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Abstract Thestructure of an artificial pulmonary surfac-
tant was studied by scanning force- and fluorescence light
microscopy (SFM, and FL M, respectively). The surfactant
—amixtureof dipal mitoylphosphatidylcholine (DPPC), di-
palmitoylphosphatidylglycerol (DPPG) and recombinant
surfactant-associated protein C (SP-C) — was prepared at
the air-water interface of a Langmuir film balance and im-
aged by FLM under various states of compression. In or-
der to visualize their topography by SFM, the films were
transferred onto a solid mica support by the Langmuir-
Blodgett (LB) technique. We found that a region of high
film compressihility of the spread monolayer close to its
equilibrium surface pressure (77=50 mN/m) was due to
the exclusion of layered protrusions with each layer 5.5 to
6.5 nm thick. They remained associated with the mono-
layer and readily reinserted upon expansion of the film.
Comparison with the FLM showed that the protrusions
contained the protein in high concentration. The more the
film was compressed, the larger was the number of layers
on top of each other. The protrusions arose from regions
of the monolayer with a distinct microstructure that may
have been responsible for their formation. The molecular
architecture of themicrostructureremainsto beelucidated,
although some of it can beinferred from spectroscopic data
in combination with the SFM topographical images. Weil-
lustrate our current understanding of thefilm structurewith
amolecular model.
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Introduction

The surface tension of the air/alveolar interfaceis strongly
reduced by the pulmonary surfactant. It consists of a mix-
ture of lipids and specific proteins that are secreted by the
aveolar epithelial cells (Bangham et al. 1979; Brown
1964; Notter et al. 1980). Neutral phosphatidylcholines
represent 80% of the surfactant mass. Among these, dipal -
mitoylphosphatidylcholine (DPPC) seemsto play the ma-
jor roleinthelowering of surfacetension becauseitisable
to form stable monolayers at close-to-zero surface tension
(Brown 1964; Notter et al. 1980). 5—10% of thelipids are
negatively charged phosphatidylglycerols (PG) (Shelly
et al. 1982). They strongly augment the adsorption of ve-
sicular matter to the surface monolayer. In addition, there
are at least four distinct surfactant-associated proteins,
SP-A, SP-B, SP-C, and SP-D (e.g., Shelly etal. 1982;
Possmayer 1988; Weaver 1988; Hawgood 1989; Johans-
son et al. 1994 a) that play a decisive role with regard to
the biophysical properties, the metabolism and the host
defense of the pulmonary surfactant. SP-C and SP-B are
highly hydrophobic proteins that are co-purified with the
lipids of the surfactant upon extraction of lung lavage with
organic solvents. SP-A and SP-D are hydrophilic proteins.

In the present study, we focused on the role of the sur-
factant-associated protein C concerning the biophysical
properties of the surfactant. In particular, theinteraction of
the protein with the phospholipids DPPC and dipal mitoyl-
phosphatidylglycerol (DPPG) wasinvestigated. Inthecase
of human surfactant, SP-C is composed of 35 amino acids
(molecular mass~4 kDa). Two palmitoyl groups are cova-
lently linked to the two cysteine residues located in the
N-terminal region. The C-terminal region (amino acids
14-35) contains almost exclusively hydrophobic amino
acids. CD- as well as IR-spectroscopy revealed that the
protein occurs predominantly in an a-helical secondary
structure under physiological conditions (see below). The
ternary structure of SP-C in an organic solvent, and in mi-
cellar solution, respectively, was solved by two-dimen-
sional *H NMR (Johannson et al. 1994 b, Johannson et al.
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1995). The hydrophobic C-terminal region was a highly
regular a-helix. The conformation of the hydrophilic
N-terminal part as well as the conformation of the palmi-
toyl groups was flexibly disordered.

