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ABSTRACT The enzyme 5-lipoxygenase (5-LO) catalyzes
the first two reactions in the pathway leading to the formation
of leukotrienes from arachidonic acid. Leukotrienes are potent
arachidonic acid metabolites possessing biological activities
that suggest a role in the pathophysiology of allergic and
inflammatory diseases. To obtain structural information about
5-LO for use in developing anti-inflammatory chemotherapeu-
tic agents, the enzyme was purified from human polymorpho-
nuclear leukocytes and the amino acid sequences were deter-
mined for several cyanogen bromide-derived peptides. A
cDNA clone encoding a 674-amino acid protein containing all
of the derived peptide sequences was isolated from a dimethyl
sulfoxide differentiated HL60 cell cDNA library. The mRNA
encoding 5-LO was detected only in differentiated HL60 cells
and not in the undifferentiated cell line, indicating that the
expression of 5-LO in this cell line is transcriptionally regu-
lated. In addition, the human protein displays some amino
acid sequence homology with several lipases and significant
homology with the partial sequences of soybean and reticulo-
cyte lipoxygenases. Thus, 5-LO appears to be a member of a
larger family of related enzymes.

The enzyme 5-lipoxygenase (5-LO) catalyzes the first two
reactions in the biosynthetic pathway leading to the forma-
tion of the leukotrienes from arachidonic acid. The first step
is the addition of oxygen at carbon 5 of arachidonic acid,
yielding (5S)-hydroperoxy-6,8,11,14-icosatetraenoic acid,
which is transformed to leukotriene A4 (5,6-oxido-7,9,11,14-
icosatetraenoic acid) by dehydration in the second step
(1-5). Leukotriene biosynthesis is known to occur in leuko-
cytes after exposure to inflammatory or immunologic stimuli
(1). The biological activities of these compounds, including
leukocyte chemotaxis, airway constriction, increased vascu-
lar permeability, arteriolar constriction, and dilation of post-
capillary venules, suggest a role for the leukotrienes in the
pathophysiology of immediate hypersensitivity reactions
and inflammation (1). Consequently, the regulation of 5-LO
activity has recently become a subject of considerable inter-
est.
The purification of 5-LO from human and porcine periph-

eral blood leukocytes (PMN), rat basophilic leukemia cells,
and mouse mastocytoma cells has now been accomplished
(3-7). The human enzyme requires Ca2" for activity and is
stimulated by ATP and a number of nondialyzable cellular
components whose identity and function remain undefined
(6). Despite these advances, very little is known about the
structure of the enzyme or its regulation at the genetic level.
In this paper, we report the cloning of the cDNA for 5-LO
from differentiated HL60 cells and provide the complete
amino acid sequence of the enzyme deduced from the cDNA
sequence.¶

MATERIALS AND METHODS
Protein Purification, Peptide Isolation, and Protein Se-

quencing. 5-LO was purified from human PMNs and the
enzymatic activity was determined as described (2, 6).
Protein determinations were performed by the method of
Lowry (8). Proteins were analyzed by NaDodSO4/PAGE as
described by Laemmli (9). For amino acid sequence analy-
sis, the final enzyme fraction of 5-LO (1.9 nmol) was
precipitated with 15% trichloroacetic acid, rinsed with
diethyl ether, and lyophilized. Peptides were prepared by
treating 0.5 nmol of the purified protein with 0.4 mM CNBr
in 70%o formic acid at 23°C for 20 hr. After lyophilization, the
samples were resuspended in 20 mM trifluoroacetic acid and
the soluble peptides were separated by reversed-phase
HPLC on a Vydac C-4 column eluted with a 10-70%
acetonitrile gradient containing 20 mM trifluoroacetic acid.
Amino-terminal amino acid sequence was determined for
each purified peptide and for the intact protein with an
Applied Biosystems (Foster City, CA) gas-phase sequenator
as described (10, 11).

Cell Culture. HL60 cells were grown in Dulbecco's mod-
ified Eagle's medium (GIBCO) supplemented with 10% fetal
bovine serum in slowly rotating roller bottles at 37°C. For
differentiation, HL60 cells were diluted to 2 x iOs cells per
ml and dimethyl sulfoxide and dexamethasone (Me2SO/
Dex) were added to 1.3% and 10 ,uM, respectively. Cells
were harvested at various times by centrifugation at 500 x g
for 10 min, washed once with phosphate-buffered saline, and
frozen at - 70°C. 5-LO activity in the cells was assayed as
described (2).
RNA Isolation and Blotting. Total cellular RNA was iso-

