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ABSTRACT The interaction of the pulmonary surfactant protein SP-A fluorescently labeled with Texas Red (TR-SP-A) with
monolayers of dipalmitoylphosphatidylcholine (DPPC) and DPPC/dipalmitoylphosphatidylglycerol 7:3 w/w has been investi-
gated. The monolayers were spread on agueous subphases containing TR-SP-A. TR-SP-A interacted with the monolayers of
DPPC to accumulate at the boundary regions between liquid condensed (LC) and liquid expanded (LE) phases. Some
TR-SP-A appeared in the LE phase but not in the LC phase. At intermediate surface pressures (10-20 mN/m), the protein
caused the occurrence of more, smaller condensed domains, and it appeared to be excluded from the monolayers at surface
pressure in the range of 30—-40 mN/m. TR-SP-A interaction with DPPC/dipalmitoylphosphatidylglycerol monolayers was
different. The protein did not appear in either LE or LC but only in large aggregates at the LC-LE boundary regions, a
distribution visually similar to that of fluorescently labeled concanavalin A adsorbed onto monolayers of DPPC. The
observations are consistent with a selectivity of interaction of SP-A with DPPC and for its accumulation in boundaries
between LC and LE phase.

INTRODUCTION

Surfactant protein A (SP-A) is the major protein associatedor interaction with DPPC and galactosylceramide (King et
with pulmonary surfactant, a complex lipid-protein materialal., 1983; Kuroki and Akino, 1991; Kuroki et al., 1992;
that covers the alveolar surface, reduces the surface tensi@hilds et al., 1992; Casals et al.,, 1993). SP-A induces
of the air-liquid interface, and facilitates respiratory me-phospholipid vesicle aggregation in the presence of'Ca
chanics. It is widely assumed that an interfacial phospho{King et al., 1983; Hawgood et al., 1985; Ruano et al.,
lipid monolayer enriched in dipalmitoylphosphatidylcholine 1996). These lipid-binding activities mediate the participa-
(DPPC) is mainly responsible for the tensoactive propertiesion of SP-A in processes of surfactant metabolism in the
of lung surfactant and that phosphatidylglycerol and surfacalveolar spaces. SP-A, for instance, is required for the
tant-associated proteins SP-A, SP-B, and SP-C are alggeneration in vitro of tubular myelin (Suzuki et al., 1989;
required for the formation and proper dynamics of thewilliams et al., 1991), a structure that has been associated
surfactant monolayer in the airways (Keough, 1992; Kurokiwith highly tensoactive surfactant preparations. SP-A also
and Voelker, 1994; Johansson et al., 1994). participates in the regulation of surfactant secretion into and
SP-A is a hydrophilic glycoprotein with a monomeric clearance from the alveolar spaces (Dobbs et al., 1987;
molecular mass of 30-40 kDa (Hawgood and Shiffer,Bates et al., 1994; Wright and Youmans, 1995) and in
1991). Its N-terminal moiety has a collagen-like sequenceseveral activities associated with alveolar defense against
whereas the C-terminal portion is like a C-type lectin with pathogens (Van Golde, 1995). In addition, surfactant con-
binding sites for carbohydrates and “Ca(White et al.,  taining SP-A is more resistant than surfactant without SP-A
1985; Drickamer, 1988). The native form of the protein asto the inhibition of surfactant activity induced by plasma
isolated from the alveolar spaces is assembled into a conproteins such as fibrinogen or albumin (Cockshutt et al.,
plex oligomer in which SP-A chains are organized in trim- 1990; Strayer et al., 1996).
ers through collagen-like triple-helices, and six trimers form  Although SP-A by itself is poor at accelerating the trans-
a bouquet-like arrangement similar to that of the proteinfer of surfactant phospholipids to the air-liquid interface, it
Clq from the complement system (Voss et al., 1988).  augments rapid formation of phospholipid surface films in
Studies in vitro have shown that SP-A interacts withcooperation with the hydrophobic surfactant proteins SP-B
surfactant phospholipids and glycosphingolipids both in bi-and SP-C (Hawgood et al., 1987; Pison et al., 1990; Schurch
layers and immobilized on silica gel plates with a selectivityet al., 1992). SP-A seems also to stabilize the surfactant
monolayer at low surface pressures and enhance elimination
of non-DPPC lipids during compression (Schurch et al.,
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tension of monolayers formed from material extracted fromlipids, DPPC or the mixture DPPC/DPPG (7:3, wiw), were mixed in
SP-A-defective lungs was higher than that of surfactanghloroform/methanol (3:1, volivol), and 1 mol % of NBD-PC was in-

