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ABSTRACT. Surfactant proteins A and D (SP-A and SP-D) are structurally related members of the collectin
family found in the alveolar compartment of the lung. SP-A binds dipalmitoylphosphatidylcholine (DPPC)
and galactosylceramide (GalCer), induces liposome aggregation, and regulates the uptake and secretion
of surfactant lipids by alveolar type Il cells in vitro. SP-D binds phosphatidylinositol (PI) and
glucosylceramide. The purpose of this study was to identify a critical stretch of primary sequence in the
SP-A region Cy®*—Phe??8 and the SP-D region C§8—Phé5° that is involved in protein-specific lipid

and type Il cell interactions. Chimerasll andad2were constructed with rat SP-A/SP-D splice junctions

at Cy$'8Gly346 and Ly£°YCys*31, respectively. Chimeradlbut notad2retained DPPC liposome binding
activity. Both chimeras retained significant binding to GalCer liposomes. Chiatdrdid not bind to P,
whereas chimerad2acquired a significant Pl binding. Both chimeras failed to induce liposome aggregation
and to interact with alveolar type Il cells. In addition, monoclonal antibody 1D6 that blocks specific
SP-A functions did not recognize either chimera. From these results, we conclude that (1) the SP-A region
Lew?%—Phe?8 is required for liposome aggregation and interaction with alveolar type Il cells, (2) the
SP-A region Cy®*-Cy<s!8is required for DPPC binding, (3) the SP-D region &}sPhe&>%is essential

for minimal PI binding, and (4) the epitope for mAb 1D6 is located at the region contiguous to the SP-A

region Led%—Phe?8,

Pulmonary surfactant keeps the alveoli from collapsing
by lowering surface tension at the aliquid interface ().

superfamily along with mannose-binding protein (MBEJ)(
Collectins share a common structural domain arrangement:

Phospholipids are major constituents of surfactant, anda cysteine-containing amino terminus; a collagen-like do-

dipalmitoylphosphatidylcholine (DPPEis the most impor-
tant phospholipid for its biophysical function of surfactant.
DPPC acts in conjunction with the hydrophobic surfactant
proteins B and CZ). Surfactant proteins A (SP-A) and D
(SP-D) are now thought to play key roles in the innate
immune system of the lung, which is critical in first-line host
defensel). These proteins bind a variety of microbial species
including Gram-negative bacterl@neumocystis cariniand
Herpes simpletype | (3—6), and also interact with alveolar
macrophages with high affinity7¢9). SP-A and SP-D
belong to the collectin subgroup of the C-type lectin
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main; a neck domain; and a carbohydrate recognition domain
(CRD). They bind mannose, glucose, andieacetylglu-
cosamine 11—-13). Glycosphingolipids are also ligands for
the surfactant collectins. SP-A binds to galactosylceramide
(GalCer), lactosylceramide, and asialgz314, 15. SP-D
binds to glucosylceramide (GlcCerl®). Human and rat
MBPs bind to glycolipids containingl-acetylglucosamine
residues 17, 18. We have previously shown that phospho-
lipids are also ligands for collectins. Lung collectins, SP-A
and SP-D, bind with high affinity to DPPC and phosphati-
dylinositol (PI), respectively 19, 20. Rat MBPs isolated
from serum and liver bind to Pl and phosphatidylglycerol
and weakly to phosphatidylsering1j. Although the col-
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and approximately 40% sequence identity among the CRDs
'of SP-A and SP-D or MBP22—24), the proteins exhibit
different phospholipid and glycolipid binding specificities.
SP-A inhibits phospholipid secretion from alveolar type
Il cells (25, 26. It binds to a high-affinity receptor expressed
on alveolar type Il cellsZ7, 28, and receptor binding activity
correlates well with the inhibitory activity of SP-A on lipid
secretion 29). The phospholipid binding specificity of SP-A
may be important for recycling and reutilization of DPPC.
SP-A also induces the €adependent aggregation of lipo-
somes containing DPP@(Q) and facilitates the formation
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of tubular myelin phospholipid structures in coordination
with SP-B @1). In vitro SP-A promotes phospholipid
association with alveolar type Il cell82, 33. Although

Saitoh et al.

rat SP-D. Chimerad?2 consists of Ash—Lys?% of rat SP-A
and Cy£—Phé®> of rat SP-D. The cDNAs for the chimeras
were constructed by the PCR and the overlap extension

compelling evidence has accumulated that SP-A regulatesmethod 88) using the cDNAs for SP-A and SP-D as the

surfactant phospholipid homeostasis in vitro, mice homozy-

templates.EcoRl and Xmd sites were incorporated into

gous for null alleles of SP-A are viable and show modest flanking 5 and 3 primers, respectively. Two primers used

alterations in surfactant phospholipid structus4,(35. The
findings with the SP-A null mice may indicate functional

at the SP-A/SP-D splicing junctions weré-AATGAT-
AGGGGCTGCGGAGAGCAGCGCCTG 3and 3-CAG-

redundancy in the surfactant system. In vitro functions of GCGCTGCTCTCCGCAGCCCCTATCATT 3or chimera
SP-D in phospholipid homeostasis have been unclear. SP-Dadl, 5-CAGGGCAAAGAAAAGTGTGTGGAGATCTTC-