lated from HL60 cells by the guanidinium isothiocyanate/
CsCl method (12). The poly(A)+ RNA fraction was sepa-
rated by chromatography on oligo(dT)-cellulose as described
(13). For RNA blot analysis, 10 ,ug of total RNA was
electrophoresed on a 1.2% agarose gel containing formalde-
hyde, transferred to nitrocellulose, and baked (14). The filter
was prehybridized and hybridized in 5 x standard saline
citrate (SCC; 1 x SSC is 0.15 M NaCl/0.015 M sodium
citrate, pH 6.8)/0 x Denhardt's solution ( x Denhardt's
solution is 0.02% bovine serum albumin/0.02% Ficoll/0.02%
polyvinylpyrrolidone)/50 mM NaPO4, pH 6.8/0.1% NaDod-
S04/50 ,ug of denatured salmon sperm DNA per ml at 65°C.
The double-stranded DNA probe was labeled by nick-
translation with [a-32P]dCTP and used at 106 cpm/ml in the
hybridization. The filters were washed four times in 5 x

Abbreviations: LO, lipoxygenase; PMN, polymorphonuclear leu-
kocyte; Me2SO/Dex, 1.3% dimethyl sulfoxide/10 ,uM dexametha-
sone.
tTo whom reprint requests should be addressed.
IThis sequence is being deposited in the EMBL/GenBank data base
(Bolt, Beranek, and Newman Laboratories, Cambridge, MA, and
Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03600).
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SSC/0.1% NaDodSO4 at 65°C, dried, and autoradiographed
(14).

Oligonucleotide Synthesis. All oligonucleotides were syn-
thesized using an Applied Biosystems model 380A DNA
Synthesizer. Two overlapping complementary oligonucleo-
tides, whose sequence was based on preferred codon usage,
were synthesized corresponding to either the amino-terminal
peptide (amino acids 12-22) or peptide-27 amino acid se-
quence. The oligonucleotide sequences corresponding to the
amino-terminal peptide are 5'-pCAGTGGTl-GCTGGCA-
CAGATGACTACATCTAC and 5'-pGTAGATGTAGTC.
The oligonucleotide sequences corresponding to peptide 27
are 5'-pATGGCCCGGTTCCGGAAGAACCTGGAGGC-
CATTGTCTCTGTGATTGCTGAGCGGAACAAGAAG
and 5'-pGGAGTTGGGGATCCGGTCAGGGGACAGG-
TAGTAGTATGGCAGCTGCTTCTTCTTGTTCCGCTC.
For peptide 18, a pool of oligonucleotides was synthesized
corresponding to all possible coding choices for amino acids
3-10 of peptide 18. The oligonucleotide sequences of the

pool are 5'-pGAGGAGCACTTCATNGAGAAGCC.
cDNA Cloning. Double-stranded oligo(dT)-primed cDNA

was synthesized from the HL60 cell poly(A)+ RNA by a
modification of the method of Gubler and Hoffman (15) as
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FIG. 1. Purification and amino acid sequence determination of
human PMN 5-LO. (A) The final enzyme fraction (10 ,ug) of 5-LO
was electrophoresed on a 1o polyacrylamide gel containing
NaDodSO4 and silver-stained. Arrow indicates position and appar-
ent molecular mass (in kDa) of the major polypeptide referred to in
the text. (B) CNBr peptides were prepared from purified 5-LO as
described. The peptides were resolved by reversed-phase HPLC
using a Vydac C-4 column. A tracing of the absorbance profile at 214
nm of material eluting from the column is shown. The major peptide
peaks are indicated by arrows. (C) Amino acid sequences obtained
for the intact protein and the three CNBr-derived peptides indicated
in B are shown. Single-letter amino acid code is used, beginning with
the amino terminus of each peptide at the left. The first amino acid
shown in all cases was determined in the first cycle of the sequena-
tor and should represent the amino-terminal amino acid of that
peptide.

described (16). The cDNA was size-selected by agarose gel
electrophoresis (14), ligated to Agt1O arms (17), and pack-
aged in vitro (Gigapack, Stratagene, San Diego, CA). The
library was plated on Escherichia coli LE392 and screened
unamplified (14). The phage plaques were lifted onto nitro-
cellulose filters and processed for hybridization as described
(14). The filters were prehybridized and hybridized in 5 x
SSC/10 x Denhardt's solution/50 mM NaPO4, pH 6.8/0.1%
NaDodSO4/50 ,ug of denatured salmon sperm DNA per
ml/20% formamide (vol/vol) at 420C. For hybridization,
32P-labeled probes were used at 106 cpm/ml. The overlap-
ping oligonucleotides were labeled with all four [a-
32P]dNTPs and Klenow DNA polymerase, the pool oligonu-
cleotides were labeled with [y-32P]ATP and polynucleotide
kinase, and double-stranded DNAs were labeled with [a-
32P]dCTP by nick-translation. Filters were washed four
times in 5 x SSC/0.1% NaDodSO4 at temperatures ranging
from 370C to 550C depending on the probe, dried, and
autoradiographed (14). Hybridizing phage were purified and
phage DNA was isolated as described (14). All other recom-
binant DNA techniques have been described (14).
DNA Sequence Analysis. The EcoRI inserts from the AgtlO

