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Abstract

Pulmonary surfactant protein SP-C is a 35-residue polypeptide composed of a hydrophobic transmembrane alpha-helix and a
polycationic, palmitoylated-cysteine containing N-terminal segment. This segment is likely the only structural motif the protein projects out
of the bilayer in which SP-C is inserted and is therefore a candidate motif to participate in interactions with other bilayers or monolayers. In
the present work, we have detected intrinsic ability of a peptide based on the sequence of the N-terminal segment of SP-C to interact and
insert spontaneously into preformed zwitterionic or anionic phospholipid monolayers. The peptide expands the m—A compression isotherms
of interfacial phospholipid/peptide films, and perturbs the lipid packing of phospholipid films during compression-driven liquid-expanded to
liquid-condensed lateral transitions, as observed by epifluorescence microscopy. These results demonstrate that the sequence of the SP-C N-
terminal region has intrinsic ability to interact with, insert into, and perturb the structure of zwitterionic and anionic phospholipid films, even
in the absence of the palmitic chains attached to this segment in the native protein. This effect has been related with the ability of SP-C to

facilitate reinsertion of surface active lipid molecules into the lung interface during respiratory compression—expansion cycling.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

SP-C, one of the specific proteins assembled into the
lipid—protein complex of pulmonary surfactant, is a lip-
opeptide expressed specifically in lung tissue, synthesized
and secreted by the type II pneumocytes of the alveolar
epithelium.

The main function of pulmonary surfactant is the
stabilization of the bronchoalveolar structure of lungs
through modulation of the surface tension at the respiratory
air—liquid interface [1]. Phospholipids, especially dipalmi-
toylphosphatidylcholine (DPPC), play the major biophysical
role in surfactant, due to their unique physicochemical
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properties that allow formation of stable interfacial mono-
molecular films able to achieve and sustain very low surface
tensions. Other lipid components such as the anionic
phospholipid phosphatidylglycerol (PG) and specific sur-
factant-associated proteins are required for surfactant to
undergo complex and dynamic structural transformations in
the airways after its secretion from pneumocytes [2,3]. Such
transformations have the ultimate effect of facilitating rapid
movement of surface active species into the air—liquid
interface. Surfactant interfacial films are ultimately com-
posed of the phospholipid-enriched surface active mono-
layer and some associated bilayers that have been proposed
to act as a sort of surface-associated reservoir of surfactant
material [4,5].

Of the four specific surfactant-associated polypeptides,
SP-B and SP-C are very hydrophobic and are considered
essential in promoting transfer of lipids into the air—liquid
interface and modulating the physical properties of the
surfactant film under the dynamic conditions imposed by
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the respiratory cycle [6]. However, the precise role of SP-C in
the respiratory physiology has still to be fully defined. This
protein is not strictly required to initiate respiratory function
at birth as seen in animals where expression of the SP-C gene
has been genetically deactivated [7,8]. However, the lungs
from these SP-C knock-out animals seem to be intrinsically
unstable. Consistent with this fact, genetic deficiencies in the
structure and expression of the SP-C gene have been found in
patients developing chronic respiratory diseases [9—11]. In
vitro, SP-C has been shown to promote phospholipid
interfacial adsorption and to stabilize interfacial monolayers
subjected to dynamic compression—expansion cycling
[12,13]. SP-C seems also to participate in the formation of
the surface-attached surfactant reservoir providing a contin-
uous supply of surface-active molecules to replenish the
interfacial film during successive respiratory cycles [14,15].

