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Summary: Proteolipid protein (PLP) was iso-
lated from white matter of human brain by
chloroform/methanol extraction and further puri-
fied by chromatography. Performic acid oxida-
tion yielded a product homogenous in NaDodSO,-
polyacrylamide electrophoresis with a molecular
mass of 30 kDa. The carboxymethylated PLP
was chemically cleaved with cyanogen bromide
into four fragments: CNBr 1 22—24 kDa, CNBr
I 5 kDa, CNBr III 1.4 kDa and CNBr IV 0.7
kDa. HBr/dimethylsulfoxide cleavage at trypto-
phan residues released four fragments: Trp I
14—16 kDa, Trp II 2.0 kDa, Trp III 5 kDa and
Trp IV 7 kDa. Hydrophilic fragments were en-
riched in 50% formic acid (CNBr I, III, IV and
Trp II and III), whereas hydrophobic peptides
precipitated from this solvent were CNBr I,

Trp I and IV. The fragments were separated by
gel filtration with 90% formic acid as solvent

and finally purified by gel permeation HPLC

(Si 60 and Si 100) for automated liquid and
solid-phase Edman degradation. Large fragments
were further cleaved with different proteinases
(trypsin, V8-proteinase, endoproteinase Lys-C and
thermolysin). We used an improved strategy in
the sequencing of the human proteolipid protein
compared with our approach to the structural
elucidation of bovine brain PLP.

The amino-acid sequence of human PLP contains
276 residues, the same as found in bovine proteo-
lipid protein. The two sequences proved to be
identical. The possible importance of the con-
servative structure of this integral membrane
protein is discussed.

Die Aminosdure-Sequenz des Proteolipidproteins ( Lipophilin) des Menschen- und

Rindergehirn-Myelins ist vollstandig konserviert

Zusammenfassung: Proteolipid-Protein (PLP)
wurde aus weifSer Substanz von menschlichem
Gehirn mit Chloroform/Methanol extrahiert
und durch Chromatographie gereinigt. Das Pro-
tein erwies sich nach Perameisensiure-Oxidation
in der NaDodSO,-Polyacrylamidgel-Elektro-
phorese einheitlich und hatte eine molekulare
Masse von 30 kDa. Das carboxymethylierte PLP
wurde sowohl der Bromcyanspaltung an Methio-
ninresten als auch der HBr/Dimethylsulfoxid-
Spaltung an Tryptophanresten der Polypeptid-
kette unterworfen. Hydrophobe Fragmente
(CNBr I und Trp I and IV) wurden in 50proz.
Ameisensidure ausgefillt, iiber Gelfiltration in
90proz. Ameisensiure getrennt und durch wieder-

holte Gelpermeation-HPLC (Si 60 und Si 100)
fir die Sequenzierung durch automatischen
Fliissig- und Festphasen-Edman-Abbau gereinigt.
Vier Bromcyanfragmente CNBr I 22—24 kDa,

IT § kDa, III 1.4 kDa und IV 0.7 kDa sowie vier
Tryptophanbruchstiicke Trp I 14—16 kDa, II
2.0 kDa, III 5 kDa und IV 7 kDa wurden iso-
liert. Grofere Fragmente wurden weiter pro-
teolytisch durch Trypsin, V8-Proteinase, Endo-
proteinase Lys-C und Thermolysin abgebaut.
Fiir die Sequenzierung des menschlichen PLP
wurde eine im Vergleich zu der von uns bei der
Strukturaufklirung des Rinder PLP angewand-
ten Methodik verbesserte Sequenzierungs-Strate-
gie verfolgt. Die Aminosduresequenz des mensch-

Abbreviations: PLP = proteolipid protein, lipophilin; PTH = phenylthiohydantoin; MBP = myelin basic protein;
HPLC = high performance liquid chromatography; NaDodSO4 = sodium dodecyl sulfate.
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lichen PLP enthielt 276 Reste gleich der des
Rindergehirn PLP. Die beiden Sequenzen waren

identisch. Die mogliche Bedeutung der konserva-

tiven Struktur des 276 Aminosiurereste enthal-
tenden integralen Membranproteins wird disku-
tiert.

