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ABSTRACT It has been proposed that palmitoylation of the N-terminal segment of surfactant protein SP-C is important for
maintaining association of pulmonary surfactant complexes with interfacial films compressed to high pressures at the end of
expiration. In this study, we examined surfactant membrane models containing palmitoylated and nonpalmitoylated synthetic
peptides, based on the N-terminal SP-C sequence, in dipalmitoylphosphatidylcholine (DPPC)/egg phosphatidylglycerol (7:3, w/w)
by 2H-NMR. Perturbations of lipid properties by the peptide versions were compared in samples containing chain- and headgroup-
deuterated lipid (DPPC-ds> and DPPC-d, respectively). Also, deuterated peptide palmitate chains were compared with those of
DPPC in otherwise identical lipid-protein mixtures. Palmitoylated peptide increased average DPPC-ds, chain orientational order
slightly, particularly for temperatures spanning gel and liquid crystalline coexistence, implying penetration of palmitoylated peptide
into ordered membrane. In contrast, the nonpalmitoylated peptide had a small disordering effect in this temperature range. Both
peptide versions perturbed DPPC-d, headgroup orientation similarly, suggesting little effect of palmitoylation on the largely
electrostatic peptide-headgroup interaction. Deuterated acyl chains attached to the SP-C N-terminal segment displayed a
qualitatively different distribution of chain order, and lower average order, than DPPC-ds, in the same membranes. This likely
reflects local perturbation of lipid headgroup spacing by the peptide portion interacting with the bilayer near the peptide palmitate
chains. This study suggests that SP-C-attached acyl chains could be important for coupling of lipid and protein motions in surfactant
bilayers and monolayers, especially in the context of ordered phospholipid structures such as those potentially formed during

exhalation, when stabilization of the respiratory surface by surfactant is the most crucial.

INTRODUCTION

Pulmonary surfactant is a lipid/protein complex essential to
facilitate the work of breathing. It is synthesized by the res-
piratory epithelium and secreted into the thin water layer
covering the alveolar surface, where surfactant reduces sur-
face tension and so prevents alveolar collapse at the end of
expiration (1). Lack of an operative surfactant is associated
with severe respiratory pathologies (2,3). On the other hand,
several components of surfactant play important defense
functions at the respiratory surface, contributing to maintain-
ing a low pathogenic load in the large surface the lungs expose
to environment (4). The different components of pulmonary
surfactant contribute in different ways to the properties of the
surfactant film. Surfactant contains ~80%, by weight, of phos-
pholipids, including dipalmitoylphosphatidylcholine (DPPC),
which accounts for ~40% of the total mass. Negatively-
charged phospholipids, usually phosphatidylglycerol (PG)
and minor amounts of phosphatidylinositol (PI), account for
up to 10%—15% of surfactant in most animal species (5,6).
Hydrophilic surfactant proteins SP-A and SP-D are important
for host defense (7-9) and have less impact than hydrophobic
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surfactant proteins SP-B and SP-C on the surface active
properties of surfactant bilayers and monolayers.

The presence of SP-B and SP-C is critical for optimizing
the ability of surfactant to produce dramatic reductions of
surface tension (10—12). In particular, SP-C has been shown
to promote transfer of phospholipids from surfactant bilayers
into the air-liquid interface (13—15). Also, SP-C has been
shown to promote compression-driven formation and stabi-
lization of multilayered surfactant reservoirs associated with
the interfacial films (16,17). These surface-associated sur-
factant structures would favor rapid replenishment of the
interface with surface active molecules during expansion, at
inspiration, whereas, in addition, providing stability to the
film in the highest compressed states. The ability of SP-C to
promote stabilization of compressed surfactant phases would
explain the fact that surfactant from SP-C knocked-out mice
forms interfacial films with a reduced stability (18).

SP-C is a highly hydrophobic lipopeptide containing 35
amino acids, which adopt a mainly a-helical secondary struc-
ture (19,20). A very regular a-helix formed by residues 9-34
adopts a transmembrane orientation in phospholipid bilayers,
which perfectly matches the thickness of a fluid DPPC mem-
brane (21,22). The NMR structure of SP-C as determined in
organic solvents shows that the N-terminal segment of SP-C,
comprising residues 1-9, shows no defined conformation
(22,23). However, studies with synthetic peptides designed to
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mimic this segment suggested that the N-terminal segment
could adopt a B-turn structure (24). Native SP-C is modified
posttranslationally in most species by two palmitic chains,
covalently bound to Cys-5 and Cys-6 residues. In some ani-
mals, SP-C contains a single cysteine, which is also stoichio-
metrically palmitoylated. Covalently-attached palmitic chains
are present in a broad group of proteins, many of which are
membrane-anchored and involved in signaling events (25-27).
In the case of SP-C, palmitoylation is thought to stabilize the
a-helical structure (21,28) and also to be important to sustain
association of surfactant reservoirs with the interfacial film
(29-31). The lack of covalently bound palmitoyl groups re-
duces the compressibility and the surface tension lower-
ing properties of dynamically cycled films, the mechanical
stability of SP-C-containing surface structures, and the re-
spreading on expansion of phospholipids from the reservoir
back into the air-liquid interface (30,32-34). This clearly in-
dicates that palmitoylation is required for optimal surface ac-
tivity of SP-C.

