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Surfactant protein D (SP-D) is a coUagenous cal-
cium-dependent carbobydrate-binding protein
that is structuraly related to the serum man-
nose-binding proteins andpulmonary surfactant
protein A. SP-D was initialy characterized as a
biosynthetic product offreshly isolated rat type
II ceUs and flrst purified in chemical amounts
from bronchoalveolar lavage of rats with silica-
induced alveolar lipoproteinosis. The present
studies describe the characterization of human
SP-D isolatedfrom therapeutic bronchoalveolar
lavage of patients with pulmonary alveolar
proteinosis. Human proteinosis SP-D was
extractedfrom the 10,000 x gpellet of broncho-
alveolar lavage with 100 mmol/L glucose or eth-
ylenediamine tetraacetic acid, and specificaly
bound to and elutedfrom maltosyl-agarose. The
protein cross-reacted with monospecfic antibod-
ies to rat SP-D by enzyme-linked immunosorbent
assay and immunoblot and eluted near the posi-
tion of rat SP-D on reverse-phase high perfor-
mance liquid chromatography. When chromato-
graphed on 4% agarose (A-15M) in the presence
of ethylenediamine tetraacetic acid, the solubi-
lized human proteinosis SP-D eluted near the
void volume and earlier than rat SP-D dodecam-
ers or human SP-D multimers in the lavage
supernatant. Two-dimensional sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
immunoblotting ofproteins in the lavage pellet
with antibodies to the carbohydrate-binding
domain of proteinosis human SP-D demon-
strated covalently cross-linked multimers ofSP-D
monomers (43 kd, reduced) and multimers oftri-
meric components stabilized by disulfide and
non-disulfide bonds. These studies describe the
isolation and biochemical characterization of
human SP-D and demonstrate the abnormal

accumulation of this protein in the air spaces of
patients with alveolar proteinosis. (AmJ Pathol
1993, 142:241-248)

Epithelial cell-derived proteins play critical roles in
regulating the surface active and permeability prop-
erties of the alveolar and bronchiolar epithelium and
are probably important in the lung's defense against
inhaled microorganisms. In certain pathological
states, there is an excessive accumulation of epithe-
lial lining material with large amounts of surfactant-
rich lipoproteinaceous exudate within the alveoli and
alveolated airways. Human pulmonary alveolar pro-
teinosis is usually idiopathic; however, morphologi-
cally similar reactions can be observed in lung injury,
particularly in association with massive inhalation of
particulate materials including crystalline silica.

Ultrastructurally, the alveolar exudate consists of
tubular myelin-like structures, membranous vesicles,
amorphous granular material, and a few lamellated
bodies.1-4 Biochemical and immunological analyses
of insoluble material from lavage of patients with
alveolar proteinosis have demonstrated surfactant
phospholipids and proteins, specifically surfactant
protein A (SP-A).5'-
We have recently identified a distinctive collage-

nous glycoprotein, designated SP-D.8 10 SP-D is
synthesized by freshly isolated rat type II pneu-
mocytes8,9' I and has been immunologically local-
ized to type 11 cells and nonciliated bronchiolar cells
in vivo.12 Our previous studies have shown that SP-D
is a calcium-dependent carbohydrate-binding pro-
tein, with a domain structure similar to SP-A and the
circulating mannose-binding proteins.10'13 Recent
biochemical and ultrastructural studies indicate that
SP-D is assembled as a "spider-like" molecule sim-
ilar to conglutinin, with four triple helical collagenous
arms, each with globular terminal carbohydrate
binding domains.14
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The majority of SP-D can be isolated as a soluble
protein from rat, bovine, and human bronchoalveolar
lavage (BAL); however, a fraction of SP-D is isolated
in association with pulmonary surfactant.9 We have
recently shown that the accumulation of total lavage
SP-D is markedly increased in silica-induced lipopro-
teinosis in rats and that insoluble SP-D is associated
with electron-dense granular air space material.15
The present manuscript describes the isolation and
characterization of SP-D from human alveolar protei-
nosis lavage.

