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Adsorption of Pulmonary Surfactant Protein SP-A to Monolayers of Phospholipids
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Role for Tertiary Interaction of Lipids, Hydrophobic Proteins, and SP-A
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ABSTRACT. Surface balance techniques were used to study the interactions of surfactant protein SP-A
with monolayers of surfactant components preformed at thevater interface. SP-A adsorption into

the monolayers was followed by monitoring the increase in the surface pressuaéter injection of

SP-A beneath the films. Monolayers of dipalmitoylphosphatidylcholine (DPPC):egg phosphatidylglycerol
(PG) (8:2, mol/mol) spread at initial surface pressare= 5 mN/m did not promote the adsorption of
SP-A at a subphase concentration of Ou@8mL as compared to its adsorption to the monolayer-free
surface. Surfactant proteins, SP-B or SP-C, when present in the films of DPPC:PG sprgad &t
mN/m, enhanced the incorporation of SP-A in the monolayers to a similar extenkathalues being
dependent on the levels of SP-B or SP-€13 wt %, in the lipid films. Calcium in the subphase did not
affect the intrinsic surface activity of SP-A but reduced ffre values produced by the adsorption of the
protein to all the preformed films independently of their compositions and charges. The divalent ions
likely modified the interaction of SP-A with the monolayers through their effects on the conformation,
self-association, and charge state of SP-A. ValueAmoproduced by adsorption of SP-A to the films of
DPPC:PG with or without SP-B or SP-C were a function of the initial surface pressure of thesilms,

In the range of pressures 5 &y < 35 mN/m, where the monolayers existed in the liquid expanded
(LE)/liquid condensed (LC) coexistence region, both the composition and the proportion of the LC phase
in the films controlled the magnitude &z. Monolayers of DPPC:PG plus 17 wt % SP-B or SP-C,
which had similar phase properties with LC phase occupying a maximum 25% of the total monolayer
area, displayed different abilities to enhance the adsorption of SP-A to the surface. Results revealed that
SP-B and SP-C in their pure monolayers had similar abilities in promoting the adsorption of SP-A, whereas
SP-B, when present into the lipid films in the LE/LC coexistence state, displayed a higher capacity than
SP-C to attract SP-A from the subphase. Lipid-induced changes in the conformations of the proteins
might have modulated the interactions of SP-A with SP-B and SP-C incorporated into the phospholipid
monolayers.

Pulmonary surfactant is a surface-active material composedprotein by massi)). It is a hydrophillic glycoprotein with a
of phospholipids (about 90%) and proteins—E%) that monomeric molecular mass of 286 kDa and isoelectric
covers the alveolar epithelium. An interfacial layer enriched points ranging from 4.8 to 5.2). SP-A is characterized by
in DPPC is likely responsible for the surface tension- a collagen-like N-terminal domain and variable glycosylation
reducing properties of lung surfactant. PG and surfactant- of the C-terminal region3). The latter has binding sites for
associated proteins are also required for the formation andcarbohydrates and calciurd,(5). Subunits of SP-A form
the proper dynamics of the surfactant surface film in the trimers that associate into an octadecamer with a molecular
airways. SP-A is the major pulmonary surfactant associated yass of about 700 kDa). Porcine SP-B is a homodimer
of disulfide-linked 79-residue monomend(= 18 kDa) that
* This work was supported by the Medical Research Council of contains regions of amphipattiehelix and has a net charge
Can$da.h d hould be add 4. Teleon (709)01‘ +12 (7). Porcine SP-C is a 35-amino acid residue protein
*To whom correspondence snou € addressed. lelephone: H H _li H Y
737-2530; fax: (709) 737-2552; e-mail: kkeough@morgan.ucs.mun.ca. that contains two thioester-linked palmitoyl groups glVIr}g a
* Department of Biochemistry. total molecular mass of 4.2 kDa. It has a 23-residue
S Discipline of Pediatrics. C-terminal o-helical portion and also has a net charge of
_ ' Abbreviations: DPPC, 1,2-dipaimitogiglycero-3-phosphocho- - 3 ag50ciated with residues near its N-terminal reg&)n (
line; PG, L-a-phosphatidylglycerol (egg sodium salt); NBD-PC, . . . .
1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]- SP-B and SP-C are hydrophobic proteins soluble in organic
snglycero-3-phosphocholine; HEPERS;(2-hydroxyethyl)piperazine- solvents.

N'-(2-ethanesulfonic acid); EDTA, ethylenediaminetetraacetic acid; SP- . .
A, surfactant protein A; SP-B, surfactant protein B; SP-C, surfactant SP-A and SP-B have a cooperative calcium-dependent

protein C; Tris-HClI, tris(hydroxymethyl)aminomethane hydrochloride. action in promoting surface activity of phospholipid mixtures
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(9) as well as in improving the resistance to inhibition by pellet was used for isolation of either SP-A or SP-B and
blood and plasma proteing@. Synergy between SP-Aand SP-C. SP-A was purified from the surfactant pellet by
SP-B observed in the process of phospholipid membraneextraction with 1-butanol4, 17). SDS-polyacrylamide gel
fusion in the presence of calcium has been attributed to electrophoresis (12% gel) was performed on samples of SP-A
specific calcium-dependent SP-A/SP-B interactidris (9. solutions (8) followed by staining with Coomassie Blue.
Morphological studies have shown that in vitro reconstitution Under reducing conditions (5%8-mercaptoethanol in the
of SP-A with phospholipid bilayers containing SP-B in the sample buffer), a major band at approximately 36 kDa and
presence of calcium produces a lattice-like array of bilayer a minor band at about 28 kDa were observed.
structures similar to that of the native tubular myelir8( SP-B and SP-C were prepared from the surfactant pellet
14). SP-A promoted neither adsorptio8),fusion (L1), or independently of the SP-A preparation using chloroferm
resistance to inhibition 10) of phospholipid liposomes  methanol as described previously, 9. SP-B and SP-C
containing SP-C, nor did it assemble tubular myelin in these were separated from the surfactant lipids and from each other
lipid —protein combinations14). by gel exclusion chromatography on Sephadex LH-60 (2.5
Tubular myelin is a unique three-dimensional structure that x 90 cm) using chloroform:methanol (1:1, v/v) acidified with
is a morphological form of pulmonary surfactant within the 2 vol % of 0.1 N HCL. On SDSpolyacrylamide gel
alveolar hypophaselb). Immunogold labeling of SP-A in  electrophoresis (16% gels) under nonreducing conditions,
tubular myelin has suggested that SP-A is located in the SP-B showed a major band at about 18 kDa and a minor
corners of this lattice-like structuré). It has been proposed  one at about 29 kDa, whereas SP-C showed a single band at
that SP-A binds lipid, SP-B, or both in the lattice corners, about 5 kDa. SP-B and SP-C were stored in chloroform:
whereas self-association of SP-A oligomers stabilizes the methanol (1:1, v/v). The data reported here represent results
structure 4). The function of this structure is unknown; obtained with a single preparation each of SP-B or SP-C,
however, it is widely considered to be the main source of whereas two different preparations of SP-A were used.
the surface layer located at the alveolar interface. The aboveEpifluorescence microscopy measurements with other prepa-
studies have suggested a role of SP-A/SP-B interactions inrations of SP-B and SP-C produced qualitatively similar
the biophysical and morphological properties of pulmonary images.
surfactant phospholipids. However, it is uncertain whether  Analytical MethodsConcentrations of SP-A, SP-B, and
the cooperativity between SP-A and SP-B in phospholipid SP-C were estimated by the fluorescamine metR0pising
reorganization is a result of specific binary proteprotein bovine serum albumin as a standard. The concentration of
interactions or originates from more complex ternary lipid SP-A was also determined from the absorbance of its
protein—protein effects on phospholipid properties. solutions at 277 nm and using the weight extinction coef-
This paper reports on aspects of the specificity of the ficient for canine SP-A determined by King and MacBeth
insertion of SP-A from the aqueous subphase into monolayers(21). Quantitative amino acid analysi2) was used to verify
of SP-B or SP-C spread at the -aivater interface. The the concentrations of SP-B and SP-C since the fluorescamine
influence of the lipid environment, in terms of surface @assay sometimes overestimated the concentrations of SP-C.

