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ABSTRACT

Cyelooxygenase and lipoxygenase enzymes metabolize arachidonic acid to

biologically active eicosanoids which aet as patent local mediators of various

physiologieal and pathologieal responses. The production of certain

immunoregulatory eicosanoids may help parasites to evade host immune

responses and establish chronic infections. Our analysis of arachidonic acid

metabolites synthesized by the adult trematode parasite Schistosoma mansoni

indicated the presence of a soluble, enzymatically active Iipoxygenase (LOX) and

the absence of any cyclooxygenase (COX) activity. Screening of several S.

mansoni cDNA libraries using mammalian LOX sequences restilted in the cloning

of the mouse (the parasite host) LOX homologue due to the high sequence

homology among the different mammalian lipoxygenases. In search of a more

specific probe, the phylogenetically related nematode Caenorhabditis e/egans

DNA database was searched for araehidonic acid metabolizing enzyme-like

sequences. Although no COX or LOX related sequences were revealed, a small

expressed sequence tag (EST) (termed em01c7) with strong homology to the

human leukotriene AJ. (LTA..) hydrolase was found. The C. e/egans emO1c7 clone

was used to screen S. mansoni cDNA libraries but failed ta identify any

homologous sequences tram S. manson;. On the other hand, the utilization of

cm01c7 as a probe together with conventional hybridization screening and

anchored polymerase chain reaction techniques resulted in the cloning of the full

length LTÂ1 hydrolase-like homologue, termed AP-1, from C. e/egans. The AP-1

cDNA was expressed transiently in C08-7 mammalian cells and tested for LT~

hydrolase and aminopeptidase activities. Oespite the strong homology between

the human LT~ hydrolase and C. elegans AP-1 (45 % identity at the amine acid

level) 1 reverse-phase high pressure liquid chromatography and

radioimmunoassay for LTB. production revealed the inability of C. elegans AP-1

ta use LTA.t as a substrate. In contrast, C. elegans AP-1 was an efficient

aminopeptidase as demonstrated by its ability ta hydrolyze a variety of amine acid

p-nitroanilide derivatives. The aminopeptidase aetivity of C. elegans AP-1



resembled that of the human LTAt hydrolase/aminopeptidase enzyme with a

preference for arginyl-p-nitroanilide as a substrate. These results support the idea

that the enzyme originally functioned as an aminopeptidase in lower metazoa and

then developed LTA. hydrolase activity in more evolved organisms. The study of

arachidonic acid oxygenases in nematodes and trematodes will extend our

knowledge about the degree of evolutionary conservation of these important

regulatory proteins and may also lead to novel therapeutic targets for the

treatment of human parasitic diseases.
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RÉSUMÉ

La cyclooxygénase (COX) et la lipoxygénase (LOX) sont des enzymes

responsables de la transformation de l'acide arachidonique en composés

biologiquement actifs. Ces composés, appelés eicosanoides, agissent comme

médiateurs puissants dans diverses réponses physiologiques et pathologiques.

Comme certains eicosanoides possèdent des propriétés immunorégulatrices,

leur production par des parasites peuvent déjouer la réponse immunitaire de

l'hôte et ainsi entrainer une infection chronique. L'analyse des métabolites de

l'acide arachidonique produits chez le trématode adulte Schistosoma mansoni a

révélé la présence d'une Iipoxygénase soluble et active sur le pOlan enzymatique,

de même que l'absence d'activité cyclooxygénase. Le criblage de plusieurs

librairies d'ADNe de S. mansoni à l'aide d'amorces constituées de séquences de

LOX de mammifères a donné lieu au clonage de la LOX de souris (l'hôte du

parasite), cela étant dû à la forte homologie dans les séquences des LOX de

mammifères. Afin d'obtenir une amorce plus spécifique, nous avons recherché

des séquences possédant des similarités avec les enzymes responsables de la

transfonnation de l'acide arachidonique dans la base de données dtADN de

Caenorhabditis e/egans, un nématode relié sur le plan phylogénétique à S.

mansoni. Bien qu'aucunes séquences possédant des similarités avec la COX ou

la LOX n'aient été trouvées, une petite séquence exprimée avec un tag (EST)

appelée cm01c7 et possédant une forte homologie avec la leucotriène~ (LTA..)

hydrolase humaine a été identifiée. L'utilisation du cm01 c7 comme amorce n'a

pas permis l'identification d'une séquence homologue à partir des librairies

d'ADNe de S. mansoni. Toutefois, lorsque le cm01c7 a été utilisé comme

amoÏ'Ce avec les techniques de criblage par hybridation conventionnelle et les

techniques d'amplification de gènes PCR (polymerase chain reaction) ancrée, la

séquence complète d'un homologue de la LTA. hydrolase appelé AP-1 a pu être

clonée chez C. e/egans. L'ADNe du clone AP-1 a ensuite été exprimé de façon

transitoire dans les cellules de mammifères 008-7, et ensuite testé pour les

activités de LT~ hydrolase et d'aminopeptidase. Malgré la forte homologie entre
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la LTA.t hydrolase humaine et le clone AP-1 de C. e/egans (45 % des acides

aminés étant identiques), l'analyse par chromatographie liquide à haute pression

en phase inversée et par essais radio-immunologiques de la production de

leucotriène 84 a montré l'incapacité du clone AP-1 à utiliser la LT~ comme

substrat. Par contre, sa capacité à hydrolyser une variété de substrats

peptidiques couplés à un groupe p-nitroanilide a permis de demontrer que le

clone AP-1 possède une activité aminopeptidase importante. Cette activité

ressemble à celle de l'enzyme LT~ hydrolase/aminopeptidase humaine qui

possède elle aussi une préférence pour le substrat arginyl-p-nitroanilide. Ces

résultats appuient l'hypothèse selon laquelle l'enzyme devait à l'origine

fonctionner uniquement comme aminopeptidase chez les niétazoaires pour

ensuite développer une activité LT~ hydrolase chez les organismes plus

évolués. L'étude des oxygénases responsables de la transformation de l'acide

arachidonique chez les nématodes et les trématodes devrait contribuer à

améliorer notre compréhension du degré d'évolution de ces protéines

régulatrices importantes, et également mener à la découverte de nouvelles

cibles thérapeutiques pour le traitement de maladies parasitaires humaines.
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1. INTRODUCTION

1.1 Eicosanoids

The term eicosanoids was coined to refer to ail biologically active

oxygenated metabolites of arachidonic acid and certain other C20

polyunsaturated essential fatty acids (1 t 2). In mammals, eicosanoids act as

potent local mediators of various physiological and pathologieal responses

including inflammation, bronchoconstriction, pain, fever, regulation of vascular

tone, and regulation of immune responses (3, 4). Three broad groups of

eicosanoids are recognized, the prostanoids, ail products of the cyclooxygenase

pathways, the epoxyeicosatrienoic acids (EETs), products of cytochrome P450

monooxygenases, and the leukotrienes, hydroxyeicosatetraenoic acids (HETEs),

and lipoxins, products of the 5, 12, and 15- lipoxygenase pathways (5). The

classical substrates for the production of eicosanoids are dihomo-y-linolenic acid

(20:3w-6), arachidonic acid (20:4w-S), and eicosapentaenoic acid (20:5w-3).

These precursor fatty acids contain three, four or five double sites of unsaturation

and lead to the production of the 1,2, or 3 series of prostanoids, respectively (S,

7). As the 5-6 cis double bond in the precursor fatty acid is required for the

biosynthesis of the 3, 4, or 5 series of leukotrienes, these are therefore formed

from mead acid (20:3w-9), (20:4w-S), or (20:5w-3) but not trom dihomo-y-linolenic

acid (which does not cany a 5·S cis double bond) (7). These essential

polyunsaturated fatty acids could be obtained directly from the diet (meat, fish, or

seafood) or derived from linoleic acid (18:2w-6) and y-linolenic acid (18:3w-6) by

desaturation and elongation processes which usually oceur in the liver (7 J 8).

Arachidonic acid is the preferred substrate for eicosanoid biosynthesis and

it is the most abundant C20 polyunsaturated fatty acid found in the membranes of

mammalian cells. The abundance of arachidonate lead to the predominant

formation of the 4-series of leukotrienes and the 2-series of prostanoids. Cellular

concentrations of free arachidonic acid are very low (6, 9) as it is extensively and

preferentially incorporated into the sn-2 position of phospholipids in cell
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membranes. Therefore, the tree concentration of arachidonate available for

eicosanoid biosynthesis is dependent on the release of arachidonate by

phospholipases versus the rate of its re-esterification by acyl-CoA transferases (9,

10,11).

1.2 Phospholipases and the retease of arachidonic acid

Arachidonic acid is normally esterified in membrane glycerophospholipids

mainly in the sn-2 position of phosphatidylcholine (PC), phosphatidylinositol (PI),

and phosphatidylethanolamine (PE) (9). Several phospholipase pathways

contribute to the release of arachidonic acid from membrane phospholipids. The

direct action of phospholipase A2 (PLA2) mainly on PC and PE , and the activation

of phospholipase C (PLC) and diacyVmonoacylglycerol lipases which retease

arachidonic acid from PI, are considered to be the major routes for obtaining tree

arachidonic acid (9, 11, 12, 13). However, phospholipase A, and phospholipase 0

(which convert PE or PC to phosphatidic acid followed by the fonnation of

diglycerides and monoglycerides) (11, 14) as weil as receptor activation of PC

specifie phospholipase C and low-density lipoproteins (LOLs) can also liberate

arachidonic acid. In addition, phospholipase C and 0 and arachidonie acid itself

activate protein kinase C which can reduce the rate of reacytation of arachidonate

resulting in increased free arachidonic acid levels (15, 16). Phospholipases can

be activated direetly by the interactions of growth factors, hormones, autocoids or

other chemical mediators with cel'-surface G·protein coupled receptors or through

an increase in intracellular free calcium concentration in response to physical

stimuli (17, 18).

ln most cells, PLA2 is the primary enzymatic activity which regulate

arachidonic acid release for eicosanoid biosynthesis, accordingly, PLA2 enzymes

are considered to be the rate Iimiting enzymes for the formation of prostanoids

and leukotrienes (9,19). The mammalian PLA2 enzymes include several forms: 1)

the calcium-dependent secreted PLA2 forms which are characterized by their low

molecular masses of 13-15 kOa and an absolute requirement for calcium during
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hydrolysis (20. 21); 2) the intracellular cytosolic PLA2 (85 kDa enzyme) (22, 23);

and 3) the calcium- independent PLA2 enzymes which include a 40 kOa PLA2

trom myocardium (24, 25, 26) and a 80 kOa PLA2 recently isolated from the

macrophage ceilline P38801 (27,28).

The secreted forms of (SPLA2) show little if any specificity for the acyl

group at the sn-2 position of the phospholipid (18). Proinflammatory stimuli

including tumor necrosis factor (TNF), interleukin 1pand cytokines induce SPLA2

(29, 30, 31) and this induction can be prevented by corticosteroids (32, 33).

Secreted PLA2 has been postulated to play a raie in digestion, cell membrane

homeostasis, and inflammation (18, 20).

ln contrast to SPLA2 , the cytosolic PLA2 (cPLA2) has' a preference for

hydrolysis of arachidonic acid which is esterified at the sn-2 position of PC and PE

(22). This CPLA2 is coupied ta receptors via G-proteins (20) and has the ability to

translocate ta membrane structures (upon cell activation) in a calcium-dependent

manner (34, 35). This translocation is essential for the CPLA2 activity and is due ta

a 138 amino acid terminal domain which is a calcium-dependent phospholipid

binding domain. Agonist-stimulated phosphorylation further enhances CPLA2

activity (36). Phosphorylation by MAP (mitogen-aetivated protein) kinases at

serine-50S of CPLA2 which can be aetivated by TNF has been shown (17, 37, 38).

Thus, both increased intracellular calcium levels and serine phosphorylation are

required for full activation of CPLA2. It has also been shown that the transcription

and translation of CPLA2 is induced by interleukin 1p and transforming growth

faetor-P2 (39).

Calcium-independent forms of PLA2 (iPLA2) are abundant in myocardium

(17) and the 40 kDa myocardial iPLA2 displays enzymatic selectivity for

plasmalogen-eontaining phospholipids (the predominant phospholipid in

myocardium). This enzyme may be involved in the pathogenesis of myocardial

diseases (40, 41, 42).

It is not yet determined if there is one specifie phospholipase which is

responsible for the release of araehidonic acid utilized in the formation of

prostanoids and leukotrienes (11).

3



1.3 Arachidonic acid metabolism

The first committed step in the metabolism of arachidonic acid involves

fatty acid oxygenases (cyclooxygenases and Iipoxygenases) which require

hydroperoxides for initiation of oxygenation, resulting in the formation of lipid

hydroperoxides. Subsequent metabolism leads to the formation of the biologically

active eicosanoids (5). Upon its release trom membrane phospholipids,

arachidonic acid can be metabolized mainly through three distinct pathways. The

cyclooxygenase pathway leads to the conversion of arachidonic acid to

prostaglandins, thromboxanes, and prostacyclin (S, 43, 44). The lipoxygenase

pathway results in the production of leukotrienes, HETEs, lipoxins and other

related hydroxy acids (4, 5, 19, 45). The cytochrome P450 pathway produces

EETs and hydroxyeicosatrienoic acid isomers through a non-regiospecific manner

(5,46).

1.3.1 The cyclooxygenase pathway

The tirst committed step in the metabolism of arachidonic acid involves

fatty acid dioxygenases (cyclooxygenases and lipoxygenases) and results in the

formation of lipid peroxides, which strongly enhance the catalytic aetivity of these

enzymes (for review see 5, 47). Cyclooxygenase, also known as prostaglandin

GlH synthase (PGHS) or prostaglandin endoperoxide synthase, is a bifunctional,

membrane-bound hemeprotein that catalyzes both the bisoxygenation of

arachidonic acid to form PGG2 (cyclooxygenase activity) as weil as the

peroxidative reduetion of PGG2 to form the endoperoxide PGH2 (peroxidase

aetivity) which is the precursor ta the formation of ail prostanoids (48-51). Two

isoforms of the cyclooxygenase (COX) enzyme with similar molecular masses (=

70 kDa) have been identified. The constitutively expressed COX·1 which was

tirst characterized from sheep vesicular glands (52, 53), is involved in

"housekeeping functions· including regulation of vascular homeostasis,
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modulation of renal function, and protection of the gastric mucosa (54, 55). The

inducible fonn COX-2 which is induced by various inflammatory cytokines,

mitogens, and endotoxin (56-59), is involved in differentiative processes such as

inflammation and ovulation (60) and is the enzyme responsible for production of

prostaglandins during inflammation (61-64). Both COX isoforms are non

selectively inhibited by non-steroidal anti-inflammatory drugs (NSAIDs) such as

aspirin, indomethacin and flurbiprofen (65), a property that aceounts for their

shared therapeutic and side effects (66). Thus, the ability of N5AIDs to inhibit

COX-2 may weil explain their therapeutic effect as antiinflammatory drugs,

whereas inhibition of COX-1 may explain their undesirable side effects. such as

gastrie and renal damage.

COX-1 is a glyeoprotein homodimer complex composed of two identical

heme-containing subunits (70 kDa each), and is found primarily in the

endoplasmic reticulum of mammalian cells (67, 68). The cDNA for COX-1 has

been cloned from ram seminal vesicle, mouse, as weil as different human

sources (69-71) and encodes for a aOO-amino acid protein with a 24-residue

signal peptide and four potential N-linked glycosylation sites. COX-2 cDNA has

been cloned from chicke~ and mouse (62, 72) and encodes a 603 (chick)/604

(mouse)-amino acid protein that is 60% identical to COX-1 at the amino·acid

levaI. COX-2 is also a glycoprotein of 70 kOa containing five potential N

glyeosylation sites (61) (N-linked glycosylation is required for maximum activity of

both .COX-1 and COX-2 (73). The major differences between the COX-1 and

COX-2 forms are at their amino and carboxyl tennini (68) , a 17-amino acid

stretch within the signal peptide of COX-1 at the N-terminus is not present in

COX-2, in contrast, COX·2 contains an 18-amino acid region at the carboxyl

tenninus not present in COX-1. Ali the other major features found in COX-1, like

the aspirin-sensitive serine residue, epidermal growth factor-like domain,

homology to peroxidases, and residues essential ta catalytic aetivity are

conserved in COX-2 (61, 70).

The human COX-1 mRNA (3 Kb) is ubiquitously expressed in most

tissues (74) while very low levels of basal expression of human COX-2 mRNA
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(4.5 Kb) are restricted to certain tissues (including kidney, prostate, brain, testis,

and lung), with no expression in most other major organs (11,59,62, 72). COX-1

mRNA is subjected to low level regulation (usually 2-4 fold changes in mRNA

levels) by many factors including phorbol ester, interleukin-1, progesterone,

platelet-derived growth factor, EGF, cAMP, and serum (51, 56). On the other

hand, COX-2 mRNA is downregulated by glucocortieoids and is highly

upregulated by EGF, forskolin, phorbol ester, and serum (62, 72) (which induce a

large and rapid increase in mRNA levels in mouse fibroblasts) as weil as by

luteinizing hormone/human chorionic gonadotropin (LHlhCG) whieh induces a

40-fold induction of COX-2 mRNA levels in rat granulosa cells of preovulatory

follicles (75).

The human and murine COX-1 genes have been cloned (76, 77), they

share the sarne exonlintron boundaries and are divided into 11 exons spanning

about 22 Kb, while the murine COX-2 gene contains 10 exons and spans 8 Kb of

genomic DNA (78). The human COX·1 gene is located on chromosome 9q32

q33.3 (70,78) while the human COX-2 gene is located on chromosome 1q25.2

q25.3 (78).

1.3.2 Prostanoids: biologieal actions and receptors

Prostaglandins (PGs) are classified into 3 series based on the number of

double bonds in the side chains; PGs are aisa classified into several types based

on the substitution of the cyclopentane ring. The 2-series of PGs, which have the

greatest biologieal importance in higher eukaryotes, are derived from arachidonic

acid (the most abundant of the prostanoid precursors) and thus constitute the

most abundant naturally oecurring prostanoids (6). These biologically active

prostanoids (which inelude PGs and thromboxanes (TXs» are synthesized from

the endoperoxide PGH2 by the action of PGD2 synthase, PGE2 synthase, PGF2Cl

synthase, thromboxane synthase, and prostacyclin synthase which produce

PGD2, PGE2' PGF2Q, TXA2, and PGI2' respectively (11, 79). Using

pharrnacological and ligand binding techniques (80, 81), these prostanoids were
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shown to aet on specifie receptors on cell membranes. Distinct receptors were

identified for each of the naturally occurring prostanoids and a comprehensive

classification of the receptors was developed (82). Aceording to the relative

affinities of the natural PGs for specifie reeeptors, the reeeptors with highest

affinities for PGD2' PGE2• PGF2a • PGI2and TXA2 were designated as the OP. EP,

FP, 1P, and TP receptors, respectively. Severai subtypes of these reeeptors have

also been identified (83).

Once released. prostanoids have been reported ta have a diverse

spectrum of biologieal activities in a variety of cell and tissue types (for review see

47). Of the various biologieal activities associated with prostanoids, the most weil

characterized are their contractile and relaxant affects on smooth muscles. Four

of the prostanoid receptor subtypes (EP1• EP3, TP. and FP) mediate contraction

of smooth muscles via increased intraeellular calcium and another four (EP2• EP4.

OP. IP) mediate relaxation via increased intraeellular cAMP (47. 83). EP3

receptors also mediate their contractile actions indirectly via coupling to inhibition

of adenylate eyclase and lowering cAMP levels (83). Depending on the type of

receptor present. prostaglandin-mediated contraction or relaxation has been

detected in many smooth muscle preparations including those of respiratory.

gastro-intestinal, vascular, reproductive. and urinary systems as weil as in the eye

(83). Another important biologieal function whieh is mediated through EP2 and EP4

reeeptors is the negative regulation of the immune system by PGE2 (83). PGE2

efficiently induees apoptosis of thymocytes and inhibits the function and the

proliferation of T cells by inereasing the intracellular eAMP level (84). PGE2 also

inhibits l TB4 synthesis and tumor necrosis factor induction in macrophage, as

weil as colony-stimulating factor 1-dependent growth of macrophages (85-87).

PGE2 has also been shawn ta induce B-cell unresponsiveness and ta act as a

patent feedback inhibitor of both eellular and humoral immune responses (88, 89).

EP2 and/or EP4 receptors are also involved in the vasodilation of various blood

vessels, a PGE2 effect mediated by PGE2-induced intracellular eAMP elevation

(47. 83). PGI2also causes vasodilation, and through the coupling of IP receptor to

stimulation of adenylate cyclase via stimulatory G-protein (G,), PGI2 increases
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cAMP levels in human platelets leading ta the inhibition of platelet aggregation

(90). Recently, several prostanoid receptors and their isoforms have been cloned

from mouse, bovine, and human cDNA libraries and include the EP, (91, 92), EP2

(92), EP3 (which exist as a number of altematively spliced torms (94, 95», EP4

(96), FP (97), and TP (98, 99) receptors (which also exist as two altematively

spliced forms (83». The recently isolated four isoforms of the EP3 receptors (A-D)

(95), differ only in their C-terminal tails and may exert their different functional

roles either by coupling to different G-proteins ta activate different second

messenger systems or by showing different rates of agonist-induced

desensitization (83). The identification of such isotypes for the prostaglandin

receptors may help to explain the diversity of prostaglandin functions.

1.3.3 The lipoxygenase pathway

Alternative pathways of oxidation of arachidonic acid are through the

lipoxygenase enzymes. There are three major lipoxygenases in mammalian cells,

5-, 12-, and 15-lipoxygenase, named for their ability to insert molecular oxygen at

carbon 5, 12, and 15 of arachidonic acid, respectively (3, 19). The 5-lipoxygenase

pathway leads to the formation of leukotrienes; HETES are generated by the

action of the different lipoxygenases, and lipoxins are formed by the coordinate

participation of 5- and 12115-lipoxygenase via the putative intermediate 15

hydroxy-LTAt (19, 45). These Iipid mediators have been implicated in the

pathogenesis of allergy and inflammation.

1.4 Lipoxygenases

Lipoxygenases are a family of non-heme iron-eontaining dioxygenases

which catalyze the stereospecific insertion of molecular oxygen into

polyunsaturated fatty acids with 1-cis,4-cis-pentadiene structure such as

arachidonic acid and linoleic acid (100). Lipoxygenases are widely distributed

throughout the plant and animal kingdoms, and with the advances in molecular

8



biology techniques, at least 31 unique lipoxygenase sequences from various

plant and animal species are currently entered into the GenBank database. The

first lipoxygenase to be characterized was the soybean Iipoxygenase-1 enzyme

which catalyzes the synthesis of 13-hydroperoxy-9,11-octadecadienoic acid (13

HPODE) from linoleic acid (for reviews of plant lipoxygenases see 101, 102).

This plant enzyme was extensively investigated and its three-dimensional X-ray

crystal structure was later reported (103). In plants, the fatty acid hydroperoxides

(products of the tipoxygenase pathway) are precursors of species that are

involved in development, growth regulation, wound response, and pest

resistance (104-106). In mammalian tissues, beside the weil characterized 5-,

12-, and 15-lipoxygenases, an a-lipoxygenase trom mouse epïderrnis has also

been described (107, 108).

1.4.1 5-lïpoxygenase and leukotriene biosynthesis

The most extensively studied lipoxygenase enzyme is the 5-lipoxygenase

(S-LOX) as it catalyses the tirst two steps in the biosynthesis of the biologically

important leukotriene mediators. The tirst step involves the incorporation of

molecular oxygen at carbon 5 of arachidonate to form 5(S)-hydroperoXY-6, 8, 11,

14-eicosatetraenoate (5-HPETE) (Figure 1.1). This intennediate is then either

dehydrated to the allylic epoxide LTA. by the dehydrase activity of S-LOX (the

second catalytic activity of S-LOX ) (109, 110), or degraded by a peroxidase to 5

hydroxyeicosatetraenoate (S-HETE) (111). LT~ can then be hydrolyzed to LT84

by the action of LT~ hydrolase or conjugated with glutathione ta forrn LTC4 by

the action of LTC4 synthase (3). Sequential removal of glutamate and glycine by

y-glutamyltranspeptidase and cysteinylglyeine dipeptidase, subsequently

produces LT04 and L~, respectively.

LTC4, LT04 , and LTe.. are known as the cysteinyl leukotrienes and

eollectively aceount for the biological activity originally described as the slow

reacting substance of anaphylaxis or SRS-A (112). These leukotrienes interact

with high-affinity, structurally specifie, G protein-eoupled receptors (at least two
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subtypes cys-LT1 and cys-LT2 are described to date) to produce contractile

responses which can lead to bronchoconstriction, induction of airway secretion,

and changes in microvascular permeability in the lung (19). Thus, the cysteinyl

leukotrienes have been implicated as important mediators of immediate

hypersensitivity reactions and allergie conditions. and leukotriene 04 receptor

antagonists have shown promise in the treatment of human bronchial asthma

(113).

5..LOX was initially characterized in rabbit leukocytes (114) and ils dual

catalytic activity which generates both S-HPETE and LT~ was subsequently

demonstrated using potato tuber S-LOX and mammalian S-LOX (115-117). The

enzyme has been purified and cloned from different mammaliàn sources (118

120) and was characterized as a 78 kOa soluble protein that requires calcium. .

and ATP for enzymatic activity (116, 117. 121, 122, 123). Increases in

intracellular calcium induced by agents such as A23187 result in 5-LOX

activation and subsequent translocation trom the cytosol or nucleus to the

nuclear membrane (124-126). This translocation is associated with the activation

of cellular leukotriene biosynthesis with the subsequent irreversible suicide

inactivation of 5-LOX (126).

ln whole cells, S·LOX also requires the presence of 5-lipoxygenase

activating protein (FLAP) to form leukotrienes from endogenous substrate (127).

FLAP is an 18 kDa membrane bound protein that resides in the nuclear

envelope of PMN leukocytes and macrophages (124, 128). This smalt protein

was originally discovered through its ability to bind with high affinity to MK-886,

an indole inhibitor of leukotriene biosynthesis (129). MK-886 inhibâts leukotriene

biosynthesis in intact cells, but not in cell-free systems, by inhibiting the

membrane association of S·LOX (127). Thus, FLAP is thought to aet as an

arachidonate transfer protein that presents arachidonic acid to 5·LOX (130, 131).

cDNAs for mammalian 5..LOX have been cloned trom various sources

including human (119, 120), rat (118), mouse (132), and hamster(133). There is

an overall 600/0 amino acid sequence similarity among human 5-, 12-. and 15

LOX, and each human lipoxygenase is roughly 25% identical to plant
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lipoxygenases (134). A core region in the central portion of human S-LOX

molecule is highly conserved in other mammalian and plant lipoxygenases

including rat 5-LOX (118). human platelet 12..LOX (135), porcine leukocyte 12

LOX (136), human 15-LOX (137), rabbit 15-LOX (138). soybean LOX isozymes

1, 2, and 3 (139-141), and pea seed LOX (142) (Figure 1.2). This core region

contains the motif His-Xt-His-X.-His-X1rHis-Xa-His with five conserved histidine

residues (numbered with respect to 5-LOX in Figure 1.2), as weil as severai

interspersed conserved acidic and basic residues (boxed residues in Figure 1.2).

A second region of high homology with another conserved histidine and

glutamine residues, closer ta the C-terminal, is found in ail ten LOX sequences,

and a third region with a conserved histidine is found in mammalian but not in

plant LOX (Figure 1.2; 143). Sorne of these conserved residues. as discussed

below, are essential for iron-binding and/or activity of LOX enzymes.

Human 5-LOX has been expressed in various cellular systems (144-146),

and the recombinant protein was used ta demonstrate that the enzyme contains

one mole of iron per mole of enzyme (147). Site directed mutagenesis was

utilized ta delineate the residues of 5-LOX which are critical for binding the Iron

atome The residues of soybean 15-LOX which were shawn to be involved in iron

binding were four imidazole ligands and two oxygen ligands (148). Two crystal

structures of the soybean 15-LOX have shawn that the iron atom in the enzyme

is coordinated by three histidines and the carboxylate of the C-terrninal

isoleucine (103, 149). The corresponding residues in human S-LOX are His-367,

His-372 (in the main core region in Figure 1.2), His-550 (in the second region in

Figure 1.2). and lIe-673. Mutagenesis of His-367, His-372, His-550 and deletion

of the six C-terminal residues of 5-LOX produced an inactive enzyme (150-153).

The His-372 and His-550 mutants were devoid of iron while the His-367 mutant

contained smaller amounts of iron than in the wild type enzyme (152, 154). The

His-390 and His-399 (also found in the core region in Figure 1.2) mutants

contained similar amounts of iran as the native protein but only retained a partial

amount of the enzymatic activity. Additional mutational studies of other

conserved residues showed !hat His-362. Met-435. Tyr-383, and Phe-393 are
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not essential for 5-LOX activity (151, 154). Taken together, these results indicate

that His-367, His-372, and His-550 are essential for 5-LOX activity (as was

previously shawn for the corresponding residues in the soybean enzyme; 155),

and that the same residues with the possible inclusion of lIe-673 may constitute

the iron binding sites for 5-LOX.

The gene encoding human 5-LOX has been cloned and determined to

reside on chromosome 10 (156). The gene spans more than 82 kb and consists

of 14 exons and 13 introns with similar exonlintron boundaries to the human 12

LOX and rabbit 15-LOX genes. Recently, the 5-LOX gene has been disrupted in

mice, and 5-LOX 'knockout' mice have been developed and characterized.

These 5·LO>rr mice do not display a phenotype different from éontrol mice and,

as expected, S-LOX was not essential for fetal development or survival (157). On

the other hand, the analysis of these 5-LOX-deficient mice confirmed the raie of

leukotriene products as important inflammatory mediators (158). 5·LOX-r mice

also demonstrated a potential beneficial role of leukotrienes in the hast defense

reaetion against parasitic and bacterial infections (159).

1.4.2 12-lipoxygenase

Arachidonate 12·LOX, found in human platelets, was the first mammalian

lipoxygenase to be discovered (160). It catalyzes the stereospecific incorporation

of molecular oxygen into C-12 of arachidonic acid to form 12(S)-hydroperoxy·

5,8,14-cis-10-trans-eicosatetraenoic acid (12-HPETE) which is then reduced by

cellular glutathione peroxidases ta 12(S)-hydroxy eicosatetraenoic acid (12

HETE; Figure 1.1). There are two main classes of 12·LOX in terms of the identity

of primary structure; the 'platelet-type, (the enzymes cloned from human (135,

161) and mouse platelets (162), and the 'Ieukocyte-type' (the enzymes cloned

from porcine leukocyte (136), bovine trachea (163), rat pineal gland (164) and

whole brain (165), and mouse peritoneal macrophage (166). Ail 12-LOX proteins

consist of 662 amine acid residues and their molecular masses are about 75

kDa. The leukocyte and platelet 12-LOX isozymes share only 58°t'o identity (at the
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amino acid level) and differ in their substrate specificity, product profile,

immunogenicity, sequence and gene structure (100, 167, 168). The leukocyte

type 12..LOX fonns 15-HPETE in addition to 12-HPETE from arachidonic acid

(169) and metabolizes both arachidonic and linoleic acids, whereas the platelet

enzyme forms almost exclusively 12-HPETE and metabolizes virtually no C-18

fatty acids (for review see 170). Thus, leukocyte·type 12-LOX is more related to

15-LOX than it is to platelet 12-LOX, as both leukocyte 12-LOX and 15·LOX are

dual specificity lipoxygenases and share up to 85% identity in their primary

structure in higher mammals (100, 134, 136). In fact, leukocyte 12-LOX and 15

LOX cDNAs have not yat been' isolated within the same species and it has been

postulated that the 15-LOX found in human reticulocytes, airway epithelium, and

eosinophils is the species equivalent of the leukocyte 12-LOX found in bovine. .

tracheal epithelium, porcine leukocytes, and mouse macrophages (134,170). In

viewof the high amine acid sequence homology between leukocyte 12..LOX and

reticulocyte 15·LOX (85°k), site-directed mutagenesis was used in an attempt to

convert 12-LOX to 15·LOX. A double mutation of Val-418 and -419 of porcine

leukocyte 12·LOX to Ile and Met (residues found in 15·LOX) increased the ratio

of 15- and 12-LOX activities from 0.1 to 5.7 (171). Similar mutations of 12-LOXs

of rat brain and human platelets resulted in a partial conversion of 12·LOX to 15

LOX (172, 173).

12-LOX purified from porcine leukocyte contains about 0.7 atom of non

heme iron per mole of enzyme (174), and site-directed mutagenesis studies

showed that the same histidine residues essential for iron binding and catalytic

activity of 5-LOX are also essential for both leukocyte and platelet 12·LOX

activities (171, 173). Thus. a loss of enzyme activity and a very low content of

iron were observed with His-361, His-366, and His-541 mutants of porcine

leukocyte 12-LOX (171), and the corresponding three histidine residues (His

360. His-36S, and His-540) were also shown to be essential for the platelet 12

LOX activity (173).

The human platelet-type 12-LOX gene has been cloned and localized to

chromosome 17p13.1. The gene spans 15 kb of DNA and consists of 14 exons
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and 13 introns (175). The murine leukocyte-type 12-LOX (L-12-LOX) gene has

also baen cloned (162) and used to generate L-12-LOX-deficient mice (176).

The L-12-LOX-{ mice grew normally and were fertile. Peritoneal macrophages

from these L-12-LOX-{ mice did not produce detectable amounts of 12-HETE,

but a small amount of 15-HETE production was detected and the arachidonic

acid metabolism was diverted to the S-LOX pathway (159, 176).

The biological functions of 12115-LOXs are poorly understood, partly due

to the lack of specifie inhibitors for these pathways. Although the biologieal role

of 12-LOX has not been elucidated, one report shows the induction of this

enzyme in intestinal epithelial ceIls of patients suffering trom inflammatory bowel

disease (177). In addition, many reports have indicated various biologieal

activities for 12-HPETE and 12-HETE, including the secretion of LH-RH from rat

median eminence and melatonin from rat pineal gland, a possible involvement in

neurotransmission, chemotactic and vasoconstrictive activities, as weil as

increased mucous glycoprotein release from cultured human airway preparations

(for reviews see 170, 178). Leukocyte-type 12-LOX has been found in the

adrenal gland, pancreas, vascular smooth muscle, tracheal epithelium, severai

regions of the brain, and in many other locations (100), and 12-HETE has been

proposed to modulate angiotensin-induced aldosterone secretion in the adrenal

gland and glucose-induced insulin secretion in the pancreas (179, 180). It is not

clear how HPETEs or HETEs exert their biological actions and the question of

whether they have specific receptors, either on the cell surface or in distinct

intracellular locations, or they aet only by incorporation into biological

membranes, is yet to be answered. There is now sorne evidence for specific

HETE binding sites (181), but no HETE receptor cDNAs have been cloned to

date. Recently, a novel lipoxygenase cDNA trom mouse epidermis has been

cloned (182). The cDNA encodes a 662 amine acid polypeptide that is most

related ta human 15-LOX and displays 60% amine acid sequence identity to bath

murine leukocyte-type and platelet-type 12-LOXs. This epidennal-derived cDNA

expressed an enzyme with 125-LOX aetivity which produced predominantly 125

HETE fram arachidonic acid. Since linoleic and linolenic acids were not
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substrates (182). the enzyme could be classified as a platelet-type 12-LOX. The

biological rationale for the existence of three 12-LOX isozymes (platelet-type.

leukocyte-type. and epidennal 12-LOXs) that synthesize the same product is not

clear.

