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Abstract

Lung surfactant, a mixture of dipalmitoylphosphatidylcholine, phosphatidylglycerols, fatty acids and four lung
surfactant specific proteins, forms tightly packed monolayers at the alveolar interface which are capable of lowering
the normal air-water surface tension to almost zero. Isolating the roles of the individual components of lung surfactant
is essential to understanding the biophysics of surfactant functioning and to developing new low-cost replacement
surfactants. We have used fluorescence microscopy to show that both the full length lung surfactant specific protein
SP-B,_;; and a shorter model peptide SP-B,_,5 alter the phase behavior and surface morphology of palmitic acid
(PA) monolayers. PA is an important component of both natural and replacement lung surfactants. Both the protein
and the peptide inhibit the formation of condensed phase in monolayers of PA, resulting in a new fluid PA-protein
phase. This fluid phase forms a network that separates condensed phase domains at coexistence. The network persists
to high surface pressures, altering the nucleation, growth and morphology of monolayer collapse structures, leading
to lower surface tensions on compression and more reversible respreading on expansion, factors essential to the in
vivo performance of both natural and replacement lung surfactants. The network is stabilized by the low line tension
between the fluid phase and the condensed phase as confirmed by the formation of extended linear domains or
“stripe” phases. Similar stripes are found in monolayers of fluorescein-labeled SP-B;_,s, suggesting that the reduction
in line tension is due to the protein. The peptide retains many of the essential functions of the full length protein and
may be a lower cost substitute in replacement surfactants. © 1997 Elsevier Science B.V.
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1. Introduction and contraction of such a large area involves a
significant expenditure of work against surface

The lungs provide an interface for the exchange tension forces. To reduce the work of breathing, a
of oxygen and carbon dioxide between the blood mixture of lipids and proteins, commonly known
stream and the atmosphere. In order to facilitate as lung surfactant, produced by type II alveolar
exchange, a large interfacial area is required, about pneumocytes, lines the airspaces of the lungs of all
1 m? per kilogram of body mass. The expansion mammalian species. This mixture stabilizes the
lung alveoli during breathing by varying the air—
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nor rupture, while minimizing the work of breath-
ing. The interfacial tension is changed by rapid
adsorption, desorption, and compression of
surfactant at the interface during each breathing
cycle [1-3].

Deficiency or inactivation of lung surfactant are
contributory factors to a number of pulmonary
diseases. A deficiency of surfactant at birth, often
due to premature delivery, is responsible for the
development of neonatal respiratory distress syn-
drome (RDS) [4,5]. Inactivation of lung surfac-
tant, perhaps as a result of pulmonary edema, is
probably involved in the development of adult
RDS [6-9]. Because of the serious morbidity and
high mortality of these syndromes, research on
surfactant replacement therapy has received
significant attention in recent years [10].
Administration of exogenous natural surfactants
has been proven to be an effective form of treat-
ment for neonatal RDS [11], but only limited
supplies of human lung surfactant are available,
and the use of animal sources introduces potential
problems with immunological responses, purity
and reproducibility. The costs associated with the
recruitment and purification of either human or
animal surfactants are significant, especially for
the lung surfactant specific protein SP-B that
appears to be necessary to surfactant function in
vivo [12-14]. As a result there have been several
efforts to replace SP-B by peptides based on the
full length protein [15-18], simple model peptides
that mimic the basic structure of SP-B [19], or
even simple polycations [17,20]. Developing a
purely synthetic surfactant, however, requires a
thorough understanding of the roles of the indivi-
dual lipid and protein constituents of natural lung
surfactant to identify the essential biophysical or
biochemical function of each component.

Lung surfactant consists primarily of saturated
dipalmitoylphosphatidylcholine (DPPC), unsatu-
rated phosphatidylcholine (PC) and phosphatidyl-
glycerol (PG), palmitic acid (PA), and lung
surfactant specific proteins. Four such proteins
have been identified, and are termed SP-A, -B, -C,
and -D. SP-A and SP-D are large proteins that
appear to convey long-range order on lipids and
are believed to be necessary for surfactant trans-
port and secretion, while SP-B and SP-C are small

hydrophobic proteins that enhance the adsorption
and activity of the surfactant lipids at the air-water
interface [2,21,22].

DPPC, the major component of human lung
surfactant, is capable of reducing the normal air—
water surface tension (72mNm~') to almost
zero by forming monolayers that do not collapse
at surface pressures below 70mNm~! [23].
However, DPPC by itself is a poor replacement
surfactant because it forms rigid, multilamel-
lar structures in solution that do not effectively
form monolayers under physiological conditions
[24,25]. The apparent role of the anionic PG and
PA in natural and many replacement lung surfac-
tants is to fluidize and separate the normally rigid
DPPC bilayers in solution to enhance dispersion
of the surfactant and increase absorption to inter-
faces [24,25]. PA, for instance, is an important
additive to many exogenous surfactants [26]. It is
believed to enhance surface activity and partially
counteract inhibition by blood proteins [25,27-
29]. However, PA does not prevent inhibition by
blood proteins in synthetic mixtures that do not
contain SP-B [30].