5-LO clones were subcloned into both M13mpl9 and pUC13
(18). The DNA sequence was determined by the dideoxynu-
cleotide chain-termination method using either Klenow
DNA polymerase or avian myeloblastosis virus reverse
transcriptase and 35S-labeled deoxyadenosine 5'-[a-thio]tri-
phosphate (19, 20). The entire DNA sequence for both
strands of each clone was determined.

RESULTS
S-LO Protein Characterization. 5-LO was purified from hu-

man PMNs as described (2, 6). The final enzyme preparation,
which was =85% pure as assessed by NaDodSO4/PAGE (Fig.
LA), contained a major polypeptide with an apparent molecular
mass of 80 kDa and a minor component of 63 kDa. The size of
the 80-kDa band is consistent with the previously published
estimates for the rat, porcine, and human enzymes (3-7). To
obtain peptide sequence for 5-LO, the protein was subjected to
chemical cleavage with CNBr. The soluble peptides resulting
from the cleavage were resolved by reversed-phase HPLC and
purified (Fig. 1B). The three fractions containing the most UV
absorbing material and the intact purified protein were sub-
jected to amino acid sequence analysis yielding the sequences
shown in Fig. 1C. It should be noted that the amino acid
sequence determined for the amino terminus of intact human
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FIG. 2. Time course for induction of 5-LO activity in HL60 cells
after differentiation. HL60 cells were seeded at 2 x 105 cells per ml
in the presence (o) or absence (o) of Me2SO/Dex as described. The
cells were harvested at the times indicated and assayed for 5-LO
activity. One unit of 5-LO activity is the amount of enzyme that will
produce 1 nmol of (5S)-hydroperoxy-6,8,11,14-icosatetraenoic acid
in 10 min at 37°C using 100 ,uM arachidonic acid as the substrate.
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5-LO is identical to the first 25 amino acids reported for the man promyelocytic leukemia cell line HL60 can be induced
purified rat 5-LO (5). That peptide 27 is derived from the to differentiate into cells that closely resemble mature gran-

80-kDa polypeptide is demonstrated by the observation that an ulocytes and that are capable of synthesizing leukotrienes
antisera directed against a peptide with the same sequence (21-23). HL60 cells were seeded in the presence or absence
reacts with the 80-kDa and not the 63-kDa polypeptide by of Me2SO/Dex, allowed to grow, and tested for 5-LO

immunoblotting (data not shown). activity. As shown in Fig. 2, little 5-LO activity was detected
HL60 Cell Expression of 5-LO Activity. Although an ade- in untreated HL60 cells. However, cells grown for 7 days in

quate source of protein, circulating PMNs proved to be a the presence of Me2SO/Dex contained 6-8 times the amount
poor source of mRNA for use in cDNA library construction. of 5-LO activity found in the untreated cells. The increase in
Consequently, alternative cell lines were examined for 5-LO 5-LO activity was continuous and linear throughout the time
expression. Upon exposure to dimethyl sulfoxide, the hu- course of the experiment.

62
GGGCGCCGAG GCTCCCCGCC GCTCGCTGCT CCCCGGCCCG CGCC ATG CCC TCC TAC ACG GTC

NET Ser Tyr Thr Val
[~~~jj~116

ACC GTG GCC ACT GGC AGC CAG TGG TTC GCC GGC ACT GAC FAC TAC ATC TAC CTC
Thr Val Ala Thr Gly Ser Gin Trp Phe Ala Gly Thr Asp Asp Tyr Ile Tyr Leu

7
170

AGC CTC GTG GGC TIC GCG GGC TGC AGC GAG AAG CAC CTG CTG GAC AAG CCC TTC
Ser Leou Val Gly Ser Ala Gly Cys Ser Glu Lys His Leou Leou Asp Lys Pro Phe

224
TAC AAC GAC TTC GAG CGT GGC GCG GTG GAT TCA TAC GAC GTG ACT GTG GAC GAG
Tyr Asn Asp Phe Glu Arg Gly Ala Val Asp Ser Tyr Asp Val Thr Val Asp Glu
43