(—/—) mice developed pulmonary lipidosis without the

3" and 3-GAAGATCTCCACACACTTTTCTTTGCCCTG-

accumulation of SP-B and SP-C that is a typical characteristic 3' for chimeraad2 The SP-A sense and SP-D antisense

of alveolar proteinosis syndrome36). This latter finding

primers used were'5FTCTAGAGAATTCTGTGGCAGA-

suggests a previously unexpected role for SP-D in surfactantAGCCACTGG-3 and 3-TAACCCGGGGCTAAGCTC-
lipid homeostasis in vivo. The exact relationship between CTGGCCCAG-3, respectively. Both constructions of chi-

the in vitro activities of lung collectins and the in vivo

meras were inserted into pVL1392 plasmid vector. A

functions is unclear and requires further study to resolve the combination of restriction enzyme mapping and DNA

apparent discrepancies.

sequencing confirmed the structure of the recombinant

Although lung collectins possess homologous structures, Plasmids.

they exhibit quite different properties of binding lipids and
interacting with alveolar type Il cells. SP-A/SP-D chimeras,
in which progressively longer carboxy-terminal regions of

Expression of Recombinant ProteiriBhe recombinant
proteins were expressed in the baculovirirsect cell
expression system, as described by O'Reilly et aB).(

rat SP-A were replaced with the corresponding rat SP-D Spodoptera frugiperdgSf9) cells were cotransfected with

regions, were constructed in a previous stu@y).( The
chimeraad3 in which the SP-D region G#'—Phe®® was
substituted for the SP-A region GR3—Phé?8, lost all of

linearized virus DNA (BaculoGold, Pharmingen) and the
pVL1392 vector containing the cDNAs for SP-A and the
chimeras. Plaques containing recombinant baculoviruses were

the SP-A functions and acquired the PI but not the GlcCer isolated and amplified to approximately>6 10~" plaque-

binding property. The chimei@d5that consisted of the SP-A
region Asi—Met'3* and the SP-D region C¥$—Phe®®

forming units/mL. The recombinant proteins were expressed
in Trichoplusia nicells that had been infected at a viral

binds to Pl and GlcCer. This previous study indicates that multiplicity of 2. All recombinant proteins were purified from

the SP-A region GIt#>—Phe?8 is required for interactions

the serum-free culture media by affinity chromatography

with DPPC, GalCer, and alveolar type Il cells, and that the using mannoseSepharose 6B, as described previou8i).(

SP-D region GIe”—Phé®> is essential for the binding to
PI, but the longer SP-D region of CG3&-Phé®®is required
for optimal lipid binding of SP-D. In the present work, we

Binding of Chimeric Proteins to Mannos&epharose
Beads.Fifty microliters of mannose Sepharose beads and
50 uL of the purified recombinant proteins (100 ng) were

extend the study with SP-A/SP-D chimeras. This study Mixed and incubated at 2C for 1 h in 5 mMTris buffer
narrows down the essential region for DPPC and type Il cell (PH 7.4) containing 5 mM CaGl The mixture was then
interaction and reveals that the structural requirement for the centrifuged at 1009for 10 min to separate unbound proteins

binding of SP-A to lipids is different from that for liposome
aggregation and type Il cell interaction. The study further
shows that the shorter SP-D region of &ts Phé®® confers
the PI binding property in the context of the SP-A region
Asnt—Lys?%3

EXPERIMENTAL PROCEDURES

Lipids. Phosphatidylcholine (PC) from egg yolk, phos-
phatidylinositol (PI) from bovine liver, phosphatidylglycerol
(PG) from egg yolk, phosphatidylserine (PS) from bovine
brain, dipalmitoylphosphatidylcholine (DPPC), and galac-

from bound proteins. The bound proteins were eluted from
the matrix by mixing with 5QuL of 5 mM Tris buffer (pH

7.4) containing 5 mM EDTA. Bound and unbound proteins
were determined by ELISA, as described previougdy).(
The binding efficiencies to the beads were determined as
the percent of the bound proteins in total proteins.

