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ABSTRACT Epifluorescence microscopy combined with a surface balance was used to study monolayers of dipalmi-
toylphosphatidylcholine (DPPC)/egg phosphatidylglycerol (PG) (8:2, mol/mol) plus 17 wt % SP-B or SP-C spread on
subphases containing SP-A in the presence or absence of 5 mM Ca®". Independently of the presence of Ca®" in the
subphase, SP-A at a bulk concentration of 0.68 wg/ml adsorbed into the spread monolayers and caused an increase in the
molecular areas in the films. Films of DPPC/PG formed on SP-A solutions showed a pressure-dependent coexistence of
liquid-condensed (LC) and liquid-expanded (LE) phases. Apart from these surface phases, a probe-excluding phase, likely
enriched in SP-A, was seen in the films between 7 mN/m = 7 = 20 mN/m. In monolayers of SP-B/(DPPC/PG) spread on SP-A,
regardless of the presence of calcium ions, large clusters of a probe-excluding phase, different from probe-excluding lipid LC
phase, appeared and segregated from the LE phase at near-zero surface pressures and coexisted with the conventional LE
and LC phases up to ~35 mN/m. Varying the levels of either SP-A or SP-B in films of SP-B/SP-A/(DPPC/PG) revealed that
the formation of the probe-excluding clusters distinctive for the quaternary films was influenced by the two proteins.
Concanavalin A in the subphase could not replace SP-A in its ability to modulate the textures of films of SP-B/(DPPC/PG).
In films of SP-C/SP-A/(DPPC/PG), in the absence of calcium, regions consisting of a probe-excluding phase, likely enriched
in SP-A, were detected at surface pressures between 2 mN/m and 20 mN/m in addition to the lipid LE and LC phases. Ca?*
in the subphase appeared to disperse this phase into tiny probe-excluding particles, likely comprising Ca®*-aggregated
SP-A. Despite their strikingly different morphologies, the films of DPPC/PG that contained combinations of SP-B/SP-A or
SP-C/SP-A displayed similar distributions of LC and LE phases with LC regions occupying a maximum of 20% of the total
monolayer area. Combining SP-A and SP-B reorganized the morphology of monolayers composed of DPPC and PG in a
Ca®*-independent manner that led to the formation of a separate potentially protein-rich phase in the films.

INTRODUCTION

Pulmonary surfactant is a surface-active material composechrbohydrates and calcium (Haagsman et al., 1987, 1990).
of phospholipids {-90%) and proteins+£5-10%) that lines  Subunits of SP-A form trimers that associate into an octa-
the alveolar epithelium and contributes to the structuradecamer with a molecular mass ©f700 kDa (King et al.,
stability of the alveolus during respiration (Von Neergaard,1989). SP-B is a homo-dimer of disulfide-linked 79-residue
1929). This function is accomplished via the surface tensionmonomersmr = 17.4 kDa) which contains regions of amphi-
reducing properties of the lipid-protein layer at the air-waterpathic a-helix and has a net charge 6f12 (Curstedt et al.,
interface in the alveoli (Clements et al., 1961). Surfactanyggg). SP-C is a 35-amino acid residue protein that contains
protein A (SP-A) is the major pulmonary surfactant-associategyq thioester-linked palmitoyl groups giving a total molecular
protein by mass (King and Clements, 1972). Itis a hydrophilic4cs of 4.2 kDa. It has a 23-residue C-terminghelical
glycoprotein with monomeric molecular mass of 28—-36 kD ortion and also has a net charge 68 associated with
and an isoelectric point ranging from 4.8 to 5.2 (Sueishi ana‘residues near its N-terminal region (Curstedt et al., 1990).

Benson, 1981). SP-A is characterized by a collagen-iike Ngp gy op ¢ 4re hydrophobic proteins soluble in organic
terminal domain and variable glycosylation of the C-terminal

. L . solvents.
region (Hawgood et al., 1985). The latter has binding sites for Pulmonary surfactant, as isolated by centrifugation from
endobronchial lavage fluid, is composed of several different
Received for publication 17 December 1999 and in final form 12 Junemorphological forms including tubular myelin, lamellar
2000. bodies, and large and small aggregates (Benson et al., 1984;
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E-mail: kkeough@morgan.ucs.mun.ca. transformed into tubular myelin that is thought to represent
Abbreviations used:DPPC, 1,2-dipalmitoysn-glycerophosphocholine; @ reservoir for the surface layer at the air-alveolar interface
con A, concanavalin A; EDTA, ethylenediaminetetraacetic acid; HEPES(Gil and Reiss, 1973; Sen et al., 1988). SP-A has been
N-[2-hydroxyethyl]piperaziné’-[2-ethanesulfonic acid]; NBD-PC, 1-palmi- localized immunocytochemically in the tubular myelin
toyl-2-[12-[(7-itro-2—1,3-benzoxadiaz@l-yl)amino]dodecanoylkn-glyc- structure (Walker et al 1986) and it is required together
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SP-A and SP-B have been shown to have cooperativelectrophoresis (16% gels) under non-reducing conditions, SP-B showed a
calcium-dependent effects on some properties of surfactasftaior band at~18 kDa and a minor one at29 kDa, whereas SP-C
phOSphOlipidS. They enhanced the surface activity of phosghowed a single _band at5 kDa. SP-B and SP-C were stored in chloro-

. . . form/methanol (1:1, v/v).
pholipid mixtures (Hawgood et al., 1987), improved the
resistance of pulmonary surfactant to inhibition by blood
and plasma proteins (Venkitaraman et al., 1990), and pro- .
moted phospholipid membrane fusion (Poulain et al., 1992{\nalyt|cal methods
1996). These studies have suggested that interactions beencentrations of SP-A, SP-B, and SP-C were estimated by the fluores-
tween SP-A and SP-B have a role in the structural organicamine method using bovine serum albumin as a standard (Udenfriend
zation and biophysical activity of pu|m0nary surfactant. et al., 1972). The concentration of SP-A was also determined from the

This studv includes mixtures of phospholipids and rO_absorbance of its solutions at 277 nm using an extinction coefficient
y P P P PrO-getermined by amino acid analysis of porcine SP-A. Quantitative amino

teins with particular ratios relevant to those used in reconzcig analysis (Sarin et al., 1990) was used to verify the concentrations of
stitution of tubular myelin in vitro (Suzuki et al., 1989; SP-B and SP-C because the fluorescamine assay sometimes overestimated
Williams et al., 1991). We have used monolayer models tghe concentrations of SP-C, possibly due to the presence of minor quanti-
study interactions of SP-A with DPPC/PG containing SP_Bties of phospholipids containing primary amino groups, and because of