Key words: Lipophilin, human and bovine myelin, conserved amino-acid sequence, trans-membranous protein,

phylogeny.

The multilamellar membrane system of myelin
in the central nervous system is formed by oli-
godendrocytes as extension of their plasma
membranes with a highly specialized lipid and
protein composition. The plasma membrane
protrusions wrap around the axon spirally form-
ing morphologically compact, close appositions
of the cytoplasmic faces of the membrane,
visible as main dense line of the trilaminar perio-
dicity of myelin in electron microscopy. The
intermediate dense line corresponds to the tight
apposition of the external plasma membrane
faces!1=31,

Functionally this membrane system guarantees
the insulator properties required for the unper-
turbed saltatory transmission of the nerve im-
pulse along the nerve cell axons. One extrinsic,
water-soluble protein, the myelin basic protein
(MBP) and one integral, extremely hydrophobic
protein, proteolipid protein (PLP) or lipophilin,
are the main protein components of myelin,
amounting to 90%. MBP, rich in basic and polar
amino-acid residues has a molecular mass of 18
kDa. Its structure has been elucidated by the
regular analytical techniques for the determina-
tion of water-soluble protein structures!**!.

Recently the amino-acid sequence of bovine
myelin proteolipid protein has been elucidated
in this laboratory'®=®). The protein containing
276 amino-acid residues is characterized by a
hydrophilic N-terminus and C-terminus and four
additional hydrophilic sequences which separate
five hydrophobic domains containing long
stretches of uncharged residues. They are bor-
dered by single positively or negatively charged
or by pairs of oppositely charged residues. At
least 10 of the 16 cysteine residues form disul-
fide bridges.

On the basis of our sequence data we have con-
structed a model for the integration of proteo-
lipid protein in the membrane!®), We proposed
that three of the five hydrophobic sequences are
transmembrane segments spanning the lipid
bilayer. We aligned two hydrophobic sequences
as cis-domains, which enter and emerge on the
same side of the membrane. They each contain
a proline residue around the center of the se-
quence which induces a -turn.

This hypothetical model has been experimental-
ly supported by trypsin attack on osmoticall
dissociated rat myelin multilayer membranes'
The sparse comparative sequence data on rat,
bovine and human myelin PLP indicated homo-
logy in the amino-acid sequence!'!).

9]

In this communication we describe the complete
amino-acid sequence of proteolipid protein iso-
lated and purified from white matter of human
brain. PLP of human origin contains 276 amino-
acid residues like that of bovine origin. The two
protein sequences are completely conserved; no
amino-acid residue is altered.

The structure of human lipophilin was deter-
mined with established and improved separation
and sequencing techniques for hydrophobic poly-
peptides, used successfully in our structural
studies on bovine myelin PLPI6—5],

Materials and Methods

Proteolipid protein was extracted from the white matter
of human brain with chloroform/methanol by establish-
ed procedures!!2). It was further purified by Sephadex
LH-60 chromatography!®). 0.8 to 1 g of PLP could be
obtained from one brain.

Trypsin, thermolysin, V8-proteinase and endoproteinase
Lys-C (from Lysebacter enzymogenes) were purchased
from Boehringer, Mannheim.

Performic acid oxidation. 5 ml of 5% H; O, solution in
98% formic acid was added dropwise to 100 mg PLP
dissolved in 10 m! formic acid/methanol (v/v 9:1) at

— 15 °C. The reaction was completed within 4 h. Sol-
vents were removed by rotary distillation at room tem-
perature.

Maleoylation of PLP. 200 mg reduced and carboxy-
methylated PLP[!3] was dissolved in 1% NaDodSO4
and 2 g of maleic anhydride added in small aliquot
portions. The pH was kept constant between pH 8.5
to 9.5 by the addition of 2M NaOH, the reaction con-
tinued for 1 h at room temperature after the addition
of maleic anhydride. The solution was dialysed against
10mM NH4HCO;.

