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Abstract

Two low molecular weight (LMW) apoproteins were isolated
from human pulmonary surfactant. SDS polyacrylamide gel
analysis showed one protein (SP 18) to have an apparent mo-
lecular weight of 18,000 when unreduced and 9,000 D after
reduction. The second protein (SP 9) migrated at - 9,000 Din
the presence or absence of reducing agents. Both proteins con-
tain a high number of hydrophobic amino acids. The NH2-ter-
minal sequence of SP 18 was determined to be: NH2-phe-pro-
ile-pro-leu-pro-tyr-. A cDNA clone isolated from a human
adult lung cDNA library contained a long open reading frame
encoding at an internal position the human SP 18 amino-termi-
nal sequence.

Mixtures of phospholipids (PL) and SP9 and SP 18 were
assessed for their capacity to reduce surface tensions on a
pulsating bubble surfactometer. The addition of 1%apoprotein
resulted in a reduction of surface tension after 15 s from 42.9
dyn/cm for PL alone to 16.7 and 6.3 dyn/cm for preparations
containing SP9 and SP 18, respectively. In vivo assessment of
reconstituted surfactant activity was performed in fetal rabbits.
Reconstituted surfactant consisting of PL + 0.5% SP 18 in-
stilled intratracheally at delivery resulted in a marked increase
in lung compliance, while the incorporation of 0.5% SP 9
yielded a moderate increase. These data show the ability to
produce biologically active surfactant by the addition of iso-
lated LMWapoproteins to defined PL.

Introduction

Pulmonary surfactant, which lines the alveolar epithelium of
mature mammalian lungs, has been shown to be a lipoprotein
complex capable of reducing surface tension at the air-liquid
interface (1, 2). The apoproteins present in this complex have
been the subject of many studies over the past few years which
have helped to elucidate the physiologic role they play in sur-
factant activity. While initial interest seemed focused primar-
ily on a 35,000-D major glycoprotein (3-17), more recent
studies have described hydrophobic 5,000-18,000-D apopro-
teins (18-27) which may, in fact, be more important in the
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expression of surfactant surface tension reduction activity.
These low molecular weight (LMW)' apoproteins, one of
which has been described as a "proteolipid" (21), can be found
in several organic surfactant lipid extracts being tested clini-
cally (Tokyo Tanabe's "surfactant TA," calf lung surfactant
extract) that have also been shown not to contain the 35,000-D
apoprotein (20, 23, 25). That the 35,000-D and the LMW
apoproteins of surfactant are distinct has been shown immu-
nologically (22-26), and different amino acid compositions (4,
8, 14, 16, 17, 19, 21, 23, 25) have been reported. In the canine
system, two unique amino acid sequences have been derived
from cDNAclones (27, 28). While it is apparent that the LMW
apoproteins represent a group of proteins clearly distinguish-
able from the 35,000-D surfactant apoprotein, it is not clear as
to whether this group is comprised of one or more apoproteins
and what differences exist in their characteristics and functions
if there are multiple proteins.

Wehave previously reported the isolation of the 35,000-D
protein from human amniotic fluid surfactant and studied its
ability when added to phospholipids to lower the surface ten-
sion of a pulsating bubble and to increase lung compliance and
alveolar expansion when instilled into fetal rabbits (17). In the
current study we have isolated two LMWapoproteins from
human amniotic fluid surfactant, partially characterized them,
and used the same pulsating bubble and fetal rabbit models to
show that each can be recombined with synthetic phospho-
lipids (PL) to yield a functionally active reconstituted surfac-
tant. Furthermore, a cDNAclone corresponding to the larger
apoprotein has been isolated and its nucleotide sequence de-
termined. Wewill refer to these two distinct LMWapoproteins
as surfactant protein (SP) 18 and SP 9, with the number fol-
lowing SP indicating the molecular weight (in kilodaltons) of
the protein as it appears in unreduced SDS-PAGE.

