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Abstract

Pulmonary surfactant-specific protein, SP-C, isolated from porcine lung lavage, has been deacylated to investigate the role
of the two thioester linked palmitoyl chains located near the N-terminus. Surface thermodynamic properties, secondary
structure, and orientation of native and deacylated SP-C in 1,2-dipalmitoylphosphatidylcholine (DPPC) monolayers has
been characterized by combined surface pressure^molecular area (Z^A) isotherms and infrared reflection^absorption
spectroscopy (IRRAS) measurements. The isotherms indicate that deacylation of SP-C produces more fluid monolayers at
pressures less than 30 mN m31. The helical secondary structure and tilt angle (70^80³ relative to the surface normal) of SP-C
remained essentially unchanged upon deacylation in DPPC monolayers at a surface pressure V30 mN m31. The results are
consistent with a model that acylation of SP-C may influence the rapid protein-aided spreading of a surface-associated
surfactant reservoir, but not the structure of DPPC or SP-C in the monolayer at higher surface pressures. ß 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Pulmonary surfactant is a lipid^protein mixture
that comprises the liquid layer lining the alveoli of
the lung. The surface-active components in this mix-
ture are thought to exist as a ¢lm in vivo which can
withstand surface tension values near zero upon ex-
piration and can facilitate the rapid spreading of sur-

face-associated components during inhalation. The
main lipid component of pulmonary surfactant, 1,2-
dipalmitoylphosphatidylcholine (DPPC), is capable
of lowering surface tension values to near zero
upon ¢lm compression. Upon ¢lm expansion, how-
ever, DPPC does not adsorb readily and spreads too
slowly to be e¡ective in vivo [1,2]. Along with unsat-
urated phospholipids, two low molecular weight, hy-
drophobic surfactant proteins, SP-B and SP-C, have
been shown to facilitate the adsorption and spread-
ing process [3^8]. The relative amounts of the afore-
mentioned components recovered via bronchoalveo-
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lar lavage have been determined. DPPC constitutes
approximately 30 wt% of pulmonary surfactant, un-
saturated phosphatidylcholines contribute another
30%, and SP-B and SP-C together add approxi-
mately 1^2%. The majority of the remaining surfac-
tant complex is dominated by phosphatidylglycerols,
other disaturated phosphatidylcholines, and the hy-
drophilic surfactant protein, SP-A (for a recent re-
view see [9]). In practice, both proteins are in use
therapeutically in treating respiratory distress syn-
drome although, the molecular properties responsible
for providing surface activity and ¢lm stability are
not well de¢ned [10].

Several structural properties of SP-C appear to be
important for promoting protein^lipid interactions.
SP-C is extremely hydrophobic and contains only
33^35 amino acid residues. In addition to an unin-
terrupted stretch of 16 aliphatic residues (Val, Ile, or
Leu), the polypeptide is often post-translationally
modi¢ed by the addition of two palmitoyl groups
via thioester bonds to cysteine residues at positions
5 and 6 [11]. A palmitoyl group to cysteine molar
ratio of approximately 1:1 has been reported for
SP-C isolated from most mammalian species studied
to date [9]. Other isoforms have also been identi¢ed.
Canine SP-C has only one palmitoylated cysteine
residue and in a recent study, 4% of the SP-C iso-
lated from pig had an additional palmitoyl group
bound to lysine-11 [12,13]. Palmitoylation via S-ester
bonds, a common form of protein acylation, is
thought to anchor soluble proteins to membranes.
In SP-C, the dipalmitoylation imparts substantial hy-
drophobicity to the relatively polar N-terminus. The
secondary structure of native, acylated SP-C in or-
ganic solvents has been determined by 1H-NMR [14].
A very regular K-helical structure between residues
9 and 34 measuring 3.7 nm in length has been re-
ported with a £exible, disordered N-terminal region.
This length allows for hydrophobic matching be-
tween the aliphatic helical sections of SP-C and the
hydrocarbon chains in a £uid DPPC bilayer.

