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ABSTRACT The composition of pulmonary surfactant membranes and films has evolved to support a complex lateral structure,
including segregation of ordered/disordered phases maintained up to physiological temperatures. In this study, we have
analyzed the temperature-dependent dynamic properties of native surfactant membranes and membranes reconstituted from
two surfactant hydrophobic fractions (i.e., all the lipids plus the hydrophobic proteins SP-B and SP-C, or only the total lipid
fraction). These preparations show micrometer-sized fluid ordered/disordered phase coexistence, associated with a broad endo-
thermic transition ending close to 37°C. However, both types of membrane exhibit uniform lipid mobility when analyzed by elec-
tron paramagnetic resonance with different spin-labeled phospholipids. A similar feature is observed with pulse-field gradient
NMR experiments on oriented membranes reconstituted from the two types of surfactant hydrophobic extract. These latter
results suggest that lipid dynamics are similar in the coexisting fluid phases observed by fluorescence microscopy. Additionally,
it is found that surfactant proteins significantly reduce the average intramolecular lipid mobility and translational diffusion of phos-
pholipids in the membranes, and that removal of cholesterol has a profound impact on both the lateral structure and dynamics of
surfactant lipid membranes. We believe that the particular lipid composition of surfactant imposes a highly dynamic framework on
the membrane structure, as well as maintains a lateral organization that is poised at the edge of critical transitions occurring

under physiological conditions.

INTRODUCTION

The lungs of air-breathing vertebrates must cope with a deli-
cate balance of physical forces derived both from the exposure
of a large surface for gas exchange with the environment, and
from the presence at such surfaces of a thin layer of aqueous
fluid. Thus, the respiratory epithelium has evolved to produce
and secrete a lipid-protein complex, pulmonary surfactant,
the main function of which is to reduce the surface tension
at the respiratory air-liquid interface, stabilizing the lungs
against physical forces tending to collapse (1,2); ~80% by
mass of surfactant is phospholipids, which are stored in pneu-
mocytes in the form of tightly packed bilayers, whose
unpacking on secretion and efficient adsorption at the alveolar
interface requires the presence of a pair of specialized hydro-
phobic proteins, SP-B and SP-C (3). These proteins, each
constituting <1% by mass of surfactant, facilitate rapid
movement of surfactant phospholipids to spaces close to the
air-liquid interface and their efficient transfer from bilayers
to the interface. Lack of, or alteration in, surfactant is associ-
ated with severe respiratory pathologies (4). Pulmonary surfac-
tant films are particularly enriched in phospholipid species
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bearing saturated acyl chains, such as dipalmitoylphosphati-
dylcholine (DPPC), which accounts for ~40% of surfactant
by mass in most animal species (5). Another 25% of surfactant
consists of unsaturated phosphatidylcholine species and 15%
is composed of anionic phospholipids, which are involved in
lipid-protein interactions with the cationic segments of surfac-
tant proteins SP-B and SP-C (6). To complete pulmonary
surfactant lipid composition, proportions of ~5-10% by
weight are taken up by neutral lipids, mainly cholesterol.
Current models propose that saturated and unsaturated
phospholipid species are integrated in surfactant membranes
and films to form a complex heterogeneous structure. Some
membrane and monolayer regions (domains) accumulate
and segregate saturated phospholipid species, mainly DPPC
(7), which are suited to support the highest pressures occur-
ring at the end of expiration. On the other hand, regions in
surfactant membranes enriched in unsaturated phospholipid
species, where the hydrophobic surfactant proteins partition,
could provide suitable environments for the structural trans-
formations associated with reversible bilayer-monolayer
transitions (reviewed in Perez-Gil (8)). Interestingly, a ther-
motropic transition occurs in surfactant membranes at around
physiological temperatures, which disorders a substantial
proportion of the ordered, presumably DPPC-enriched,
regions in both membranes (9) and interfacial monolayers
(10). It has been argued, therefore, that the lateral structure
of surfactant membranes could be specially optimized to
sustain dynamic performance under physiological conditions
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(11). So far, however, few studies have addressed the dynamic
and thermotropic properties of phospholipids in surfactant
membranes under physiologically relevant conditions.

