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ABSTRACT. Pulmonary surfactant protein A (SP-A) belongs to the collectin subgroup of the C-type lectin
superfamily. SP-A oligomerizes as an octadecamer, which forms a flower bouquet-like structure. A collagen-
like domain of human SP-A consists of 23 Gly-X-Y repeats with an interruption near the midpoint of this
domain. This interruption causes a kink, but its role remains unknown. To define the importance of the
kink region of SP-A, two mutated proteins were constructed to disrupt the interruption of Gly-X-Y
repeats: SP-PEL, which lacks the Pr8-Cys*-Pra*-Pro® sequence at the interruption, and SIPFSAIn

which two glycines were introduced to insert Gly-X-Y repe&@s$/(Pra*’-Cys'-Gly-Pra*-Pra*?). Electron
microscopy using rotary shadowing revealed that both mutants form octadecamers that lack a bend in the
collagenous domain. Electrophoretic analysis under nondenaturing conditions and gel filtration chroma-
tography demonstrated that SP¥Aconsisted of a large assembly of oligomers whereas S{#armed

mainly octadecamers. Both SP2?% and SP-A'S mutants as well as wild-type SP-A bound to liposomes
containing dipalmitoylphosphatidylcholine and galactosylceramide at equivalent levels, but the abilities
of the mutants to induce phospholipid liposome aggregation were significantly less developed than that
of the wild type. The mutants SPPA- and SP-A'S augmented liposome uptake by alveolar type Il cells
and inhibited secretion of phospholipids from type Il cells at a level comparable to that of wild-type
SP-A. These results indicate that the interruption of Gly-X-Y repeats in the SP-A molecule is critical for
the formation of a flower bouquet-like octadecamer and contributes to SP-A’s capacity to aggregate
phospholipid liposomes.

Lung surfactant is a mixture of phospholipids and proteins homeostasis have been suggested by its in vitro activities.
which is secreted into air spaces by alveolar type Il cells SP-A is a Céa"-dependent phospholipid binding protein
and Clara cells. Surfactant is essential for reducing surfacewhich specifically binds to dipalmitoylphosphatidylcholine
tension to keep alveoli from collapsing during expiration. (DPPC) @), an essential phospholipid for reducing surface
Surfactant proteins specific to this complex play important tension at the airliquid interface, and galactosylceramide
roles in the surfactant functions of host defense and modula-(Ga|Cer) @). SP-A initiates aggregation of liposomes
tion of the biophysical properties of the lung. The most containing DPPC in the presence of2C#5). The specific
abundant hydrophilic surfactant protein is surfactant protein jnteraction of SP-A with alveolar type Il cells has been
A (SP-A)! which plays important roles in innate immune gocumented, and SP-A inhibits the secretion of surfactant
functions of the lungX, 2). In addition to its immunomodu-  phospholipids and enhances the uptake of liposomes by type
latory functions, the contributions of SP-A to surfactant || cejis, suggesting that SP-A has roles in the regulation of

rs od | by & GrantinAd | - Ht surfactant phospholipid pools in alveolar spadgs7j. On

upported In part by a Grant-in-Al or scientific researcn from : _ :

the Ministry of Education, Science, Sports and Culture, Japan. the other hand, the .pr.eCIS.e r,OIe _Of SP-A in pulmonary
*To whom correspondence should be addressed: Department of Surfactant homeostasis in vivo is still controversial. Mouse

Biochemistry, Sapporo Medical University School of Medicine, South-  strains with null alleles for SP-A appear to have only modest

1, West-17, Chuo-ku, Sapporo 060-8556, Japan. Telepht84-11- ; ; ; e ;
611-2111, Fax:+81-11-611-2236. E-mail: sanohito@sapmed.ac.jp. alterations in surfactant properties and exhibit normal survival

* Sapporo Medical University School of Medicine. and resting respiration, despite defective formation of sur-
8 Japan Science Technology Agency. factant tubular myeling).

' Asahikawa Medical College. . .

1 Abbreviations: SP-A, surfactant protein A; DPPC, dipaimi-  SP-Abelongs to the collectin subgroup of the C-type lectin

toylphosphatidylcholine; GalCer, galactosyl ceramide; MBL, mannose- superfamily, along with surfactant protein D, mannose-

binding lectin; CRD, carbohydrate recognition domain; wt SP-A, pindi ; ; ini i
recombinant wild-type human SP-A; PC, phosphatidylcholine; PlI, binding lectin (MBL), bovine conglutinin, and the protein

phosphatidylinositol; PG, phosphatidylglycerol; PS, phosphatidylserine; CL43. These prOte?nS possess Chara?teriStiC primar.y struc-
TPA, 120-tetradecanoyl phorbol 13-acetate. tures that are organized into four domaifis ((1) a cysteine-
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A. 8P-A manomer B. Octadecamer were inserted before PYoand Prd® to restore the motif of
iy, LR Gly-X-Y repeats. The mutated cDNAs were generated by
domain site-directed mutagenesis (QuickChange mutagenesis Kit,

