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Abstract

Predictive studies suggest that the known sequences of the N-terminal segment of surfactant protein SP-C from
animal species have an intrinsic tendency to form �-turns, but there are important differences on the probable location
of these motifs in different SP-C species. Our hypothesis is that intrinsic structural determinants of the sequence of the
N-terminal region of SP-C could define conformation, acylation and perhaps surface properties of the mature protein.
To test this hypothesis we have synthesized peptides corresponding to the 13-residue N-terminal sequence of porcine
and canine SP-C, and studied their structural behaviour in solution and in phospholipid bilayers and monolayers. In
these peptides, leucine at position 1 of both sequences has been replaced by tryptophan in order to allow their study by
fluorescence spectroscopy. Far-u.v. circular dichroism spectra of the peptides in aqueous and organic solutions and in
phospholipid micelles or vesicles are consistent with predicted conformational differences between the porcine and the
canine sequences. Both families of peptides showed changes in their fluorescence emission spectra in the presence of
phospholipids that were consistent with spontaneous lipid�peptide interactions. Both canine and porcine peptides were
able to form monolayers at air�liquid interfaces, the canine peptides occupying lower area�molecule and being
compressible to higher pressures than the porcine sequences. The peptides also shifted the isotherms and perturbed the

Ž . Ž .packing of dipalmitoylphosphatidylcholine DPPC and dipalmitoylphosphatidylglycerol DPPG monolayers, the effects
being always higher in anionic than in zwitterionic lipids, and also substantially higher in films containing canine peptide
in comparison to porcine peptide. Acylation of cysteines at the N-terminal end of SP-C may modulate these intrinsic
conformational features and the changes induced could be important for the development of its surface activity. � 2001
Elsevier Science Inc. All rights reserved.
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1. Introduction

Air-breathing animals have developed a spe-
cialized system to physically stabilize the
air�liquid interface of their respiratory epithe-
lium. Pulmonary surfactant is a lipid�protein
complex, the main but not exclusive function of
which is to reduce the surface tension at the

Žinterface and facilitate respiratory mechanics for
updated reviews see Batenburg and Haagsman,

.1998; Griese, 1999 . Although phospholipids, es-
Ž .pecially dipalmitoylphosphatidylcholine DPPC ,

play the major biophysical role in surfactants,
certain hydrophobic small polypeptides promote
transfer of DPPC into the interface and modulate
physical properties of the surfactant under the
dynamic conditions imposed by the respiratory

Ž .cycle Perez-Gil and Keough, 1998 . Surfactant-
associated lipopeptide SP-C is specifically synthe-
sised by the type II pneumocytes, at the mam-
malian lung alveoli, as a precursor of 191 amino

Ž .acids Weaver, 1998 . After a series of processing
steps mature SP-C, consisting of 35 residues, is
assembled into surfactant bilayers which are
stored in the lamellar bodies of pneumocytes. The
sequence of SP-C is highly conserved among the

Žspecies studied so far Johansson et al., 1991;
.Perez-Gil and Keough, 1994 . Although the speci-

fic role of SP-C in vivo is not well understood,
numerous studies in vitro suggest that SP-C pro-
motes formation of surface active films and facili-
tates stabilization of those films when they are
subjected to dynamic compression�expansion cy-

Žcles Oosterlaken-Dijksterhuis et al., 1991; Perez-
Gil et al., 1992a; Creuwels et al., 1993; Johansson,

.1998 .
The structure of SP-C has been determined in

organic solution, where it is soluble due to its
Ž .high hydrophobicity Johansson et al., 1994 . It is

composed of a regular hydrophobic alpha-helix of
23 residues and a more polar 10-residue N-termi-
nal segment which has no defined conformation
in chloroform�methanol or in detergent micelles
Ž .Johansson et al., 1995 . The alpha-helical portion
of SP-C adopts a transmembrane orientation in

Žphospholipid bilayers Pastrana et al., 1991; Van-
.denbussche et al., 1992 with the N-terminal seg-

ment the only region probably available to sustain
interactions with proteins or with other bilayers
or monolayers. SP-C from different species pos-
sess two cysteine residues at the N-terminal re-
gion except for those from dog and mink which

have only one. In all the species with no excep-
tion the cysteines are quantitatively palmitoylated
Ž .Curstedt et al., 1990; Johansson et al., 1991 .
Acyl groups and positive charges in the N-termi-
nal region have been found to be essential for the

Žsurface active properties of SP-C Creuwels et al.,
.1993, 1995; Wang et al., 1996; Flach et al., 1999 .