A minimum surface tension of less than
10 mN m ™! (corresponding to a minimum collapse
pressure of more than 60 mN m™'; see Fig. 1) is
one of the essential features of natural lung surfac-
tants or viable synthetic mixtures [4]. However,
the monolayer collapse pressures of anionic lipids
and fatty acids are typically much less than that
of DPPC; PA films, for instance, collapse at
around 40 mN m ™. The lower collapse pressures
result in the ejection of these components when
anionic lipid-DPPC mixed monolayers are under
sufficient compression. This effect has led to the
belief that anionic lipids and fatty acids are
“squeezed out” of lung surfactant monolayers
during the exhalation portion of the breathing
cycle [25,27-29]. We show that one role of SP-B
is to alter the isotherms of fatty acid monolayers
so that they resemble those of DPPC. In particular,
the collapse pressure of the fatty acid monolayer
is increased to nearly 70 mN m~™' and a highly
compressible region of the isotherm is created at
large areas per molecule. These changes in the
fatty acid isotherm eliminate the driving force for
“squeeze-out” of the fatty acid from the mixed
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Fig. 1. Wilhelmy balance compression and expansion tracings
of pressure—area curves for model lung surfactant dispersions
containing: (A) DPPC:PG:PA:SP-B,_,;, 68:21:9:3 w/w; (B)
DPPC:PG:PA:SP-B,_,;, 68:21:6:3 w/w; and (C) DPPC:PG:PA,
68:21:9 w/w. Displayed are the first (- - -) and fifth ( )
compression cycles of dispersions on 154 mM saline solution.
The abscissa is displayed in percentage of trough area available
to the surfactant monolayer. 25pg of dispersion in 10 pl
of saline was applied to the surface of a Kim Ray
Langmuir-Whilhelmy surface balance of 51.5 cm? surface area
at 25°C. The compression—expansion cycle took 90 s to com-
plete. The DPPC:PG:PA:SP-B, ,5; 68:21:9:3 w/w dispersion
raises the surface pressure immediately as the surface area is
reduced, and the hysteresis between expansion and compression
cycles obtained on the first compression is repeated on the fifth
and subsequent compressions. The other tracings demonstrate
diminished surface activity, especially a diminished hysteresis
between compression and expansion cycles and a lower maxi-
mum surface pressure (higher minimum surface tension).

surfactant monolayer and lead to lower surface
tensions of the mixed lung surfactant. This suggests
a synergistic effect between PA and SP-B that
results in both lipid and protein being retained in
the primarily DPPC surfactant monolayer on com-
pression [17].

However, isotherm studies alone cannot provide
the molecular mechanisms by which SP-B alters
monolayer properties. In this paper, we present
both isotherm and fluorescence microscopy results
on mixed PA and SP-B monolayers, and show
how the addition of the peptide alters the surface
morphology of fatty acid monolayers leading to
higher collapse pressures. We also compare the
morphological effects produced by the shorter
model peptide SP-B,_,5 with those caused by the
full length SP-B,_,; protein. Our fluorescence
images show that both the full length SP-B,_ .4
protein and the peptide SP-B; ,5 [15,16] insert
into PA monolayers and form a new ““fluid” phase
that inhibits the formation of condensed phases at
all surface pressures. This protein-induced fluid
phase forms a network that breaks up the remain-
ing condensed phase domains at all surface pres-
sures up to collapse. By shrinking the size of the
condensed phase domains, the network of protein-
rich fluid phase reduces the likelihood of hetero-
geneous nucleation of monolayer collapse, leading
to lower ultimate surface tensions on compression,
together with smaller and more homogeneous col-
lapse structures that are easier to respread on
expansion. These monolayer properties are directly
related to important physiological consequences
such as decreased work of breathing and increased
alveolar stability [4]. The fluid phase network is
stabilized by the low line tension between the fluid
phase and the condensed phase domains. This low
line tension is confirmed by our observations of
extended linear domains or ““stripe” phases at low
surface pressures [31,32]. Similar stripe phases
are found in monolayers of fluorescein-labeled
SP-B, ,s, suggesting that SP-B lowers the two-
dimensional line tension between phases, in addi-
tion to increasing the ratio of fluid to condensed
phases. The close correspondence between the
morphology and phase behavior induced by
SP-B, ,s and the full length protein suggest that
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the peptide might be a lower cost substitute in a
purely synthetic replacement surfactant.

