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Abstract Pulmonary surfactant protein A (SP-A) is an oligo-
meric glycoprotein that binds dipalmitoylphosphatidylcho-
line (DPPC). Interactions of rat SP-A and recombinant SP-
As with pure and binary monolayers of DPPC and choles-
terol were studied using a rhomboid surface balance at

 

37

 

8

 

C. A marked inflection at equilibrium surface tension
(23 mN/m) in surface tension-area isotherm of a pure
DPPC film was abolished by rat SP-A. The inflection was

 

decreased and shifted to 18 mN/m with wild-type recom-

 

binant SP-A (SP-A

 

hyp

 

). Both rat SP-A and SP-A

 

hyp

 

 de-
creased surface area reduction required for pure DPPC
films to reach near zero surface tension from 30 to 25%.
SP-A

 

hyp,E195Q,R197D

 

, mutated in carbohydrate recognition do-
main (CRD) known to be essential for SP-A–vesicle interac-
tions, conveyed a detrimental effect on DPPC surface activ-

 

ity. SP-A

 

D

 

G8-P80

 

, with deletion of collagen-like domain, had
little effect. Both SP-A

 

hyp,C6S

 

 (Ser substitution for Cys

 

6

 

) and
SP-A

 

hyp,

 

D

 

N1-A7

 

 (N-terminal segment deletion) which appear
mainly as monomers on non-reducing SDS-PAGE analysis,
increased required surface area reduction for minimal sur-
face tension. All SP-As reduced collapse surface tension of
a pure cholesterol film from 27 to 23 mN/m in the presence
of Ca

 

2

 

1

 

. When mixed films were formed by successive
spreading of DPPC/SP-A/cholesterol, rat SP-A, SP-A

 

hyp

 

, or
SP-A

 

D

 

G8-P80

 

 blocked the interaction of cholesterol with
DPPC; SP-A

 

hyp,E195Q,R197D

 

 could not impede the interaction;
SP-A

 

hyp,C6S

 

 or SP-A

 

hyp,

 

D

 

N1-A7

 

 only partially blocked the inter-
action, and cholesterol appeared to stabilize SP-A

 

hyp,C6S

 

–
DPPC association.  These results demonstrate the impor-
tance of CRD and N-terminal dependent oligomerization in
SP-A–phospholipid associations. The findings further indi-
cate that SP-A–cholesterol interactions differ from SP-A–
DPPC interactions and may be nonspecific.

 

—Yu, S-H., F. X.
McCormack, D. R. Voelker, and F. Possmayer.
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Pulmonary surfactant is composed of about 90% lipids
and 10% proteins with dipalmitoylphosphatidylcholine
(DPPC) as the major lipid component. The main function
of pulmonary surfactant is to maintain the stability of the
lung by reducing the surface tension at the air/alveoli in-
terface (1–3). Surfactant protein A (SP-A) is an abundant
surfactant protein in the alveoli (4, 5). SP-A is a hydro-
philic glycoprotein with a monomeric molecular mass of
28,000–36,000 dalton (6, 7). SP-A belongs to the C-type

 

(Ca

 

2

 

1

 

-dependent) carbohydrate binding protein family
(8, 9) and shares extensive sequence homology with man-
nose binding protein A (10). An SP-A monomer consists
of four structural domains (11). Analysis of rat SP-A re-
vealed (12): 

 

1

 

) a disulfide bond-forming amino terminal
segment (Asn

 

1

 

–Ala

 

7

 

); 

 

2

 

) a collagen-like domain (Gly

 

8

 

–
Pro

 

80

 

); 

 

3

 

) a hydrophobic neck region (Gly

 

78

 

–Val

 

114

 

); 

 

4

 

) a
carbohydrate recognition domain (CRD), (Gly

 

115

 

–Phe

 

228

 

).
In its native state, SP-A assembles into oligomers as a con-
sequence of non-covalent trimerization of the collagen
and neck domains. Further oligomeric assembly occurs by
covalent crosslinking of trimers to form an octadecamer
with a bouquet-like structure similar to that of C1q (13,
14). In the presence of Ca

 

2

 

1

 

, SP-A induces the aggrega-
tion of phospholipid vesicles (15, 16) and has a high affin-
ity toward DPPC (17, 18). Recombinant wild-type rat SP-A
and several mutant SP-As have been produced in insect
cells using recombinant baculoviruses and characteriza-
tion of their biological functions indicates that the CRD is
essential for SP-A to interact with phospholipid vesicles
(12, 19).

 

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; L-B film,
Langmuir-Blodgett film; PL, phospholipid; BLES, bovine lipid extract
surfactant; SP- surfactant associated protein; PAGE, polyacrylamide gel
electrophoresis; CRD, carbohydrate recognition domain.
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Pulmonary surfactant contains 4–7% neutral lipid,
mainly cholesterol. Although cholesterol decreases the gel-
to-liquid crystalline transition temperature of DPPC in
aqueous dispersions and increases the re-entry of DPPC into
monolayers (20), it impairs the surface tension-lowering
ability of the surfactant. Several studies (21–23) have
shown that in the absence of SP-A, cholesterol cannot be
readily squeezed out from the mixed films through re-
peated compression.

