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ABSTRACT The hydrophobic pulmonary surfactant protein SP-C has been isolated from porcine lung surfactant, and it has been incorpo-
rated into monolayers of dipalmitoylphosphatidylcholine (DPPC). The monolayers, which contained 1 mol% of a fluorescently-labeled
phosphatidylcholine, were observed under various states of compression in an epifluorescence surface balance. SP-C altered the
packing arrangements of DPPC in the monolayer, causing the production of many more, smaller condensed lipid domains in its
presence than in its absence.

INTRODUCTION

Pulmonary surfactant, material secreted by type II pneu-
mocytes, reduces surface tension at the air-water inter-
face of distal airways and alveoli of lungs, thereby de-
creasing the work of breathing and the tendency for al-
veolar collapse at low lung volumes. Experimental data
support the assumption that it is a monolayer of surfac-
tant lipid enriched in DPPC which actually effects the
surface tension reduction. Surfactant is, however, se-
creted in the form of bilayer assemblies as lamellar bod-
ies, so that translocation of lipid from bilayers to mono-
layers must occur in the formation of the monolayer.
The process of adsorption of lipid into the air-water

interface from the bilayer form is slow in the absence of
the surfactant proteins. The adsorption rate is substan-
tially enhanced in the presence of the hydrophobic sur-
factant proteins SP-B and SP-C (1, 2) and is further pro-
moted by the protein SP-A which, together with cal-
cium, induces a unique organization called tubular
myelin, an assembly thought to be an intermediate be-
tween the bilayer and the monolayer forms (3).
Although some studies have investigated the influence

of the hydrophobic proteins on adsorption rates, only a
few (4, 5) have looked at the way in which the proteins
interact with the lipids in order to promote the process of
rapid adsorption into the interface or how the proteins
behave at the air-water interface.

In this study, the technique ofmonolayer fluorescence
microscopy has been employed to determine how one of
the hydrophobic proteins, SP-C, influences assemblies of
the principal surfactant lipid, DPPC, at the air-water
interface. This technique has been used recently to exam-
ine the distribution of lipids and lipid-protein com-
plexes in two-dimensional arrays in various monolayers
(e.g., see references 6-10).
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MATERIALS AND METHODS

Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palmi-
toyl-2-{ 12-[(7-nitro-2-1 ,3-benzoxadizole-4-yl) amino] dodecanoyl}
phosphatidylcholine (NBD-PC) were obtained from Avanti Polar Lip-
ids (Pelham, AL). They were found to be pure by thin layer and gas

liquid chromatography and used as received. The subphase used in the
monolayer balance was 0.15 M NaCl made in deionized, doubly-dis-
tilled water, the second distillation being from dilute potassium per-

manganate solution.
Pulmonary surfactant was prepared from porcine lungs by a proce-

dure described previously (1 1). A lipid extract was made and SP-C was
obtained from it by chromatography on Lipidex-500 in ethylene chlo-
ride-methanol, 1:4 (vol/vol), followed by elution from Sephadex LH-
20 in chloroform-methanol 2:1 (vol/vol), and, finally from Sephadex
LH-60, in chloroform-methanol 1:1 (vol/vol) containing 5% 0.1 M
HCI, in a manner similar to that described by Curstedt et al. ( 12). The
protein, SP-C, gave one band of 5-6 kD on both reducing and nonre-

ducing SDS-PAGE. NH2-terminal sequence analysis indicated that the
protein consisted of .85% whole porcine SP-C together with - 10 and
5% of truncated forms of SP-C missing the first one, or the first two
NH2-terminal amino acids, respectively. Fatty acid analysis after ofthe
treatment of the protein with KOH indicated that the protein con-
tained 1.9 mol ofpalmitic acid per mole ofprotein. Protein treated with
trimethylamine plus dithiothreitol followed by '4C-iodoacetamide in-
corporated 2.2 mol of iodoacetamide per mole of protein. Proteins
treated only with '4C-iodoacetamide for the same time, but in the ab-
sence of base and reducing agent, showed almost no incorporation of
radioactivity. These results indicate that the SP-C used was dipalmitoy-
lated at the cysteine residues ( 13).