Strategene, Cedar Creek, TX). For SPEA PCR was
performed using the mutagenic complementary priméeks (5
ATGGGTCCACCTGGAGAAATGGGAAAT-
GATGGGCTGCCTGGA) and wt SP-A cDNA in the
38 41 44 47 51 54 57

i et Comsiucied by FCR ey the mutagenic complementary

e ERMGETERDS « = s SIS E primers (5-CCTGGAGAAATGGGGCCATGTGGGCCTC-

NS EIENEERSERERS SRPEHE CEEEAR CTGGAAATGATGGG) and wt SP-A cDNA in the pEE14

FIGURE 1 Schematic re_presentation of _th_e recombinant SP-A yector as a template and inserted into the pVL1392 vector
proteins. (A) A monomeric form of SP-A is illustrated. The dark using theNcd sites

gray region is the cysteine-rich N-terminal domain, the light gray . . .
region the collagen-like domain consisting of Gly-X-Y repeats, the ~ EXPression and _|50|at'0n of Recomb'r_‘ant PrOtembe_
white region the neck domain, and the globe region the carbohydraterecombinant proteins were expressed in the baculovirus-
;elclzognition dorlrgiain. The ﬁe(ﬂluences in recor?térllant SP-As are asnsect cell system, as described by O’Reilly et dl5)(
ollows: wt, wild type with the interruption of Gly-X-Y repeats  gpodoptera frugiperd4Sf9) cells were cotransfected with
(bold); DEL, SP-AEL in which amino acids 4750 were deleted; . . . . .
and INS, SP-A'S in which two glycines were introduced (under- linearized virus DN_A (BaculoGold, Pharmln.g(.an, San Diego,
lined) to insert Gly-X-Y repeats. (B) A flower bouquet-ike ~CA) and the plasmid pVL1392 vector containing the cDNAs
octadecamer of SP-A. for SP-A molecules. Plaques were isolated, and virus titers
o _ ] ~were amplified three times to approximately-@ x 10°
containing short amino-terminal segment, (2) a collagen-like pjaque-forming units/mL. The recombinant proteins were
sequence, (3) a neck domain, and (4) a carbohydrateexpressed ifrichoplusia ni(Tni) cells that had been infected
recognition domain (CRD). Trimeric association occurs by at a multiplicity of 2. After incubation for 45 days, the
folding of collagenous domains into triple helice0) and recombinant proteins were purified from the culture media

assembled SP-A, like MBL and Cl1q, is a flower bouquet- gescribed previously1).

like octadecamer consisting of six trimeric subunits that are  po|yacrylamide Gel Electrophoresi§our micrograms of
stabilized by the N-terminal sequences and disulfide bondsipe proteins was resolved by 13% SBBAGE under
(12). A collagenous domain of human MBL is comprised nponreducing or reducing (1% mercaptoethanol) conditions
of 19 repeating Gly-X-Y triplets with an interruption at the  and visualized by Coomassie brilliant blue staining. For
eighth triplet that is presumed to form a kink in the extended pative conditions, 5ug of the proteins was subjected to a
structure of the moleculel§). In human SP-A, a collagenous  NativePAGE Novex 4 to 16% Bis-Tris gel (Invitrogen,
domain is composed of 23 repeats of the Gly-X-Y motif with - cajspad, CA) and electrophoresed &Gifor 2 h.
a break sequence (PfeCys'®-Prg*-Prd”) between the 13th Electron Microscopy Recombinant SP-A samples were
and 14th triplets9). Although this interruption causes a hinge jijjuted to 10ug/mL in 50% glycerol and 20 mM ammonium
in the SP-A molecule, its precise role remains to be clarified. picarhonate, sprayed onto freshly cleaved mica, and rotary-
The objectives of this study were (1) to determine whether gpn3dowed with platinum at an angle 6f@7). The rotary-

the interruption of Gly-X-Y repeats of SP-A is critical for  shadowed molecules were observed under a JEOL JEM 1010
the formation of a bend in the molecule and (2) to determine g|ectron microscope operated at 75 kV.