Methods

Purification of LMWapoproteins. Humanpulmonary surfactant was

isolated from full-term amniotic fluid and applied to a column of
DEAE-Sephacel A-50 (Pharmacia Fine Chemicals, Uppsala, Sweden)
using 4 ml packed volume per 200 mg surfactant, in a Tris-EDTA
buffer containing 1% n-octyl-beta-D-glucopyranoside as previously de-
scribed (17, 29). This particular column and conditions were used to

isolate the 35,000-D apoprotein (for use in other studies) without ex-

posing it to potentially denaturing organic solvents. The void volume,
containing the lipids and proteins that did not bind to the column
under these conditions, was pooled and extracted with an equal vol-

1. Abbreviations used in this paper: DPPC, dipalmitoylphosphatidyl-
choline; LMW, low molecular weight; PG, phosphatidylglycerol; PL,
phospholipid(s); SP, surfactant protein.
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ume of 2:1 chloroform/methanol. After centrifugation to separate the
phases, the upper phase (water plus methanol) was reextracted with
one-half volume chloroform. After centrifugation, the resultant lower
organic phase was added to the initial lower phase and evaporated to
dryness under a stream of nitrogen. This extract, which contained
100-180 mg PL, LMWapoproteins, and octylglucopyranoside, was
redissolved in 2.5 ml chloroform/methanol (2:1). Following the
method of Takahashi and Fujiwara (21), which we found to afford a
good separation of octylglucopyranside from the LMWproteins and
PL, a glass column 2.5 cm in diameter was packed at 40 to a height of
38 cm with Sephadex LH-20 (Pharmacia Fine Chemicals) in 2:1 chlo-
roform/methanol. The sample was loaded and 2-ml fractions collected
as chloroform/methanol (2:1) was run through at a flow rate of 8.5
ml/h. PL eluted after 40 ml of buffer had passed through the column.
Octylglucopyranoside appeared at the 56-116 ml region. The PL re-
gion was pooled, dried under nitrogen, and redissolved in I ml chloro-
form. A silicic acid column was prepared by packing 9 ml of Bio-Sil
HA (Bio-Rad Laboratories, Richmond, CA) in chloroform in a glass
column at room temperature. The sample (which contained - 50 mg
PL) was applied and washed with 11 ml chloroform. A linear gradient
of increasing methanol was established using an equal weight of chlo-
roform and methanol (38.8 g, 26.5 ml chloroform and 50 ml metha-
nol). Fractions of 2 ml were collected as the gradient was applied to the
column. Fig. 1 shows the protein and PL profiles obtained. PL analyses
showed a small peak in fractions 17 to 20 and a major peak after
fraction 30. The Pierce BCAprotein assay (see below) was positive in
fractions 12 to 19 and 28 to 33, but the latter peak is likely to be due to
the PL present in this region. Electrophoresis in SDSpolyacrylamide
gels showed the LMWapoproteins were present in fractions 13 to 19
with some separation occurring between SP9 and SP 18. Alternatively,
a method devised by Hawgood et al. (27) using a butanol extraction of
surfactant followed by chromatography on Sephadex LH-20 in an
acidified chloroform/methanol buffer, could be used to isolate the
LMWapoprotein mixture. For some studies, a separation of the two
LMWapoproteins was effected using Sephadex LH-60 (Shiffer, K.,
and S. Hawgood, personal communication). A glass column of 1 cm
diam was packed to 40 cm with Sephadex LH-60 (Pharmacia Fine
Chemicals) in chloroform/methanol (1:1) containing 5%0.1 NHCI. A
flow rate of 1-2 ml/h was used. A mixture of the LMWapoproteins
(200-700 Mg) from either the Bio-Sil HAcolumn or the LH-20 column
described by Hawgood et al. (27), in a volume of 0.5 ml buffer was
applied to the top of the column, and fractions of 0.5 ml were collected.
Typically, SP 18 protein eluted in fractions 16 to 19 and SP 9 in
fractions 24 to 29. Appropriate fractions were pooled and dried in glass
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tubes under nitrogen. A brief period of lyophilization ensured com-
plete removal of the HCI. Proteins were resolubilized in methanol
before use.

SDS-gel electrophoresis. Gel electrophoresis in 16% polyacryl-
amide was performed in the presence of SDSaccording to the method
of Laemmli (30), using 3 X 7-cm minislab gels. 1%fl-mercaptoethanol
was added to samples where indicated as a disulfide reducing agent.
After electrophoresis, the gels were fixed overnight in 50% methanol
plus 12% acetic acid, washed in water for 2 h, and silver-stained ac-
cording to the method of Wray et al. (31).

Octylglucopyranoside assay. An assay for the quantitation of n-
octyl-beta-D-glucopyranoside, based on the anthrone method of Spiro
(32), has been described previously (17).