Materials and Methods

Alveolar Proteinosis Lavage

Proteinosis lavage was obtained as a by-product of
therapeutic lavage of a middle-age man with a clin-
ical and pathological diagnosis of idiopathic pulmo-
nary alveolar proteinosis. Samples of lavage from an
additional proteinosis patient were obtained as a gift
from Dr. S. Hawgood (UCSF). Aliquots of unfraction-
ated lavage were stored frozen for subsequent
analysis. However, the majority of the lavage was
immediately subjected to centrifugation at 10,000 x
g for 30 minutes at 4 C. The supernatants and pellets
were frozen and stored at -20 C. Lavage samples
were also obtained from healthy adult volunteers.
After centrifugation at 1000 x g, supernatants were
stored as above.

Purification of SP-D

SP-D in the 10,000 x g lavage supernatant or ethyl-
enediamine tetraacetic acid (EDTA) extracts of the
10,000 x g pellet were isolated by affinity chroma-
tography on maltosyl-agarose, followed by gel filtra-
tion chromatography on 4% agarose in the presence
of EDTA.10 SP-D associated with the 10,000 x g
pellet was solubilized by repeated extraction with
Tris-buffered saline containing 10 mmol/L EDTA
before affinity chromatography in the presence of 2
mmol/L calcium. For some studies, SP-D was further
purified by reverse phase high performance liquid
chromatography (HPLC).8'9 Briefly, samples were
applied to a C4 reverse-phase column (Bio-Rad
Richmond, Ca) equilibrated with 30% acetoni-
trile-0.1% trifluoroacetic acid and eluted with a linear
gradient of 30 to 70% acetonitrile in 0.1% trifluoro-
acetic acid. SP-D was also quantified by reverse-
phase HPLC using the integrated peak area at 214
nm and an extinction coefficient derived by amino
acid analysis of HPLC-purified rat SP-D (rSP-D).15

The bacterial collagenase-resistant domain of
SP-D was prepared by incubating HPLC-purified
SP-D with highly purified bacterial collagenase using
limited modifications of previously described
methods.8 Briefly, -100 pg of SP-D was heat-dena-
tured for 3 minutes at 100 C and incubated with 2 pg
of purified bacterial collagenase for 6 hours at 37 C
in Tris-buffered saline containing 25 mmol/L CaCI2.
The major collagenase-resistant fragment was
resolved from bacterial collagenase and smaller
cleavage products by reverse-phase HPLC as
above, except with a gradient of 20 to 80%
acetonitrile. The major collagenase-resistant frag-
ment eluted as a single peak with a retention time of
-40 minutes. SDS-PAGE and silver staining demon-
strated a single band of 18 kd (reduced) that
migrated more rapidly in the absence of sulfhydryl
reduction. Definitive identification of the domain was
confirmed by amino-terminal microsequencing with
comparison to known sequences of rat and bovine
SP-D 12,13

SDS-PAGE and Immunoblotting

Proteins were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on
5%/10% discontinuous methylenebis(acrylamide)
slab gels and silver-stained.9 Molecular sizes were
estimated relative to reduced internal globular pro-
tein standards; myosin (200 kd), phosphorylase b
(97 kd), bovine serum albumin (68 kd), ovalbumin
(45 kd), carbonic anhydrase (29 kd), and ,-lactoglo-
bulin (18 kd)(GIBCO BRL, Gaithersburg, MD). Pro-
teins were quantified by dye binding assay in SDS-
PAGE buffer using bovine serum albumin as
standard.

For two-dimensional (2-D) SDS-PAGE, unreduced
proteins were resolved in the first dimension on a
3%/6% slab gel. Selected lanes were excised, hori-
zontally applied to the 2-D gel (5%/10%), and
resolved by electrophoresis in the presence of
dithiothreitol.8 Proteins were visualized by silver
staining or by immunoblotting using specific anti-
bodies (see below) and an indirect secondary anti-
body-horseradish peroxidase conjugate detection
system with 4-chloro-1-napthol as substrate.8 The
small amounts of immunoreactive protein in normal
lavage were detected using a secondary goat anti-
rabbit alkaline phosphatase conjugate (Bio-Rad)
and NBT/BCIP (Gibco BRL), or using the secondary
antibody-horseradish peroxidase conjugate and an
enhanced chemiluminescence detection system
(ECL, Amersham International, Arlington Heights, IL)
according to the manufacturer's instructions.
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Antibody Preparation and
Characterization
The antibodies to rSP-D have been previously
characterized.9' 11 12,15 Polyclonal antisera to HPLC-
purified human SP-D (hSP-D) and to the collagen-
ase-resistant domain of the HPLC-purified protein
were prepared in rabbits. Briefly, rabbits were immu-
nized by subcutaneous injection with approximately
10 pg of antigen suspended in complete Freund's
adjuvant (Sigma Chemical Co., St. Louis, MO), and
boosted at 2- to 4-week intervals with 10 pg of protein
in incomplete adjuvant. The antisera were titered by
enzyme-linked immunosorbent assay and further
characterized by immunoblotting as above.9 lmmu-
nohistochemical and immuno-gold labeling studies
were performed essentially as described for the
rat. 12,15