whether the SP-A kink region is required for oligomerization  Ge| Filtration ChromatographySize fractionation of the
and interaction with lipids and alveolar type Il cells. In this  ecombinant proteins was performed by gel filtration chro-
study, we _expressed two mutant SP-As that do not POSSeS$natography using an Econo-Column (1.5 em100 cm)
the break in Gly-X-Y repeats and assessed the effects of thegjo-Rad Laboratories, Hercules, CA) of 6% agarose beads
mutations on the formation of the oligomeric structure and (jheragar, Coina, Portugal) in 5 mM Tris buffer (pH 7.4)
interaction with lipids and type II cells. containing 2 mM CaGl Blue dextran (2000 kDa) and ferritin
(440 kDa) were used as molecular mass standards. The
EXPERIMENTAL PROCEDURES amount of SP-A proteins in each fraction (1.85 mL) was
Lipids. DPPC was obtained from Avanti (Alabaster, AL). determined by an ELISA as described below. Fifty micro-
Phosphatidylcholine (PC) from egg yolk, phosphatidylinositol liters of each fraction was coated onto microtiter wells, and
(PI) from bovine liver, phosphatidylglycerol (PG) from egg nonspecific binding was blocked with phosphate-buffered
yolk, GalCer, phosphatidylserine (PS), and cholesterol were saline containing 3% (w/v) skim milk and 0.1% (v/v) Triton
purchased from Sigma (St. Louis, MO). 1-Palmitoyl*RF X-100. Polyclonal antibody raised against human SP-) (
palmitoyl+.-3-phosphatidylcholine fH]DPPC) was pur- (10 ug/mL, 50uL/well) was added to the wells and incubated
chased from Amersham (Piscataway, NJ). at 37 °C for 1 h. After the wells had been washed,
DNA Construction of Recombinant SP-A MoleculBse horseradish peroxidase-labeled anti-rabbit IgG (1:1000) was
isolation of the 1.13 kb cDNA for recombinant wild-type added and incubated at room temperature for 1 h. The
human SP-A (wt SP-A) was described previoudi)( The peroxidase reaction was finally developed usioghe-
amino acid sequences of two mutant SP-As were designednylenediamine as a substrate, and the absorbance was
as shown in Figure 1. In the mutant SPEA amino acids ~ measured at 492 nm.
47—50 were deleted to remove an interruption in the Gly-  Liposome BindingThe binding of the proteins to multi-
X-Y repeat structure. In the mutant SPYA two Gly residues lamellar liposomes was performed as described previously
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(16). The mixture, composed of DPPC, PG, and cholesterol SDS-PAGE

(7:2:1, wiwiw) or of GalCer, PS, and cholesterol (7:2:1, w/w/ A Reduced B.Nonreduced ~ C-Native PAGE
w), or Pl was dried under nitrogen and hydrated in 20 mM miies SRS i
Tris buffer (pH 7.4) containing 0.1 M NaCl at 3T for 1 S m‘- 1048 —

h and vortexed vigorously for 5 min to prepare multilamellar o7 — . e
liposomes. The multilamellar liposomes (126) and the il 5 el L=
protein solution [0.2«g in 50uL of 20 mM Tris buffer (pH i gDl

7.4) containing 0.1 M NaCl, 5 mM Cagland 20 mg/mL w—_Sg® gl
bovine serum albumin (binding buffer)] were separately sl
centrifuged at 12 000 rpm and room temperature for 10 min. A

The supernatant of the protein solution was added to the TP 20 —

liposome pellet. The mixtures were suspended and incubated
at room temperature for 1 h. After cooling on ice for 15 Ficure2: Electrophoretic analysis of recombinant SP-As. Recom-
min, the mixtures were centrifuged at 12 000 rpm arfcC4 binant proteins were subjected to 13% SEFBAGE under reducing

for 10 min. The supernatant (50L) was stored, and the (A or nonreducing (B) conditions or to native PAGE (C). The
' proteins were visualized by Coomassie Brilliant Blue staining:

pellet was washed once with a0 of ice-cold binding buffer 3115 jarge aggregate of SPYA arrowhead, trimer of SPREL:
and centrifuged again. The supernatant was combined, anchnd asterisk, dimer of SPPAL.

the pellet was finally suspended with 100 of the binding

buffer. The amount of SP-A protein in each fraction was RESULTS

determined by a sandwich ELISA using ELSIA-F300 (Sys- . . ) .

mex, Kobe, Japan). Control experiments without liposomes  Effects of Mutations on Biosynthesis and Secretion of SP-

were also performed to obtain specific sedimentation. As Expressed in Insect CelRecombinant wild-type human
SP-A (wt SP-A) and the mutants SP*A and SP-A'S in

