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ABSTRACT Hydrophobic surfactant-associated protein of
Mr 6000-14,000 was isolated from ether/ethanol or chloro-
forn/methanol extracts of mammalian pulmonary surfactant.
Automated Edman degradation in a gas-phase sequencer showed
the major N-terminus of the human low molecular weight protein
to be Phe-Pro-Ile-Pro-Leu-Pro-Tyr-Cys-Trp-Leu-Cys-Arg-Ala-
Leu-. Because of the N-terminal phenylalanine, the surfactant
protein was designated SPL(Phe). Antiserum generated against
hydrophobic surfactant protein(s) from bovine pulmonary
surfactant recognized protein ofMr 6000-14,000 in immunoblot
analysis and was used to screen a Agtll expression library
constructed from adult human lung poly(A)+ RNA. This resulted
in identification of a 1.4-kilobase cDNA done that was shown to
encode the N-terminus of the surfactant polypeptide SPL(Phe)
(Phe-Pro-Ile-Pro-Leu-Pro-) within an open reading frame for a
larger protein. Expression of a fused f8-galactosidase-SPL(Phe)
gene in Escherichwa coli yielded an immunoreactive Mr 34,000
fusion peptide. Hybrid-arrested translation with this cDNA and
immunoprecipitation of [35S]methionine-labeled in vitro transla-
tion products of human poly(A)+ RNA with a surfactant poly-
clonal antibody resulted in identification ofaMr 40,000 precursor
protein. Blot hybridization analysis of electrophoretically frac-
tionated RNA from human lung detected a 2.0-kilobase RNA that
was more abundant in adult lung than in fetal lung. The larger
RNA and translation product indicates that SPL(Phe) is derived
by proteolysis of a large polypeptide precursor. The amino acid
sequence of the predicted protein, beginning Phe-Pro-Ile-Pro-
Leu-Pro-Tyr-, comprises a hydrophobic peptide that is a major
protein component ofsurfactant lipid extracts used successfully to
treat hyaline membrane disease in newborn infants. These pro-
teins, and specifically SPL(Phe), may therefore be useful for
synthesis of replacement surfactants for treatment of hyaline
membrane disease in newborn infants or of other surfactant-
deficient states.

Pulmonary surfactant is composed primarily of phospholip-
ids (phosphatidylcholine and phosphatidylglycerol) and less-
er amounts of surfactant-associated apoproteins. Two groups
of surfactant apoproteins have been previously distinguished
on the basis of their solubility in organic solvent systems.
Protein of Mr 35,000 (SAP-35) has been identified in numer-
ous mammalian surfactants and is relatively insoluble in
ether/ethanol or chloroform/methanol solvent systems (1,
2). Human SAP-35 is a glycoprotein arising from an mRNA
encoding a Mr 23,000 polypeptide that includes a hydroxy-
proline-containing, collagen-like N-terminal region of 70
amino acid residues (3, 4). Hydrophobic proteins or peptides
soluble in organic solvents have also been isolated from
mammalian surfactants (5-12). In recent work in this labo-
ratory, these hydrophobic peptides were shown to be unre-

lated to SAP-35 or its fragments (11, 12). These preparations
contained protein migrating primarily at Mr 6000-14,000 on
NaDodSO4/PAGE, and two distinct N-terminal amino acids
were observed during amino acid sequencing (12). Reconsti-
tution of hydrophobic surfactant peptides with synthetic
phospholipids imparts virtually complete surfactant-like
properties to synthetic phospholipids, including rapid surface
adsorption and lowering of surface tension during dynamic
compression (9, 10, 13).

Surfactant lipid extracts containing the two hydrophobic
peptides as the sole apoproteins (11, 12) have been used for
therapy in hyaline membrane disease in newborn infants
(14-16). Two such preparations, CLSE and surfactant-TA,
contain only the Mr 6000-14,000 proteins and do not contain
the larger SAP-35 apoprotein (11, 12). The present work
describes the identification and cloning ofcDNA ofone ofthe
hydrophobic surfactant-associated proteolipids [SPL(Phe),
so-called because of its N-terminal sequence Phe-Pro-Ile-
Pro-Leu-Pro-Tyr-] and provides the deduced amino acid
sequence for SPL(Phe) protein.