278
GAA CTG GGC GAG ATC CAG CTG GTC AGA ATC GAG AAG CGC AAG TAC TGG CTG AAT
Glu Leu Gly Glu Ile Gin Leu Val Arg Ile Glu Lys Arg Lys Tyr Trp Leu Asn
61

332
GAC GAC TGG TAC CTG AAG TAC ATC ACG CTG AAG ACG CCC CAC GGG GAC TAC ATC
Asp Asp Trp Tyr Leu Lys Tyr Ile Thr Leu Lys Thr Pro His Gly Asp Tyr Ile
79

386
GAG TTC CCC TGC TAC CGC TGG ATC ACC GGC GAT GTC GAG GTT GTC CTG AGG GAT
Glu Phe Pro Cys Tyr Arg Trp Ile Thr Gly Asp Val Glu Val Val Leu Arg Asp
97

4O
GGA CGC GCA AAG TTG GCC CGA GAT GAC CAA ATT CAC ATT CTC AAG CAA CAC CGA
Gly Arg Ala Lys Leu Ala Arg Asp Asp Gin Ile His Ile Leu Lys Gin His Arg
115

494
CGT AAA GAA CTG GAA ACA CGG CAA AAA CAA TAT CGA TGG ATG GAG TGG AAC CCT
Arg Lys Glu Leu Glu Thr Arg Gin Lys Gin Tyr Arg Trp NET Glu Trp Asn Pro
133

548
GGC TTC CCC TTG AGC ATC GAT GCC AAA TGC CAC AAG GAT TTA CCC CGT GAT ATC
Gly Phe Pro Leou Ser Ile Asp Ala Lys Cys His Lys Asp Leu Pro Arg Asp Ile
151

602
CAG TTT GAT AGT GAA AAA GGA GTG GAC TTT GTT CTG AAT TAC TCC AM GCG ATG
Gin Phe Asp Ser Glu Lys Gly Val Asp Phe Val Leu Asn Tyr Ser Lys Ala NET
169

656
GAG AAC CTG TTC ATC AAC CGC TTC ATG CAC ATG TTC CAG TCT TCT TGG AAT GAC
Glu Asn Leu Phe Ile Asn Arg Phe NET His NET Phe Gin Ser Ser Trp Asn Asp
187

710
TTC GCC GAC TTT GAG AAA ATC TTT GTC AAG ATC AGC AAC ACT ATT TCT GAG CGG
Phe Ala Asp Phe Glu Lys Ile Phe Val Lys Ile Ser Asn Thr Ile Ser Glu Arg
205

764
GTC ATG AAT CAC TGG CAG GAA GAC CTG ATG TTT GGC TAC CAG TTC CTG AAT GGC
Val NET Asn His Trp Gin Glu Asp Leu NET Phe Gly Tyr Gin Phe Leu Asn Gly
223

818
TGC AAC CCT GTG TTG ATC CGG CCC TGC ACA GAG CTG CCC GAG AAG CTC CCG GTG
Cys Asn Pro Val Leu Ile Arg Arg Cys Thr Glu Leu Pro Glu Lys Leu Pro Val
241

872
ACC ACG GAG ATG GTA GAG TGC AGC CTG GAG CGC CAG CTC AGC TTG GAG CAG GAG
Thr Thr Glu NET Val Glu Cys Ser Leu Glu Arg Gin Leu Ser Leu Glu Gin Glu
259

926
GTC CAG CAA GGG AAC ATT TTC ATC GTG GAC TTT GAG CTG CTG GAT GGC ATC GAT
Val Gin Gin Gly Asn Ile Phe Ile Val Asp Phe Glu Leu Leu Asp Gly Ile Asp
277

980
GCC AAC AAA ACA GAC CCC TGC ACA CTC CAG TTC CTG GCC GCT CCC ATC TGC TTG
Ala Asn Lys Thr Asp Pro Cys Thr Leu Gin Phe Leu Ala Ala Pro Ile Cys Leu
295

1034
CTG TAT AAG AAC CTG GCC AAC AAG ATT GTC CCC ATT GCC ATC CAG CTC AAC CAA
Leu Tyr Lys Asn Leu Ala Asn Lys Ile Val Pro Ile Ala Ile Gin Leu Asn Gin
313

1088
ATC CCG GGA GAT GAG AAC CCT ATT TTC CTC CCT TCG GAT GCA AAA TAC GAC TGG
Ile Pro Gly Asp Glu Asn Pro Ile Phe Leu Pro Ser Asp Ala Lys Tyr Asp Trp
331