. . . ..compositional differences resulting in different fluorescamine reactivity
or SP-C in the presence or absence of calcium. DPPC s t tween SP-C and albumin. Solutions of con A were prepared in 5 mM

major phospholipid £40% of the total phospholipid) and HepEs (pH 6.9) by weighing. Concentrations of DPPC, PG, and NBD-PC,
PG is the major acidic phospholipid (up to 12% of the totaldissolved in chloroform, were determined by measuring the phospholipid

phospholipid) in pulmonary surfactant (Yu et al., 1983).phosphorus (Bartlett, 1959; Keough and Kariel, 1987). Water used in all

Epifluorescence microscopic examination of the “pid_pro_experiments and analytical procedures was deionized and doubly distilled
in glass, the second distillation being from dilute potassium permanganate

tein monolayers provides evidence for association of SP_'déqution
and SP-B, and segregation of a protein-rich phase in the
phospholipid films containing the combination of SP-A/
SP-B. A similar SP-A/SP-B-separated phase may play a rol
in the assembly of tubular myelin in vitro and in vivo and
could have an impact on film dynamics at the alveolarEpifluorescence microscopy and surface pressure-area measurements were
surface. performed on a surface balance whose construction and operation have
been described previously (Nag et al., 1990, 1991). The trough design,
however, has been modified and now it has a continuous Teflon ribbon-
barrier that prevents leakage of monolayer material. The lipids, DPPC and
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. Monolayers
were formed by spreading the mixtures of DPPC/PG (8:2, mol/mol) con-
DPPC, Tris-HCI, and EDTA were purchased from Sigma Chemical Co.taining SP-B or SP-C on subphases of 145 mM NacCl, 5 mM Tris-HG,
(St. Louis, MO). NBD-PC and PG were obtained from Avanti Polar Lipids MM CaCl, (pH 6.9) in the presence or absence of SP-A in the subphase.
Inc. (Alabaster, AL), and sodium chloride, calcium chloride, reagent gradeTris buffer was used rather than phosphate or carbonate buffers because it
from Fisher Scientific Co. (Ottawa, ON, Canada). DPPC and PG showedloes not precipitate €& salts. In experiments performed on SP-A-con-
single bands on thin-layer chromatography on silica gel with a solventtaining subphases, the surface of the protein solution in the Langmuir
system of chloroform-methanol-water (65:25:4 by volume) and were usedrough was swept clean by passing the barrier, and the lipid or lipid/SP-B
without further purification. Concanavalin A-lissamine rhodamine B was or SP-C mixtures were spread on the newly formed surface. The initial
obtained from Molecular Probes Inc. (Eugene, OR). spreading surface pressure wa® mN/m. After spreading, 60 min was
allowed for adsorption of SP-A and equilibration of the monolayers;
surface pressures of the films did not chamge mN/m during this period.
Protein isolation Films were compressed in 30 steps at a rate of 2F/siand isotherms of
surface pressurenf versus monolayer area were recorded. At selected
Pig lungs were lavaged with 0.15 M NaCl and the lavage was centrifugedurface pressures monolayers were observer @fjective lens) through
at 800 g for 10 min. The supernatant was centrifuged at 760§ for the fluorescence of NBD-PC, which partitions preferentially into the phos-
60 min. The pellet was used for isolation of either SP-A or SP-B and SP-Cpholipid fluid (LE) phase. Each experiment, performed at 22—-24°C, took
SP-A was purified from the surfactant pellet by extraction with 1-butanol ~3 h. Usually 10 images at each surface pressure were analyzed with video
(Haagsman et al., 1987; Taneva et al., 1995). SDS-polyacrylamide gednalysis software (Jandel Scientific, Corte Madera, CA). The relative
electrophoresis (12% gel) was performed on samples of SP-A solutionamount of probe-excluding liquid-condensed phase (% dark phase) was
according to the method of Laemmli (1970) followed by staining with determined and plotted as a function of the surface pressure (Nag et al.,
Coomassie Blue. Under reducing conditions (Bd%mercaptoethanol in the  1991).
sample buffer) a major band at36 kDa and a minor band at28 kDa The monolayer area was determined as mean area per “reskjye,,
were observed. where a “residue” denotes one amino acid residue of hydrophobic protein
SP-B and SP-C were prepared from the surfactant pellet independentl{§P-B or SP-C) or one lipid molecule (DPPC and P@){,,= trough
of the SP-A preparation as described previously (Curstedt et al., 1988area/l, + N,), where N, and N, denote the number of spread lipid
Taneva and Keough, 1995). SP-B and SP-C were separated from thmolecules and amino acid residues of SP-B or SP-C). The concentrations
surfactant lipids and each other by gel exclusion chromatography orof SP-B or SP-C in the spread lipid-protein monolayers were defined as
Sephadex LH-60 (2.5< 90 cm) using chloroform/methanol (1:1, v/v) weight percent of protein or “residue” fractioX,, of the protein amino
acidified with 2% by volume of 0.1 N HCI. On SDS-polyacrylamide gel acid residues calculated on the basis of molecules of lipids and amino acid

Epifluorescence microscopy

MATERIALS AND METHODS

Materials
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residues of protein spread initially in the monolayers (Taneva and Keoughappeared to be inserted into the films of DPPC/PG and

1994a). DPPC/PG plus SP-B (Fig.A) or SP-C (Fig. 1B) up torr =
40-45 mN/m, above which it apparently did not occupy

RESULTS area in the monolayer surface. Maximum surface pressures
of ~45 mN/m were achieved in the monolayers due to the

Spread monolayers of DPPC/PG P_'”_S SP-B or relatively low compression rates and the stepwise compres-

SP-C formed on subphases containing SP-A in sion used in this study.