MATERIALS AND METHODS
Materials. Bacteriophage T4 DNA ligase and DNA-restric-

tion endonucleases were obtained from New England
Biolabs. Reverse transcriptase (RNA-directed DNA poly-
merase) was obtained from Life Sciences (St. Petersburg,
FL) and used according to the manufacturer's recommenda-
tions. Horseradish peroxidase-conjugated goat anti-rabbit
IgG was obtained from Miles. Escherichia coli strains Y1090
[AlacU169 proA+ Alon araD139 strA supF trpC22::TnJO
(pMC9)], and Y1088 [AlacUJ69 supE supF hsdR hsdM+
metB trpR tonA21 proC::TnS (pMC9 = pBR322)] were used
as host strains for Xgtll. These strains were described more
fully by Young and Davis (17). E. coli strain JM103, described
by Messing et al. (18), was used for growth of pUC plasmid
and M13 phage subclones. The phage cloning vector Xgtll
was used for construction of a cDNA library as described by
Young and Davis (19); the library was constructed by
Clontech (Palo Alto, CA). Plasmid pUC19 and bacteriophage
Ml3mpll were purchased from Pharmacia and were used for
subcloning and DNA sequencing as described by Messing
(20) and Yanisch-Perron et al. (21). The Xgtll library was
constructed from human lung poly(A)+ RNA prepared,
according to the method of Chirgwin et al. (22), from tissue
obtained from an adult male immediately at death. Tissue was
provided by the National Diabetes Tissue Interchange
(Washington, DC). Rabbit reticulocyte lysates were pur-
chased from Promega Biotec (Madison, WI).

Protein Purification. Hydrophobic surfactant peptides were
purified from ether/ethanol or chloroform/methanol extracts of
human or bovine lung lavage surfactant as described (11, 12).
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Bovine and canine proteins were obtained from lung lavage
surfactant at sacrifice and human protein was isolated from lung
lavage of human cadavers at the University of Cincinnati
College of Medicine. Protein was delipidated by silicic acid
chromatography in chloroform/methanol, followed by exten-
sive dialysis in chloroform/methanol. After electrophoresis of
these preparations, silver stain revealed a diffuse protein band
at Mr 6000 as the primary protein; smaller amounts ofprotein of
Mr 14,000 were also observed in these preparations, as reported
previously (11, 12).
Amino Acid Sequence Analysis. Automated Edman degra-

dation was performed on the delipidated surfactant extracts,
using an Applied Biosystems (Foster City, CA) model 470A
vapor-phase protein sequencer. In every analysis, samples
were deposited on Polybrene-treated glass-fiber filters. Phen-
ylthiohydantoin derivatives of amino acids were identified by
HPLC on an Altex Ultrasphere ODS column (4.5 x 250 mm)
preceded by a precolumn (4.6 x 45 mm) of the same resin, as
previously described (23).
Immunologic Assays. Antisera were generated against the

hydrophobic surfactant proteins in New Zealand White
rabbits by repeated injection of a chloroform/methanol
extract of bovine surfactant. The resulting antisera specifi-
cally recognized canine, human, and bovine surfactant pro-
tein by ELISA assay and immunoblot analysis and did not
recognize serum proteins or SAP-35 (11, 12). The antibody
titer was >106 against the bovine proteolipid in a single-phase
ELISA assay. To optimize reactivity in the ELISA, the
hydrophobic proteins were added to the assay plate (Falcon,
polyvinylchloride) in 100% methanol and incubated over-
night at -300C. The human lung cDNA library was screened
essentially as described by Young and Davis (19). To mini-
mize nonspecific background in the screening procedure, the
antiserum was preabsorbed with E. coli Y1090 lysate. The
lysate was obtained by treatment of Y1090 cells with lyso-
zyme and EDTA (pH 8.0) followed by sonication on ice with
a Branson sonifier (six bursts at 50 watts, 10 sec per burst).
The sonicate was centrifuged at low speed to clear the
supernatant, which then was preincubated with the SAP-6
antiserum for 48 hr at 4°C. The library was plated at 20,000
plaque-forming units per 150-mm dish, grown for 5 hr at 42°C,
and then overlaid with nitrocellulose filters soaked in 10 mM
isopropyl 3-D-thiogalactoside. Filters were incubated over-
night at 37°C, and nonspecific binding sites were blocked by
incubation for 1 hr at 4°C in 50mM Tris HCl, pH 7.4/150mM
NaCl containing powdered milk at 50 mg/ml. Primary anti-
body at a dilution of 1:1000 was incubated with the filters at
4°C overnight. Horseradish peroxidase-conjugated goat anti-
rabbit IgG (the second antibody) at a dilution of 1:3000 was
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incubated with the filters at 4°C for 16 hr. Color was
developed with 4-chloro-1-naphthol for 3-5 min, and reac-
tions were terminated by serial washings in distilled H20 to
identify isolated plaques. For second and third screenings,
phage were plated at 2000 and 200 plaque-forming units per
150-mm dish, respectively.