. luded. Monolayers were spread by depositing very small aliquots of the
from control animals. Taneva et al. (1995) have shown thaghloroform/methanol solutions on a subphase of 5 mM Tris-HCI, pH 7.4,

at pH 7.4 in the absence of @ja SP-A interacts and and 150 mM NacCl with or without SP-A or TR-SP-A. All subphases were
perturbs pure DPPC monolayers, but it shows complet@repared with double distilled water, the second distillation being from
immiscibility with negatively charged monolayers com- dilute potassium permanganate. After spreading of a monolayer, the or-
posed of DPPG or a combination of DPPC and DPPG. ganic solvent was allowed to evaporate for 5 min, and, in order to facilitate

. . P P-A adsorption to the air-liquid interface, the monolayer was compressed
In the present StUdy we InveStlgatEd the association 0iapidly (707 mmi/s) to a surface pressure of 10 mN/m and then expanded

SP-A from the hypophase with interfacial spread monOIay'again to 0 mN/m. After a 1-h period, which would have allowed for
ers of DPPC or DPPC/DPPG by epifluorescence microSpenetration of the protein into the gas or gas-liquid expanded coexistence
copy (Peez-Gil et al., 1992a; Nag and Keough, 1993; Nagphases (e.g., Maloney et al., 1995), the monolayer was compressed at a
et al., 1996b). The use of fluorescently labeled protein§lowspeed (20 mfts or an initial rate of 0.13 Amolecule/s) at 23 1°C.

: : : . . At selected surface pressures, a video recording was made for a 1-min
allows for the anaIyS|s of interactions of a given protein period of both NBD and TR fluorescence by switching fluorescence filter

with domains or regions of the monolayer (Grainger et al"combinations. The images obtained were analyzed with digital image
1990; Maloney et al., 1995; Nag et al., 1996a). processing using JAVA 1.3 software (Jandel Scientific, Sam Rafael, CA)
as discussed elsewhere (Nag et al., 199teR6&il et al., 1992a).
The video images were obtained with a CCD camera that records in
EXPERIMENTAL PROCEDURES black and white. The images presented in the figures have been false-
colored to display them as they appear to the eye in the microscope.
Materials

The phospholipids, 1,2-dipalmitoylphosphatidylcholine and 1,2,dipa|mi-RESULTS

toylphosphatidylglycerol (DPPG) were purchased from Sigma Chemical

Co. (St. Louis, MO). The fluorescent lipid probe 1-palmitoyl-1-{12-[(7- Fig. 1 shows C&"-dependent DPPC vesicle aggregation
nitro-2-1,  3-benzoxadizole-1-yl)amino]dodecanoyl}phosphatidylcholinej, 4, ced by native SP-A and TR-SP-A prepared under two

(NBD-PC) was from Avanti Polar Lipids (Birmingham, AL). The fluores- . .. . .
cent-labeling chemical sulforhodamine 101 sulfonyl chloride, Texasdncferent conditions. Incubation of SP-A with TR under

Red™ (TR), was obtained from Molecular Probes Inc. (Eugene, OR), asMild conditions, 90 min at room temperature and pH 8.0,
was Texas Red-labeled concanavalin A (TR-conA). Chloroform and meth-

anol were HPLC grade solvents from Fisher Scientific Co. (Ottawa, ON),

and all other reagents were analytical grade chemicals from Merck (Darm-

stadt, Germany). 008 F T T T T T3

Ca?*
0.06 ﬂ .