2. Experimental
2.1. Materials

SP-B is a lung surfactant-specific, 8.6 kD
reduced molecular weight, amphiphilic protein
which possesses eight net positive charges. The full
length human 78-amino acid sequence (see
Fig. 2(A)) of surfactant protein SP-B,_,; was syn-
thesized on a 0.25 mmol scale with a 431 A peptide
synthesizer from Applied Biosystems (Foster City,
CA, USA) using FastMoc@® chemistry [33]. A
Wang Fmoc-L-Serine(OtBu) resin purchased from
Applied Biosystems was used for synthesis. Amino
acid residues 26—59 were double coupled, while all
other residues were single coupled. After cleavage
from the resin, the peptide was purified by reverse
phase high performance liquid chromatography
(HPLC) with a C4 column from Vydac (Hesperia,
CA, USA) using a water—acetonitrile gradient
containing 0.1% trifluoroacetic acid. The expected
relative molecular mass was confirmed by electro-
spray mass spectrometry. The formation of disul-
fide bonds was facilitated using EKATHIOX@®
resin from Ekagen Corp. (Palo Alto, CA, USA).
Oxidation with EKATHIOX@ resin was carried
out by the addition of a 1 mM peptide solution of
TFE/water (9:1 v/v) to a 10-fold molar excess of

A

1 + ++ +25
NH-FPIPLPYCWLCRALIKRIQAMIPKG

+ + 50
ALRVAVAQVCRVVPLVAGGICQCLA
— -

+ + + 78
ERYSVILLDTLLGRMLPQLVCRLVLRCS-COOH

1 + 4+ +25
NH»-FPIPLPYCWLCRALIKRIQAMIPKG-COOH

Fig. 2. Amino acid sequence for (A) the full length SP-B,_;4
human lung surfactant protein, and (B) the N-terminal shorter
model peptide SP-B,_,;. In each sequence, the charged residues
are indicated with a plus or a minus sign.

the resin active group to peptide thiol. The reaction
was allowed to proceed for 6 h before the peptide
in solution was separated from the resin by centri-
fugation (1000g for 10 min). The monomeric oxi-
dized state was confirmed by matrix-assisted laser
desorption-time of flight (MALDI-TOF) mass
spectroscopy.

The 25-residue shorter model peptide represent-
ing the N-terminal amino acid sequence, SP-B,_,s,
has a reduced relative molecular mass of 2.9 kD
and four positive charges. The sequence of this
shorter model peptide is shown in Fig. 2(B).
Synthesis was carried out by the solid-phase
method using an Fmoc strategy with an Applied
Biosystems 431A peptide synthesizer. The crude
peptides were purified by a Vydac C4-column
reversed-phase HPLC with a mixture of water,
acetonitrile, and 0.1% trifluoroacetic acid. Solvents
from HPLC and ion-pairing agents were removed
from the purified peptides by vacuum centrifu-
gation, and the expected molecular mass of the
peptide was obtained by fast atom bombardment
mass spectrometry or electrospray mass spectro-
scopy (UCLA Center for Molecular and Medical
Sciences Mass Spectrometry). Quantitative amino
acid composition for the peptide was determined
at the UCLA Protein Microsequencing Facility.

The fluorescein derivative of SP-B,_,5 with link-
ages at cysteine residues 8 and 11 was synthesized
by slowly adding a five-fold excess of fluorescein-
5-maleamide from Molecular Probes (Eugene, OR,
USA) in dimethylformamide to the peptide in
10 mM phosphate buffer (pH 6.5). The mixture
was bath sonicated for 5 min and vortexed immedi-
ately for 1h at 25°C. The reaction was then
quenched with a two-fold excess of cysteine and
the reaction mixture dialyzed against distilled
water overnight. The peptide was then freeze-dried
and purified by reverse phase HPLC.

Palmitic acid (99% pure) was purchased from
Sigma Chemical Co. (St. Louis, MO, USA) and
was used without further purification. N-
7-Nitrobenz-2-oxa-1,3-diazol-4-yl-hexadecylamine
(NBD-HDA) was purchased from Molecular
Probes (Eugene, OR, USA). Protein stock solu-
tions were made using a 4:1 chloroform/methanol
mixture, while PA stock solutions were made with
chloroform. Spreading solutions of various con-
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centrations of PA and protein were made from
stock solutions with chloroform (Fisher spectrana-
lyzed) as the solvent. All subphases were prepared
using 18 MQ water obtained from a Milli-Q UV
Plus system (Millipore, Bedford, MA, USA).
To mimic physiological conditions, NaHCO;-
buffered (pH 6.9) 0.15 M Nacl solution was used
as the subphase for some experiments.

2.2. Langmuir trough

Cyclic measurements that traced the surface
pressure of lung surfactant upon successive com-
pressions and expansions were made using a Kim
Ray Langmuir—Wilhelmy surface balance of
51.5 cm? surface area. All other experiments were
carried out in a customized Langmuir trough
which allowed simultaneous monitoring of surface
morphology and phase behavior of the monolayer.
Various PA/SP-B, ,; and PA/SP-B,_,s mixtures
were spread quantitatively onto either a pure water
or a buffered saline subphase at temperatures both
above and below the triple point of PA [34].
Monolayers were formed at a highly expanded
state; the monolayer area was compressed at vari-
ous speeds ranging from 0.01 to 0.05 Az per mole-
cule per second. For quantitative comparisons, the
compression speed was held constant within each
set of measurements.