Protein determinations. Organic samples containing up to 5 Mig
protein were dried in 12 X 75-mm glass tubes under nitrogen. 15 Al of
1%SDSin H20 and 300 Ml BCAProtein Assay Reagent (Pierce Chemi-
cal Co., Rockford, IL) were added. Tubes were covered and incubated
at 60°C for 30 min. After cooling, the samples were transferred to a
96-well flat-bottom polystyrene microtiter plate and optical density at
550 nm measured. Bovine serum albumin was used as a standard.
Note that some phospholipids will react in the BCA protein assay,
making protein quantitations inaccurate when lipid is present (i.e.,
before Bio-Sil HA chromatography). Additionally, once purified, the
hydrophobic LMWapoproteins themselves react poorly with the BCA
reagents, and all quantitations of the isolated proteins were, therefore,
based on amino acid compositions.

PL. Dipalmitoylphosphatidylcholine (DPPC, beta, gamma-dipal-
mitoyl-L-alpha-lecithin) and L-alpha-phosphatidyl-DL-glycerol (PG,
derivative of egg lecithin) were purchased from either Calbiochem-
Behring Corp. (La Jolla, CA) or Avanti Polar-Lipids, Inc. (Birming-
ham, AL). DPPCwas added to PG in chloroform in a weight ratio
of 3:1.

Recombination ofLMWapoproteins with PL. For in vitro assays, a
methanol solution containing 4 Mg of SP 9 or SP 18, was added to 400
MgDPPC/PGin chloroform in a 12 X 75-mm glass tube. After a brief
vortex mixing, the samples were dried under N2. 90 Ml of water was
added to each and the tubes placed in a 37°C water bath for 15 min,
with periodic gentle mixing. Isotonicity was restored with the addition
of 10 Ml of 9% NaCl to each sample before assay. For in vivo rabbit
studies, 50 ,g LMWapoproteins (containing both SP 9 and SP 18) or
25Mg SP 9 or 25g SP 18 were dried under N2. 5 mgof PL (DPPC/PG,
3:1) was added in chloroform. The samples were mixed, dried, and
resuspended in 250 Ml 100 mMsaline plus 1.5 mMCaCl2, to yield a
reconstituted surfactant at 20 mg/ml with 0.5-1% protein.
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Figure 1. Bio-Sil HA (silicic acid) col-
umn. Results of Pierce BCAprotein
assay (solid line) and PL analyses
(dashed line) are shown for selected
fractions. 2 ml was collected per frac-
tion. Positive protein assay in fractions
28 to 33 is due to the presence of PL
(see text).
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Surfactant activity assays. In vitro assays of surfactant activity,
assessed as its ability to lower the surface tension of a pulsating bubble,
and in vivo assays using fetal rabbits, have both been described in detail
previously (17).

Morphometric analyses. Fetal rabbit lungs, inflated to 30 cm H20
and then deflated to 10 cm H20, were submerged in 10O% formalin for
72 h. Parafin sections were oriented from apex to base and 5-Mm
sections taken anterior to posterior. After hematoxylin and eosin
staining, 10 fields (X 100) were point-counted from apex to base on
multiple sections. Standardized morphometric methods (33) were used
to determine ratios of lung interstitium to air spaces for each treatment
group. Intersections of alveolar perimeters were also determined.

PL phosphorus assays. PL were quantitated according to the
method of Bartlett (34).

Amino acid analysis. Triplicate samples for amino acid composi-
tions were hydrolyzed with HCl at 1 10C for 24 h, with HCI at 150'C
for 24 h, or in performic acid at 1 10C for 24 h, followed by HCl
hydrolysis at 1 10C for 24 h. Analyses were performed on an amino
acid analyzer (model 121-M; Beckman Instruments, Inc., Fullerton,
CA). Tryptophan was not determined.

Amino acid sequencing. Vapor-phase protein sequencing was per-
formed on an amino acid sequencer (470A; Applied Biosystems, Inc.,
Foster City, CA) with an on-line model 120A HPLC.