Previously we reported that bovine SP-A can decrease
the collapse surface tension of pure cholesterol monolay-
ers and facilitate the squeeze-out of cholesterol from
DPPC/cholesterol mixed monolayers, which were formed
with the successive spreading of DPPC/SP-A/cholesterol,
by limiting the interaction of cholesterol with DPPC (24).
It is clear from those studies (24) that SP-A can interact di-
rectly with cholesterol in pure cholesterol monolayers and
with DPPC in pure or mixed monolayers. However, it is
not clear whether SP-A also interacted directly with cho-
lesterol in mixed monolayers or which SP-A domain was
associated with cholesterol. In the present study we used
several mutant SP-As to evaluate the roles of individual
structural domains of SP-A in interactions with DPPC
and cholesterol.

MATERIALS AND METHODS

 

Materials

 

Dipalmitoyl-1-[

 

14

 

C]phosphatidylcholine was purchased from
New England Nuclear (Markham, Ontario, Canada). DPPC and
cholesterol were from Sigma Chemical Co.(Mississauga, Ontario,
Canada). The Bicinchoninic Acid Protein Assay (BCA) Kit was
from Pierce. All reagents and other chemicals (analytical grade)
were from BDH (British Drug House Inc., Toronto). Distilled
water purified through a Millipore Milli-Q four-cartridge system
was used in all experiments.

 

Purification of rat SP-A

 

Rat SP-A was isolated from bronchoalveolar lavage of Sprague-
Dawley rats 4 weeks after the intratracheal instillation of 40 mg/
kg of silica. The protein was purified by delipidation with bu-
tanol, affinity chromatography using mannose–Sepharose 6B
and size fractionation by Bio-Gel A-15 m gel permeation chroma-
tography as described previously (25).

 

Production of recombinant SP-A

 

hyp

 

, SP-A

 

hyp,E195Q,R197D

 

, 
SP-A

 

D

 

G8-P80

 

, SP-A

 

hyp,C6S

 

, and SP-A

 

hyp,

 

D

 

N1-A7

 

The mutant recombinant proteins used in this study have
been previously reported and will be only briefly outlined here.
Mutant cDNAs encoding the substitutions Glu 195 to Gln (26),
and Arg197 to Asp (26), Cys6 to Ser (27), the deletion of amino
acids Gly8–Pro80 (27), and the deletion of Asn1–Ala7 (28) were
produced from the 1.6 kb rat SP-A cDNA template by overlap-
ping extension PCR (29). The mutated cDNAs were ligated into
the Eco R1 site of PVL 1392 transfer vector and the correct orien-
tations were confirmed by endonuclease digestion with Kpn 1
and electrophoretic analysis. Nucleotide sequencing of the entire
coding region (30) for all constructs confirmed the intended
substitutions and deletions, and the absence of spurious muta-
tions. Recombinant baculoviruses containing the mutant cDNAs
were produced by homologous recombination in 

 

Spodoptera fru-
giperda

 

 (Sf-9) cells after contransfection with linear viral DNA

 

(Baculogold, Pharmingen) and the PVL 1392/mutant SP-A con-
structs, as described. Fresh monolayers of 107 

 

Trichoplusia Ni

 

 (T.
Ni) cells were infected with plaque-purified recombinant viruses
at a multiplicity of infection of 10, and then incubated with
serum-free media (IPL-41) supplemented with 0.4 m

 

m

 

 ascor-
bic acid and antibiotics for 72 h. Recombinant SP-A was puri-
fied from the culture media by adsorption to mannose–Sepharose
6B columns in the presence of 1 m

 

m

 

 Ca

 

2

 

1

 

 and elution with 2 m

 

m

 

EDTA (31). The purified recombinant SP-A was dialyzed against
5 m

 

m

 

 Tris (pH 7.4) and stored at 

 

2

 

20

 

8

 

C.

 

Protein assays

 

Purified rat SP-A and recombinant SP-As, originally stored in
aqueous media at 

 

2

 

20

 

8

 

C, were thawed and dissolved in water–
2-propanol 2:1 before experiments. These proteins were subse-
quently stored in water–2-propanol 2:1 at 

 

2

 

20

 

8

 

C where the protein
solutions do not freeze, and analyzed in a 12.5% SDS-polyacryla-
mide gel electrophoresis (PAGE) gel (32). Protein concentrations
were estimated with a BCA Protein Assay Kit using bovine serum
albumin as a standard.

 

Preparation of bovine lipid extract surfactant
containing cholesterol, BLES(chol)

 

BLES(chol) was extracted from bovine natural surfactant by
the procedure of Bligh and Dyer as previously described (33).
BLES(chol) retains all protein and lipid components of natural
surfactant except SP-A.

 

Pulsating bubble surfactometer

 

Effects of SP-A

 

hyp

 

 on the surface activity of BLES(chol) at 30

 

8

 

and 37

 

8

 

C were examined using a pulsating bubble surfactometer
(34). Briefly, a bubble of 0.55 mm diameter with interface of air/
BLES(chol) dispersion (1 mg/ml) was pulsated between 0.55–
0.40 mm at 20 rpm. The pressure (

 

D

 

p) across the bubble was
measured with a transducer and the surface tension was calcu-
lated by Laplace equation 

 

D

 

p 

 

5

 

 2

 



 

/r where 

 



 

 is the surface ten-
sion and r is the radius of the bubble.

