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ABSTRACT The major pathway of arachidonic acid me-
tabolism in human platelets proceeds via a 12-lipoxygenase
enzyme; however, the biological role of the product of this
reaction, 12-hydro(pero)xyeicosatetraenoic acid [12-
H(P)ETE], is unknown. Using a combination ofthe polymerase
chain reaction and conventional screening procedures, we have
isolated cDNA clones encoding the human platelet/human
erythroleukemia (HEL) cell 12-lipoxygenase. From the de-
duced primary structure, human platelet/HEL 12-lipoxyge-
nase would encode a Mr 75,000 protein consisting of 663 amino
acids. The cDNA encoding the full-length protein (pCDNA-
121x) under the control of the cytomegalovirus promoter was
expressed in simian COS-M6 cells. Intact cells and lysed-cell
supernatants were able to synthesize 12-H(P)ETE from ara-
chidonic acid, whereas no 12-H(P)ETE synthesis was detected
in mock-transfected cells. A single 2.4-kilobase mRNA was
detected in erythroleukemia cells but not in several other tissues
and cell lines evaluated by Northern blot analysis. Comparison
of the human platelet/HEL 12-lipoxygenase sequence with that
of porcine leukocyte 12-lipoxygenase and human reticulocyte
15-lipoxygenase revealed 65% amino acid identity to both
enzymes. By contrast, the leukocyte 12-lipoxygenase is 86%
identical to human reticulocyte 15-lipoxygenase. Sequence data
and previously demonstrated immunochemical and biochemi-
cal evidence support the existence of distinct 12-lipoxygenase
isoforms. The availability of cDNA probes for human
platelet/HEL cell 12-lipoxygenase should facilitate elucidation
of the biological role of this pathway.

In 1974, Hamberg and Samuelsson (1) described the charac-
terization of a platelet 12-lipoxygenase enzyme (EC 1.13.-
11.31) that was able to insert molecular oxygen stereospe-
cifically into position C-12 of arachidonic acid to yield
(12S)-12-hydroperoxy-5,8,10,14-eicosatetraenoic acid (12-
HPETE) (1). Platelets also transform arachidonic acid to the
potent vasoconstrictor and aggregatory eicosanoid throm-
boxane A2. Although the biological significance of this latter
pathway has been clearly established (2, 3), the role of the
platelet 12-lipoxygenase continues to be a perplexing issue.
The use of nonspecific lipoxygenase inhibitors and experi-
ments employing the 12-HPETE metabolite 12-hydroxy-
5,8,10,14-eicosatetraenoic acid (12-HETE) have failed to
yield definitive answers as to the physiological role of the
12-lipoxygenase (4).

After its original discovery in platelets, 12-lipoxygenase
activity was found in several other tissues, including porcine
leukocytes, human and mouse epidermal cells, and bovine
tracheal epithelial cells (5-7). The enzyme subsequently was
purified to near homogeneity from the cytosolic fractions of
porcine leukocytes (8) and from bovine tracheal epitheal cells
(7), yielding proteins of Mr 72,000. Monoclonal antibodies to

both human platelet and porcine leukocyte 12-lipoxygenase
have been prepared (9). Differences in immunochemical
(antibody crossreactivity) and biochemical (substrate speci-
ficity, reaction kinetics, and heat stability) parameters have
indicated that the bovine platelet and leukocyte 12-lipoxy-
genases are likely to be distinct isoforms (9).
The amino acid sequences for several other lipoxygenases

have been deduced recently from the cloning of their respec-
tive cDNAs (10-12). Although platelets contain minute
amounts of vestigial RNA, the polymerase chain reaction
(PCR) has been employed successfully to amplify platelet-
specific mRNAs (13). Using a combination of this approach
and traditional screening of cDNA libraries derived from a
human erythroleukemia (HEL) cell line that displays platelet-
like characteristics (14), we have successfully isolated cDNA
clones encoding a 12-lipoxygenase, deduced its primary
structure, and confirmed its identity by expression in eu-
karyotic cells.*