Protein^lipid monolayers serve as good experimen-
tal models for biomembranes and are particularly
well suited for investigating interactions among the
surface-active components in pulmonary surfactant.
Epi£uorescence microscopic studies have shown that
SP-C is associated with and increases the amount of
£uid phase in lipid monolayers [15,16]. These studies

have also indicated that there is no signi¢cant di¡er-
ence in domain size and shape between ¢lms contain-
ing SP-C prepared by cospreading from organic sol-
vents compared to those resulting from the
adsorption of vesicles to the air^water (a/w) interface
[17,18].

Recent studies have begun to address the role of
s-palmitoylation in SP-C without, however, the emer-
gence of a consistent picture. Creuwels et al. [19]
observed no signi¢cant di¡erence in lipid adsorption
to monolayers containing palmitoylated compared to
non-palmitoylated recombinant SP-C, whereas a sig-
ni¢cantly reduced rate of readsorption and reduced
¢lm stability were reported for deacylated calf SP-C
upon rapid cycling [20,21]. The matter is complicated
by reports showing di¡erences in helical content de-
pendent on the method of isolation and/or of chem-
ical depalmitoylation [9].

The relatively new technique of infrared re£ection^
absorption spectroscopy (IRRAS) has been used to
examine the properties of pulmonary surfactant [22^
25]. In the current study, this approach has been
speci¢cally applied to investigate the functional sig-
ni¢cance of the two s-palmitoyl groups in SP-C. IR-
RAS was ¢rst developed by Dluhy and co-workers to
investigate the structural properties of insoluble
monolayers at the a/w interface in situ, without the
artifacts that may be introduced by Langmuir^
Blodgett ¢lm transfer [26]. In addition to the struc-
tural information inherent in the IR frequencies, im-
provements in both theory and experiment have
made the quantitative determination of the orienta-
tion of speci¢c functional groups possible [27]. This
orientational analysis was most recently applied to
monolayers of DPPC and SP-C and the results pro-
vided an initial molecular-level understanding of the
means by which SP-C facilitates spreading phospho-
lipids at the a/w interface [23]. Results indicated that
the helical portion of SP-C has a tilt angle of V70³
with respect to the surface normal in DPPC mono-
layers at surface pressure of about 30 mN m31. The
helix tilt angle for SP-C in oriented bilayers is re-
ported as V25³ or nearly parallel to the lipid acyl
chains of DPPC [28]. The large increase in tilt when
comparing bilayer to monolayer systems can be ex-
plained by hydrophobic matching between the length
of the lipid acyl chains and helix. The current study
further investigates the structure^function relation-
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ships that exist for SP-C in lipid monolayers by uti-
lizing IRRAS to provide information about the sec-
ondary structure and orientation of deacylated SP-C
in DPPC monolayers.

2. Materials and methods

2.1. Materials

L-K-DPPC and sn-1 chain perdeuterated DPPC
(sn-1 DPPC-d31) were purchased from Avanti Polar
Lipids (Alabaster, AL). Isotopically labeled sn-2
13C = O-DPPC was generously provided by Dr.
Ruthven Lewis and Professor Ronald McElhaney
(University of Alberta). Chloroform, methanol, and
sodium chloride were obtained from Fisher Scienti¢c
(ACS certi¢ed, Pittsburgh, PA). HPLC grade water
was used (Fisher) and deuterium oxide (D2O) with
99.9% isotopic enrichment was purchased from Iso-
tec (Miamisburg, OH).

2.2. Protein isolation and deacylation

The protein SP-C was prepared from extracts of
porcine lung lavage by the method of Bligh and Dyer
[29] as described previously [30]. The puri¢ed SP-C
was subjected to alkaline deacylation using a method
developed by Dr. Jesus Përez-Gil ([31] and Përez-Gil,
J., personal communication). SP-C in chloroform/
methanol 1:1 (v/v) was adjusted to pH 10.5 using
0.2 M sodium carbonate. The sample was incubated
for 1 h at 40³C. The materials were subjected to
chromatography on Sephadex LH-60 to separate
monomeric SP-C. The absence of palmitates was
con¢rmed by electrospray mass spectrometry per-
formed at the Department of Chemistry, University
of Waterloo.

