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Changes in membrane elasticity caused by the
hydrophobic surfactant proteins correlate poorly
with adsorption of lipid vesicles
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To establish how the hydrophobic surfactant proteins, SP-B and SP-C, promote adsorption of lipids to an
air/water interface, we used X-ray diffuse scattering (XDS) to determine an order parameter of the lipid
chains (Sxay) and the bending modulus of the lipid bilayers (Kc). Samples contained different amounts of the
proteins with two sets of lipids. Dioleoylphosphatidylcholine (DOPC) provided a simple, well characterized
model system. The nonpolar and phospholipids (N&PL) from extracted calf surfactant provided the biological
mix of lipids. For both systems, the proteins produced changes in S, that correlated well with Kc. The
dose-response to the proteins, however, differed. Small amounts of protein generated large decreases in
Suray @nd K for DOPC that progressed monotonically. The changes for the surfactant lipids were erratic.
Our studies then tested whether the proteins produced correlated effects on adsorption. Experiments mea-
sured the initial fall in surface tension during adsorption to a constant surface area, and then expansion of
the interface during adsorption at a constant surface tension of 40 mN m~!. The proteins produced a sig-
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moidal increase in the rate of adsorption at 40 mN m™ for both lipids. The results correlated poorly with
the changes in S, and K¢ in both cases. Disordering of the lipid chains produced by the proteins, and the
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1. Introduction

Pulmonary surfactant is a mixture of lipids and proteins
secreted by the type II pneumocytes of the alveolar air-sacs in
the lungs. The mixture acts together as a surfactant, adsorbing
to the surface of the liquid layer that lines the alveoli and
forming a thin film that lowers surface tension." Two hydro-
phobic proteins, SP-B and SP-C, are required for its function.
SP-B is the only protein known to be immediately essential for
pulmonary function.>’ Breathing in the absence of SP-B injures
the lungs,” producing an insult equivalent to the process that
occurs in premature babies who lack the complete mixture of
surfactant constituents.” The consequences of missing SP-C are
more delayed. Some familial forms of interstitial fibrosis result
from abnormalities of SP-C.>® Many of these disorders reflect
cellular toxicity caused by misfolded forms of the precursor
protein of SP-C,” but patients® and animals® that lack any form
of SP-C also develop fibrosis. This finding suggests that the
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softening of the bilayers, fail to explain how the proteins promote adsorption of lipid vesicles.

absence of SP-C may also contribute to a chronic injury during
prolonged breathing with elevated alveolar surface tension.
SP-B and SP-C represent minor components of pulmonary surfac-
tant, constituting ~1.5% (w:w) of the complete mixture,'”"" but
their functional contribution is crucial.

Limited experimental access to the alveoli complicates
efforts to establish how the proteins contribute to surfactant
function. Studies in vitro, however, show that the proteins
accelerate adsorption of the surfactant lipids to an air/water
interface by orders of magnitude.'>'® The most reasonable
proposal concerning the function of the proteins is that they
promote the rapid formation of the alveolar film.

The mechanisms by which the proteins facilitate adsorption
remain poorly defined. Perhaps the simplest possibility, and
certainly the earliest proposal,'*'’ is that the proteins create
disorder in the surfactant lipids. The important consequence
would be an increase in the flexibility of the lipid leaflets,
allowing them to transform more readily from vesicular
bilayers to interfacial films. The studies here used X-ray diffuse
scattering (XDS) to determine if the proteins affect the order of
the lipid chains and the bending modulus of the lipid bilayers.
A reduction in the bending modulus would allow the lipids to
reconfigure more easily from their spontaneous curvature to

This journal is © The Royal Society of Chemistry 2021
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any other structure. Our experiments first established how the
proteins altered dioleoylphosphatidylcholine (DOPC), used as a
simple model system, and then the complete set of surfactant
lipids. We also considered the extent to which the changes detected
by XDS correlate with effects of the proteins on the kinetics of
adsorption.

