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ABSTRACT: The human surfactant protein A (SP-A) locus consists of two functional g&regland

SP-A2 with several alleles characterized for each gene. Functional variations between SP-Al and SP-A2
variants either before or after ozone exposure have been observed. To understand the basis of these
differences, we studied SP-A1 and SP-A2 variants by comparing coding sequences, oligomerization patterns
under various conditions, composition of oligomers with regard to amino terminal sequence isoforms,
biological activity (regulation of phosphatidylcholine (PC) secretion by alveolar type Il cells), and the
impact of ozone-induced oxidation. We found that (i) the SP-A1%@fele is the most divergent from

all SP-A2 alleles, particularly from the SP-A2 (1A (ii) Differences exist in oligomerization among
SP-Al, SP-A2, and coexpressed SP-A1/SP-A2, with higher order multimers (i.e., consisting of more
subunits) observed for SP-A1 than for SP-A2 variants. Differences among SP-A1l or SP-A2 gene products
are minimal. (iii) Amino acid variants in the amino terminal sequences are observed after signal peptide
removal, including variants with an extra cysteine. (iv) Oxidation is observed after ozone exposure, involving
several SP-A residues that include cysteine, methionine, and tryptophan. (v) The SP-A2 varfant (1A
and the coexpressed protein A®A? inhibit ATP-stimulated PC secretion from alveolar type Il cells to

a greater extent than SP-Al (§Aa biologic activity that was susceptible to ozone treatment.

Surfactant protein A (SP-A)has been shown to be SP-A with the SP-A-specific receptor on the type Il cell
involved in surfactant-related functions, exhibiting a variety plasma membrane3-12). The role of SP-A in vivo is not
of roles in innate host defense, the regulation of inflammatory as clear because basal phospholipid metabolism in the SP-A
processes in the lung and alterations of the biophysical andgene-deficient mice seems unaffect&d, (L4). On the other
biochemical properties of surfactant phospholidié 7). In hand, the absence of SP-A seems to blunt the ability of the
vitro studies, performed primarily in tissue culture, have lung to respond to stimuli or injury that enhances surfactant
shown that SP-A regulates phospholipid turnover by enhanc-uptake in the wild-type animallg, 16).
ing phospholipid uptake and inhibiting phospholipid secre-  Human SP-A consists of two functional gen8®-Aland
tion. SP-A completely inhibits surfactant secretion regardless SP-A2 and one pseudogene. More than 30 alleles have been
of the secretagogue employed] ). The effect is immediate,  characterized1(7), and 10 of them appear with greater than
occurs in the presence of surfactant lipids, and depends onl% frequency in the general populatioh7( 18). These
the interaction of the carbohydrate recognition domain of alleles are classified on the basis of nucleotide differences

within the coding region that may or may not result in amino
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six trimers, and each trimer is thought to consist of two  Cell Lines, and Cell Culture Condition¥he mammalian
SP-Al molecules and one SP-A2 molecuk®)( SP-A, a Chinese hamster ovary (CHO)-K1 cell line (American Type
C-type lectin or collectin, possesses four regions/domains: Culture Collection, Manassas, VA, Cat. No. CCL 61) was
an N-terminal region, a collagen-like domain, a neck region, used as a host to express human SP-A variants. The cell
and the carbohydrate recognition domain (CRD). Human SP- culture techniques and the culture media were previously
Al and SP-A2 variants collectively differ at 10 amino acid described37). In brief, the cells were cultured in Glascow’s
residues, including a cysteine. The different residues are Modified Eagle’s medium (GMEM) (Invitrogen, Carlsbad,
located in the signal peptide region, the collagen-like domain, CA) plus 10% fetal bovine serum at 3 in an atmosphere
and the CRD 18). SP-A2 has six cysteine residues, but SP- of 5% CQ. The stably transfected cell lines from the pEE14-
Al contains an extra cysteine at residue 88, 6). SP-A hSP-A transfection were grown in glutamine-free GMEM
forms oligomers by means of intermolecular disulfide bonds medium plus 25«M methionine sulfoximine (MSX). For
and/or other molecular interactions and/or noncovalent forces.the double gene stably transfected cell lines from the pEE14-
Two intramolecular disulfide bonds between cysteines 155 hSP-A and pCl-neo-hSP-A transfection, cells were grown
and 246, and between cysteines 224 and 238 occur withinin glutamine-free GMEM plus 300 mg/L of G418 (Invitro-
the CRD domain of SP-AZ7, 28). A cysteine at amino acid  gen, Carlsbad, CA). To express SP-A variants, cells were
26 in rat SP-A is essential for generating oligomeric SP-A grown to confluence in the growth medium with fetal bovine
(29). However, it is unclear whether the extra cysteine at serum, then growth medium was removed and expression
position 85 of SP-A1l plays a role in human SP-A oligo- medium, which did not contain fetal bovine serum but has
merization by forming intermolecular and/or intertrimeric 0.5 mM ascorbic acid and 40 mg of proline/L of medium,
disulfide bond. was added. The medium containing secreted SP-A protein

Ozone is a strong oxidizing agent and reacts with unsatur- was harvested after 5 days in culture.
ated G=C bonds, amino acids, and other chemical structures. Generation of Stably Transfected Cell Lin€ésr single
Both biochemical 0) and morphological alteration$1, gene SP-A variant production, cDNAs of three SP-A1 alleles
32) in surfactant have been observed following ozone (6A, 6A% 6A%) and three SP-A2 alleles (1A, 2ALAY) were
exposure. Although the order preference for reaction with cloned into the expression vector pEE14 (a kind gift of Lonza
free amino acids is Cys Trp = Met > Tyr > His (33), Biologics PLC, Slough, UK), and transfected into CHO-K1
differences in the order of amino acid oxidation have been cells. For the coexpression of both human SP-A genes, SP-
observed in native protein84) due to their accessibility in A2 alleles were cloned into the expression vector pEE 14
the protein secondary structure. Ozone-exposed SP-A ex-(37, 40) and SP-A1 alleles were cloned into vector pCl-neo
hibits structural and functional change5¢38). (41). Then both constructs were transfected into CHO-K1.

Recently, it has been shown that the human single sp-aAAfter double selection, coexpression cell lines were gener-
gene and coexpressed SP-A1/SP-A2 variants are functionaft€d. The stably tr?nsfected cell lines expressing SP-A2
and can stimulate TNE-and IL-8 production by THP-1 ~ Varants (1A, 18, 1AY) and coexpressed SP-A1/SP-A2 were
cells. Differences in the degree of this stimulation was described previousiy3(). In the present study, we generated
observed among SP-A variant87( 39) as well as after three additional stably transfected cell lines expressing SP-
ozone-induced oxidation37). The interaction of SP-A Al variants (6A, 64, 6AY) using the same techniques and
variants with type Il cells has not been described nor has Vector (PEE14). Briefly, a 1.3-kb cDNA segment from an

the molecular/structural basis that may account for differ- SP-Al allele (6A, 6A%) was inserted into Sma | of the pEE14
ences in biological activity. vector. This 1.3-kb insert cDNA includes 0.74 kb of coding

In the present study, we characterized in vitro expressed region, about 0.1 kb’JTR and 0.5 kb 3UTR. A 0.9-kb

: - CDNA segment of the SP-A1 allele 6A was cloned into an
SP-Al, SP-A2, and coexpressed SP-A1/SP-A2 variants, with ; : : o
y N . TR .. EcoRI site of the pEE14 vector. The 6A insert, in addition
respect to their molecular oligomerization, isoforms of their 0 the coding region. includes about 0.1 KEBTR and 0.1

amino terminal sequences, oxidation of residues after ozone ) o

treatment, as well as the impact of oxidation on properties EgrﬁaglRioa(grzTS\ll?rTjsf(g]l\j\/s)l:;;r?rr?elacj'i\ﬁel-seg:llveennEgr:r(::r y
of SP-A. We used a variety of approaches including amino(?romoteryregior? Recombinant DNA was perforr)rqed accord-
acid sequence comparison, amino acid microsequencing, an ing to standard method42). Transfection and selection were

gel electrophoresis under a variety of conditions (reducing, . . .
nonreducing, and native). In addition, we compared the carried out according to the method described by Wang et

biological activity of these SP-A variants with regard to their al. (37).