It was found that SP-C, together with SP-B, is respon-
sible for the rapid adsorption and spreading of vesicular
matter from the hypophase to the monolayer until the
equilibrium surface pressure of about 50 mN/misreached
(Oosterlaken-Dijksterhuis etal. 1991a-b; Perez-Gil
etal. 1992b; Wang et al. 1995). Post et al. (1995) and
Taneva and Keough (1994a-b) have demonstrated by
means of surface balance studiesthat SP-C and SP-B, to-
gether with phospholipids, are excluded from the mono-
layer on compression above the equilibrium surface pres-
sure. The extent of the exclusion depends on experimen-
tal parameters such as the compression rate, the initial
protein concentration and even the freshness of the sur-
face active substances (Schirch et al. 1995; Taneva and
Keough 1994a). The excluded matter reinserts into the
monolayer upon expansion (Post et al. 1995; Taneva and
Keough 1994 a—d).

In the lung too, the exclusion of matter from the active
monolayer and the reinsertion seems to play an important
role. Schiirch et al. (1995) found by transmission electron
microscopy of rat lung thin sectionsthat the surfactant con-
sisted of several layersof surfaceactivematerial associated
with the monolayer at the air/alveolar lining interface.
It is assumed that this “surface-associated reservoir”
(Schiirch et al. 1995) instantaneously replenishes the ac-
tive monolayer upon expansion, when otherwise the sur-
face tension would increase. In vitro studies demonstrate
that the exclusion of matter refines the active monolayer
(Clementset al. 1958). The* squeeze-out” of themorefluid
moi eti es upon repeated compression and expansion of nat-
ural surfactant allowed a surface tension near zero to be
reached upon afilm areareduction in the sasme range asis
encountered for the active surface area of the lung upon
breathing (max. 30%). Both, the insertion of matter into
the active monolayer as well asthe exclusion can progress
viathe cooperative movement of large units of molecules.
This was observed in the pulsating bubble surfactometer
and by the captive bubble technique. A sudden increase of
the surface tension occurred upon cooperative exclusion;
arapid decrease of the surface tension was indicative of
cooperative insertion (adsorption clicking) (Goerke and
Clements 1986; Schirch et al. 1994).

In the present work, attention is directed to the structu-
ral basis of the reversible exclusion of surfactant matter
out of themonolayer of amodel pulmonary surfactant close
to its equilibrium surface tension. Mixed films of DPPC,
DPPG, and SP-C were prepared at the air/water interface
of aLangmuir trough. The distribution of fluorescence la-
beled SP-C (NBD-SP-C), or fluorescence labeled lipid
(NBD-PC), respectively, was observed by fluorescence
light microscopy (FLM). Scanning force microscopy
(SFM) was used to obtain the topographical structure of
the film after Langmuir-Blodgett (LB) transfer to a mica
support. We investigated films at various stages of com-
pression, i.e. under conditions where no exclusion had

taken place yet, and conditions where material was ex-
cluded fromthemonolayer. Thereinsertion of theexcluded
matter was observed on films that were first compressed
and then expanded again (the experimental proceduresand
statistical analysis are described in greater detail else-
where, von Nahmen et al. 19973, b).

Materials and methods
Surfactant

Human recombinant SP-C was a generous gift from
Byk-Gulden Pharmaceuticals (Konstanz, FRG). The
amino acid sequence was (GIPCCPVHLKRLLIVVVVV-
VLIVVVIVGALLMGL). The two cystein residues were
palmitoylated. 1,2-Dipalmitoyl-sn-Glycero-3-Phospho-
choline (DPPC) and 1,2-Dipalmitoyl-sn-Glycero-3-(Phos-
pho-rac-(1-glycerol))(DPPG) were obtained from Avanti
Polar Lipids Inc. (Alabaster, AL) and used without
further purification. NBD labeled SP-C (NBD-SP-C) was
synthesized from SP-C and NBD-fluoride (von Nahmen
et al. 1997b). 1-Palmitoyl-2(6-((7-nitro-2-1,3-benzoxadi-
azo-4-yl)amino)caproyl)-sn-Glycero-3-Phosphocholine
(NBD-PC) was purchased from Molecular Probes (Eu-
gene, OR). All solventswere HPL C grade and were bought
from Merck (Darmstadt, FRG). The composition chosen
for all experiments followed the published results of lung
lavage analysis. The amount of SP-C was 0.4 mol%, the
DPPC/DPPG molar ratiowas 4: 1.

