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Fluorescence, Polarized Fluorescence, and Brewster Angle Microscopy
of Palmitic Acid and Lung Surfactant Protein B Monolayers
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ABSTRACT Fluorescence, polarized fluorescence, and Brewster angle microscopy reveal that human lung surfactant
protein SP-B and its amino terminus (SP-B,_,;) alter the phase behavior of palmitic acid monolayers by inhibiting the
formation of condensed phases and creating a new fluid protein-rich phase. This fluid phase forms a network that separates
condensed phase domains at coexistence and persists to high surface pressures. The network changes the monolayer
collapse mechanism from heterogeneous nucleation/growth and fracturing processes to a more homogeneous process
through isolating individual condensed phase domains. This results in higher surface pressures at collapse, and monolayers
easier to respread on expansion, factors essential to the in vivo function of lung surfactant. The network is stabilized by a
low-line tension between the coexisting phases, as confirmed by the observation of extended linear domains, or “stripe”
phases, and a Gouy-Chapman analysis of protein-containing monolayers. Comparison of isotherm data and observed
morphologies of monolayers containing SP-B,_,5 with those containing the full SP-B sequence show that the shortened
peptide retains most of the native activity of the full-length protein, which may lead to cheaper and more effective synthetic

replacement formulations.

INTRODUCTION

The primary function of lung surfactant (LS) is to form a
monolayer at the alveolar air/water interface capable of
lowering the surface tension to near zero values. An impor-
tant corollary to this is that the monolayer must also be able
to resist collapse upon the compression that accompanies
expiration. This is achieved through the adsorption of a
complex mixture of lipids and proteins to the interface,
including dipalmitoylphosphatidylcholine (DPPC), unsatur-
ated phosphatidylglycerol (PG), palmitic acid (PA), and
lung surfactant-specific proteins SP-B and SP-C (two larger
lung surfactant-specific proteins, SP-A and SP-D, are also
present in lung surfactant but may not contribute as directly
to surface activity as the hydrophobic surfactant proteins
SP-B and SP-C). The presence of these monolayers greatly
reduces the work of breathing and facilitates proper lung
functioning by mechanically stabilizing the lungs against
collapse (Shapiro, 1989).

The critical nature of these functions is manifested in
neonatal respiratory distress syndrome (NRDS), where in-
sufficient development of the LS system in premature in-
fants, resulting in a lack of viable surfactant, has drastic
consequences (including extremely high mortality rates).
Proposed treatment methods for this syndrome have cen-
tered on the administration of exogenous natural surfactant
mixtures directly into the lungs of the infants (Schwartz et
al., 1994). However, sources of human LS, such as amniotic
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fluid, are low in quantity, and animal sources involve asso-
ciated immunological and purity concerns (McLean et al.,
1992). Additionally, the cost and effort of purifying LS
proteins such as SP-B is a major concern in developing
replacement formulations. The ideal surfactant replacement
formulation would therefore involve a combination of syn-
thetic lipids and either synthetic, genetically engineered, or
highly purified natural proteins with improved efficacy and
minimized costs.

In a related disease in adults, inactivation of LS is likely
to be involved in the development of adult respiratory
distress syndrome (Shapiro, 1989). This inactivation may be
due to the presence of blood serum proteins in the lungs.
The serum proteins, most likely albumin or fibrinogen, may
compete with LS proteins for the anionic lipids in the
monolayer, complex with or otherwise inactivate the pro-
tein, or may even displace the surfactant monolayer from
the interface entirely (Cockshutt et al., 1991). Inactivation
by blood serum proteins can also occur in severe cases of
NRDS where extensive ventilation therapy causes signifi-
cant lung trauma (Possmayer, 1988; Shapiro, 1989). As a
result, it will be advantageous to tailor replacement formu-
lations for optimum efficacy for specific treatments. The
design of more effective synthetic lung surfactants is cur-
rently limited by the lack of a fundamental understanding of
LS transport and spreading as well as the molecular level
forces and interactions that determine the surface properties
of lipid/protein monolayers. A close examination of binary
mixtures of important minor lipid species such as PA with
surfactant protein SP-B can reveal synergistic effects that
would be impossible to predict from the phase behavior of
either pure component. The behavior of minor species is
also difficult to extract unambiguously from examining
whole natural surfactant mixtures. A detailed knowledge of
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the role of each component of LS and their mechanisms of
interaction in monolayers can lead to the design of simpler
peptides and improved and less expensive replacement for-
mulations. This knowledge can also help isolate the bio-
physical role of each component and the importance of the
individual molecular features of each component, such as
protein charge, hydrophobicity, or secondary structure.

The critical properties of the components of LS in the
monolayer are exhibited in the relationship between molec-
ular area and surface pressure (surface pressure, labeled 1,
is the difference between the surface tension of bare water
(72 mN/m at ambient conditions) and the measured surface
tension in the presence of a monolayer; the collapse pres-
sure of a monolayer is the highest 7 attainable before the
film collapses, or ejects material into a bulk phase) on
compression and expansion, as shown in an isotherm. An
ideal lung surfactant monolayer is compressible (fluidlike)
at high areas per molecule, can attain low surface tensions
upon compression, maintains these low tensions past col-
lapse of the monolayer, and is capable of respreading rap-
idly and reversibly upon reexpansion. These properties are
believed to be key to reducing the work of breathing and
mechanically stabilizing the lungs in vivo (Shapiro, 1989).

Pure DPPC forms monolayers that can attain near-zero
surface tensions and resist monolayer collapse up to surface
pressures in excess of 70 mN/m. However, DPPC is a poor
LS by itself, as its rigidity at physiological conditions causes
it to adsorb slowly from solution and to respread poorly
from a collapsed phase (Fleming and Keough, 1988). The
unsaturated and anionic lipids found in LS are thought to act
as emulsifiers and fluidizers that help the LS mixture to
adsorb and respread rapidly. One such lipid, PA, is present
in natural LS in relatively low amounts, but has been
demonstrated to be a very important additive for the proper
functioning of both natural and synthetic LS replacement
formulations. The addition of up to 10 wt % PA to natural
LS extracts obtained from both human and animal sources
has been shown to result in a significant improvement of
their properties both in vitro and in vivo (Tanaka and
Tsunetomo, 1983; Tanaka et al., 1983; Ikegami et al., 1987;
Cockshutt et al., 1991; Gorree et al., 1991; Fujiwara, 1992).
For the design of synthetic-based LS mixtures, the addition
of PA and SP-B to mixtures of unsaturated PG and DPPC
has been shown to be essential to recapturing the surface
activity of natural lung surfactants (Tanaka et al., 1986;
Fujiwara, 1992).

The unsaturated anionic lipids and fatty acids present in
natural and many synthetic replacement surfactants have
relatively low collapse pressures, which has led to the
hypothesis that they are “squeezed-out” of LS monolayers
through some process of surface refining on compression
(Cockshutt et al., 1991; Pastrana-Rios et al., 1994). How-
ever, Longo et al. have shown that the addition of the
positively charged amphipathic amino terminal peptide se-
quence SP-B, ,5 of the native SP-B protein increases the
collapse pressure of PA monolayers to values approaching
that of DPPC, and creates a highly compressible region at
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high molecular areas similar to monolayers of whole LS
(Longo et al., 1993). This change in the normal PA phase
behavior effectively removes the driving force for the
squeeze-out of PA, and potentially of other anionic fluidiz-
ing components such as PG, from LS monolayers.

Direct evidence of the mechanism by which this alter-
ation of the PA phase behavior by SP-B takes place can add
to our understanding of how LS works; very little is known
about the nature of interactions between LS proteins and
lipids in general (Hawgood and Shiffer, 1991; Weaver and
Whitsett, 1991). Direct monolayer imaging techniques such
as fluorescence (FM), polarized fluorescence (PFM), and
Brewster angle microscopy (BAM) can shed light on the
mechanism of these interactions and lead to the develop-
ment of a detailed structure-function relationship among all
of the components of LS. FM, PFM, and BAM are relatively
recent techniques for monolayer imaging, but have already
resulted in a tremendous increase in our understanding of
the phase behavior of lipid monolayers (Hénon and
Meunier, 1991; Honig and Mobius, 1991; McConnell,
1991; Knobler and Desai, 1992; Méhwald, 1993). However,
little FM, PFM, or BAM work has been done on the lipids
and proteins common to lung surfactants (Nag et al., 1991;
Perez-Gil et al., 1992; Nag and Keough, 1993; Nag et al,,
1994; Taneva and Keough, 1994; Lipp et al., 1996).

In an earlier paper, we demonstrated using FM that the
addition of SP-B protein had a significant effect on the
phase behavior of PA monolayers (Lipp et al., 1996). Upon
addition to PA monolayers, both the full-length and amino-
terminal proteins led to the formation of a new bright fluid
phase, which shifted the condensed-type PA isotherm into a
more fluidlike isotherm with an increase in the liftoff area
and monolayer compressibility. Fluorescence images
showed that the fluid phase formed a network that parti-
tioned and segregated the condensed phase domains. The
average condensed phase domain size was greatly reduced
in the presence of protein at all conditions, and the domains
remained isolated from each other right up to collapse of the
monolayer. This resulted in a significant increase in the
collapse pressure of these monolayers, inducing the forma-
tion of small, homogeneously distributed collapsed phase
domains and increasing the reversibility of the collapse
event. This was in contrast to the irreversible growth of
large, dendritic collapsed phase domains at low pressures
observed in pure PA monolayers on pure water subphases,
and appeared to be a direct effect of the partitioning of the
condensed domains by the bright phase network.

