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ABSTRACT Monolayers of dipalmitoylphosphatidylcholine (DPPC) and DPPC/dipalmitoylphosphatidylglycerol (DPPG) (7:3,
w/w) in the absence or in the presence of 2, 5, 10, or 20 weight percent of porcine surfactant protein SP-B were spread at the
air-liquid interface of a surface balance, compressed up to surface pressures in the liquid-expanded/liquid-condensed (LE-LC)
plateau of the isotherm, transferred onto mica supports, and analyzed by scanning force microscopy. In the absence of protein,
the films showed micrometer-sized condensed domains with morphology and size that were analogous to those observed in
situ at the air-liquid interface by epifluorescence microscopy. Scanning force microscopy permits examination of the coexisting
phases at a higher resolution than previously achieved with fluorescent microscopy. Both LE and LC regions of DPPC films
were heterogeneous in nature. LC microdomains contained numerous expanded-like islands whereas regions apparently liquid-
expanded were covered by a condensed-like framework of interconnected nanodomains. Presence of increasing amounts of
pulmonary surfactant protein SP-B affected the distribution of the LE and LC regions of DPPC and DPPC/DPPG films both at
the microscopic and the nanoscopic level. The condensed microdomains became more numerous but their size decreased,
resulting in an overall reduction of the amount of total LC phase in both DPPC and DPPC/DPPG films. At the nanoscopic level,
SP-B also caused a marked reduction of the size of the condensed-like nanodomains in the LE phase and an increase in the
length of the LE/LC interface. SP-B promotes a fine nanoscopic framework of lipid and lipid-protein nanodomains that is
associated with a substantial mechanical resistance to film deformation and rupture as observed during film transference and
manipulation. The effect of SP-B on the nanoscopic structure of the lipid films was greater in DPPC/DPPG than in pure DPPC
films, indicating additional contributions of electrostatic lipid-protein interactions. The alterations of the nanoscopic structures of
phospholipid films by SP-B provide the structural framework for the protein simultaneously sustaining structural stability as well
as dynamical flexibility in surfactant films at the extreme conditions imposed by the respiratory mechanics. SP-B also formed
segregated two-dimensional clusters that were associated with the boundaries between LC microdomains and the LE regions
of DPPC and DPPC/DPPG films. The presence of these clusters at protein-to-lipid proportions above 2% by weight suggests
that the concentration of SP-B in the surfactant lipid-protein complexes may be close to the solubility limit of the protein in the
lipid films.

INTRODUCTION

Pulmonary surfactant protein SP-B is absolutely required for
respiratory function (Weaver and Conkright, 2001). Con-
genital lack of SP-B results in lethal neonatal respiratory
distress syndrome in mice and humans (Clark et al., 1995;
Nogee et al.,, 1994). Protein SP-B is a component of
pulmonary surfactant, a lipid/protein complex secreted by
the alveolar epithelium of lungs. Pulmonary surfactant re-
duces the surface tension of the air-liquid interface and
prevents collapse of alveoli at end-expiration (Goerke, 1998;
Perez-Gil, 2002). Dipalmitoylphosphatidylcholine (DPPC)
is the main phospholipid in surfactant and also the main
surface active constituent. DPPC monolayers reduce surface
tension close to 0 mN/m at an air-liquid interface. Pulmonary
surfactant also contains anionic phospholipids, like phos-
phatidylglycerol (PG), which has been proposed to partic-
ipate in selective lipid-protein interactions (Perez-Gil et al.,

1995; Takamoto et al., 2001). Supplementation with exo-
genous surfactant preparations is now a common practice for
the treatment of severe respiratory distress due to surfactant
insufficiencies, such as those occurring in premature babies
(Frerking et al., 2001). Therapeutic surfactant preparations
routinely used at present in respiratory medicine are of
animal origin and contain DPPC, PG, and SP-B. However,
development of new human-like artificial surfactants is
a major objective of the research in the field, and new
preparations are now under development including peptide
analogs of human SP-B (Johansson et al., 2001). Despite all
this, we are still far from understanding the molecular
mechanisms and the structure-function relationships of lipids
and proteins in pulmonary surfactant.

Native SP-B is a dimer of two 79-amino-acid polypep-
tides, cationic in nature, and so hydrophobic that it co-
isolates with phospholipids in chloroform/methanol extracts
of surfactant material (Hawgood et al., 1998). SP-B is
produced in lung type II pneumocytes as a 381-amino-acid
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precursor. Processing of the SP-B precursor is coupled with
the assembly of pulmonary surfactant in packed bilayers in
lamellar bodies (Weaver, 1998). The three-dimensional
structure of SP-B has not been determined, but different
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models suggest that its conformation could be dominated by
several amphipathic a-helices (Cruz et al., 1995), like that of
the homologous proteins saposins and NK-lysin (Liepinsh
et al., 1997). SP-B locates superficially when reconstituted
in phospholipid bilayers, with its helices oriented parallel to
the plane of the bilayers (Vandenbussche et al., 1992),
producing just limited perturbations on the packing of
phospholipid acyl chains (Cruz et al., 1997, 1998; Morrow
et al., 1993; Perez-Gil et al., 1995). These perturbations,
however, are enough to produce destabilization of the bilayer
and to promote phenomena such as fusion, content leakage,
or lipid exchange for phospholipid vesicles (Hawgood et al.,
1998; Perez-Gil, 2001).

Lipid-protein interactions of SP-B may induce rapid
transfer of surfactant surface-active molecules into the air-
liquid interface (Ross et al., 2002; Schram and Hall, 2001;
Cruz et al., 2000), and may modulate the stability and the
dynamic behavior of the interfacial surfactant films under
continuous compression-expansion (Taneva and Keough,
1994; Ding et al., 2001; Nag et al., 1999b; Ross et al., 2002).