 

Surface tension–surface area measurements

 

A rhomboid surface balance (24) was used to study the surface
tension–area isotherms of pure and binary mixed monolayers of
DPPC and cholesterol in the presence and absence of SP-A at
37

 

8

 

C. In a typical experiment, 120 ml saline containing 1.5 m

 

m

 

CaCl

 

2

 

 was poured into a trough which was placed on a tempera-
ture-regulated hot plate (37 

 

6

 

 0.5

 

8

 

C) and enclosed in a temperature-
controlled box (37 

 

6

 

 0.5

 

8

 

C). A 5-mm wide platinum plate was
dipped into the subphase and the surface tension was monitored
with a TSAR 1 computer-controlled readout (TECH-SER, Inc.,
Torrance, CA). A sample of DPPC or cholesterol in hexane–
methanol 95:5 was spread on the subphase to a desired surface
tension. A dynamic compression from a surface area of 24 to 10
cm

 

2

 

 was initiated after 15 min of solvent evaporation at 60 mm/
min. In the experiments including SP-A, a 30 

 

m

 

l solution of 0.4
mg/ml SP-A in water–2-propanol 2:1 was applied onto several lo-
cations of the lipid monolayer after a 15-min pause for solvent
evaporation. With all mixed monolayers studied, the compo-
nents were spread successively in the sequence of DPPC/
cholesterol or DPPC/SP-A/cholesterol. In each case, a dynamic
compression was begun 30 min after the sample application was
completed. The initial surface tension of DPPC was 30–31 mN/
m and the concentration of cholesterol was 3.5 wt% of DPPC.

Surface active properties of SP-A at 37

 

8

 

C were also examined
using the rhomboid surface balance. A small amount of SP-A,
ranging from 2 to 4 

 

m

 

g in 0.4 mg/ml water–2-propanol 2:1, was
applied on a surface area of 24 cm

 

2

 

 subphase and the initial sur-
face tension was 70 mN/m. The compression procedure was car-
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ried out as described above. Calculation of the area per amino
acid was based on the assumption of a molecular mass of 35,000
dalton and 228 residues per monomer of SP-A (7, 12).

 

Langmuir-Blodgett (L-B) films deposition
and autoradiography

 

L-B films of DPPC in the presence of rat SP-A or recombinant
SP-As were deposited on a 1 

 

3

 

 1 cm

 

2

 

 microscope glass cover slip
at equilibrium surface tension (

 

,

 

23 mN/m) using the rhomboid
surface balance at 37

 

8

 

C as described previously (24). Briefly, 30

 

m

 

l of 0.4 mg/ml SP-A in water–2-propanol 2:1 was applied onto
several locations of a 

 

14

 

C-labeled DPPC monolayer with a surface
tension of 30–31 mN/m. Thirty minutes after sample applica-
tion, the monolayer was compressed slowly at 0.8 mm/min. An
L-B film was deposited on the glass plate, which was lowered into
the subphase of saline, 1.5 m

 

m

 

 CaCl

 

2

 

 prior to the spreading of
DPPC, by lifting the plate up slowly at 1 mm/min when the sur-
face tension reached 23 mN/m. The surface tension was main-
tained constant throughout the deposition process. The specific
radioactivity of all samples was 3 

 

m

 

Ci/mg DPPC. Autoradio-
graphs of L-B films were produced by exposing the plates to X-
ray films for about 40 h at 4

 

8

 

C.

 

RESULTS AND DISCUSSION

 

SDS-PAGE analysis of SP-As

 

Recombinant SP-As, expressed in insect cells using bac-
ulovirus vectors, contain less hydroxyproline in the col-
lagen-like domains than rat SP-A recovered from lavage
and these proteins are designated SP-A

 

hyp

 

 (25). Hydroxy-
proline stabilizes the triple-helical structure of collagen by
forming hydrogen bonds between hydroxyl groups (35).
As a result, wild-type recombinant SP-A

 

hyp

 

 is not as stable
as rat SP-A at physiological temperatures. In this study
four additional variants of SP-A were used: 

 

1

 

) SP-
A

 

hyp,E195Q,R197D

 

 was produced by substitution of Glu

 

195

 

with Gln and Arg

 

197

 

 with Asp to alter the carbohydrate
binding specificity of SP-A

 

hyp

 

 from mannose to galactose
(36); 

 

2

 

) SP-A

 

D

 

G8-P80

 

 has a deletion of the collagen-like do-
main (27); 

 

3

 

) SP-A

 

hyp,C6S

 

, serine substitutes for Cys

 

6

 

 to pre-
vent the formation of interchain-disulfide bonds (27); 

 

4

 

)
SP-A

 

hyp,

 

D

 

N1-A7

 

 has a deletion of the amino terminal seg-
ment (28). Coomassie blue staining of SP-A variants after
electrophoresis under non-reducing conditions is shown
in 

 

Fig. 1. These SP-As were stored unfrozen in water–2-
propanol 2:1 at 2208C. Figure 1 reveals that electro-
phoretic profiles of SP-As stored in propanol solutions
were similar to those of SP-As stored in an aqueous solvent
under non-reducing conditions (26, 27). Rat SP-A (lane
a) appeared as multiple bands of dimers and oligomers.
SP-Ahyp (lane b) formed monomers, dimers, and oligo-
mers. SP-Ahyp,E195Q,R197D (lane c) formed protein bands
similar to those of SP-Ahyp. SP-ADG8-P80 (lane d) appeared to
be mostly dimers and tetramers. SP-Ahyp,C6S (lane e)
showed mainly monomers and SP-Ahyp,DN1-A7 (lane f) re-
vealed monomers and a small amount of dimers. Both SP-
Ahyp,C6S and SP-Ahyp,DN1-A7 lack interchain-disulfide bonds
adjacent to the collagen-like domains essential for cova-
lent oligomerization and stabilizing the triple helical
structures (37). An additional disulfide forming cysteine

recently identified as Cys21 is also present in a minor iso-
form of rat SP-A and recombinant SP-A that has an extra
three amino acids at the N-terminus (28).