Isolation of cDNA clones for human SP 18. RNAwas prepared
according to Chirgwin et al. (35) from a sample of unaffected adult
lung tissue obtained during surgical removal of a neoplastic lesion.
Preparation of double-stranded cDNAwas carried out using standard
techniques (36, 37) and a library was constructed in lambda NM607as
described (38). SP 18 clones were identified by screening phage plaques
with synthetic oligonucleotide probes (39) that were prepared using an
automated synthesizer (Applied Biosystems, Inc.) and purified by
HPLC. Initial candidate clones were obtained using probe TG996
(5'CATTGCCTGTGGTATGGCCTGCTC3'), which was derived
from the partial nucleotide sequence of a small human surfactant
apoprotein cDNA(40). Larger clones (up to 1.5 kb) were isolated using
probe TGl 103 (5'TCGAGCAGGATGACGGAGTAGCGC3'),
which was based on the 5' sequence of one of the original clones. The
nucleotide sequence of the cDNAclones was determined by the chain
termination method (41) using Eco RI restriction fragments subcloned
in an appropriate M13 vector.

Results

Characteristics of the LMWapoproteins. The LMWapopro-
teins isolated from human amniotic fluid appeared after silicic
acid chromatography, or after the Sephadex LH-20 column
chromatography described by Hawgood et al. (27), as two pro-
tein bands in SDS-PAGEunder nonreducing conditions. The
upper band, having a weight of 18,000 Dand therefore termed
SP 18, is a dimer, and with the addition of f-mercaptoethanol,
reduced to 9,000 D (Fig. 2). The other LMWapoprotein,
which we will call SP 9,2 appears as a diffuse band between
9,000 and 12,000 D in the presence or absence of reducing
agents. These two proteins could be separated by chromatogra-
phy on Sephadex LH-60. The resultant purified proteins are
shown in Fig. 2.

Amino acid compositions were determined for SP 18 and
SP 9. Because of the extremely hydrophobic nature of these
proteins, HCOhydrolysis was performed at 150'C for 24 h, in
addition to the standard 1 10C 24-h hydrolysis, and values for
valine, leucine, and isoleucine were calculated from analyses

2. This is probably the same protein as that designated SAP-6 by
Whitsett and co-workers (24), SP 5-8 by Hawgood and co-workers
(27), and PSP-6 by Phelps et al. (25).

UNREDUCED

LMW SP18 SP9

REDUCED

LMW SP18 SP9 STlS
Imaw- .1

Mot Wt

_il _-18K-

adz " < 12~~~-K m e

A B C D E F G

Figure 2. Silver-stained SDS-PAGEof LMWapoproteins. Lanes A
and D show a sample after silicic acid or Sephadex LH-20 chroma-
tography; both LMWproteins are present. Lanes B, C, E, and F
show the resolution of SP 18 (lanes B and E) and SP 9 (lanes Cand
F) after chromatography on Sephadex LH-60. Molecular weight
standards are shown in lane G. Lanes A-C are unreduced samples,
and lanes D-F contain identical samples reduced with fl-mercap-
toethanol before electrophoresis.

of the hydrolysates done under the extreme conditions. As
shown in Table I, both proteins are extremely hydrophobic,
with high levels of valine and leucine.

Amino-terminal sequence analysis of SP 18 yielded the
following sequence: NH2-phe-pro-ile-pro-leu-pro-tyr-.

Repeated sequencing of the purified SP 9 protein showed
multiple peptides, all rich in leucine and containing at least six
consecutive valines. NH2-terminal analysis showed phenylala-
nine, glycine, and isoleucine, with the relative amounts of each
varying from preparation to preparation.

Nucleotide sequence analysis of SP 18 cDNA. The nucleo-
tide sequence of an SP 18 cDNAclone is presented in Fig. 3.
The sequence displays 83% homology with the canine SP 18
cDNA(27). A sequence within a large open reading frame was
identified which matches perfectly with the amino terminus of
SP 18, as determined by Edman degradation of the isolated
protein (underlined in Fig. 3). This suggests that mature SP 18
arises by processing of a larger precursor molecule. In the ma-
ture sequence there is a single potential N-glycosylation site
(Asn 110), no sites for tyrosine sulfation, and no G-X-Y re-
peats as found in the 35,000-D apoprotein (15). The molecular
weight of 9,000 obtained by SDS-PAGEof reduced SP 18 is
lower than that predicted for the complete sequence with
amino terminus NH2-Phe-Pro-Ile-Pro-Leu-Pro-Tyr (19,772
D), implying further processing in the region of amino acids 70
to 90. In support of this, the theoretical amino acid composi-
tion (column 4, Table I) of a putative 9,000-D protein com-
prising residues 1 to 81 compares well with the determined
values for purified SP 18. Note, however, that the carboxy
terminus is, at this time, unknown. The amino-terminal por-
tion of the protein (residues 1 to 81) is alkaline and more
hydrophobic than the COOH-terminal portion (residues 82 to
181): the Kyte-Doolittle index for residues 1 to 81 is 9,100 (pl,
8.6), and is -3,000 (pl, 5.91) for residues 82 to 181 (42). The
amino terminus (residues 1 to 81) is, as in the canine sequence
(27), composed of three hydrophobic domains: residues 1 to
11, 22 to 49, and 53 to 74. These are interspersed with a
charged domain (residues 12 to 21) and two hydrophilic and
charged stretches (residues 47 to 54 and 72 to 81).
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Table I. Amino Acid Composition of HumanSP 9 and SP 18
and a Comparison with the Theoretical Composition of SP 18*