1.4.3 15-lipoxygenase

The mammalian form of 15-LOX is an iron-containing enzyme which

inserts molecular oxygen primarily into the C-15 position of arachidonic acid to

produce 15(S)-hydroperoxy-5,8,11-cis-13-trans-eicosatetraenoic acid (15(8)

HPETE)(183; Figure 1.3}. The mechanism of this reaction is similar to that

described for soybean lipoxygenase (184). The enzyme is activated by

hydroperoxides which probably cause an oxidation of the active site iron trom the

Fe2+ to the Fe3+ (active form) state (185). A free radical mechanism then occurs

in which the stereospecific abstraction of a hydrogen atom at the C-13 position of

the 1,4-cis-pentadiene results in a radical at this position (187-189). The

hydrogen is converted to a proton and an electron which then reduces ·Fe3+ ta

Fe2
+. The unpaired electron trom the radical combines with one of the electrons

of the neighboring double bonds and fonns a 1-cis,3-trans conjugated diene. The

radical then reacts with molecular oxygen to form a peroxy radical which is

protonated and Fe2
+ is re-oxidized to the active Fe3+ state. In addition to

oxygenation at C-15. the mammalian 15-LOX can also catalyze the insertion of

molecular oxygen at C-12 of arachidonic acid to produce 12(S)-HPETE (with a

ratio of 15-HPETE to 12-HPETE production of 9:1) (190, 191). Studies with a

variety of substrates have suggested that the alignment of the methylene groups

of the substrate at the active site is a major detenninant of this dual positional

specificity (192). Rabbit reticulocyte 15-LOX, like the soybean 15-LOX, displays

a broad substrate specificity in terms of the carbon chain length and can

therefore metabolize numerous unsaturated C-18, C-20. and 0-22 fatty acids

(191.192). The optimal substrate for 15·LOX is linoleic acid which is converted to

13-hydroperoxy-9.11-Z,E-octadecadienoic acid (13-HPODE) (191). that can
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subsequently be reduced to 13-hydroxyoetadecadienoic acid (13-HODE) by

cellular glutathione peroxidases (Figure 1.3). 15-HPETE, the primary product of

arachidonic acid metabolism by 15-LOX, can either be reduced to 15-HETE or

further metabolized to a variety of epoxide, dihydroxy, and trihydroxy derivatives

(193, 194). Thus, 15-LOX may undergo a second redox cycle to produce the

epoxide 14,15-leukotriene AJ" which can be hydrolyzed to diastereoisomers of

either 8,15-dihydroxy-5,9,11,13-eicosatetraenoic acid (8,15-diHETEs) or 14,15

diHETEs (190). In addition, duallipoxygenase products can be formed (by the

combined actions of 5-, 12- or 15-LOX) which include 8,15-diHETEs, 14,15

diHETEs, 5,15-diHETE and lipoxins (195- 197). The mammalian 15-LOX can

also eatalyze the oxygenation of unsaturated fatty acids attactied to membrane

phospholipids without their priar release by phospholipase enzymes (191, 198,

199). Based on this ability to attaek biologieal membranes (200), a major role for

15-LOX in the maturational breakdown of mitochondria in reticulocytes has been

proposed (201).

15-LOX was first purified and characterized trom reticulocyte-rich blood

cells obtained from anemic rabbits (202, 203). It was subsequently purified and

eharacterized trom rabbit and human leukocyte preparations, and airway

epithelial cells (204-207). Like other lipoxygenases, 15-LOX is found in the

cytosol and contains one iron atom per molecule ot enzyme (208). Mammalian

15-LOX cDNAs have been cloned trom human reticulocyte (137), airway

epithelium (209), and rabbit reticulocyte (138). The human reticulocyte and

tracheal epithelium cDNA sequences are identical and share 81 % sequence

identity with the rabbit reticulocyte homologue. The human 15-LOX cDNA (2.7

kb) encodes a protein of 661 amino acids with a molecular mass of 75 kOa.

Consistent with the characteristics of the purified protein and its cytosolic

localizationf the predieted human polypeptide is overail hydrophilic and contains

no Ca2
+-binding, ATP-binding, or glycosylation sites (134, 137). Human 15-LOX

protein was subsequently expressed in eukaryotic and prokaryotic cells and the

expressed enzyme had the characteristics of the original protein isolated from

eosinophil-rich leukocyte preparations (210, 211). 15-LOX is 39°k and 65°k

16



identical in its primary structure to 5-LOX and platelet-type 12..LOX, respectively,

(119, 120, 135, 161). Moreover, human 15-LOX is 86°k identical ta porcine

leukocyte-type 12-LOX (136), and both enzymes display dual positional

specificity producing both 15-HETE and 12-HETE from arachidonic acid. Site

directed mutagenesis of 15-LOX has demonstrated that Met-418 in the human

reticulocyte enzyme is a major detenninant of the positional specificity of the

enzyme (212). Conversion of this methionine residue to the corresponding valine

residue of 12-LOXs results in an enzyme with equivalent 12- and 15-LOX

activities which produces nearty equal amounts of 12-HETE and 15-HETE.

Further mutation of the two adjacent residues Gln-416 and lIe-417 to residues

found in platelet 12·LOX (Lys-416 and Ala-417) resulted in the conversion of 15

LOX into 12-LOX with a shift in the formation of 12-HETE accounting for over

900/0 of the products (212).

Recently, a second type of 15(S)-LOX was cloned from human skin (213).

This enzyme differ from the weil known reticulocyte 15(S)-LOX in that it

oxygenates arachidonic acid purely at CoolS and linoleic acid is a relatively poor

substrate for it. The human skin 15-LOX (which is also found in lung, prostate,

and comea) shares about 40% amino acid identity with the reticulocyte 15-LOX

and other reported mammalian LOXs. The sequence of this enzyme contains the

absolutely conserved iron-binding histidines (found in ail other LOXs) and the C

tenninal isoleucine that also functions as an iron ligand (103, 149). In contrast,

the putative fifth iron ligand which is normally a histidine or an asparagine in

other LOXs (His-544 in the human reticulocyte lS-LOX) is a serine (Ser-558) in

the human skin 1S-LOX (213). Recently, the mouse homologue of this newly

identified 15-LOX has been cloned and characterized from mouse epidermis

(107. 108). This mouse 8(S)-LOX (which oxygenates arachidonic acid at C-S

producing 8-HETE) is inducible by phorbol ester (108), and it remalns to be

established if this inducibility is also a characteristic feature of the human skin

15-LOX isozyme.

The gene encoding the rabbit reticulocyte 15·LOX has been cloned (214).

The gene is 8·kb long and consists of 14 exons and 13 introns having the same
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exon/intron format as the human 5- and 12-LOX ganes. In addition, the human

reticulocyte 15-LOX gene, like the human 12-LOX genes, has been localized to

chromosome 17 (175). Since mousa leukocyte-type 12-LOX may be the species

equivalent of human and rabbit reticulocyte 15-LOX, the study of the already

developed leukocyte-type 12-LOX deficient mice may help ta explore potential

biological roles for the 12115-LOX pathway (159).

Although a clear biological role for lS·LOX has not yet been elucidated, a

possible involvement of this enzyme in the formation of atherosclerotic plaques

has baen suggested. The evidence supporting this theory is that 15-LOX is found

in macrophages of atherosclerotie plaques (215, 216) and it can oxidize low

density lipoprotein (LOL), which is proposed to be an early event in the process of

atheroselerosis (217, 218). Other biologieaJ functions have also been reported for

lS-LOX-catalyzed produets, including an immunoregulatory role for 15-HETE

(which can inhibit various lymphocyte functions and can stimulate suppressor cell

activity) and lipoxins (which inhibit killer cell cytotoxicity and modulate leukocyte

chemotaxis) (199, 19, 45). A definitive role for the 15-LOX enzyme awaits the

development of specifie 15-LOX inhibitors.

1.5 Leukotriene A. (LT~) hydrolase

1.5.1 Metabolism of LT~

The unstable epoxide LT~ (5(S)-trans-S,6-oxido-7,9 trans-11,14-cis·

eicosatetraenoic acid), which is formed trom arachidonic acid by the action of 5

LOX, is the commen precursor for the synthesis of LTB. and LTC•. The formation

of LTB. is catalyzed by LTA.. hydrolase and LTC4 synthesis is catalyzed by LTC.

synthase (3). As shown in Figure 1.4, LTA.t can also be metabolized non·

enzyrnatically to the ail trans isomers of LTB. (6-trans-LTB. and 6-trans-12-epi

LTB.) as weil as the two isomers 5(S),6(R)·diHETE and 5(S),6(S)-diHETE (219).

On the other hand, LTA. can be stereospecifically converted to 5(S),6(R)diHETE

by cytosolic epoxide hydrolase (220, 221). A second lipoxygenation can also
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occur on LT~ resulting in the formation of lipoxins via the intermediate formation

of 15-hydroxy-LTA.t (45,222).

1.5.2 Leukotriene A.t hydrolase and formation of LT84

LTA.. hydrolase is the rate limiting enzyme for the fonnation of the pro

inflammatory LTB4 from the unstable epoxide LTA.t (19, 223). The enzyme was

originally characterized in rabbit polymorphonuclear leukocytes and in rat

basophilie cells (224, 225). This monomeric cytosolic enzyme (which is distinct

from other known epoxide hydrolases) was purified from human and rat

leukocytes and has a molecular mass of 69 kDa (226, 2271. LTA.. hydrolase

activity has been detected in various human tissues including the liver, and in

many different cells including those devoid of S-LOX activity such as keratinocytes

and erythrocytes (228-230). This widespread distribution of LT~ hydrolase is in

contrast ta the highly restricted distribution of 5-LOX (which produces the

substrate LTA.t) and may account for the process of transcellular metabolism of

LTA.. to LT84 (231). LTA.t hydrolase has a narrow substrate specificity for its

epoxide hydrolase activity which only accepts a 5,6-trans-epoxide with a free

carboxylic acid moiety at the C-1 position (224,229,232). The number of double

bonds is also important since LT~ which lacks the C-14-C-15 double bond is a

paor substrate but a good inhibitor for the enzyme (233). The enzyme is typically

inactivated and covalently modified by its substrate (LTA..), and this suicide

inactivation has been clearly shown to be mechanism-based (234). LTAs, which is

obtained from eicosapentaenoic acid, is also a poor substrate and aets as an

inhibitor of LT~ hydrolase activity (235).

LTA.t hydrolase cDNAs have baen cloned trom human (236), mouse (237),

rat (238), and guinea pig (239), and were expressed in bath bacterial and insect

cell systems. Ali the enzymes contain 611 amino acid residues and have a

minimum sequence homology of 92°k. Sequence comparison of LTA.a hydrolase

with zinc metalloenzyrnes, 8.g. aminopeptidase M and thennolysin, led ta the

identification of a zinc binding motif (HEXXHX1SE) in the primary structure of the
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enzyme (240-242). Further studies verified that LTA.t hydrolase contained one

catalytic zinc atom complexed to His-295, His-299, and Glu-318 (243).

Subsequently, the enzyme was shown to exhibit a previously unknown zinc

dependent peptidaseJamidase activity towards different svnthetic amide

substrates (244, 245). Unlike the epoxide hydrolase activity which does not

require cofactors, the peptidase activity of LT~ hydrolase is specifically

stimulated by monovalent anions, e.g., chloride ions (246) and also by albumin

(247). Although a physiological peptide substrate for the aminopeptidase activity

of the enzyme has not yet been found, LTA.. hydrolase has been shown to

efficiently hydrolyze arginyl tri- and dipeptides leading to its identification as an

arginine aminopeptidase (248). The aminopeptidase active site overlapped with

the epoxide hydrolase active site since the aminopeptidase inhibitor bestatin and

the angiotensin converting enzyme inhibitor captopril were capable of inhibiting

both activities (245, 249). The epoxide hydrolase activity was also dependent on

the zinc atom. Site directed mutagenesis of the three zinc-binding ligands (His

295, His-299, and Glu-318) confirmed their importance since a change in any of

these residues resulted in the loss of bath aminopeptidase and epoxide hydrolase

activities (243). A single mutation in Glu-296 abrogated the peptidase activity but

did not affect the epoxide hydrolase activity showing that although the two

activities overlap, they are distinct (250). In addition, a tyrosine residue at position

383 of LTÂ1 hydrolase has been suggested to serve as a proton donor in the

peptidase reaction. Site directed mutagenesis of this tyrosine demonstrated a

complete loss of the peptidase activity and a 90% loss of the epoxide hydrolase

activity (251).

Using the data provided by the zinc ligand dependency and the critical

residues for the aminopeptidase activity, a reaction mechanism (252) for the

cleavage of alanine-p-nitroanilide (one of the synthetic amide substrates for LTÂ1

hydrolase) has been proposed (Figure 1.5). The mechanism involves a

nucleophilic attack by a water molecule (which is displaced from the zinc atom by

the carbonyl oxygen of the substrate) on the carbonyl carbon of the scissile

peptide bond. The nucleophile is generated by Glu-296 acting as a general base
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to remove a proton from the water molecule and the positively charged zinc

coordinates the hydroxyl group and the carbonyl group of the peptide.

Simultaneously, a proton is transferred to the nitrogen of the peptide bond from

the adjacent Tyr-383 residue which aets as a proton donor. A similar readion

mechanism has been described for the peptidase activity of thennolysin (253,

254). Recently, patent inhibitors of bath the peptidase and epoxide hydrolase

activity of LT~ hydrolase have been developed and they may provide a better

understanding of the physioiogicai raie of the aminopeptidase activity of LTA.

hydrolase (255).

The mechanism of the epoxide hydrolase activity of the human LTA.t
hydrolase has been recently investigated. One report has shoWn that a peptide

fragment (21 amino acids) of LTA.t hydrolase contains the covalent attachment

site for the suicide substrate LTA... The residue which may covalently bind LTA..

was identified as Tyr-378 through sequeneing of the peptide fragment by Edman

degradation and the presence of a gap at the Tyr-378 residue (256). Mutation of

this tyrosine residue to a phenylalanine demonstrated that suicide inactivation is

almost completely abolished (257). Conversion of this tyrosine ta a phenylalanine

or a glutamate also resulted in mutants which eould convert LTA.. into both LTB.

and a newly identified isomer of LTB.. 5(S),12(R)-dihydroxy-8,14-cis-6,1Q-t'ans

eicosatetraenoic acid (257). These reeent studies suggest that Tyr-378 is a critical

residue in the epoxide hydrolase activity of LTA.. hydrolase.

The genomic structure of the human LTA.t hydrolase has reeently been

characterized (258). The gene consists of 19 exons, ès greater than 35 kb, and is

localized ta chromosome 12q22. The two essential zinc-binding histidine residues

(His-295, His..299) are present on exon 10 white the third zinc-binding ligand

glutamate (Glu-318) is located ta exon 11 (258). The fact that the zinc-binding

residues that make up the zinc-binding domain are divided between two exons

may provide a mechanism for the regulation of this enzyme through RNA splicing

events. An aminopeptidase B (AP-B) from rat testis, which exhibits 33°" amine

acid sequence identity to the rat LTA.. hydrolase, has recently been cloned (259).

This AP-B contains the metallopeptidase signature (HEXXHX18E) which is found
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in LTA.. hydrolase and can utilize LT~ to produce LTB4, albeit at approximately

10°,fa of the efficiency of LT~ hydrolase. Although the bifunctional LTAt
hydrolase/aminopeptidase has only been characterized from mammalian sources,

a partial sequence from the sUme mold Dictyoste/ium discoideum (Jho, E., and

Kopachik, W. 1995, GenBank accession number U27538) and a gene from the

yeast Saccharomyces cerevisiae (260) have been recently identified as putative

LT~ hydrolase homologues. Bath sequences encode proteins that show 39°,fa

amine acid sequence identily to the mammalian LTA.. hydrolase but neither of

them has been expressed nor characterized. In addition, an enzyme cloned from

the pathogenic yeast Candida albicans with 41 % homology to the mammalian

LTA.. hydrolase, exhibited mainly aminopeptidase activity while its hydrolase

activity converted the majority of the substrate LTA.. to what has been putatively

identified as 5,6-diHETE rather than LTB4 (U. S. Patent 5,529,916, Cormack, B.

P., and Falkow, S., June 25, 1996). The study of LTAt hydrolase homologues

trom different erganisms may provide a better understanding of the dual activity of

the mammalian enzyme, help in identifying a physiological substrate for the

aminopeptidase activity, as weil as providing new therapeutic targets for

pharmaceutical intervention in the treatment of inflammatory diseases.

1.5.3 Biological actions of L184

Leukotriene 84 is the most potent chemoattraetant known and it is active at

nanomolar concentrations (3, 261). The process of chemotaxis reters to the

recruitment of leukocytes trom the circulatiûn to the extravascular tissue. At

nanomolar concentrations, LTB4 enhances leukocyte-ehemotaxis, chemokinesis,

aggregation and adherence to endothelial ceUs, and at higher concentrations it

also triggers degranulation and generation of superoxide anions (3, 261, 262).

Due to these biologieal properties, LTB.. is regarded as an important chemical

mediator in a variety of inflammatory diseases (262, 263). In addition, L184 plays

a role in immunoregulation by stimulating the activation, proliferation, and

differentiation of human B-Iymphocytes (264, 265) and by augmenting human NK
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cell cytotoxicity (266, 267). LTB4 can also induce T suppressor cell aetivity and

stimulate lymphocyte production of cytokines (268, 269).

The biologieal effects of LTB4 in inflammation are mediated through a

specifie guanosine-binding-protein (G-protein) coupled receptor that has both high

and low affinity states. The high-affinity receptor state mediates chemotaxis,

adherence of neutrophils to endothelial wall, and transient calcium mobilization.

The low-affinity receptor state mediates degranulation, Iysosomal enzyme

releas8, and long-term calcium mobilization (270, 271). The high affinity site and

the low affinity site appear ta correspond to G-protein coupled and uncoupled

fonns of the receptor (272, 273). The B-LT (LTB4) receptor couples to a pertussis

toxin-sensitive G-protein which mediates the functional respohses of LTB4 via

phosphoinositol hydrolysis.

1.6 The trematode parasite Schistosoma mansoni

Schistosoma mansoni is a member of a group of digenetic parasites known

as schistosomes which cause considerable morbidity and mortality in humans.

Worms of the genus Schistosoma belong to the phylum Platyhelminthes (family

Schistosomatidae) and comprise severai blood parasites of humans and other

animais. Humans can be infected by different schistosome species but the major

human parasites are Schistosoma mansoni (S. manson/), S. haematobium, and

S. japonicum. These three parasites are responsible for schistosomiasis

(bilharziasis), a life threatening human infection in many tropical and subtropical

parts of the world (274). According to the World Health Organization estimation,

over 200 million people are currently infeeted with these parasites and another

600 million are at risk (275). S. mansoni alone is estimated to cause the endemic

disease schistosomiasis in at least 300 million people in many parts of the

developing world. With the current rate of global warming there is even greater

risk of increased prevalence and mortality due to this disease (276).
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1.6.1 The lite cycle of schistosome parasites

Adult schistosomes are abligatory parasites that have a complicated life

cycle which include an intermediate snail hast, a definitive mammalian host, and

several developmental stages of the parasite (Figure 1.6). The adult wanns exist

as separate sexes (males and females) but are usually found paired in the vesical

and portal blood vessels of the definitive host. The exact location of the final

habitat of adult worms in the human definitive hast is detennined by the parasite

species; S. mansoni lives in supenar mesenteric veins; S. haetriatobium in vesical

veins; and S. japonicum in inferior mesenteric veins (2n). ~pon sexual maturity

of female schistosomes, the fertilized eggs are deposited in the small venules of

the vesical or portal venous systems. When freshly deposited, schistosoma ova

contain immature miracidia (one of the developmental stages of the parasite)

which reach full maturity in approximately 10 days. Oviposition oceurs

intravaseularly and eggs work their way towards the lumen of ureters, urinary

bladder or intestines (S. manson/) in order to be carried to the outside with the

host urine or feces as they are incapable of hatching within humans or other

mammalian hasts (2n). The eggs have spines in various positions characteristic

of the species (Figure 1.6). Following their release trom the definitive host into

fresh water bodies and under optimal environmental conditions, the schistosome

eggs hatch leading to the liberation of actively swimming miracidia which find and

penetrate different snail intermediate hosts depending on the parasite species (S.

mansoni uses the snails of the genus Biompha/aria). Within the snail tissues, two

generations of sporocysts develop which result in the emergence of 200 to 400

cercariae (the infective stage of the parasite) (277). Mature cercariae penetrate

through the snail tissues and escape to water where they can find their human

definitive host (who may be present in contaminated fresh water for a multitude of

cultural, social and economic purposes). Cercariae initiate and complete theïr

penetration of the intact hast skin (the only known route of entry) within minutes
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after contact (278, 279). During this procass, cercariae shake off their tails and

proceed to occupy tunnels in the stratum comeum parallel to the skin surface. At

this stage these organisms are called schistosomulae which undergo another

maturational process to become adult parasites along with their migration trom

the dermal sites of cercarial penetration through the lungs and finally to the Iiver

(277).

The transformation of cercariae into schistosomulae is accompanied by a

series of morphological, biochemical, antigenic, and particularly membrane

changes (280). Schistosomulae continuously turnover and change their

membranocalyx which may lead to loss of antigenic components (antigen

shedding) that can be recognized by antibodies (277). In tact, Schistosomulae

quickly lose their susceptibility to antibody·dependent killing which was originally

hypothesized ta be due to the acquisition of host antigens on their surface (280).

The question of how schistosomulae evade the host immune and defense

mechanisms has been the subject ot considerable investigations and is still

unanswered.

ln contrast to the progress of knowledge about the morphology and other

aspects of the parasite, its molecular biology is almost unknown. DNA extraction

and hybridization studies demonstrated that the size of S. mansoni haploid

genome is approximately 2.7 x 108 base pairs (281). S. mansoni is diploid, and

the study of its karyotypes revealed the presence of eight chromosomes in the

haploid genome which can be divided inte' thr~~ groups according to size (282).

Furthermore, the presence of sex chromosomes was suggested by finding a

heteromorphic pair in female worms (WZ) and a homomorphie pair in males (ZZ).

Other than the sex chromosome, the structure and funetion of the schistosome

genome are largely unknown and details of only approximately 100 genes had

baen deposited in the GenBank database.

1.6.2 Disease syndromes associated with schistosomiasis
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Schistosome infection of the definitive mammalian host is initiated by

cercarial penetration of the skin, and the outcome of infection varies across a

wide spectrum ranging from acute dermatitis to liver fibrosis and bladder

carcinoma (2n). Cercarial dermatitis (swimmer's itch) is due to skin invasion and

is likely a result of host sensitization as both humoral and cellular immune

responses to cercanal antigens have been demonstrated in infected humans and

experimental animais (283). This severe immediate hypersensitivity reaction is a

constant feature of human infection by non-human schistosomes (specially avian

schistosomes) which do not successfully penetrate the human skin and are

entrapped in the subcutaneous tissue. A less severe form of c'ercarial dermatitis

has been reported following skin penetration by S. mansoni cercariae (277).

Acute schistosomiasis or Katayama fever is a clinical syndrome that has

been described a few weeks following primary infection with S. mansoni

particularly in heavily infected individuals (284). The characteristic clinical features

of this syndrome include fever, hepatosplenomegaly, Iymphadenopathy,

eosinophilia, and elevated immunoglobulins. Although the etiology of acute

schistosomiasis is unknown, its manifestations and association with primary

heavy infection may suggest a serum sickness-like syndrome (2n).

The most prevalent form of schistosomiasis is the established chronic

lesions which are due to the eggs being retained in different tissues and the

subsequent host responses to the enzymes and antigenic materials released by

the eggs during the maturation of the enclosed meracidia (277). The host

granulomatous response to the retained schistosome eggs has been shawn to

be a form of immune reactiveness with cell-mediated hypersensitivity playing the

key role in granuloma fonnation around S. mansoni egg8 (285). Granuloma

fonnation leads to a compact cellular infiltrate surrounding the eggs which is

made of lymphocytes, eosinophils, macrophages, and fibroblasts. The presence

of these granulomas may lead to mechanical obstruction of the urinary tract or

portal circulation while theïr aggregation and the deposition of fibrous tissue

around them lead to peripartal hepatic fibrosis marked by excessive collagen
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deposition along the portal tracts (286). Intestinal lesions of schistosomiasis

mansoni include diffuse colonie polyposis and granular mucosa with

hemorrhages and ulcerations (287). A major effect of liver disease ln

schistosomiasis mansoni is the block in portal blood flow with subsequent portal

hypertension (Ieading to hepatosplenomegaly) and development of

portosystemic collaterals. With the development of collateral circulation, S.

mansoni eggs may enter the lungs causing scattered granulomas, chronic

obliterative arthritis, diffuse hypertensive arterioiar changes, and a form of

pulmonary hypertension known as cor pulmonale (288). Other clinical

manifestations of chronic schistosomiasis include carcinoma of the bladder (S.

haematobium), central nervous system infection characterizéd by convulsive

attacks and psychomotor epilepsy (S. japonicum) , !lnd ki.dney diseases (S.

manson/) (2n). Despite intensive efforts dedicated to eradicating

schistosomiasis through sanitary measures, control of the intermediate snail

hast, and drug treatment, its prevalence remains essentially unaltered (275).

There is Iittle hope for improved control of this senous disease in the immediate

future, since no vaccine is yet available (none of the weII-characterized, full

length cloned antigens provide high levels of protection in experimental animais)

and there is resistance to the few drugs available for treatment (2n).

1.7 The production of eicosanoids by invertebrates

Although extensive research in the field of eicosanoids has focused on

mammals, the production of these oxygenated compounds have been detected

in many vertebrale and invertebrate species that represent ail major phyla (289).

Eicosanoids play an important role in the normal physiology of different species

including insects, fish, and amphibians, to mention a few. They exert

physiological actions in reproduction including the release of egg-Iaying behavior

in some insects, hatching in bamacles, egg-production in snails, spawning in

bivalves, oocyte maturation in sea stars, and prevention of polyspennic

fertilizations in sea urchin eggs (289, 290). Eicosanoids are also involved in salt
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and water transport physiology (insects and bivalves), neurophysiology

(mollusks), and cellular immune defenses (insects) (289). Because of theïr

obvious clinical implications, parasitic invertebrates such as blood flukes

(nematodes, platyhelminthes), have been particularty studied for the production

of eicosanoids that can mediate certain host-parasite interactions and may

enable these parasites to adapt to their hostile host environment.

1.7.1 Eicosanoid production by nematode parasites

The intravascular nematodes Wuchereria bancrofti, Brugia ma/ayi, and

Brugia timori are multicellular round worms that dwell in the "human vascular

system and cause human Iymphatic filariasis, a chronic mosquito-borne parasitic

infection that affects more than 100 million people worldwide (291). Adult filarial

worms inhabits Iymphatic vessels and release theïr larval offspring, microfilariae,

into the bloodstream. Microfilariae circulate in the blood and survive for several

months or more despite close encounters with host leukocyte effector cells of the

immune system, platelets, and other vascular elements. Furthermore, circulating

microfilariae pass through tiny capillary vessels without becoming trapped, and

neither platalets nor leukocytes adhere to their surfaces (292). Most

microfilaremic individuals are asymptomatic and these patients have defects in

both Band T lymphocyte responses to parasitic antigens and express very low

serum levels of parasite-specifie antibodies (291,293). The adaptive suceess of

fUariae, as weil as other blood or tissue helminth parasites, depends upon thair

ability to survive reeurrent eneounters with surrounding host cells. Consequently,

a search for parasite molecules involved in ragulating host immune responses

was initiated. Because of the established role of certain eieosanoids as patent

modulators of immune responses in mammalian cells (88), it has baen

postulated that fUarial parasites produce eicosanoid derivatives of arachidonic

acid as a mechanism that may enable them to escape effective hast immune

respanses and ta establish chronic infections (292).
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ln general, helminths are not capable of de nova synthesis of their own

long chain polyunsaturated fatty acids (PUFAs) from acetate (294). However,

arachidonic acid is present at a concentration of approximately 10 J.lM in human

plasma (predominantly bound to albumin and proteins), and other essential fatty

acids are also available to parasites in human plasma. It has been demonstrated

that microfilariae of Brugia malayi rapidly incorporate and esterify albumin-bound

arachidonic acid and other exogenous fatty acids such as linoleic acid into

parasite phospholipids (295, 296). Furthennore, microfilanae contain relatively

abundant stores of linoleic acid and other polyunsaturated fatty acids which they

can convert enzymatically to arachidonic acid (296).

Accumulating evidence now indicates that microfilariae can metabolize

arachidonic acid into eicosanoids. Reverse-phase HPLC analysis demonstrated

that microfilariae of Brugia maJayi produce PGE2 and 6-keto-PGF1a (the stable

hydrolysis product of prostacyclin) following short term incubation with

exogenous radiolabelled arachidonic acid (297). Furthermore, the utilization of

endogenous stores of arachidonate to produce prostanoids was evaluated by

radioimmunoassay (RIA) and the major products detected were PGE2 and 6

keto-PGF,a with minor amounts of PGD2• Heat-killed microfilaria did not produce

these prostanoids and there was decreased production at 4oC. The production of

PGE2 and 6-keto-PGF1U by microfilariae was also corroborated by thin-layer

chromatography (TLC) of radiolabelled lipids extracted from the culture media

and compared to co-chromatographed prostanoid standards (297). The

formation of these prostanoids was shown ta be enzymatic and was blocked by

known inhibitors of mammalian COX such as indomethacin and eicosatetraynoic

acid (297). Thus, it was suggested that microfilariae may possass a key

eicosanoid-forming enzyme functionally similar to mammalian COX (292). As

with mammalian cells, microfilarial prostaglandins were not stored within

parasites, but were quickly released after their fonnation. By immobilizing living

microfilariae of S. malayi and KI: bancrofti within an albumin-agar matrix,

parasite release of PGE2 into the microenvironment around individual

microfilariae has been demonstrated by immunofluorescence staining using an
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anti-PGE2 serum (298). Microfilarial PGE2 formation was constitutive and was

not dependent on serum or pharmacologie agonists (298). Preliminary data also

indicate that microfilariae produce a 12-HETE-like compound when stimulated by

lipid or nonlipid peroxides. Furthermore, although limited parasite numbers have

prevented extensive studies of adult filariae, adult Brugia worms also incorporate

exogenous arachidonic acid and release PGE2 (292).

FUarial parasite production of prostaeyclin, the most patent known inhibitor

of platelet aggregation (90), was postulated to enable microfilariae to inhibit

platelet aggregation onto their surfaces (292). In addition, circulating microfilariae

may release the vasodilatory prostacyclin and PGE2 to ease their passage

through small capillary vessels, and the immunosùppressive and

antiinflammatory effects of PGE2 (84-89) may contribute to the cellular and

humoral immune defeets observed in infected individuals with microfilaremia

(293). In addition to filanal nematodes, other nematode, cestode, and trematode

parasites have also been shown to metabolically transform hast fatty acids into

biologically active eicosanoids (Figure 1.7) (299). Therefore, the production of

eicosanoids by certain parasites may constitute a survival strategy developed by

these parasites in their adaptation to parasitisme

1.7.2 Eicosanoid production by trematode parasites

It has been weil established that fatty acids stimulate penetration behavior

and transformation of schistosome cercariae (278, 300). Studies have shown

that essential fatty acids (EFAs) which are normally found on human skin are

very effective stimulants for host skin penetration by cercariae of the trematode

S. mansoni (301, 302). This stimulation of penetration behavior by exogenous

polyunsaturated fatty acids was inhibited by COX inhibitors like asprin and

ibuprofen (302, 303). Furthermore, cercariae of S. mansoni have been shown to

metabolize exogenous linoleic acid rapidly ta arachidonic acid and ta synthesize

eicosanoids (303, 304). Based on these studies, it was hypothesized that

cercarial eicosanoids (both LOX and COX products), produced as a result of
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stimulation by skin surface EFAs, are important mediators for successful

penetration and transformation of cercari8e into schistosomulae (302-30S).

Cereariae of S. mansoni ineubated with radiolabelled linoleic acid

produeed metabolites that displayed the 5ame high performance

chromatographie properties as PGE2, PGD2, LTB4, LTC4 , 5-HETE, and possibly

PGA2 in lipid extracts of cercarial culture media (based on co-elution with

eicosanoid standards by reverse-phase HPLC) (304). In addition, RIA detected

PGE1, PGE2, 5-HETE, and 15-HETE in cercarial extracts. RIA of lipid extracts

examined at different times after the addition of 3.3 mM linoleate showed that

different eicosanoids are maximized at various times following the stimulation

with EFAs. Peak production of PGE1 and 5-HETE were seèn within 1 min,

whereas maximum concentration of PGE2 and 1S-HETE were observed at 60

min. HPLC profiles of carcarial extracts also showed that cercariae of S. mansoni

regulate the production of eicosanoids through time after stimulation with

radiolabelled linoleic acid (304). The cercarial penetration rates of an agar matrix

containing varying concentration of linoleato was correlated with increased

cercanal production of leukotrienes and HETEs, while cercarial-schistosomular

transformation rates were correlated with increased prostaglandin levels (305).

Based on these findings, it was suggested that cercarial LTs may promote skin

penetration because of their potent inflammatory properties while the

vasodilatory and immunoregulatory effects of PGs may facilitate penetration into

small capillary vessels and help schistosomulae to evade the initial response of

the skin's immune system (305). However, until the enzymes and genes

responsible for the elaboration of eicosanoids by S. mansoni are fully

characterized, the production, regulation, and the exact raie that these

eicosanoids may play in the penetration response, schistosomulae

transformation, and the regulation of host immune responses will remain largely

speculative.

ln order to explain the differences in penetration sucees5, migration in the

host and immune evasion by different species of trematode cercariae,

eicosanoid secretion by S. mansoni was compared to those secreted by the duck
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parasite Trichobilharzia oeal/ata (306). RIA performed on aliquots from culture

supematants following incubation with linoleic acid identified the presence of

immunoreactive PGE1, LTB4, and S-HETE in the supematant of both carcarial

species. In addition, reverse-phase HPLC analysis of culture supematants from

both species, incubated with unlabelled and labeled linoleic acid, identified

PGE1t LTB4t LTC4, 15-HETE, and S-HETE by eo-elution with authentic

eicosanoid standards. The remarkable similarity between the eieosanoids

released may indicate that the functions of cercarial eicosanoids coincide

between species (306).

Although the cercarial production of eicosanoids has been the subject of

several studies, there is only one report suggesting thé elaboration of

eicosanoids by the adult stage of S. mansoni parasites. Reverse-phase HPLC

analysis of culture supematants from adult S. mansoni worms, following their

incubation with radiolabelled linoleic acid, has reveaJed the production of

metabolites which have the chromatographie eharacteristics of 15-HETE, 5

HETE, and LTB4 (307). RIA performed on aliquots from culture supematants of

adult worms following incubation with linoleic aeid also identified the presence of

immunoreaetive LT84, and 5-HETE (307). With regards to arachidonic acid

metabolism by eyelooxygenase pathways in adult S. mansoni the literature is

less elear. One study has shawn no formation of prostaglandins following the

incubation of adult worms with radiolabelled arachidonic aeid (308), whereas

another study has reported the presence of immunoreactive and

ehromatographieally eharacterized matarials with the characteristics of

prostaglandins although no definitive physicochemical or pharmacologieal data

were obtained (307). More detailed studies are clearly needed to verity the

different pathways of arachidonic acid metabolism by adult S. mansoni.

Eicosanoids production by this medically important parasite may be required for

normal parasitic physiological processes as weil as helping the parasite to evade

hast immune responses. Thus, the charaeterization of the enzymes responsible

for the production of these 8icosanoids by adult S. manson; is extremely
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important and may provide potential targets for pharmacologieal intervention in

the treatment of human schistosomiasis.