" ; Preparation of SP-A Variants and Naé Human SP-A.
ability to regulate PC secretion by type Il cells, and the effect i ;
of ozone-induced oxidation on this process. The SP-A SP-A was recovered and purified from the culture medium

; ; ; . _using mannose-affinity chromatography according to the
xﬁgagfp?::ge?:ﬂﬁzt ;f;;%iﬁgr:eéggﬁﬂllbiglgére Were M ethod of Fornstedt and Porath3f. About 200 mL of
serum-free culture medium 2 107 cells/plate/10 mL) were
EXPERIMENTAL PROCEDURES harvested from a 5-day culture and purified as described
previously @7). Purified SP-A was concentrated using
Alignment of SP-A Protein Sequences and Analysis of Amicon Centriprep-10 concentrators (Amicon, Beverly,
N-Terminal Signal Clesage.The alignment of SP-A amino  MD). The native human SP-A was purified from BAL fluid
acid sequences were performed using a megAlign programobtained from alveolar proteinosis patients and healthy
of DNASTAR (version 5.0). The potential sites for N- volunteers using a butanol-extraction method as described
terminal signal cleavage were analyzed by a PSIGNAL (44, 45) with slight modification. In brief, after extraction
program of PC/gene (version 6.85, IntelliGenetics, Inc.).  of whole surfactant with butanol, the pellet was completely
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dried with a flux of nitrogen gas and then homogenized twice the MALDI-TOF matrix and the MicroMass Tof Spec 2E
in the buffer (20 mMn-octyl 3-p-glucopyranoside, 10 mM  machine for analysis. The results were calibrated with the
Hepes, 150 mM NacCl, pH 7.4). After pelleting of the sample, MALDI-TOF four-point external calibration, and the peptide
insoluble protein was dissolved in 5 mM Tris/HCI, pH 7.4 masses were obtained with the MALDI-TOF in the reflection
and dialyzed for 48 h against the same buffer. The dialyzed mode. The theoretical mass of peptides from SP-A was
solution was centrifuged at 15500t 4 °C for 30 min, estimated using a program online http://ca.expasy.org/cgi-
and the supernatant containing SP-A was collected and keptbin/peptide-mass.pl.
at —80 °C. SP-A variants expressed from baculovirus-  Exposure of SP-A to Ozone and Detection of Protein
mediated insect cells were prepared according to the methodOxidation.SP-A proteins at a concentration of 1 mg/mL were
as described30). exposed fo4 h toozone (1 ppm) in 24-well tissue culture
All procedures were performed at’€ or on ice. Protein plates as described in our previous wod¥,(49).
concentration was determined using the Micro-BCA method  Analysis of Amino Acids of Human SP-A Varia®sino
of Smith et al. 46) (Pierce, Rockford, IL) with RNase A as acid analysis following protein hydrolysis was done using
standard. SP-A was aliquoted and stored-80 °C. the Aminoquant methodology (HPLC) with the recom-
Gel Electrophoresis under Reduced, Nonreduced, and mended software, reagents, and protocol (Commonwealth
Nativze Conditions, Siler Staining, and Western Blotting.  Biotechnologies, Inc., Richmond, VA). To do analysis of
SDS-PAGE analysis was done following the procedure different amino acids, several methods of hydrolysis were
described by Laemmli(7). In vitro expressed SP-A variants  used. A hydrochloric acid hydrolysis method was used for
and human SP-A from BAL fluid were subjected to elec- general analysis of most SP-A amino acids. In brief, about
trophoresis under reducing, nonreducing, and native condi-4 ug of pure protein were transferred to pyrolyzed glass tubes
tions. For reducing SDSPAGE gels, SP-A samples were and dried. The samples were hydrolyzed in a gas phase 6 N
reduced with a loading buffer containing 0.1 M dithiothreitol HCI at 110°C for 20 h. Following hydrolysis, the samples
(DTT), 1.0 M g-mercaptoethanol, 2% SDS, 0.1 M Tris/HCI were again dried, dissolved in 50 of sample loading
(pH 6.8), and 10% glycerol, and heated at’@5for 10 min. buffer, and 5uL of the undiluted sample were analyzed. To
The samples were subjected to electrophoresis on 10%determine the total tryptophan residues of the protein, about
polyacrylamide gels at 90 V for 3 h. For nonreducing SBDS 6 ug of pure protein were transferred to a pyrolyzed glass
PAGE, the SP-A samples were not reduced but mixed with tube and dried. The samples were hydrolyzed inlZ®f 4
a loading buffer containing 2% SDS, 0.1 M Tris/HCI (pH N methanesulfonic acid for 20 h at 11%. Following
6.8), and 10% glycerol, and heated at 95 for 10 min. hydrolysis, the samples were neutralized (final volume 100
The samples were subjected to electrophoresis-6h5%6 uL), and 5uL of the undiluted sample was subjected to
acrylamide gradient gels at 90 Vrfa h and 70 V for 5 h. analysis. To determine oxidative products of methionine
For native PAGE, the SP-A protein samples were prepared(Met) such as Met sulfoxide and Met sulfone, an alkaline
with a loading buffer (4) containing 0.2 M Tris/HCI (pH, hydrolysis method was used. About 48 of pure protein
7.5) and 40% glycerol and were not denatured by chemicalssample in 4QuL was added to 56iL of fresh 4 N NaOH
and heating. Electrophoresis was performed aC4using and 100uL of water. The samples were mixed, loosely
4—20% acrylamide gradient gels at 50 Wfbh and 110 V capped, and placed inside large glass test tubes. The tubes
for 17 h. were constricted and sealed under vacuum. The samples were
For silver staining of gels a modified version was used, hydrolyzed for 15 h at 110C. Following hydrolysis, the
as reported by Rabilloud48). After color development, = samples were neutralized and the volume was recorded. Five
densities of the bands of oligomers on gels were quantified microliters of each sample were subjected to analysis. To
by soft laser densitometry. For Western blot analysis, proteinsdetermine cysteine residues, abowtgbof pure sample were
were transferred to PVDF membranes (@r2pore size, Bio- placed in polypropylene tubes and taken to dryness. The
Rad, Hercules, CA). SP-A was detected using a rabbit samples were then dissolved in 300 of 6 M guanidine/
antibody (IgG) to human SP-A at a 1:1000 dilutioBe). HCI, 0.1 M Tris/HCI (pH 8.4) 5uL (98%) of 2-mercapto-
Then goat anti-rabbit IgG (HRP conjugated) antibodies were ethanol were added and the sample was heated &€ 3ar
applied. Blots were exposed to XAR film following enhanced 15 min. Then 2uL of 4-vinylpyridine were added. The
chemiluminescent detection. samples were heated for an additional 15 min and removed
MALDI-TOF Analysis of SP-A VariantSP-A variants from the heat and an additional of 4-vinylpyridine was
from the in vitro CHO cell expression system were analyzed added and the samples were allowed to stand for 2 h. The
using MALDI-TOF. About 8ug of each sample were used samples were dialyzed against diluted PBS and 0.05% SDS,
for each MALDI-TOF run. Myoglobin (&:g) was used as a  dried, subjected to routine hydrolysis for 20 h, and subse-
positive control, and buffer alone was used as a negativequently dissolved in 5@L of loading buffer. An aliquot (5
control. SP-A samples and positive and negative controls uL) of the undiluted sample was subjected to amino acid
were digested with endoproteinase Lys-C (Roche, India- analysis. To determine which amino acids are oxidized and
napolis, IN). Lys-C, a serine protease, hydrolyzes peptide the relative number of oxidized residues, we calculated
bonds in proteins specifically at the carboxylic side of lysine differences of a number of residues per SP-A molecule before
(Lys). Before protease treatment, SP-A samples and controlsand after ozone exposure. The assay described above for a
were reduced and alkylated with iodoacetamide, and thengiven amino acid detects non-oxidized residues. Therefore,
digested with Lys-C at 37C overnight. The digestion was if a residue is oxidized the residue is not detectable by the
terminated by adding trifluoroacetic acid (TFA). Prior to assay, and the number of a given amino acid per SP-A
MALDI-TOF analysis, the samples were desalted using C18- molecule would be lower compared to that prior to ozone
Zip Tips. Alpha-cyano hydroxycinnamic acid was used as exposure. Moreover, the number of oxidized amino acids
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per SP-A molecule was calculated based on the relatlVeTabIe 1: Identity and Divergence Percentages of Human SP-A

amount of each amino acid per SP-A molecule. Variants Based on Amino Acid Sequence Comparison