Film balance measurements

The film balance experiments were performed with a Wil-
helmy balance (Riegler and Kirstein, Mainz, FRG) at 20°C
on a pure water subphase (Mili-Q185Plus, Millipore
GmbH Eschborn, FRG). Monolayers were prepared by
spreading aliquots of lipid/SP-C mixtures directly from a
CHCI,/CH30H (1:1, vol :vol) solution onto the surface.
After the solvent was allowed to evaporate for 10 minutes,
the compression was started with arate of 3 A% per mole-
cule and minute.

Langmuir-Blodgett transfer

For the Langmuir-Blodgett (LB) transfer, the films were
prepared on a Lauda trough (Lauda-K 6nigshofen, FRG)
under the conditions described above. Prior to spreading,
afluorescence marker (see below) was added to the films.
After equilibration to awell defined pressure (£1 mN/m),
freshly cleaved mica sheets (Electron Microscopy Science
M unchen, FRG) were plunged through the surface at high
speed (300 mm/min). The filmswere deposited on the up-
stroke (2 mm/min). We only considered samples exhibit-
ing at least 95% transfer and showing similar fluorescence
microscopical pattern before and after transfer.



Fluorescence microscopy

Fluorescence microscopy was performed using an Olym-
pus STM5-MJS light microscope (Olympus, Hamburg,
FRG). Images were taken both directly at the air/water
interface and after the Langmuir-Blodgett transfer. We
used either nitrobenzoxadiazol (NBD) labeled phosphati-
dylcholin (NBD-PC) or NBD labeled SP-C (NBD-SP-C)
as the fluorescence probe. In the first case 1 mol% of all
lipids were probe molecules. In the second case, all pro-
tein molecules were |labelled. We observed no change in
the isotherms of the lipid/protein mixtures upon the use of
either of the two dyes, regardless of the fact that the addi-
tion of NBD-PC had reportedly influenced the isotherms
of pure lipids (Leufgen et al. 1996).

Scanning force microscopy

SFM was performed using both aconventional microscope
and a modified set-up. The conventional SFM was a Park
Scientific Instrument, Autoprobe CP, used in the contact
mode (i.e. with the tip in contact with the sample). The
modified set-up is described elsewhere (Amrein et al.
1995). All measurements were donein air after LB trans-
fer to mica

Results
Surface balance measurement

On compression, the film pressure of the lipid/protein
monolayer increased hyperbolically to a value of 50 to
55 mN/m (Fig. 1). On further compression, the compress-
ibility of the film increased abruptly. Thisled to aplateau
in the pressure/area diagram. The transition from the re-
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Fig. 1 Pressure-area diagram of a mixed DPPC/DPPG/SP-C film.
The lipid molar ratio is 4: 1. The film contains 0.4 mol% protein.
The first compression with following expansion are shown. Arrows
point to three states of the film where the images shown in Fig. 2
were taken
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gion of steep increase in the film pressure to the plateau
region was sharply defined. In the plateau region the
mean molecular area Ay, varied from about 0.45 nm? to
0.25 nm?, while the lower value strongly depended on the
compression rate. At the end of the plateau, the compress-
ibility decreased again sharply. Repeated compression-ex-
pansion cycles led to isotherms shifted slightly to lower
molecular areas, if compression was stopped at the end of
theplateau region at the latest. Theslight shift wasascribed
to continued equilibration processesin the film during the
period of the experiment. On compression to mean mol ecu-
lar areas Ay, lower than 0.25 nm? the film pressure rose
again. Under those conditions, repeated compression-expan-
sion cycles led to isotherms shifted successively to lower
molecular areas after each expansion of the film. These
shifts may be explained by aloss of material into the sub-
phase or the formation of collapse structures unable to re-
spread on expansion.

FLM of mixed films

In the early stage of compression of amixed film contain-
ing fluorescence labeled phosphatidylcholine (NBD-PC),
the formation of two domains was observed (Fig. 2a).
There was a dark domain that formed disks with a diame-
ter of several micrometers. The disks were embedded in a
bright domain.