Methods
The surface balance used to measure epifluorescence of monolayers
has been described in detail elsewhere (14). It consists of a teflon
trough, having a working area of 148 cm2 with a variable-speed mov-
able barrier, in which surface tension and epifluorescence from the
surface can be simultaneously monitored. Mixtures were formed from
a chloroform-methanol (3:1, vol/vol) solution ofDPPC that contained
NBD-PC and SP-C in desired proportions. Monolayers were formed by
spreading aliquots of the chloroform-methanol solution evenly on the
surface, and allowing 30 min for evaporation of solvent before com-
pression ofthe monolayer was started. Data was obtained at 24±1± C.
Monolayers were compressed at 0.13 A2/molecule/s in 20 steps. At
selected surface pressures, a visual recording was made on videotape for
1 min, and then the compression was continued to the next surface
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pressure chosen for visual recording. Image analysis was done via the
system previously described (14, 15).

Analytical procedures
Phosphorus and fatty acids were measured as described previously (16,
17). SP-C was measured using the fluorescamine assay (18) after valida-
tion with quantitative amino acid analysis ofselected amino acids (Lys,
Ala, Gly) in the SP-C.

RESULTS
Fig. 1 a shows surface pressure-area isotherms obtained
for various monolayers composed ofDPPC plus various
amounts ofSP-C. The insert shows an isotherm for SP-C
under the same conditions. It has substantially greater
area per molecule at any given pressure than the lipids.
Although small amounts of the probe do not generally
substantially affect isotherms of pure DPPC (7, 15, 19,
20), in this case there was a slight effect in one of two
isotherms seen with this specific mixture. The liquid ex-
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panded to liquid-condensed transition is slightly less dis-
tinct than in some isotherms with and without the probe.
The liquid to liquid condensed coexistance region ofthe
isotherms was slightly steeper than seen in a previous
report (7). This may be due to differences in the probe
employed and the method and speed of compression,
among other factors. The presence of the protein re-
sulted in expanded films, the degree of expansion being
dependent on the amount of SP-C present. This indi-
cated that the protein was incorporated in, or at least
associated with, the lipid monolayer.

Fig. 1 b shows the isotherm data presented in terms of
ir vs. average area per "residue". There are 35 amino
acid residues in SP-C; DPPC was also considered as a
"residue" in these calculations. The insert presents com-
plete compression isotherms up to the maximum surface
pressure reached. The high pressures attained are consis-
tent with the behavior of isotherms of DPPC.

Average areas per molecule at ir = 10 mN m-l of 63,
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Average Area per Molecule
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FIGURE I (a) Isotherms ofDPPC plus 1 mol% NBD-PC containing: 0 ( 0); 2 (O 0); 6 (O O); and 10 (A \A) weight% SP-C.
These correspond to 0, 0.36, 1.1, 1.9 mol% SP-C. (Inset) r vs. area per molecule for a film of SP-C. (b) Data presented as 7r vs. average area per
residue. In this presentation, each DPPC molecule and each amino acid residue has been counted as one residue. (Inset) Complete compression and
expansion isotherms of DPPC plus 0, 2, 6, and 10 weight% SP-C.
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FIGURE I (continued)