Isolation and Labeling of SP-A

Surfactant protein A was purified from pulmonary surfactant prepared
from porcine bronchoalveolar lavage as previously described (Casals et al.,
1989) by sequential butanol and octylglucoside extractions (Casals et al.,
1993) and stored at20°C in solutions in 5 mM Tris-HCI buffer, pH 7.4.
Purity of the protein preparations was routinely checked by sodium dode- 0.04
cyl sulfate-polyacrylamide gel electrophoresis under reducing conditions

followed by Coomassie Blue staining. SP-A was quantitated by amino acid

analysis after hydrolysis of protein samples in 0.2 6 &1 HCI contain-

ing 0.1% (w/v) phenol in evacuated and sealed tubes at 108°C for 24 h, 0.02 |- vfw .

followed by analysis in a Beckman System 6300 high performance amino v ® SPA
v -
v
v

Aggregation (Abs 400nm)

acid analyzer. '
Fluorescently labeled SP-A was prepared as follows. Solutions of SP-A O TR-SPA (90', 20°)

in 5 mM Tris-HCI buffer containing 300-50Qg of protein were adjusted 0.00 Hgsmcned v TR-SPA (17h, 4°) i

to pH 8.0 by addition of 50 mM Tris, pH 8.3. The labeling reaction was ' | | . | | |

started by the addition of 1 mM TR in methanol to a final SP-A/TR ratio

of 5-6:1 (mol/mol). The mixture was incubated for 90 min in darkness at 0 10 20 30 40 50
time (min)

room temperature and then exhaustively dialyzed against 5 mM Tris-HCI,
pH 7.4, to remove unreacted fluorescent reagent.

Activity of labeled TR-SP-A compared with that of the native protein
was assayed by testing its ability to induce aggregation of DPPC vesicle§EIGURE 1 Aggregation of DPPC vesicles induced by native and TR-

in the presence of Ga at 37°C as described elsewhere (Ruano et al.,labeled SP-A in the presence of Ta DPPC vesicle suspensions (In
1996). Sample and Reference Cuvettes), native SP-A (Sample cuvétsed

circles) or labeled TR-SP-A (Sample cuvettepen symbo)s and C&*

(Sample and Reference cuvettes) were sequentially added to 0.5 ml of

Sample and Reference cuvettes as designated. The aggregation assay was
Surface pressure-area measurements and microscopic observations stérted &rrow) by the addition of C&". Final concentrations of lipid,
phospholipid monolayers were performed on an epifluorescence microSP-A, and C&" were 85ug/ml, 8 ug/ml, and 1 mM, respectively. Two
scopic surface balance, the construction and operation of which have bedtifferent TR-SPA batches were assayed, one labeled at 20°C for 90 min
described elsewhere (Nag et al., 1990; 1991). To form monolayers, théopen circle§, and the other labeled for 17 h at 4°@pén triangley
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yielded a labeled protein with vesicle-aggregating activityinterfacial DPPC film, suggesting that the protein is occu-
similar to that of native SP-A. On sodium dodecyl sulfate-pying some space in the interface, or, at least it is interacting
polyacrylamide gel electrophoresis under reducing condiwith the phospholipid monolayer sufficiently to perturb the
tions, this modified protein showed a main fluorescent bandjsual lipid packing. All of the monolayers showed LE
centered at 35 kDa similar to that of native SP-A (data nofliquid expanded) to LC (liquid condensed) transitions as
shown). Incubation of SP-A with TR for 17 h at 4°C geduced from the plateau regions of the isotherms at surface
produced a modified protein with higher fluorescence agyressures in the range of 7-9 mN/m. The effect of TR-SP-A
obs.,erved in electrophoresis gels but having a lower abilityyy thell-A isotherms of DPPC was qualitatively and quan-
to induce aggregation of DPPC vesicles (Fig.closed  iatively similar to the effect of native SP-A (data not
triangles. This decrease in activity is possibly because Ofshown) and analogous to the effect of native SP-A in

structural alterations in SP-A caused by extensive addition)55~/gp_a monolayers spread from solvents (Taneva et

of probe molecules to amine groups of the protein. Theal., 1995).