2
the absence of Ca®* Typical images seen at selected surface pressures in the

Compression isotherms of surface pressure versus area fgtonolayers of DPPC/PG spread on subphases without or
monolayers of DPPC/PG and those of SP-B/(DPPC/PG) oWith SP-A are shown in Fig. 23 andB. At 7 = 5 mN/m
SP-C/(DPPC/PG) in the presendildd circles) and the monolayers of DPPC/PG formed on subphases without
absencedpen circle} of SP-A in the subphase (Fig. &  SP-A existed in the homogeneously fluorescent liquid-
and B) were obtained. Monolayer area was expressed agxpanded (LE) state (Fig. 2a). Black probe-excluding
mean area occupied by a lipid molecule or amino acigdomains of the liquid-condensed (LC) phase appeared at
residue of hydrophobic protein (SP-B or SP-C) and theresr =~ 6 mN/m and grew in size with increasing surface
fore the contribution of SP-A adsorbed into the spread filmsPressureqouble arrowheadm Fig. 2,Ab-d). The presence

to the monolayer area was not accounted for. In the whol®f SP-A in the subphase did not change the homogeneous
range of surface pressures between 0 adb mN/m the appearance of the films at the low pressures (Figa}
adsorption of SP-A to the spread films led to an increase iflowever, the nucleation of the LC phasemat= 7 mN/m

their molecular areas compared to the values measured fPPeared to enhance the adsorption of SP-A to the surface
the absence of SP-A (Fig. filled andopen symbo}s The  Since the formation of the condensed domains caused the
differenceAA occupied by a “residue” in the spread mono- @ppearance of a grayish probe-excluding phase (Figh)2
layers in the presence and absence of SP-A was determin&®l addition to the probe-excluding LC domaindo(ible

at selected surface pressures for the three monolayer sy8trowheadsn Fig. 2,Bb—d. The LC phase in phospholipid
tems in Fig. 1. The relative expansion in the area due to thélms promotes the adsorption of SP-A to the surface
SP-A inserted into the spread films showed a maximum ofRuano et al., 1998) and the appearance of the grayish phase
15-20% at~20 mN/m for the three systems, and this in the DPPC/PG films Spread on SP-A solutions, therefore,
observation implied that SP-A was inserted to a similarcould be correlated with adsorption and accumulation of
extent into the spread films of different compositions. BasedSP-A in the monolayer. The probe-excluding phase associ-
on the assumption that SP-A adsorbed into the spreadted with SP-A adsorbed to the surface was seen up~o
monolayers occupied an area equal to that taken in thé0 mN/m, whereas at higher pressures typical LC domains
spread films of SP-A alone (Taneva et al., 1995), we useddouble arrowhead# Fig. 2, Bc, d) were distributed amid

the areaAA to calculate the amount of SP-A incorporated & brightly fluorescent background similar to the appearance
into the films of DPPC/PG alone and DPPC/PG plus 17 wiof the films in the absence of SP-A (Fig. &¢, d).

% SP-B or SP-C spread on SP-A solutions at=€0.68 Images observed at selected surface pressures in films of
rg/ml. The estimation showed thatat= 20 mN/m each of DPPC/PG containing 17 wt % SP-B, spread on subphases

the above spread films containedl2 wt % SP-A. SP-A  Without or with SP-A, are shown in Fig. 2y andB. In the
absence of SP-A in the subphase, dark circular probe-
excluding domains were observed amid a fluorescent back-
ground in the protein-lipid films at low surface pressures
A B (small arrowheadsn Fig. 3 Aa). These structures seen in
17 ] the SP-B/(DPPC/PG) films at surface pressures where the
DPPG/PG films alone exist in the homogeneous LE state
(Fig. 2 Aa) coexisted with the LE and LC phases up+@0
1T 1 mN/m, where they were no longer detected. These protein-
induced domains of circular shapes likely represented a
form of a two-dimensional gas phase entrapped in the films
O o7 0T o o 200 vr o compressed to surface pressures above the transition from
Mean area par "residus”, nm’/"residue gaseous to liquid expanded state.7At= 7—8 mN/m probe-
excluding domains of irregular shapes, likely conventional
FIGURE 1 Isotherms of surface pressure versus mean area per “residu¢’C phase, appeared and grew larger with a further increase
for spread monolayers oAf DPPC/PG (8:2, mol/mol) (1), DPPC/PG plus i gyrface pressura@uble arrowsin Fig. 3, Ab, c).

17 wt % SP-B X, = 0.58) (2), 8) DPPC/PG plus 17 wt % SP-C{( = I
0.56). Each monolayer contained 1 mol % (based on phospholipid content) Surface textures of SP-B/(DPPC/PG) monolayers signif-

of NBD-PC. The subphase was 145 mM NaCl, 5 mM Tris-HCI, 2 mm icantly changed when SP-A was in the subphase (Fig). 3
EDTA without (O) or with (@) 0.68 ug/ml SP-A (pH 6.9). Large grayish clusters of the probe-excluding phdaeyé

20 |

Surface preasurs, m, mN/m
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FIGURE 2 Epifluorescence micrographs of monolayers of DPPC/PG (8:2, mol/mol) at selected surface pressuresd, mdlsmN/m @), 20 mN/m
(c), and 35 mN/m @). The subphase was 145 mM NaCl, 5 mM Tris-HCI (pH 6.9) plus 2 mM EDAA plus 2 mM EDTA and 0.68.g9/ml SP-A B);
plus 5 mM CaCJ and 0.68ug/ml SP-A C). Double arrowheads indicate LC domains.

Biophysical Journal 79(4) 2010-2023



2014 Taneva and Keough

FIGURE 3 Epifluorescence micrographs of monolayers of DPPC/PG (8:2, mol/mol) plus 17 wt % §P=B0(58) at a surface pressure of 5 mN/m

(a), 10 mN/m p), 20 mN/m ¢€), and 35 mN/m @). The subphase was 145 mM NacCl, 5 mM Tris-HCI (pH 6.9) plus 2 mM EDAA plus 2 mM EDTA

and 0.68ug/ml SP-A B); plus 5 mM CaC} and 0.68ug/ml SP-A C). Small arrowheads indicate gaseous phase, double arrowheads LC domains, and
large arrowheads SP-B/SP-A-rich phase segregated from lipid phases.

