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INFLUENCE OF SURFACTANT PROTEIN C IN b-SHEET
CONFORMATION ON THE SURFACE DILATATIONAL
BEHAVIOR OF PULMONARY SURFACTANT
COMPONENTS SPREAD ON THE SURFACE OF
A CAPTIVE BUBBLE

R. Wüstneck
N. Wüstneck
S. Pietschmann
U. Pison
Charité Campus Virchow-Klinikum, Department of Anesthesiology
and Intensive Care Medicine, Berlin, Germany

Surfactant protein C (SP-C) exists in a-helical and b-sheet conformation. The
influence of these conformations on the surface behavior of spread layers con-
taining dipalmytoyl phosphatodylcholine and the surfactant protein B was inves-
tigated. The b-sheet conformation of SP-C, which is formed during the preparation
procedure at high lipid=protein concentrations, was confirmed by using circular
dichroism (CD) and FTIR spectroscopy. Using a captive bubble device, the surface
pressure=area isotherms, the surface dilatational elasticity and viscosity, and the
main relaxation times of a transient stress relaxation were determined. Surface
layers containing SP-C in b-sheet have no protein squeeze-out plateau. The surface
dilatational elasticity is increased, which leads to a film of low compressibility.
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The relaxation times were increased by more than one order of magnitude, and the
decays after surface compression and dilatation did not approach each other.
Therefore, the surface behavior of layers containing SP-C in b-sheets remarkably
differs from those containing SP-C in a-helical conformation. The presence of b�
SP-C prevents the film from meeting the function of a pulmonary surfactant layer.

Keywords: SP-C; b-sheet; Axisymmetric bubble shape analysis; Surface rheology;
Pulmonary surfactant; Hydrophobic proteins

INTRODUCTION

The function of proteins in biological membranes is strongly related to
their amino acid sequence and their three-dimensional structure [1, 2].
Experimental determination of the conformation and secondary
structure of a protein provides insight into its function. Recently, the
pathogenesis of neurodegenerative diseases with different etiologies,
such as Alzheimer’s disease, scrapie in sheep and goats, bovine spon-
giform encephalopathy and other systemic amyloidosis, were related
to the extracellular deposition of amyloid [3, 4]. Amyloid fibrils have
a common structural motif of the b-pleated sheet conformation, and
amyloid-forming proteins with a-helical structure undergo a-helix!
b-sheet transition [5].

Amyloid-like fibrils are also formed by the hydrophobic pulmonary
surfactant protein C (SP-C) and were found in lung washings from
patients with alveolar proteinosis [6]. SP-C is a transmembrane lipo-
peptide containing 35 amino-acid residues in which residues 9�34
form an a-helix [6] in the natural bronchoalveolar lavage. Transfor-
mation of pure SP-C in organic solution from a-helix into b-sheet
was reported after one-week incubation at a protein concentration of
4.6 mg=ml [6, 7] and during the preparation of the protein at high
lipid=protein concentration [8].

The two positively charged residues of SP-C, arginine and lysine, at
positions 11 and 12, are thought to interact with the negatively
charged head groups of phospholipids, which should increase the rigid-
ity of surface films. Note that the rigidity of the lipid�peptide interac-
tion may be decreased towards the C-terminal end because it contains
small or nonpolar residues only, which makes this part more mobile in
a phospholipid layer. Furthermore, SP-C is assumed to influence the
fluidity of the surrounding lipids via the extremely stable polyvaline
helix [9]. However, the specific functional role of SP-C for breathing
and the consequences of a-helix!b-sheet conversion of this protein
are unknown.
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Recently, we investigated the interfacial behavior of model sur-
factant layers that contained DL-dipalmitoyl phosphatidylcholine
(DPPC), surfactant protein B (SP-B), and SP-C, the latter being
a-helical (a�SP-C) [10], and reported surface pressure=area isotherms
of pure SP-C in b-sheet conformation (b-SP-C) [11]. The consequences
of b�SP-C being present in mixed layers, especially in terms of surface
dilatational rheological parameters, such as dilatational elasticity
and viscosity, are unknown. The aim of the present study was to fill
this knowledge gap by characterizing the surface behavior of mixed
DPPCþSP-BþSP-C layers using a surface film preparation that con-
tains SP-C in an antiparallel b-sheet conformation and does not differ
in other respects from those investigated before [10]. The captive bub-
ble device was used as a microfilm balance [12], with further improve-
ments done to the device to obtain surface dilatational parameters by
oscillating bubble experiments in the frequency range of human
breathing [13], and by recording surface stress relaxation [14].