Protein AnalysisThe recombinant proteins were analyzed
by electrophoresis in 13% polyacrylamide gels in the
presence of SDS4(Q). Protein concentrations were deter-
mined by the bicinchoninic protein assay kit (BCA, Pierce).
Size-fractionation of chimeric proteins was performed by gel
filtration chromatography using Sephacryl S300 (%.300

tosylceramide (GalCer) were purchased from Sigma. Cho- ¢m column) in 10 mM Tris buffer (pH 7.4) containing 0.15
lesterol was obtained from Serdary Research Laboratories.\ NaCl. Chimeric protein in each fraction was detected by

The 1-palmitoyl-2-fH]palmitoyl-_-3-phosphatidylcholine JH]-

DPPC) was purchased from NEN Life Science Products.
DNA Construction of SP-A and Chimeric Proteii$ie

isolation and sequencing of the 1.6 kilobase cDNA for rat

sandwich ELISA using anti-SP-A polyclonal antibody. Blue

dextran (2000 kDa), thyroglobulin (669 kDa), ferritin (440

kDa), and aldolase (158 kDa) were used as standards.
Binding of Chimeras to Multilamellar Liposome$he

SP-A and the 1.2 kilobase cDNA for rat SP-D were described binding study using multilamellar liposomes was carried out

previously 2, 23. We constructed three chimeras in which

the rat SP-A CRD region was replaced with the correspond-

as described previouslgT). DPPC, PI, or the lipid mixture
composed of GalCer/PS/cholesterol (7:2:1, w/iw/w) was dried

ing rat SP-D CRD region. The chimeras used in this study under nitrogen and hydrated in 20 mM Tris buffer (pH 7.4)

are schematically represented in Figure 1. Chimada
consists of Ash—Cys*8 of rat SP-A and GI§*6—Phé>® of

containing 0.1 M NaCl at 48C for 1 h. The lipids were
then vortexed vigorously for 5 min to prepare multilamellar
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liposomes. Each protein was diluted aig/mL in 20 mM E195 L219 F228
Tris buffer (pH 7.4) containing 0.1 M NaCl, 5 mM Catl SP-A | . ' , ]
and 20 mg/mL bovine serum albumin (binding buffer). The G115 €138 T174 C204  C218 C226

multilamellar liposomes (10Qug/tube) and the protein
solutions (0.2ug/tube) were next separately centrifuged at

D O G299 G320 F355
12 000 rpm at room temperature for 10 min. Fifty microliters SP-
of the supernatant from the protein solution was added to G246 C266 Taoo E321C331 Caqs C353
the liposome pellet. The mixture of the lipid and the protein S
was suspended and incubated foh atroom temperature.
The mixture was then chilled on ice for 15 min and SP-A/SP-D Chimeras G346
centrifuged at 12 000 rpm at 2C for 10 min. After the — -
centrifugation, the supernatant was stored, and the pellet was adi G115 T C218 ! F355
washed once with 5@L of ice-cold binding buffer and
centrifuged again. The supernatant was finally combined, and K203
the pellet was suspended with 10D of the binding buffer. ad2 — ; ,
The amount of protein in each fraction was determined by G5, o331 i (P35S

ELISA, as described previousl@1). Liposome bindingwas  Figure 1: Schematic representation of the CRDs of SP-A/SP-D
defined as percent sedimentation [(the protein content in chimeras. The structures and splice junctions of the carbohydrate

pellet/the protein content in pellet plus supernatant)00]. recognition domains (CRD) of SP-A, SP-D, and chimeeatl@nd

Control experiments without liposomes (nonspecific sedi- 249 are ShOWf” The oFeSnPreguoq?]ar%frorr]n (rjatl_SP-A, and the I'"?hd
. egions are 1rom ral -D. e qgashe Ines represen e

mentatlp_n) were also_perform_ed. The results_are expres\f,_ec’mr‘,imOlecu|ar disulfide bonds.

as specific sedimentation, obtained by subtracting nonspecific

sedimentation from total sedimentation. Nonspecific sedi-  onoclonal Antibody Binding to Chimeric Proteins.

mentations of wt SP-A, chimerad, chimeraad2, and wt Monoclonal antibodies (mAbs) to rat SP-A were prepared
SP-D were 3.1+ 2.7%, 1.8+ 1.38%, 2.4+ 1.57%, and 4 described previousi$2). mAbs 1D6 and 6E3 have been
0.45+ 0.33% (meant SE,n = 3—5), respectively. shown to recognize the CRD and the neck domain, respec-
Phospholipid Liposome AggregatioRhospholipid 1ipo-  jyely (44). The binding of mAbs to wt SP-A and chimeras
some aggregation was performed by a modified method yas”examined by ELISA. Fifty microliters of the purified
based on that described by Hawgood et&0) (Unilamellar — yecombinant proteins (2g/mL) was coated onto microtiter
liposomes composed of DPPC/egg PC/PG (7:2:1, wiwiW) \yelis. After nonspecific binding was blocked with phosphate-
were prepared by probe sonication. The liposomes (@0  pffered saline containing 3% (w/v) skim milk and 0.1%
mL) and the recombinant proteins (20 and&fmL) in 20 (viv) Triton X-100, the wells were incubated with 1@/
mM Tris buffer (pH 7.4) containing 0.15 M NaCl were mixed 1,1 'mAb 1D6 or 6E3, or anti-rat SP-A or anti-rat SP-D
and preincgbated for 3 min. Ca@las then added to a final polyclonal antibody at 37C for 90 min. The wells were
concentration of 5 mM. The absorbance at 400 nm Was then washed and incubated with HRP-labeled anti-mouse IgG
measured using a Hitachi U-2000 spectrophotometer at roomg, anti-rabbit IgG. The binding of antibodies to the recom-
temperature. binant proteins was determined by measuring the absorbance

Lipid Association with Aleolar Type Il CellsAlveolar 4t 492 nm using-phenylenediamine as a substrate for the
type Il cells were isolated from the lungs of male Sprague  peroxidase reaction.