milder conditions were selected to prepare fluorescent TR- Microscopic observations of monolayers of DPPC con-
SP-A for additional experiments. After exhaustive dialysis,, . . 1 mol % NBD-PC. in the ab din th i
spectroscopic measurements of the TR-SP-A samples préa_unmg mot 7o 1N .e absence an '.n © pres
pared in this way yielded an estimate of incorporation of° € of TR'_Sl_D'A’ showed typical LE_LC coemstgnce re-
around 0.4 moles of probe per mole of protein monomer. 910NS  consisting of dark LC regions excluding the
Fig. 2 shows the surface pressure — area per moleculfiuorescent pro_be and bright green areas of LE phase smﬂar
(I1-A) isotherms of DPPC monolayers spread on subphaséé’ those previously observed in I|_p|d and lipid/protein
containing different concentrations of TR-SP-A. The iso-monolayers (Nag et al., 19917 iee-Gil et al., 1992a; Nag
therms showed that increasing concentrations of the proteifit al-, 1996a; 1996b). The transition of a monolayer from LE
in the subphase caused a progressive expansion of tf@ LC phase upon compression can be quantitatively de-
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FIGURE 2 (eff) Typical II-A isotherms of DPPC monolayers containing 1 mol % NBD-PC spread on subphases of 150 mM NaCl, 5 mM Tris-HClI,
pH 7.4, containing the indicated amounts of TR-SP-Righf) Quantitative analysis of the effect of TR-SP-A on the condensation of DPPC monolayers

containing 1 mol % NBD-PC observed during compression. Dependence of the average area (b), number of the condensed domains (c), and total percel

of condensed (probe-excluding) arei ¢n the surface pressurHY is plotted for different protein concentrations in the subphase. Data are giverr as x
SD forn = 10 images. Where error bars are not shown they are within the symbol size.
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scribed by parameters such as the size and number @fith the observation that SP-A is substantially excluded
condensed domains and the percentage of total condensédm DPPC monolayers at that surface pressure (Taneva et
phase as a function of the compression pressure (Peschké, 1995).

and Mdhwald, 1987; Nag et al., 1991; fz-Gil et al., Fig. 3 shows images obtained from a monolayer of DPPC
1992a; Nag and Keough, 1993). Such an analysis is showeontaining 1 mol % of NBD-PC formed on a subphase
in Fig. 2 B for monolayers formed on subphases in thecontaining 0.06ug/ml TR-SP-A for fluorescence selec-
absence and in the presence of 0.06, 0.13, andi26l of  tively coming from either NBD-PC or TR-SP-A. NBD
TR-SP-A. The data indicate that over the rangeraff 5-30  florescence showed phospholipid LC domains with shapes
mN/m, TR-SP-A 1) increases the number of condensedimilar to, but somewhat more irregular than, those of the
domains per frame, 2) decreases the average area of coalliptical kidney-bean-shaped condensed domains of pure
densed domains, and 3) decreases the percentage of toRPPC (Nag et al., 1991; Rez-Gil et al., 1992a). It is noted
condensed phase at lower surface pressures. Above surfabat the fluorescence of TR-SP-A was not observed in the
pressures of about 35 mN/m, there were no differences imonolayers at very low pressures (below 3—4 mN/m) and
the total amount of condensed phase in monolayers formeonly was seen when LC domains began to appear. Changes
in the absence or presence of TR-SP-A. This is consisterih the numbers, shapes, and sizes of LC domains have been

NBD filter (520 nm) TR filter (590 nm)

mN/m
10
13
C LE
region boundary region

17 §

Intenslty (arbltrary units)

45

2

4 8 1
Distance (um)

e IC
ag 4 m boundaries
a LE

h_.‘.—.

; s B T T T
10 12 14 16 18

Surface Pressure (MN/m)

67-

Intensity (arbitrary units)
8

FIGURE 3 @) Typical images obtained from a DPPC monolayer containing 1 mol % NBD-PC spread on a subphase contaipiggrd.606TR-SP-A

at the surface pressures indicated. Images were recorded through filters selecting fluorescence coming either from NBD-PC (emission cémtered at 52
or TR-SPA (emission centered at 590 nni). Typical image of a single condensed domain at a surface pressure of 12 mN/m seen through the TR filter.
The white line indicates the trajectory that TR fluorescence intensity was quantitatively analyzed in gréghRelative fluorescence intensity was
evaluated in pixels along the line marked in imdgand plotted against the distanceim from the starting point in the dark domain) (The average
fluorescence intensities of the regions defined in graplotted against surface pressure. Data are presentecdtaSDx forn = 10 images. Error bars not
shown are within the symbol sizes.
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described as one of the consequences of lipid/protein intefig. 3 D) suggests that the average TR-SP-A fluorescence
actions in the monolayer (Rez-Gil et al., 1992a; Nag et al., of the LC-LE boundaries converged to the fluorescence
1996a; 1996b). At surface pressures between 5 and 3@tensity of the LE areas at surface pressures above 20
mN/m, the fluorescence from TR-SP-A showed that it as-mN/m. At this pressure, however, the total amount of LE
sociated with the fluid phase and the condensed/fluigphase in DPPC monolayers is relatively small (Nag et al.,
boundaries of the monolayer. Three different regions in thel991; Peez-Gil et al., 1992a).