Protein Microsequencing of N-Terminal Amino Acid percent identity
SequencesThe N-terminal amino acid sequence of SP-A 1A 1A° 1AL 1A? 1A 6A 6A2 6A° BA
variants was determined using modified Edman degradation
method (Biotechnology Laboratory, UBC, Vancouver, Canada; iﬁo 0.8 99.2 38'5 gg'g gg'g g;'g 8;'2 g;'g gg'g
and Midwest Analytical, Inc, St. Louis, MO). Pure protein 1A 0.8 0.8 99.6 996 96.8 96.8 96.4 96.0
(3 ug) was absorbed onto PVDF membranes for analysis. 1A? 0.4 04 0.4 99.2 97.2 972 968 96.4
The relative percentage of each SP-A isoform was estimated ~1A° 1.2 04 04 0.8 97.2 97.2 968 96.4
by comparing the molecular yield of representative amino 222 gg gg gg g'g %'g 08 99.2 gg'g gg'g
acids at the N-terminus of each sequence. Valine at position  gas 29 29 37 33 33 04 04 996
22 was used for this calculation. For example, the number 6A* 33 33 41 37 37 08 08 04
of molecules for sequences 1 and 2 starting with?Gaund percent divergence

Cys? (see amino acid terminal sequences in the results
section) were determined from the sequencing information alignment results of SP-A variants are summarized in Table
where valine was identified in position 2 of the &lu 1. The percent similarities among SP-A2 variants varied from
molecule and in position 3 of the CG3smolecule. For ~ 98.8% (1A vs 1A) to 99.6% (1/& vs 1A, or 1A, 1A% vs
N-terminal sequencing of each oligomer, pure protein was 1A? or 1A%. The percent similarities among SP-A1 variants
separated by electrophoresis or¥6% polyacrylamide  varied from 99.2% (6A vs 6A 6A% vs 6A" or 6A) and 99.6%
gradient gels using nonreducing conditions. The protein was (6A® vs 6A* or 6A% or 6A). The percent similarities among
transferred onto a PVDF membrane, and each band ofall SP-Al and SP-A2 alleles varied from 96% (1vs 6A%)

oligomers was cut from the membrane for N-terminal to 99.6% (several pairs), indicating that the'land 64
sequencing. alleles are the most dissimilar alleles. Moreover, the data in

ATP-Stimulated Phosphatidylcholine (PC) Secretion by 'aPle 1 show that 6Ais the most divergent SP-Al allele
Type Il Cells.Alveolar type Il cells were isolated from the ~ compared to all SP-A2 alleles. After removal of the signal

ide (amino acids-120), the pairwise SP-A variants 6A
lungs of pathogen-free young adult male SpragDawley ~ PePU Se o
rats (approximately 22%) essentially according to the and 64, 1A% and 14, 1At and 14 are identical. Therefore,

method of Dobbs et al. using digestion with elastase,(50 W used only six single SP-A gene variants 1A 1A%
as previously described1). The pneumocytes were plated 6A: 6A% 6A? and several coexpressed variant$/6AZ, 1A%

on 35-mm plastic tissue-culture dishes (Costar, Cambridge 6A%, 1AY6A? for further investigation. The rationale for the
MA) at 3 x 10° cells/dish and cultured in 10% fetal calf latter choice was based in part on previous findings where

serum (FCS) in Eagle’s minimal essential medium (MEM) the 1AY6A2 haplotype is the most frequently_ observed in
at 37°C in a humidified incubator with 5% C£Qn air for the pOPU'a“O” %4) and on the amino acid sequence
24 h. Then 0.5Cildish of (methyl2H)-choline (Amersham, ~ comparison where the 6&nd 64 are equally or less similar

Arlington Heights, IL) was added to the medium to label than other SP-Al pair comparisons. o
cellular phospholipids. To begin an experiment, cells were  Characteristics of the Oligomerization of in Vitro Ex-

washed six times and incubated for 30 min in MEM. One Pressed SP-A Variantsn these experiments, we used
set of cells was harvested at time 0 and served as controlPUrified SP-A protein from the conditioned medium of stably

for phospholipid secretion associated with the medium tra?sfectedOCHCi-Kl cell lines of six SP-A variants (6A%6A
change, as described previous2)( The remaining cells ~ 6A% 1A, 1A?% 1AY) and two coexpressed SP-A variants fLA

were preincubated with or without SP-A for 15 min, followed 6A?, 1AY6A"). The yield of SP-A protein varied from 5 to
by addition of the secretagogue, adenosine triphosphate2® 49 Per 100 mL of conditioned culture medium. ,
(ATP, 1 mM, Sigma, St. Louis, MO), to the media in a small First, we analyzed the eight SP-A variants under reducing

volume. After 2 h, the medium was removed and centrifuged conditions. SP-A protein was detec'ted }Jsing ;ilver staining
to remove detached cells. Methanol was added to the cellOf the gel and Western blot analysis with antibody against
monolayer, and the cells were scraped from the dish. The human SP-A after SDSPAGE electrophoresis. The results

cells and the media were extracted using the Bligh and Dyer N Figure 1A (silver staining) and 1B (immunoblotting) show
method B3). The amount of phospholipid secretion was

that both the six single gene SP-A variants (1A°1RAL
calculated as lipid degradations per minute (dpm) in the SA; 6A% 6A) and the two coexpressed SP-A variants {1A
medium divided by the total dpm in lipid present in the cells

6A2, 1A%6A% have identical patterns in one-dimensional gel
plus the medium expressed as a %. All experiments were €lectrophoresis under reducing conditions. These consist of

performed in duplicate, and the values were averaged. Result& Major band (about 33 kDa) (monomers)land one less
were analyzed statistically by one-way ANOVA or t-test Prominentband at about 66 kDa (dimers,)2Native human

using SigmaStat for Windows (Jandel, San Rafael, CA) SP—Afrom BAL, which served as po_sitive control, contained
where statistical significance is taken ms< 0.05. a major band and one less prominent band at the same
positions. In addition, a band with very low intensity at about

RESULTS 100 kDa (trimers, &) in the native human SP-A was
detected on the Western blot.
Comparison of SP-Al and SP-A2 Coding Sequewies. Second, we studied oligomerization of the in vitro

compared amino acid sequences of several human SP-Alexpressed SP-A variants and native human SP-A under
(BA, 6A?, 6A3, 6A% and SP-A2 (1A, 1A 1A% 1A2 1A3) nonreducing conditions, where inter- and intramolecular
variants that occur with greater than 1% frequericg).(The disulfide bonds remain intact because no DPBfinercap-
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Ficure 1: Gel electrophoresis of in vitro expressed SP-A variants
and BAL-derived SP-A. SP-A variants were expressed from stably
transfected CHO-K1 cell lines and were purified by mannose-
affinity chromatography. SP-A from BAL of a healthy individual
was prepared by a butanol-extraction meth#8) (Six single gene

and two coexpressed SP-A variants as well as human SP-A (hSP-

A) were reduced and separated by 12% SIPBGE under reducing
conditions. Gels were subjected to silver staining (A) and Western
blot analysis with IgG antibody to human SP-A (B). The numbers
on left indicate molecular mass.