SP-C is a 35-amino acid polypeptide, with a molecular
mass of 4 kDa [16]. Its three-dimensional structure has been
determined by NMR in chloroform/methanol solutions,
where it is completely soluble because of its extreme
hydrophobicity [17]. The protein consists of a regular
hydrophobic alpha-helix comprising 23 residues and a more
polar 10-residue N-terminal segment, which has no defined
conformation in organic solvents or in detergent micelles
[17,18] and contains stoichiometrically palmitoylated vicinal
cysteines [19]. The C-terminal a-helix adopts a transmem-
brane orientation in phospholipid bilayers [20,21] with the
N-terminal segment exposed to the aqueous phase [22,23],
being probably the only region available in SP-C to sustain
interactions with other bilayers or monolayers in surfactant.
Numerous studies have characterized the lipid—protein
interactions and lipid-perturbing effects of SP-C, in an
attempt to understand in molecular terms the ability of SP-C
to modulate the surface-active properties of surfactant [24—
27]. Palmitate chains as well as the positive charges in the N-
terminal region have been found in some studies to be
essential determinants for the surface active properties of SP-
C [27-31], although other studies have proposed that the
presence of the palmitate chains is not strictly required for
the main biophysical features of SP-C [15]. A major problem
is that most physicochemical features reported for SP-C are
dominated by contributions from the hydrophobic a-helix,
masking potentially relevant properties of the N-terminal
segment of the protein. The occurrence of selective lipid—
protein interactions involving this region of SP-C has been
studied previously using protein forms that were chemically
derivatized to introduce extrinsic probes at the N-terminal
end [23,32]. The main goal of the present work was to detect
and characterize potential interactions of a synthetic peptide
designed from the N-terminal segment of SP-C with model
phospholipid monolayers. We recently demonstrated that
this peptide associates spontaneously with phospholipid
membranes [33]. In the present work, we have also identified
an intrinsic propensity of the N-terminal region of the protein
to insert into and perturb phospholipid monolayers, even in
the absence of the palmitoylation that is present in the N-

terminal segment of the native protein. Such intrinsic lipid-
perturbing properties are likely relevant to the participation
of SP-C in pulmonary surfactant function.

2. Materials and methods
2.1. Materials

Chloroform (Chl) and methanol (MetOH) were HPLC-
grade solvents from Scharlau (Barcelona, Spain). The lipids,
dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphos-
phatidylglycerol (DPPG), and 1-acyl-2-[12-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phos-
phocholine (NBD-PC), were all purchased from Avanti
Polar Lipids (Birmingham, AL, USA).

2.2. Peptide synthesis and purification

The peptide studied in this work was synthesized by
Fmoc chemistry, purified by HPLC and analyzed by mass
spectrometry, as previously described [33,34]. The 13-
residue peptide pSP-Cp;wb, with sequence NH,W-R-I-P-
0-0O-P-V-N-L-K-R-LCONH,, was designed taking as a
model the sequence of porcine SP-C. The N-terminal Leu
residue in the native sequence was replaced in the synthetic
peptide by Trp, with the aim of using it as intrinsic probe to
characterize structure and lipid—protein interactions by
fluorescence spectroscopy [34]. The two Cys residues in
peptide pSP-Cp;wb have their side chains blocked by
acetamidomethyl groups (O) to avoid potential peptide
oligomerization. HPLC and mass analyses confirmed that
more than 80% of the peptide maintained the two cysteines
blocked, while a minor proportion had one blocked and one
free cysteine, and that at least 95% of the peptide certainly
conserved its monomeric character.

2.3. Peptide adsorption at the air—water interface

To follow adsorption of the peptide into an air—water
interface, the concomitant increase in surface pressure (Arn)
was monitorized with time (n—¢ isotherms) after injection of
an small volume of methanolic peptide solution into the
subphase. Injections of equivalent volumes of pure meth-
anol did not produce any detectable change in surface
pressure. Measurements were made in a Teflon trough
similar to that described by King and Clements [35],
designed for our laboratory by Nima, (Coventry, UK). The
subphase consisted of 1.5 mL of 5 mM Tris buffer pH 7,
containing 150 mM NaCl, thermostated at 25 °C and
subjected to continuous stirring.

2.4. Interaction of the peptide with preformed monolayers

Changes in surface pressure (An) were monitored upon
injection of small volumes of a methanolic peptide solution
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underneath phospholipid monolayers preformed in the
surface balance at different initial pressures 7;. Association
with and eventual insertion of the peptide into the interfacial
phospholipid film was detected by a subsequent increase in
surface pressure. The critical insertion pressure (m.) was
defined as the maximum initial pressure 7; of the monolayer
permitting peptide insertion, estimated from a plot of An
Versus ;.

