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ABSTRACT The gene for CD59 [membrane inhibitor of'
reactive lysis (MIRL), protectin], a phosphatidylinositol-linked
surface glycoprotein that regulates the formation of the poly-
meric C9 complex of complement and that is deficient on the
abnormal hematopoletic cells of patients with paroxysmal
nocturnal hemoglobinuria, consists of four exons saing 20
kilobases. The untransated first exon is preceded by a G+C-
rich promoter region that lacks a consensus TATA or CAAT
motif. The second exon encodes the hydrophobic leader se-
quence of the protein, and the third exon encodes the amino-
terminal portion of the mature protein. The fourth exon
encodes the remainder of the mature protein, including the
hydrophobic sequence necesry for glycosyl-phosphatidylino-
sitol anchor attachment. The structure ofthe CD59 gene is very
simlar to that encoding Ly-6, a murine glycoprotein with
which CD59 has some strtural similai. The striking dm-
ilarity in gene stre is further evidence that the two
proteins belong to a superfamily of proteins that may also
include the uroine activator receptor and a
squid glycoprotein of unknown function.

CD59 is an 18-kDa membrane protein (1-4) that inhibits the
lysis ofblood cells by activated complement (5-7) through an
inhibition of the formation of the polymeric C9 complex
(8-10). CD59 antigen is affixed to the membrane by a
glycosyl-phosphatidylinositol anchor (11) and, like all other
proteins affixed in this way, is deficient on the blood cells of
patients with paroxysmal nocturnal hemoglobinuria (12). The
primary structure of the protein has been deduced from the
cDNA sequence (13-17). The structure is characterized by a
hydrophobic signal sequence of 25 amino acid residues, a
cysteine-rich sequence with at least two potential N-glyco-
sylation sites, and a hydrophobic carboxyl terminus charac-
teristic of proteins that posttranslationally attach the glyco-
syl-phosphatidylinositol anchor.
The amino acid sequence ofCD59 has 24-30%6 similarity to

a family of murine proteins called Ly-6 (13, 15-17). In
particular, the amino- and carboxyl-terminal sequences ofthe
mature proteins show an even greater regional similarity. In
addition, all 10 cysteines of the mature proteins are placed in
comparable positions; these cysteines appear to form intra-
molecular disulfide bonds (18), the disruption of which inac-
tivates CD59 (19).
The function of Ly-6 proteins is not known (20). Reaction

with monoclonal antibodies to epitopes on the proteins
results in activation of the cell characterized by Ca2+ influx
and depolarization (21). Similar responses have been found
when monoclonal antibodies are bound to CD59 (4, 22).
We report the cloning and characterization of the CD59

gene.J The gene consists of four exons spanning -20 kilo-

bases (kb). The promoter region is G+C rich and does not
contain consensus CAAT or TATA motifs. Northern (RNA)
and cDNA analyses indicate that the gene encodes four
mature transcripts that arise from alternative use of different
polyadenylylation signals. Three polyadenylylation sites had
previously been identified; we have identified a fourth site
corresponding to a longer species ofmRNA. The CD59 gene
organization closely parallels that of the murine Ly-6 genes
(23), thereby providing further evidence that CD59 and Ly-6
are closely related.

METHODS
Isolato and Characterization of cDNA and Genomic

Clnm. A HeLa cDNA library constructed in A ZAPTI
(Stratagene) was probed with a 1.0-kb CD59 cDNA probe
generated by gene-specific PCR amplification of HeLa
cDNA. Positively hybridizing clones were subcloned by in
vivo excision into the pBluescript SK- phagemid for restric-
tion analysis and sequencing. Dideoxynucleotide sequencing
was done by using the Sequenase system (United States
Biochemical) with universal, reverse, and/or specific oligo-
nucleotide primers.
A human placental DNA genomic library prepared in

Lambda FixIl (Stratagene) was screened with the 1.0-kb
CD59 cDNA probe. Positively hybridizing, overlapping ge-
nomic clones were isolated, subcloned into pasmid vectors,
and characterized by restriction analysis, Southern blotting,
and dideoxynucleotide chain-termination sequencing. Anal-
ysis of the DNA sequence was facilitated by the Genetics
Computer Group programs.
Primer andysis. Primer-extension analysis was

done as described by Townes et al. (23) with 5 pg ofpoly(A)+
mRNA isolated from HeLa cells.