Oligonucleotide Probe Synthesis. An oligodeoxyribonucle-
otide probe was made by the phosphoramidite method
described by Matteucci and Caruthers (24). The sequence
was, 5' CCAICAITAIGGIATIGGIATIGGIAA 3', where I
stands for deoxyinosine. This analog was incorporated into
positions that were ambiguous based on the reverse transla-
tion of the amino acid sequence, since deoxyinosine can
base-pair with any of the four naturally occurring bases. This
technique was more fully described by Ohtsuka et al. (25).

RESULTS
Peptide Sequence. Two distinct protein sequences were ob-

served in amino acid sequencing of the human proteins. The
sequence Phe-Pro-Ile-Pro-Leu-Pro-Tyr-Cys-Trp-Leu-Cys-Arg-
Ala-Leu was detected as the major peptide, representing ap-
proximately two-thirds of the amino acid sequence obtained
from the human proteolipid preparation. A second distinct
N-terminal sequence, Ile-Pro-Cys-Cys-, was also observed;
more extensive sequence analysis of this sequence from bovine
and canine preparation resulted in definition of this as a distinct
protein that did not overlap with the SPL(Phe) sequence.
Detailed analysis of this second surfactant protein, its cDNA,
and derived sequence will be described elsewhere.
Immunologic Screening. From approximately 220,000

clones, 22 positive plaques were detected in the first immu-
nologic screening, of which 13 remained positive in the
second screening. Of the 13 phage clones, 5 hybridized with
the oligonucleotide probe synthesized on the basis of a
reverse translation of the N-terminal sequence of SPL(Phe)
as was known at the time. This sequence was Phe-Pro-Ile-
Pro-Ile-Pro-Tyr-Cys-Trp. Subsequent amino acid sequence
analysis revealed that the fifth residue was leucine rather than
isoleucine. However, this change resulted in only a single
base mismatch between the oligonucleotide probe and the
actual DNA sequence, and thus the probe was still usable.
This probe was used to further identify.the clones isolated by
immunologic screening. Two distinct clones that encode the
SPL(Phe) peptide sequence were isolated initially: 214.1 (1.4
kilobases, Fig. 1) and 219.1 (0.4 kilobase). The nucleotide
sequences of these two clones are virtually identical. Both
represent open reading frames that indicate the Phe-Pro-Ile-
Pro sequence was derived from cleavage of a Gln-Phe bond
in a larger preprotein (Fig. 2). The upstream sequence of
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1: TTC CCC ATT CCT CTC CCC TAT TGC TGG CTC TGC AGG GCT CTG ATC AAG CGG ATC ...

2: Phe Pro Ile Pro LeU Pro Tyr Cys Trp Leu Cys Arg Ala Leu Ile Lys Arg Ile ...

3: Phe Pro Ile Pro Leu Pro Try Cys Trp Leu Cys Arg Ala Leu

FIG. 1. (Upper) Restriction map of human SPL(Phe) clone 214.1. The SPL(Phe) cDNA of 1408 bases was subjected to restriction enzyme
mapping. (Lower) The DNA sequence encoding the N-terminal sequence of SPL(Phe) is shown in line 1; the predicted amino acid sequence
is shown in line 2 and compared with that determined for human SPL(Phe) by direct amino acid sequence analysis (line 3).
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GA TICCXM GAG 1 AC Cit C C I ?A C C = = CAG 1W AAC CAAIG ACIGC GA;TAO TIC OCX CITG GTC ATC GAC
Glu Phe Arg Glu Cys Asn Val Leu Pro Leu Lys Leu Leu Met Pro GIn Cys Asn Gln Val Leu Asp Asp Tyr Pie Pro Leu Val Ile Asp