It is known that self-aggregation of SP-A occurs in aque-
ous medium with various concentrations of Ca21 depend-
ing on the species (38, 39). These non-covalent aggre-
gates will not be seen in non-reducing SDS-PAGE as the
aggregates are dispersed by SDS. In the present studies all
SP-As were dissolved in water–2-propanol 2:1; it is highly
unlikely that SP-As aggregate in this solution.

Surface-active properties of rat SP-A and SP-Ahyp

Surface-active properties of native SP-A and recombi-
nant SP-A were assessed with the rhomboid surface bal-
ance at 378C. Figure 2 shows that rat SP-A did not reduce
the surface tension of the air/saline, 1.5 mm CaCl2 inter-
face when the surface area was compressed from 24 to 10
cm2. This result suggests that rat SP-A did not form an in-
soluble monolayer at the interface and was not surface ac-
tive. Identical experiments with bovine SP-A revealed the
same result (results not shown). These findings are consis-
tent with our earlier observations indicating that bovine
SP-A is not surface active (24). However, surface tension at
the interface was moderately reduced when SP-Ahyp was
applied onto the surface and compressed. This may be
due to differences in protein-folding between native rat SP-
A and SP-Ahyp, and is possibly related to the deficiency of
hydroxyproline in SP-Ahyp. SDS-PAGE analysis shows that
the degree of oligomerization in SP-Ahyp is not as complete
as in rat SP-A (Fig. 1 lanes a and b). These observations dif-
fer from previous studies which reported the formation of
an insoluble film at the air/saline interface for native por-
cine SP-A dissolved in 5 mm HEPES, 0.1% amyl alcohol or
1-propanol–0.5 m sodium acetate 1:1 at 22 6 28C (40).

Fig. 1. SDS-PAGE analysis of SP-As. Electrophoresis was con-
ducted using a 4% stacking and a 12.5% separating gel under non-
reducing conditions. Protein-bands were stained with Coomassie
brilliant blue: a, rat SP-A; b, SP-Ahyp; c, SP-Ahyp,E195Q ,R197D; d, SP-
ADG8-P80; e, SP- Ahyp,C6S; f, SP-Ahyp,DN1-A7.
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Effect of temperature on the ability of SP-Ahyp to
enhance the surface activity of BLES(chol)

To assess the thermal stability of SP-Ahyp, the effects
of SP-Ahyp on the surface activities of BLES(chol) at 308
and 378C were measured with a bubble pulsating surfac-
tometer. Figure 3 shows that the surface activities of
BLES(chol) at 1 mg/ml were similar at 308 and 378C.
Addition of SP-Ahyp enhanced the surface activity of
BLES(chol). The surface activity was increased more at
308C than at 378C with 2% SP-Ahyp. This could be attrib-
uted to the thermal instability of the collagen-like domain

due to deficiency of hydroxyproline (25). However, with
5% SP-Ahyp, minimum surface tension was attained within
60 pulsations at 378C. These results demonstrate that a
moderate concentration of SP-Ahyp can effectively enhance
the surface activity of BLES(chol) at 378C.

Interaction of rat SP-A or SP-Ahyp with DPPC
at the air/saline, 1.5 mM CaCl2 interface

The effect of rat SP-A or SP-Ahyp on the surface area re-
duction required for a pure DPPC film to reach near zero
surface tension was investigated by applying SP-A on a pre-
formed DPPC monolayer at 30 mN/m. Figure 4 illustrates
the surface tension–surface area isotherms of DPPC films
in the presence and absence of SP-A at 378C. A marked in-
flection was observed around equilibrium surface tension
(23 mN/m) in the compression curve for a pure DPPC
monolayer. We previously interpreted the appearance of
the inflection as an indication of the loss of monolayer
material during compression (24). However, it is also pos-
sible that the inflection results from conformational changes
in the head groups of DPPC. It has been reported that
DPPC head groups can be rearranged by compressing the
monolayer (41) and the tilted hydrocarbon-chain confor-
mation is determined by the orientation of the head
groups (42). Watkins (43) has observed a decrease in the
slope of a surface potential–surface area isotherm for a
pure DPPC monolayer at the point corresponding to the
onset of the inflection in the surface tension–surface area
isotherm. He suggested that the inflection was a result of
changes in the orientation of the choline and phosphate
groups of DPPC from co-planar with the surface to co-
axial with the hydrocarbon chains during compression of
the DPPC monolayer. As a result, the hydrocarbon chains
of DPPC became more condensed. Figure 4 and Table 1,
row 1, also show that pure DPPC films attained near
zero surface tension with 30% surface area reduction
from equilibrium surface tension and sustained the over-

Fig. 2. Surface-active properties of rat SP-A and SP-Ahyp. Iso-
therms of surface tension–surface area at 378C were obtained using
a rhomboid surface balance as described in the text.

Fig. 3. Effect of temperature on SP-Ahyp in enhancing surface
activity of BLES(chol). Surface tension lowering properties of
BLES(chol) in the absence and presence of SP-Ahyp at 30 and 378C
were conducted using a pulsating bubble surfactometer. Concen-
tration of BLES(chol) was 1 mg/ml in saline, 1.5 mm CaCl2. Data
are mean 6 SE for n 5 3.