RESULTS AND DISCUSSION
ExtensinofcDNA Sequence. Four species ofCD59mRNA

have been identified with mobilities corresponding to 600
base pairs (bp), 1.2 kb, 1.9 kb, and 2.2 kb (13, 15); the last of
these is variably present. Consensus polyadenylylation sig-
nals have been located for the first three forms, and cDNA
clones containing a terminal poly(A) sequence have been
isolated for each (13, 14). To identify cDNA clones that
correspond to the largest mRNA, a HeLa cDNA library was
probed with a 1.0-kb CD59cDNA clone generated by reverse
transcription-PCR. Twelve positive clones were identified,
ofwhich four hybridized with an oligonucleotide correspond-
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FIG. 1. Structure of CD59-encoding gene. Exons are indicated by boxes; translated portions are solid, and untranslated portions are shaded.
The restriction sites used in assessment of the structure are indicated.

ing to the 3' end of the cDNA sequence described by Davies
et al. (13). Two of the clones share identical 3' termini and
extend the previously reported sequence ofSawada et al. (14)
for an additional 177 bp. The clones contain a potential
polyadenylylation signal (AAATAGAA) just upstream, al-
though poly(A) sequences were not found on either clone.
These clones likely represent the fourth and largest species of
CD59 mRNA.

Determination of CD59 Gene Structure. The gene for CD59
was found contained within two overlapping clones from a

human placental genomic library that span a 20-kb region of
genomic DNA. Southern analysis with oligonucleotides de-
rived from the known cDNA sequence showed that the gene
is partitioned into four exons separated by three lengthy
introns (Fig. 1); the exons are flanked by appropriate con-
sensus acceptor or donor splice sites (Fig. 2). The first exon
is 45 bp in length, is entirely untranslated, and is separated
from exon 2 by an intron of 5.4 kb. Exon 2 is 85 bp in length
and contains a short (18 bp) untranslated region followed by
the sequence coding for most of the hydrophobic-signal

ggatcccctggtcttgctcttctgtccctgcctctggtggctgctggggaacagtagctaccagctaagttgatagagacactcgaagaggttcattcaaaacactggtccccgagcagc -549
ccagtaagcttttaaacgcataacattttgtttgggtctcaaacaagtcacaaggcacggatacggatgcggctgtggctgatggctatttggatgctgcccaagcctcgcagtaggaag -42 9
cagcttcagactgcagcagggccgcatagcccgatgccaggccctggggcacccagggcaccagcaagacgcacagaaacgttttgaaaaacattttaatatacttaaaaaaaaagtaaa -309
agggaaaatcagaagtctttggaagtttcctactgtttttatgtcccatagcaaatccgaggaggacgccccaaactttcagjttccctggggttttgaaggtgctcattgggtcctggcc -189

AP-1
acccggccttctcagaacctgggccaggaggctgagctccgcgcgggggtggagggagaggaggaggttcctgccgaggtgcggctgcgcggtgcgggagccgggagcctgggagggcaa -69

Spl Spl * * * * ****

gggcatcctgaggggcggggccgggggcggagccttgcgggctggagcgaaagaatgcgggggctgagCGCAGAAGCGGCTCGAGGCTGGAAGAGGATCTTGGGCGCCGCCAGcataaaa 52
ggcccgaaggcctgctggggtttgggtgagccgagccgaggtggcggcggcagtctgggcccgggcggagggtctgtgggggcatcccccgtcctcgctttccactcgac~cctgcc. 169

...... aaatgttcctctcagaagccttcttggccttccagcccttggtttttgagacaaccagcagtcatttgttcgttcctgacattccttcctatcccttccttccaaGTTCTGTG 2 82
M G I Q G G S V L F G L L L V L A V F C H S 22

GACAATCA _ u ctccagtctcaggacatggaatctaggctgccttgg 402
ccatgaactcccttcttaagcctcagtttcagccccagctgctcctccaggcctggatttggttctttt .......... aagcttcctaattgcacagttagatggatattcaaatgtgg 512
atatttcctttgtgcttgcatcagggtccaaaaatgttgctggaactgtagtttgaatttggaaagatataactgctatacatttgtgcgggagtggaatgataccacaagttgctgact 632

G H S L Q C Y N C P N P 34
ttgggcccatattaatggagatggtgggctgccaggggacaagtcagtgctgctttaagagatcctgactttctttctgatt_ 752