pressure and phase properties, on the interactions of SP-AConcentrations of DPPC, PG, and NBD-PC, dissolved in
with SP-B or SP-C incorporated into lipid films was also chloroform, were determined by measuring the.phosphol|p|d
studied by monitoring the adsorption of SP-A to spread Phosphorus 43, 24. Water used in all experiments and
monolayers containing DPPC:PG (8:2, mol/mol) plus SP-B analytical procedures was deionized and doubly distilled in
or SP-C. The effects of calcium ions in the subphase on thedlass, the second distillation being from dilute potassium
association of SP-A with the spread monolayers of phos- Pérmanganate solution. _
pholipids and each hydrophobic protein were examined. Surface PressureTime Measurementédsorption meas-
This study, which includes mixtures of phospholipid and urements were performed at constant surface area in a Teflon
proteins with particular ratios relevant to those used for dish ®= 1.2 cm) with a subphase volume of 5 mL of 145

reconstitution of tubular myelin in vitro, aids understanding ™M NaCl, 5 mM Tris-HCI, and 2 mM EDTA, pH 6.9.
of the molecular basis of the interactions among the Monolayers of DPPC:PG plus SP-B or SP-C were preformed

pulmonary surfactant components. a_lt the ailL_vvater interface from chloroformmethanol solu-
tions to give selected surface pressurgsMonolayers of
EXPERIMENTAL PROCEDURES the water-soluble proteins, cytochromemelittin, and SP-A
were preformed atr; by spreading from their agqueous
Materials. DPPC, Tris-HCI, EDTA, gramicidin D (from  solutions containing 0.1% amyl alcohoRH), whereas
Bacillus brevis), melittin (from bee venom), and cytochrome  methanol was used to preform monolayers of gramicidin.
¢ (from horse heart) were purchased from Sigma Chemical The monolayer area was kept constant, and the surface
Co. (St. Louis, MO). NBD-PC and PG were obtained from pressure was raised by adding material dropwise. Fifteen
Avanti Polar Lipids Inc. (Alabaster, AL), and sodium minutes after monolayer spreading, desired volumes of SP-A
chloride and calcium chloride, reagent grade, were obtainedin 5 mM HEPES were injected below the monolayer-covered
from Fisher Scientific Co. (Ottawa, ON). DPPC and PG surface through an injection septum. Surface tension was
showed single bands on thin-layer chromatography on silicameasured as a function of time by the Wilhelmy plate
gel with a solvent system of chlorofornmethanot-water ~ method, using a roughened platinum plate (perimeter of 2
(65:25:4 by vol) and were used without further purification  ¢m) and a computer-controlled transducer readout, TSAR 1
Protein Isolation.Pig lungs were lavaged with 0.15 M  (Tech-Ser Inc., Torrance, CA), connected to a chart recorder
NaCl, and the lavage was centrifuged at §0r 10 min. (Servoscribe). The subphase was stirred continuously with
The supernatant was centrifuged at 7§@@ 60 min. The a Teflon-coated stirring bar and a magnetic stirrer at 22
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°C. The effect of 5 mM CagGlin the subphase buffer on the
adsorption of SP-A in the presence or absence of preformed
monolayers was examined.

Epifluorescence Microscopkpifluorescence microscopy
and surface pressur@rea measurements were performed
on a surface balance whose construction and operation have
been described previoush2§, 27. The trough design,
however, had been modified, and it employed a continuous
Teflon ribbon-barrier that prevented leakage of monolayer
material. The lipids, DPPC, PG, and SP-B or SP-C were
mixed in chloroform-methanol solutions, and 1 mol %
NBD-PC (based on the lipid content) was added. NBD-PC FIGURE 1: Surface pressure as a function of subphase concentration

e : ; ; _for adsorption of porcine SP-A from subphases containing 145 mM
partitions preferentially into the fluid (LE) phase of phos NaCl, 5 mM Tris-HCl, and 2 mM EDTA (pH 6.9) to monolayer-

pholipid monolayers. Monolayers were formed by spreading free surfaces. Error bars show the values for SD for two or three
of the mixtures of DPPC:PG (8:2, mol/mol) containing 17 separate measurements. Adsorption time was 120 min.
wt % SP-B or SP-C on subphases of 145 mM NaCl, 5 mM

Tris-HCI, and 5 mM CaGl(pH 6.9). After the mixtures were 10 ' ' T ' '
spread, 30 min was allowed for equilibration of the mono-
layers initially spread at about 0 mN/m. Films were
compressed in 30 steps at a rate of 0.09 mnolecule®
min~t, and isotherms of surface pressum yersus mono-
layer area Anean Were recorded. At selected surface pres-
sures, monolayers were observed through a 4bjective
lens, and images were videorecorded. Each experiment,
performed at 2224 °C, took about 3 h. Usually 10 images
at each surface pressure were analyzed using JAVA video - 20 0 50 20 100 120
analysis software (Jandel Scientific, Corte Madera, CA). The Tims. t, minutes

relative amounts of dark probe-excluding phase (percent darkggure 2: Curves of surface pressure increase after injection of

phase) were determined and plotted as a function of the SP-A (subphase concentration, O:&8mL) underneath monolayers
surface pressure2y). of DPPC:PG (1), DPPC:PG plus 3 wt % SP-B (2), DPPC:PG plus