1.8 The nematode Caenorhabditis e/egans (C. e/egans)

Over the past two deeades, the small non-parasitie sail nematode C.

e/egans has become established as a major model system for the study of a

great variety of problems in biology and medicine (309). One of its mast

signifieant advantages is its simplieity, both in anatomy and in genomic

organization. Unlike the complicated life cycles of parasitic nematodes and

trematodes, the life cycle of C. elegans is simple and rapide The worms grow

from an embryo to a 1 mm long adult in three days and populations can be easily

maintained on agar plates or in liquid using E. coli bacteria as a food source

(310). These populations normally consist of only self..fertilizing hermaphrodites

but cross-fertilization with the male sexual fORn is also possible. The option of

reproduction by either selfing or crossing leads ta very convenient genetics sa

that mutants can readily be generated, propagated, and analyzed. A simple

freezing protocol permits stable storage of ail strains which retain viability

indefinitely in the frozen state. In addition, C. elegans is fully transparent at ail

stages of its life, allowing ail cell divisions, migration, and differentiation to be

seen in live animais (310). Oespite the simplicity of its anatomy, the somatie ceUs

of the adult C. e/egans represent most major differentiated tissue types of more

complicated animais, including muscles, neurons, intestine, and epidermis (310,

311).

ln addition to these outstanding experimental features, the entire haploid

genome of C. elegans which amounts to 100 million base pairs of DNA (about

1/30 the size of the human genome) has been subjected to systematic

sequencing and more than 85°!'o of the genome has been already sequenced

(312). In fact, il is estimated that the C. e/egans Genome Sequencing Project will

be completed in 1998, consequently, C. elegans will be the first multicellular

animal to have ils entire g8nome sequenced (312). Furthermore, both forward
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and reverse genetics are fast and currently there are mutants for more than 2000

genetic loci. Producing transgenic Unes is also easy and the essentially complete

physical map of C. e/egans facilitates rapid gene cloning (313). These powerful

genetic tools allows virtually any gene of interest to be studied at the functional

level. Currently, over 50°J'o of human gene sequences have a significant match to

a C. elegans gene, and gene inhibition using antisense RNA or gene knockout

may lead to the identification of function of these genes (314). Moreover, the use

of identified sequences tram C. elegans may facilitate the sequencing and

characterization of important homologous genes from phylogenetically..related

parasitic nematodes or trematodes which may lead to novel therapeutic targets

for the treatment of human parasitic infections.
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Third Region Second Region; C-terminal
550

h5LX 427 QMVQRA 439 542 V!FTASA :vNFGQYDWC 561
rSLX 427 QMVQRA 439 542 VIFTASA VNFGQYDWC 561
h12LX 420 QLLRRA 432 532 CVFTCTA QGQLDWY 551
p12LX 421 RRA 433 533 CIFTCT SNHIGQLDWY 552
h15LX 420 QLLKQA 432 532 CIFTCT SVHIGQLDWY 551
rb15LX 420 QLLQQA 432 532 CIFTCTG SIHLGQLDWF 551
sbLXl 681 I!WIAS :vNFGQYPYG 700
sbLX2 710 IIWTAS :vNFGQYPYG 729
sbLX3 701 IIWTAS :vNFGOYPYG 720
peLX 705 VIWTAS VNFGQYSYG 724

Figure 1.2. Amino acid sequence homology among different mammalian and
plant lipoxygenases.
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2. RESEARCH OBJECTIVES

Cyclooxygenase and lipoxygenase enzymes metabolize arachidonic acid

to a wide range of biologically active eicosanoids including prostaglandins,

leukotrienes, HETEs, and lipoxins. In mammals, eicosanoids aet as potent local

mediators of various physiological and pathological responses including

inflammation, asthma, pain, fever, regulation of vascular tone and regulation of

immune responses. Recent studies have shown the production of eicosanoids by

larvae of several nematode and trematode parasites ineluding cercariae of the

blood dwelling S. mansoni parasite which produce PGs, LTs, and HETEs upon

stimulation by essential fatty acids normally present on the host skin surface

leading to initiation of skin penetration. Little is known about the meehanism(s)

by which adult helminth parasites overcome host immune responses to establish

chronie diseases. Eicosanoids production by these parasites may be required for

normal parasitic physiologieal processes as weil as facilitating their invasion and

subsequent evasion of host immune responses. Therefore, the study of the

enzymes responsible for eicosanoids production in metazoa may provide

potential targets for pharmacologieal intervention in the treatment of parasitic

infections. Thus, the objectives of this study were:

1. To investigate the production of eicosanoids by the adult stage of the

trematode parasite S. mansoni.

2. To determine whieh pathway(s) of arachidonic acid metabolism

(cyclooxygenase and/or lipoxygenase pathways) is responsible for the formation

of eicosanoids by adult S. mansoni

3. To identify arachidonic acid metabolizing enzyme-like sequences from S.

mansoni or from the phylogenitically-related nematode C. elegans in arder ta

study, at the molecular level, the genes involved in eicosanoids production by

metazoa.
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4. Ta clone. functionally express. and characterize an LTA. hydrolase-like

homologue tram C. e/egans.
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4. MANUSCRIPT A

Characterization of Araehidonic Acid Metabolizing Enzymes in Adult

Schistosoma mansoni

Molecular and Bioehemical Parasitology 73,31-41 (1995)

© 1995 Elsevier Science B. V.

Eicosanoids are potent local mediators of various physiological and

pathologieal responses. The production of eicosanoids by helminth parasites

may be essential for normal physiologieal processes as weil as helping the

parasites to overcome host immune responses. This paper presents evidence for

the presence of a soluble, enzymatically active LOX and the absence of any

COX activity in extracts from adult S. mansoni parasites. The S. mansoni LOX

activity catalyzed the formation of a 15-HETE-like species trom arachidonic acid

and this activity was calcium-independent and inhibitable by inhibitors of

mammalian and plant LOXs. In addition, S. mansoni extracts efficiently

metabolized linoleic acid to a 13-HODE-like product indicating that the parasite

LOX-homologue is similar to mammalian 15-LOXs. Two LOX-specific

immunoreactive proteins with similar molecular masses to plant and mammalian

LOXs were detected in S. mansoni extracts. The paper also presents evidence

that S. mansoni genomic DNA contains LOX-like sequences which hybridized to

a human 15-LOX cDNA probe.
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SUMMARY

Schistosoma mansoni has previously been reported to synthesize a wide

range of eicosanoids including prostaglandins, leukotrienes, and

hydroxyeicosatetraenoic acids (HETEs). Our analysis of arachidonic acid

metabolites synthesized by microsomal and cytosolic extracts from adult S.

mansoni using thin layer chromatography and radioimmunoassay techniques

indicate the presence of a soluble, enzymatically active lipoxygenase (LOX) and

the absence of any cyclooxygenase (COX) activity. The S. mansoni LOX activity

catalyzed the formation of a 1S-hydroxyeicosatetraenoic acid (15-HETE)-like

species. This activity was calcium-independent and inhibitable by inhibitors of

mammalian and plant LOX. The conversion of linoleic acid to a 13

hydroxyoctadecadienoic acid (13-HODE)-like product by S. mansoni extracts

indicates that the parasite LOX-homologue is similar to mammalian 15

lipoxygenase. Immunoblot analysis of S. mansoni extracts using antisera ta

different mammalian lipoxygenases detects two immunoreactive proteins with

molecular weights similar to plant and mammalian lipoxygenases. In addition,

polymerase chain reaction (PCR) amplification of LOX-Iike sequences tram S.

mansoni genomic DNA using degenerate primers based on conserved plant and

mammaiian LOX sequences, generated two PCR products which hybridized to a

human 15-LOX cDNA probe. While the role of eicosanoid production in the

physiology of S. mansoni is not known, eicosanoids may be essential for nannal

physiologieal processes as is the case in other invertebrates. Interestingly, 15

HETE has previously been shown to have immunosuppressive effects in

mammals, and this may be related to the ability of the parasite ta overcome host

immune responses.
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INTAODucnON

The metabolism of arachidonic acid by cyclooxygenase and Iipoxygenase

enzymes results in the production of a wide range of biologicaUy active

oxygenated metabolites including prostaglandins, thromboxanes, leukotrienes,

hydroxyeicosatetraenoic acids (HElEs), and Iipoxins which are collectively

referred to as eicosanoids (5, 315). In mammals, eicosanoids are potent

mediators of various physiological and pathologieal responses including

inflammation, bronchoconstriction, pain. fever, regulation of vascular tone and

regulation of immune responses (3, 4).

Studies have shown the production of eicosanoids by several parasites in

response ta the addition of polyunsaturated fatty acids. including Taenia

taeniaeformis, Schistosoma mansoni. Wuchereria bancrofti, and Brugia malayi

(292, 316). In certain parasites eicosanoid production may be related ta a

developmental stage or process. For example, in S. mansoni the production of

Iipoxygenase products such as leukotrienes and hydroxyeicosatetraenoic acids

(HETE) was suggested ta correlate with ceracarial penetration, whereas

prostaglandin production was associated with the transformation of cercaria into

schistosomules (305). In adult S. mansoni, prostaglandins, leukotrienes and

hydroxyeicosatetraenoic acids were ail produced by both male and lemale

worms, with 15-HETE as the major product of the Iipoxygenase pathway. As

certain eicosanoids. in particular PGE2 and 15-hydroxyeicosatetraenoic acids

(15..HETE) have immunosuppressant activity (S. 292, 317. 318) it has been

postulated that eicosanoids synthesized by developing schistosomulae may help

the parasite evade the initial response of the dermal immune system (307). In

the present study we have investigated the metabolism of arachidonic acid by

adult S. mansoni parasites, demonstrating the presence of an active

lipoxygenase pathway and the absence of any cyclooxygenase-derived

prostaglandins.
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MATEAIALS AND METHODS

s. man.on/lnfectlons .nd .dult worm Isol.tlon.

Infected CO.01 mice were maintained in the laboratory of Dr. James M.

Smith (Institute of Parasitology, McGiII University, Ste.-Anne de Bellevue,

Quebec, Canada) as described (319). Adult S. mansoni were recovered by

perfusion of the hepatoportal system 7 weeks post infection using ice-cold RPMI

media (GIBCO) containing O.85°/c, NaCVO.75% N83 . citrate, washed twice in

sterile saline solution, visually examined by light microscopy for host cell

contamination, and immediately frozen in liquid nitrogen.

Preparation of subcellular fractions.

Adult S. mansoni obtained from 40 infected mice were resuspended in 10

ml homogenization buffer (100 mM Tris. HCI, pH 7.4, containing 5 mM EDTAl1

mM phenylmethylsulfonyl fluoride/10 J.lg mr1 soybean trypsin inhibitor/1 J.lg mr1

leupeptin/1 ~g mr1 pepstatin/1 mM homovanillic acid (Sigma Chemical Co., St.

Louis, MO, USA). The worms were homogenized using a Dounce homogenizer

followed by sonication at 4°C. The suspension was first centrifuged at 2000 x 9

for 10 min at 4°C to yield a large membrane fraction, followed by centrifugation

of the resultant supematant at 200,000 x 9 for 45 min at 4°C ta prepare

microsomal and cytosolic fractions. Protein concentrations were determined

using a protei" assay kit (Bio-Rad, Mississauga, Ontario, Canada).

Analyele of 15·HETE syntheels.

Assays were carried out in a 100 ~I final volume in 0.1 M Tris, pH 8.0,

containing 5 mM EDTAl1 J.lM hematinJ1 mM homovanillic acid/15 119 total wonn

proteinlO.2 ~Ci C4C(U))-arachidonic acid (866 mCi mmor1
; 0.46 ).lM final

concentration) or 0.4 J,lCi [14C(U»)-linoleic acid (1045 mCi mmor1
; 0.76 ~ final
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concentration) (New England Nuclear, Boston, MA, USA). Incubations were

carried out for 1 h at 37°C; reactions were then quenched with 50 I!I methanol

and applied to silica gel thin layer chromatography plates (Whatman). The thin

layer chromatography plates were developed with either ethyl acetate/acetic acid

(99:1) or with ether/petroleum ether/acetic acid (50: 50:1) (320). Plates were

scanned for radioactivity and the products were quantified on a Berthold LB2842

thin-layer chromatography linear analyzer and then visualized by

autoradiography. Authentic prostaglandins, monohydroxy acids,

monohydroperoxy acids, linoleic acid, and arachidonic acid standards (Cayman)

were run in parallel. Results are expressed as percentage conversion of

arachidonic acid per flQ total worm protein.

Radloimmunoassay for Prostaglandln E2 det.ctlon.

s. mansoni fractions were incubated for 1 h at 37 oC in the same buffer

used for the assays of 1S-HETE synthesis except for the use of nonradioactive

arachidonic acid (20 ~M final concentration), and 20 ~g protein in an 80 ~I final

reaclion volume. Reactions were stopped by adding 0.1 vol. of 1 M HCI followed

by 0.1 vol. of 1 M NaOH. PGE2 production was assayed using a

radioimmunoassay kit (PGE2 C2sl] RIA Kit, NEN, Boston, MA, USA).

Effect of cyclooxygenase 1IIpoxygenase inhibitors.

L-670,630 (2,3-dihydro-6-(3-phenoxypropyl)-2-(2-phenylethyl)-S-

benzofuranol) (321), CPHU (N-(4-chlorophenyl)-N-hydroxy-N'-(3-chlorophenyl)

urea (322», and indomethacin (Merck Frasst) were dissolved in DMSO and

5,8,11 ,14-eicosatetraynoic acid (ETYA) (Cayman) was dissolved in 100%

ethanol. Inhibitors or their respective solvents were preincubated with cytosolic

fraction for 15 min and the reaction was initiated by adding an ethanol solution of

the substrate (arachidonic acid or linoleic acid). 1 halter substrate addition. the

reactions were quenched with methanol and spotted on thin layer

chromatography plates. Human recombinant cyclooxygenase-2 enzyme (COX-2)

(323) was used as a positive control for the production of prostaglandins and 15·

44



HETE. The ICso values for the lipoxygenase inhibitors were calculated after

scanning the autoradiographs using a computing densitometer (Molecular

Dynamics, Sunnyvale, CA, USA).

Immunoblot analysls.

Large membrane, microsomal, and cytosolic fractions of S. mansoni adult

worms as weil as 5-, 12-, and 15-lipoxygenase enzymes standards (Oxford

Biochemicals) were analyzed by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis as previously described followed by electrophoretic transfer to

nitrocellulose membranes (73, 324, 325). The nitrocellulose membranes were

probed with the following antisera: 1:300 dilution of rabbit anti-human 5

lipoxygenase (324), 1:5000 dilution of rabbit anti-sheep COX-1, 1:7500 dilution of

rabbit anti-sheep COX-2 (325), an 1:100 dilution of rabbit anli-human 12

lipoxygenase (Oxford Biochemicals), an 1:100 dilution of goat anti-human 15

lipoxygenase (Cayman). The secondary horse radish peroxidase-linked donkey

anti-rabbit IgG antibody (Amersham Lite Sciences, Oakville, Ontario, Canada)

was used at a dilution of 1:3000. Immunodetection was pertormed using

enhanced chemiluminescence according to the manufacturers instructions

(Amersham). When anti-5-lipoxygenase antiserum was used as a primary

antibody, 1251-protein A (NEN) was used for detection as previously described

(324). Autoradiographs for chemiluminescence detection were exposed to Kodak

X-OMAT X-ray films for 3 min; autoradiographs for protein A detection method

were exposed for 5 days.

Polymer.se chain reactlon (peR) amplification of IIpoxygen...Uke

sequence••

For the selection of oligonucleotides for peR, highly conselVed regions of

8 lipoxygenases were identified by aligning the amino acid sequences of rabbit

15-lipoxygenase, bovine 12-lipoxygenase, pig 12-lipoxygenase human 15

lipoxygenase, human 12-lipoxygenase, and lipoxygenases trom the plants

soybean, pea seed and rice (137, 143, 326). Based on the alignment of the
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lipoxygenases, the following degenerate oligonucleotides and their positions

within the human 15-lipoxygenase cDNA (137) were chemically synthesized: lx

4, 5'..CC(AIT) (G/C)(GIT)(AlG) GAT GAG (AlC)GA TT-3', nt 48100497; Ix-5, 5'..

GG(T/C) (GlA)(CIT)(C/A) MC CCC (GA)TG IT-3', nt 703-719; Ix-7, 5'-AG(G/C)

(CIT)(AlG)(CfT) C(T/G)(C/G) (AIT)TG GTG GC..3', nt 1135..1119. A primary PCR

reaction (GeneAmp DNA PCR kit, Perkin Elmer Cetus, Norwalk,CT, USA) was

done using Ix-4 and lx·7 primers in a buffer containing 10 mM Tris . HCI (pH

8.3)/50 mM KCV2.S mM MgCliO.2 mM deoxynucleotide triphosphates/O.S J,lM

primers and 40 ng of adult S. mansoni genomic DNA as tamplate. The PCR

cycling conditions were: 35 cycles of 1 min at 94°C, 1 min al 55°C, and 1 min al

72°C. A secondary PCR reaction was then performed under the same conditions

using 0.01 ~I of the primary PCR reaction and the primers Ix-5 and Ix..7. PCR

products were separated by electrophoresis in a 1.20/0 (w/v) agarose gel,

visualized by ethidium bromide staining and blotted to Hybond..N+ nylon

membranes (Amersham Life Science) by ovemight capillary transfer using 0.4 M

NaOH. The oligonucleotides used for PCR amplification of cyclooxygenase

sequences were based on conserved sequences from chicken, human, mouse

and rat COX-2 (327). The COX PCR primers and their corresponding codons in

human, rat, mouse and chicken COX-2 include (327): ex..1, 5'..ATG ATG TA(TC)

GCI ACI ATI TGG-3', codons 285-291 ; cx-2, 5'·ATG TAC CCI CCI ACI GTI M

3', codons 247..253; cx-3, 5'..TT(TC) AA(CT) ACI (CT)TI TA (TC) CA(TC) TGG

3', codons 367-373; cx-4, 5'·(AG)AA IA(AG) (TC)TG (TC)TC (AG)TC (AG)TC

CCA-3', codons 316-309; cx·5, 5'·CCA lAT IGT IGC (AG)TA CAT CAT-3',

codons 291-285; cx-6, 5'-(CT)TC (CT)TC IA(AG) (CT)TC IGC IGC CAT·3't

codons 479·473.

Southern blot analYI.s of PCA productl.

Southem blot hybridization was perfonned at 65°C for 16 h in a solution

containing 5 x SSPE (1 x SSPE is 0.15 M NaCI/O.Ol M NaH2P04l'0.01 M EDTA,

pH 7.4), 5 x Denhardt's (1 x Denhardt's solution is 0.02% (w/v) FicoIIlO.02°/Ô (w/v)

bovine serum albuminlO.02°/Ô (w/v) polyvinyJ pyrrolidone)/l00 f.lg mr1 denatured
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calf thymus DNA/O.S% (w/v) SOS, and randomly primed (Boehringer-Mannheim)

32P-labeled human 15-lipoxygenase cDNA (137); Dr. E. Sigal, University of

Califomia, San Francisco, CA. USA), or a mixture of 32P-labeled human COX-1

and human COX-2 cDNAs (73). The membranes were washed twice in 2 x SSC

(1 x SSC is 0.15 M NaCVO.015 M Na3 . citrate, pH 7)/0.1°k (w/v) SOS at room

temperature, then washed twice in 2 x SSC/0.1 % SOS at 65°C for 30 min, and

exposed to Kodak XAR-S film for 1-5 days at -70°C.
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AESULTS

Elcosanold production by adult S. m.naonl.

To determine the profile of arachidonic acid metabolism by adult S.

mansoni, different fractions of homogenized worms were incubated with 14C..

arachidonic and the products were analyzed by thin layer chromatography. In

both the cytosolic and microsomal adult S. mansoni fractions, the major

metabolite co..chromatographed with an authentic 15-HETE standard (Fig. 1).

The synthesis of the 15..HETE·like product was highest in the cytosolic fraction

(68% conversion of 14C..arachidonic acid per 15 J.lg protein) as compared to the

microsomal fraction (16% conversion of 14C..arachidonic acid per 48 Jlg

microsomal protein). No 14C..arachidonic acid metabolites which co..

chromatographed with authentic prostaglandin standards were detected in either

the microsomal or cytosolic adult S. mansoni fractions (Fig. 1). In contrast, using

the same assay and detection methods, 15-HETE and prostaglandin products

were detected in control reactions using recombinant human COX"2, as

previously reported (73, 323). Since the level of prostaglandin synthesis in the S.

mansoni fractions may be below the detection level of the thin layer

chromatography method, S. mansoni fractions were incubated with

nonradioactive arachidonic acid and analyzed using a sensitive PGE2

radioimmunoassay (Iower limit of detection is 0.5 pg PGE2 mr1
). However, no

PGE2 production was detected in any of the S. mansoni extracts (results not

shown). These results suggest that adult S. mansoni express at least one

lipoxygenase but no detectable cyclooxygenase activity.

The production of the 15·HETE-like metabollte 1. c.lclum-independent and

helt-Inactlv.ble.

Since lipoxygenases (except for 5-lipoxygenase) are calcium independent

(328). the effect of calcium addition on the production of 15·HETE in the
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cytosolic fraction was determined. Addition of 2 mM calcium chloride to the

extracts did not alter the production of the 15-HETE-like species (Fig. 2). Heat

denaturation of the cytosolic fraction (100°C. 15 min) totally abolished the

appearanee of the 15-HETE-like metabolite (Fig. 2), confirming an enzymatic

involvement in the production of this metabolite.

The .tfect of cyclooxygena.e and IIpoxygen••e inhibitor. on the

production cf the 15·HETE·llke specles.

The synthesis of 15-HETE from arachidonic acid by both 15-lipoxygenase

and cyclooxygenase can be inhibited in a dose-dependent manner by specifie

inhibitors (73. 191. 323t 329). Indomethacin. a patent inhibitor of both 11- and

15-hydroxylation of arachidonic acid by cyclooxygenases (73 t 329). did not affect

the production of the 15-HETE-like metabolite in the S. mansoni cytosolic

fraction. whereas preincubation of human recombinant COX-2 with indomethacin

totally abolished the formation of both prostaglandins and 15-HETE (Fig. 3;

panel A). In contrast 10 J,lM ETYA, a known suicide substrate inhibitor of

lipoxygenases (191). completely abolished the production of the 15-HETE-like

species in the S. manson; cytosolic fraction (Fig. 3, panel B). with an ICsa of 2 ±

0.07 JlM (n=5; data not shown). Since ETYA can inhibit both cyclooxygenases

and Iipoxygenases, two other lipoxygenase inhibitors were used which displayed

dose-dependent inhibition of the S. mansoni cytosolic lipoxygenase-like aetivity.

Pretreatment of the cytosolic fraction with increasing concentrations of L

670.630, a phenolic redox inhibitor of lipoxygenases (321), and CPHU, one of

the N-hydroxyurea class of lipoxygenase redox inhibitors (322) resulted in dose

dependent inhibition of the production of the 15·HETE-like species with ICso

values of 3 ± 0.06 J,lM (n=5) and o.oa ± 0.003 J.lM (n=5), respectively (data not

shown).

The metaboUam of IInoleic acid by S. m.n.onlcytosol.

Certain lipoxygenases, such as erythroid 15-lipoxygenase and leukocyte

12-lipoxygenase, are distinguished by their ability to metabolize linoleic acid to
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13-hydroxyoctadecadienoic acid (13-HODE; (330)). The S. mansoni cytosolic

extract also metabolized 14C-linoleic acid to a produet that co-chromatographed

with a 13-HOOE standArd (Fig. 4). The production of the 13-HODE-like product

by the S. mansoni cytosolie extract was abolished by heat-inactivation and

markedly redueed by pretreatment of the cytosol with CPHU or L-670,630 (Fig.

4).

Immunoblot analysis of S. mllnsonifractlons.

Due to the signifieant amine acid sequence homology among plant and

mammalian lipoxygenases (143), it is reasonable to expect that antibodies to

mammalian 5-, 12-, or 1S-lipoxygenase might show immunologieal cross

reactivity to a S. mansoni homologue. Thus, immunoblot analyses of S. mansoni

extracts with an anti-human 12-lipoxygenase polyclonal antiserum and an anti

human S-lipoxygenase polyclonal antiserum were performed (Fig. S). Bath the

antisera ta 5- and 12-lipoxygenase detected ail three purified standards,

including the 78 kOa human 5-lipoxygenase, the 75 kDa porcine leukocyte 12

Iipoxygenase, and the 76 kOa rabbit reticulocyte 15-lipoxygenase (143).

Although both antisera to 5- and 12-lipoxygenase detected a number of

immunoreactive proteins in the S. mansoni extracts, two proteins were detected

by bath antisera and corresponded to the molecular weights of mammalian and

plant lipoxygenases (Fig. 5). One S. mansoni protein of 78 kDa co-migrated with

the human S-lipoxygenase standard and was seen in the microsomal and

cytosolic fractions, and a second protein of 100 kOa was comparable in

molecular weight to that of soybean-2 lipoxygenase and pea seed lipoxygenase

(143). Other immunoreactive bands may represent non-specifie cross-reactivity

as these bands were also detected using preimmune serum (data not shown).

Using an anti-ram seminal vesicle COX-l polyclonal antiserum and an anti·

sheep COX-2 polyclonal antiserum (325), no cyclooxygenase specific

immunoreactive protein bands were seen in any of the different S. manson;
fractions (data not shown). These results suggest that adult S. manson;

so



expresses at least one Iipoxygenase that is antigenically related to mammalian

and plant Iipoxygenases.

Llpoxygen...llke DNA .equence. In S. man8onl.

Southem hybridization of S. mansoni genomic ONA with the human 15

Iipoxygenase cDNA and subsequent washing under moderately stringent

conditions, revealed hybridizing bands of 8.6 kb in the Hin~II, 6.4 kb in écoRI,

6.4 kb in Hino1l1/EcoRl, and 7 kb in BamHl digested samples (Fig. 6). Southem

hybridization of S. mansoni genomic DNA with both full-Iength human

cyclooxygenase-1 and -2 cONA probes revealed two weakly hybridizing

fragments of 6.5 kb and 2.3 kb in a BamHl digest (data not shown).

The positive hybridization signais observed in the S. mansoni genomic

DNA with the mammalian Iipoxygenase and cyclooxygenase probes indicated

that the homologous S. mansoni sequences might be amplifiable by the

polymerase chain reaction (PCR). Oligonucleotide primers for amplification of the

putative S. mansoni Iipoxyganase and cyclooxygenase were based on highly

conserved ragions identified by sequence comparison of 8 different mammalian

and plant Iipoxygenases and six different cyclooxygenases, respectively (see

Materials and Methods). In order to detect parasite Iipoxygenase sequences,

PCR amplification of S. mansoni genomic ONA was performed using the primer

pair Ix-4 1 Ix-7 in a primary PCR, followed by a second round of amplification

using the nested primer pair Ix-S 1 lx-7 and an aliquot of the primary PCR as

template 1 separation of the PCR products by agarose gel electrophoresis and

Southem blot analysis with the human 15-lipoxygenase as a probe. As expected

a 433 bp fragment was amplified using the human 15-lipoxygenase cDNA as a

template. Two products were amplified from S. mansoni ONA, including a 433 bp

fragment which co-migrated with the PCR product amplified from the human 15·

lipoxygenase cONAt and a second PCR product of 370 bp. The identity of both

PCR fragments as LOX-like sequences was confinned by theïr hybridization ta

the human 15-LOX cDNA probe. The oligonucleotides Ix-4,-5, and -7 have also
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baen used ta amplify identically-sized PCR products from an S. mansoni cDNA

library (kindly provided by Dr. C.B. Shoemaker, Harvard School of Public Health,

Boston, MA, USA) (data not shown).
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DISCUSSION

Adult S. mansoni has previously been shown to incorporate

polyunsaturated fatty acids, including araehidonic aeid, and it has baen

suggested that they readily metabolize other polyunsaturated fatty acids,

including linoleic acid, to arachidonic acid (304). Analysis of eieosanoid

metabolism following addition of Iinoleic acid to adult worms has shown the

major produet ta have the chromatographie characteristics of 15-HETE

consistent with the present results (307). With regard to arachidonic acid

metabolism by cyclooxygenase pathways in adult S. mansoni the literature is

less cleat. One publication has reported no formation of prostaglandins (308)

whereas another has reported on the presence of immunoreactive and

chromotographically characterized materials with the characteristics of

prostaglandins although no definitive physioehemical or pharmacologieal data

were obtained (307). Similar results were obtained with S. mansoni cercariae

(304, 305). Our results indicate an absence of PGE2 production by adult worm

extracts as tested both by thin layer chromatography and radioimmunoassay

techniques. In addition, we could find no evidence for the presence of a parasite

COX homologue by PCR using degenerate primers based on conserved

sequences in mammalian and avian COX-2. Furthermore, immunoblot analysis

of different adult worm extracts using antisera to mammalian cyclooxygenase did

not show specifie COX-protein bands. Taken together, these results combined

with the fact that no prostaglandin production was detected, suggest the absence

of an active cyclooxygenase pathway in adult S. mansoni parasites. However,

two weakly hybridizing bands observed by Southem blot hybridization of S.

mansoni genomic DNA using the human cyclooxygenase-1 and -2 eDNA probes,

suggests that the parasite does contain cyclooxygenase-related sequences. Our

inability ta detect an S. mansoni cyelooxygenase protein or mRNA in the adult

worm may be relatad ta a stage-specifie expression of the putative S. manson;

cyclooxygenase gene.
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As reported previously (307), our results show that a 15-HETE..like

product is the major eicosanoid produced trom arachidonic acid by S. manson;

suggesting the presence of an active lipoxygenase pathway. Calcium addition

did not stimulate the activity of the parasite lipoxygenase homologue suggesting

that it is regulated differently to the mammalian S-lipoxygenase enzyme but

similarly to mammalian 1S-lipoxygenase. The inability of indomethacin, a potent

cyclooxygenase inhibitor, to inhibit S. mansoni 15-HETE production and the use

of different Iipoxygenase inhibitors, which showed similar pharmacologieal

profiles to that seen with different plant and mammalian lipoxygenases (191),

confirmed the lipoxygenase origin of the 15-HETE-like species. Although the 15

HETE..like species migrated with the same Rf value as that of a 15-HETE

standard on thin layer chromatography, its identity to the mammalian 15-HETE

can only be confirmed using gas chromatography 1 mass spectrometry. This

awaits the cloning and expression of the parasite lipoxygenase homologue in

arder ta produce large enough quantities of eicosanoids to allow for such

measurements. The efficient conversion of linoleic acid to 13..HODE by the

cytosolic fraction of adult worms indicates that the parasite lipoxygenase activity

is similar ta the erythroid 1S-lipoxygenase and the leukocyte 12..lipoxygenase.

Our immunoblot analysis and PCR amplification results suggest the presence of

more than one lipoxygenase protein and more than one lipoxygenase gene,

respectively, in adult S. mansoni.

Although we cannat totally exclude the possibility that the lipoxygenase

we observed in S. manson; is due to contamination from murine blood cells, it is

unlikely based on severai lines of evidence. Since murine white blood cells

contain both cyclooxygenases and lipoxygenases, if our S. mansoni extracts

were contaminated with murine cells then the extracts and DNA preparations

would be expeeted to contain not only lipoxygenase, but also murine cell-derived

cyclooxygenase activity, cyclooxygenase immunoreactive protein, and peR

amplifiable sequences. A second line of evidence is based on our preliminary

cloning experiments, in which we have cloned and sequenced 12 unique
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subclones derived trom the PCR amplification of S. manson; DNA with the

lipoxygenase oligonucleotides. The deduced amino acid sequence of one clone

displayed 52°" similarity (28% identity) and 420/0 similarity (18°" identity) with the

analogous regions in human 15-lïpoxygenase and soybean Iipoxygenase-2

respectively (unpublished data). None of the 12 clones displayed any significant

sequence homology to murine sequences in the GenBank database (release

84.0). If our PCR-generated subclones were derived from amplification of

contaminating murine DNA or RNA then one might expect the putative clones to

show near sequence identity ta known murine lipoxygenase sequences. The

origin of the lipoxygenase-like PCR product trom S. mansoni is further

strengthened by our ability ta amplify by PCR the same lipoxygenase-like

sequences tram a characterized S. mansoni cDNA library obtained from an

independent source.

The observation that the lipoxygenase-lika PCR products generated trom

the S. manson; genomic DNA and an S. manson; cDNA library were ail of the

same size (unpublished observations), suggests that the relevant S. mansoni

genomic sequences do not contain introns. This would be in contrast to known

mammalian Iipoxygenase ganes (143), since the oligonucleotides used in the

lipoxygenase PCR experiment reported here are ail located in separate exons of

the mammalian lipoxygenase ganes (143). Primers Ix-4, lx-S, and Ix-7 are

located in exons 4, 6, and 8, respectively, in ail three genes for the human 5-, 12

, and lS-lipoxygenase genes. However, the introns sizes in these three genes

are different, ranging in size tram 0.2 kb ta 12 kb. For example, PCR

amplification of the human 5 and 12 lipoxygenases with primers Ix-5 1 lx-7 would

generate two products of 14.4 kb and 2.2 kb, respectively.

The ability of immunoblot, Southem hybridization. and PCR methods

using reagents based on mammalian lipoxygenases to deteet evolutionarily

distant lipoxygenases in S. mansoni is not surprising considering the high degree

of sequence conservation in the Iipoxygenas8 family (137, 143. 326) and in

addition. the sequence conseNation between human and S. mansoni genes
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(331). The human 5-, 12- and 15-lipoxygenases exhibit an overail 60% sequence

similarity, and each of the human lipoxygenases is roughly 250/0 identical in

sequence to plant lipoxygenases (143, 328). For specifie lipoxygenases even

greater sequence conservation across species is observed. Thus, the human S

and 15-lipoxygenases are 92% and 81 % identical ta their respective rat and

rabbit homologues (143). Furthermore, the recent sequence determination of

607 S. mansoni cDNA sequences indicates that significant sequence identity is

displayed between severai human and S. manson; homologues (331); for

example, aldehyde dehydrogenase from human and S. mansoni are 59.7°;'0

identical (74% similar).

The production of 15-HETE by an S. mansoni lipoxygenase may be

signifieant in both the normal physiology of S. manson; and the mediation of

host-parasite interactions. In other invertebrates eicosanoids have been

implicated in areas such as egg production and laying, oocyte maturation,

prevention of polyspermic fertilization, and salt and water transport physiology

(289). Several groups have suggested that S. manson; eicosanoid production is

related ta host-parasite interactions ineluding cercarial penetration (305), and

modulation of host immune defenses through suppression of hast cell-mediated

immune responses (292, 307, 316). One approach to elueidate the raie of

eicosanoid biosynthesis in S. mansoni might be to determine if developmental

regulation aeeurs. The molecular cloning of genes involved in eicosanoid

metabolism from S. mansoni would provide useful probes to address the

expression of these genes during the parasite's life cycle.
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FIGURE LEGENDS

Figure 1. 15·HETE production by adult S. m.naonl. Subcellular fractions

of adult S. mansoni and recombinant human COX-2 were incubated for 1 hr in

the presence of [14C]-arachidonic acid under the reaction conditions described in

Materials and Methods. Following incubation, the products were extracted,

separated on silica gel thin-layer chromatography plates and scanned for

radieactivity. Tracing 1, microsomal fraction (48 IJ,g protein); tracing 2, cytosolic

fraction (15 IJ,g protein); tracing 3, C4C)-arachidonic acid only; tracing 4, human

recombinant COX-2. The migration of co-ehromatographed prostaglandins and

15-HETE standards are indicated. The tracings are trom one of three

experiments.

Figure 2. Effect of calcium addition and denaturatlon on the production

of the 15·HETE·llke product. Adult S. mansoni cytosol (15 Ilg protein) was

incubated with [14C]-arachidonic acid (0.46 fJ.M) in the absence (Iane 1) or

presence (Iane 2) of 2 mM CaCI2, or denatured by boiling for 15 min prier ta

incubation with the substrate (Iane 3). The reaction products were analyzed

using thin-layer chromatography and visualized by autoradiography. Lane 4,

['4C)-arachidonic only; lane 5, recombinant human COX-2 with [14C]-arachidonic

acid (0.46 IJM). The positions of co-chromatographed standards are indicated.

The autoradiogram shown is a representative of three separate experiments with

similar results.

Figure 3. Effect of cyclooxygena.. and Ilpoxygena.. Inhibltors on the

metabolism of .rachldonlc .cld br S. m.naonl. (A) Thin layer

chromatography of products formed from C·C]-arachidonic acid by S. mansoni

cytosol (15 J.lg; lanes 1,2, and 3) and human recombinant COX-2 (Ianes 4 and 5)

in the absence (Iane 1) or presence (Iane 2) of DMSO vehicle or 100 IJM

indomethacin dissolved in DMSO (fane 3 and 4). (B) Thin-layer chromatography
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of products formed from C4C]-arachidonic acid by S. mansoni cytosol (15 fl9;

lanes 1-3) in the absence (Iane 1) or presence of ethanol vehicle (Iane 2), in the

presence of 10 J.1M ETYA dissolved in ethanol (Iane 3). C4C]-arachidonic acid in

the absence of any added protein (Iane 4). The reaction products were analyzed

using thin-layer chromatography plates developed either with ethyl acetate/

aeetie acid (panel A) or with ether/petroleum ether/acetie acid (panel B) and

visualized by autoradiography. The positions of co-chromatographed standards

are indieated. The autoradiograms shown in panel A and B are representative of

three experiments.

Figure 4. Metabollsm of linolele acld by S. man.onl eytoaol. Thin-layer

chromatography of products formed trom C·C]-linoleic acid (0.76 JlM) by S.

mansoni cytosol (15 fl9) in the absence of inhibitor or vehicle (Ianes 1), in the

presence of 1% DMSO vehicle (Iane 2), treated with 5 IJM CPHU (Iane 3),

treated with 5 J.lM L-670,630 (Iane 4), or boiled S. manson; cytosol (Iane 5). [14C]_

Iinoleic acid in the absence of any added S. manson; cytosol (Iane 6). Thin-layer

chromatography and densitometry were carried out as described in Materials and

Methods. The position of co-chromatographed standards are indicated. This

experiment was repeated twice with similar results.