We used statistical methods (Nahmen et al. 1997b) to
evaluate mean intensities and areas of the domains. For
that purpose histograms were cal culated from the images.
Fitting the sum of two Gaussian’s to the histograms gave
theval ues of the mean fluorescenceintensities of the bright
domain, I,, and the dark domain, 14, and also the areas A,
and Ap, covered by the two different domains.

Upon further compression, the overall area A4 of the
dark domain increased. This behavior led to the conclu-
sion that the dark domain wasaliquid condensed (Ic) phase
of pure phospholipids. Labeled lipidsaswell as SP-C were
excluded from this phase. Thisassumption wasverified by
an experiment wherethe protein waslabeled directly (Nah-
men et al. 1997a). Most probably, besides of proteins, the
bright domain contained lipids that were in a liquid ex-
panded (le) state.

Aboveafilm pressure of 10 mN/m, thefluorescencein-
tensity of the bright domain decreased upon compression
and an extremely low contrast between the domains re-
sulted. Thisisexplained by self quenching of the dyemole-
cules due to the enrichment in the bright domain. An in-
creasing alignment to each other resulting in strong dipole-
dipole interactions may result in the low fluorescence in-
tensity.

In contrast, in the plateau region of the pressure area
diagram (between Ay, =0.25 nm* and Ay, =0.45 nm?) the
mean intensity |, of the bright domain increased linearly
with decreasing molecular area, whereas the mean inten-
sity |4 of the dark domain remained constant. Therefore,
the contrast between the domains increased strongly until
the end of the plateau was reached (compare Fig. 2b and
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Fig. 2a—c Fluorescence light microscopical images of a mixed
DPPC/DPPG/SP-C film token at different stages of compression.
The physical states of the film are marked in Fig. 1

Fig. 2c). Thiscanbeaccountedfor by theformation of three-
dimensional structures of the dye containing matter asso-
ciated withthemonolayer. Theintensity increaseisthen due
to the higher amount of dye molecules in the focal plane.
Thewhole process could be reversed by expanding thefilm.

SFM images of the LB-films

The SFM images of films transferred from the air-water
interface to mica at a pressure of 30 mN/m exhibited
smooth, polygonal patches. They had adiameter of several
micrometers and covered most of the sample area. Their
size and shape was indicative of the fact that they coin-
cided with the dark lipid phase of the FLM micrographs.

The lipid patches were connected by a corrugated inter-
space. Figure 3a showsthe border of thelipid phaseto the
corrugated interspace. Fissures divided the surface into
smooth patches, 100 to 200 nm in diameter. They were of -
ten hexagonal, with an indentation in the middle. Deeper
in the lipid patches, the polygons became open structures
that finally disappeared. In addition, there were areas
where a mesh of filaments became obvious (Fig. 3a, bot-
tom). Figure 3b shows that these filaments were ordered
in parallel, about 10 to 20 nm apart. Their diameter varied
regularly along the axis, which gave them ahelical appear-
ance. In some regions the arrays of filaments were easily

Fig. 3 SFM topography of afilm at the mica-air interface, trans-
ferred below the plateau region of the pressure-areadiagram (a). The
image shows the border of a lipid patch (right) facing towards the
protein-rich interspace (left). The region shown in panel (b) harbors
both polygonal patches and amesh of filaments (bottomright). Note
that the filaments are still slightly visible in the region covered by
polygons (upper left). The fourier filtered image of this areareveals
the filaments more clearly (inset)



discernible. In the region of the small polygons they were
also present, although less well visible. Their order gave
rise to weak reflexes in the fourier transforms of the cor-
responding areas, and the inverse transform of just the re-
flexesreveal ed the filaments more clearly (Fig. 3b; inset).
Thefissuresthat framed the small hexagonswerein thedi-
rection of the filaments.

The areas covered by filaments coincided with the
bright regions in the FLM and, hence, contained all the
SP-C and phospholipids. Consistently, when afilm had a
higher proportion of protein, a larger fraction of the area
was corrugated.

