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Abstract Surface tension-time adsorption isotherms were
measured at 37°C for calf lung surfactant extract (CLSE) and
subfractions of its constituents: the complete mix of surfac-
tant phospholipids (PPL), phospholipids depleted in anionic
phospholipids (mPPL), hydrophobic surfactant proteins plus
phospholipids (SP&PL, SP&mPL), and neutral lipids plus
phospholipids (N&PL). Adsorption experiments were done
using a static bubble surfactometer where diffusion resistance
was present, and in a Teflon dish where diffusion was mini-
mized by subphase stirring. The contribution of diffusion to
bubble adsorption measurements decreased as phospholipid
concentration increased, and was small at 0.25 mM phos-
pholipid. At this phospholipid concentration, PPL, mPPL,
and N&PL all adsorbed more rapidly and to lower final
surface tensions than dipalmitoyl phosphatidylcholine
(DPPC) on the bubble. However, none of these phospholipid
mixtures adsorbed to surface tensions below 46 mN/m after
20 min, behavior that was significantly worse than CLSE,
SP&PL, and SP&mPI. which additionally contained hydro-
phobic SP. Both CLSE and SP&PL rapidly adsorbed to sur-
face tensions below 25 mN/m at 0.25 mM phospholipid con-
centration on the bubble, as did SP&mPL at a somewhat
reduced rate. Further experiments defining the influence of
hydrophobic apoprotein content showed that addition of
even .13% SP (by wt) to PPL improved adsorption substan-
tially, and that mixtures of PPL combined with 1% SP had
adsorption very similar to CLSE. Mixtures of SP combined
with mPPL had faster adsorption than corresponding mix-
tures of SP:DPPC, and neither fully matched the adsorption
rates of CLSE and SP&PL even at high SP levels (4% in
SP:mPPL and 5.2% in SP:DPPC). Al These results demon-
strate that although the secondary zwitterionic and anionic
phospholipids and neutral lipids in lung surfactant enhance
adsorption relative to DPPC, the hydrophobic SP have a
much more pronounced effect in promoting the rapid entry
of pulmonary surfactant into the air-water interface.—Wang,
Z., S. B. Hall, and R. H. Notter. Roles of different hydropho-
bic constituents in the adsorption of pulmonary surfactant. J.
Lipid Res. 1996. 37: 790-798.

Supplementary key words lung surfactant e apoproteins e surface
activity e surface tension e adsorption e phospholipids

A primary requirement for functional pulmonary sur-
factant is its ability to lower surface tension in an inter-
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facial film in the alveoli. To accomplish this, lung surfac-
tant must have the ability to adsorb rapidly at the
air-water interface after secretion into the alveolar hy-
pophase (1-4). The rapid adsorption of lung surfactant
requires interactions among its different constituents.
DPPC, the single most abundant component of pulmo-
nary surfactant, does not by itself adsorb and spread
rapidly at the air-water interface at 37°C (5). DPPC films
spread directly at the interface lower surface tension to
extraordinarily low values <1 mN/m during dynamic
compression (6-8), identifying the disaturated DPPC
molecule as a crucial contributor to this aspect of lung
surfactant surface activity. The adsorption of DPPC is
known to be facilitated by other lung surfactant compo-
nents (5, 9-13), but the relative contributions of each
have not yet been fully delineated. The present study
investigates the adsorption of subfractions of the hydro-
phobic constituents of calf lung surfactant to help iden-
tify more fully the relative importance of different mo-
lecular classes in the adsorption process.