TAO TIC CAG AAC CAG ACT GAC WA AAC C3X AIC IGT AlM CAC Cit iC1WC AAA t CX¢ CAG MA GAG CCA GAG CAK GAG CCA CG3
Tyr Phe Gin Asn Gln Thr Asp Ser Asn Gly Ile Cys Met His Leu Gly Leu Cys Lys Ser Arg Gln Pro Glu Pro Glu Gln Glu Pro Gly

AlM CA GAC CXE Cit COC AM CITC XX; GAC oCT CitCOCA GAC cT CIt Cit GPC AAG CMt GIC CIC CCTGTG CMi CCC GC; GCC CIC
Met Ser Asp Pro Leu Pro Lys Pro Leu Ag Asp Pro Leu Pro Asp Pro Leu Leu Asp Lys Leu Val Leu Pro Val Leu Pro Gly Ala Leu

CAG;GCG AGG r GCG CCT CA ACA CK;GAT Cit GTGAG CA CA Tit OCi ATT CC CT CXC TAT 1= ICC CiC 1W ACXG GCr Cit ANC
Gln Ala AMg Pro Gly Pro His Thr Gin Asp Leu Ser Glu Gln Gin Phe, Pro Ile Pro Leu Pro Tyr Cys Trp Lou Cys Arg Ala Leu Ile

AAG CXXG Alt CM CXC AM ATr CXC AAGCG5T GX CTA CGT G CAGMC CXC CAG GC W CX3 Ci CIACCGTG X Ct CIt CG C3X GXC AlM
Lys Arg Ile Gln Ala Met Ile Pro Lys Gly Ala Leu Arg Val Ala Val Ala Gln Val Cys Arg Val Val Pro Leu Val Ala Gly Gly Ile

1TC CAG IC Ci CTI GAG CXC TA 1C GCi AlTC Cit C GAC ACX Cit CIC GC CX Alt Cit CXC CA C GCiT C(3CCX; GCi CiTC
Cys Gln Cys Leu Ala Glu Ag Tyr Ser Val Ile Leu Leu Asp Thr Leu Leu Gly Arg Met Leu Pro Gln Leu Val Cys Ag Leu Val Leu

CXGX ICC TC AMt GAT GkC ACC C3X CA ACG TOG COS ACA GSA GMA T Cit Cx CO GAC =T GAG =C CACCi ITC AMG 1 GCt
Arg Cys Ser Met Asp Asp Ser Ala Gly Pro Ag Ser Pro Thr Gly Glu Trp Lou Pro Ag Asp Ser Glu Cys His Leu Cys Met Ser Val

AGC AGC CAG GOC GCX AAC AGC A(C GAG CAG GXC ATA CTA CAG GCXA ATG CtC CAG CGC T IGT C C Cit GA AM3GA AAP1W
Thr Thr Gln Ala Gly Asn Ser Ser Glu Gin Ala Ile Leu Gln Ala Met Leu Gin Ala Cys Val Gly Ser Trp Leu Asp AMg Glu Lys Cys

AAG CAA TIT GI GAG CNG CAC ACG COC CAG CIt CTG AGC Cit GIG CXC A(G C3C TC; GAT GXC CAC ACC AGC TCACAGCC Ci C3X GCit
Lys Gin Phe Val Glu Gin His Thr Pro Gin Leu Leu Thr Leu Val Pro Ag Gly Tip Asp Ala His Thr Thr Cys Gln Ala Leu Gly Val

1W CGX ACXAM 1 AGC T CTC CAG 1TW MG CA AGC CAC GAG CIT IGA TGA GACit A(C 1W SCIT GCA AAG GMA AAG CCA ACT
Cys Gly Thr Met Ser Ser Pro Leu Gln Cys Ile His Ser Pro Asp Leu Non Ncon

GAG ACS CXC TT CX3X AGC AIM GCi ACG AC3G Cit TiT CXC TUT Cit CXC Ci GCXC AX TMC CAG GCT GAA AG AAG GCT CAG C CIA
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CTC CGCG T 1W ICC CXT G Cit ACT 1 ACT CIT C CM C X t AGCIT Cit 1G COC t TCT Ci WA CIT 1080