To understand the molecular mechanisms by which SP-B
modulates surfactant film dynamics, the structure of lipid and
lipid/protein interfacial films have been studied in a variety
of ways. In the last decade, direct visualization of lipid
and lipid-protein monolayers doped with fluorescent probes,
at the air-liquid interface, has proven to be a powerful
technique to obtain information about structural transitions
occurring in pulmonary surfactant model films subjected to
dynamic compression (Discher et al., 1996, 1999; Nag et al.,
1998; Piknova et al., 2001; Knebel et al., 2002a). These
studies have aided understanding of the ways in which
specific surfactant proteins modulate the dynamic behavior
of surfactant films, especially regarding generation and
sustaining of lateral phase separations occurring in the films
during compression (Perez-Gil et al., 1992; Nag et al., 1996,
1997; Ruano et al., 1998; Kramer et al., 2000; Takamoto
et al., 2001; Ding et al., 2001; Cruz et al., 2000). This work
has led to several models of surfactant lipid-protein
interaction (Perez-Gil, 2002; Perez-Gil and Keough, 1998).

In recent years, the application of scanning force micro-
scopy (SFM) to the study of surfactant films has provided at
least one order of magnitude of higher resolution (compared
with fluorescence) to study the structure of surfactant layers
(Knebel et al., 2002b; Grunder et al., 1999; Nag et al., 1999a;
Krol et al., 2000; Diemel et al., 2002). For SFM, the lipid-
protein films must first be transferred from the air-liquid
interface to flat solid supports, usually mica or graphite,
before being scanned and visualized. Therefore, controls are
required to ensure that the structure of the films is not
perturbed during transfer. A recent report suggests that scans
of interfacial films by SFM can be carried out directly at the
air-liquid interface (Knebel et al., 2002b). The major
advantages of SFM, in addition to the increased resolution
attainable, include the characterization of three-dimensional
structures and no necessity for inclusion of probes in the
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film. SFM has been used to detect two-to-three-dimensional
transitions occurring in surfactant films compressed at high
pressures (Grunder et al., 1999; Diemel et al., 2002) and the
role of surfactant proteins SP-B and SP-C to promote such
transitions and to maintain the association of the excluded
structures with the surface film (Takamoto et al., 2001; Ding
etal., 2001; Krol et al., 2000; Ross et al., 2002; Kramer et al.,
2000). However, these studies have focused very little on the
characterization of the liquid-expanded/liquid-condensed
(LE-LC) coexistence region of the surfactant compression
isotherm, on the effect of surfactant proteins to perturb the
LE-LC transition and the structure of the different lipid two-
dimensional phases, or on the lateral distribution of the pro-
teins themselves. A major technical problem is to simulate
the conditions at which surfactant films show LE-LC tran-
sitions in the alveolar air-liquid interface. Recent studies
suggest that LE-LC phase coexistence can persist in sur-
factant films up to the highest pressures and even during the
reversible two-to-three-dimensional structural transitions
occurring at the collapse of the films (Piknova et al., 2001).

The main goal of this study is to compare and extend
previous results of fluorescence studies of surfactant protein
SP-B mixed with DPPC and DPPC/DPPG (Cruz et al., 2000;
Nag et al., 1997) with a higher resolution structural analysis
using scanning force microscopy.

MATERIALS AND METHODS

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-
glycero-3-phospho-rac-glycerol (DPPG), and 1-palmitoyl-2-{12-[(7-nitro-
2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl } phosphatidylcholine  (NBD-
PC) were from Avanti Polar Lipids (Pelham, AL). Chloroform and methanol
solvents, HPLC grade, were from Scharlau (Barcelona, Spain). Surfactant
protein SP-B was isolated from minced porcine lungs as described
previously (Perez-Gil et al., 1993) by two consecutive chromatographic
steps in Sephadex LH-20 and LH-60 gels (Pharmacia, Uppsala, Sweden).
Protein was routinely checked for purity by SDS-PAGE and quantified by
amino acid analysis. Isolated SP-B was stored in chloroform/methanol 2:1
(v/v) solutions at —20°C, until used.

DPPC and DPPC/DPPG (7:3, w/w) monolayers were prepared by
spreading chloroform/methanol (3:1, v/v) solutions of the phospholipids
(1 mg/mL) onto a double-distilled water subphase on a surface balance (Nima
Technology, Coventry, UK). SP-B was pre-mixed with lipids in chloroform/
methanol at the desired protein/lipid ratio. After waiting 10 min to allow for
solvent evaporation, monolayers were compressed to the required pressure
(11 mN/m in most cases) at a compression rate of 25 cmz/min. After 10 min
of equilibration, the monolayers were transferred to mica supports or glass
coverslips that were previously immersed in the subphase, to form
Langmuir-Blodgett (LB) films, at a transfer speed of 5 mm/min. Unless
otherwise stated, the experiments were done with subphase temperatures
maintained at 25 * 1°C.

Some monolayers containing 1 mol percent of the fluorescent lipid NBD-
PC were transferred as described above onto glass coverslips. Epifluor-
escence microscopy of the supported LB films was then performed using
a Zeiss Axioplan II fluorescence microscope (Carl Zeiss, Jena, Germany)
equipped with the appropriate fluorescence filters for observation of NBD-
PC fluorescence (maximal fluorescence emission at 520 nm).

SFM images of monolayers transferred to mica supports were obtained
with a Nanoscope IIla scanning probe microscope (Digital Instruments,
Santa Barbara, CA) operated in contact mode, using silicon nitride tips with
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a force constant of 0.05 N/m. Both topography and friction images were
recorded from each sample.