Figure 5. Immunoblot analysls of S. man.onl fractions. 140 ng each of

human leukocyte 5-lipoxygenase (Ianes 1 and 8), porcine leukocyte 12

Iipoxygenase standard (Ianes 2 and 9), rabbit reticulocyte 15-lipoxygenase

standard (Ianes 3 and 7), 50 J,lQ total protein of adult S. manson; large membrane

fraction (Ianes 4 and 10), 30 fl9 of S. mansoni microsomal fraction (Ianes 5 and

11), and 15 IJg of S. manson; cytosolic fraction (Ianes 6 and 12) were separated

by SOS-PAGE, transferred ta nitrocellulose, and immunoblotted using anti

human platelet 12-lipoxygenase antiserum (1 :100 dilution) or anti-human 5

lipoxygenase antiserum (1 :300 dilution) as described in Materials and Methods.

Enhanced chemiluminescence (Ianes 1 to 7) or 1251-protein A (Ianes 7 ta 12)
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e- were used for detection. The positions of molecular weight markers are

indicated.

Figure 6. Detection of S. man.onl llpoxygen...llke DNA .quences.

(A) Southem hybridization of a 32P-labeled human 15-lipoxygenase cDNA with

human (Ianes 1-4) and S. manson; genomic DNA (Ianes 5-8). The lanes contain

10 IJg human DNA or 10 1J9 S. manson; DNA restricted with Hindll (Ianes 1 and

5), EcoRI (Ianes 2 and 6), Hindll and EcoRI (Ianes 3 and 7), and Bsml-il (Ianes 4

and 8). Fragment sizes of Hino1l1-cleaved lambda DNA are shown in kb. (B)

Analysis of PCR-amplified products trom S. manson; genomic DNA using

primers based on conserved lipoxygenase sequences. S. mansoni genomic DNA

(40 ng) and human 15-lipoxygenase cDNA (1 ng) were used as templstes for

PCR amplification with degenerate primers based on conserved sequences in

Iipoxygenases. Amplification products were electrophoresed on a 1.2% agarose

gel, capillary blotted onto nylon membrane and probed with 32P-random primer

labeled human 15-lipoxygenase cDNA probe. The positions of DNA size markers

are indicated (in bp). Lane 1, 10 J.lI of PCR reaction using human 15

lipoxygenase cDNA as a template; lane 2, 10 J.lI of the negative control for the

PCR reaction using no added template; fane 3, 10 J.lI of PCR reaction using S.

mansoni genomic DNA.
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5. MANUSCRIPT B

Attempts to Clone a Lipoxygenase-Like Homologue from Schistosoma

mansoni

Unpublished data (1996)

ln the previous manuscript we described the presence of an enzymatically

active LOX pathway in extracts from adult S. mansoni parasites which is similar

ta mammalian 15-LOX. Thus i in this manuscript we attempted to clone the

parasite LOX-homologue to further characterize the production of eicosanoids by

S. mansoni. This manuscript presents evidence for the requirement of a parasite

specifie probe in arder to clone the LOX-homologue. The use of mammalian

LOX sequences ta screen severai S. mansoni cDNA libraries resulted in the

cloning of a mouse (the parasite host) LOX-cDNA due to the strong homology

among different mammalian LOXs. The manuscript also describes the efforts

made to try to obtain a Iipoxygenase-specific probe from S. mansoni DNA and

RNA.
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SUMMARY

The metabolism of arachidonic acid to certain immunoregulatory

eicosanoids may help parasites evade host immune responses and establish

chronic diseases. Our previous analysis of eicosanoids synthesized by the adult

human parasite Schistosoma mansoni indicated the presence of an

anzymatically active lipoxygenase (LOX) pathway similar to mammalian 15

LOXs. In an attempt to clone the parasite LOX-homologue, polymerase chain

raaction (PCR) amplification of LOX-like sequences from S. manson; ONA, RNA,

and several cDNA libraries using degenerate primers based on conserved plant

and mammalian LOX sequences was performed. Several PCR products which

hybridized ta a human 1S-LOX cDNA probe were obtained and subsequently

cloned and sequenced. Ten sequenced reverse transcriptase-PCR clones had

matches ta different proteins in the databases but showed no sequence

homology ta either mammalian or plant LOXs. On the other hand, one of twenty

sequenced PCR clones amplified trom S. mansoni DNA (termed clone # 15),

revealed sorne sequence similarity to the human 1S-LOX protein. This clone was

subsequently used ta screen three S. manson; cDNA libraries (obtained from

different sources) but failed ta identify any positive clones. In addition, several

other probes were utilized to screen the different S. mansoni fibraries including

one of the LOX-based degenerate primers, pig 12-LOX cONA, as weil as human

5-, 12·, and 15·LOX cONAs. These probes were also unsuccessful in identifying

LOX·fike positive clones following secondary screening of S. mansoni cONA

fibraries. Moreover, an adult S. mansoni cDNA library in pcDNA3.1(+) plasmid

was diluted into several pools and screened by PCR using LOX-degenerate

primers. Several positive clones were isolated tram pools by hybridization to

human 15-LOX cDNA. This approach resulted in the cloning and sequencing of

the mouse (the parasite host) 12-LOX due to the consistent presence of

contaminating host sequences in ail S.. manson; libraries and the high sequence

homology among different mammalian LOXs.. Our results reveal the difficulty of

using mammalian cDNA sequences as probes to isolate metazoan genes and
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indicate the requirement of a LOX-like partial sequence from S. mansoni or from

an evolutionary-related organism in arder to facilitate the cloning of the parasite

LOX-homologue.
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INTRODucnON

The trematode worm Schistosoma mansoni (S. manson/) is one of three

schistosome species responsible for schistosomiasis, a debilitating human

parasitic disease that is currently infecting over 300 million people wortdwide

(274, 275). As certain eicosanoids (oxygenated metabolites of arachidonic acid

which include prostaglandins (PGs), leukotrienes (LTs), and

hydroxyeicosatetraenoic acids (HETEs) (S, 315» have immunosuppressant

activity (317, 318), it has been postulated that the production of

immunoregulatory eicosanoids by S. manson; may help the parasites to

overcome host immune responses to establish chronic diseases (301, 307).

Studies have shown that cercanae (the infective stage of the parasite) produce

various eicosanoids upon stimulation by essential fatty acids normally found on

the hast skin surface (304, 305). In addition, the cercanal production of

lipoxygenase-derived eicosanoids such as LTs and HETEs was correlated with

the process of penetration, whereas the production of cyclooxygenase-derived

PGs was associated with the transformation of cercariae into schistosomules

(305). The production of PGs by adult S. mansoni in response to the addition of

polyunsaturated fatty acids is less clear. One study reported the presence of

chromatographically charactenzed materials with the characteristics of PGs

(307), whereas another study revealed no formation of prostaglandins by adult

parasites (308).

Our previous analysis of arachidonic acid metabolites synthesized by

adult S. mansoni extracts indicated the presence of a soluble, enzymatically

active lipoxygenase (LOX) and the absence of any cycfooxygenase activity (332).

The S. mansoni LOX activity was similar to mammalian 15·LOXs since it

catalyzed the formation of a 15-HETE-like produet trom arachidonic acid and

also metabolized linoleic acid efficiently to a 13·hydroxyoetadecadienoic acid

(13-HODE)·like produet (191, 332). These oxygenated metabolites migrated with

the same Rf values as that of 15-HETE and 13-HODE standards on thin layer

chromatography (332) but their identity to the mammalian 15·HETE and 13-
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HODE can only be confirmed using gas chromatography 1 mass spectrometry.

The cloning and expression of the parasite lipoxygenase homologue is required

in order to produce large enough quantities of eicosanoids ta allow for such

measurements. In addition, cloning of the S. mansoni LOX-homologue would

provide a useful probe ta investigate its expression in the different developmental

stages of the parasite and could also help in elucidating the exact role that

eicosanoids may play in the host-parasite interactions.

During our investigation of the adult S. mansan; lipoxygenase pathway, we

have detected LOX-specific immunoreactive proteins using antisera to different

mammalian lipoxygenases (332). Furthermore, LOX-like sequences tram S.

mansoni genomic DNA were identified by hybridization to a human 15-LOX

cDNA probe. These results eombined with the signifieant sequence homology

shared by plant and mammalian LOXs (143), suggested the possibility of utilizing

mammalian probes to clone the parasite-LOX homologue. In the present study

we have attempted to clone the putative S. mansoni lipoxygenase using different

mammalian lipoxygenase eONAs as probes. We also deseribe our efforts to

obtain a S. manson~speeifie LOX-like partial sequence to assist in the eloning of

the parasite lipoxygenase-homologue.
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MATERIALS AND METHODS

Isolation of DNA and polyadenylated RNA from adult Schl.to.oma man.onl

worms.

The Iife cycle of S. mansoni was maintained using CO.01 mice as the

definitive host in the laboratory of Dr. James M. Smith (Institute of Parasitology,

McGiII University, Ste.-Anne de Bellevue, Cuebec, Canada) as previously

described (319). Adult worms were recovered by perfusion of the hepatoportal

system 7-8 weeks post infection using ice-cold RPMI media (GIBCO) containing

0.85% NaCI and 0.75% sodium citrate, washed five times in sterile saline

solution, visually examined by light microscopy for host cell contamination, and

immediately frozen in liquid nitrogen. 300 mg of frozen adult worms were

homogenized under liquid nitrogen (using a mortar and pestle) and genomic

DNA was isolated using the Easy-ONA Isolation kit (Invitrogen, Co. San Diego,

CA) according to the manufacturers instructions. Total RNA was prepared from

500 mg of homogenized adult worms using guanidinium Iysis (Total RNA

Isolation kit, Invitragen) and poly (At RNA was then isolated from total RNA or

prepared directly from homogenized worms using oUgo dT cellulose (Fast Track

mRNA Isolation kit, Invitrogen) as per the manufacturer's directions.

Oligonucleotides and polymerase chain reaction (PCR).

To select oligonucleotides for PCR amplification of lipoxygenase-like

sequences from adult S. mansoni, highly conserved regions of 8 lipoxygenases

were identified by aligning the amino acid sequences of rabbit 15-Upoxygenase,

bovine 12-lipoxygenase, pig 12-lipoxygenase, human 1S-lipoxygenase, human

12-lipoxygenase, and lipoxygenases from the plants soybean , pea seed and rice

(137, 143, 326) using the PILEUP program (Genetics Computing Group,

Madison, WI) (Fig. 1). Based on these conserved regions among the different

lipoxygenases, degenerate sense and antisense oligonucleotides were designed

and chemically synthesized (Research Genetics, Huntsville. AL). The nucleotide
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sequences of the degenerate primers, their positions within the human 15

lipoxygenase cDNA (137), and the expected sizes of PCR fragments amplified

from human 15-LOX cDNA are summarized in Table 1 and Figure 2,

respectively.

Reverse transcription-PCR was performed using Murine Leukemia Virus

(MuLV) Reverse Transcriptase (Perkin Elmer Cetus, Norwalk, CT, USA) and 10

ng of adult S. mansoni poly (At RNA. Two rounds of PCR amplifications were

used te amplify LOX-like sequences trom the adult worm cONA, or genomic

DNA, while only one PCR reaction was perfonned when the different S. mansoni

cDNA libraries (described below) were used as templates. The primary PCR

reactien (GeneAmp DNA PCR kit, Perkin Elmer Cetus) was performed using

Lox-4/Lox-7 primers (in case of amplification from genomic DNA), Lox-4/Lox-7,

Lox-5/Lox-7, or Lox-S/Lox-11 primer sets (in case of amplification from RT-PCR

produced cONA), and Lox-4/Lox-7 or Lox-5/Lox-7 primers (in case of

amplification from cDNA libraries) in a buffer containing 10 mM Tris-HCI (pH 8.3),

50 mM KCI, 2.5 mM MgCI2, 0.2 mM deoxynucleetide triphosphates, 0.5 J.1M

primers, 2.5 units/100 J.lI Taq polymerase, and 10 f.11 of cONA, 40 ng of genomic

DNA, or 1 J.l1 of S. mansoni cDNA libraries as templates. Using a Perkin-Elmer

thermal cycler, the PCR cycling conditions were: 35 cycles of 1 min at 94°C, 1

min at 55°0, and 1 min at 72°C. The secondary PCR reaction was performed

under the same conditions using 0.01 f.11 of the primary PCR reaction and the

nested primers Lox-5 and Lox-7. Both primary and secondary PCR products

were separated by electrophoresis in a 1.20/0 (w/v) agarose gel, visualized by

ethidium bromide staining and blotted to Hybond-N+ nylon membranes

(Amersham Life Science, Oakville, Ontario) by ovemight capillary transfer using

0.4 M NaOH.

Southern blot anllyala of AT·PCA and PCA produeta.

Southem blot hybridization of S. manson; RT·PCR and PCR produets was

performed at 65 oC for 16 h in a solution containing 5x SSPE (1 x SSPE is 0.15 M
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NaCI, 0.01 M NaH2PO., 0.01 M EDTA, pH 7.4), 5x Denhardt's (1x Oenhardt's

solution is 0.02°A, (w/v) Ficoll. 0.02% (w/v) bovine serum albumin, 0.02% (w/v)

polyvinyl pyrrolidone), 100 ).19 mr1 denatured calf thymus ONA, 0.5% (w/v) SOS.

and randomly primed (Boehringer Mannheim) 32P...labeled human 15...

lipoxygenase cDNA (a gift tram Dr. E. Sigal, University of Califomia, San

Francisco, CA (137). The membranes were washed twice in 2x SSC (1 x SSC is

0.15 M NaCI. 0.015 M sodium citrate. pH 7), 0.1 % (w/v) SOS at room

temperature, then washed twice in 2x SSC, 0.1 % SOS at 65°C tor 30 min, and

exposed to Kodak XAR-S film (Eastman Kodak Co) for 1-5 days at ...70°C.

Clonlng and sequence analysls of S. manson/RT-PCA and PCA products.

Several putative S. mansoni LOX-like RT-PCR and PCR fragments of =:

300...500 bp were identified by their hybridization ta human 15·LOX cONA,

isolated on 1.9% agarose gel, and gel purified using the QIAquick Gel Extraction

kit (Qiagen Inc, Santa Clarita, CA). PCR products amplified tram S. mansoni

genomic DNA were subcloned into pBlueScript Il S~ vector (Stratagene, La

Jalla, CA) and RT-PCR products were subclaned into the TA vector (Invitragen).

The ligation mixtures of PCR-generated fragments were transformed into DH5a

E.coli (Gibco BRL) and the transformed colonies were plated, lifted, and

screened (according to standard protocols (333)) using the [a_32p] dCTP labeled

(Boehringer-Mannheim. Germany) human 15-LOX cDNA. Plasmid ONA was

then prepared trom the positively-hybridized bacterial colonies using the Wizard

plus kit (Promega, Madison, WI. USA) and inserts were characterized by

restriction analysis and hybridization to the human 15-LOX cDNA. The PCR

positive inserts were sequenced using the pBlueScript Il SK· plasmid-based

primers T3 and T7 and the Sequenase Version 2.0 sequencing kit (Amersham

Corp.). RT-PCR positive inserts were sequenced using the TA vector-based M13

reverse primer and automated ONA sequencing on an Applied Biosystems

model 386 utilizing T7 DNA polymerase and intemallabeling with fluorescein-15

dATP (334). The BLASTN and BLASTX algorithms (National Centre for
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Biotechnology Information) (335) and FASTA and TFASTA programs (the GCG

program package) (336) were used for computer analysis of sequence data.

Screenlng of S. msnaonl cDNA IIbr.rl•••

Three cDNA libraries were obtained from different sources, an adult S.

mansoni cDNA Iibrary in the bacteriophage Â. vector gt11 (kindly provided by Dr.

C.B. Shoemaker, Harvard School of Public Health, Boston, MA), a

Schistosomulae cDNA Iibrary in the bacteriophage Â. vector UNI-ZAP HR (a gift

tram Dr. James M. Smith, Institute of Parasitology, McGili University, Ste.-Anne

de Bellevue, Quebec, Canada), and an adult S. manson; cONA library in the

phagemid BA vector (a gift tram Dr. S.D.J. Pena, Instituto de Ciências

Biolôgicas, Belo Horizonte, Brazil (331)). Another two S. mansoni cDNA Iibraries

were newly constructed tram adult worm mRNA. One was bidirectional, size

selected for cDNAs of ~ 500 bp, and custom made in the TriplEx lambdaphage

vector (Clontech, Palo Alto, CA, USA), and the other was unidirectional, size

selected for cDNAs of ~ 1000 bp and custom made in the pcDNA3.1 (+) plasmid

vector (Invitrogen). The probes used for screening were human 5-LOX cDNA

(Merck Frosst, Canada), human 15-LOX cDNA (Oxford Biochemicals), human

platalat 12-LOX and pig leukocyte 12·LOX cONAs (Cayman Chemicals),

degenerate oligonucleotide primer Lox·7 (Table 1), and S. mansoni clone # 15

(obtained by PCR amplification from adult worm genomic DNA). Ali probes were

labeied by random priming using [a_32p] dCTP and Klenow enzyme (Iabeling

grade, Boehringer Mannheim) except for Lox-7 primer which was labeled with [y

32p] ATP and T4 polynucleotide kinase (Boehringer-Mannheim). Unincorporated

nucleotides were removed using NucTrap probe purification columns

(Stratagene).

Approximately 2 x 106 phage from S. mansoni cDNA Iibraries in the

different bacteriophage Â. vectors (Â.gt11 , Â.UNI-ZAP HR, and Â.TriplEx) were

plated, lifted using O.45-mm nitrocellulose membranes (Schleicher & Schuell),

and sereened by hybridization (essentially as described in (337» using the above
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mentioned probes. The different probes used for the screening of each library

and the host bacterial strains used for phage propagation and plating are

summarized in Table 3. Plaque hybridization was performed in 500/0 deionized

formamide, 0.1 % SOS, 5x SSC, 5x Oenhardt's solution, 100 J.1g mr1 denatured

calf thymus DNA (GIBCO), and 1-3 x 106 cpmlml of [a..32P]dCTP..labeled probes

at 42°C. When [y-32p]ATP-labeled Lox-7 primer was used as a probe,

hybridization was carried out in 6x SSC, 20 mM NaH2P04. 0.4% SOS, 5x

Denhardt's solution, and 500 J.1g mr1 denatured calf thymus DNA at 42°C. Alter

ovemight hybridization. membranes were washed three times for 10 min each at

room temperature in 2x SSC, 0.1 % SOS, two times for 30 min each at 65°C in 1x

SSC, 0.1% SOS, and exposed to X-OMAT AR film (Eastman Kodak Co) for 2-5

days at -70°C. Any putative positive plaques were rescreened twice using the

same probe.

Screenlng of S. mansonl cDNA IIbrary ln pcDNA3.1 (+) by PCR.

A cDNA library in the pcONA3.1 (+) plasmid vectar was custom made

(Invitrogen) trom 30 J.1g of adult S. mansoni poly (At RNA. First-strand cDNA

synthesis was performed with a unique oligo dT (NolI) primer and cONAs were

cloned unidirectionally into the BstXI/EcoRl sites of the vector. The resulting

cONA library was titrated using standard protecels (333), and the titer was 9 x
1010 cfu/ml.

Ta reduce the complexity of colonies ta be screened, the library was

separated into 100 pools of 8000 cfu/pool and plated on 100 plates of LB agar

eontaining 100 J.1g1ml ampicillin. Plates were scraped in LB and plasmid DNA was

prepared from each pool using the Wizard plus kit (promega). To sereen the

pools for the presence of lipoxygenase-like sequences, PCR amplification using

the lipoxygenase-degenerate primers Lox-SlLox-7 and 1 J1I of DNA from each

pool was performed using the PCR Core kit (Boehringer-Mannheim) and a

Perkin-Elmer thermal cycler. The PCR reactions were carried out using the same
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buffer and cycling conditions described earlier. PCR products were separated on

1.5% (w/v) agarose gels, blotted to Hybond-N+ nylon membranes, and hybridized

with the [a·32P]dCTP.labeled human 15·LOX cDNA probe. Membranes were

washed twice for 30 min each under high stringency conditions in O.Sx SSC,

0.1% SOS at 65°C and exposed to films ovemight at ·70 oC.

Six positive pools were identified and three of them were chosen for

further analysis. Each of the three positive pools was diluted into five pools of

4000 cfu/pool, plated, lifted, and screened using the human 15-LOX cONA

probe. Colony hybridization was performed in 40% deionized formamide, 0.5%

SOS, 5x SSC, 5x Denhardt's solution, and 100 J.1g mr1 denatured calf thymus

ONA at 42 oC. Positive colonies were pïcked from each pool and diluted into 10

pools of 250 cfu/pool. The process of dilution, plating, and screening was

repeated ta isolate a single hybridizing colony from each pool. DNA was then

prepared from the single colonies of pools # 18, 25, and 53 using Oïagen tip·500

(Qiagen) and restricted using the HindllllXhol sites (which flanked the BstXI/

EcoRI sites of the vector in which the eDNAs were cloned) to release the inserts.

The restricted DNA was eleetrophoresed through a 1% agarose gel, blotted, and

the inserts were further eharaeterized by theïr hybridization to the human 1S·LOX

cDNA probe. The positive inserts were then sequeneed in bath directions using

the veetor-based T7 primer as weil as several other specifie sense and antisense

primers synthesized based on the insert sequence. Computer analysis of

sequence data was performed using the BLASTN and TBLASTN algorithms

(335) and FASTA and TFASTA programs (336) for nucleotide sequence

searehes of ail available databases.
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RESULTS AND DISCUSSION

PCR amplification of LOX·llke .equences trom .dult S. man.onl ANA and

cDNA librar'•••

Our previous analysis of arachidonic acid metabolizing enzymes in adult

S. mansoni parasites indicated that the parasites possess an active lipoxygenase

pathway similar to mammalian lS-LOXs (332). Positive hybridization signais

were observed following Southem hybridization of S. mansoni genomic DNA with

the human lS-lipoxygenase cDNA which indicated that the homologous S.

mansoni sequence could be amplified by the polymerase chain reaction (peR)

(332). Ta select oligonucleotide primers for amplification of the putative S.

mansoni lipoxygenase, a multiple alignment of amine acid sequences of 8

different mammalian and plant lipoxygenases was made (Fig. 1). Degenerate

sense and antisense primers were then designed and synthesized based on

highly conserved regions identified from the LOXs multiple alignment (Table 1).

The LOX-based degenerate primers were tested for their ability to amplify the

right size PCR fragments tram the human 15·LOX cDNA (Fig. 2). The primer

sets chosen for bath primary and secondary PCR (Fig. 2 ), were found ta amplify

fragments with the expected sizes from the human 15·LOX cDNA (results not

shown).

ln arder to detect expressed parasite lipoxygenase-like sequences,

primary PCR amplification of S. mansoni cDNA (obtained by reverse

transcription of the worm poly (At RNA, see Materials and Methods) was

performed using the indicated primer pairs (Fig. 3) followed by a second round of

amplification using the nested primer pair Lox-51L0x-7. For PCR amplification

from S. manson; cDNA Iibrariest one round of amplification was performed using

the indicated primer pairs (Fig. 3). After separation of the PCR produets by

agarose gel electrophoresis and Southem blot analysis with the human 15·LOX

cDNA as a probe, several LOX-hybridizing PCR products were identified (Fig. 4).

Two fragments of =320 and 344 bp(s) were amplified from S. rnanson; mRNA
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when the primer pair Lox-S/Lox-7 was used for primary amplification (Fig. 4.

Panel A. lane 3) while only a 320-bp fragment was amplified when either Lox

4/Lox-7 or Lox-5/Lox-11 primers were used (Fig. 4. Panel A. lanes 2 and 4).

These fragments were smaUer in size than the 432-bp fragment expected to be

amplified trom the human 15-LOX cDNA using the same primer pair Lox-S/Lox-7

(Fig. 2). This may reflect a difference in the primary structure between the human

15-LOX (137) and the putative S. mansoni LOX-homologue. The degenerate

oligonucleotides Lox-4/Lox-7 and Lox-S/Lox-7 also amplified a 344-bp fragment

from three different S. mansoni cDNA libraries (Fig. 4. Panel B. lanes 2. 4. 6. and

7). The size of this 344-bp fragment was again smaUer than the 654-bp or the

432-bp fragments expected to be amplified from human 15-LOX cDNA using the

primer pairs Lox-4/Lox..7 and Lox-5/Lox..7, respectively (Fig. 2). The amplification

of other PCR products smaUer than 220 bp or larger than 500 bp (Fig. 41 Panel

B, lanes 4. and 6,7. respectively) is likely to be due to the degenerate nature of

the primers which would allow them to anneal to non-lipoxygenase-like

sequences resulting in amplification of PCR products that may hybridize non

specifically to the human 15..LOX cDNA probe.

Cloning and sequence analysls of S. man.on/ AT·PCR and PCA products.

Ta obtain a S. mansonf.specific partial LOX·like sequence in order to

facilitate the cloning of the putative parasite lipoxygenase homologue, RT-PCR

products amplified from S. mansoni mRNA (Fig. 4, Panel A) were subcloned and

analyzed by thair hybridization to the human 15-LOX cDNA probe (see Materials

and Methods for details). Ten RT-PCR clones with positive hybridization signais

were subsequantly sequenced, translated using the BLASTX algorithm (335),

and theïr peptide sequences were compared ta other proteins in the SwissProt

database. Ail 10 clones had matches with certain protein entries from different

organisms in the databases (Table 2) but none of them displayed any signifieant

amino acid sequence identity ta either mammalian or plant lipoxygenases.

Clearly, the use of degenerate oligonucleotide primers led to the amplification of
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non-lipoxygenase-specific sequences from S. mansoni mRNA which may have

hybridized non-specifically to the human 15·LOX cDNA probe under the

moderate stringency conditions used for both hybridization and washing (as

described in Materials and Methods). On the other hand. analysis of the

secondary S. mansoni RT-PCR by agarose gel electrophoresis revealed a smear

of PCR products which indicated that a mixture of a large number of fragments

was amplified. Thus, it is possible that lipoxygenase-specific fragments were also

amplified from the parasite mRNA and hybridized specifically to the human 15·

LOX cDNA but were not efficiently subcloned due to their small quantities in the

PCR mixture compared ta the non-LOX-specific fragments which might have

been produced in larger quantities and were therefore preferentially subcloned.

Two PCR fragments amplified tram S. mansoni genomic DNA with the

LOX-based degenerate primers were previously identified as putative LOX-like

sequences by their hybridization to the human 15-LOX cDNA (Chapter 4, ref.

332). Following the cloning and sequencing of 20 subclones derived from the

PCR amplification of S. mansoni DNA (see Materials and Methods for details).

the sequences were compared to other DNA sequences in the different

databases by sequence homology comparisons using the BLASTN and

TBLASTN algorithms (335) and FASTA and TFASTA programs (336). Several S.

mansoni clones displayed significant DNA sequence homology to different

cosmid clones derived from the nematode worm Caenorhabditis elegans (C.

elegans) which may indicate a phylogenetic relatedness between the two worms

(data not shawn). Five clones had no signifieant database matches and may

represent unidentified S. mansoni specifie genes. Although none of the 20 S.

mansoni DNA clones showed any signifieant nucleotide sequence homology ta

lipoxygenases. one clone (termed clone # 15), when translated. revealed a low

degree of homology to the human 15·LOX proteine The deduced amino·acid

sequence of S. mansoni clone # 15 displayed only 28% identity over a limited

region of 55 amino acids in the human 15·LOX protein (data not shawn).
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The potentlal of S. manaonl PCA-ampllfled aubelone • 15 a•• probe.

Despite the low amino acid sequence homology between S. mansoni

clone # 15 and human 15-LOX protein, the potential use of this clone as a

useful probe to screen S. mansoni cDNA libraries for LOX-like sequences was

examined. Southem hybridization of bath human and S. mansoni genomic DNA

with S. mansoni clone # 15 revealed strongly hybridizing bands of 8 and 4.3 kb in

Hindlll, 6.5, 4.3, and 2.3 kb in EcaRl, 6.5, 4.3, 3.3, and 2.3 kb in Hindi Il+EcoA1

and 7, 4.3, and 2.7 kb in BamHl-digested S. mansoni DNA samples (Fig. 5,

Panel At lanes 5-8). No hybridization ta human DNA samples digested with the

same restriction enzymes was seen (Fig. 5, Panel A, lanes 1-4). Lipoxygenase

Iike DNA hybridizing bands of 8.6, 6.4, and 7 kb were previously identified from

S. manson; DNA (restricted with the same enzymes) using the human 15-LOX

cDNA as a probe (Chapter 4, Fig. 6). The inability of clone # 15 to hybridize to

human genomic DNA indicated that the sequence of this clone is an authentic S.

mansoni sequence with no apparent sequence similarity to any human genet

Southem blot analysis of secondary S. mansoni RT-PCR products with

clone # 15 as a probe revealed two hybridizing fragments of :: 400 and 432 bp

amplified trom S. mansoni mRNA using the primer sets Lox-51L0x-11, Lox-5/Lox

7, and Lox-4/Lox-7 for primary amplification and the primer pair Lox-5/Lox-7 for

secondary PCR (Fig. 5, Panel Bt lane 2-4). These hybridizing fragments were

slightly larger than the two fragments of == 320 and 344 bp that were previously

identified from secondary S. mansoni RT-PCR amplification with the same

primer pairs when the human 15-LOX cDNA was used as a probe (Fig. 4, Panel

A). Clone # 15 also hybridized to a 432 bp fragment amplified from a S. mansoni

cDNA library in the AUNI·ZAP vector using the degenerate primer pair Lox-SlLox

7 (Fig. 5, Panel Ct lanes 2 and 3). The 432-bp fragment identified from both S.

mansoni secondary AT·PCA and cDNA library amplifications using clone Il 15 as

a probe (Fig. S. Panel Band C. respectively) had an identical size to the PCR

fragment expected to be amplified tram the human 15·LOX cDNA (Fig. 2). Taken

together. these results indicated that clone , 15 was capable of detecting S.
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mansoni sequences amplified using LOX-based primers and therefore

suggested that this clone could be utilized as a probe to identify putative

lipoxygenase-like sequences from S. mansonicDNA libraries.

Screenlng of S. man.onl cDNA Ilbr.rl•••

Several Iines of evidence suggested that mammalian lipoxygenase

sequences might detect an evolutionary distant lipoxygenase homologue from S.

mansoni. There is a high degree of sequence conservation among members of

the Iipoxygenase family (137, 143, 326); for example, human 5-, 12-, and 15

lipoxygenases share an overail 60% sequence similarity, and each of the human

Iipoxygenases is roughly 25% identical in sequence to plant lipoxygenases (143,

328). There is an aven greater sequence conservation aeross specias for

specifie LOXs; for example, human 5- and 15-LOXs are 92 and 81% identieal to

their respective rat and rabbit homologues (143). In addition, sorne reeently

identified S. mansoni cDNA sequences displayed signifieant sequence homology

to their mammalian counterparts (331). Furthermore, our immunoblot, Southem

hybridization, and PCR analyses using reagents based on mammalian

Iipoxygenases, detected LOX-like sequences in S. mansoni (Chapter 4, ref. 332).

Based on these lines of evidenee, we speculated that mammalian lipoxygenase

sequences could be used as useful probes to clone the putative S. mansoni

LOX-homologue.

As summarized in Table 3, human 5-, 12- and 15-LOX cONAs, pig 12

LOX cONA, S. mansoni clone # 15. as weil as the degenerate primer Lox-7 were

ail used as probes to screen several S. mansoni cDNA libraries by conventional

hybridization screening (see Materials and Methods for details). Following

secondary screening, no positive hybridization clones were identified from S.

mansoni cONA libraries in either Agt11, AUNI-ZAP or ATriplEx vectors using any

of the indicated probes (Table 3). Bath the Agt11 and the AUNI-ZAP libraries

were old (synthesized in the early 1980s), poorly stored (as indicated by their

very low titer of 5 X 10" pfu/ml), and amplified saverai times before we received
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them. As a result, certain transcripts (especially the low-abundant, non..

redundant ones) might have been lost. Howevert the absence of identifiable

positive clones from the newly constructedt high titer (2 X 109 pfu/ml) Â.TriplEx

cDNA library, couId also be due to a relative low abundance of the putative S.

mansoni lipoxygenase transcript in the library. The inability of the different

probes to detect positive clones from the libraries might also be due to a lack of

sufficient nucleotide sequence identity between these probes and the putative S.

mansoni LOX-homologue.

PCR-screenlng of an adult S. man.onl cDNA Ilbrary ln pcDNA3.1(+).

Since the transcript for the putative S. mansoni LOX-homologue might

have a low abundance in the different libraries and could therefore escape

detection by conventional hybridization screening, we used PCR amplification ta

improve the representation of LOX-like sequences in one S. mansoni Iibrary. The

newly constructed S. mansoni Iibrary in pcDNA3.1 (+) vector (Table 3) was

diluted into 100 pools to reduce its complexity, and PCR amplification using the

LOX-degenerate primer pair Lox-5/Lox-7 was performed on DNA prepared from

each pool (as described in Materials and Methods). Following the separation of

PCR products by agarose gel electrophoresis and Southem blot analysis with the

human 15-LOX cONAt a 432 bp LOX-hybridizing fragment was detected in six

pools (Fig. 6t lanes 2-7). Three of the hybridizing pools (pools # 18,25, and 53)

were further diluted and DNA was prepared trom a single hybridizing colony from

each pool followed by the characterization of the positive inserts using restriction

analysis. hybridization to the human 15-LOX cONAt and sequencing (for details

see Materials and Methods).

The nucleotide sequence of a 2.5 kb positive insert isolated from pool ,

53 was compared to other sequences in the databases using the BLASTN and

TBLASTN algorithms (335) and FASTA and TFASTA programs (336). The insert

displayed 100% nucleotide sequence identity to the mouse leukocyte-type 12

lipoxygenase mRNA (Fig. 7). The.. same result was seen with the positive inserts
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isolated tram pools # 18, and 25, respectively. This result indicated that we have

cloned and sequenced the previously characterized mouse peritoneal

macrophage 12-LOX (166).

The mouse 12·LOX transcript could have originated from mouse blood

cells contaminating the adult worm mRNA preparation (tram which the library

was constructed), since the parasites were grown in mice as their definitive host

(see Materials and Methods). Although the parasites were extensively washed

and visually examined for host cell contamination by light microscopy, they can

still harbor sorne mouse contaminating cells, since adult parasites living in the

host blood as their final habitat are known to ingest some host blood cells during

their life span (2n). As a result, any genetic material prepared from adult

parasites may contain some host contaminating sequences. In fact, the

presence of minute amounts of contaminating murine sequences (= 0.2% of ail

transcripts) is a constant feature in ail S. mansoni libraries prepared trom adult

worms grown in mice (331).

The cloning of the mouse 12·LOX using the human 15·LOX cDNA is not

surprising since leukocyte-type 12-LOXs and 15·LOXs share up to 85°k identity

in their primary structure in higher mammals (134, 143). In fact, leukocyte 12

LOX and 15·LOX cDNAs have not yet been isolated within the same species and

it is postulated that the leukocyte-type 12-LOX found in bovine tracheal

epithelium, porcine leukocytes, and mouse macrophages is the species

equivalent of the 15-LOX found in human reticulocytes, airway epithelium, and

eosinophils (134, 170).

There were very few contaminating LOX-murine sequences in the libraries

used in our study as judged by the failure of the different mammalian

lipoxygenase probes ta detect positive clones using conventional hybridization

screening (Table 3). In addition, only 6 out of 100 pools from one library

contained the contaminating mouse LOX-homologue which was only detected

alter extensive dilution of the library and the use of the powerful amplification of

PCR techniques. Moreover, none of the 20 clones amplified from S. mansoni

DNA displayed any significant sequence homology to murine sequences and
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only 1 out of 10 translated RT·PCR clones showed some homology to a mouse

peptide (Table 2). Taken together, these results suggest that the contaminating

murine sequences should not present a problem in identifying S. manson;'

specifie genes trom these libraries if a specifie probe that can differentiate

between parasite and mammalian sequences is ta be used.