In this paper, we utilize several different experimental
techniques in conjunction with FM to further probe the
nature of the alteration of the phase behavior of PA by
SP-B. We first use a combination of FM and PFM to
examine the complete phase behavior of the PA/SP-B sys-
tem as a function of temperature and subphase conditions.
PFM can be used to identify regions of tilted liquid crys-
talline phases in lipid monolayers. By using PFM, we show
that the presence of tilted phases in both the condensed and
collapsed phases of pure PA monolayers on a pure water
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subphase may help to explain the low surface pressure and
irreversible nature of collapse; their absence upon addition
of SP-B protein may explain the shift to a higher-pressure,
more reversible collapse event. We also identify a second,
bulk-fracturing collapse mechanism for pure PA monolay-
ers on buffered saline subphases, and show that this collapse
event is also shifted to a more homogeneous, higher-pres-
sure nucleation and growth process in the presence of pro-
tein. We use fluorescently labeled SP-B, ,5 protein to ex-
amine the partitioning characteristics of the protein with
respect to the observed monolayer phases. Simultaneous
observation of the fluorescence from both lipid and protein-
labeled molecules (using fluorophores emitting at different
wavelengths) reveals that the protein partitions preferen-
tially into the fluid monolayer phases that form the network
around the condensed phase PA-rich domains under all
experimental conditions. We also use fluorescently labeled
SP-B, ,5 to identify other specific protein-induced effects,
including the formation of linear stripelike phases consist-
ing of elongated domains, which indicates a reduction in
line tension between the coexisting phases (surface tension
is the force per unit area exerted on the two-dimensional
interface between two coexisting phases in three dimen-
sions; similarly, line tension is the force per unit length
exerted on the one-dimensional interface between two co-
existing phases (here termed the interphase perimeter) in
two dimensions). Additionally, a concern with the use of
both FM and PFM is the effect of the presence of the
fluorophore on the observed phase behavior of the mono-
layer. In this paper, we also use BAM (a technique for
imaging Langmuir monolayers that does not require the
presence of fluorescently labeled molecules) to confirm that
the addition of foreign fluorescent probes to the system in
small quantities does not influence the observed results.
Finally, we employ Gouy-Chapman theory to attempt to
explain the effect of the electrostatic state of the monolayer
on the observed phase behavior. We use the traditional
Gouy-Chapman theory to show that the shift in the collapse
mechanism of pure PA to a bulk fracturing process on
buffered saline subphases is directly due to the ionization of
the monolayer. Additionally, our earlier results indicated
that the presence of protein in PA monolayers resulted in a
low-line tension between the coexisting phases in the mono-
layer, allowing for the large amount of perimeter between
the condensed phase and fluid phase network accompanying
the increase in condensed phase domain density, and also
leading to the formation of elongated stripe phases under
certain experimental conditions (Lipp et al., 1996). Current
theories predict that the equilibrium width of condensed
domains depends on the ratio of the line tension of the
domain versus the electrostatic dipole density within a sin-
gle domain (with respect to the surrounding phase) and
between the condensed phase domains themselves (Mc-
Connell, 1991; Méhwald et al., 1995; Riviere et al., 1995;
Seul and Andelman, 1995; McConnell and De Koker,
1996). The nucleation density of condensed domains at the
fluid to condensed phase transition will also likely depend
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on the ratio of the line tension to the electrostatic free
energy of the critical nuclei. Higher domain densities and
stripelike phases thus can occur as a result of either a
lowered line tension or an increase in the dipole density
difference within or between domains. However, the line
tension between two-dimensional phases is a difficult pa-
rameter to predict theoretically or measure directly, in par-
ticular for systems containing condensed phases with a
nonzero electrostatic dipole contribution perpendicular to
the interface (Benvegnu and McConnell, 1992; Muller and
Gallet, 1992). By performing a modified Gouy-Chapman
analysis on the PA/SP-B monolayer system, we predict that
the presence of up to 20 wt % SP-B protein has little effect
on the electrostatic dipole density of the condensed phase
nuclei or the equilibrium condensed phase domains them-
selves, which indicates that a lowering of the line tension is
the driving force behind the increase in nucleation density
of the condensed phase domains and the formation of stripe
phases. The Gouy-Chapman analysis also allows us to pre-
dict the local pH in the vicinity of the surface as a function
of molecular area and subphase conditions, which may have
a significant effect on the protein conformation in the mono-
layer.

MATERIALS AND METHODS
Chemicals

Palmitic acid (Sigma Chemical Co., St. Louis, MO; >99% pure) was used
without further purification. N-7-Nitrobenz-2-oxa-1,3-diazol-4-yl-hexade-
cylamine (NBD-HDA, Molecular Probes Inc., Eugene, OR) was also used
as obtained. All subphases were prepared using purified water obtained
from a Milli-Q system (Millipore Co., Bedford, MA). Physiological sub-
phases were made containing 0.15 M NaCl and a 2 mM NaHCO; buffer
(pH = 6.9).

Peptide synthesis

The native human 78-amino acid sequence of surfactant protein (SP-B, _53)
was synthesized on a 0.25 mmol scale with an ABI 431A peptide synthe-
sizer (Applied Biosystems, Foster City, CA) using Fmoc chemistry (Lipp
et al., 1996). In each sequence, the charged residues are indicated with a
“+” or a “~” sign:

1 + ++ +25
NH,-FPIPLPYCWLCRALIKRIQAMIPKG
+ + 50
ALRVAVAQVCRVVPLVAGGICQCLA
—+ - + + + 78
ERYSVILLDTLLGRMLPQLVCRLVLRCS~COOH

A Wang Fmoc-L-Serine (OtBu) resin (Applied Biosystems) was employed
for the synthesis. Amino acid residues 26 to 59 were double coupled, while
all other residues were single coupled. After cleavage from the resin, the
peptide was purified by reverse phase HPLC with a C4 column (Vydac,
Hesperia, CA) using a water-acetonitrile gradient containing 0.1 vol %
trifluoroacetic acid (TFA). The composition of the purified material was
verified by quantitative amino acid analysis (UCLA Protein Microsequenc-
ing Facility), and the expected molecular weight of the reduced monomer
was confirmed by electrospray mass spectrometry (UCLA Center for
Molecular and Medical Mass Spectrometry). The formation of disulfide
bonds was facilitated using EKATHIOX resin (Ekagen Corp., Palo Alto,
CA). Oxidation with EKATHIOX resin was carried out by the addition of
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a 1 mM peptide solution of trifluoroethanol/water (8:2 v/v) to a 10-fold
molar excess of 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 centrifugation (1000 X g, 10 min). The mass of
the oxidized monomer was confirmed by matrix-assisted laser-induced
desorption and ionization time-of-flight (MALDI-TOF) mass spectrome-
try.
Synthetic peptide representing the NH,-terminal amino acid sequence
(residues 1-25)-OH was synthesized using Fmoc chemistry with HBtu
activation for coupling (Fields et al., 1991). In this sequence, the charged
residues are indicated with a “+” sign

1 + 4+ +25
NH,;-FPIPLPYCWLCRALIKRIQAMIPKG-COOH.

SP-B, ,s was assembled stepwise on 0.25 mmol scale using a Fmoc-
glycine Wang resin (Applied Biosystems) and cleaved as described previ-
ously (Gordon et al., 1996).

The crude peptides were purified by reverse phase HPLC using a
water-acetonitrile gradient containing 0.1 vol % TFA. Peptides were chro-
matographed using a linear gradient with an initial mobile phase of 20:80
vol/vol acetonitrile/water containing 0.1 vol % TFA that was programmed
to 100% acetonitrile with 0.1 vol % TFA after 1 h. The elusion of the
material was monitored at 280 nm. HPLC solvents and ion pairing agents
were removed from the purified peptides by vacuum centrifugation, fol-
lowed by lyophilization from acetonitrile/10 mM HCI (1:1 vol/vol). The
expected molecular mass for SP-B, _,5 was obtained by fast atom bombard-
ment mass spectrometry (UCLA Center for Molecular and Medical Mass
Spectrometry, Los Angeles, CA).

The fluorescein derivative of SP-B, ,5 (F-SP-B, ,5) with linkages at
cysteine residues 8 and 11 was synthesized by slowly adding a fivefold
excess of fluorescein-5-maleamide (Molecular Probes, Eugene, OR) in
dimethylformamide to the peptide in 10 mM-100 mM phosphate buffer at
pH 6.5. The mixture was bath sonicated for 5 min and vortexed for 1 h at
25°C. The reaction was then quenched with a twofold excess of cysteine
and the reaction mixture was dialyzed against distilled water overnight.
The resulting product was then freeze-dried and purified by reverse phase
HPLC as described above.

METHODS

Stock spreading solutions were made with either pure chloroform (for PA)
or 4:1 vol/vol chloroform-methanol (for protein). Actual spreading solu-
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tions were made by mixing aliquots of the stock solutions in the desired
ratios. Solutions were spread dropwise on the surface using a microsyringe,
and at least 20 min was given for complete solvent evaporation. Mono-
layers were compressed at rates in the range 0.02—0.10 A% - molec™' + s~ ';
the speed was held constant during a particular series of runs. We did not
detect any difference in the equilibrium features of the isotherms, such as
the compressibility of phases and points of initiation and termination of
phase transitions when experiments were conducted at different compres-
sion speeds in this range. For kinetically limited events such as nucleation
of condensed domains at the onset of phase transitions, we observed
dependence on the speed of compression as well as trough geometry.
However, by holding these two variables constant during a given set of
experiments, quantitative comparisons could be made between different
monolayers. For the experiments discussed below, all monolayers were
compressed at a speed of 0.02 A2 - molec™" + s™!, and lipids were spread
at an initial area of ~62 A%molec.

A schematic of the FM/PFM/BAM assembly is shown in Fig. 1. The
experimental system consisted of a Langmuir trough milled from a solid
piece of Teflon, with a working surface area of 112 cm? and a subphase
volume of 150 ml. A Teflon barrier that ran linearly along the top edge of
the trough well was driven by a DC motor with a resolution of 0.1 um
(which translates to a resolution of ~107> A2 - mol). The surface pressure
was measured via a Wilhelmy plate system (Riegler & Kirstein, Wiesba-
den, Germany). Temperature control of the subphase was achieved through
the use of thermoclectric heating elements, (Marrow Industries, Dallas,
TX), located between a copper plate bonded to the bottom of the trough and
a constant temperature reservoir; the temperature of the subphase could be
maintained in the range of 10 to 50°C (£0.2°C).

For the fluorescence system, a Nikon fluorescence microscope (A. G.
Heinz Co., Irvine, CA) utilizing a 40X power long working distance
objective coupled to a silicon intensified target (SIT) camera (DAGE-MTI,
Sunnyvale, CA) was used for imaging. The microscope allowed for the
quick exchange of two fluorescence cube assemblies, making the simulta-
neous monitoring of different emission wavelengths possible. Conductive
glass (Delta Technologies, Dallas, TX), that was resistively heated to
eliminate condensation on the objective and to reduce convective air
currents, was placed over the well during experiments. For the polarized
fluorescence operation, a Coherent (Palo Alto, CA) argon ion laser pro-
vided p-polarized light incident on the monolayer at an oblique angle. With
PFM, the fluorescence intensity of tilted phases depends on the relative
orientation of the electric field vector of the incident beam with respect to
the molecular tilt direction. The plane of incidence of the laser beam could
be instantaneously rotated by 180° to detect regions of different tilt direc-

FIGURE 1 A diagram of the FM/
PFM/BAM assembly. The labeled
parts are: (A) Teflon trough; (B) Te-
flon barrier; (C) Wilhelmy plate sys-
tem; (D) thermoelectric heating ele-
ments; (E) outlet to water bath; (F)
fluorescence objective; (G) silicon
intensified target (SIT) camera; (H)
argon ion laser; (/) polarizer; (/) mir-
ror; (K) lens; (L) analyzer (polarizer);
(M) CCD camera; (N) VCR/monitor
system; (O) computer (plus interfac-

ing hardware, power supplies, etc.).
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tion. For operation in Brewster angle mode, the argon ion laser provided
p-polarized light incident on the monolayer at the Brewster angle. A long
focal length lens system was used to collect the weakly reflected light, and
a rotatable polarizer positioned posterior to the objective was used as an
analyzer to improve contrast in the image. A CCD camera (DAGE-MTI)
was used for imaging; it was mounted on a rotary stage to allow the CCD
chip to be positioned to compensate for longitudinal distortion effects
produced by imaging at the Brewster angle. For all three systems, images
were recorded via a JVC S-VHS VCR (Elmwood Park, NJ) and digitized
for analysis. The details of this setup are presented elsewhere (Lipp et al.,
1997).