Digitally recorded images from both SFM and epifluorescence
microscopy were quantitatively analyzed using the program Scion Image
(Scion Corporation, Frederick, MD). Data shown are averaged values with
standard deviation obtained after analysis of at least five different images.

RESULTS

Structure of DPPC films transferred
onto a solid support

Fig. 1 illustrates that DPPC monolayers transferred to
freshly-cleaved mica surfaces or glass coverslips have
liquid-expanded/liquid-condensed patterns that are similar
to those observed by epifluorescence in situ. Fig. 1 a shows
the 7-A isotherms of DPPC monolayers compressed at 25
cm?/min, before being transferred onto glass supports at
defined constant surface pressures. Fig. 1 b shows fluores-
cence pictures taken from DPPC monolayers containing
1 mol % of NBD-PC and compressed to the different in-
dicated pressures before transfer to glass supports. At
pressures between 10 and 14 mN/m, coexistence of dark
probe-excluding LC domains and bright probe-containing
LE background is observed. Such phase coexistence is
similar to that observed for films on aqueous subphases
(Cruz et al., 2000; Nag et al., 1997; Perez-Gil et al., 1992;
Ruano et al., 1998). Films transferred in a similar way to
freshly cleaved mica surfaces were observed under a scan-
ning force microscope (Fig. 1 ¢) using the contact mode. The
films compressed to 11 mN/m contained domains, with
distributions and shapes comparable to those seen under
epifluorescence microscopy. These condensed domains were
distinguished in the topographical images as areas 8—13 A
higher than the average background. The liquid-condensed
domains, as seen by SFM after transfer, maintain the typical
kidney-bean shape observed by epifluorescence in situ on
monolayers equilibrated in the LE-LC plateau of the iso-
therm (Mohwald, 1990; Nag et al., 1991), indicating that the
transfer to the solid support does not distort the shape of the
solid domains as it was at the interface.

Fig. 1 d compares the percent of total area in the films
occupied by LC domains at different surface pressures,
calculated from monolayers observed by epifluorescence in
situ or from monolayers transferred to supports as LB films
and observed either by epifluorescence or SFM. Only frames
without fractures or scanning drift were used for quantifica-
tion. All the data points define similar condensation profiles,
corresponding to the LE-LC two-dimensional phase transi-
tion. Comparison of the percentage of condensed domains
observed in situ and after transfer of the monolayer to a solid
support indicates that in both cases the onset of nucleation
starts at around 8 mN/m at 25°C and the total area of the
condensed domains increases with compression up to 60 to
80% of the total film at 15—17 mN/m. Similar data have been
published before from monolayers analyzed in situ at the air-
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liquid interface (Nag et al., 1996; Ruano et al., 1998; Perez-
Gil et al., 1992; Cruz et al., 2000). This confirms that the
transferred monolayers maintain the microscopic structure
observed in the monolayers in situ and can therefore be used
to study the films at the nanoscopic level, in the absence of
fluorescent probes, by SFM.

The higher resolution of SFM compared with epifluor-
escence microscopy allows observation of structural details
in both LC domains and LE areas which are not visible under
the fluorescence microscope. Magnification images in Fig.
1 ¢ show that both LE and LC phases look heterogeneous in
nature. Condensed domains contain abundant holes or pores,
ranging from 25 to 150 nm in diameter, whereas the areas
that showed themselves as homogeneously bright under
fluorescence are composed, as seen under SFM, of numerous
condensed nanodomains of ~0.1-1 wm length. Topology
and friction properties of these nanodomains contained into
the expanded phase are undistinguishable from topological
and frictional features of the large LC regions, suggesting
that both come from similar molecular arrangements though
seen at different scales. Numerous nanodomains appear
connected with the perimeter of the large condensed
micrometer-sized domains, suggesting that compression-
driven growth of condensed domains could proceed via
accretion of nanodomains upon reduction of the available
expanded area.

Effect of SP-B on the structure of DPPC films

Fig. 2 shows the effect of the presence of percents of SP-B
ranging from 2% to 20% in the distribution and morphology
of LC microdomains in DPPC monolayers compressed to the
LE-LC coexistence regime. The higher the concentration of
protein, the higher the number of condensed microdomains
are observed at pressures in the LE-LC coexistence plateau
of the isotherm. This effect has been widely reported (Nag
etal., 1997; Cruz et al., 2000) and attributed to perturbations
induced by the protein on the phospholipid lipid packing at
the nucleation sites of the domains. The increase in number,
however, is associated with an overall decrease in the total
area occupied by the LC domains, as quantified in Fig. 2 a.
Condensed domains occupy 60% of the total area of the films
at low protein concentration, and this percentage decreases to
less than 20% in the presence of 20% SP-B.

