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Summary: The amino-acid sequence of bovine
myelin lipophilin (proteolipid apoprotein,
Folch-protein) has been completed. Lipophilin
isa 276 amino acid residues containing, extremely
hydrophobic membrane protein with molecular
mass 30 000 Da. The sequence determination
was based on automated Edman degradation of
four tryptophan and four cyanogen bromide
fragments and of proteolytic peptides of complete
lipophilin as well as the fragments obtained by
chemical cleavage.

Four additional sequences were determined which
led to the completion of the primary structure.
Lipophilin is esterified at threonine-198 by long
chain fatty acids (palmitic, stearic and oleic acid).
The attachment site has been established at the
same threonine residue in three different peptides
isolated from thermolysinolytic, papainolytic

and chymotrypsinolytic hydrolysates. This
threonine residue is part of a hydrophilic seg-
ment of lipophilin.

The covalent fatty acyl bond is being discussed
together with important structural and functional
properties of this membrane protein which can
be derived from sequence information.

New separation and purification methods of
hydrophobic and hydrophilic polypeptides for
this sequence determination (fractional solubiliza-
tion, silica gel exclusion, high-performance liquid
chromatography) had to be elaborated as in-
dispensable tools. They are generally applicable
to the structural analysis of hydrophobic mem-
brane proteins.

Four long (26, 29, 40 and 36 residues) and one
medium long (12 residues) hydrophobic segments
are separated by four predominantly positively
and one negatively charged hydrophilic segments.
On the basis of structural data a model for the
membrane integration of lipophilin is proposed.

Die Primdrstruktur des Lipophilins ( Proteolipid-Apoprotein) aus Rindergehirnmyelin

Zusammenfassung: Die Aminosiure-Sequenz des
Myelin-Lipophilins (Proteolipid-Apoprotein,
Folch-Protein) des Rindergehirns wurde be-

stimmt. Die Sequenzierung dieses dufierst hydro-
phoben, 276 Aminosiurereste enthaltenden
Membranproteins der Molekularmasse 30 000 Da,

Enzymes:

Chymotrypsin (EC 3.4.21.1); papain (EC 3.4.22.2); thermolysin (EC 3.4.24 4); trypsin (EC 3.4.21.4);
Staphylococcal serine proteinase (Staph. aureus strain V8 proteinase) (EC 3.4.21.19); endoproteinase Lys-C

(EC 3.4.21.-).
Abbreviation:

BNPS-skatol = 3-bromo-3-methyl-2-( 2-nitrophenylsulfenyl)-3H-indole.
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basierte auf dem automatischen Edman-Abbau
von vier Tryptophan- und vier Bromcyanbruch-
stiicken sowie den proteolytischen Spaltstiicken
des Lipophilins. Vier weitere Teilsequenzen wur-
den bestimmt, die zur Vervollstindigung der Pri-
mirstruktur fihrten.

Lipophilin enthilt eine langkettige Fettsiure,
esterartig gebunden an Threonin-198. Diese Bin-
dungsstelle wurde in drei verschiedenen Peptiden,
die durch Thermolysin-, Papain- und Chymotryp-
sinspaltung gewonnen wurden, bestimmt. Die
Bindungsstelle befindet sich an einem Threonin-
rest eines hydrophilen Segmentes des Lipophilins.

Die kovalente Fettsdurebindung wird im Zu-
sammenhang mit den durch die Sequenzinforma-
tionen erhaltenen wichtigen Eigenschaften fir die
Struktur und Funktion dieses Membranproteins
diskutiert.

Das Lipophilin enthilt vier lange, hydrophobe
Segmente (von 26, 29,40 und 36 Aminosiuren)
und einen kiirzeren, hydrophoben Abschnitt
(12 Aminosiuren). Diese hydrophoben Bereiche
sind durch hydrophile Aminosiuresequenzen ge-
trennt. Auf Grund dieser Befunde wird ein
Modell fiir die Anordnung des Lipophilin-Mole-
kiils in der Membran vorgeschlagen.

Key words: Membrane protein sequencing; lipophilin (proteolipid apoprotein), purification and Edman degradation
of hydrophobic polypeptides; sites of proteolytic cleavage; asymmetric assembly of lipophilin into membrane.

The two major structural proteins of the myelin
membrane in central nervous system are proteo-
lipid apoprotein, also named lipophilinl!}, and
basic myelin protein. Lipophilin comprises more
than 50% of the total myelin proteins.