2.3. Surface pressure measurements

The surface pressure 7 is the difference in surface
tension between the bare water surface tension
(72mNm™') and that when a monolayer is
absorbed. A Wilhelmy plate system ( K&R, Mainz,
Germany) was used to detect changes in surface
pressure as the monolayer was being compressed.

2.4. Fluorescence microscopy

Fluorescence microscopy makes possible the
direct visualization of the surface morphology of
monolayers at the air—water interface. The contrast
is obtained by incorporating a small amount of
fluorescent dye into the spreading solution. The
fluorescent dye molecules preferentially partition
into the less ordered phase, because the more

condensed or better ordered phase has tighter
packing and excludes the dye. This results in a
brighter liquid-expanded phase and a darker
liquid-condensed phase. In our case, the dye NBD-
HDA used in all the experiments quenches when
it is in contact with the subphase, rendering the
gaseous phase black. A modified Nikon Optiphot
microscope with a 40 x long working distance
objective was coupled to a Silicon Intensified
Target camera for imaging. Details of the experi-
mental setup has been presented elsewhere [35].

3. Results and discussions

Experimental investigations and surfactant
replacement therapies utilizing SP-B are expensive
because of the difficulty of obtaining SP-B from
animal or human sources. Therefore, we have
focused on the study of amphipathic peptides of
the amino-terminal residues (1-25) of SP-B,
known as SP-B;_,s (Fig.2(B)), which contains
four positively charged residues [15,16]. Other
researchers have investigated other sequences of
SP-B, or even simpler amino acid sequences that
mimic certain aspects of SP-B [19,24,36,37]. The
surface behavior of model lung surfactant mixtures
(containing DPPC:PG in a ratio of 68:21 w/w)
indicates that low surface tension monolayers,
similar to those of natural lung surfactant, are
obtained with 9% w/w PA and 3% w/w SP-B,_,s
(Fig. 1(A)) and improve oxygenation in animal
models [15,16]. A lower percentage of PA and
deficiency of SP-B,_,s resulted in diminished sur-
face activity of the surfactant (Fig. 1(B,C)). This
is not surprising because PA is a significant fraction
of natural lung surfactant, and is commonly added
to both naturally derived and synthetic replace-
ment lung surfactants to enhance performance
[26]. As a result of these studies, we have focused
on examining binary mixtures of PA and
SP-B,_-5 or the peptide SP-B;_,; to determine the
origin of these effects.

3.1. Pure water subphase at 16°C

Below the triple point of pure PA monolayers
which occurs at about 25°C, the gaseous phase
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turns into the liquid-condensed phase without
going through the liquid-expanded phase. The
isotherm of the fatty acid alone showed two dis-
tinct condensed phases: a compressible liquid-con-
densed phase (Fig.3(A), a to b), and a second
incompressible, solid-condensed phase (b to c¢),
followed by collapse at about 43 mN m™!. This
temperature was chosen so that any fluidization
effect due to the presence of protein resulting in a
liquid-expanded phase would be unambiguous.
With the addition of both the full length
SP-B,_;5 and the shorter model peptide SP-B_,s,
two effects were observed. Firstly, the monolayer
collapse pressure was significantly increased (see
Fig. 3(A)), suggesting that the presence of the
protein stabilized the PA film and helped it with-
stand higher compression. Secondly, phase trans-
itions occurred at a higher area per fatty acid
molecule, indicating that the water-soluble peptide
was retained in the monolayer. When the fraction
of peptide was increased, the onset of the first
pressure rise (see lift-off points in Fig. 3(A))
occurred at successively larger surface areas. The
only difference between the two peptides appears
to be that the full length SP-B, _,4 is better retained
in the monolayer than the shorter model peptide
SP-B,_,5, probably because of the reduced water
solubility of the whole protein as compared to the
peptide. It should also be noted that the isotherms
of 10 and 20 wt% SP-B, ,; in PA monolayers
displayed a flattened region between 15 and
22mN m~ 1. Longo et al. [17] suggested that the
kink at the beginning of the flattened region (point
d in Fig. 3(A)) might be the onset of a two-phase
coexistence; fluorescence microscopy images
(Fig. 4), however, show that this interpretation is
incorrect.