2.3. Preparation of samples and subphase for
monolayer experiments

DPPC, sn-1 DPPC-d31 and sn-2 13C = O-DPPC
were dissolved in chloroform (V2 mg ml31) for
measurements made on pure lipid monolayers. Solu-
tions of lipid and protein (20:1 mol ratio) were pre-
pared by mixing the appropriate amounts of chloro-
form/methanol (2:1, v/v) solutions of sn-1 DPPC-d31

or sn-2 13C = O-DPPC (V2 mg ml31) with SP-C or
deacylated SP-C (0.2^1 mg ml31). A subphase of
HPLC grade H2O was used for the IRRAS measure-
ments on pure DPPC monolayers, whereas 0.15 M
NaCl in H2O or D2O was used for all other experi-
ments (pH or pD 6.0). It has been shown that the
acyl chain methylene stretching bands for DPPC are
not e¡ected by the presence of salt in the subphase
[32]. It was necessary to use a D2O subphase for
IRRAS measurements to avoid interference from
the H2O bending mode at V1640 cm31 and to lessen
the e¡ects of the rotational^vibrational modes of
H2O vapor in the same spectral region.

2.4. Surface pressure^molecular area isotherms

A Nima Technology (Coventry, UK) model 611
Te£on trough (maximum surface area of 640 cm2)
and model PS4 surface pressure sensor using a paper
Wilhelmy plate were used to acquire Z^A isotherms.
Typically, 15^30 Wl of solution was spread dropwise
on the surface and 30 min were allowed for solvent
evaporation. All experiments were conducted at
20.5 þ 0.5³C and compression was run at 0.05 nm2

molecule31 min31 for comparison of pure DPPC and
sn-2 13C = O-DPPC and at 0.25 nm2 molecule31

min31 for comparison of pure lipid with binary mix-
tures of lipid with acylated and deacylated SP-C.

2.5. IRRAS measurements

A homemade Langmuir trough with a Nima mod-
el PS4 surface pressure sensor were used for the
IRRAS experiments. Details of the instrument design
have been described elsewhere [27]. The temperature
of the subphase was 20.0 þ 0.5³C. Typically, 5^10 Wl
of solution were spread on a surface area of V83
cm2. Initial surface pressure values (at maximum sur-
face area) were 2^3 mN m31 for the pure DPPC
monolayers and 5^12 mN m31 for the mixed lipid^
protein ¢lms. Using an intermittent compression
technique on our current trough design dictates these
initial pressure values in order to reach a ¢nal surface
pressure of V30 mN m31. After an initial relaxation
period of 45 min, the ¢lm was intermittently com-
pressed over a 3^4-h period to reach the desired sur-
face pressure. At this ¢nal pressure, the ¢lm was
allowed to relax for at least an hour prior to IR
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data collection. A Bio-Rad FTS 40 A spectrometer
equipped with an MCT detector (Cambridge, MA)
was used. Typically, 2048 scans were acquired for
s-polarization and 4096 scans for p-polarization. In-
terferograms were collected at 4 cm31 resolution, apo-
dized with a triangular function, and Fourier-trans-
formed with one level of zero-¢lling to yield spectra
encoded at 2 cm31 intervals. Experiments were re-
peated at least ¢ve times for each angle of incidence.

2.6. Analysis of IRRAS data

Spectra were baseline corrected before peak posi-
tions and intensities were determined. IR peak posi-
tions were determined with a center of gravity algo-
rithm using software provided by the National
Research Council of Canada. All other data manip-
ulations were performed using Grams/32 (Galactic
Instruments, Salem, NH). Occasionally, residual
water vapor bands were subtracted using an appro-
priate reference spectrum. Spectra were smoothed us-
ing a second-order, seven-point Savitsky^Golay rou-
tine before the determination of peak position and
carbonyl and amide I band intensities. Peak heights
rather than integrated intensities were used to mini-
mize interference from partially overlapped spectral
features. IRRAS spectra are presented as re£ectance^
absorbance (RA) vs. wavenumber (cm31). RA is de-
¢ned as 3log (R/RF), where R is the re£ectivity of
the ¢lm covered surface, while RF is the re£ectivity of
the ¢lm-free surface.

