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ABSTRACT The gene encoding human proteolipid protein
(PLP) was isolated from a human genomic library by hybrid-
ization with labeled DNA of a PLP-specific cDNA clone. The
entire PLP gene spans approximately 17 kilobases. Restriction
and sequence analysis revealed seven exons and six introns. The
entire nucleotide sequences of the exons and of the exon-intron
transitions were determined, and the intron lengths were
measured. Exon I includes only ATGG of the translated region,
the N-terminal methionine codon and G of glycine, the first
amino acid of mature PLP. Each hydrophobic trans- and
cis-membrane domain of PLP together with its adjacent
hydrophilic sequence correlates closely with one exon of the
gene except for the C-terminal transmembrane helix that is
encoded by two exons. The amino acid sequence ofhuman PLP
derived from the nucleic acid sequence is highly conserved.
Human and rat PLP are completely homologous, whereas only
four amino acid residues are exchanged in bovine PLP sequence
derived from protein sequencing and a partial cDNA clone.
Homology search on the nucleic acid level among human,
bovine, and rat brain PLPs indicates an unusually high
homology in the coding regions. Hybridization analysis with
DNA of human-rodent hybrid clones revealed that the gene
encoding PLP segregates with human X chromosome in the
region q13-q22.

Proteolipid protein (PLP; lipophilin, Lp) is the primary
constituent protein of myelin in the central nervous system.
Protein sequence studies on bovine and human.PLP have
revealed a 276-amino acid polypeptide with five strongly
hydrophobic domains (1-3) that interact with the lipid bilayer
as trans- and cis-membrane segments (3). Rodent PLP cDNA
was recently cloned in our laboratory (4) as well as in two
other laboratories (5, 6), and bovine PLP cDNA was cloned
by a fourth group (7).
Here we report on the molecular organization of the human

gene encoding PLP. The gene is about 17 kilobases (kb) in
length and consists of seven exons and six introns. Exon I
encodes only methionine, the N-terminal amino acid residue
of the unprocessed primary translation product of PLP.
Exons II, III, IV, and V all correlate with one hydrophobic
domain and the adjacent hydrophilic connecting sequence
defined at the protein level. Only the C-terminal transmem-
brane sequence is encoded by exons VI and VII. The latter
also contains the hydrophilic C-terminal sequence ofPLP and
the 3' untranslated region.

Southern blot hybridization analysis of restricted DNA
from human-rodent cell hybrids led to the mapping of the
PLP gene onto the X chromosome. The shortest overlap
suggests that the gene location is in the region ql3-q22 near
the locus for 3-phosphoglycerate kinase.

MATERIALS AND METHODS
The X bacteriophage EMBL3 library and Escherichia coli
strain NM539 were provided by A. M. Frischauf (European
Molecular Biology Laboratory, Heidelberg, F.R.G.) (8).

Hybridization Probes. Rat PLP cDNA clone pLP1 contains
a 2585-basepair (bp) insert in the Pst I restriction site of
plasmid pBR322 (4). The complete clone pLP1 and its 1500-,
640-, and 480-bp Pst I fragments were nick-labeled (9).
PLP-specific synthetic oligonucleotides were 5' end-labeled
with [y-32P]ATP (>185 TBq/mmol, Amersham) in the pres-
ence of T4 polynucleotide kinase (Bethesda Research Lab-
oratories) (10).

Isolation of Genomic PLP Clones. Plaques (7.5 x 101) of the
X phage EMBL3 library were screened with 32P-labeled
cDNA clone pLP1. Nitrocellulose filters (BA 85, Schleicher
& Schull) were prehybridized for 6 hr at 42°C in 50% (vol/vol)
formamide/5 x Denhardt's solution (0.02% polyvinylpyr-
rolidone, 0.02% Ficoll, 0.02% bovine serum albumin)/2x
SSPE (lx SSPE = 0.15 M NaCl, 10 mM NaH2PO4, 1 mM
EDTA)/100 ,ug of sonified salmon sperm DNA per ml and
subsequently hybridized with the cDNA probe at 105
cpm/ml. Filters were washed in 0.2x SSC (lx SSC = 0.15
M NaCl, 0.015 M sodium citrate, pH 7.0)/0.1% NaDodSO4
at 65°C for 30 min and autoradiographed at -70°C overnight
with intensifying screens.
Mapping of the Gene Encoding Human PLP by Southern