Image analysis was performed utilizing a combination of NIH Image
and Adobe Photoshop software. For the calculation of nucleation densities
of condensed domains at the beginning of expanded-to-condensed phase
transitions, at least three separate experimental runs were sampled for each
particular set of experimental conditions. Ten frames were chosen ran-
domly for each run, and an average nucleation density was calculated. For
the calculation of average domain radii and interphase perimeter at a
particular point in an isotherm, images from three separate experimental
runs were obtained. The raw images were first filtered and then thresh-
olded, and the NIH image was used to calculate the average domain radius.
An average perimeter per domain was then calculated, and multiplied by
the domain density to give an average value of the interphase perimeter per
monolayer area.

RESULTS

PA/SP-B,_,s monolayers on a pure water
subphase at 16°C

The addition of SP-B, ,5 protein to PA monolayers at all
experimental conditions resulted in dramatic alterations in
phase behavior. The first set of monolayers were deposited
on a pure water subphase at a temperature of 16°C, which is
well below the triple point of PA (~25°C) on a pure water
subphase (in the case of monolayers, the triple point denotes
the location in the phase diagram where the two-dimen-
sional equivalents of the solid (liquid-condensed), liquid
(liquid-expanded), and gaseous phases all coexist in equi-
librium). As only the gaseous and liquid condensed (lc)
phases existed prior to the solid phase at this temperature,
these conditions allowed for an unambiguous determination
of the new phases seen and made it possible to probe the
fluidizing effects of the peptide on PA monolayers. Surfac-
tant monolayers at the air-water interface typically progress
through several phases upon compression, depending on the
nature of the amphiphile, subphase conditions, and temper-
ature. At sufficiently large areas per molecule, all monolay-
ers exist in a gaseous state, in which the individual mole-
cules are isolated on the surface with their hydrophobic tails
in contact with the subphase. Below the triple point, PA
monolayers underwent a transition from a coexistence be-
tween gaseous and lc phases at large surface area per
molecule to a uniform Ic phase at the lift-off point (desig-
nated by a in Fig. 2 A). Upon further compression, this lc
phase transformed into a solid-condensed phase at a pres-
sure ~21 mN/m and an area of ~19 A%mol (Fig. 2 A, point
b), and eventually collapsed by forming a three-dimensional
phase above the monolayer as the area was decreased fur-
ther (Fig. 2 A, point c).
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FIGURE 2 Surface pressure versus area per PA molecule isotherms as a
function of peptide weight fraction. Isotherms of PA at 16°C on (A) pure
water (pH = 5.5) and (B) buffered saline (0.15 M NaCl, pH = 6.9)
containing: 0 (—), 5 (O), 10 (V), and 20 (O) wt % SP-B, s, and 20 (X)
wt % SP-B, ;5. The isotherm of PA alone shows two distinct nongaseous
phases: a compressible liquid condensed (Ic) phase (segment a to b) and an
incompressible solidlike phase (segment b to ¢). In addition to these
phases, addition of up to 20 wt % SP-B,_,s leads to the appearance of a
flattened, highly compressible region at elevated pressures.

With the addition of the fluorescent probe NBD-HDA,
this sequence of phases was visualized as a progression
from a coexistence of dark gas phase and gray Ic phase at a
high area per molecule, with the dark phase disappearing at
the lift-off point and the film becoming a homogeneous
sheet of gray Ic phase (Fig. 3 A). The homogeneity persisted
through the second order lc-solid transition up to collapse of
the monolayer, which occurred at a pressure and area of 40
mN/m and 17.8 A%/mol, respectively. Collapse of the mono-
layer followed a nucleation and growth mechanism; indi-
vidual isolated nuclei appeared heterogeneously across the
film and grew into large crystallinelike structures upon
compression past the collapse point (Fig. 3 B). These col-
lapsed phase domains consisted of regions of different tilt
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FIGURE 3 Images of PA and PA/SP-B, _,s films containing 0.5 mol % NBD-HDA on a pure water subphase at 16°C. (A, B) Fluorescence images of a
pure PA film (A) at the lift-off point (designated by a in Fig. 2 A), consisting entirely of Ic phase, and (B) the film post-collapse, showing dendritic growth
of a crystalline phase above the monolayer. (C) Polarized fluorescence image of a collapsed phase domain, showing the existence of tilt contrast within
the collapsed phase. (D-F) Fluorescence images taken at the lift-off point of PA films containing (D) 5, (E) 10, and (F) 20 wt % SP-B, _,s, showing the
reduction in the average condensed domain size with increasing amounts of protein. (G-I) Images from a progression of a 20 wt % SP-B |, film. (G, H)
Fluorescence images showing (G) the coexistence of Ic and fluid phases at an area per molecule of 25 AZ, and (H) the persistence of the bright phase network
up to monolayer collapse. (I} A polarized fluorescence image of the film post-collapse, showing nucleation and growth of small collapse structures above

the film [in contrast to the collapsed phase morphology shown in (C)] and a lack of tilt contrast within the collapsed phase domains.

direction, as evidenced by the presence of tilt contrast upon
viewing with PFM (Fig. 3 C), although the underlying
monolayer was still in the untilled solid phase. Upon ex-
pansion of the collapsed film, the monolayer did not follow
the same progression as during compression. The film was
very rigid and the collapsed domains did not break up upon
re-expansion. The underlying solid phase did not readily
expand either, instead it fractured at several locations. After
the film fractured, the surface pressure immediately
dropped to near zero, exhibiting a large hysteresis from the
compression isotherm.

The addition of protein in amounts ranging from 5 to 20
wt % resulted in a shift in the liftoff points of the isotherms
to substantially higher areas per PA molecule (see Fig. 2 A),
indicating that the protein was retained in the monolayer.
The protein induced the formation of a new bright fluid

phase at high surface areas, resulting in a three-phase co-
existence with gas and lc phase. Upon compression, the gas
phase disappeared at the liftoff point, while the Ic and bright
phases persisted; a lattice of gray lc domains in a bright
fluid background was visible throughout the previously
one-phase lc region (see Fig. 3 D-F). The bright phase
inhibited the formation of the lc phase and broke it up into
small domains. As the concentration of protein was in-
creased, the size of the lc domains progressively decreased
(Fig. 3 D-F). The magnitude of the slope of the isotherm
gradually decreased as the protein concentration was in-
creased, indicating that the compressibility of the films
increased (Fig. 2 A). The formation of the plateau region in
Fig. 2 A as the protein concentration reached 20 wt %
corresponded to the reduction of bright fluid phase from the
interstitial regions (Fig. 3, G and H). For all concentrations,
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the “bulk” regions of bright phase completely disappeared
once the isotherm reached a kink point at a location similar
to the lc-solid transition point in the pure film (see point b
in Fig. 2 A). However, the network of bright phase that
originally surrounded the original lc domains persisted
throughout the solid phase of the monolayer right up to
collapse.

The presence of the protein had a dramatic effect on the
collapse behavior of these monolayers. The collapse pres-
sures were raised significantly upon the addition of protein,
reaching a value of 55 mN/m for the 20 wt % SP-B,_,; film
(Fig. 2 A). Collapse followed a more homogeneous pathway
as well: small collapse structures appeared across the mono-
layer with a high nucleation density and without evidence of
tilt contrast (Fig. 3 I), as opposed to the large, tilted struc-
tures observed for the pure PA film (see Fig. 3 C). Upon
expansion the monolayer morphology was more reversible,
with the bright phase reappearing in a similar fashion as
before collapse. The hysteresis between compression-ex-
pansion cycles was greatly reduced as well, the isotherm
was retraced with the same features with only a small area
offset (data not shown).

PA/SP-B,_,; monolayers on a buffered saline
subphase at 16°C

For the next set of experiments, a subphase more represen-
tative of physiological conditions consisting of buffered
saline (0.15 M NaCl, pH = 6.9) was employed; the tem-
perature was kept at 16°C to allow for a direct comparison
with the first set of experiments. Isotherms corresponding to
the same protein concentrations employed in the first set of
experiments are shown in Fig. 2 B. Under these conditions,
PA monolayers containing 0.5 mol % NBD-HDA showed
similar behavior to the pure water case (i.e., a gas — lc —
solid phase progression), and the presence of protein had a
similar effect on the fluidity of these films. However, a new
morphological feature was observed for the 20 wt % SP-
B, »5 film. Immediately after spreading (at an area of ~62
A%/mol), a gas-fluid-Ic coexistence appeared as before, with
the gas/fluid phase appearing as circular domains of gas
phase in a bright fluid matrix. However, after a few minutes,
regions of bright stripes were formed throughout this phase
(Fig. 4 A). These stripes were of a constant width (on the
order of microns), and formed labyrinthine patterns over
large areas of the surface. The stripe regions coexisted with
areas of Ic phase in a bright fluid matrix. Upon compression,
these stripes transformed back into circular domains (Fig. 4
B). At elevated pressures, the extent of perimeter between
the fluid and condensed phases increased, resulting in a
formation of a meshlike network that persisted until mono-
layer collapse (Fig. 4 C).

The amount of stripe phase present was correlated with
the amount of protein added; only a few isolated stripe
phase domains were seen in the 10 wt % SP-B, ,, film (data
not shown) while large regions of stripe phase were ob-
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served in the 20 wt % SP-B, ,; film. To further confirm this
correlation, a film of 30 wt % SP-B,_,5 in PA was prepared;
stripe phases of similar dimensions appeared at the same
conditions, but the percentage of stripe phases at high sur-
face areas was increased substantially with regions of very
dense stripes coexisting with foamlike regions that con-
tained isolated stripes connected to each other at vertices in
a gas matrix (Fig. 4 D). Observation of a pure monolayer of
fluorescein-labeled SP-B, ,5 (F-SP-B, ,5) revealed that the
formation of the stripe phase was due to the protein. At low
pressures, the F-SP-B, ,s monolayer consisted entirely of
striped domains of similar dimensions as those seen in the
20 and 30 wt % PA/SP-B, , films (Fig. 4, E, F).

Changing the subphase to buffered saline had a signifi-
cant effect on the collapse behavior of the pure PA films.
Collapse occurred at a higher pressure than on the pure
water subphase. Instead of following a nucleation and
growth mechanism, the film fractured in several locations
leading to the appearance of elongated bright cracks, which
in some cases were millimeters in length (Fig. 4 G). This
fracturing process was irreversible, with the cracks persist-
ing upon re-expansion of the film to low pressures. The
addition of SP-B, ,s drastically altered both the collapse
pressure and the collapse mechanism of PA monolayers.
The collapse pressure was significantly higher than that of a
protein-free PA monolayer under the same conditions,
reaching values of ~70 mN/m for the 20 wt % SP-B, ;5
film. The bright phase network persisted to high pressures
(Fig. 4 H), and the collapse mechanism shifted to a more
homogeneous, nucleation-type event; individual small nu-
clei appeared homogeneously across the film and grew to a
finite size upon further compression (Fig. 4 I).