MATERIAL AND EXPERIMENTAL DETAILS

Materials

Chloroform and methanol were p.a. grade and purchased from Baker
(J. T. Baker B. V., Deventer, Holland). DL-dipalmitoyl phosphatidyl-
choline (DPPC) was purchased from Sigma (Aldrich, Germany) and
used without further purification (99% purity). Water (Millipore)
was double distilled. The surface tension of pure water was
72.4 � 0.2 mN=m at 23�C, as determined by the captive bubble tech-
nique. The films were spread on pure water. All glass vessels and
the measuring cell of the captive bubble device were cleaned in
KOH-saturated isopropanol.

Isolation of SP-B and SP-C

The pulmonary surfactant was obtained from cell-free sheep lung lavage
fluid after 2 h centrifugation at 53,000 g. The pellet was homogenized in
1.64 N NaBr for density gradient centrifugation at 100,000 g overnight
[15, 16]. The pellicle was removed, washed, and homogenized in 4 ml
water, and the hydrophobic surfactant components were extracted into
chloroform=methanol [17]. The hydrophilic components of ovine pulmon-
ary surfactant were discharged, the remaining solvents containing the
hydrophobic surfactant components were evaporated in vacuum at
40�C, and residues were weighed. The residue containing the hydro-
phobic components of pulmonary surfactant from chloroform=methanol
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extraction (lipids, SP-B, and SP-C) was resolved in 1.5 ml acidified (5%
0.1 N trifluoroacetic acid) chloroform=methanol (1:1, v=v). Surfactant
proteins were isolated using a semipreparative High Performance
Liquid Chromatography (HPLC) column (250� 10 mm ID) with Vydac
C4, a butyl silica gel [18]. SP-B and SP-C fractions were collected, the
solvent was evaporated, and the purified proteins weighted and then
redissolved in chloroform=methanol (1:1, v=v) to give a final concen-
tration of �0.8�1.0 mg=ml. Aliquots were stored at �20�C. The protein
storage concentration of SP-B and SP-C was 0.8�1.0 mg=ml.

On SDS polyacrylamide gel electrophoresis (16.5% Tris-tricine gels)
under nonreducing conditions, SP-B showed a single wide band
centered at �29 kDa. SP-C showed only one band at �5 kDa.

The circular dichroism (CD) and Fourier transform infrared (FTIR)
spectra of the SP-C isolated in this way corresponded to antiparallel
b-sheets [8].

Based on the assumption that the SP-B�to�SP-C ratio in pulmon-
ary surfactant is 1:3 (by weight), experiments were performed with a
DPPCþSP-BþSP-C mixture containing 17 wt% of SP-B and 5.7 wt%
of SP-C, which corresponds to 0.25 mol% of SP-B dimer (relative to
DPPC) and 3 mol% SP-C. The molecular weight of ovine SP-B is
17,380 (dimer, 158 amino acid residues), and that of SP-C is 4,200
(dipalmitoylated form, 35 amino acid residues).