The main objective of the present work was to
explore intrinsic structural determinants of the
N-terminal segment of SP-C that could be identi-
fied by detailed comparison of the sequence of
the protein from different species. Structural traits
have been experimentally assessed by analysing
the conformational behaviour of synthetic pep-
tides designed from the N-terminal region of SP-
C, in solution, bilayers and monolayers.

2. Materials and methods

2.1. Peptides and lipids

The peptides studied in this work were synthe-
sised by Fmoc chemistry, as a C-terminal car-
boxamide. The peptide chain assembly was
performed on an automated multiple peptide syn-

Žthesiser AMS 422 Abimed, Langelfeld, Switzer-
.land . Rink amide-MBHA resin was used as po-

Ž �1 .lymeric support 0.41 mmol�g . Fivefold ex-
cess amino acid derivatives were added at the
coupling steps. PyBop was used as the activating
agent and the side chain protecting groups were
BOC for Trp, PMC for Arg, and ACM and TRT
for protected and free cysteines, respectively.
Peptides were excised by TFA treatment, using
the mixture TFA�H O�thioanisol�phenol�EDT2
82.5:5:5:5:2.5. Afterwards, they were precipitated
and washed by cold ether, and lyophilized. Purity
of the products of synthesis was checked by
MALDI-TOF mass spectrometry analysis and N-
terminal Edman amino acid sequencing. Quanti-
tation of free thiol groups in the peptides was
achieved by reaction with dithio-bis-nitrobenzoic

Ž . Ž .acid DTNB Lukas and Bennett, 1980 .
The lipids used, 1-palmitoyl-2-lyso-phosphati-

Ž .dylcholine LPC , 1,2-dipalmitoylphosphatidyl-
Ž .choline DPPC , 1,2-dipalmitoylphosphatidylgly-

Ž .cerol DPPG and 1,2-diacylphosphatidylcholine
Ž . Ž .PC and 1,2-diacylphosphatidylglycerol PG from
egg yolk, were all purchased from Avanti Polar

Ž .Lipids Alabaster, AL .
Lipid�peptide samples were prepared by dif-
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ferent methods depending on the experiment. For
the circular dichroism experiments, lipid�peptide
suspensions were prepared by hydrating dry
lipid�peptide films formed after evaporation un-
der a N stream of organic lipid�peptide mix-2
tures. The dry films were then hydrated for 1 h in
50 mM Hepes buffer at either room temperature
Ž . Ž .LPC or 50�C DPPC with occasional vortexing,
and the suspensions were subjected to sonication
in a Branson UP 200S tip sonifier. To prepare the
samples for fluorescence spectroscopy small
aliquots, typically 5�10 �l, of a concentrated 1
mg�ml methanolic solution of the peptides were
injected into suspensions of lipid vesicles in 50
mM Hepes buffer, containing 150 mM NaCl, pH
7.0, which had been prepared by extrusion through

Ž .0.1 �m pore diameter polycarbonate mem-
Žbranes Nucleopore, Costar, Cambridge, MA,

. ŽUSA in an Extruder Lipex, Biomembranes Inc.,
.Vancouver .

2.2. Circular dichroism and fluorescence
spectroscopies

CD spectra were obtained as previously de-
Ž .scribed Ruano et al., 2000 on a Jasco J-715

spectropolarimeter fitted with a 150 W xenon
lamp. Thermostated quartz cells of 0.1 cm optical
path were used to record spectra at a scanning
speed of 50 nm�min. Four scans were accumu-
lated and averaged for each spectrum, which were
then corrected by subtracting the appropriate
blanks, subjected to noise-reduction analysis and
presented as molar ellipticities. Estimation of sec-
ondary structure content from the CD spectra
was performed after deconvolution of the spectra
into four simple components � �-helix, �-sheet,
turns and random coil � according to the convex

Ž .constraint algorithm Perczel et al., 1992 .
Tryptophan fluorescence emission spectra of

peptides were recorded using 275 nm as the exci-
tation wavelength in a Perkin-Elmer MPF-44E
spectrofluorimeter operated in the ratio mode
Ž .Cruz et al., 1998 . Spectra were recorded at 25�C,
using a scanning speed of 1 nm�s. Samples were
in thermostated cells with a 0.2-cm optical path.
The slit widths were 7 and 5 nm for the excitation
and emission beams, respectively.