Measurements were made under similar conditions to
those described above. Different monolayers were first
formed by spreading small volumes of a DPPC or DPPG
solution (1 mg/mL) in Chl/MetOH (3:1, v/v), on top of the
buffered subphase until the required pressure was achieved.
After 15 min equilibration to allow for solvent evaporation,
a small aliquot, typically 5—10 pL, of a concentrated peptide
solution in methanol was injected into the subphase and the
change in surface pressure was recorded.

2.5. n—A isotherms of lipid and lipid/peptide monolayers

The effect of the peptide on the compression isotherms of
phospholipids monolayers was analyzed in a Langmuir—
Wilhelmy surface balance (Applied Imaging, Dukesway
Team Valley, Gateshead, UK), equipped with a Teflon
through of 150 mL, thermostated at 22+ 1 °C. Lipid/peptide
monolayers were formed by first mixing the peptide and the
phospholipid, DPPC or the mixture DPPC/DPPG (7:3, mol/
mol) in Chl/MetOH (3:1, v/v) in the desired proportions.
Lipid or lipid/peptide organic solution was then spread on top
of a buffered (5 mM Tris, pH 7) subphase, containing 150
mM NaCl. Alternatively, monolayers of the same lipid and
lipid/peptide mixtures were tested on a Teflon ribbon-barrier
surface balance [36], which prevents leakage of monolayer
components at high m and on a balance equipped with an
epifluorescence microscopic attachment [37]. The mono-
layers initially occupied 160 cm? and were compressed at 20
mm?/s in all the balances, surface pressure—area (m—A) data
being collected using a Wilhelmy dipping plate attached to a
force transducer [37]. In the epifluorescence microscopy
experiments, the monolayers were compressed in 20 steps
and a pause of 5 min was introduced at each step to monitor
and record the visual features of the monolayer as described
previously [37]. To observe the monolayer by fluorescence
microscopy, 1% NBD-PC was also included in the phospho-
lipid or phosholipid/peptide mixture prior to monolayer
formation. The acquired fluorescence images were analyzed
digitally using the program SigmaScan Pro 5 (©SPSS Inc).

2.6. Stability of compressed lipid and lipid/peptide
monolayers

The effect of peptide on the stability of monolayers
compressed to very high pressures was analyzed by
compressing DPPC or DPPG monolayers with or without
the peptide, up to 70 mN/m, under the same conditions
explained above. Once this pressure was reached, compres-

sion was stopped and the spontancous decline of surface
pressure was monitored over time.

2.7. Statistics

Unless otherwise indicated, results have been presented as
representative experiments after repeated examination of
three different samples from at least two different batches of
peptide. Epifluorescence images shown in the Figures are
representative micrographs obtained after analysing three or
more different films from either lipid or lipid/peptide
monolayers, compressed to the indicated pressures. Quanti-
tative data from epifluorescence images are shown as
averaged values with standard deviations obtained after
analysis of at least 5 different images at each selected surface
pressure.

3. Results
3.1. Interaction with preformed monolayers

Preliminary studies showed that peptide pSP-Cp;wb
could form by itself interfacial films when a small volume
of peptide organic solution was spread directly on top of an
aqueous surface [38]. We have now tested for peptide
adsorption from the subphase into the interface to sponta-
neously form peptide films. Fig. 1 shows how the injection
of a very small amount of peptide into the aqueous subphase
promotes a practically instantaneous increase in surface
pressure measured at the interface, as a consequence of the
formation of peptide films. This effect confirms the
amphipathic character of the peptide, leading to its stable
incorporation at the air/liquid interface. Peptide concen-
trations higher than 0.57 uM saturated the interface, and no
further increase of surface pressure was detected when
higher amounts of peptide were injected. The maximum
surface pressure measured in adsorbed peptide monolayers
was in the range of 18—20 mN/m.