The main goal of this study is to characterize the dynamic
parameters of phospholipids and their temperature depen-
dence in native surfactant membranes and in membranes
reconstituted from various surfactant components.

MATERIALS AND METHODS
Materials

Fluorescent probes, 1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine
perchlorate (DiIC18), 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a, 4a-diaza-
sindacene-3-pentanoyl)- 1 -hexadecanoyl-sn-glycero-3-phosphocholine (Bod-
ipy-PC), and 6-lauroyl-2-(N,N-dimethylamino)naphthalene (LAURDAN)
were from Molecular Probes (Invitrogen, Copenhagen, Denmark). Spin-
labeled stearic acid and phosphatidylcholine with the nitroxide group at
different positions in the sn-2 acyl chain were synthesized as described in
Marsh and Watts (12).

Native pulmonary surfactant (NPS) was isolated from bronchoalveolar
lavage fluid as described previously (13). Native pulmonary surfactant extract
(NPSE) was obtained by chloroform/methanol extraction and contains all
lipid species plus the hydrophobic proteins SP-B and SP-C. The whole lipid
fraction (NPSL) was obtained by removing protein from phospholipid and
neutral lipid components of NPSE with Sephadex LH-20 chromatography,
as described and analyzed elsewhere (14). Fractionation of NPSE in LH-20
under the conditions proposed by Discher and co-workers (15) allowed obten-
tion of the protein-free and cholesterol-free phospholipid fraction (NPSP) of
surfactant. The lipid composition of the different fractions is described else-
where. NPSL and NPSP fractions contained no detectable protein, as assessed
by electrophoresis and amino acid analysis.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis of NPS or the multilamel-
lar suspensions of NPSE, NPSL, or NPSP in 150 mM NaCl, 5 mM Tris
buffer pH 7, was carried out in a MicroCal VP-DSC (Northampton, MA)
microcalorimeter. Samples contained 15 mM total phospholipid concentra-
tion and the scan rate was 0.5 K/min, with buffer in the reference cell. Five
temperature scans between 15°C and 60°C were collected from each sample.
The calorimetric experiments were repeated at least three times with two
different sets of samples, and the results were comparable, with enthalpy
variations of <10% from sample to sample. Data presented correspond to
illustrative experiments carried out with a coherent set of samples, origi-
nating from the same surfactant starting material.

Confocal and two-photon excitation fluorescence
microscopy

Giant unilamellar vesicles (GUVs) were used for fluorescence microscopy
experiments. A small trace (0.1 mol %) of lipophilic fluorescent probe
(DiIC,g, Bodipy-PC, or LAURDAN) was incorporated into the giant vesi-
cles. Conditions for observation were described previously (9). Changes
in shape and size of microdomains produced on illumination were never
observed in GUVs made of the natural samples studied here. A Zeiss
LSM 510 META NLO microscope (Carl Zeiss, Jena, Germany) was used
in one- or two-photon excitation modes. Excitation wavelengths used
were 488 nm (Bodipy-PC), 543 nm (DiIC18), and 780 nm (LAURDAN
under two-photon excitation mode).

LAURDAN GP images were obtained following the general procedure
described previously (16), using fluorescence intensity images obtained
simultaneously in the blue and red regions of the emission spectrum (band-
pass filters 428 + 37 nm and 515 * 15 nm, respectively).
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Electron paramagnetic resonance spectroscopy

The required spin-labeled lipid was incorporated into surfactant preparations
at a level of 1 mol%. NPS was labeled from a trace volume of methanol, fol-
lowed by washing to remove nonincorporated probe and residual solvent.
Surfactant extracts, NPSE, NPSL, and NPSP, were doped with the spin-
labeled lipid in CHCl;/MeOH (2:1, v/v), before drying and suspending in
100 uL of 150 mM NaCl, 5 mM Tris buffer, pH 7. Samples were pelleted
in the 100-uL capillary tubes used for electron paramagnetic resonance
(EPR) spectroscopy by centrifugation at 3000 rpm in a bench centrifuge.
EPR spectra were recorded with a Bruker 9-GHz EMX spectrometer equip-
ped with a nitrogen gas-flow temperature regulation system. See Perez-Gil
et al. (17) for details of spectral analysis. Figures represent illustrative
data after repeating the experiments with independently purified batches
of native pulmonary surfactant fractions, which showed similar qualitative
behavior and comparable quantitative hyperfine splittings.