2.7. Determination of molecular functional group
orientation

The mathematical formalism used for the simula-
tion has been detailed elsewhere [23,27]. Brie£y, the
following parameters are required for the calcula-
tions. The optical set-up is characterized by the angle
of incidence of the incoming beam with respect to the
surface normal, P1, and the overall degree of polar-
ization, y. Optical features of the subphase include
the real and imaginary parts of the H2O and D2O
refractive index, n2 and k2, which have been interpo-
lated to a 1 cm31 stepwidth [33]. The real part of the
refractive index for the ¢lm has been obtained from
IR ellipsometric measurements. The directional ex-
tinction coe¤cients for the monolayer, kx = ky and

kz, are obtained using Fraser and MacRae's formal-
ism [34] and are generated for a given tilt angle rel-
ative to the surface normal, a, dipole moment direc-
tion relative to the local molecular axis, K, and the
¢lm extinction coe¤cient, kmax, for the particular
vibration. The magnitude of kmax depends on the
strength of the oscillation and the density of the
¢lm-forming molecules at the a/w interface which
varies throughout the compression of the monolayer.
Other ¢lm parameters include: the vacuum wave-
length of the IR radiation at the band maximum,
the full-width of the band at half-height, and the
monolayer thickness, d, which can be obtained by
taking into account the tilt angle for a molecule of
known length, L. The angle between the dipole mo-
ment and the local molecular axis is known, leaving
the tilt angle and kmax as unknowns. The tilt angle
and kmax were determined by comparing measured
and calculated RA values at the di¡erent angles of
incidence for the two polarizations. The whole band
contour was simulated and, as with the experimental
bands, baseline corrected and o¡set to zero prior to
intensity measurements.

3. Results

Surface pressure^molecular area (Z^A) isotherms

Fig. 1. Surface pressure^molecular area isotherms for lipid and
lipid:protein monolayers. A subphase of 0.15 M NaCl at
20.5 þ 0.5³C was used and molecular areas are reported in terms
of amount of lipid spread. The lipid referred to in the main
part of the ¢gure is sn-2 13C = O-DPPC and barrier speed is
0.25 nm2 molecule31 min31, whereas in the inset, barrier speed
is 0.05 nm2 molecule31 min31.
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are displayed in Fig. 1 for pure sn-2 13C = O-DPPC
and binary, cospread monolayers containing the
same lipid with native acylated SP-C and deacylated
SP-C (dSP-C) at a lipid-to-protein mole ratio of
20:1. Molecular area is reported along the abscissa
in terms of the amount of lipid spread, thereby facil-
itating direct comparisons between the isotherms.
The inset in Fig. 1 shows that isotopic labeling of
the sn-2 carbonyl carbon in DPPC does not signi¢-
cantly a¡ect its Z^A isotherm. The results are in
good accord with those previously reported for
DPPC under similar conditions [35,36]. At the lipid-
to-protein ratios studied, the liquid condensed/liquid
expanded (LC/LE) two-phase region at ZW5 mN
m31 for DPPC is abolished in the protein containing
¢lms. Isotherms for these two ¢lms have a slight
decrease in slope at a pressure of 25^28 mN m31