Fig. 3 shows the effect of increasing amounts of surfactant
protein SP-B on the size, distribution, and morphology of the
nanodomains in the liquid-expanded phase of DPPC films.
We did not detect significant effects on the height of
condensed nanodomains over noncondensed areas (Fig. 3 @)
up to protein/lipid ratios of 20% (w/w) that could reflect
topological effects of the presence of the protein itself.
Taking into account the area of nanodomains, as much as
90% of the total surface of DPPC films at 11 mN/m is
occupied, in the absence of protein, by condensed lipid. This
proportion is reduced to below 50% in the presence of 20%
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FIGURE 1 (a) Surface pressure versus phospholipid molecular area of a DPPC monolayer spread and compressed on the surface of a pure water interface
(continuous line) and isotherms (dashed lines) of films compressed to the pressures indicated by the black dots before being transferred at constant pressure
onto glass coverslips, all done at 25 * 1°C. (b) Epifluorescence images (scale bar, 100 wm) of DPPC monolayers containing NBD-PC (1% mol/mol)
compressed to the indicated pressures before transfer as LB films onto glass coverslips, showing dark, probe-excluding condensed domains on a bright, probe-
containing liquid-expanded background. (c) Contact mode SFM images from a DPPC monolayer containing NBD-PC (1% mol/mol) compressed to 11 mN/m
and transferred to a freshly cleaved mica surface, at different magnifications (the width size covered by each micrograph is indicated). Contrast between
condensed and expanded regions comes from differences in topology or film thickness as scanned by the SFM tip. (d) Quantitative analysis of the percentage of
the films occupied by condensed domains at different surface pressures, calculated from DPPC monolayers containing 1% (mol/mol) NBD-PC and observed in
situ by epifluorescence microscopy (open circles, data taken from Cruz et al., 2000) or upon transfer to LB supports and observation by epifluorescence (closed
squares) or SFM (closed triangles).

(w/w) SP-B. Most of this reduction in condensed areas
comes from the decrease in size of the microdomains as seen
in Fig. 2, with a much more limited change on the area taken

qualitatively similar to that of the DPPC films in the absence
of protein. At the highest protein/lipid ratio the condensed
nanodomains are smaller, isolated, and totally surrounded by

by the nanodomains. At low protein concentration, 2% of
SP-B, the condensed nanodomains, occupying 75% of the
liquid-expanded surface, form a network that surrounds and
isolates some liquid nano-areas. This overall morphology is

the liquid phase. The smaller nanodomains tend to have
a circular shape (red spot in the right bottom picture of Fig.
3), whereas the larger ones show a branched morphology
(blue area in the micrograph). That is, the larger domains
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tend to increase their perimeter or liquid-condensed in-
terface. This effect can be evaluated by plotting the ratio of
total condensed area for the nanodomains over the total
length of condensed/expanded interface versus the protein
concentration (Fig. 3 ¢). This area/perimeter ratio undergoes
a sharp decrease depending on the percent of protein present,
suggesting that the protein is maximizing the condensed/
expanded interface, probably by decreasing the LE-LC line
tension, up to protein contents around 5% SP-B/lipid by
weight. For higher amounts of protein the area/perimeter
does not decrease anymore, suggesting that the lipid is at
those lipid/protein percents somehow saturated with protein.

Morphological changes induced by SP-B on the nano-
structure of DPPC films were associated with a substantially
higher resistance of the films to undergo mechanical rupture
during transference form the air/water interface to the solid
supports. Pure DPPC films fractured during transfer to mica .
Films containing 2% SP-B showed much fewer fractures,
and those containing more than 2% SP-B were virtually
unbreakable during transference under the conditions used in
this study. Films containing SP-B were also remarkably
more resistant to mechanical disruption by the atomic force
cantilever when used at high scan force.

Effect of SP-B on the structure of
DPPC/DPPG films

SP-B has been proposed to interact selectively with the
fraction of PG in pulmonary surfactant (Perez-Gil et al.,
1995; Takamoto et al., 2001). We therefore studied the effect
of the presence of this anionic lipid species with SP-B on the
structure of the films at the nanoscopic level. Fig. 4 shows
the 77-A isotherms of DPPC/DPPG (7:3, w/w) monolayers in
the absence or in the presence of 2, 5, 10, or 20% SP-B by
weight, and some SFM pictures of films, once compressed to
11 mN/m and transferred onto mica supports. DPPC/DPPG
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FIGURE 2 Effect of surfactant pro-
tein SP-B, at the indicated protein/lipid
weight percent, on the morphology and
size of large micrometer-sized con-
densed microdomains. Micrographs
show contact mode SFM images from
monolayers transferred to mica once
compressed to 11 mN/m, and cover 50
é um width. (Graph) Effect of SP-B on
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films have less defined LE-LC plateaus than DPPC mono-
layers. SP-B has similar qualitative effects on the micro-
scopic LC domains of DPPC/DPPG films than observed
in DPPC/SP-B films. The pictures of Fig. 5 illustrate that
increasing amounts of SP-B also reduce the size and the area
occupied by the condensed nanodomains in the LE phase of
DPPC/DPPG monolayers. As observed in DPPC/SP-B films,
the protein reduced the total condensation of DPPC/DPPG
monolayers from 90% in the pure lipid films to ~40% in the
presence of the maximal amount of protein tested. Such
reduction is mostly due to melting of the large domains (as
seen in Fig. 4).

The data in Figs. 2 and 4 indicate that SP-B reduces at
a similar extent the area occupied by the large microdomains
in the two kind of films. Fig. 6 shows that increasing SP-B
concentrations reduce the area of nanodomains in the LE
phase to a greater degree in DPPC/DPPG than DPPC films.

The presence of SP-B protein on DPPC/DPPG films also
conferred the mechanical stability observed in SP-B/DPPC
monolayers: the film did not fracture after transfer to the solid
support, and it was more resistant to mechanical disruption
by the atomic force cantilever when used at high scan force.