Pulsed field gradient NMR

Macroscopically oriented lipid or lipid-protein bilayers were prepared with
excess water as reported previously (18). The *'P-NMR lineshape gave
a lower estimate for the degree of alignment, which varied from 65% to
85%. Measured lipid diffusion coefficients did not depend on the degree
of alignment. Diffusion measurements were carried out on a Chemagnetics
Infinity NMR spectrometer operating at a proton frequency of 400 MHz and
equipped with a specially designed goniometer probe that enabled macro-
scopically aligned bilayers to be oriented with the bilayer normal at the
magic angle (54.7°) with respect to the static magnetic field. This procedure
eliminates dipolar interactions that would otherwise obscure the diffusion
measurement. Temperature was controlled to within =0.5°C by a heated
air stream passing the sample. The stimulated spin-echo pulse sequence
was used (19), in which the field gradient amplitude was varied while
keeping all other parameters constant. Data were analyzed with the CORE
method for global analysis of the entire data set (20). The analysis identified
one fast component originating from water and one slow component
assigned to the phospholipids. Because of spectral overlap of the resonances
from different lipids, no assignment can be made to specific lipid compo-
nents. Detailed discussion of the data analysis (e.g., the conditions for a lipid
diffusion decay to consist of one or two components) can be found in Oradd
and Lindblom (21). Measurements were carried out in the temperature range
20-60°C, starting from the highest temperature. At each temperature, two
diffusion experiments were carried out, in which the diffusion time, A,
was 15 and 100 ms, respectively. The diffusion coefficients obtained did
not depend on the value of A.

RESULTS

It has been shown recently that membranes from native
pulmonary surfactant exhibit coexistence of liquid-ordered
and liquid-disordered regions, with a thermotropic transition
close to physiological temperatures (9). Fig. 1 compares DSC
thermograms of the four membrane preparations used in this
study. All thermograms display a broad asymmetric endo-
thermic peak, with a maximum at ~32°C and a relatively sharp
completion at temperatures slightly above 37°C. Similar scans
were obtained previously from animal surfactant preparations
(22) and confirm that the lipid component of surfactant is
mainly responsible for the transition associated with phase
separation, because NPSL membranes behave similarly to
NPS or NPSE membranes. NPSP membranes reconstituted
from the phospholipid fraction depleted of cholesterol show
asharper thermotropic transition, which is completed by 37°C.
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FIGURE 1 Thermotropic behavior of native pulmonary surfactant and
membranes reconstituted from its fractions. DSC thermograms were obtained
from suspensions of native pulmonary surfactant purified from porcine lungs
(NPS), or reconstituted from surfactant organic extract containing all the
lipids and the hydrophobic proteins (NPSE), the whole lipid fraction of
surfactant depleted of proteins (NPSL), or the phospholipid fraction of sur-
factant (NPSP) resulting from removal of proteins and neutral lipids from
the organic extract. Suspensions with 1 mg/mL phospholipid concentration
were scanned at 0.5 K/min. The dashed line marks 37°C.

Table 1 gives the thermodynamic parameters of the ther-
motropic transitions in the different surfactant membranes
studied. All the samples exhibit a relatively low enthalpy, on
the order of 2—3 kcal/mol, associated with the transition from
ordered to disordered phases. For comparison, the chain-
melting enthalpy of pure DPPC membranes is ~7.5 kcal/mol.
The lower enthalpy for surfactant membranes is therefore
more characteristic of a fluid-fluid transition than a gel-fluid
transition (e.g., Marsh (23)). Protein-containing membranes
show transitions with somewhat lower enthalpies, ~2 kcal/
mol, than those of protein-free membranes, which are
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TABLE 1 Thermodynamic parameters of the calorimetric
transition of native pulmonary surfactant and its reconstituted
fractions

AH (kcal/mol) T, (°C) AT, (°C)
NPS 2.1 332 8.7
NPSE 1.9 32.0 9.2
NPSL 33 314 9.0
NPSP 2.6 30.2 8.0

~3 kcal/mol. Lipid-protein interactions with surfactant proteins
SP-A, SP-B, and SP-C therefore reduce the total enthalpy of
transition per mol of lipids, presumably because of perturba-
tion of the transition for lipids in contact with the proteins.