Fig. 4 shows fluorescence micrographs of binary
mixtures of PA and SP-B,_,s. For pure PA at 16°C,

a two-phase coexistence between gas and liquid-
condensed phase was observed at zero applied
pressure. Compressing the system past the lift-off
area led to the disappearance of the gas phase,
leaving a uniform, gray liquid-condensed phase
(Fig. 4(A)). When SP-B,_,s; was included in the
spreading mixture, a three-phase coexistence was
observed upon spreading (at zero applied surface
pressure), a black gaseous phase, a gray liquid-
condensed phase, and a bright “fluid” phase being
formed. Upon lift-off, the gas phase disappeared,
and a two-phase coexistence remained. Even with
a peptide fraction of 5 wt%, the liquid-condensed
phase was broken up into dark domains floating
in a bright background (Fig. 4(B)). As the percen-
tage of peptide increased, the average size of the
dark condensed phase domains decreased while
the number density increased (see Fig. 4(C,D)).
Similar fluidizing effects were observed in binary
mixtures of PA and SP-B;_;5 (Fig. 5). The peptide
apparently disorders or “melts” the condensed
phase of PA, as shown by the partitioning of the
dye into the new, peptide-rich, bright “fluid”
phase. The protein has been shown to be surface-
active, possessing an amphipathic a-helical struc-
ture in both lipid and aqueous environment, with
the hydrophobic residues on one side of the
helix and the charged residues on the other
[15,16,18,38]. It is plausible therefore that the
hydrophobic portion of the peptide is incorporated
into the chains, while the positively charged por-
tion is associated with the negatively charged head-
groups of PA. The protein also acts to increase
the amount of interface between the liquid-con-
densed and the “fluid” phase, which implies that
it may reduce the effective line tension between the
two coexisting phases.

Instead of signifying the onset of a two-phase
coexistence (that already exists after lift-off ), the

Fig. 3. Surface pressure versus area per fatty acid molecule isotherms for PA/SP-B,_,s and PA/SP-B,_,3 mixtures: (A) at 16°C on
Milli-Q water subphase (pH 5.5); (B) at 16°C on NaHCOjs-buffered saline subphase (pH 6.9, 150 mM NaCl); (C) at 25°C on

NaHCO;-buffered saline subphase (pH 6.9, 150 mM NaCl). 0 wt% SP-B,_;; (

): 5 Wt% SP-B, s (5); 10 wt% SP-B, 5 (V);

20 wt% SP-B, ,5 (O); 20 wt% SP-B, ;5 (x). The marked points signify (a) the beginning of the liquid-condensed phase, (b) the
transition to the solid-condensed phase, (c) film collapse, (d) onset of the flattened portion of the isotherm, (e) the beginning of the
liquid-expanded/liquid-condensed coexistence. The peptide increases the collapse pressure of the monolayer, leading to lower surface
tensions on compression. All mixtures contain 1 mol% (with respect to the PA concentration) of NBD-HDA, which does not appear

to alter the isotherms significantly.
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Fig. 4. Fluorescence micrographs of PA/SP-B,_,s; mixtures at 16°C on Milli-Q water subphase (pH 5.5): (A) 0 wt% peptide; (B)
5 wt% peptide; (C) 10 wt% peptide; (D) 20 wt% peptide. All mixtures contain 1 mol% (with respect to the PA concentration) of
NBD-HDA fluorescent dye. All images were taken at the lift-off point. The peptide inhibits the formation of the condensed phase,
leading to the formation of a disordered, bright fluid phase that separates the remaining condensed phase domains. The line tension
between the two phases is small as indicated by a steady decrease in the condensed phase domain size with increasing peptide
concentration. The image contrast results from the exclusion of the dye from the more ordered, condensed phases (dark), and its
incorporation in the more disordered, expanded phases (bright).

flattened portion of the isotherm in monolayers
with high peptide fraction may mark the onset of
the removal of excess peptide from the monolayer.
Fluorescence micrographs show that the kink
occurs when condensed phase domains start to
close-pack. Should the peptide have a pressure-
dependent solubility that increases as a function
of surface pressure, the kink in the isotherm would
signify the onset of an abrupt increase in peptide
solubility, rendering the film more compressible
and flattening out the isotherm. This hypothesis is

corroborated by isotherms obtained for pure
SP-B,_,s at the air-water interface that show flat-
tened portions starting at surface pressures similar
to those found in lipid—protein monolayers (point
d in Fig. 3(A)).

3.2. Buffered saline subphase at 16°C
To study the effects of charge and ionic strength

and to better mimic physiological conditions, a
NaHCO;-buffered saline (pH 6.9, 0.15 M NaCl)
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Fig. 5. Fluorescence micrograph of PA/SP-B,_,; mixtures with 20 wt% peptide at 16°C on Milli-Q water subphase (pH 5.5), and
1 mol% (with respect to the PA concentration) of NBD-HDA fluorescent dye. Image taken at the lift-off point.

subphase was used. The temperature was kept at
16°C for direct comparisons with the first set of
experiments. A similar rise in collapse pressures
and lift-off areas was observed when the fraction
of peptide was increased. However, the collapse
pressures for monolayers on a saline subphase
were higher (Fig. 3(B)) than those on pure water
(Fig. 3(A)); in the case of SP-B, .4, a collapse
pressure close to 72mNm~! was achieved.
Furthermore, isotherms of 10 and 20wt%
SP-B,_,5s no longer displayed a flattened region.
The increase in collapse pressure could be due to
the increased surface dissociation at higher pH,
which in turn increased the activation energy for
the film to collapse [39,40], whereas the disappear-

ance of the flattened region could be attributed to
the decreased solubility of the peptide in saline
solutions [41]. For the most part, the surface
morphology was similar to that on pure water: the
condensed phase of PA was broken up by the
presence of a bright phase when peptide was
added, and the condensed phase domain size
decreased as the fraction of peptide was increased.
However, one significant morphological difference
was noted.