Mean areas in the lipidprotein monolayersimea, were 3 Wt % SP-C (3), DPPC:PG plus 17 wt % SP-B (4), and DPPC:

! o PG plus 17 wt % SP-C (5) preformed at an initial pressute b
calculated on the basis of molecules of lipid and numbers j,\/m " The dashed line represents #{¢) curve for adsorption of

of amino acid residues of protein initially spread in the mixed sp-A to the monolayer-free interface. The subphase was 145 mM
films. Concentrations of SP-B or SP-C in the spread hpid NaCl, 5 mM Tris-HCI, and 2 mM EDTA, pH 6.9. Duplicates for

protein monolayers were defined as weight percent of protein €ach monolayer were run, and the range of values for the average
or “residue” fractionX;, of the protein amino acid residues ~Curves did not exceed 1 mN/m.
in the preformed proteinlipid monolayers calculated on the Monolayers of DPPC:PG, with or without SP-B or SP-C,
basis of molecules of lipids and numbers of amino acid were preformed at the aiwater interface at; = 5 mN/m;
residues of protein2@). after the injection of SP-A below the surface, was
RESULTS measured as a function c_>f time. The change_ in surface
pressureAwr = & — m;, defined as an increase in surface
Adsorption of SP-A to Preformed Phospholipid Mono- pressure induced by incorporation of SP-A into the preformed
layers Containing SP-B or SP-C in the Absence of Calcium films, was plotted as a function of time. SP-A by itself
lons in the Subphas&urface pressure, defined ast = o, displayed a measurable surface activitfat= 0.68ug/mL
— 0, whereo, is the surface tension of the clean-aivater (final surface pressure,#4 0.5 mN/m, Figure 1); therefore,
interface andr is the surface tension of the protein solution, only Az > 4 mN/m signifies an augmented attraction of
was measured as a function of time for various concentra- SP-A to the interface caused by the preformed monolayers.
tions, C,, of SP-A in the absence of preformed lipigrotein At 7ty = 5 mN/m, all of the preformed films studied were in
films. Constant surface pressures were reached in 120 minsimilar fluid states; therefore, effects of different phase states
and these values were plotted as a functiol€oin Figure of the preformed monolayers on the incorporation of SP-A
1. Solutions of SP-A at a concentration@f= 0.26ug/mL into the films were avoided. Figure 2 shows the time
showed marginally detectable changesi@ir = 0.5 mN/m dependence of the change in surface pres@uréollowing
at 120 min), and they did not induce significant surface the injection of SP-A beneath the monolayers of DPPC:PG
pressure increases in monolayers of DPPC:PG (8:2, mol/containing different concentrations of SP-B or SP-C. For
mol) plus either SP-B or SP-C whefi=5 mN/m (data not comparison, ther(t) curve for adsorption of SP-A to the
shown). Monolayers of DPPC:PG containing SP-B or SP-C clean air-water interface was plotted (dashed curve in Figure
spread atri = 5 mN/m enhanced the attraction of SP-A to 2). Results indicated that films of DPPC:PG did not
the surface from its solutions &s = 0.68 ug/mL as significantly promote the adsorption of SP-A as compared
compared to the clean aiwater interface (Figure 2), and to its adsorption to the monolayer-free surface (compare
this concentration of SP-A was chosen to study the interac- curve 1 with the dashed curve in Figure 2). SP-B or SP-C at
tions of the protein in the subphase with the spread #ipid similar concentrations in the phospholipid monolayers en-
protein films. hanced the ability of SP-A to insert into the films to
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FicUrRe 4: Effect of calcium ions on the adsorption of SP-@s &

s : 1.36 ug/mL) to the monolayer-free interface from a subphase of
0 20 40 60 80 100 120 145 mM NaCl and 5 mM Tris-HCI, pH 6.9, containing 2 mM

Time, t, minutes EDTA (l), 1.6 mM Cad) (2), or 5 mM CaC} (3)
FiGURe 3: Surface pressure increase after injection of SP-A beneath
monolayers of SP-B (1), SP-C (2), melittin (3), cytochroom@), of SP-A to the monolayer-free surface from solutions

gramicidin (5), and SP-A (6) spreadat= 5 mN/m. Concentration  containing 145 mM NaCl and 5 mM Tris-HCI, pH 6.4
of SP-A was 0.68:g/mL in 145 mM NaCl, 5 mM Tris-HCl, and  _ 1 36 ,,9/mL). Similar final surface pressures were meas-

2 mM EDTA, pH 6.9. The dashed line represents #f profile . ;
for adsorption of SP-A to a monolayer-free interface. Duplicates Ured for adsorption of SP-A in the presence or absence of 5

were run, and the range of values for the average curves did not(curves 1 and 3) or 1.6 mM CagL{curve 2). Under these
exceed 1 mN/m. experimental conditions (high ionic strength buffers), calcium

did not affect the surface activity of SP-A. Calcium-
comparable extents, and the values for produced by  independent equilibrium values of surface pressure have also
adsorption of SP-A to the lipidprotein films increased with  been reported for adsorption of dog SP-A from solutions of
increasing levels of SP-B or SP-C in the monolayers (Figure physiological salt concentration8X).