(Fig. 1). Possible causes of this kink include a phase
change in lipid from LE to LC, a conformational or
alignment change in protein, or partial loss of one or
both ¢lm components to the subphase. The majority
of the increase in molecular area observed at all pres-
sures for the ¢lm containing native acylated SP-C
compared to the pure lipid is most likely due to the
area occupied by protein with a small portion of this
area increase arising from non-ideal mixing between
¢lm components. Moderately expanded isotherms re-
sulting from non-ideal mixing between ¢lm compo-
nents have been reported previously for DPPC:acy-
lated SP-C monolayers [6,15,37,38]. In contrast, at
pressures less than 25 mN m31, a much larger in-
crease in molecular area is observed for the ¢lm
with deacylated SP-C indicating that a more liquid
or expanded ¢lm exists. The diminishing di¡erence in
area between the two protein-containing ¢lms at
Zv 30 mN m31 is notable and may be due to order-
ing or alignment in the deacylated SP-C ¢lm constit-
uents. Overall, the Z^A isotherms indicate that the
two proteins produce ¢lms that respond di¡erently to
compression at Z values below V30 mN m31. At
that point, both ¢lms behave similarly and a more
condensed ¢lm exists. Several IRRAS spectral pa-
rameters also suggest similarities in the two pro-
tein-containing ¢lms at high pressures (Zv30 mN
m31).

IRRAS spectra acquired with s- and p-polarized
radiation at several angles of incidence for sn-2
13C = O-DPPC:dSP-C monolayers covering the

1800^1600 cm31 region are displayed in Fig. 2. The
unlabeled sn-1 carbonyl vibrational mode for DPPC
is observed at V1737 cm31, whereas the sn-2 13C = O
is observed at V1690 cm31. The isotopic shift of
V45 cm31 is anticipated due to the change in the
reduced mass of the carbonyl group [39]. The protein
amide IP mode (primarily due to peptide bond C = O
stretch) is observed at V1648 cm31. This band posi-
tion along with the absence of amide II intensity
(V1550 cm31, not shown), is indicative of a predom-
inantly hydrogen^deuterium exchanged K-helical
structure for deacylated SP-C [40]. The secondary
structure of native acylated SP-C was also found to
be K-helical in DPPC monolayers and bilayers
[23,25,28,41]. As the angle of incident is increased
from 35³ to 46³, the intensities observed for the three
bands increase for p-polarized radiation, whereas
they remain approximately constant or slightly de-
crease for s-polarization. The spectra acquired using
s-polarized radiation contain less noise than p-polar-
ization due to the greater re£ectivity of s-polarized
light from the aqueous surface.

The IRRAS spectra shown in Fig. 2 were acquired

Fig. 2. IRRAS spectra of the carbonyl and amide IP region for
sn-2 13C = O-DPPC:dSP-C monolayers on 0.15 M NaCl D2O.
The range of incident angles for the polarized radiation is speci-
¢ed on the left and surface pressure is 28 þ 2 mN m31 for the
intermittently compressed ¢lms at 20.0 þ 0.5³C. The bar repre-
sents the intensity in re£ectance^absorbance units. Spectra are
slightly smoothed (second-order, seven-point Savitzky^Golay).
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over a range of incident angles so that a quantitative
determination of helix orientation could be per-
formed [23,27]. The simulations used to calculate
the amide IP band intensities and compare these
with experimental values, require as input the angle
between the helix axis and surface normal, and kmax

values. The parameter kmax is treated as an empirical
measure of the oscillator strength and the density of
protein molecules sampled by the IR beam. To aid in
the simulations, limiting values were required for the
¢lm parameter kmax. The range for this parameter
was con¢ned to þ 70% of the value (kmax = 0.48) pre-
viously determined in simulations for native SP-C in
DPPC monolayers [23]. This constraint seemed rea-
sonable as the same conditions (lipid-to-protein ra-
tio, same trough, initial and ¢nal pressure, and com-
pression method) were used in the current set of
experiments as in the aforementioned paper. These
identical experimental conditions along with observa-
tions that helical secondary structure and average
amide IP band intensities remain approximately the
same for both native and deacylated SP-C provide a
rationale for limiting the range of kmax. Fig. 3
presents a comparison between simulated and exper-

imental peak intensities for the amide IP band of
dSP-C in monolayers with labeled DPPC. The best
¢t to the experimental data was obtained with a helix
tilt angle of 82³ and kmax of 0.75. Overall, the meas-
ured intensities of the amide IP band for the dSP-C
are in the same range as those reported for the na-
tive, acylated SP-C and the derived 82³ tilt is also
comparable to the 70³ tilt reported for the native
protein.