When a mixture of PA with a high percentage
of peptide (over 20 wt% SP-B,_,5 or SP-B,_,5) was
spread on the saline subphase, alternating linear
domains of high and low lipid concentration, or
“stripe” patterns [31], were observed at zero
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applied pressure (Fig. 6(A,B)). Similar stripe pat-
terns are found in pure SP-B,_,s films. Fig. 6(C)
shows stripes in a fluorescein-tagged SP-B, ,
monolayer on a water subphase at zero applied
surface pressure and 23°C. The ratio of dark to
bright phases increased with increasing surface
area, and eventually gave rise to an extended foam-
like appearance (Fig. 6(D)). In mixed lipid and
protein monolayers, we have also observed circular
domains undergoing shape transitions to form
labyrinthine patterns upon compression at zero
surface pressure (Fig. 7). Several researchers have
observed stripe phases together with shape trans-

itions in monolayers at the air—water interface [42—
45]. The transition between circular and stripe
domains can be understood in terms of a competi-
tion between the line tension at the domain bound-
ary and the electrostatic repulsion within the
domain. In the limit of large line tensions, circular
domains are preferred because this minimizes the
length of the domain boundary. When the line
tension decreases relative to the repulsive inter-
actions within the domains, elongated shapes or
stripe phases form. Because stripes were not
observed in mixed monolayers with low protein
content even on a saline subphase, and were pre-

NI

Fig. 6. Fluorescence micrographs of stripe patterns observed in a monolayer from (A) a PA/SP-B, 55 mixture with 20 wt% peptide
on NaHCO,-buffered saline subphase (pH 6.9, 150 mM NaCl) at 16°C and zero surface pressure; (B) a PA/SP-B, ;3 mixture with
20 wt% peptide on NaHCO,-buffered saline subphase (pH 6.9, 150 mM NaCl) at 16°C and zero surface pressure; (C) a pure
fluorescein-labelled SP-B, s monolayer on Milli-Q water subphase (pH 5.5) at 23°C and zero surface pressure; (D) the same film as

in (C) but at a larger surface area per fatty acid molecule.
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Fig. 7. A sequence in which two bright circular domains in a PA/SP-B,_,; mixture with 20 wt% peptide on NaHCO,-buffered saline
subphase transform into two labyrinthine patterns with decreasing surface area at zero surface pressure. The transformation shows
that the ratio of electrostatic repulsion within the domain to the line tension at the domain boundary changes upon compression,
perhaps due to a conformational change in the protein.

sent in pure protein monolayers on a pure water
subphase, the stripe patterns are inherent to the
protein. These results, combined with theoretical
and experimental observations that stripe forma-
tion typically occurs in mixed monolayers [32,46],
suggest that the protein undergoes a surface pres-
sure-induced conformational, orientational and/or
aggregational change, which leads to a change in
the relative contribution between the line tension
and the electrostatic interactions. Both surface
pressure and lipid environment induced protein
conformational changes have been shown to occur
in similar systems [47].

3.3. Buffered saline subphase at 25°C

In order to examine films that have phase beha-
vior similar to those under physiological condi-
tions, we carried out a set of experiments above
the triple point temperature of PA. At 25°C on a
buffered saline subphase, the isotherm of the fatty
acid showed a gas/liquid-expanded coexistence
region at large molecular areas. The system entered
a liquid-expanded region after lift-off, followed by
a plateau where liquid-expanded and liquid-con-
densed phases coexisted. Further increases in pres-
sure led to the liquid-condensed phase, then the
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Fig. 8. Fluorescence micrographs of PA/SP-B,_,5 mixtures at 25°C on NaHCO;-buffered saline subphase (pH 6.9, 0.15 mM NaCl):
(A) 0 wt% peptide; (B) 5 wt% peptide; (C) 10 wt% peptide; (D) 20 wt% peptide. {\ll mixtures contain ! mol% (with respect to the
PA concentration) of NBD-HDA. Image taken at an area per PA molecule of 35 A%

solid-condensed phase, and eventually monolayer
collapse at about 52 mN m ™} Addition of either
the full length protein or the shorter model peptide
resulted in a similar rise in collapse pressures and
lift-off areas as in low temperature films (see
Fig. 3(C)).