Whereas the primary structure of basic myelin
protein has been elucidated!2], lipophilin, first
described in 1951131, resisted all attempts to
elucidate its primary structure because of several
unusual properties of this chloroform-methanol
soluble membrane protein. Many aspects of
myelin proteolipid have been compiled!®-5]. Due
to the strong interactions with lipids and with
itself and to the conformational flexibility of
lipophilin, depending on the polarity of the
solvent, a strong tendency of aggregation can be
observed and has led to reports suggesting an
oligomeric structure with subunits of 12.5 kDal®!
and 5 kDa, respectively!7l. Most studies, however,
suggested molecular masses of 23.5, 25, 28 and
30kDal8-111.

The hydrophobicity of lipophilin is further en-
hanced by covalently bound long-chain fatty acids
(1-2% corresponding to 1—2 mol fatty acid/mol
lipophilin)l12= 141,

Chemical studies on lipophilin of rat brain were
initiated in 1974 by Edman degradation of the
N-terminus, which proved to be homologous in
lipophilin of human!!+16] and bovine white
matter!!:17:18],

Cyanogen bromide cleavage releases four frag-
ments, two of which in automated Edman degra-
dation yielded 13 and 6 residues long sequences,
the latter with the C-terminal phenylalanine
residuel?]. The alignment could be established

by sequencing the corresponding 19 residues long
fragment obtained by incomplete BrCN-cleavage.
A third fragment could only be degraded partially.

Small tryptic peptides of lipophilin have been
sequenced!!?] and recently the sequence of a
tryptic fragment (4 kDa), released from the C-
terminus, has been established[20].

In addition to the cyanogen bromide cleavage,
we applied the chemical cleavage with HBr/di-
methyl sulfoxidel2!] and BNPS-skatoll22]. Gel
permeation and gel permeation high-performance
liquid chromatographic procedures were elaborat-
ed in this laboratory for the separation of hydro-
phobic and hydrophilic peptides, which allowed
us to separate the four cyanogen bromide and
four HBr/dimethyl sulfoxide fragments and
purify them for automated Edman degradation.
In addition, gas-liquid chromatographic/mass
spectrometric analysis of the derivatized peptides
of the partial acid hydrolysate was utilized.

These studies unravelled the sequence of cyano-
gen bromide fragments II, IIT and IV at the C-
terminus (71 amino acid residues) which comprise
the C-terminal HBr/dimethyl sulfoxide fragment
IV (Trp IV, 65 amino acid residues)!23]. Cleavage
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with BNPS-skatol was also applied to lipophilin
of rat brain myelin[24]. The partial sequence of
tryptophan fragment I and the complete frag-
ments I, [l and IV were determined by auto-
mated Edman degradation!251,

Three large and several smaller tryptic and thermo-
lysinolytic fragments were isolated and purified
for sequence determination. They form partial
structures of the 16 kDa large tryptophan frag-
ment I or the 23 kDa large cyanogen bromide
fragment 11261, the lengths of which are now firm-
ly established.

Our sequence data left two gaps in the amino-
acid sequence of cyanogen bromide fragment I
and Trp fragment I, respectively. This paper
reports the amino-acid sequence of bovine white
matter lipophilin. It consists of 276 amino-acid
residues with a molecular mass of 30 kDa.

Threonine-198 is esterified with long chain fatty
acids (palmitic, stearic and oleic acid). Lipo-
philin contains 16 cysteine residues some of
which are involved in disulfide bridges. A de-
tailed summary of the strategy and experimental
results which led to this extremely hydrophobic
membrane protein will be given in a forthcoming
publication.* Five strongly hydrophobic se-
quences, 26, 29, 40, 12 and 36 amino-acid res-
idues long, which account for 50% of the amino-
acid residues of lipophilin, are separated by
hydrophilic sequences. Based on the cleavage
sites of several proteolytic enzymes, on disulfide
bonds between proteolytic fragments and the
necessity of embedding the long hydrophobic
sequence into the lipid bilayer of myelin, we
propose a model for the assembly of lipophilin
in the brain white matter myelin membrane.

Materials and Methods

Materials

Thermolysin was obtained from Serva (D-6900 Heidel-
berg), trypsin treated with tosyl-L-phenylalanyl-chloro-
methane from E. Merck (D-6100 Darmstadt), Staph.
aureus strain V8 proteinase from Miles (D-6000 Frank-
furt), papain and chymotrypsin from Sigma Chemie
(D-8028 Taufkirchen), endoproteinase Lys-C from
Boehringer (D-6800 Mannheim).

* Stoffel, W., Hillen, H., Schroder, W. and Deutzmann,
R., this journal, in preparation.