Confocal microscope images of GUVs composed of the
different surfactant materials confirm that increasing temper-
ature causes transition of a substantial proportion of micro-
scopic-sized ordered-like domains (Fig. 2). Membranes of
GUVs from NPS, NPSE, or NPSL show a coexistence of
two liquid phases at temperatures below 37°C. These consist
of disordered-like domains (yellow-green, labeled with Bod-
ipy-PC), presumably enriched in unsaturated phospholipid
species (~25% of total lipid), dispersed in a background
of an ordered-like phase (red, labeled with DiIC18), presum-
ably enriched in DPPC (~40% of total surfactant mass).
Membranes of NPSP show a completely different mor-
phology, which is consistent with a gel/fluid type of coexis-
tence, although the total transition enthalpy is much too low
for such a transition. Heating GUVs to temperatures above
physiological (i.e., to 40°C) results in disappearance of
most of the ordered phase, yielding a lateral structure domi-
nated by a presumably liquid-disordered phase but containing
aminor fraction of lipids in which the fluorescent probes have
only limited solubility, and whose composition and order/
packing are difficult to infer.

To obtain further insight into the properties of the phases
segregated in surfactant membranes we have recorded con-
focal fluorescence images under two-photon excitation con-
ditions of GUVs doped with traces of the probe LAURDAN
(Fig. 3). LAURDAN partitions evenly in membranes display-
ing phase coexistence, and its emission is highly sensitive to
the extent of water dipolar relaxation of the local probe envi-
ronment, which in turn depends on lipid packing. Images in
Fig. 3 show segregation of ordered and disordered phases
observed at 20°C in NPS, NPSE, and NPSL membranes, re-
vealed by differences in the LAURDAN generalized polariza-
tion (GP). Table 2 summarizes the values of LAURDAN GP
determined from the two types of phases. In the three types of
membranes, the more ordered phase shows LAURDAN fluo-
rescence with similar GP values of ~0.34-0.36, coexisting
with regions of a significantly lower GP, in the range 0.07-
0.11 that is characteristic of a more disordered phase. These
values of GP are typical for liquid-ordered/liquid-disordered
phase coexistence, as determined in simple binary and ternary
cholesterol-containing lipid mixtures (24).
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To explore the order/mobility of phospholipids in the
different pulmonary surfactant membranes further, we used
EPR of native pulmonary surfactant membranes doped
either with phosphatidylcholine spin-labeled on C-4 of the
sn-2 chain (4-PCSL) or with the corresponding stearic acid
(4-SASL). The spin-label EPR spectra are shown in Fig. S1
in the Supporting Material. The outer hyperfine splitting
(2Ahax) from 4-PCSL and 4-SASL in surfactant membranes
decreases progressively with increasing temperature, as a
result of the increased phospholipid chain mobility at higher
temperatures. However, there are no abrupt increases in split-
ting or sharpening of the spectra that would indicate a cooper-
ative transition from ordered/immobilized to disordered/
mobile states in the temperature range where transitions are
detected by DSC or fluorescence microscopy. Further, there
is no indication of coexistence of components with different
mobility in the spectra from surfactant membranes labeled
with 4-PCSL, at any temperature. Therefore, the dynamics
of the lipid probes incorporated into the two regions must
be similar, at least for segments of the acyl chains close to
the phospholipid headgroups.