Below the triple point, the dark liquid-condensed
phase (Fig. 4) was present upon spreading; hence,
the initial distribution of the domains was influ-
enced by the spreading conditions. Above the triple
point, however, the liquid-condensed or dark phase
nucleated from the liquid-expanded phase at the
beginning of the liquid-expanded/liquid-condensed
plateau (Fig. 3(C), point e). As a result, the effect

of the addition of the peptide on the formation
and size of domains is more dramatic. In the
absence of the peptide, dark domains nucleated
with low number density from the bright phase,
and grew into large domains (Fig. 8(A)).
Fig. 8(B,C,D) shows how the number density of
domains successively increased while the average
size successively decreased with increasing percen-
tage of SP-B,_,5 present. The progression observed
is reminiscent of that found below the triple point
(Fig. 4). When full length SP-B, -5 is added, a
similar type of small-size, high-density nucleation
of condensed phase domains was observed
(Fig. 9).
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Fig. 9. Fluorescence micrograph of PA/SP-B,_-g mixtures with 20 wt% peptide at 25°C on NaHCO5-buffered saline subphase (pH 6.9,
0.15mM NaCl )0, and 1 mol% (with respect to the PA concentration) of NBD-HDA fluorescent dye. Image taken at an area per PA
molecule of 35 A%

3.4. Collapse mechanism

In all the above experiments, we found that
collapse pressures were increased with the incorpo-
ration of either the full length or the shorter model
peptide into the fatty acid film. To understand
such increases in collapse pressure, we compressed
the film past collapse, and, in the process, observed
differences in the nucleation, growth and morphol-
ogy of monolayer collapse when protein was added
to PA monolayers.

Fig. 10(A,B) shows the collapse structures pre-
sent at 16°C on a pure water subphase with and
without SP-B,_,s, respectively. Without the pep-
tide, large, dendritic “crystals” that grew with time

appeared at collapse (Fig. 10(B)). With the pep-
tide, no large crystals were observed; instead, very
small, bright collapse structures nucleated simulta-
neously over the entire monolayer at a significantly
higher surface pressure, and remained small,
even upon further compression (Fig. 10(A)).
Similar collapse structures were also observed for
PA/SP-B,_-¢ films. The collapse structures of a PA
film with 20 wt% SP-B,_,s, and a pure PA film at
27°C, again on a pure water subphase, are shown
respectively in Fig. 10(C,D). Although there were
differences in the morphology of the collapse struc-
tures due to temperature [48], the general features
of collapse were the same: without the peptide,
large dendritic structures nucleated at the collapse
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Fig. 10. Collapse structures of PA films with and without SP-B,_,; on Milli-Q water subphase (pH 5.5) at two different temperatures.
(A) Small bright collapse structures nucleate from condensed phase domains on collapse of a monolayer of a PA/SP-B,_,s mixture
with 20 wt% peptide at 16°C. The small spots disappear quickly on respreading. (B) Large dendritic crystals occur on collapse of a
pure PA monolayer at 16°C. These crystals grow with time and are slow to respread on expansion. (C) A network of bright “fluid”
phases remains at collapse pressure for a PA/SP-B,_,; mixture with 20 wt% peptide at 27°C. Small, bright collapse structures nucleate
uniformly across the monolayer and respreading is easy. (D) Large dendritic crystals occur on collapse of a pure PA monolayer at
27°C. Similar to their counterparts at a lower temperature, these crystals grow with time and are slow to respread. Differences
observed in collapse features between (A) and (C), and (B) and (D) suggest that temperature affects collapse structures.

pressure and quickly grew (Fig. 10(D)); with the
peptide present, much smaller and more numerous
bright collapse structures appeared at a higher
collapse pressure (Fig. 10(C)). Fig. 10(C) also
shows that the dark condensed phase domains are
subdivided by a skeletal network of light-gray fluid
phase. The network thinned as the surface pressure
increased, but persisted even after the film
collapsed, suggesting that the peptide—fatty acid
complex was retained in the film. Similar networks
were observed for PA/SP-B; ,s and PA/SP-B,_ 44

monolayers with 20 wt% peptide at temperatures
both above (Fig. 11(A,B)) and below (data not
shown) the triple point on buffered saline sub-
phases up to and after collapse.

The existence of the mesh provides an explana-
tion for the difference in collapse pressures and
morphology. From our images it is clear that
monolayer collapse occurs by a process of nucle-
ation and growth. By breaking up the condensed
phase into small domains, the fluid network lowers
the probability that a collapse “nucleus” can be
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Fig. 11. A network of bright “fluid” phases observed near the collapse pressure for (A) a PA/SP-B,_,s mixture with 20 wt% peptide,
and (B) a PA/SP-B,_.; mixture with 20 wt% peptide at 16°C on NaHCO;-buffered saline subphase (pH 6.9, 150 mM NaCl), separating

regions of dark condensed phase.