MATERIALS AND METHODS
Agtll cDNA libraries from phorbol 12-myristate 13-acetate
(PMA)-treated HEL cells (15) were generous gifts from E.
Lapetina (Wellcome; library 1) and G. J. Roth (Division of
Hematology, Veterans Administration Hospital, University
of Washington, Seattle; library 2). Restriction endonu-
cleases, other nucleic acid-modifying enzymes, M13 vectors,
and sequencing reagents were obtained from Promega, Boeh-
ringer Mannheim, and Pharmacia. Multiprime DNA-labeling
and GeneAmp kits were from Amersham and Perkin-Elmer/
Cetus, respectively. Radioactive nucleotides were obtained
from New England Nuclear. Oligodeoxynucleotides were
synthesized by Midland Certified Reagent (Midland, TX) and
were either purified by OPC reverse-phase cartridges (Ap-
plied Biosystems) or used directly.
PCR. Total RNA was prepared (16) from washed human

platelets obtained from -:10 ml of blood. An aliquot (1/10th)
was taken for first-strand cDNA synthesis (final volume, 25
,ul) using avian myeloblastosis virus reverse transcriptase
with the downstream oligonucleotide (25-50 pmol) as primer.
The mixture was diluted to 100 ul and adjusted to PCR
conditions [10 mM Tris HCl (pH 8.3), 50 mM KCl, 2 mM
MgCl2, 0.2 mM each dNTP, 25-50 pmol of each primer set,
and 2.5 units of Thermus aquaticus DNA polymerase (Taq
polymerase)], and amplification of target DNA was per-
formed as follows: denaturation at 94°C for 1 min; annealing
at 37°C for 1 min 45 sec; extension at 72°C for 3 min for the
first three cycles, followed either by 30 cycles with a 50°C
annealing temperature, for clone PL12lx or by 30 cycles of

Abbreviations: HEL, human erythroleukemia; HPETE, hydroper-
oxyeicosatetraenoic acid; HETE, hydroxyeicosatetraenoic acid;
PCR, polymerase chain reaction; PMA, phorbol 12-myristate 13-
acetate.
*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M35418).
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940C, 45 sec; 450C, 45 sec; 720C, 1 min for clone PL12IxA.
The amplified products were electrophoresed in 1.2% agar-
ose gels and the expected target DNA was excised and
purified by glass-powder elution (Gene Clean kit, BIO 101).
The DNA (1/100th) was subjected to a second round of
amplification as described above.

Hybridization Screening. The 0.26-kilobase (kb) PCR-
amplified DNA, PL121x, was 32P-labeled by the random
primer method (17) and used to screen Agtll HEL cell cDNA
libraries by methods previously described (18).

Subcloning and Sequencing. The EcoRI inserts of positive
phage clones were purified and sized by electrophoresis in
1.2% agarose gels. Inserts and restriction fragments were
subcloned into M13mpl8 and M13mpl9 vectors and se-
quenced by the dideoxy chain-termination method (19) using
the M13 universal primer or primers derived from sequenced
regions.

Northern Blot Analysis. RNA was size-fractionated by
electrophoresis in 1% agarose gels containing 0.22 M form-
aldehyde, transferred to nitrocellulose, and hybridized with
the 32P-labeled 0.26-kb PL12lx DNA by methods previously
described (18).

Expression of Cloned Human 12-Lipoxygenase DNA. A
DNA expression vector encoding 12-lipoxygenase was con-
structed as follows. (t0 The EcoRI insert of phage clone
HEL12lxG was modified at its 3' end to delete the 3'
noncoding region and incorporate a Sal I site by PCR to
create a 1.15-kb EcoRI-Sal I fragment. This DNA was
subsequently cloned into the EcoRI and Xho I sites of the
expression vector pCDNA1 (Invitrogen, San Diego) to yield
pCDNA-3'121x. (ii) The 0.9-kb EcoRI insert of clone
HEL12lxH was cloned into EcoRI-cleaved, calf alkaline
phosphatase-treated pCDNA-3'121x to give pCDNA-121x.
The orientation of the EcoRI fragment was checked by Sac
I digestion. pCDNA-121x (10-20 ug) was introduced into
COS-M6 cells (seeded at 106 cells per 100-mm plate) by a
standard calcium phosphate transfection procedure (20).
Cells were harvested 60 hr after transfection and aliquots
were assayed for 12-lipoxygenase activity. Briefly, intact
cells or the 10,000 X g supernatants from sonicated cells in
50 mM Tris-HCl (pH 7.4) or phosphate-buffered saline con-
taining 1mM EDTA were incubated with 100 ,uM arachidonic
acid (10 nmol) and a lipoxygenase activator, 13-hydroper-
oxyoctadecadienoic acid (0.5 nmol) for 10 min at 37°C in a
final volume of 100 p1. The reactions were stopped and HPLC
analysis was performed as described (21).
Sequence Analysis. DNA sequence analysis was performed