Cyanogenbromide cleavage was performed as described
for bovine PLPI14],

HBr-dimethyl sulfoxide cleavage!15] was adapted to the
cleavage of the hydrophobic PLP: 150 mg carboxy-
methylated PLP was dissolved in 3 m! trifluoroacetic
acid and 3 m/ 12m HCL
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400 p! dimethyl sulfoxide was added and the solution
stirred at room temperature for 30 min. After the addi-
tion of 400 ul dimethyl sulfoxide and 3 m/ 48% HBr the
solution was stirred for additional 30 min. The protein
was precipitated by the addition of 10 m/ H,O and
isolated by centrifugation at 200 x g for 15 min. The
sediment was washed with acetone, air-dried and then
dissolved in 90% formic acid for complete cleavage at
40-50 °C for 24 h. The Trp!80-Thr!8! linkage in Trp-
fragment I1I was split only after prolonged formic acid
treatment at this elevated temperature.

Proteolytic cleavages

Tryptic digestion. 200 mg reduced and carboxymethy-
lated PLP, dissolved in 50 m/ 0.1M NH4HCOj3 buffer,
pH 8.6 was incubated with 4 mg trypsin at 37 °C for

18 h. The reaction was stopped by acidification with

6M HCI, The precipitate was dissolved in formic acid for
chromatography.

Thermosinoly tic cleavage was carried out in 50 m! 0.1M
ammonium acetate buffer pH 7.7 for 3 h at 37 °c, pro-
tein/thermolysin 100: 1 (w/w).

V8-proteinase rreatment of Trp I. 10 mg Trp Iin 500 !
trifluoroacetic acid was dried in a nitrogen stream, the
peptide dissolved in 1 m/ 0.5M NaOH and after addition
of 3 m/ water, 2 m/ 0.1% NaDodSO4, 200 w/ 0.2M
EDTA, the pH was adjusted to 7.9 with 2 m/ 1M Na-
HCOj3. 1 mg V8-proteinase was added and the solution
stirred at 37 °C for 24 h.

Endoproteinase Lys-C digestion, 100 mg reduced and
carboxymethylated PLP was digested in 50 m/ 0.1M
NH4HCO; buffer pH 8.6 with 1 mg endoproteinase
Lys-C for 12 h at 37 °C with constant stirring.

The endoproteinase Lys-C fragment was isolated from
the peptide mixture by gel permeation HPLC. A pep-
tide with a molecular mass of 6 kDa was purified for
sequencing. The conditions for solvent fractionation
with formic acid/water mixtures, gel filtration (Biogel
P10, P60, P150, gel permeation HPLC (Si 60, Si 100
columns) and liquid phase automated Edman degrada-
tion have been described previously!6—81,

For solid-phase automated Edman degradation poly-
peptides were coupled to diisothiocyanate glass in non-
aqueous medium(!6), A home-made automatic solid
phase sequenator was used!17],

Results

Sequence data from fragments of the cyano-
genbromide cleavage in 90% formic acid of puri-
fied PLP yielded four peptides: CNBr I 22 kDa,
CNBr II 5 kDa, CNBr III 1.4 kDa and CNBr IV
0.7 kDa. Molecular masses were derived from
standardized gel permeation HPLC!®! CNBr I
was precipitated from 50% formic acid, whereas
CNBr 11 was partially and CNBr IIT and IV were
completely dissolved. Gel filtration on Biogel
P-10 (200—400 mesh, 20 x 800 mm column)
with 90% formic acid as solvent separated CNBr
II1-IV, CNBr III and CNBr IV. These three frag-

ments could be sequenced completely in the
liquid phase sequenator. They represent the C-
terminus, which is identical with the bovine lipo-
philin C-terminal CNBr-fragments III and IV
(Fig. 1). Their amino-acid compositions are sum-
marized in the table.