Pulmonary surfactant is comprised of a diverse set of
phospholipids in addition to DPPC, plus at least three
surfactant proteins (SP)-A, B, and C, and neutral lipids
that are predominantly cholesterol and cholesterol ester
(3, 14, 15). Prior studies of lung surfactant adsorption
have focused primarily on the surfactant proteins, and
their ability to enhance the adsorption of DPPC in

Abbreviations: CLSE, calf lung surfactanc extract; DPPC,
dipalmitoyl phosphatidylcholine; mPPL, purified lung surfactant
phospholipids depleted in anionic components; N&PL, CLSE
subfraction containing surfactant neutral lipids plus phospholipids;
PG, phosphatidylglycerol; PPL, purified lung surfactant
phospholipids; SP-A, surfactant protein A; SP-B/C, hydrophobic
surfactant proteins or hydrophobic SP; SP&PL, CLSE subfraction
containing hydrophobic SP pius PPL; SP&mPPL, CLSE subfraction
containing hydrophobic SP plus mPPL; SP:DPPC, hydrophobic SP
and DPPC combined in vitro; SP:mPPL, hydrophobic SP and mPPL
combined in vitro; SP:PPL, hydrophobic SP and PPL combined in
vitro.
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model mixtures (2-4, 16 for review). The composition
of most model systems, however, has differed consider-
ably from that of native lung surfactant. In order to
ensure that contributions to surfactant function from
minor phospholipids or neutral lipids are fully charac-
terized, an alternative approach is to work with specific
subfractions of hydrophobic lung surfactant constitu-
ents separated by column chromatography (17, 18).
Such subfractions are not subject to the potential for
oversimplification inherent in model lipid mixtures, and
are directly applicable for defining the effects of all
major lung surfactant constituents with the exception of
the hydrophilic surfactant protein, SP-A.

In this paper, we measure surface tension-time ad-
sorption isotherms for calf lung surfactant extract
(CLSE) and a series of its subfractions including the
complete mix of purified phospholipids (PPL), purified
phospholipids depleted in anionic phospholipids
(mPPL), neutral lipids and phospholipids (N&PL), and
hydrophobic surfactant proteins and phospholipids
(SP&PL and SP&mPL). Our prior work has shown that
these chromatographically generated subfractions con-
tain the appropriate surfactant constituents, and that
their surface behavior is unaffected by the separation
methodology (17). Recent surface studies with these
subfractions by Wang, Hall, and Notter (18) have shown
that the secondary surfactant phospholipids (phos-
pholipids other than DPPC) have striking effects in
enhancing respreading within the surface film itself
during dynamic cycling, and that this film behavior is
also facilitated by the hydrophobic surfactant proteins.
The current study examines the relative importance of
the hydrophobic surfactant proteins, the secondary sur-
factant phospholipids, and the neutral lipids in the
adsorption process by measuring and comparing ad-
sorption isotherms for different CLSE subfractions and
for selected model mixtures.

MATERIALS AND METHODS

Synthetic phospholipids

L-a-Dipalmitoyl phosphatidylcholine (DPPC) and egg
phosphatidylglycerol (egg-PG) were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL). DPPC and
egg-PG were >99% pure as supplied, and gave single
spots on thin-layer chromatography with solvent system
C of Touchstone, Chen, and Beaver (19). Model mix-
tures containing hydrophobic surfactant proteins (SP)
combined with DPPC, 9:1 (mole ratio) DPPC:egg-PG, or
surfactant phospholipid subfractions, were formulated
by adding aliquots of SP in chloroform-methanol 1:1
(v:v) to phospholipids in chloroform at the desired final
composition ratio. The organic solvents were evapo-

rated under nitrogen, and the resultant dry mixtures
were dispersed in the aqueous phase by sonication (see
below).