Numerous studies have approached the characterization of
lipid-protein interactions of SP-C, in an attempt to understand
the molecular mechanisms by which SP-C modulates surface
activity in surfactant. Analyses of the ways in which SP-C
affects thermotropic properties, along with order and packing
of phospholipids in membranes, by differential scanning
calorimetry (35,36), infrared spectroscopy (21,37) or electron
spin resonance (38), has shown that the behavior of SP-C is
dominated by the interactions of the hydrophobic transmem-
brane helix. Deuterium-NMR has been also used extensively
to examine the nature and extent of the perturbations intro-
duced by SP-C in surfactant bilayers. Incorporation of SP-C
into membranes containing acyl chain-deuterated or head-
group-deuterated phospholipids showed that the protein had
no noticeable effects on the acyl chain orientational order of
the bilayers in the liquid-crystalline phase (36,39,40), although
it considerably broadened the thermotropic gel-to-liquid crys-
talline phase transition in zwitterionic (36) and anionic (39)
membranes. SP-C was found to affect the first spectral moment
more strongly for DPPG-dg, than for DPPC-dg,, which was
attributed to SP-C having some preferential interaction with
negatively charged lipids. Deuterium-NMR also allowed a
detailed examination of the effect of SP-C on conformation of
the headgroup region in phospholipid membranes (40).

Recent attention has been paid to the structure and lipid-
protein dynamics of the palmitoylated N-terminal segment of
SP-C, the only region of the protein likely protruding out of
bilayers and monolayers and therefore prone to support and
modulate membrane-membrane or membrane-interface in-
teractions. The study of synthetic peptides mimicking the se-
quence of the N-terminal segment of SP-C has shown that this
motif has an intrinsic propensity to interact with bilayers (41)
and monolayers (42), even in the absence of cysteine palmi-
toylation. However, the contribution of the N-terminal se-
quence to the membrane-perturbing properties of SP-C and
the effects of palmitoylation on the ability of this region of the
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protein to modify membrane behavior has not been studied
widely. In an attempt to understand how the N-terminal seg-
ment of SP-C interacts with and perturbs phospholipid
membranes, two peptides with sequences corresponding to the
13-residue N-terminal segment of the protein have been syn-
thesized, either with free or palmitoylated cysteines, and re-
constituted into bilayers of acyl chain-deuterated (DPPC-dg,)
or choline-labeled (DPPC-d,) phospholipids. The perturba-
tions induced by palmitoylated and nonpalmitoylated peptides
on the bilayers have been inferred from comparison, at various
temperatures, of “H-NMR spectra from deuterated lipids in
peptide-free membranes and membranes containing the
peptides. The motional state of the palmitate chains on the
palmitoylated peptide has also been investigated by compar-
ing the spectra of DPPC-dg, with that of deuterated peptide
palmitate chains into otherwise identical mixtures of DPPC/
egg-PG plus palmitoylated SP-C N-terminal segment peptide.

MATERIALS AND METHODS
Materials

Chloroform (Chl) and methanol (MeOH) were HPLC-grade solvents from
Scharlau (Barcelona, Spain). The chain-perdeuterated phospholipids DPPC-dg;,
DPPC deuterated at the « and 3 positions of the choline headgroup (DPPC-d4)
and egg-PG were obtained from Avanti Polar Lipids (Alabaster, AL)
and were used without further purification. The average molecular weight
calculated for egg-PG was 771. The labels a and 8 of DPPC-d, refer to the
choline methylene groups nearest and next-nearest, respectively, to the
phosphate group.

Peptide synthesis and purification

Three 13-residue peptides were synthesized by Fmoc (fluoren-9-
ylmethoxycarbonyl) chemistry, based on the sequence of porcine SP-C.
Peptide pSP-C(free) (NH,-LRIPCCPVNLKRL-CONH,) has the two cys-
teines of the native sequence bearing free thiol groups, whereas the peptide
pSP-C(palm), (NH,-LRIPCpy,Cpaim PVNLKRL-CONH,) has the two
cysteines palmitoylated via thioester bonds. This peptide was prepared by
treatment of pSP-C(free) with palmitoyl chloride in trifluoroacetic acid for
10 min (69), followed by HPLC purification. The molecular weights of the
nonpalmitoylated and palmitoylated peptides were 1525 and 2002 respec-
tively, and both were assumed to carry three positive charges under the
conditions of these experiments. A version of pSP-C(Palm), with fully deu-
terated (C;5D3;) fatty acid chains was also produced. All peptides were
purified to >95% by HPLC, and their purity was checked by matrix-assisted
laser desorption-ionization time-of flight (MALDI-TOF) MS analysis.