Determination of Secondary Structure of the Proteins
in Spread Layers

To determine the secondary structure of the isolated SP-C, we used
CD and FTIR spectroscopy as described earlier [8]. Briefly, the special
feature of the CD experiments is sample preparation by spreading the
proteins onto a quartz surface. The spreading amount of proteins was
80 mg. Before spreading, the plates of 1.25 mm thickness were cleaned
with KOH-saturated isopropanol and then soaked in pure water to
hydrate the surface of the quartz glass, thus maintaining maximum
similarity to the air�water interface in monolayer experiments. Far
ultraviolet (UV) CD spectra were obtained at room temperature using
a JASCO J715 spectropolarimeter (Jasco, Germany). After 5 min sto-
rage at room temperature to allow the solvent to evaporate, 1�4
quartz glass plates were placed into the measuring chamber with
minimum space between individual plates. The area per plate was
100 mm2; the cross section was 10 mm. The spectra were recorded at
20 nm=min scan rate, the response time was 2 s, and the band width
was 1 nm. During each measurement the chamber was flushed with
nitrogen. Four consecutive scans from 260�185 nm were accumulated
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and averaged. The CD spectra were recorded in millidegrees of ellip-
ticity as a function of wavelength.

FTIR spectra were recorded using a Bruker IFS 66 spectrometer
(Bruker, Germany) equipped with a DTGS detector. The spectra were
analyzed using the OPUS=IR2 program. Protein layers were obtained
by spreading chloroform=methanol protein solution on self-pressed
KBr plates. The solvent was allowed to evaporate for 5 min and then
the plate was placed into the measuring chamber. During measure-
ments the chamber was flushed with dry air, and one hundred con-
secutive scans were accumulated and averaged.

Surface Pressure Measurements

Surface pressure (p) versus area (A) measurements were performed
using an airtight captive bubble cell, as was described in detail earlier
[19, 20]. The surface pressure, p ¼ c0 � c, is the difference between the
surface tension of the subphase, c0, and the film-covered surface, c.
The p-A isotherms were obtained by continuous variation of the inter-
nal cell pressure, which yields a compression of the bubble volume and
a corresponding reduction of the surface area. The surface tension was
determined by using axisymmetric captive bubble shape analysis
(ADSA-CB) developed by Prokop et al. [21].

SP-B and SP-C were dissolved in chloroform=methanol (3:1, v=v).
The protein solutions were spread at the air bubble surface using a
0.5 ml Hamilton syringe. The bubble size in all experiments was
70 ml. The amount of spreading solution was minimized to 0.1 ml to
avoid influences of the spreading solvent on the surface behavior of
the monolayer, as described earlier [19]. Evaporation of the extremely
small samples before spreading was prevented by additional aspir-
ation of an air cushion of at least 0.1 ml after filling the syringe needle
with the spreading solution. The spreading solution was slowly
injected onto the surface of the bubble under continuous video moni-
toring. Ten minutes after solvent evaporation and equilibration of the
surface film, protein monolayers were continuously compressed. To
evaluate the spreading quantity of protein, each spreading experiment
was repeated at least 5 times. The compression rate chosen was 7.4�
10�4 nm2s�1, which corresponds with quasi equilibrium conditions.

Harmonic Captive Bubble Oscillation Experiments

The harmonic oscillation of the internal pressure in the measuring cell
causes a bubble volume oscillation. This, in turn, causes harmonic
oscillation of both the bubble area and the interfacial tension. A piezo
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transmitter was connected to the measuring cell and inserted into
the liquid phase. The transmitter was controlled by an arbitrary fre-
quency generator (Grundig AFG 100, Germany), which allows oscil-
lation of the bubble volume in a frequency range of 0.001�1 kHz.
For our measurements, we used frequencies in the range of 10�2 to
2.5� 10�1 Hz and bubble volume amplitudes of 0.5 ml to avoid des-
truction of surface structures [22]. The frequency range covers both
the human respiration frequency (4� 10�2 to 2� 10�1 Hz) [23] and
the range of frequencies, characterized by maximum values of the
rheological parameters for DPPC and DPPC þSP-C (1.7� 10�2 Hz)
[24, 25]. The interfacial tension and the bubble area were determined
by recording 10 bubble profiles per second at 9 different levels of
surface pressure and 9 different frequencies. The elasticity was deter-
mined by the ratio between the surface pressures via surface area
amplitude; the viscosity by using the phase shift between the osci-
llation of surface area and pressure [13]. A spline-fit was used to create
planes of elasticity and viscosity via frequency and surface pressure,
based on a symmetric 9� 9 frequency=surface pressure matrix. The
confidence intervals (95% confidence level) of the elasticities were
about 1�4%; those of the corresponding viscosities were in the order
of 10�15%.