Blot Hybridization Analysis. Phage DNA was digested with
the respective restriction enzymes and size-fractionated by
gel electrophoresis [0.7% agarose and 5% (wt/vol) polyacryl-
amide in TBE buffer (0.089 M Tris borate/2 mM EDTA)].
The agarose gels were alkali-denatured (0.5 N NaOH, 1.5 M
NaCl for 45 min), neutralized (0.5 M Tris-HCl at pH 7.5, 1.5
M NaCl for 45 min), and blotted onto a GeneScreenPlus
membrane (New England Nuclear) with 10x SSC. The
membrane was hybridized with the respective radioactive
probes, either the 32P-nick-translated Pst I fragments ofpLP1
or 5'-32P-labeled oligonucleotides with specific activities of
about 5 x 106 cpm/pmol at 1 pmol/ml according to the
GeneScreenPlus manual.
DNA Sequence Analysis. Restriction fragments were size-

fractionated by agarose gel electrophoresis (0.7% in TBE
buffer), transferred onto DEAE filter membrane (NA 45,
Schleicher & Schull) by electrophoresis, and eluted with 1 M
NaCl in the presence of 1% arginine. Nucleotide sequences
were determined by plasmid sequencing of restriction frag-
ments cloned into the polylinker sequence ofpUC13 with the
M13 sequencing and M13 reverse-sequencing primer (New
England Biolabs) (11). PLP-specific heptadecameric primers
were synthesized by the solid-phase phosphoramidite meth-
od on an automated Applied Biosystems synthesizer (Model

Abbreviations: PLP, proteolipid protein, kb, kilobase(s); bp, base
pair(s).
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Table 1. Sequences and relative positions of hybridization probes

Hybridization Amino acids Length,
Probe position encoded Sequence* bp

a -21 to +1 ACCCATGTCTTTGGCACTCTGGCTt 24
b 1 to 30 Glyl-Leu1o CAGACATCTAGCACAGCACTCTAACAAACC 30
c 310 to 726 Lys'04-Ala242 Pst I-fragment of pLP1t 450
d 727 to 1366 Phe243-Phe276 Pst I-fragment of pLP1 640
e 1367 to 2262 Pst I-fragment of pLP1 1500

*Oligonucleotide sequences are complementary to rat mRNA.
tThe first two bases belong to the intron between exon I and II.
tFrom Schaich et al. (4).

380A; Foster City, CA). If necessary, large fragments were
further digested with the restriction enzymes Hae III and Rsa
I. These subfragments were inserted in plasmid pUC13 and
sequenced as described.

Hybridization Analysis of Human Leucocyte DNA. Human
leucocyte DNA of healthy donors was isolated (12), digested
with EcoRI, HindIII, and Pst I (5 ,ug/lane), separated by a
0.7% agarose gel in TBE, and blotted onto a GeneScreenPlus
membrane. The membrane was incubated in 50% formam-
ide/10% (wt/vol) dextran sulfate/1% NaDodSO4/1 M NaCl
for 6 hr at 42°C. One hundred micrograms of sonified salmon
sperm DNA per ml and nick-labeled DNA (1 x 105 cpm/ml
at -2 ng/ml) were added, and the membrane was further
incubated for 24 hr at 42°C. The blots were washed in 0.2x
SSC/1% NaDodSO4 at 65°C for 30 min and exposed to Kodak
XAR film for 5-14 days with an intensifying screen.
Chromosomal Mapping of the PLP gene. BamHI and

EcoRI-restricted DNAs of human-rodent hybrid cells blotted
onto nylon membranes (PALL, Glen Cove, NY) were hy-
bridized with the nick-labeled 1200-bp EcoRI fragment of
clone EMBL3-LP6. The hybridization conditions were as
described.