CNBr II (5.6 kDa) was purified by repeated
HPLC on coupled Si 60 and Si 100 columns.
Automated Edman degradation over 19 cycles
yielded the following sequence:

Tyr-Gly-Val-Leu-Pro-Trp-Asn-Ala-Phe-Pro-Gly-
-Lys-Val-Cys-Gly-Ser-Asn-Leu-Leu-

The amino-acid stoichiometry of CNBr II after
a 24 h hydrolysis in 6M HC! is summarized in
lane 2 of the table.

The above sequence is identical with the se-
quence Tyr?®-Leu?** of bovine PLP.

We noticed in our previous studies that cleavage
at tryptophan residues with HBr/dimethyl sulf-
oxide is more appropriate for PLP, because a
smaller Trp I (M, 16 kDa) was formed for fur-
ther degradation in addition to three medium
sized polypeptides of Trp I1 M; 2.0 kDa, Trp III
M, 5.3 kDa and Trp IV M, 7 kDa.

The two smaller polypeptides with molecular
masses of 2.0 kDa and 5.3 kDa were named in
analogy to the bovine lipophilin fragments Trp
IT and Trp III of similar size, respectively. They
were soluble in 50% formic acid and could be
enriched and separated from Trp I and IV due
to this property. The latter fragments precipi-
tated. Gel filtration on Biogel P 60 (100—200
mesh; 30 x 100 mm) with 90% HCOOH as sol-
vent separated the two peptides, which were
further purified by gel permeation HPLC on com-
bined Si 60- and Si 100-columns for sequencing.

Trp II (M, 2.0 kDa) and Trp III (M, 5.3 kDa)
had the amino-acid stoichiometry given in lanes
3 and 4 of the table. Trp II could be sequenced
in the liquid phase sequenator over 18 cycles
and yielded the following sequence:

Leu-Gly-His-Pro-Asp-Lys-Phe-Val-Gly-Ile-Thr-
-Tyr-Ala-Leu-Thr-Val-Val-Trp

The fragment is identical in its sequence to the
corresponding Trp II of bovine lipophilin.

Trp III (M, 5.3 kDa) resulted from the HBr/
dimethyl sulfoxide cleavage under the described
conditions!*3!, Its Edman degradation over 20
cycles yielded a sequence with a tryptophan
residue in cycle 18 embraced by three threo-
nine residues, one toward the N- and two to-
ward the C-terminus. We have earlier observed
the resistance of the Trp-Thr linkage under the
standard cleavage conditions!”®).
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Fig. 1. Amino-acid sequence of human brain myelin proteolipid (lipophilin).

Dotted lines under the sequence indicate the fragments obtained either by chemical (cyanogenbromide (CNBr) and
HBr/dimethy! suifoxide (Trp}) or by proteclytic cleavage. Arrows indicate the sections sequenced by Edman degrada-
tion. T1/Trp I and T2/Trp I = tryptic fragments of Trp I; V8/Trp L = splitting products of Trp I by Staphylococcus
aureus V8§ proteinase (EC 3.4,21.19); Lys-C = splitting product of Trp I by endoproteinase Lys-C (from Lysobacter
enzymogenes); T-Mal = tryptic peptide from the malic anhydride-derivatized Trp I fragment; Th = thermolysin
degradation product of the reduced and carboxymethylated proteolipid protein; T3 = a tryptic fragment derived from
the whole proteolipid protein. + and — indicate charged side chains.

Table. Amino-acid analyses of fragments purified from chemical (cyanogen bromide and HBr/dimethyl sulfoxide) and proteolytic
digestions of human white matter proteolipid protein.