monolayer can be defined according to the average intensity The effect of TR-SP-A on DPPC/DPPG (7:3, w/w)
of fluorescence coming from TR-SP-A (Fig.8to C). LC  monolayers is shown in Fig. 4. Fig.Alshows typicalll-A
regions essentially lack any TR-SP-A fluorescence, sugisotherms of monolayers of DPPC/DPPG (7:3, w/w) con-
gesting either that SP-A does not associate directly withaining 1 mol % NBD-PC spread on subphases containing O,
DPPC in LC phase or that TR-SP-A fluorescence is not.06, 0.13, and 0.2(.g/ml of TR-SP-A. These isotherms
accessible in the microscope when the protein is associatede somewhat similar to those obtained for pure DPPC and
with the tightly packed headgroups of DPPC condensed®PPC/TR-SP-A systems with LE-LC plateaus also in the
domains. LE regions (those showing NBD fluorescenceyange 6—9 mN/m. The fluorescence coming from the lipid
had homogeneous TR-SP-A fluorescence intensity, suggegtrobe, however, showed a different effect of SP-A on
ing a regular distribution of SP-A in the fluid areas of the DPPC/DPPG compared with the effect of SP-A on DPPC
monolayer. Finally, an intense ring of TR fluorescencemonolayers. TR-SP-A did not have any significant effect on
surrounded the DPPC condensed domains in the boundarii®e number and size of condensed domains or the percent-
between LC and LE regions. As the pressures increased, tlage of total condensed phase of DPPC/DPPG monolayers at
TR fluorescence that accumulated at the boundaries deny surface pressure. The distribution of TR-SP-A in these
creased (Fig. 3\). Quantitative analysis of the TR fluores- phosphatidylglycerol-containing monolayers was also dif-
cence intensity of the different regions of the monolayerferent from that observed for the protein in monolayers of
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FIGURE 4 (@) Typical II-A isotherms of DPPC/DPPG (7:3, w/w) monolayers containing 1 mol % NBD-PC spread on subphases 150 mM NaCl, 5 mM
Tris-HCI, pH 7.4, containing the indicated amounts of TR-SP-A. NumBgragd average are&) of the condensed domains and the percent of total
condensed are®] are plotted against surface pressuig for various protein concentrations in the subphase. Values ar&® forn = 10 images. Error