which the interruption of Gly-X-Y repeats was eliminated
(Figure 1) were expressed using the baculovirus insect cell
system and purified by mannose affinity chromatography.
To determine the effects of these mutations on synthesis and
secretion of SP-A, the levels of the purified recombinant
proteins were assessed and compared. The total amount of
SP-APEL or SP-ANS recovered frm 1 L of culture media
was 3.85 or 3.73 mg, respectively. These levels were almost
tne]nMwb:P;cutP:z:‘?eer;%ar?wcir? ﬁ;g%?ag?e\évas measured at roomcomparable to that of wt SP-A, of which as much as 3.01
' mg/L of the media was typically obtained. These results
Uptake of Phospholipid Liposomesiveolar type Il cells ndicated that the mutations introduced to disrupt the break
were isolated from the lungs of male Sprague-Dawley rats jn Gly-X-Y repeats did not affect protein expression or
by tissue dissociation with elastase digestion and purification secretion of SP-A. The results were consistent with previous
on metrizamide gradientd9). Uptake of phospholipids by  studies demonstrating that the recombinant MBL mutants,
freshly isolated type Il cells was performed by the method which do not contain the interruption in the Gly-X-Y
described by Wright et al20). Type Il cells (2x 1®°cells)  sequence, were secreted into media at levels almost equiva-
were incubated with radiolabeled phospholipid liposomes |ent to that of wild-type MBL 22, 23).
(100 ug/mL) composed of DPPC, egg PC, and PG (7:2:1,  gfacts of Mutations on Multimer Formatiofihe purified
wiw/w) and 1uCi of [PH]DPPC in the presence of 5 or 20 ocombinant SP-As were analyzed by SB@lyacrylamide
pug/mL proteins at 37C for 1 hin 0.5 mL ofDulbecco’s  gq| glectrophoresis. When analyzed under reducing condi-
modified Eagle’s medium containing Hepes (pH 7.4). After qng \wt SP-A migrated as a band with an apparent molecular
incubation, the cells and media were separated by centrifuga-,4ss of 32-34 kDa (Figure 2A). SP-PEL or SP-ANS were
tion at 1500 rpm and 4C for 5 min. The cells were washed  gjighily more or less mobile, respectively, when compared
three times with 1 mL of ice-cold phosphate-buffered saline \\ith wt SP-A. These differences in molecular mass could
containing 1 mg/mL bovine serum albumin. Before the final o aypjained by the deletion or insertion of amino acids in
centrifugation, the cell suspension was transferred to a freshyne mutants. Consistent with the previous studg) the
tube. The radioactivity associated with the cells was finally ,ecombinant SP-As produced in insect cells typically mi-
counted. grated faster than SP-A derived from lung lavage (data not
Inhibition of Secretion of Lipid from Agolar Type I shown), possibly due to the differences in glycosylation
Cells Rat alveolar type Il cells (% 10° cells) were incubated  between mammalian cells and insect cells and the lack of
overnight with 0.5« Ci/mL of [®*H]choline, and secretion of  hydroxylation of proline residues24). Analysis under
radiolabeled phosphatidylcholine was performed using the nonreducing conditions demonstrated that wt SP-A, SP-A
purified proteins as antagonists of d2etradecanoyl phorbol  and SP-A'S migrated as oligomers (Figure 2B). Interestingly,
13-acetate (TPA) (10 M)-stimulated surfactant secretion SP-ANS mutant appeared to form higher-order multimers than
as described previousl21). Following incubation for 3 h,  wt SP-A, since some of the SPMA proteins did not even
radiolabeled phospholipids were extracted from the cells andenter into the dissolving gel (Figure 2B, arrow). In contrast,
media, and radioactivity was counted. Surfactant secretionthe SP-AE- preparation contained lower-order oligomers,
was expressed as percent secretion (radioactivity in medium/including dimers (Figure 2B, asterisk) and trimers (Figure
radioactivity in medium plus cells 100). 2B, arrowhead) under nonreducing conditions. The oligo-

Liposome AggregatiorLiposome aggregation was per-
formed by a modified method based on that described by
Hawgood et al. §). Unilamellar liposomes composed of
DPPC, egg PC, and PG (7:2:1, w/w/w) were prepared by
probe sonication. The liposomes (3Q@/mL) and the
proteins (20, 40, or 8@g/mL) in 10 mM Tris buffer (pH
7.4) containing 0.15 M NaCl were mixed and preincubated
for 90 s. CaCGl was then added to a final concentration of 5
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Ficure 3: Gel filtration chromatography of recombinant SP-As. aggregate
Wild-type SP-A @), SP-APEL (gray circles), and SPE (O) were FIGURE 4: Electron micrographs of rotary- ;

; : y-shadowed recombinant
subjected to a 6% agarose beads column (1.5«c00 cm). The SP-A molecules. The hexameric form of wt SP-A represents a “Y”-

amount of SP-A in each fraction (1.85 mL) was determined by an jie structure, whereas those of SPEAand SP-AS represent “V’-
ELISA as described in Experimental Procedures, and the absorbancgike structures. SP-PEL and SP-A'S form an octadecamer com-

at 492 nm is shown. The molecular mass standards are blue dextrarssed of straight-shaped collagenous stalks: asterisk, a kink region:
(2000 kDa) (a) and ferritin (440 kDa) (b). and aggregate, large aggregate observed in theSHpreparation.