Despite a smaU genome size of 270 Mb (comparable ta the 100 Mb

genome size of the genetically well-eharacterized nematode worm C. e/egans) ,

the structure and funetion of the schistosome genome are still largely unknown

(277). Based on its genome size and evolutionary position (281, 338), S.

mansoni is expected to contain roughly 20 000 expressed genes but little more

than 100 cDNA sequences have been deposited in the databases and only a few

dozen genes were characterized in details (GenBank, release 84.0) (331). Due

to this obvious lack of genetic information, no partial S. mansoni lipoxygenase·

like sequence (that couId have facilitated the cloning of the parasite LOX

homologue) was identified from the databases. In contrast, more than 85°.!c. of the

genome of the phylogenetically-related worm C. elegans has been sequenced as

a part of the C. elegans Genome Sequencing Project (313). Based on its

accessible genetic information (both C. e/egans expressed sequence tags

(ESTs) and DNA databases are available), we speculated that a lipoxygenase·

like sequence from C. e/egans could be identified and consequently used as a

more specifie probe to isolate the putative S. mansoni LOX-homologue.

The C. elegans DNA database was searched for araehidonic acid

metabolizing enzymes-like sequences but no cyclooxygenase nor lipoxygenase·

related sequences were found. On the other hand, an EST of 327 bp (termed

cm01c7) with 510/0 sequence homology to the human leukotriene ~ (LTAt)

hydrolase was identified (GenBank accession number M88793). In a previous

study, adult S. mansoni parasites have been shown to produce a metabolite

displaying the same high performance chromatographie properties as leukotriene

84 (LTB..) following incubation with radiolabeled linoleic acid (307). In addition, an

immunoreactive protein with the same size as 5-LOX (the enzyme that produces

LTAt, the substrate for LTAt hydrolase) was identified from adult S. mansoni
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extracts using antisera to mammalian LOXs (Chapter 4, ref. 332). Thus, we

postulated that adult S. manson; may possess an LT~ hydrolase activity leading

to the production of the proinflammatory substance LTB.. (3). Consequently, the

complete sequence (0.95 kb) of the C. a/egans LTA.. hydrolase-like EST was

obtained (for details refer to Chapter 6), radiolabeled, and used as a probe ta

screen S. mansan; cDNA libraries in Â.UNI-ZAP and Â.TriplEx vectors. No positive

plaques were identified from the S. mansan; libraries by conventional

hybridization screening with the C. a/egans LTA.. hydrolase-like sequence.

Furtherrnore, oligonucleotide primers synthesized based on conserved

sequences between mammalian LTA.. hydrolases and the C. a/agans LTAot

hydrolase-like homologue (see Chapter 6, Fig. 2), did not amplify any PCR

fragments trom either S. mansan; mRNA or cDNA libraries (data not shown).

These results could either suggest that the C. a/egans sequence may not share

a high degree of homology to a putative S. mansani LTAt hydrolase-like

homologue, or such a homologue does not exist in adult S. manson; parasites.

The recent adaptation of the approaches being used in the Human

Genome Project for the study of the schistosome genome (331,339) wililead to

rapid identification of new S. mansan; genes in the near future. The identification

of a partial S. mansan; sequence homologous to any of the arachidonic acid

metabolizing enzymes would provide an ideal probe to clone such enzymes from

adult parasites. Until these enzymes are cloned and characterized, their

existence in S. mansani, the role they might play in the host parasite relationship,

as weil as their possible use as future targets for chemotherapy and

immunoprophylaxis will remain highly speculative.

ln conclusion, our use of mammalian lipoxygenase sequences as probes

to clone the putative S. mansan; LOX-homologue resulted in the cloning of the

mouse (the parasite hast) 12·LOX homologue due ta the presence of sorne host

contaminating sequences in ail S. mansan; libraries and the signifieant sequence

identity shared by mammalian LOXs. Our results indicate the problems

associated with using mammalian cDNA sequences to isolate genes from

mammalian parasites and strongly suggest that the cloning of the putative S.
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manson; LOX-homologue will have to await the future identification of a LOX-like

partial sequence from S. mansoni.
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FIGURE LEGENDS

Figure 1. Amlno acld sequ.nce allgnment of selectec:l reglon. of

mammallan and plant Ilpoxyg.na.... A multiple alignment of amine acid

sequences of rabbit reticulocyte 15-lipoxygenase (Rab15-LOX), bovine tracheal

epithelium 12-lipoxygenase (Bov12-LOX), porcine leukocyte 12-lipoxygenase

(Pig12-LOX), human reticulocyte 15-lipoxygenase (Hum15-LOX), human platelet

12-lipoxygenase (Hum12-LOX), soybean Iipoxygenase-2 (Say-LOX), pea seed

lipoxygenase (Pea-LOX), and rice lipoxygenase (Rice-LOX) was made using the

PILEUP function of the GCG program (336). Amino acid sequences are shown in

the one-Ietter code. Regions containing identical amino acid (boxed residues on

a gray background) were selected for the synthesis of LOX-based degenerate

oligonucleotide primers. The polarity of the different primers and their amino acid

positions in the human 15-LOX protein are indicated above the aligned amino

acid sequences. The sense and antisense directions of the primers are

represented by forward and backward arrows, respectively.

Figure 2. Map of the human 1S-Llpoxygena•• prot.ln and the dlfferent

PCR fragments. (A) A map of the human 15-LOX protein indicating both the

length of the protein and the amino acid positions of the LOX-based degenerate

primers. Sense and antisense oligonucleotides are indicated by open and

dashed boxes, respectively. The numbers below and beside the boxes represent

amine acid numbers in the human 15-LOX proteine (B) A map representing the

different PCR products expected to be amplified when the indicated sets of

degenerate oligonucleotide pairs are used. The expected sizes of primary and

secondary PCR products when human 15-LOX is used as a template are

indicated in base pairs (bp).

Figure 3. Summary of PCR amplification trom S. m.naonl RNA and

cDNA Ilbrarl••. cDNA was either prepared trom S. mansoni RNA by reverse

transcription or obtained from the different S. mansoni cDNA libraries (in A. UNI-
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ZAP, Â. gt11, and BA phagemid) as described in Materials and Methods. The

primer pairs Lox-4/Lox-7, Lox-5/Lox-7, or Lox-5ILox-11 were used for a primary

PCR reaction utilizing 10 III of the worm cDNA as a template, followed by a

second round of PCR amplification using Lox-5/Lox-7 primers and 0.01 J.11 of the

primary PCR reaction. For amplification trom cDNA libraries, only one round of

PCR amplification was performed using 1 1.11 of the different S. mansoni cDNA

Iibraries and the primer pairs Lox-4/Lox-7 or Lox-5/Lox-7. Both primary and

secondary PCR amplification products were Southem-blotted and probed with

32P-labeled human 1S-lipoxygenase cDNA.

Figure 4. Detection of 15·LOX hybrldlzing PCR fragments ampllfied from

adult S. man.on; RNA. (A) Analysis of RT-PCR-amplified products from S.

mansoni mRNA using primers based on conserved lipoxygenase sequences. S.

mansoniprimary RT-PCR reaction (0.01 J.l.1) was used as a template for a second

round of PCR amplification with the degenerate primers Lox-SlLox-7. Secondary

PCR-amplification products were electrophoresed on a 1.2°k agarose gel,

capillary blotted onto nylon membrane and probed with 32P·random primer

labeled human 1S-lipoxygenase cDNA probe. The positions of DNA size markers

are indicated (in bp). Lane l, 10 JlI of the negative control for the secondary PCR

reaction using no added template; lane 2, 10 JlI of secondary PCR reaction using

primary RT-PCR reaction amplified by Lox-4!Lox-7 primers as a template; tane 3,

10 1-11 of secondary PCR reaction using primary RT-PCR reaction amplified by

Lox-5/Lox-7 primers as a template; lane 4, secondary PCR reaction using

primary RT-PCR reaction amplified by Lox-5/Lox-11 primers as a template. (8)

Analysis of PCR-amplified products from S. mansoni cONA libraries. S. mansoni

cDNA libraries (1JJ.1 aach) were used as lemplates for PCR amplification using

the degenerate primers Lox-51L0x-7 or lox-4lLox-7. PCR amplification products

were analyzed as described earlier using human 15-LOX cDNA as a probe. The

positions of DNA size markers are indicated (in bp). Lane 1, 3, and 5, 10 J,1I of the

negative control for the PCR readion using no added template; lane 2, 10 J,1I of
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PCR reaction using Â. UNI·ZAP cDNA library as a template and primers Lex·

S/Lox-7; lane 4, 10 J.lI of PCR reaction using Â. 9111 cDNA library as a template

and primers Lox-4/Lox...7; 10 f.ll of PCR reaction using BA phagemid cDNA library

as a template and primers Lox-4/Lox-7 (Iane 6); or primers Lox-5/Lox-7 (Iane 7).

Figure s. The potentlal of S. man.onl PCR-ampllfled lubelone 15 .s a

probe. S. mansoni clone # 1S was PCR-amplified from S. mansoni genomic

DNA (40 ng) using degenerate primers based on conserved lipexygenase

sequences as described in Material and Methods. (A) Southem hybridizalion of

32P-labeled S. mansoni clone 15 with human (Ianes 1-4) and S. mansoni

genomic DNA (Ianes 5-8). The lanes contain 10 ~g human DNA or 10 ~g s.
mansoni DNA restricted with Hindlll (Ianes 1 and S), EcoRl (Ianes 2 and 6),

Hindlll and EcoRI (Iane 3 and 7), and BamHl (Ianes 4 and 8). Fragment sizes of

Hino1l1·cleaved lambda DNA are shawn in kilobases (kb). (8) 32P·labeled S.

mansoni clone # 1S was tested as a potential probe to detect LOX-like sequence

by hybridization ta Southem·blotted secondary S. mansoni RT·PCR produets

amplified using degenerate primers Lox-S/Lox-7. The positions of DNA size

markers are indicated (in bp). Lane 1, 10 III of the negative control fer the

secondary PCR reaction using no added tamplate; lane 2, 10 III of secondary

PCR reaction using primary RT·PCR reaclion amplified by Lox-5/Lox·11 primers

as a lemplate; lane 3, 10 f.ll of secondary PCR reaclien using primary RT·PCR

reaction amplified by Lox-S/Lox·7 primers as a template: lane 4, secondary PCR

reaclion using primary RT-PCR raaction amplified by Lox-4lLox...7 primers as a

lemplate. (C) Hybridization of 32P·labeled S. mansoni clone # 15 10 Seuthem

blotted PCR product(s) amplified from S. mansoni À UNI·ZAP cDNA library. The

positions of DNA size markers are indicated (in bp). Lane 1, 10 III of the negative

control for the PCR reaclion using no added template; lanes 2 and 3, 10 III of

PCR reaction using À UNI-ZAP cDNA library as a template and primers Lox

5ILox·7.
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Figure &. Detection of 1S-LOX-hybrldlzlng PCA fragments ampllfled tram

••parate pools of an adult S. m.nsonl cDNA Ilbrary ln pcDNA3.1(+). The S.

mansoni cDNA library in the plasmid vector pcDNA3.1 (+) was separated into 100

pools of 8000 cfu/pool and plasmid DNA was prepared from each pool as

described in Materials and Methods. 1 ~I of DNA from each pool was used as a

template for PCR amplification with degenerate primers Lox..5/Lox..7.

Amplification products were electrophoresed on a 1.5% agarose gel, capillary

blotted onto nylon membrane and probed with 32P-random primer-Iabeled human

15-lipoxygenase cDNA probe. The positions of DNA size markers are indicated

(in bp). Lane 1, 10 J.lI of the negative control for the PCR reaction using no added

template; lanes 2-7, 10 ~I of the PCR reaction using DNA prepared from pools #

la, 12, 18,20,25. and 54. respectively, as a template.

Figure 7. Sequence analysis of S. m.nson/1S-lipoxygenase-hybridizing

pools. DNAs tram S. mansoni 15-LOX-hybridizing pools # 18. 25, and 53 were

prepared and the positive inserts were sequenced in both directions as

described in Materials and Methods. Computer analysis of sequence data was

performed using the BLASTN and TBLASTN algorithms (335) and the FASTA

and TFASTA programs (336) for nucleotide sequence searches of ail available

databases. The top sequence represents the sequence of S. mansoni pool # 53

and the bottom sequence represents the sequence of the mouse leukocyte-type

12-lipoxygenase mANA.
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Table 1. Nucleotide .equence. of .ynthetlc ollgonucleotlde primer.

uaed ln RT-PCR and PCR amplification of Ilpoxygena...llke .equence.

trom adult S. man.onl. Degenerate sense and antisense primers were

designed and chemically synthesized based on conserved sequences in

mammalian and plant lipoxygenases as described in Materials and Methods.

Letters enclosed in parentheses indicate degeneracy at that position. 1 indicates

inosine residues. The length of the primers in nucleotides and their

corresponding amine acid positions in the human 15-lipoxygenase protein are

also indicated.

Table 2. Amlno aeld .equence Identlty between S. m.naonl RT-PCR

clones and dltterent protein entrie. in the Swi••Prot damba.e. BLASTX

algorithm (335) was used to translate both strands of 10 S. mansoni RT-PCR

clones in ail 6 reading frames and the translated peptides were compared to

other protein entries in the SwissProt database (release 96). Database protein

matches with best amine acid sequence alignment ta each S. mansoni clone are

listed. Percent identity represents the percentage of identical amino acids over

the length of each alignment.

a The number of identical amino acid residues in each S. mansoni clone

over the total number of compared amino acids in each of the database proteins.

Table 3. S. mansonl cDNA IIbrari•• and the probe. used for their

sereenlng. The different origins, parasite sources, and bacterial hast strains for

four S. mansoni cDNA Iibraries (three in the baeteriophage Â. vectors 9111, UNI

ZAP HR, and TriplEx • and one in the plasmid vector pcDNA3.1 (+)) are

summarized. A list of the different probes used to sereen each library for LOX

like sequences (as described in Materials and Methods) is also indicated.
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qhlvg43311MKD04JJl Mus musculus C57B~/6 and 1CR leukoeyte-type
12-1ipoxygenase mRNA. complete cds.
Lengt:h = 1992

Plus Strand HSPs:

Score = 1855 (512.6 bits), ~ec~ = 1.7e-254, Sum P(3) = 1.78-254
I~~~:ities = 371/371 (100'), Positives = 311/371 (100'), Strand = Plus 1 Plus

Query:

Sbjct:

Query:

Sbjct:

Query:

Scjet:

Query:

Sbjc::

Query:

Sbjct:

Query:

Sbjet:

Que:y:

Sbjct:

52 GGGCCCCGGAGACCAGGGATCGGAGTACACGTTCCCCTGTTACCGA'l'GGG-:-I'CAGGGCAC 111

III i 1III 111111111111 !III i Il 111111 III 1III Il 1Il 11 III 111111 Il 1 1
252 GGGCCCCGGAGACCAGGGATCGGAGTACACGTTCCCCTGTTACCGATGGGTTCAGGGCAC 31i

112 CAGCATCCTGAACCTCCC1'GAGGGCACTGGCTGCACCGTGGTTGAAGACTCTCAAGGCCT 171

III 11Il 11111111 1111 Il Il III : 111111 111111 ! Il 1111 1111 11Il 111111
312 CAGCATCC'l'GAACCTCCCTGAGGGCACTGGCTGCACCGTGGTTGAAGACTCTCAAGGCCT 371

17:2 Q'rI'CAGGAACCACAGGGAGGAGGJt.~CTGGAAGAAAGGA~TCTGTACAGGTGGGGCAA 231
111111111111111111111111111111111111111111111111111111111111

37 ~ G'r1'CAGGAACCACAGGGAGGAGGAAC'l'GGA~ a..AGGAGGAG'l'CTGTACAGGTGGGGCAA 431

23~ CTGGAAGGATGGCACMTCCTGAACGTGGCGGCGACCAGTATCTC'!'GACCTCCCTGTACiA 291
1111111111111111 : 1111111111111111111'1111111111111111 1111111 i

43:2 CTGGAAGGATGGCACAATCCTGAACGTGGCGGCGACCAGTATCTC'!'GACCTCCCTGTAGA 491

292 CCAGCGATTTCGAGAGGACAAAAGACTTGAATT'1'GAAGCT'1'CACAGG'rTC'rGGGGACMT 351

III 1II : III III III 1111111 II 1111111111 Il 11111 III 111111 1111 11111
4. 9 2 CCAGCGA'M'TCGAGAGGACAAAAGAC'1"1"GAAT'r1'GAAGCTTCACAGGTTC'roGGGACAAT 5 51

352 GGACACCGTTATTAACTTCCCTAAAAACAC'I'GTGACCTGCTGGAAAAGCCTAGATGAC"rl' 611
1!1III 1Il III III 111111 Il Il i Il 11111111 11Il 11111 11111 11III 11111

552 GGACACCGTTATTAACTTCCC'l'AAAAACAC'1'GTGACC'l'GC'l'GGAAAAGCCTAGATGAC'I'T 611

412 CAAC'l'ATGT'rl' 422
11111111111

612 CAACTATGTTr 622

Score = 791 (21B.6 bits), Exp.ct = 1.7e-254, Sum P(3) = l.7e-254
Identities = 159/160 (99'), Positives =159/160 (99.), Strand = Plus 1 Plus

Que:y:

Sbjc~:

Query:

S1:ljc:t:

Query:

S1:ljc:t:

420 'l'TI'CAAGAG'roGCCACACCAAGA'l'GGC"l'GAGCGGG'M'CGAAACTCCTGGAAAGAGGATGC 479
III Il !111111111 1 Il Il 11111111111111 111111 11111 111111 1III 11111

62: T'I'TCAAGAG'I'GGCCACACCAAQA'l'GGC'l'GAOCGGGT'l'CGAAACTCeTGGAAAGAGGATGC 680

4. 80 TTTCTTTOGGTACCAG!T't'CTCAATGG'I'QC'I'AACCCCA~GCQGTCTAC'I'TG539

111111111111111 1111111111111111111111111 11111111111111111111
68: ~CT'l"rGGGTACCAG':"l'TCTCAA'l'GGTGCTAACCCCArooTGC'1'GAAGCGGTc-rAC'l"tG740 _

540 TCTCCCTCiCCCGCCTGGTATTCCCTCCGGGGATGGAGGAG 579
1111111111111111111111111111111111111 Il

741 'rC'l'CCC'l'GCCCGCC't'GGTA'rl'CCCTCCGGGGATGGAGMG 780
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Amino acld position
Primer Length Nucleotide Sequence in human
name (nt) 15·LOX proteln

LOX-4 17 5' CC(AT)-(gC](gT)[Ag]-gAT-gAg-(AC)gA-TT 3' 161

LOX-5 17 5' gg(TC]-(gA)[CT)[CA]-AAC-CCC-[gA]Tg-IT 3' 235

LOX-7 17 S' Ag[gC]-[CT][Ag)[CT]-C[Tg][Cg]-[AT]Tg-gTg-gC 3' 374

lOX-S 17 5' Age-TT(gA)-(AT]A[gC]-A(TC]I-gg[gA]-T9 3' 383

lOX-9 21 5' CCI-CAC-(TC](TA)[Cg]-Cgl-[Tg]AC-ACC-AT9 3' 391

lOX-11 17 5' CAC-CA(gC]-g(CT)(TC)-Tg(gC)-AgC-TC 3' 494
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Clone Database protelns wlth best sequence allgnment O1.ldentity Humber of Identical
Number amlno aclds

Clone 1 protein tyrosine phosphatase epsilon cytoplasmic 1000/0 17/17

Clone 2 extensin-Volvox carter; (Fragment) 40% 15/37

Clone 3 proline-rich protein-Mouse (Fragment) 530/0 7/13

Clone 4 eye development protein canoe-Drosophila meJanogaster 750/0 6/8

Clone 5 Xylose isomerase precursor-Streptomyces rochei 56% 9/16

Clone 6 Leukocyte antigen-related protein precursor-Human 430/0 10/23

Clone 7 Twitchin-Caenorhabditis elegans 330/0 6/18

Clone 8 DR pLA protein-Human 29°A. 10/34

Clone 9 Human T-ceilleukemia virus type 1 430/0 7/16

Clone 10 FdoG protein-Escherichia coli 53% 8/15
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Llbrary Parasite Orlgln E.coli Probes Used for Screenlng Clones
Source Host Identilled

Straln

Àgt11cDNA Adult parasites Dr. J. Smith Y1090 Human 15-l0X eDNA-primer None
library lox-7-Human 5- and 12-LOX

cDNAs..pig 12..LOX cDNA

A.UNI-ZAP HR Schistosomulae Dr. C.B. Xl-1 blue S. mansoni clone #15-primer None
cDNA Library Shoemaker Lox..7-Human 15-LOX eDNA

ATriplEx Adult parasites Custom made XL-1 blue S. mansoni clone #15-Human None

cDNA library (Clontech) 15-LOX eDNA-S- and 12-LOX
eDNAs..primer Lox..7-pig 12..LOX
cDNA

Phagemid Adult parasites Custom made Top 10 Human 15-LOX cDNA 6

cDNA library (Invitrogen)

in pcONA 3.1 (+)



e· 6. MANUSCRIPT C

Molecular Cloning and Functional Expression of a Caenorhabditis e/egans

Aminopeptidase Strueturally Related to Mammalian Leukotriene ~ Hydrolases

Joumal of Biologieal Chemistry 273,27978-27987 (1998)

ln the previous manuscript we deseribed the identification of a small

expressed sequence tag (ESn from C. e/egans with strong homology to the

human LTA.. hydrolase whieh failed to recognize a homologous sequence trom

S. mansoni Iibraries. In this manuscript. we used this EST as a probe to clone

the full length LTA.. hydrolase-like homologue trom C. elegans. Since

mammalian LTA.. hydrolases are bifunctional enzymes exhibiting both LTA..

hydrolase and aminopeptidase activities. the C. elegans LTA.. hydrolase-like

cDNA was expressed in mammalian cells and tested for both activities. This

paper presents evidence that the C. e/egans enzyme functions as an

aminopeptidase with broad substrate specificity but Jacks any LTA.t hydrolase

activity despite the strong homology it shares with other mammalian LTA.t
hydrolases.
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Summary

ln a search of the Caenorhabditis eJegans DNA database, an expressed

sequence tag of 327 base pairs (terrned cmOl c7) with strong homology to the

human leukotriene ~ (LTAt) hydrolase was found. The use of cm01c7 as a

probe, together with conventional hybridization screening and anchored

polymerase chain reaction techniques resulted in the cloning of the full-Iength 2.1

kilobase C. eJegans LTA. hydrolase-like homologue, termed aminopeptidase-l

(AP-l). The AP-1 cDNA was expressed transiently as an epitope-tagged

recombinant protein in COS-7 mammalian cells, purified using an anti-epitope

antibody affinity resin, and tested for LT~ hydrolase and aminopeptidase

activities. Despite the strong homology between the human LT~ hydrolase and

C. e/egans AP-1 (63 % similarity and 45 % identity at the amino acid level),

reverse-phase high pressure liquid chromatography and radioimmunoassay for

LT84 production revealed the inability of the C. elegans AP-1 to use LTA.t as a

substrate. In contrast, the C. elegans AP-1 was an efficient aminopeptidase, as

demonstrated by its ability to hydrolyze a variety of amino acid p-nitroanilide

derivatives. The aminopeptidase activity of C. elegans AP-1 resembled that of

the human LTA.t hydrolase/aminopeptidase enzyme with a preference for arginyl

p-nitroanilide as a substrate. Hydrolysis of the amide bond of arginyl-p

nitroanilide was inhibited by bestatin with an ICso of 2.6 ± 1.2 IlM. The

bifunctionality of the mammalian LTA.t hydrolase is still poorly understood, as the

physiological substrate for its aminopeptidase activity is yat to be discovered.

Our results support the idea that the enzyme originally functioned as an

aminopeptidase in lower metazoa and then developed LT~ hydrolase activity in

more evolved organisms.
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INTRODUCTION

Leukotriene~ (LT~) hydrolase (EC 3.3.2.6) is the rate-limiting enzyme in

the lipoxygenase cascade of arachidonic acid metabolism leading to the

biosynthesis of the proinflammatory substance leukotriene 84 (LT84) from the

epoxide intermediate LT~ (19, 261). At nanomolar concentrations, LT84 eUcits

chemotaxis and adherence of leukocytes, and in higher doses il also triggers

degranulation and generation of superoxide anions (3). Due to these biological

properties, LTB4 is regarded as an important chemical mediator in a variety of

inflammatory diseases (263). Sequence camparison of LT~ hydrolase with

other zinc metalloenzymes, 9.g. aminopeptidase M and thermolysin, led to the

identification of a zinc binding motif in the primary structure of the enzyme (240

242). Further studies verified that LTA. hydrolase contained one catalytic zinc

atom coordinated by His295
, His299

, and Glu318 (243). Subsequently, the enzyme

was shawn ta exhibit a previously unknown zinc-dependant peptidase/amidase

activity toward synthetic substrates (244, 245) that was specifically stimulated by

monovalent anions, 9.g., chloride ions (246), and also by albumin (247).

Although a physiologieal peptide substrate for the aminopeptidase activity of the

enzyme has not yet been tound, LTAt hydrolase has been shown to efficiently

hydrolyze several arginyl tri· and dipeptides, leading ta its identification as an

arginine aminopeptidase (248). Both the aminopeptidase and the LT~ hydrolase

activity of the enzyme are inhibited by the aminopeptidase inhibitor bestatin (245)

and the angiotensin converting enzyme inhibitor captopril (249), suggesting that

the active sites corresponding to the two activities are overlapping (340).

Important questions regarding the dual activity of the mammalian LT~

hydrolase/aminopeptidase remain unanswered. For example. does the enzyme

demonstrate both LT~ hydrolase and aminopeptidase activities in other

species? Which function originated tirst in evolution? What is the significance of

this bifunctionality? LTA.t hydrolase/aminopeptidase is a soluble monomeric

protein (Mr = 69.000) (341. 342) that has been cloned tram human (236). mouse

(237), rat (238), and guinea pig (239). Recently a partial sequence from the slime
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mold Dictyostelium discoideum and a gene from the yeast Saccharomyces

cerevisiae (260) have been deposited into the GenBankTM data base as putative

LTAt hydrolases (accession numbers U27538 and X94547, respeetively). Bath

sequences encode proteins similar in their primary amine acid sequences to the

mammalian LTAt hydrolase, but neither of them has been expressed or

characterized. In addition, an enzyme trom the pathogenic yeast Candida

albicans with 41 % homology to the mammalian LTAt hydrolase exhibited mainly

aminopeptidase activity, whereas its hydrolase activity converted the majority of

the substrate LT~ ta what has been putatively identified as 5,6-diHETE (a much

less patent leukotriene) rather than LTB4 (355). We report the molecular cloning

and functional expression of an aminopeptidase enzyme trom Caenorhabditis

e/egans, named AP-1, that, despite its strong homology ta the human LT~

hydrolase, exhibits no LTA.. hydrolase activity and only aminopeptidase activity.

The strong homology between C. e/egans AP-1 and mammalian LTAt
hydrolases (45°,{,) suggests that these enzymes may have developed trom a

common ancestral precursor.
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MATERIALS AND METHODS

Clonlng of a LTA. Hydrol•••Uke cONA Homologue from C••,.,.n..
The cm01c7 phage clone from a C. elegans mixed stage hermaphrodite

cONA library (made by Chris Martin) containing the LT~ hydrolase-Iike EST in

SHLX2 À. phage vector (343) was obtained trom Dr. R. H. Waterston (344).

MC1061 recA" tetR (used for plating À. SHLX2) and the pop-out Escherichia coli

camR KanR strain (used to convert Â. SHLX2 clones to plasmid clones) were also

generously provided by Dr. R. H. Waterston. The pop-out strain was infected

with the À. SHLX2 phage containing cm01 c7 EST using standard protocols

(333). Five colonies were picked and plasmid DNA was prepared using either the

Wizard plus kit (Promega, Madison, WI) or Qiagen tip-SOO (Qiagen Inc, Santa

Clarita, CA). DNA was then used ta transform XL-l blue E.coli strain

(Stratagene, La Jolla, CA) followed by ONA preparation and verification by

restriction analysis. The resulting O.9S-kb C. elegans fragment in the pRAT U

plasmid was then sequenced using T7 and SP6 primers and automated DNA

sequencing on an Applied Biosystems model 386 DNA sequencer utilizing T7

DNA polymerase and intemallabeling with fluorescein-15-dATP (334).

Approximately 2 x 106 phage trom a mixed stage C. elegans cDNA library

in bacteriophage Â. vector UNI-ZAP XR (Stratagene) were plated and screened

by hybridization as previously described (337) using the [a-32P]dCTP-labeled

(Boehringer-Mannheim) 0.9S-kb ApaI/ScaI C. elegans fragment obtained trom

the cm01 c7 clone as a probe. Hybridization was performed in 50% deionized

formamide, 0.10/0 SOS, 5x SSC, 5x Oenhardt's solution, and 100 IJQ mr1

denatured calf thymus DNA at 42 oC. Alter ovemight hybridization, filters were

washed three times for 10 min each at room temperature in 2x SSC, 0.1 % SOS.

two times for 30 min each at 65 oC in 1x SSC, 0.1°A. SOS. and exposed to X

OMAT AR film (Eastman Kodak Co). Positive plaques were resereened twice

with the same probe. and the size of positive inserts was determined by PCR
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amplification using the p81uescript SK phagemid-based primers T3 and T7. Five

positive plaques were isolated and confirmed to be related to the cm01c7 EST

by PCR using C. e/egans cm01c7 EST-based primers. Following in vivo excision

of the pBluescript phagemid trom the UNI-ZAP vector, plasmid DNA was

prepared, and the positive inserts were sequenced.

The longest LTA.. hydrolase-like clone obtained, tenned CS (== 1.4 kb),

lacked the 5'-end of the coding region (as predicted from the size of cDNA of ail

previously cloned LTA.. hydrolases). To isolate the 5'-end of the C. e/egans

cONA, severai anchored PCR amplifications using the phagemid-based primers

T3, SK, and pSK (Stratagene) and a series of antisense primers based on the

most 5' sequences in clone CS were performed using the PCR Core kit

(Boehringer-Mannheim) and a Perkin-Elmer thermal cycler. PCRs were carried

out in a buffer containing 10 mM Tris/HCI, pH 8.3, 50 mM KCI, 2.5 mM MgCI2'

0.2 mM deoxynucleotide triphosphates, 0.5 J.IM primers and 1 J.d, of the C.

elegans cONA library or 1 J.lI of the primary or secondary PCR amplification

products as templates and cycling conditions of 35 cycles of 1 min at 94 oC, 1

min at 55-62 oC, and 1 min at 72 oC. PCR products were separated by

electrophoresis in 1% agarose gels, visualized by ethidium bromide staining, and

Southem blotted to Hybond-N+ nylon membranes (Amersham Pharmacia

Biotech) by ovemight capillary transfer using 0.4 M NaOH. The PCR-amplified

fragments were screened by ovemight hybridization using the nested [y-32p]ATP_

labeled primer C5T3 (5'-CCA GAC GGC GCA TeT TTC GCT-3') (based on the

most 5' sequence in clone C5) and T4 polynucleotide kinase (Boehringer

Mannheim) in 6x SSC, 20 mM NaH2P04, 0.4°" SOS, 5x Denhardt's solution, 500

J,Lg mr1 denatured calf thymus DNA at 42 oC. PCR products of =600-S00 bp

were identified by their hybridization, isolated on 1.9% agarose gel, purified using

Qiaquick spin columns (Qiagen), and subcloned into the TA vedor (Invitrogen,

Co. San Diego, CA). The ligation mixtures of PCR-generated fragments were

transformed into DHSa E.co/i, and inserts were charaeterized by restriction

analysis, PCR, and DNA sequencing. From this cloning approach, several clones

encoding the missing 5' coding region of clone CS were identified. The full-Iength
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C. e/egans cDNA clone (2.1 kb) was then reconstructed using a common EcaRI

restriction site at the S'-end of clone CS and the 3'-end of the PCR-amplified

NH2-terminal sequence.

Expression of the Recombinant C• • /agana AP-1 Proteln.

A 1.8-kb NotflXbaI fragment representing the entire AP-1 coding

sequence was amplified by PCR using Expand high fidelity Taq Polymerase

(Boehringer-Mannheim) and the primers f18g-1 (5'-CAT GCA TGC ATG GCG

GCC GCG GCA CCT CCA CAT CeG AGA GAT CCC-3') and flag-2 (5'-CAT

GCA TGC ATG TCT AGA TTA TTT GAG MG ACT TTG GAT TGC-3'). The

flag-1 primer introduces an NH2-terminal Not! site (the C. e/egans translation

initiation codon was abolished to force translation to start trom the ATG supplied

by the pFLAG CMV2 expression vector), and the flag-2 primer introduces a

COOH-terminal XbaI site immediately after the stop codon (thus eliminating the

3'·untranslated region). The AP-1 NotflXbaI fragment was then subcfoned into

the NotflXbaI restricted mammalian expression vector pFLAG CMV2 (Kodak),

and the resulting clone, pFLAG.ceIAP-1 was verified by sequencing.

CeU Culture and Transfectlon.

The African green monkey SV40 transformed kidney cell line (C08-7

ceIls), obtained trom the Ameriean Type Culture Collection, was grown in

Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated

fetal calf serum (Sigma), 50 unitslml penicillin, 50 I!g/ml streptomycin (Flow

Laboratories, Melean, VA), and 2 mM glutamine (Flow Laboratories) at 37 oC

under an atmosphere of 6°k CO2• 10 x 106 cells per 600-cm2 culture dishes were

seeded in 100 ml of media and transiently transfected at Sook confluence with 94

J.lg of pFLAG.ceIAP-1 or pFLAG control plasmid and 283 J.l1 of LipofectAMINE

reagent (Lite Technologies, Inc.), following the recommendations of the

manufacturer. Two days afler transfection, cells were harvested in phosphate-
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buffered saline, centrifuged at 1100 x Q, resuspended in TBS (50 mM Tris/HCI,

pH 7.4, 150 mM NaCI), and recentrifuged at 10,000 x 9 for la min. Both the

10,000 x g pellet and supematant were assayed for recombinant expression of

AP-1 protein by immunoblot analysis.

Preparation of C. e/eg.na Extracta.

Frozen mixed stage hermaphrodite C. elegans worms were a generous

gift from J. McGhee (University of Calgary, Alberta, Canada). 5 ml of wet worms

(resuspended in phosphate-buffered saline) were homogenized under liquid

nitrogen (using a mortar and pestle) and resuspended in 5 ml of 0.1 M Tris, pH

7.0, and then in 10 ml of TBS (50 mM Tris pH 7.4, 150 mM NaCI) to a total

volume of 20 ml. The homogenate was then sonicated at 4 oC (three times, 20 s

each). The suspension was first centrifuged at 2000 x 9 for 10 min at 4 oC ta

yield a large membrane fraction, followed by centrifugation of the resultant

supematant at 200,000 x 9 for 60 min at 4 oC ta prepare microsomal and

cytosolic fractions. Protein concentrations were determined using a protein assay

kit (Bio-Rad).

Affinity Chromatography Purification of the Recombinant C. e/egana AP-1

Proteine

Chromatography columns were packed with 3 ml each of Anti-FLAG M2

affinity resin (Kodak), equilibrated three times with 3 ml of TBS, and activated by

washing three times with 3 ml of glycine/Hel at pH 3.5, followed by washing

three times with 3 ml of TBS. A total of 30 mg (la ml of 3 mg/ml) of the 10,000 x

9 supematants of COS-7 ceIls transfected with either pFLAG vector or

pFLAG.ceIAP-l construct were incubated with 3 ml of the aetivated anti·FLAG

M2 affinity gel in 15-ml polypropylene tubes and left to ratate at 4 oC ovemight.

Each slurry was transferred back to chromatography columns, and the flow·

through samples from the columns were drained the next day, followed by
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washing three times with 3 ml of TBS. Columns were then eluted using 11 ml

(0.5 ml Ifraction) of the FLAG octapeptide (0.5 mg/ml in TBS; NH2-Asp-Tyr-Lys

Asp-Asp-Asp-Asp-Lys-COOH) (Kodak). Fractions containing the C. e/egans

FLAG fusion protein (as assessed by immunoblot analysis using the anti-FLAG

M2 monoclonal antibody) were pooled. Aliquots of the columns flow-through.

combined washes, and the different eluted fractions were kept for immunoblot

analysis. and the rest of the samples were frozen at -80 oC when not used

immediately for functional assays.

Immunoblot Analysls.