1142
CTT TTG GCC AAA ATC TGG GTG CGT TCC AGT GAC TTC CAC GTC CAC CAG ACC ATC
Leu Leu Ala Lys Ile Trp Val Arg Ser Ser Asp Phe His Val His Gin Thr Ile
349

1196
ACC CAC CTT CTG CGA ACA CAT CTG GTG TCT GAG GTT TTT GGC ATT GCA ATG TAC
Thr His Leu Leu Arg Thr His Leu Val Ser Glu Val Phe Gly Ile Ala HET Tyr
367

1250
CCC CAG CTG CCT GCT GTC CAC CCC ATT TTC AAG CTG CT6 GTI 6CA CAC GTG ACA
Arg Gin Leu Pro Ala Val His Pro Ile Phe Lys Lou Lou Val Ala His Val Arg
385

1304
TTC ACC ATT GCA ATC AAC ACC AAM 6CC CGT GAM CAM CTC ATC TGC GAG TGT 66C
Phe Thr Ile Ala Ile Asn rhr Lys Ala Arg Giu G1n Leu Ile Cys Glu Cys Gly
403

1358
CTC TTT 6AC AAG 6CC AAC 6CC ACA 6C6 C6C CCT CGC CAC GTG CAG AT6 GTG CAG
Leu Phe Asp Lys Ala Asn Ala Thr Gly Gly Gly Gly His Val Gin NET Val Gin
421 8

1412
AGG CCC ATG AAG GAC CTG ACC TAT CCC TCC CTG TGC m ccc GAG GCC ATC AAG
Arg Ala NET Lys Asp Leou Thr Tyr Ala Ser Leou Cys Phe Pro Giu Ala Ile Lys
439

1466
CCC CCC G6C ATG GAG AGC AAA GAA GAC ATC CCC TAC TAC TTC TAC CGC GAC GAC
Ala Arg Gly NET Glu Ser Lys Glu Asp Ile Pro Tyr Tyr Phe Tyr Arg Asp Asp
457

1520
GGG CTC CTG GTG TCC 6AA GCC ATC AGG ACG TTC ACG GCC GAG GTG GTA GAC ATC
Gly Leu Leu Val Trp Glu Ala Ile Arg Thr Phe Thr Ala Glu Val Val Asp Ile
475

1574
TAC TAC GAG 6GC GAC CAG GTG GTG GAG GAG GAC CCC GAG CTG CAM CAC TTC GTG
Tyr Tyr Glu Gly Asp Gin Val Val Glu Glu Asp Pro Glu Leu Gin Asp Phe Val
493

1628
AAC GAT GTC TAC GTG TAC 6GC ATG CGG GGC CGC AAM TCC TCA CCC TTC CCC AAG
Asn Asp Val Tyr Val Tyr Gly NET Arg Gly Arg Lys Ser Ser Gly Phe Pro Lys
511

1682
TCG GTC AAG AMC CGG GAG CAG CTG TCC CAM TAC CTG ACC GTG GTG ATC TTC ACC
Ser Val Lys Ser Arg Glu Gin Leu Ser Glu Tyr Leou Thr Val Val Ile Phe Thr
529

1736
CCC TCC GCC CAG CAC 6CC GCG GTC AAC TTC GGC CAM TAC GAC TCC TCC TCC TIC
Ala Ser Ala Gin His Ala Ala Val Ass Phe Gly Gin Tyr Asp Trp Cys Ser Trp
547

1790
ATC CCC AAT GCG CCC CCA ACC ATG CGA GCC CC6 CCA CCG ACT CCC AAG C6C GTG
Ile Pro Asn Ala Pro Pro Thr NET Arg Ala Pro Pro Pro Thr Ala Lys Gly Val
565

184
GTG ACC ATT GAG CAG ATC GTG GAC ACC CCG CCC GAC CCC CGC CGC TCC TCC TCC
Val Thr Ile Glu Gin Ile Val Asp Thr Lea Pro Asp Arg 6ly Arg Ser Cys Trp
583

1898
CAT CTG CCT GCA GTG TGG 6CC CTG ACC CAM TTC CAM 6AA AAC GAG CTG TTC CTG
His Leu Gly Ala Val Trp Ala Leu Ser Gin Phe Gin Glu Asn Giu Leu Phe Leu
601

1952
G6C ATG TAC CCA GAA GAG CAT TTT ATC GAG AA CCT GTG AAG 6AA GCC ATG 6CC
Gly NET Tyr Pro Giu Glu His Phe Ile Glu Lys Pro Val Lys Giu Ala NET
619 118
CCA TTC CCC AAG MC CTC GAG GCC ATT GTC AGC GTG ATT 6CT GAG CCC AAC AAG
Arg Phe Arg Lys Ass Leu Glu Ala Ile Val Ser Val Ile Ala Glu Arg Asn Lys
637