T A D C K T A V N C S S D F D A C L I T K A 56__Tcctcccctgtctgttcctaaatgtaatggggtaataagtgcctg 872.
ggaaaaaaattgtgccactgtaatcctcattaggcttgcatcaagtaatagctaccatttattagcgtcaggtgtgtattgggctacgcacttcttcatacattttaaatttaatgtttt 992
gca .... .. tgttcctcctccgtcccacccccataactatactggctctgatgagaccttggttttctgtaaaagctctatttagaggtgtatcattatttacttaattgttctcc 1102
tttacaacccacctgggatgagcatcttgcctagaagtctctacttgcacaggatacatacgaaatagattgaggattcaaagcagetacagaactcttcccacttactttcttaccctg 1222

G L Q V Y N K C W K F E H C N F N D V T T R L R E N E L T Y Y C C K K 91
tcrtcztctcccca 1342
D L C N F N E Q L E N G G T S L S E K T V L L L V T P F L A A A W S L H P * 129

_-- __AGTCAACA 1462

CCAGGAGAGCTTCTCCCAAACTCCCCGTTCCTGCGTAGTCCGCTTTCTCTTGCTGCCACATTCTAAAGGCTTGATATTTTCCAAATrGGATCCTGTTGGG;AAAGAATAAAATTAGCTTGAG 15 82
# 1
CAACCTGGCTAAGATAGAGGGGCTCTGGGAGACTTTGAAGACCAGTCCTGTTTGCAGGGAAGCCCCACTTGAAGGAAGAAGTCTAAGAGTGAAGTAGGTGTGACTTGAACTAGATTGCAT 17 02
GCTTCCTCCTTTGCTCTTGGGAAGACCAGCTTTGCAGTGACAGCTTGAGTGGGTTCTCTGCAGCCCTCAGATTATTTTTCCTCTGtGCTCCTTGGATGTAGTCAGTTAGCATCATTAGTAC 1822
ATCTTTGGAGGGTGGGGCAGGAGTATATGAGCATCCTCTCTCACATGGAACGCTTTCATAAACTTCAGGGATCCCGTGTTGCCATGGAGGCATGCCAAATGTTCCATATGTGGGTGTCAG 194 2
TCAGGGACAACAAGATCCTTAATGCAGAGCTAGAGCACTTCTGGCAGGGAAGTGGGGAAGTGTTCCAGATAGCAGGGCATGAAAAC7TAGAGAGGTACAAGTGGCTGAAAATCGAGTTTT 2 062

TCCTCTGTCTTTAAATTTTATATGGGCTTTGTTATCTTCCACTGGAAAAGTGTAATAGCATACATCAATGGTGTGTTAAAGCTATT7CCTTGCCTTTTTTTTATTGGAATGGTAGGATAT 2182
CTTGGCTTTGCCACACACAGTTACAGAGTGAACACTCTACTACATGTGACTGGCAGTATTAAGTGTGCTTATTTTAAATGTTACTGGTAGAAAGGCAGTTCAGGTATGTGTGTATATAGT 2 302
ATGAATGCAGTGGGGACACCCTTTGTGGTTACAGTTTGAGACTTCCAAAGGTCATCCTTAATAACAACAGATCTGCAGGGGTATGT7TTACCATCTGCATCCAGCCTCCTGCTAACTCCT 2422
AGCTGACTCAGCATAGATTGTATAAAATACCTTTGTAACGGCTCTTAGCACACTCACAGATGTTTGAGGCTTTCAGAAGCTCTTCTAAAAAATGATACACACCTTTCACAAGGGCAAACT 2582
TTTTCCTTTTCCCTGTGTATTC:TArGAA^^TrAA-PrrrAGATTCAGTAGACCTAATGACATTTr,'A'rTTTATGATCTTGGCTGTATTAATGGCATAGGCTGACTTTTGCAGATGGAGGA 2662

ATTTCTTGATTAATGTTGAAAAAAACCCTTGATTATACTCTGTTGGACAAACCGAGTGCAATGAATGATGCTTTTCTGAAAATGAAATATAACAAGTGGGTGAATGTGGTTATGGCCGA 2782

AAAGGATATGCAGTATGCTTAATGGTAGCAACTGAAAGAAGACATCCTGAGCAGTGCCAGCTTTCTTCTGTTGATGCCGTTCCCTGAACATAGGAAAkATAGAAACTTG=ArTTCAAAACT 2902
TAGCATTACCTTGGTGCT'CTGTGTTCTCT'GTTAGCTCAGTGTCTTTCCTTACATCAATAGGTTTTTTTTrTTlTTGGCGGAAGTACTGACCATGCCCACAGCCACCGGCTGAG 3022
CAAAGAAGCTQATTTQATGTGAGTTCTAAGGIAATGAGAAAQAATTTTGATGAATTTAAGCAGAAAATGAATTTCTGGGAAC1TTTTGGGCGGGGGGATTC 3132