Sample preparation and analysis

Samples of lipid and peptide were mixed in chloroform/methanol 2:1 (v/v).
The solvent was removed by rotary evaporation followed by evacuation
overnight. Dried peptide-lipid mixtures containing 15 mg of DPPC-dg,/PG
7:3 (w/w) or DPPC-d,/PG 7:3 (w/w) in the absence or in the presence of 10%
(w/w) of palmitoylated or nonpalmitoylated peptides were dispersed in 10 mL
of buffer (Tris, 5 mM; NaCl, 150 mM; pH 7.0) at 50°C for 1 h to form
multilamellar suspensions. The samples were then centrifuged at 50,000 X g
for 30 min at 4°C and the pellet was resuspended in 300 uL of supernatant
from the centrifugation and transferred into an NMR tube of 8 mm. Lipid
concentrations were determined by phosphorus analysis (44). After hydration,
each sample was warmed to 46°C and allowed to equilibrate for ~15 min
before starting data collection. Temperatures were lowered in 2°C steps ex-
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cept near the main liquid-crystal to gel transition for which 1°C steps were
used. After each temperature change, the sample was allowed to equilibrate
for at least 15 min before the beginning of data collection. >H-NMR spectra
were collected in a 9.4 T superconducting solenoid operating at 61.4 MHz
using the quadrupole echo sequence with 7/2 pulses of 4.3-5.5 us separated
by 50 us. For each spectrum of a sample containing DPPC-dg,/PG 7:3 (w/w),
8,000 transients were averaged. For samples containing DPPC-d,/PG, 20,000
transients were averaged. For the sample containing peptide having deuterated
palmitic chains attached at the cysteines, 40,000 transients were collected. To
facilitate calculation of first spectral moments, spectra were symmetrized by
zeroing residual noise in the imaginary channel. The narrow peak obtained in
the center of most spectra likely arises from natural abundance deuterium in
the water or from small particles generated during the preparation of samples.
This was confirmed by rehydrating selected samples in deuterium-depleted
water and rescanning after this series of experiments was completed.

RESULTS

Fig. 1 shows “H-NMR spectra at selected temperatures ob-
tained from bilayers composed of DPPC-dg,/egg PG (7:3,
w/w) without peptide (Fig. 1 a), DPPC-dg,/egg PG (7:3, w/w)
plus 10% by weight of palmitoylated N-terminal SP-C pep-
tide (Fig. 1 b) and DPPC-dg,/egg PG (7:3, w/w) plus 10% by
weight of nonpalmitoylated N-terminal SP-C peptide (Fig.
1 ¢). The spectra in the three panels of Fig. 1 illustrate how the
properties of each bilayer sample change as it undergoes the
transition from liquid crystalline phase, at the highest tem-
peratures, to gel phase at the lowest temperatures. At the
highest temperatures for each series, the spectra in Fig. 1 are
superpositions of Pake doublets that reflect the fast, axially
symmetric CD bond reorientation characteristic of the liquid-
crystalline phase. The splitting of the 90° edges in a given
doublet is proportional to the orientational order parameter
for that bond,
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Sep = % (3cos’ — 1)/2. 1)
In Eq. 1, 0 is the angle between the CD bond and the
symmetry axis, typically the bilayer normal, for the bond
motion. The average is over motions of the CD bond that
modulate the orientation-dependent quadrupole interaction
with correlation times much shorter than the characteristic
timescale (~107> s) of the deuterium NMR measurement
(45). For perdeuterated lipid acyl chains in the liquid-crys-
talline phase, Scp is lowest near the bilayer center where the
amplitude of chain motion is high and increases in a char-
acteristic way to a plateau value near the headgroup end of
the chain where motion is relatively restricted. The resulting
orientational order parameter profile gives rise to the char-
acteristic distribution of splittings in the liquid-crystalline
phase spectra for phospholipids with perdeuterated saturated
chains. At low temperatures, the spectra are typical of the gel
phase and reflect reorientation characterized by reduced axial
symmetry on the timescale of the measurement.

For the sample containing no peptide (Fig. 1 a), the spectra
above 29°C indicate a single liquid-crystalline phase that
implies that DPPC-dg, and egg-PG in this mixture remain
homogeneously mixed to below the main transition temper-
ature for DPPC-dg, (~37°C). Between 29°C and 22°C, the
spectra are superpositions of both liquid-crystalline and gel
spectral components indicating coexistence of domains with
different compositions through the range of temperatures
over which the sample undergoes its transition from liquid-
crystalline to gel. The superposition is most apparent between
26°C and 24°C where prominent spectral edges corre-
sponding to ‘‘plateau’’ deuterons in the liquid-crystalline
phase coexist with the broad wings of the gel phase and where
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the sharp doublet with a splitting of ~4.4 kHz, arising from
acyl chain methyl deuterons in the liquid-crystalline phase is
superimposed on the feature with a width of ~14 kHz arising
from acyl chain methyl deuterons in the gel phase.