toethanol, or other sulfhydryl reducing agents were used. The
patterns from the silver stained gel are shown in Figure 2A.
The intensity of each band of oligomers was quantified by
soft laser densitometry (Table 2). The results indicate that a
markedly different set of oligomers exists for SP-A2, SP-
Al, and coexpressed SP-A1/SP-A2. SP-A2 variants (1A,
1A% 1AY are characterized by four bands at about 66, 97,
130, and 200 kDa that may represent dimers)(2rimers
(3x), tetramers (%), and hexamers (), respectively. These
SP-A2 variants have dominant dimers {35%) and trimers
(35—37%). SP-AL1 variants (6A, 6A6A% consist of dimers
(2x), trimers (3x), hexamers (&), and multimers ¥ 6x),

but no tetramers (4). SP-A1 variants have dominant trimers
(32—36%) and hexamers (285%). Coexpressed SP-A
variant 14/6A* has dimers (), trimers (3x), tetramers
(4x), hexamers (&), and multimers ¥ 6x). The pattern of
the coexpressed SP-A variants with regard to the oligomer
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Ficure 2: Patterns of oligomerization of SP-A variants and human
SP-A’s under nonreducing conditions (A) and native conditions
(B). Six single gene SP-A variants (1A, 1ALAL 6A, 6A2, 6A%)

and one coexpressed SP-A (I®A*) were obtained from in vitro
transfected CHO-K1 cell lines. Two human SP-A samples were
prepared from bronchoalveolar lavage fluid of an alveolar protei-
nosis patient (AP hSP-A) and healthy volunteer (hSP-A), respec-
tively. These samples were subjected t618% SDS-PAGE under
nonreducing conditions followed by silver staining (A) or were
subjected to 420% PAGE under native conditions followed by
silver staining (B). Numbers on left denote molecular mass. Marks
on the right indicate oligomers.

size species was similar to those obtained with native humanpq »- Quantification of Oligomers of Human SP-A Variants

SP-A proteins (used as positive controls) from BAL fluid
of alveolar proteinosis patients (AP hSP-A) and healthy
volunteers (hSP-A). However, the amount of each oligomer

species differed between the coexpressed and the SP-A from

Separated by Nonreducing Gel Electrophoresis

percentage (%) of oligomers

BAL (Figure 2A). AP hSP-A and hSP-A contain predomi-
nantly multimers (about 6670% >6x), and the coexpressed
SP-A variant (1A/6A% contains only 23.6% multimers
(>6x).

Third, we studied oligomerization of SP-A variants and

native human SP-As under native conditions as described

in Methods. SP-A protein was not treated by SDS, DTT,

B-mercaptoethanol, or heating. Therefore, SP-A molecules

maintain their native conformation, and migration through

human SP-A/SP-A variants 2X 3X 4X 6X >6X

AP hSP-A 7.8 4.1 8.7 147 64.8
hSP-A 20.2 5.0 7.6 95 577
1A 30.0 36.7 126 20.8

1A0 335 353 128 185

1A 35.1 36.9 9.3 1838

6A 89 36.2 26.9 28.0
6A2 57 35.1 33.7 255
6A* 57 318 345 27.9
1AY%6A% 10.8 19.7 113 195 38.7

aOligomers consisting of two (2X), three (3X), etc., monomers.

a 4-20% gradient gel is based on the native molecular mass
and structural molecular conformation. The results of the @nd multimers ¢ 12x) with the lowest relative amount {7

silver staining of the gel are shown in Figure 2B and the 15%). SP-Al variants (6A, 6A6A%) contain molecules in
percentages of intensities of each band are summarized irfhe range of hexamers § (10—21%), dodecamers (39
Table 3. The patterns of oligomerization among SP-A1, SP- (15-21%), and multimers X12x) (22—32%), with non-
A2, and coexpressed SP-A1/SP-A2 differ. SP-A2 variants amers () accounting for the highest relative amount {32
(1A, 1A% 1AY have, primarily, hexamers £§ (50—68%), 47%). Three bands larger than dodecamers{ldite clearly
with dodecamers being the next abundant(1225—35%), visible in all SP-A variants, but it is difficult to identify their
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Table 3: Quantification of Oligomers of Human SP-A Variants
Separated by Native Gel Electrophoresis 1A! 3231.2

percentage (%) of oligomers
human SP-A/SP-A variants 68X 9X 12X >12X

0% -

AP hSP-A 14.6 85.4
hSP-A 8.1 91.9
1A 50.6 34.5 14.9
1A 62.6 23.7 13.7
1A 68.2 24.8 7

6A 20.9 32.1 15.2 31.8
6A2 14.2 46.8 17.2 21.8
B6A* 10.1 41.6 21.0 27.3
1A%6A% 39.2 60.8

@ Oligomers consisting of six (6X), nine (9X), etc., monomers.

exact degree of oligomerization due to the limitations of g 7 0 8 (000000 . 228 09, GG
PAGE gels for macromolecule separation. TAV6AZ 32315

Identification of Coexpressed SP-A1/SP-A2 Products by
RT-PCR and MALDI-TOF AnalysiSP-Al and SP-A2 have %
very similar amino acid sequences, and antibodies specific
to SP-Al or SP-A2 are not available. To verify that both
transfected SP-Al1 and SP-A2 genes were expressed in the PN

coexpressed clones, we examined specific SP-Al1 and SP- S
. . FiIGURE 3: MALTI-TOF analysis of SP-A variants.Two single gene
A2 mRNA by RT-PCR and digestion of the RT-PCR products 1A and 64 and coexpressed (1/A2?) variants were

products by gene-specific enzymes followed by gel electro- analyzed using MALDI-TOF. SP-A samples and controls were
phoresis. The results showed that both transfected SP-Alreduced and alkylated with iodoacetamide, and then digested with

and SP-A2 genes were expressed in the coexpressed clonesys-C at 37°C overnight. The samples were analyzed and calibrated
(data not shown). Furthermore, we also determined SP-AlW'th the MALDI-TOF four-point external calibration. The single

. .~ gene product 1Adepicts a 3231.2 kDa peptide and the?&Ariant
and SP-A2 proteins by means of MALDI-TOF analysis genicts a 3489.3 kDa peptide. The coexpresse&b® variant

(Figure 3). After digestion of the sample with endoproteinase depicts both peaks of the 3231.2 kDa peptide and the 3489.3 kDa
Lys-C, which specifically hydrolyzes peptide bonds in peptide demonstrating the presence of both gené &l 6/4)
proteins at the carboxylic side of lysine (Lys), the'Mariant products.

produces a 3231.2 kDa peptide containing residues-224 o ]

248 (Figure 3), whereas the 8roduces a 3489.3 kDa mined. The results indicated that t_here are some differences
peptide that contains residues 22248. The 1A variant has of l\_l-termmal sequences between insect cell expressed SP-A
a lysine at position 223, whereas the%ifas a glutamine at ~ Variants and mammalian CHO-K1 cell expressed SP-A
residue 223 and a lysine at 221. Figure 3 shows that bothVariants. For example, more than 95% of the SP-A2%1A
the 3231.2 kDa peptide and 3489.3 kDa peptide are presen{nolgculgs have Cy%as their flrsj[ amino acid, i.e., the signal

in the coexpressed A2 variant. The RT-PCR data and peptide is cleaved between residues 19 and 20, whereas only

MALDI-TOF data indicate that both gene products are about50% of the SP-A1 (Ehmolecules have C¥3as their
expressed. first amino acid, the other 50% of the SP-A1 @Anolecules