Transient Stress Relaxation Experiments

Transient stress relaxation experiments were carried out to discover
rearrangement processes, which occur when the steady state of a sur-
face layer is rapidly changed by a sudden reduction of the bubble area.
To avoid surface destruction, changes of the bubble area were not
more than 10�20%. The decay of p was recorded after the pressure
jump. There is usually a spontaneous response, which can be used to
calculate an elasticity parameter and a delayed one that can be des-
cribed by an exponential function, which yields a relaxation time. This
time constant is characteristic of the readjustment of a new steady
state of the film. For further details, see Wüstneck et al. [10]. In
practice, the delayed response includes different relaxation processes
with different characteristic times. Therefore, a distribution for these
processes was assumed that yields a main relaxation time and a
homogeneity parameter and describes the stress relaxation more prop-
erly than a single exponential approach [14]. For discussing res-
piration processes, extremely slow relaxation processes are less
important. Therefore, we restricted the time of our experiments to
120�400 s.
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RESULTS

The Secondary Structure of SP-B and SP-C

To demonstrate the secondary structure of the surfactant proteins we
recorded CD and FTIR spectra. The far UV CD spectra of the proteins
SP-B and b�SP-C are shown in Figure 1. The spectrum of SP-B
showed the shape and all typical features of a-helical structure: nega-
tive ellipticity bands near 222 nm and 208 nm, and a positive band at
192 nm. In contrast, the spectrum of SP-C showed a negative band
near 216 nm and a positive band between 195 and 200 nm, which
points to an antiparallel b-sheet secondary structure. There was no
a-helical SP-C detectable in this preparation of SP-C.

The FTIR spectra of the proteins are displayed in Figure 2. The
spectrum of the SP-B was characterized by the presence of an amide
I band component centered at 1656 cm�1, accompanied by some con-
tributions at lower wave number. Amide I bands centered around
1650�1658 cm�1 are generally considered to be characteristic for
a-helices [26]. The position of the amide I band at 1656 cm�1 thus
confirmed the expected a-helical structure for SP-B. The spectrum
of the SP-C showed the amide-I band components at 1628 cm�1

FIGURE 1 Far UV CD spectra of spread SP-B, and ß�SP-C layers on quartz
sheets. Black squares typical for a helix conformation of SP-B; lines, SP-C in
antiparallel b-sheet conformation.
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and at 1676 cm�1. These bands correspond to antiparallel b-sheet
conformation of the protein. These data are in good agreement with
our CD results.

p/A Isotherms

The p=A isotherm obtained with the system DPPCþSP-BþSP-C in
b-sheet conformation was compared with the isotherm found with
DPPCþSP-B þSP-C in a-helical conformation (Figure 3). The shape
of the graph for the two systems was quite different. Although the
mixing ratios did not differ, there was a well-pronounced squeeze-
out plateau for the system containing a-SP-C at p � 51 mN=m. In con-
trast, the run for monolayer compression of the system with b�SP-C
did not show such a plateau but a kink point instead at 0.45�
0.48 nm2=molecule. Further compression led to a rise up to a film
pressure of about 70 mN=m. The run for layer expansion repeated
the shape of that for compression with a hysteresis. Interestingly,
there was no drastic breakdown of surface pressure immediately
when the film expansion started. Also the layer expansion=layer
compression (LE=LC) plateau at a film pressure of about 10 mN=m

FIGURE 2 FTIR spectra of spread SP-B, and b�SP-C layers. Protein chloro-
form=methanol solutions (80 mg of protein) were spread onto a KBr plate.
Black squares, SP-B; lines, b�SP-C.
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was well pronounced and repeated that found for compression. In
some experiments of layer compression for films containing b�SP-C
the phenomenon of bubble-clicking was observed for pressures
higher than 50 mN=m, which is characteristic for unstable surface
structures.