Fig. 1 b shows spectra obtained from DPPC-dg; in the
sample containing the palmitoylated SP-C N-terminal pep-
tide. The distributions of doublet splittings in the corre-
sponding liquid-crystalline phase spectra indicate that the
peptide has little effect on lipid chain orientational order.
Spectra for this sample between 29°C and 24°C are also in-
dicative of two-phase coexistence. The 24°C spectrum in Fig.
1 b contains a smaller liquid-crystalline component than the
corresponding spectrum in Fig. 1 a suggesting that the tem-
perature range for two phase coexistence in the DPPC-dg,/
egg-PG bilayers is slightly reduced by the presence of the
palmitoylated peptide. Overall, though, the perturbation of
DPPC-dg,/egg-PG phase behavior by this peptide is small.

Fig. 1 ¢ shows spectra obtained from DPPC-dg, in the
sample containing the nonpalmitoylated SP-C N-terminal
peptide. The range of quadrupole splittings over the whole
temperature range examined is similar to that seen for the lipid
only and lipid plus palmitoylated peptide samples indicating
that perturbation of DPPC-dg, chain order by the non-
palmitoylated peptide is also small. The liquid-crystalline
phase spectra in Fig. 1 ¢ do reflect some broadening, relative to
corresponding spectra for the other two samples, which may
reflect changes in the correlation times of slower motions that
can affect transverse relaxation without changing orientational
order. The spectra in Fig. 1 ¢ also differ slightly from those of
the other samples through the range of temperatures over
which the sample undergoes its main transition. Although the
splittings are similar for the three samples at a given temper-
ature, the spectra in Fig. 1 ¢, particularly at 27°C and 26°C, are
not as clearly separable into distinct liquid crystalline and gel
spectral components as the corresponding spectra in Fig. 1, a
and b. This may indicate that the sizes of any coexisting do-
mains are small enough to allow a given lipid to sample all
motional environments over the ~10~ s time-scale charac-
teristic of the H-NMR experiment.

For a spectrum denoted by flw), the first spectral moment,
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is proportional to the average, over all deuterated chain
segments, of the orientational order parameter. M, typically
jumps discontinuously at the liquid crystal to gel transition of
a single component phospholipid bilayer. The temperature
dependence of M, is thus indicative of bilayer phase behav-
ior. Changes in M; with sample composition can provide
evidence for perturbation of chain order by protein or
peptides within the gel or liquid-crystalline phase. Fig. 2
shows the temperature dependence of M, as calculated from
the spectra of DPPC-dg,/egg-PG and DPPC-dg,/egg-PG plus
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FIGURE 2 Temperature dependence of the first spectral moment (M) for
2H-NMR spectra obtained from bilayers containing DPPC-dg,/egg-PG (7:3
w/w) (circle), DPPC-dgy/egg-PG (7:3 w/w) plus 10 wt % pSP-C(palm)
palmitoylated N-terminal SP-C peptide (square), or DPPC-dg,/egg-PG (7:3
w/w) plus 10 wt % pSP-C(free) nonpalmitoylated N-terminal SP-C peptide
(triangle). Bilayers are hydrated in a buffer of 150 mM NaCl and 5 mM Tris
at pH 7. Estimated uncertainty in M, is =3%.

10% by weight of either palmitoylated or nonpalmitoylated
peptide. For temperatures above 30°C the addition of the
peptides corresponding to the N-terminal segment of SP-C
modifies chain order only slightly. Within the range of tem-
peratures corresponding to two-phase coexistence, the pal-
mitoylated peptide raises average DPPC-dg, chain order
slightly whereas the nonpalmitoylated peptide appears to re-
duce it slightly. At the lowest temperatures studied, both pep-
tides appear to raise average DPPC-dg, chain order slightly.
Although it is clear that neither peptide substantially perturbs
average DPPC-dg; chain order at the concentrations studied
here, the palmitoylated peptide did seem to promote a small
but significant increase in average chain order within the
transition range of temperatures where the bilayer system
may be particularly susceptible to perturbation. This suggests
that the palmitoylated peptide may have a slight tendency to
promote increased chain order. If so, palmitoylation may
facilitate interaction of the N-terminal segment of SP-C with
ordered regions as they become organized in membranes on
cooling below the main phase transition temperature. A
qualitatively similar behavior has been observed when study-
ing the interaction of synthetic peptides corresponding to the
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N-terminal segment of SP-C with phospholipid membranes
by electron spin resonance (46).