2). Note that the preformed lipiebrotein monolayers SP-A exists in its native octadecameric form in buffers of
contained similar levels of SP-B and SP-C when their |ow ionic strength at physiological pH), Calcium ions and
concentrations were calculated as wt % protein or “residue” high salt concentrations induce self-aggregation of SB;A (
fraction of protein amino acid residues. However, ap- 32): therefore, self-aggregation of SP-A possibly occurred
proximately 4 times more molecules of SP-C than SP-B were ynder the experimental conditions used in these measure-
present in the lipietprotein films. ments. A threshhold concentration of 0.5 mMChas been
The ability of SP-B and SP-C to promote insertion of SP-A reported to induce self-association of porcine SP-A, whereas
into the preformed monolayers of DPPC:PG implied that at 1.6 mM C&", a level of calcium ions reported for the
protein—protein interactions might be involved in the at- alveolar subphase of adult rabbit lun@8), SP-A was only
traction of the water-soluble protein SP-A to the film-covered partially aggregated; the process of self-aggregation of SP-A
surface. To investigate this possibility, monolayers composedwas completed at about 5 mM &a(32). In the following
only of single proteins of various charges and hydrophobici- experiments, we used 5 mM CaQb evaluate effects of
ties were preformed at the aiwater interface at; = 5 mN/ calcium-induced self-aggregation on the ability of SP-A to
m, and the change it during adsorption of SP-A to these adsorb to preformed monolayers containing surfactant pro-
films was monitored (Figure 3). Values stz produced by teins and phospholipids. At = 5 mN/m in the presence of
adsorption of SP-A to the monolayers of either SP-B or SP-C calcium in the subphase, DPPC:PG monolayers that con-
were identical to each other (curves 1 and 2 in Figure 3) tained 17 wt % of either SP-B or SP-C marginally augmented
and similar to those measured for the adsorption of SP-A to the adsorption of SP-A to the surface, and finat values
preformed films of melittin (curve 3 in Figure 3). Porcine comparable to those observed for adsorption of SP-A to the
SP-B (dimer) and SP-C are positively charged proteins with monolayer-free surface were measured (curves 1 and 2 in
a net charge of-12 and+3, respectively; their charges per Figure 5). Although the divalent ions did not affect the
amino acid residue are 0.075 and 0.085, respectively. Theyintrinsic surface activity of SP-A (Figure 4), they attenuated
are hydrophobic proteins with polar/apolar ratios of ap- the ability of the protein to interact with the lipigbrotein
proximately 0.22 and 0.11, respectively, calculated from their monolayers preformed at the aiwater interface (compare
primary structures®, 8). Melittin is a basic polypeptide  curves 1 and 2 in Figure 5 to curves 4 and 5 in Figures 2).
containing 5 positively charged amino acids per total of 26 Addition of C&* to the subphase caused a similar
residues, with a ratio of polar to apolar amino acid residues reduction inAs produced by adsorption of SP-A to the
of 0.4 (29). Adsorption of SP-A to preformed monolayers single-component monolayers of SP-B and SP-C (compare
of the hydrophillic basic cytochrome[polar/apolar ratio of curves 3 and 4 in Figure 5 to curves 1 and 2 in Figure 3) as
2.04; d = 10.6 BO)] (curve 4, Figure 3) produced values of well as those of melittin, cytochromg and gramicidin D
Az similar to those measured for the neutral, hydrophobic (data not shown). Likewise, calcium ions suppressed the
gramicidin D, which does not have polar amino acids (curve insertion of SP-A into monolayers of DPPC preformedrat
5, Figure 3). Spread monolayers of SP-A did not enhance = 5 mN/m (data not shown). Thus, it appeared that calcium
the adsorption of SP-A over that to the monolayer-free weakened the interactions of SP-A with the preformed

surface (curve 6, Figure 3). monolayers regardless of their chemical compositions and
Effect of Calcium lons on Interactions of SP-A in the charge states.
Subphase with Preformed Monolayers at the-AWater Surface Pressure Dependence/ot Generated by the

Interface.Figure 4 demonstrates the effects of calcium ions Adsorption of SP-A to Preformed Monolayers in the Presence
at different concentrations in the subphase on the adsorptiornof Calcium in the Subphas&he adsorption of SP-A to
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FiGure 5: Surface pressure increase during adsorption of SP-A 0 — » 1Sy, - . "o
(Cs=0.68ug/mL) to monolayers of DPPC:PG plus 17 wt % SP-B 0-0 0.2 04 0.6 0.8 ":: 00 22 04 08 0.8 1.0
(1), DPPC:PG plus 17 wt % SP-C (2), SP-B (3), and SP-C (4) in Mean crea per residus, nm" /Mresidue

the presence of 5 mM Cagn a subphase of 145 mM NaCl and  FIGURE 7: Isotherms of surface pressure versus mean area per
5 mM Tris-HCI, pH 6.9. Films were spread at= 5 mN/m. The “residue” for spread monolayers of (A) DPPC:PG (1), DPPC:PG
dashed curve represents thg) isotherm for SP-A to the mono-  plus 17 wt % SP-B oKX, = 0.58 (2), and SP-B (3); (B) DPPC:PG
layer-free surface. Duplicates were run for each monolayer, and (1), DPPC:PG plus 17 wt % SP-C ¥ = 0.56 (2), and SP-C (3).

the range of values for the average curves did not exceed 1 mN/m."Residue” was defined as an amino acid or a phospholipid molecule.
Each monolayer contained 1 mol % (based on phospholipid content)
of NBD-PC. The subphase was 145 mM NacCl, 5 mM Tris-HCI,
and 5 mM CaCJ, pH 6.9.
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ever, values ofAx lower than those observed for the
adsorption of SP-A to the monolayer-free surface were
measured. At surface pressures &; < 35 mN/m, the three
plots in Figure 6 showed dependenciesmrtharacteristic

of each of the preformed monolayers. In this range of surface
pressures, where the films existed in the LE (liquid expanded)/
LC (liquid condensed) coexistence region, both the composi-
tion and the phase properties of the preformed films likely
regulated the adsorption of SP-A to the surface. The plot of
An(s) for adsorption of SP-A to monolayers of DPPC:PG
displayed maximal increase in surface pressure; at 15
mN/m. Incorporation of SP-A into films of DPPC:PG
supplemented with 17 wt % SP-B led to maximet values
atsr; ~ 23 mN/m, whereas the adsorption of SP-A to films
of DPPC:PG plus 17 wt % SP-C produced only marginal
increases in the surface pressure in the range of surface
pressures 5 m; < 30 mN/m. The results indicated that SP-B
FiIGURE 6: Effect of the initial surface pressure on surface pressure gnd SP-C, which when reconstituted with DPPC:PG; at

increase after injection of SP-A underneath monolayers of DPPC: o : : A
PG (1), DPPC:PG plus 17 wt % SP-B (2), and DPPC-PG plus 17 5 mN/m similarly promoted the insertion of SP-A into the

wt % SP-C (3). Concentration of SP-A was 0.68/mL in a monolayers (curves 1 and 2 in Figure 5), modified the
subphase of 145 mM NaCl, 5 mM Tris-HCI, and 5 mM CaCl  adsorption of SP-A in different patterns as the initial surface
Error bars show values of SD for two to four measurements for pressure of the films increased.

each surface pressure. The dashed line represents the value of

surface pressure measured for adsorption of SP-A to the monolayer- EPifluorescence Microscopy on Spread Monolayers of
free interface. DPPC:PG Plus SP-B or SP-C in the Presence of Calcium
monolayers of DPPC:PG alone or supplemented with 17 wt in the Subphaseince surface pressure-induced lateral phase
% SP-B or SP-C was examined as a function of the initial Separation occurs in the systems studied, we examined the
surface pressure of the monolayers(Figure 6). For each effects of their phase properties on th(_a adsorption of SP-A.
experiment, a new monolayer was spreadratand the Figure 7A,B show the compregsmnal isotherms for DPPC:
increase of surface pressuter produced by adsorption of PG alone or supplemented with 17 wt % SP-B or SP-C.
SP-A from the subphase was monitored as a function of time. Maximal equilibrium surface pressures of about—4G
Constant values foAz were attained within 120 min, and ~ MN/m were reached during the stepwise compression of the
these values were plotted as a functionmpfin Figure 6. films during the simultaneous surface presstaeea/epi-
Note that only values oAz > 4 mN/m, which was the fluorescence microscopic measurements. However, dynamic
pressure attained during adsorption of SP-A from solutions Surface pressure of 72 mN/m was reached in films of DPPC:
at C; = 0.68ug/mL to the monolayer-free surface, signify PG during their continuous compression at 0.162nm
augment of adsorption of SP-A by the preformed films. At Molecule min™. The pressurearea curves for the single-