Fig. 4 compares the temperature dependence of 2A,.x,
from EPR spectra of phospholipid probes with the nitroxide

GP,=0.055

GP,=0.119

GP,=0.427 GP,=0.414
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FIGURE 2 Effect of temperature on
phase segregation in native pulmonary
surfactant and membranes reconstituted
from its fractions Segregation of phases
at temperatures below (25°C) and above
(40°C) of the thermotropic transition
of surfactant membranes was observed
by confocal microscopy of GUVs
produced from native pulmonary surfac-
tant (NPS) or its fractions (NPSE, NPSL,
NPSP), doped with 0.1 mol % each of
the probes DIIC18 (red) and Bodipy-
PC (yellow-green). The scale bar repre-
sents 10 um for all images except that
of the GUV from NPS and observed at
40°C, which has its own smaller scale
bar (also representing 10 um).

group closer to the headgroup, at C-4 or C-8 of the chain, or
closer to the center of the bilayer at C-12 or C-16, in
membranes of NPSE, NPSL or NPSP. All have similar
thermotropic profiles when probed with 4-PCSL or 8-PCSL.
Chain mobility increases progressively with increasing
temperature, but with no indication of sharp transitions to
more mobile states in any range. Close to the end of the chain,
the 16-PCSL probe attains full, near-isotropic, rotational
mobility at temperatures above 10°C. At the C-12 position
of the chain, a region typically affected by transmembrane
proteins, the spectra indicate near-isotropic rotation first at
temperatures between 25 and 35-37°C. The exact point is
difficult to estimate because the line widths (determined by
the rate of motion) are comparable to the residual anisotropy.
Relative line heights of 12-PCSL (see Fig. S2) confirm, more
sensitively, the nearly isotropic motion above 25°C. At
temperatures >30°C, the mobility of 12-PCSL is reduced in
samples of NPSE, presumably by lipid-protein interactions.
As for 4-PCSL, there was no indication of coexisting spectral
components from lipid populations with different mobilities
for any of the different chain positions.

A direct comparison of EPR spectra from different posi-
tional isomers of the spin probe at 37°C shows that, at

FIGURE 3 Packing and hydration
properties of phases segregated in native
pulmonary surfactant and membranes
reconstituted from its fractions, as evalu-
ated by the fluorescence of LAURDAN.
Images have been taken by two-photon
excitation confocal microscopy of GUVs
from native pulmonary surfactant (NPS)
or its fractions (NPSE, NPSL, NPSP),
doped with 0.1 mol % of LAURDAN,
at 20°C. Values of generalized polariza-
tion (GP) indicated are representative of
measurements at the fluid disordered
domains (green, 1) and at the fluid
ordered background (orange-red, 2).

GP,=0.392
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TABLE 2 GP of LAURDAN emission in the fluid ordered and
fluid disordered regions of native pulmonary surfactant
membranes or membranes reconstituted from its fractions

LAURDAN GP*

Fluid ordered Fluid disordered
NPS 0.37 = 0.06 0.11 = 0.02
NPSE 0.36 = 0.04 0.07 = 0.03
NPSL 0.34 = 0.06 0.09 = 0.02

GP, generalized polarization.
*Values are average (N =5) = SD. T = 20°C.

physiological temperature, the phospholipid chain segments
near the headgroup region (sensed by 4- and 8-PCSL) have
similarly restricted mobility in NPS, NPSE, and NPSL
membranes and similar near-isotropic mobility at the terminal
methyl ends of the acyl chains (i.e., 16-PCSL), (see Fig. S3).
The spectrum of 12-PCSL in NPSE membranes corresponds
to aregion of the EPR timescale that is particularly sensitive to
differences in amplitude and rates of rotational diffusion (e.g.,
Polnaszek et al. (25)) and is indicative of a markedly reduced
lipid mobility compared with the spectra of protein-free
surfactant bilayers, at temperatures both below and above
physiological values (Fig. 5). Fig. 6 compares the full lipid
chain flexibility gradient in the different surfactant mem-
branes studied, at temperatures around the physiological
values. Differences in 2A,,,x are higher at temperatures below
40°C, with the order of mobility being in general terms NPS <
NPSE < NPSL < NPSP. Maximal differences in mobility of
the acyl chains are detected in the segments around carbon 12
of the chains (cf. above).