Biophysical Journal 79(4) 2010-2023
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arrowheadsin Fig. 3 Ba), which occupied 52%+ 32%  along with the above components, which reside in the LE
(meanz* SD, 10 images analyzed) from the total monolayerphase and leave the surfacezaB0 mN/m, some phospho-
surface atm = 2.5 mN/m, coexisted with the LE phase at lipid from the edges of the LC domains was removed and
low surface pressures. Small black circular domains, similathis may account for the decrease in the relative proportions
to those seen in the SP-B/(DPPC/PG) films in the absencef the LC phase at these pressures (Fig. 5). The loss of edge
of SP-A mall arrowheadsn Fig. 3 Aa), were dispersed tension-reducing components (i.e., the proteins) might also
within this grayish phase. Note that at these low surfacéave changed the line tension at the liquid condensed liquid
pressures the probe-excluding conventional lipid LC phasexpanded phase boundary (Heckl et al., 1989).
does not usually exist. Atr = 8 mN/m another kind of The similarity between the plots of percent dark phase
black probe-excluding domains (likely LC phase) nucleated ) for the two lipid/protein films ¢urves 2and3 in Fig. 5)
and grew with surface pressure in the fluorescent LE phaseevealed that the difference observed in the microscopic
both outside and within the clusterdquble arrowheads organization of the films of SP-B/SP-A/(DPPC/PG) (Fig. 3
in Fig. 3,Bb, ¢). The large probe-excluding clusters were B) and SP-C/SP-A/(DPPC/PG) (Fig.B} was not reflected
faint but still discernible at the highest surface pressuresn their phase properties determined as a relative proportion
measured in the films~£40 mN/m) (arge arrowheadsn of LC phase at a given surface pressure. However, analysis
Fig. 3 Bd). of the number and size of LC domains per framerat 20
Monolayers of SP-C/(DPPC/PG) spread on subphasesiN/m revealed that fewer LC domains of larger size were
without SP-A (Fig. 4A) showed surface textures similar to formed in the films of SP-B/SP-A/(DPPC/PGJduble ar-
those seen in the films of SP-B/(DPPC/PG) spread omowheadsin Fig. 3 Bc) compared to the monolayers of
SP-A-free subphases (FigA3. Dark circular probe-exclud- SP-C/SP-A/(DPPC/PGY6uble arrowheadsn Fig. 4 Bo)
ing domains were seen at the low surface presssmsl{ (data not shown).
arrowheadsn Fig. 4 Aa) and persisted up te =~ 20 mN/m. Because the property of proteins to inhibit condensed
New probe-excluding domains, likely LC phase, nucleatecdomain growth and to favor the production of a larger
atm = 7-8 mN/m and grew in size with increasing surfacenumber of smaller domains at the expense of a small num-
pressuredouble arrowhead# Fig. 4, Ab, c). In the pres-  ber of big domains is concentration-dependent (Heckl et al.,
ence of SP-A in the subphase, at low surface pressures ti®89; Peez-Gil et al., 1992; Nag et al., 1997), the latter
grayish probe-excluding phase was present in the films obbservation would be consistent with an effectively lower
SP-C/(DPPC/PG) (Fig. Ba, b) within which dark circular  concentration of total protein intermixed with the lipid in
probe-excluding domainsafrowheadsin Fig. 4 Ba) were  the films of SP-B/SP-A/(DPPC/PG) compared to those of
seen. With increasing surface pressure the area occupied IBP-C/SP-A/(DPPC/PG). As was discussed a 20 mN/m
this grayish phase diminished and was gradually replacedach of the films of SP-B/(DPPC/PG) and SP-C/(DPPC/PG)
by a homogeneously fluorescent background, amid whiclspread on SP-A contained12 wt % SP-A and, therefore,
LC domains were distributedi¢uble arrowheadi Fig. 4  the differences in the size and number of LC domains seen
Bb—d. Remnants of the grayish phase were still seen ain the films of SP-B/SP-A/(DPPC/PG) and SP-C/SP-A/
 ~ 20 mN/m (Fig. 4Bc). (DPPC/PG) were not related to different amounts of SP-A
Fig. 5 shows the relative area of the probe-excluding LCadsorbed in the films.
phase plotted as a function of surface pressure for films of The films of SP-B/SP-A/(DPPC/PG) and SP-C/SP-A/
DPPC/PG alone ciurve 9 or supplemented with SP-B (DPPC/PG) contained equal weight (though not molar
(curve 2 or SP-C ¢urve 3 spread on subphases containingamounts) of each hydrophobic protein, and in the absence of
SP-A. Note that the area of the large probe-excluding clusSP-A in the subphase, the phase distribution in the films of
ters seen in the films of SP-B/(DPPC/PG) spread on SP-DPPC/PG plus either 17 wt % SP-B or SP-C showed the
(large arrowheadsin Fig. 3 B) was not included in the occurrence of a similar number of LC domains of compa-
values of percent dark phase. In the films of DPPC/PGable sizes (data not shown). Therefore, the observation that
spread on SP-A maximal condensation 680% was in the presence of SP-A fewer domains of larger size were
reached atr ~ 30 mN/m. Relative areas of probe-excluding seen in the films of SP-B/(DPPC/PG) compared to the films
LC domains @ouble arrowheadén Figs. 3B and 4B) of  of SP-C/(DPPC/PG) could be explained by a strong asso-
~20% atm =~ 25 mN/m were determined both for the films ciation of SP-A with SP-B in the SP-B/(DPPC/PG) films,
of DPPC/PG containing SP-B/SP-Aurve 9 and SP-C/ which might have caused the segregation of a SP-A/SP-B
SP-A (curve 3. The tendency of percent dark (LC) phase tofrom the lipid, and hence produced a protein-depleted lipid
decrease with surface pressuremat>- 30 mN/m could be phase that was effectively less perturbed by the proteins
related to a number of processes concurring at surfaceompared to the lipid in the SP-C/SP-A/(DPPC/PG) films.
pressures=30 mN/m: 1) partial desorption of SP-A from SP-C and SP-A were likely more uniformly distributed in
the surface (Taneva et al., 1995); 2) onset of squeeze-out diie lipid LE phase in the latter films. Such a mechanism of
SP-B or SP-C (Taneva and Keough, 1995); 3) onset oSP-A/SP-B interactions may also accommodate the obser-
squeeze-out of PG (Boonman et al., 1987). It is likely thatvation of the large probe-excluding aggregates in the lipid