7 = 5 mN/m, the preformed monolayers existing in the LE €omponent monolayers of either SP-B or SP-C were
phase did not enhance the insertion of SP-A into the surfaceconsistent with the isotherms already reported for these
over that seen for the clean surface, and simNarvalues proteins (9).

were measured for the three systems (Figure 6)riAt 35 Representative epifluorescence micrographs for monolay-
mN/m, SP-A adsorbed to all preexisting monolayers; how- ers of DPPC:PG (8:2, mol/mol) are shown in Figure 8.

o

Surface pressure change, Ax, mN/m

0 i0 20 30 40 50
Initlal surface pressure, 1\'|.mN/m
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Ficure 8: Epifluorescent images of monolayers of DPPC:PG (8:
2, mol/mol) at selected surface pressures 5 (a), 10 (b), 25 (c), and
35 mN/m (d). The subphase was 145 mM NaCl, 5 mM Tris-HCI,
and 5 mM CaCJ, pH 6.9. Arrows point to a gray phase distinct
from the black probe-excluding phase.

Microscopic observations of monolayers of single-component
monolayers of DPPC have been already described in detail
(34). Monolayers of PG existed in fluid or LE phase as Ficure9: Epifluorescentimages of monolayers of DPPC:PG plus
|nd|cated by the appearance Of a Slngle homogeneous|y17 wt % SP-B (A) or SP-C (B) at selected surface pressures of 2

(a), 10 (b), and 25 mN/m (c). The subphase was 145 mM NacCl, 5
fluorescent phase at all surface pressures up to 44 mN/mmM Tris-HCl, and 5 mM CaGl pH 6.9. Small and large arrows

(images not shown). Monolayers of DPPC:PG showed represent two putatively different fractions of probe-excluding
pressure-induced lateral segregation of dark probe-excludingphases (see text for discussion about them).