Characteristics of N-Terminal Sequences of SP-A Variants "2ve CGld* as their first amino acid.
and OligomersThe amino terminal sequences of four single ~ We next determined the amino terminal sequences of each
gene products (1A 1A%, 6A2, 6A% and two coexpressed oligomer (band) observed by gel electrophoresis at the
SP-A variants (LA6A2, 1A%6A% were determined by  nonreducing condition, using two representative SP-AZY(1A
protein microsequencing. The results are summarized inand SP-Al (6A) variants. The results are summarized in
Table 4. All of the four single gene products have three Table 5. About one-third of SP-A2 (PAmolecules present
amino terminal isoforms. The signal peptide cleavage sitesin dimers (<) are of the shorter isoforms, i.e., first amino
are located between residues 18 and 19, 19 and 20, and 2@cid of N-terminal sequence is Ghiand the other two-
and 21 of the precursor molecule. The majority (about 80%) thirds are of the middle size iSOfOfmS, i.e., first amino acid
of these isoforms are cleaved between residues 19 and 200f N-terminal sequence is C¥sThe other oligomers (3,
Residue 19 of SP-A2 (1A 1A1) and SP-Al (64 6A%) is 4x, 6x) of SP-A2 (14) have dominant middle size isoforms
alanine and valine, respectively. Coexpressed SP-A variants(i-€., Cy$9. The trimers of SP-A1 (6A contain all three
of both SP-A1 and SP-A2 genes have four amino terminal isoforms and other SP-A1 oligomers{@nd>6x) contain
isoforms and about half of them are products with the signal Predominantly middle size isoforms (C§jswith one-third
peptide being cleaved between residues 19 and 20. Moreoverbeing the longer size isoforms (i.e., Va3l
two isoforms in which the first residue is alanine or valine  Characteristics of Ozone-induced Oxidation of SP-A
were detected in coexpressed SP-A variants, further confirm-Variants.To determine whether differences in SP-A proper-
ing that both SP-A1 and SP-A2 gene products are presentties exist between SP-Al and SP-A2 variants following
in the coexpressed SP-A. In addition, the amino terminal amino acid modification, we exposed SP-A variants (1A and
sequences of two single gene products {lsad 64) 6A) to ozone at 1 ppm for 4 h. The optimal dose of ozone
expressed in baculovirus-mediated insect cells were deter-and time of exposure have been determined previodsly (

)

oWl il i A U T 4
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Table 4: Amino Terminal Sequence of in Vitro Expressed SP-A Vardants

amino acid nd. single gene products coexpressed variants
19 20 21 22 23 24 25 26 27 A 1AY 6A2 6A* 1AY6A2 1AY6A%
sequence 1 Glu Val Lys Asp Val Cys Val 7% 5% 6% 4% 22% 23%
sequence 2 Cys Glu Val Lys Asp Val Cys Val 81% 74% 78% 81% 55% 48%
sequenced Ala Cys Glu Val Lys Asp Val Cys Val 12% 21% X X 15% 17%
sequence4 Val Cys Glu Val Lys Asp Val Cys Val X X 16%  15% 8% 11%

a2 The percentage of each isoform was calculated by the molecular yield (picomoles) of representative amino acid from each sequence divided
by the molecular yield (picomole) of total isoforms (e.g., % sequence 1 isoforpmol of sequence 1/pmol of total sequencé®umbered
according to the amino acid number of SP-A precurs@he residue no. 19 of single gene products SP-A2(1AY) and SP-Al (64, 6A%) is
alanine (Ala) and valine (Val), respectively.

Table 5: Amino Terminal Sequence of Each Oligomer from SP-A Variants under Nonreduced Co#nditions

amino acid n@. oligomers of 1R oligomers of 64
19 20 21 22 23 24 25 26 27 2X 3X 4X 6X 3X 6X >6X
sequence 1 Glu Val Lys Asp Val Cys Val 28% 26%
sequence 2 Cys Glu Vval Lys Asp Val Cys Val 72% 75%>95% >95% 65% 75% 71%
sequence3 Ala Cys Glu Val Lys Asp Val Cys Val 25% <5% <5% X X X
sequence4 Val Cys Glu Vval Lys Asp Val Cys Val X X X X 9% 25%  29%

aThe percentage of each isoform was calculated by the molecular yield (picomoles) of representative amino acid from each sequence divided
by the molecular yield (picomole) of total isoforms (e.g., % sequence 1 isoforpmol of sequence 1/pmol of total sequencé®umbered
according to the amino acid number of SP-A precursdhe residue no. 19 of single gene products SP-AZYBAd SP-Al (6A) is alanine (Ala)
and valine (Val), respectively.

1A 6A from the monomer values, we show the number of oxidized
residues in native SP-A by multiplying the monomer values
(difference before and after ozone treatment) by 18. For
example, for the oxidized Met we observed 1.1 residues for
the monomer, and for each native SP-A octadecamer we
. . 0O, treatment predicted about 20 Met oxidized residues (%.1.8) (Table

6). From the data in Table 6, we concluded that (i) a number

Ficure 4: Ozone induced SP-A oxidation.Two representative SP-A of amino acids are o?(|Q|zed gfter 0ZON€ exposure, |n.clu_d|ng
variants, 1A and 6A, from SP-A2 and SP-Al, respectively, were Cysteine (Cys), histidine (His), lysine (Lys), methionine
exposed to ozone at 1 ppm for 4 h, which was proven to be optimal (Met), proline (Pro), serine (Ser), tryptophan (Trp), tyrosine
2 conirol, SP-A varianta were exposed to fitered airdn mthe  (7: (i) Some differences in amino acid oxidation are
same apbaratu§(, 49). Each sampple (200 ng) was blotted onto a observed bew_veen SP_A_ Vana_ms 1A and 6A. This may be
membrane. and the oxidized proteins were detected using thethe result of differences in their structure and/or conforma-
OxyBlot method. tion. (iii) Particularly interesting is the observation that both
ozone-exposed SP-A variants (1A and 6A) increased by 0.5
49), and SP-A oxidation was determined using the OxyBlot and 0.6 of cystine per molecule, respectively, compared to

oxidized compared to unexposed SP-A variants. Coexpressed

SP-A variants were also oxidized after ozone exposure (data The oligomeric status of SP.'A before ar_1d after ozone
not shown). exposure was assessed by using nonreducing-H2&E

To determine which amino acids are oxidized and the analysis. The results, in Figure 5, show that no additional

: - . bands are visible in either of the two single gene SP-A
relative number of oxidized residues of SP-Al1l and SP-A2
- 2 -
variants, we calculated differences of a number of residuesprOOIUCtS (1A, 6A%) or coexpressed SP-A (2BA?). How

before and after ozone exposure. All amino acid residues of €Ver. the_ intensity of the bands of ozone-exposed SP-A
SP-A variants (1A and 6A) were analyzed using the variants is lower compared to those of unexposed SP-A

Aminoguant methodology, and the number for each oxidized Yariants, and this is particularly pronounced for6&hese
amino acid per SP-A molecule was calculated based on theflindings may indicate that h|gher order multimers that could
relative amount of each amino acid per SP-A molecule. The N0t énter the gel are formed in response to ozone.

findings for a single SP-A molecule (monomer) as well as  Regulation of PC Secretion from Type Il Cells by SP-A
the predicted values for native SP-A (18-mer or octadecamer)Variants.The relative ability of the SP-A variants to inhibit
are shown in Table 6. For example, SP-A variant (1A) has secretagogue-stimulated PC secretion is shown in Figure 6.
three methionine (Met) residues (theoretical value) per SP-A SP-A from alveolar proteinosis patients and the SP-A alleles
molecule (monomer) based on the amino acid sequence ofproduced by Chinese hamster ovary (CHO)-K1 cells, SP-
SP-A cDNA (20). The experimental values of Met are 2.8 Al (6A?), SP-A2 (1A&), and the coexpressed SP-A proteins
and 1.7 (Table 6) before and after ozone exposure, respecSP-A1(6/&)/SP-A2(1X), were added at 0.zg of SP-A
tively. The difference (1.1 Met) before and after ozone protein/mL to*H-phosphatidylcholine (PC) labeled type Il
exposure represents oxidized Met residues. By extrapolatingcells in the presence of 1 mM ATP. Sinceud of SP-A/mL