67, 71, 77, and 530 A2 were found for films containing 0,
0.36, 1.1, 1.9, and 100 mol% SP-C, respectively. At 7r =
20 mN m-', the average areas per molecule were 48, 53,
55, 58, and 310 A2. The calculated average areas per
molecule, based upon ideal mixing, at xr = 10 mN m-1,
are 63, 65, 67, 72, and 530 A2, and at ir = 20 mN-Nm-
are 48, 49, 51, 53, and 310 A2, for 0, 0.36, 1.1, 1.9, and
100% SP-C, respectively. Thus, the protein caused an

expansion of the mixed monolayers.
Fig. 2 shows representations of visual fields seen at a

nominal area of 55 A2/molecule for DPPC in the pres-

ence of increasing amounts of SP-C. The size and shape
of the domains of DPPC are influenced by various fac-
tors including temperature, surface pressure, and com-
pression rate (15, 20). The conditions used here pro-

duced roughly elliptical shapes with only some of the
"kidney bean" shapes seen under very slow, near-equilib-
rium conditions of compression (8, 9, 15). As the
amount of protein in the monolayer was increased, the
size of the dark condensed domains decreased, and their
numbers increased. Fig. 3 shows the numbers of con-

densed domains as a function of surface pressure. The
number of condensed domains was almost independent
of ir, or of area per molecule of DPPC, at low protein
concentrations, and was dependent on these parameters
at higher protein concentrations. A film containing 50%
by weight protein (15 mol%) was found to contain a very
large number of very small condensed domains, but
these were not subjected to image analysis because there
was difficulty in defining the edges of the condensed do-
mains given the inherent noise in the image recording
system.
The average distance between centers of condensed

regions is given as a function of ir in Fig. 4. Adding pro-
tein at 6 or 10 weight%, 1.1 or 1.9 mol%, caused the
distances between centers to decrease. The distances be-
tween centers were only slightly influenced by the extent
of compression, the slopes of all the curves being rela-
tively shallow. The distances between the borders of the
dark domains was also influenced by the amount of pro-
tein (data not shown), again the maximum effect being
seen with 6 weight% SP-C. Not surprisingly, a much
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FIGURE 2 Reproduction of typical images from fields containing various amounts ofDPPC and SP-C each obtained at 55 A2/molecule of DPPC.
They represent, from left to right and top to bottom, fields from monolayers containing 0, 2, 6, and 10% by weight SP-C. Dark areas represent
condensed domains excluding probe molecules. Light areas are expanded domains containing probe molecules.

stronger influence of the extent of film compression on

the distance between borders ofcondensed domains was

seen than on the distances between centers. The dis-
tances between borders appeared to converge to a limit-
ing value near 2-3 micrometers.
Although the condensed domains were generally ellip-

tical in shape there was not a great difference between the
average lengths of the major and minor axes. The aver-

age areas of individual domains were dependent on the
amount of SP-C present but appeared to be reaching
limiting values (which were dependent on protein con-

centration) as the monolayers entered the liquid-con-
densed to solid-condensed transition region (Fig. 5). The
lengths of the major and minor axes were similarly de-
pendent on area per molecule ofDPPC and surface pres-
sure.

The curves describing the total area occupied by con-

densed domains as a function of -r were essentially super-
imposable between 0 and 1.1 mol% SP-C (Fig. 6). How-
ever, the total amount of condensed domains at any

given ir was substantially reduced when 1.9 mol% SP-C
was present. A value of -5,500 i2 (out of a total field of
7,600 A2) or 72% coverage with condensed domains was

reached at -ir = 20 mN* m-' for DPPC and DPPC plus
the two lower protein concentrations. Higher pressure

(Ir 40 mNN. m-') was required to achieve this conden-

sation with 10% protein.