CNBr 111, IV CNBr I Trp 11 Trp 111
{258-276) (206-257) (145-162) (163-211)
Asp 1.0 (1) 3.5 (2) 1.2 (1) 2.1 (2)
Thr 1.0 (2) 2.8 (4) 1.6 (2) 3.1 (5)
Ser = (=) 2.7 (3) 0.4 (-) 4.0 4)
Glu - (=) 2.3 (2) 0.7 (-) 0.8 (1)
Pro® - =) - (2) = (1) - (3)
Gly 0.5 2) 4.2 (4) 24 (2) 3.9 (2)
Ala 3.4 (3) 5.5 (7) 1.2 (1) 5.5 (7
Val 1.3 (1) 2.9 (4) 3.2 (3) 5.0 (4)
Met - (1) 0.3 (2) = (=) 0.2 (1)
Ile 0.8 (1) 2.0 (2) 1.2 (H 34 (3)
Leu 2.1 (2) 5.2 (7) 0.6 (2) 4.0 (4)
Tyr 0.6 (1) 0.8 (1) = (1) = (3)
Phe 1.3 (2) 3.0 (6) 1.2 (1) 2.4 (2)
Lys 0.9 (2) 2.1 (2) 0.8 (1) 1.0 (1
His - (-) 0.7 (1) 1.0 (0 0.1 )
Arg 0.3 (1) 1.0 (=) = (=) 1.1 (1)
Trp? = =) - (1) = (1) — (2)
Cys® = (=) = (2) = (=) = (4)
Total 132 (19) 39.0  (52) 15.5 (18) 366  (49)
T/Trp IV T/Trp LI T-Mal T3 Lys-C
(229-268) (192-211) (98-123) (127-150) (53-104)
Asp 0.8 (1) 0.9 (1) 1.0 (1) 1.0 (1) 25 (4)
Thr 24 (5) 0.8 (2) 3.6 (4) - =) 24 (3)
Ser - (1) 1.1 (2) 21 (1) 0.7 (1) 0.7 (1)
Glu 0.7 (2) 0.1 (-) 1.8 (2) 29 (3) 2.8 (4)
Pro® - =) - (1) - (=) - (1) - (-)
Gly 1% (1) 0.9 (2) 5.0 (6) 3.5 (3) 5.1 (5)
Ala 7.6 (9 2.0 (3) 1.1 (1) 1.0 (1) 4.0 (5)
Val 2.8 (3) 1.0 (1) 1:2 (1) 1.0 (n 29 (3)
Met - (2) = (1) - (=) = ) = (=)
Ile 1.8 2) 1.1 (1) 2.0 (2) 0.4 (-) 2.9 (4)
Leu 4.7 (5) 1.9 (2) 11 (1) 24 (3) 5.1 (5)
Tyr = (1) = (1) 1.1 (1) = =) 6.1 (8)
Phe 4.0 (6) 0.1 (-) 1.9 (1) 0.1 (-) 4.8 (6)
Lys 1.0 (1) 0.2 (=) 2.8 3 0.4 (1) 0.2 (1)
His 0.1 (1) - (=) = =) 3.8 4) 0.4 (1)
Arg 0.2 (=) 0.7 (1) 0.5 (1) 0.9 (1) 0.8 (1)
Trp? =~ -) - (1) - (=) - (1) - (=)
Cys? = =) = (1) - (1) - (3) - (=)
Total 27.7 (40) 10.8 (20) 252" Tu26) 18.1 (24) 40.7 (51

8 Proline is not detected by o-phthaldialdehyde, Trp and Cys deteriorate upon acid hydrolysis and are not detected, Theoretical
values in parenthesis. They were confirmed by automated Edman degradation.
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However, a more drastic and repeated cleavage
released a Trp-fragment, I1la, from Trp III. 14
cycles in automated Edman degradation revealed
the following N-terminus of Trp I1la:

Thr-Thr-Cys-Gln-Ser-Ile-Ala-Ala-Pro-Cys-Lys-
-Thr-Ser-Ala-

The complete sequence of Trp I1la resulted from
the sequencing of a trypsin fragment (T/Trp III)
isolated from a PLP tryptic digest of M; 2.1 kDa
over 19 cycles:

Thr-Ser-Ala-Ser-Ile-Gly-Thr-Leu-Cys-Ala-Asp-
-Ala-Arg-Met-Tyr-Gly-Val-Leu-Pro

As indicated in Fig. 1 fragment T/Trp III overlaps
with the sequence obtained from the N-terminal
end of Trp IIL.