Lateral segregation of SP-B

A new feature observed in SFM micrographs of films
containing SP-B is the presence of dark (low height) areas
that are not observed in protein-free films. These dark spots
were present in both DPPC/SP-B (Fig. 7) and DPPC/DPPG/
SP-B (Fig. 8) films, and were mostly seen associated to the
edges of the large LC microdomains. These dark areas were
observed consistently with three different protein prepara-
tions, isolated from different batches of porcine lungs. Fig. 7
shows that the number of spots as well as the relative area
occupied by the spots over the total surface increased with
the percent of protein in the film. Also, the size of the spots
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FIGURE 3 Effect of surfactant protein SP-B on the morphology of small
nanometer-sized condensed nanodomains into the LE regions of DPPC
films. Micrographs show SFM scans of 1 X 1 um areas of DPPC
monolayers containing the indicated protein percents by weight, compressed
to 11 mN/m and transferred to mica supports. Marked are examples of small
Euclidian round nanodomains (red-colored) and large branched fractal
domains (blue-colored). (a) Effect of SP-B on the height of condensed
nanodomains over expanded nano-areas of the films. (b) Effect of the protein
on the percent of surface in the films occupied by total condensed area
(closed squares) and small nanometer-sized condensed nanodomains
(closed circles). (c) Effect of protein on the total area/perimeter ratio of
the surface occupied by condensed nanodomains.

increases with the amount of protein up to 10% protein to
lipid by weight. These results suggest that the dark spots are
SP-B.

Interestingly, the contacts between the protein clusters and
the large condensed lipid microdomains were considerably
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longer in the DPPG-containing films than in those made of
DPPC/SP-B. Fig. 8 illustrates how in many cases the LC
microdomains in DPPC/DPPG deform to extend the contact
with (see microdomain embracing cluster I in Fig. 8 a or that
one almost closed around cluster 3 in Fig. 8 b) and even
surround (cluster 4 in Fig. 8 b) the protein clusters. Some
protein clusters interact simultaneously with several con-
densed microdomains (cluster 2 in Fig. 8 a or clusters 5 and
6 in Fig. 8 ¢). These effects are probably due to electrostatic
interactions between the highly cationic SP-B aggregates and
the densely packed negative charges on PG at the edges of
the condensed lipid microdomains.

Fig. 9 analyzes the topological and frictional features
of the different regions defined in DPPC/SP-B films. Fig.
9 b compares topology-based and friction-based images
obtained from the same surface, sampled from a larger region
(Fig. 9 a) that contains condensed microdomains (area 3),
LE regions including nanodomains (area 2), and dark
protein clusters (area I). The topological image distin-
guishes these different regions, including a border region
surrounding the dark areas with much less numerous
nanodomains. The image built from the frictional properties
of the film shows only two contrasted film components,
indicating that the surface of the material forming the dark
spots has a different chemical nature than that forming both
the LE and LC regions. There is almost no contrast between
condensed domains, nanodomains, and expanded phase,
suggesting that the SFM tip is ‘‘touching’’ a similar material
in all these regions—presumably lipid—though with
different thicknesses. The image shown in Fig. 9 ¢ was
obtained after scratching a square hole into the dark region of
the film, and then scanning with the SFM tip. The black area
of the scratched square corresponds to the mica surface of the
support, with some material accumulated at the limits of the
surface sweep by the tip. The atomic arrangement of the mica
surface could be resolved at this scratched area (not shown).
Fig. 9 ¢ demonstrates that the dark areas formed in the
presence of protein consist of a flat material, of completely
different frictional properties to lipid. A topological profile
measured across the different regions of the film (Fig. 9 d)
indicates that the flat dark regions have a homogeneous
height of ~4-6 A over the mica. The condensed regions
have a real height of ~14-16 A (relative to mica surface), for
both the large condensed domains and the nanodomains of
the LE phase. The area intercalated between the nano-
domains as well as the area bordering the dark protein-based
regions have variable heights in the range of 6-10 A.

DISCUSSION

DPPC is the major lipid species of pulmonary surfactant and
responsible for the surface active properties of this material.
Investigators have believed that surfactant films at the air-
liquid interface of lungs should be highly enriched in DPPC
to achieve and sustain the lowest surface tensions needed to
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FIGURE 4 Effect of surfactant protein SP-B, at the indicated protein/lipid weight percent, on the morphology and size of large micrometer-sized condensed
microdomains in DPPC/DPPG (7:3, w/w) monolayers. Micrographs show contact mode SFM images from monolayers transferred to mica once compressed to
11 mN/m, and cover 50 um width. (a) 7-A isotherms of DPPC/DPPG monolayers in the absence (continuous line) and in the presence (dashed lines) of 2, 5,
10, and 20% SP-B (w/w), compressed up to the transfer pressure (11 mN/m). (b) Effect of SP-B on the percent of total area in the films occupied by LC

microdomains.

stabilize the respiratory epithelium (Bangham et al., 1979;
Goerke and Gonzales, 1981). Different mechanisms, such as
preferential squeeze-out of non-DPPC molecules (Pastrana-
Rios et al., 1994) or selective insertion of DPPC (Yu and
Possmayer, 1996; Veldhuizen et al., 2000), have been
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proposed to explain how an almost pure DPPC film is
produced at the end of expiration. Newer ways of directly
and indirectly observing surfactant films during compression
indicated that surfactant films can sustain the lowest surface
tensions by segregating DPPC in solid-condensed patches
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FIGURE 5 Effect of surfactant protein
SP-B on the morphology of small nano-
meter-sized condensed nanodomains into
the LE regions of DPPC/DPPG (7:3, w/w)
films. Micrographs show SFM scans of 1 X
1 wm areas of monolayers containing the
indicated protein percents by weight,
compressed to 11 mN/m and transferred
to mica supports. (Graph) Effect of the
protein on the percent of surface in the films
occupied by total condensed area (closed
squares) and small nanometer-sized con-
densed nanodomains (closed circles).
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FIGURE 6 Comparative effect of SP-B on the surface occupied by
condensed nanodomains into the LE regions of DPPC (closed circles) and
DPPC/DPPG (7:3, w/w) (open circles) monolayers. Data points correspond
to the average and standard deviation after quantitation of five different
frames per sample.