meric states of the proteins were further assessed by nativdormation of the kink of SP-A12). To determine whether
PAGE (Figure 2C). Although multiple noncovalently as- the interruption of Gly-X-Y repeats is critical for the flower
sociated oligomers were observed in wt SP-A and SP-A  bouquet-like structure of SP-A, electron microscopic obser-
preparations, most of the SPYA proteins could not enter  vation of the recombinant proteins was performed using the
into the native gel, suggesting that SP¥Aconsisted of a  rotary shadowing technique. In the preparation of wt SP-A
large assembly of the oligomers. A similar large assembly as well as mutant SPP&- and SP-A'S, heterogeneous
together with multiple orders of oligomerization (43800 particles, presumably consisting of two, four, and six trimers,
kDa) was observed in the wt SP-A preparation. On the otherwere observed. The representatives of hexamers and octa-
hand, most of the SP&L proteins entered into the native decamers are shown in Figure 4. As we had expected, the
gel and migrated mainly as a band at approximately-600 bend in collagenous domains of SPFAand SP-A'S seemed
630 kDa. to be abrogated and the mutants had straight-shaped collag-
We next determined the oligomeric states of the recom- enous domains that were laterally assembled at the N-
binant proteins by gel permeation chromatography. As shownterminus. The octadecamer of wt SP-A formed a flower
in Figure 3, two different peaks were observed when wt SP-A bouquet-like structure whose diameter was approximately
was eluted from a column of 6% agarose beads. The peak28 nm, which was consistent with the diameter of a normal
with a large or small molecular mass was recognized at a subpopulation of SP-A oligomers isolated from patients with
position near that of blue dextran or ferritin, respectively. alveolar proteinosis25). In contrast, SP-BF- and SP-A'S
The large assembly of wt SP-A appears to correspond toformed a radially and widely spread octadecamer whose
the proteins that could not enter into the native gel (Figure diameter was estimated to be approximately 60 nm. The
2C). The mutant SP-A" eluted mainly at a position of an  results clearly defined the interruption of Gly-X-Y repeats
approximate molecular mass of 700 kDa, which seems to as the kink region of SP-A. In addition, multimerized large
be consistent with the result obtained from native PAGE. oligomers or aggregates were frequently observed in SP-
When compared with wt SP-A, the SP2%& preparation ~ ANS preparations (Figure 4, aggregate) but rarely seen in
contained a significantly smaller amount of large oligomers wt SP-A or SP-AREL preparations. A quantification of the
that were eluted at a position near that of blue dextran. On different visualized species of SPYMA resulted in ap-
the other hand, SPI¥ exhibited a unique elution profile.  proximately 8.8% supra-octadecameric aggregates (15 ag-
The mutant SP-AS eluted broadly from the position ahead gregates in 170 variants). In contrast, only one aggregate
of blue dextran through the position behind ferritin, sug- (0.2%) was observed in 465 variant species of wt SP-A, and
gesting that the protein consists of multiple orders of two aggregates (0.6%) were recognized in 308 species of
oligomeric assembly. The estimated molecular mass at theSP-APEL. These results are consistent with the current data
main elution peak of SPRS was approximately 1100 kDa, obtained from electrophoretic analysis and gel filtration
which was significantly larger than those of wt SP-A and analysis (Figures 2 and 3) and indicate that more populations
SP-APEL. These results demonstrated that the 3¥-Ali- of SP-ANS gligomers exist as large aggregates than of wt
gomers formed aggregates. The results appeared to correlat&P-A and SP-AFL,
well with the results obtained from native PAGE analysis ~ SP-AF-and SP-A'S Exhibit Impaired Abilities To Induce
and SDS-PAGE analysis under nonreducing conditions. Liposome AggregatianWe next examined the abilities of
Taken together, our findings suggest that the mutations the mutants SP-%&- and SP-A'S to interact with lipids. The
introduced at the interruption in Gly-X-Y repeats may have binding of the recombinant proteins to multilamellar lipo-
altered the self-assembly of the SP-A molecules. somes containing DPPC, GalCer, or Pl was first investigated
Electron Microscopic Obseation of the Recombinant by the sedimentation method. The mutants $P+Aand SP-
Proteins The interruption of Gly-X-Y repeats in the col- A™S cosedimented DPPC liposomes to nearly the same extent
lagenous domain has been considered to contribute toas wt SP-A, such that 945 3.9% (meant standard error;
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A.DPPC B. GalCer C.PI Interactions of the Mutants with Ad¢olar Type Il Cells
7100 100 100 SP-A promotes association of phospholipids with alveolar
E s 75 s type 1l cells in vitro 0). We therefore examined whether
g% % 5 the mutants SP-% and SP-A'S could mediate liposome
e & ® uptake. As shown in Figure 7, the association of liposomes
* ot DEL NS . wt DEL INS. . wt DEL INS with type Il cells was significantly promoted in the presence

Ficure 5: Binding of recombinant SP-As to multilamellar lipo- of wt SP-A [specific uptake of 5.5 1.1% at sug/mL and

somes. Multilamellar liposomes (1Q) containing DPPC, PG, ~ 20.9+ 2.2% at 2Qug/mL (meant standard errom = 3)].
and cholesterol (7:2:1) (A), GalCer, PS, and cholesterol (7:2:1) (B), The uptake of liposomes into type Il cells was 5:8..1 or