The 10.000 x 9 COS-7 cell supematants (Iysates of C08-7 cells

transfected with either pFLAG vector or pFLAG.cel AP-1 construct). the anti

FLAG M2 affinity columns flow-through. combined washes. and the different

FLAG peptide eluted fractions. as weil as the NH2-tenninal FLAG fusion protein

of E.coli bacterial alkaline phosphatase control (Kodak) were separated

electrophoretically on 10 °k polyacrylamide gels according to the method of

Laemmli (345). This was followed by electrophoretic transfer to nitrocellulose

membranes using a Novex immunoblot system according to the manufacturers

instructions (Novex). The nitrocellulose membranes were developed using a

1:300 dilution of mouse anti-FLAG M2 monoclonal antibody (Kodak). The

secondary horse radish peroxidase-linked donkey anti-mouse IgG antibody

(Amersham Pharmacia Biotech) was used at a dilution of 1:1000.

Immunodetection was performed using enhanced chemiluminescence according

to the manufacturers instructions (Amersham Pharmacia Biotech).

Autoradiographs for chemiluminescence detection were exposed ta Kodak x
OMAT X-ray films for 3 min and then developed. A polyclonal anti-rabbit human

LT~ hydrolase antiserum (raised against the entire protein) (346) was also used

for immunoblot analysis (Merck Frosst, Pointe Claire-Dorval, Quebec).
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LTB4 A•••ya.

LTA.. ethyl ester was synthesized at the Merck Frosst Centre for

Therapeutic Research (Pointe Claire-Dorval, Quebec). LTB.., prostaglandin B2, 6

trans-LTB4, 6-trans-12-epi-LTB... and (5S.6S)-diHETE. (5S.6R)-diHETE

standards were purchased from Cayman Chemical Co.• Inc. (Ann Arbor. MI).

The soluble supematant fraction following a 100,000 x 9 centrifugation (1 OOS

fraction) of Sf9 cells infected with a recombinant human LTA.c hydrolase

construct (346) was used as a positive control (Merck Frosst Centre for

Therapeutic Research). Alkaline hydrolysis of LT~ ethyl ester was carried out as

described (347). LTA.. hydrolase assays on C. e/egans cytosolic fraction (125 ,..,g)

• anti-FLAG M2 purified COS-7 Iysates (200 ,..,1 of 10,000 x 9 supematant of

COS-7 ceIls transfected with pFLAG vector and 0.8 J.lg of FLAG-tagged C.

elegans AP-1 protein), or recombinant human LTA.. hydrolase (25 1J.9) were

performed as described previously (233). Samples in 250-1l1 reactions were

incubated with 25 IlM LTA. in 0.1 M Tris/HCI, pH 8.0, 1 mg/ml BSA for 10 min at

room temperature. Reactions were terminated with the addition of an equal

volume of methanol containing 1 nmoVml prostaglandin 82 standard. Eicosanoid

products were extracted using an equal volume of chloroform, evaporated under

nitrogen and resuspended in 100 III of the HPLC solvent methanoVwater/acetic

acid (75:25:0.01). Eicosanoid products were analyzed by reverse-phase HPLC

on a 3.9 x 150 mm NovaPak C18 column (Waters). The MeOH/H20/acetic acid

solvent was pumped isocratically at a flow rate of 1 mVmin. The effluent was

monitored at 270 nm by a photodiode array detector. Products were compared

with the retention times and spectra of known eicosanoid standards.

Radioimmunoassay detection of LTB.. production was performed by

incubating 100 ng of either purified C. e/egans Ap·1 (FLAG) or protein eluted

from affinity columns loaded with mock-transfected cell extraets with 25 IlM LTA.t
in 0.1 M Tris/HCI, pH 8.0, 1 mg/ml BSA for 10 min at room temperature.

Reactions were stopped by the addition of 20 % methanol followed by a brief

centrifugation at 10,000 x g for 20 s. LTB. production was assayed using a
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radioimmunoassay kit (rH]leukotriene B.. assay system) (Amersham Pharmacia

Biotech). The human recombinant LT~ hydrolase was used as a positive control

as described above.

Amlnopeptld••• A••ays.

Amino acid ~nitroanilides (Sigma or Sachem Bioscience Inc.) were

incubated (final concentration, 0.05-5 mM) at room temperature with 0.17 J.lQ of

purified C. e/egans Ap·l FLAG-fusion protein, anti-FLAG M2 affinity gel-purified

fractions of Iysates of COS-7 cells transfected with pFLAG vector, or 0.17 J.lQ of

purified human recombinant LT~ hydrolase/aminopeptidase in 250 J.lI of buffer

containing 0.1 M Tris, pH 8, 200 mM NaCI, 1 mg/ml aSA. The assays were

performed in g6-well mierotiter plates (path length, 0.7 cm), and the formation of

the produet (p-nitroaniline, e = 10,800 M-1 em-') was monitored for 60 min at 405

nm using a kinetie mieroplate reader spectrophotometer (Molecular Deviees).

Spontaneous hydrolysis of the substrate (== 0.03 milli-absorbance unitslmin) was

corrected for by subtracting the absorbance of control incubations without

enzyme. Kinetic constants (Km and kcat) were determined by nonlinear regression

(Kaleidagraph software) of the data to the Michaelis-Menten equation.

Inhibition of Aminopeptldase Actlvlty.

Bestatin, an inhibitor of aminopeptidases (Sigma), was evaluated as an

inhibitor of the C. e/egans aminopeptidase activity. Bestatin (final concentration,

0-50 mM) in 250 J.l1 of buffer containing 0.1 M Tris, pH 8, 200 mM NaCl, 1 mg/ml

SSA was incubated at room temperature with 0.17 J.lg of purified C. elegans AP

1 (FLAG) enzyme for 10 min. L-Arginine-p-nitroanilide (1 mM) was then added,

and substrate hydrolysis was monitored as described above. 1050 values were

estimated trom a log dose-response CUNe ot initial velocity versus inhibitor

concentration.
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AESULTS AND DISCUSSION

Mol.cular Clonlng of a LTAt Hydrol•••Uke cONA Homologue from C••'.,.n•.
A search of the annotated files in GenBank using the key words

"Ieukotriene hydrolase" yielded an EST (GenBank accession number M88793)

clone termed cm01c7 (327bp) trom a C. e/egans mixed stage hermaphrodite

cDNA library. When translated, the EST revealed strong homology (51%) to the

human LTAt hydrolase. The complete sequence of a O.9S-kb ApaJ/ScaI

restriction fragment containing the C. e/egans LTAt hydrolase-like EST was

obtained tram the phage clone cm01c7 (see under "Material and Methods" tor

details) and was confirmed as a mammalian LTAt hydrolase-like sequence by

sequence homology comparisons using the BLASTN and TBLASTN algorithms

(National Centre for Biotechnology Information) (335) and FASTA and TFASTA

programs (336). The O.95-kb fragment was radiolabeled with 32p and used as a

probe to sereen a C. e/egans Â. phage eDNA library, resulting in the isolation of

clone CS (= 1.4 kb), which showed a strong sequence homology (::: 450/0) to the

human LTA.. hydrolase but was missing the 5' part of the gene (as predicted

trom the sizes of cDNAs encoding previously eloned LTA.. hydrolases). A series

of anchored peRs with the C. elegans cDNA library as template and using

pBluescript SK phagemid-based primers, as weil as several antisense primers

based on the most 5' sequence of clone CS, was carried out to isolate the

missing S'-end of clone CS. The full-Iength C. elegans cDNA sequence and the

deduced amino acid sequence, named AP-1, are shown in Fig. 1. The C.

elegans AP-1 cDNA sequence is 2152 bp long. consisting of a short 1S-bp 5'

untranslated region, an open reading frame eneoding a 609-amino aeid protein,

a 282-bp-long 3'-UTR, and a 28-bp-long poly{A+) tail. No consensus N

glycosylation sites, targeting signais, or putative phosphorylation sites were

found in the sequence. The first ATG triplet (starting at nueleotide 1 in Fig. 1) in

the sequence was considered to be the initiation codon of protein translation
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because 1) it matches the location of the translation initiation codon from both

the human and the mouse LT~ hydrolase cDNAs (236, 237) with only one extra

codon in the C. e/egans sequence (Fig. 2), 2) the nucleotide sequence flanking it

(AATATGG) is in agreement with Kozak's rule for translational initiation

consensus sequence (348), and 3) the open reading frame starting from this

methionine and ending at the TAA terminator codon (nucleotide 1828) encodes a

68,248·kOa protein, corresponding to the molecular mass of the recombinant C.

e/egans Ap·1 protein estimated by SDS-polyacrylamide gel electrophoresis (see

below). The length of the AP-l open reading frame (1827 bp), the number of the

deduced amino acids (609 residues), and the molecular mass of the encoded

protein (68,248 kDa) are comparable to the human (1830 bp, 610 residues,

69,140 kOa) and the mouse (1830 bp, 610 residues, 68,917 kDa) LTA.t

hydrolases (236, 237).

Amlno Acld Sequence Comparlson of the Human and the Mouse LT~

Hydrolases ta Thelr C. e/egans Homologue.

Data base searches identified the human LT~ hydrolase as the most

closely related protein to the C. elegans AP-1 translation product (63% similarity

and 45% identity) (results not shown). His297
, His301

, and Glu320 in the C. e/egans

amino acid sequence (the underlined residues in Fig. 1) conform to a catalytic

zinc site of mammalian LTA.t hydrolases and zinc metallopeptidases (240, 349)

and match His295
, His299

, and GIU318 in bath the human and the mouse LTA.t

hydrolase sequences. These three residues are likely ta be involved in the

coordination of the zinc atom as described previously for the mouse LTA.t

hydrolase (243) and for certain peptidases and neutral proteases (240). A

multiple alignment of the amino acid sequences of the human LT~ hydrolase.

the mouse LTA.t hydrolase, and their putative C. e/egans homologue and the

conserved residues in the three sequences are shown in a consensus (Fig. 2). A

high degree of homology is seen in the region between amino acid residues 246

and 320 in the C. e/egans sequence. the homology then decreases towarels
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either the amino or the carboxyl terminus of the proteine A typical consensus zinc

binding motif HEXXHX18E is indicated starting from amino acid 298 ta 321 in the

C. e/egans Ap..1 sequence. This motif is found in several reported

metallopeptidases and allows the classification of the C. e/egans enzyme under

the Ml family of metalloexopeptidases (350). Members of this family also include

aminopeptidase A. aminopeptidase N. cysteine aminopeptidase, and LTA.t
hydrolase. The tyrosine residue Tyr'S3 in bath the human and the mouse

sequences, which is essential for the peptidase activity of the mammalian LTA.t
hydrolase/aminopeptidase enzyme and may act as a proton donor in a general

base mechanism (251), is conserved in the C. e/egans AP-1 (Fig. 2, Ty~7 in the

C. e/egans sequence). GIU296 in both human and mouse sequences. the

mutation of which to Gln296 abolishes the aminopeptidase activity of the

mammalian enzyme (250). is also conserved in the C. e/egans sequence (Fig. 2,

Glu298 in the C. e/egans sequence). On the other hand. Ty~78 in both the human

and the mouse LTA.t hydrolase sequences. which is known to be involved in the

covalent binding of LT~ (257), is replaced by a phenylalanine (Phe382
) in the C.

elegans sequence.

The Structure of the C. e/egan. Aminopeptidase Gene.

The cloned C. e/egans AP-1 cDNA was compared with sequences in the

genomic section of the Sanger Centre C. e/egans data base. and two cosmid

clones were identified (cosmid C42C1and Y39C12) that showed a 1000k match

to the cDNA sequence using a BLASTN search. A map of the structure of the C.

elegans aminopeptidase gene was then constructed (Fig. 3A). Cosmid clone

Y39C12 (GenBank accession number AL009026) is localized to C. e/egans

chromosome 4. and the entire open reading frame of the C. e/egans AP-1 cDNA

is contained within four exons ranging in size from 53 to 1325 bp. The exons are

separated by three small introns of 44. 49, and 49 bp. The small size of the

introns is expected as most introns in the nematode C. elegans are very short

(351). The sequences of exon-intron boundaries were detennined by comparing
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the cDNA sequence and the genomic sequence (Fig. 38). The exon-intron

junction in intron 2 follows the GT/AG rule and agrees with consensus

sequences for the donor and acceptor sites (352). On the other hand, introns 1

and 31ack an AG at the 3' splice acceptor site, which agrees with the finding that

splicing in C. e/egans does not require this AG (353). As shown for over 98°k of

C. e/egans introns, ail three introns have an elevated A-U content just upstream

of the 3' splice site with a U present at position -5 relative to the cleavage site

(351). The proposed zinc-binding histidine residues (His297 and His301
) and

glutamate residue (Glu320
) which constitute the zinc-binding domain

(HEXXHX1sE), are located on one exon (Fig. 3, exon 3), unlike the structure of

the human LTAt hydrolase/aminopeptidase gene (258), in which the two

essential zinc-binding histidine residues (His295 and His299) are present on exon

10, whereas the third zinc-binding ligand glutamate (Glu318
) is located on another

exon (exon 11).

Expression of Recombinant C. e/egana AP-1 and Immunoblot Analysla.

The C. eJegans Ap..1 open reading frame (1.8 kb) was subcloned into the

mammalian expression vector pFLAG CMV2, which provides a translation

initiation codon ATG. followed byan amino-terminal FLAG epitope (NH2-Asp-Tyr

Lys-Asp-Asp-Asp-Asp-Lys-COOH). COS-7 cells were transiently transfected with

the pFLAG.cel AP-1 or the vector control DNA, and harvested, followed by

preparation of membrane and soluble protein fractions and analysis by SOS

polyacrylamide gel electrophoresis and Western blotting using anti-FLAG M2

antibody. As expected trom its calculated molecular mass, a 69-kDa

immunoreactive protein was detected using the anti-FLAG antibody in the

supematant of COS-7 cells transfected with pFLAG.cel AP-1 cDNA (Fig. 4, Jane

2) but not in the supematant of mock-transfected cells (results not shown). As

described previously for the mammalian LTA.t hydrolaselaminopeptidase (341),

the C. e/egans Ap-1 is a soluble protein expressed in the cell cytosol with

minimal detection in either the microsomal or the membrane fractions (100,000 x
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9 and 2000 x 9 pellets, respectively) (results not shown). The expressed FLAG

tagged C. e/egans AP-l protein was partially purified (= 300/0 purity) using anti

FLAG M2 affinity chromatography, eluted with the FLAG octapeptide, resolved

by 10% SOS-polyacrylamide gel electrophoresis, and detected by the

monoclonal antibody anti-FLAG M2. Ali of the expressed C. e/egans AP-1

protein was bound ta the anti-FLAG M2 affinity resin. No protein was detected in

either the tlow·through tram the column or the column washes with the C.

e/egans FLAG-tagged AP-1 eluting mainly in fractions 4-7 (Fig. 4, lanes 8-11).

Despite the significant amino-acid sequence homology between the C. e/egans

AP-1 and the human LTA.t hydrolase/aminopeptidase (45% identity), a rabbit

anti-human LTA.t hydrolase polyclonal antiserum (346) failed ta deteet any LTAt
hydrolase specifie immunoreactive proteins in either the supematant of COS-7

ceIls transtected with pFLAG.cel Ap·l or the cytosolic extract trom C. e/egans

worms (results not shawn).

Aminopeptida8e Activity of the C.. e/egan. AP-1 Enzyme and Its Inhibition

by Beatatin.

Based on the conservation of the catalytic zine binding motif HEXXHX18E

in the primary structure of C. e/egans AP-1 protein and several other zinc

proteases and peptidases, the C. elegans Ap·1 FLAG fusion protein was

assayed for aminopeptidase activity using 11 different amino acid p-nitroanilide

derivatives as chromogenic amide substrates. These compounds represent

acidic, basic, and neutral amino acids as weil as amino acids with NH2-terrninal

substitutions and D-stereochemistry. The purified C. e/egans AP-1 FLAG fusion

protein contained an intrinsic aminopeptidase activity that was absent in the anti

FLAG M2 affinity gel purified fractions of supematant from mock-transfected

COS-7 cells (Table 1). The rate of hydrolysis of L-arginine p-nitroanilide was

dependent on protein and substrate concentrations with a Km of 0.43::t 0.01 mM

and a Vmu of 0.18:t 0.01 J.U110Vminimg enzyme. These values can be compared

ta a "" of 0.09 ::t 0.01 mM and a V". of 0.47 ::t 0.01 JU"0Vminimg obtained for
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the human LTAt hydrolase/aminopeptidase (Fig. 5). The Km and hcat values for

the hydrolysis of the amine acid p-nitroanilides by C. e/egans AP-1 enzyme were

dependent on the amino acid substituent (Table 1). Comparison of the specificity

constant kcat/Km for ail 11 compounds tested reveals that the recombinant C.

elegans AP-1 preferentially hydrolyzed the L-arginine derivative. Acidic amino

acids, amino acids with NH2-terminal substitutions, and amine acids with D

stereochemistry were poor substrates. The human recombinant LT~

hydrolase/aminopeptidase enzyme had a similar substrate specificity for the

selected p-nitroanilides. The human enzyme is considered an arginine

aminopeptidase, despite its wide cleavage specificity, because it preferentially

hydrolyzes tri-peptides with L-arginine at the NH2-terminal position (248). In the

absence of a physiological substrate for the aminopeptidase activity of the

human enzyme and its high catalytic efficiency for several synthetic tri-peptides

(exceeding the kca'Km for LTAt by 10-fold), the enzyme was suggested to be

involved in the metabolism of dietary peptides and neuropeptides (248). This role

can also be proposed for the C. elegans AP-1 enzyme. Bestatin, a patent

inhibitor of human LT~ hydrolase/aminopeptidase (245), as weil as other

aminopeptidases, inhibited the hydrolysis of L-arginine p-nitroanilide by AP-1.

The concentration for half-maximal inhibition (ICso) of p-nitroaniline formation

was 2.6 ± 1.2 J.lM (results not shawn).

During the cloning of the 5'-end of the C. e/egans AP-1 cONA, a PCR

error introduced a point mutation at amino acid position 117, changing an

alanine residue ta a valine. When clones containing the Ala117 ta Val117 PCR

mutation were analyzed for aminopeptidase activity, they failed ta hydrolyze the

amide bond of any amino acid p-nitroanilide tested. This raises the possibility

that certain conserved residues other than the previously documented Ty(J83 and

GIU296 may be important for the aminopeptidase activity of the mammalian LTA.

hydrolase/aminopeptidase enzyme. It is also interesting to note that this alanine

residue (Ala114 in the human sequence) is conserved evolutionary as it is found in

the C. albicans LTA.. hydrolase (which mainly exhibits aminopeptidase activity),

the S. cerevisiae proposed LTA.t hydrolase (which is yet ta be characterized), ail
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cloned mammalian LTA.. hydrolases, including human, mouse, rat, and guinea

pig, and the C. e/egans AP-1 (data not shown).

Ma••urament of LTA.t Hydrol....ctivity of C• • /eg8n. Ap·1 Enzyme.

The C. elegans AP-1 protein was analyzed for epoxide hydrolase activity

using LTA4, as a substrate. Reverse-phase HPLC analysis of products formed

when the purified FLAG-tagged C. e/egans AP-1 enzyme or the cytosolic extract

of C. e/egans worms was incubated with LTA.t revealed no production of LTB4

(Fig. S, peak 4, traeing 6 and 2, respectively). In contrast, the human LT~

hydrolase (used as a positive control) produced mainly peak 4 (Fig. S, traeing 1),

which eluted with the retention time of the expected enzymatic product LTB4.

Small amounts of the other peaks (peaks 2, 3, 5, and S) represent the

nonenzymatic hydrolysis of LTA.t. In the absence of LT~ hydrolase activity (Fig.

6, ail traeings except traeing 1), LT~ was mostly converted to the nonenzymatic

hydrolysis products, the all-trans-LTB4epimers at C12 (S-trans-LTB4, and 12-ep;'

6-trans-LTB4, peaks 2 and 3 respectively), as weil as (SS,6R)-diHETE (peak 5),

and {5St6S)-diHETE (peak 6). These species are normally formed in small and

equal amounts in aqueous solutions by spontaneous hydrolysis (354), and their

peaks eluted with the retention times and speetra of known eieosanoid

standards. Peaks 2, 3, 5, and 6 were also produeed by boiled C. e/egans eytosol

(Fig. 6, traeing 4)t as weil as boiled FLAG-tagged AP-1 (data not shown)t

eonfirming their nonenzymatic ongin. C. e/egans eytosol pretreated with 100 J..lM

bestatin (an inhibitor of both LT~ hydrolase and aminopeptidase aetivities of the

human enzyme (245)), showed the same chromatographie profile (Fig. 6, traeing

3) as the untreated or the boiled C. elegans eytosol. The inability of the C.

e/egans AP-1 enzyme to synthesize L184 from LTAt WBS also eonfirmed by the

absence of any LT84 production (data not shown) using a LT84

radioimmunoassay (Iower limit of detection is 16 pg of LTB4 ml-1
).

Although C. e/egans AP-1 does not appear to hydrolyze LTAt, the high

degree of identity between the active sites of AP-1 and mammalian LTA..
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hydrolases (Fig. 2) suggests that LTA.t may bind in the active site of AP-1 without

being a substrate for catalysis. To test this possibility, we examined the effect of

LT~-ethyl ester on the aminopeptidase activity of AP-1 using L-arginine-p

nitroanilide as a substrate. We chose the LT~-ethyl ester as it is a suicide

inactivator of the mammalian LTA.t hydrolases and is much more resistant than

LT'" to nonenzymatic hydration. The LTA..-ethyl ester had no effect on the

aminopeptidase activity of AP-1 at concentrations up ta 100 ~M, 10 times the Km

of mammalian LT~ hydrolase for LTA.-ethyl ester (results not shown).

The bifunctional human LTA.. hydrolase/aminopeptidase enzyme is

suicide-inactivated during catalysis via an apparently mechanism-based

irreversible binding of LTAt to the protein (234), with tyrosine at position 378

identified as the site for covalent binding of LTA... Interestingly, the mutation of

Tyr378 to Phe378 in the human LTA. hydrolase yielded an enzyme with increased

tumover and resistance to mechanism-based inactivation (257), thus dissociating

catalysis and covalent modification/inactivation events. This tyrosine residue is a

phenylalanine in the C. elegans AP-1 enzyme sequence (Phe382
), but the C.

elegans enzyme does not hydrolyze LTA.. indicating that other residues (Iacking

in the C. elegans AP-1 sequence) must also be important for LTA. binding and

catalysis.

That the cloned C. elegans AP-1 enzyme functions as an

aminopeptidase with no LTAot hydrolase activity is interesting, as its primary

structure resembles LTAot hydrolases more than il does aminopeptidases (Table

D). Companson of the C. elegans AP-1 enzyme and other proteins in the

SwissProt data base revealed 45% identity to the human, mOUS8, rat, and guinea

pig LTA.t hydrolases at the amino acid level, with lower identity to the human, rat,

and pig aminopeptidase-N (28-30°J'o). Moreover, the identity between C. elegans

AP-1 and mammalian LT~ hydrolases extends over their entire primary

structures, with sorne divergence in the N and C termini. In contrast, C. e/egans

AP-1 only overlaps a limited region of about 300 amino acids with other

aminopeptidase enzymes (a region that contains the canonical zinc-binding motif

HEXXHX18E). It is interesting to note that the same identity <an average of 300k)
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that is shown between C. elegans AP-1 and other aminopeptidases is also seen

between mammalian LTAt hydrolases and any given aminopeptidase enzyme

(Table fi). The structural similarity between C. e/egans AP-1 and mammalian

LTAt hydrolases suggests an evolutionary relationship. Recently, three other

proteins that are structurally related to mammalian LTA.. hydrolases have been

identified in lower invertebrates. These proteins include a C. albicans LTAt
hydrolase-related enzyme (41 % identity to human LTA. hydrolase) that funetions

mainly as an aminopeptidase but fails to hydrolyze LTA.t to LTB4 (355). a gene

trom the yeast S. cBrevisiae (39% identity ta human LTA.. hydrolase) (260). and

a partial amino acid sequence (316 residues) of a D. discoideum cDNA

(GenBank accession number U27538, Jho, E.. and Kopachik, W. 1995,

unpublished data) with 38% identity to human LT-'t hydrolase. Biochemieal

studies to clarify the enzymatic aetivity (or activities) of both the yeast and the

Dictyostelium LTA.t hydrolase-like proteins await their expression and

characterization. LTB4 production has not been reported in either C. albicans or

D. discoideum, and our analysis of mixed stage C. e/egans wonns failed ta

deteet any LTAt hydrolase activity. The high primary sequence identity of the C.

elegans AP-l to mammalian LTAt hydrolases suggests that AP-l may represent

an evolutionary precursor of the mammalian LTA. hydrolases. Thus, mammalian

LTA.. hydrolases may have originated from aminopeptidases like AP-l, retaining

their aminopeptidase activity and developing a LT~ hydrolase funetion in higher

eukaryotes. In support of this hypothesis, an aminopeptidase B has reeently

been cloned trom rat testes (259) that shows highest homology to mammalian

leukotriene At hydrolases (44%
). interrnediate homology to C. e/egans AP-1

(38%), and lowest homology to mammalian N-type aminopeptidases (21-24%)

Table fi) and can catalyze the conversion of LTA.. ta LTB.. (259).

ln conclusion, we have cloned and funetionally expressed a 69-kDa

protein from C. eiegans, the primary structure of which is more homologous to

mammalian LTAt hydrolases than other zinc aminopeptidases. This protein

functions as an aminopeptidase with broad substrate specificity but lacks any

LTA.. hydrolase activity. The primary sequence identity of C. e/egans AP-1
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enzyme to mammalian LT~ hydrolases and rat aminopeptidase B suggests that

these enzymes are evolutionarily related.
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FIGURE LEGENDS

Figure 1. Nucleotide .equence of the C• • 'egan. AP·1 cDNA and deduced amlno .cld

sequence. Nucleotides are numbered beginning with the first residue of the ATG translation

initiation codon. Nucleotides 5' of the ATG are designated by negative numbers. The deduced

amino acid sequence is shown in the one-Ietter code above the nucleotide sequence. Amino

acids are numbered from the NH2-terminal methionine residue. Amino acids involved in the

putative zinc binding site are underlined. GenBank accession number AF068201.

Figure 2. A multiple allgnment of amlno acld sequences of the human leukotrlene A.t,

the mouse leukotriene ,.. hydrolase, and the C• • 'eg.n. AP·1. The alignment was made

using the Pretty Plot function of the GCG program (336). Amino acids are numbered beginning

with the first methionine residue in the C. e/egans sequence. Conserved residues in ail three

sequences are shown in the consensus. Both the zinc-binding motif, comman among members

of the M1 family of metallopeptidases (HEXXHXtsE), and the tyrosine residue (number 383 in

both the human and the mouse sequences), which is essential for the peptidase activity of the

human and mouse LT~ hydrolase/aminopeptidase1 are indicated on a black background. The

conserved glutamate residue necessary for peptidolysis of mammalian LTA.. hydrolases (Glu296

in both human and mouse sequences) is underlined. The tyrosine residue Tyr'78 (in bath the

human and the mouse LTA.t hydrolase sequences) involved in the covalent binding of LTA.t to

the human LT~ hydrolase is indicated by an asterisk and is replaced by a phenylalanine

(Phe382 in the C. e/egans sequence).

Figure 3. Map of the structure of the C. e/egan. AP·1 gene wlth a description of the

exonlintron junctlo"•• The cosmid clone representing the sequence of the C. e/egans AP-1

gene (GenBank accession number AF068200) was retrieved tram the Sanger C. e/egans data

base as cosmid numbers C42C1 and Y39C12 (GenBank accession number ALOO9026) and

compared with the cloned cDNA sequence. A, exons are indicated by rectangles separated by

a single line representing introns. The numbers be/ow the boxes indicate the number of

nucleotides in each exon. S, size and position of introns in the AP-1 gene, with the uppercase

letters in the DNA sequences representing nucleotides present in exons and lowercase letters
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representing nucleotides present in introns. Amino acids (in one-Ietter code) are indicated by

the single upperease Jetters present above the first nucleotide of each codon.

Figure 4. Immunoblot analYlls of the C• • Ieg.n. FLAG-tagged AP-1 protein purlfied

us.ng anti-FLAG M2 atfinlty gel. Shown are 50 ng of FLAG-tagged bacterial alkaline

phosphatase (SAP) standard (/ane 1), 50 IJ.g of total protein of the 10,000 x 9 supematant of

COS-7 cells transfected with pFLAG.ceIAP-1 (/ane 2), 30 J.l1 each of anti-FLAG M2 affinity

column flow..through (/ane 3). anti·FLAG M2 affinity column washes (Jane 4), and FLAG

octapeptide eluted fractions 1-11 (/anes 5 to 15). The samples were separated by SOS

polyacrylamide gel electrophoresis, transferred to nitrocellulose, and immunoblotted using

anti·FLAG M2 antiserum (1 :300 dilution). Enhanced chemiluminescence was used for

detection. The positions of molecular mass markers are indicated.

Figure 5. Comparl.on of amlnopeptlda•• actlvlty of the cloned C• • /eg.n. AP-1 (A)

with that of the r.comblnant human LTAthydrolalelaminopeptida.e (8). Purified FLAG

tagged C. eJegans AP-1 (0.17 J.lg) (A) and human LTA.t hydrolase/aminopeptidase (0.17 J.lg)

(8) in 250 J.l1 of 0.1 M Tris. pH 8.0, 200 mM sodium chloride containing BSA (1 mg/ml) were

incubated with 0.05..5 mM L..arginine p-nitroanilide. The rate of amide bond hydrolysis was

monitored by measuring the absorbance of p-nitroaniline at 405 nm. The indicated Km values

were determined by nonlinear fit of the experimental values to the Michaelis·Menten equation.

Figure 6. Reverse-pha•• HPLC analysls of products formed by C. e/egan. cytolollc

extracts and COS-7 cells transfected wlth the pFLAG.ce. AP-1 construct. Reverse-phase

HPLC chromatograms of products formed following the incubation of 25 J.lM LTA.t with human

recombinant LTA.t hydrolase standard (25 J.1g of the S100 fraction of Sf9 cells, see under

UMaterials and Methods" and Ret. 346) (traeing 1) , 125 J.lg of C. e/egans cytosol in the

absence of bestatin (traeing 2) or pre-treated with 100 J1M bestatin (traeing 3), boiled C.

e/egans cytosol (traeing 4),200 Joli of anti-FLAG M2 purified 10,000 x 9 supematant of COS-7

ceUs transfected with pFLAG vector (traeing 5), and 0.8 J.lg of FLAG..tagged C. e/egans AP-1

protein purified using anti-FLAG M2 affinity gel (traeing 6). LT~ hydrolase assay and analysis
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of eicosanoid products were carried out as described previously (346). Peaks were identified

by elution with co-chromatographed standards and their characteristic absorbance spectrum.

Peak 1, PGB2 (intemal standard); peak 2, 6-trans-LTB4; peak 3, 6-trans-12-ep~L TB4; peak 4,

LT84; peak 5, (SS,SR)-diHETE; peak 6, (5S,6S)-diHETE. The chromatograms are

representative of three experiments with identical results.
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Table L Klnetlc constants for hydrolysls of amlno .cld p-nltro.nliides. The different

amino acid p-nitroanilides (0.05-5 mM) were incubated at room temperature with 0.17 J.lg of

either purified C. e/egans AP-1 (FLAG) enzyme or human LT~ hydrolase/aminopeptidase

enzyme in 250 J.lI of 0.1 M Tris, pH 8.0, 200 mM sodium chloride containing aSA (1 mg/ml). p

nitroaniline formation was monitored speetrophotometrically for 60 min at 405 nm. Kinetic

constants (Km and kcat) were determined by nonlinear regression analysis. Activities of purified

vectar construct with each substrate were less than 10% of values obtained with purified C.

elegans AP-1 enzyme and were comparable to the observed nonenzymatic hydrolysis rates.

Table ll. Amino acid sequence identlty (%) between C. e/egans AP-1, LTA.t

hydrolases and amlnopeptidases. A BLASTP search of SwissProt data base (release 96)

identified LTA. hydrolases followed by aminopeptidases as the most closely related proteins to

the C. elegans AP-1. The Bestfit algorithm in the GOG sequence analysis software (gap

weight of 12, length weight of 4, gap creation penalty of 12, and gap extension penalty of 4)

was used to determine percentage sequence identity. hlTA., human l T~ hydrolase; mlTÂt,

mouse LTAt hydrolase; rLTA.t, rat LTA.t hydrolase: gplTAt, Quinea pig LTAt hydrolase; rAP-B,

rat aminopeptidase B; hAP-N, human microsomal aminopeptidase N; rAP-N, rat microsomal

aminopeptidase N; pgAP-N, pig microsomal aminopeptidase N.
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----V-EI--E-S----ALQ-LT-EQT-----PYLFSQCQAI--R-I-PC
151 200
QOTPSVKLTYTAEVSVPIŒLVALMSAIROOETPDPEDPSRKIYKFIQKVP
QDTPSVKLTYTAEVSVPKELVALMSAIROOEAPD?EOPSRKIYRFNQRVP
MDTPSVKSTYEAEVCVPIGLTCLMSAIGQGSTPS.ECGKRTIFSFKQPVS
-OTPSVK-TY-AEV-VP--L--LMSAI--G--P--E---R-I--F-Q-V
201 250
IPCYLIALVVGALESRQIGPRTLVWSEKEQVEKSAYEFSETESMLKlAED

'IPCYLIALVVGALESRQIGPRTLVWSEKEQVEKSANEFSETESMLKlAED
IPSYLLAIWGHLERKEISERCAVWAEPSQAEASFYEFAETEKILKVAED
IP-YL-A-VVG-LE---I--R--VW-E--Q-E-S--EF-ETE--LK-AED

251 1LGGPYVWGQYDLLVLPPSFPYGGMENPCLTFVTPTLLAGDKSLSNVI
LGGPYVWGQYDLLVLPPSFPVGGMENPCLTFVTPTLLAGOKSLSNVI
VAGPYVWGRYOLVVLPATFPFGGMENPCLTFITPTLLAGORSLVNVI
--GPYVWG-ïDL-VLP--FP-~lPCLTF-TPTLLAGO-SL-NVI

350
HTVYLERHICGRLFGEKFRHFNALGGW
HTVYLERHlCGRLFGEKFRHFHALGGW
FTVFLERKIHGKMYGELERQFESESGY
-TV-LER-I-G---GE--R-F----G-

400
GE .. LQNSVKTFGETHPFTKLVVOLTDIOPOVAYSi!SVGFALLFYLE
GE ..LQNTIKTFGESHPFTKLVVOLKOVDPOVAYS~I_ GFALLFYLE
EEALVRTVNDVFGPOHEYTKLVQNLGNAOPOOAFS GSALLFTIE
-E---------FG--H--TKLV--L---OPO-A-SS- G-ALLF--E
401 450
QLLGGPEIFLGFLKAYVEKFSYXSITTOOWKDFLYSYFKDKVDVLNQVDW
QLLGGPEVFLGFLKAYVKKFSYQSVTTDDWKSFLYSHFKDKVOLLNQVDW
QALGONSRFEQFLROVIQKYAYKTVSTEEWKEYLYDSFTDKKVILDNIDW
Q-LG----F--FL--Y--K--V----T--WK--Ly--F-OK---L---DW
451 500
NAWLYSPGLPPIKPNYDMTLTNACIALSQRWITAKEOOLNSFNATDLKDL
NAWLYAPGLPPVKPNYDVTLTNACIALSQRWVTA1ŒEDLSSFSIAOLKDL
NLWLHKAGLPP . KPKYDSTPMQACKOLAAKWTTEGSEAPTOGEV.. FAJ<M
N-WL---GLPP-KP-YO-T---AC--L---W-T----------------
501 550
SSHQLNEFLAQTLQRAPLPLGHIKRMQEVYNFNAINNSEIRFRWLRLCIQ
SSHQLNEFLAQVLQKAPLPLGHIKRMQEVYNFNAINNSEIRFRWLRLCIQ
SNSQKLAVLDAVRVNK'I'MFGDRMPALTATYKLOQAKNAELKFSWLMLGLE
S--Q----L--------------------Y------N-E--F-WL-L---
551 600
SKWEOAIPLALXHATEQGRHICFTRPLFKDLAAFOKSHDQAVRTYQEHXAS
SKWEEAIPLAIJQ1ATEQGRMKFTRPLFKDLAAFOKSHDQAVHTYQEHRAS
TKWSPlVOASLAFALAVGRMKYCKPIYRSLFGWSATRORAISQFKANIPN
-KW-------L--A---GRMK---P----L-------O-A----------
601 616
MHPV1'AMLVGKDLKVD
MHPV'1'AMLVGRDLKVD
MHPITVKAIQSLLK-
MHP-T-------LK--
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IGnetic constants for hydrolysis of amino acid p-nitroanDides

Human LTA4 hydrolase C. elegans AP·1

Km kcat kca/Km Km kcat kca/Km

mM s·l s·} M-I mM sel S·l M-l

L-Arg-pNA 0.09 0.55 6.10 X 103 0.43 0.21 0.48 X 103

L-Ala-pNA 1.44 3.11 2.20 X L03 5.53 0.78 0.14 X 103

L-Leu-pNA 0.25 0.52 2.08 X 103 2.00 0.25 0.13 X 103

L-Lys-pNA 0.05 0.09 1.80 X 103 0.39 0.05 0.13 X 103

L-Pro-pNA 0.24 0.45 1.87 X 103 1.90 0.23 0.12 X 103

L-Met-pNA 0.40 0.24 0.60 X 103 0.46 0.03 0.06 X 103

L-Val-pNA 0.80 0.08 0.10 X L03 0.90 0.01 0.01 X 103

L-Asp-pNA No activity No activity
L-Glu-pNA No activity No activity
N-Acetyl-Ala-pNA No activity No activity
D-Leu-pNA No activity No activity

Table 1
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Amino acid sequence identity (%) between C. elegalls AP-l,
LTA4 hydrolases, and aminopeptidases.

c. elegans A1'·1 hLTA4 ml~TA4 rl~TA4 gpLl'A4 rAP-B hAP·N rAP-N pgAP-N

c. elegaos Ar-) 100 45 45 45 45 38 29 28 30

hLTA4 45 100 92 92 92 44 30 29 29

naLTA4 45 92 100 97 90 44 30 32 29

rLTA4 45 92 97 100 90 44 29 31 29

KI)LTA4 45 92 90 90 100 42 33 32 33

rAP·B 38 44 44 44 42 100 24 21 23

hAP-N 29 30 30 29 33 24 100 77 79

rAP-N 28 29 32 31 32 21 77 100 77

pgAI'·N 30 29 29 29 33 23 77 77 100



7. DISCUSSION AND CONCLUSION

Arachidonic acid is metabolized via cyclooxygenase and lipoxygenase

enzymes to various eicosanoids ineluding prostaglandins (PGs), leukotrienes

(LTs), hydroxyeicosatetraenoic acids (HETEs) and lipoxins. Eicosanoids are

important local mediators of numerous physiologieal and pathological responses

including inflammation, bronchoconstriction, pain, fever, regulation of vaseular

tone, and regulation of immune responses. While eicosanoids are very weil

studied in mammalian systems, mostly due to their pharmaceutical interest, there

is increasing recognition of the significance of these oxygenated compounds in

invertebrates. Recent studies have established the ability of various insects and

parasites to produce eicosanoids in response to the addition of arachidonic aeid.