Results

Preliminary Characterization of Proteinosis
Lavage
Histological examination of a transbronchial lung
biopsy performed before therapeutic lavage demon-
strated diffuse intraalveolar granular eosinophilic air
space exudates without significant inflammation.
Transmission electron microscopy of insoluble mate-
rial isolated by lavage showed numerous osmiophilic
membranous and myelin-like structures, scattered
lamellated bodies, and abundant amorphous to
granular electron-dense material and small numbers
of intact alveolar macrophages. SDS-PAGE and sil-
ver staining of the lavage pellet following solubiliza-
tion in SDS-PAGE buffer demonstrated numerous
protein components, including major broad bands
(35 to 38 kd, reduced) consistent with SP-A mono-
mers and dimers516

Isolation of SP-D

Maltosyl-agarose chromatography of the lavage
10,000 x g supernatant or EDTA or glucose extracts
of the lavage pellet yielded a major disulfide-bonded
component of 43 kd (reduced) that comigrated with
rSP-D and several minor higher molecular weight
components (Figure 1, lane 3). The 43-kd species
was specifically degraded by purified bacterial col-
lagenase (Figure 1, lane 4) and cross-reacted with
antibodies to rSP-D (see below). Comparable results
were obtained for lavage from a second proteinosis
patient (data not shown).
Human proteinosis SP-D was separated from con-

taminating SP-A and lower molecular weight proteins

Figure 1. Purification o?f hSP-D. SP-I) was extracted.fmno the 10.000
x g laiagepellet ofproteinosis laivage andpartiallbpurified by seqnlenl-
tial inaltosvl-agarose affiniity chromatography anid gelfiltrationi chro-
niiatogr-aphi as described in Allaterials andMllethods. Proteins in ponled
colitmtln frcootionis were inicotbatcd inz thepresence or absence ofpilirfied
bacterial collageniase (C). rednced with dithiothreitol, rsnolived hi SDS-
PAGE. and ivisnalized bhi silver staining. Lane 1: porified hnuman SP-D;
lane 2: collagenase digest c)fprnteins in lanie 1: lane 3: laivageprnteins
elnrtedfroi nialtosl -agarose: lane 4: collagena se digest ofproteins in
lanie 3. Globnhlarproteini stancdar-ds are at left, the pnsitinn nfniigratinn
of rednced rat SP-D (43 kd) is indicated at right. The nia or collage-
nionis comipt)nlenit comiigrates with anthentic rSP-D. there are also
mninor higher MNl,. collagenase-sensitive comiponents with the e.xpected
niiobility n/'SP-I) diniers anid trins.

by gel filtration chromatography on 4% agarose
using conditions identical to those employed for
rSP-D.9 However, unlike rSP-D molecules (ie,
dodecamers of 43 kd subunits) or hSP-D in the lav-
age supernatant, which eluted within the included
volume (Figure 2C), >90% of hSP-D extracted from
the proteinosis lavage pellet eluted near the void
volume of the column (Figure 2B). Reverse-phase
HPLC of the void fractions demonstrated a single
peak eluting within the gradient near the position of
rSP-D (with a retention time of 34.4 minutes versus
32.9 minutes for rSP-D) (data not shown). SDS-PAGE
and silver staining of the A15M- and HPLC-purified
protein demonstrated a major band comigrating with
rSP-D trimers and discrete minor bands that
migrated near the top of the separating gel (Figure 3,
lane 2). After sulfhydryl reduction, the major band
co-migrated with the 43-kd subunit of rSP-D (Figure
3, lane 1); there were also components migrating in
the expected positions of covalently cross-linked
SP-D dimers and trimers. These components were
degraded by purified bacterial collagenase (Figure
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..~~~~~~~~~~. ... I - -1 .- \ iv.! _ 4 __gave an -18 kd (reduced) peptide similar In size to
the collagenase-resistant domain of rSP-D. As for
other C-type lectins, the peptide migrated more
slowly after reduction, consistent with the presence
of intra- but not interchain disulfide bonds (data not
shown). Amino-terminal microsequencing of the col-
lagenase-resistant domain demonstrated high
homology with the deduced amino acid sequence
for the carboxy-terminal globular domain rSP-D and
showed nearly complete identity with the corre-
sponding deduced human sequence (Figure 4A).