& Control
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Table 6: Assay of Ozone-Induced Oxidation of SP-A Variants
no. of residues/molecule

data observed by asgay no. of oxidized residués
data from sequenge before Qtreatment  after @ireatment  single SP-A (monomer)  native SP{@ctadecamer)
residue of SP-A 1A 6A 1A 6A 1A 6A 1A 6A 1A 6A
total Cys 7 8 6.8 8.2 6.2 7.9 0.6 0.3 11 5
cystine ND ND 2.7 2.8 3.2 3.4 0.5 0.6 9 11
His 4 4 3.7 3.2 3.3 2.8 0.4 0.4 7 7
Lys 7 7 7.1 9.1 7.1 8.3 0.0 0.8 0 14
Met 3 4 2.8 3.3 1.7 2.7 11 0.6 20 11
Met oxide ND ND 0.6 0.5 1.7 11 11 0.6 20 11
Pro 26 26 17.1 22.7 15.1 17.8 2.0 49 36 88
Trp 2 2 1.6 1.9 14 1.4 0.2 0.5 4 9
Tyr 8 8 6. 6.3 5.7 6.0 0. 0.3 7 5

a0n the basis of published cDNA sequencing d&@).(ND, not determined® On the basis of amino acid analysis before and after ozone
treatment® The difference of residues before and after ozone treatment detected by assay; for native SP-A this difference is multipféebby 18.
the purposes here native SP-A is noted as an octadecamer (i.e., equals to 18 SP-A molecules).

1A  6A% 1AY%6A? A 120
v . E
kDa E 100 4
5.
=) 80 4
, <8
- ; % [ 60 4
200 < E ab,c
2= 44 2
. E a
97— & 204
o
u B
66 - : ATP - 4+ >
Ozone - - S -+
: - SP-A None Human SP-A1/ SP-A1(6AZ) SP-A2(1A0)
Oy treated + — + — + — B SP-A2
Ficure 5: Patterns of oligomerization for SP-A variants before 120

and after ozone exposure under nonreducing conditions. Two single g
gene SP-A variants (1% 6A?) and one coexpressed SP-A (1A
6A2) were exposed to ozone at 1 ppm for 4 h. Then the samples
before and after ozone exposure were subjected-tth4 SDS-
PAGE under nonreducing conditions followed by silver staining. =
All bands of ozone-treated SP-A variants became weaker compareds

100 o

maximu

S
(ATP = 100%)
@ [--]
[=] (=]
®
[=5

to those without treatment, but no additional bands were clearly § a a R
visible. Numbers on left denote molecular mass. Marks on the right 40 - poxs
indicate oligomers. g pos
S i
produces maximum inhibition of PC secretiohl)f, com- * o B3
parisons were made at an SP-A concentration of one-half of ATP _ +
maximum (0.5¢g/mL) to detect a greater or lesser activity Ozone - 4 - 4
of the alleles. Surfactant secretion into the mediaraft2 h SP-A None Human SP-A1/SP-A2

incubation period was measured and the data were expressegicure 6: Differences in the biologic activity of SP-A alleles and
as a % of the PGecretion by type Il cells treated with ATP  the effects of ozone treatmeriti-PC-labeled type Il cells were
(maximum PC secretion) alone. SP-A2 fnhibited PC B e e ot ATP. (L i for an
secretion to 2.9% of stimulated Ya'“‘?s' as did human SP-A additional 2 h. Phospho}llipid secretion was determined as described
(24% of maximum), as shown in Figure 6A. The SP-AL jj Methods and expressed relative to maximum secretion measured
variant (6/4) significantly inhibited ATP-stimulated PC in the presence of ATP<100%). SP-A alleles were expressed in
secretion but was not as effective as SP-A2. The SP-A1/vitro from CHO mammalian cells. ATP (1 mM) present in all

SP-A2 protein, resulting from the coexpression of both gene Samples except the first bar. Human SP-A, SP-A isolated from
alveolar proteinosis patients. Ozone, SP-A exposed to ozone at 1

products, bloqked surfactant release to a similar extent as pm for 4 h at 37C. Values are expressed relative to the maximum
dld human native SP-A and the SP-A2 a”ele, and toa greater|eve| of PC secretion as measured in the presence of #TLBQ%)
degree than the SP-A1 allelp & 0.001,n = 3—6). and are means SE forn = 3—6. Basal PC secretion in the absence

Exposure of native SP-A to ozone has been shown to resu|t0f additions= 1.7 &+ 0.3%; PC secretion in the presence of ATP
in the oxidation of SP-A and modulation of SP-A function . 29+ 0.9%.n=5-6. Effects of ozone treatment on SP-A alleles
individually (A) or in combination (B). (a) Significantly differed

(35-37). To examine the effect of ozone on the biologic  tom ATP alone; (b) significantly different from human SP-A; (c)
activity of SP-A alleles, we treate@7, 49) the SP-A variants  significantly different from SP-A1(6A; (d) significantly different
with 1 ppm ozone fo4 h at 37°C and examined the ability ~ from no ozone treatment; all & < 0.05.
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of treated SP-A alleles to affect the phospholipid metabolism O— Human Proteinosis

of type Il cells. The detrimental effects of ozone on the ability —8— SP-A1 (6A7)

of SP-A to stimulate cytokine production were evident after o Srazan),

similar treatment condition${). Since the inhibition of PC 120 -

secretion by SP-A variants exposed to air 4oh at 37°C g ol A CHOMammalian Cells | B. Sf9Insect Cells
did not significantly differ from untreated controls, the results

from the two control groups were pooled. As shown in Figure sa 80 f

6A and B ozone treatment of the SP-A alleles and human g‘g 60|

SP-A reduced the ability of the proteins to prevent secreta- » 2

gogue-stimulated PC secretion. The partial effect of SP-A18% [

on surfactant release was completely abolished, as evidenced
by the fact that ozone-treated SP-A1 Ao longer had a
significant effect on ATP-stimulated PC secretion. The 0.0 02 04 06 08 10 00 03 06 09 12 15
marked inhibition of PC secretion by SP-A2 was reversed 1ig SP-A/ ml
significantly by ozone treatmenp (< 0.001,n = 3), although = e 7: The effect of recombinant SP-A alleles on regulation
the ozone-treated SP-A2 retained a partial ability to block of ATP-stimulated PC secretion by type Il celid-PC-labeled
secretion (Figure 6A). Coexpression of the two alleles (SP- type Il cells were incubated, harvested, and analyzed as in Figure
A1/SP-A2) did not protect the proteins from ozone damage. gi'ffgsetﬁtasr e fgogg);gg:]ﬁ;gggsrn%gsﬁ 321?: p(;?i:]fﬁrsf?ﬁg r?j}e one or two
Both the recombinant SP_A:.L/SP'AZ protein and the human of duplicate culture dishes. (A) SP-A aIIeIeg expressed in vitr% from
SP-A were not as effective in reversing the effects of ATP cjo” mammalian cells. Basal PC secretion in the absence of
on PC secretion after exposure to ozone (Figure 6B). additions= 1.5+ 0.3%; PC secretion in the presence of ATP (set

Recombinant SP-A variants expressed in the CHO-K1 equal to 100%j)= 4.4+ 1.2%,n = 3. (B) SP-A alleles expressed
cells more closely resemble SP-A isolated from human BAL i(gg’:téo Lrglngosigoio?gev%geé‘; g%zsgzrdegoé‘ti%tgoe/prr‘zsse';‘é‘:‘i\?eflATP