with programs developed by the University of Wisconsin
Genetics Computer Group (22).
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RESULTS
Isolation ofa 12-Lipoxygenase Clone byPCR Cloning. When

we began this study, no sequence information about the
12-lipoxygenase(s) was available. However, it was known
that 5-lipoxygenase and 15-lipoxygenase share certain highly
homologous regions (11). Based on the hypothesis that 12-
lipoxygenase contains similar homologous segments, a PCR
cloning approach was instituted to isolate a clone encoding
platelet 12-lipoxygenase. Oligonucleotide primers corre-
sponding to these homologous segments were synthesized
(see legend to Fig. 2) and used in a PCR with platelet cDNA
as a template. A 0.26-kb amplified DNA (PL121x; Fig. 1) was
purified and sequenced and was found to contain a single
open reading frame. The translated sequence revealed a
sequence with 76% and 60%o amino acid identity with human
15-lipoxygenase and human 5-lipoxygenase, respectively.

Isolation and Characterization of Additional 12-Lipoxyge-
nase Clones. Isolation ofplateletcDNA clones corresponding
to regions 5' and 3' to PL12lx by means ofa single-sided PCR
approach was unsuccessful. Since platelet cDNA libraries
are extremely difficult to prepare, we screened cDNA librar-
ies derived from a cell line displaying platelet-like character-
istics, namely, PMA-treated human erythroleukemia cells
(14). These cells were demonstrated to contain 12-lipoxy-
genase activity (data not shown). One clone (HEL121x3) was
obtained after screening -3 x 105 clones of library 1, and 2
clones (HEL121xG and -H) were isolated after screening -3
x 10s phage clones of library 2. The 1.5-kb cDNA insert of
HEL12lx3 contained the complete 3' end of the 12-
lipoxygenase cDNA, including the coding region for the
carboxyl-terminal 380 amino acids and 314 base pairs (bp) of
3' noncodingDNA (Figs. 1 and 2). A polyadenylylation signal
(AATAAA) was located 15 bp upstream of a 35-bp poly(A)
tail.
The EcoRI insert of phage clone HEL12lxG was nearly

identical with the insert of HEL12lx3, extending 23 bp
upstream and ending 2 bp after the consensus polyadenyly-
lation signal (Figs. 1 and 2). Phage clone HEL12lxH con-
tained two EcoRI inserts of 0.9 kb and 0.3 kb. When
sequenced and translated, both inserts were found to contain
sequences homologous to other lipoxygenases and could be
readily aligned to give an open reading frame of 854 bp,
encoding the amino-terminal 284 amino acids and having 41
bp of 5' noncoding region. The combined sequence informa-
tion of the EcoRI phage clone inserts indicates that the
12-lipoxygenase cDNA would encode a protein of 663 amino
acids with Mr 75,000.
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FIG. 1. Partial restriction map and sequencing strategy for cloned cDNAs encoding human platelet/HEL cell 12-lipoxygenase. Direction and
extent of sequencing determinations are indicated by arrows. The open box indicates the protein-coding region.
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GGAGGACCCGGCTCCCCTCGCCTAAGCTGCTGGGGGGCGCC -1

ATGGGCCGCTACCGCATCCGCGTGGCCACCGGGGCCTGGCTCTTCTCC GGGTCGTACAACCGCGTGCAGCTTTGGCTGGTCGGGACGCGCGGGGAGGCGGAGCTGGAGCTGCAGCTGCGG 12 0SMetGlyArqTyrArg IleAr4alAlaThrGlyAlaTrpLeuPheSerGlySerTyrAsnArgValGlnLeuTrpLeuValGlyThrArgGlyGluAlaGluLeuGluLeuGlnLouArq40
GCCGGCGCGGGGCGAGGAGGAGGAGTTTGATCATGACGTTGCAGAGGACTTGGGGCTCCTGCAGTTCGTGAGGCTGCGCAAGCACCACTGGCTGGTGGACGACGCGTGGTTCTGCGACCGC 24 0
? roAlaArgGlyGluGluGluGluPheAspHisAspVa lAlaGluAspLeuG lyLeuLeuG lnP hcValArgqLeuArgLy3HsHisH1TrpLeuValAspAspAlaTrpPheCysJApArq 8s0