Peptic digestion was used to further characterize
the collagenous domain. Incubation of maltosyl-aga-
rose-purified hSP-D with pepsin for 16 hours at 30 C
at pH 2.8 (enzyme/substrate weight ratio of >1:5)
gave a stable non-disulfide-bonded fragment that
co-migrated with the major pepsin-resistant frag-
ment of rSP-D on SDS-PAGE (-18 kd, collagen
standards). Less vigorous digestion conditions
vitnlripc .cilinhtlv lqranpr diistifficip.-honded fraaments.

Figure 2. Gelfiltrationt cbromatographv of SP-D. SP-D derivedfrom '
the huimant lavage stupernatan7t (A). EDTA extracts of the huimant lat- The major peptic fragment eluted with the same
age pellet (B), or EDTA extracts of silicotic rat lavage pellet (C) were retention time as the pepsin-resistant fragment of
separatel/ chromatographed oni a coluimnt of4% agarose equiilibrated
u'ith Tris-buiffered saline conttaininlg 10 molL EDTA as described in rSP-D from reverse-phase HPLC (-38 minutes).
Materials and Methods.Aliquots ofjever otherfractiont were examinted Amino-terminal sequencing of this fragment showed
by SDS-PAGE anid silver stainting Note that SP-D extracted from the
proteiniosis lavage pellet elttes ntear the void volume (V,,) antd earlier
thani rSPD. or hSP-D from the lavage stupernatatt. CGontaminating
SP-A is seent int material derivedfrom EDTA extracts of huimani lavage
pellet (B). Note that lante 4 shoui-s apparentt degradationl of the major
collagentase cleavage product.

1), and cross-reacted with antibodies to rat and
human SP-D (see below).
The pooled proteinosis lavage from our patients

contained approximately 12 mg/ml protein, and
-43% of the total protein (5.2 mg/ml) was associated
with the 10,000 x g pellet. Three successive EDTA
extractions of the pellet yielded at least 710 ng
SP-D/ml of starting lavage. By contrast, the final
recovery of SP-D from the 10,000 x g lavage super-
natant (as quantified by HPLC following maltosyl-
agarose chromatography) was approximately 60
ng/ml of starting lavage. The calculated total recov-
ery of SP-D for approximately 21 of therapeutic
lavage was >16.2 mg. Thus, the majority of SP-D in
proteinosis lavage is insoluble under the conditions
of lavage and accounted for -0.014% (by weight) of
protein in the lavage pellet.

Figure 3. SDS-PAGE ofHPLC-pturified SP-D. SP-D uwas extractedfrom
Structural Comparisons of Rat and the lavagepellet andpuirified by maltosyl-agarose affinitv chromatog-raphy and gelfiltrationi chromatography oni 4% agarose as in Figuire
Human Proteinosis SP-D 2. SP-D eluitinig uith the void volume of the agarose columtn ws

suibjected to reverse-phase HPLC as described in Materials anzd
Amino acid analysis of acid hydrolysates demon- Alethods. 7he protein eluited as a sinigle and apparettlv homogeniouis

peak uith a retenition time ofapproximately 34 minuzites. Peakfractions
strated a similar composition to rSP-D, including the were examinied by SDS-PAGE and silver stainintg uwith (lane 1) or
presence of hydroxylysine and 4-hydroxyproline.13 without (lane 2) previouis sulvhydryl redtuctioni. Note that unlredtuced