Harmonic Oscillation Experiments

Comparisons between the surface dilatational elasticities and vis-
cosities as a function of the surface pressure and the frequency of
oscillation for DPPCþ 3 mol% SP-Cþ 0.25 mol% SP-B are given in
Figures 4 and 5. SP-C in a and b conformation behaves similar con-
cerning both elasticity-frequency (no frequency dependence) and vis-
cosity-frequency dependence (maximum values at low frequencies).
In contrast, the maximum values of elasticity at the surface pressure
of the starting squeeze-out process were definitely higher in the sys-
tems containing b�SP-C than those of a�SP-C (Figures 4a and 4b).
Notice that there was only a less-pronounced stationary minimum in

FIGURE 3 Quasi-equilibrium p=A isotherms of mixed spread monolayers of
DPPCþ 3 mol% SP-Cþ 0.25 mol% SP-B. Black squares, compression isotherm
of a�SP-C; diamonds, isotherm of b�SP-C; black diamonds, compression;
white diamonds, expansion.
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the range of the kink point in the p=A isotherms for systems contain-
ing b�SP-C (Figure 4a). The amplitudes of oscillation for the systems
containing a�SP-C were too small to give measurable results for
dilatational elasticity for p meeting the squeeze-out plateau exactly.
That means the surface dilatational elasticity for systems containing
a�SP-C became zero for this plateau range.

In contrast to the dilatational elasticities, the dilatational viscos-
ities were lower for the systems containing b�SP-C (Figure 5a) com-
pared with those of a�SP-C (Figure 5b). In the frequency range of
human breathing (�0.05�0.2 Hz) the surface dilatational viscosities
were lower for the system containing b�SP-C, whereas the elasticities
were higher for systems containing a�SP-C. These results show that
the films containing b�SP-C are more elastic, i.e., less compressible,
than those containing a�SP-C.

FIGURE 4 Surface dilatational elasticity, e, of spread DPPCþ 3 mol%
SP-Cþ 0.25 mol% SP-B layers depending on surface pressure and frequency:
(a) a�SP-C, (b) b�SP-C (See Color Plate I).
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Surface Stress Relaxation

Starting from a film pressure in the range of the squeeze-out plateau,
a transient jump of the pressure always led to a rapid recovery of the
plateau film pressure to �51 mN=m for the system DPPCþSP-Bþ a-
SP-C. For the system with b�SP-C and starting the relaxation experi-
ments also at �51 mN=m, i.e., near the kink point in the p=A isotherm
(see Figure 3), the recovery curves after compression or expansion
never led to similar p. Figure 6 shows representative recovery curves
for the two mixtures containing a-SP-C or b-SP-C.

Table 1 contains the calculated mean values for the relaxation time, s.
The values were calculated from 10 different relaxation experiments
with different starting values of p after the pressure jump. The hom-
ogeneity parameters [14] were in the range 3.4�7.0, which proves
the relaxation processes to be quite narrow by distributed, i.e., the
Poisson distribution used in the calculation procedure is a sufficient

FIGURE 4 (Continued).
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approximation. The relaxation times determined from the recovery
curves for the system DPPCþSP-Bþ b�SP-C were definitively higher
than those reported for the system with a�SP-C [10] by more than one
order of magnitude. This is the most drastic difference caused by the
conformation of SP-C and may be important for the physiological func-
tion of pulmonary surfactant layers.