Dawley rats by tissue dissociation with elastase digestion

and purification on metrizamide density gradientsl)( RESULTS

Association of phospholipids with freshly isolated alveolar

type Il cells was performed by a modified meth&d)based Characterization of Chimeric Recombinant Proteivi¢ée

on that described by Wright et a32). Type Il cells (2 x constructed chimeras in which regions of the SP-D CRD
10 cells) were incubated with radiolabeled phospholipid Wwere substituted for the corresponding regions of SP-A as
liposomes (10Qug/mL) composed of DPPC/egg PC/PG (7: shown schematically in Figure 1. Chimeadl consists of
2:1, wiw/w) and a trace amount H]DPPC in the presence ~ Asn'—Cys® of rat SP-A and GIf*—Phe®s of rat SP-D.

of 5 or 20 ug/mL recombinant proteins at 3T for 1 h. ~ Chimeraad2 consists of Ash-Lys?®® of rat SP-A and
After the incubation, the cells and the media were separatedCys*'—Phe*° of rat SP-D.

by centrifugation at 1500 rpm for 5 min at°€. The cells Wild type (wt) SP-A, chimeraadlandad2 and wt SP-D
were washed 3 times with phosphate-buffered saline contain-were expressed using the baculovirus expression system, and
ing 1 mg/mL bovine serum albumin, and the radioactivity purified by affinity chromatography on mannesgepharose

associated with the cells was counted. 6B. The binding properties of the purified recombinant

Inhibition of Lipid Secretion and Receptor Bindirgpid proteins to mannoseSepharose beads were examined and
secretion from type Il cells was performed by analysis of were not significantly different. The percentages of the
the cellular phosphatidylcholine pool labeled wittH]- protein bound to the beads were 7%27.9% (meant SE,

choline, as described previousfZ; 5 or 10ug/mL wt SP-A n= 3), 84.94+ 5.1%, 61.5+ 9.7%, and 65.3t 12.2% for

or chimera and 1®-tetradecanoylphorbol-13-acetate (TPA) wt SP-A, chimerasadlandad2 and wt SP-D, respectively.
(107 M) as an antagonist were used. SP-A binding to When each recombinant protein was purified from the serum-
alveolar type Il cells was measured using*fa@tSP-A. SP-A free culture media by a mannes8epharose 6B column after
receptor recognition of the chimeras was determined by 3 days incubation offrichoplusia nicells infected with
measuring the competition fd¢3-SP-A binding @7, 43. recombinant baculovirus, the protein contents in the fraction



1062 Biochemistry, Vol. 39, No. 5, 2000 Saitoh et al.

A. Reduced B. Nonreduced 0.30
ad ad
| nat wt 1 wt nat wt 1 wt
mol mass A A 1 2 A A
«0a) 0 Ry s L
94 — - - -

0.20 4

3
|
-
e

0.10 A

8
|
[
.
'@
-
.- e
e
Absorbance (492 nm)

14—

Ficure 2: Electrophoretic analysis of SP-A and recombinant

proteins. Proteins were separated on an Sp&@yacrylamide gel 0.00 1

(13%) by electrophoresis under reducing conditions (panel A) and 0 10 20 30 40 50
nonreducing conditions (panel B) and stained with Coomassie

brilliant blue. Abbreviations: nat/A, native SP-A; wt/A, wild-type Fraction Number

SP-A; ad/1, chimeradl; ad/2, chimeraad2 wt/D, wt SP-D. . . . .
Ficure 3: Gel filtration chromatography of recombinant proteins.

that passed _through the co_lumn and in the eluted fraction \é\(jlkl)?e%pé% ?Opsgﬁéggl{n ;ég%dcléﬁzﬁﬁ ré%ﬁ%gg;gégzavgg
were determined by sandwich ELISA. The percentages of cm column). Each fraction (3 mL) was analyzed using an SP-A
the protein in the media adhered to the manrdepharose  ELISA as described under Experimental Procedures. The arrows
column were 71.7%, 83.7%, and 85.3% of wt SP-A, chimera show the peak positiorys of the eluted standards: a, blue dextran;
ad1,and chimerad2, respectively. The results indicate that 0 thyroglobulin; ¢, ferritin; d, aldolase.

there are not significant differences in carbohydrate binding 80
among the recombinant proteins. The preservation of lectin

activity indicates that the recombinant proteins exhibit no

global defects in protein folding.