Fig. 4. Representative surface tension–surface area isotherms for
pure DPPC films in the presence and absence of rat SP-A or SP-Ahyp

at 378C. Experiments were carried out as described in the text.
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compression past collapse. With over-compression, DPPC
films buckle and form overlapping layers at the interface
(44); the surface tension remains constant at near zero
during this process.

Observations from our earlier monolayer studies (24)
suggested that bovine SP-A preferentially interacted with
the head groups of DPPC monolayers. Figure 4 reveals
that addition of rat SP-A to a DPPC monolayer at 30 mN/
m nearly abolished the inflection and the surface area re-
duction required to reach near zero surface tension was
decreased from 30 to 25%, similar to that observed previ-
ously with bovine SP-A (24). The disappearance of the in-
flection at 23 mN/m is likely due to the changes in con-
formation of the DPPC head groups adopted at 30 mN/m
when SP-A was applied onto the DPPC monolayer. As a re-
sult, the area reduction required to attain near zero sur-
face tension was reduced.

Interaction of SP-Ahyp with DPPC shifted the dimin-
ished inflection to 18 mN/m. This result suggests that SP-
Ahyp also altered the conformation of DPPC head groups
before compression but to a lesser extent than rat SP-A,
and further conformational changes occurred upon com-
pression to 18 mN/m. Nonetheless, the surface area re-
duction required to reach near zero surface tension for
DPPC films in the presence of SP-Ahyp was similar to rat
SP-A. Both SP-As reduced the required surface area reduc-
tion for DPPC films from 30% (in the absence of SP-A) to
25% (in the presence of SP-A). Similar to bovine SP-A
(24), addition of rat SP-A to a DPPC monolayer at 30 mN/
m reduced the surface tension slightly to 28 mN/m. But
the surface tension remained constant upon addition of
SP-Ahyp as shown in Table 1, rows 3 and 5. These results
also demonstrate the possible alteration in conformation

of DPPC monolayers upon the addition of rat SP-A at 30
mN/m. As a result, the surface tension was reduced mod-
erately. Whereas SP-Ahyp may also alter the orientation of
DPPC molecules, the effect was less than with rat SP-A and
was not strong enough to alter the surface tension.

The interactions of SP-As with DPPC monolayers at the
equilibrium surface tension (23 mN/m) are also analyzed
with L-B films. Figure 5 shows that at 378C both rat SP-A (A)
and SP-Ahyp (B) are capable of inducing the aggregation of
DPPC molecules at 23 mN/m, but to different extents.

Addition of SP-Ahyp to vesicles composed of DPPC–egg
PC–egg phosphatidylglycerol (PG) 9:3:2 resulted in vesicle
aggregations at 208C but not at 378C (27). The vesicle–vesi-
cle interactions observed under these conditions are de-
pendent on SP-A–SP-A associations, and are likely different
from the DPPC aggregation observed with monolayers.

Interactions of SPAs with cholesterol
Cholesterol forms a liquid condensed monolayer with

the molecules perpendicularly oriented at the interface at
all surface tensions; therefore cholesterol has very little
compressibility (45, 46). It has a relatively high equilib-
rium surface tension of 33–34 mN/m and collapses at 27–
28 mN/m upon compression at 378C or 308C. Table 2
compiles the effects of SP-A and individual structural do-
mains of SP-A on the collapse surface tension of pure cho-
lesterol monolayers in the presence and absence of Ca21

at 378C. The results showed that rat SP-A, SP-Ahyp, and all
mutant SP-As tested clearly reduced the collapse surface
tension to 23 mN/m in the presence of Ca21. These find-
ings imply that the interactions of SP-A with cholesterol
do not require any of the specific domains evaluated in
this report, although the association is Ca21 dependent.

TABLE 1. Interactions of SP-A with pure DPPC and mixture of DPPC/Cholesterol at the air/water inter face

Monolayersa
Initial

Surface Tensionb

Reduction of 
Surface Area

Required from
23 mN/m to Near

Zero Surface Tensionc Significanced

mN/m % P

1. DPPC 30–31 30.2 6 0.9
2. DPPC 1 CHOL 30–31 ➝ 26–27 .60
3. DPPC 1 rat SP-A 30–31 ➝ 28–29 24.8 6 0.8 P1,3 , 0.05
4. DPPC 1 rat SP-A 1 CHOL 30–31 ➝ 28–29 ➝ 24–25 25.3 6 0.7 P3,4 . 0.05
5. DPPC 1 SP-Ahyp 30–31 ➝ 30–31 25.0 6 1.2 P1,5 , 0.05
6. DPPC 1 SP-Ahyp 1 CHOL 30–31 ➝ 30–31 ➝ 26–27 25.5 6 0.8 P5,6 . 0.05
7. DPPC 1 SP-Ahyp,E195Q ,R197D 30–31 ➝ 30–31 .50
8. DPPC 1 SP-Ahyp,E195Q ,R197D 1 CHOL 30–31 ➝ 30–31 ➝ 26–27 .60
9. DPPC 1 SP-ADG8-P80 30–31 ➝ 30–31 28.9 6 0.5 P1,9 . 0.05

10. DPPC 1 SP-ADG8-P80 1 CHOL 30–31 ➝ 30–31 ➝ 26–27 28.0 6 1.0 P9,10 . 0.05
11. DPPC 1 SP-Ahyp,C6S 30–31 ➝ 30–31 40.7 6 1.2 P1,11 , 0.05
12. DPPC 1 SP-Ahyp,C6S 1 CHOL 30–31 ➝ 30–31 ➝ 26–27 32.0 6 2.0 P11,12 , 0.05
13. DPPC 1 SP-Ahyp,DN1-A7 30–31 ➝ 30–31 35.6 6 2.6 P1,13 , 0.05
14. DPPC 1 SP-Ahyp,DN1-A7 1 CHOL 30–31 ➝ 30–31 ➝ 26–27 46.8 6 1.2 P13,14 , 0.05