DISCUSSION

The interfacial behavior of the system DPPCþSP-Bþ a�SP-C is
remarkably different from the system that contains b�SP-C. The
presence of b�SP-C results in a continuous increase of the surface
pressure during compression up to the collapse region, changes the
squeeze-out mechanism, reduces the film compressibility, and changes
the stress relaxation behavior.

FIGURE 5 Surface dilatational viscosity, g, of spread DPPCþ 3 mol%
SP-Cþ 0.25 mol% SP-B layers depending on surface pressure and frequency:
(a) a�SP-C, (b) b�SP-C (See Color Plate II).
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A continuous increase of the surface pressure during compression
up to the collapse region is characteristic for mixtures containing
b�SP-C but not for a�SP-C. The quasi-static p=A isotherm of the mix-
ture DPPCþSP-Bþ b-SP-C increases continuously, passes a kink
point at about 51 mN=m, and ends up at the collapse region. The
p=A isotherm of the mixture DPPCþSP-Bþ a�SP-C shows a pro-
nounced plateau at 51 mN=m, which is in good agreement with the
equilibrium surface tension realized for adsorbed systems [27]. The
collapse of the layer formed with b�SP-C occurs at a surface coverage
higher than 0.32 nm2=molecule, i.e., slightly above that of a pure
DPPC layer [20], but definitively below the cross section of a DPPC
molecule. That means there must be a formation of three-dimensional
structures for systems that contain SP-C in b conformation, as would
be expected for a�SP-C. At the present time there is no experimental
information about the nature of these structures. A possibility could
be layer folding [20, 28�30]. This would explain the shape of the p=A
isotherm during expansion, which shows a relatively weak hysteresis

FIGURE 5 (Continued).
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and which does not show a sharp breakdown, as is expected for a col-
lapsed layer.

The squeeze-out mechanism is strongly affected by the confor-
mation of SP-C, which is the most conspicuous difference between
the two conformers. Systems containing a�SP-C show a squeeze-out
plateau in the p=A isotherm, systems containing b�SP-C do not. In
the presence of b�SP-C the proteins in the film are hindered from
being removed from the surface through compression. It might well
be that the presence of b�SP-C prevents the formation of a surface-
associated surfactant reservoir. These changes are reflected by the
dynamic properties of the film in the whole range of surface pressure.

FIGURE 6 Surface pressure decay after a transient bubble volume change of
spread layers, DPPCþ 3 mol% SP-Cþ 0.25 mol% SP-B; circles, after transient
increase of pressure in the measuring cell; diamonds, after transient decrease
of pressure in the measuring cell; white symbols, a�SP-C; black symbols,
b�SP-C.

TABLE 1 Main Relaxation Times Determined after Transient Layer
Compression or Expansion Using the Decay of the Surface Pressure [14]

Mixture

Main relaxation time smax[s]

Compression Dilatation

DPPCþ3 mol% a�SP-Cþ0.25 mol% SP-B 2.5 � 0.25 4.3 � 0.38
DPPCþ3 mol% b�SP-Cþ 0.25 mol% SP-B 66.8 � 15.6 61.5 � 8.6
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The film compressibility is reduced by b�SP-C, but is infinite in the
presence of a�SP-C in the surface pressure plateau range. Films con-
taining b�SP-C are more rigid and more elastic, in general, compared
with those that contain a�SP-C. In addition, the surface dilatational
elasticity shows a weak pronounced stationary minimum at a film
pressure of about 45 mN=m but further increases during compression.
There is no range of infinite compressibility for films containing b�SP-
C. It should be noticed that there are only a few data in the literature
about the influence of secondary structure of proteins on surface rheo-
logical behavior. Only for gelatin=surfactant layers it was shown that
both anionic and cationic surfactants cause a a!b conversion of gela-
tin at interfaces, which influenced the interfacial shear rheology [31].