The purified recombinant proteins and native rat SP-A
were analyzed by SDSpolyacrylamide gel electrophoresis.
Native rat SP-A migrated at 2638 kDa under reducing
conditions (Figure 2A, nat/A). The recombinant proteins
produced in insect cells typically migrated faster than native
SP-A due to the differences in glycosylation and hydroxy-
lation between insect cells and mammalian cells, as described
previously @5). wt SP-A and chimeric proteins migrated as
bands at 2732 kDa under reducing conditions (Figure 2A,
wt/A and ad/l and -2). wt SP-D migrated as a band at
approximately 46-43 kDa under reducing conditions. Analy- 0-
sis under nonreducing conditions revealed that wt SP-A and wi adi adz wt
chimeras migrated as oligomers (Figure 2B). wt SP-D SP-A SP-D
appeared mainly as a monomer with small populations of FIGURE 4: Binding of chimeric proteins to DPPC. Multilamellar

. . I . ._liposomes (10Qug/tube) containing DPPC were mixed with 0.2
oligomers under nonreducing conditions, as described previ g of wt SP-A, chimerad1 or ad2, or wt SP-D and incubated at

ously @37). Both wt SP-A and wt SP-D retain all of the  ‘y5om temperature for 1 h. The amount of protein that cosedimented
functions of their native counterpart$y, 46. with liposomes was determined by ELISA, as described under

The chimeric proteins were also analyzed by gel perme- L SPEEE T0Ed et T8 ek Gbtained whon iposames
ation chromatography (F!gure 3). The protein .'n each'fractlon were omitted (nonspecific sedimentation) from total sedimentation.
was detected by sandwich ELISA. Recombinant wild-type The data shown are mean SE of five experiments.

SP-A eluted as a broad asymmetric peak at positions between

blue dextran and ferritin. Most of wt SP-A eluted before the fractions were determined by ELISA. The wt SP-A bound
peak of aldolase. The highest peaks of chimed$and  avidly to DPPC liposomes (Figure 4), and 56% of the protein
ad2eluted at a postion between blue dextran and thyroglo- cosedimented with lipid. Chimed1 retained a significant
bulin. They also were exhibited as asymmetric peaks, |evel of DPPC binding with 30% of the protein cosediment-
suggestive of multiple components. Although monomeric and ing with lipid. However, chimeraad? lost essentially all
dimeric forms of the recombinant proteins were observed DPPC binding and exhibited a characteristic similar to wt
by gel electrophoresis under nonreducing and denaturingSp-D (Figure 4).

conditions, the forms of the proteins observed under non- SpP-A induces aggregation of phospholipid liposomes

60

401

% Sedimented

20

denaturing conditions were highly oligomeric. containing DPPC in the presence of 2€g30), and we
Interactions of Chimeric Proteins with Lipidg/e exam- examined the ability of chimeraadl and ad2 to induce
ined the binding of chimerasadl and ad2 to DPPC liposome aggregation. wt SP-A at concentrations of 10 and

liposomes. The protein contents of the bound and unbound20 xg/mL induced liposome aggregation in the presence of
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wt ad1 adz wt . L . .
SP-A SP-D FiGUrRe 6: Binding of chimeric proteins to PI. Multilamellar
liposomes (10@:g/tube) containing Pl were mixed with Qw2 of
wt SP-A, chimeraadl or ad2 or wt SP-D and incubated at room
B. 10 mM EDTA temperature for 1 h. The amount of protein that cosedimented with
15 liposomes was determined by ELISA, as described under Experi-
mental Procedures. The results show specific sedimentation that
was determined by subtracting values obtained when liposomes
were omitted (nonspecific sedimentation) from total sedimentation.
- The data shown are mean SE of three experiments.
o
::E; 107 of wt SP-A, chimeradl, or chimeraad2to GalCer liposome
= in the presence of EDTA was 10.1%, 8.6%, or 2.3%,
<] respectively (Figure 5B). The amount of chimeaa?2
J,’ cosedimented with GalCer liposome under this condition was
2 5 significantly higher than that of wt SP-[p (< 0.02) (Figure
5B), indicating that chimerad2 exhibits very weak C#&-
independent GalCer binding. Taken together, these data
indicate that chimerasdl and ad2 exhibit both C&"-
- dependent and Caindependent GalCer binding.
0 A previous study from this laboratornBT) showed that

s\g.tA adi adz S‘g-tD the SP-D region of GR#'—Phe%%is essential for the binding
Ficure 5: Binding of chimeric proteins to GalCer. Multilamellar of SP-D to Pl, since chimerads exhibited a significant
liposomes (10Qug/tube) containing the lipid mixture GalCer/PS/ b;]r'\dlng to PI ?}l,thOUQh its binding was Wﬁak?r than thatl of
cholesterol (7:2:1) were combined with 0«8 of wt SP-A, chimera  chimeraadS. ChimeraadSbound to Pl at a level comparable
adlor ad2 or wt SP-D and incubated at room temperature for 1 to wt SP-D @7). In the current study, we examined whether
h in the presence of 5 mM CaClA) or 10 mM EDTA (B). The  substituting the shorter SP-D region of &R8~Pheé5s or
amount of protein that cosedimented with liposomes was determlnedCy§31_Phe¢,55 for the corresponding SP-A region can