To gain a better understanding of the accuracy of
the simulated tilt angle, the di¡erences between
measured and calculated re£ectance^absorbance in-
tensities were squared and summed for both polar-

Fig. 4. 3-D plots of total error versus a limited range of tilt an-
gles and kmax values for re£ectance^absorbance intensities of
the amide IP band for sn-2 13C = O-DPPC:dSP-C monolayers.
Total error represents the sum of the squares of the di¡erence
between the measured and calculated values for both polariza-
tions at each angle of incidence. (A) displays a larger range of
total error and tilt angles and in (B) the range of these values
is limited to allow visualization of minimum total error. The
same parameters were used as speci¢ed in Fig. 3.

Fig. 3. Simulated and measured re£ectance^absorbance inten-
sities for the amide IP band versus angle of incidence for sn-2
13C = O-DPPC:dSP-C monolayers on 0.15 M NaCl D2O. The
following parameters were used in the calculation: real part of
the refractive index at the band center = 1.41, length of he-
lix = 3.41 nm, degree of polarization = 99.5%, full-width at half-
height = 18 cm31, and angle between the transition dipole and
the helix axis = 28³ [45]. The best ¢t calculated curves are shown
and were obtained for kmax = 0.75 and helix tilt angle = 82³. The
average of ¢ve measurements is shown with the spread in the
data.
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izations at each incident angle (total error) and are
displayed in Fig. 4. The range of helix tilt angles used
in the simulations for Fig. 4 was 60^88³ in 1³ incre-
ments and the range for kmax was 0.14 to 0.82 in
increments of 0.01. Simulations performed over the
tilt angle range of 0 to 59³ resulted in larger total
error values than those shown in Fig. 4A. The broad
contour in Fig. 4A covers a large range of total error
values and in Fig. 4B this range is narrowed to en-
hance the visualization of best ¢t tilt angles and kmax

values. As in Fig. 3, the best ¢t was obtained for a
helix tilt angle of 82³ and kmax of 0.75, however, it is
clear from the plot (Fig. 4B) that a range of both tilt
angles and kmax values provides nearly indistinguish-
able total error values. Tilt angles from 75 to 82³ and
kmax values from 0.45 to 0.76 are found to be within
25% of the minimum total error and therefore rep-
resent a range of reasonable values. The error plots
in Fig. 4B do not show monotonic behavior because
calculations are performed at discrete intervals.

Fig. 5A,B displays the surface pressure induced
frequency shifts for a sn-1 DPPC-d31 monolayer in
the XaCH2 and XaCD2 vibrational modes, respec-
tively. Pressure-induced conformational ordering of
the acyl chains is observed as a frequency decrease
from V2923 to V2919 cm31 for the XaCH2 of the
sn-2 chain and from V2197 to V2194 cm31 for the
XaCD2 of the sn-1 chain. The pressure range encom-
passing the ordering of both acyl chains (5^10 mN
m31) is approximately the same as the range for the
LE to LC plateau shown in Fig. 1 (inset) although,
two di¡erent isotopically labeled DPPC ¢lms,
troughs, and compression techniques were applied.

Fig. 6 displays IRRAS spectra of pure sn-1 DPPC-
d31 monolayers covering CH2 (3000^2775 cm31) and
CD2 (2250^2050 cm31) stretching regions over a
range of incident angles for s- and p-polarized radi-

Fig. 5. Frequency of XaCH2 (A) and XaCD2 (B) vibrational
modes versus surface pressure for an intermittently compressed
sn-1 DPPC-d31 monolayer. The angle of incidence was 35³ and
a H2O subphase at 20.0³C was used.