The stress relaxation is greatly influenced by SP-C conformation. In
the presence of a�SP-C, surface pressures above 51 mN=m could be
obtained only during rapid compression [10]. When the compression
is stopped above the plateau value of 51 mN=m, the surface pressure
of these films rapidly falls to the plateau pressure of about 51 mN=m
due to the short relaxation time. The same holds for expansion. This
fast relaxation observed for films containing a�SP-C is caused by
SP-B, because films without SP-B relax only with diminished velocity
[10]. While SP-B is important for the relaxation velocity, the confor-
mation of SP-C modifies the speed of relaxation. In the presence of
b-folded SP-C, the relaxation times of surface stress are increased
and even exceeded those found for films, which contain only a�SP-C
[10]. Therefore, the recovery process is hindered in the presence of
b�SP-C, thus enabling higher surface pressures even when the layer
is slowly compressed (quasi-equilibrium conditions). Such increase of
relaxation times would not meet the demands of a film that should
allow a fast reconstruction of the pulmonary layer in vivo. The
dynamic process of compression and expansion of the interface that
occurs during breathing must have a velocity higher than the breath-
ing frequency. In all probability the formation of a surfactant reservoir
is prevented by b�SP-C. This could be obtained only with a�SP-C.

How do our data transform into the in vivo situation? It is well
known that temperature has an influence on surface rheology. Both
dilatational elasticity and viscosity decrease with increasing tempera-
ture. Although normal body temperature in humans is 37�C, we used
23�C for our experiments to work out the rheological differences
between layers containing a�SP-C versus b�SP-C. Therefore, further
studies are necessary to show the relevance of the present data under
more physiological conditions. However, some findings of our study
can be generalized, because of the following aspects: First, the
principal interfacial rheological features of pulmonary surfactant
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components remain when the temperature is increased up to physio-
logical values [25]. In particular, the stress relaxation is only negligi-
bly influenced by temperature, which was first derived by Maxwell
[32] and also experimentally shown for spread phospholipid layers
[24]. Second, the p=A isotherms measured in our study using an arti-
ficial pulmonary surfactant system are well comparable with p=A iso-
therms obtained for other artificial pulmonary surfactant systems,
including buffered subphases [33�37]. Third, the plateau value of
the p=A isotherm of the system containing a�SP-C measured in our
study is in good agreement with the equilibrium surface tension
reported for adsorbed films and at sufficiently high concentrations of
pulmonary surfactant in the bulk phase [27]. These values agree well
with the surface tension measured in lungs under in vivo conditions,
even when taking into account the particularities of the delicate tech-
nique used [38�42]. These arguments justify that the data reported in
this study are at least partially valid under physiological conditions.
Especially, velocity of relaxation is almost independent of temperature
and hardly influenced by pH and ionic strength.

Breathing is supported by high film compressibility of the thin
lipid=protein layer lining the alveoli of mammalian lungs and, in most
circumstances, takes place at a film pressure alternating around the
protein squeeze-out plateau, where the compressibility of the films is
very high but decreases when the surface pressure becomes higher
or lower than the equilibrium value. The surface behavior of the arti-
ficial pulmonary surfactant mixture investigated here shows that the
presence of b�SP-C definitely contradicts these prerequisites of
breathing.

At present, our data from in vitro experiments do not discriminate
in detail between the physiological function of SP-C in a versus b
conformation. Nevertheless, our data support the view that a�SP-C
meets the dynamic necessities of the surface film that covers the
alveoli lining layer in mammalian lungs, whereas b�SP-C does not.
Further studies on physiological functions of pulmonary surfactant
need to address the different rheological behavior of SP-C in its two
conformation states.
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[22] Wüstneck, R., Wüstneck, N., Moser, B., and Pison, U., Langmuir 18, 1125�1130

(2002).
[23] Roussos, C. and Campbell, E. J. M., Respiratory muscle energetics. Section 3: The

Respiratory System, in Handbook of Physiology, P. T. Macklem and J. Mead (Eds.)
(American Physiological Society, Bethesda, MD, 1986), Vol. III, pp. 481�509.
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