PA/SP-B,_,5; monolayers on a pure water
subphase at 28°C

Isotherms (Fig. 5 A) and FM images (Fig. 6) were obtained
for PA/SP-B, ,5s mixed monolayers at 28°C (which is a few
degrees above the triple point of PA on a pure water
subphase). The phase behavior at this temperature was
similar to that at 37°C. For pure PA monolayers above the
triple point temperature at these conditions, the progression
of phases on both pure water and buffered saline subphases
was gas — liquid-expanded (le) — lc — solid. Above the
triple point, monolayers of pure PA exhibited a gas-le phase
coexistence at large areas per molecule, with dark, circular
domains of gas phase distributed in a bright background of
le phase (in the gas phase the hydrocarbon chains of the
amphiphiles are in contact with the subphase; since NBD-
HDA quenches in an aqueous environment the gas phase
appear dark). On compression, the gas phase disappeared
and a uniform, bright le phase remained at the liftoff point.
Further compression resulted in an increase in the surface
pressure until Ic domains nucleated from the le phase and
the corresponding le-lIc coexistence plateau was reached
(Fig. 6 A). The lc domains grew in size on continued
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FIGURE 4 Fluorescence images of PA and PA/SP-B _,; films containing 0.5 mol % NBD-HDA on a buffered saline (0.15 M NaCl, pH = 6.9) subphase
at 16°C. (A-C) Images of a PA/20 wt % SP-B, ,; film showing (A) the formation of an extended stripe phase at high areas per molecule, (B) the conversion
of the extended domains into circular domains upon compression, and (C) the eventual formation of an elongated mesh of bright phase surrounding the
condensed phase domains prior to collapse of the monolayer. (D-F) Additional images of stripe phases occurring in various films, including (D) the
formation of a foamlike region of stripe phase in a 30 wt % SP-B, _,, film at high areas, (E) the formation of a stripe phase in a pure fluorescein-SP-B,_,5
film at high areas on a pure water subphase, and (F) the formation of a foam-like network in the same film upon expansion. (G-I) Images of collapse
behavior of PA and PA/SP-B, , films, showing (G) the bulk fracture of a pure PA film upon collapse, (H) the existence of a bright phase mesh immediately

prior to collapse of a PA/20 wt % SP-B, _,5 film, and (/) the formation of the collapsed phase domains in the same film.

compression, but stayed separated from each other until the
remaining le phase disappeared. The lc domains then
merged into a continuous sheet (Fig. 6 B), transforming into
a solid-condensed phase that eventually collapsed. Similar
to the films imaged at 16°C on a pure water subphase,
collapse occurred by a nucleation and growth mechanism;
scattered nuclei appeared at low density across the film at
the collapse point. Tilted, crystalline collapsed phase do-
mains grew from these nuclei upon compression past the
collapse point (Fig. 6 C). These collapsed structures even-
tually reached very large sizes, covering the whole field of
view (200 X 350 wm) in some cases.

The addition of protein in amounts ranging from 5 to 20
wt % again acted to fluidize these monolayers. The films
exhibited a gas-fluid phase coexistence on initial spreading
at large areas per molecule, with a uniform, bright fluid

phase remaining at the lift-off point (For pure lipid mono-
layers, an le phase refers to a fluid state of a lipid monolayer
for which the molecules are in contact with each other and
the hydrocarbon chains are liquidlike. These conditions do
not seem to change when protein is added. However, since
this phase is seen to contain significant amounts of protein
and the term le strictly refers to a lipid phase, the term fluid
phase will be used instead.). Since the lc domains now
nucleated from a uniform phase on compression, the effect
of the protein on the nucleation and condensation process
was more readily observed. The addition of increasing
amounts of protein decreased the size and increased the
number density of domains of the Ic phase. The radii of the
domains decreased by nearly an order of magnitude for the
20 wt % film (Fig. 6 D). Prior to collapse, the film consisted
of small solid domains surrounded by a network of bright
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FIGURE 5 Surface pressure versus area per PA molecule isotherms as a
function of peptide weight fraction. Isotherms of PA on (A) pure water
(pH = 5.5) at 28°C and (B) buffered saline (0.15 M NaCl, pH = 6.9) at
25°C containing: 0 (—); 5 (3); 10 (V); and 20 (O) wt % SP-B, ,s., and 20
(X) wt % SP-B, 4.

phase, similar to the low temperature monolayers (Fig. 6 E).
The presence of the protein resulted in a more homogenous
collapse process; upon initiation of collapse, several nuclei
appeared across the film. These nuclei grew into much
smaller collapsed phase domains than in the absence of
protein, and did not appear to be tilted when viewed via
PFM (Fig. 6 F). These domains appeared to be less ordered
and rigid than the domains seen in the pure PA film, and
were incorporated back into the monolayer more readily
upon expansion.

To determine the partitioning characteristics of the pro-
tein between the fluid and lc domains in Fig. 6, a dual probe
experiment was conducted. A monolayer of PA and 20 wt %
F-SP-B, ,5 containing 0.5 mol % of Texas-red DPPE
(which emits at a higher wavelength than fluorescein and
has also been shown to partition into less-ordered phases)
was prepared at 28°C on a pure water subphase. By quickly
switching between filter cube assemblies specific for the
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emission wavelength of each of the fluorophores, the loca-
tion of the tagged protein with respect to the bright fluid
phase could be determined. On compression to the coexist-
ence region, the tagged protein produced identical morphol-
ogies in the monolayer, as did the untagged protein. Images
taken at the same locations throughout the coexistence
region displayed the same morphology at both wavelengths
(dark, circular domains in a bright background), a vivid
demonstration that the protein partitioned into the disor-
dered, fluid phase (Fig. 6, G and H). Images of a collapsed
film showed that protein was also present to some extent in
the growing and collapsed phase structures (Fig. 6 ).

PA/SP-B,_,; monolayers on a buffered saline
subphase at 25°C

Results for the buffered saline subphase at 25°C (a few
degrees above the triple point temperature of PA at these
conditions) were qualitatively similar to the pure water case,
with differences seeming to arise from the greater ionization
of these films. Isotherms are shown in Fig. 5 B; again the
collapse pressures were greatly increased for the physiolog-
ical subphase. For pure PA monolayers, the amount of gas
phase decreased on compression until a uniform le phase
remained at the lift-off area of 48 A%/mol. At a surface
pressure of ~1.5 mN/m (area ~45 A%*mol), dark Ic do-
mains nucleated from the le phase. The Ic domains initially
repelled each other, forming a hexagonal lattice with the
domains avoiding contact (Fig. 7 A). At the end of the le-Ic
plateau region the pressure began to increase more sharply,
corresponding to the initiation of close-packing and even-
tual contact of the lc domains. At this point, the lc domains
fused with each other, forming a continuous network at a
pressure of ~15 mN/m (Fig. 7 B). The remaining le subse-
quently disappeared, leaving a uniform sheet of condensed
phase which persisted up to collapse of the monolayer at a
pressure of ~52 mN/m. The buffered saline subphase con-
ditions again resulted in a bulk fracturing mechanism for
collapse of these pure PA films; bright cracks appeared at
the collapse point and propagated across the film (Fig. 7 C).

The addition of protein again served to both fluidize and
increase the collapse resistance of these films. The domain
sizes at equivalent pressures decreased as a function of
increasing protein concentration (Fig. 7, D-F). The con-
densed domains also eventually began to fuse as the area
decreased, though the degree of fusion greatly decreased as
the protein concentration was increased to 20 wt % (Fig. 7
G). At the higher protein concentrations, the bright phase
persisted up to increasingly higher surface pressures, and
the lc-solid kink point seen in the pure PA film turned into
a plateau region that corresponded to the disappearance of
the bulk bright phase from the interstitial regions. However,
a network of bright phase persisted up to collapse (Fig. 7 H),
and would immediately reappeared if the monolayer was
expanded before collapse was allowed to occur (data not
shown). The collapse pressure increased with protein con-
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FIGURE 6 Images of PA and PA/SP-B, ,; films at 28°C on a pure water subphase. (A-C) Images of a pure PA film containing 0.5 mol % NBD-HDA.
(A) Fluorescence image taken in the le-lc coexistence region. (B) Fluorescence image from the same film upon further compression into the solid phase.
(C) Polarized fluorescence image taken postcollapse, showing the growth of a large domain of collapsed phase exhibiting tilt contrast. (D-F) Images of
a PA/20 wt % SP-B, ,5 film containing 0.5 mol % NBD-HDA. (D, E) Fluorescence images taken from (D) the fluid-lc coexistence region, and (E)
immediately prior to collapse. (F) Polarized fluorescence image taken post-collapse, showing the nucleation and growth of small collapsed phase domains
and a lack of-tilt contrast (the pattern of gray collapsed phase domains seen does not change upon rotation of the incident excitation beam). (G-I)
Fluorescence images of PA/20 wt % fluorescein-SP-B, ,5 films also containing 0.5 mol % Texas-Red DPPE showing (G) the fluorescence from the
fluorescein and (H) Texas-Red fluorophores from the same region of a film in the fluid-lc coexistence region, and (/) the fluorescein emission at

post-collapse of the film.

centration, reaching a value close to that for DPPC under the
same experimental conditions. The mechanism for collapse
again reverted to a homogeneous nucleation and growth
process (Fig. 7 I), with small collapsed phase domains
appearing uniformly across the monolayer.

Brewster angle microscopy of PA/SP-B,_,5 films

BAM can be used to visualize PA/SP-B,_,5 monolayers in
order to confirm that the fluorescent probe does not influ-
ence the film morphology and phase transitions. As has
been corroborated by many other studies comparing FM to
BAM, the phase transitions and coexistence morphology
seen with BAM were identical to those seen with FM,
although the practical magnification achieved with BAM

for our system was much less than that for FM (a field of
view of width 8 mm for BAM compared to 400 um for
FM). This corroboration is particularly important for the
collapse effects observed with FM, as monolayer collapse is
a kinetic effect that occurs by a nucleation process and
impurities in the monolayer can thus serve as nucleation
sites for collapse. BAM images of similar films confirmed
all major features observed with FM (decrease in domain
size, increase in nucleation density, and homogeneous col-
lapse in the presence of SP-B, etc.).