SP-D shous aniomalouis slo/ migrationi oni high percenitage acrylamide
Bacterial collagenase digestion of purified hSP-D gels consistent with physical retardation by the acrylamide matrix.9
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A
Figure 4. Sequenicinig of proteolvtic cleavage hSP-D peptide
products of hSP-D. SP-D isolatedfrom the pellet of hSP-D
proteiniosis lavage was inicuibated u'ith bacterial rSP-D
collagenase or porcinie pepsini as described in

h

MAlaterials and lethods and Resuilts. The partiallv hSP-D peptide
puri-ified cleavage produicts were resolved bv SDS- hSP-D
PAGE, electrophoreticallv, transferred to Immo- rSP-D
bilon membranes, anid sulbmitted Jbr gas-phase
miicroseqiuencing." Peptide sequences oere com- hSP-D peptide
par-ed to dedzuced amino acid sequences obtaitned hSP-D
hbi DMA sequencing of humnanl'- anid rat21 SP-D rSP-D
coniplemenitary DAAs. A: N'oncollagenous
sequlenice from the mia or collagenase-resistant hSP-D peptide
fragment of SP-D compared with dedtuced hSP-D
sequtenice for the carboxy-terminal domaini. B: rSP-D
Collagenous sequence from the pepsini-resistant
fiagment of SP-D compared with dedutced
sequienices Jbr the collageni domaini. Positions of B
identitV Jbr all three sequences are incdicated (*) hSP-D peptide
Note that comnplemenitary DNA anid geniomic hSP-D
sequenicintg performed subsequent to the puiblica- rSP-D
tioni bhi Rutst et al'- have idenitified too probable
errors in the reported sequence ,/br hSP-D as hSP-D peptide
derived fromn the H13 complemenitary DAA .1' The hSP-D
available data predict a Pro rather thani a Phe in r
the X position of the fifth GlI-X-' triplet of the
collagen domaini, anid the sequenice Cis-Glu-Phe hSP-D peptide
(TGCGAG7CTC) rather thban Cis-Glu-His-Phe hSP-D
(T(;CGAGCAC'TIT) at the carboxi'-terniinal enid of rSP-D
the carbohbdrate-binding doniaini. Atdditionial dif-
ference.s betuween the complemnenitary D.NA anid hSP-D peptide
geniomic sequences suggest allelic substitutionls hSP-D
w'ithin the collageni domaini. rSP-D

DVASLXQQVEALQGQVQPLQAAFXQYKKVELFPNXQXV------------
DVASLRQQVEALQGQVQHLQAAFSQYKKVELFPNGQSVGEKIFKTAGFVK
DSAALRQQMEALNGKLQRLEAAFSRYKKAALFPDGQSVGDKIFRAANSEE
* * * ** *** * * * *** *** *** * *

PFTEAQLLCTQAGGQLASPRSAAENAALQQLVVAKNEAAFLSMTDSKTEG
PFEDAKEMCRQAGGQLASPRSATENAAVQQLVTAHSKAAFLSMTDVGTEG

KFTYPTGESLVYSNWAPGEPNDDGGSEDCVEIFTNGKWNDRACGEKRLVV
KFTYPTGEALVYSNWAPGEPNNNGGAENCVEIFTNGQWNDKACGEQRLVI

CEF 153
CEF 153

GLPGRDGRDGREGFRGEEGDPGLPGAA-----------------------
GLPGRDGRDGREGPRGEKGDPGLPGAAGQAGMPGQAGPVGPKGDNGSVGE
GLPGRDGRDGREGPRGEKGDPGLPGPMGLSGLPGPRGPVGPKGENGSAGE
************* *** *******

PGPKGDTGPSGPPGPPGVPGPAGREGALGKQGNIGPQGKPGPKGEAGPKG
PGPKGERGLVGPPGSPGISGPAGKEGPSGKQGNIGPQGKPGPKGEAGPKG

EVGAPGMQGSAGARGLAGPKGERGVPGERGVPGNTGAAGSAGAMGPQGSP
EVGAPGMQGSAGAKGPAGPKGERGAPGEQGAPGNAGAAGPAGPAGPQGAP

GARGPPGLKGPKGIPGDKGAKGESGLP 177
GSRGPPGLKGDRGAPGDRGIKGESGLP 177

only two apparent discrepancies with deduced
amino acid sequence for hSP-D (Figure 4B).