SP9 SP 18 SP 18*
Amino acid (residues/100) (residues/100) (residues/100)

Aspartic acid (or asparagine) 1.1 3.4 3.7
Threonine 0.8 1.5 1.2
Serine 1.8 2.7 2.5
Glutamic acid (or glutamine) 1.5 6.7 6.2
Proline 8.3 7.8 7.4
Glycine 10.6 6.1 4.9
Alanine 4.9 10.2 9.9
Cysteinet 9.1 7.2 8.6
Valinel 12.2 11.7 11.1
Methionine 3.4 3.2 3.7
IsoleucineO 6.8 6.4 7.4
Leucineo 22.4 17.4 17.3
Tyrosine 0.7 2.2 2.5
Phenylalanine 2.6 1.5 1.2
Histidine 5.4 0 0
Lysine 4.7 3.0 2.5
Arginine 3.9 9.0 8.6
Tryptophan ND ND 1.2

Tryptophan was not determined.
* Theoretical composition based on sequence data through residue 81.

Determined after performic acid and HCOhydrolyses.
§ Determined after 24 h HC1 hydrolysis at 1500C.

Reconstitution of surfactant activity with LMWapopro-
teins. Samples were prepared containing 400 ,ug/l00 1Al PL
(DPPG/PG, 3:1 by weight), PL plus 4 ,g SP 9, or PL plus 4 ,g
SP 18. Each sample was assayed in the pulsating bubble sur-
factometer for the ability to lower surface tension. The results
are shown in Table II as the mean minimal surface tension at
15 s, 1 min, and 5 min. Natural human surfactant, isolated
from term amniotic fluid, diluted to 4 mg/ml, is shown for
comparison. While neither PL nor LMWapoproteins alone
had significant surface tension-lowering capacities, a mixture
of PL with either SP 9 or SP 18 showed significant activity.
Recombining the PL with 1% by weight of SP 18 lowered the
surface tensions measured to levels comparable with those ob-
tained with an equal amount of natural human surfactant (6.3
+ 0.2 dyn/cm for PL plus SP 18 at 15 s, 2.0 + 1.2 dyn/cm for
natural surfactant). On an equal weight basis, SP 9 lowered
surface tension less effectively (16.7 ± 0.8 dyn/cm at 15 s).

In vivo assays of recombinant surfactant activity were per-
formed by instilling into the airways of immature fetal rabbits
saline solutions containing Ca++ alone or with the addition of
PL, PL plus LMWapoproteins, or natural human surfactant.
The animals were ventilated for 30 min and then degassed by
placement in a bell jar under vacuum. The lungs were then
inflated to given pressures and the volume of air required for
each pressure was noted. The volumes required for given pres-
sures during deflation from 30 cm H20 were likewise deter-
mined. The resulting pressure/volume curves are shown in
Fig. 4 for animals that received reconstituted surfactant made
with purified SP 9 or SP 18 (0.5% by weight compared with
total phospholipid concentration) and appropriate control an-
imals. Improved lung compliance is apparent in those animals
treated with natural or either reconstituted surfactant as com-
pared with those receiving saline or PL, with the SP 18 ap-

CAC CTG GGC CTG TGC AAA TCC CGG CAG CCA GAG CCA GAG CAG GAG
His Leu Gly Leu Cys Lys Ser Arg Gln Pro Glu Pro Glu Gln Glu
-62

CCA GGG ATG TCA GAC CCC CTG CCC AAA CCT CTG CGG GAC CCT CTG
Pro Gly Met Ser Asp Pro Leu Pro Lys Pro Leu Arg Asp Pro Leu

CCA GAC CCT CTG CTG GAC AAG CTC GTC GTC CCT GTG CTG CCC GGG
Pro Asp Pro Leu Leu Asp Lys Leu Val Val Pro Val Leu Pro Gly