Filmsthat weretransferred at apressureabove 50 mN/m
(i.e. in the plateau of the area-pressure diagram) showed
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planar protrusions in the corrugated area. The level lipid
patches remained unchanged. When afilm wastransferred
at the onset of the plateau region, there were only a few
small and often round protrusions. When the films were
further compressed before transfer, the lateral extension of
the protrusionsincreased and smaller protrusions appeared
ontop of larger ones (Fig. 4). Each layer was5.5t0 6.5 nm
thick. Furthermore, the area where protrusions were pre-
sent became more confined; i. e. surfactant matter was in-
creasingly moved from the monolayer into multilamellar
protrusions. This process wasreversible. When afilm was
first compressed to the end of the high compressibility re-
gion and then expanded, the protrusions had disappeared

again.

Fig. 4a—c SFM topography of a film at the mica-air interface at
the end of the high compressibility region. a shows alow resolution
image of the multilamellar protrusions arising in regionsrich in pro-
tein. b shows a section of theimage at 10 fold higher magnification.
Here the lamellas are visible as distinct plateaus. The height of each
lamellais between 5.5 to 6.5nm. ¢ shows the SFM topography of a
protrusion in a pseudo three-dimensional view. Note that each pla-
teau shows a different microstructure, suggesting that it stems from
adifferent region of the monolayer. The pictureis 0.7 pm - 0.7 pm
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Discussion

Thelipids in the smooth patches of the mixed monolayers
observed at a film pressure of 30 mN/m are in the liquid-
condensed (Ic) state under the conditions considered in this
study. Itisassumed that they contain no protein, sincethese
patches emitted no fluorescence light in the FLM, inde-
pendent of the dye used. By secondary ion mass spectros-
copy (SIMS) on solid supported lipid monolayers it was
recently shown that lipid dyes were totally excluded from
the Ic phase (Leufgen et al. 1996). Most probably, thisis
also true for other bulky molecules such as proteins.

The Ic patches are connected by a mixed lipid-SP-C
interspace whose molecular architecture is much less ob-
vious. It contains lipids and all the protein. Interestingly,
the maximum height of both the pure lipid phase and the
mixed interspace was mostly identical. The length of the
lipid molecules, inasimilar state asin the purelipid phase,
may therefore have been responsible for the thickness of
the mixed phase. In order to understand how the SP-C
molecules are accommodated in the monolayer, their con-
formation and orientationin monolayersof the protein may
be considered. Here, they are mainly a-helical (~60%)
aside from a smaller amount of random coild (~40%). The
helical axis is close-to-parallel to the air-water interface
(Creuwels et al. 1993). The a-helical content is also pre-
dominant, when the SP-C interactswith lipids (see bel ow).
We therefore assumethat in the lipid-protein mixed mono-
layers, the SP-C exhibitsasimilar secondary structure and
orientation, although there is no direct experimental evi-
dence. With this assumption, they are not able to span the
monolayer perpendicularly, because their length is almost
twicethethickness of themonolayer. Lavigneet al. (1992)
suggested that pure hydrophobic a-helices at the air-water
interface could adopt a higher order helical structure at a
surface pressure similar to that appliedinthe present study.
Such films become ordered upon compression (Malcolm
1973). Consistently, we found that a seemingly filamen-
tous, ordered structure was responsible for the observed
SFM topographies. There even seemed to be two or three
such arrays on top of each other. Hence, a mesh of higher
order helical protein filaments paralel to the air-water
interface could have formed the core of such regions of the
monolayer. The spacing between the filaments could have
been filled up by lipid molecules that spanned the mono-
layer perpendicular to the film plane. The SFM topogra-
phies suggest that the density of the lipids increased to-
wards the pure lipid phase. The fissures that framed the
small polygons seenin most part of these regions may have
been caused by amolecular misfit within thislipid-protein
complex structure.