2.3. Peptide and lipid�peptide monolayers

Surface pressure measurements were per-

Žformed on a Longmuir through Applied Imaging,
.Dukesway Team Valley, Gateshead, UK which

employed a continuous Teflon ribbon barrier to
minimise film leakage at high surface pressures
Ž .Perez-Gil et al., 1992b . Monolayers of pure pep-
tides, pure lipids or lipid�peptide binary systems
were formed by spreading 25�50 �l of concen-
trated peptide or lipid�peptide solutions in

Ž .chloroform�methanol � 3:1 vol�vol on top of
5 mM Tris 150 mM NaCl pH 7.0 subphases
prepared in deionized, doubly-distilled water, at
21�23�C. Films were equilibrated for 30 min be-
fore starting compression to allow for solvent
evaporation. The total area of the interface was
500 cm2 and the monolayer was compressed at 9
cm2�s, while monitoring the changes in surface
tension by a Wilhelmy dipping plate attached to a
force transducer.

3. Results

The amino acid sequence of SP-C from differ-
Žent species is highly conserved Johansson et al.,
.1991; Perez-Gil and Keough, 1994 , especially with

respect to the highly hydrophobic valine-rich C-
terminal moiety. The N-terminal half of the
molecule presents relatively more numerous vari-
ations in sequence, although certain traits such as
presence of basic residues, prolines and palmitoy-
lated cysteines are well maintained. We were
interested in exploring conformational tendencies
defined by the sequence of the protein in this
region. In this regard, the sequence of SP-C from
different species has been analyzed to determine
its probability of forming �-turns, according to

Ž .the rules proposed by Chou and Fasman 1978
Ž .Fig. 1 . The 10-residue N-terminal segment of
the molecule presents a high probability of
forming �-turns in all species analyzed. This is
not surprising considering the high occurrence of
prolines at those positions of the SP-C sequences.
Considering all the possible sequential tetrapep-

Ž .tides necessary to form �-turns that could be
defined in the sequence of the protein, two of
them have substantial probability to form turns in
all the species, those comprising residues 3�6 and
residues 6�9. The tetrapeptide 3�6 has the high-
est probability to form a turn in all the species
analysed except in canine SP-C, where the
probability of a turn to be formed by residues 6�9
is the highest. The sequence of mink SP-C is very
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Fig. 1. Theoretical propensity of the sequence of SP-C from
the indicated animal species to form �-turns, calculated ac-

Ž .cording to Chou and Fasman 1978 . The �-turn parameter is
plotted against the position in the sequence where the te-
trapeptide forming the turn would start. Bold lines indicate
the position in the sequence where the most probable turn
would be formed in each protein.

similar in its 10 N-terminal residues to the canine
protein and has also the maximal probability of

Ž .forming a �-turn at position 6�9 not shown .
This is remarkable considering that SP-C from
dog and mink are the only ones having one in-
stead of two palmitic chains, attached to their
single cysteine residues at position 5. This analy-
sis suggests that the primary sequence of the
N-terminal segment of SP-C could impose certain
conformational constraints that may differ with
acylation. Previous structural characterization of
whole SP-C from different sources could never
define a particular conformation for the N-termi-

Žnal tail of the protein Perez-Gil et al., 1993;
Johansson et al., 1994; Cruz et al., 1995; Johansson

.et al., 1995 , in part due to dominant contribu-
tions of the ordered �-helical region and in part
to intrinsic flexibility of that N-terminal segment
in the solvents studied. To approach a more de-
tailed characterization of the intrinsic conforma-

tional properties of this particular region of SP-C
in different environments, we have designed and
synthesised some short peptides mimicking the
sequence of porcine and canine SP-C, two exam-
ples with different predicted turn propensities.