bars not shown are within the symbol sizes.
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DPPC alone. In DPPC/DPPG monolayers, TR-SP-A waDISCUSSION
located in discrete aggregates of sizes in the range of 5-10 . .
um at nearly all surface pressures of the isotherm (Fig. S)Thesg experiments demo-nstrate. tha-t SP-A n the hypophase
Almost no TR fluorescence could be detected in either LCC@N interact and associate with interfacial monolayers
domains or LE regions. The fluorescent protein aggregatelrmed with the main surfactant phospholipid DPPC. The
were also preferentially located at the boundaries betweefPServed association of SP-A with the monolayer could be
LC and LE regions as deduced from the comparison oft consequence of the intrinsic affinity of the protein to
images taken from both NBD and TR filters (Fig. 5). interact Wlth lipids, es.p(_aually-DPPC,. as previously demon-
To determine if the distribution of SP-A in phospholipid Strated with phospholipid vesicles (King et al., 1983; Casals
monolayers is specific for this protein, we studied the dis-©t al., 1993) or immobilized lipids on silica gel plates or on
tribution of another fluorescently labeled glycoprotein, TR-Plastic (Kuroki and Akino, 1991; Kuroki et al., 1992; Childs
concanavalin A, in DPPC monolayers. Concanavalin A, &£t al., 1992).
tetrameric glycoprotein with a molecular mass of 104 kDa The presence of SP-A in monolayers of DPPC produced
has lectin activity as does SP-A, but to our knowledge it isSimilar perturbations in the condensation of the monolayer
not a lipid-binding protein. Fig. 6 shows typical images under compression as those described for other proteins, for
obtained from DPPC monolayers spread on a subphad@stance SP-C (Pez-Gil et al., 1992a). The magnitude of
containing TR-conA at 0.26.g/ml. Protein fluorescence the perturbation caused by SP-A appears relatively small on
from these monolayers indicated that the protein formedhe basis of mass of protein but could be significant on the
aggregates similar in size and shape to those formed blyasis of the molar amount of protein associated with the
SP-A in DPPC/DPPG monolayers. Homogeneously distribsmonolayer in comparison with a smaller protein such as
uted protein fluorescence was not detected in either LC o8P-C (Peez-Gil et al., 1992a). As discussed previously
LE regions. The fluorescent protein patches also showe(Paez-Gil et al., 1992a), the influence of the protein to
some preference for distribution next to the borders of the LQproduce more smaller-condensed domains than are seen in
domains, although this preference seemed to be less strikinge pure lipid likely reflects a compromise of forces be-
than in the case of SP-A in DPPC/DPPG monolayers. tween the perturbing influence of protein in the monolayers
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FIGURE 5 Isothermsléft) and typical imagesright) obtained from a DPPC/DPPG (7:3, w/w) monolayer containing 1 mol % NBD-PC spread on a
subphase containing 0.13y/ml of TR-SP-A. Images were recorded through filters selecting fluorescence coming either from NBD-PC or TR-SP-A.
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NBD filter (520 nm) TR filter (590 nm) also reposes in LE regions of spread phospholipid mono-
o layers (Nag et al., 1997). The results presented here show
that SP-A is present in LE fluid regions of DPPC monolay-
ers, and it accumulates close to the boundaries between LE
and LC domains. Two possible mechanisms could be sug-
gested for this distribution: 1) preferential interaction of
SP-A with the monolayer in packing defects at the LC-LE
boundaries followed by diffusion of the protein to the fluid
regions or 2) direct interaction of SP-A with the lipids in the
fluid LE regions and subsequent segregation and accumu-
lation of protein at the LE-LC boundaries. Given that TR-
SP-A was not observed in the monolayers at very low
surface pressures, alternative 1) seems more likely. The fact

that the accumulation of SP-A at the LC-LE boundaries in

20 DPPC monolayers decreases with the extent of compression
is most likely because of exclusion of the protein toward the
hypophase. It could be possible that some protein denatur-
ation leads to accumulations at the phase boundaries but we
note also that active phospholipasgacumulates and acts
at such boundaries (Grainger et al., 1990).

40 The effect of SP-A in DPPC/DPPG monolayers is differ-
ent compared with that seen in DPPC monolayers. The
protein showed almost no effect on the condensation pa-
rameters of DPPC/DPPG monolayers. Homogeneous TR-

SP-A fluorescence was not detectable in LE regions, but

o ) . discrete patches close to the LE-LC boundaries were ob-
FIGURE 6 Typical images obtained from a DPPC monolayer containing

1 mol % NBD-PC spread on a subphase containing Qgénl of TR-conA served. This would be consistent with very little or no

at the indicated surface pressures. Images were recorded through fiIteiQ'ter'aCtiQn of SIP'A With_ negatively-charged monmayers-
selecting fluorescence coming either from NBD-PC or TR-conA. Similar differential behavior of SP-A was found in solvent-

spread monolayers of DPPC and DPPC/DPPG (Taneva et

al., 1995), and SP-A interacts more strongly with DPPC
resisting condensation and the increasing applied pressutban with DPPG or DPPC/DPPG bilayers (Casals et al.,
that promotes that condensation. The perturbing influenc&993). Interaction of SP-A with negatively charged phos-
of SP-A is seen only in the range afof about 5-30 mMN/m  pholipid bilayers was completely abrogated at low ionic
(Fig. 2). Above that pressure, SP-A is primarily squeezedstrength (Casals et al., 1993; Ruano et al., 1996), which is
out of DPPC monolayers (Taneva et al., 1995) or into smaltonsistent with electrostatic incompatibility between protein
residual SP-A aggregates in or near the surface (Fig. 2). It iand acidic lipids at neutral pH. Electrostatic repulsion be-
possible that all the proteins with ability to interact with tween DPPG and protein molecules in the monolayer could
phospholipids in monolayers will show similar effects on drive exclusion of SP-A to the observed large protein ag-
the condensation. In terms of its preferential accumulatiorgregates into the boundaries between LC and LE domains,
at the boundaries of LC domains, however, SP-A is dramatregions of the monolayers that are irregularly packed that
ically different from SP-C, for example, which shows uni- could act as “sinks” in which lipid-immiscible molecules
form distribution in the LE phase. could most easily accumulate.