(Piknova et al., 2001). Hydrophobic surfactant proteins SP-B
and SP-C facilitate stability of the surface active films un-
der the rapid compression-expansion dynamics imposed by
the respiratory cycle. Selective interactions between these
cationic proteins and the fraction of anionic phospholipids in
pulmonary surfactant, mostly PG, are likely to be important
for the biophysical action. In this study we have obtained
new nanoscopic details of the effects of SP-B on the structure
of DPPC and DPPC/PG interfacial films.

Micro- and nanostructure of DPPC films

The structure of pure DPPC monolayers at different states of
compression has been widely studied by numerous tech-
niques including SFM. We first confirmed, using epifluo-
rescence microscopy, that the transfer of the monolayers to
a solid support did not affect the microscopic structural
details of the films and that the SFM images faithfully
reproduced, both qualitative and quantitatively, what was
observed with the optical microscope. The higher resolution
provided by SFM images, however, revealed the existence
of small domains on the submicron scale in the LE phase of
DPPC, as has been previously reported (Hollars and Dunn,
1998). We confirm in this study that topological and
frictional properties of these nanodomains are consistent
with coexistence of both LE and LC lipids in the “liquid-
expanded” phase that appears homogeneous under epifluo-
rescence microscopy. Some investigators have questioned
whether nanodomains are artifactual, considering possible
dewetting effects or potential immobilizing contributions
due to molecular adsorption to solid supports. However,
more recent evidence offers both theoretical and experimen-
tal support for their existence in surfactant films in situ
(Nielsen et al., 2000a,b; Reiter, 1992; Shiku and Dunn,
1998).
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FIGURE 7 (a) Contact mode SFM image of a DPPC film containing 5%
(w/w) surfactant protein SP-B transferred onto mica from a monolayer
compressed to 11 mN/m. White arrows indicate the presence of low patches,
associated at the LE/LC borders, which are not present in supported films
transferred from protein-free DPPC monolayers. (b) Quantitative analysis of
the number (open circles) and size (closed circles) and (c) the total area of
the patches versus the amount of protein in the films.

Effects of SP-B on the nanostructure of
phospholipid films

SP-B increases the number and decreases the size of the LC
microdomains formed during compression of the film. This
effect has been previously observed by epifluorescence
microscopy (Cruz et al.,, 2000; Nag et al., 1997) and is
similar to that caused by the other hydrophobic surfactant
protein, SP-C (Perez-Gil et al., 1992; Nag et al., 1996, 1997).
However, and in contrast to SP-C, SP-B did not seem
previously to have important effects on the overall con-
densation of the lipid-protein films that occurs upon
compression. That was interpreted as a consequence of
a limited, potentially superficial, perturbing effect of the
protein on the acyl chain packing of DPPC molecules (Nag
etal., 1997; Cruz et al., 2000). Other techniques have, in fact,
demonstrated that SP-B produces shallow perturbations on
the packing of phospholipid molecules in bilayers (Perez-Gil
et al., 1995; Morrow et al., 1993; Cruz et al., 1997, 1998).
This study indicates that the effects of SP-B are more evident
than previously reported, especially on the LE phase at the
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5um

FIGURE 8 SFM images showing the presence of protein clusters
(numbered /-6) in DPPC/DPPG (7:3, w/w) films containing 5% SP-B (w/
w), compressed to 11 mN/m. Scale bars in all pictures correspond to 5 um.

nanometer scale. The presence of SP-B produces a significant
decrease on the compression-driven condensation of the
films, as observed by SFM, in the absence of extrinsic
fluorescent probes. A possible explanation for the apparent
discrepancy between the effects of SP-B observed by
epifluorescence and those detected by SFM is that in the
presence of the probe required to visualize the films under
fluorescence microscopy, the LE phase of DPPC is already
less condensed than in the absence of the probe. The NBD-
PC probe could then apparently mask part of the effects of
SP-B on the lipid packing. The mechanism by which the
presence of the protein affects the number and size of the
liquid condensed regions is not understood. Epifluorescence
microscopy has shown that SP-B preferentially partitions
into LE areas in compressed DPPC monolayers (Nag et al.,
1997; Cruz et al., 2000), and the protein mostly perturbs
packing of DPPC or DPPG bilayers when they are in the
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liquid-crystalline phase (Perez-Gil et al., 1995). Thus, if its
higher affinity for the LE phase keeps the protein segregated
from the condensed domains, lipid-protein interactions
would let SP-B sequester molecules from condensation. It
is not clear, however, whether the protein would perform this
action while interacting preferentially with the domain
boundaries, as shown by other proteins (Ruano et al.,
1998) or whether it solubilizes lipids exclusively in the pure
liquid expanded phase.

If we consider the distribution of the total amount of lipid
molecules in the two phases as a function of protein/lipid
molar ratio, we find that the increasing presence of protein
produces an overall increase in the percentage of lipid
molecules in the LE phase with the concomitant decrease in
the lipid molecules sequestered in the LC phase. However,
micro- and nanodomains are not drained equivalently. The
percentage of condensed lipid molecules in nanodomains
remains constant, whereas a decrease in the number of
molecules in the microdomains accounts for the total
decrease in condensed phase. This behavior is similar in
DPPC/SP-B and DPPC/DPPG/SP-B films. We have used the
information regarding the percentage of lipids in each phase
at different protein/lipid molar ratios to estimate the number
of lipid molecules in the fluid phase available to each protein
molecule, assuming that only lipids in the fluid phase interact
with the protein. In DPPC/SP-B films, it was found that, for
the low protein concentration (2% SP-B), there are around 96
lipid molecules available for each protein molecule. As the
protein content increases, a saturation value of around 33
lipid molecules per protein is reached. Therefore, at protein
concentrations of 5% (w/w), all lipid molecules present in the
fluid phase interact with protein molecules. The number of
lipid molecules per protein molecule at saturation is of the
same order of magnitude as those estimated from other
techniques (Shiffer et al., 1993; Perez-Gil et al., 1995).
Further increases in the protein content require solubilizing
lipids from the condensed phase to maintain that ratio. In
DPPC/DPPG/SP-B films the amount of lipid molecules in
the LE phase is larger (Fig. 5), and the ratio of lipid per
protein molecule does not reach saturation at the highest
amounts of protein tested. The contribution of electrostatic
lipid-protein interactions in these films probably amplifies
the structural effect of SP-B in a manner that could be only
partly saturable.

