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A lipopeptide with one thioester-linked palmitoyl group
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The amino neid sequence and the postiteanslational modification of the hydrophebie surfactunt palypeptide SP-C from canine, rabbit and bavine

lungs were estublished by dircet sequence analysis and plasmu-desorption Ume-of-flight mass spectrometry. The results reveal thaut canine SP-C

hus only ane cysteine residue which, however, is paimitoylated, like the two Cys residues in other charucterized SP-C malecules. [n addition, canine

SP.C it N-terminally truncated, with only 34 amino acid residues in its longest form. Thus, SP-C melecules ean apparently vary to some extent
in the Naterminal lipid-modified part, whereas the extremely hydraphaebic middie and C-terminal paris are well conserved.

Hydrophobie surfuctant polypeptide: Structural unalysis; Thieester; Palmitoylation

1. INTRODUCTION

Pulmonary surfactant,” which is a mixture of
phospholipids and specific proteins in small amounts, is
required for normal respiration, by reducing the surface
tension at the air/liquid interface of the alveoli [i]. In
premature infants a decreased content of surfactant is
associated with respiratory distress syndrome. This
serious disease can be effectively treated by airway in-
stillation  of  surfactant preparations  containing
phospholipids and hydrophobic proteins [2]. The pro-
teins, called SP-B and SP-C [3], seem to facilitate rapid
spreading of the surface active phospholipids [4-6].

Most of the native SP-B is a homodimer [7] with the
two 79-residue polypeptides [8] disulfide linked [9]. SP-
C from human and porcine lungs has 35 residues in'its
longest form [10-11] with two juxtapositioned Cys
residues palmitoylated {7]. It has been reported [12]
that canine SP-C may lack Cys, suggestingthe existence
of ‘SP-C molecules lacking palmitoyl groups. We
therefore isolated SP-C from dog and other species and
determined amino acid sequences and extents of
palmitoylation. The results show that rabbit and bovine
SP-C have two thioester-linked palmitoyl groups like
the human and porcine molecules, while canine SP-C
has one Cys, but this indeed is stoichiometrically
palmitoylated.
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2. MATERIALS AND METHODS

2.1, Preparation of SP-C

Puimonary phospholipids were isolated [5) from ¢anine, bovine
and rabbit lungs. SP-C was separated from the phospholipids by
chromatography on Sephadex LH-60 in chloroform/methanal, 1:]
(v/v), containing 5% 0.1 M HCI [5]. Maximal concentrations of
phospholipids in the SP-C fraction were determined by analyses of
phosphorus [13].

2.2. Structural analysis

SP-C was deacylated and reduced at 37°C for 2 h in ¢hloroform/
methanol, 1:2 (v/v), containing 60 mM trimethylamine and 1 mM
dithioerythritol [7]. After addition of ["*C)iodoacetate (3 mM final
concentration), and incubation for another 2 h at 37°C, the carboxy-
methylated polypepiides: were analyzed by degradations in an ABI
470A sequencer with on-line HPLC for PTH identification [10].
Amino acid compositions were determined with an LKB Alpha Plus
analyzer after hydrolysis in 6 M HC1/70.5% phenol at 110°C for 24 h,
orat 150°C for 72 h {10]. For C-terminal determination, the polypep-
tide was treated with anhydrous hydrazine in evacuated tubes for 6 h
at 110°C [8]. Total fatty acids were released by treatment with KOH,
methylated and analyzed by capillary gas-liquid chromatography [7].