Interactions between the N-terminal segment of SP-C and
the headgroup region of phospholipid bilayers were studied
by observing the effect of palmitoylated and nonpalmitoylated
SP-C peptides on bilayers containing DPPC deuterated in the
a and B positions of the choline group (DPPC-d,). H-NMR
spectroscopy of membranes made of headgroup deuterated
phosphatidylcholine has proven to be useful for studying the
influence of external perturbations, such as electric charges,
hydrostatic pressure or the interaction of proteins on the
headgroup orientation of the phospholipid molecules (40,47,
48). The interaction between the phosphatidylcholine P~-N*
dipole and external perturbing surface charges causes the
headgroup to tilt toward or away from the bilayer surface
depending on the sign of the net surface charge. The head-
group tilts toward or away from the bilayer surface as its
positively-charged quaternary nitrogen is either attracted to
or repelled by opposite or like surface charge respectively
(47,49-51). It was shown previously that the interaction of
pulmonary surfactant protein SP-C with the DPPC headgroup
is primarily electrostatic in nature. SP-C has three positively
charged side chains. The response of headgroup conforma-
tion to SP-C concentration was consistent with an interaction
between the lipid headgroup dipole and the net positive
charge associated with the protein (40). Fig. 3 shows spectra
at selected temperatures obtained from DPPC-d,/egg-PG
(7:3) bilayers in the absence or in the presence of either pal-
mitoylated or nonpalmitoylated SP-C peptide. For each tem-
perature, spectrum a is for DPPC-ds/egg PG (7:3, w/w)
without peptide, spectrum b is for DPPC-d,/egg PG (7:3, w/w)
plus 10% by weight of palmitoylated N-terminal SP-C peptide
and spectrum c is for DPPC-d,/egg PG (7:3, w/w) plus 10% by
weight of nonpalmitoylated N-terminal SP-C peptide. The
central spike visible in each spectrum likely arises from natural
abundance deuterium present in the buffer. Its prominence re-
flects the relatively weak signal from the small number of
choline deuterons included in these samples. The outer and in-
ner doublets in these “H-NMR spectra arise from pairs of deu-
terons on the @ and B carbons of the choline group, respectively.

The prominent edges of the Pake doublets reflect signal
from lipids reorienting about bilayer normals perpendicular
to the applied field. Fig. 4 shows the splittings of these 90°
edges for the choline o and B deuterons in each of the three
samples. The assignment of the splittings is based on previ-
ous observations of DPPC-d, alone and the known effect of
anionic amphiphiles on the choline « and 8 deuteron quad-
rupole splitting. For DPPC-d, alone, the o and 3 splittings
are both between 5 kHz and 6 kHz just above the main
transition (40). Negative surface charge tends to raise the
choline a deuteron splitting and reduce the choline 8 deu-
teron splitting, presumably as a result of an electrostatically-
induced change in average orientation of the phosphocholine
electric dipole (47,52). Identification of the larger splitting
with the choline « deuterons is supported by noting that the
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FIGURE 3 ?H-NMR spectra at the indicated temperatures obtained from
bilayers containing (@) DPPC-d,/egg-PG (7:3 w/w), (b) DPPC-d,/egg-PG
(7:3 w/w) plus 10 wt % pSP-C(palm) palmitoylated N-terminal SP-C pep-
tide, or (¢) DPPC-d,/egg-PG (7:3 w/w) plus 10 wt % pSP-C(free) non-
palmitoylated N-terminal SP-C peptide. Bilayers are hydrated in a buffer of
150 mM NaCl and 5 mM Tris at pH 7.

8.85 kHz splitting observed at 40°C for the sample contain-
ing only DPPC-d,/egg-PG 7:3 (w/w) is similar to the splitting
for a-CD,-POPC in the presence of 20 mol % POPG reported
by Macdonald and Seelig (52).

In previous studies involving DPPC-d, alone (40) or
DPPC-d,/egg-PG 7:3 in the presence of calcium (49), the
choline a-deuteron splitting in the liquid crystalline phase
was largely independent of temperature whereas the choline
B-deuteron splitting increased as the temperature was low-
ered toward the transition. This behavior was attributed to a
competition between the effects of increasing amplitude of
motion with increasing temperature and an overall change in
average lipid headgroup orientation due to changes in lipid
packing with increasing temperature. In contrast, the 8 deu-
teron splittings observed in this work depend only weakly on
temperature above 32°C. The difference likely reflects the
effect of anionic egg-PG being present in the bilayer without
any compensating effect from calcium.