RESULTS
Human PLP Genomic Clones. Two genomic PLP clones,

EMBL3-LP6 and EMBL3-LP7, were isolated from a genom-
ic library cloned into phage X EMBL3 (8). Approximately 7.5
x 105 plaques were screened with nick-labeled DNA derived
from the PLP cDNA clone pLP1 (4).

Characterization of Genomic Clones EMBL3-LP6 and
EMBL3-LP7. The strategy for analyzing the gene encoding
PLP consisted ofthe restriction endonuclease digestion ofthe
two clones. Fragments of single and double digestions were
separated by agarose and polyacrylamide gel electrophore-
sis. Southern blot analysis with Pst I fragments of pLP1 and
synthetic oligonucleotides as probes for the 5' end of the PLP
gene (Table 1) established the restriction map shown in Fig.
la.

Hybridization analysis with probes b and e (Table 1)
revealed that clone EMBL3-LP7 is the N-terminal and clone
EMBL3-LP6 is the C-terminal genomic clone. Their restric-
tion analysis proved that the clones have a length of =15 kb
each and are independent but carry an overlapping region of
2.5 kb.
The human gene encoding PLP spans a region of =17 kb,

estimated from hybridization data of the 5' oligonucleotide
(probe a) and the 1500-bp Pst I fragment of pLP1 (probe e).

Restriction analysis and hybridization with different
probes (a-e) yielded seven independent fragments indicating
that there were at least seven exons. EMBL3-LP7 contains
exons I-VI; EMBL3-LP6 contains exons IV-VII.

Sequence Determination of the Seven Exons. The exon-
bearing fragments were inserted into pUC13 for plasmid
sequencing. Fig. lb summarizes the sequencing strategy
applied to the human gene encoding PLP. Exons III-VII
could be identified with cDNA fragments of pLP1 (probes c,
d, e). Because these fragments did not contain the N-terminal
sequence up to base 310, an oligonucleotide derived from the
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FIG. 1. (a) Restriction map and organization of exons and introns of the human gene encoding PLP. The structure of the gene is represented
schematically by a line with the seven exons (roman numerals) as bars. Solid bars represent coding sequences, and open bars represent 5' and
3' untranslated sequences. (b) DNA sequencing strategy of the seven exons. Genomic fragments were inserted into pUC13 and analyzed by
plasmid sequencing. All exons were subcloned with enzymes shown in a except for exon II, which was subcloned by restriction with Pvu II
and Bgi II. Genomic fragments of exons II and VII were further digested with Hae III and Rsa I. The obtained subfragments were also inserted
in pUC13 for sequencing. Arrows starting with a vertical line represent sequences obtained with M13 sequencing or M13 reverse sequencing
primer. Arrows with a circle at the beginning indicate that oligonucleotides synthesized according to PLP genomic DNA were used as sequencing
primers. B, BamHI; Bg, BgI II; E, EcoRI; H, HindIII; Ha, Hae III; P, Pst I; Pv, Pvu II; R, Rsa I; X, Xba I.
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AAOAAAA:GA AACAA7TGC A-TGAAAGGC ACAAAGAGAA GAT-GACAGCCCACGAAGC- CAGTACCCC AOAGGTX- PGAAAAC-GGC- AGGAGAAGGG GAGGAGGAGA GoACGAGGAA

AGCATTCCCC-CC C T.AACA oCCCCGCC-. C-AA:CAGA AAC-CCCI CA.-CCACGA GAACAC-GACCA AACATAC7CA -IACAQAA C:CAAC AA.GAAGA-C GCCTQAGACA

3I fMe' C3 (_y)
CCAGGAZCGj2A--CCCAA CAAAGCAC-C CACAAA--CAG ACA(CCAGC C .CCCACAAT .GC-AGTCACA GCCCAAACA C ATG - s.aags:: caaaaac.t:agp ...