For the case of pure PA on a pure water subphase at 16°C,
BAM images of the Ic phase that appeared homogeneous
with FM (see Fig. 3 A) revealed that at this temperature the
Ic phase is tilted (regions of different tilt orientation in
Langmuir monolayers can be distinguished from regions of
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FIGURE 7 Images of PA/SP-B, , films containing 0.5 mol % NBD-HDA on a buffered saline subphase at 25°C. (A-C) Images of a pure PA film in
(A) the le-Ic coexistence region, (B) after fusion of individual domains into a sheet of condensed phase upon further compression, and (C) the post-collapse
fracturing of the film. (D-F) Images of a PA/SP-B ,; film in the le-Ic coexistence region at an area per PA molecule of 35 AZ containing (D) 5, (E) 10,
and (F) 20 wt % SP-B,_,5, showing the reduction in condensed domain size and increase in nucleation density with increasing protein concentration. (G-/)
Images of a PA/20 wt % SP-B, ,s film after (G) limited fusion of some condensed domains, (H) the same film immediately prior to collapse and (/)
post-collapse, showing the nucleation and growth of small collapsed phase domains [in contrast to the fracturing process shown in (C)].

different phases via BAM by analyzing the polarization of
the reflected light; by rotating a polarizer in the path of the
reflected beam, regions of differing tilt direction will re-
verse their relative contrast upon rotation), as evidenced by
a contrast resulting from regions of different tilt azimuth
(Fig. 8 A). As shown by others (Bibo and Peterson, 1990;
Moore et al., 1990; Schwartz and Knobler, 1993), the tilt is
in the nearest-neighbor direction, making this phase an L,
hexatic mesophase [or smectic 1 phase in the nomenclature
of liquid-crystalline phases (Peterson, 1992)]. The tilt do-
mains were of macroscopic dimensions; regions of constant
tilt persisted over length scales on the order of millimeters
in some cases (Fig. 8 A). On reaching the lc-solid transition
(indicated by the high-pressure kink in Fig. 2 A), the con-
trast immediately disappeared from the entire film (Fig. 8
B), indicating the second-order nature of the transition from
the tilted Ic phase to the untilted solid phase. As observed
with FM, collapse was again seen to proceed via a hetero-

geneous nucleation mechanism, with tilted collapsed phase
domains nucleating with a low number density at various
points across the film and growing into large, dendritic-type
domains (eventually reaching dimensions on the order of
millimeters). Upon addition of 20 wt % SP-B_,5 at the same
conditions, no tilt contrast was seen throughout the com-
pression prior to collapse. This indicated that either the
PA-rich lc domains were too small to be seen at these
magnifications (consistent with the FM results) or that the
protein partitioned into the condensed phases to some extent
and perturbed the regular packing of the PA. Upon collapse
of the monolayer, small nuclei appeared homogeneously
across the film at a higher surface pressure than that of a
pure PA film (Fig. 8 E). The eventual size of the individual
collapsed domains remained very small (again consistent
with the FM results), and the collapsed domains did not
appear to be tilted (consistent with the PFM results, al-
though the relatively low magnification limited a conclusive
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FIGURE 8 BAM images of PA and
PA/SP-B films at 16°C. (A-C) Pro-
gression of a pure PA film on a pure
water subphase, showing (A) the exis-
tence of different tilt domains in the
pure lc phase, (B) the disappearance of
the tilt contrast upon the transition into
the solid phase, and (C, D) the forma-
tion of a tilted collapsed phase do-
mains, with the analyzer rotated be-
tween images (C) and (D). (E)
Collapse of a PA/20 wt % SP-B,_,¢
film on a pure water subphase show-
ing the high nucleation density and
limited growth of the collapsed phase
domains. (F, G) Images of collapse
behavior on a buffered saline (0.15 M
NaCl, pH = 6.9) subphase, showing
(F) the bulk fracture of a pure PA film
upon collapse and (G) the formation
of small collapsed phase domains at
post-collapse of a PA/20 wt % SP-
B, _,5 film.

observation). The contrast in the collapse mechanism of
these films on a buffered saline subphase at 16°C was
clearly evident using BAM; the macroscopic dimensions of
the fracture planes for a pure PA film can be seen in Fig. 8
F, while the homogeneous distribution of small collapsed
phase domains occurring in a film containing 20 wt %
SP-B, ,5 can be seen in Fig. 8 G.

Similar trends were observed at temperatures above the
triple point of PA on both pure water and buffered saline
subphases (also in agreement with the FM and PFM data).
For the case of pure PA on a pure water subphase at 28°C,
the lc domains in coexistence with le phase appeared to be
tilted (Fig. 9 A). Upon reaching the transition to the solid
phase, the contrast disappeared across the film. Collapse
also proceeded in a manner similar to the low-temperature
case, with tilted dendritic domains nucleating and growing
heterogeneously across the film (Fig. 9 B and C). For the 20
wt % SP-B film, the le-Ic transition was not observable with
BAM at these magnifications (consistent with the small size
of the Ic domains seen with FM). Collapse again proceeded
in a homogeneous fashion at an elevated pressure, with no
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indication of tilt within the small collapsed phase domains
(Fig. 9 D). Switching to a buffered saline subphase at 25°C,
the fusion of lc domains and the bulk fracturing upon
collapse of pure PA films seen with FM were also seen with
BAM (Fig. 9 E and F). The shift to a more homogeneous
nucleation and growth collapse mechanism in the presence
of 20 wt % SP-B, ,5 is shown in Fig. 9 G. Thus, BAM
images of PA and PA/SP-B _,5 films fully agree with results
obtained with FM and PFM, and at the same time provide
additional information on the nature of the molecular pack-
ing in these films.

Comparison with full length SP-B,_;5
synthetic protein

We have previously shown that SP-B,_,5 possesses the same
surface activity as the both the full-length sequence (SP-B,_
78) and native SP-B protein through isotherm data, surface
activity and efficacy in animal models (Waring et al., 1989;
Longo et al., 1993; Lipp et al., 1996). As shown below, this
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FIGURE 9 BAM images of PA and
PA/SP-B, ,; films at temperatures
above the triple point of PA. (A-C)
Progression of a pure PA film on a
pure water subphase at 28°C, showing
(A) the film in the le-lc coexistence
region, and (B, C) the same film post-
collapse, with the tilt in the collapsed
phase domain evident by the rotation
of the analyzer between images (B)
and (C). (D) Image of a PA/20 wt %
SP-B, ,5 film on a pure water sub-
phase at 28°C, showing the growth of
collapsed phase domains post-col-
lapse. (E-G) Images of collapse be-
havior of PA and PA/SP-B, ,5 films
on a buffered saline (0.15 M NaCl,
pH = 6.9) subphase at 25°C, showing
(E) the fusion of the condensed phase
domains in a pure PA film upon com-
pression to elevated pressures prior to
collapse, (F) the bulk fracturing of the
same film upon collapse; and (G) the
collapse behavior of a PA/20 wt %
SP-B, ,5 film, showing the nucleation
and growth of collapsed phase do-
mains.

similarity extends to the monolayer morphology as well.
Results obtained using SP-B, .4 were completely analogous
to those observed with SP-B, ,s at similar experimental
conditions (with small differences appearing to arise from
an increased surface viscosity due to the longer length of
SP-B, 5). Fig. 10 shows comparisons of PA films contain-
ing 20 wt % of either SP-B, ,5 or SP-B, ;5 at various
experimental conditions and states of compression. Among
the images shown are: collapse on a pure water subphase at
16°C of films containing (A) SP-B,_,s and (B) SP-B, 45, the
appearance of stripe phases in films on a buffered saline
subphase at 16°C containing (C) SP-B,_,5 and (D) SP-B, 4,
fluid-lc coexistence in films on a pure water subphase at
28°C containing (E) SP-B,_,5 and (F) SP-B, ;5, collapse of
these same films containing (G) SP-B,_,5 and (H) SP-B 43,
limited fusion of lc domains in films on a buffered saline
subphase at 25°C containing (I) SP-B, ,5 and (J) SP-B, 4,
and the collapse of these same films containing (K) SP-B_,s
and (L) SP-B, ;5. In all cases, the images are virtually
identical. The major difference between the shortened pep-
tide and the full-length protein is the greater insolubility in
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the subphase for the full-length protein, which may help to
retain the protein in the monolayer.

Modified Gouy-Chapman analysis of the
PA/SP-B,_,5 system

The results obtained on the pure water and buffered saline
subphases indicate that the monolayer electrostatics and the
ionic strength of the subphase have a significant effect on
the morphology and phase behavior of these films. Consid-
ering pure PA monolayers, switching from a pure water to
a buffered saline subphase results in a drastic alteration in
the monolayer collapse process from the heterogeneous
nucleation and growth of large tilted crystalline phases at
low pressures to a bulk fracturing process at higher pres-
sures. For both cases, the presence of the protein in the
monolayer results in an increase in the collapse pressure of
the same order of magnitude (15 mN/m), and a shift to a
more reversible homogeneous nucleation and growth pro-
cess. To qualitatively explain these effects, the state of
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FIGURE 10 Comparison of PA films containing SP-B, ,5 and SP-B, ,, at various experimental conditions. (A, B) Images of collapsed phase domains
occurring in PA/SP-B films on a pure water subphase at 16°C containing (4) 20 wt % SP-B, 5 and (B) 20 wt % SP-B, ;5. (C, D) Images of stripe phases
occurring in PA/SP-B films on a buffered saline subphase at 16°C containing (C) 20 wt % SP-B,_,5 and (D) 20 wt % SP-B,_,,. (E, F) Images of PA/SP-B
films on a pure water subphase at 28°C in the le-Ic coexistence region containing (E) 20 wt % SP-B, ,5 and (F) 20 wt % SP-B, 5. (G, H) Images of PA/SP-B
films on a pure water subphase at 28°C post-collapse containing (G) 20 wt % SP-B,_,5 and (H) 20 wt % SP-B, 5. (I, J) Images of limited fusion of Ic
domains PA/SP-B films on a buffered saline (0.15 M NaCl, pH = 6.9) subphase at 25°C in the le-lc coexistence region containing (1) 20 wt % SP-B, _,s
and (J) 20 wt % SP-B, 4. (K, L) Images of PA/SP-B films post-collapse on a buffered saline (0.15 M NaCl, pH = 6.9) subphase at 25°C containing (K)

20 wt % SP-B, 55 and (L) 20 wt % SP-B, 4.

charge at the interface and the electrolyte distribution in the
subphase must be estimated. A common approach for a
proton-dissociable surfactant at an air/monovalent salt sub-
phase interface is to combine Gouy-Chapman theory with a
simple mass action expression to allow for the dissociation
of the molecules in the monolayer (Helm et al., 1986). For
such systems, the GC model predicts the extent of dissoci-
ation and surface charge density of the monolayer, as well
as the subphase concentration profile adjacent to the mono-
layer. The region that the concentration varies with respect
to the bulk phase concentration can be estimated by calcu-
lating the Debye length of the system; the concentrations of
the individual ions in the subphase reach their bulk values
approximately a Debye length away from the surface.

GC analysis of a monolayer assumes a homogeneous
composition and lateral density distribution. As seen in the
fluorescence images presented in the previous sections, both
the composition and density can vary over a range of length
scales, depending on the overall composition of the mono-
layer (pure PA versus PA/SP-B | _,5) and the overall area per
molecule at a given point of the isotherm. Thus, any attempt
to use the GC model in this case must be done within the
individual homogeneous phase domains. However, the
characteristic length scale of the domains observed in the
images presented in this paper are on the order of microns,
while the characteristic length scale of the GC analysis,
which is the Debye length, is on the order of nanometers.