The information provided by spin-label EPR refers to the
mobility of the phospholipid acyl chains, determined by
rotational diffusion of the phospholipids and trans-gauche
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isomerizations about the C-C bonds in the chains. To obtain
information about translational diffusion of phospholipids
within the membrane plane, we have carried out experiments
using proton pulse-field gradient NMR (pfg-NMR) with
macroscopically oriented bilayers. Several studies have
shown that macroscopically oriented membranes can be used
as model systems when appropriately hydrated. Properties
such as lipid transition temperatures, miscibility transition
temperatures and lipid lateral diffusion coefficients agree
with measurements carried out on giant liposomes and multi-
lamellar dispersions (26-29), showing that the glass plate-
assisted orientation does not change the bilayer properties.
Pfg-NMR has been used to determine the translational diffu-
sion coefficients (Dy ) of phospholipids in several membrane
models, and particularly to characterize the effect of choles-
terol and the presence of liquid-ordered phases on the in-
plane lateral diffusion of phospholipids in bilayers (30).
The detection of two significantly different values of Dy is
interpreted as the coexistence of two lipid populations with
different diffusion properties, e.g., lipids in liquid-ordered
and in liquid-disordered environments (28,30).

Our pfg-NMR data from surfactant preparations could
always be fitted with just one phospholipid lateral diffusion
coefficient, despite the fact that the corresponding membranes
showed phase segregation under the confocal microscope (as
seen in Figs. 2 and 3). Attempts to add a second lipid diffusion
component did not result in any appreciable decrease in the
normalized global sum of squares of errors and produced irra-
tional spectral lineshapes and diffusion coefficients (see
Oradd and Lindblom (21) for details on the procedures used
to determine the number of components that can be resolved
by this method). Fig. 7 shows representative plots of Dy, for
three types of surfactant membranes, as a function of

4 FIGURE 4 Temperature dependence of the mobility of
different segments of the phospholipid acyl chains in native
1 pulmonary surfactant and membranes reconstituted from
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FIGURE 5 Effect of temperature on the dynamics of the 12-carbon
segment of the phospholipid acyl chains in native pulmonary surfactant
and membranes reconstituted from its fractions EPR spectra of native surfac-
tant (NPS) or its reconstituted fractions (NPSE, NPSL, NPSP), doped with
a phosphatidylcholine probe spin labeled at the 12-carbon of the sn-2 acyl
chain, have been obtained and compared at the temperatures indicated.

temperature. Values of Dy at selected temperatures are
summarized in Table S1. The absolute error in the measure-
ments is estimated as =0.5 ,u,mz/s, based on the error estima-
tion routine in the CORE software and the variability of
results from several measurements on the same sample.
Results from different sample preparations were qualitatively
similar but with differences of up to 1 um?/s, reflecting the
difficulty of obtaining the same lipid composition for different
surfactant preparations. The values of D; obtained from
surfactant are in reasonable agreement with data from model
membranes composed of mixtures of synthetic phospholipids
and cholesterol (30). In general, the membranes investigated
in this study show smaller differences in Dy, compared with
the model membranes. This is probably a consequence of
the more complex mixture of lipids in samples of biological
origin. In all three systems, the phospholipid lateral diffusion
coefficient increases progressively with increasing tempera-
ture. All temperature profiles for D} show an inflection point
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at ~35°C, a temperature close to completion of the transition
from the ordered state that was seen by calorimetry and fluo-
rescence microscopy.

The lipid lateral diffusion coefficients determined in
membranes of NPSE, which contain the hydrophobic proteins
SP-B and SP-C, were lower than those determined at similar
temperatures in membranes depleted of proteins, both in the
presence and absence of cholesterol. This indicates that
surfactant proteins SP-B and SP-C reduce the lateral mobility
of phospholipids in surfactant membranes. In the absence of
proteins, we detect a difference in the lateral diffusion of
phospholipids between membranes with and without choles-
terol that is larger at temperatures below the calorimetric
transition. Below 32-35°C, the lateral diffusion of lipids in
NPSP membranes is significantly faster than that in NPSL
membranes. This is possibly due to the different character
of the low-temperature phase coexistence in the presence
(liquid-ordered/liquid-disordered type) and absence (gel/
liquid-disordered type) of cholesterol. Above 35°C, the lateral
diffusion coefficients of lipids in membranes with and without
cholesterol are much closer, likely because both are domi-
nated by liquid-disordered phases.