Dynamic compressions at the air/saline, 1.5 mm CaCl2 interface were performed from the surface area of 24
to 10 cm2 at 6 cm/min and 378C.

a Composition of a monolayer is expressed in the order of the successive spreading of each component.
b Initial surface tension of DPPC in all samples was 30–31 mN/m. Arrows indicate the surface tensions at the

air/saline, 1.5 mm CaCl2 interfaces after the successive spreading of SP-A or cholesterol. All monolayers of DPPC
plus cholesterol contain 3.5 wt % cholesterol.

c Data are mean 6 SE for n > 3.
d P values were obtained from a two-tailed t -test. Differences were significant when P , 0.05.
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These data indicate that the SP-A–cholesterol interactions
are different from the SP-A–DPPC interactions. As choles-
terol orients vertically at the interface with the b-OH moi-

ety below the interface, it seems reasonable to suggest that
hydrogen-bonding between the sterol and protein is re-
sponsible for the decrease in collapse surface tension.
However, rat SP-A did not aggregate cholesterol at its
equilibrium surface tension (33–34 mN/m) nor did it af-
fect the aggregation of cholesterol molecules formed be-
low the equilibrium surface tension; aggregates of choles-
terol in L-B films formed around 30 mN/m appeared to
be similar in the presence and absence of SP-A (results
not shown).

Interaction of rat SP-A or SP-Ahyp with mixed
monolayers of DPPC and cholesterol

Cholesterol condenses PC monolayers (21) and prefer-
entially interacts with disaturated PC (47). It has been
proposed that hydrogen bond formation between the b-
hydroxyl hydrogen of cholesterol and the carbonyl oxy-
gen of DPPC is essential for the interaction (48). Previ-
ously we have shown (24) that successive spreading of
DPPC and 3.5 wt% cholesterol at the air/saline, 1.5 mm
CaCl2 interface resulted in the formation of cholesterol-
rich domains which may mimic the organization of biologi-
cal membranes (49, 50). Cholesterol is a major component
of mammalian plasma membranes. It plays important roles
in the growth and function of mammalian cells, such as
influencing membrane permeability and stability, and reg-
ulating plasma membrane protein activity and membrane
biosynthesis (51). Although the function of cholesterol in
the pulmonary surfactant system is not clear, it has been
observed that cholesterol enhances transport of DPPC to
the surface from a surfactant dispersion and increases the
reservoir of DPPC below the interface (33). Cholesterol
also improves re-spreading of DPPC into the air/water in-
terface (20). However, in a mixed monolayer of DPPC
and cholesterol, cholesterol impaired the surface tension
lowering ability of DPPC (24). Figure 6A and Table 1, row
2, show that DPPC/cholesterol mixed monolayers,
formed by successive spreading, required the maximum
compression to reach near zero surface tension at 378C.
We have demonstrated that bovine SP-A was able to pre-

Fig. 5. Autoradiographs of L-B films deposited with [14C]DPPC-
labeled pure DPPC films at 23 mN/m and 378C in the presence of
SP-A. A, rat SP-A; B, SP-Ahyp; C, SP-Ahyp,E195Q,R197D; D, SP-ADG8-P80; E,
SP-Ahyp,C6S; F, SP-Ahyp,DN1-A7. The bar indicates 2 mm in all graphs.
The films presented are typical of films from three experiments.

TABLE 2. Interactions of SP-A with cholesterol at the air/water interface

Monolayersa
Initial

Surface Tensionb Ca21
Collapse

Surface Tensionc P  Valuesd

mN/m mN/m

1. CHOL 37–38 1 27.5 6 0.3
37–38 2 27.0 6 0.5

2. CHOL 1 rat SP-A 37–38 ➝ 35–36 1 22.6 6 0.5 P1,2 , 0.05
37–38 ➝ 35–36 2 27.6 6 0.4

3. CHOL 1 SP-Ahyp 37–38 ➝ 37–38 1 22.7 6 0.6 P1,3 , 0.05
37–38 ➝ 37–38 2 27.4 6 0.6

4. CHOL 1 SP-Ahyp,E195Q,R197D 37–38 ➝ 37–38 1 23.0 6 0.2 P1,4 , 0.05
5. CHOL 1 SP-ADG8–P80 37–38 ➝ 37–38 1 22.8 6 0.4 P1,5 , 0.05
6. CHOL 1 SP-Ahyp,C6S 37–38 ➝ 37–38 1 22.5 6 0.5 P1,6 , 0.05
7. CHOL 1 SP-Ahyp,DN1–A7 37–38 ➝ 37–38 1 22.8 6 0.4 P1,7 , 0.05

Experiments were carried out as in Table 1 except that some experiments were performed in the absence of
CaCl2.

a Composition of monolayers corresponds to the spreading order of each component.
b Arrows indicate the surface tensions after the successive application of SP-A.
c Data are mean 6 SE for n > 3.
d Differences were analyzed using a two-tailed t -test.
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vent the detrimental effect of cholesterol on the surface-
active property of DPPC, apparently by interacting with
DPPC first and blocking the interaction of cholesterol
with DPPC (24). Figure 6A also reveals that a DPPC/cho-
lesterol mixed monolayer, formed by successive spreading,
could reach near zero surface tension with about 40%
area reduction at 308C. However, when mixed monolayers
were formed by co-spreading of DPPC and cholesterol,
similar results were observed at 308 and 378C. The mixed
films required the maximum compression (,65%) to
reach very low surface tension (results not shown).