by ELISA, as described under Experimental Procedures. The results. . 7
show specific sedimentation that was determined by subtracting INtroduce SP-D type Pl recognition into SP-A. Chimacd

values obtained when liposomes were omitted (nonspecific sedi-as well as wt SP-A showed a negligible binding to PI
mentation) from total sedimentation. The data shown are iean liposomes (Figure 6). Chimerad2 exhibited significant
SE of three experiments. binding to PI liposomes (Figure 6), although its binding was
_ ) ) clearly reduced by comparison with wt SP-D. Twenty-eight

5 mM Ca*, while chimerasadl and ad2 failed to cause  percent of chimerad2 cosedimented with PI liposomes
aggregation of liposomes containing DPPC even at@0  \whereas 85% of wt SP-D bound the lipid under the same
mL. conditions. These data indicate that the SP-D region of

In contrast to their interaction with DPPC binding, both Cys31-Phé%is essential for the binding of SP-D to PI but
chimeras bound GalCer. Chimeaad1 bound to liposomes  that this region is not sufficient for maximal Pl binding.
containing GalCer in the presence of 5 mM Casila level Interaction with Abeolar Type Il Cells SP-A augments
(59%) comparable to that of wt SP-A (62%) (Figure 5A). lipid association with alveolar type Il cell82, 33. The
Chimeraad2 retained significant binding (35%) to GalCer ability of chimeras to stimulate liposome association with
but was lower than SP-A oadl The wt SP-D showed type Il cells was investigated. wt SP-A enhanced lipid
almost no binding to GalCer, as described previous).(  association with type Il cells in a concentration-dependent

Because SP-A binds to GalCer in a?Galependent and  manner; 4.6% and 18.1% of liposomes were associated with
also, in part, a Cd-independent mannet4), we examined the cells in the presence of 5 and 2@/mL wt SP-A,
the binding of chimerasadl and ad2 to GalCer in the respectively. When 5 or 20g/mL chimeraadlor ad2was
presence of 10 mM EDTA. Inclusion of EDTA in the binding incubated with type Il cells in the presence of 1@g/mL
buffer reduced the GalCer liposome binding. The binding liposomes containing DPPC, none of the chimeras stimulated
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lipid association.
SP-A also inhibits lipid secretion from alveolar type Il 100
cells 25, 26 through the interaction of SP-A with specific
receptor expressed on type Il cel®9). We investigated
whether the chimeras inhibit lipid secretion from type Il cells
in the presence of excess mannose. Previous studies dem-
onstrate that SP-A mediates inhibition of lipid secretion that
is insensitive to mannose inhibition. The wt SP-A inhibited
TPA-stimulated lipid secretion from type Il cells at a level
below basal secretion in the presence of 0.2 M mannose.
However, the TPA-stimulated lipid secretion observed for
chimerasadlandad2ranged from 96% to 110% of control
values. Competition experiments wittl-SP-A for type Il
cell binding were also performed in the presence of 0.2 M
mannose, since the inhibitory activity on lipid secretion
correlates well with the capacity of SP-A to bind a high- Ag
affinity receptor expressed on alveolar type Il cellS)( Both i T _
chimeras were ineffective in competing with F&4-SP-A Ficure 7: Monoclonal antibody binding to SP-A/SP-D chimeras.
L2 The antibody binding to the purified chimeric proteins was
for receptor occupancy, although the binding of labeled SP-A jatermined by ELISA. Aliquots (5@L, 1 xg/mL) of wild-type

was reduced to 23% of control binding when 4@/mL wt (wt) SP-A, wt SP-D, or chimeradl or ad2 were coated onto
SP-A was present. microtiter wells. The wells were then incubated with monoclonal

Taken together, these results demonstrate that the SP-pantibody 1D6 (a, white bars) or 6E3 (b, black bars), anti-rat SP-A

; 19_ 28 ; ; _ polyclonal antibody (c, cross-hatched bars), or anti-rat SP-D
_reglon (.)f Led™-Phe*is rgqum_’-zd for SP-Artype II cell . polyclonal antibody (d, hatched bars) as described under Experi-
interaction and that our chimeric constructs have lost this mental Procedures. The relative absorbance is expressed as percent

activity. of maximal absorbance at 492 nm for each protein. The mean of

Monoclonal Antibody Bindinglhe epitopes for mAbs 1D6  the maximal absorbance for each protein was as follows: anti-
i SP-A polyclonal antibody to wt SP-A, 1.805; 1D6 binding to wt

gr[;(?AGE;:r:;::\g:;te;@at;ﬂg %ig fg(é tt)r}gcrlléctlﬁge%g:a(f_ ratSP-A, 1.192; 6E3 binding to chimerad2, 1.027; anti-SP-D