Interfacial adsorption of the peptide towards an interface
already occupied by a DPPC or DPPG monolayer was
assayed at different initial pressures, m;. Fig. 2 illustrates
that injection of the peptide in the subphase underneath a
DPPC monolayer at 5 mN/m promotes an instantaneous
pressure increase of 20 mN/m, as a consequence of the
insertion of the peptide into the interface. A similar
injection of peptide promoted very small effects, however,
on the surface pressure of DPPC monolayers preformed at
around 25 mN/m. When the peptide was injected under-
neath DPPG monolayers the peptide could insert into DPPG
monolayers preformed at higher surface pressures than the
maximal pressures permitting the insertion of pSP-Cy ;wb in
DPPC films. These differences suggest that lipid/peptide
electrostatic interactions contribute significantly to the
association and stabilization of the peptide with the
interfacial films.
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Fig. 1. Interfacial adsorption kinetics of peptide pSP-Cy ;wb. m—t adsorption kinetics isotherms of different amounts of peptide pSP-Cy ;wb injected at #=0 in a
subphase composed of SmM Tris buffer, pH 7, 150 mM NacCl, thermostated at 25 °C. Peptide concentration in the subphase was 0.08 (@), 0.15 (O), 0.34 (m),
0.46 (O), 0.57 (&), 0.73 (A), 1.46 (¥), 2.8 (V), and 5.6 (¢#) uM. The right hand panel shows 7. versus peptide concentration (uM) in the subphase.

The critical pressure (w.) for the insertion of the peptide
in monolayers made of DPPC or DPPG has been estimated
by representing the increase in pressure induced by the
peptide as a function of the initial pressure of the monolayer
(m;) (Fig. 3). m. represents the maximum m; permitting
insertion of the peptide into the preformed monolayers, as
detected by a subsequent increase in surface pressure. The
comparison of . for monolayers with different composition
provides information about the nature and extent of the
peptide—lipid interactions at the interface. It is generally
assumed that the lateral packing in a lipid bilayer can be
roughly mimicked by a monolayer compressed to © around
30—35 mN/m. Molecules showing insertion 7. higher than
30 mN/m are then considered as potentially competent to
interact and insert into lipid membranes [39]. The
calculated for the insertion of pSP-Cp;wb in DPPC
monolayers was around 37 mN/m, while the . for insertion
in preformed DPPG films was estimated to be as high as 55
mN/m. This result was consistent with the behavior
observed previously for interaction of the peptide with
bilayers, as pSP-Cp;wb interacted with higher affinity and
to a greater extent with DPPG than with DPPC membranes.

This differential behavior was interpreted as a consequence
of the participation of electrostatic lipid—peptide interac-
tions in inducing in the peptide a conformation which enable
it to penetrate deeper into the interface in anionic
membranes [33].

3.2. Organization of lipid and lipid/peptide films

The effect of the interaction of the peptide on the lipid
packing in the monolayers was analyzed by epifluorescence
microscopy. Fig. 4 shows the m—A isotherm of a DPPC film
in the absence and in the presence of 10% or 20% peptide
pSP-Cyp;wb by weight (aprox. 4 mol% and 8 mol% peptide
in the peptide—lipid system, respectively). The peptide
expanded the isotherms, interpreted as resulting from the
area occupied by the peptide molecules themselves plus the
peptide-dependent expansion of the intrinsic area/molecule
of the lipid. The presence of the peptide also broadened and
raised the surface pressure of the liquid-expanded to liquid
condensed transition plateau that occurred in DPPC at
around 11 mN/m [40]. The lipid and lipid/peptide isotherms
converged at around 28 mN/m, indicating that the peptide is

DPPC

pSP-C_ b

Surface Pressure (mN/m)

PSP-C_ b
DPPG

5 10 15 20

Time (min)

Fig. 2. Insertion kinetics of peptide pSP-Cy ;wb into preformed phospholipid monolayers. Insertion kinetics of pSP-Cy;wb 2.8 pM in DPPC (left) or DPPG
(right) monolayers preformed at different pressures. Initial pressure (7;) was of 5 (O) or 27 (@) mN/m, and the through was maintained at 25+1 °C. The

subphase was composed of 5 mM Tris buffer, pH 7, containing 150 mM NaCl.