GCC CTC CAG GCG AGG CCT GGG CCT CAC ACA CAG GAT CTC TCC GAG
Ala Leu Gln Ala Arg Pro Gly Pro His Thr Gln Asp Leu Ser Glu

CAG CAA TTC CCC ATT CCT CTC CCC TAT TGC TGG CTC TGC AGG GCT
Gln Gln Phe Pro Ile Pro Leu Pro Tyr Cys Trp Leu Cys Arg Ala

-1 1

CTG ATC AAG CGG ATC CAA GCC ATG ATT CCC AAG GGT GCG CTA GCT
Leu Ile Lys Arg Ile Gin Ala Met Ile Pro Lys Gly Ala Leu Ala

GTG GCA GTG GCC CAG GTG TGC CGC GTG GTA CCT CTG GTG GCG GGC
Val Ala Val Ala Gin Val Cys Arg Val Val Pro Leu Val Ala Gly

GGC ATC TGC CAG TGC CTG GCT GAG CGC TAC TCC GTC ATC CTG CTC
Gly Ile Cys Gln Cys Leu Ala Glu Arg Tyr Ser Val Ile Leu Leu

GAC ACG CTG CTG GGC CGC ATG CTG CCC CAG CTG GTC TGC CGC CTC
Asp Thr Leu Leu Gly Arg Met Leu Pro Gln Leu Val Cys Arg Leu

GTC CTC CGG TGC TCC ATG GAT GAC AGC GCT GGC CCA AGG TCG CCG
Val Leu Arg Cys Ser Met Asp Asp Ser Ala Gly Pro Arg Ser Pro

81

ACA GGA GAA TGG CTG CCG CGA GAC TCT GAG TGC CAC CTC TGC ATG
Thr Gly Glu Trp Leu Pro Arg Asp Ser Glu Cys His Leu Cys Met

TCC GTG ACC ACC CAG GCCGGG AAC AGC AGC GAG CAG GCC ATA CCA
Ser Val Thr Thr Gln Ala Gly Asn Ser Ser Glu Gln Ala Ile Pro

110

CAG GCA ATG CTC CAG GCC TGT GTT GGC TCC TGG CTG GAC AGG GAA
Gln Ala Met Leu Gin Ala Cys Val Gly Ser Trp Leu Asp Arg Glu

AAG TGC AAG CAA TTT GTG GAG CAG CAC ACG CCC CAG CTG CTG ACC
Lys Cys Lys Gin Phe Val Glu Gln His Thr Pro Gln Leu Leu Thr

CTG GTG CCC AGG GGC TGG GAT GCC CAC ACC ACC TGC CAG GCC CTC
Leu Val Pro Arg Gly Trp Asp Ala His Thr Thr Cys Gin Ala Leu

GGA GTG TGT GGG ACC ATG TCC AGC CCT CTC CAG TGT ATC CAC AGC
Gly Val Cys Gly Thr Met Ser Ser Pro Leu Gln Cys Ile His Ser

CCC GAC CTT TGATGAGAACTCAGCTGTCCA
Pro Asp Leu
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Figure 3. Sequence of the human SP 18 cDNAclone and the de-
duced amino acid sequence. The NH2-terminal amino acid sequence
determined by Edman degradation is underlined.

pearing more effective than SP 9 on an equal weight basis. A
similar experiment was performed using a mixture of SP 9 and
SP 18 for reconstitution. The results were almost identical to
the PL plus SP 18 curve presented in Fig. 4. After compliance
measurements, the lungs were inflated to 30 cm H20, deflated
back to 10 cm H20, clamped, excised, and fixed in formalin.
Thin sections were stained with hematoxylin and eosin and
examined microscopically. As shown in Fig. 5, lungs treated
with saline (A) or PL (C) appeared atelectatic, while those from
animals that received natural (B) or reconstituted (D) surfac-

Table II. Minimum Surface Tensions in the Pulsating Bubble*

15 s mmin 5 min

PLt 42.9±1.4 41.6±1.6 34.9±4.9
PL + SP 9§ 16.7±0.8 14.1±1.2 12.2±1.0
PL + SP 18§ 6.3±0.2 5.1± 1.0 4.9±0.6
Natural human surfactant'l 2.0±1.2 2.4±1.4 0.4±0.4