CAA OA CAG TCT GAG ACG AG CX CAG it= CAT Ccr CIC T1 T1W GAG GCA CAG CAG CGX CAG CAT CtM GAG GAG CiTC C AC C CAG 1170

ACGTAC CAG GAG CIC GCA GC3 Cit G3C TCA CA AAA ACGAGC CAG 1T =T ACA GA CAG GX; C GM CII GAG CTC CXX; CiC ACA CXC 1260

ACG COC MG CA: ICA AAG ATT AGG m TAC AGCX TAC TIG CAA TC AAA ATT CAG AKG AAA AAA AAA 1WG GMA CAT ACA GA Cit TM AAG 1350

AM GAG Alt AGA A 1 M C AAGT=TT CM MGA AMtATT CAAA AlT C 1408

FIG. 2. Nucleotide sequence and predicted amino acid sequence of clone 214.1. SPL(Phe) begins at nucleotide 316 of the clone (underlined).
Non, nonsense (termination) codon.

214.1 differs at a single nucleotide (position 107), so that the
isoleucine codon ATT in 219.1 is changed to the threonine
codon ACT in 214.1 (Fig. 2). The cDNA encoding SPL(Phe)
is contained within a larger cDNA encoding a precursor
protein predicted from the open reading frame of the cDNA
in both clones. The predicted amino acid sequence and the
N-terminal amino acid sequence of the human protein are
identical (Fig. 1). The C-terminus of the peptide is predicted
from the presence of stop codons in the cDNA, which would
result in the synthesis of a peptide of 181 amino acid residues.
There is no detectable protein of this size in the surfactant
extracts, suggesting that proteolytic processing at both the C-
and the N-terminal regions of the preprotein accounts for the
presence of the Mr 6000-14,000 material observed upon
NaDodSO4/PAGE.

Expression of a Fused (3-Galactosidase-SPL(Phe) Peptide. The
1.4-kilobase EcoRI insert ofclone 214.1 was subcloned into the
plasmid pUC19. The reading frame was altered by cutting with
restriction endonuclease Sal I within the plasmid multicloning
site, filling in the ends with T4 DNA polymerase and deoxy-
nucleotides, and religating (Fig. 3 Right). This construction
gave a clone that expressed a Mr 32,000-34,000 fusion protein
identified by immunoblot analysis with the antibody (Fig. 3,
lanes c and d). The 214.1 insert in the same expression plasmid
but out of reading frame (Fig. 3, lane b) showed no detectable
immunoreactive protein. The size of this immunoreactive fu-
sion protein indicates that clone 214.1 generates a larger
precursor peptide containing the SPL(Phe) protein.

Primary Translation Product. Adult human lung poly(A)+
RNA was isolated by oligo(dT) column chromatography, using
methods described by Aviv and Leder (26), and was used in a
cell-free translation assay. The [35S]methionine-labeled protein
migrated at Mr 40,000, and immunoprecipitation of the Mr

40,000 protein was specifically inhibited by the addition of
excess bovine hydrophobic protein. Translation of this Mr
40,000 protein was inhibited by the addition of cDNA from
clone 214.1 (Fig. 4). Thus, the cDNA sequence, the size of the
fusion protein, and the size of the immunoreactive primary
translation product are consistent with the synthesis of a larger
precursor peptide for SPL(Phe). Synthesis of the Mr 40,000
immunoreactive translation product was not observed after in
vitro translation of rat hepatic poly(A)+ RNA (data not shown).

Blot Hybridization Analysis. RNA was extracted from
human lung by the method of Chirgwin et al. (22). Blot
analysis of electrophoretically fractionated adult human lung
RNA resulted in detection of a 2.0-kilobase RNA and faint
hybridization to a 1.7-kilobase RNA. Human fetal lung
(approximately 19 weeks of gestation) contained much less
SPL(Phe) RNA than adult lung (data not shown).
Hydropathy Plot of the Deduced Amino Acid Sequence.

Hydropathy analysis, by the method of Kyte and Doolittle
(27), of the predicted amino acid sequence is represented by
Fig. 5. The sequence beginning Phe-Pro-Ile-Pro represents an
N-terminal charged domain followed by an extremely hydro-
phobic domain compatible with a transmembrane or mem-
brane-associated protein. The region from Trp-9 through
Val-29 readily fits a model of an amphipathic helix, the
charged residues lying in a distinct axis from the hydrophobic
residues (28). Amino acid residues Gly-44 to Arg-64 and
Arg-72 to Trp-92 also fit into an amphipathic helical model.