DISCUSSION
The area per residue of SP-C is in the range observed for
films of a-helical peptides (21) and of apolipoproteins
A-I and A-I1 (22) and the proteolipid from myelin (23).
This suggests that SP-C has substantial a-helical content
when it is at the air-water interface. Fourier-transform
infrared spectroscopy (24) has indicated that SP-C has
-60% a-helix in bilayers ofDPPC-dipalmitoylphospha-
tidylglycerol (7:3). A similar content of a-helix for SP-C
in DPPC has been observed by us (unpublished results)
using circular dichroism. Oosterlaken-Dijksterhuis et al.
(25) have obtained circular dichroism spectra of mono-
layers ofSP-C at ir = 35 mNN m-l, which were consistent
with high contents of a-helix.
The 23-residue COOH-terminal portion of SP-C is

likely the a-helical part. Based upon the area per residue
for isotherms of SP-C films at ir = 35 mN* m-', Ooster-
laken-Dijksterhuis et al. (25) have suggested that SP-C
has its helical axis oriented parallel to the air-water inter-
face. Our limiting areas per molecule are consistent with
the SP-C having a-helix at the interface (21-23, 26). Pas-
trana et al. (24) find that, in lipid bilayers, the helical part
of SP-C is oriented at -240 with respect to the bilayer
normal. The orientation ofthe a-helix ofSP-C when it is
in monolayers of lipid plus protein is currently not
known.
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FIGURE 3 Dependence of the number of condensed domains on sur-
face pressure (7r) for various protein concentrations: 0 (0 0); 2
(O 0); 6 (C1 Ol); and 1O (A A) weight%.
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FIGURE 4 Distance between centers of condensed domains (MAm) as a
function of 7r and SP-C concentration (symbols as in Fig. 3).

The isotherms we have obtained from SP-C are more

condensed (they have lower areas per residue at any sur-

face pressure) than those reported by Oosterlaken-Dijks-
terhuis et al. (25). We have obtained isotherms similar to
the one shown here from three separate preparations of
SP-C. When we have examined our protein under condi-
tions employed in reference 25, we found that the iso-
therm is expanded by only 20-25%, but not as much as

seen by the other workers. Even though the amounts of
lipid in our preparations of SP-C and the one described
in reference 25 are quite low, perhaps there are some

differences in lipid content that might help account for
the differences in the isotherms. Perhaps their SP-C (25)
is more unfolded at lower pressures than ours. The areas

per residue we obtain are similar to those obtained by
other groups for other proteins, including hydrophobic
proteins (e.g., see references 21, 22, 23, 26).
The fluorescence results indicate that SP-C perturbs

the packing of DPPC and inhibits formation of con-

densed phase. Previous work on SP-C in bilayers (5) in-
dicated that SP-C perturbed lipid packing. The average
areas per molecule for the protein-lipid films are greater
than one predicts given ideal mixing ofprotein and lipid.
This also suggests that SP-C caused perturbation ofchain
packing of DPPC and, consequently, the expansion of
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FIGURE 5 Average area of condensed domains (,um2) as a function of
ir and SP-C concentration (symbols as in Fig. 3).

P.rez-GiI et al. Surfactant Protein SP-C in DPPC Monolayers 201

40

30

d>20X0

10
0-

40

40

I

I
I

.L

i

Perez-Gil et al. Surfactant Protein SP-C in DPPC Monolayers 201



30 20 10 0

Surface Pressure
(mN.m )

FIGURE 6 Total area of condensed domains (jAm2) as a function of ir and SP-C concentration (symbols as in Fig. 3).

the area occupied by a DPPC molecule at any ir. SP-C in
bilayers of saturated PC perturbs the gel state alignment
ofthe lipids (5). Ifearlier calorimetric data on bilayers (5)
is recalculated to account for the palmitoylated form of
SP-C, then about 20 molecules ofPC per SP-C molecule
could be accounted for as not contributing to the transi-
tional enthalpy, assuming all molecules of DPPC that
are not influenced by SP-C "melt" with the enthalpy
change ofpure lipid. On that basis, we might assume that
at least 10 molecules of DPPC are perturbed per SP-C
molecule in a monolayer, depending upon the surface
pressure.
The visual characteristics of the monolayer can be

consistent with the assumption that SP-C perturbs lipid
packing and inhibits lipid condensation. In the mono-