Lung surfactant extract and surfactant subfractions

CLSE was prepared by extraction of cell-free bron-
choalveolar lavage fluid as described by Notter and
Shapiro (20), Whitsett et al. (21), and Notter et al. (22).
Lungs from freshly slaughtered calves (Conti Packing
Co., Henrietta, NY) were lavaged thoroughly with cold
0.15 M NaCl, followed by centrifugation at 250 g for 10
min to remove cellular debris. The supernatant was then
centrifuged at 12500 g for 30 min to pellet surfactant
aggregates, which were resuspended and extracted with
chloroform-methanol (23) to give CLSE. A series of
subfractions was separated from CLSE by gel permea-
tion column chromatography (17). A single pass
through an 1.5 X 50 cm column of LH-20 (Pharmacia-
LKB Biotechnology, Piscataway, NJ) in chloro-
form-methanol-0.1 N HCl 47.5:47.5:5 (by volume)
separated surfactant proteins and phospholipids
(SP&PL) from neutral lipids. Two column passes were
used to obtain purified phospholipids (PPL), and neu-
tral lipids and phospholipids (N&PL), having a protein
content below the limits of detection by the amido black
assay of Kaplan and Pedersen (24). Extraction of sam-
ples to remove acid limited recovery of proteins, and
SP&PL subfractions were supplemented with SP puri-
fied separately to restore the protein content to its
original level of 1.3% by weight relative to phospholipid
found in CLSE (17). Surfactant phospholipids depleted
in anionic components (mPPL) were obtained from
CLSE by a related protocol using elution with non-acidi-
fied chloroform-methanol 2:1 (v:v) rather than acidified
solvent. mPPL had a total content of anionic compo-
nents PG and phosphatidylinositol (PI) reduced by more
than an order of magnitude relative to PPL (17). Total
phospholipid concentrations for all surfactant subfrac-
tions and synthetic lipids were determined by phosphate
assay (25).

Adsorption studies

The majority of adsorption measurements were made
on surfactant dispersions in a bubble surfactometer
(Electronics, Inc., Amherst, NY) (26) with the bubble
fixed at minimum radius (0.4 mm). Surfactants were
dispersed in HSC buffer (10 mm HEPES, pH 7.0, 150
mM NaCl, 1.5 mM CaClg) using three 10-sec bursts of 50
watts power on a Heat Systems Sonicator (Model W-
220F). Dispersions were added to the bubble sample
chamber, and a static air bubble was created at time
zero. Interfacial pressure drop was then measured as a
function of time for 20 or 60 min at 37°C with bubble
radius held constant. Surface tension was calculated
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from the law of Young and Laplace for a sphere. Be-
cause these static bubble measurements incorporated a
diffusion resistance, comparative adsorption experi-
ments on CLSE were done in a Teflon dish with a stirred
subphase to minimize diffusion (9, 22, 27). Experiments
in this system were initiated by injection of known
amounts of CLSE, dispersed in 10 ml of HSC buffer as
above, beneath the surface of a 70 ml adsorption sub-
phase that was continuously stirred by a Teflon-coated
bar and magnetic stirrer (9). Surface tension was deter-
mined from the force on a sandblasted platinum slide
dipped into the interface.

RESULTS

The adsorption of DPPC, CLSE, and subfractions of
CLSE (PPL, mPPL, N&PL, SP&PL) measured with the
static bubble method is shown in Fig. 1 for a fixed
phospholipid concentration of 0.25 mM. PPL, which
contained the complete mix of phospholipids in natural
surfactant, had significantly better adsorption than pure
DPPC (surface tension 52.9 £ 0.7 vs. 63.0 £ 0.6 mN/m,
respectively, after 20 min in Fig. 1). The adsorption of
mPPL was almost equivalent to PPL, while the adsorp-
tion of N&PL was slightly better (46.7 = 1.1 mN/m, Fig.
1}. The most striking effects on adsorption were gener-
ated by the hydrophobic surfactant proteins. Their pres-
ence in the SP&PL subfraction gave overall adsorption
characteristics very similar to CLSE, both in terms of
time-dependent behavior and in the final surface ten-
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Fig. 1. Adsorption of DPPC, CLSE, and subfractions of CLSE.
Surface tension as a function of time was measured for surfactant
dispersions adsorbing at the interface of a stationary air bubble at 37°C
(Methods). Phospholipid concentration was 0.25 mM. Data are plotted
as means + SEM forn 2 5.
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Fig. 2. Adsorption of DPPC, DPPC:egg PG (9:1 by mole), and PPL
in the bubble apparatus over longer times. Adsorption experiments
with phospholipids were done for 60 min to further assess their
potential to lower surface tension during adsorption. Phospholipid
concentration (0.25 mM) and temperature (37°C) were as in Fig. 1.
Data are means + SEM for n = 4.

sion reached after 20 min (24.4 £ 0.3 for SP&PL vs. 23.6
1 0.8 mN/m for CLSE, Fig. 1). The adsorption of CLSE
and SP&PL was more rapid and to a much iower final
surface tension than found for PPL, mPPL, or N&PL
(Fig. 1).