or PI (C) were mixed with the recombinant proteins (8. The ~ 20.54- 3.7% in the presense of 5 or 2@/mL SP-AF- and
amount of SP-As cosedimented with liposomes was determineds g1 1.0 or 18.6+ 1.1% in the presense of 5 or 2@/mL
by an ELISA. The results show specific sedimentation from which NS . A~ L
values obtained in the absence of liposomes were subtracted. Theor A" > réspectively. These results indicate that the activties
data are means the standard error of three experiments. of the mutants were clearly comparable to that of wt SP-A.
The mutants SP-2- and SP-A'S retained the ability to
n = 3) of wt SP-A, 95.94 2.2% of SP-RF., and 89.7+ mediate uptake of liposomes by type Il cells, although their
4.5% of SP-A'S were recovered in the pellet fraction (Figure effects on liposome aggregation were significantly reduced
5A). Similarly, the sedimentation with GalCer liposomes was (Figure 6).
not significantly different among the proteins: 54:7.1% SP-A inhibits secretion of phospholipids from alveolar type
of wt SP-A, 70.0+ 4.0% of SP-AE-, and 48.14+ 6.3% of Il cells, and the inhibitory activity of SP-A correlates well
SP-ANS cosedimented with GalCer liposomes (Figure 5B). with the receptor binding activity of SP-A7). As shown
PI liposomes cosedimented none of wt SP-A, SPLAor in Figure 8, wt SP-A significantly inhibited TPA-stimulated
SP-ANS (Figure 5C). These results clearly demonstrate that secretion of lipid from type Il cells in a concentration-
SP-APEL or SP-ANS retains the ability to bind liposomes dependent manner. The mutants SPHAand SP-A'S
containing DPPC or GalCer. Disruption of the Gly-X-Y inhibited lipid secretion at levels almost equivalent to that
repeat interruption does not alter the lipid binding specificity of wt SP-A; the level of TPA-stimulated lipid secretion was
of SP-A. This conclusion seemed reasonable since thedecreased to 348 4.5, 36.1+ 1.9, and 28. 7 3.9% (mean
C-terminal region of CRD is critical for lipid interaction of =+ standard errom = 3) in the presense of 4g/mL wt SP-
SP-A (16, 26). A, SP-APEL and SP-A'S, respectively. The deletion of the
Since SP-A causes €adependent aggregation of phos- kink in collagenous domains may not alter the SPigpe
pholipid liposomes containing DPPC, the abilities of the Il cell interaction.
mutants to induce liposome aggregation were also investi-
gated. As shown in Figure 6, wt SP-A induced phospholipid DISCUSSION
vesicle aggregation in the presence of Cim a time- and The collagenous domain of the collectins is recognized
concentration-dependent manner, as assessed by the chandem the amino acid sequence with its characteristic Gly-
in absorbance at 400 nm. The mutants SPtAand SP-A'S X-Y repeats, where X and Y can be any amino acid but are
also caused liposome aggregation, but the maximal turbidity frequently prolines and hydroxyprolines. This study provides
induced by SP-REL or SP-ANS was significantly reduced  the evidence that the PYeCys-Pro-Pro sequence at the
when compared to that induced by wt SP-A. The calculated interruption of Gly-X-Y repeats is responsible for the
equilibrium end points for light scattering of SP2A at formation of a kink in the collagenous domain of SP-A. The
concentrations of 20, 40, and 8®@/mL were 49, 60, and  mutants SP-AE- and SP-A'S, in which the interruption in
66% of that for wt SP-A, respectively (0.070, 0.150, and Gly-X-Y repeats was disrupted, were composed of the

0.235 A4oo unit vs 0.144, 0.250, and 0.35B400 unit, straight-shaped collagenous domains under electron micro-
respectivelyp < 0.005). The maximal turbidities at SPYA scopic observation.
concentrations of 20, 40, and 8@/mL were 35, 62, and Recombinant SP-A synthesized in insect cells contained

51% of that of wt SP-A, respectively (0.050, 0.154, and 0.182 little or no hydroxyproline in the collagen-like regio84).

Ao Unit vs 0.144, 0.250, and 0.3FGq unit, respectively; Hydroxylation of proline residues is required for perfect
p < 0.005). The rate of aggregation, that is, the increase in oligomerization of SP-A and for thermal stability in the
absorbance at 400 nm per second, was also calculated duringnteraction with lipid @4). However, recombinant SP-A
the first 60 s after the addition of €a(Table 1). The rate  produced in insect cells avidly binds to the mannose affinity
induced by SP-AE- at concentrations of 20, 40, and 86/ column, interacts with alveolar type Il cells, inhibits the
mL was significantly decreased compared to that of wt SP- secretion of phospholipid from alveolar type Il cells, and
A. Similarly, the rate induced by SP"& was significantly aggregates lipid vesicles at 2C in a manner independent
reduced at 40 and &dg/mL compared to that of wt SP-A.  of the presence of N-linked carbohydrat@sl)( By using
These data indicated that the activity of SP-A in mediating wild-type SP-A and various mutants expressed in insect cells,
liposome aggregation was attenuated by introducing the many studies from this and other laboratories have clarified
mutations at the interruption of Gly-X-Y repeats. Since SP- the required region of SP-A for lipid binding and type I
APEL and SP-A'S mutants exhibited DPPC bindings at a cell interaction {4, 16, 24, 26, 28—31). The possibility that
level comparable to that of wt SP-A (Figure 5), the results neither proline hydroxylation nor the addition of attached
were not due to the reduced level of binding of the mutants carbohydrate is essential for lipid aggregation, receptor
to liposomes. The loss of a bend in collagenous domainsbinding, or the inhibition of secretion of phospholipid from
may impair the cross-linking of liposomes that was associated alveolar type Il cells is considered. Therefore, we used an
with the globular heads of the mutants. insect expression system for this study.
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Ficure 6: Ability of SP-APEL and SP-ANS to aggregate DPPC liposomes which was weaker than that of wt SP-A. Unilamellar liposomes
containing a mixture of DPPC, egg PC, and PG (7:2:1) (380nL) were preincubated with the recombinant SP-As at concentrations of
20 (A), 40 (B), and 8Qug/mL (C), and CaGl(5 mM) was added after 90 s. The change in absorbance at 400 nm was measured at room
temperature: @) wt SP-A, @) SP-APEL, (O) SP-ANS, and @) no protein. Values are meadsthe standard error of three experiments.