DISCUSSION
We have isolated and partially characterized two cDNAs for
one of the small hydrophobic proteolipid-like proteins pres-
ent in extracts of human surfactant, herein termed surfac-
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Codon 10 of
pUC1 9 lacZ gene

I Sal EcoRI 214.1 insert

TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TC CGG GAG TGC
Cgs Arg Ser Thr Leu Glu Asp Pro Arg Val Pro Ser Ser Asn Arg Glu Cys

{ Sall

TGCAGG TCGACTCTAG.
ACGTCCAGCT GAGATC.

T4 polymerase

...............TGCAGGTCGATCGACTCTAG.

...............ACGTCCAGCTAGCTGAGATC.

a b c d

TGC AGG TCG ATC GAC TCT AGA GGA TCC CCG GGT ACC GAG CTC GAA TTC CGG GAG TGC

Cys Arg Ser Ile Asp Ser Arg Gly Ser Pro Gly Thr Glu Leu Olu Phe Arg Glu Cys

FIG. 3. (Left) Immunoblot analysis of the fusion protein of SPL(Phe) clone 214.1, using rabbit antiserum to bovine surfactant extract. Lane
a: standard proteins used for molecular weight calibration. Lanes c and d: fusion protein (Mr 34,000) expressed from pUC19 construct. Lane
b: the same construct but with the 214.1 sequence inserted out of reading frame. (Right) Construction of the pUC19 expression plasmid.

tant-associated proteolipid SPL(Phe) on the basis of the
N-terminal amino acid residue phenylalanine. The size and
deduced amino acid sequence of the human cDNA predicts
a small, hydrophobic peptide derived from a larger primary
translation product. SPL(Phe) is one of the hydrophobic, low
molecular weight peptides recently detected in surfactant
extract preparations and associated with surfactant-like ac-
tivity of rapid surface absorption and surface-tension lower-

40-

_ -31

a b c

FIG. 4. Hybrid-arrested and -selected translation. Poly(A)+ RNA
from adult human lung was hybridized with -5 ug of SPL(Phe)
cDNA 214.1 for 2 hr at 50°C in 80% formamide/10 mM Pipes, pH
6.4/0.25mM EDTA/0.4M NaCl. RNA-DNA hybrids were aliquoted
to separate tubes; in one, the hybrid was "melted" by heating at
100°C for 1 min followed by rapid chilling. Immunoprecipitation of
the hybrid-arrested and hybrid-selected products of in vitro transla-
tion with rabbit reticulocyte lysate identified a M, 40,000 protein in
the sample that had been hybridized and melted (lane a) and the
virtual absence of that protein in the hybrid-arrested form (lane b).
Immunoprecipitation with antiserum directed against another
surfactant-associated protein, SAP-35 (lane c), demonstrated the
specificity of the SPL(Phe) cDNA for the Mr 40,000 protein.

ing when mixed with synthetic lipids (11, 12). SPL(Phe)
therefore has potential utility in the synthesis of protein/
phospholipid mixtures for therapy of surfactant-deficient
states.
The primary sequence beginning Phe-Pro-Ile-Pro-Leu-Pro-

is generated by proteolytic cleavage of a larger propeptide,
with cleavage occurring at a Gln-Phe peptide bond. The exact
location of the C-terminus of SPL(Phe) peptides in surfactant
is unclear at present, since the cDNA sequence (from the
N-terminal phenylalanine codon to the stop codon) predicts
a polypeptide of 181 amino acids, larger than the heteroge-
neous proteins of Mr 6000-14,000 seen by NaDodSO4/
PAGE. The predicted human SPL(Phe) protein is 77%
homologous with the first 60 amino acids obtained from
bovine SPL(Phe) [S. Yu, F. Possmayer, and R. Olafson
(London, ON), personal communication]. In our own labo-
ratory, most of the proteins in the surfactant extract prepa-
rations migrate with Mr 6000; smaller amounts of protein are

detected at Mr 14,000, 18,000, and 26,000. Increased amounts
of the higher molecular weight proteins were detected in the
absence of 2-mercaptoethanol, suggesting the presence of
disulfide-linked oligomers or aggregates of the peptides.
Since two distinct N-terminal sequences have been identi-
fied, it is unclear whether the size heterogeneity represents
distinct peptides of Mr 6000 and 14,000 or various peptides
[containing SPL(Phe)] that are generated by variable prote-
olytic cleavage. Alternative cleavage of the precursor
propeptide might result in the heterogeneity observed by
electrophoretic analysis of surfactant proteins.
Only one significant sequence difference was noted in the