Fig. 6. IRRAS spectra of the CH2 and CD2 stretching region
for sn-1 DPPC-d31 monolayer on H2O subphase. The range of
incident angles for the polarized radiation is speci¢ed on the
left and surface pressure is 28 þ 2 mN m31 for the intermit-
tently compressed ¢lms at 20.0 þ 0.5³C. The bar represents the
intensity in re£ectance^absorbance units. Spectra have not been
smoothed.
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ation. Spectra were acquired at surface pressure of
28 þ 2 mN m31 where the lipid exists in a condensed
state. The average frequencies for the XaCH2 and
XaCD2 vibrational modes, 2919.5 and 2193.9 cm31,
respectively, indicate substantial conformational or-
der for both acyl chains. Similar frequencies ( þ 0.2
cm31) and hence, similar conformational order is
observed for DPPC monolayers with either native
acylated or deacylated SP-C under the same experi-
mental conditions. Attempts to quantitatively deter-
mine the tilt angles of sn-1 and sn-2 acyl chains
proved di¤cult due to the following. First, the sig-
nal-to-noise ratio for the CH2 stretching vibration is
reduced by a factor of two compared to our previous
calculation for the average tilt angle of the two
chains for the unlabeled lipid [23], thereby lowering
the precision of the intensities measured. Second, the
extinction coe¤cient for the CD2 stretching modes is
less than that for corresponding CH2 stretches, caus-
ing a further decrease in the signal-to noise-ratio for
the CD2 modes. Lastly, the nature of the calculated
re£ectance^absorbance properties for vibrations
where the angle between the transition dipole mo-
ment change and the molecular axis is 90³ (the case
for CH2 and CD2 stretching modes) is not very sen-
sitive to changes in axis tilt angles in the 0^25³ range.
Similar considerations apply to the lipid carbonyl
stretching vibration for sn-2 13C = O-DPPC where
attempts to quantify the tilt angle between the sur-
face normal and normal to the C = O dipole for both
the sn-1 and sn-2 acyl chains were unsuccessful.
These di¤culties will be overcome, when improved
signal-to-noise ratios allow for precise determination
of re£ectance^absorbance intensities.

4. Discussion

Overall, protein acylation is thought to enhance
protein^membrane interaction by increasing the hy-
drophobicity of a protein. However, for many pro-
teins, the speci¢c role of lipidation has not yet been
elucidated [42]. For SP-C, acylation may, at ¢rst
glance, seem to be redundant since the peptide is
extremely hydrophobic to begin with. The acylation
motif found in SP-C is common; a thioester covalent
bond is formed between a cysteine residue and pal-
mitic acid. Other structural properties of SP-C, how-

ever, are quite unique. Two palmitoyl chains are
found in SP-C for most species. These are covalently
bound to two adjacent cysteine residues located near
the relatively hydrophilic amino-terminus [11]. This
modi¢cation introduces substantial hydrophobicity
to the N-terminus of SP-C and suggests interaction
with phospholipid acyl chains. The cysteines are
£anked on both sides by proline residues which con-
strain this part of the molecule. The presence of pro-
line may impart a particular localized secondary
structure or orientation important for its interaction
with lipids.

Overall, both native and deacylated SP-C have
been found to enhance lipid surface activity. The
expanded nature of the Z^A isotherms for protein
containing monolayers shown in Fig. 1 are consistent
with those previously reported for binary mixtures of
DPPC and native SP-C or £uorescein^labeled SP-C
which is partially deacylated [15,37]. In addition,
Crewels et al. [19] present Z^A isotherms for pure
acylated and deacylated SP-C made by recombinant
DNA procedures, where the molecular areas for
¢lms of the deacylated protein are greater than those
for the acylated protein. Considering the di¡erences
among the sources and labeling of SP-C, and exper-
imental conditions, the similarities among the sets of
Z^A curves are satisfactory.