In the present study we also performed successive
spreading of DPPC/SP-A/cholesterol to examine the ef-
fect of SP-A on the surface properties of mixed films. Fig-
ure 6B shows similar surface tension–area isotherms were

obtained with DPPC/rat SP-A/cholesterol and DPPC/SP-
Ahyp/cholesterol mixed films at 378C. Both rat SP-A and
SP-Ahyp were able to impede the interaction of cholesterol
with DPPC and restore the surface area reduction re-
quired to achieve near zero surface tension by compress-
ing only 25% with these mixed films (Table 1, rows 4 and
6). This suggests that under these experimental condi-
tions SP-Ahyp is functionally comparable to rat SP-A, and
can therefore serve as a basis for comparison with mutant
proteins used to assess the role of individual structural do-
mains in SP-A–DPPC monolayer interactions. Figure 6B
also reveals that the small inflection in the compression
curve of DPPC/SP-Ahyp was further reduced by addition of
cholesterol (compare Fig. 4 with Fig. 6B). This could be
the result of condensing effect of cholesterol on DPPC
molecules which had not interacted with SP-Ahyp. Our pre-
vious results (24) indicated that SP-A preferentially inter-
acts with DPPC head groups in DPPC monolayers and
addition of cholesterol to DPPC films in the presence of
SP-A does not affect SP-A–DPPC interactions. We con-
clude that cholesterol does not associate with rat SP-A or
SP-Ahyp that had interacted with DPPC in the mixed films
for the following reasons: 1) the effects of SP-A on the sur-
face activities of DPPC were similar in the presence and
absence of cholesterol; 2) the aggregation of DPPC in-
duced by SP-A was similar in the presence and absence of
cholesterol (24); 3) it is likely that the vertical orientation
of SP-A introduced by the multivalent binding of the CRD
to the head groups of DPPC in mixed films places SP-A
oligomers in positions that are not structurally compatible
with binding to the b-OHs of cholesterol immediately
below the surface.

Interactions of SP-Ahyp,E195Q,R197D with monolayers
of pure DPPC and mixtures of DPPC and cholesterol

SDS-PAGE analysis reveals that SP-Ahyp and SP-
Ahyp,E195Q,R197D have identical migration profiles (Fig. 1).
This result showed that substitution of Glu195 with Gln and
Arg197 with Asp in the CRD did not affect the overall cova-
lent oligomerization of SP-A. However, these alterations
greatly affected the interaction of SP-A with DPPC as this
mutant does not induce the aggregation of DPPC (Fig.
5C). Figure 7 shows that addition of SP-Ahyp,E195Q,R197D

onto DPPC monolayers impaired the surface tension-low-
ering ability of DPPC. The inflection in the compression
curve for SP-Ahyp,E195Q,R197D was more apparent than with
SP-Ahyp. Furthermore, the DPPC film required near maxi-
mum compression to reach low surface tension and the
resulting film was very unstable. These results showed that
SP-Ahyp,E195Q,R197D interacted with DPPC in a manner that
did not enhance the surface tension-lowering effects of
the film during compression, possibly by preventing the
normal orientation of DPPC molecules at the interface as
DPPC films seemed unable to sustain low surface tension
during compression in the presence of SP-Ahyp,E195Q,R197D.
Upon over-compression, it is likely that DPPC molecules
were squeezed out from the film into the subphase, result-
ing in rising surface tension.

Figure 7 also shows that the compression curve for

Fig. 6. A: Surface tension–surface area isotherms for mixed films
of DPPC and cholesterol at 308 and 378C. DPPC and cholesterol
were dissolved separately in hexane–methanol 95:5. Cholesterol
(3.5 wt%) was spread on a preformed DPPC monolayer at 30 mN/
m. B: Representative dynamic compression curves for mixed films
of DPPC and cholesterol in the presence of rat SP-A or SP-Ahyp at
378C. Mixed films were formed by the successive spreading of
DPPC, SP-A, and cholesterol.
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DPPC/SP-Ahyp,E195Q,R197D/cholesterol had a trend similar
to that for DPPC/cholesterol at 378C (Fig. 6 A). Collec-
tively the data indicate that SP-Ahyp,E195Q,R197D could nei-
ther block the interaction of cholesterol with DPPC nor
interact directly with cholesterol. We conclude that the
CRD of SP-A is required for SP-A to bind with DPPC in a
proper orientation thereby enhancing the surface activity
of DPPC monolayers.

Interactions of SP-ADG8-P80 with monolayers of pure 
DPPC and mixtures of DPPC and cholesterol

SP-ADG8-P80, lacks the collagen-like domain but forms
disulfide-linked dimers and oligomers (Fig.1 lane d). At
378C, SP-ADG8-P80 also aggregated DPPC molecules in the
monolayer although not as extensively as rat SP-A (Fig.
5D). We have previously reported that, like SP-Ahyp, SP-
ADG8-P80 aggregates vesicles composed of DPPC–egg PC–
egg PG 9:3:2 at 208C but not at 378C (27). Figure 8 and
Table 1, row 9, show that SP-ADG8-P80 slightly improved the
surface activity of pure DPPC monolayers, but the effect
was not significant. The results also showed that SP-ADG8-P80

could prevent the negative effect of cholesterol on the
surface activity of DPPC in mixed films (Fig. 8 and Table
1, row 10). This indicates that SP-ADG8-P80 could directly in-
teract with DPPC and effectively block the interaction of
cholesterol with DPPC. In the presence of SP-ADG8-P80, sur-
face activities of DPPC appeared to be similar with and
without cholesterol (Table 1, rows 9 and 10), indicating
that SP-ADG8-P80 did not interact with cholesterol in the
mixed films.