2060
AAG MG CAG CTG CCA TAT TAC TAC TTG TCC CCA GAC CGC ATT CCC AAC AMT GTG
Lys Lys Gin Leu Pro Tyr Tyr Tyr Leu Ser Pro Asp Arg Ile Pro Asn Ser Val
655

2126
CCC ATC TGAGCACACT GCCAGTCTCA CTGTG6CAAG GCCAGCTGCC CCACCAGAT 6GACTCCA6C
Ala Ile
673

2196
CTGCCTGGCA GGCTGTCT6G CCA6GCTCT T6GCAGTCAC ATCTCTICTC CC6AGGCCAG TACCMCCA

2266
TIATTCTTT GATCTTCACG GAACTGCATA GATTGTAICA AAGTGTAAAC ACCATACGA CCATICTAC

2336
ACAGAGCAGG ACTGCACAGG CGTCCTGTCC ACACCCAGCT CAGCAMCC ACACCAAGCA GCAACACCAA

2406
ATCACGACCA CTGATAGATG TCTATICTTG TTGGAGACAT GGGATGATTA TM CTGTTC TATTTGTGCT

2476
TAGTCCAATT CCTTGCACAT AGTAGGAUCC CAATTCAATT ACTATTGAAT GAATTAAAA TT6GTTGCCA

2506
IAAAATAAA TCAGTTCATT TAAAAAAM

FIG. 3. DNA sequence for the EcoRI insert of ASLO-6 is shown. The amino acids predicted to be encoded by the DNA sequence are
presented beginning at the first ATG contained within the clone. The positions of the derived peptide sequences shown in Fig. 1C are underlined
and numbered accordingly. The nucleotides are numbered on the right of each line and the amino acids are numbered on the left.
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cDNA Cloning. Poly(A)+ RNA was isolated from HL60
cells grown for 5 days in the presence of Me2SO/Dex and
used to construct a cDNA library in Agt1O. Oligonucleotide
probes were synthesized corresponding to the amino-
terminal peptide sequence and the sequences of peptides 18
and 27. These oligonucleotides were used to screen 2 x 106
recombinants from the HL60 cDNA library. A total of 35
clones were isolated that hybridized to probes for both
peptide-18 and -27 sequences. No clones were isolated that
hybridized to the oligonucleotides corresponding to the
amino-terminal peptide sequence. Restriction analysis of the
hybridizing clones revealed that all contained inserts ranging
from 1.0 to 1.3 kilobases whose restriction maps overlapped.
The inserts from the three longest clones (A5LO-10, A5LO-
28, and A5LO-30) were sequenced and shown to contain
identical overlapping DNA sequences. The cDNA sequence
contained an open reading frame capable of encoding 211
amino acids, including the amino acid sequences of peptides
18 and 27, but not of the amino-terminal peptide or peptide 8.
The DNA sequences encoding peptides 18 and 27 were at the
extreme 3' end of the open reading frame. All clones
contained a stretch of poly(A) residues 428 bases 3' of the
open reading frame. These clones, therefore, probably cor-
respond to the 3' end of the 5-LO mRNA.
To obtain full-length cDNA clones for 5-LO another cDNA

library was made using poly(A)+ RNA from 7-day differen-
tiated HL60 cells. The double-stranded cDNA was size-
selected for those cDNAs >2.2 kilobases prior to ligation into
the AgtlO vector arms. This library contained 500,000 recom-
binants, which were screened unamplified with both a restric-
tion fragment from A5LO-30 (see Fig. 3, nucleotides 1430-
1740) and with the oligonucleotides corresponding to the
amino-terminal peptide. Of the 32 clones that hybridized to
the A5LO-30 probe, 8 also hybridized to the probe for the
amino-terminal sequence. These 8 clones contained inserts
between 2.4 and 2.6 kilobases long and had restriction maps
that overlapped the clones corresponding to the 3' end of the
5-LO mRNA. DNA sequencing of two of the clones (A5LO-4
and A5LO-6) revealed that both contained an identical open
reading frame of 674 amino acids following the first ATG in
the sequence (Fig. 3). This open reading frame would encode
a polypeptide of 78 kDa, containing all of the 5-LO-derived
peptide sequences (see Figs. 1C and 3). The first ATG
contained in the cDNA clones immediately precedes the
DNA sequence that encodes the amino-terminal peptide se-
quence derived from the mature protein. The peptide se-
quence that would be encoded by the DNA sequence preced-
ing this ATG does not resemble any known leader or signal
sequence. In addition, the DNA sequence surrounding this
ATG is similar to the consensus sequence for eukaryotic
initiation codons (24). Therefore, while the possibility of
upstream initiation at an ATG not contained in this cDNA
cannot be ruled out, it is likely that this codon serves as the
start site for translation of 5-LO. As in the partial 5-LO
clones, the termination codon is followed by 428 bases of 3'
untranslated sequence. All of the clones contain a stretch of
poly(A) residues at their 3' end, which is preceded by the
consensus polyadenylylation signal sequence AATAAA.