Isolation and fragmentation of lipophilin

Bovine lipophilin was isolated as described!3]. Reductive
l:arboxymethy]atinn[27| and performic acid oxidatinnlzs].
cyanogen bromide cleavage at methioninel2%] and HBr/
dimethyl sulfoxidel2 ! or BNPS-skatol cleavage at
tryptophan residues! 221 were modified and adapted to
this hydrophobic protein as described beforel23:25.26],
For blocking a- and e-amino groups maleoylation was
performed at pH 9111291,

Proteolytic cleavage: Conditions for the proteolytic
cleavage of lipophilin by trypsin and thermolysin of
carboxymethylated lipophilin were those reported
beforel 251, Cleavage by the staphylococcal proteinase
was performed in 0.1M ammonium hydrogen carbonate
buffer pH 7.8, 2mM EDTA at 37 °C for 24 h at a sub-
strate to enzyme ratio of 30: 11391,

Papain cleavage: Lipophilin (100 mg) was submitted to
exhaustive reductive carboxymethylation as described
catlier|25l and then cleaved with 5 mg of papain for 1 h
at 37 "C. The reaction mixture was acidified with 98%
formic acid to pH 2. The large peptides precipitated.
They were extracted with 75% formic acid and chro-
matographed on a Bio-Gel P 100 column (2.5 x 120 cm),
solvent: 90% formic acid. Fractions were analysed by
high-performance liquid chromatography. Those eluting
with identical retention times were pooled and rechro-
matographed (Si 100 and Si 60, 30 x 0.9 cm columns)
for automated Edman degradation.

Chymotrypsin cleavage: 200 mg maleoylated and re-
ductively carboxymethylated lipophilin was treated with
4 mg chymotrypsin for 24 h at room temperature in a
total volume of 60 ml. The reaction was stopped by
lyophilisation. After chromatography on Bio-Gel P 100
(conditions see above), the fractions with identical
retention times were isolated and purified by repeated
high-performance liquid chromatography.
Endoproteinase Lys-C cleavage: 40 mg reductively car-
boxymethylated lipophilin was treated with 3 U endo-
proteinase Lys-C for 18 h at 37 °C in 0.1M NH4HCO3
buffer, pH 8.6.

ing of hydrophobi

Separation, purification and
and hydrophilic peptides
Large peptides were precipitated by acidifying with 98%
formic acid, centrifuged, the precipitate extracted with
75 % formic acid and chromatographed on Bio-Gel P 30,
P 60, P 100 or P 150 columns (2 x 120 cm) (solvent:
90% formic acid[23:25]), Fractions were analysed and
purified by high-performance liquid chromatography as
described25 ], For automated Edman degradation!311a
Beckman sequenator, model 890 C, was used with the
0.2M Quadrol program. Approximately 50 nmol was
used for automated Edman degradation.
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High-performance liquid chromatography of phenyl-
thiohydantoin derivatives of amino acids was carried
out on mixed bed nitrile and phenyl derivatized phases
(1.2 g Nucleosil CN 5 um and 2 g Nucleosil phenyl 7 um)
in stainless steel columns with the following buffer
system: Buffer A: 2.9mM sodium acetate pH 5.0, Buf-
fer B: 50% buffer A, 50% acetonitrile. Gradient: 25%

B 1 min; 25% B to 72.5% B 10 min; 72.5% B 14 min;
72.5% B to 25% B 1 min; hold at 25% B for 10 min,
temperature 32 °C.

Isolation and analysis of fatty acid, esterified to lipo-
philin

Phenylthiohydantoin fractions of serine and threonine
residues positioned by automated Edman degradation
of HBr/dimethyl sulfoxide fragments in previous se-
quencing were subsequently isolated from proteolytical-
ly released peptides of carboxymethylated lipophilin.
The phenylthiohydantoin fractions, in which the deriva-
tives of serine or threonine were identified, were saponi-
fied in 1M NaOH for 30 min at 80 °C. Fatty acids were
extracted with hexane after acidification with 2M HCI
and esterified in anhydrous methanolic HCl (5%) for

30 min at 80 °C. Methyl esters were separated and

identified by gas-liquid chromatography (2 m, 2.5 mm
diameter, 7.5% polyethylenglycol succinate at 140 °C).

Results

The amino-acid composition of bovine proteo-
lipid protein after total hydrolysis is shown in
Tab. 1. In our recent publications on its se-
quencel23:25.261 we described the chemical frag-
mentation by cyanogen bromide and HBr/di-
methyl sulfoxide and the isolation of several
fragments liberated by proteolysis of lipophilin.
Four cyanogen bromide fragments and four HBr/
dimethyl sulfoxide fragments (Trp fragments)
were released, separated and purified for auto-
mated Edman degradation by a novel combina-
tion of methods: larger fragments, particularly
those of hydrophobic nature, precipitated when
the water content in formic acid exceeded 40%.
Both the larger and smaller peptides were partial-
ly separated on Bio-Gel of respective pore sizes
and further purified by repeated gel permeation