Hence, the GC analysis should be valid within any given
domain. An additional complication is that the lateral den-
sity, and thus the area per molecule, is different in each of
the coexisting phases during phase transitions. However, a
good estimate of the area per molecule within each phase
can be obtained from the overall area per molecule at the
endpoints of the transition region.

For the qualitative comparisons needed here, there are
three limiting composition regimes: areas of essentially pure
PA, areas of complete mixing (based on the overall com-
position), and areas enriched in protein. For areas of pure
PA, literature results for homogeneous fatty acid monolay-
ers can be used to predict the local extent of dissociation and
subphase ionic distribution (Helm et al., 1986). For the
completely mixed regions, the positively charged protein
must be accounted for when calculating the local surface
charge density. Finally, for the protein-rich regions, both the
area per protein molecule and the amount of PA present
must be estimated. Two limits within this protein-rich re-
gime may be considered: 1) a 4:1 PA/SP-B,5 ratio based
on charge neutralization, and 2) pure protein. The results for
these limiting cases give a good estimate of the local surface
charge density, extent of PA dissociation, and pH, and
provide a qualitative explanation of the alterations in both
condensed phase nucleation density and size and the mono-
layer collapse pressure on pure water and buffered saline
subphases.
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For regions composed primarily of PA, the equilibrium
reaction under consideration is (in addition to the dissocia-
tion of water)

[H'), + [L7] < [HL], K. 1)

where [H™], is the concentration of protons in the vicinity of
the surface, [L™] is the surface concentration of ionized
lipid, [HL] is the surface concentrations of protonated lipid,
and K| is the association constant for the lipid. Combining
this mass-action equation with the GC equations for a
homogeneous, single-component monolayer results in an
expression for the surface charge density via the solution of
a set of transcendental equations of the form (Helm et al.,
1986)

1”2
o= [2880kBT 2 Ci,b(eXP[_‘Iil//o/ka] - 1)} (2)
_ elA

1+ Ki[H'lyexp[—e/ksT]’

o (3)
where o is the surface charge density, € is the dielectric
constant in the vicinity of the interface, ¢, is the permeabil-
ity of vacuum, kg is Boltzmann’s constant, T is temperature,
¢; and ¢g; are the number density and charge of the ionic
species i, respectively (b denotes a bulk subphase concen-
tration); Y, is the surface potential; e is the unit charge; and
A is the area per molecule. Equation 3 was obtained from
the definition of the extent of the dissociation of the mono-
layer, «, given that

S L 4
* =L+ ALY @

and noting that o = (e/A)a.

For buffered saline subphases, it is assumed that the
subphase pH remains constant at the buffered value, and the
contribution of the buffer to the ionic strength of the sub-
phase is negligible with respect to the salt concentration.
The addition of salt leads to two additional equilibrium
equations of the form

M*]+ [X"] < [MX], Kux(=0) 5)

[M*], + [L7] <> [ML], Ky (6)

where [M*] and [X ] are the concentrations of salt cations
and anions, respectively (and also assuming complete dis-
sociation, i.e., [MX] = Kyx = 0), and K, is the association
constant for lipid with bound cation. For this case, the salt
ion concentration is simply factored into Eq. 2, and Eq. 3
becomes

elA
T T+ KA + KM Tyexpl—etfkal]

g

To extend this theory for regions of complete mixing in the
PA/SP-B, 5 films, the charged protein must be accounted
for. A generalized schematic of the protein-containing sys-
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tem displaying the relevant parameters is shown in Fig 11.
For the pure water subphase, Eqs. 5 and 6 can be neglected.
The protein is added initially in neutral form with four
equivalent anions per molecule (for charge compensation,
most likely chloride ions retained from the lyophilization
solvent). The number of moles added is denoted as [PX,];.,
and this addition results in a contribution of 4[PX,];. moles
of anions to the ionic strength of the subphase upon disso-
ciation. The presence of the protein thus leads to an addi-
tional equilibrium equation of the form

[P*]+4[L7]—>[PL), Ko, ®

where [P**] is the surface concentration of added protein,
[PL,] is the surface concentration of lipid-associated protein
(assuming their binding stochiometry is dictated by the
protein’s net positive four charge), and K is the association
constant for the reaction. Under these conditions, Eq. 4
becomes

) (L] ;
= L]+ [HL] + 4[PL,]’ ®)

a

We also assume that all of the added protein remains in the
monolayer and associated with lipid (i.e., K, >> 1), so that
[PL,] = [PX,];c.. When these equilibrium concentrations are
plugged in, Eq. 1 becomes

B-[L7]
K= 10w,

where B is equal to {[HL],. — 4{PX,];.} and [HL], is the
amount of lipid added. Inserting these results into the dis-

(10)
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FIGURE 11 A schematic representing the model used for the Gouy-

Chapman analysis of the PA/SP-B _,5 system. A PA/SP-B, ,; monolayer is
depicted with a coexistence between condensed PA domains and a PA/SP-
B, ,s-complexed fluid domain (with the protein denoted by the helical line
segment). The x coordinate is normal to the monolayer. [H+](x) and yx(x)
are the proton concentration and electrostatic potential as a function of
distance from the interface, respectively. a and o are the extent of disso-
ciation at the surface and the surface charge density, respectively. , is the
system Debye length. The relevant salt, proton, and hydroxide counterions
are also shown.
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sociation equation for the lipid-protein film and rearranging
yields

elA

(1 + (%)[PX4],~C)(1 + K [H*lyexp[—ed/ksT])

o=

an

where [H*], has been related to the bulk proton concentra-
tion [H*], via the Boltzmann relation. This equation will
then be solved simultaneously with Eq. 2. To extend this
case to a buffered saline subphase, if it is assumed that
sodium cations do not bind to the lipid headgroups, then Eq.
11 will remain unchanged, while the concentration of added
salt will again be factored into Eq. 2. This system of
equations can be further simplified by noting that the addi-
tion of 0.15 M NaCl dominates the contribution of counte-
rions from the fatty acid, protein, and pH buffer. In this
case, Eq. 2 can be simplified for the case of a symmetric 1:1
electrolyte, which yields

_ 2e,exgkpT | ey,
ag = (—e—T)Slnh(ZkBT) (12)

where k3! is the Debye length, given by

- / g.ekgT (13)
K =
‘ 4 > Cib

If the increase in pH and subphase ionic strength leads to a
relatively high surface potential with respect to thermal
energy, then sinh(x) ~ 1/2 exp(x), giving rise to

) o
Yo = e )" &.eKk4ksT 14

Plugging this into Eq. 11 gives

e/lA
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which can then be solved iteratively to give the surface
charge density. This simplified form for buffered saline
subphases can also be used for the PA-rich regions (in lieu
of Eqgs. 2 and 3) by setting [PX,];. equal to zero.

For the protein-rich regions, the limiting case of stochio-
metric binding of dissociated PA and SP-B,_, in a 4:1 ratio
will give a net surface charge density of zero. For this
situation, the ionic concentrations at the interface will be the
same as their bulk values. Considering the limiting case of
regions of pure protein, the high pI of SP-B, 5 (~10.4)
with respect to the bulk pH for both pure water and buffered
saline subphases will result in full protonation of the four
basic residues of the protein. For this case, the surface
charge density will simply be determined by the area per
molecule of the protein, and the surface pH can be obtained
for both the pure water and buffered saline cases by solving
for the surface potential in Eq. 2.

o= (15)
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The above analysis was applied at selected conditions to
relate the electrostatic state of the interface and surrounding
subphase to the observed monolayer morphologies and
phase transitions. All equations were solved numerically via
Mathematica. For the case of monolayer collapse, the anal-
ysis was applied to both pure and protein-containing PA
monolayers on both pure water and buffered saline sub-
phases. As evidenced by the results in Table 1, the ionic
state in the interfacial region is very different for each
subphase, and helps to explain the different collapse pro-
cesses occurring in pure PA films. Equations 2 and 3 were
solved for the case of a pure PA monolayer on a pure water
subphase, and Eqs 2 and 8 for a buffered saline subphase; a
literature pK value of 5.4 for PA (Cockshutt et al., 1991), a
subphase temperature of 16°C and an area per PA molecule
of 17 A? were used in both cases. For the pure water
conditions, the absence of salt counterions results in a low
surface pH (2.8) and low extent of dissociation (0.002). The
increased ionic strength of the buffered saline subphase
results in a significant increase in the surface pH (4.9) and
extent of dissociation (0.24), which leads to a relatively high
surface charge density for the monolayer (0.22 C/m?). This
increase in surface charge density and ionization correlates
with the shift in the observed collapse mechanism from
growth of large collapsed phase domains at a low supersat-
uration pressure (40 mN/m) on pure water to a fracturing
process at a higher pressure (55 mN/m) on a buffered saline
subphase. The high surface charge density for the buffered
saline subphase prevents the formation of bulk collapse
structures, most likely due to the electrostatic repulsion that
would exist in these structures upon exposure of the ionized
PA molecules to the region of low dielectric constant above
the monolayer.

For the protein-containing films, the bright phase net-
work diminishes in width but still appears to persist up to
collapse, separating and partitioning the circular condensed
domains. The average radii of these domains on both pure
water and buffered saline subphases at 16°C were on the
order of 5-10 um. Collapse seemed to occur primarily
inside these domains on both subphases. The domains also
appeared to consist primarily of PA, as evidenced from the
lack of fluorescence intensity within these domains for films
containing F-SP-B, _,s. The Debye lengths calculated for the

TABLE 1 Results of the Gouy-Chapman model for the
electrostatic conditions at collapse for PA and PA/20 wt %
SP-B,_,; monolayers below the triple point

Pure water Buffered saline

subphase subphase
Area/molecule (A2) 17.0 17.0
Temperature (°C) 16.0 16.0
Salt conc. (M) 0.0 0.15
Bulk pH 55 6.9
Debye Length (nm) 241 0.78
Surface pH 28 49
Dissociation extent 0.002 0.24
Surface charge (C/m?) 0.002 0.22
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pure PA films at collapse on pure water and buffered saline
subphases are 241 and 0.78 nm, respectively (Table 1).
Since both of these values are much lower than the average
radii of the condensed domains for both subphase condi-
tions, the GC analysis should hold within the individual
domains. This means that the electrostatic conditions within
the domains are the same at collapse as in the absence of
protein. However, as the addition of protein results in an
increase in the collapse pressure of ~15 mN/m for both
subphases, this result indicates that the protein raises the
collapse pressure via an effect other than a simple electro-
static-based interaction within the domains. This provides
evidence that the partitioning effect of the protein network
is primarily responsible for the higher collapse pressures.
For pure water and buffered saline subphases, both in the
presence and absence of protein, monolayers of PA at
temperatures above their triple point pass through a homo-
geneous fluid phase before condensed phases are formed.
The GC analysis can also be used to describe the electro-
static state of these homogeneous fluid phases during nu-
cleation of condensed phases. For pure PA, switching from
a pure water to a buffered saline subphase increases the
nucleation density by an order of magnitude, and decreases
the size of the condensed phase domains at similar phase
area fractions (Table 2). Using an area per PA molecule of
40 A2 for the initiation of the expanded-to-condensed tran-
sition for both cases, the surface pH increases from 3.1 to
5.2 and the extent of dissociation increases from 0.004 to
0.39 upon switching to a buffered saline subphase (Table 2).
This significantly increases the surface charge density,
which increases the electrostatic repulsion within the critical
lc nuclei. Domain shapes at a particular point of compres-
sion of a monolayer usually result from a balance between
electrostatic repulsion and line tension; electrostatic repul-
sion favors the elongation of domains of the more con-
densed phase due to their higher lateral density, while line
tension favors circular domains that minimize the interphase
perimeter. This balance most likely also has an influence on
the size of the nuclei in monolayers undergoing a phase
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transition. Assuming the line tension remains unchanged,
the increased electrostatic density in charged monolayers
results in a smaller critical radius for the nuclei (with a
corresponding increase in the required supersaturation pres-
sure), which would account for the observed increase in
nucleation density.