122 1. Plasencia et al. / Biochimica et Biophysica Acta 1713 (2005) 118—128

20 e DPPC
O DPPG
16
E
Z 12}
=
<
8_
4

1 1
10 20 30 40 50 60
n; (MN/m)

Fig. 3. Determination of the critical pressure for the insertion of peptide
pSP-Cy ;wb into preformed monolayers. Increase in surface pressure (Am)
vs. initial pressure (7;) of preformed DPPC (@) or DPPG (O) monolayers
upon injection of peptide pSP-Cy ;wb. The subphase was composed of a
buffer of 5 mM Tris , pH 7, containing 150 mM NaCl, maintained at 25 °C.
The peptide concentration in all the experiments was 2.8 uM. The lines
represent the linear regression that best fits the experimental data. The
intersection with the abscissa estimates the critical insertion pressure (7.)
for each type of film.

squeezed-out of the interface at pressures higher than this
value. This squeeze-out or exclusion pressure, ., is below
the 7. estimated for the insertion of the peptide. . is probably
dependent on both packing and the compression rate,
whereas 7 is dominated by packing density. If the isotherms
would be obtained using slow enough compression rates,
both 7. and w, would probably be more similar. The slight
displacement of the high pressure-region of the lipid/peptide
isotherm to smaller areas per phospholipid molecule com-
pared with the isotherm of pure DPPC suggests that the
peptide may be carrying some lipids out of the film when it is
being squeezed-out from the interface (or the intrinsic
packing density of the lipid is changing). Fig. 4 shows
epifluorescence images taken at different pressures during
compression of DPPC or DPPC/ pSP-Cp wb films doped
with 1 mol% of the fluorescent lipid probe NBD-PC.
Compression of pure DPPC films induced the appearance
of atypical liquid-expanded-to-liquid-condensed two-dimen-
sional transition, including nucleation and growth of dark
kidney been-shaped probe-depleted condensed domains up
to a coverage of more than 60% of the total area at pressures
above 15 mN/m. Fig. 5 provides a quantitative description of
the influence of the peptide on the distribution and character-
istics of the fluid and condensed in DPPC monolayers.
Presence of the peptide caused a very significant reduction of
the area occupied by the liquid-condensed phase, which can
be interpreted as a consequence of peptide-induced inhibition
of the nucleation of condensed domains [24,41]. The peptide
also modified the morphology of the film during the phase
transition, which occurred in the form of much more
numerous but smaller domains. This suggests that peptide

pSP-Cpwb penetrates into the hydrophobic region of the
interfacial monolayer, perturbing the packing of the lipid
chains and preventing their participation in the compression-
driven lateral transition.

Fig. 6 illustrates the effect of peptide pSP-Cp;wb on
DPPC/DPPG (7:3, mol/mol) monolayers. The effect of
peptide on the m—A isotherm of this type of lipid film is
qualitatively similar to that observed in monolayers com-
posed exclusively of DPPC. The peptide caused a similar
expansion of the isotherm and was squeezed-out from the
interface, although at somewhat higher pressures, around 33
mN/m, than it was from purely zwitterionic films. The latter
observation indicates that electrostatic lipid/peptide inter-
actions contribute to the stabilization and retention of the
peptide at the interface at higher pressures. Fig. 7 provides a
quantitative analysis of the influence of the peptide on
DPPC/DPPG films. Interestingly, the effect of the peptide
on the inhibition of the condensation of anionic films was
less pronounced than it was in DPPC monolayers (see Fig. 7
and compare with Fig. 5). The total amount of phase
condensed by compression of DPPC/DPPG films above 10
mN/m was only slightly smaller in the presence of the
peptide than in its absence. However, as occurred in DPPC/
pSP-Cpwb films, the condensed phase in DPPC/DPPG
pSP-Cyp wb layers was distributed in much more numerous
but smaller domains than those formed in the absence of the
peptide. This probably indicates that the N-terminal SP-C
peptide penetrates into the hydrophobic interfacial layer of
DPPC/DPPG films to similar extents as it does into those
composed of pure DPPC, therefore similarly inhibiting the
nucleation of condensed domains, which therefore appear at
higher pressures and at more numerous points of the films.
The higher condensation of DPPC/DPPG/ pSP-Cp ;wb films
compared with those made of DPPC/ pSP-C; ;wb probably
has to do with the effect of the electrostatic lipid/peptide
interactions established by the peptide acting as a poly-
cation. Charge neutralization in the peptide-DPPC/DPPG
films mayhave allowed for greater packing density and total
condensed phase than that in the peptide-DPPC films. The
peptide pSP-Cy;wb would apparently have, therefore,
contradictory effects. It would inhibit nucleation of solid
domains via perturbation of chain packing coupled with
penetration of the peptide into the acyl chain regions, but,
once domains nucleate overcoming the peptide-disordering
effect, the polycationic nature of pSP-Cp;wb would
contribute to condensation of more lipid molecules during
the growing of the domains.