-21C5

-85

II (G)ly Leu Leo GlT Cys Cys Ala Arg Cys Leu Val Gly Ala Pro Phe Ala Ser Le, Val Ala ITCly eu Cys She Plo 01y Cal Ala 29
...tcctttcooocgCto-TAGG Cooc-Ccao CC CTO TCA TAO CCC CGC OCAAC ACA 00T0CTCA................A...C...C..CCACAGA. A . . . . .CC..CTC.C..777..C.7ACC.C..A....T..ACT.......AT7IA -87

leu Phe Cys Gly Cys Cly His Tlu Ala Leu Thr Gly Thr Gb-: Lys Le, I-e Glu Thr Tyr Phe Ser Lys Asn Cyr GT Asp Tyr G,- Tyr Leu le Asn Va(l) 63
CTG TTC TOT GGC CG GCA CAT TAA GCC CTC ACT GGC ACA GAA AAC CTA ACT GAG ACC CA TTC TCC PAA AAC TAC CAA GACT TAT CAAT CT A gtaa -188
gzacctgccccccac. ...

7I (Va)' .:ie HisAlaPheGisA e Tyr Ca e Tyr Tly Chr Ala Ser She She Phe Le- Cyr Tly Ala Le, leu Le- Ala lb..GCy She Cyr 81
...ttgtctacctgrtaatgcag G ATC CAT GCC TC CAG TAT GTC ATC -A. GGA ACT XCC TCT 7TC TC TTC CTT TAT CCX- CC C7C CT- CTG CCIA CCX-C TC TAC +243

Thr Thr Ty Ala Val ArTgTn l;e Phe Ty Asp Tyr Lys Thr Thr lIe Cys Cly lys Tpy leu Ser Ala Ttr Val Thr G'Ty GTy T. Lys GTy Arc GTy Ser Ara 116
ACC ACC GGC GCA GTC AGG CAG ATC TTT GGC GAC TAC AAG ACC ACT ATC TGC GGC AAG GGC CTG AGC GCA ACG GTA ACA GCG GCC CAG AAG GCG ACG GCT CCC AGA t348

Gly Tb-' h.'s GiTb Al a 'I s Ser leo Arg VCa Cys His Cys leo C-y 'ys Trp eo GTy r-s Pro Asp Lys
GGC CAA CAT CAA GCT CAT CT TCG CAG CCCG CTC TC CAT TCT TC-C CGA AAA TGG CCA GGA CAT CCC TAT AAG atgatcaccrcaqgat-pt-... -450

IV Phe Val GlTy l'e Chr Tyr Ala Leoi Tr Val Va' Tr? leo leo Val Phe Ala Cys Ser Ala Val Pro Va' Cyr l-e Tyr P-e As r 1- 9
... acccatgtcaatcatt ag .-TGT CG AC ATCACC TAT GCC CTG ACCT CCI.GGC-CC T C CT ' CC CC TCCCC.CT CC TAT ACICAT T -ACC -537

Cr? Thr Chr Cys GCI Ser Ile Ala PSe Pro Ser bys T~r Ser Ala Ser le Cly Ser Leo; Cys Aia Asp Ala Arg el Cyr C(_py)
TGC PCT ACC -CTCAG C.ATT CCCCTT CCC ACC PAG ACC TCT GCC AGT ATA GCC AGT CCC TC GCCC GAT CCC AGA ATG TAT qtqagoaqlacqggtg ...

210
+ 61' 9

(G)ly Val Leo Pro Tr? Asn Ala Phe Pro Sly Lys Val Cys G'y Ser Asr Leo Leo Ser Ile Cys Lys T-r Ala Tb 23
...pool----,oTaoAAAapSCTICP C CC CCC PAT CC -CCC PA CCC CCC CCC ACT GCC AAA ACA GCC GAT 9LgagTgggP-a. l -693
999tt ...

1i, P;Se GTIr MeT hr She H's Leo Phe :le Ala A-a Phe Ca' GTy Ala Ala Ala Thr Leo VaCa Ser Le_
...ctct-~ca.tLtcc-caq C-TC CAA ACG ACT CTCAC CTG T ATT X C-CA ITT CCTG OCT CCA GCT ACA CTC GCT TCC CTC gtrgagqtgac-t-qaa-qaL...