2. Materials and methods
2.A. Materials

Dioleoylphosphatidylcholine (DOPC) was obtained from Avanti
Polar Lipids (Alabaster, AL) and used without further charac-
terization or purification. The following reagents were obtained
from commercial sources: N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES), CaCl,, chloroform, and methanol
(Fischer Scientific, Hampton, NH); NaCl (Sigma, St Louis, MO).
Water was filtered and photo-oxidized with ultraviolet light
using a NANOpure Diamond TOC-UV water-purification system
(Barnstead/Thermolyne, Dubuque, LA). The following buffers
were used routinely: 10 mM HEPES at pH 7.0 and 150 mM NacCl
(HS); and 10 mM HEPES at pH 7.0, 150 mM NacCl, and 1.5 mM
CaCl, (HSC).

The hydrophobic constituents of calf surfactant (calf lung
surfactant extract, CLSE) were provided by ONY, Inc. (Amherst,
NY). CLSE represents the constituents of large aggregates
collected by centrifugation of material lavaged from freshly
excised calf lungs,'® followed by extraction.'” Gel permeation
chromatography of CLSE separates the hydrophobic surfactant
proteins (SPs), the phospholipids, and the non-polar lipids
(cholesterol) into distinct peaks.'®'®'® Pooling the appropriate
eluted fractions provides preparations of the combined SPs or
just the non-polar and phospholipids (N&PL)."® Separation of the
SPs from CLSE used a mobile phase of neutral solvent (chloroform/
methanol [1:1 (v/v)]) to minimize esterification of the proteins.*’
Because the anionic phospholipids stick to the chromatographic
column with that system,'® we instead used an acidified solvent
(chloroform/methanol/0.1 N HCI [1:1:0.05 (v/v/v)])*® to obtain
N&PL.

Concentrations of the proteins and phospholipids were
determined by colorimetric assays,”™** using bovine serum
albumin as the standard protein. The SPs contain SP-B and
SP-C in a 1:1 weight ratio.?* Mixtures of N&PL and CLSE varied
the content of the proteins combined with the same set of
surfactant lipids. The mole fraction of phospholipid contributed
by CLSE in these samples, determined from the phospholipid
concentration of stock solutions, was expressed as Xcrsg = CLSE/
(N&PL + CLSE).

2.B.I. X-Ray scattering

a. Preparation of samples. Samples with DOPC were pre-
pared by adding the combined SPs to the phospholipid. Samples
containing the biological mixture of lipids combined N&PL with
increasing amounts of CLSE. For samples with either DOPC or
the surfactant lipids, 4 mg of material was dissolved in 200 pL of
organic solvent (chloroform : methanol (3:1, v:v) for DOPC, and
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chloroform : trifluoroethanol (1: 1, v: v) for the surfactant lipids).
These mixtures were plated onto silicon wafers (15 x 1 x 30 mm)
via the rock-and-roll method,** in which rocking the silicon
wafer continuously during solvent evaporation produces stacks
of ~1800 well-aligned bilayers. Plating occurred in a glove box
(DOPC) or in a fume hood (CLSE). Once immobile, the thin film
was additionally evacuated for at least 2 h. The sample was
trimmed to a central 5 mm wide strip parallel to the long-edge of
the wafer.”* The vapor in a thick-walled chamber hydrated the
films.>

b. LAXS. Low-angle X-ray scattering (LAXS) from oriented,
fully hydrated samples (Fig. 1A) was obtained at the G1 line of
the Cornell High Energy Synchrotron Source (CHESS, Ithaca, NY)
on two separate visits using X-ray wavelengths of 1.1775 and
1.0976 A with sample-to-detector distances of 365 and 417 mm.
Measurements were carried out at 37 °C and 40 °C. Rotation of
the flat silicon wafer from —1.6 to 7 degrees during the collection
of data sampled all scattered X-rays equally (30 s dezingered
scans). Collection of background set the X-ray angle of incidence
o = —2.4°, where scattering by the sample does not contribute to
the image. For analysis of the data, subtraction of background
first removed extraneous air and mylar scattering. Laterally
symmetrizing the images increased the signal-to-noise ratio.
During progressive hydration of the samples, fluctuations of the
membranes produced “lobes” of diffuse scattering (Fig. 14).>%*
The measured fall-off of intensity in the lateral g, direction
quantitates the fluctuations. The analysis uses a non-linear least
squares fit of the data to the free energy functional from liquid
crystal theory,