H B H H 0 . . B 0
fluid tharl variants expressed in Sf-9 msec_t cglls. The (mear?i range), for two experiments performéd inpduplicgte.
mammalian cells are more capable of performing important fyman proteinosis: SP-A isolated from alveolar proteinosis
posttranslational modifications to the SP-A protedid)( To patients.
determine whether the SP-A variants produced by insect cells
were capable of inhibition of PC secretion, the biologic SP-A1/SP-A2 gene products. The majority of the isoforms
activity of the SP-A alleles produced in vitro in CHO cells contain a Cy¥ residue that may be involved in disulfide
were compared to those produced in Sf-9 cells. Increasingbond formation. On the basis of quantification data of the
concentrations of all types of SP-A were incubated \#ih amino terminal microsequencing of SP-A oligomers and
PC labeled type Il cells together with 1 mM ATP and PC observations of oligomerization patterns under nonreduced
secretion was measured over 2 h. The SP-A2 and the SP-conditions, we put forward oligomerization models for SP-
A1/SP-A2 variants produced in the CHO cells showed a Al and SP-A2 variants (Figure 8 see below). The extra
similar biologic activity as human proteinosis SP-A at a low cysteine of SP-Al at position 85 appears to contribute to
concentration (0.2@g/mL) in the media (Figure 7A). Higher  differences in the oligomerization patterns observed between
concentrations of these SP-A variants increased inhibition SP-A1 and SP-A2 via the formation of inter-trimeric disulfide
only slightly. All three inhibited ATP-stimulated PC secretion bonds. Ozone-induced oxidization of several amino acid
by 56-67%. The exception was SP-Al which inhibited PC residues including cysteine, tyrosine, methionine, and others
release by only 15% at a concentration of Qu@2pmL and may also contribute to SP-A structural differences (oligo-
required 1ug/mL SP-Al in the media for full inhibitory ~ merization and/or aggregation) that may result in alterations
activity. The biologic activity of all of the SP-A variants of SP-A function (this study)37).
produced in insect cells was not as effective as those The majority of SP-A2 oligomers exist in the dimer and
produced in CHO cells and only partially inhibited PC trimer forms, whereas the majority of SP-A1 are found in
secretion, even at an SP-A concentration of AdgmL larger molecular forms (i.e., trimers and hexamers). SP-A is
(Figure 7B). an oligomeric molecule, and some of its functions (if not

all) are likely to depend on the status of its oligomerization,

DISCUSSION explaining perhaps some functional differences between SP-

Human SP-A variants collectively differ in 10 amino acid Al and SP-A2 gene product87, 39, 55). Recent findings
residues including a cysteine. Single gene and both geneindicated that the activity of surfactant protein D (SP-D) is
coexpressed SP-A variants stimulate TdFand IL-8 dependent on its oligomeric structure in an in vivo mouse
production by THP-1 cells. Differences in their ability to model 66). SP-D is a member of the collectin family and
enhance proinflammatory cytokine production and in their like SP-A plays a role in innate host defense. A study of
susceptibility to ozone-induced oxidation have been observedisolated oligomers of the mannose-binding protein A (another
among SP-A variants37—39). However, the molecular/ member of the collectin family) showed that the larger
structural bases for the observed functional differences areoligomers can activate complement more efficienfy)(
not known. In this report, we characterized oligomerization Moreover, association between human SP-A oligomer size
patterns among SP-A variants and the impact of ozone-and disease has been previously obsen&s). (The low
induced oxidation on the structure of SP-A variants. Several molecular size forms of SP-A were increased in BAL of
amino terminal sequence isoforms (three for single gene patients with birch pollen allergy compared to healthy
products and four for coexpressed) as well as differences incontrols. Some differences in oligomerization were also
oligomerization exist among SP-A1, SP-A2, and coexpressedobserved between AP-hSP-A and hSP-A under nonreducing

ma
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A Cysteine
20 26 48 155 224 238 246
20 26
3X
6% | 4X
> 12 | 6X
- :5 19%
2X
]33%
@ Half cystine
O Half cystine or Cysteine
Cysteine
20 26 48 85 155 224 238 246
20 26 85
6X
3%  |>6X
28%
3X
33%

@ Half cystine
O Half cystine or Cysteine

Ficure 8: Models of oligomerization and intermolecular disulfide
bonds for SP-A2 (A) and SP-A1 (B) variants. The cysteines shown
previously @8) to form intramolecular (residues Cyzand Cy$*,
Cyg?*and Cy$%) and interchain (Cy&8, Cy<®, and Cy#) disulfide

Wang et al.

hSP-A also contain free thiols as determined by amino acid
analysis (Table 6) and DNTB (3;8lithiobis(2-nitroben-
zoicacid)) assay (data not shown). Supported in part by the
available data, the assumptions for the SP-A2 model, in
Figure 8A, are (i) one-third of the molecules in the dimers
lack the first cysteine (Cy9 at the amino terminal sequence;

a disulfide bond between C3fs-Cys® forms a dimer; (ii)
disulfide bonds between C3fs-Cys% and Cy3°—Cys° form

a trimer (3x), a tetramer (%), a hexamer (&), all of which
contain Cy#&° (Figure 2 and Table 5). SP-A1 variants (Figure
8B) have an extra cysteine at position 85. We suggest that
this cysteine (Cy®) forms a inter-trimeric disulfide bond
between trimers and generates hexamex9 éhd multimers
(>6x) identified under nonreducing conditions (Figure 2).
Approximately, one-fourth of the molecules in the trimers
lack the first cysteine (Cy¥9 at the amino terminal sequence
(Table 5). The assumptions of SP-A1 or SP-A2 molecules
regarding the lack of Cy& were made to account for the
different amounts of amino terminal isoforms based on data
shown in Table 5.

The amino terminal sequencing indicates that all of the
single gene products and the coexpressed SP-A variants exist
in several isoforms. This may result from an alternative
cleavage site of the signal peptide, or other mechanisms, such
as the removal of single amino acids following signal peptide
cleavage 0, 61). It was originally suggested®) that the
signal peptide cleavage of SP-Al and SP-A2 occurred

bonds are shown. Filled circles indicate half cystine, and open between residues 20 and 21 of the SP-A precursor. The
circles indicate residues that in some oligomers are half cystine PSIGNAL program of PC/gene predicts that potential cleav-

and in others are cysteine. Solid lines)(between two cysteines
indicate intermolecular disulfide bonds, and dotted lines (---)
indicate the formation or the absence of disulfide bonds. A dotted
line that connects two C¥smolecules (Figure 8A, SP-A2) can

age sites for all SP-A2 variants and SP-A1l 6A variant are
between residues 20 and 21, 19 and 20, and 18 and 19;
however, for the SP-A1, 62and 64, the predicted cleavage

occur for all the amino terminal sequences except for sequence 1sites are between 20 and 21, 18 and 19, and 17 and 18.

(Table 4) that lacks Cy8and its N-terminal amino acid is Glu
Also a dotted line that connects two C§sr two Cy$° molecules
can occur in multimers X3x) whereby at least one of their
oligomers contains a molecule with a GlN-terminal sequence
(B, SP-A1). Dimers of SP-A2 and trimers of SP-A1 contain &2Glu

Experimental analysis of the N-terminal amino acid identified
isoforms resulting from all the predicted cleavage sites except
the SP-A1 cleavage site between 17 and 18. However, both
SP-A1 and SP-A2 variants were found with three N-terminal

molecule(s), whereas multimers of SP-A2 and SP-Al lack such amino acid isoforms (Table 4) between residues 20 and 21,

molecules and have C3fsand Ala/Val® molecules. The percent

of each oligomer is shown, as assessed under nonreducing ge
electrophoresis conditions (Figure 2A) and their relative percentages

as depicted in Table 2.