Fig. 4 shows that addition of the N-terminal SP-C seg-
ments to the bilayers causes counterdirectional shifts of the
choline « and B deuteron splittings that are larger than those
due to temperature over the range studied. The observed shift
of «a splittings to lower frequency and S splittings to higher
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FIGURE 4 Temperature dependence of quadrupole splittings for choline
a deuterons (solid lines) and choline 3 deuterons (dashed lines) obtained
from bilayers containing DPPC-d,/egg-PG (7:3 w/w) (circle), DPPC-d,/egg-
PG (7:3 w/w) plus 10 wt % pSP-C(palm) palmitoylated N-terminal SP-C
peptide (square), or DPPC-dy/egg-PG (7:3 w/w) plus 10 wt % pSP-C(free)
nonpalmitoylated N-terminal SP-C peptide (triangle).

frequency on addition to peptide implies a tilting of the
phosphocholine dipole away from the bilayer surface (toward
the bilayer normal) as would be expected for addition of
positive charge to the bilayer interface.

The observations described above indicate that the
palmitoylated and nonpalmitoylated SP-C N-terminal pep-
tide segments have small effects on chain orientational order
and phase behavior of DPPC/egg-PG bilayers at the con-
centrations studied. To investigate the motions of palmitic
chains covalently attached to the N-terminal segment of
surfactant protein SP-C we synthesized and characterized the
behavior of a peptide sterified with fully deuterated palmitic
chains. Fig. 5 shows the ZH-NMR spectra of this peptide once
reconstituted in DPPC/egg-PG (7:3 w/w) membranes at a
peptide/lipid ratio of 10% by weight. Spectra obtained from
equivalent samples of DPPC-dg,/egg-PG containing 10% of
pSP-C(palm) peptide, at corresponding temperatures, are
shown for comparison. For each temperature, spectrum a is
obtained from the deuterated-lipid sample and spectrum b is
obtained from the sample containing peptide with deuterated
palmitate chains. As described above, the spectra from deu-
terons in the DPPC-dg/egg-PG bilayers at temperatures
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FIGURE 5 2H-NMR spectra at the indicated temperatures obtained from
(a) bilayers of DPPC-d,/PG (7:3 w/w) containing 10% peptide SP-C(palm)
and (b) bilayers of DPPC/PG (7:3, w/w) containing 10% peptide pSP-C
(*H-palm), sterified with deuterated palmitic chains.

above the onset of the transition are characteristic of fast,
axially symmetric reorientation for all samples observed. The
distributions of splittings reflect the orientational order pa-
rameter profile typically observed for saturated chain lipids
in the liquid-crystalline phase (45,53,54). In contrast, the
2H-NMR spectra obtained from the sample containing peptide
with covalently-attached deuterated palmitate chains are very
different. The lower signal/noise ratios in the spectra ob-
tained from deuterated palmitic chains on the peptide are due
to the smaller fraction of deuterated chains in this sample.
Despite the lower signal/noise ratio, it is still possible to draw
a meaningful comparison between the motions of the lipid
and peptide palmitate chains on the basis of the spectra in Fig.
5. The narrow doublet at the center of each peptide palmitate
spectrum indicates that the methyl group on each peptide
palmitate chain is undergoing fast axially symmetric reor-
ientation about the bilayer normal. The splitting is slightly
lower than for the methyl doublet on the corresponding
DPPC-dg; spectra, which indicates that the peptide palmitate
chains have less orientational order than the lipid chains. The
average splitting for the peptide palmitate deuteron doublets
is less than that of the lipid chain deuterons, which indicates
that the average orientational order along the peptide pal-
mitate chain is also less than that along the lipid chain in the
corresponding mixture. Finally, the distribution of splittings
for the peptide palmitate chain is significantly different from
that for the lipid palmitate chain. The *H-NMR spectrum of a
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fully deuterated saturated lipid acyl chain typically shows a
prominent edge at the largest splitting. This arises from the
superposition of multiple doublets with very similar splittings
and is characteristic of a plateau, in the orientational order
parameter profile, corresponding to the most motionally-
constrained chain segments near the headgroup end of the
chain. For the peptide palmitate chain, the intensity of the
nonmethyl portion of the spectrum peaks at about half of
the maximum observed splitting. Although this shape might
suggest some underlying departure from axially-symmetric
reorientation, the methyl doublets are indicative of axially-
symmetric reorientation and it is likely that the shape of the
nonmethyl portion of the spectrum reflects, at least in part, a
distribution of splittings that is significantly different from
typical lipid acyl chain orientational order parameter profile.

As the temperature is reduced from 40°C to 28°C, the
distinct edges seen at maximum splitting in the spectrum of
the deuterated peptide palmitate chain become less prominent
and the spectrum becomes increasingly rounded. This is
consistent with changes seen in the lipid acyl chain spectrum
as the sample approaches the transition and suggests that the
peptide palmitate chains are sensitive to the phase state of the
surrounding lipid bilayer.