f=

P N—-1 ) )
NL'Zerr;{Kc (V2] + Bluwir (1) = (O} (1)

where N is the number of bilayers in the Z (vertical) direction, L, is
the size of the domain in the r (horizontal) direction, K¢ is the
bending modulus, u, is the vertical membrane displacement, and
B is the compressibility modulus. The analysis provides K¢ and B
independently, where K: describes the bending of a single
bilayer;*® a higher K indicates a stiffer membrane. This method
has obtained bending moduli of pure lipid membranes,**® and
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Fig. 1 XDS from oriented bilayers of N&PL/CLSE. Xc|sg = 0.3; temperature =
40 °C. (A) LAXS, d-spacing = 75 A. At this greyscale, lobes of white, diffuse
scattering obscure the diffracted, lamellar orders underneath. Beam appears
at g, g, = 0 A~! as a small, white dot through the semi-transparent, dark
rectangular beam stop. (B) WAXS pattern from the same sample, with the
shrunken LAXS pattern evident in the lower left-hand corner.
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membranes with peptides, cholestero sugar,”® drugs,>
and bioflavinoids.”*

c. WAXS. Wide-angle X-ray scattering (WAXS) was obtained
during two visits to CHESS (S-distance = 159 and 173 mm)
(Fig. 1B). The same sample that was hydrated for LAXS was
X-rayed for WAXS with the CCD detector closer to the sample.
Exposures were taken at two angles of X-ray incidence, w = +0.5°
and w = —0.5°, and then subtracted from each other. Both
images were dezingered, 30 s scans. The subtraction removes
extraneous scatter caused by the mylar chamber windows and
shadows. The chain-chain correlation appears as diffuse scattering
projected circularly upwards from the equator (Fig. 1B). The radial
decrease in intensity yields information about chain order. To
obtain an order parameter, Sy.y, the intensity is first integrated
along its trajectory, and then fit with wide-angle liquid crystal
theory.>® The theoretical model of chain scattering assumes long
thin rods that are locally well aligned along the local director, ny,
with orientation described by the angle . Although acyl chains
from lipids in the fluid phase are not long cylinders, the model
allows the cylinders to tilt at an angle, 5, to approximate chain
disorder. A MATLAB computer program®” obtained S,y from the
fit of the intensities to eqn (2):

Suny = 5(3(cos” ) ~ 1) ©)

The program also provided the root mean square error, which
indicates the quality of the fit.

2.B.II. Adsorption

a. Dispersion. Samples were generated by mixing the dif-
ferent constituents in chloroform. A stream of nitrogen dried
the solvent to form films in test tubes. Incubation overnight at
reduced pressures evaporated any remaining solvent. Samples
were then hydrated overnight, and subjected to five cycles of
freezing and thawing. Immediately before each experiment,
bath-sonication and vortexing completed dispersion of the
samples.

b. Experiments with captive bubbles. Measurements of
adsorption monitored surface tension during formation of a
film on a captive bubble. The shape of the bubble viewed along
the horizontal axis provides its surface area and surface
tension.>* ¢ Each experiment began with tests for the presence
of a preexisting, contaminating film. The bubble prior to
introduction of the adsorbing sample had the surface tension
of water within +£2 mN m™'. Compression of the bubble to
roughly one-third of its initial volume changed surface tension
by less than 3 mN m ™. Adsorption was initiated by injecting
100 pL aliquots of concentrated vesicles prepared in HS, in
which the absence of Ca** minimized fusion among vesicles,
into a stirred subphase of HSC. Programs written in LabVIEW
(National Instruments, Austin, TX) determined surface tension
and surface area in real time.”” A computer-driven syringe
pump infused and withdrew buffer from the chamber to
manipulate the bubble and hold either surface area or surface
tension constant. Heating pads along the sides of the chamber
maintained set temperatures.
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3. Results

Measurements of adsorption by DOPC with the SPs (Fig. 2)
showed behavior reported previously.”® DOPC by itself lowered
surface tension slowly. At long times of ~16 h, the process
stalled when surface tension reached ~50 mN m™ ', which
remained constant. The SPs at 0.1% increased the rate of the
initial fall in surface tension, but adsorption again slowed
approaching 50 mN m™'. At that point, however, adsorption
accelerated during a final drop to the equilibrium surface
tension of ~25 mN m ™. A further increase to 0.3% SP closely
approximated the curves achieved with 3% protein. As demon-
strated previously,'>'*>® the proteins promoted adsorption at all
surface tensions, but their effect was greatest below 50 mN m ™.