(Figure 2A) and native gel conditions (Figure 2B). Under

19 and 20, and 18 and 19. All SP-A1 and SP-A2 variants
have a dominant isoform with the first amino acid being

Cy<° and two other isoforms, one with the first amino acid

being GI#* and the other with the first amino acid being an

Ala®® (SP-A2) or Val® (SP-A1). The dominant C¥3isoform

the latter condition low molecular size forms, dodecamers was also found in human SP-A’s produced by the insect cell

(12x), and pentadecamers (5 were found in theAP-
hSP-A (from alveolar proteinosis patients), but not in hSP-A

expression system, although differences in the frequency of
Cys? between SP-Al (63 and SP-A2 (1A) were observed

(from healthy individuals). The neck domain of SP-D appears (this study) 65). We speculate that the apparent discrepancy
to be necessary for assembly of trimeric subunits and between predicted and actual N-terminal isoforms is ex-
dodecamers in vitro56, 59). Interestingly, although we plained by the involvement of mechanisms, such as hydroly-
attempted to express the CRD region of SP-A alone, we did sis of amino acids at the amino terminus. When we analyzed
not succeed in doing so without the presence of the neckthe N-terminal sequences of the intracellular*8/riant,
region. Whether the lack of dimerization or trimerization (as the findings were similar to those obtained for the secreted
may occur in the absence of the neck region) results in protein (data not shown). This supports the notion that
unstable SP-A monomers that are readily degraded remaingemoval of the signal peptide between 20 and 21, 19 and
to be determined. 20, and 18 and 19 involves processes of cleavage and/or
We propose two models of disulfide bonds, each for SP- amino acid hydrolysis that occur intracellularly. The amino
A2 and SP-A1 (Figure 8, panels A and B, respectively), terminal sequencing analysis of each oligomer also indicates
based on the following data: (a) The pattern of SP-A that different isoforms exist among different oligomers. The
oligomerization (Figure 2; Tables 2 and 3); (b) the amino isoform that lacks Cy%8 is not present in the higher size
terminal sequence analysis of SP-A isoforms (Table 4); (c) oligomers, suggesting that C9gplays an important role in
the frequency of each oligomer species in SP-A2 and SP-the formation of different size oligomers. Moreover, it has
Al (Table 5); and our observation that SP-A variants and been reported that rat SP-A protein isoforms arise by novel
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mechanisms that include alternative translation initiatis). ( those from mammalian cells, suggesting that posttranslational
However, in human SP-A translation starts only at one protein modifications that occur in mammalian cells con-
site,although another ATG (Met) codon is located at amino tribute to this SP-A function.
acid 13 after the translation initiation sit2Q). The parameters critical for the observed differences
Ozone can impair lung function and cause lung injury and between SP-A1l and SP-A2 biologic activity are not clear.
inflammation via oxidative reactions with epithelial cells and However, it is of interest to note that SP-A consisting of
surfactant components in the distal airspaces and airways ofcoexpressed SP-A2 and SP-Al demonstrated the same
the lung. A remarkably high variability in response to ozone biologic activity as SP-A2 alone, indicating that SP-A1 was
has been observed 63—65), and genetic factors have not interfering with the properties of SP-A2 nor diluting its
been implicated in this variability. Oxidized native SP-A potency. While the carbohydrate recognition domain is felt
exhibits changes in its molecular conformation and shows ato be critical for the interaction between SP-A and the SP-A
decreased ability to interact with alveolar macrophagéjs ( receptor, there are no differences in the amino acid composi-
to stimulate cytokine production by THP-1 cell837, and tion between SP-Al (64 and SP-A2 (1A) in that region
to inhibit PC secretion by type Il cell89). In the present  of the protein. Although the human SP-A variants show
study, ozone treatment of the SP-A variants significantly differences in patterns of oligomerization, the formation of
interfered with the biologic activity of both SP-A1 and SP- multimers was not found to be essential for the biological
A2 by blunting the ability of the proteins to inhibit surfactant activity of rat SP-A expressed in an insect cell liG8)(nor
secretion from alveolar type Il cells to one-third of the values for the activity of the human SP-A alleles as demonstrated
shown by untreated control SP-A forms. Differences in ozone in the present report. In fact, the native gels of the human
susceptibility among human SP-A variants have been recombinant SP-A showed that the SP-A2 allele has the
reported 87, 38). The current results revealed that ozone lowest amount of multimeric forms>(12x), followed by
oxidized several residues of SP-A variants including cysteine. SP-A1, and the coexpressed SP-A1/SP-A2, and finally by
Differences, in residue oxidation, between SP-Al and SP- hSP-A with the highest multimeric form. However, SP-Al
A2 variants were also observed, and these may result inwas the least potent in the regulation of PC secretion from
differences of secondary structure and/or conformation. alveolar type Il cells, while the other three SP-A forms
Ozone-induced SP-A aggregation may result from the demonstrated similar biologic activity. Nevertheless, the
formation of inter- and/or intramolecular disulfide bond(s) oligomeric status of the human surfactant protein in the
due to cysteine oxidation or from the formation of dioty- presence of SDS may provide a partial answer for the
rosine, due to tyrosine oxidatior6€). This may lead to  differential functional activity. All of the most biologically
changes in SP-A on its structure (including oligomer forma- active forms of SP-A, native hSP-A, SP-A2, and coexpressed
tion) and function. Because no additional bands were SP-A1/SP-A2 contained the dimeric form of SP-A in the
observed in the SP-A pattern under nonreducing conditionsnonreducing gels containing SDS, while the dimeric form
after ozone treatment (Figure 5), the formation of new was much reduced in SP-Al. Whether the dimeric forms
disulfide bonds in cysteine may be random among the variouscan access the SP-A receptor more readily than the larger
oligomers. These new oligomeric molecules may migrate at size SP-A oligomers and thus their higher functional activity
many different positions in the gel that cannot be detected is unknown. Alternatively, formation of disulfide bonds due
either because their band intensity is too low, they migrate to the cysteines in position 85 of SP-A1 may make the
along with existing oligomer forms, or they are too large to protein more rigid or less stabl6%), and these, respectively,
enter the gel. Because the intensity of the bands after ozonemay compromise movement of the carbohydrate recognition
exposure was uniformly decreased in the present study, ourdomain, or limit interaction of the protein with its receptor.
data favor the latter possibility. This possibility is consistent  In summary, our results indicate that molecular, structural,
with recent findings of a simplified SP-A system of truncated oligomeric, and functional differences exist between SP-Al
human SP-A variants that lacked the collagen doma). and SP-A2. The extra cysteine of SP-A1 at position 85 may
These truncated SP-A variants showed higher size bands andbe involved in the formation of SP-A inter-trimeric disulfide
aggregation following ozone exposure. bond, and account in part for differences in the oligomer-
SP-A has the capacity to markedly modulate surfactant ization pattern between SP-A1l and SP-A2 variants that may
secretion from pneumocyte8). The ability of SP-A to bind reflect functional differences. Ozone-induced oxidation af-
to the cell surface receptor on type Il cells may be directly fected several residues including cysteine and induced
related to the effectiveness of the surfactant protein in the aggregation to a varying degree for SP-A1 and SP-A2
inhibition of secretagogue-stimulated surfactant secrefilen ( variants. The changes described among SP-Al and SP-A2
12). Since SP-A variants have demonstrated structural andvariants may in part reflect the molecular basis of functional
functional diversity, we determined the biologic activity of differences observed under normar,(39, 55) and perturbed
the SP-A alleles by measuring their interaction with type Il (i.e., following ozone exposure}{, 38) conditions. The SP-
cells and the resultant effect on PC secretion. We found thatAl variant was not as potent as the SP-A2 gene product in
SP-A variants produced in CHO cells have the capacity to the regulation of secretagogue-stimulated surfactant secretion
inhibit ATP-stimulated surfactant lipid secretion, although by pneumocytes. Therefore, the present data support qualita-
they exhibited differences in potency. SP-A2 and the tive differences between SP-Al and SP-A2 gene variants.
coexpressed SP-A1/SP-A2 were the most effective at inhibit- Moreover, in published reports variability in the expression
ing secretagogue-stimulated surfactant secretion, followedof SP-A mRNA among unrelated individual6, 70) and
by SP-A1, consistent with the possibility that the latter has quantitative differences among SP-A1l and SP-A2 variants
a lower affinity for the SP-A receptor. The SP-A gene (69, 71) have been observed. Together, these findiigs (
products produced in insect cells were not as effective as37—39, 55, 69, 71) suggest that in the human lung qualitative
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and quantitative differences exist among SP-A’s. It is
possible that the SP-A alleles under certain conditions play
a modifying role in the health or disease status of an
individual.
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