Biophysical Journal 79(4) 2010-2023
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FIGURE 4 Epifluorescence micrographs of monolayers of DPPC/PG (8:2, mol/mol) plus 17 wt % §P=00(56) at a surface pressure of 5 mN/m
(a), 10 mN/m p), 20 mN/m ¢€), and 35 mN/m @). The subphase was 145 mM NaCl, 5 mM Tris-HCI (pH 6.9) plus 2 mM EDARA plus 2 mM EDTA
and 0.68ug/ml (B); plus 5 mM CaCJ and 0.68ug/ml SP-A C). Single arrowheads indicate gaseous phase and double arrowheads indicate LC domains.
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20 E FIGURE 6 Surface pressure as a function of mean area per “residue” for
monolayers of ) DPPC/PG (8:2, mol/mol) (1) and DPPC/PG plus 17 wt
% SP-B K, = 0.58) (2); B) DPPC/PG plus 17 wt % SP-&X(= 0.56).
0 - Each monolayer contained 1 mol % (based on phospholipid content) of
0 10 20 30 40 S0 NBD-PC. Subphase was 145 mM NaCl, 5 mM Tris-HCI, 5 mM Ca@H

Surface pressure, 7, mN/m 6.9) without O) or with (@) 0.68 ug/ml SP-A. Isotherm for films of
DPPC/PG plus 17 wt % SP-B spread on 145 mM NaCl, 5 mM Tris-HCI,

FIGURE 5 Area occupied by LC regions (% dark phase) as a function of5s mM CaC}, and 0.68ug/ml con A @).

surface pressure in monolayers of DPPC/PG (1), DPPC/PG plus 17 wt %

SP-B (2), or SP-C (3) spread on subphases of 145 mM NaCl, 5 mM

Tris-HCI, 2 mM EDTA, and 0.6§.g/ml SP-A (pH 6.9). Error bars indicate

mean= SD for 10 images analyzed at each surface pressure. Percent daiSPPC/PG ¢urve 1 Fig. 6A) and DPPC/PG plus 17 wt %

phas_e d(_)es not include the area ocgupigd by the probe-excluding, likelgp_g curve 2 Fig. 6 A) or SP-C (Fig. 6B) spread on
protein-rich, clustersigrge amrowheadsn Fig. 3B). calcium-containing subphases in the absenpef( circle}
or presencefilled circles) of SP-A. Each of the pairs of
isotherms {SP-A) measured in the presence of calcium in

films containing SP-B/SP-Al¢rge arrowheadsn Fig. 3B)  the subphase (Fig. 6) was shifted toward lower areas com-
compared to the relatively uniform surface textures of thepared to the respective pair obtained in the absence of
films containing SP-C/SP-A (Fig. B). calcium (Fig. 1); the effect being more pronounced for the

In summary, SP-A appeared to insert and produce similafilms of DPPC/PG without hydrophobic protein. This ob-
increases in monolayer areas of films of DPPC/PG alone oservation was consistent with the ability of the divalent ions
supplemented with SP-B or SP-C (Fig. 1). Adsorption ofto bind phosphatidylglycerol headgroups and to increase the
SP-A to the lipid or lipid-protein films caused the appear-molecular packing in monolayers containing the negatively
ance of a probe-excluding phase different from the conveneharged phospholipid (El Mashak et al., 1982). In the pres-
tional lipid probe-excluding LC phase (FigsB23 B, and  ence of SP-Afflled circles) the nominal area per “residue”
4 B). The films of SP-B/SP-A/(DPPC/PG) and SP-C/SP-A/was greater than in the absence of SPepgn circle$. This
(DPPC/PG) had similar phase properties in terms of percerdccurs in both the presence and absence of calcium.
dark (LC) phase but displayed different morphologies. Pref- Images seen at selected surface pressures in the films of
erential interactions of SP-A with SP-B and a separation oDPPC/PG spread on SP-A solutions in the presence of Ca
a SP-B/SP-A phase may account for the formation of an the subphase are shown in FigC2Small probe-exclud-
distinct probe-excluding phase in the lipid films containinging particles separated from the LE phase at low surface
SP-B/SP-A large arrowheadsn Fig. 4 B). pressures (Fig. Za). At similar surface pressures mono-
layers of DPPC/PG were homogeneous when spread on
SP-A-free subphases containing 5 mM *Ca(data not
shown) or on solutions of SP-A without &a(Fig. 2 Ba).
Because calcium ions at mM levels induce self-aggregation
and alter the quaternary structure of SP-A (Haagsman et al.,
The experiments were performed in the presence of 5 mM990; Ruano et al., 1996; Palaniyar et al., 1998), it could be
CacCl, in the subphase. A threshold concentration of 0.5 mMassumed that the probe-excluding particles seen at low
Ca* has been reported to induce self-association of porcinpressures in the films of DPPC/PG spread on SP-A were
SP-A, whereas at 1.6 mM €%, a level of calcium ions likely Ca®"-induced aggregates of SP-A adsorbed and
reported for the alveolar subphase of adult rabbit lungdikely inserted in the lipid monolayer. At ~ 7 mN/m new
(Nielson, 1984), SP-A was only partially aggregated; theprobe-excluding domains, likely comprising phospholipid
process of self-aggregation of SP-A was completed-at in the LC phase, appeared and grew with increasing surface
mM C&" (Ruano et al., 1996). pressuredouble arrowheadm Fig. 2,Cb, 9. Interestingly,

Fig. 6 shows compression isotherms for monolayers othe protein aggregates cross-linked the lipid LC domains

Influence of calcium ions on surface textures of
monolayers of DPPC/PG plus SP-B or SP-C
spread on subphases containing SP-A
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and formed SP-A-lipid complexes. At = 25 mN/m the 100

probe-excluding, likely comprising SP-A, particles that in-

terconnected the LC domains started to lose intensity (Fig.