SP-A is a water-soluble protein that can interact with Interaction of SP-A with DPPC in the monolayer is
selected lipids. Some of the work on the visual properties otonsistent with recent results suggesting that SP-A pro-
interactions between water soluble protein and monolayemotes accumulation of DPPC in the surface, perhaps from a
films has been summarized in Ahlers et al. (1990) andsort of DPPC-rich reservoir below the air-water interface
Mohwald (1990). For example, a fluorescently labeled an{Yu and Possmayer, 1996).
alog of pancreatic phospholipasg showed selective asso-  In spite of the immiscibility of SP-A with acidic phos-
ciation with solid phase domains in DPPC monolayerspholipids, TR-SP-A still goes into the interfacial monolay-
especially the edges of the solid domains (Grainger et alers. This could be a consequence of intrinsic surface active
1990). A fluorescent analogue of the hydrophobic surfactanproperties of the protein itself. Several proteins, particularly
protein SP-C inserts into the fluid LE regions of DPPC andglycoproteins, have been reported to possess such intrinsic
DPPC/DPPG monolayers (Nag et al., 1996a), consistertensoactive characteristics and can form protein interfacial
with exclusion from gel phase domains of different phos-monolayers by adsorption from the subphase (Ahlers et al.,
pholipid bilayers (Horowitz et al., 1993; Horowitz, 1995). 1990; Heckl et al., 1985; 1987; Mohwald, 1990). We have
Fluorescently labeled SP-B, also a hydrophobic proteinpbserved that conA, an acidic glycoprotein that is not

mN/m
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known to interact with phospholipids, also adsorbs intoCasals, C., L. Herrera, E. Miguel, P. Gadarreno, and A. M. Municio.

; i ; iotribiiti 1989. Comparison between intra- and extracellular surfactant in respi-
DPPC monolayers with similar aggregation and distribution ratory distress induced by oleic aciBiochim. Biophys. Actal003:

behavior to TR-SP-A in DPPC/DPPG monolayers. This 5g1_203.

similarity suggests that the aggregation and accumulation i@asals, c., E. Miguel, and J. fee-Gil. 1993. Tryptophan fluorescence
the LE-LC boundary dislocation is a nonspecific property study on the interaction of pulmonary surfactant protein A with phos-
and that only the different distributions of SP-A in DPPC is Pholipid vesiclesBiochem. J296:585-593.

specific to these compounds. Childs, R. A., J. R. Wright, G. F. Ross, C. Yuen, A. M. Lawson, W. Chai,

. . . K. Drickramer, and T. Feizi. 1992. Specificity of lung surfactant protein
Little TR-SP-A fluorescence was observed in interiors of ~ sp_a for both the carbohydrate and the lipid moieities of certain neutral

the dark condensed domains of the DPPC monolayers, andglycolipids.J. Biol. Chem267:9972-9979.
some fluorescence was seen in the liquid-expanded regionSockshutt, A., J. I. Weitz, and F. Possmayer. 1990. Pulmonary surfactant-

; . i associated protein A enhances the surface activity of lipid extract sur-
King et al. (1983; 1986) have observed that the binding of factant and reverses inhibition by blood proteins in viBaochemistry.