Fig. 2 summarizes the sequences of four 13-
residue peptides synthesised taking as a model
the sequence of porcine and canine SP-C. The
N-terminal leucine residues in the native se-
quences have been replaced in all the synthetic
peptides by tryptophan, with the purpose of using
the tryptophan as an intrinsic probe to character-
ize structure and lipid�protein interactions by
fluorescence spectroscopy. Likewise, the C-termi-
nal carboxyl of the peptides has been amidated to
better mimic the interactions occurring at that
region of native SP-C. Two peptides were made
based in the porcine SP-C sequence, correspond-
ing to the native version without palmitoylation of

Ž .the cysteines peptide pSP-C13 and to a vari-L1W
ant with the two thiols blocked by an acetami-

Ž .domethyl group peptide pSP-C13 b . MassL1W
spectrometry analysis of this peptide revealed that
it consisted of a mixture of two forms differing in
the mass of a single blocking group. Quantitation
of free thiol groups by reaction with DTNB con-
firmed that peptide pSP-C13 b consisted of aL1W
mixture of 70% of the form with completely
blocked cysteines and 30% of the form having
one free and one blocked cysteine. This blocked
peptide had less peptide oligomerization by disul-
fide formation than the non-blocked peptide. Ca-
nine peptides, with a single non-palmitoylated
cysteine, were never detected as dimers by mass
spectrometry and were analysed as the non-
blocked versions. We have designed a version of
the canine sequence having arginine instead of
lysine in position 11 because we expect to use this
peptide � with a single amine group of the
N-terminal end � in the future, for introduction
of certain probes by site-directed chemical modi-
fication. In our experiments, the peptide with Arg
instead of Lys behaved always similarly to the one
with lysine.

The secondary structures of the synthesised
peptides have been explored in different solvents

Ž .by analyzing their far-u.v. CD spectra see Fig. 3 .
In the solvents studied, all the peptides showed
CD spectra dominated by the contribution of a
negative ellipticity band at approximately 202�204
nm, indicative of a substantially disordered con-
formation. Conformational characterisation of the
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Fig. 2. Amino acid sequences of the N-terminal region of
porcine and canine SP-C and the four synthetic peptides
studied in this work.

short peptides, such as those analysed here, by
spectroscopic techniques is difficult, because they
have high intrinsic conformational flexibility.
Weak structural determinants in the spectra may
be indicative of either a low percentage of or-
dered secondary structure in the peptide or, more
probably, a low concentration of the structured
population of the peptide. Still the CD spectra
presented in Fig. 3 suggest significant conforma-
tional differences between the porcine and the
canine peptides. The CD spectrum of the two
porcine peptides shows a shoulder at 222 nm in
all the solvents assayed, including methanol, TFE
and TFE�water mixtures. This shoulder suggests

that there is some �-helical component in their
structure. In contrast, the CD spectra of canine
peptides have much lower ellipticity in the range
of 220�225 nm and they even show a maximum
centred at approximately 224 nm, indicating sec-
ondary structure with low �-helical content. Such
spectroscopic differences were maintained by the
peptides when they were included in lipid suspen-
sions, either in LPC micelles or DPPC vesicles
Ž .Fig. 4 . As summarized in Table 1, the CD spec-
tra of porcine peptides had an ellipticity ratio
222�202 of approximately 0.4�0.5 in all the envi-
ronments while those of canine peptides were
mostly lower than 0.3. This parameter would be
sensitive to differences in secondary structure,
especially �-helical content. A lower amount of
�-helix would be the expected consequence of the
different position of the �-turn in the canine
sequences. A �-turn in positions 3�6 of porcine
sequence would still allow formation of some
�-helix in residues 10�13, perhaps a single �-heli-
cal turn. Determination by NMR of the structure
of a 17-residue peptide from the N-terminal
moiety of porcine SP-C in lipid micelles also
indicated the presence of �-helix starting in

Ž .residue 10 Johansson et al. 1995 . In contrast,
the position of the �-turn in the canine peptides
at residues 6�9 probably impairs stabilization of

Table 1
Parameters of the far-u.v. circular dichroism spectra of peptides from the N-terminal segment of porcine and canine SP-C, in aqueous
or organic solution and in phospholipid micelles or vesicles

Ž .Peptide Environment � nm Min. ellipticity Ellipticity ratiomin ellipticity
2Ž . Ž .deg cm dmol 222:202

PSP-C13 Methanol 204 �11 310 0.59L1W
100% TFE 204 �10 890 0.51

PSP-C13 b Methanol 204 �18 480 0.39L1W
100% TFE 204 �13 490 0.52
Buffer 201 �10 440 0.30
LPC 200 �11 600 0.36
DPPC 203 �9950 0.39

cSP-C13 Methanol 202 �10 940 0.08L1W
100% TFE 202 �11 150 0.25

CSP-C13 Methanol 202 �14 580 0.05L1W,K11R
100% TFE 203 �11 660 0.33
Buffer 198 �14 090 0.11
LPC 201 �10 380 0.14
DPPC 203 �9530 0.27
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Ž . Ž .Fig. 3. Far-u.v. circular dichroism spectra, at 25�C, of porcine and canine peptides in methanol closed circles , TFE open squares and
Ž .TFE�water mixtures open circles .

that limited amount of �-helix at the C-terminal
end of the sequences.