two clones isolated for SPL(Phe). Clone 219.1 is 398 bases
long and encodes the SPL(Phe) protein sequence with 321
bases of 5' nucleotide sequence. In clone 214.1, the 5'
sequence exists as an open reading frame and differs from the
upstream 5' nucleotide sequence from clone 219.1 at a single
nucleotide (position 107 in 214.1) resulting in a threonine
codon in place of the isoleucine codon found in 219.1. This
single nucleotide change is striking in that it results in a loss
of an Asn-Gln-Thr amino acid sequence that comprises a
consensus sequence for asparagine-linked glycosylation.
Use of the SPL(Phe) clone 214.1 DNA as a probe in blot

hybridization analysis of poly(A)+ RNA from adult lung iden-
tified a 2.0-kilobase RNA. Much less SPL(Phe) RNA was
detected in fetal lung RNA, suggesting an ontogenic expression
of this surfactant-associated protein. Morphologic differentia-
tion of the type II cells and increased surfactant phospholipid
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Hydrophobic I

Hydrophilic 4.
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Clone 214.1 open
reading frame

Phe-1 Gly-63

FIG. 5. Hydropathy plot of amino acid sequence predicted by clone 214.1. The plot was based on n = 11, using the assumptions of Kyte
and Doolittle (27). The N-terminal region of SPL(Phe) (Phe-1 to Gly-63) is represented below the complete plot; the horizontal bar underlines
the putative amphipathic helix (Trp-9 to Val-29).

synthesis accompany the perinatal maturation of the lung prior
to birth (30). Factors controlling the developmental expression
of SPL(Phe) synthesis remain to be more fully determined.
The predicted amino acid sequence of SPL(Phe) completely

distinguishes this hydrophobic protein from SAP-35 (3, 4), a
relatively abundant glycoprotein present in the mammalian
surfactants. The predicted SPL(Phe) protein is remarkably
hydrophobic in nature, consistent with its strong association
with phospholipids and its solubility in chloroform/methanol or
ether/ethanol solvent systems. SPL(Phe) has features similar to
those previously described for proteolipids (29). Extensive
dialysis of the surfactant preparations with chloroform/meth-
anol results in a preparation with little remaining phospholipid
(13). The possibility that the hydrophobic proteins contain
covalently attached phospholipid remains unclarified, however.
Hydropathy plots and protein conformations based on the
predicted amino acid sequence demonstrate a highly hydropho-
bic transmembrane domain, with the more hydrophilic regions
in the N-terminal and the C-terminal domains. Based on the end
of the hydrophobic domain and the size of the protein as
estimated by NaDodSO4/PAGE, we predict a C-terminus
resulting in a peptide of -60 amino acids (Phe-1 to approxi-
mately Gly-63). The C- and N-terminal domains are both
consistent with a model of an amphipathic helix (28). An
N-terminal helix of 21 amino acids can be modeled beginning
with Trp-9 and terminating with Val-29. Following the possible
amphipathic helical domain, a hydrophobic region rich in valine
and leucine comprises a domain likely conferring close associ-
ation with surfactant phospholipids. The apposition of an
amphipathic helical domain and a hydrophobic domain is also
apparent in another surfactant-associated protein, SAP-35 (3,
23). Recent work in this laboratory showed that this region of
SAP-35 is the phospholipid binding site. We have been unable
to determine the C-terminus of the SPL(Phe) protein by direct
sequence analysis, and numerous attempts to isolate proteolytic
or cyanogen bromide-generated fragments of SPL(Phe) have
been unsuccessful.

Surfactant extracts used in therapy of hyaline membrane
disease in premature infants contain only small hydrophobic
proteins of Mr 6000-14,000. Reconstitution of synthetic phos-
pholipids with purified hydrophobic proteins results in a mix-
ture whose biophysical properties are virtually identical to those
of whole pulmonary surfactant, including virtually instanta-
neous surface absorption and reduced surface tension during
dynamic compression (7, 9, 11, 13). SPL(Phe) and/or related
peptides likely interact with surfactant phospholipids to impart
this remarkable surfactant-like activity to the phospholipids.
Thus, the SPL(Phe) and/or related peptides may be potentially
useful for the treatment of surfactant-deficient states.
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