2 Cd). 80 | .
Fig. 3 C shows micrographs of monolayers of SP-B/

4
(DPPC/PG) spread on subphases of SP-A plus calcium. The o 60 L )
features of the films were similar to those seen in their r
counterparts at corresponding surface pressures in the ab-
sence of C&" (Fig. 3B), a result indicating that potential S 40 i
SP-B/SP-A interactions causing the segregation of a protein- a

[

rich phase were apparently calcium-independent. The large
clusters of probe-excluding phadarge arrowheadsn Fig. 3,
Ca—d), which appeared at low surface pressures and occupied
47% *+ 18% of the total monolayer surfacerat= 2.5 mN/m,
persisted to the highest surface pressures measured in the films 0 10 20 30 40 50
(~40 mN/m). Surface pressure, ™, mN/m

Contrary to this observation, the surface textures seen in
the films of SP-C/(DPPC/PG) spread on SP-A solutionsTIGURE 7 Percent dark phase as a function of surface pressure in
were affected by e} (compare Fig. 4B and C). In the monolayers of DPPC/PG (1), DPPC/PG plus 17 wt % SP-B (2), or SP-C

fCd at | f ircul b (3) spread on subphases of 145 mM NaCl, 5 mM Tris-HCI, 5 mM gacCl
presence o » at Iow surface pressures circular probe- and 0.68ug/ml SP-A (pH 6.9). Error bars indicate mean SD for 10

excluding domains, “kely representing a prOtein_'StabilizeF*mages analyzed at each surface pressure. Percent dark phase does not
gaseous phase trapped in the LE phase, were dispersed indlude the area occupied by the probe-excluding, likely protein-rich,

a fluorescent backgroundrpall arrowheadsn Fig. 4 Ca).  clusters farge arrowheadsn Fig. 3 C).
LC probe-excluding domains of irregular shapes appeared
at m ~ 8 mN/m and grew with increasing surface pressurecondensation in phospholipid mixtures containing DPPG
(double arrowheadsn Fig. 4, Cb, c). These observations has been reported previously (Nag et al., 1994). A tendency
indicated that the films of SP-C/(DPPC/PG) spread on subef C&" to increase the area covered by the LC phase was
phases containing SP-A plus €adid not show any spe- also seen in the films of DPPC/PG that contained SP-B/
cific surface organization; they were characterized withSP-A or SP-C/SP-A (compamirves 2and 3 in Fig. 7 to
surface phases similar to those seen in the films formed oourves 2and3 in Fig. 5); the changes in percent dark phase
SP-A-free subphases (Fig”A}. However, in the eyepiece of induced by calcium ions in the latter cases, however, were
the microscope the LE phase in the films of SP-C/(DPPChkmall and within the variabilities of determinations. The
PG) spread on SP-A appeared grainy and grayish comparedlative proportion of percent dark phase for the films of
to the brightly fluorescent LE phase seen in the films spreaddPPC/PG, and to a lesser extent for those containing SP-B
on subphases without SP-A, an observation that may ber SP-C, decreased atm > 30 mN/m. As was discussed
accounted for by Cd -induced aggregation of SP-A. earlier, some phospholipid from the LC phase likely accom-
The relative area of the probe-excluding LC regionspanied the exclusion of components exhibiting low collapse
(double arrowheadm Figs. 2C, 3C, and 4C) seen viathe pressures and led to a decrease in the relative amount of the
fluorescence of NBD-PC in the monolayers of DPPCHG LC phase. The similarity in the plots of percent dark phase
SP-B or SP-C spread on subphases containing SP-A plysr) for the two lipid-protein systems(@rves 2and3in Fig.
Ca" are plotted in Fig. 7. Note that the surface occupied by7) implied that the considerable reorganization in the sur-
the probe-excluding clusters seen in the films of SP-B/SPface texture and the formation of the probe-excluding clus-
A/(DPPC/PG) large arrowheadsin Fig. 3 C) were ex- ters (arge arrowheadsn Fig. 3 C) in the films that con-
cluded from the values of percent dark phase, whereas thained SP-B/SP-A did not significantly alter the relative
areas taken by the probe-excluding aggregates of SP-A (Figwreas occupied by the LC phase compared to the films
2 C) and the circular probe-excluding domains in FigC4 containing SP-C/SP-A. It is worth noting that the percent
(small arrowheadgswere included in percent dark phase atdark phase was determined as a relative proportion of the
5 mN/m < 7 = 20 mN/m because similarities in the sizes LC domains assuming that the rest of the surface was
of the latter structures and those of the LC domains madeccupied by probe-including LE phase. However, the phys-
their distinction difficult. Comparison of the plots of percent ical state of the large probe-excluding clusters seen in the
dark phase as a function affor films of DPPC/PG spread films of SP-B/SP-A/(DPPC/PG) remains unknown. As was
on SP-A in the absence and presence of calcium iondiscussed, this phase was likely enriched in SP-B/SP-A and
(curves 1in Figs. 5 and 7, respectively) showed that themay also contain some phospholipid.
divalent ions increased the relative area occupied by the LC In summary, the addition of calcium ions to the subphase
phase in the films at = 30 mN/m. A similar C&"-induced  did not significantly affect the extent of incorporation of

N
o
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SP-A into the films of SP-B/(DPPC/PG) or SP-C/(DPPC/PG),
or their phase properties defined as percent dark (LC) phas
Likewise, the divalent cations did not significantly alter the
surface morphology of the films of SP-B/SP-A/(DPPC/PG),
which was consistent with &-independent segregation of a
potentially SP-B/SP-A-enriched phase. In the presence of ca
cium the probe-excluding, likely SP-A-rich, phase seen in the
films of DPPC/PG and SP-C/(DPPC/PG) spread on SP-A it
the absence of calcium was absent, and possibly-@aluced
aggregates of SP-A appeared in these films.

Effects of relative concentrations of SP-A and
SP-B on the surface textures of SP-B/(DPPC/PG)
films spread on subphases containing

SP-A plus Ca%*

The fluorescence micrographs shown in Fig.B3and C
revealed that SP-A and SP-B, when present in the DPPC/P
films, produced a characteristic probe-excluding phase the
was not seen in the phospholipid films containing either
SP-A (Fig. 2C) or SP-B (Fig. 3A) alone. It is likely that
strong enough association between SP-B and SP-A ove
whelmed interactions between SP-B and the lipid, and thu
allowed the segregation of a SP-B/SP-A-enriched phas
from the rest of the lipid matrix. This hypothesis was
indirectly tested by studying effects of the concentration of
either SP-A or SP-B on the appearance of the SP-B/SP-£A 1
(DPPC/PG) films observed through the fluorescence of the
lipid probe NBD-PC. Fig. 8A shows data for films of
SP-B/(DPPC/PG) that contained 3 wt % SP-B spread ol
solutions of SP-A at C= 0.68 ng/ml. Similar to the lipid/
protein films that contained 17 wt % SP-B (FigC3, probe-
excluding aggregates were seen at lolarge arrowheadsn
Fig. 8,Aa—q; they coexisted with the lipid LE and LC phases
and were still visible atr = 30 mN/m. These probe-excluding
clusters occupied a smaller surface area compared to the lar
probe-excluding clusters seen in the films that contained 17 w
% SP-B (arge arrowheadsn Fig. 3 C).