Epi£uorescence microscopic results have shown
that the protein is associated with the LE phase of
DPPC, and that the presence of the protein results in
an increase in ¢lm £uidity and decrease in the size
and total amount of LC domains [16]. It was sug-
gested that the protein-induction of £uid lipid re-
gions would allow for faster adsorption of pulmo-
nary surfactant upon ¢lm expansion, assuming that
a lipid-rich surface-associated reservoir exists. Qan-
bar et al. [21], made surface activity measurements
with a captive bubble surfactometer on ¢lms of
DPPC, egg phosphatidylglycerol, and calf SP-C.
Substantial di¡erences were noted in lipid respread-
ing between the ¢lms containing acylated versus de-
acylated protein, with the ¢lm containing deacylated
SP-C losing its surface-active properties rapidly upon
repeated compressions. The authors therefore sug-
gested that acylation may be required for the forma-
tion of a lipid-rich reservoir near the surface. Wang
et al. [20] also noted decreased surface activity for
lipid mixtures with deacylated SP-C.
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Inconsistencies exist in measurements reporting on
the secondary structure of acylated compared to de-
acylated SP-C. An approximate 20% reduction in
K-helical content has been reported for deacylated
SP-C in lipid bilayers from attenuated total re£ec-
tance (ATR) FT-IR measurements [20,41] and solu-
tion circular dichroism (CD) measurements made on
lipid micelles [43]. In contrast, the amide I region
shown in the IRRAS spectra in Fig. 2 are qualita-
tively the same as those previously reported for
DPPC monolayers containing native, acylated SP-C
under the same experimental conditions [23]. CD
measurements performed on Langmuir^Blodgett
¢lms of pure protein are also consistent with the
results reported here where no signi¢cant di¡erence
is observed in the helical content of deacylated com-
pared to acylated SP-C [19]. Thus, there appears to
be slightly di¡erent e¡ects on SP-C secondary struc-
ture induced by deacylation in bulk compared with
monolayer phases. It is di¤cult to ascertain whether
the reported di¡erences in secondary structure are
due to lipid environment, experimental parameters
or the source of the SP-C. It has also been suggested
that the decrease in helical content for dSP-C may be
localized in the N-terminal region near the two s-pal-
mitoylated cysteines [9].

The di¤culties involved in performing quantitative
IRRAS orientation measurements on monolayers at
the air^water interface in situ are evident. Until the
next generation of instrumentation evolves improv-
ing signal-to-noise ratios, systems for IRRAS study
must be selected carefully. Under appropriate condi-
tions, however, the advantages o¡ered by IRRAS
studies (structural and orientation information with-
out ¢lm transfer artifacts) are substantial.

The helix axis for both acylated and deacylated
SP-C, in oriented lipid bilayers, was reported as par-
allel to the lipid acyl chains [28,41,44]. In lipid mono-
layers, the helix tilt angle of SP-C (70^80³) also ap-
pears to be independent of the presence of two acyl
chains. The reported tilt angles for both monolayer
and bilayer environments allow for maximum hydro-
phobic matching between the lipid acyl chains and
the helical length of SP-C. As SP-C goes from a
bilayer to a monolayer environment, the increase in
helix tilt would allow an increased number of DPPC
molecules access to the hydrophobic helix facilitating
the spread of lipid over the surface and providing the

potential for very low surface tensions to be reached
upon minimum molecular areas. The lack of a sig-
ni¢cant di¡erence in the helix tilt of native SP-C
compared to deacylated SP-C and epi£uorescence
results suggest that the acylation may not strongly
in£uence the packing of these model systems. How-
ever, results from more dynamic surface tension
measurements indicate that acylation does appear
to have an important role in the formation of a sur-
face-associated surfactant-rich reservoir. Further IR-
RAS studies of acylated and deacylated SP-C utiliz-
ing vesicle adsorption of isotopically labeled lipids to
unlabeled monolayers may aid in clarifying the role
of the s-palmitoyl chains. Structure^function rela-
tionships of SP-C can be explored further through
the use of additional physiologically relevant surfac-
tant components. Studies at lower surface pressure
values may provide additional insight into the origin
of the expanded isotherms generated by DPPC:de-
acylated SP-C.
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