Reductively carboxymethylated lipophilin

HBr/Me,S0

Mixture of HBr/Me;SO-
released fragments (Trp fragments)

Soluble fraction

60% HCO,H

Insoluble fraction

Bio-Gel P-60 Bio-Gel P-150
Trp 11 Trp 11 Trp IV Trp I
Repeated gel permeation/high-performance
liquid chromatography
Trp Il (2kDa) Trp I (5 kDa) Trep IV (7 kDa) Trp 1(16 kDa)
(145-162) (163-211) (212-276) (1-144)

Fig. 1. Flow diagram of isolation of chemically released polypeptide fragments of lipophilin.
In principle cyanogen bromide fragments were isolated by the same sequence of separation procedure.
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Table 1. Amino acid composition of lipophilin.
Conditions of hydrolysis: 6M HCl, 24 hat 110 °C in
ampoules sealed under nitrogen.

(a) Calculated from sequence data; (b) amino acid
analysis, based on calculation for 31 alanine residues.

Amino acid a b
Ala 31 31.0
Arg 7 7.1
Asx 10 11.5
Cys 16 9.7*
Glx 16 16.2
Gly 28 26.6
His 6 5.8
Tle 13 12.8
Leu 29 29.0
Lys 11 120
Met 4 3.2
Phe 22 21.8
Pro 6 7.8
Ser 13 12.8
Thr 24 21.2
Trp 4 -
Tyr 14 13.4
Val 21 18.7

* Determined as S-carboxymethylcysteine.

high-performance liquid chromatography on
silicic acid with 90% formic acid as solvent. The
flow sheet, Fig. 1, outlines as an example, the
different steps leading to the isolation and purifi-
cation of tryptophan fragments of lipophilin.
Proteolytic cleavage reactions on lipophilin had
indicated that the specific sites were localized
predominantly in hydrophilic sequences(25]. The
combination of the chemical and enzymatic
cleavage reactions produced ample overlapping
fragments to yield the unambiguous arrangement
of the four fragments released by BNPS-skatol
or HBr/dimethyl sulfoxide and cyanogen bromide,
although the amino-acid sequence of the large
N-terminal Trp-fragment 1°(16 kDa) was in-
complete. Further proteolytic digestions result-
ed in the completion of the sequence of Trpl.
Exhaustive cleavage of drastically reduced

and carboxymethylated lipophilin yielded a
3.6-kDa fragment T 1, which was sequenced over
30 cycles

iFl:
10 20
Cys-Leu-Val-Gly-Ala-Pro-Phe-Ala-Ser-Leu-Val-Ala-Thr-
30
Gly-Leu-Cys-Phe-Phe-Gly-Val-Ala-Leu-Phe-Cys-Gly-Cys-
38
-Glu{Val)}-Glu-Ala-

After exhaustive trypsin cleavage of maleoylated,
reductively carboxymethylated lipophilin a peptide
T-Mal-1 of 2.5 kDa molecular mass was isolated by
the described procedure and sequenced over 22
cycles:

T-Mal-1:
98 100 110
Gln-lle-Phe-Gly-Asp-Tyr-Lys-Thr-Thr-Ile-Cys-Gly-Lys-

119
-Gly-Leu-Ser-Ala-Thr-Val-Thr-Gly-Gly-

Endoproteinase Lys-C cleavage of completely re-
duced lipophilin yielded a peptide Lys-C-1 (5.6
kDa), which was sequenced over 52 cycles:

Table 2. Stoichiometry of amino acids of the enzymatic
fragments.

The amino acids were detected fluorometrically with o-
phthalaldehyde. Cysteine was determined as S-carboxy-
methylcysteine. Conditions of hydrolysis: 6M HCI,

24 h at 110 °C, in ampoules sealed under nitrogen.
Values obtained from the sequence are given in brackets.

Fragment
Fragment | TI1 T1-Trpl | V8Trpl | Lys-C-1
Position 9-44 |45-97 38-47 53-104
Mol. mass | 3.6 5.4 1.1 5.6
[kDa]
Asp - 3.2 (3) = 4.2 (4
Thr 29(3) |38 | 19 (2 2.8 (3)
Ser 0.7 (1) | 1.8 (2) - 0.8 (1)
Glu 3.3 (3)i‘ 39 (4| 21 (2 59 4
Gly 42(5) |41 @ 09 (M 4.6 (5)
Ala 4.2 (5) | 4.6 (5)‘ 1.1 (1) 4.7 (5)
Val 34 (9 23 (3) - 33 (3
Met = — = =
Ile - 40 (4 1.0 (1) 40 (9
Leu 6.1 (5)]52(6)| 22(2) 5.1 (5)
Tyr - 8.1 (8) - 8.1 (8)
Phe 3.7 (4) ] 5.2 (6) - 5.2 (6)
Lys 09 (1)| 1.8 (1| 1.0 (1) 0.8 (1)
His = 0.7 (1) - 0.7 (1)
Arg - 0.3 (1) — 0.8 (1)
Cys 4.6 (4) | s | s -
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Lys-C-1: quence of Trpl is presented in Fig. 2. Sequences
53 60 ; determined by combined gas-liquid chromatog-
Asn-Tyr-Gln-Asp-Tyr-Glu-Tyr-Leu-lle-Asn-Val-lle-His- raphy/mass spectrometry!32-33] are underlined.