The Trp IV fragment was enriched in the sedi-
ment insoluble in 50% formic acid together with
Trp I from which it was purified by gel-permea-
tion HPLC (Si 100—60) and further degraded
with trypsin. The amino-acid analysis indicated
the presence of one lysine residue. The auto-
mated Edman degradation allowed reliable PTH-
identification over only 22 cycles with the lysine
residue in position 17:

Asn-Ala-Phe-Pro-Gly-Lys-Val-Cys-Gly-Ser-Asn-
-Leu-Leu-Ser-Ile-Cys-Lys-Thr-Ala-Glu-Phe-Gln-

The trypsin fragment of M, 4.3 kDa (T/Trp 1V)
was coupled in a non-aqueous medium to solid-
phase-controlled pore glass support (PITC-CP-
glass) and could be sequenced over 33 cycles.
This sequence was unravelled. It overlapped
with the C-terminus of Trp IV and with the
N-terminus of CNBr III at its C-terminus (bold-
type sequences):

Thr-Ala-Glu-Phe-GIn-Met-Thr-Phe-His-Leu-Phe-
-Ile-Ala-Ala-Phe-Val-Gly-Ala-Ala-Ala-Thr-Leu-
-Val-Ser-Leu-Leu-Thr-Phe-Met-Ile-Ala-Ala-Thr-

Trp I (M, appr. 16—17 kDa) was obtained in
homogenous form after repeated HPLC of the
fraction insoluble in 50% HCOOH. The frag-
ment was oxidized with performic acid. The
amino-terminal 31 amino-acid residues were iden-
tical with the N-terminus of bovine lipophilin.
Trypsin treatment of the performic acid-treated
Trp I fragment in its unmodified form yielded a
4.6-kDa peptide which was purified by HPLC
(Si 100—60) and sequenced over 35 cycles.
Tryptic cleavage had occurred at Arg® of Trp I
and 23 residues of the T1/Trp I fragment over-
lapped with the N-terminus of Trp 1. Another
trypsin fragment (T2/Trp I) was sequenced over
10 cycles, two of which overlapped with the
C-terminus of a V8-proteinase fragment of Trp I.
Based on our experience with bovine lipophilin

we applied the endoproteinase Lys-C to Trp I of
human myelin with the same success. The endo-
proteinase Lys-C fragment could be sequenced
over 52 cycles. Two residues at the N-terminus
overlapped with the C-terminus of T2/Trp I and
seven C-terminal residues with the tryptic pep-
tide from the maleic anhydride-derivatized Trp I
fragment, the 26 residues sequence of which was
established by liquid-phase Edman degradation.

Trp I was also hydrolysed with Staph. aureus V8
proteinase, which released a 1-kDa peptide. After
HPLC (Si 100—60) purification it yielded the
sequence:

Ala-Leu-Thr-Gly-Thr-Glu-Lys-Leu-Ile-

which closed the gap betwen T1/Trp I and T2/
Trp I. The sequence data of Trp I still indicated

a discontinuity of a 2.5 kDa sequence between
the C-terminus of T-Mal/Trp I and the N-terminus
of Trp II.

Since all sequences of human lipophilin had so
far proved to be identical with those of the
bovine proteolipid protein, we assumed that the
gap was within a long hydrophilic sequence.
Treatment of reduced and carboxymethylated
lipophilin with thermolysin released a 2.1-kDa
peptide (Th) the sequenced 16 N-terminal resi-
dues of which overlapped with the C-terminus of
T-Mal/Trp I and with the N-terminus of a tryptic
fragment T3 (2.6 kDa). The peptide T3 was iso-
lated from the tryptic peptide mixture of lipo-
philin (see above), it was soluble in 10% formic
acid and purified on Biogel P30 (100—200 mesh)
and by HPLC (Si 100—60). From the automated
Edman degradation over 21 cycles the following
sequence was derived:

Gly-GIn-His-GlIn-Ala-His-Ser-Leu-Glu-Arg-Val-
-Cys-His-Cys-Leu-Gly-Cys-Trp-Leu-Gly-His-

The array of fragments purified from chemical
and enzymatic cleavage procedures and sequenc-
ed either by liquid or solid phase automated
Edman degradation led to the sequence of the
complete amino-acid sequence of human lipo-
philin, the main integral membrane protein of
central nervous system myelin. It consists of
276 amino acids with an exact molecular mass
of 29728 Da.