Expression of 5-LO Specific RNA in HL60 Cells. The size of
the mRNA corresponding to the cDNA clones was deter-
mined by RNA blot analysis using total RNA from differen-
tiated and undifferentiated HL60 cells (Fig. 4). The cDNA
hybridized to a single RNA species of 2700 nucleotides that
was detected in the differentiated cell RNA and not in the
undifferentiated cell RNA. The detection of mRNA homol-
ogous to A5LO-30 only in cells expressing 5-LO activity
indicated that the induction of 5-LO activity in HL60 was
regulated at the transcriptional level. In addition, the size of
the mRNA suggests that the 5-LO clones that were obtained
represent almost the entire message.

+ FIG. 4. RNA blot analysis of 5-LO
mRNA expression in differentiated and un-
differentiated HL60 cells. Total cellular
RNA was isolated from HL60 cells grown in

X the presence (+) or absence (-) of Me2SO/
' Dex for 5 days. The RNA (10 jig) was

28S * electrophoresed on a 1.2% agarose gel con-
taining formaldehyde, transferred to nitro-

4 cellulose, and processed as described. The
EcoRI insert from A5LO-30, which encom-

18S ' passes the 3' third (nucleotides 1433-2506 in
Fig. 3) of the 5-LO coding region, was nick-
translated and used as the hybridization
probe. The positions of 28S and 18S ribo-
somal RNA are indicated. Arrowhead des-
ignates the location of the 2700-nucleotide
species referred to in the text.

DISCUSSION
This report describes the cloning of the cDNA for human
5-LO based on partial protein sequence. The availability of a
clone for 5-LO should prove useful for studying the structure
of the enzyme and the regulation of 5-LO gene expression.
Expression of 5-LO is restricted to leukocytes and a few
other tissues. Stimulation of cells containing 5-LO with
agents that increase Ca2+ activates the enzyme and allows
the cells to produce leukotrienes, provided that free arachi-
donic acid is available. In HL60 cells, the ability to synthe-
size leukotrienes in response to Ca2 + ionophores requires
that the cells be matured to granulocytes. The induction of
leukotriene synthetic capability appears to involve an in-
crease in both 5-LO mRNA and 5-LO protein. Thus, it is
suggested that 5-LO gene expression is induced when the
cells undergo differentiation. This system could, therefore,
prove useful for defining the factors that control 5-LO gene
regulation as well as granulocyte differentiation.
The predicted amino acid sequence of 5-LO was examined

by the methods of Kyte and Doolittle (25) and Hopp and
Woods (26) to determine the distribution of hydrophobic
residues in the protein. While the central portion of the
sequence is moderately hydrophobic, the protein is overall
hydrophilic (average hydrophobicity, -0.28). There are no
signal sequences or membrane-spanning domains predicted
from the sequence, in agreement with the fact that 5-LO is
only peripherally associated with the membrane when acti-
vated with Ca2+ (27). Interestingly, we note the presence of
a sequence between amino acids 368 and 382 (His-Leu-Leu-
Arg-Thr-His-Leu-Val-Ser-Glu-Val-Phe-Gly-Ile-Ala) that is
related to the interface-binding domain of the human lipo-
protein lipase (His-Leu-Leu-Gly-Tyr-Ser-Leu-Gly-Ala-His-
Ala-Ala-Gly-Ile-Ala) (28) and the rat hepatic lipase (His-Leu-
Ile-Gly-Tyr-Ser-Leu-Gly-Ala-His-Val-Ser-Gly-Phe-Ala)
(29). As in the lipases, this peptide segment is localized
within a region of overall hydrophobicity. The presence of
this sequence suggests that the mechanism for 5-LO en-
zyme-substrate interaction might be similar to that of the
lipases. As 5-LO activity is affected by Ca2+ and ATP, the
amino acid sequence was examined for the presence of
consensus binding sites for these cofactors. No strong ho-
mology was observed in the sequence to any ATP binding
sites. Two regions of the sequence (amino acids 16-28 and
488-512) exhibited weak homology to the consensus Ca2+-
binding sites from lipocortin (30, 31) and calmodulin (32),
respectively. The position of the actual Ca2+ -binding site
will have to be determined by direct biochemical and genetic
analysis, however.
Comparison of the complete amino acid sequence for

human 5-LO with the sequences for other cloned lipoxyge-
nases revealed a significant amount of homology to the
soybean Loxi gene product and the rabbit reticulocyte
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A
Lox 1 aa 481 SKAYVIVNDSCYHQLMSHWLNTHAAMEPFVIATHRHLSVLHPIYKLLTPH