70

-Ala-Phe-GIn-Tyr-Val-Ile-Tyr-Gly-Thr-Ala-Ser-Phe-Phe-Phe- Fatty acid attachment site in lipophilin
Lipophilin which had been exhaustively reduced

i and carboxymethylated, was cleaved with papain.

“Thr-Gly-Ala-Val-Arg-Gln-lle-Phe-Gly-Asp-Tyr-Lys Chromatography on Bio-Gel P 100 and high-per-

| formance liquid chromatography on Silica gel

Fragrnentl Trpl was clea?ed wn_th staph_yl_ococcal yielded two peptides, P1 and P2, of about equal

V8 proteinase. A 10 amino acid-containing pep- ;e (7.7kDa) in a ratio of 7:3 as revealed by

tide (V8-Trpl) had the following sequence: automated Edman degradation. The two se-

X % quences of the peptides as sequenced from the

V8.Trpl: i

mixture are:

80 90
-Leu-Tyr-Gly-Ala-Leu-Leu-Leu-Ala-Xaa-Gly-Phe-Tyr-Thr-

38 a7
Ala-Leu-Thr-Gly-Thr-Glu-Lys-Leu-lle-Glu PI-

The amino-acid analyses of the fragments T1
(3.6 kDa), T1-Trpl (5.4 kDa), V8-Trpl (1.1 kDa) s
and Lys-C-1 (5.6 kDa) are shown in Tab. 2. The se- -Gly-Val-Leu-Pro-Trp-Asn-Ala-

194 200
Ala-Ser-Ile-Gly-Thr-Leu-Cys-Ala-Asp-Ala-Arg-Met-Tyr-

G—L-L-E~C—C-A—R-C-I;V-G-&—F—A—i-htV-ELT-G—L—C-F-F—g:_!-A-L-F—C-G—C—E—M—E—-A- ik

e R
=Yyl
G-T-E-K-L=I-E-T-Y-F~S—K-N=Y-Q-D-Y-E-Y-L=I-N-V-T-H-A-E-Q-Y-Y-I-Y-G-T-A-§-F-F-F-L-

T1-Trp1

=l Sssssssss=s=iheassessss=

e

¥~G-AzL-L-L-A-X-G=E~Y~T~T=G-A=V-R-0-I-F~G-D-Y-K=T-T-I-C-G-K-G-L-5=A-T-¥-T-G-G-4-
===l

_'_'___'___'__lje-(;|_._'_'_'_'_'_'__‘_____' a—Th 1

K=G-R-G-5-R-G-0H-Q-A-H-§=L ~E=B-V~C-H- | ~G-C-U

pu. o .

™ -

Fig. 2. Amino-acid sequence of HBr/dimethyl sulfoxide fragment I (Trpl), the N-terminal 16-kDa fragment released
from reductively carboxymethylated lipophilin with overlapping proteolytic fragments: —, data obtained by auto-
mated Edman degradation in the present study; fragments obtained by digestion of total lipophilin with trypsin (T1),
thermolysin (Th1) and lysine-specific proteinase (Lys-C-1); T-Mal-1, tryptic fragment of maleoylated lipophilin; V8-
Trpl and T1-Trpl, fragments of Trpl-fragment by staphylococcal V8 proteinase and trypsin, respectively.

Underlined sequences were determined by gas-liquid chromatography/mass spectrometry.
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P2:

201 210
Ala-Asp-Ala-Arg-Met-Tyr-Gly-Val-Leu-Pro-Trp-Asn-Ala-
220

-Phe-Pro-Gly-Lys-Val-Cys-Gly-

A serine residue has been erroneously reported
for position 198 in a previous analysis, which
corresponded to position 185 in the incomplete
sequence with the tentative numbering in this
publicationl26].