- ’ P RN . . polyclonal antibody to wt SP-D, 0.797. The data presented are mean

tions of SP-A with DPPC and GalCer, liposome aggregation, + SE of three experiments.

the inhibitory effect of SP-A on lipid secretion, and the

stimulation of lipid association with type Il celld2, 49. It was replaced with the SP-D region of @t-Phés, lost

is likely that the epitope for mAb 1D6 is located at the SP-A  gp-A specific functions, and that the chimera acquired a PI

region responsible for its multiple functions. The binding of pinding property. The study indicated that the SP-A region

mADbs to the purified chimeras was determined by ELISA of G|y19%—pPhe&28s required for binding DPPC and GalCer,

(Figure 7). Anti-SP-A polyclonal antibody bound to chimeras  nqycing liposome aggregation, and interacting with alveolar

adlandad? giving reactivities of 72 and 42%, respectively. type Il cells; and that the SP-D region of Gi-Phé® is

Ar?ti'sp'% polychnal ar&tibo?‘y didbnot rebcogn(;ze githher essential for PI binding. In the present study, we focused on
chimeraad1 or chimeraad2 The mAb 6E3 bound to both 5 ing acid residues 26428 of rat SP-A and 331355 of

chimeras and wt SP-A. In contrast, mAb 1D6 did not bind rat SP-D. The purpose of this study was to identify an

:ﬁ;g&i;ﬁig;:;ﬁge&aﬁ% r-ghﬁ)sne éﬁ;ﬂ&ié@?'& a;tctahtgat essential stretch of primary sequence in the carboxy-terminal
9 regions of SP-A and SP-D that is involved in lipid and type

. 9 D228 . :
;Fr)rﬁ Ar\%glloDrlGI._eTEﬁe Egti sﬁgr;:slfttergtdtﬁ(rauE;Srlggiye-}gtrcrﬁﬁal I cc_all interaction. This study shows that §ubstituting the SP-D
region of Led*-Phe&?8 is involved in the expression of region Gly4e-Phe® for the. SP-A region Leti®—Phe=? .
SP-A specific functions. cqmpletgly Qgstroys the.act|V|_t|es of liposome aggrggqﬂon,
stimulating lipid association with type Il cells and inhibiting
DISCUSSION lipid secretion from type Il cells. Replacement of the SP-A

Although SP-A and SP-D are homologous and both bind re_gion Cy§04_phe?_2§ with the corre_spc_)nding SP-D region
mannose, the lipid binding specificities and the property of disrupted the activity of DPPC binding, but the GalCer
interacting with alveolar type Il cells are different from each Pinding activity was retained. The results demonstrate that
other. This study along with othe(37, 47, 48, 49provides  the SP-A region of Cy8*—Phé*is critical for all SP-A
evidence that carbohydrate recognition and lipid recognition SPecific functions we measured except for manrose
are distinct functions that are experimentally reasonable. It Sepharose and GalCer binding. The region of SP-A from
is probable that multiple protein surfaces, and residues thatCys®* to Lewr*® appears sufficient for the specific recovery
are distinct from those directly involved in carbohydrate Of DPPC interaction without recovery of type Il cell
ligation, participate in the lipid binding phenomenon. We interaction. The findings clearly demonstrate that the struc-
now identify an essential region of the carboxy-terminal tural requirement for SP-A binding to lipids is different from
amino acid residues of lung collectins by determining which that for interactions with alveolar type Il cells. Since chimera
chimera loses an SP-A property or acquires an SP-D ad3in the previous study3y) failed to bind to GalCer but
property. chimerasadlandad2in this study retained GalCer binding

A previous study 37) from this laboratory showed that activity, these studies suggest that the SP-A regiort*&tu
chimeraad3 in which the SP-A region of GI8>-Phe?8 Lys?® is important for the binding of SP-A to GalCer.
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Structure-Function Analysis of Lung Collectins

Another study from this laboratory®) revealed that the
SP-A/MBP-A chimeras, which were composed of the SP-A
region Asi—Cy<'8 and the MBP-A region GH—Ala??!
(chimera AM1) and of the SP-A region AsnLys?®® and
the MBP-A region Cy¥5—Ala??! (chimera AM2), retained
SP-A functions although MBP-A does not bind DPPC or
GalCer. The SP-A/MBP-A chimeras induced liposome
aggregation, inhibited lipid secretion, or stimulated lipid
association with type Il cells. These latter findings demon-
strate that the carboxy-terminal MBP-A regions of &%
Ala??! and of Cy4%—Ala??! can functionally replace the
corresponding SP-A regions without loss of SP-A function.
In the present study, however, the SP-A/SP-D chimacds
andad2, corresponding to the SP-A/MBP-A chimeras AM1
and AM2, respectively, lost some of the SP-A functions. This
study demonstrates that the carboxy-terminal SP-D region
of Cyg18-Pheb®5 or of Cys®*-Phe&%5 cannot functionally
replace the corresponding SP-A regions. Although SP-A, SP-
D, and MBP-A exhibit similarities in carbohydrate binding
specificity and 48-56% sequence identity between the SP-A
region of Cy8%—Phe?® and the corresponding region of
SP-D or MBP-A, it is not known why the results obtained
from two studies with chimeras are different. In the absence
of a crystal structure for SP-A that demonstrates specific
contact sites with ligands, the current mapping studies with

chimeras provide the best way to probe these interactions.