SP-A to liposomes was greater when the constituent lipids 29.g424_8429.
were in the gel state than when they were in the liquidpopbs, L., 3. R. Wright, S. Hawgood, R. Gonzales, K. Venstrom, and J.
crystalline form. It is noteworthy that there was no appear- Nellenbogen. 1987. Pulmonary surfactant and its components inhibit

ance of the SP-A molecules at the DPPC mono|ayer aque- secretion of phosphatidylcholine from cultured rat alveolar type Il cells.

interface when the lipid is strictly in the liquid expanded o "\ Acad: Sci. USA#:1010-1014
ous intertace € € lipid1is strictly €liquid expande Drickamer, K. 1988. Two distinct classes of carbohydrate-recognition

phase, which is up to pressures of 3—4.mN/m. Only when' gomains in animal lectinsl. Biol. Chem 263:9557-9560.
Condgnsed .domalns begah to appear d'q the TR-SP-A ‘Rrainger, D. W., A. Reichert, H. Ringsdorf, and C. Salesse. 1990. Hydro-
pear in the interface. This is consistent with its preferential lytic action of phospholipase Ain monolayers in the phase transition

interaction with | bh in bil rs or the n for the region: direct observation of enzyme domain formation using fluores-
teractio th gel phase b ayers or the eed for the cence microscopyBiochim. Biophys. Actal023:365-379.

condensed phase in monolayers. Whereas condensed ph%ﬁ'ﬁvgood S., B. J. Benson, and R. L. Hamilton. 1985. Effects of a

in monolayers, gel phases in bilayers, and lipid-expanded s,rfactant-associated protein and calcium ions on the structure and
and liquid-crystalline phases are often considered to be surface activity of lung surfactant lipid&iochemistry 24:184-190.

roughly equivalent, they are not completely so. The presHawgood, S., B. J. Benson, J. Schilling, D. Damm, J. A. Clements, and

r for ivalen for example. remain under di _ R. T. White. 198_7. Nucleotide an_d amino acid sequences of pulmonary
sures for equivalence, for exampie, remain u der discus surfactant protein SP 18 and evidence for cooperation between SP 18

Sion. It seems that the SP-A may be attre_‘Cted t(_) the d.iSk')- and SP 28-36 in surfactant lipid adsorpti®moc. Natl. Acad. Sci. USA.
cations in the condensed-expanded domain and in gel-liquid 84:66—70.

crystal boundaries, as would any protein with nonspecificHawgood, S., and K. Shiffer. 1991. Structure and properties of surfactant
binding (e.g., Netz et al., 1996). King et al. (1983) found associated proteinénnu. Rev. Physiob3:375-394.

that binding appeared highest in gel state systems in whicHeck!: W- M., M. Losche, H. Scheer, and H. Mwald. 1985. Protein/lipid
. . . . . interactions in phospholipid monolayers containing the bacterial antenna
dislocations in packing may have been anticipated. The protein B800—850Biochim. Biophys. ActaB10:73-83.

binding of SP-A to DPPCis SpeCi'ﬁC .in that it has a different jeciy, w. M., B. N. Zaba, and M. H. Mohwald. 1987. Interactions of
appearance entirely than the binding of SP-A to DPPC/ cytochrome g and ¢ with phospholipid monolayerBiochim. Biophys.
DPPG or of conA to DPPC. Acta. 903:166-176. _

In conclusion, these studies demonstrate that SP-A intefdorowitz, A. D. 1995. Exclusion of SP-C but not SP-B, by gel phase

. . palmitoyl lipids. Chem. Phys. Lipidsz6:27-39.
n rturbs DPPC monolayer rtitioning into th
acts and pertu bs C monolayers, partitioning into t orowitz, A. D., J. E. Baatz, and J. A. Whitsett. 1993. Lipid effects on

quuid-'expanded fluid phase of Fhe phospholipid, and accu- " aggregation of pulmonary surfactant protein SP-C studied by fluores-
mulating at the LE-LC boundaries. SP-A causes no effects cence energy transfeBiochemistry 32:9513-9523.

in monolayers of DPPC/DPPG, the protein being excludediohansson, J., T. Curstedt, and B. Robertson. 1994. The proteins of the
from both LC and LE regions and being accumulated as surfactant systemur. Respir. J.7:372-391.

|arge protein aggregates in the LE-LC boundaries of theséeough, K. M. W. 1992. Physical chemistry of pulmonary surfactant in the
| terminal air spacedn Pulmonary Surfactant: From Molecular Biology
monolayers. to Clinical Practice. B. Robertson, L. M. G. Van Golde, and J. J.

Batenburg, editors. Elsevier, Amsterdam. 165-192.
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