According to Jollés et al.['9] the peptide P1
should contain a fatty acid attachment site.
Therefore the phenylthiohydantoin derivatives
of Ser!?5 and Thr!®8 were saponified and ex-
tracted after acidification, then esterified with
methanolic HCI (5%) and the fatty acid esters
extracted with hexane. Gas-liquid chromatog-
raphy of the extract yielded the fatty acid
pattern known from the complete peptide frag-
ment of TrpIII[26] (palmitic, stearic and oleic
acid in a molar ratio of 1.3:1.0: 1.0). The fatty
acid binding site at position 198 could be confirm-
ed by analysing the corresponding phenylthio-
hydantoin fraction of a thermolysinolytic frag-
ment Th2 with the following sequence:

196 207
Ile-Gly-Thr-Leu-Cys-Ala-Asp-Ala-Arg-Met-Tyr-Gly-.

A third peptide from maleoylated lipophilin,
which was hydrolysed by chymotrypsin, frac-
tionated by Bio-Gel P 60 chromatography and
purified by high-performance liquid chromatog-
raphy on Silica gel Si 100 and Si 60, yielded a
2.2 kDa fragment which was sequenced over

10 cycles:

191 200
Lys-Thr-Ser-Ala-Ser-Ile-Gly-Thr-Leu-Cys-

Threonine in cycle & could hardly be detected
but had been identified before in tryptophan
fragment III. Saponification and esterification
for gas-liquid chromatographic analysis of the
hexane extract yielded the fatty acid mixture,
identical with that of Trplll or lipophilin.
Phenylthiohydantoin derivatives of Thr!92,
Ser!93 and Ser!®% were free of fatty acids. On
this basis the molecular mass of lipophilin is
30 kDa including one covalently bound fatty
acid residue. The 276 residues-containing amino

acid sequence of lipophilin is given in Fig. 3; only
positions 36 and 88 are undetermined. The calcu-
lated amino-acid composition as derived from our
sequence studies is in good agreement with our
experimental data (Tab. 1).

Disulfide bridges

The electrophoretic mobility of lipophilin is
strongly dependent on the secondary and tertiary
structure and the binding capacity of sodium
dodecyl sulfatel25). Performic acid oxidation
abolishes largely the protein conformation. As

a consequence, the polyacrylamide gel bands,
corresponding to different conformations, col-
lapse in one band with an apparent molecular
mass of 30 kDa.

Lipophilin contains 16 cysteine residues. A
recent study!34] on the nature of cysteine residues
in lipophilin, using the titration with Ellman’s
reagent and 4-vinylpyridin, supports the estima-
tion of 4.2 to 5.7 half cystines per 100 amino
acids, 20% of which are present as cysteines!35—371,
Reductive carboxymethylation of lipophilin in
our hands proved to be incomplete and highly
dependent on the isolation procedures of lipo-
philin. During the elucidation of the primary
structure of lipophilin so far two out of presum-
ably five disulfide bonds could be located by
isolating their linked peptides/251.

a) Trypsin cleavage of maleoylated lipophilin
yielded in addition to the above mentioned
peptide T-Mal-1 (2.5 kDa) three further fragments
T-Mal-2 (17 kDa), T-Mal-3 (10kDa) and T-Mal-4
(7 kDa). They were purified by Bio-Gel P 150
chromatography and gel permeation high-perform-
ance liquid chromatography. Automated Edman
degradation indicated that two polypeptides
were degraded simultaneously in equal stoichio-
metry when the 17-kDa fragment was sequenced.

1 11
A) Gly-Leu-Leu-Glu-Cys-Cys-Ala-Arg-Cys-Leu-Val-
and

205 215
B) Met-Tyr-Gly-Val-Leu-Pro-Trp-Asn-Ala-Phe-Pro-

When this 17-kDa tryptic fragment was oxidized
with performic acid, a 10-kDa and 7-kDa peptide
arose, the amino-acid sequences of which are
identical with those of fragments T-Mal-3 and
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0
G-L-L-E-C-C-A-R-C-L-V-G-A-P-F-A-S-L-V-A-T-G-L-C-F-F-G-V-A-L-F-C-G-C-E-(M-E-A-L-T-

—VB-Trpl =

6-T-E-K-L-I-E=T=Y-F-S-K=N-Y-0-D-Y-E-Y-L

™

~I-N-V-I-H-A-F-Q-Y-V-I-Y-G-T-A-S~F—-F-F-L—

——a-Trpl —

Y-G-A-L-L-L~A=X=G=F=Y=T=T=G=A=V-R-Q-I-F

X}

o

~G=D—Y=K-T=T=I-C-G-K-G-L-S~A-T~V~T-G-G-0~

—_——

160

K=G=R=G-§-R-G=0-H-0-A-H-§-L~E-R-V~C-H-C-L-G-C~H-L-6-H-P-D-K-F-V-G-I-T-Y-A-L-T-V-

Th1

fat
V=W=L=L4V=F=A=C=S=A=V=P=V¥=Y=I=Y-F-N-T=M=T-T-C-0-S-I-A-A—P-C-K-T-S-A-S-I-G-1-L-

T2
=

»
¢

o

Trolit

T2

A-D-A-R-M-Y=G-V-L-P-H-N-A-F ~P-G—K-V-C-G-S-N-L-L-§—I-C-K-T-A-E—~F~Q-M-T-F-H-L-F-1

P

u0

Brin2 Ti=Trplv
—Trpllla ———— Trplv
m
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T-Mal-4, respectively. Comparing these two
sequences with the complete structure sequence,
A corresponds to residues 1 to 11 and B to