Certain nematode and trematode helminth parasites cause considerable

mortality in humans in many tropical and subtropical parts of the world. An

estimated 200 to 300 million people worldwide are currently infected with the

trematode parasite Schistosoma mansoni (S. manson/) and another 600 million

are at risk. Little is known about the mechanism(s) by which helminth parasites

overcome host immune responses to survive and establish chronic diseases.

Eicosanoids production by these parasites is believed to facilitate their invasion

of the host and theïr subsequent evasion of the host cellular immune responses.

ln addition, eicosanoids may be essential for normal parasitic physiological

processes (e.g oocyte maturation, egg production, salt and water transport) as is

the case in other invertebrates. To further our understanding of the roles

eicosanoids may play in lower organisms, we investigated arachidonic acid

metabolizing enzymes responsible for the production of these important

mediators in the trematode parasite S. mansoni and the nematode worm

Caenorhabditis e/egans (C. elegans).
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7.1 Characterization of arachidonic acid metabolizing enzymes in adult S.

mansoniparasites

Several recent studies have aimed at elucidating the production of

eicosanoids by nematode and trematode parasites. Microfilariae of the

intravascular nematode parasites Wuchereria bancrofti and Brugia ma/ayi have

been shown to produce vasodilatory, anti-aggregatory, and immunomodulatory

PGE2 and prostacyclin following incubation with exogenous arachidonic acid

(297. 298). Thus. it was postulated that filarial parasites may exploit the effects

of these eicosanoids to inhibit platelet aggregation onto their surfaces, to

facilitate their passage through small capillary vessels. and to modulate and

escape host defenses. Similarly. cereariae of the blood dwelling trematode S.

manson; have been demonstrated to synthesize a wide variety of eicosanoids

ineluding PGs. LTs. and HETEs upon stimulation by essential fatty acids (EFAs)

normally found on the host skin surface (304). In addition. these EFAs stimulated

host skin penetration by cercariae. an effect which was inhibited by

cyclooxygenase inhibitors. suggesting an involvement of prostanoids in cercarial

penetration (301-303). Furthermore. successful cercarial penetration and

transformation into schistosomulae. in vitro. was correlated with eicosanoid

biosynthesis (305). Although limited parasite numbers have prevented extensive

examination of adult S. mansoni, one study has suggested the elaboration of

certain eicosanoids by developing schistosomulae and adult male and female

parasites (307). To further elucidate the production of eicosanoids by adult S.

mansoni, we investigated the metabolism of arachidonic acid in these medically

important parasites.

Following incubation with radiolabeled arachidonic acid. cytosolic and

microsomal extracts of adult S. mansoni worms synthesized mainly a major

metabolite which co-chromatographed with an authentÎe 15-HETE standard on

thin-layer chromatography (TLC) (chapter 4, ret. 332). The synthesis of the 15

HETE-like produet was confirmed to be enzymatic as it was totally abolished by

heat denaturation of the S. mansoni extracts. This result is in agreement with a
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previous study whieh demanstrated that a metabolite with the chromatographie

eharacteristics of 15-HETE was the major eicasanoid produced by adult

parasites in response to the addition of linoleic acid (307). On the other hand, in

the literature, the formation of prostaglandins by adult S. mansoni via

cyclooxygenase (COX) pathways is subject ta controversy. One study, which

established the ability of adult parasites ta incorporate araehidonic acid into their

various membrane structures, detected no prostaglandin biosynthesis using TLC

(308). Another study reported the production of a metabolite which displayed the

same high performance chromatographie properties as PGE2, but no definitive

pharmacologieal or physiochemieal data were obtained (307). Consistent with

the first study, our analysis of arachidonic acid metabolism indicated the absence

of PGE2 production by adult worm extracts using both TLC and

radioimmunoassay techniques. In addition, immunoblot analysis of the different

S. mansoni extracts using antisera to mammalian eyclooxygenases revealed no

specifie COX-protein bands. Moreover, no evidence for the presence of a

parasite COX homologue was demonstrated by polymerase chain reaction

(PCR) analysis using degenerate primers based on conserved sequences in

mammalian and avian cyclooxygenases (chapter 4, ref. 332). These results,

combined with our inability ta detect any prostaglandin formation, suggested the

absence of an active cyclooxygenase pathway in adult S. mansoni parasites.

Nonetheless, the weakly hybridizing bands revealed by Southem blot

hybridization of S. mansoni genomic DNA using human COX-1 and COX·2

probes, implied that the parasite may contain cyclooxygenase-related

sequences. Sinee cercarial production of COX-derived prostaglandins has been

weil documented (301-305), our incapability to deteet an S. mansoni

cyelooxygenase protein or mRNA in the adult wonn could therefore be related to

a stage-specifie expression of the putative S. mansonicyclooxygenase genet

Sinee cyclooxygenase-2 as weil as 12115-lipoxygenases (LOXs) are

capable of metabolizing araehidonic acid to 15·HETE (356. 170, 199). we

consequently used both COX and LOX inhibitors to delineate the pathway

responsible for the enzymatie activity detected in adult S. mansoni extracts. The
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inability of indomethacin. a potent COX inhibitor. to inhibit S. mansoni 15·HETE

production and the observed inhibitory effects of different LOX inhibitors. which

displayed similar phannaeological profiles to those previously seen with different

plant and mammalian LOXs (191). confirmed the Iipoxygenase origin of the 15

HETE·like metabolite. Resembling the cytosolic localization of other previously

characterized mammalian lipoxygenases, the S. mansoni lipoxygenase activity

was mainly detected in the cytosolic fraction of adult wonns. This aetivity was not

stimulated by calcium addition suggesting that the parasite lipoxygenase

homologue is regulated differently to the mammalian 5·LOX enzyme but similarly

to other mammalian LOXs (123). The efficient metabolism of linoleic acid to 13

HODE displayed by the cytosolic fraction of adult wonns indicated that the

parasite lipoxygenase activity is similar to that of the erythroid 15-LOX and the

leukocyte 12·LOX (170, 191). Collectively, these results indicated the presence

of a soluble, enzymatically active lipoxygenase pathway in adult S. mansoni

parasites which demonstrated a similar activity to mammalian lS-Upoxygenases.

Both of the S. mansoni-produced 15-HETE and 13·HODE-like speeies migrated

with the same Rfvalues as those of 15-HETE and 13-HODE standards on TLC.

however, the identity of these metabolites to their mammalian counterparts can

only be confirmed using gas chromatography/mass spectrometry. Presently, the

smaU amounts of eicosanoids produced by adult S. mansoni worms preclude

such measurements, and hence, the full characterization of these metabolites

would have to await the cloning and expression of the parasite lipoxygenase

homologue.

ln view of the signifieant amino acid sequence homology shared among

plant and mammalian lipoxygenases (143), it was reasonable to anticipate that

antibodies to mammalian lipoxygenases might show immunologieal cross

reactivity to a S. mansoni LOX-homologue. Our immunoblot analyses of the

different S. mansoni extracts using antisera to mammalian lipoxygenases

unveiled two LOX-specifie protein bands with molecular masses comparable to

those of mammalian and plant lipoxygenases (chapter 4, ref. 332). In addition,

positive hybridization signais were detected by Southem hybridization of S.
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mansoni genomic DNA using a human 15-lipoxygenase cDNA probe. Moreover,

two lipoxygenase-like PCR fragments (which hybridized to the human 15-LOX

probe) were amplified from the worm DNA using degenerate primers based on

conserved sequences in mammalian and plant lipoxygenases. These results

suggested the presence of more than one lipoxygenase protein and more than

one Iipoxygenase gene in adult S. mansoni parasites. On the other hand, our

immunoblot, Southem hybridization, and PCR results suggested the potential of

mammalian lipoxygenase cDNAs as useful probes to clone the putative S.

manson; lipoxygenase homologue.

As previously noted in other invertebrates, eicosanoids produced by S.

manson; parasites may have some important physiological actions in areas such

as reproduction, neurophysiology, and salt and water transport physiology (289,

290). In particular, the production of 15-HETE byan S. mansoni lipoxygenase

may be signifieant in the mediation of host-parasite interactions. 15-HETE has

been reported to have immunosuppressant effects in mammals including the

inhibition of mitogen-induced lymphocyte proliferation, the inhibition of neutrophil

migration across cytokine-activated endothelium (a pivotai event in their

recruitment to sites of inflammation), as weil as the inhibition of various

lymphocyte functions and the stimulation of suppressor cell activity (199,318). In

addition, 15-HETE has also been shown to deerease the fonnation of the

proinflammatory LTB4 by leukocytes, to antagonize neutrophil chemotaxis by

LTB4, and to suppress leukocyte activation (199, 357, 358). Thus, it could be

postulated that adult S. mansoni parasites may use these immunoregulatory and

anti-inflammatory affects of 15-HETE to suppress host cell-mediated immune

responses. Since eicosanoids synthesized by cercariae of S. mansoni have been

demonstrated to facilitate cercarial skin penetration and transformation, it is

reasonable to suggest that host immunomodulation via eicosanoid production

may also be utilized by adult parasites to help them establish chronic infections.

Therefore, the full characterization of the enzymes and genes involved in

eicosanoid metabolism in S. mansoni is imperative to our understanding of the

exact role that these metabolites may play in the host-parasite relationship.
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7.2 Attempts to clone a lipoxygenase-like homologue from Schistosoma manson;

ln the previous investigation, a lipoxygenase pathway with similar activity

to mammalian 15-lipoxygenases was identified trom adult S. mansoni extracts

but no cyclooxygenase activity was detected (chapter 4, ref. 332).

Developmental regulation of eicosanoid biosynthesis may cccur in S. mansoni

since the larval stage of the parasite has been shown to produce both

cyclooxygenase and lipoxygenase-derived eicosanoids (304, 305). Thus, the

molecular cloning of ganes involved in arachidonic acid metabolism tram S.

mansoni is required to address the expression of these genes during the

different stages of the parasite lite cycle. In addition, following the cloning and

expression of these genes, sufficient quantities of eicosanoids could be

produced permitting an accurate determination of the chemical structure of the

parasite·generated metabolites. Furthermore, the identification of S. mansoni

genes implicated in eicosanoid production may also provide potential therapeutie

targets for the treatment of schistosomiasis.

PCR amplification using degenerate primers based on conserved

sequences in mammalian and plant lipoxygenases was utilized in arder to obtain

a partial LOX-like sequence from S. mansoni ta assist in the cloning of the

putative parasite lipoxygenase homologue. Several lipoxygenase·like PCR

fragments which hybridized to a human 15·LOX cDNA probe were amplified from

both S. mansoni mRNA and cDNA libraries (chapter 5). Subsequent ta the

cloning and sequence analysis of ten reverse transeription-PCR subclones, their

deduced amino acid sequences revealed no significant homology ta either

mammalian or plant Iipoxygenases. Similarly, none of the twenty subclones

derived from the PCR amplification of S. mansoni DNA displayed any signifieant

amino acid sequence identity to lipoxygenases. Evidently, the degenerate nature

of the LOX-based primers allowed for the amplification of other non

lipoxygenase-specific sequences from S. manson; mRNA and DNA. However,

the specifie hybridization of certain PCR fragments to the human 15·LOX probe

strongly implied that sorne lipoxygenase-specific sequences had also been
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amplified. In tact, a mixture of many PCR products was obtained and the

diffieulty in capturing LOX-specific sequences may have been due ta the

predominant presence of non-LOX-like sequences in this mixture leading to their

preferential subcloning.

Taking into account the homology shared by plant and mammalian LOXs

in their primary structures (143), and based on our previous identification of LOX

Iike proteins and sequences tram S. mansoni using reagents based on

mammalian lipoxygenases (chapter 4, ref. 332), we speculated that mammalian

Iipoxygenase sequences might detect an evolutionarily distant LOX-homologue

tram S. mansoni. However, conventional hybridization screening of three

different S. mansoni cDNA libraries using severai mammalian lipoxygenase

cDNA probes failed to recognize any positive hybridization clones (chapter 5).

Similarly, no LOX-like positive clones were detected trom S. mansoni libraries

when other probes including one of the LOX-based degenerate primers as weil

as a PCR clone amplified from S. manson; DNA (which showed some sequence

similarity to the human 15-LOX protein) were used for screening. The absence of

identifiable LOX-like positive clones may have been due to a relative low

abundance of the putative S. manson; lipoxygenase transcript in the different S.

mansoni libraries. On the other hand, some recently-cloned S. mansoni proteins

such as glucose transporter proteins displayed only 30-35% amino acid

sequence identity to their mammalian counterparts (359). Therefore, the inability

of mammalian lipoxygenase probes ta detect positive clones from S. mansoni

libraries could have also been a result of insufficient sequence identity between

mammalian lipoxygenases and the putative S. mansoni LOX-homologue.

Sinee low abundant transcripts could escape detection by conventional

hybridization screening, PCR amplification using the lipoxygenase-based

degenerate primers was utilized in arder to ameliorate the representation of

LOX-like sequences in S. mansoni libraries (chapter 5). The screening of one S.

mansonicDNA library by pool separation, PCR amplification, and hybridization to

the human 15-LOX probe resulted in the cloning and subsequent sequencing of

the mouse (the parasite host) leukocyte-type 12-lipoxygenase (166). Mice are
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generally used as the detinitive host to propagate S. mansoni parasites in

experimental animais (304, 305, 307). It is weil established that adult S. mansoni

parasites ingest some host blood ceUs during their life span in the host blood as

their final habitat (277). Consequently, any genetie material prepared trom adult

parasites could potentially cany some host contaminating sequences. In fact,

minuscule amounts of contaminating murine sequences (representing =0.2% of

ail transcripts) are constantly present in ail S. mansoni libraries prepared trom

adult parasites grown in mice (331). Since the parasites used in our study were

also grown in mice, it is conceivable that the mouse 12-LOX transcript originated

tram mouse blood ceUs contaminating the adult S. mansoni mRNA preparation

used to construct the cDNA library.

That the human 15-lipoxygenase cDNA probe was able to clone the

mouse leukocyte-type 12-iipoxygenase is not unexpeeted considering the 850/0

sequence identity that they share in their primary structures (134, 143). On the

other hand, the human 15-LOX probe as weil as the other mammalian

Iipoxygenase probes were unsuccessful in detecting any contaminating LOX

murine sequences tram S. manson; libraries by conventional hybridization

screening (chapter 5). This result indicated that the libraries used in our study

contained only minute quantities of contaminating LOX-rnurine sequences. In

fact, the contaminating mouse LOX-homologue was only detected in 6 out of 100

pools from one S. manson; library only after extensive dilution of the library and

the utilization of the powerful amplification of PCR techniques. In addition, no

significant sequence homology to murine sequences was displayed by any of the

20 clones amplified trom S. manson; DNA. Furthermore, only 1 out of 10

translated S. mansoni RT-PCR clones revealed low amine acid sequence

homology to a known murine peptide present in the SwissProt database (chapter

5). In ail, these results strongly suggested the presence of only negligible

amounts of contaminating murine sequences in either S. mansoni DNA, mANA,

or cDNA libraries. Hence, this miner contamination with murine sequences

should not hinder the isolation of specifie S. manson; genes providing the use of
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a specifie probe that can differentiate between parasite and mammalian

sequences.

ln an attempt to obtain a specifie S. mansoni probe in arder to facilitate

the cloning of the putative S. mansoni LOX-homologue, the different databases

were searched for a partial S. mansoni lipoxygenase-like sequence. However.

the smaU schistosome genome (270 Mb) is still poorly characterized with only 10/0

of its total potential genetic infonnation being described (331). Therefore, the

inability ta identify a partial S. mansoni LOX-like sequence was not surprising

considering the limited number of S. mansoni cDNA sequences currently

deposited in the databases. In contrast, the phylogenetically-related nematode

worm C. e/egans is one of the best genetically-charaeterized organisms with

more than 85% of its 100 Mb genome already sequenced as a result of the C.

elegans Genome Sequencing Project (313). Consequently, bath C. e/egans DNA

and expressed sequence tags (ESTs) databases are now available for

accessible genetie infonnation. Since severai S. mansoni PCR clones displayed

significant DNA sequence homology to different C. e/egans cosmid clones

(chapter 5), we speculated that if a LOX-like sequence could be identified tram

C. e/egans, it could then be utilized as a useful probe to clone the putative S.

mansoni LOX-homologue.

No sequences related to mammalian lipoxygenases or cyclooxygenases

were tound following the search of the C. e/egans databases for arachidonic acid

metabolizing enzyme-lïke sequences. On the other hand, a smaU (327 bp) EST

with 51°k amino acid-sequence homolagy to the human leukotriene ~ (LTAt)

hydrolase was identified. We have previously described an immunoreactive

protein with the same size as 5-LOX (the enzyme that synthesizes LTA., the

substrate for LTA.t hydrolase) from adult S. mansoni extracts using antisera to

mammalian LOXs (chapter 4, ret. 332). In addition. adult S. mansoni parasites

have also been shown to produce a metabolite displaying the same

c"'romatographic characteristics as leukatriene 8. (307). Thus, il was reasonable

ta postulate that adult S. mansan; may contain an LTA.t hydrolase activity

resulting in the production of the proinflammatory substance LTB. (3).
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Subsequent to obtaining the complete sequence (0.95 kb) of the C.

elegans LT~ hydrolase-like EST (chapter 6, ret. 363) and its use as a probe to

screen two S. mansoni libraries, no positive plaques were identified by

conventional hybridization screening (ehapter 5). Furthermore, no PCR

fragments were amplified trom either S. mansoni mANA or eDNA libraries

following the use of oligonucleotide primers generated based on conserved

sequences between mammalian LT~ hydrolases and the C. e/egans LTA.t
hydrolase-like homologue (chapter 6, ref. 363). These results implied that either

the C. elegans sequence did not share signifieant sequence homology to a

putative S. mansoni LTA.t hydrolase-like homologue, or that such a homologue

was not present in adult S. mansoni parasites.

Although it could be argued that the lipoxygenase activity we observed in

adult S. mansoni extracts was a result of a possible contamination from murine

blood cells, it is unlikely based on several lines of evidence. Our analysis of

arachidonic acid metabolites synthesized by S. mansoni extracts indicated the

presence of an active LOX and the absence of any COX activity despite the fact

that murine blood cells contain both cyclooxygenases and lipoxygenases. Thus,

if our S. mansoni extracts were contaminated with murine blood cells, then the

extracts, DNA, and mRNA preparations would be expected to contain not only

lipoxygenase, but also murine cell-derived cyclooxygenase activity,

cyclooxygenase immunoreactive protein, and PCR-amplifiable sequences.

However, our results showed no production of prostaglandins and no specifie

COX-protein bands or sequences were detected using immunoblot and PCR

analysis (chapter 4, ret. 332). In addition, none of our PCR clones displayed any

significant sequence homology to murine sequences and mammalian

lipoxygenase probes were unable to deteet any contaminating LOX-murine

sequences from S. mansoni libraries by conventional hybridization screening.

Our results turther indicated that only negligible amounts of contaminating LOX

murine sequences were found in one S. mansoni library. Furthermore,

lipoxygenase-derived eicosanoids were shawn to be produced by cercariae of S.

mansoni which had no previous contact with any mammalian hast suggesting
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that S. mansoni parasites may in tact possess a genuine lipoxygenase activity

(304,305).

Sinee araehidonic acid metabolites produced by S. mansoni cercariae

have been shawn to participate in cercarial skin penetration and transformation

(302, 304, 305), a racent study explored the effects of two COX inhibitors

(ibuprofen and diclofenac sodium) on the pathogenesis of experimental murine

schistosomiasis. Treatment of S. manson;'infected mice with either of these two

non-steroidal anti-inflammatory drugs (NSAIDs) was effective in reducing the

severity of infection (as indicated by a significant decrease in both liver weights

and worm loads) and in attenuating hepatic fibrosis (360). The importance of

such beneficial effects on the course of schistosomiasis in humans is unclear,

however, their demonstration in mice given drug doses close ta those used in

human therapy seems to hold considerable promise. Nonetheless, during the

earty stages of schistosomiasis, the granulomatous response to viable ova

trapped in the host tissues involves an immunological cellular reaction of the

delayed-hypersensitivity type (277). NSAIDs are known to inhibit monocyte

chernotaxis and leukocyte migration ta inflammatory sites (361), and sorne

NSAIDs have been shown to suppress the inflammatory delayed-hypersensitivity

reaction in schistosome-infected mice leading to a reduction in the size of

schistosomal pulmonary granulomas (362). Therefore, the reduction in the

severity of hepatic fibrosis in infected mice treated with ibuprofen or diclofenac

sodium (360) eould have been the result of the NSAIDs' modulation of the host

immune responses to schistosome eggs trapped in the liver. Hence, any

signifieant effect that S. manson;'derived eicosanoids might have on the

pathogenesis of schistosomiasis will remain questionable till these parasitic

rnetabolites as weil as the enzymes involved in their biosynthesis are completely

described.

Altogether, our results revealed the difficulty of using rnammalian cDNA

sequences to isolate genes from rnammalian parasites and strongly emphasized

the requirement of a S. mansoni LOX-like partial sequence in arder ta clone the

putative S. mansoni lipoxygenase-homologue. In 1992, the Schistosoma
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mansoni Genome Project started in Brazil with the systematic sequencing of

cDNA clones selected at random from S. mansoni libraries. In the tirst two years,

the initiative yielded more than 600 useful ESTs (331). These results encouraged

researchers from other countries to join the project with the consequence that

more than 2000 ESTs have been sequenced and deposited in the databases.

With the adaptation of the different strategies being used in the Human Genome

Project for the study of the schistosome genome, a speedy identification of new

S. mansoni genes is anticipated in the near future. Therefore, the potential future

identification of partial S. mansoni sequences homologous ta any of the

arachidonic acid metabolizing-enzymes would unquestionably provide ideal

probes for the cloning of such enzymes from adult parasites. Until these

enzymes are cloned and thoroughly charaeterized, thair presence in S. mansoni,

the part they might play in the mediation of host-parasite interactions, along with

their prospect as future targets for immunoprophylaxis and chemotherapy will

continue ta be uncertain.

7.3 Cloning and functional expression of a C. e/egans aminopeptidase

structurally related to mammalian leukotriene~ hydrolases

During our search of the C. e/egans databases for arachidonic acid

metabolizing enzyme-like sequences, an EST of 327 bp (termed cm01c7) with

strong homology ta the human LTA.. hydrolase was identified, but failed to

recognize any homologous sequences from S. mansoni libraries. In contrast, the

use of the complete sequence of cm01c7 (0.95 kb) as a probe, together with

conventional hybridization screening, resulted in the isolation of a 1.4 kb clone

tram a C. e/egans mixed stage cDNA library that revealed a strong sequence

homology (= 45%) to the human LTA.. hydrolase (chapter 6, rat. 363). Sequence

homology comparisons with previously cloned LT~ hydrolases (236-239)

indicated that the C. e/egans clone was missing the 5' part of the cDNA. The

subsequent use of a series of anchored PCR reaetions led ta the isolation of the

missing S'-end of the C. e/egans clone. The full-Iength 2.1-kb C. e/egans LT~
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hydrolase-Iike homologue (termed AP-l) consisted of a short 15-bp 5'·

untranslated region. an open reading frame encoding a 60g-amino acid proteine

a 282-bp-long 3'-untranslated region, and a 28-bp-long poly(A+) tail (chapter 6.

ref. 363). In agreement with the sequences of the previously identified

mammalian LTA.t hydrolases, no consensus N-glycosylation sites, targeting

signais or putative phosphorylation sites were detected in the C. e/egans AP-1

sequence. In addition. the length of the AP-l open reading frame (1827 bp). the

number of the deduced amino acids (609 residues), and the calculated

molecular mass of the encoded protein (68.248 kOa) were comparable ta the

human (1830 bpi 610 residues, 69.140 kOa) and the mouse (1830 bpi 610

residues, 68,917 kOa) LT~ hydrolases (236, 237).

Data base searches demonstrated that the human LT~ hydrolase was

the most closely related protein to the C. e/egans AP·1 translation product with

63% similarity and 45% identity at the amino acid levaI. In addition, a multiple

alignment of the amino acid sequences of the human LTA.t hydrolase, the mouse

LT~ hydrolase, and the putative C. e/egans homologue revealed the

conservation of the zinc-binding motif (HEXXHX18E) in the primary structure of

the C. e/egans AP-1 protein. The presence of this motif. which is also located in

several metallopeptidases, allowed for the classification of the C. e/egans

enzyme under the M1 family of metalloexopeptidases (350). Members of this

family also include LTA.t hydrolase, aminopeptidase A, aminopeptidase N, and

cysteine aminopeptidase. The three zinc-binding residues His295
• His299

• and

Glu318 (in both the human and the mouse LTA.. hydrolase sequences). shawn

previously to be essential for bath the epoxide hydrolase and the

aminopeptidase activity of the mammalian LTA. hydrolase (243), were

conserved in the C. e/egans sequence. Accordingly, His297
, His301

• and Glu320 (in

the C. e/egans amino acid sequence) corresponded ta the previously-identified

catalytic zinc site of mammalian LTA.t hydrolases and zinc metallopeptidases

(240). Hence, these three residues were postulated to be involved in the

coordination of the zinc atam as described earlier for the mouse LT'" hydrolase

(243) and for certain peptidases and neutral proteases (240). Furthermare. Ty(i83
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(conserved in both human and mouse LTAt hydrolases), which is essential for

the peptidase activity of the mammalian LTA.t hydrolase/aminopeptidase and is

proposed to act as a proton donor in a general base mechanism (251), was

conserved in the C. e/egans AP-1 sequence. Similarly, Glu296 in both human and

mouse sequences, the mutation of which to Gln296 has been shawn to abolish

the aminopeptidase activity of the mammalian enzyme (250), was also

conserved in the C. e/egans sequence. Conversely, Tyr'78 in both human and

mouse LTA.t hydrolases, which is known to be involved in the covalent binding of

LTA.t (257), was replaced by a phenylalanine (Phe382
) in the C. e/egans

sequence.

Following the identification ot two cosmid clones (tram the C. e/egans

genomic data base) that showed a 1000k match ta the cloned C. e/egans Ap·1

cONA, a map of the structure of the C. elegans aminopeptidase gene was

constructed (chapter 6, ret. 363). The gene was localized ta C. e/egans

chromosome 4 with the entire open reading frame of the C. elegans AP-1 cONA

contained within four exons ranging in size tram 53 to 1325 bp. The small size of

the introns, the determined sequences of the exon-intron boundaries, and the

elevated A-U content of ail three introns, were characteristic of previously

described C. elegans introns (351). The proposed zinc·binding histidine residues

(His297 and His301
) and glutamate residue (Glu32~, which constituted the zinc·

binding domain (HEXXHX1sE), were located on exon 3 in the C. e/egans gene.

This segregation of the zinc..binding motif to one exon is not seen in the structure

of the human LTAt hydrolase/aminopeptidase gene (258), in which the two

essential zinc-binding histidine residues (His295 and His299
) are present on exon

10, whereas the third zinc·binding ligand glutamate (Glu318
) is located on another

exon (exon 11).

Subsequent ta the transient expression of the C. e/egans Ap·1 cDNA as

an epitope-tagged (FLAG) recombinant protein in COS-7 cells, and immunoblot

analysis using an anti·FLAG antibody, the 69-kOa-C. elegans AP-1 was mainly

detected as a soluble protein in the cell cytosol with minimal presence in either

the microsomal or the membrane fractions. This was in agreement with the
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eytosolic localization of other previously described mammalian LT~

hydrolase/aminopeptidase enzymes (226, 227). On the other hand, despite the

signifieant amino-acid sequence homology shared by the C. e/egans AP-1 and

the human LTA. hydrolase/aminopeptidase, the use of an antiserum to the

human LT'" hydrolase, failed to detect any LT'" hydrolase specifie

immunoreaetive proteins in either the supematant of COS-7 cells transfected

with the FLAG-tagged C. e/egans AP-1 cDNA or the cytosolic extract from C.

e/egans worms. Following the purification of the expressed FLAG-tagged C.

e/egans AP-1 protein using an anti-FLAG antibody affinity resin, the fractions

containing the purified protein (as detected by an anti-FLAG antibody on

Western blots) were tested for aminopeptidase and LT'" hydrolase activities.

The purified C. e/egans AP-1 FLAG fusion protein possessed an intrinsic

aminopeptidase activity as manifested by ils ability to efficiently hydrolyze a

variety of amine acid p-nitroanilide derivatives. In addition, the recombinant C.

e/egans AP-1 had a similar substrate specificity to the human LT~

hydrolase/aminopeptidase with a preference for the arginyl-p-nitroanilide

derivative as a substrate, whereas aeidic amino acids, amino acids with NH2

terminal substitutions, or with D-stereochemistry were poor substrates.

Moreover, the hydrolysis of the amide bond of L-arginine-p-nitroanilide by C.

e/egans AP-1 was inhibited by bestatin, a potent inhibitor of human LT~

hydrolase/aminopeptidase (245), as weil as other arninopeptidases. In contrast,

the C. elegans AP-1 had no LT~ hydrolase activity as detected by both reverse

phase HPLC and radioimmunoassay for LTB.. production which revealed the

inability of AP-1 to use LT~ as a substrate (chapter 6, ref. 363). Furthermore,

the cytosolic extract prepared from C. e/egans worms was also devoid of any

LT~ hydrolase activity. Although the high degree of identity shared between the

active sites of AP-1 and mammalian LTA. hydrolases implied that LT~ may bind

in the active site of AP-1 wilhout being a substrate for catalysis, the inability of

LTA..-ethyl ester to inhibit the aminopeptidase activity of AP-1 strongly suggested

that LTA.t did not bind to the active site of AP-1.
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During catalysis, the bifunctional human LTAt hydrolase/aminapeptidase

enzyme is suicide inactivated by a mechanism-based irreversible binding of the

substrate LT'" to the protein (234), and Ty(378 has been identified as the site far

the covalent binding of LT~ (256). The mutation of this Tyf18 ta Phe378 in the

human LTA.t hydrolase produced an enzyme that had an increased tumover but

was resistant to mechanism-based inactivation, therefore dissociating catalysis

and covalent modificationlinactivation events (257). Interestingly, although this

tyrosine residue is also a phenylalanine in the C. e/egans AP-1 (Phe382
), the C.

elegans enzyme failed to hydrolyze LT"'. This result clearly indicated that

residues, other than the previously identified Ty(J78, which are present in the

human LTA.t hydrolase but are lacking in the C. e/egans AP-1 sequence, must

also be essential for LT~ binding and catalysis. On the other hand, the PCR

introduced mutation of Ala117 to Val117 in the C. elegans AP-1 abrogated the

aminopeptidase activity of the C. elegans enzyme (chapter 6, ret. 363). This

alanine residue (Ala114 in the human LTA.. hydrolase) is evolutionary eonserved

sinee it is found in the Candida albicans LT'" hydrolase (which mainly exhibits

aminopeptidase aetivity), the Saccharomyces cerevisiae proposed LTAt
hydrolase (which is not yet characterized), ail cloned mammalian LTA.t
hydrolases including human, mouse, rat, and guinea pig (236-239), as weil as in

the C. e/egans AP-1. Thus, it is conceivable that certain conserved residues,

other than the previously reported Tyfi83 and Glu296
, may also be important for

the aminopeptidase activity of the mammalian LT~ hydrolase/aminopeptidase.

It was interesting to observe that the cloned C. e/egans AP-1 enzyme only

functioned as an aminopeptidase with no LT~ hydrolase activity since its

primary structure is more homologous to LTA.t hydrolases than it is to other zjnc

aminopeptidases. In fact, the C. e/egans AP-1 enzyme is 45% identical (at the

amino acid level) to other mammalian LTA& hydrolases and this identity extends

over their entire primary structures. Conversely, the C. e/egans AP-1 shares

lawer identity (28-300k) with other aminopeptidases and this identity is limited ta

a smail region which contains the canonical zinc-binding motif HEXXHX18E

(chapter 6, ref. 363). Moreover, the same identity that WBS shown between C.
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e/egans AP-1 and other aminopeptidases was also seen between LTA..

hydrolases and any given aminopeptidase enzyme. This structural similarity

between C. e/egans AP·1 and mammalian LTAt hydrolases suggested an

evolutionary relationship. Furthermore, three ether proteins that are structurally

related to mammalian LTA.. hydrolases have recently been identified in lower

invertebrates. These proteins include an enzyme from the pathogenic yeast

Candida a/bicans (with 41 % identity to human LTA.. hydrolase) that displayed

mainly aminopeptidase activity but failed to hydrolyze LTA. to LTB. (355), a gene

from the yeast Saccharomyces cerevisiae (with 39% identity to human LTA..

hydrolase) (260), and a partial amine acid sequence (316 residues) from the

slime mold Dictyoste/ium discoideum (with 38% identity te human LTA..

hydrolase) (GenBank accession number U27538). However, the enzymatic

activity(s) of both the S. cerevisiae (260) and the D. discoideum LTA. hydrolase

like proteins is still unknewn since they have not yet been expressed or

characterized. On the ether hand, neither C. albicans nor D. discoideum has

been reported ta produce LTB., and our analysis of mixed stage C. e/egans

worms revealed no LTA. hydrolase activity. Therefore, the l TA.. hydrolase-like

enzymes that have been cloned and characterized to date from lower

invertebrates appear to only display aminopeptidase activity. Based on the high

primary sequence identity between the C. e/egans AP-1 and mammalian l TA..

hydrolases, it could be postulated that Ap·1 may represent an evolutionary

predecessor of the mammalian LTA. hydrolases. Consequently, mammalian

LTA.. hydrolases may have originated from aminopeptidases like AP-1,

maintaining their aminopeptidase function and developing a LTA. hydrolase

activity in higher organisms. This hypothesis is further strengthened by the recent

cloning of an aminopeptidase 8 from rat testes which shows highest homology to

mammalian LTAt hydrolases (440/0), intermediate homology to C. e/egans AP-1

(38°1'0), and lowest homology to mammalian N-type aminopeptidases (21-24°1'0)

(chapter 6, ref. 363), and can utilize LTA. to produce LTB•• albeit at = 10°1'0 of the

efficiency of LTA. hydrolase (259).
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The dual activity of the mammalian LTA.. hydrolase/arninopeptidase

remains poorty understood since no physiological substrate for its

aminopeptidase activity has been discovered. However, based on the ability of

the human LTA.. hydrolase/aminopeptidase enzyme to efficiently hydrolyze

several synthetic tri-peptides, the enzyme was suggested to be involved in the

metabolism of dietary peptides and neuropeptides (248), a role that could also

be proposed for the C. e/egans AP-1 enzyme. C. elegans provides an attractive

model to study any gene at the functional level since it is one of the best

genetically characterized organisms with a complete physical map and mutants

for more than 2000 genetic loci (313, 314). Thus, as previously shown for other

C. e/egans genes, the use of genetic techniques such as gene knockout and

gene inhibition using antisense RNA ean easily generate loss of function mutants

for the C. elegans AP-1 gene (314). The subsequent study of the phenotype of

AP-1 nuit mutants eould lead ta the discovery of the peptide substrate for the C.

eJegans enzyme which may also help in identifying the physiological peptide

substrate for the aminopeptidase aetivity of the mammalian LT~

hydrolase/aminopeptidase enzyme. In view of the potent proinflammatory effects

of LTB4 (3, 261,262), LTA.. hydrolase is regarded as a potential pharmacologieal

target for the treatment of a variety of inflammatory disorders. Therefore, the

study of LTA.. hydrolase homologues tram different organisms may also lead to a

better understanding of the structural and functional properties of the mammalian

enzyme which can ultimately result in the development of novel anti

inflammatory drugs.