II11 11 1l1i1 1 1 111 111111 1
5-LO aa 351 AKIWVRSSDFHVHQTITHLLRTHLVSEVFGIANYRQLPAVHPIFKLLVAH
Lox 1 aa 531 YRNNMNINALARQSLINANGIIETTFLPSKYS-VEMSSAVYKNWVFTNQA

5-LO aa 401 VRFTIAINTKAREQLICECGLFDKANATGGGGHVQMVQRANKDLTYASLC

Lox 1 aa 580 LPADLIK-RGVAIKDPSTPHGVRLLIEDYPYAADGLEIWAAIKTWVQEYV

5-LO aa 451 FPEA-IKARGNESKED IPYYFYRDDGLLVWEAIRTFTAEVV

Lox 1 aa 629 PLYYARDDDVKNDSELQHWWKEAVEKGHGDLKDKPWWPK-LQTLEDLVEV

5-LO aa 491 DIYYEGDQVVEEDPELQDFVNDVYVYGMRGRKSSGF-PKSVKSREQLSEY

Lox 1 aa 678 CLIIIWIASALHAAVNFGQYPYGGLINNRPTASRRLLPE-KGTPEYEENI
11I1111111111 1I

5-LO aa 540 LTVVIFTASAQHAAVNFGQYDWCSWIPNAPPTNRAPPPTAKGVVTIEQ-I

B
5-LO aa 1 MPSYTVTVATGSQWFAGTDDYIYLSLVGSAGCSEKHLLDKPF YN

II1111 11 1ii11
R-LO aa 1 NGVYRVCVSTGASIYAGSKNKVELWLVGQHGEVELGSCLRSH EH

5-10 aa 550 QHAAVNFGQYDWCSWIPNAPPTHRAPPPTAKGVVTIEQIVDTLPD
11 11 11 1111 III 1111 I I '11

R-LO aa 45 QHSSIHLGQLDWFTWVPNAPCTNRLPPPTTK-DATLETVMATLPS

FIG. 5. Comparison of the amino acid sequence of 5-LO with
those of(A) the soybean Loxi protein and (B) the rabbit reticulocyte
LO. All sequences are aligned for maximum homology with identi-
cal matches indicated. Only those regions of each protein exhibiting
significant amino acid homology are shown. Each amino acid
sequence is numbered individually on the left of each line. Amino
acids are identified by the single-letter code.

15-LO (Fig. 5). The Loxi protein catalyzes an enzymatic
reaction similar to 5-LO, but with differences in substrate
preference and positional specificity (33). The greatest
amino acid homology was observed between the central
portions of both 5-LO and the Loxi protein. In one region of
5-LO, 12 of 13 amino acids (including one serine, one
histidine, and one tyrosine, amino acids likely to be present
within the active site of the enzyme) are shared with the
Loxi protein. A comparison of the hydrophobicity profiles
(25, 26) of the two proteins indicated a similar distribution of
hydrophobic and hydrophilic residues throughout both pro-
teins. Likewise, both proteins had similar overall secondary
structures as predicted by the method of Chou and Fasman
(34). The high degree of sequence conservation between an
enzyme from plants and one from animals suggests that the
conserved regions may play a role in enzymatic functions.
The amino-terminal 88 amino acids of the rabbit reticulocyte
15-LO have been reported (35). While it is difficult to draw
functional conclusions from the limited amount of seqlence
data, two regions of significant similarity were observed.
The first region of similarity is at amino acids 1-34 of 15-LO
and amino acids 1-34 of 5-LO, while the second is at amino
acids 550-594 of 5-LO and amino acids 45-88 of 15-LO. The
division of the similar regions in 5-LO may reflect structural
or functional differences between the two enzymes. Thus, all
of these enzymes that catalyze similar reactions may have
diverged from a common ancestral gene product and repre-
sent members of a large family of related proteins. Taking
the structural similarities into account, it should be possible
to use molecular modeling studies combined with biochem-
ical and genetic analysis to determine the structure-function
relationship of 5-LO and design more effective chemothera-
peutic agents that use 5-LO as a target.
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