Additional static bubble experiments over a longer
timescale of 60 min were done with PPL to assess more
completely its ability to lower surface tension during
adsorption. Even after 60 min, dispersions of PPL did
not approach the equilibrium surface tension values
measured for CLSE and SP&PL at much shorter times
(Fig. 2). PPL dispersions adsorbed to surface tensions
of 42.6 £ 1.6 mN/m after 60 min on the static bubble
apparatus at a phospholipid concentration of 0.25 mM
(Fig. 2). The adsorption of DPPC and 9:1 DPPC:egg PG
was even slower, giving surface tensions of 57.6 + 0.4
and 55.3 + 1.2 mN/m, respectively, after 60 min (Fig. 2).
In contrast, CLSE dispersions generated adsorption
surface tensions <30 mN/m after only 2 min, and
reached low final equilibrium surface tension within
about 5 min (Fig. 1).

To help define the importance of diffusion in static
bubble data, the adsorption of CLSE at different con-
centrations was measured in a Teflon dish with a stirred
subphase and compared to corresponding measure-
ments on the bubble apparatus {Table 1). For a fixed
concentration and time, surface tensions measured for
CLSE dispersions on the bubble were always higher than
in the Teflon dish apparatus (Table 1), indicating that a
diffusion resistance was present in bubble data. As
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TABLE 1. Comparison of adsorption of CLSE in a stationary bubble apparatus (A) and in a dish with a stirred subphase (B)
Adsorption surface tension (mN/m) at time (minutes)
Concentration 2.0 5.0 10.0 15.0 20.0
mM mN/m

0.0625 A 62.6 £ 1.2 51.1+33 44.6+2.0 38.9+£12 373+0.7
0.0625 B 38.7+0.9 27.8+0.9 229+05 22.110.1 22,01+ 0.0
0.125 A 60.8+1.9 452125 347+15 2851 0.6 238103
0.125 B 233109 22.110.1 22.0%0.0 22.0+£0.0 22.0%00
0.25 A 26.7+0.5 25.910.7 24.6+0.9 23.9£0.8 23.6+0.8
0.25 B 213103 21.0+0.0 21.0+£0.0 21.0£0.0 21.0+0.0
0.5 A 23.610.5 226+0.2 22.6+0.2 22.610.2 226102
0.5 B 21.0£0.0 21.0+0.0 21.0+0.0 21.0£0.0 21.0£0.0

CLSE was dispersed in HSC buffer by sonication (Methods). A: adsorption with diffusion in bubble surfactometer. B: adsorption with minimal

diffusion in dish. Data are means + SEM for n = 4-6.

expected, the magnitude of this diffusion resistance
decreased as subphase concentration increased. There
was relatively little difference between the adsorption of
CLSE dispersions studied in the bubble apparatus and
Teflon dish at concentrations of 0.25 and 0.5 mM phos-
pholipid (Table 1). The remainder of reported adsorp-
tion results utilized the static bubble method at a sub-
phase phospholipid concentration of 0.25 mM where
diffusion effects were small.