VII Leu TI-r Phe Met I'e Ala Ala T-r Tyr Asr Phe Ala Val Leu Lys Le) Met GTy Ara -Tpy Tr 'ys Phe SPop
...ctc-.ctctgttccctacag C7C ACC T AC AT A0 CC' CCC ATC' TAC AAC "'7 GCC CC C7-T AAA CCC ATG GGC CGA GCC ACC AAT TCC TGA TCCCTCCTAG

AAATTCCTC TTCTCTAATA GCGAGGCTCT AACCACACAG CCTACAATGC TGCGTCTCCC ATCTTAACCC T7TC-'CCCCCC CTACCAAC7G GCCCTCC7CC TAC-CGA-GA CG-CAACAAG ...

253
+59

276
-841

-96

FIG. 2. Nucleotide sequence of human PLP encoding gene. The complete sequence of the protein-encoding region of human PLP derived
from genomic clones EMBL3-LP6 and EMBL3-LP7 and the nucleotide-derived amino acid sequence are shown. Nucleotide 1 is the G of glycine,
the first amino acid residue in mature PLP. The proposed CAAT ( ) and TATA (©) boxes and the possible cap site ((D) are underlined. At
position -42 the first nonsense codon (TAG) is marked that appears in frame upstream from the translated sequence. Underlined coding
sequences represent the hydrophobic domains of the protein. Only 202 bases of exon VII are shown.

N-terminal part of rat cDNA (5, 6) was synthesized (probe b).
After sequencing, it became obvious that exon II does not
cover the complete coding 5' end of the gene but begins
within the codon for the first amino acid of mature PLP. An
additional oligonucleotide had to be synthesized for identi-
fying exon I (probe a), which could be found in a Pst IlEcoRI
fragment 8.8 kb upstream of exon II. Fig. 2 shows the
combined exon sequences with joining intron borders and the
untranslated regions of the 5' and 3' end.
The Human Genome Contains Only One Gene Encoding

PLP. The existence of an additional PLP gene is unlikely:
when human leucocyte DNA is digested with the restriction
enzymes EcoRI, Pst I and HindIll, no fragment can be found
in Southern blot hybridization analysis (Fig. 3A) that does not
also appear in the PLP gene integrated into the two clones

A

EMBL3-LP6 and EMBL3-LP7 (Fig. 3B). It is improbable
that a second PLP gene carries exactly the same restriction
sites.
Human Gene Encoding PLP Segregates with the X Chro-

mosome. The gene for human myelin PLP was mapped to the
X chromosome by hybridization of cloned PLP to DNA of a
panel of hybrid clones from human fibroblasts and mouse
(RAG19, A9) or Chinese hamster cells (V79), all deficient in
hypoxanthine phosphoribosyltransferase (14-16). Some hy-
brid clones carried fragments of the human X chromosome
originating from reciprocal translocations in the respective
human parental cells. The DNA of the hybrid clones was
digested with EcoRI and in a second experiment with
BamHI, their fragments were separated by agarose gel
electrophoresis, blotted onto nylon membranes, and hybrid-

B
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FIG. 3. Comparison of restriction sites of human leucocyte DNA
and human gene encoding PLP derived from the human genomic
clones EMBL3-LP6 and EMBL3-LP7. (A) Leucocyte DNA was

- 2 3 digested with EcoRI (lane E), HindIII (lane H), and Pst I (lane P),
size-separated by agarose gel electrophoresis, and blotted onto