LC regions and bright probe-including regions of LE phase,
similar to those observed in mixed films of saturated and not change in shape or size as the surface pressure increased
unsaturated phospholipid84). At =7 < 5 mN/m, the films to 5 mN/m. As surface pressure was further increase®(7
existed in the homogeneous LE state (Figure 8a), whereasmN/m), new probe-excluding dark domains of irregular
at higher pressures black domains, likely comprising phos- shapes, likely comprising phospholipids in LC state, appeared
pholipid in LC phase, nucleated and grew in size with and grew larger with increasing surface pressure (small
increasing surface pressure (Figure—8h). At surface arrows in Panels b in Figure 9A,B). At~ 10 mN/m, their
pressures of about 30 mN/m, charcoal-gray phase (arrowssize was commensurate with that of the dark circular domains
in Figure 8d) surrounding the edges of the black domains (big arrows in Panels b in Figure 9A,B) that had appeared
appeared, and the probe-excluding condensed phases coext the low pressure. On further compressiony at 15—17
isted with the fluorescent LE phase up to the highest mN/m, the dark condensed domains became corrugated,
pressures measured (about 45 mN/m). Note that the video-whereas a few unchanged circular domains were still
recorded images are represented in black/gray/white, whereasbserved at these pressureszAt 17—20 mN/m, the latter
the films were seen in black/gray/green when observed viawere no longer detected in the visual fields, and the dark
the eyepiece of the microscope. A possible explanation for probe-excluding LC domains coexisted with the bright probe-
the different intensities of darkness of the condensed phasesncluding LE phase that persisted up to the highest surface
is that, unlike the black probe-excluding condensed phasepressures measured in these experiments (approximately 40
formed at the low surface pressures, the charcoal-graymN/m) (Panels c in Figure 9A,B).
condensed phase formed at the high surface pressures The presence of probe-excluding regions in the lipid
included some of the fluorescent dye that aggregated andprotein films at low surface pressures (Panels a in Figure
self-quenched when it was forced to be in the condensed9A,B) where the monolayers of DPPC:PG exist in the
phase 85). Alternatively, the biphasic appearance of the homogeneous LE state (Figure 8a) suggested that these
probe-excluding phases seen in the micrographs at30 domains, which occupied about 5% of the total area &t
mN/m could be interpreted as follows: The black phase was 5 mN/m, were likely protein-induced, and possibly protein-
formed by nearly pure DPPC, and the gray phase likely enriched, phases. Similar dark circular domains occupied
contained some amounts of PG and hence had a packingabout 1% of the total monolayer areasat="5 mN/m in
density and dye solubility different from those of the DPPC- monolayers of DPPC:PG (8:2, mol/mol) that contained 3 wt
enriched black probe-excluding phase. % of either SP-B or SP-C (data not shown). Probe-excluding
Typical images seen in monolayers of DPPC:PG plus 17 domains of circular shapes were also seen at low surface
wt % SP-B or SP-C are shown in Figure 9A,B. At low pressures in monolayers of the individual phospholipids,
surface pressures of about 2 mN/m, the visual fields were DPPC or PG, supplemented with 17 wt % SP-B or SP-C
heterogeneous, showing lateral probe distribution: dark (data not shown). These findings were consistent with a
probe-excluding domains of nearly circular shapes (drop- protein-induced phase separation in the monolayers inde-
like, doughnut-like, or ring-like) in a bright green fluorescent pendently of the presence of the £EC transition in the
background (Panels a in Figure 9A,B). These domains did monolayers of the lipids alone. Thus, an influence of the
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phospholipid LE-LC phase transition and phospholipid (DPPC:PG) visualized via the fluorescence of NBD-PC, were
condensed phase on the formation of the probe-excludingdetected at low surface pressures £ 5 mN/m), and
phase at the low surface pressures was ruled out. Observaeccasional dot-like phases of very bright fluorescence,
tions on films of PG with 17 wt % SP-B or SP-C, which do probably consisting of aggregates of pure SP-B or SP-C, were
not exhibit a LE-LC phase transition (and therefore LC also seen (data not shown). These observations implied that
probe-excluding phase did not appear with increasing surfacethe circular domains that were visualized as dark phases via
pressure), showed thatat: 20—25 mN/m the dark circular  the protein fluorophores were not aggregates of pure proteins.
domains disappeared, and a homogeneous LEHipidtein More likely they comprised lipietprotein gaseous phase that
phase was formed. As discussed, circular probe-excludingappeared dark due to quenching of both the lipid and the
domains were discerned up to surface pressures of abeut 17 protein fluorophores by interactions with the water subphase.
20 mN/m in the films of DPPC:PG plus 17 wt % SP-C or This speculation is based on previous studies on the lguid
SP-B. gas transition in monolayers of stearic acid. The gaseous
The exact origin or molecular structure of these probe- regions in these films appeared dark due to quenching of
excluding domains that are apparently not condensed-phasahe NBD fluorophores when they were in contact with water
lipids is uncertain. Although surface pressures of-26 in the gaseous state where the film density is relatively low
mN/m seem to be too high for the existence of a gaseousand the molecules lie flat on the water surfa86)( Spectra
phase, it could be that the probe-excluding circular domains of fluorescein-labeled molecules have been reported to be
represented a gaseous phase that was originally trapped atensitive to solvent polarity and pt37).
low surface pressures (about 0 mN/m) within the LE phase. Gray probe-excluding domains of circular shapes similar
With increasing surface pressure, the contents of the gaseouso those observed in the present study have been induced by
phase were dispersed into the fluid phase. Experimentaladsorption of the amphiphilic peptide bombolitin 1II into
evidence supporting this hypothesis was obtained by expan-films of DPPC at low surface pressur&@8). These domains
sion and recompression of films of SP-B/PG (17 wt % SP- have been observed via the fluorescence of a lipid probe
B) initially compressed to surface pressures above theand, according to the author’s interpretation, consisted of
characteristic pressure where the circular probe-excludingphase-separated peptide that contained some phospholipid
domains disappeared and homogeneously fluorescent LEdoped with the fluorescent proba§).
phase was formedz(> 25 mN/m). On film expansion, the Epifluorescence microscopy of monolayers of phospho-
probe-excluding domains did not appear, and the monolayerslipids plus critical concentrations of cholesterol has indicated
remained homogeneously fluorescent up to very low surfacea coexistence of immiscible fluid phases that undergo
pressuresg < 0.2 mN/m. During further expansion in the reversible two-phase to one-phase transformation at a
low-pressure region, circular probe-excluding phase appearectharacteristic surface pressui@{41). The biphasic ap-
and grew in size with increasing the film surface. This phase, pearance of the fluidfluid coexistence region has been
likely in a gaseous state, was incorporated into the films attributed to the exclusion of the fluorescent lipid probe from
during their recompression and was seen in the monolayersone of the fluid phases that was cholesterol-rich and had a
up to 25 mN/m where the recompressed films acquired an structure more ordered than that of the traditional LE phase
homogeneous appearance. A similar evolution of the circular (41). We cannot entirely dismiss the possibility that the
probe-excluding domains with expansion and recompressioncircular probe-excluding domains induced by SP-B and SP-C
was seen in the films of DPPC:PG plus 17 wt % SP-B, in the phospholipid films were a fluid phase of a particular
although in the presence of the probe-excluding LC phaseorder different from that of the traditional phospholipid LE
in these films, it was more difficult to distinguish between phase. However, the continuum of the circular probe-
the shapes of the probe-excluding domains. These experi-excluding domains observed during compression/expansion/
ments suggested that SP-B and SP-C evoked changes in theecompression of the monolayers between the gaseous and
phospholipid physical state so that the gaseous phase formethe LE states provides experimental support for their ascrip-
at very low (not detectable) surface pressures enduredtion to the gaseous phase.
compression to high surface molecular densities and coex- Quantitation of the Dark DomainsThe transition of a
isted with the traditional phospholipid LE and LC phases monolayer from LE to LC phase upon compression has been
up to relatively high surface pressures (about-26 mN/ guantitatively described by parameters such as size and
m). The fact that during expansion of the compressed films number of condensed domains and percentage of condensed
the gaseous phase did not reappear in stages exactly revergghase as a function of the surface press@ié @2. The
to those during compression suggested that it was not inrelative area of dark probe-excluding domains (percent dark
equilibrium with the coexisting LE and LC phases. It is phase) was determined and plotted as a function of the
noteworthy that relatively high compressional speeds were surface pressure for monolayers of DPPC:PG (Figure 10A)
employed in this study, and more thorough experiments will and DPPC:PG plus 17 wt % SP-B or SP-C (Figure 11). The
be necessary to determine the equilibrium properties of the phase properties of the films, in terms of percent dark phase,
circular probe-excluding domains. were related to their abilities to promote the adsorption of
To determine whether an alternative interpretation that the SP-A to the surface. We note that in the adsorption
latter were protein-separated phases was feasible, monolayersxperiments, in which thAs(s;)) dependencies were deter-
of DPPC:PG (8:2, mol/mol) containing 17 wt % of SP-B or mined, the initial surface pressuresvere attained by adding
SP-C labeled with fluorescein, and not containing NBD-PC, sequential aliquots of the lipieprotein solutions to the
were observed through the fluorescence of the protein surface at constant surface area, whereas the phase properties
fluorophores. Nonfluorescent circular domains, similar to of the monolayers (percent dark phase) were assessed from
those seen in the films of SP-B/(DPPC:PG) and SP-C/ epifluorescence microscopic observations at surface pressures
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tionately to the relative amount of the LC phase in the range

of surface pressures$ & < 15 mN/m. A further increase

in surface pressure, which led to an increase in percent dark

phase, diminished the adsorption of SP-A, likely because of

the higher lateral packing of the phospholipid monolayers

at the high pressures. As noted earlier, only valuesof

4 mN/m, a value measured for adsorption of SP-A to the

clean air-water interface, signify enhanced adsorption of
o 0 SP-A to the monolayer-covered as compared to the mono-

[} 10 20 30 40 50 o] 10 20 30 40

Initial surface pressure, m ,mN/m |ayer'free Surface-

FIGURE 10: Percent dark (probe-excluding) area as a function of | he phase transition from the LE to LC state in single-
the surface pressure in monolayers of DPPC:PG (A) and DPPC component monolayers of DPPC had a similar activation
(B) spread on 145 mM NaCl, 5 mM Tris-HCI, and 5 mM CaCl  effect on the adsorption of SP-A to the preformed phospho-
(filled symbols). Error bars indicate mean SD for 10 images lipid films. Figure 10B compares the adsorption profile of

analyzed at each surface pressure. Hollow symbols represent th _ .
plots for surface pressure increase induced by adsorption ofSP-AeSP'A to monolayers of DPPCAz(m), with the plot of

to films of DPPC:PG (A) and DPPC (B) preformed on the same Percent dark phaser]. The onset of the phase transition
subphase at initial surface pressufeDashed line represents the and the presence of coexisting phases augmented the
value of surface pressure measured for adsorption of SP-A to thegdsorption of SP-A from the subphase to the spread mono-
monolayer-free surface. layers of DPPC as compared to the surface pressure measured
100 : : : : for adsor_ptio_n of_ SP-A to the clean aiwater interface
(dashed line in Figure 10B).