Table 1: Rates of Liposome Aggregatioh@D per secor®) at 90-150 s

20 ug/mL 40ug/mL 80ug/mL
wt (0.24+0.04)x 1073 (1.49+ 0.10)x 103 (1.88+ 0.08)x 1073
DEL (0.13+0.01)x 10°3P (0.47+0.05)x 10°3¢ (1.594 0.08) x 1073P
INS (0.19+£ 0.04)x 10°3 (0.84+ 0.09)x 1073¢ (1.33+ 0.03)x 1073¢

aValues are means the standard error of three experimenitp.< 0.05, compared with that of wt SP-Ap < 0.01 compared with that of wt
SP-A.
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FIGURE 7: Mutants SP-AE- and SP-A'S augment the uptake of  Figure 8: SP-APEL and SP-A'S inhibit secretion of lipid from

lipid by type II cells at a level comparable to that of wt SP-A.  type Il cells at a level comparable to that of wt SP-A. Type Il cells
Type ll cells were incubated with unilamellar Ilposo.mes containing were incubated overnight in the medium containidg]Eholine
[*HIDPPC in the presence of 5 or 2@/mL recombinant SP-As.  and incubated fo3 h with secretagogue TPA (10M) in the

The radioactivities associated with cells were counted. The results absence or presence of the indicated concentrations of recombinant
are expressed as a percentage of radioactivities associated with thgp-As. The radioactivities of phospholipids extracted from cells
cells in total radioactivities of the incubation mixture. The data are and medium were counted as described in Experimental Procedures.
meanst the standard error of duplicate determinations from three Results are expressed as a percentage of the TPA-stimulated

separate experiments. secretion. The data are meatisthe standard error of duplicate
Although both mutants formed a similar octadecameric determinations in three separate experiments.
structure, the mutants SP2& and SP-A'S exhibited dif- guently observed. Similar large aggregates were also found

ferent profiles of the multimer assembly. Most of the SP- in wt SP-A preparations, especially at high concentrations
APEL proteins migrated at approximately 60630 kDa via of SP-A. However, significantly more aggregates were
native PAGE, but a larger assembly was observed in SP-recognized in SP-AS preparations than in wt SP-A or SP-
ANS preparations. The fully assembled structure of SP-A is APEL preparations, at approximately the same concentrations
formed by lateral association of the N-terminal segments of of the proteins (106200 ug/mL). Electron microscopic

six trimers and stabilized by inter- and intratrimeric disulfide inspection of SP-AS under these conditions revealed
bonding at Cys® and Cy$ (12). In addition to Cys* and approximately 8.8% supra-octadecameric aggregates, while
Cy<, two cysteine residues are potentially involved in the 0.2 or 0.6% structures of wt SP-A or SP¥A, respectively,
arrangement of the disulfide bonding in human SP-A: €ys were aggregated forms. The concentrations of SP-As used
within the interruption of Gly-X-Y repeats (Pt6Cys-Pro- in this study were considered to be physiological, since the
Pro) and Cy® in the collagen-like domain near the neck. median concentration of SP-A in normal human epithelial
This study using electrophoresis and gel filtration indicated lining fluids is presumed to be approximately 189/mL

that the mutant SP#, from which Cy42 had been deleted,  (32). Although it is unrealistic to measure the actual SP-A
was able to form an octadecamer but contained a smallerconcentrations in vivo, Wright3Q) also described that the
amount of a larger assembly, when compared with wt SP-A SP-A concentration in rat lung would range from 30/