ATCACGGTGCAGGGCCCTGGAGCCTGCGCGGAGGTGGCCTTCCCGTGCTACCGCTGGGTGCAGGGC GAGGACATCCTGAGCCTGCCC GAGGGCACCGCCCGCCTGCCAGGAGACAATGCT 360
:1 eThrVa lGlnGl yProGlyAlaCysAlaGl uVa lAl~aPheP roCysTyrArgTrpValGlnGlyG luAspI leLeuSerLeuP roGluGlyThrAlaArgLeuP roGlyAsp~sn~la 12 0

. GGACATGTTCCAGAAGCATCGAGAGAAGGAACTGAAAGACAGACAGCAGATCT.ACTGCTGGGCCACCTGGAAGGAAGGGTTACCCCTGACCATCGCTGCAGACCGTAAGGATGATCTA 48 0
LeuAspMetPheGl nLysHi sArqGluLy3Gl uLeuLy sAspArgG lnG lnIleTyrCysTrpAlaThrTrpLysG luGlyLeuP roLeuThrIleA~aAlaAspArgLyzAspAspLeu 160

CC$CCAAATATGAGATTCCATGAGGAGAAGAGGCTGGACTTTGAATGGACACTGAAGGCAGGGGCTCTGGAGATGGCCCTCAAACGTGTTACACCCTCCTGAGtTCCTGCGAACTGCCTA 60 0
2 roProAsnMetArgPheH1isGluGluLysArgLe uAspPheG luTrpThrLeuLysAlaG lyAlaLeuG luMetAlaLeu LysArg4ValTyrThrLeuLeuSerSerTrpAsnCysLeu 20 0

GAAGACTTGATCAGATCTTCTGGGGCCAGAAGAGTGCCCTGGCTGAGAAGGTTCGCCAGTGCTGGCAGGATGATGAGTTGTTCAGCTACCAGTTC CTCAATGGTGCCAACCCCATGCTG 72 0
GluAspPheAspGln IlePheTrpGlyGlnLysSe rAlaLeuAlaGluLysYalArgGlnCysTrpG lnAspAspGluLeuPheSerTyrGlnPhe LeuAsnGlyAlaAsnP roMetLeu 240O

TTGAGACGCTCGACCTCTCTGCCCTCCAGGCTAGTGCTGCCCTCGGGGATGGAAGAGCTTCAGGCTCAACTGGAGAAAGAACTTCAGAATGGTTCC CTGTTTGAAGCTGACTTCATCCTT 840
LeuArgArgSe rThrSerLeuProSerArgLeuValLeuProSerGlyMetGluGluLeuGlnAlaG lnLeuGluLysG luLeuG lnAsnG ly SerLeuPheGluAlaAspPhe IleLou 28 0

CTGGATGGAATTCCAGCCAACGTGATCCGAGGAGAGAAGCAATACC:iFCCCCCCTCGTTATGCTGAAGATGGAGCCCAATGGGAAGCTGCAGCCCATGGTCATCCAGATTCAGCCT 960
LeuAspGl y IleProAlaAsnVa l IleArgGl yGl uLysGlnTyrLeuI laP roLeuValMet LeuLysMetGl1uProAsnG lyLysLeuGlnProMetVal1I leG lnIleGlnPro 32 0

CCCAGCCCCAGCTCTCCAACCCCAACACTGTTCCTGCC CTCAGACCCCCCACTTGCCTGGCTCCTGGCAAAGTCCTGGGTCCGAAATTCAGATTTCCAACTGCAC GAGATCCAGTATCAC 108 0
? roSe rProSe rSe rProThrProThrLeuPhe Le uProSe rAspProP roLeuAlaT rpLeuLeuAla LysSerTrpValArgAsnSerAspPheG lnLeuHi13G l uIleGlnTyrHis 3 60