The 17 wt % of either SP-B or SP-C in the films of DPPC:
PG reduced the percent dark phase in the films25% at
m ~ 20—25 mN/m, the two proteins having similar effects
on a weight basis (Figure 11). This observation was
consistent with the previously observed perturbation of
packing and inhibition of condensed phase formation in
phospholipid monolayers by the two proteidg{46). The
values of percent dark phase in Figure 11 were determined
. as area of dark probe-excluding regions without discrimina-
tion for different domain shapes. Thereforeat 17—20
mN/m, the values for percent dark phase included the areas
of the circular probe-excluding, possibly gaseous, domains
that were different from the conventional LC phase. As
discussed already, the proportion of those domains was about
5% of the total monolayer area at= 5 mN/m.

0 10 20 30 40 50 The data in Figure 11 indicate that, in terms of relative
area of probe-excluding phase, SP-B and SP-C modified the

Ficure 11: Percent dark (probe-excluding) phase as a function of phzse prol\gl)ertletsh Olf the &hosfghot“pldf ggnglaygr;;nélmll?r:
the surface pressure for monolayers of DPPC:PG plus 17 wt % patierns. Nevertineless, the eliects o b an - onihe

SP-B orX, = 0.58 (1,@) and DPPC:PG plus 17 wt % SP-C Xr adsorption of SP-A to the preformed films were quite
= 0.56 (2,0). Error bars represent SD for 10 images analyzed  different when each hydrophobic protein was incorporated
at each surface pressure. The subphase was 145 mM NaCl, 5 mMnto phospholipid films in the LE/LC coexistence state
Tris-HCl, and 5 mM CaGl (Figure 6). It appeared that in the presence of calcium ions
in the subphase, the preformed monolayers of DPPC:PG plus
: . SP-C only marginally augmented the adsorption of SP-A at
fo.rmed atz &~ 0 mN/m. Direct comparisan Q&’.T(m) plots any of the initial surface pressures studied, even when there
with those Of. percent dayk phasie)(therefore, is based on was up to 25% probe-excluding LC phase in the monolayers
the assumption of physical equivalence of the monolayers (Figures 6 and 11). In the presence of SP-B in the DPPC:

Iﬁrmedfby the two dlfferer(;t_ metho?s. It haslbeen Sr;osvgggat PG monolayers, the adsorption of SP-A was elevated in a
€ surface pressufarea diagram for monolayers o characteristic manner (Figures 6 and 11).

obtained by dropwise application of material to the surface
differs at the high surface pressures from that obtained by piscussion
reduction of the surface are43). Incomplete incorporation
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that were attained by compression of the monolayers initially

of material in the films formed by addition of material at Incubation of SP-A with bilayers of DPPC:PG containing
constant surface area likely determined the differences SP-B, but not SP-C, in the presence of?Caroduced a
observed 43). lattice-like structure very similar to that of the native tubular