DISCUSSION

Considerable evidence suggests that lipids and proteins are
sorted laterally in the membranes and films of pulmonary
surfactant to form regions with important compositional,
structural and dynamic differences (reviewed in Perez-Gil
(8)). Compression of films with the full compositional
complexity of pulmonary surfactant segregates domains of
a condensed phase, which is enriched in the main surfactant
phospholipid, the disaturated DPPC (7,31,32). An earlier
model proposed that the saturated DPPC acyl chains, which
permit high packing densities of the surfactant layers on
compression, are strictly necessary to provide maximal
stability at the end of expiration (5). Current models propose
that the mechanical stability required for interfacial surfac-
tant films to sustain the highest pressures—or lowest surface
tensions—on compression arises from the alloy character
of coexistence between fluid, disordered, but dynamic,
regions and the mechanical resistance of more highly
packed, ordered inclusions or domains (33,34). This picture,
however, has been described so far only in static terms and
does not consider the dynamic properties that can be of
crucial importance for understanding pulmonary surfactant
physiology.

The data presented here indicate that the two types of
regions segregated in surfactant bilayers and films have
a highly dynamic character. We have not been able to detect
coexistence of phospholipid populations with different mobil-
ities, as shown by EPR, in surfactant membranes that show
phase separation under the fluorescence microscope. This
suggests that the mobility of surfactant lipid chains does not
differ greatly between the fluid disordered and fluid ordered
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FIGURE 6 Effect of temperature on the chain flexibility
gradient of native pulmonary surfactant and membranes re-
constituted from its fractions. Outer hyperfine splittings,
n 2Amax, from EPR spectra of n-PCSL in native surfactant
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regions, or that exchange of phospholipid molecules between
these two types of region is faster than the difference in hyper-
fine splittings of their EPR spectra, which is maximally on
the order of 10® s~ Resolvable differences in lipid mobility
between coexisting liquid-ordered and liquid-disordered
regions of sphingomyelin/cholesterol membranes have been
reported from EPR spectra (35), indicating that the spin-
labeled lipids can certainly partition into and probe the two
types of phases (24). This, therefore, suggests that the phases
segregated in pulmonary surfactant are more dynamic or
more heterogeneous than those resolved in a canonical /,-Iy
coexistence.

Pfg-NMR shows heterogeneity of lateral diffusion coeffi-
cients in membranes that exhibit canonical coexistence of
liquid-ordered and liquid-disordered phases (30). Lipids in
the liquid-ordered phase have a slower rate of translational
diffusion than those in liquid-disordered regions. These
NMR experiments find no evidence for more than one
lipid lateral diffusion coefficient in any of the surfactant
membranes studied. One reason for this can be that the lateral
mobility of the lipids is similar in the two phases, making it
difficult to resolve two diffusion coefficients. If the diffusion
coefficients differ by less than a factor of two, this might not be
detected, especially if the fraction of one of the components is
small. Thus, if the slower diffusion in the fluid ordered state is
balanced by a similar reduction of Dy, in the fluid disordered
state, due to association of the hydrophobic proteins, the
two-phase coexistence will not be detected. Adsorption of
polylysine to cationic lipid membranes indeed induces
a reduction in Dy comparable to that observed in liquid-
ordered phases (A. Filippov, G. Orddd, and G. Lindblom,
unpublished). Close examination of surfactant membrane
structure on the nanometer scale by atomic force microscopy
shows that the micrometer-sized ordered and disordered
regions are really composed of much smaller ordered and
disordered nanodomains (see Fig. S4). Lateral diffusion coef-
ficients determined in the NMR experiments could then corre-
spond to the average diffusion of lipid molecules among
several ordered and disordered regions. The mean distance
traveled by a lipid in the pfg-NMR experiment is ~(4D; A)"?,
which corresponds to ~1 um. The domains shown in Fig. 2 are
only slightly larger than 1 um, and the nanoregions revealed

g (NPS) or its reconstituted fractions (NPSE, NPSL, NPSP)
v B are plotted as a function of position, n, of the spin label
in the sn-2 acyl chain, for the temperatures indicated.
10 12 14 16

by atomic force microscopy are even smaller, suggesting
that pfg-NMR measurements could average lipid diffusion
over the domain heterogeneity. However, this could not
explain the detection of a single population of lipids on the
much shorter timescale of spin-label EPR.