Measurements of XDS investigated whether changes in the
order of lipid chains and the stiffness of the lipid bilayers could
explain the functional effects of the proteins. The radial variation
of WAXS, which results from the chain-chain correlation, provided
the order parameter for the chains, Sy, analogous to the order
parameter obtained by nuclear magnetic resonance. Fluctua-
tions of the stacked bilayers, which instead determines the
lateral variation of LAXS, provided the bending modulus, K.

The proteins produced a dose-related decrease in Sy, for
DOPC (Fig. 3) and a corresponding drop in K¢ (Fig. 4). The
changes occurred with remarkably little protein. At 0.1% (w:w)
protein, which is an order of magnitude below the physiological
level of 1.5%, Sy fell by 30% (Fig. 3). K¢ decreased by 50%
(Fig. 4). The changes continued to the largest amounts of
protein in our samples at 3%, but particularly for K¢, most of
the decrease occurred with the initial, small doses. The corre-
spondence of changes in Sy, and K fit with disordering by the
proteins causing a softening of the membranes.
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Fig. 2 Surface tension as a function of time during adsorption of SP—DOPC.
Continuous traces show representative experiments that illustrate features
which can be obscured during averaging. Symbols give mean time + S.D. to
reach specific surface tensions. The x-axis is split to show the effect of SPs at
long times. Temperature = 23 °C.
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Fig. 3 Chain order parameter (Symy) results for DOPC with combined
SP-B and SP-C. Symbols give mean + S.D. for duplicate or triplicate
samples. The red line guides the eye. Measurements were performed at
the experimentally convenient temperature of 30 °C, well above the main
transition for DOPC.
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Fig. 4 Elasticity (Kc) for DOPC with the SPs. Symbols give mean + S.D. for
duplicate or triplicate samples. The red line guides the eye. Temperature =
30 °C.

To ensure that the results with DOPC extended to the
biological lipids, we repeated the measurements with mixtures
of N&PL and CLSE. Measurements at 37 °C and 40 °C yielded
similar results. At 37 °C, coexistence of gel and fluid phases®®
complicated the analysis. We therefore only report data collected
at 40 °C. These samples varied the amount of protein combined
with the complete set of surfactant lipids. The measurements
again showed a strong correlation of Sy, and Kc. Samples in
which Sy, indicated greater chain disorder (Fig. 5) also had
lower K values (Fig. 6), indicating a softer membrane. The dose-
response to the proteins, however, was much more erratic than
with DOPC, particularly for K¢ (Fig. 6).

The results for Sy, and Kc demonstrated a disparity
between the effects of the proteins on the two sets of lipids.
Prior studies of adsorption, however, have suggested that the
proteins similarly promote adsorption of DOPC'**® and the
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Fig. 5 Sxay for N&PL with added CLSE. Symbols give mean + S.D. for
duplicate or triplicate samples. Measurements were performed at 40 °C to
avoid the complicating presence of the Lg phase at 37 °C.>®
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Fig. 6 Kc for N&PL/CLSE mixtures at different Xc se. Temperature = 40 °C.

surfactant lipids."*>>® This observation suggested that the kinetics

of adsorption might correlate poorly with Sy, and Kc. To address
this issue, we determined the dose-response of adsorption for the
proteins with the two lipids.

Prior and current results (Fig. 2) indicate that the most
important effects of the proteins occur during the final stages
of adsorption, at surface tensions below 50 mN m™ . In that
stage, the fall in surface tension, which initially slows progres-
sively, abruptly accelerates in samples containing the proteins.
To quantitate adsorption in this critical lower range, our
experiments let surface tension fall to 40 mN m™ ' (Fig. 7A)
during adsorption to a constant surface area. We then mea-
sured isobaric adsorption to an interface held at constant
surface tension (Fig. 7B). To the extent that a given surface
tension corresponds to a specific surface concentration, the
change in interfacial area during isobaric measurements
directly reflects molecular flux to and from the surface.®®
For samples of DOPC alone, which failed to reach a surface
tension of 40 mN m ™" during incubation for 66 h, the rate of
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Fig. 7 Adsorption of DOPC with variable amounts of the SPs. (A) Initial adsorption to a surface with constant area. Time was set to zero at the end of this
segment. The x-axis is split to display adsorption with different kinetics. (B) Subsequent isobaric adsorption, with the interface held at a surface tension of
40 mN m™L. For both panels, symbols show mean =+ S.D., while solid lines show a representative trace. n > 4. Temperature = 30 °C.