When apurelipidfilm at the air-water interfaceis com-
pressed beyond a certain surface pressure, it collapsesir-
reversibly. Then, thefilm pressure no longer rises on com-
pression. Instead, the film pressure course shows awiggly
shape on further compression. Upon expansion, the film
pressure decreasesimmediately because the collapsed film
cannot spread at the interface anymore. In contrast, the

SP-C-lipid mixed film exhibited a stable, constant film
pressure in the collapse region leading to a plateau in the
pressure-area diagram. On expansion, the excluded matter
respreadsinto the monolayer. What we want to know isthe
structural basis of this unique property.

The SFM- as well as the FLM images show that an in-
creasing amount of the monolayer matter accumulated in
lamellar protrusionswhen the film was compressed within
the plateau region of the pressure-areadiagram. These pro-
trusions disappeared again when the film was expanded.
Theheight of asinglelamellavaried between5.5t06.5 nm.
Thisis 0.5 to 1.5 nm more than the height h of a DPPC
doublelayer as measured with the SFM under similar con-
ditions (hpppc~5 NM, data not shown). Nevertheless, we
assume that the protrusions are based on integer multiples
of alipid doublelayer. Taking thisassumptioninto account,
the area of the monolayer lost through compression was
correctly found by summing up the total areaof all protru-
sion layers. The larger height compared to a lipid double
layer may be dueto theincluded proteins. Tchorel off et al.
(1991) found similar structuresin LB films of lung surfac-
tant extract films by transmission electron microscopy.
They, too, interpreted the protrusions as stacks of lipid bi-
layers.

Unfortunately, the SFM images do not reveal directly
whether the protrusionsformed towardstheair or the ague-
ous subphase. The two possibilities are depicted in Fig. 5.
They are based on the assumption that the protrusionswere
in fact based on lipid double layers. If they formed to the
air (a), the double layers on top of the monolayer would
have beenin areversed conformation; i. e., with the hydro-
philic head groups oriented to the interior. The LB trans-
fer to the solid support would then leave the protrusions
directly accessible to the SFM tip with the topmost layer
exposing the hydrophobic acyl chains. If the protrusions
were towards the aqueous subphase (b), however, they
would have become locked between the monolayer and the
mica support upon LB transfer. The SFM would then have
imaged the monolayer covering the protrusions, rather than
the topography of the protrusions themselves.

The shape of the protrusions suggests that many small,
round patcheswere squeezed out. In some cases, the small-
est entities excluded seemed to coincide with the small po-
lygonal patches seen in the films at 77=30 mN/m. On fur-
ther compression the protrusions then probably grew in
size and coalesced into the larger structures. There also
arose small protrusions on top of larger ones. We observed
piles with up to 10 equidistant steps within those regions.
The formation of the multilamellar structures could have
been a mere folding of the monolayer and the molecular
structurewould not have changed. It just aswell could have
progressed viathe “budding” of surfactant matter, induced
by the specific monolayer structure. Thelipidsand the pro-
tein could then have rearranged completely.

At the air-water interface of aLangmuir trough the pro-
trusions are inhomogeneously distributed across theinter-
face. Thereis good reason to suppose that the inhomoge-
neous distribution is dueto the preparation technique: Pro-
trusions can only form in the regions of the former liquid
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Fig. 5 Two possible orientations (a, b) of the protrusions at the air-
water interface and after Langmuir-Blodgett transfer to mica

expanded phase of the monolayer whichisrichin protein.
In contrast, at the air/alveolar interface of the lung surfac-
tant material spreads continuously from vesicular struc-
tures of the subphase. Therefore, the protrusions may form
a nearly homogeneous multilayer adjacent to the surface.
Such kinds of multilayers were in fact observed by elec-
tron microscopy in rabbit lungs fixed by vascular perfu-
sion (Schurch et al. 1995).