2.3. Mass spectrometry

1-5 nmol SP-C in § ul 0.1% triflucroacetic acid/ethanol, 1:1 (v/v),
was applied on a nitrocellulose-coated sample foll, spin dried and
analyzed in a Bioion 20 **2Cf plasma-desorption time-of-flight mass
spectrometer [7]. Deacylation of SP-C was then performed by treat-
ment of the sample adsorbed on the nitrocellulose-coated foil with an
agueous solution, containing 80 mM dithiothreitol and 80 mM
trimethylamine;  in a humid chamber for one hour at room
temperature, Finally, the nitroceltulose-foil was spin-dried, washed
with 0.1% trifluoroacetic acid, spin-dried again and analyzed by mass
spectrometry, ‘
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1, RESULTS

3.1, Primary structure of canine SP-C

The primary stru¢ture of eanine SP-C was established
by sequencer degradation of the [MClearbexymeth-
ylated polypeptide, N-terminal heterogeneity was
detected, corresponding to (wo chaing with different
starting points, Gly-1 and Ile-2 (Fig. I} in the relative
proportions of 3:5. The two chains otherwise had iden-
tieal strugtures and could be followed o the C-terminal
Leu (Fig. 1). No other forms of the polypeptide were
detected. The C-terminal end was confirmed by re-
covery of free leucine after hydrazinolysis. One Cys was
clearly detected in the N-terminal segment, at position
4 (numbering according to the longest form; Fig. 1). It
was identified both as Cys(Cm) phenylthiohydantain
and from its "“C-radioactivity, Some residues in the
extreniely hydrophobic segment were difficult to assign,
especially those at positions 22 and 25 (Val/Leu and
Val/lle, respectively, as deduced from the direct se-
quence analysis). However, the mass values of canine
SP-C (Table I) are only compatible with the Val alter-
natives for those positions, and the total gompositi‘on
after prolonged hydrolysis (72 h at 150°C, to stoichio-
metrically recover the aliphatic residues [10})) also sup-
ports the Val assignments. Consequently, the amino
acid sequence of canine SP-C is concluded to be as
shown in Fig. 1, in agreement with all data combined.
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3.2, Canine SP-C is a lipopeptide with on¢ palmi-
toylated evsreine residue

The mass spectrometrical analyses of native canine
SP-C showed molecular ion regions at m/z 3805-3809
and m/z 3753-3759 (Fig. 2 and Table Iy, After treat-
ment  of the sample with  dithiethreitol and
trimethylamine, the molecular ions decreased about 240
mass units, giving ions at m/z 3570 and m/z 3512,
respectively (Fig. 2B and Table 13, These results fit with
one palmitoyl group eovalently Hnked to canine SP-C,
In addition the data confirm that the polypeptide has a
truncated form, lacking the N-terminal Gly, and that
the longest form is a 3d-residue polypeptide, The ions
observed are adducts with alkali metal jons (mainly
sodium), as noticed before for the human and porcine
molecules [7). Treatment of SP-C with KOH released
fatty acids, of which more than 70 mol% was found to
be palmitic acid. According to phosphorus determina-
tions, only a minor amount of the fatty acids can
originate from phospholipids, and the molar ratio be-
tween fatty acids and polypeptide is calculated to be
0.8~1.3. Combined, all results clearly show that native
canine SP-C is a lipopeptide with one palmitoyl group
covalently linked to the polypeptide chain. Treatment
of the native molecule with - dithiothreitol and
trimethylamine, which does not hydrolyse hydroxyl
esters or amide bonds (7], cleaves the linkage (Fig. 2B)
and establishes the palmitoyl group to be thioester-
linked to the Cys residue,

Porcine RIPCCPVﬂLKRLLHVVVVVVLVVVVIVGALLMGL

Human FGIPCCPVHLKRLLIVVVVVVL|IIVVVIVGALLMGL
Bovine IPCCPVNIKRLLIVVVVVVLLVVVIVGALLMGL
Rat FRIPCCPVHLKRLLIVVVVVVLVVVVIVGALLMGL
Mouse FRIPCCPVHLKRLLIVVVVVVLVVVVIVGALLMGL
Rabbit FCIPCCPVHLKRLLXXXXXXXXXXXXXXXXXXXXX
Canine

GIPCPSSLKRLLIVVVVLVVVVIVGALLMGL

Fig. 1. Alignment of the amino acid sequences of the longest forms of porcine, human, bovine, rat, mouse, rabbit and canine SP-C. Residues

differing from the most abundant alternative(s) have been boxed. Except for rat and mouse SP-C, for which the extents of acylation have not been

determined, the Cys residues are all palmitoylated, The mass data indicate that rabbit SP-C has 35 residues in its longest form (cf. Table 1), Struc-
tures from this work and [10-12,14].
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Table |