-GCCTGAACACTCACCTGGTGGCTGAGGTCATCGCTGTCGCCACCATGCGGTGCCTCCCAGGACTGCACCCCATCTTCAAGTTCC CGATCCCCCATATCCGCTACACCATGGAAATCAAC 120 0
,e uLeuAs nTh rH1isLeuVa lAlaGl uVa 1IleAlaVa lAlaThrMetArgCys LeuP roG ly Leu Hi1s ProI lePhe Lys3PheP ro IleP roH1is IleArgTyrTh rMetGl1uIleAsn 40 0

AGCCCGGGCCCGGACCCAACTCATCTCAGATGGAGGAATTTTTGATAAGGCAGTGAGCACAGGTGGAGGGGGCCATGTAC~ATTG CTCCGTCGGGCGGCAGCTCAGCTGACCTACTGCTCC 132 0
-!hrArgAlaArgTh rGlnLe uIleSerAspGl yGl y IlePheAspLysAlaVal SerThrGlyG lyG lyG lyHi1 ValG.lnLeuLeuArgArgAlaAlaAlaG 1nLeuThrTyrCys Ser 44 0

--CTGTCCTCCTGACGACCTGGCTGACCGGGGCCTGCTGGGACTCCCAGGTGCTCTCTATGCCCATGATGCTTTACGGCTCTGGGAGATCATTGCCAGGTATGTGGAGGGGATCGTCCAC 144 0
e uCy3sProProAs pAspLe uAlaAspArgGl yLeuLeuGlyLeuP roGlyAlaLeuTyrAlaHilsAspAlaLeuArgLeuT rpG lu Ile.IleAlaArgTyrVa lG luG lyIleVal His 4 80

rTCTTCTACCAAAGGGATGACATAGTGAAGGGGGACCCTGAGCTGCAGGCCTGGTGTCGGGAGATCACGGAGGTGGGGCTGTGCCAGGCCCAGGACCGAGGTTTCCCTGTCTCCTTCCA 1560
LeuPheTyrGl nArgAspAspIleValI-y3GlyAspProGl uLeuGlnAlaTrpCysArgG luI leThrG luValG lyLeuCysG lnAlaG lnAspArgG lyPheProValSerPheGln 52 0

X'CCAGAGTCAACTCTGCCATTTCCTCACCATGTGCGTCTTCACGTGCACTGCCCAGCATGCCGCCATCAACCAGGGCCAGCTGGACTGGTATGCCTGGGTCCCTAATGCTCCATGCACA 168 0
Se rGlnSe rGl nLeuCy3sH1isPheLeuThrMet CysVa lPheTbrCysThbrAlaGlnHilsAlaAla IleAsnGlnG lyGlnLeuAspTrpTyrAlaTrpVal ProAsnAlaP roCysTbr 56 0

ATGCGGATGCCCCCACCCACCACCAAGGAAGATGTGAC GATGGCCACAGTGATGGGGTCACTACCTGATGTCCGGCAGGCCTGTCTTCAAATGGCCATCTCATGGCATCTGAGTCGCCGC 180 0
MetArgMetProProProThrThrLysGl uAspVal1ThrMetAlaThr~alMetG lySerLeuP roAspValArgG lnAlaCysLeuG lnMetAla IleSerT rpHi1s LeuSerArqArq 60 0

CAGCCAGACATGGTGCCTCTGGGGCACCACAAAGAAAAATATTTCTCAGGCCCCAAGCCCAAAGCTGTGCTAAACCAATTCCGAACAGATTTGGIxAAGCTAGAAAAGGAGATTACACCC 192 0
Gl nProAsp~etVa lProLe uGlyH1sHi sLy3Gl uLy3*TyrPheSerGlyProLysProLysAlaValLeuAsnG lnPheArgThrAspLeuG luLys3LeuGluLys G.luIleThrlal 64 0

CGGAATGAGCAACTTGACTGGCCCTATGAATATCTGAAGCCCAGCTGCATAGAGAACAGsGTCACCATCTGAGCCCTAGAGTGACTCTACCTGCAAGATTTCACATCAGCTTTAGGACTG
ArgAsnGluGlnLeuAspTrpProTyrGluTyrLeuLy3ProSerCy3IleGluAsnSer~alThrIleEnd