In separate experiments, films of SP-B/(DPPC/PG) con
taining 17 wt % SP-B were spread on solutions that con:

tained SP-A at C= 0.24 png/ml, and their fluorescence _ _
FIGURE 8 Epifluorescence micrographs at selected surface pressures of

mlcrograph§ (Flg' EB) were compared to the ml_crographs 5 mN/m (@), 10 mN/m p), 20 mN/m ¢€), and 35 mN/m ¢) of monolayers
taken of their counterparts spread on SP-A solutiongat C  of DPPC/PG (8:2, mol/imol) plus 3 wt % SP-B,(= 0.17) spread on 145
0.68 ug/ml (Fig. 3 C). Probe-excluding clusters were ob- mM NaCl, 5 mM Tris-HCI, 5 mM CaCl plus 0.68 ug/ml SP-A @);
served in the films spread on solutions of SP-A at lowDPPC/PG plus 17 wt % SP-B((= 0.58) spread on 145 mM NaCl, 5 mM
concentrationl@rge arrowheadsn Fig. 8B); however, they ~ T11S-HCl, 5 mM CaC} plus 0.24 ug/ml SP-A @). Small arrowheads
occupied a smaller proportion from the monolayer surfac indicate gaseous phase, double arrowheads LC domains, and large arrow-

. . . %eads SP-A/SP-B-rich phase.
compared to that in the films formed on SP-A solution

containing higher levels of SP-A (Fig. Q). .
In summary, the correlation between the area taken by thgurface morphologies of monolayers of DPPC/PG

robe-excluding clusters seen in the monolayers oPIus a mixture of SP-B and SP-C spread on
P 9 Y subphases containing SP-A

DPPC/PG plus SP-A/SP-B and the level of each protein in
the lipid-protein films implied that the two proteins con- Micrographs of monolayers of DPPC/PG plus 17.4 wt %

trolled the formation of this phase. SP-B/SP-C (1:2, wt/wt, a ratio corresponding to the rela-
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tionship between the amounts of the two purified proteinsPPPC/PG plus 17 wt % SP-C in the absence or presence of
spread on solutions of SP-A (G= 0.68 ug/ml) in the C&* (Fig. 4, B and C, respectively). A grayish probe-
absence or presence of calcium ions are shown in Fig. 9, excluding phase was seen at 2.5 mNfmr =< 20 mN/m in
andB. These films, which contained higher concentrationsthe films of DPPC/PG containing the three surfactant pro-
of SP-C (11.7 wt %) than SP-B (5.7 wt %), acquired teins in the absence of calcium in the subphase (FA). th
appearances analogous to those seen in the films dhe presence of calcium no surface structures, additional to
the probe-excluding circular gaseous domaarsawheads

in Fig. 9 Ba) or the lipid LC domainsdouble arrowheads

in Fig. 9, Bc, d), were seen at any surface pressure (Fig. 9
B). However, the fluorescent background looked grainy and
grayish. Under these conditions a separate probe-excluding
phase distinctive for the combined presence of SP-B/SP-A
without SP-C was not observed. Interestingly, in the ab-
sence of SP-C the films of DPPC/PG that contained 3 wt %
SP-B, a concentration lower than the level of SP-B in the
lipid films plus SP-B/SP-C spread on SP-A, exhibited ele-
ments characteristic for the SP-A/SP-B separated phase
(large arrowheadsn Fig. 8 A). This observation implied
that interactions between SP-A and SP-B likely could not
cause the removal of SP-B from its intimate mixture with
SP-C and the phospholipids. Such an explanation is consis-
tent with previous findings that SP-B and SP-C mixed
ideally in binary monolayers of SP-B/SP-C (Taneva and
Keough, 1994b) and both partitioned into the LE phase in
films of SP-B/SP-C plus DPPC (Nag et al., 1997).

In summary, the surface morphologies of lipid monolay-
ers containing the combination of SP-B/SP-C (1:2, wt/wt)
spread on SP-A were determined by interactions of SP-A
with the prevailing SP-C.

Effects of concanavalin A on surface textures of
films of DPPC/PG plus SP-B

To determine whether the surface morphologies imparted
by SP-A to the films of SP-B/(DPPC/PG) were specific to
this protein, SP-A was replaced with con A at the same
subphase concentration. Con A, which lacks covalently
bound carbohydrates, is a member of the lectin family of
plant proteins; it has binding sites for calcium ions and
saccharides. Equilibrium surface pressure (surface tension
change) of 2.1+ 0.5 mN/m was measured for solutions of
con A at G = 0.68 ug/ml (145 mM NacCl, 5 mM Tris-HCI,

5 mM CacCl,), whereas under similar experimental condi-
tions and concentration a surface pressure af 4 mN/m

was measured for SP-A. The isotherm for monolayers of
SP-B/(DPPC/PG) spread on subphases containing con A
(filled squaresin Fig. 6 A) was shifted to higher molecular
areas compared to the isotherm of the lipid-protein films
spread on protein-free subphasepén circlesn Fig. 6 A).

The result suggested that con A at this subphase concentra-
FIGURE 9 Epifluorescence images at selected surface pressures of fon inserted into the spread films of SP-B/(DPPC/PG) and
mN/m (8), 10 mN/m ), 20 mN/m €), and 35 mN/m) of monolayers of  ¢5,;sed an increase in the mean area per “residue” compa-

DPPC/PG (8:2 mol/mol) plus 17 wt % SP-B/SP-C (1:2 wt/wt) spread on . .
145 mM NaCl, 5 mM Tris-HCI, 0.68.g/ml SP-A plus 2 mM EDTA 4) rable to that induced by SP-A at the same concentration

or 5 mM CaC}, (B). Single arrowheads indicate gaseous phase and doubléﬁ”?d circl_e§ in Fig. 6 A). The two W?-t_er'§0|Ub|? prOteinva
arrowheads indicate LC domains. which exhibited commensurate activities in their adsorption
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to the monolayer-free or monolayer-covered surfaces, imDISCUSSION AND CONCLUSIONS
parted considerably different morphologies to the SP-B/ . o
(DPPC/PG) films (compare Figs.Gand 10). A number of The main observation in the present study was that SP-A

probe-excluding structures were seen in the films of SP-B ng?;;gpsgglgge)cgi?%ﬁ g:sthAe Srl:)r:)ae?gxgﬂ?éfnhOISOS%ai
(DPPC/PG) spread on con A: circular domains likely com- yers. A p 9

prising a gaseous phasenall arrowheadsn Fig. 10a): LC phase unique for the phospholipid films containing SP-A/