Immunological Characterization of hSP-D

Human SP-D cross-reacted with monospecific anti-
bodies to rSP-D by enzyme-linked immunosorbent
assay (data not shown) and immunoblot (Figure 5,
left). In addition, rat SP-D cross-reacted with poly-
clonal antibodies to intact HPLC-purified hSP-D (Fig-
ure 5, right). For other studies, we immunized rabbits
with the monomeric carboxy-terminal domain of
hSP-D obtained by bacterial collagenase digestion
of HPLC-purified hSP-D (see Materials and
Methods). These antisera showed a high titer to anti-
gen and rat and human SP-D by enzyme-linked
immunosorbent assay (--1:12,000) and reacted
strongly with these components by immunoblot.
There was no reaction with purified SP-A, with SP-A
in the pellet of proteinosis lavage (see below), or with
purified pepsin-resistant collagenous domain of
SP-D by immunoblot. On the other hand, enzyme-

linked immunosorbent assays demonstrated a titer to
native unreduced rat and human SP-A. Preadsorp-
tion of the antisera with purified native human SP-A
coupled to Affigel-15 (Bio-Rad) decreased the titer to
SP-A by a factor of 2. However, adsorption with SP-A
was also accompanied by a more than twofold
reduction in the titer to SP-D consistent with true

immunologic cross-reactivity of conformation-de-
pendent epitopes within the conserved carboxy-ter-
minal domain.

Characterization of SP-D Aggregates

The antisera were used to further examine the state
of aggregation of hSP-D in the unfractionated crude
surfactant pellet of proteinosis lavage. For this pur-

pose, lavage proteins in the 10,000 x g pellet of
lavage were solubilized in nonreducing SDS-PAGE
buffer, subjected to SDS-PAGE in the absence of
dithiothreitol, and resolved by SDS-PAGE in the sec-

ond dimension after sulfhydryl reduction. The pro-

teins were then visualized by silver staining, or trans-
ferred to nitrocellulose before blotting with anti-SP-D
(Figure 6).

The profile of silver-stained proteins was compa-

rable with that described in previous studies of pro-

teinosis lavage.5'6 In particular, the 2-D gels revealed
major components corresponding to SP-A mono-

mers and dimers, a disulfide-bonded component
that appeared to consist of 52 and 25 kd (reduced)
subunits,5 and albumin (Figure 6, top). The majority
of the SP-A migrated near the top of the separating
gel in the absence of reduction. Bands correspond-
ing to SP-D were barely visible on the original,
heavily loaded, and silver-stained gels. However,
immunoreactive SP-D and SP-D multimers (but not

38
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SP-A) were readily identified on the 2-D immunoblots
(Figure 6, bottom). The majority of SP-D migrated in
the first dimension with the expected mobility of SP-D
trimers. However, there were also higher orders of
disulfide-bonded aggregates consistent with multim-
eric complexes of trimers and minor lower M, com-
ponents migrating with the expected mobility of dis-
ulfide-cross-linked dimers and monomers. Each of
the disulfide-bonded multimers showed a subpopu-
lation of chains cross-linked by non-disulfide cova-
lent bonds to yield components that migrated in the
second dimension with the expected mobility of
SP-D dimers, trimers, and higher aggregates. In
addition, the immunoblots showed very minor immu-
noreactive components that migrated slightly faster
than the collagenase-resistant domain of SP-D.
There were also minor disulfide-bonded components
that migrated slightly faster than SP-D trimers in the
first dimension and slightly faster than reduced SP-D
dimers and monomers in the second dimension.

The antisera were also used to identify immunore-
active SP-D in normal human lavage. Immunoblot-
ting of 100-p1 aliquots of cell-free supernatant of BAL
(which contained similar amounts of total protein)
from four healthy volunteers demonstrated a single
immunoreactive component that comigrated with

Figure 5. Immtun?oblottinig of rat anid hu(mani SP-D. Proteins ini EDTA
extracts of the 10,000 X g pellet/rou silicotic rat (rSP-D) or hum7nani
proteinosis (bSP-D) lavage uere resolived hi'k SDS-PAGE. transferred to
nitrocellose, and reacted with polyclonal antibodies to HPLC-purified
rat (left) or biuniani SP-D (right). Ininninoreactii'e proteinis were
detected uisinig ani inidirect biotinlIated secondary antibody/
horseradish peroxidase detection system. Note immniunoreactie coin-

ponents consistent with SP-D monomers (M, M1, = 43 kd), diniiers (D),
anzd trimers (T). Prestained globular standards are at the le(ft side of
both panels. There was nio reaction of either anitibody, with SP-A.