2040
663

ACATTTCTATCTTGAATTTCATGCTTTCCTAAAGTCTCTGCTGCTAAGGCTCTATTC CTCCCCCAGTTAAACCCCCTACATTAGTATCCCACTAGCCCAGGGGAGCAGTAAACTTTCTC 2160

-v,;CAAAGACTAGATCCTTTTTTACGCTTTGCAGACCGCATAGTCACTGTCTCAACTACTCAGCTCTCCTGCTGCAGCATGAAGGCAGCCACAGACAACATGGAAATGAGTGTGACTATGT 22280

TCCAAZ&AACTTTATGGACACTGAAAAAAAAAAAAAAAAAAAAAAAAAAA 2339

FIG. 2. Nucleotide sequence of 12-lipoxygenase cDNAs and the predicted amino acid sequence. Nucleotides and amino acids are numbered
beginning with the ATG initiator codon. Nucleotides to the 5' side are designated by negative numbers. The consensus polyadenylylation signal
is underlined. The dashed underlined regions represent the two regions chosen for oligonucleotide primers used in the PCR cloning of the platelet
PL12lx cDNA clone. The upstream primer was 5'-TAfCGACTGGCTTC/TTGGCCAAAIICTGGGTGCG-3' and the downstream primer was5'-CCAAGCflCTGCACGTGNCCNCCICCIGT-3', where I is deoxyinosine and the underlined regions represent restriction sites added to
facilitate subcloning. The base at position 889 of clones HEL12Ix3 and HEL121xG was guanine, but was adenine in clone HEL12lxH. This may
represent an allelic variant resulting in the change Ala-297 -* Thr-297 (boxed). Alternatively, it may represent a cloning artifact.

After the complete cDNA sequence of the phage clone
inserts obtained from the Agtll HEL cDNA libraries was
determined, two oligonucleotides were synthesized and used
in a PCR to amplify a region of platelet 12-lipoxygenase
cDNA corresponding to the carboxyl-terminal 267 amino
acids (clone PL121xA; Figs. 1 and 2). Combined sequence
information from platelet clones PL12lxA and PL12lx indi-
cates that these clones are identical to the HEL cell-derived
clones, and they are presumed to encode an identical 12-
lipoxygenase.
Expression of 12-Lipoxygenase. The plasmid vector

pCDNA-121x, carrying the 12-lipoxygenase cDNA under the
control of the cytomegalovirus prQmoter, was used to ex-
press the cDNA in COS-M6 cells. Broken cell preparations
obtained 60 hr after transfection were found to synthesize
large amounts of products that comigrated with authentic
standard 12-HETE and 12-HPETE on reversed-phase HPLC
(Fig. 3) and normal-phase HPLC (data not shown). The
products also displayed UV spectra identical to those of the
standard compounds (data not shown). No lipoxygenase
products were detected in preparations of normal COS-M6

cells or mock-transfected cells. The product with the same
retention time as 12-HPETE, when treated with triphe-
nylphosphine, was converted to a compound with the same
chromatographic properties as 12-HETE, indicating reduc-
tion of the hydroperoxide moiety. These results are consis-
tent with the activity of a 12-lipoxygenase enzyme. When
arachidonic acid was added to intact cells, 12-HETE was
formed but not 12-HPETE. Presumably, the 12-HPETE was
completely reduced by cellular peroxidases.
Northern Blot Analysis. Poly(A)+ RNA from normal and

PMA-stimulated HEL cells, human placenta, and human liver
and total RNA from human lung tissue were subjected to blot
analysis using the 32P-labeled PL12lx clone (Fig. 4). Hybrid-
ization to a discrete 2.4-kb mRNA was observed primarily in
the lane containing PMA-stimulated HEL cell RNA. After
prolonged autoradiographic exposure (4 days) a band could
also be visualized in the lane containing normal HEL cell
RNA. However, no hybridization was observed with the other
samples. In addition, when RNA from several other tissues
and cell lines, including human adrenal gland, UCLA-P3
human lung epithelial cells, rat and hamster pancreatic cells,

5640 Biochemistry: Funk et al.
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12-HETE

12-HPETE
FiG. 3. Reversed-phase HPLC of

lipoxygenase products from pCDNA-
121x-transfected (A) or mock-trans-

E fected (B) COS-M6 cells. Aliquots of
r_ 10,000 x g supernatants from soni-

cated cells were assayed for lipoxy-
_ genase activity. pCDNA-121x-trans-
z fected cells (3.2 x 106) synthesized