and SP-A'S, The results suggest that G§snay contribute mL to 1.8 mg/mL. The multimerized large aggregates of
to the formation of large aggregates of the oligomers, SP-A may be the result of sulfhydryl-dependent and -inde-
although it may not be required to form an octadecamer. In pendent cross-linking34). The precise mechanism by which
contrast, self-aggregation of the mutant S¥SAwvas fre- SP-ANS prefers to form large aggregates remains to be
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elucidated. At present, we speculate that the self-assemblythat kink-deleted SP-As can be recognized by type 1l cells
of SP-ANS may be dependent on its oligomeric structure. as well as flower bouquet-like SP-As.
The straight-shaped collagenous stalks of SE-gligomers SP-A plays important roles in the host defense mechanism
may easily associate with each other. of the lung @, 40). In addition to the opsonic effects and
The mutants SP-PEL and SP-A'S exhibited DPPC and  the direct bactericidal activities, SP-A regulates immune cell
GalCer binding at a level comparable to that of wt SP-A functions by directly interacting with the cells. SP-A binds
and augmented lipid uptake by type Il cells. However, the t0 several receptors such as SP-R241Q 42), CD14 @3),
abilities of both SP-AE- and SP-A'S to induce liposome  Toll-like receptors 2 44) and 4 (8), signal-inhibitory
aggregation were significantly weaker than that of wt SP- regulatory proteire (45), and C1q receptors, including C1gR
A. Although the mechanism by which SP-A stimulates (46) and calreticulin 45), to activate phagocytosis or
vesicle aggregation was not clearly understood, the ability modulate the inflammatory cellular response. Although we
of SP-A to self-associate in the presence of calcium is could not observe significant effects of the kink deletion on
considered to be involved in the mechanis3s)( A recent the interaction with type Il cells, it remains unknown whether
study has demonstrated that the trimeric form of the cysteinethe kink region would be required for stimulation of
mutant which had not undergone self-association was unableMacrophages. Further experiments are currently under way

to induce phospholipid vesicle aggregati®6) The N- to assess the host defense functions of the mutants®SP-A
terminal segment of SP-A was required for supratrimeric and SP-A'.

assembly and for phospholipid aggregati@®d,(31). The Another collectin, MBL, forms a bouquet-like octadecamer
impaired activity of the mutants SPRAt and SP-A'S to like SP-A. The collagen-like domain of human MBL contains

induce liposome aggregation was not due to the disability 19 repeats of the Gly-X-Y motif with an interruption

of the mutants to form supratrimeric oligomers, since Sequence at the eighth repeat (BiIn>). MBL deficiency
approximately 90% species of SP# and SP-A'S as well is largely explained by three single-point mutations in codons
as wt SP-A were oligomers greater than trimers when 52 (termed MBL-D), 54 (MBL-B), and 57 (MBL-C) of exon
examined under the electron microscope. In addition, the self-1 in the humanMBL2 gene 47). These mutations are
association of SP-AS did not correlate with the activity of ~ Positioned at the Gly-X-Y repeats located below the kink
stimulating vesicle aggregation in our study. At present, we "egion. MBL-B and -C interrupt the Gly-X-Y repeats in the
consider that the cross-linking of liposomes may be preventedfirst Gly position, and MBL-D introduces a Cys residue in
under a “V’-like hexamer and a W|de|y Spread “starfish”- the second pOSition. Studies USing artificial MBL variants
like octadecamer of the kink-eliminated mutants. Liposomes revealed that the mutations compromise the assembly of
on the CRD of the mutants may fail to associate with each higher-order oligomers, resulting in reduced ligand binding
other due to the long distance between each trimeric headcapacity and attenuated capability to activate complements

of the mutants, as observed via electron microscopy (48)- Although genetic polymorphisms at the kink region of
(Figure 4). MBL have not been reported, several studies have described

the functions of the kink-deleted recombinant MBL mutants.
Kurata et al. 22) demonstrated that the kink-deleted mutant
in which Leu was inserted into the GRGIn-Gly sequence

to restore the Gly-X-Y repeats activated complements in a
manner comparable to that of wild-type MBL. Arora et al.
(23) demonstrated that mutant A in which amino acids at
the kink region were deleted could enhance FcR- and CR-
1-mediated phagocytosis in a manner similar to that of wild-
type MBL or Clg. Taken together, it seems that the
physiological role of the kink region in MBL is still
unknown.

In conclusion, we provide direct evidence that the inter-
ruption of Gly-X-Y repeats of SP-A defines the kink in the
molecule, resulting in formation of a flower bouquet-like
octadecamer. Disruption of the interruption of Gly-X-Y
o o T repeats causes straight-shaped collagenous stalks and results

The cell surface binding activity of SP-Ais directly related  jn the formation of a radially and widely spread octadecamer.
to its capacity to inhibit secretion of surfactant lipids from The mutant SP-AS in which Gly-X-Y repeats were restored
type Il cells 7). Although a collagenase-resistant fragment \ithout the loss of Cy§ exhibited a large aggregate of
these activities were significantly weaker than those of native the ability of SP-A to induce phospholipid aggregation,

SP-A @9). In addition, it has been suggested that the indicating the importance of the kink region in liposome
collagen-like domain is required for high-affinity receptor aggregation.

binding and specific inhibition of surfactant secreti@®)(
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