found in a given domain [49,50]. As a result, each
domain must nucleate collapse independently,
resulting in more uniform, homogeneous nucle-
ation at higher surface pressures. This phenome-
non is the two-dimensional analog of the classic
experiments of Turnbull, who showed that many
simple metallic liquids could be undercooled far
below their thermodynamic freezing points by
subdividing the liquid into micrometer-sized drop-

lets [51]. Subdividing the droplets reduced the
likelihood of a heterogeneous nucleus in a given
droplet, leading to homogeneous nucleation at
large undercooling. Similar effects have been
observed for supercooling water in emulsion drop-
lets, in polymer gels, or in porous media [52,53].
Even after this homogeneous nucleation, the
growth of the collapse structures is limited by the
finite size of the condensed domains. As a result,
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the collapse structures are small in size in the case
of homogeneous nucleation compared to those
found in heterogeneous nucleation. Hence
respreading of these small collapse structures on
expansion occurs much more readily. In the
absence of the peptide (Fig. 10(B,D)), the large,
dendritic “crystals” that formed at collapse grew
with time and were much more difficult to respread
upon expansion. It is therefore clear that one
function of lung surfactant specific protein SP-B
is to form a network of fluid phase that breaks up
the condensed phase domains, thereby altering the
nucleation and growth of monolayer collapse, lead-
ing to lower ultimate surface tensions on compres-
sion and easier respreading on expansion.

4. Conclusions

Our results show that the shorter model peptide
SP-B,_,s mimics quite closely the behavior of the
full length protein SP-B,_-5, causing similar alter-
ations to the isotherm, and similar changes in the
surface morphology and collapse mechanism of
fatty acid monolayers. Isotherm measurements
show that the lift-off area increases with increasing
amount of protein in the fatty acid monolayer,
signifying that the protein is indeed incorporated
into the monolayer. The presence of the protein
also leads to higher collapse pressures, which in
some cases can reach a value close to 72 mN m !
(equivalent to attaining zero surface tension).
These changes in the isotherm remove the driving
force for squeeze-out of the PA from monolayers
of DPPC, a major component of lung surfactant.
We believe that the interaction between PA and
either the full length protein or the shorter model
peptide is electrostatic in nature, with the hydro-
phobic portions of the protein associating with the
tails of the fatty acid, while the positively charged
regions complex with the negatively charged head-
groups. The effect both SP-B, ;3 and SP-B_,;
have on the isotherms of fatty acid monolayers is
almost identical to that of simple polycations [20].
Effective replacement surfactants could possibly
include simple polymers or amino acid sequences
instead of native SP-B.

Epifluorescence microscopy images show that

both the positively charged full length SP-B,_.4
and its N-terminal segment SP-B,_,s insert into
PA monolayers and inhibit the formation of the
condensed phases at all surface pressures. The
presence of the protein leads to the formation of
a protein-rich fluid phase in coexistence with the
condensed PA phase. The fluid phase persists up
to collapse, forming a network separating the
condensed phase into domains, with domain size
decreasing as the protein content increases. The
existence of the network indicates that the protein
is retained in the monolayer even at high compres-
sion. In pure PA monolayers, collapse occurs by
the nucleation and growth of large, three-dimen-
sional dendritic “crystals” from the solid-con-
densed phase. With the presence of SP-B, .5 or
SP-B,_,s, a new type of nucleation occurs at higher
surface pressures (lower surface tensions). These
new collapse structures occur much more uni-
formly across the monolayer, are much smaller in
size, and hence are much easier to respread on
lowering the surface pressure. These effects suggest
a dramatic change in collapse nucleation; hetero-
geneous, lower surface pressure nucleation occurs
without protein and homogeneous, higher surface
pressure nucleation occurs with protein. After col-
lapse, the growth of the collapse structures in the
presence of protein is limited by the finite size of
the solid-condensed domains, and they are hence
easier to respread on expansion. Stripe patterns,
indicative of low line tensions [42—44], are found
both in fatty acid films with a high percentage of
protein on a saline subphase and in films formed
by fluorescein-tagged SP-B;_,s on pure water sub-
phase, and help to explain the stability of the fluid
phase network. This lowered line tension may be
associated with a pressure induced conformational,
orientational and/or aggregational change of the
protein.

Our observations here help explain our earlier
work [15,18] and that of Cochrane and Revak
[19], and Venkitaraman et al. [36], who observed
greater enhancements of surface activity for mono-
layers with amino acid sequences that contained
cationic residues than for those that were primarily
hydrophobic or anionic. The fact that the phase
behavior and morphology of charged fatty acids
can be dramatically altered by interactions with
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charged synthetic peptides or polymers points to
the possibility that these electrostatic interactions
might be the origin of lung surfactant inhibition
by charged soluble proteins such as albumin or
fibrinogen that are believed to be responsible for
the onset of adult RDS. The detailed picture of
the role of SP-B in the monolayer presented in
this paper should make it possible to develop
synthetic peptides or even simple polymers for new
replacement surfactants, and shows that many of
the essential features of the whole protein are
captured by the N-terminal segment.
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