'-2.5 nmol of 12 H(P)ETE, whereas
0 the mock-treated cells (3.2 x 106) did

not produce lipoxygenase products.
< The retention times of various lipoxy-

genase products were as follows: 12-
HETE, 24.2 min; 12-HPETE, 27.6
min; 15-HETE, 20.2 min; and 5-
HETE, 28.9 min. The small peak at
18.8 min is 13-hydroxyoctadecadi-
enoic acid, a metabolite of the lipoxy-
genase activator, 13-hydroperoxyoc-

0 10 20 30 40 tadecadienoic acid (retention time, 21
TIME (min) min).

and human aorta, was examined for the presence of 12-
lipoxygenase mRNA, no hybridization was detected (data not
shown).

DISCUSSION
Human platelets synthesize large amounts of arachidonic
acid-derived 12-H(P)ETE. However, its biological function is
poorly understood. 12-HETE was reported to enhance the
proliferation of rat aortic smooth muscle cells (23) and the
mitogenic potential of epidermal growth factor in NIH 3T3
mouse fibroblasts (24). 12-HETE is capable of inducing

2 3 4 5 6

28S

16s

7 8

-4.4 -

-2.4 -

-1.4-

FIG. 4. Autoradiograms of RNA blot analysis. Human poly(A)+
RNA (total RNA for the lung sample) from various tissues and cells
was electrophoresed in 1% agarose gels containing 0.22 M formal-
dehyde, blotted onto nitrocellulose, and hybridized with the 32p_
labeled PL12Ix clone (lanes 1-6) or with a 32P-labeled rat p-actin
probe (lanes 7 and 8). Lanes: 1, placenta (2 ug); 2, lung (10 Mg); 3,
liver (2 Mg); 4, PMA-stumulated HEL cell (2 jig); 5 and 7, unstim-
ulated HEL cell (0.5 Mg); 6 and 8, PMA-stimulated HEL cell (0.5 Mg).
The samples in lanes 5 and 6 were electrophoresed in a different gel
than those of lanes 1-4. The blot corresponding to samples 7 and 8
represents a reprobing of the same membrane as samples in lanes 5

and 6. Positions of28S and 18S ribosomal RNAs are indicated at left.
RNA standards (BRL) were electrophoresed in adjacent lanes and
are indicated in kilobases.

endothelial cell retraction (25) and enhances the surface
expression of a protein immunologically related to the plate-
let glycoprotein gpIIb/IIIa complex on tumor cells (26). We
are interested in exploring the role of the platelet 12-
lipoxygenase in modulating platelet/vessel wall interactions.
Therefore, in the present study, we have taken steps to obtain
the molecular tools necessary for this purpose.
The cDNA for human platelet/HEL cell 12-lipoxygenase

has been isolated and its identity verified by expression of an
active 12-lipoxygenase in COS-M6 cells. Platelet/HEL 12-
lipoxygenase displays a distinct relationship with other mam-
malian lipoxygenases (Fig. 5). It is 65% identical to both
porcine leukocyte 12-lipoxygenase (78% similarity, including
conservative substitutions) and human reticulocyte 15-lip-
oxygenase (80%o similarity) and 40% identical to human
5-lipoxygenase (62% similarity). A lesser relationship (23-
25% identity, 45% similarity) to the soybean and pea seed
lipoxygenases is observed. In contrast, porcine leukocyte
12-lipoxygenase is 86% identical (92.5% similar) to human
reticulocyte 15-lipoxygenase, indicating that these two en-
zymes are much more closely related. Platelet/HEL 12-
lipoxygenase, therefore, is likely to represent a distinct
isoform from the porcine leukocyte enzyme (12), the coun-
terpart of which does not appear to exist in human leuko-
cytes. Thus, it has recently been postulated (27) that human
leukocyte 12-HETE production may arise from an intrinsic
ability of eosinophil 15-lipoxygenase to generate this com-
pound. Platelet/HEL 12-lipoxygenase exhibits an overall
hydrophobicity profile that is similar to those of other mem-
bers of the lipoxygenase family, and it shares many con-
served basic and acidic residues (Fig. 5). These residues are
likely to be fundamental to the structure-function properties
of these enzymes, including the putative iron-binding domain
(21). There are no strong predictions for membrane-spanning
domains; this is consistent with the cytosolic localization of
the enzyme (9).