isobaric adsorption was considered zero. With the proteins
present, the rate increased with greater amounts of the SPs
(Fig. 7B).

The SPs with the surfactant lipids produced changes in
adsorption (Fig. 8) similar to their effects on DOPC (Fig. 7),
and a similar discrepancy with the results from XDS. N&PL
alone failed to reach 40 mN m™ "' during adsorption for 83 h
(Fig. 8A). Samples at Xcisg = 0.1 adsorbed to 40 mN m™*
(Fig. 8A), but the rate of isobaric expansion at that surface
tension was minimal (Fig. 8B). Increasing X¢; sk to 0.3 and then
0.5 produced an incremental increase in the isobaric rate. The
kinetics at X¢; s = 0.5 approximated the rate for CLSE, indicating

>
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that the proteins achieved their maximal effect below physio-
logical levels.

The dose-response for both lipids followed a sigmoidal
trend, with lower concentrations of protein producing little
effect at and below 0.3 wt% (Fig. 9A (DOPC) and B (N&PL/
CLSE)). This behavior was different from the changes in Sy
and K¢ produced by the proteins in both lipids.

4. Discussion

These studies concern one of the earliest models of how pulmonary
surfactant functions in the lungs. The classical model proposes

180 IIIIIIIIIIIIIIIIIIII IIIIIIII

100

0 5 10 15 20 25
Time, min.

Fig. 8 Adsorption of surfactant lipids with variable amounts of the SPs. (A) Initial adsorption to a surface with constant area. (B) Subsequent isobaric
adsorption, with the interface held at a surface tension of 40 mN m™, Details as in Fig. 7, except temperature = 40 °C.
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Fig. 9 Effects of the SPs on rates of isobaric adsorption at 40 mN m~* (Fig. 7B and 8B). (A) DOPC. (B) N&PL/CLSE. Lines guide the eye. Symbols give

mean + S.D.n > 4.

that the alveolar film which sustains low surface tensions is an
ordered structure containing mostly dipalmitoylphosphatidyl-
choline (DPPC). That compound represents the most prevalent
constituent of pulmonary surfactant from most mammals.®' DPPC
by itself, however, adsorbs slowly.®>*® Early investigators proposed
that the other constituents generate disorder in the bilayers of the
freshly secreted surfactant vesicles, making them more fluid, and
allowing adsorption to proceed more rapidly.>®* This proposal
preceded the discovery of the hydrophobic surfactant proteins,
but it naturally extends to explain their essential role in promoting
adsorption. The model leads directly to hypotheses concerning
the mechanisms by which the proteins promote adsorption. They
should disorder the surfactant lipids and decrease the rigidity of
lipid leaflets, resulting in their kinetic effect.

Despite the early formulation of this model, these hypotheses
have largely gone untested. The measurements of XDS here
determine the effects of the proteins on both lipid-order and
the bending modulus of lipid bilayers. Our experiments consider
the dose-response of the proteins with both DOPC, used as a
simple, well characterized model system, and the complete set of
surfactant lipids. We then compare the effects of the proteins on
adsorption with the changes determined by XDS. This comparison
tests whether structural effects of the proteins, and the resultant
changes in membrane-elasticity, correspond to functional changes
in adsorption.

The effects of the proteins on Syr,y and K¢ agree well. These
variables are determined independently from WAXS and LAXS,
respectively. With both lipids, for all doses of the proteins,
changes in S,y shift K¢ in the same direction. Loss of order in
the lipids decreases the rigidity of the bilayers. The results are
self-consistent and expected.