However, for both pure water and buffered saline sub-
phases at temperatures above the triple point for pure PA,
the presence of protein results in a drastic increase in the
nucleation density and a decrease in the lc domain sizes
over those for pure PA at the same conditions (see Table 2).
Assuming that the condensed domain nuclei do not contain
protein and that the protein does not act as a heterogeneous
site for nucleation (which is consistent with the observed
experimental results), then the protein will influence the
nucleation process only through its effects on the surround-
ing fluid phase. The protein in the low weight percentages
used has little effect on the electrostatic conditions of the
homogeneous fluid phase at the fluid-to-condensed transi-
tion point (Table 2). From solving Eqgs. 2 and 11, the
calculated values of the surface pH and extent of dissocia-
tion change only slightly; for pure a water subphase the
surface pH is 3.1 and the extent of dissociation is 0.005, for
buffered saline the surface pH is 5.3, and the extent of
dissociation is 0.4. Thus, assuming that the nucleation den-
sity is dictated by the balance of electrostatic repulsion and
line tension forces of the critical nuclei, the protein appears
to lower the line tension between the fluid and condensed
phases. This lowered line tension is manifested by the
appearance of increased perimeter between the condensed
and expanded phases, which persists to high pressures and
allows for the formation of the bright phase network up to
collapse. As shown in Table 2, the average condensed phase
domain radii for PA/20 wt % SP-B,_,5 films on both pure
water and buffered saline subphases remain on the order of
microns up to high pressures, which results in a high amount
of perimeter between the condensed and fluid phases.

This alteration in the balance between line tension and
electrostatic forces is also evidenced by the appearance of

TABLE 2 Results of the Gouy-Chapman model and image analysis for the expanded-to-condensed phase transition for PA and

PA/20 wt % SP-B,_,; monolayers above the triple point

PA/20 % SP-B, s/ PA/20 % SP-B, ,,/

Pure PA/Pure water Pure PA/Buffered saline Pure water Buffered saline

Area/molecule (A2) 40 40 45 45
Temperature (°C) 28 25 28 25
Salt conc. (M) 0.0 0.15 0.0 0.15
Bulk pH 5.5 6.9 5.5 6.9
Debye Length (nm) 245 0.79 245 0.79
Surface pH 3.1 52 3.1 53
Dissociation extent 0.004 0.39 0.005 0.40
Surface charge (C/m?) 0.002 0.16 0.002 0.14
Nucleation density (mm™2) 50 970 4400 9700
Avg. domain radius (um) at 7 = 30 mN/m — — 10 8
Perimeter/area (mm™ ') at 7 = 30 mN/m — — 280 220

The Gouy-Chapman parameters and the nucleation density were calculated at the initiation of the transition, and the average domain radii and perimeter

per area were calculated at a surface pressure of 30 mN/m.
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stripe phases on buffered saline subphases at low tempera-
tures for PA/20 wt % SP-B films. McConnell et al. have
shown that the equilibrium width of a stripe is proportional
to exp(M/u?), where A is the effective line tension between
domains, and p is the difference in dipole density between
the phases (McConnell, 1989). Taking an area per molecule
of 60 A? (the approximate area per molecule at which stripe
phases were observed) for the solution of Eqs. 2 and 3, any
PA-rich regions will possess an extent of dissociation of
0.48 and a surface charge density of 0.12 C/m?. Protein-rich
phases will either be neutral if associated with PA or will
possess a net positive charge, which will lead to a large
charge density difference between the two phases. If the line
tension between two such phases is sufficiently small, this
could drive the formation of stripe phases. Stripe phases are
also observed in pure films of F-SP-B, ,5. The co-existence
of protein domains of differing density could result in a
dipole difference between the phases. Using an area per
F-SP-B, ,s molecule of 300 A2 (which is approximately the
lift-off area for pure F-SP-B, ,5 films, data not shown), the
surface charge density will be ~0.15 C/m?; if the line
tension between the gaseous and condensed protein phases
is low enough, this could also result in the appearance of
stripes.

DISCUSSION

SP-B has been hypothesized to fulfill a number of essential
roles in the LS system, including the transport, interconver-
sion, and spreading of monolayers from lung multilamellar
bodies, as well as the optimization of surface activity of the
monolayer itself (Fleming and Keough, 1988; Cochrane and
Revak, 1991; Shiffer et al., 1993). An unresolved issue
concerning the surface activity of LS is the fate at high
surface pressures of the anionic lipids and fatty acids that
act as fluidizing components. The relatively low collapse
pressures of these components has led to the belief that they
are “squeezed out” of the monolayer, leaving behind a
monolayer enriched in DPPC (Cockshutt et al., 1991; Pas-
trana-Rios et al., 1994). However, the improved respread-
ability of natural lung surfactant after collapse in compari-
son to DPPC, and the fast dynamics of the breathing cycle,
makes this hypothesis difficult to believe. These squeeze-
out hypotheses typically neglect the influence of proteins on
the monolayer behavior or claim that the proteins facilitate
the selective removal of fluidizing components from LS
monolayers (Pastrana-Rios et al., 1994; Taneva and Ke-
ough, 1994). An alternative theory for the role of proteins in
LS is that they serve to further increase the fluidity of LS
while retaining the anionic lipid components in the mono-
layer, thus allowing for low surface tensions in the mixed
monolayer while providing for a more respreadable col-
lapsed phase. Such a synergistic interaction between the
proteins and fluidizing lipids would be primarily electro-
static in nature, as evidenced by the effects we have shown
by varying the subphase pH and ionic strength, as well as
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the failure of an uncharged mutant form of SP-B to either
interact with PA monolayers at high surface pressures or to
increase their surface activity (Waring et al., 1989; Cochrane
et al., 1991; Longo et al., 1993). Thus, a detailed knowledge
of the influence of LS proteins such as SP-B on the surface
behavior of anionic lipids could reveal the function of these
proteins in the LS monolayer.

The addition of either SP-B,_,5 or SP-B, ;5 has two main
effects on the phase behavior of PA monolayers: 1) the
monolayers are fluidized and 2) collapse is shifted to a
reversible, high-pressure nucleation and growth-type event.
The fluidization induced by the protein inhibits the forma-
tion of condensed phases, decreasing the average size and
increasing the density of the condensed phase domains. The
protein partitions preferentially into the disordered fluid
phase, which persists to high pressures and forms a network
partitioning and segregating the condensed phase domains
prior to collapse. The small size of the condensed phase
domains results in a large amount of perimeter between the
protein-rich network phase and the condensed phase. Upon
collapse, small collapsed phase domains nucleate and grow
homogeneously across the monolayer, and reincorporate
reversibly into the monolayer upon expansion.

It appears that the formation of the protein network is the
key to both the increase in fluidity and the shift in the
collapse mechanism of PA monolayers. The fluidity and
collapse behavior of fatty acid monolayers can be modu-
lated by altering the pH and ionic strength of the subphase;
this modulation is well-described by traditional Gouy-Chap-
man electrostatic theory (Helm et al., 1986; Losche and
Mohwald, 1989; Pezron et al., 1990). Fatty acid monolayers
on suphases at low pH and monovalent salt concentration
exist in an un-ionized state; these monolayers are condensed
at temperatures below their triple point and collapse irre-
versibly at relatively low pressures by the formation of
large, rigid multilayer collapsed phase domains. Increasing
the subphase pH or monovalent salt concentration serves to
ionize these monolayers, effectively lowering their triple
point temperature and shifting the collapse mechanism to a
higher-pressure, irreversible, bulk-fracturing event. The ad-
dition of monovalent or divalent salts in concentrations high
enough to induce binding to the monolayer serve to con-
dense ionized monolayers and in some cases can stabilize
them further against collapsing; however, collapse still oc-
curs irreversibly.

In contrast, on both pure water and buffered saline sub-
phases, SP-B protein both fluidizes PA monolayers and
increases their collapse pressure by ~15 mN/m, shifting the
collapse mechanism to a more homogeneous and reversible
event. The failure of the Gouy-Chapman theory (with the
presence of the protein accounted for) to account for this
behavior indicates that the collapse mechanism shift is a
direct effect of the partitioning of the condensed phase
domains by the protein-rich network in lieu of a simple
charge counterion effect. Additionally, it appears that for
the network to function properly, the average condensed
domain size must be small. This necessitates a large amount



Lipp et al.

of perimeter between the network and the condensed phase
domains. The observation of increased nucleation densities
of condensed phases and the formation of stripe phases in
the presence of protein indicate that the balance of charge
density to line tension between the condensed and protein-
rich phases has been altered. The modified Gouy-Chapman
analysis indicates that this alteration is primarily due to a
low-line tension between the condensed and protein-rich
phases. It is this lowered line tension that facilitates the
increase in perimeter between the condensed phase domains
and the protein-rich network.

These observations can be combined to provide a model
linking the molecular interactions between PA and SP-B in
the monolayer to the surface morphology and properties of
the monolayer, and their implications on the function of
these components in the complete lung surfactant mono-
layer. This model contains three basic features: 1) The
addition of protein induces the formation of a fluid, protein-
rich phase in the PA monolayer and increases its compress-
ibility; 2) a low-line tension allows for significant amounts
of a protein-rich network to form around the condensed
phase domains; 3) the presence of this network breaks up
and partitions the condensed phase domains, converting the
collapse mechanism from heterogeneous, large length scale
processes to a homogeneous, high-pressure process that
provides for more reversible respreading of the collapsed
monolayer.