The diagram\s(sr;) for the DPPC:PG monolayers (Figure myelin (13, 14. Adsorption of SP-A to the lipid/hydrophobic
6) was replotted and compared with data for percent dark protein bilayers likely represents a step in the process of
phase for the same system in Figure 10A. The appearanceeorganization of the lipid structure by SP-A. Adsorption of
of the LC phase at > 5 mN/m augmented the adsorption SP-A to “preformed” lipid-protein films may play an
of SP-A to the DPPC:PG films, anflr increased propor-  important role upon administration of therapeutic lipid
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surfactant that contains SP-B and SP-C. In the present studythe charge density of SP-A, an acidic protein ofip the
we have used monolayer models to examine the interactionsrange of 4.8-5.2 ), and thus modify its polar interactions
of SP-A, adsorbing from the subphase, with preformed with the preformed monolayers. Therefore, the cations might
monolayers of DPPC:PG alone or supplemented with SP-B have weakened the interactions of SP-A with the monolayers
or SP-C. The property of SP-A to adsorb and produce of the positively charged proteins, SP-B, SP-C, melittin, and
additional increases in surface pressure in preexisting lipid cytochromec, through neutralization of the anionic sites of
and lipid—protein monolayers was studied in a broad range SP-A. Since calcium ions also suppressed the adsorption of
of surface pressures between 2.5 and 45 mN/m (Figure 6).SP-A to the monolayers of the neutral gramicidin and the
This range of surface pressures includes the physiologically zwitterionic DPPC, it is possible that, through their effects
relevant surface tension 630 mN/m measured at total lung  on the conformation and aggregation of SP-A, the cations
capacity 47). It also includes surface pressures at which a attenuated the hydrophobic component of interactions of the
correspondence between monolayer and bilayer lipid statesprotein with the preformed monolayers.
has been proposed, from~ 20 (48) to 50 mN/m @9). The phase state of the preformed monolayers affected the
Measurements were performed at22 °C with ambient adsorption of SP-A to the monolayer-covered interfaces. In
water vapor pressure. Although the temperature in the lungsthe presence of calcium in the subphase, films of DPPC:PG
is much higher, it is still lower than the transition temperature plus SP-B or SP-C in the LE statai (= 5 mN/m) did not
from gel to liquid crystalline state for DPPT (= 41 °C), augment the adsorption of SP-A; the surface pressure change
which is the most considerable component of pulmonary induced by the adsorption of SP-A to these films was
surfactant. At 37°C, DPPC still undergoes the LE to LC comparable to the value measured for adsorption of SP-A
phase transitionsQ, 51). DPPC:PG (8:2, mol/mol) is in the  to the monolayer-free surface. An increase in the surface
transition region between the gel and the liquid crystalline pressure of the preformed monolayers, which was
phase in the range between 23 and 38 (52), and accompanied by a phase transition from the LE to the LC
differential scanning calorimetry of native rabbit surfactant, state, enhanced the adsorption of SP-A to the preformed films
which contains all surfactant lipids and proteins, has shown as compared to its adsorption to the clean surface in patterns
a broad melting curve with an onset temperature of about characteristic of the different monolayers (Figure 6). Com-
10 °C and a completion temperature of about 45 (53). parison of the plots of percent dark phase) (n the
Temperature and humidity did not affect the values of the monolayers andx (;;) produced by adsorption of SP-A to
equilibrium surface tension measured for adsorbed films from these films revealed that the appearance of LC phase
dog surfactant34). These results implicate that while there augmented the adsorption of SP-A (Figure 10). This obser-
may be some quantitative differences between measures ofation is consistent with a preferential accommodation of
the interactions of SP-A with the lipid or lipielprotein films the C&t-aggregated SP-A at the line boundary between the
at 22-24 and 37°C, the major qualitative factors defining LE and the LC phases. Such a preferential binding of proteins
their properties are likely to be the same at the two to the coexistence region in phospholipid monolayers have
temperatures. been observed experimentally for SP25)( and discussed
SP-A exhibited an intrinsic tendency to adsorb to the clean theoretically 66). A positive correlation between the percent
air—water interface from solutions containing physiological dark (LC) phase in the preformed monolayers of DPPC and
salt concentrations (Figure 1). In the absence of calcium in DPPC:PG and the change of surface pressure produced by
the subphase, monolayers of DPPC:PG alone preformed atdsorption of SP-A to these films was observed up to about
surface pressures associated with the LE state 6 mN/ 12—15 mN/m (Figure 10). Atz > 15 mN/m, other factors,
m) only marginally enhanced the adsorption of SP-A above such as high lipid packing densities and larger areas occupied
that to the monolayer-free surface, whereas the addition ofby LC films, likely hindered the penetration of SP-A in the
either SP-B or SP-C to the lipid films considerably aug- preformed monolayers and hence reversely affected the
mented the adsorption of SP-A as compared to the cleanvalues ofAz produced by the adsorption of SP-A.
air—water interface (Figure 2); maximal increase of surface  We observed an intriguing result that the ability of SP-B
pressure was measured for SP-A adsorbing to the monolayerand SP-C to enhance the adsorption of SP-A to figitbtein
of SP-B or SP-C alone (Figure 3). This result implied a films varied with the lipid environment. The two proteins
potential role for proteirrprotein interactions in the process similarly augmented SP-A adsorption when they formed pure
of insertion of SP-A into the lipid films containing hydro-  protein monolayers or when they were included into DPPC:
phobic surfactant protein. Adsorption of SP-A to monolayers PG films in the LE state (Figure 5). However, when present
of melittin, a basic protein with an estimated hydrophobicity in the monolayers of DPPC:PG in the LE/LC coexistence
not very different from those of SP-B and SP-C, produced region, SP-B and SP-C exhibited different abilities to enhance
Az values similar to those measured for SP-B and SP-C the adsorption of SP-A (Figure 6). The monolayers of SP-
(Figure 3). This result implied that nonspecific interactions B/(DPPC:PG) and SP-C/(DPPC:PG) had similar phase
might have determined the association of SP-A with the pure properties in terms of percent dark phase (Figure 11) and
protein monolayers of SP-B or SP-C. number and size of LC domains (data not shown). Therefore,
Adding calcium ions to the subphase (145 mM NaCl; 5 effects of different areas and peripheral perimeters of LC
mM Tris-HCI) did not affect the adsorption of SP-A to a domains on the adsorption of SP-A into the two monolayer
clean interface (Figure 4), but it reduced the adsorption of systems could be excluded. Likewise, different distributions
SP-A to all monolayers studied (compare Figure 5 with of SP-B and SP-C in the lipid monolayer phases could not
Figures 2 and 3). Calcium ions induce self-association of account for their abilities to interact differently with SP-A
the intact SP-A%, 32 and a conformational change in the inthe subphase, since epifluorescence microscopy has shown
C-terminal fragment of the proteis); They may also reduce that fluorescently labeled SP-B and SP-C occupy the LE
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phase of monolayers of DPP@6) and DPPC:PG (unpub-  neutralization. In the monolayer model, €awas not
lished observations). Therefore, differences in the abilities required for the intimate interactions of SP-A with a single
of the monolayers of SP-B/(DPPC:PG) and SP-C/(DPPC: lipid or lipid—protein monolayer, an observation that is
PG) to incorporate SP-A could not be related to their consistent with findings of calcium-independent binding of
mesoscopic properties. SP-A to phospholipid bilayer$0—62). In other studies, the

On a molecular level, there are a few factors that should divalent cations were prerequisite for the SP-A-induced
be considered when comparing the binary interactions of aggregation of phospholipid vesicle$ (L1) and the forma-
SP-A with SP-B or SP-C with the ternary SP-A/SP-B (or tion of tubular myelin in vitro {3, 19. In the latter studies,
SP-C)/lipid interactions. Potential electrostatic interactions in addition to a potential role in altering the interactions of
of the acidic SP-A with the basic SP-B or SP-C incorporated SP-A with phospholipid bilayers, the divalent ions were
into the films of DPPC:PG could be affected by the net likely necessary to modify the charge and hydration states
charge of the films containing the negatively charged PG. of apposed monolayers from adjacent bilayers, which were
An estimation showed that SP-B and SP-C, which have required to come in close proximity for the bilayer properties
similar net positive charge per amino acid residue, brought examined. Interestingly, SP-A did not dissociate from
equal positive charge to the monolayers of DPPC:PG. converted (collapsed) tubular myelin in response to calcium
Therefore, the ratios between the protein (SP-B or SP-C) chelation 63), a finding supporting the idea that €ds not
positive and the PG negative charges were similar for the required for the SP-Alipid interactions during assembly of
two protein-lipid monolayers. tubular myelin.

Since differences were observed in the adsorption profiles In conclusion, the monolayer measurements showed lack
of SP-A to SP-B or SP-C only when the latter were of specificity in the binary interactions of SP-A with SP-B
incorporated into the lipid monolayers in the LE/LC state or SP-C. Specificity in interactions of SP-A with SP-B was
(Figure 6), an assumption could be made that the binary SP-only seen when lipids were present, and SP-A could not be
A/SP-B or SP-A/SP-C interactions were influenced by substituted for by concanavalin A in the specific ternary SP-
putative lipid-induced alterations in the protein conforma- A—SP-B-lipid interactions (unpublished observations). Spe-
tions. SP-B and SP-C have been shown by circular dichroismcific ternary, or higher order, lipidprotein interactions in
(57) and external reflection absorption infrared spectroscopy the presence of calcium ions may all participate in the
(58) to have stable structures in lipid monolayers, whereas assembly of tubular myelin in vivo. The relative importance
adsorption of SP-A to monolayers of DPPC caused the of the various components in these interactions needs to be

formation of extensive protein fibrous networks, a likely further elucidated.

result of lipid-promoted SP-ASP-A interactions H9).

Binding of SP-A to lipid vesicles in the gel state caused REFERENCES

conformational changes in the protein molecule that affected
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