Figure 6. 2-D SDS-PAGE of humtizan SP-D. Aliqniot.s of total proteinlosis
lav'age (- 500 pjg protein) were resoli'ed by 2-D SDS-PAGE in the
absence (arrowe 1) and pre.sence (arrow 2) of su/lfbydryl rediuction as
described in .Mlaterials and Methods. Proteins in onie 2-D gel were
v'isualized by silver staininlg (top, Ag). proteinis in a parallel gel n1elec
tran,oferred to nitrocellulose anid reacted with antibodies to the colla-
genase resistant doniaini of humatn SP-D. Inmnunoreactiie proteins
were visualized uisinig ani indirect biotinylated seconidary antibodi/
streptavidin horseradcish j-roxidase .systemi irsinig 4-cblorolniapthol as
substrate. 7he positions of miiigrationi of unredLIced mionomiers (.1)
diucners (D). and trimiers (T) ar-e identijied at bottom. The positions oJ
uligrationi of reduLced SP-A mlotioiners- anid dimers (top): anzd SP-D
monomers, dimners anid trimners (bottom) are identified at leqft. The
unllabeled arrowl at thec left of the top panel indicates the expected
position o/JSP-D mionomiers (43 kd), uhich nere' barely, risible on the
original gel and niot discernable in the photograph. The ma/.jor cotin-
ponents on the siher stained gel correspond to SP-A monomers anid
dimers anid alhbinuin1 (A)

purified rSP-D in the presence (Figure 7A) and
absence of sulfhydryl reduction. Semi-quantitative
immunoblot assays using internal SP-D standards
suggests that SP-D is present in the 1,000 x g super-
natant of normal lavage at a concentration of -50
ng/ml (data not shown). SP-D isolated by maltosyl-
agarose affinity chromatography from aliquots of nor-
mal BAL comigrated with rSP-D on SDS-PAGE in the
absence and presence of sulfhydryl reduction and
eluted within the included volume and near the posi-
tion of rSP-D dodecamers from 4% agarose (A-15M)
in the presence of EDTA (data not shown).

Discussion
These studies describe the isolation and biochemi-
cal characterization of human SP-D from alveolar
proteinosis lavage and the initial characterization of
antibodies to intact SP-D and to the carboxy-terminal
noncollagenous domain of the human protein. The
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Figure 7. liumtnoioblot oJ nlormtial lavage. Proteinis in 100- p1 aliqioots
of' the 1000 X g sioperniatanit of BAL ftrom for healthi' ivolunteers
(lanes 1-4). anid an aliqlot of proteinosis lai'age (lane 5) nere
resolied bhi .SDS PAGE after sulihydrl. reduction, transsferred to nitro-
cellulose. aind iniclibated nith anitibody! to the collagenase-resistant
dcolmin of' hbSI-D. Inetsiiinor-ecictile proteinis nere i'isualized isinig anl
indciirect biotin vlated secondary antibody 'streptatidin alkalinle phos-
phatase cletectioni system. Prestainedglobnlarprotein standards are at

left. Ihe position of imigrati ofqfreduced rSP-D is indicated at right.

latter antibodies were used to characterize
crosslinked aggregates of SP-D in proteinosis lavage
and to identify immunoreactive SP-D in BAL from
healthy adults.