The effect of temperature on the dynamic properties of
phospholipids in surfactant membranes, as analyzed in the
different experiments shown here, illustrates how pulmonary
surfactant lipid composition has probably evolved to sustain
a specific dynamic behavior under physiological conditions.
DSC, fluorescence, and NMR experiments show that pulmo-
nary surfactant membranes, at physiological temperatures,
are poised at the edge of a transition that has important
consequences for the distribution of lipid and protein molec-
ular species and their movement among the different surfac-
tant structures. The potential impact of proximity of critical
structural transitions to physiological conditions is probably
unique to lung surfactant (36). Under these circumstances,
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FIGURE 7 Effect of temperature on translational diffusion of phospho-
lipids in membranes reconstituted from fractions of pulmonary surfactant,
as determined by pfg-NMR. Temperature dependence of the lateral diffusion
coefficient (Dp) of phospholipids has been analyzed in aligned planar
membranes reconstituted from whole pulmonary surfactant organic extract
(NPSE), and from the organic extract depleted of proteins (NPSL) or
depleted of both proteins and cholesterol (NPSP).
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surfactant structures could display critical behavior, facili-
tating generation and transmission of local membrane pertur-
bations in response to, for instance, interfacial compression.
In contrast to the thermotropic behavior of much simpler
systems (17), the EPR spectra of natural surfactant mixtures
do not show marked differences in intramolecular lipid
dynamics when comparing temperatures above and below
the thermotropic transition. This indicates that surfactant
structures are similarly highly dynamic at the molecular
level, independent of their macroscopic behavior. The reason
for maintaining a dynamic surfactant structure close to such
a transition has still to be established. One possibility is that
environmental variables such as exposure to air, dehydration
or compression during the breathing cycle, could allow
surfactant to form surface films with a gradient of structural
properties, ranging from relatively ordered, mechanically
stable layers on the air-exposed side to very flexible
membrane structures on the water/epithelial surface side,
where the surface film has to integrate with newly secreted
surfactant structures.

Finally, the data presented here allow some discussion of
the possible role of cholesterol and the hydrophobic proteins
SP-B and SP-C in modulating the dynamic properties of
surfactant structures. Several recent studies have focused
on the effect of cholesterol on the surface activity of pulmo-
nary surfactant and concluded that surfactant can contain
maximally ~10% of cholesterol by mass with respect to
phospholipid without significant loss in ability to reach and
sustain very low surface tensions (37). Contents of choles-
terol higher than this are deleterious to surfactant function.
Along the same lines, surfactant from ARDS patients has
been found to contain abnormally high proportions of
cholesterol, which is proposed as one of the reasons for its
poor performance and a contribution to respiratory dysfunc-
tion (38). Our data suggest that the dynamic properties of
surfactant could be optimized for a narrow range of working
conditions, including lipid composition and temperature,
among other possible important variables. It was found
that the proportion of cholesterol changes in surfactant
from animals and humans experiencing strenuous exercise
(39). The level of cholesterol in surfactant could be subject
to tight physiological regulation to fulfill the breathing
requirements under different physiological conditions in
a manner that could be specific of each different animal
group (40). Alterations in surfactant compositional balance,
e.g., the precise levels of cholesterol, could result in subop-
timal performance and be a factor contributing to respiratory
pathology, stressing the importance of optimizing the
composition of the lipid component in the design of clinical
surfactants.

Surfactant proteins have a substantial capacity for modu-
lating the dynamic behavior of surfactant phospholipids in
defined ways. Surfactant proteins reduce the enthalpy associ-
ated with thermotropic transitions in surfactant membranes,
reduce the mobility of the lipid acyl chains, and cause
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a significant reduction in lateral diffusion rate of phospho-
lipid species in the plane of membranes. All these alterations
are probably related to perturbation by the proteins of phos-
pholipid packing in surfactant structures. Protein structures
segregated into dynamic membrane regions could limit the
lateral diffusion of phospholipids in the membrane plane
while facilitating their diffusion in the third dimension,
crossing interconnected membranes and films that form
part of a membrane surface phase (8). The results of this
study suggest that this surface phase has an intrinsically
dynamic behavior supported by an evolutionarily optimized
lipid and protein composition.
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