Aside from the shape of the nonmethyl portion of the
peptide palmitate spectrum, the most striking difference from
the lipid palmitate chains observed in a sample of the same
composition is the much lower degree of average orientational
order. This implies that acyl chain packing in the neighbor-
hood of the peptide palmitate chains is much less dense than in
the rest of the bilayer interior. This could reflect local per-
turbation of lipid headgroup spacing by the portion of the
peptide interacting with the bilayer in the neighborhood of
the peptide palmitate chains. It has been proposed that the
N-terminal segment of SP-C forms an amphipathic -hairpin,
with the middle part of the turn occupied by hydrophobic
residues whereas both ends contain polar, positively charged
amino acids. This allows the association of the N-terminal
segment with the polar/nonpolar interface offered by the
membrane surface, either in the absence or presence of pal-
mitoylation (41,46). The association of the amphipathic
hairpin with the bilayer surface probably gives rise to packing
defects and provides further space to the thioester-linked
palmitic chains inside the membrane. This could account for
the additional conformational freedom compared with that
sensed by the acyl chains on the phospholipid molecules,
especially with respect to the chain segments close to the polar
headgroups. The small size of the studied peptides may also
contribute to the higher conformational freedom and different
orientational dynamics of the peptide palmitate chains relative
to those of the phospholipids in a given sample.

DISCUSSION

The function of palmitoylation in SP-C, other than a struc-
tural role in stabilizing the a-helical conformation of the
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protein, is not clear. The acyl chains are not strictly required to
promote the association of SP-C with membranes, because in
the absence of the fatty acyl chains SP-C remains membrane-
associated via its transmembrane domain (32,34). Palmitic
chains are not even required to promote association of the
N-terminal segment of SP-C with surfactant bilayers and films,
as synthetic peptides designed from this sequence associate
and perturb bilayers and monolayers even in the absence of
cysteine-linked acylation (41,42). An intracellular role for the
palmitic chains to modulate trafficking of SP-C is not very
likely either, because the substitution of cysteines by alanines
or serines, resulting in the absence of the palmitoyl chains,
had no apparent influence on targeting of proSP-C (55,56).
However, the palmitoyl chains of SP-C seem to play an im-
portant role in surface activity. It has been observed that the
lack of covalently bound palmitoyl groups reduces the me-
chanical stability of SP-C-containing surface films and the
re-spreading, on expansion, of phospholipids from surface
reservoirs, back into the air-liquid interface (30,32-34). This
indicates that palmitoylation is required for optimal surface
activity of SP-C. The role of palmitoylation on the activity of
SP-C has been investigated by using infrared spectroscopy to
study the behavior of palmitoylated and nonpalmitoylated
versions of peptides from the N-terminal segment of SP-C in
lipid/protein monolayers subjected to compression/expan-
sion dynamics (43). Palmitoylation was important for the
peptides to maintain association with phospholipids films
once compressed to the highest pressures. These results have
been the basis for a model that proposes that SP-C, mainly via
its palmitoylated N-terminal segment, would be required to
maintain the association of surfactant complexes with the
interfacial film at the most compressed states, those reached
at the end of expiration (12,57-59). A recent study has de-
termined that palmitoylation favors association of the
N-terminal SP-C segment with ordered interdigitated-like
regions in DPPC or DPPG bilayers (46). Interdigitated-like
phospholipid organization has been proposed to occur in
membrane regions in the Py ripple phase, typical of DPPC
bilayers at 37°C (60).

Deuterium NMR is a valuable tool for studying interac-
tions of various lipid and protein components in membrane
environments (45,61) and has also been applied to models of
lung surfactant (40,49,62,63). The results presented in this
study are consistent with a role of palmitic chains to favor
intercalation of SP-C N-terminal segment within ordered
lipid regions. Palmitoylated peptide increases average ori-
entational of the acyl chains of bilayers particularly at tem-
peratures for which domains of gel and liquid-crystalline
phase lipid coexist. An alternative possibility could be that
the peptide withdraws PG from the gel phase domains
through, perhaps, selective electrostatic interactions, con-
tributing to increase the order in the gel phase, which could be
then further enriched in DPPC. The intrinsic disorder of the
peptide-attached acyl chains could also contribute to a pref-
erential interaction of unsaturated phospholipid chains with
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the palmitoylated peptide. However, the palmitoylated pep-
tide is also more efficient than the nonpalmitoylated peptide
in promoting ordering of gel phase in pure DPPC bilayers, as
recently shown by electron spin resonance spectroscopy (46),
which cannot therefore depend so much on peptide-promoted
demixing of phospholipid species. It is conceivable that the
order of the peptide chains is limited by the way they are
anchored to the peptide sequence. If so, and if the resulting
lateral area of the peptide chains is larger than the lateral area
that the peptide occupies among the lipid headgroups, then
there might still be a slight higher tendency of palmitoylated
peptide to attract disordered lipids and to increase further
average chain order in gel-like domains. An effect like this
might still be most apparent around the transition where it is
easiest to develop nonrandom mixing of the components.