In spite of the intrinsic conformational differ-
ences, both porcine and canine peptides have the
ability to interact with phospholipid bilayers as
detected by concomitant changes in the fluores-

Ž .cence properties of tryptophan Fig. 5 . The tryp-
tophan fluorescence spectra of all the porcine and

canine peptides in solution had similar features,
with maximal emission at approximately 347 nm
in methanol and 350�355 nm in buffer, indicating
similar solvent exposure of the N-terminal fluo-
rophore. However, in the presence of phospho-
lipid vesicles of PC or negatively-charged PG all
the peptides showed significant changes in their
fluorescence spectra including both higher emis-

Ž . Ž .Fig. 4. Far-u.v. circular dichroism spectra of porcine closed circles and canine open circles peptides in buffer and included in LPC
micelles or in vesicles of DPPC.
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sion intensity and shift of the maximum fluores-
cence to shorter emission wavelengths. These ef-
fects are indicative of at least partial insertion
into and shielding of the N-terminal tryptophan
of the peptides in the membrane environment.
All the peptides showed stronger effects in the
presence of anionic bilayers suggesting that elec-
trostatic interactions between the cationic pep-
tides and negatively-charged lipids could be
important in the interaction and insertion of the
N-terminal segment of SP-C with surfactant bilay-
ers or monolayers.

A different conformation of the peptides may
also lead to differences in disposition or orienta-
tion at the air�liquid interface when the peptides
are part of surfactant lipid�protein monolayers.
Fig. 6 shows the surface behaviour of pure pep-

tide or lipid�peptide monolayers subjected to
compression. Both porcine and canine peptides
are able to form stable monolayers on saline
subphases, a consequence of their intrinsic am-
phipathicity. Monolayers of the porcine peptides
collapse at approximately 19 mN�m, while canine
peptide monolayers could sustain pressures a bit
higher than 25 mN�m. The limiting areas per
residue of the porcine peptides, calculated from
the extrapolated intercept of the isotherm with

˚2the abscissa, were approximately 43 A , higher
than that of the canine peptides, which were

˚2approximately 38 A . These differences indicate
again a different conformation or disposition of
the two kinds of peptides, the canine one taking
less space and being more stable at the interface.
The possibility that additional peptide�peptide

Ž . Ž . Ž . ŽFig. 5. Fluorescence emission spectra of porcine left and canine right peptides in methanolic upper panels or aqueous lower
. Ž .panels, bold line solution and included in vesicles made of PC or PG lower panels, dashed and dotted lines . Excitation wavelength

was 275 nm and emission is presented in arbitrary units.
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Ž . Ž .Fig. 6. Left. Compression isotherms of porcine upper panel and canine lower panel pure peptide monolayers. Right. Compression
Ž . Ž . Ž .isotherms of DPPC or DPPG monolayers in the absence bold lines or presence dashed lines of 20 wt.% of porcine upper panels or

Ž .canine lower panels peptides. All the monolayers were spread on buffered saline subphases Tris 5mM NaCl 150 mM pH 7, and
compressed at 22�1�C.

interactions could contribute to the lower appar-
ent surface area and the additional stability of
canine compared with porcine peptides at the
air�liquid interface cannot be discarded, but those
properties would also point to intrinsic structural
differences between the two structures. Both fam-
ilies of peptides expand the compression isotherms

Ž .of monolayers of either DPPC or DPPG Fig. 6
indicating either penetration of the polypeptides

into the monolayer or peptide-induced perturba-
tion of the phospholipids. At given pressures both
peptide-free and peptide-containing monolayer
isotherms converge, indicating pressure-driven
peptide squeeze-out. As observed in purely pep-
tidic films, canine peptides were squeezed from
the interface at higher pressures than porcine
peptides. Both peptides had larger perturbing ef-
fects on the phospholipid and higher surface
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stability in negatively-charged as compared to
zwitterionic monolayers This also suggests that
electrostatic peptide�lipid interactions are impor-
tant in lipid�peptide interfacial complexes.