3.3. Stability of monolayer compressed states

To evaluate the effect of the presence of the N-terminal
SP-C peptide on the stability of phospholipid/peptide films
compressed to high pressures we have monitored the
spontaneous relaxation occurring in DPPC or DPPG films
compressed to 70 mN/m, in the absence or in the presence
of 20% by weight of peptide pSP-Cp;wb (Fig. 8). Both
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Fig. 4. Effect of peptide pSP-C |wb on the m— A isotherm and the organization of DPPC monolayers. m—A compression isotherm of a DPPC monolayer in the
absence (black line) or in the presence of 10% (light grey) or 20% (dark grey) of peptide pSP-Cr;wb by weight (4 and 8 mol%, respectively). Images are
epifluorescence microscopy pictures taken from films of pure DPPC (left frames) or DPPC/pSP-Cy wb (right frames) compressed to the indicated pressures.
The films contained NBD-PC (1% mol/mol) to allow visualization of the phospholipid distribution at the interface. The surface balance was maintained at
22+1 °C. The scale bar represents 100 pm.
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Fig. 5. Effect of peptide pSP-C;wb on the compression-driven condensation of DPPC films. Quantitative analysis of the total proportion of condensed area
(left panel) and the density of condensed domains (right panel) observed by epifluorescence microscopy in DPPC monolayers in the absence (@) or in the
presence (O) of 20% peptide pSP-Cy ;wb (weight/weight), as a function of the surface pressure. Data plotted represent means+S.D. after averaging 5 images at

each pressure.
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Fig. 6. Effect of peptide pSP-Cy ;wb on the m—A isotherm and the organization of DPPC/DPPG (7:3, mol/mol) monolayers. m—A compression isotherms of a
DPPC/DPPG monolayer in the absence (black line) or in the presence of 10% (light grey) or 20% (dark grey) of peptide pSP-Cy;wb by weight (4 and 8 mol%,
respectively). Images are epifluorescence microscopy pictures taken form DPPC/DPPG (left frames) or DPPC/DPPG/pSP-Cy wb (right frames) films
compressed to the indicated pressures. The films contained NBD-PC (1% mol/mol) to allow observation of the phospholipid distribution at the interface. The
through was maintained at 22+1 °C. Scale bar represents 100 pm.
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Fig. 7. Effect of peptide pSP-Cy ;wb on the compression-driven condensation of DPPC/DPPG (7:3, mol/mol) films. Quantitative analysis of the total proportion
of condensed area (left panel) and the density of condensed domains (right panel) observed by epifluorescence microscopy in DPPC/DPPG (7:3, mol/mol)
monolayers in the absence (@) or in the presence (O0) of 20% peptide pSP-Cp ;wb (weight/weight), as a function of the surface pressure. Data plotted represent
means+S.D. after averaging 5 frames at each pressure.
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Fig. 8. Effect of peptide pSP-Cp;wb on the stability of compressed
phospholipid monolayers. 7 —¢ relaxation kinetics of DPPC (left panel) or
DPPG (right panel) monolayers in the absence (@) or in the presence (O) of
20% by weight peptide pSP-Cp;wb, after compression to 70 mN/m. The
monolayers were prepared by spreading a phospholipid or phospholipid/
peptide organic solution on top of a subphase composed of 5 mM Tris
buffer, pH 7, containing 150 mM NaCl held at 22+ 1 °C.