* Pulsation of 20 cycles/min started 10 s after bubble formation. All
values are in dyn * cm-l and are the average of at least three determi-
nations.
8PL DPPC:PG, 3:1, 4 mg/ml.
§ 1%by weight compared with PL.
1Diluted to 4 mg/ml.
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tant showed normal alveolar expansion. Morphometric analy-
ses of the thin sections showed an interstitium to air space ratio
of 4.70 for saline treatment and 3.29 for phospholipids alone,
as compared with 0.498 for natural surfactant and 0.538 for
reconstituted surfactant. These data are shown in Table III and
corroborate the significant (P < 0.001; Mann-Whitney U test)
increase in air space seen in Fig. 5. A comparison of alveolar
perimeters similarly demonstrated a significantly (P < 0.003)
greater number of intersections of the alveolar boundaries in
saline- or PL-treated fetuses compared with surfactant-treated
animals.

Figure 4. Inflation (A) and deflation (B)
pressure/volume curves of fetal rabbit

21TP4'4 , ,ilungs30 min after intratracheal instillation
of 100 ,d of saline (o), 2 mgPL DPPC:PG,

*,,. 3:1 (o), PL + 10,ug SP 9 (o), PL + 10 gg
... - ve - -D---..... SP 18 (u), or2 mgnatural human surfac-
5 10 15 20 25 30 tant (&). Data are expressed as the mean of

Pressure in cm H20 four animals±l SD.

Discussion

This report describes two LMWapoproteins isolated from
human amniotic fluid surfactant that can be added to known
PL to produce a biologically active surfactant. While we have
referred to these proteins in the current study as SP 18 and SP
9, it is apparent from the recent literature that multiple no-
menclature and an assortment of reported molecular weights
(ranging from 5,000 to 18,000) exist (18-27). The apparent
differences in physical properties may be explained by a vari-
ety of factors including species differences, varying purifica-
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Figure 5. Fetal rabbit
lungs (X 125, hematoxy-
lin-eosin stain) after treat-
ment with saline (A), nat-
ural human surfactant
(B), PL DPPC:PG(C), or
PL plus LMWapopro-
teins (SP 9 + SP 18) (D).
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Table III. Morphometric Analysis of Airspace
after Fetal Rabbit Treatment

Tracheal instillation Interstitium/air space

Saline 4.70
PL* 3.29
PL* + LMWapoproteinst 0.538
Natural human surfactantO 0.498

*2 mgof 3:1 DPPC:PGper animal.
*20 Ag of LMWapoproteins added to PL.
§ 2 mgper animal.

tion and handling techniques, varying determinations of low
molecular weights based on standards in SDS-polyacrylamide
gels, and potential interference by lipids of LMWprotein
bands in gels. Comparisons of amino acid compositions and
sequences and immunologic analyses using monospecific anti-
bodies will help to sort out the LMWapoproteins. Wefeel that
the SP 9 protein described here, giving a diffuse band on
SDS-polyacrylamide gels from 9,000-12,000 D under reduc-
ing or nonreducing conditions, is probably the same protein as
that designated SAP-6 by Whitsett and co-workers (24), SP 5-8
by Hawgood and co-workers (27), PSP-6 by Phelps et al. (25),
and the 5-kD proteolipid of Takahashi and Fujiwara (21). The
extremely hydrophobic nature of this protein is apparent from
its amino acid composition (Table I) and sequence data, which
show at least six consecutive valine residues preceded by a
leucine-rich region. The presence of three amino-terminal resi-
dues (phenylalanine, glycine, and isoleucine) in our prepara-
tions of SP 9 derived from amniotic fluid surfactant suggests a
collection of peptides having an identical sequence but having
had one or two residues removed from the amino-terminus.
Phelps et al. (25) have recently reported a similar finding with
bovine PSP-6 apoprotein.

SP 18 appears to be a disulfide-linked dimer of two identi-
cal 9,000-D peptides (but different from the 9,000-D peptide
of SP 9). A single NH2-terminal sequence, phe-pro-ile-pro-
leu-pro-tyr-, was found. This sequence, with the exception of
the NH2-terminal phenylalanine, is identical to that predicted
by the canine SP 18 cDNA clone isolated by Hawgood et al.
(27). Amino acid composition (Table I) shows a high number
of hydrophobic residues. When unreduced SDS-PAGEwere
overloaded with SP 18 protein, sequentially less intensely
staining bands were seen at 36,000 and 56,000 D, suggesting
oligomeric forms of the protein; upon reduction, only a single
9,000-D band was seen (unreported observations).