Additional experiments examined how phospholipid
composition and apoprotein content affected the ability
of the hydrophobic apoproteins to facilitate adsorption
(Figs. 3-5). The adsorption of SP&PL, SP&mPL, and
SP:DPPC mixtures, each having the same 1.3% SP con-
tent, is shown in Fig. 3. In phospholipid content, SP&PL

70
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g 501 —&—  SPDPPC (6)
2§
£g
93
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%]
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Fig. 3. Adsorption isotherms for SP&PL, SP&mPL, and SP:DPPC
(1.3% by weight SP). The three mixtures contained different phos-
pholipids, but had an equal content of hydrophobic SP at the level of
1.3% by weight present in CLSE. Phospholipid concentration 0.25 mu;
temperature 37°C. Data are means + SEM for n = 5-6.

contained the complete mix of lung surfactant phos-
pholipids, SP&mPL contained surfactant phospholipids
depleted in anionic components, and SP:DPPC con-
tained no secondary surfactant phospholipids. The ad-
sorption of all three of these SP-containing preparations
was substantially greater than the corresponding phos-
pholipids alone, i.e., PPL, mPPL, or DPPC (compare
Figs. 1 and 3). The complete mix of phospholipids in
SP&PL gave rise to more rapid adsorption than
SP&mPL, although both reached the same final equilib-
rium surface tension (Fig. 3). There was little difference
between the adsorption of SP&mPL and SP:DPPC at
short times, but the final surface tension reached was
lower for SP&mPL (25.6 + 1.0 mN/m for SP&mPL at
15 min vs. 30.3 + 0.5 mN/m for SP:DPPC at 20 min, Fig.
3).

The influence of apoprotein content on adsorption is
shown for PPL, mPPL, or DPPC combined in vitro with
varying amounts of hydrophobic SP in Fig. 4(A-C). The
adsorption of all phospholipid:SP mixtures increased in
both rate and magnitude as SP content was increased
(Fig. 4A-4C). Even small amounts of SP, significantly
less than the 1.3% by weight found in CLSE (17), signifi-
cantly enhanced the adsorption of PPL (Fig. 4A). An SP
content of only 0.13% gave a surface tension of 31.7 +
1.6 mN/m after 20 min, substantially reduced from the
52.9 + 0.7 mN/m value for PPL alone. Added SP in a
weight percent of 0.33% gave a 20-min surface tension
similar to CLSE (24.5 £ 0.5 mN/m, Fig. 4A), and the rate
of adsorption increased as SP content was increased
further. At fixed SP content, the adsorption of SP:mPPL
mixtures was reduced compared to SP:PPL (Fig. 4B vs.
Fig. 4A), and the adsorption of SP:DPPC was reduced
even further (Fig. 4C vs. Fig. 4B).

The surface tension after 20 min of adsorption for
SP:PPL, SP:mPPL, and SP:DPPC is plotted as a function
of hydrophobic SP content in Fig. 5. SP:PPL reached
the lowest final surface tension at 20 min for the smallest
content of SP relative to phospholipid (Fig. 5). For an
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SP content of 0.33% by weight, SP:PPL had a finai
surface tension of 24.2 + 0.5 mN/m compared to 28.9
+ 0.6 mN/m for SP:mPPL and 40.8 £ 1.5 mN/m for
SP:-DPPC. The final surface tension of SP:mPPL at
0.67% SP (25.3 £ 0.5 mN/m) was almost equivalent to
that of SP:PPL (Fig. 5), but the time necessary to reach
this value was increased (Fig. 4B vs. 4A). This pattern
was also followed by mixtures of SP:mPPL vs. SP:PPL at
higher protein contents (Figs. 4B, 4A). Mixtures of
SP:DPPC consistently had higher final surface tensions
at 20 min than SP:PPL and SP:mPPL (Fig. 5). At 0.67%
SP, the surface tension of SP:DPPC after 20 min of
adsorption was 30.9 £ 0.3 mN/m, and this value did not
fall below 28.9 £ 0.9 mN,/m even when SP content was
raised to the artificially high value of 5.2 weight % (Fig.
5).
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Fig. 4. Adsorption of mixtures of PPL, mPPL, and DPPC combined
in vitro with different contents of added hydrophobic SP. A: Mixtures
of PPL:SP; B: mixtures of mPPL:SP; C: mixture of DPPC:SP. The
concentration of hydrophobic surfactant proteins SP is expressed in
weight % relative to phospholipid. Phospholipid concentration (0.25
mM) and temperature (37°C) as in Fig. 1. Data are means + SEM for
n=4-6.