FIG. 2. Nucleotide sequence of CD59-encoding gene. Exons are denoted by uppercase letters; translated sequence is denoted by boldface
type. Consensus donor and acceptor sites within introns are underlined. The 5' end of known cDNAs are indicated by stars (boldface when more
than one is found at the same site; the 3' ends of known cDNAs are indicated by the symbol # (boldface when more than one is found at the
same site). The 3'-terminal sequence derived from genomic clones is indicated by italics. Potential polyadenylylation signals are indicated by
double underlining. The translated protein sequence is indicated by single-letter amino acid designations.
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FIG. 3. Similarities in the structure of the gene for CD59 and that for Ly6C.1 (23). The number of nucleotide base pairs in each exon is given;
translated exons and portions of exons are shaded.

sequence of the protein. Exons 2 and 3 are separated by an
intron of :5 kb. Exon 3 is 102 bp in length and codes for a
small portion of the leader sequence and the amino-terminal
31 amino acids of the mature protein. Exon 3 is separated
from exon 4 by an intron of 7 kb. Exon 4 encodes the
remainder ofthe translated sequence as well as, at least, 1438
bp of untranslated sequence.
The presumed promoter region 5' to exon 1 is G+C rich

(78% of the first 100 bases) and does not contain TATA or
CAAT boxes but does contain duplicate transcription factor
Spl sites 55 and 43 bases upstream from the beginning of the
first exon. The 5' end of exon 1 was determined by primer
extension to correspond to that of the cDNA described by
Davies et al. (13). One primer-extension study suggested that
mRNA transcription could alternatively be initiated at the
beginning of exon 2, a conclusion supported by the fact that
severalcDNA clones previously described extend only to the
beginning of exon 2; however, no such initiation site was
found in other studies.
Two differences were found between the genomic se-

quence and the sequence of previously published cDNA. In
the first exon, the published cDNA contains a BamHI
restriction site at bp 27-33; this site is not present in the
genomic sequence, as GGATCC is replaced by GGATCT.
BamHI did not cleave the clone from genomic DNA at this
site; this change apparently represents polymorphism at this
position. Further, at base 2106 of the cDNA described by
Davies et aL (13), a duplicated TCCAGAT sequence is
indicated. This sequence is not duplicated in the genomic
sequence in our studies [or in the cDNA sequence reported
by Sawada et al. (14)].
The amino acid sequence of CD59 has some similarity to

that of the Ly-6 series of murine proteins; --25% of the
residues are identical. This similarity is especially strong in
the leader sequence (exon 2 of CD59), the amino terminus of
the mature protein (exon 3), and the hydrophobic region near
the site of glycosyl-phosphatidylinositol-anchor addition
(exon 4). Further, both proteins contain 10 cysteines that are
found in comparable positions in the protein (13-17, 22).
The organization ofthe genes ofthe murine Ly-6 proteins is

strikingly similar to that of CD59 antigen (22). The genes are
each divided into four exons that are remarkably similar in size
to their counterparts, the first exon is untranslated, and the
second exon encodes for the respective leader sequences (Fig.
3). When the proteins are aligned according to the positions of
the cysteine residues, the exon splice sites occur at nearly the
same positions. Further, similarity (52%6) not previously noted
occurs in the nucleotide sequence in the first, untranslated
exon. Finally, in both genes, mRNA transcription may alter-
natively commence at the beginning of exon 2 (29).
On the other hand, there are considerable differences in the

promoter region of the two genes. The promoter region of
CD59 is G+C rich, whereas that of Ly-6 is not. The Ly-6
promoter contains consensus sequences related to inducibil-

ity by interferon, whereas that of CD59 does not; this
difference might account for the fact that CD59 is apparently
not induced by interferon (15).
From these data, CD59 clearly belongs to the same family

of proteins that includes the murine Ly-6 proteins. Other
members of the family have been identified-the human
urokinase plasmiogen-activator receptor (which has three
repeats of the homologous, cysteine-rich structure) (24) and
a squid glycoprotein of unknown functim (25). All members
of the family are linked to the membrane by the glycosyl-
phosphatidylinositol anchor (24, 26). Where the fcton of
these proteins is known, it involves protei-protein interac-
tions. Thus, the cysteine-rich structure of this superfamily
may provide the basis for repeating units that mediate protein
binding, analogous to the short consensus repeats of the
complement-binding proteins (27) and the "kringles" of the
coagulation-system proteins (28).
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