Lipid-protein interactions of other proteins with DPPC
films have shown similar effects. Increasing amounts of
surfactin, a surface active lipopeptide produced by Bacillus
subtilis, also induce a progressive decrease in the area
covered by condensed lipid nanodomains into the liquid-
expanded regions of DPPC films (Deleu et al., 1999). The
perturbation induced by SP-B on the packing properties of
DPPC is surely important to modulate the rheological
properties of the surfactant films at the alveolar air-liquid
interface in vivo. SP-B segregates during compression of
surfactant films into protein-enriched regions where, at the



Nanostructure of Phospholipid/SP-B Films

b

317

FIGURE 9 (a) Contact mode SFM
micrograph showing topography of a 25
wm-width surface of a DPPC mono-
layer containing 5% (w/w) SP-B once
compressed to 11 mN/m and trans-
ferred onto a mica support. (b) Magni-
fication of a region centered at a single
SP-B cluster, distinguishing the exis-
tence of three level surfaces (numbered
1-3) according to topography (left
picture) and two regions (/-2) accord-
ing to friction (right picture). (c)
Material covering the protein cluster

Sec‘:‘lizo: Analysis has been scratched in a square of 200

‘ nm to uncover the mica surface. (d)

Topographic profile through the differ-
ent regions of the DPPC/SP-B film,
showing estimated heights of protein
cluster and lipid nanodomains with
| reference to the mica surface.

high pressures achieved at the end of compression, it
promotes formation of protrusions and two-to-three-dimen-
sional transitions (Lipp et al., 1996; Krol et al., 2000). The
architecture of these compressed three-dimensional phases is
probably important 1), to provide enough stability to the film
to reach the highest pressures—Ilowest surface tensions—
required to avoid alveolar collapse and 2), to ensure proper
respreading of the surface active material during the sub-
sequent expansion cycle. The fine nanoscopic framework
of lipid and lipid-protein nanodomains might be essential
to sustain simultaneously both rheological properties of
structural stability and dynamic flexibility.

Nanoscopic structure and mechanical properties
of lipid and lipid-protein films

Our data indicate that the morphology of the film at the
microscopic and nanoscopic scale is substantially affected by
the amount of SP-B protein present and also modulated by
the lipid composition of the membrane. Introduction of SP-B
in DPPC or DPPC/DPPG films also prevented mechanical
rupture, as observed during transfer and manipulation of the
films under the scanning force microscope. We therefore
suggest that the modulation by SP-B of the structure of the
films, shown here at the nanoscopic level, is important to
improve the rheological behavior of surfactant at the extreme
physical conditions imposed by the respiratory physiology. It
is well documented that the structural properties of colloidal
aggregates are associated with their physical properties.
Theoretical and experimentally confirmed relationships
between the elastic constant and the fractal and Euclidean
dimensions of gels have been found for different conditions
(Shih et al., 1990). It is therefore reasonable to believe that

1.00 2,00

the nanoscopic rearrangement of the film structure underlies
the increased mechanical resistance rendered by the protein.
In an attempt to quantify the nanoscopic changes observed,
the fractal dimension, D, of the nanodomains taken in-
dividually was evaluated through the area-perimeter method.
We have estimated the perimeter (P) and area (A) of each
nanodomain for all the different nanodomains observed by
SFM in a given sample, and the data have been plotted as
a logarithmic representation of perimeter versus area. This
fractal analysis of the nanodomains in DPPC and DPPC/
DPPG films containing 2, 5, 10, and 20% (w/w) SP-B is
presented and compared in Fig. 10. It is known (Feder, 1988)
that for a set of similar objects as the nanodomains observed
in the SFM images, the relationship between the perimeter
and the area is P o< A™2. Thus, in a logarithmic plot of P
versus A, the slope of the straight regions will be equal to
D/2. For a domain with circular or Euclidean perimeter and
shape, values of D close to 1 should be obtained. In contrast,
increasingly complicated perimeters and shapes should
produce increasingly higher values of D. For the condensed
nanodomains observed in the liquid-expanded phase of
DPPC/SP-B and DPPC/DPPG/SP-B films, the P/A ratio
exceeds the Euclidean one indicating that the domains tend
to maximize the perimeter for a given area. In Fig. 10 q, the
logP is plotted versus logA curves for the samples of DPPC
containing 2 to 20% SP-B by weight. Clearly, two scaling
regions can be distinguished. The first one, corresponding to
small nanodomains, displays a value of D, in the 1.15-1.35
range, that is, a nonfractal value. The second one, in contrast,
presents higher D, values of 1.74 for the 2% SP-B sample
and around 1.9 for the rest of samples. These results imply
that the smaller domains are Euclidean rather than fractal,
whereas the larger ones are fractal and, therefore, the
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FIGURE 10 Logarithmic plot of the perimeter of single nanodomains
versus their area for (¢) DPPC and (b) DPPC/DPPG (7:3, w/w) films
containing 2, 5, 10, and 20% SP-B by weight. Plots from films containing
5%, 10%, and 20% protein have been offset vertically to avoid overlapping
and better show the lateral progressive shifting of the crossover area, which
is indicated by the dashed line. For each sample, two straight lines have been
drawn indicating the nonfractal (D) and fractal (D,) regions of the domain
perimeter.