Previous studies of pulmonary alveolar proteinosis
have identified collagenous proteins and peptides in
association with the insoluble fraction of lavage.17 .18
The major collagenous components correspond to
SP-A monomers and dimers.5 6'16 Thus, the present
studies further establish the genetic heterogeneity of
collagenous proteins in normal and proteinosis lav-
age by demonstrating the accumulation of SP-D.
We were unable to accurately quantify the

increase in lung SP-D in alveolar proteinosis, in part
because of technical differences in the therapeutic
and research lavage procedures. However, crude
estimates, which correct for the approximate volume
fraction of lung lavaged and assume equivalent
wash efficiency, suggest that SP-D is increased by at
least 50-fold relative to healthy adults. On the other
hand, the amount of SP-D relative to other proteins
was decreased, since the concentration of total lav-
age protein (including SP-A and plasma-derived pro-

teins) increased by approximately 100-fold. Although
proteinosis lavage provides a convenient source for
isolating relatively large amounts of apparently intact
human SP-D, we cannot yet exclude that observed
differences in aggregation or cross-linking could
influence the function of this protein in vivo (see
below). Furthermore, minor immunoreactive compo-

nents consistent with SP-D degradation products
were identified.

It is not yet known whether the accumulation in
human pulmonary alveolar proteinosis reflects
increased SP-D synthesis, decreased degradation,
or some combination of altered biosynthesis and
turnover. Studies of silica-induced lipoproteinosis in
rats have demonstrated increased "steady state"
levels of total and translatable SP-D messenger RNA
within 1 to 3 weeks after silica instillation,15'19 con-
sistent with increased SP-D gene transcription and
protein synthesis. Furthermore, preliminary in situ
hybridization studies have shown increased signals
for SP-D messenger RNA in both type 11 and Clara
cells. As in the animal model, human SP-D was local-
ized primarily to granular electron-dense material
without obvious labeling of tubular myelin-like, lamel-
lated, or other membranous structures (data not
shown). In any case, the cellular source of the SP-D
accumulating in human proteinosis is most likely the
type 11 pneumocyte. Although SP-D and SP-D mes-
senger RNA have been localized to nonciliated bron-
chiolar cells in rats, 12,20 the vast majority of air space
exudate in human proteinosis accumulates distal to
the terminal bronchioles.

The mechanism(s) responsible for the highly
aggregated state of EDTA-solubilized proteinosis
SP-D detected by gel filtration chromatography is
uncertain. Rat and human SP-D are highly homolo-
gous based on available biochemical and immuno-
logical data, and the majority of SP-D associated
with the void volume aggregates comigrates with
rSP-D (or hSP-D in the lavage supernatant) in the
presence and absence of reduction. However, a
fraction of total SP-D extracted from the human pro-
teinosis lavage pellet is resolved by 2-D SDS-PAGE
as covalently cross-linked complexes of SP-D trimers
stabilized by disulfide- and non-disulfide bonds.

The interactions stabilizing the void volume aggre-
gates are not disrupted by EDTA, competing sac-
charides, extremes of temperature or pH, or nonionic
detergents. However, most of the extracted protein
elutes within the included volume when chromatog-
raphy is performed after sulfhydryl reduction and
alkylation under non-denaturing conditions. Because
the majority of the SP-D comigrates on SDS-PAGE
with rSP-D monomers (in the presence of dithiothre-
itol) or with rSP-D trimers (in the absence of dithio-
threitol), we hypothesize that intermolecular interac-
tions among SP-D molecules involve covalent
interactions among a small subset of the constituent
SP-D chains. Although only a very small fraction of
silicotic rat SP-D from the lavage supernatant or pel-
let elutes with the void volume from A-15M, the for-
mation of EDTA insoluble aggregates has sometimes
been observed after prolonged storage of the puri-
fied rSP-D (unpublished observations). Higher
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orders of disulfide-bonded aggregates could arise
by disulfide interchange between SP-D molecules,
with the formation of intermolecular sulfhydryl cross-
links between the non-collagenous amino- or car-
boxy-terminal domains, sites of intramolecular inter-
chain disulfide cross-links and intrachain disulfide
bonds, respectively.13 14 Given the presence of sig-
nificant hydroxylysine in both rat and human SP-D,9
it is possible that the non-disulfide covalent interac-
tions involve the formation of lysyl-derived cross-
links between the collagenous domains. In any case,
because virtually all of the SP-D in the proteinosis
supernatant elutes near the position of rSP-D from
A-1 5M, we suggest that the formation of SP-D aggre-
gates is related to the accumulation of insoluble air
space material. Concentration or ligand-dependent
precipitation of SP-D could predispose to cross-link
formation as the insoluble air space material accu-
mulates in vivo.
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