DISCUSSION

This study addresses the importance of different hy-
drophobic components of lung surfactant in enhancing
its ability to adsorb to the air-water interface. The
results show that the hydrophobic surfactant proteins
have a much more pronounced effect than the secon-
dary surfactant phospholipids and neutral lipids on this
functionally important interfacial behavior. The com-
plete mix of lung surfactant phospholipids in PPL ad-
sorbed better than pure DPPC, the single most abun-
dant molecular constituent of the surfactant system
(Figs. 1, 2), and the neutral lipids gave a small additional
improvement in adsorption (compare results for N&PL
vs. PPL and CLSE vs. SP&PL, Fig. 1). However, the most
striking facilitation of adsorption was generated by the
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Fig. 5. Dependence of phospholipid adsorption at 20 min on SP
concentration. Results are shown for mixtures of PPL, mPPL, or DPPC
combined with hydrophobic SP in different weight % concentrations
relative to phospholipid. Data are expressed as the surface tension
reached after 20 min of adsorption at 37°C on a static bubble
surfactometer. Data are means + SEM for n = 4-6.

hydrophobic surfactant apoproteins. Addition of SP to
PPL in increasing amounts from 0.13% to 1.3% by
weight gave a pronounced, concentration-dependent
increase in adsorption that approached CLSE appropri-
ately (Fig. 4A). Although there were some differences in
adsorption magnitude and/or rate when SP were com-
bined with phospholipids of differing composition in
PPL vs. mPPL vs. DPPC (Figs. 3, 4), these were small
compared to the substantial overall adsorption improve-
ments found for all SP-containing mixtures relative to
phospholipids alone (Figs. 1, 2). This is in contrast to
actions within the dynamically compressed interfacial
film itself, where the complete mix of lung surfactant
phospholipids in PPL has a dramatic effect in enhancing
film respreading during continuous cycling (18).

Our studies involved only the hydrophobic constitu-
ents of lung surfactant, and effects from the more polar
surfactant protein SP-A were not defined. Because of
extraction into organic solvents like chloroform, prepa-
rations such as CLSE do not contain SP-A (21), although
all other recognized biochemical components of lung
surfactant are present. Surfactant extracts do not adsorb
with a tubular myelin microstructure as observed for
natural surfactant (22), a process now known to require
both SP-A and SP-B (28). However, a large body of prior
work has shown that CLSE and related surfactant ex-
tracts can be mechanically dispersed in the aqueous
phase to give adsorption and overall surface and physi-
ological activity very close to that of natural surfactant

(2, 20, 29-31). This implies that the hydrophobic com-
ponents of lung surfactant incorporate the majority of
functionally important surface behaviors and interac-
tions, and it is the roles and importance of specific
subsets of these components that are considered here.

The majority of our experiments utilized adsorption
measurements at the interface of a static air bubble, a
design incorporating measurable bulk phase diffusion.
An alternate Wilhelmy plate method with a stirred
subphase was used to indicate the contribution of diffu-
sion in CLSE adsorption measurements at different
phospholipid concentrations. Although stagnant layer
effects are never completely removed at finite stirring
rate, this method has been used extensively to charac-
terize the adsorption facility of lung surfactants (1, 2, 9,
27). Comparisons of CLSE adsorption from these two
methods at several bulk phase concentrations demon-
strated that although diffusion effects were present in
the bubble measurements, they decreased as concentra-
tion increased (Table 1). The majority of bubble experi-
ments utilized a concentration of 0.25 mM phospholipid
where the contribution of diffusion was relatively low.
In addition, selected surface tension measurements
were carried out for extended periods up to 1 h to
demonstrate that phospholipid adsorption data were
not diffusion-limited (Fig. 2).