The human PLP sequence is absolutely identi-
cal with the bovine PLP.

Discussion

The amino-acid sequence analysis of human
proteolipid apoprotein (lipophilin) described

in this paper revealed the suprising result that
this integral, extremely hydrophobic membrane
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protein is identical with the bovine lipophilin,
the primary structure of which we have recently
described!®=?!_ In this sequence position 254 is
leucine instead of valine and X in position 36
has been identified as valine. Lipophilin of both
species does not show a single homologous or
non-homologous amino-acid exchange, provided
that residue 88, unidentified in both species,
proves to be identical. It remains to be analysed
whether the same conservative structure is
preserved on the DNA level of the two species.

The structure of human lipophilin given in Fig. 1
reveals that the sequence with 276 amino-acid resi-
dues is divided into domains of distinctly dif-
ferent polarities. Five hydrophobic segments
form clusters of 26, 32, 40, 12, and 30 hydro-
phobic amino acids. These domains with uncharg-
ed, hydrophobic amino acids are recognized
when the hydropathy of lipophilin is plotted
using relative hydrophobicity indices (HI)!11°!
(Fig. 2). We have proposed a model in which
lipophilin is oriented as a polytopic integral
membrane protein!®! (Fig. 3).

Hydrophobicity {x 10}
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Fig. 2. Hydropathy plot of human brain myelin proteo-
lipid protein (lipophilin).

The ordinate resembles the relative hydrophobicity
indices (x 10) according to ref.[18],

The five hydrophobic domains are embedded in
the lipid bilayer. Whereas about 21 amino-acid
residues in o-helical arrangement are required to
span a 3 nm bilayer!®®, the thickness of the
myelin membrane bilayer is about 4.6 nm ac-
cording to electron microscopic and X-ray dif-
fraction data!?122]_ A sequence of approximately
30 amino-acid residues in a-helical order is re-
quired for a transmembrane segment.

Our model, first based on theoretical reasoning
and later supported by proteolytic cleavage ex-
periments on dissociated myelin membranes!®!

places the N-terminus on the external face, the

COOH

Fig. 3. Proposed assembly of proteolipid protein (lipo-
philin) in the lipid bilayer of the myelin membrane,
Segments I, Il and V are trans-membranous helices, III
and IV cissmembranous segments. The N-terminus A
and loops B, C and D are hydrophilic and oriented to-
ward the external surface of the membrane, loop E and
the C-terminus are located on the cytosolic side of the
lipid bilayer. The width of the lipid bilayer is assumed
to be 4.6 nm[20:21],

C-terminus on the cytoplasmic side of the mem-
brane (Fig. 3). The hydrophobic domains I
(Cys?-Cys®*), II (Tyr®*®-Phe®®) and V (Phe?*? or
Leu??8-Leu?®?) are transmembranous segments,
whereas domains III (Phe!5'-Cys!®®) and 1V
(Met2%5 Gly?!9) are hydrophobic cis-membranous
segments. The hydrophobic segment I'V (12
residues) is to short and domain III to large

(40 residues) to span the bilayer. Furthermore
Pro!” in domain III and Pro?!° of domain IV
may induce interior f-turns in the lipid bilayer.
In addition we have established a disulfide link-
age in bovine lipophilin connecting the hydro-
philic loop between Gly*'S and Glu®! with the
N-terminal hydrophilic sequence Gly!-Arg® each
of which embraces two cysteine residues!'®!. As
the participating cysteine residues must be on
the same side of the membrane, which is the
external side in our model, this implies that
domain III enters the lipid phase, makes a f-turn
and reemerges on the same (external) side.

Lipophilin contains 16 cysteine residues, 12 of
which are in the hydrophilic intervening loops
A, B, C and D located outside of the membrane
bilayer, whereas four cysteine residues are lo-
cated in the transmembrane segments [ and III,
but none on the cytoplasmic side.

