIGURE 10 Number of lipid molecules per MBP molecule in the
fluorescent phase (njp/nnvpp)sp, calculated as stated in the Appendix, for
25mNm™" (¢),45mNm™" (d),85mNm ™" (O),and 10.5mNm™~" (A)
in films with 0.0020, 0.0032, 0.0060, and 0.0100 MBP mol fractions. The
arrows indicate the number of lipid molecules calculated for one (A), two
(B), three (C), and four (D) layers around each protein molecule.

of MBP it can be seen that, besides the lipids that remain
associated to the protein, some fluorescent phase lipids
become mixed at a surface pressure =<1 mN m~' (as in
protein-free films). The relative proportions of these two
populations change in favor of an increase of the protein-
associated lipids when the MBP mol fraction increases. This
suggests that the effect of MBP on the stability of the phase
segregation is mediated by local interactions with certain
lipids in the nearest environment and not by a more global
and longer range effect.

PLP and MBP colocalization

The interaction of PLP and MBP has been proposed in some
myelin models (25), but experimental evidence in simple
reconstituted systems has not supported a direct interaction
among both proteins (49). Also, under some conditions, all
myelin proteins colocalize in natural myelin (50). In the
myelin monolayers, MBP and PLP are segregating together
in domains but, although no direct measurements of their
interaction were made, our observations do not support a
mutual perturbation: the mean molecular area of each protein
remain unaltered in the presence of the other; MBP ex-
periences the same pressure-dependent reorganization that
occurs in the absence of PLP; the surface-pressure increases
as a function of MBP concentration in the subphase are not
enhanced by the presence of PLP in the myelin lipids film.
On the other hand, some other factors must be favoring the
concomitant partitioning of MBP with PLP since immuno-
labeling of both proteins always colocalizes in the same
phase domains. This arrangement is likely an equilibrium
state because this is also the organization acquired when
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MBP is inserted in the interface from the subphase. It was
previously suggested that lateral wetting phenomena were
occurring at low surface pressures (21). Continuing in that
sense now we propose that the structuring factor that nu-
cleates MBP around PLP may simply be the tendency to
minimize the lateral interfacial energy among the PLP-
containing domains and the cholesterol-enriched liquid phase.
Fractal-like structures appear in PLP-myelin lipid mixtures
as a result of an out-of-equilibrium coalescence of cluster
units having a rather large, nonrelaxed boundary interface
(28). On the other hand, PLP has a homogeneous distribu-
tion, as ascertained by immunolabeling, in the MBP-induced
liquid phase in myelin monolayers (27) contrary to the for-
mation of surface aggregates formed when the protein is in-
corporated in myelin lipids films. The organization of MBP
around the fractal after adsorption from the subphase leads to
a long-range restructuring of components and changes the
organization of PLP from an aggregated to a dispersed state.
The scheme in Fig. 11 summarizes the combined results and
provides a possible interpretation.

In cell membranes, some proteins of the cytoskeleton, fo-
cal adhesion contacts, pores, and other specialized patches
constitute long-lived segregated structures with defined
lipid-protein interactions. In our system the final structural
dynamics of the whole surface is regulated by coupled equi-
librium and out-of-equilibrium processes. We propose that
some protein components, behaving as a ‘‘scaffold skeleton’’,
originated from out-of-equilibrium surface aggregation pro-
cesses, provide a surface frame that conditions the structur-
ing of the segregated domains. Superimposed on this, the
transverse dynamics of other protein component regulated
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through adsorption/desorption and pressure-dependent ex-
trusion from the interface, finally modulates the surface
organization of the interface.

APPENDIX

The following approximation was used to estimate the number of lipid
molecules associated to MBP in the fluorescent phase of MBP-myelin lipids
films. Based on inmunolabeling, MBP was considered to be all localized in
the fluorescent phase (the label intensity of the nonfluorescent phase was
similar to the background). Besides, if errors in the proportion of MBP in the
fluorescent phase were of the order of 15% (if actually only 85% of the MBP
were in the fluorescent phase), this would not alter the conclusions. The total
area of the fluorescent phase is assumed to consist of the sum of an area
covered by MBP and an area occupied by lipids. The proportion among both
areas was first estimated and then converted into a relative number of lipid/
MBP molecules as follows.

Since MBP contributes additively with its average molecular area in
the mixed film (Fig. 2 A), the area of MBP relative to the total area of the
film (AMR) is simply:

AMR = (AMBP/Am)XMBP7 (5)

where Aypp is the average molecular area of MBP, A, the average
molecular area of the monolayer, and Xygp the MBP mol fraction.

On the other hand, the proportion of area covered by the fluorescent phase
(where the MBP is located) is measured directly from fluorescence micros-
copy images and the area of the lipids in the fluorescent phase relative to the
total area of the film is obtained from the subtraction:

ALyR = AFR — AMR, (6)

where ALgR is the area of lipids in the fluorescent phase relative to the total
area of the monolayer and AFR is the area of fluorescent phase relative to the
total area of the monolayer (obtained from microscopy images).

Finally, the area occupied by the lipids with respect to the area occupied by
MBP in the fluorescent phase is obtained from the ratio:

FIGURE 11 Contribution of MBP and PLP to the
surface pressure-dependent structuring of myelin mono-
layers. The figure shows possible arrangements induced by
MBP and PLP (see Discussion). The individual effects of
PLP and MBP on a myelin lipid film is shown in the central
part of the diagram (between the dashed horizontal lines).
The effect of PLP on a MBP-free myelin lipid monolayer,
at low and high surface pressures, is represented on the left
of the diagram (side A) whereas the effect of MBP on a
PLP-free myelin lipid monolayer is represented on the
right (side B). The PLP always organizes as a fractal-like
structure when embedded in the myelin lipid phase, inde-
pendently of the surface pressure. In turn, MBP induces the
segregation of two liquid phases at low pressures, while
B included in the film, and forms aggregates located adjacent
3 to the monolayer at high pressures. The central bottom and
e upper panels illustrate the combined effects of PLP and
- MBP, when both proteins are incorporated in a myelin
lipid monolayer at low (bottom panel) and high (upper
panel) surface pressure. In these films, PLP mixes in the
MBP-induced liquid phase at low pressures but, at high
pressures, when MBP is excluded from the film, the PLP
becomes surrounded by the myelin lipid phase and
structures with a fractal appearance. The images are

fluorescence micrographs with the exception of the BAM image corresponding to MBP aggregates formed at high surface pressures in a MBP-myelin lipid

film. Images displaying low surface pressure conditions are at 3—-5 mN m

~! and those displaying high surface pressure conditions are at 30-35 mN m

—1
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(AL/AMBP)fp = ALtpR/AMR, (7)

where (A /Avgp)sp is the ratio among the area of lipids and the area of MBP
in the fluorescent phase.

To estimate the number of lipid molecules per MBP molecule in the
fluorescent phase, the mean molecular area of the lipids and MBP are
needed. These are assumed to be the mean molecular area of the myelin
lipids and MBP obtained from the respective compression isotherms. The
relative number of lipids/MBP molecules is calculated as:

(nlip/nMBP)fp = (AL/AMBP)fp (AMBP/Anp), (8)

where (ny;/nvpp)ip is the ratio among the number of lipids/MBP molecules
in the fluorescent phase and Ay, is the average molecular area of the lipids.
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