4. Discussion

Current models on the structure of SP-C in
surfactant phospholipid bilayers and monolayers
suppose that the N-terminal portion of the pro-
tein interacts with the lipids due to the palmitoy-

Žlation of cysteines in that region Johansson,
.1998 . However, evidence for the three-dimen-

sional structure of native SP-C in lipid environ-
ments is lacking. Several authors have reported
data on the overall secondary structure of the

Žprotein in lipids Pastrana et al., 1991; Vanden-
bussche et al., 1992; Perez-Gil et al., 1993; Cruz

.et al., 1995 , and the detailed three-dimensional
structure of the protein in organic solvent
Ž .Johansson et al., 1994, 1995 . These data have
allowed a detailed characterization of the struc-
ture and dynamics of the remarkably regular hy-
drophobic �-helix in SP-C but little if any detail
about conformation and disposition of the N-
terminal segment of the protein. Although the
highly hydrophobic helical region of the protein is
probably essential to function, some of the func-
tional features reported for the protein must re-
side in the structural properties and lipid�protein
interactions of its N-terminal segment. Interac-
tion of SP-C with phospholipid bilayers has been
reported to include an electrostatic component
Ž .Shiffer et al., 1993; Perez-Gil et al., 1995 and to
result in perturbation of conformation of the
phospholipid headgroup region of the bilayers
Ž .Morrow et al., 1993 . These effects are mediated
by polar interactions between phospholipid head-
groups and the polar charged and non-charged
residues of the N-terminal tail of SP-C. Acylation
and positive charges, both occurring in the N-
terminal segment of the protein, seem to be also
critical for the surface activity of SP-C, including
the formation of monolayers and maintenance of
low surface tension during dynamic compression�

Žexpansion cycles of surfactant films Creuwels et
al., 1993, 1995; Wang et al., 1996; Flach et al.,

.1999 .
The data presented in this work indicate that

apart from certain intrinsic structural differences
among species, the N-terminal portions of SP-C

of all the species may have enough intrinsic lipid
affinity to interact and associate with phospho-
lipid bilayers and monolayers, even without being
acylated. Acylation, therefore, seems not to be
required for membrane-interaction of the SP-C
N-terminal segment. It will, no doubt, strengthen
such interactions. The data available today on
sequence and acylation level of SP-C from dif-
ferent species induce to us to speculate that dif-
ferences in acylation could be related to intrinsic
differences in conformational properties at the
N-terminal segment of SP-C. It has been pro-
posed that palmitoylation occurs posttranslatio-
nally in the endoplasmic reticulum, soon after the

Ž .synthesis of a protein Resh, 1999 . Differences in
local conformation and�or in E.R. membrane
association of pre-SP-C might be important in
defining the timing and extent of palmitoylation
and, ultimately, the bioactive conformation of na-
tive SP-C once processed. The canine sequence
apparently has higher effect in perturbing phos-
pholipid packing in monolayers and higher stabil-
ity at the interface than the porcine sequence.
These superior surface properties could be due to
an intrinsically higher hydrophobicity or to a more
favourable conformation. The conformation and
interfacial stability of the canine sequence could
permit the function of the protein with lower
extent of acylation. Acylation of SP-C N-terminal
sequences in vivo could be important in modulat-
ing both hydrophobicity and conformation at that
region of the protein. In this sense, comparative
studies of non-acylated and acylated versions of
the peptides would provide data on the local
effects of acylation on protein structure. Several
studies have recently suggested that acyl chains in
SP-C may be important for the formation of a
surface-associated surfactant reservoir from which
the interfacial films would be replenished of sur-
face active molecules lost during compression
Ž .Gustafsson et al., 2000; Kramer et al., 2000 .
Insertion of SP-C acyl chains into the interfacial
monolayer would sustain attachment of SP-C-
containing surfactant bilayers to the monolayer.
The N-terminal segment of SP-C is able by itself
to interact with bilayers and monolayers, con-
tributing to those monolayer�bilayer contacts.
The presence of acyl chains in the protein could
still be essential to keep association of SP-C and
SP-C-containing bilayers to the highly com-
pressed monolayers at end-expiration.