> o _ SP-B required the presence of the two proteins and de-
domains @ouble arrowheadsn Fig. 10, b-d); and large pended on the lipid-to-protein stoichiometry. This phase

patches, likely consisting of con A aggregated at the SUlyas seen in the monolayers of SP-B/SP-A/(DPPC/PG) re-
face, seen infrequently in the films at all surface Pressure§ardless of the presence of calcium in the subphase, and this
studied &rrowsin Fig. 10,b—d). Similar textures were seen finding implied that potential C& -induced self-aggrega-
in films of SP-B/(DPPC/PG) that were spread on subphasegon of SP-A did not alter its interactions with SP-B in the
containing con A at €= 1.26 ug/ml (data not shown). |ipid films. SP-C could not replace SP-B and con A could
Epifluorescence microscopy on films of DPPC/DPPGnot substitute for SP-A in the properties of the pair of
spread on subphases containing either SP-A or con A withsp-B/SP-A to produce the distinctive probe-excluding
out C&" has demonstrated that in the absence of hydrOphase_ In the absence of calcium in the subphase SP-A
phobic protein in the spread lipid films both SP-A and conadsorbed to the LE phase in monolayers of DPPC/PG alone
A aggregated and accumulated at the LE/LC boundaries adr supplemented with SP-C, and caused the formation of a
the lipid-condensed domains (Ruano et al., 1998). Thesprobe-excluding phase different from the probe-excluding
data, taken together with the differences observed in thépid LC phase. The addition of calcium ions eliminated the
textures of SP-B/(DPPC/PG) films spread on SP-A and coprobe-excluding phase that covered parts of the monolayer
A, suggested that specific interactions between SP-A andurface and was associated with adsorption of SP-A, and
SP-B in the monolayers likely determined the morphologiesaused the appearance of tiny probe-excluding particles,
of the quaternary SP-B/SP-A/(DPPC/PG) films. likely consisting of aggregated SP-A, which were aligned
around the LE/LC phase in the DPPC/PG and distributed in
the LE phase of SP-C/(DPPC/PG) monolayers. Analysis of
the monolayer areas in the films of SP-B/(DPPC/PG) and
SP-C/(DPPC/PG) formed in the presence and absence of
SP-A in the subphase indicated that similar amounts of
SP-A were incorporated in the two lipid-protein systems. In
agreement with this observation, these systems displayed
similar properties in terms of surface pressure-area charac-
teristics and percentage of area occupied by the LC phase.
Therefore, the differences seen in the SP-A-induced mor-
phologies of the films of SP-B/(DPPC/PG) and SP-C/
(DPPC/PG) were not a consequence of the extent to which
SP-A was incorporated in the lipid-protein films. Rather,
they could be attributed to the ability of SP-A to laterally
redistribute SP-B but not SP-C, both of which occupy the
lipid LE phase in the absence of SP-A in the subphase (Nag
et al., 1997). It is noteworthy that the distributions of SP-B
and SP-C in the protein-lipid monolayers spread on SP-A
would depend on the balance of the interactions of each
hydrophobic protein with SP-A and with the lipid. Plots of
the mean area per “residue” as a function of the monolayer
composition for the monolayers of SP-B/(DPPC/PG) and
SP-C/(DPPC/PG) in the absence of SP-A in the subphase

showed additivity suggesting similar protein-lipid interac-
25 pum tions in the two systems.

We have not found a substantial role for calcium ions in

FIGURE 10 Epifluorescence images at a surface pressure of 5 mN/nthe interactions of SP-A with the lipid or protein-lipid
Sll)v’PlcO/PT;N(/s mzbgﬁozl/om?l)’\léms(:)l’fvctd 0/353 S"g{;“_‘% 32)23?5;?351?5 monolayers. The divalent cation did not substantially affect
mM NaCl, 5 mM Tris-HCI, 5 mM CaCl plus 0.68ug/ml con A. Small the morphology of the .SP'B/SP'A/(DPPC/PG) films. The
arrowheads indicate gaseous phase, double arrowheads LC domains, apelfface features of the films of DPPC/PG and SP-C/(DPPC/
arrows indicate patches of con A seen infrequently in the films. PG) spread on SP-A were affected by*Caln these latter
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two systems, at low pressure when calcium was present, thayelin lattice. Such a mechanism of SP-A/SP-B interac-
fields showed a fairly uniform distribution of tiny aggre- tions could accommodate a model for tubular myelin where
gates that had grey appearance. When calcium was abse®P-B acts as an integral protein in the lipid and SP-A resides
from either DPPC/PG or SP-C/(DPPC/PG) monolayersas an extrinsic protein, perhaps associated with the small
spread over SP-A, these grey aggregates displayed a nétydrophilic portion of SP-B (Williams et al., 1991).

work arrangement (Figs.Rand 4B). The amounts of SP-A The epifluorescence microscopic observations provide
estimated to be incorporated into the films of DPPC/PGevidence for association of SP-A with SP-B and a segrega-
alone or supplemented with SP-B or SP-C appeared to bgon of an SP-B/SP-A phase in phospholipid membranes.
similar in the presence and absence of calcium in the subFhe role of the phospholipid composition on the ability of
phase. Some studies have indicated calcium-independetite combination of SP-A and SP-B to reorganize the surface
binding of SP-A to phospholipid membranes (King et al.,textures of the lipid-protein monolayers still needs to be
1983; Casals et al., 1993; Poulain et al., 1996), whereaslucidated.

other have demonstrated a requirement for calcium in ag- This work was supported by the Medical Research Coun-
gregation of phospholipid vesicles (Haagsman et al., 1987il of Canada.

Poulain et al., 1992) and formation of tubular myelin in

vitro (Suzuki et al., 1989; Williams et al., 1991) and in vivo
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