layers, the number of dark areas (condensed lipid) in-
creased, and the size of the individual condensed do-
mains decreased, with increasing concentration ofSP-C.
If SP-C perturbed lipid packing it would inhibit the
growth of large condensed lipid domains. At the same

time, increasing the surface pressure would exert a pack-
ing force on molecules ofDPPC that were remote from
SP-C, causing them to form condensed areas. As the SP-
C concentration increased, the available nonperturbed

lipid would be confined to more, but smaller, interstitial
spaces between the perturbed or expanded regions that
were in contact with protein. This interpretation could
also account for the fact that the dependency ofthe aver-

age area ofthe condensed domains on surface pressure is
smaller in the presence of greater amounts of proteins
than it is at lower protein concentrations (Fig. 5).

This interpretation is also consistent with the interest-
ing property of the monolayers seen in Fig. 3. In the
absence of protein, the number of dark condensed do-
mains was independent of ir, but in the presence ofSP-C,
the number of condensed domains increased with in-
creasing 7r. This could happen if, when ir was increased,
more SP-C molecules were forced into contact with what
would otherwise be the condensed phase. Such addi-
tional SP-C-lipid interaction would cause more con-
densed lipids to enter the fluid phase, and force the re-

maining condensed lipid into more, smaller condensed
regions (Fig. 3).
The data in Fig. 6 show an interesting property of the

total dark area in each visual field (the percentage ofthe
total area that is covered by condensed lipid). Up to 1.1
mol% protein, the total condensed areas are equivalent
at any given ir. This data and the observation that con-
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densed domains are smaller when SP-C is present than in
its absence, indicate that SP-C reduces the cooperativity
ofthe liquid-expanded to liquid-condensed phase transi-
tion. At 1.9 mol% SP-C, substantially less total con-
densed area existed at any given ir, although all the
curves appeared to be approaching the same limit at
higher ir. Thus, while SP-C causes a redistribution of
lipid domains in the monolayer, it seems to do so in two
different ways, depending on protein concentration. Up
to a certain SP-C concentration (c) (1.1 < c < 1.9 mol%)
one type of protein-lipid packing occurs. Above that
limit (c < 1.9 mol%) a different type of protein-lipid
interaction is encountered, as evidenced by the reduced
amount of condensed phase at any given ir. Since this
limit is in the range of concentration that has been esti-
mated for hydrophobic proteins in surfactant (e.g., 1, 3,
27, 28), it could be important in surfactant dynamics.
This observation suggests that it could be important to
determine as precisely as possible the amounts of hydro-
phobic proteins, SP-B and SP-C, that are present in sur-
factant.
The isotherms in the insert in Fig. 1 b indicate that the

presence of SP-C does not prevent the monolayers from
attaining very high surface pressures. Monolayers of SP-
C alone did not attain such high surface pressures, as was
also found by Oosterlaken-Dijksterhuis et al. (25). Per-
haps SP-C is somehow removed from the monolayer at
high surface pressure. This may not be the case under all
conditions, especially if PG is present and the compres-
sion is rapid and large (24). There were some small
changes in the isotherms at 50 < r < 60 mN* m-', which
might suggest some rearrangement in the lipids and pro-
teins. At this point, however, the balance is not totally
leak free (14). This fact, the possibility that the probe
might be selfquenching at these very high pressures, and
the visual texture of the densely packed state prevent
reliable quantitative analyses ofthe high pressure regions
currently. In mammals, although obviously not in many
ectotherms living at lower temperatures, the pulmonary
surfactant is at 37°C. Technical difficulties have pre-
vented us from analyzing the films at this temperature at
this time. Since the phase transition ofDPPC is at 41 °C,
however, the fundamental nature of the lipid-protein
interactions are likely not different at 24 and 37°C. Fu-
ture experiments will be directed at establishing more
information about the distribution of the protein in the
lipid matrix, and its effect on the characteristics of more
complex lipid systems particularly those including acidic
lipids.
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