-2 0 GeneScreenPlus membrane. Southern blot hybridization was per-
formed with nick-labeled cDNA fragments c and d (Table 1). Arrows
point to the following fragments: EcoRI; 1.1 kb and 8.3 kb; HindIII,
2.5 kb and "15 kb; Pst I, 1.5 kb, 4.1 kb, and 4.5 kb. (B) Part of the
restriction map derived from the genomic clones. Fragments corre-
sponding to those appearing in A are listed together with their
approximate size in kb. The large N-terminal HindIII fragment (>14
kb) extends over the 5' end of the genomic clone EMBL3-LP7.
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FIG. 4. (A) BamHI-digested DNA of human-rodent somatic cell
hybrids were hybridized with the nick-labeled C-terminal 1200-bp
EcoRI-fragment of EMBL3-LP6. Lane a, mouse genomic DNA
(RAG) clones; lane e, hamster genomic DNA (P3) clones; and lane
q, human genomic DNA. Other lanes are identified to the left of Fig.
SA. A blot of the same DNAs but EcoRI-digested was taken as
control for the missing signals in lanes a, d, and n. (B) Dose-
dependent hybridization (0, lx, 4x, 4x) of the human X chromo-
some with the nick-labeled 1200-bp EcoRI fragment DNA was
restricted with EcoRI.

ized with the gel-purified and nick-labeled 1.2-kb C-terminal
EcoRI fragment. The 9.3-kb BamHI and the 1.2-kb EcoRI
fragments were taken as test markers for human PLP. The
result of the Southern blot hybridization analysis (Fig. 4A) is
given in Fig. 5. The human PLP gene clearly segregates with
the X chromosome in the panel ofhuman-rodent somatic cell
hybrids. The smallest overlapping region is at Xql3-q22 near
the 3-phosphoglycerate kinase locus. This agrees with a
recent report (13).

DISCUSSION
The data presented here demonstrate that human PLP is
encoded in a single 17-kb gene. The coding region is con-
tained in seven exons separated by six introns. We obtained
the complete nucleotide sequence of the human PLP mRNA
by combining two genomic clones of a X phage EMBL3
library. The two clones overlap in exons IV, V, VI, and VII.
The 5' end of the gene, the coding sequences spread over the
seven exons, and the 3' stop codon as well as the 3'
untranslated region could be determined unambiguously by

comparison with the cDNA nucleotide sequences elaborated
previously (4-6). A striking feature is the complete homology
of the amino acid sequence of rat myelin PLP derived from
the cDNA sequence and the human primary protein structure
derived from the exon sequences in the human genomic
clones. The homology of the human and rat PLP coding
nucleotide sequences is >97%.
Exon I contains the 5' untranslated region of human PLP

mRNA and the 5'-G of the triplet for glycine, the N-terminus
of mature PLP, that is preceded by a methionine codon in the
primary translation product. As far as rat PLP is concerned,
there is no evidence for a signal peptide (6, 17). For human
PLP the sequence of exon I led to the same conclusion:
following the ATG of methionine upstream according to the
reading frame, a nonsense codon (TAG) is found at position
-42 (Fig. 2). Between these two codons there is no further
ATG. This suggests that the primary translation product
contains only methionine in addition to the mature sequence.
The only possible promoter element can be found at

position -113 (TAAAA), which is 61 bases downstream from
a sequence with a high homology to the classical CAAT box
(18). The highly homologous 5' end of rat PLP mRNA
extends over the "TATA" box-like element (TAAAA) (6). If
it is assumed that the cap site (18) ofthe human gene encoding
PLP is about 30 bp downstream from this postulated promo-
tor element, then the 5' untranslated region ofthe human PLP
mRNA is about 40 bp shorter than that of rat. The relation-
ship of these facts to regulation of the PLP gene requires
further investigation.

Exon-intronjunction sequences of eukaryotes (18) are well
conserved in the PLP gene. Among those species investigat-
ed so far PLP is the most strongly conserved protein of all
proteins sequenced. The coding of each cis- and trans-
membrane domain in a separate exon is another striking
observation. Four of the five hydrophobic domains are
encoded in individual exons. The fifth trans-membrane
domain is divided in two exons (Fig. 6), like the C-terminal
trans-membrane domain of the low density lipoprotein re-
ceptor (19).
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FIG. 6. Amino acid sequence of mature human PLP is folded as suggested by biochemical analysis (3); the hydrophobic a-helical trans- and
cis-membrane sequences are integrated in or span the 50-A lipid bilayer of the central nervous system myelin membrane. Within the protein,
positions are marked that correspond to exon borders of the gene.
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