12-Lipoxygenase protein has been identified in many dif-
ferent porcine tissues by using an enzyme-linked immunoas-
say with monoclonal antibodies raised against the porcine
leukocyte enzyme (28). These antibodies did not recognize the
bovine platelet 12-lipoxygenase but did immunoprecipitate the
bovine leukocyte enzyme (9). In contrast, the bovine platelet
12-lipoxygenase crossreacted only with antibody against the
human platelet enzyme. We were able to detect 12-
lipoxygenase mRNA only in HEL cells and not in any other
tissues or cell lines that we examined by Northern blot
analysis. However, two clones (PL121x and PL12lxA) were
obtained by PCR analysis, providing evidence for the exis-
tence of the 12-lipoxygenase transcript in human platelets.
Control experiments indicated that these clones were platelet
RNA-derived and were not due to genomic DNA contamina-
tion (data not shown). Perhaps the platelet/HEL 12-
lipoxygenase is a unique isoform, expressed only in these
cells, and the 12-lipoxygenase activity and protein reported to
be present in other tissues are due to expression of an
alternative isoform related to the porcine or bovine leukocyte
12-lipoxygenase. The DNA probe used in the Northern anal-
ysis (PL121x) was 74% identical to the porcine leukocyte
12-lipoxygenase cDNA and might not be expected to hybridize
to a similar human isoform, due to the high-stringency washing
conditions employed. Alternatively, the 12-lipoxygenase
mRNA, which is in relatively low abundance in HEL cells
(estimate of 0.01-0.1% of total mRNA), may not have been
detected by theRNA blot analysis in other tissues due to a lack
of sensitivity. It remains possible that it might be detected by
a more sensitive S1 nuclease assay or by PCR determination.
The availability of cDNA probes for the platelet/HEL

12-lipoxygenase will permit delineation of the structure-
function relationships of the enzyme and a more precise
exploration of the role of 12-lipoxygenase in human biology.

I
Biochemistry: Funk et A

-l



Proc. Natl. Acad. Sci. USA 87 (1990)

;,I,' ' -Wei YI

E)Iz1 X *I [SFYt2
1,I~x 1 otN

ii!s ,JvDDY

h 1 E_'

e!SI w. -- IT P Ir QS P.

I Ix * NRG e

1 - T Ti 1 NRGVP

i[, t ~~i F, EK VK I '. N'11 I

RGIx[(E F

ii 1 LS LNP

P(T FI T,!N:-LAISIIINI

-T.5:1(1)1 N

',I " 1 VIV I

t:I tI .i I)A]; ~
Ti W'I i\ T C, A. O F;FIF

7:1'1xS _f iiR

}. ~FF E ) r[VV

PPQ(.;IAF I I tipIIEU

V['TIiO(1EE,ErEI I AF Y ' . 7ItD.A I
I

r

nLF. 1> , r11 r uF?3F:T.KCT;ME'3FS';) r E T.T K IIP F . oB.Wr|E ||TX1.F.

I-
Iit; ! I '

IIE FGEF I F

[II!TCh r , F
T.--]) 1Fl'(I\r4

I ,

II*

*~ SAKYD .

VKS.<- S F

;'!.r' ! ,'!

'I _A _E IN

...,EI8

I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
R

I.

i~l[l-lt1i
_ _I_

-~~~~~~~~~~~:)!

S-l,,Zilet K'T
I K'l

-L E' E

V *.
'I

N TI F ll- F V.

E I F'v AI' AI

K
T F' E

I A
E

AMA 'KF A IJ'VS Al- I

I1
I

FIG. 5. Comparison of the amino acid sequences of lipoxygenases. Residues identical to human platelet/HEL 12-lipoxygenase are
represented by white-on-black type. Numbering begins with the initiator methionine for each sequence. Dashes have been inserted to optimize
sequence alignment. hl2lx, human platelet/HEL 12-lipoxygenase; pl2lx, porcine leukocyte 12-lipoxygenase; hl5lx, human reticulocyte
15-lipoxygenase; h5lx, human 5-lipoxygenase.
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