The proposed orientation of the polypeptide
chain with its hydrophilic and hydrophobic
trans- and cis-membranous segments was sup-
ported by treatment of the hyposmotically dis-
sociated multi-membrane layer of myelin with
trypsin by which loops B and C were cleaved
resulting in three polypeptides, which were se-
parated and determined in their structure!®!.
Basic myelin protein, which is extremely sensi-
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tive to trypsin, remained unimpaired, which
indicated its powerful protection in the cyto-
plasmic space by the lipid bilayer. These experi-
ments also give a molecular basis for previous
labelling experiments with lactoperoxidase on
intact myelin!#324],

The external hydrophilic loops A—D are posi-
tively charged, whereas segment E carries a neg-
ative surplus charge, the C-terminal sequence
being positively charged. Loop E may interact
with MBP, whereas the positively charged loops
may contribute to the tight packing of the
myelin membranes by electrostatic interaction
with the acidic polar head group of the bilayer
lipids (phosphatidylinositol, phosphatidylserine
and sulfatides).

Although the exact localisation of the disnifide
linkages has still to be clarified, the previously
indicated disulfide linkage between half cystines
at the N-terminus and the hydrophilic loop D
toward the C-terminus suggests that a contrac-
tion of the hydrophilic loops by disulfide bonds
between loops leads to a clustering of trans-
membranous segments. We favour the o-helical
over the (-sheet structures of the hydrophobic
domains, which is suggestive for thermodynamic
reasons though not proven, because intrahelical
hydrogen bonding is possible only in an a-helix
but not in a §-sheet structure, exposing either
hydrophobic or polar neutral side chains of the
hydrophobic segments for interactions!?5].

The hydrophobic sequences of the transmem-
branous domains I, II and IV and of the cis-
membranous domain III are rich in aromatic
side chains, which in molecular models show
amphipathic sidedness and show stacking of the
aromatic side chains, and are also prone to inter-
calation of aromatic side chains of neighbouring
helices. Likewise the neutral polar side chains
are oriented to a large extent towards one side
and require an interaction with a similarly
oriented helix of the same or another PLP
molecule within the lipid bilayer in order to
mask the polarity of these side chains. Future
chemical experiments will demonstrate wheth-
er lipophilin molecules aggregate within the
membrane as suggested recently!26?7) and
whether this integral membrane protein forms
the basis of the radial components visible in
electron microscopy!?8l. Two further structural
features warrant a discussion with regard to the
myelin multilayer membrane structure.

In our elucidation of bovine proteolipid protein
we discovered that threonine-198 within the hy-
drophilic segment C on the external side of the
membrane was acylated with a long chain fatty
acid.

This hydrophilic loop is followed by a 12-resi-
due-long cis-hydrophobic domain IV with a
B-turn. With our present techniques we cannot
ascertain whether the fatty acid residue!®! and
the hydrophobic cis-domain IV immerge into
the outer layer of the same or the opposite
membrane bilayer. These two features could
contribute hydrophobic in addition to ionic
interactions to the tight packing of the myelin
membranes wrapped around the axon. The
amino-acid sequences of the hydrophilic do-
mains, four of which according to our model are
situated on the external side of the membrane, as
well as those of the hydrophobic membrane-inte-
grated domains are completely conserved in man
and cattle. The very limited sequence data of other
integral membrane proteins do not allow a com-
parison with the results of our structural studies
on myelin integral proteolipid protein of bovine
and human brain, which revealed identical amino-
acid sequences. The significance of the con-
served protein structure with regard to the func-
tion can only be deduced if a three-dimensional
structure of lipophilin within the lipid bilayer
and on its surface becomes available. Prior or
concommittantly to this site-directed mutations
in the expressed gene product should allow the
interpretation of structural features of this pro-
tein.

Recently a hypothetical model has been pro-
posed, largely on the basis of our sequence data,
which differs distinetly {rom our proposal and
experimental datal?®),
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