205 to 215. Therefore Cys2!? or Cys?27 must
form a disulfide bond with one of the cysteine
residues between residue 5 and 34 at the N-
terminus of lipophilin.

b) Enzymatic cleavage of carboxymethylated
lipophilin with thermolysin yielded a mixture of
peptides from which a 13 kDa large polypeptide
was isolated. Again two N-terminal sequences
were determined in parallel by Edman degrada-
tion, which corresponded to

116
A) Val-Thr-Gly-Gly-Gln-Lys-Gly-Arg-Gly-Ser-Arg-Gly-

129
-Gln-His-

and

B) 2'lfeﬁ-an's-l..ys-Thr-.t\la-Glu-Phe-‘:::ln-Me:t-Thr-l’he-His-
239
-Leu-Phe-
Performic acid oxidation cleaved this fragment.
This again was proved by high-performance
liquid chromatography. Therefore Cys?27 must
form a disulfide bond with a cysteine residue in
the center of the polypeptide chain (Fig.3).

Discussion

The structural analysis of lipophilin (proteolipid
protein) from myelin has been made difficult
and complicated over the years by the scarce
solubility of this, the most hydrophobic protein
so far known.
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This and our previous reports/25=271 demonstrat-
ed that the combination of separation methods
allowed the separation and purification of frag-
ments derived from chemical as well as proteolytic
cleavage for Edman degradation and gas-liquid
chromatography/mass spectrometry.

The following procedures were combined and
may prove of general use in the structural analysis
of membrane proteins:

— separation of hydrophilic and hydrophobic
peptides by precipitation of the latter in acidic
aqueous solution

— fractional solubilization of hydrophobic
peptides

— gel exclusion chromatography in 90% formic
acid

— high-performance liquid chromatography on
silica gel of defined pore size of peptides in
the range between 20 and 0.5 kDa with 90%
formic acid.

Suitable column combinations and rechromatog-
raphy led to the separation of peptides with dif-
ferences of 10% in their molecular mass.

Fig.4. Suggested integration
and orientation of lipophilin

in the myelin membrane.

The N-terminus is oriented
towards the extracytosolic

side, the C-terminus towards

the cytosolic side of the lipid
bilayer of the myelin membrane.

Ample overlapping sequences yielded the com-
plete primary structure of lipophilin, which is a
strongly hydrophobic 30-kDa protein, Fig. 4.

It can be seen in Fig. 4, that the amino-acid se-
quence of lipophilin is characterized by one short
and four long hydrophobic sequences, suitable to
integrate into the lipid bilayer. It is obvious from
the sequence that the hydrophobic areas are
bordered by a charged amino acid or a combina-
tion of paired oppositely charged residues. The
hydrophobicity of the protein was determined
using the hydrophobicity indices of Segrest and
Feldman!38]. The position, number of amino
acids and hydrophobicity indices of the hydro-
phobic sequences are summarized in Table 3.

Electron microscopic data suggest a 4.6 nm thick-
ness of the myelin membranel3°l. As compared
to the 3 nm bilayer of most of the intracellular
membranes!?l, 21 amino acids containing
hydrophobic sequences are required to span the
latter, if an a-helical structure is assumed. About
30 residues long sequences would be required to
penetrate the myelin bilayer. Fig. 4 summarizes
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Table 3. Hydrophobicity indices (HI), length and
position of hydrophobic amino-acid sequences of
lipophilin.

Position Number of HI

amino acids
1 9- 34 26 231
2 59- 87 29 2.712
3a 151-167 17 3.03
3b 151190 40 2.36
4 232-267 36 2.35

schematically the proposed integration and
orientation of lipophilin in the myelin lipid bi-
layer. The hydrophobic sequences are linked by
hydrophilic, highly charged sequences. The first
hydrophilic domain containing 24 amino-acid
residues between Glu3S and Glus® contains a
surplus of negatively charged side chains which
could interact with a positive counterpart such as
myelin basic protein. The loop containing 72
hydrophilic residues between Xaa®8 and Lys!S°
is strongly basic and rich in cysteine residues.
The basic lysine and arginine side chains could
interact with acidic polar head groups of the
same or opposite lipid bilayer (sulfatides, phos-
phatidylserine and phosphatidylinositols).