Previous studies investigating the relative contribu-
tions of lung surfactant lipids and hydrophobic apolipo-
proteins to surface activity have been complicated by an
inability to define the behavior of the phospholipids and
neutral lipids in the absence of protein. Surfactant
apolipoproteins are known to enhance the adsorption
and/or dynamic surface activity of a variety of model
lipid mixtures (2, 4, 16 for review), and also to improve
the activity of clinical exogenous surfactants (30-32).
The importance of apolipoproteins in biophysical activ-
ity has also been suggested by studies with subpopula-
tions of surfactant aggregates separated from animal
lungs by differential sedimentation (33) or density gra-
dient centrifugation (34), which form interfacial films at
different rates and contain varying amounts of apolipo-
proteins but the same phospholipids. However, prior
studies have not ruled out the possibility that the com-
plete mix of lung surfactant lipids, separate from
apolipoproteins, might also have pronounced effects on
adsorption. The present work demonstrates that al-
though adsorption relative to DPPC is improved by the
secondary surfactant phospholipids and neutral lipids,
the hydrophobic SP have a much more important influ-
ence on this surface behavior (Fig. 1).

Our experiments address in some detail the depend-
ence of adsorption on the content of hydrophobic
apolipoproteins in mixtures with different phos-
pholipids (Figs. 3-5). When added to the complete mix
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of surfactant phospholipids in PPL, SP improved ad-
sorption even at a low content of 0.13% SP by weight
(Fig. 4A). The amount of hydrophobic SP in typical
surfactant extracts is generally 1-2% by weight based on
a modified Lowry protein assay (9, 20-22, 30), and Hall,
Wang, and Notter (17) report a value of 1.3% for CLSE
using amido black staining of trichloroacetic acid-preci-
pated material (24). Yu and Possmayer (13) measured
the effect of SP-B or SP-C on the adsorption of
DPPC:PG, and found that the minimum protein concen-
tration for optimal adsorption was 1% for SP-B and 1.5%
for SP-C. This is consistent with our results that an SP
content of about 1% added to PPL gave adsorption very
similar to CLSE (Fig. 4A).

The exact mechanism(s) by which the hydrophobic
apolipoproteins enhance the adsorption of surfactant
phospholipids are currently unknown. In the adsorption
process, phospholipids must insert into the interface
from the underlying subphase, moving as monomers
and aggregates, and interactions with surfactant
apolipoproteins clearly facilitate this process. The move-
ment of lung surfactant components into a tensioactive
monolayer involves changes in enthalpy, entropy, and
free energy. All phospholipids are amphipathic and
arrange themselves to minimize contact between their
hydrophobic portions and water (35). However, the
spectrum of phospholipids in lung surfactant incorpo-
rates multiple variables that can affect adsorption and
film behavior, including chain saturation and length,
and headgroup charge, hydration, and hydrogen bond-
ing (35-37). It is well-kknown that the hydrophobic SP
interact with phospholipids and affect their packing, but
specific interactions vary among published studies and
on whether SP-B and SP-C are present alone or together
(16 for review). Molecular biophysical studies show that
SP-B can increase order in the headgroup region of lipid
bilayers through interactions involving its positively
charged residues (38, 39). SP-C has been found consis-
tently to disorder lipid chains and decrease gel to liquid
crystal transition temperature (40-42). FTIR spectro-
scopic studies have suggested that the combined pres-
ence of hydrophobic surfactant apoproteins disturbs the
packing and order of phospholipids in lung surfactant
(43, 44), potentially facilitating monolayer formation.
The relationship of specific molecular interactions be-
tween lung surfactant phospholipids and proteins to the
generation of rapid interfacial adsorption needs further
study.