DPPC and DPPG monolayers can be compressed to over 70
mN/m when they are at temperatures below the main gel-to-
liquid crystalline phase transition of their comparable
bilayers (around 41 °C for both phospholipids). This
compressed state is metastable and the films relax slowly
from that pressure to the equilibrium surface pressure,
around 48 mN/m. Under the conditions of our experiments,
including the particular geometry of our balance and a
relatively rapid compression rate, the w—t isotherms
obtained show biphasic relaxation kinetics, including a
rapid fall in pressure to around 55—60 mN/m followed by a
much slower and progressive decay to the equilibrium
values.

Peptide pSP-C| ;wb increased the relaxation of the DPPC
monolayer, an effect mainly occurring during the first rapid
step. This destabilizing effect of the peptide on DPPC films
was dependent on the proportion of peptide present in the
monolayers (data not shown). The perturbation induced by
the peptide on the lipid packing of the films is probably
facilitating a faster ejection of lipid molecules from the
highly compressed films after compression is stopped.
Interestingly, the peptide pSP-Cy ;wb did not cause signifi-
cant effects on the relaxation kinetics of DPPG films (Fig. 8,
right panel) suggesting again that electrostatic lipid—peptide
interactions can at least partially compensate for destabili-
zation due to peptide penetration into the interfacial films.

4. Discussion

The current model for the structure and disposition of SP-
C in surfactant phospholipid bilayers and monolayers
implicitly assumes that the N-terminal segment of the
protein is associated with the membranes via the palmitoy-
lated cysteines [16,42]. The results shown here demonstrate
that the amino acid sequence of the N-terminal sequence of
SP-C has an intrinsic propensity to spontaneously interact
and associate with phospholipid interfacial monolayers. We

have previously reported a similar propensity of the peptide
to interact with phospholipid bilayers, and proposed that it is
a consequence of the conformation of this segment,
potentially an amphipathic p-hairpin [33].

The N-terminal segment is able to interact with both
zwiterionic and anionic phospholipid monolayers, although
the affinity and extent of the lipid—peptide interaction is
significantly higher with negatively-charged layers, indicat-
ing the important contribution of electrostatic interactions
with this cationic region of SP-C. The electrostatic
component of the SP-C lipid—protein interaction have been
analyzed in different studies [26,43], and we have previ-
ously determined that the N-terminal segment adopts a
different disposition and/or conformation in the presence of
anionic phospholipids [23]. The presence of positively
charged residues in the SP-C N-terminal segment at
physiological pH seems to be essential for the biophysical
activities of the protein [28] also suggesting that specific
interactions between the N-terminal segment and anionic
phospholipids are of functional significance.

Mammalian pulmonary surfactant contains approxi-
mately 8% anionic phospholipids [44], mainly PG and
phosphatidylinositol (PI). The negative charge provided to
the monolayer by these lipid species probably mediates the
final conformation and disposition of the SP-C N-terminal
segment as it influences the insertion of SP-C into DPPG
monolayers. Formation of selective SP-C/PG complexes in
native surfactant has been proposed to underlie the
mechanisms of some essential processes in surfactant
dynamics such as sorting and squeeze-out of poorly surface
active species from the interface during compression [45—
47]. This model is based on the fact that squeeze-out of full
length native SP-C from compressed protein—lipid films
formed directly at the interface is accompanied of squeeze
out of a significant amount of associated lipids. The present
experiments indicate that the N-terminal segment of SP-C
could stabilize SP-C—lipid interaction promoting resistance
to exclusion, whereas the hydrophobic moiety of SP-C
would help to carry out lipids out of the monolayer when the
protein is excluded during compression.