( )I. Plasencia et al. � Comparati�e Biochemistry and Physiology Part A 129 2001 129�139138

Acknowledgements

Research in the laboratories of the authors was
Ž .funded by DGESIC PB98-0769 , CAM

Ž . Ž .07B�0017�99 , UCM PR486�97 and Euro-
pean Community in Spain, and Medical Research

Ž .Council Canada .

References

Batenburg, J.J., Haagsman, H.P., 1998. The lipids of
pulmonary surfactant: dynamics and interactions with
proteins. Prog. Lipid. Res. 37, 235�276.

Chou, P.Y., Fasman, G.D., 1978. Empirical predictions
of protein conformation. Annu. Rev. Biochem. 47,
251�276.

Creuwels, L.A., Demel, R.A., van Golde, L.M.G., Ben-
son, B.J., Haagsman, H.P., 1993. Effect of acylation
on structure and function of surfactant protein C at
the air�liquid interface. J. Biol. Chem. 268,
26752�26758.

Creuwels, L.A., Boer, E.H., Demel, R.A., van Golde,
L.M.G., Haagsman, H.P., 1995. Neutralization of the
positive charges of surfactant protein C. Effects on
structure and function. J. Biol. Chem. 270,
16225�16229.

Cruz, A., Casals, C., Perez-Gil, J., 1995. Conformatio-´
nal flexibility of pulmonary surfactant proteins SP-B
and SP-C, studied in aqueous organic solvents.
Biochim. Biophys. Acta. 1255, 68�76.

Cruz, A., Casals, C., Plasencia, I., Marsh, D., Perez-Gil,´
J., 1998. Depth profiles of pulmonary surfactant pro-
tein B in phosphatidylcholine bilayers, studied by
fluorescence and electron spin resonance spectros-
copy. Biochemistry 37, 9488�9496.

Curstedt, T., Johansson, J., Persson, P. et al., 1990.
Hydrophobic surfactant-associated polypeptides:
SP-C is a lipopeptide with two palmitoylated cysteine
residues, whereas SP-B lacks covalently linked fatty
acyl groups. Proc. Natl. Acad. Sci. USA 87,
2985�2989.

Flach, C.R., Gericke, A., Keough, K.M.W., Mendel-
sohn, R., 1999. Palmitoylation of lung surfactant
protein SP-C alters surface thermodynamics, but not
protein secondary structure or orientation in 1,2-di-
palmitoylphosphatidylcholine langmuir films. Bio-
chim. Biophys. Acta 1416, 11�20.

Griese, M., 1999. Pulmonary surfactant in health and
human lung diseases: state of the art. Eur. Respir. J.
13, 1455�1476.

Gustafsson, M., Palmblad, M., Curstedt, T., Johansson,
J., 2000. Palmitoylation of a pulmonary surfactant
protein C analogue affects the surface associated
lipid reservoir and film stability. Biochim. Biophys.
Acta 1466, 169�178.

Johansson, J., 1998. Structure and properties of surfac-
tant protein C. Biochim. Biophys. Acta 1408,
161�172.

Johansson, J., Persson, P., Lowenadler, B., Robertson,¨
B., Jornvall, H., Curstedt, T., 1991. Canine hy-¨
drophobic surfactant polypeptide SP-C. A lipopep-
tide with one thioester-linked palmitoyl group. FEBS
Lett. 281, 119�122.

Johansson, J., Szyperski, T., Curstedt, T., Wuthrich, K.,¨
1994. The NMR structure of the pulmonary surfac-
tant-associated polypeptide SP-C in an apolar sol-
vent contains a valyl-rich alpha-helix. Biochemistry
33, 6015�6023.

Johansson, J., Szyperski, T., Wuthrich, K., 1995. Pulmo-¨
nary surfactant-associated polypeptide SP-C in lipid
micelles: CD studies of intact SP-C and NMR sec-
ondary structure determination of depalmitoyl-SP-
Ž .C 1-17 . FEBS Lett. 362, 261�265.

Kramer, A., Wintergalen, A., Sieber, M., Galla, H.J.,
Amreim, M., Guckenberger, R., 2000. Distribution
of the surfactant-associated protein C within a lung
surfactant model film investigated by near-field opti-
cal microscopy. Biophys. J. 78, 458�465.