Secondary zwitterionic and anionic surfactant phos-
pholipids, as well as neutral lipids, had measurable but
much less pronounced effects on adsorption compared
to the hydrophobic SP. Fluid zwitterionic and anionic
phospholipids are known to enhance the adsorption of
DPPC (5, 9), and our results show that PPL, mPPL, and
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N&PL all adsorbed better than DPPC (Fig. 1). In the
presence of hydrophobic SP, mixtures of SP:mPPL had
better adsorption than SP:DPPC at equal SP contents
{Fig. 4B vs. 4C), indicating a contribution from the
secondary zwitterionic phospholipids. Adsorption was
also improved in mixtures of SP:PPL vs. SP:mPPL at the
same SP content (Fig. 4A vs. 4B), indicating that the
anionic phospholipids contributed somewhat to the
maximal facilitation of adsorption by the hydrophobic
apoproteins.

Several previous studies (30, 45, 46) have reported
that mixtures of SP-B or SP-C with DPPC do not adsorb
to the low equilibrium surface tensions of about 25
mN/m reported here for mixtures of SP:mPPL (Figs.
4B, 5). Lung surfactant contains a variety of secondary
zwitterionic constituents other than DPPC, including
many saturated and unsaturated PCs, plus smaller
amounts of other phospholipids such as phospha-
tidylethanolamine (4, 14, 15, 47, 48). Anionic phos-
pholipids, also represented in lung surfactant composi-
tion, have been shown to interact with the hydrophobic
apoproteins (39, 41, 42). Mixtures of SP-C combined
with DPPC plus unsaturated PG and PI have been found
to adsorb better than similar mixtures of SP-C with
DPPC alone (45), although anionic lipids were not es-
sential for protein-mediated lipid insertion into phos-
pholipid films (49). The majority of secondary zwitte-
rionic and anionic phospholipids in lung surfactant have
gel to liquid crystal transition temperatures below 37°C
(2, 47). This likely contributes to their ability to adsorb
more readily than DPPC (Fig. 1), although even complex
mixtures of DPPC and fluid phospholipids do not ad-
sorb nearly as well as when surfactant proteins are added
(9, 11, 12). The relative fluidity of secondary surfactant
phospholipids, in combination with the actions of the
hydrophobic SP, may result in more optimal penetra-
tion and insertion of DPPC and other poorly adsorbing
surfactant components into the interfacial film.

Surfactant neutral lipids as well as secondary phos-
pholipids gave a small improvement in adsorption facil-
ity (N&PL vs. PPL, Fig. 1). This is in agreement with the
results of Yu and Possmayer (50) showing that depletion
of cholesterol in extracted calf lung surfactant decreased
adsorption facility. The small difference in adsorption
rate found here between CLSE and SP&PL (Fig. 1) most
likely reflects the lack of neutral lipid in the latter.
However, the small improvement in surfactant adsorp-
tion contributed by neutral lipids can be contrasted with
their detrimental actions on the stability and surface
tension lowering ability of cycled pulmonary surfactant
films (18, 50).

In summary, these studies on subfractions of the
hydrophobic components of calf lung surfactant show
that the mixture of hydrophobic apoproteins SP-B and
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SP-C had much more pronounced effects than secon-
dary surfactant phospholipids or neutral lipids in facili-
tating adsorption relative to DPPC. This is in contrast to
recently demonstrated behavior within dynamically
compressed surface films (18), where the secondary
phospholipids enhance respreading on successive cycles
at least as much as do the hydrophobic SP. All surfactant
subfractions containing mixed lipids without SP (PPL,
mPPL, and N&PL) adsorbed better than DPPC, the
single most abundant constituent of lung surfactant.
None of these lipid mixtures, however, approached the
adsorption rate or magnitude found when hydrophobic
SP were present. All mixtures containing hydrophobic
SP and lipids (SP&PL, SP&mPL, CLSE) rapidly ad-
sorbed to low equilibrium surface tensions, although the
complete mix of zwitterionic and anionic secondary
surfactant phospholipids, and surfactant neutral lipids,
was associated with maximal adsorption facility in com-
bination with apolipoproteins. i
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