Interactions of SP-Ahyp,C6S with monolayers of pure
DPPC and mixtures of DPPC and cholesterol

On SDS-PAGE analysis, the SP-Ahyp,C6S is mainly com-
posed of monomers and lesser amounts of dimeric species
(Fig. 1, lane e). SP-Ahyp,C6S did not aggregate DPPC mole-
cules at equilibrium surface tension and 378C (Fig. 5E).

Figure 9 shows that SP-Ahyp,C6S greatly reduced the surface
tension-lowering ability of DPPC films. The surface area
reduction required for reducing the surface tension to
near zero was increased from 30 to 40% by the addition of
SP-Ahyp,C6S to a DPPC monolayer. However, films were sta-
ble at near zero surface tension and could withstand over-
compression. This may relate to the fact that SP-Ahyp,C6S

possesses a wild-type CRD binding site but exhibits low af-
finity toward DPPC, perhaps due to incomplete oligo-
meric assembly. Addition of cholesterol to DPPC films in
the presence of SP-Ahyp,C6S significantly enhanced the sur-
face activity of the mixed films, insofar as the surface area
reduction required for minimal surface tension was de-
creased from 40 to 32% (Table 1, rows 11 and 12). These
results suggest that SP-Ahyp,C6S could interact with DPPC

Fig. 7. Representative dynamic compression curves for pure
DPPC and mixed DPPC/cholesterol films in the presence of SP-
Ahyp,E195Q,R197D at 378C.

Fig. 8. Representative dynamic compressive curves of pure DPPC
and mixture of DPPC and cholesterol in the presence of SP-ADG8-P80

at 378C.

Fig. 9. Representative dynamic compression curves for pure
DPPC and DPPC/cholesterol mixed films in the presence of SP-
Ahyp,C6S at 378C.
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and block the interaction of cholesterol with DPPC in the
mixed films. Furthermore, cholesterol appears to stabilize
SP-Ahyp,C6S–DPPC interactions. Although the mechanism
is not known, this could be the result of interactions be-
tween cholesterol and SP-Ahyp,C6S.

Interactions of SP-Ahyp,DN1-A7 with monolayers of pure 
DPPC and mixtures of DPPC/cholesterol

Figure 10 and Table 1, row 13, show that DPPC mole-
cules exhibited more stable interactions with SP-Ahyp,DN1-A7

than with SP-Ahyp,C6S. Although both mutant SP-As lacked
Cys6 interchain–disulfide bonds, SP-Ahyp,DN1-A7 formed more
dimers than SP-Ahyp,C6S did by virtue of greater interchain–
disulfide formation at Cys21 (Fig. 1, lanes e and f). However,
SP-Ahyp,DN1-A7 was also unable to aggregate DPPC at the
equilibrium surface tension at 378C (Fig. 5F) and failed to
aggregate phospholipid vesicles (results not shown).

When cholesterol was added onto the DPPC film in the
presence of SP-Ahyp,DN1-A7, this protein could not prevent
the detrimental effect of cholesterol on the surface activ-
ity of DPPC (Fig. 10 and Table 1, row 14). These results in-
dicate that SP-Ahyp,DN1-A7 could interact with DPPC but was
relatively weak at preventing the interaction of cholesterol
with DPPC. There was no evidence for an interaction be-
tween SP-Ahyp,DN1-A7 and cholesterol. The observations that
cholesterol could stabilize the mixed films in the presence
of SP-Ahyp,C6S which possesses the amino terminal segment
but not in the presence of SP-Ahyp,DN1-A7 which lacks the
amino terminal segment, indicate that the amino terminal
domain is important for the interaction between SP-
Ahyp,C6S and cholesterol in a mixed film.

In summary, we have shown that at 378C the wild-type
recombinant SP-A, SP-Ahyp, is functionally comparable to
rat SP-A in enhancing the surface activity of pure DPPC
films as well as in preventing the detrimental effects of
cholesterol on the surface activity of DPPC films by inhib-
iting the interaction of cholesterol with DPPC. Mutant SP-

A with altered carbohydrate recognition specificity binds
DPPC but severely impairs the surface tension-lowering
ability of DPPC films. In contrast, the collagen domain de-
letion mutant does not perturb the surface activity of
DPPC but prevents cholesterol from inhibiting the sur-
face activity. Mutant SP-As that alter N-terminal SP-A struc-
ture and reduce covalent oligomerization also diminish
the surface activity of DPPC films but provide weak protec-
tion from cholesterol inactivation. These results suggest
that the CRD is required for SP-A–DPPC monolayer asso-
ciations, while the remaining domains are involved in oli-
gomeric assembly that impart a higher affinity and appear
to strengthen SP-A–DPPC interactions by supporting mul-
tivalent binding. All SP-As studied reduce the collapse sur-
face tension of pure cholesterol films from 27 to 23 mN/
m. On the contrary, none of the SP-As except SP-Ahyp,C6S

appear to associate with cholesterol in mixed films formed
by successive spreading of DPPC/SP-A/cholesterol.
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