Chimeraadlretained activity of binding DPPC liposomes,

Biochemistry, Vol. 39, No. 5, 2000L065

assays with chimeradl correlate well with those obtained
from the mAb binding to this chimera with respect to
liposome aggregation and type Il cell interaction since mAb
1D6 completely blocked these SP-A functior®2( 44.
Although mAb 1D6 blocked the binding of SP-A to DPPC
and GalCer 44) and this antibody failed to bind chimera
adlin the present study, the chimeadlretained the DPPC
and GalCer hinding activity. The discrepancy between lipid
binding of chimeraadl and mAb 1D6 recognition of this
chimera may be explained by steric hindrance to the region
essential for lipid binding due to the binding of mAb 1D6
to the carboxy-terminal region containing 2&4-Phée?s,
Previous work 87) provided evidence that the SP-D region
of Glu?'-Phé&®® is required for the binding of SP-D to PI.
In this study, chimerad2 avidly bound to PI liposomes
although with lower affinity than wt SP-D. The current work
now narrows the minimal SP-D structure required for Pl
binding to the SP-D region of C§8—Phe?®5. Since chimera
adl exhibited almost no binding to PI, the SP-D region of
Cys*®1-Cys** is proposed to be important for PI binding.
In summary, we focused on the carboxy-terminal SP-A
region of Cy8*—Phe?8 and the SP-D region of C§&—
Phe®®. The current work now narrows the regions of lung
collectins essential for lipids and type Il cell interactions.
Chimerasadl and ad2 lost SP-A specific functions for
liposome aggregation and type Il cell interaction. Chimera
adl but notad2 bound DPPC liposomes. These chimeras

whereas this chimera failed to cause aggregation of liposomesyound to GalCer with rank order @d1l > ad2 Chimera

containing DPPC. Liposome aggregation is likely to require

ad2 but not adl bound to PIl. Neither chimeradl nor

some form of molecular cross-linking between SP-A and chimeraad2 was recognized by mAb 1D6. From these
lipid vesicles. Thus, the present results indicate that the SP-Aresyits, we conclude that (1) the SP-A region of ¥&u

region of Led'®-Phe&?® may not be critical for DPPC
binding, but that this region is insufficient for cross-linking
of the SP-A/lipid mixture.

Because chimerad1 failed to interact with type Il cells
in this study, we infer that the SP-A region of 126%-Phe&?8
is critical for type Il cell interactions. We have recently found
that the SP-A region of Thf*—Gly®is also required for
DPPC and type Il cell interactions since chimaraa4 in
which the rat MBP-A region of TAf*—Asp!® was substi-
tuted for the corresponding rat SP-A region of Tt Gly*%4
lost all SP-A specific functions except €aindependent
GalCer binding 47). Collectively, these studies indicate that
the rat SP-A regions of LétP—Phé&?8 and of Thit"4—Gly'®*
are both essential for type Il cell interaction. It is reasonable
to assume that multiple protein surfaces will interact with
ligands simultaneously if one considers the three-dimensional
aspect of the ligand interactions.

A recent study47) also indicates that the SP-A region of
Thri7*—-Gly'%is involved in C&"-dependent GalCer binding
because chimerama4lost C&*-dependent GalCer binding
activity but retained the Ca-independent GalCer binding.
In this study chimeraadlandad2exhibited C&"-dependent
binding to GalCer. Since chimerasll andad2 contain the
SP-A region of Th¥*-Gly*®4 the present result is consistent
with that obtained from chimerama4

Substituting the SP-D region Gif—Phé>® for the SP-A
region Led®—Phe?® completely disrupted the epitope for
mAb 1D6 since this antibody did not recognize chimada.
This study demonstrates that the epitope for mAb 1D6 is
located at a region contiguous to the carboxy-terminal SP-A
region Led'%—Phée?8. The results obtained from functional

Phé&?8 is required for phospholipid liposome aggregation,
inhibition of lipid secretion, and augmentation of lipid
association with type Il cells; (2) the SP-A region of &fs
Cys8is critical for DPPC binding; (3) the SP-D region of
Cys®1—-Pheé®® is essential for minimal Pl binding; and (4)
the epitope for mAb 1D6 is located at the region contiguous
to the SP-A region LE*—Phe?8
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