Caleulated molacular mavses (M) s fons (0 = Raj ™ ) v, abserved
lons for various farms af S, Tatact denotes the longest maleculey
with thieester-linked palmitayh groups (Pam), Values Tor rabbit $PC
canneot be calewlated from the panial structure available ©F. Fig. 1)
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Fig. 2. Plasma-desorption time-of-flight mass spectra of canine SP-C,
native (A) and after deacylation with dithiothreitol and
trimethylamine (B),
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3.3, Swructure of bovine and rabbir SP-C

The primary structure of the N-terminal region of
rabbit SP-C was determined by sequencer degradation
(Fig. 1). In addition ro the longest form having an N-
terminal Phe, truncated forms starting with Giy-2 and
Ile-3 were detected, constituting about 60% and 30% of
the longest form, respectively: The molecule contained
two udjacent Cys residues in agreement with the strue-
tures determined for human [11], porcine [10], bovine
[¥1), rvat [12] and mouse [14] SP-C. Mass spectrometry
of native samples and samples. treated  with
dithiothreitol and trimethylamine confirmed that both
bovine and rabbit SP-C contained two palmitoylated
Cys residues (Table I).

4, DISCUSSION

4.1, Primary structures of different SP-C molecules

SP-C molecules contain two Cys residues in all
species examined, except dog where the second Cys is
replaced by Phe (Fig. 1). The sequence deduced now for
the canine polypeptide differs at one position from that
previously published [12], by having only one of the two
Cys residues replaced by Phe. Thus, ¢canine SP-Cis now
established to be a Cys-containing polypeptide. Canine
SP-C has two juxtapositioned Ser residues which are
not present in any other species thus far examined (Fig.
1),

As noticed before [11], the N-terminal part of SP-C
is variable between species, due to amino acid ex-.
changes and different. truncations. However, the N-
terminal parts of human and rabbit SP-C are identical.
[t is not known whether the truncations are due to low
specificity of the enzyme(s) liberating SP-C from pro
SP-C, or to later aminopeptidase-like activities. The
middle/C-terminal segment is conserved between the
species ([11]; Fig.1). No C-terminal truncation has baen
detected.

4.2, Functional implications of palmitoylation

The functional significance of palmitoylation in
general is disputed {15]. The structure of caninc SP-C
with a single Cys indicates that one thioester-linked
palmitoyl group is sufficient for the function of SP-C in
the pulmonary surfactant system, Still, modification of
this Cys appears essential, here as in other species, since
all SP-C's investigated have all Cys residues acylated.
This may indicate that the palmitoylation is of impor-
tance. Judging from the present results, stoichiometric
modification rather than absolute palmitoyl content is
the critical factor.

One functional role of the palmitoylation might be
merely to protect the free -SH group(s) and thereby to
prevent disulfide-dependent dimerization. On the other
hand, the function might be to give a hydrophobic
center, and the Phe residue of canine SP-C, replacing
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one of the palmitoylated Cys residues of other SP-C's,
might then partly mimic the hydrophobic properties of
a palmitoyl group. Alternatively, the palmitoylation of
SP-C could have a regulatory function. However, since
no significant amount of depalmitoylated SP-C has
been demonstrated, a regulatory function via
palmitoylation/depalmitoylation of SP-C seems unlike-
ly. Finally, the palmiteylation could well oceur already
in pro SP-C, especially since there is no conserved
amino acid sequence around the palmitoylation site that
could be associated in mature SP-C with a recognition
signal for the enzyme(s) reeponsible for the palmitoyla-
tion. Irrespective of functional significance, a physical
link between lipid ecomponents and the SP-C polypep-
tide via cysteine palmitoylation is now established also
for canine SP-C and therefore appears to be a general
phenomenon.
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