Lukas, R.J., Bennett, E.L., 1980. Chemical modification
and reactivity of sulfhydryls and disulfides of rat
brain nicotinic-like acetylcholine receptors. J. Biol.
Chem. 255, 5573�5577.

Morrow, M.R., Taneva, S., Simatos, G.A., Allwood,
L.A., Keough, K.M.W., 1993. 2H NMR studies of the
effect of pulmonary surfactant SP-C on the 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine headgroup:
a model for transbilayer peptides in surfactant
and biological membranes. Biochemistry 32,
11338�11344.

Oosterlaken-Dijksterhuis, M.A., Haagsman, H.P., van
Golde, L.M.G., Demel, R.A., 1991. Characterization
of lipid insertion into monomolecular layers medi-
ated by lung surfactant proteins SP-B and SP-C.
Biochemistry 30, 10965�10971.

Pastrana, B., Mautone, A.J., Mendelsohn, R., 1991.
Fourier transform infrared studies of secondary
structure and orientation of pulmonary surfactant
SP-C and its effect on the dynamic surface proper-
ties of phospholipids. Biochemistry 30, 10058�10064.

Perczel, A., Park, K., Fasman, G.D., 1992. Analysis of
the circular dichroism spectrum of proteins using the
convex constraint algorithm: a practical guide. Anal.
Biochem. 203, 83�93.

Perez-Gil, J., Keough, K.M.W., 1994. Structural similar-
ities between myelin and hydrophobic surfactant as-
sociated proteins: protein motifs for interacting with
bilayers. J. Theor. Biol. 169, 221�229.

Perez-Gil, J., Keough, K.M.W., 1998. Interfacial
properties of surfactant proteins. Biochim. Biophys.
Acta 1408, 203�217.



( )I. Plasencia et al. � Comparati�e Biochemistry and Physiology Part A 129 2001 129�139 139

Perez-Gil, J., Tucker, J., Simatos, G., Keough, K.M.W.,
1992a. Interfacial adsorption of simple lipid mixtures
combined with hydrophobic surfactant protein from
pig lung. Biochem. Cell Biol. 70, 332�338.

Perez-Gil, J., Nag, K., Taneva, S., Keough, K.M.W.,
1992b. Pulmonary surfactant protein SP-C causes
packing rearrangements of dipalmitoylphosphatidyl-
choline in spread monolayers. Biophys. J. 63,
197�204.

Perez-Gil, J., Cruz, A., Casals, C., 1993. Solubility
of hydrophobic surfactant proteins in organic sol-
vent�water mixtures. Structural studies on SP-B and
SP-C in aqueous organic solvents and lipids. Biochim.
Biophys. Acta 1168, 261�270.

Perez-Gil, J., Casals, C., Marsh, D., 1995. Interactions
of hydrophobic lung surfactant proteins SP-B and
SP-C with dipalmitoylphosphatidylcholine and di-
palmitoylphosphatidylglycerol bilayers studied by
electron spin resonance spectroscopy. Biochemistry
34, 3964�3971.

Resh, M.D., 1999. Fatty acylation of proteins: new
insights into membrane targeting of myristoylated

and palmitoylated proteins. Biochim. Biophys. Acta
1451, 1�16.

Ruano, M.L., Garcia-Verdugo, I., Miguel, E., Perez-Gil,
J., Casals, C., 2000. Self-aggregation of surfactant
protein A. Biochemistry 39, 6529�6537.

Shiffer, K., Hawgood, S., Haagsman, H.P., Benson, B.,
Clements, J.A., Goerke, J., 1993. Lung surfactant
proteins, SP-B and SP-C, alter the thermodynamic
properties of phospholipid membranes: a differential
calorimetry study. Biochemistry 32, 590�597.

Vandenbussche, G., Clercx, A, Curstedt, T., Johansson,
J., Jornvall, H., Ruysschaert, J.M., 1992. Structure
and orientation of the surfactant-associated protein
C in a lipid bilayer. Eur. J. Biochem. 203, 201�209.

Wang, Z., Gurel, O., Baatz, J.E., Notter, R.H., 1996.
Acylation of pulmonary surfactant protein-C is re-
quired for its optimal surface active interactions with
phospholipids. J. Biol. Chem. 271, 19104-10109.

Weaver, T.E., 1998. Synthesis, processing and secretion
of surfactant proteins B and C. Biochim. Biophys.
Acta 1408, 173�179.