Asin the case of the monolayer, the molecular structure
of the protrusions was not directly revealed by SFM. Inan
attempt to understand the possible arrangement of SP-Cin
the protrusion, we consider spectroscopic data of mixed
lipid-protein vesicles. Vesicles are the structures most
closely related to the protrusions. Fourier transform in-
frared (FT-IR) spectroscopy of SP-C incorporated in phos-
pholipid vesicles revealed a predominantly a-helical sec-
ondary structure (60 to 90%) with the helix axis almost
parallel to the lipid acyl chains (Pastrana et al. 1991;
Vandenbussche et al. 1992; Clercx et al. 1995). Palmitoy-
lated SP-C exhibited anincreased a-helix content. It is as-
sumed that the a-helical moiety of SP-C spansthelipid bi-
layersin vesicles and the remaining moiety interacts with
the lipid head groups (Post et al. 1995; Johansson et al.
1995). Thisassumption is obvious considering some char-
acteristicsof themolecul ar structureof SP-C: Startingfrom
the carboxy terminus, most of the protein forms a highly
hydrophobic a-helix (amino acids 9 to 34), ~37 A in
length, in the case of the published NMR structure of por-
cine SP-C (Johansson etal. 1994b; Johannsson et al.
1995). It allowsfor hydrophobic interaction with the inter-
ior hydrophobic part of the bilayer. The histidine, lysine,
and arginine (positions 9, 11, and 12 of the human se-
guence) are hydrophilic, with the lysine and arginine pos-
itively charged at physiological pH. Theelectrostaticinter-
actions between these charged residues and the negatively
charged DPPG may further stabilize the structure. Thisis
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supported by calorimetric studies on vesiclesthat reveal ed
the ability of SP-C to withdraw PG from phase separated
PG/PC mixtures (Post et al. 1995).

Thetwo cysteines are acylated with two palmitic acids.
This post-translational modification is highly preserved in
evolution and, hence, may play an important functional
role. However, the orientation of the palmitoyl groupsin
themultilamellar structuresisnot clear at all. One possible
orientation is depicted in Fig. 6.

Conclusions

A mixture of three lung surfactant components spread at
the air/water interface was able to mimic some of themain
biophysical properties of the surface film present at the
air/alveolar interface. A high surface coverage with DPPC
monolayer patcheswasresponsiblefor thelow surfaceten-
sion of about 20 mN/m. In order to keep the low surface
tension during surface area changes, surfactant matter was
stored in a surface associated reservoir. On expansion (in-
halation) the surface active matter spread from this reser-
voir into the monolayer and vice versa. The reservoir was
organizedinthe form of stacksof bilayersenrichedin non-
DPPC compounds. According to the molecular model
worked out, the multilamellar structureswere stabilized by
the SP-C molecules incorporated with their hydrophobic
a-helix in onebilayer and stretching their palmitoyl groups
into aneighboring bilayer, or the surface active monol ayer,
respectively (Fig. 6). Inthemonolayer, therewasadistinct
li pid-protein complex structurethat was seemingly respon-
sible for the formation of the multilamellar protrusions.
In vivo too, such a surface-associated reservoir is
present: Schiirch et al. (1995) observed by el ectron micros-
copy multilamellar structures in thin sections of rabbit
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lungs, fixed by vascular perfusion. Thisreservoir may con-
tinously befilled up by vesiclesof surfactant fromtheague-
ous hypophase, thus compensating for a loss of surfactant
material due to uptake by macrophages and type |1 alveo-
lar epithelia cells or draining off into bronchiole, respec-
tively.

In the present work we have drawn attention to therole
of the SP-C in the formation of a surface-associated reser-
voir. It has to be pointed out that other compounds of the
lung surfactant will, of course, also contribute to the bio-
physical properties of the surface film in vivo. As found
by others (Oosterlaken-Dijksterhuis et al. 1992) SP-B
enhances the spreading of vesicles to the surface film —
a property not analyzed in the present publication. The
diversity of other lipid components — especially unsatu-
rated ones — may enhance the reorientation processes in-
side the surface associated reservoir.

Although we have emphasized our current understand-
ing of the surface associated reservoir by a molecular
model of the film structure, the microscopical basisis by
no means sufficient to draw definite conclusions. The
structural investigation may have to be supplemented by
additional techniques, such as transmission electron mi-
croscopy. Futurework will also haveto include those com-
ponents of the lung surfactant omitted in the present study.
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