The values of Sy, also generally agree with expected behavior.
Prior compositional determinations of the lipids in CLSE indicate
that the phospholipid acyl chains are ~25% monounsaturated
and ~75% saturated."" Values of Sy, obtained by adding
cholesterol to pure lipids allows estimation of the order parameter
for this composition.*”** These calculations indicate that N&PL
should have S, = 0.515, close to our measured value of 0.5.

This journal is © The Royal Society of Chemistry 2021

The dose-dependence of Sy, and K¢ on the proteins, however,
is dramatically different for the two lipids. With DOPC, the
proteins produce a monotonic decrease in both variables. With
the surfactant lipids, the change in these variables with increasing
protein is reproducible, found with different samples during
separate trips to CHESS, but erratic. Those changes correspond
poorly to known structural alterations produced by the proteins
with the surfactant lipids.>® At 40 °C, WAXS from N&PL shows
weak diffraction that suggests a correlation among the phospho-
lipid headgroups.” Increasing amounts of the proteins, achieved
by adding CLSE, diminished this signal monotonically. The
progression and elimination of that structure corresponds poorly
to the behavior of the bilayers shown here.

Similar variable behavior occurs in a different system.
Increasing amounts of an exogenous antimicrobial peptide
produces similarly irregular changes in the elasticity of lipids
that mimic the membranes of Gram-negative bacteria.’” Inter-
actions of the peptide at increasing concentrations with different
components of the mixed lipids may explain that variation.
Aggregation of the proteins could also play a role.®® Our results
here provide no insights concerning whether similar variations
of interactions between the SPs and the surfactant lipids cause
the changes in Kc.

The correspondence between the variables obtained by XDS
and the kinetics of adsorption for both lipids is poor. The
proteins produce a well behaved variation of isobaric adsorp-
tion with both lipids. The lipids alone fail to reach the equili-
brium spreading tension of ~25 mN m™'. Small amounts of
protein allow both lipids to lower surface tension further, but
the rate of isobaric adsorption is minimal. For DOPC, levels of
protein that dramatically soften the bilayer have little effect on
the isobaric adsorption. The marked acceleration of adsorption
by DOPC occurs at levels of protein where elasticity has leveled.
For the surfactant lipids, the progressively faster adsorption
produced by the proteins corresponds poorly with their variable
effects on Sy,y and K. The lack of correlation strongly suggests
that facilitation of adsorption by the proteins is unrelated to
their effects on chain-order and elasticity.
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Adsorption of surfactant vesicles may occur by a process
similar to the fusion of two bilayers. Vesicles insert into the air/
water interface as complete packets.®®”®® The proteins that
facilitate adsorption also promote the fusion of vesicles.®®”°
Highly curved structures proposed as intermediates that minimize
exposure of hydrophobic groups to the aqueous environment
during fusion”* would provide the same advantage during adsorp-
tion.”> The proposed intermediate involves both mean and Gaus-
sian curvatures as prominent features. The bending energy
required to form these structures would benefit from changes in
spontaneous curvature of the leaflets, and in both K and the
Gaussian modulus.”® The proteins produce major changes in
spontaneous curvature.”* They also induce conversion of lamellar
phospholipids to bicontinuous cubic phases.” This transition to
structures with negative Gaussian curvature could reflect simply
the change in spontaneous curvature, or a shift in the Gaussian
modulus, which is experimentally inaccessible.”® The poor correla-
tion here between elasticity and adsorption suggests that softening
of the bilayers does not explain the functional effect of the
proteins. The change in the spontaneous curvature of the leaflets,
and possibly a shift in the Gaussian modulus, represent more
likely mechanisms.

5. Conclusions

Increasing concentrations of the SPs produce dose-related
increases in the adsorption of both DOPC and the surfactant
lipids. At a constant surface tension of 40 mN m™', the rate at
which adsorption increases surface area shows a sigmoidal
dependence on the content of protein. The greatest kinetic
effect occurs when the protein/lipid ratio is roughly half of the
physiological level. This behavior corresponds poorly with the
dose-dependent effects of the proteins on the order of the lipid
chains and the bending modulus. The lack of correlation
suggests that the previously demonstrated effects of the proteins
on curvature and the formation of structures with Gaussian
curvature may represent a better explanation for the ability of
the proteins to promote adsorption.
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