Our preliminary results on the localization of the
disulfide bridges indicate that the third hydro-
philic sequence between Lys!?! and Glu23!,
which is involved in two disulfide bridges, should
be aligned on the same side as the second hydro-
philic loop between Xaa®® and Lys?5? and the
N-terminal sequence, Gly! to Arg8. This demands
however, that the long hydrophobic domain with
40 hydrophobic residues interacts as a loop with
the bilayer.

In the model which we propose in Fig. 4 it is
striking that the majority of cysteine residues is

to be found in the hydrophilic loops of the same
side of the membrane, which should be the extra-
cytosolic side according to biosynthetic studies(41].

Pairs of oppositely charged amino-acid residues
on the borderline to hydrophobic sequences
could add to the interactions between lipophilin
and lipid bilayer by electrostatic interactions with
the polar head groups of phospho- and sphingo-
lipids.

The suggested model is supported further by our
limited proteolysis experiments with non-specific
enzymes, e.g. chymotrypsin, thermolysin, papain,
subtilisin (not shown here). Their cleavage sites
are exclusively in these hydrophilic loops. Also
labeling experiments with 1251192 indicate the
partial exposition of lipophilin to the extracyto-
solic surface of the myelin membrane.

On the basis of experimental as well as on theo-
retical grounds lipophilin spans the approximately
5 nm lipid bilayer of myelin with long hydro-
phobic sequences which alternate with strongly
charged hydrophilic sequences. It can be regarded
as a polytopic membrane protein[43]. Cysteine
residues in different hydrophilic areas and loops
on the same side of the bilayer linked by disulfide
bridges may bring the extra- and intramembranous
sequences together to a compact cylinderlike
molecule. A further characteristic is the orienta-
tion of the positively charged N-terminal se-
quence and the highly basic hydrophilic loops
Xaa®® to Lys!50 and Lys'?! to Arg204, Lys217

to Glu23! on one side proposed in our model. The
negatively charged hydrophilic sequence between
Glu?3 to Glu’8 on the other hand, together with
the hydrophilic C-terminus carrying three positive-
ly charged residues, is positioned on the cytosolic
side. Whereas these two sequences may interact
with each other by electrostatic interactions and
thus contribute further to the condensed arrange-
ment of the hydrophilic and intramembrane hydro-
phobic domains of lipophilin, the extracytosolic
hydrophilic and positively charged areas could
interact electrostatically or by hydrogen bonding
with negatively charged and other polar head
groups of phospho- and sphingolipids of the extra-
cytosolic side of the adjacent bilayer of the
myelin membrane wrapped around previously
synthesized membranes and thus form the intra-
period dense line seen in electron microscopyl44].
These interactions would strengthen the compact
and stabile multilamellar myelin structure.

The negatively charged loop (Glu*? to Glu®8) on
the cytosolic side of the membrane of our model
may also be exposed to ionic interactions with
myelin basic protein and support the condensa-
tion of the two membrane layers to form the main
dense line well documented by ultrastructural
studies. Lipophilin, therefore, may be regarded as
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the main structural element in the myelin mem-
brane linking adjacent bilayers together.

Furthermore, the long-chain fatty acid esterified
to Thr'®8, which is an element of one of the
hydrophilic loops of the extracytosolic side must
intercalate into the bilayer for thermodynamic
reasons. It could, therefore, spread the hydro-
philic loop or if the latter is linked by a disulfide
bridge also neighbouring loops on the plane of
the membrane surface which would enhance
ionic interactions.

The empirical rules for the prediction of second-
ary structures of proteins!45-511 elicit a high de-
gree of ordered structure, about 30% a-helix and
50% g-sheet structure distributed in four long
uncharges sequences which are interrupted by
random coil areas of different lengths. The latter
are those prone for proteolytic cleavage. How-
ever, different solvents influence the circular di-
chroism of lipophilin extremely. Whereas globular
proteins interact predominantly with aqueous
phases membrane proteins and particularly lipo-
philin is embedded in the hydrophobic “solvent”
of the core of the bilayer. Our circular dichroism
measurements showed 80% a-helix structure
when chloroform/methanol was the solvent (not
shown here). Therefore, predictions of the
secondary structure of lipophilin must be regarded
with great caution.

The proposed model also could form the basis
for the spiral wrapping process of the myelin
sheath, the driving force of which is the contin-
uous flow of lipid and protein vesicles from the
site of synthesis at the endoplasmic reticulum
and Golgi apparatus!*!] to sites of fusion with
the surface membrane near the site of sheath
formationl521,

Whether lipophilin is the molecular equivalent

to the ultra structurally documented radial
component!53! which has an important structural
function by holding the myelin lamellae together
at their external surfaces, remains to be proven
experimentally.
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