Fluidization and lowered line tension of PA
monolayers by SP-B

The effect of SP-B, ,5 on the fluidity of PA monolayers is
apparent under all experimental conditions. Below its triple
point temperature, PA transforms into an incompressible
liquid-condensed phase via reverse sublimation from the
gas phase upon compression. The addition of increasing
amounts of SP-B, ,5 to PA monolayers at 16°C on both pure
water and saline subphases creates a fluid phase, increasing
the compressibility of the monolayer and inhibiting the
formation of an extended Ic phase. That the fluid phase is
protein-rich is confirmed by several observations. At equiv-
alent surface pressures, the percentage of fluid phase in-
creases as a function of increasing protein concentration.
The brightness of this fluid phase also suggests the presence
of the protein. The probe used in this study prefers to
partition into the less-ordered phases in monolayers, making
these phases appear brighter than the more condensed
phases (Knobler, 1990). As the protein serves to inhibit the
close-packing of PA hydrocarbon chains, and hence disor-
ders the system, the probe therefore prefers to sequester in
its vicinity. Also, the hydrophobic environment of the pro-
tein serves to shield the fluorophore from the water and
increase its quantum yield. Finally, the use of fluorescein-
labeled SP-B, ,5 positively identifies the bright phase as
protein-rich in PA/F-SP-B _,5 films. The fluid phase persists
after liftoff and appears to be in equilibrium with the more
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condensed phase throughout the pressure regime, which
corresponds to the homogeneous Ic phase in the pure PA
monolayer. This fluid phase reversibly shrinks and grows as
the monolayer is compressed and expanded throughout an
isotherm cycle, which indicates that this phase remains in
the monolayer instead of being selectively removed into the
subphase.

Raising the temperature above the triple point for PA on
both subphases has a significant effect on the fluidity of the
films. The protein alters the nucleation of condensed phases,
resulting in smaller lc domains with a higher nucleation
density. Nucleation in monolayers at a phase transition is
usually an activated process, with the number and initial
size of domains being determined by a competition between
the favorable decrease in free energy due to the condensa-
tion process balanced by the unfavorable increase in free
energy due to interfacial energy and electrostatic repulsion
of the headgroups within the condensed phase. If the pres-
ence of the protein leads to a low-line tension between the
condensed and fluid phases, which is supported by the
results of the GC calculations and the observed increases in
condensed phase nucleation density and interphase perime-
ter, this can lead to smaller critical radii for the nucleating
domains and result in higher nucleation densities.

The presence of stripe phases at high protein concentra-
tions under certain experimental conditions also indicates
that the line tension has been lowered. Stripe phases have
been observed in a variety of different physical systems, and
are usually due to the presence of competing forces (Seul
and Andelman, 1995). In Langmuir monolayers, stripe
phases typically arise when the electric dipole density dif-
ference between coexisting domains overwhelms the line
tension, thus elongating the domains. We have observed
stripe phases both in mixed PA/SP-B films and in pure
fluorescein-SP-B, ,5 films. The presence of stripe phase in
the pure fluorescein-SP-B, ,5 film implies that the phenom-
ena is intrinsic to the protein. For the mixed PA/SP-B, .5
films, the fact that stripes are observed only under buffered
saline subphase conditions, for which the electrostatic re-
pulsion between headgroups is higher due to their higher
degree of ionization, indicates the delicate nature of this
balance. The net result of a lowered line tension (whether it
leads to the formation of a stripe phase or not) is the presence
of a greater amount of interphase perimeter in the system at
equilibrium, which appears to have drastic consequences on
the mechanism of collapse for these monolayers.

Influence of SP-B on the collapse and
respreading of PA monolayers

SP-B,_,5 has a significant effect on the collapse resistance
of PA monolayers. This effect appears to be electrostatically
facilitated due to the opposite charges of the protein and the
PA molecules (and a loss of activity when removing the
protein’s positive charge, data not shown), but appears to
occur via a more specific mechanism than simple electro-
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static screening or ionic binding. No theories yet exist that
can accurately predict the nature of collapse of surfactant
monolayers at the air-water interface under all experimental
conditions. Several models have been developed for the
collapse of single chain lipids, such as fatty acids, based on
the assumption that collapse proceeds via a homogeneous
nucleation and growth mechanism and that the collapse
pressure can be predicted from classic nucleation theory
applied to a two-dimensional system (Smith and Berg,
1980; De Keyser and Joos, 1984; Pezron et al., 1990).
However, such theories assume that the monolayer is ener-
getically uniform in its entirety, which may not be the case.
Although the presence of dust does not appear to facilitate
nucleation of collapse, other surface-active impurities in the
monolayer could very well act as favorable sites for nucle-
ation of collapse. Additionally, PFM and BAM images
show that the Ic phase in PA monolayers actuality consists
of a polycrystalline-like array of domains of differing tilt
direction, bordering each other at disinclination lines and
points. Although the lc phase is transformed into an untilted
solid phase prior to collapse in these monolayers, compres-
sion at significant rates may not allow for the annealing of
the disinclination lines and points in the transformed solid
phase; these heterogeneous sites can lower the activation
energy for nucleation of collapsed phases.

A bulk fracturing process can supersede the nucleation of
collapse domains in lipid films under certain conditions. If
the collapse pressure is high enough, the corresponding low
surface tension in the monolayer makes the monolayer
unstable to undulations arising from events such as external
vibrations or convection in the subphase, resulting in a bulk
fracture and buckling of the monolayer. This seems to be the
case for phospholipids such as DPPC, which can attain very
high surface pressures upon compression (data not shown).
For dissociable surfactants, the electrostatic repulsion due to
a highly ionized monolayer prior to collapse may result in
an increase in the activation energy for collapse as well as
an increased free energy of the resulting collapsed phase,
both of which would inhibit their formation (Pezron et al.,
1990). Based on the results of the Gouy-Chapman analysis,
the ionization of the monolayer seems to be responsible for
the shift to a fracturing mechanism in pure PA films on a
buffered saline subphase. This has also been shown to occur
for other fatty acids such as stearic and arachidic acid (Xu
et al., 1982; Pezron et al., 1990); increasing the pH of the
subphase to ionize fatty acid monolayers increases the col-
lapse pressure and changes the shape of the collapsed phase
from round at low pH to highly elongated and fracture-like
at high pH (Siegel et al., 1992). Simply switching between
a pure water and a buffered saline subphase serves to
significantly increase the collapse pressure of pure PA
monolayers as well.

The important point to note for both of these mechanisms
(heterogeneous nucleation or bulk fracture) is the fact that
for pure films the monolayer consists of a continuous sheet
of solid phase prior to collapse. Thus, the occurrence of
collapse at any point in the monolayer can effectively result
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in collapse of the entire film (in analogy to a weak link in a
chain). If collapse nucleates at energetically favorable het-
erogeneous sites at low pressures, these nuclei can act as
sinks for the build-up of the collapsed phase for the entire
monolayer, meaning that the homogeneous collapse pres-
sure of the monolayer will never be reached. The partition-
ing of the condensed phase domains by the protein network
reduces the likelihood of finding a heterogeneous nucleation
site within a given condensed domain (Adamson, 1990).
This phenomenon 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 melting points (Turnbull, 1952). By subdi-
viding the liquid into micron-size droplets, Turnbull was
able to reduce the likelihood of heterogeneous nuclei in a
given droplet, leading to homogeneous nucleation at large
undercooling. Similar effects have been observed for super-
cooling water in emulsion droplets, polymer gels, or porous
media (Tanaka et al., 1977; Bruggeller and Mayer, 1980).
For PA monolayers in the presence of protein, the lc do-
mains appears to be of uniform tilt when viewed with BAM,
eliminating the effect of any residual defect points acting as
heterogeneous nucleation sites upon transition to the solid
phase. Also, each condensed domain must effectively initi-
ate collapse independent of the others; if a heterogeneous
site happens to exist in a given domain, then that domain
may collapse at a low pressure, but collapse will not be able
to propagate to the rest of the monolayer.

The network can also serve to inhibit the bulk fracturing
process. For these films, long wavelength undulations in the
interface that trigger collapse in pure solid films may not be
able to act on the smaller domains in the protein-containing
films. The length of propagation of any fractures in the film
can also be limited by the protein network, effectively
causing each domain to initiate collapse independently.
Based on the length scales of the fracture cracks observed in
the pure PA films, the fracturing process appears to be an
event of high cooperativity, which may explain the rever-
sion of the collapse mechanism to a nucleation process in
the protein-containing films on a buffered saline subphase.

Re-expanding a collapsed film of pure PA inevitably
leads to an offset in the subsequent isotherm obtained upon
recompression, most likely due to the kinetically limited
respreading of the macroscopic collapsed phase. For pure
PA films on a pure water subphase, the collapsed domains
are tilted (as evidenced via Plfjﬁl and BAM), indicating that
the collapsed domains have a more expanded structure than
the underlying monolayer. It is thus not surprising that the
collapsed domains do not readily reinsert upon expansion,
since they would have to increase their packing density to
do so. For protein-containing films, the growth of the col-
lapse structures is limited by the finite size of the condensed
domains, hence respreading these small collapse structures
on expansion occurs much more readily. Also, if the protein
is present in the collapsed phase to some extent, it may
inhibit the ordered packing of the collapsed phase (which is
also evidenced by the lack of observation of any tilt contrast
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in the collapsed domains via BAM) and increase its free
energy. As a result, the activation energy for collapse as
well as the free energy of the collapsed phase itself are both
increased. Thus, the barrier to collapse is increased, while
the barrier to respreading is decreased, leading to a more
collapse-resistant, yet respreadable, film. The collapsed
phase in the presence of protein may be more similar in
structure to the underlying monolayer, which may facilitate
its reincorporation; the protein-rich network itself may also
provide sites for easier reincorporation. It is therefore clear
that one function of SP-B is to form a network of fluid phase
that breaks up the condensed phase domains, thereby alter-
ing the nucleation and growth of monolayer collapse, lead-
ing to lower ultimate surface tensions on compression and
easier respreading on expansion.

CONCLUSION

We have shown that the addition of SP-B protein to PA
monolayers has a drastic effect on their properties and
surface morphology. Fluorescence, polarized fluorescence,
and Brewster angle microscopies revealed that both full-
length SP-B and its amino terminus fluidize PA monolayers
and increase their collapse pressure, effectively removing
the driving force for the squeeze-out of the fatty acid from
the lung surfactant monolayer. This is accomplished by the
formation of a fluid network that segregates condensed
phase domains at all surface pressures. The use of a dual-
probe system showed that the newly created fluid phase was
rich in protein, indicating the preference of the protein to
partition into the less-ordered phase. The driving force for
the formation of the network appears to be a low-line
tension between the protein-rich and condensed phases, as
evidenced by the results of a Gouy-Chapman analysis of the
system and the observation of stripe phases under certain
conditions. This network appears to perform three critical
functions to convert the PA isotherm into one better suited
for lung surfactant: 1) the monolayer is more compressible
at all surface pressures; 2) collapse proceeds via a different
mechanism in the presence of protein, switching from irre-
versible, heterogeneous nucleation and growth and bulk
fracturing mechanisms to a more reversible, homogeneous
mechanism; 3) this alteration in the collapse mechanism
reduces the sizes of the collapse domains, making it easier
to reincorporate the collapsed material into the monolayer
on respreading. The synergistic interactions of SP-B and
other lung surfactant proteins with anionic components of
lung surfactant results in the formation of a monolayer with
properties well suited for LS.
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