A very rough estimate of the effect of the peptide charge on
the PC headgroup can be obtained by considering the extent to
which the added peptide reverses the effect of the egg-PG
already present in these bilayers. At 40°C, the choline «
deuteron splitting for DPPC-d, is ~5.8 kHz (40). For a mix-
ture of DPPC-d,/egg-PG at a ratio of 7:3 by weight, this
splitting increases to ~8.9 kHz. Addition of 10% peptide by
weight reduces this splitting to 8.0 kHz for the palmitoylated
peptide and 7.8 kHz for the nonpalmitoylated peptide. This
represents the removal of about a third of the change in
splitting due to the presence of egg-PG alone. Response of the
choline @ deuteron splitting to PG concentration is not linear
(52) but this comparison suggests that the effects, per mass, of
these peptides and egg-PG on PC headgroup orientations are
roughly similar in magnitude and opposite in direction. It is
interesting to note that using the average molecular weight for
egg-PG and assuming a charge of —1 for PG and +3 for the
peptide, the magnitude of the charge per unit mass for the
palmitoylated peptide is ~15% higher than that of egg-PG.
The magnitude of the charge per unit mass of the non-
palmitoylated peptide is ~50% higher than that of egg-PG and
the nonpalmitoylated peptide is indeed slightly more effective
than the palmitoylated peptide in reversing the effect of the
egg-PG on the choline deuteron splittings. Although the
nonlinearity of the response of choline deuteron splittings to
bilayer surface charge precludes a more detailed analysis at
this time, it does seem that the response of the lipid headgroup
deuteron splittings is largely accounted for by electrostatic
considerations. This observation also implies that charged
residues in SP-C can have a small effect on average lipid
headgroup orientation and, presumably, a larger effect on local
lipid headgroup orientation. Interestingly, both palmitoylated
and nonpalmitoylated peptides cause similar perturbations of
DPPC headgroup orientation suggesting that, whatever the
role of palmitoylation, it does not significantly alter the largely
electrostatic interaction of the peptide with DPPC headgroups.

The most interesting and novel aspect of this work is
probably the analysis of the mobility of the palmitoyl groups
covalently bound to the N-terminal segment. To our
knowledge, this is the first time the specific behavior of
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protein-attached acyl chains has been studied to this extent in
a membrane context. The results presented in this study
suggest that these acyl chains possess a very different con-
figurational dynamics from that of the phospholipid acyl
chains in the same membranes. The acyl chains of the
phospholipid molecules are subjected to a marked gradient of
orientational order in the bilayer, from the highly constrained
motion of chain segments close to the headgroups to the
much larger amplitude reorientation of acyl segments near
the termini methyl group in the center of the bilayers
(45,53,54). Such gradients are responsible for the typical
spectra obtained from phospholipids bearing fully deuterated
chains under conditions of typical bilayer packing. The
spectra obtained from the deuterated acyl chains on the
protein segments studied here indicate that the deuterated
peptide palmitate chains are subjected to very different mo-
tional constraints than the chains attached to the lipids. It is
probable that the acyl segments close to the carbonyl group in
the peptide context are less constrained than in the phos-
pholipid context for a given bilayer. Still, the peptide acyl
chains also sense changes in motional properties of the lipid
environment as the system approaches the main bilayer phase
transition on cooling. To what extent the change in order,
mobility, and dynamics associated with phase transition
might be ‘‘transmitted’’ to the peptide structure through the
peptide acyl chains has still to be explored.

Several items of evidence connect acylation of proteins to
their association with ordered phospholipid structures. Ac-
ylation has been proposed to promote association of several
proteins with ordered raft-like domains in cell membranes
(64-67). Acylation of peptides seems to induce preferential
perturbations on the ripple Pz phase of DPPC bilayers
(68). Furthermore, in the particular case of SP-C, a study of
palmitoylated and nonpalmitoylated peptides indicated that
palmitoylation is required to maintain association of the
peptide segments with highly ordered compressed states of
phospholipid interfacial films (43). In all these examples, it
has been proposed that protein-attached acyl tails have the
potential to intercalate between phospholipid chains in
membrane ordered arrays, participating in their tight packing
and permitting a closer association of protein motifs. We
show in this study, however, that mobility and dynamics of
protein-attached acyl segments differ substantially from the
average properties of the chains in the host phospholipid,
arguing against an entropic factor promoting the coupling
between palmitic chains in lipids and proteins. Additional
data are required to determine how much of the acyl chain
dynamics is defined by the bearing protein sequence, and
how much of the singular dynamics of the protein-attached
chains is important to define relevant structure-function de-
terminants of palmitoylated proteins.
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