The nucleotide sequence of an SP 18 cDNA clone pre-
dicted that the apoprotein is synthesised as a large precursor
that is cleaved to release a 19,722-D protein carrying the NH2-
terminal sequence determined by Edmandegradation. (Fig. 3).
To obtain the 9,000-D mature polypeptide, a further cleavage
near the center of the molecule would be necessary. Interest-
ingly, if cleavage occurs between residues 72 and 98, an un-
even number of cysteines would be present in either peptide,
one of which may therefore be available for intermolecular
bonding.

Comparison of the deduced amino acid sequence of the
entire human SP 18 with the canine SP 18 sequence displays
an overall homology of 71%, with many of the differences

involving conservative changes. There are two additional resi-
dues in canine SP 18 (molecular weight, 20,060) but no differ-
ence in pl (7.8). Significantly, all the cysteine and 13 of the 14
proline residues, both of which may be considered as major
structural determinants, are conserved and occupy the same
position in both proteins. Moreover, the amino-terminal re-
gion of the molecule is more conserved (83% homology) be-
tween dog and man than the COOH-terminus (69% homol-
ogy). This is consistent with the first half of the molecule har-
boring the biological activity.

Both SP 9 and SP 18 apoproteins, isolated as described
above, could be shown to have biophysical activity after re-
combination with PL. The addition of 1% by weight of SP 18
to DPPC/PG resulted in an immediate increase in surface
pressure causing surface tensions of < 10 dyn/cm by 15 s. The
addition of 1% SP 9 to DPPC/PGwas slightly less effective,
lowering surface tensions to 16.7, 14.1, and 12.2 dyn/cm at 15
s, 1 and 5 min, respectively. Mixtures of both SP 18 and SP 9
were also effective, but further studies will be required to de-
termine whether the combined effect is additive or synergistic.

In vivo studies of reconstituted surfactant using the fetal
rabbit model (43) were performed using mixtures of SP 18 and
SP 9 as well as each protein individually. A marked improve-
ment in lung compliance was seen in animals treated with
natural surfactant or reconstituted surfactant prepared with SP
18 apoprotein, as compared with those receiving PL alone or
saline (Fig. 4). A moderate improvement was seen when SP 9
was used. Identical studies using a mixture of SP 18 and SP 9
to prepare the reconstituted surfactant showed results very
similar to those obtained with SP 18 alone (solid squares, Fig.
4); however, the exact ratio of SP 18 and SP 9 in those studies
could not be accurately ascertained. Fig. 5 shows representa-
tive microscopic alvelor fields, indicating the lack of atelectasis
after surfactant instillation.

Suzuki et al. ( 19) have reported a reduction in surface ten-
sion (measured on the Wilhelmy balance or in a pulsating
bubble), and a fivefold increase in tidal volumes of prema-
turely delivered rabbits at insufflation pressures of 25 cm H20
when porcine LMW(< 15,000 D) surfactant apoproteins are
added to mixtures of DPPC:DPPG)at a weight ratio of 5:80:20
(protein/DPPC/DPPG). Whether one or multiple proteins are
present in this system is unclear.

Our previous studies using the 35,000-D apoprotein (17)
also showed a moderate reduction in surface tension, similar
to that obtained with SP 9 in the current studies. Clearly,
further studies must be done using various combinations and
concentrations of SP 18, SP 9, and the 35,000-D apoprotein, as
well as Ca++ and perhaps various PL to elucidate the interac-
tions between these various components of surfactant and to
determine the best conditions for a biologically active recom-
binant surfactant. Hawgood et al. (27) have shown in the ca-
nine system a synergistic, calcium-dependent effect on the
stimulation of PL surface film formation by the addition of the
35,000-D apoprotein and the LMWapoproteins.

Improvements in lung function as measured by a decrease
in mean airway pressure and oxygen requirements is an imme-
diate effect also seen in human preterm infants treated with
natural human surfactant (29, 44-46) or lipid extracts (con-
taining LMWapoproteins) of bovine surfactant (47-52). The
ability to reproduce the essential components of these surfac-
tants via synthetic means (i.e., genetically engineered proteins
combined with synthetic PL) would permit their use in the

Reconstitution of HumanLung Surfactant Activity 831



treatment of not only infant respiratory distress syndrome, but
in other pathologic conditions as well, where an abnormality
or shortage of pulmonary surfactant may play a crucial role.
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