A feature with important implications is the ability of the
SP-C N-terminal segment to perturb to some extent lipid
packing in bilayers and monolayers. This perturbation can
be also observed macroscopically through the capacity of
this peptide to induce aggregation and leakage of lipid
vesicles [33]. Insertion into and perturbation by this protein
motif of the structure of the phospholipid films could be part
of the molecular mechanism enabling SP-C to catalyze lipid
transfer from membranes to the interface [13,14,48] or
forming and sustaining surface-associated surfactant reser-
voirs [14]. Li et al. [49] have recently shown that a
pathological form of SP-C, bearing 12 extra residues from
the SP-C precursor as an extension of the N-terminal
segment of the protein, shows poorer ability to promote
phospholipid adsorption, gives higher surface tension
during cyclic film compression and has lower ability to
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bind LPS, than native SP-C. It has been proposed that
interaction of SP-C with LPS is also mediated by
interactions at the N-terminal segment of the protein [50].
The results of Li and co-workers implicate the lipid—protein
interactions of the N-terminal segment of the protein in
critical activities of SP-C. At the physicochemical level, the
perturbations introduced by the peptide would be the basis
for this region of SP-C to modify the thermotropic [33] and
barotropic phase transitions of bilayers and monolayers,
respectively. Such alterations indicate that the N-terminal
peptide affects relatively deep (hydrophobic) regions of the
different lipid organizations, suggesting that, independently
of the electrostatic component, the interaction of the N-
terminal segment with membranes and monolayers has a
significant hydrophobic contribution. The hydrophobic
component of the interaction of SP-C with phospholipids
has been studied [24,25,51] but it has been always assigned
to the hydrophobic a-helix, encompassing residues 13—35
of the protein, these having a transmembrane disposition in
membranes. The present results provide evidence that the N-
terminal segment of SP-C also has a hydrophobic compo-
nent in its interaction with monolayers, even in the absence
of palmitoylated cysteines. The question is, then, what is the
effect of the palmitoylation of cysteines on the peptide—
monolayer interactions. A recent study showed that while
the non-palmitoylated peptide was squeezed-out irreversibly
from lipid/peptide films at relatively low pressures, a
palmitoylated version maintained association with the
interfacial films in highly compressed states, permitting an
efficient and rapid re-insertion of the peptide into the
interface upon expansion of the films [34]. Some of the
perturbations caused by the SP-C N-terminal peptide in
phospholipid films are shown in our experiments at
relatively low pressures, below the pressures presumably
existing at the interfacial films in vivo, at least in
homeothermic mammals. The effects produced by this
motif of SP-C on the lipid packing of compressed
monolayers together with the simultaneous perturbations
introduced on the structure of associated bilayers might be
sufficient to promote or at least initiate transfer of
phospholipids into the interface. One should not discard
the possibility that physiological parameters such as the full
compositional complexity of surfactant complexes, environ-
mental temperatures around 37 °C, or the presence of
calcium in the hypophase, might contribute to optimize the
surface activity of SP-C at the particular conditions imposed
by the alveolar spaces.

In some models of multiply-layered surface films of
surfactant association between layers—bilayer to bilayer or
bilayer to monolayer—is pictured as being influenced by SP-
C with its hydrophobic helix in one layer and its palmitate(s)
in another. This work suggests that even if both its
palmitates and its helix were buried within the same layer,
SP-C could still promote substantial interlayer contact
through the intrinsic hydrophobic character of the N-
terminal peptide itself, as well as, of course, through its

intrinsic positive charge. This sort of SP-C promoted
interaction between layers would allow for more facile
and energetically favorable association and dissociation than
if the two dominant parts of the SP-C were inserted into
different layers.

We conclude, in summary, that the intrinsic structure
defined by the amino acid sequence of the N-terminal
segment of SP-C would be responsible for the ability of this
motif to access the deep regions of the monolayer, which is
presumably important in promoting lipid interfacial transfer,
both during adsorption and during re-insertion upon
expansion. Palmitoylation would be required to avoid loss
of the protein—monolayer association at the end of expira-
tion. The results of the present work are a further
confirmation of the importance of the compression-depend-
ent disposition and lipid—protein perturbing properties of
the N-terminal segment of SP-C for the role of the whole
protein in surfactant activities during the respiratory cycle.
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