perimeter of the domains tends to be increased. The
crossover between both nonfractal and fractal regions
indicates the maximal size of the nonfractal domains. Fig.
10 shows that the presence of increasing amounts of protein
progressively shifts the size threshold between Euclidean
and fractal nanodomains. SP-B causes a similar qualitative
perturbation on the fractal profile of the liquid-expanded
regions in DPPC and in DPPC/DPPG monolayers.

This analysis is capable of quantifying the structural
differences induced by the presence of protein on the lipid
film, which will be necessary to associate these nano-
structural features with the mechanical properties of the
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monolayer. Measurements of the elastic properties of the
surfactant films and the specific qualities of SP-B are
necessary to seek correlations with the nanostructure of lipid-
protein films in a more quantitative manner.

Relevance for physiological conditions

Since the conditions used in the experiments presented here
are remote from those that exist in vivo, it is fair to raise the
question about the relevance of these results to the function
of mammalian lung surfactant with a more complex com-
position and operating at higher temperatures. There are
three relevant parameters conditioning the nanostructure
of the film: molecular composition, surface pressure, and
temperature. Although the conditions for the three param-
eters used in the experiments reported here do not exactly
reproduce the physiological ones, the main conclusion refers
to the effect of the presence of the SP-B protein on the
nanostructure of the film and, subsequently, on its mechan-
ical stability. We strongly believe that this conclusion can be
extrapolated to other conditions where domains are present
in the film, even if the parameters originating them are
somewhat different. Pulmonary surfactant films of complex
composition, containing all the protein and lipid comple-
ment, show LE/LC coexistence domains and lateral seg-
regation at pressures above 35 mN/m (Nag et al., 1998;
Discher et al., 1996), at both room temperature and 37°C.
Mechanisms originating those film patterns probably include
not only pressure-driven LE-LC transitions but also
segregation of different components into nonmiscible phases
with distinct molecular organization. Pure DPPC or the
DPPC/DPPG films studied here show LE/LC coexistence
plateaus at around 11 mN/m at 25°C. To test whether the
effect of SP-B on the microstructure of DPPC/DPPG was
temperature dependent, we ran pilot experiments at 37°C. At
this temperature, the LE/LC plateau is reached when the
films are compressed beyond 24 mN/m. At 37°C and this
pressure range, pure DPPC/DPPG films show the same
coexistence of condensed microdomains and nanodomains
seen here at 11 mN/m and 25°C (not shown). Furthermore,
presence of SP-B caused the same qualitative effects on
decreasing the apparent condensation and modifying the
nanoscopic morphology as seen in this work, suggesting that
SP-B could have an analogous structural effect on the
ordered/disordered coexistence pattern shown by pulmonary
surfactant films at physiologically relevant conditions.
Experiments at 37°C, however, have multiple technical
problems, including subphase evaporation, bubble forma-
tion, and thermal disequilibration between liquid, air, and
solid supports, all preventing a precise quantitative analysis.

Two-dimensional aggregation of SP-B

SFM also suggests that SP-B can induce formation of
aggregates that are associated with the borders of liquid-
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condensed DPPC or DPPC/DPPG domains. These aggre-
gates, presumably of SP-B, may consist of two-dimen-
sional clusters of SP-B molecules. The size and number of
these clusters are proportional to the protein content of the
lipid/protein film and do not change significantly with
compression. The frictional properties of these aggregates
are different from those of any other region of the films,
including LE or LC lipid domains. Association of these
presumed protein clusters with the borders of condensed
DPPC domains resembles the appearance of other protein
aggregates (Reichert et al., 1992; Ruano et al., 1998),
reinforcing the idea that these boundaries can behave as
sinks of immiscible monolayer ‘‘impurities.”” We had
previously detected accumulation of surfactant SP-A
surrounding the domain boundaries of DPPC (Ruano
et al., 1998, 1999), and also of SP-C (unpublished results),
using fluorescently labeled proteins. It could be possible
that the LE phase of DPPC or DPPC/DPPG would
dissolve much less protein in the absence of NBD-PC,
where more than 90% of its surface is actually condensed,
than in the presence of the probe, favoring the segregation
of protein clusters we see by SFM. We detect formation of
protein clusters at protein/lipid percents as low as 2%
(w/w). The physiological content of SP-B in native
surfactant, around 1% by weight, could then be close to
the ‘‘solubility limit” of the DPPC expanded phase.
However, the presence in surfactant of other lipid
components different than DPPC or DPPG, such as un-
saturated PC and PG species or cholesterol, could also
influence solubility and lateral distribution of the protein in
both the air-liquid interface and the LB supports. Studies
in this regard are in progress.

The protein clusters associated at the boundaries of
the DPPC condensed domains are not simple, amorphous
aggregates but have a defined thickness of 4—6A. This feature
suggests that the clusters might consist of two-dimensional
aggregates of protein molecules, one molecule thick.

This study is an example of how SFM of lipid/protein
films transferred from the air-liquid interface to solid sup-
ports can provide detailed information on the architecture
of pulmonary surfactant films at different compressions
which are relevant for respiratory dynamics. The study of
the behavior and the morphology of the complete set of
surfactant lipids and proteins will further help to understand
their complex interrelationships.
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