Overail, our analysis of arachidonic acid metabolism by the adult trematode

parasite S. manson; led to the identification of an enzymatically active

lipoxygenase pathway similar in its activity to mammalian 1S-lipoxygenases. On

the other hand, no eyclooxygenase activity was detected in S. mansoni extracts

and there was no evidence to suggest the presence of a cyclooxygenase

homologue in adult parasites. Our results further revealed the difficulty of using

mammalian cDNA sequences as probes 10 isolate metazoan genes and indicaled

the requirement of a lipoxygenase-like partial sequence from S. mansoni in order
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ta clone the parasite lipoxygenase-homologue. We have also cloned and

functionally expressed a 69-kOa protein from the free-living nematode worm C.

e/egans, the primary structure of which is more homologous ta mammalian LTA..

hydrolases than other zinc aminopeptidases. This protein displayed an efficient

aminopeptidase aetivity with broad substrate specificity but lacked any LTA..

hydrolase activity. Hence t the study of arachidonic acid metabolizing enzymes in

nematodes and trematodes can expand our understanding of the evolutionary

conservation of the structure and function of these important regulatory proteins in

lower organisms. Finally, the characterization of arachidonic acid oxygenases

from parasitic nematodes and trematodes may also lead to novel therapeutic

targets for the treatment of human parasitic diseases.
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8. ORIGINAL CONTRIBUTION TO THE LITERATURE

This thesis demonstrates for the first time that:

1. Adult S. mansoni parasites possess a soluble lipoxygenase activity similar

to mammalian 15-lipoxygenases which can catalyze the formation of a 15

hydroxyeicosatetraenoic acid-like-species from arachidonic acid and a 13

hydroxyoctadecadienoic acid-like product trom linoleic acid. This S. mansoni

Iipoxygenase activity was calcium-independent and was inhibited by inhibitors ot

mammalian and plant lipoxygenases.

2. Two immunoreactive proteins with molecular masses similar to plant and

mammalian Iipoxygenases were detected from adult S. mansoni extracts using

antisera to different mammalian lipoxygenases. Severai lipoxygenase-Iike PCR

fragments were amplified trom adult S. mansoni DNA, mRNA, and cDNA

Iibraries using degenerate primers based on conserved plant and mammalian

lipoxygenase sequences.

3. There was no cyclooxygenase activity in S. mansoni extracts and no

evidence for the presence of a cyclooxygenase homologue in adult parasites.

4. A 69-kDa protein with 45% identity to the human LT~ hydrolase (at the

amine acid level) was cloned trom C. elegans and functionally expressed in

mammalian cells.

5. The primary structure of the cloned C. e/egans AP-1 protein is more

homologous to mammalian LTA. hydrolases than it is to other zinc

aminopeptidases.

6. The C. e/egans AP-1 enzyme funetioned as an aminopeptidase with

broad substrate specificity but lacked any LTA. hydrolase activity.
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7. The aminopeptidase activity of the C. elegans AP-1 was inhibited by

bestatin and was similar to that of the human LTA. hydrolase/aminopeptidase

enzyme with a preference for arginyl-~nitroanilideas a substrats.
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APPENDIX A-Supplemented data to chapter 4

This appendix describes data that was previously mentioned in the original

manuscript (ehapter 4, ret. 332) as data not shown.

The Inhlbltory etfect of three dlffe,.nt cla.... of IIpoxygena.. inhibltor. on

the production of the 15-HETE·llke epee•• by .dult S. m.naonl extracte

The incubation of adult S. mansoni cytosolie extraets with radiolabeled

arachidonic aeid followed by the analysis of the synthesized products using thin

layer chromatography indieated the formation of a major metabolite whieh eo

chromatographed with an authentie 15-HETE standard. Sinee 15-HETE eould be

produced from arachidonic aeid by the action of both cyelooxygenase-2 and

1211S-lipoxygenases, bath cyelooxygenase and lipoxygenase inhibitors were

used to delineate the pathway responsible for the enzymatic activity deteeted in

adult S. mansoni extracts. Unlike the inability of indomethacin (a patent COX

inhibitor) ta inhibit S. mansoni 15-HETE production, the use of three different

LOX inhibitors resulted in a dose-dependent inhibition of the formation of the 15

HETE-like speeies by S. mansoni extraets which confirrned the lipoxygenase

ongin of this metabolite. These three inhibitors included ETYA (5,8,11,14

eicosatetraynoic acid), a known suicide substrate inhibitor of lipoxygenases

which can also inhibit cyelooxygenases, L-670,630 (2,3-dihydro-6-{3

phenoxypropyl)-2-(2-phenylethyl)-5-benzofuranol), a phenolic redox inhibitor of

lipoxygenases, and CPHU (N-{4-chlorophenyl)-N-hydroxy-N'-(3-chlorophenyl)

urea), one of the N-hydroxyurea class of lipoxygenase redox inhibitors (Table 1).

The three LOX inhibitors are non specifie and can inhibit 5-, 12-, and 15

lipoxygenases. The three inhibitors showed similar pharrnaeological profiles to

those previously seen with different plant and mammalian lipoxygenases as

indieated by their calculated IC50 values (Table 1). Figure 1 represents the dose

response study of the inhibitory effact of L-670.630 which was repeated for the

other two LOX inhibitors ETYA and CPHU with similar results.
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L-670,630 (Merck Frosst) was dissolved in DMSO. Adult S. mansoni

cytosolic fractions (15 J.lg total proteinlfraction) were preincubated with either

DMSO or different concentrations of L-670,630 (0.05 to 10 J.lM) for 15 min and

the reaction was initiated by adding an athanol solution of 0.2 I!Ci C4C(U)]

arachidonic acid (866 mCiJmmol; 0.46 J.l.M final concentration) (New England

Nuclear, Boston, MA). Assays were carried out in a 100 J.l.1 final volume in 0.1 M

Tris, pH 8.0, containing 5 mM EDTA, 1 J.l.M hematin, and 1 mM homovanillic acid.

Following 1 hour incubations at 37°C, the reactions were then quenched with 50

J.lI methanol and applied to silica gel thin-layer chromatography plates

(Whatman). Authentic 15-HETE and arachidonic acid standards (Cayman) were

run in parallel and the thin layer chromatography plates were developed with

ether/petroleum ether/acetic acid (50:50:1) and visualized by autoradiography.

The ICso was calculated after scanning the autoradiographs using a computing

densitometer (Molecular Dynamics, Sunnyvale, CA).

Figure 1. Dos..responsa .tudy of the Inhlbitory affect of the lipoxygana.e

inhlbitor L-670,630. Thin layer chromatography of products formed trom C4C]

arachidonic acid (0.46 J,lM) by S. mansoni cytosol (15 J,lg) in the absence (Iane 1)

or presence (Iane 2) of DMSO vehicle or 0.5-10 ~M L-670,630 dissolved in

DMSO (Ianes 3-7). The reaction products were extracted, separated on silica gel

thin-layer chromatography plates, developed with ether/petroleum ether/aeetie

acid and visualized by autoradiography. The positions of co-chromatographed

standards are indicated. The autoradiogram shown is a representative of five

separate experiments with similar results.

Table 1. Inhlbitory poteneie. of three dlffer.nt cl..... of llpoxygen••e

Inhibltor.. Different concentrations (ranging from 0.05 to 10 J.l.M) of ETYA, L·

670,630, and CPHU were used to estimate thair concentration of hait inhibition

(IC5O) of the production of 15-HETE. Adult S. mansoni cytosolic fractions (15 I1g

total proteinlfraction) were treated with the different concentrations of the

inhibitors for 15 minutes followed by incubation with [14C]-arachidonic acid under
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the reaction conditions described earlier. The reaction products were spotted on

thin-layer chromatography plates and the plates were subjected to

autoradiography. Autoradiographs were scanned for 15-HETE production and

the IC50 for each inhibitor was calculated following the construction of dose

response curves. The chemical structure of the inhibitors and the number of

experiments performed (N) are indicated.
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Inhibitor

ETYA

L-670,630-00E

Chemical structure ICso (IlM)

2 ± 0.07

3 + 0.06

N

5

5

CPHU
L-685,015-000S o.oa ± 0.003 5

Table 1



APPENDIX B-Additional data for chapter 6

This appendix describes data that was not mentioned in the original manuscript

(chapter 6. ret. 363) or was mentioned as data not shown.

Identification of a C• • 'eg.n. expre••ed sequence tag (EST) as a putative

leukotriene~ hydrol...like sequence

ln a search of the C. e/egans DNA data base for arachidonic acid

metabolizing-enzymes, a small EST (GenBank accession number M88793)

clone of 327 base pairs (tenned cm01 c7) was identified trom a C. elegans mixed

stage hermaphrodite cDNA library (made by Chris Martin in the lambdaphage

vector SHLX2). The nucleotide sequence of cm01c7 was translated using the

GCG sequence analysis software (Genetic Computing Group. Madison, WI) and

the resulting peptide was compared to protein sequences in the SwissProt data

base (release 96) using the BLASTP algorithm. The BLASTP search (National

Centre for Biotechnology Information) identified the human LTA.. hydrolase as

the most closely related protein ta the C. elegans cm01c7 translated product

(with 51 % identity) followed by LTA.. hydrolases from mouse, rat, and Quinea pig

(Figure 1). The homology between the C. elegans EST and the human LTA.

hydrolase was seen in a region that contained the tyrosine residues Ty~ (in the

human sequence) which is essential for the peptidase activity of the human LTA.

hydrolase/aminopeptidase and Tyr'78 which is involved in the covalent binding of

LT~ ta the human LTA. hydrolase.

Figure 1. Identlflcatlon of the C. ./eg.ns cm01 c7 EST as a putative

leukotrlene ,.. hydrolase-Ilke sequence. A search of the annotated files in

GenBank using the key words "Ieukotriene hydrolase" yielded an EST clone

termed cmOl c7 tram a C. e/egans cDNA library. The nucleotide sequence (327

bp) of the identified C. elegans cmO1c7 EST is indicated on top. A description of

the C. e/egans cDNA library from which the EST was obtained is also shawn. An
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alignment of the translated cmOl c7 peptide with the human LTA.. hydrolase is

shown at the bottom. Amino acid sequences are shown in one-Ietter code. The

top sequence represents the sequence of the translated cmOlc7 C. e/egans EST

and the bottom sequence represents the human LT~ hydrolase proteine

ln vitro tranecriptlonltranelatlon of the full-Iength C. .'eg.na LTA4

hydrola••Uke homologue and purification uslng nickel afflnlty

chromatography

Following the cloning of the full-Iength (2.1 kilobase) C. e/egans LT~

hydrolase-like cDNA clone (termed clone 11), different recombinant expression

systems were used to express the full-Iength clone as a wild-type and an

epitope-tagged protein belore il was successfully expressed as a FLAG-tagged

recombinant protein in COS-7 mammalian cells. C. e/egans clone 11 was

originally subcloned in three prokaryotic plasmid expression vectors including the

pKK388-1 vector (Clontech) (which contains no epitope tags), and the 6

histidine-tag-containing vectors pPRoEX HTa (Life Technologies Inc.) and

PTrcHis C (Invitrogen). Expression of the recombinant proteins was analyzed in

two E.co/i strains including DH5a (Gibco BRL) and XL·1 blue (Stratagene) cells

(according to the manufacturers instructions). No protein expression was seen

following SOS-polyacrylamide gel electrophoresis and Coomassie staining. In the

case of the histidine-tagged proteins, no expression was detected by immunoblot

analysis using an anti-hisitdine tag antibody (Invitrogen) belore or after affinity

chromatography purification of bacterial cell Iysates using the metal-chelating

ProBond resin (Invitrogen).

ln another attempt to express the C. e/egans protein, C. e/egans clone 11

was subcloned into the mammalian expression vector pcONA 3.1/His A

(Invitrogen) (which contains the T7 promoter to allow for in vitro transcription, an

Anti-Xpress epitope tag for protein detection, and a polyhistidine metal-binding

tag for purification of the recombinant histidine-tagged protein by nickel-affinity

chromatography), and expressed transiently in different mammalian cells
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including C08-7, CHO-Kl, and HEK-293 cells (American Type Culture

Collection). Cells transfected with the control plasmid pcONA3.1/His//aeZ

expressed the histidine-tagged p-galactosidase gene whereas the pcONA

3.1/His/clone 11-transfected cells did not express the expeeted histidine-tagged

C. e/egans-fusion protein as verified by immunoblot analysis using an Anti

Xpress antibody (invitrogen) before or after the purification of cell Iysates using

nickel Ni-NTA affinity columns (Qiagen).

ln arder to confirrn that the sequence of the cloned C. eJegans clone 11

was complete and could be transcribed and translated, in vitro

transcription/translation was performed using the TN~ Coupled Reticulocyte

Lysate System (Promega). Assays were carried out for 2 h at 30°0 using 1 JJ.g of

pcDNA 3.1/Hislclone 11, 1 ~g of pcDNA3.1/HisllaeZ, or 1 ,...g of the luciferase

encoding control plasmid, 25 JlI rabbit reticulocyte Iysate, 2 ~I reaction buffer, 1 1-11

T7 RNA polymerase, 20 J.lM amino acid mixture minus methionine, 40 units of

Rnasin~ ribonuclease inhibitor, and 40 JJ.Ci 35S-methionine (1000CVmmol)

(Amersham) in a 50 ~I final volume of nuclease-free water. Small aliquots of

each reaction were then separated on 10% polyacrylamide gels (Novex) and

analyzed by SOS-PAGE. The gels were fixed in 10% methanoll7% acetie acid,

dried for 4 h at 60°C, exposed ta Kodak X-OMAT X-ray films for 3-5 h and then

developed. As expected from the calculated molecular mass for the translation

product of C. e/egans clone 11, a 69-kOa protein was transcribed and translated

in vitro (Figure 2A, lanes 4 and 8), the 121-kOa p-galactosidase (Lac Z, lanes 3

and 7) and the 61-kDa luciferase (Ianes 6 and 10) control proteins were also

expressed. Ta verity the presence of the histidine tag in the in vitro-expressed C.

e/egans protein, the in vitro transcription/translation reactions were purified on

nickel Ni-NTA spin columns (Qiagen) under non-denaturing conditions and

eluted using 250-500 mM imidazole (as described by the manufacturer). The

columns eluates were counted for radioactivity and also analyzed by SOS-PAGE.

As shawn in Figure 28, almost ail of the control histidine-tagged Lac Z fusion

protein was bound to the nickel affinity resin column since only a small amount
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was detected in the flow-through tram the column (Iane 3) and most of the

protein was detected in the eluate (Iane 4). On the other hand, almost ail of the

C. 8/8gan5 in vitr~translated protein was detected in the flow-through from the

nickel column (Iane 6) with minimal detection in the column eluate (Iane 7). This

result indicated that the expressed C. 8/8gan5 protein did not contain a histidine

tag to allow for its efficient binding to the nickel column. Since the cloning

strategy of C. 8/8gan5 clone 11 in either the prokaryotic vectors or in the

mammalian vector pcONA 3.1/His A was such that the translation initiation codon

from the C. e/egans clone 11 sequence was not removed, it is likely that protein

translation was preferentially initiated from the C. e/8gan5 ATG rather than the

ATG supplied by the different expression vectors which precede the histidine tag.

This could explain the absence of the histidine tag trom the in vitra.translated C.

e/egans clone 11 protein and possibly from the C. e/8gans protein expressed in

bacterial cells. The C. e/egans translation initiation codon was later abolished to

force translation to start from the ATG supplied by the pFLAG CMV2 expression

vector leading to the successful expression of the C. elegans FLAG-fusion

protein.

Figure 2. In vitro transcrlptlonltranslatlon of the full-Iength C• • /eg.n. cDNA

clone 11 and the use of nickel afflnity resln for purification. (A)

Autoradiogram of the in vitro transcription/translation products of 1 IJQ pcDNA

3.1/His/clone 11, 1 J.lg pcONA3.1/His/laeZ, and 1 J.lg luciferase-encoding control

plasmid. 2.5 J.lI (Ianes 3-6) or 7.5 III (Ianes 7-10) aliquots of the in vitro

transcription/translation reactions were separated on a 10% polyacrylamide gel,

analyzed by SOS-PAGE, and visualized by autoradiography. The translated 121

kOa Lac Z (Ianes 3 and 7), the 69-kDa C. e/egans (Ianes 4 and 8), and the 61

kOa luciferase (Ianes 6 and 10) proteins are indicated. The negative control for

the in vitro transcription/translation assay with no added DNA (Ianes 5 and 9)

and the positions of the radioactive 1"C-molecular mass markers (Iane 1) are

also indicated. (1) Autoradiogram of Lac Z and C. e/egan5 proteins purified using

nickel Ni-NTA affinity resin. The in vitro transcriptionltranslation reactions (50 J.lI)

178



of Lac Z and C. e/egans clone 11 were loaded on two separate nickel Ni-NTA

spin columns and the columns were eluted using 200 III of 500 mM imidazole. 10

III aliquots of the loaded in vitro transcription/translation reactions (Ianes 2 and

5), the flow-through from the columns (Ianes 3 and 6), and the column eluates

(Ianes 4 and 7) were separated on a 100/0 polyacrylamide gel, analyzed by SOS

PAGE, and visualized by autoradiography. The positions of the 14C-molecular

mass markers (Iane 1) are indicated. Both the autoradiograms shown in (A) and

(B) are representative of three separate experiments with similar results.

Amlnopeptldase activlty of C• • 'eg8n. cyto8ollc extracts

ln arder to confirm that C. e/egans worms did indeed contain

aminopeptidase activity, we tested the C. e/egans extracts for aminopeptidase

activity. 5 ml of mixed stage hermaphrodite C. e/egans worms (resuspended in

phosphate-buffered saline) were homogenized under Iiquid nitrogen (using a

mortar and pestle) and resuspended in 5 ml of 0.1 M Tris, pH 7.0, and then in 10

ml of TBS (50 mM Tris pH 7.4, 150 mM NaCI) to a total volume of 20 ml. The

homogenate was then sonicated at 4 oC (three times, 20 s each). The

suspension was first centrifuged at 2000 x 9 for 10 min at 4 oC to yield a large

membrane fraction, followed by centrifugation of the resultant supematant at

200,000 x 9 for 60 min at 4 oC ta prepare microsomal and cytosolic fractions.

Protein concentrations were determined using a protein assay kit (Bio-Rad).

Aminopeptidase assays were carried out using the chromogenic amide substrate

L-alanine-p-nitroanilide (Sigma) and the microsomal porcine kidney L-Ieucine

aminopeptidase as a positive control (Sigma). 1 mM L-alanine-p-nitroanilide was

incubated at room temperature with C. e/egans cytosolic fractions (115 J.lg total

protein/fraction), heat-denatured (by boiling for 15 min) cytosolic fractions,

cytosolic fractions pretreated for 10 min with 100 J1M bestatin, or with 0.01 units

of porcine kidney L-Ieucine aminopeptidase in 250 J11 of buffer containing 0.1 M

Tris, pH 8, 200 mM NaCI. and 1 mg/ml BSA. The assays (three reaetiens for

each sample) were per10rrned in 96-well microtiter plates (path length. 0.7 cm).

and the formation of the produet (p-nitroaniline. e = 10.800 M·' cm·') was
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monitored at different time points ranging from 10 min to 2 h at 405 nm using a

kinetic microplate reader spectrophotometer (Molecular Deviees). Spontaneous

hydrolysis of the substrate (=0.03 milli-absorbance unitslmin) was corrected for

by subtracting the absorbance of control incubations containing no C. e/egans

cytosolic extracts. The concentrations of the hydrolyzed L-alanine-p-nitroanilide

were calculated (in nmoles) and plotted against the different time points (Figure

3). C. e/egans cytosolic extracts possessed an intrinsic aminopeptidase activity

that was increased with proportion to the incubation time with the L-alanine-p

nitroanilide substrate. This aminopeptidase activity was totally abolished by both

heat denaturation and incubation of the extracts with the aminopeptidase

inhibitor bestatin.

Figure 3. Aminopeptidase activity of C. .'egans cytosollc extracts. C.

e/egans cytosolic extracts, boiled extracts, or extracts pretreated with 100 J.1M

bestatin (115 ).1g total proteinlextract) were assayed for aminopeptidase activity

using 1 mM L-alanine-p-nitroanilide. The rate of amide bond hydrolysis was

monitored by spectrophotometry of p-nitroaniline at 405 nm. The absorbance (in

00 units) was used to calculate the nmoles of L-alanine-p-nitroanilide hydrolyzed

at 10, 20, 30, 60, 90, and 120 min.
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GACAA'1'T'1'GAAAGTGAAAG'1'GGATACGI-~~TCTCGTTCGCACTGTCAATGATG'M'T

'M'GGACCAGATCATGAATATACAAAAC'l"rGTTCAAAATC'M'GGAAA'l'GC'l'GACCCAGATG
ACGC t 11 rl'CATCAG'l''TCCATACGJ..... A J...AGGATCGGCACTG'l"rG'l'TCACAA'M'GAGCAGG
CAC'l'GGGTGATAA'rt'CTCGTT'l"'rGAACAGT'l'CCTGAGAGA'l'TACAT'1'CAAAAATA'1'GCCT
ATAAAAC'l'GTCTCTACTGAAGAGTGGAAAGAGTATCTCTA'l'GATTCATTCAC'l'GATAAGA
AGGTTATTCTGGACAATA'l"rGACTGGG

Entry Created: Sep 16 1992
Last Updated: Dec 2 1992

PUTATIVE ID

Lib Name:
Organism:

Strain:
Lab host:
Vector:
Description:

single read

Assigned Dy submiccer
leukotriene-A4 hydrolase homologous peptide

Chris Martin sorted cDNA library
Caenorhabditis elegans

Bristol N2
Mel061
lambdaphage SHLX2
Mixed stage hermaphrodite cDNA library. Partially normalized by
successively picking groups of clones that didn't hybridize to
previously picked clone•. Vector: lambdaphage SHLX2 (Lipshitz.
D.H. et al., Gene 88:25-36 11990)) Host: HCl061

Nes BLAST Search Results Entrez '}

Sequences producing High-scoring Segment Pairs:

small.st
Swn

Reading High Probability
Frame Score P (N) N

+3 m 6.7e-29 1
+3 ID. 3.2e-28 l
+3 III 4.4e-28 l
.3 UJ. 1.48-26 l
+3 ll1. 3.7.-22 l
.3 1ll. 1.4e-16 2
.3 U 0.49 2
+3 il 0.49 2
-2 II 0.55 2

'pIPQ99§QILKHA HUMAN LEUXOTRIENE A-4 HYDROLASE (LTA-4
splP245271LKHA MOysg LEUKOTRIENS A-4 HYDROLASE (LTA-4
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spi P196Q2 !LKHA CAVPQ LEUKOTRIENE A-4 HYDROLASE (LTA-4
splQ1Q14QILKHA YEAST PROBABLE LEUKOTRIENE A-4 HYDROLAS ...
ap!P529221LKHA plÇpl LEUKOTRIENE A-4 HYDROLASE (LTA-4 _..
IpIQOQ721IVNJ. BPTS' NONSTRUCTURAL RNA-BINDING PROTEIN•••
ap!P03536!YN34 ROTS1 NONSTRUCT~ RNA-BINDING PROTEIN••.
cU3759] 'NARP SALty NITRITE EXTRUSION PROTEIN 2 {NITR•••

D' '0"'0UU' IIJDWI LEUXOTRIENE A-4 HYDROLASE (LTA-4 HYDROLASE)
(LEUKOTRIENE AU) HYDROLASE)
Length z 611

Score.260 (117.9 bits). Exp.ct • 6.7e-29. P = 6.7e-29
Identiti••• 46/89 (51'). Positive•• 66/89 (7"), Frame. +3

Query:

Sbjct:

Query:

Sbjct:
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Figure 1
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Abstnct

SchisIOSOlf'lQ mansoni bas previously been reponed ta syntbesize a wide ranle of eicosanoids including prostaglandins.
leukolriencs and hydroxyeicosatetraenoic acids (HETEs). Our analysis of uacbidonic Icid metaboliles synthesizcd by
microsomal and c:ytosolic extraets trom adult S. llUUUoni usinl thin-layer chromatograpby and radioimmunoassay tecb
niques indicate the presence of a soluble. enzymalic:ally active IipoxYlenase (Lox) and the absence of any c:yclooxYlenase
(Cox) ae:tivity. The S. mtmSoni Lox ae:tivity cawyzed the formation of a 15-bydroxyeicosalctraenoic acid US-HETE)-like
species. This aceivitY was caJeium-ïndependent and inbibitable by ÎIIbibitors of mammalian and plant Lox. The conversion of
linoleic acid 10 a 13-hydroxyoctadecadienoic lcid (l3-HODE)..like product by S. If'IQMOIti extraets indicates thal the paruile
Lox-homologue is similar 10 mammalian 15-1.ox. Immunoblol analysis of S. lf'UIIUoni extraets usÎIIlutisera to differenl
mammalian IipoxYlcnases detcets IWO immunorcaetive proteins with molec:ular weipts similar 10 plant and mammalian
lipoxYlenases. (n addition. polymerase chain reaetion (PCR) amplification of Lox-lite sequences from S. lIfIUISorri Icnomic
DNA usÎDI degcnerate primers bucd on conscrved pianI Ind mammalian Lox sequences. lenerated IWO PCR produe:ts
whicb bybridized to a buman 15-1.ox cDNA probe. While the rolc of eicosanoid production in the physiololY of S. "'/UlSoni
is nol known. eicosanoids may be essential for Dormal pbysioloBic:al proœsses as is lhe case in other iDvenebrates.
InlercslÎngly. 15-HETE bas previously been stlOWll to bave immunosuppressive effeets in mammals. and Ibis may be relalcd
la the ability of the parasile 10 overcome bast immune responses.

Keywords: SehùlOSOlfUl 1fttIIUOIIi; Arlchidonic acid: CycJOOJ;YPnasc; Eicosanoid: IS-HETE; ÜpoIYlCnue; ProscaallDdiD

AbbnuÙlIÎDIU: AA. ancbidon.ic: ac:id; eox-2. c:ydoollY
pnue-2: DMSO. dimctbylsu1folide; ETYA. cicouteulynoic:
acid: 15-HETE. lS-bydro.ycicosaletrlenoïc Kiel; IJ.HODE. 13
bydroxyOdMllcldicnoic Idd: IC•• conccnttltion of bal( iahibi
tion; LT. IcukOlrienc; Lo-. liposypnase: PO. pruIIaIIandin.

• Corrapoadiqludtor. Tel.: (1-514) 428·2620; Fu: (1·514)
428·2624.

1. lalroductloa

The metabolism of arachidonic acid by cyclooxy
genase and lipoxygenase enzymes results in the pro
duction of a wide range of biologicaJly active oxy·
aenated metabolites including prostaglandins, throm
boxancs. lcukotrienes, hydroxyeicosatetracnoic lads

0166-6851/95/509.50 C 1995 Elsevier Science B.V. AIl riplS racrvcd
SSDI0166-6851(95)00085-2
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(HETEs) and lipoxins which are collectively referred
to as eicosanoids [1.2]. ln mammals. eicosanoids are
potent mediators of various physiological and patho
logical responses including inflammation. bron
choconstrietion. pain. fever. regulation of vascular
tone and regulation of immune responses [3.4].

Studies have shawn the production of eicosanoids
by several parasites in response ta the addition of
polyunsaturatcd fatty acids. including Taenia taeni
aeformis. SchistosonuJ mansoll4 Wuchereria ban
crofti and Brugill malayi [5.6]. [n certain parasites
eicosanoid production may be rclated to a develop
mental stage or process. For example. in S. manson;
the production of lipoxygenase products such as
leukotrienes and hydroxyeicosatetraenoic acids
(HETE) was suggested to correlate with cercarial
penetration. whereas prostagJandin production was
associated with the transformation of cercaria into
schistosomules [7]. In adult S. mansoni. prosta
gJandins. leukotriencs and hydroxyeicosatetraenoic
acids were all produced by bath male and female
worms. with 15-HETE as the major product of the
lipoxygenase pathway. As certain eicosanoids. in
panicular POE: and 15-bydroxyeicosatetraenoic
acids (15-HETE) have immunosuppressant activity
[1.6.8.9], it has been postulated that ~icosanoids syn
thesized by developing schistosomulae May help the
parasite evade the initial response of the dennal
immune system [10). [n the present study we have
investigated the metabolism of arachidonic acid by
adult S. mansoni parasites. demonstrating the pres
ence of an active lipoxygenase pathway and the
absence of any cyclooxygenase-derived prosta
glandins.

1. Matenals and metbods

2.1. S. manson; infecrions and adult worm isolation

Infected CD.O1 mice were maintained in the labo
ratory of Dr. James M. Smith ([nstitute of Parasitol
ogy, McGiIl University, Ste.-Anne de Bellevue. Que
bec. Canada) as dcscribcd [11]. Adult S. maftSoni
were recovered by perfusion of the hepatoportal
system 7 weeks post infection using ice-cold RPMI
media (GIBCO) containing 0.8S" NaCl/0.7!"
Na) . citrate. washcd lWic:e in sterile saline solution,

visually examined by light microscopy for hast cell
conlamination and immediately frolen in liquid ni
trogen.

2.2. Preparation of subcellular fracrioflS

Adult S. mansoni obtained from 40 infeeted mice
were resuspcnded in 10 ml homogenization buffer
(100 mM Tris· HCI, pH 7.4, containing 5 mM
EDTA/l mM phenylmethylsulfonyl fluoride/10 J.Lg
ml- 1 ~ybean trypsin inhibitor/1 fJ.g ml- 1 leu
peptin/1 J.Lg ml- 1 pepstatin/1 mM homovanillic
acid <Sigma. St. Louis, MO, USA). The worms were
homogenized using a Dounce homogenizer followed
by sonieation at 4°C. The suspension was first cen
trifuged at 2000 X g for 10 min at 4°C to yield a
large membrane fraction. followed by centrifugation
of the resultant supematant at 200 000 x g for 45
min at 4°C to prepare microsomal and cytosolic
fractions. Protein concentrations were detcrmined us
ing a protein assay kit (Bio-Rad. Mississauga. On
tario, Canada).

2.3. AlUJlysis of 15-HETE synthesis

Assays were carried out in a 100 J.LI final volume
in 0.1 M Tris, pH 8.0. containing 5 mM EDTA/l
",M hematin/l mM homovanillic acid/lS J.Lg total
worm protein/0.2 ILCi p4 aU>latachidonic acid
(866 mCi mmol- 1; 0.46 #o'M final concentration) or
0.4 lLei P4C(U)]linoleic acid (l04S mt::i mmol- 1;

0.76 ~M final concentration) (New England Nu
clear. Boston, MA. USA). Incubations were canied
out for 1 b at 3"rC; reaetions were then quenched
with 50 ~l methanol and applied to silica gel thin
layer chromatography plates (Whatman). The thin
layer chromatograpby plates were developcd with
either ethylacetate/acetic acid (99:1> or with
ether/pctroleum ether/acetic acid (50:50:1) [12].
Plates were scanned for radioactivity and the prad
uets were quantified on a Berthold LB2842 tbin-layer
chromalognphy linear analyzer and then visualized
by autoradiography. Authentic prostaglandins, mono
hydroxy acids. monohydroperoxy ac:ids, linoleic acid
and arac:hidonic acid standards (Cayman) were run in
parallel. Results Ire expresscd as pcrccntage conver
sion of arachidonic: acid per ,...g total worm protein.
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2.4. Radioimmunoassay for prosraglandin E: delec
lion

S. mansoni fractions were incubated for 1 h al
3rc in the same buffer used for the assays of
15-HETE synthesis except for the use of nonradioac
tive arachidonic acid (20 ~M final concentration).
and 20 ,.,.g protein in an 80 ,.,.1 final reaction volume.
Reactions were slOpped by adding 0.1 vol. of 1 M
HCI followed by 0.1 vol. of 1 M NaOH. PGE~

production was assayed using a radioimmunoassay
kil (PGE~ p:sl] RIA Kit. NEN. Boston. MA. USA).

2.5. Effect of cyclooxygenase / lipoxygenase in
hibitors

L·670.630 (Z.3-dihydro-6·(3-phenoxypropyD-2
C!-phenylethyl)-5-benzofuranol) [13]. CPHU (N-<4
chlorophenyU-N-hydroxy-N'.(J-chlorophenyl) urea
(14] and indomethacin (Merck Frossd were dissolved
in DMSO and S.8.11.14-cicosatetraynoic acid
(ETYA) (Cayman) was dissolved in 100% ethanol.
[nhibitors or their respective solvents were preincu
bated with cytosolic fraction for 15 min and the
reaction was initiated by adding an ethanol solution
of the substrate (arachidonic acid or linoleic acid). 1
h after substrate addition. the reactions were
quenched with methanol and spotted on thin-layer
chromatography plates. Human recombinant cyclo
oxygenase-2 enzyme (Cox-2) [15] was used as a
positive conlrol for the production of proslaglandins
and 15-HETE. The ICso values for the lipoxygenase
inhibitors were calculated aiter scanning the auto
radiographs using a computing densitometer (Molec
ular Dynamics. Sunnyvale, CA9 USA).

2.6. Immunoblol analysis

Large membrane. microsomal and cytosolic frac
tions of S. mQnson; adult worms as weil as Se, 12-,
and 15-lipoxygenase enzymes standards (Oxford
Biochemicals) were analyzed by SOS-PAGE as pre
viously described followed by electrophoretic transe
fer to nitrocellulose membranes [16.17,18]. The
nitrocellulose membranes were probed with the fol
lowing antisera: 1:300 dilution of rabbit anti-human
S-lipoxygenase [16]9 1:5000 dilution of rabbit anti
sheep Cox-l, 1:7500 dilution of rabbit anti-sheep
Cox-2 [17], an 1:100 dilution of rabbit anti-human
12-lipoxygenase (Oxford Biochemicals), an 1:100

dilution of goat anti-rabbit 15-lipoxygenase (Cay
man>' The secondary horse radish ~roxidase·linked

donkey anti-rabbit (gG antibody (Amersham lire
Sciences. OakviIle, Ontario, Canada) was used at a
dilution of 1:3000. [mmunodeteetion was performed
using enhanced chemiluminescence according to the
manufacturer's instructions (Amersham). When anti
S lipoxygenase antiserum was used as a primary
antibody, 1:5[_protein A (NEN) was used for detec
tion as previously described [16]. Autoradiographs
for chemiluminescence detection were exposed to
Kodak X-OMAT X-ray films for 3 min; autoradio
graphs for protein A detection method were exposed
for 5 days.

2.7. Polymerase chQin reaction (PCRJ amplification
of lipoxygenase-like sequences

For the selection of oligonucleotides for PCR.
highly conserved regions of 8 lipoxygenases were
identified by aligning the amine acid sequences of
rabbit 15-lipoxygenase, bovine 12-lipoxygenase, pig
12-lipoxygenase human 15-lipoxygenase. human
12-lipoxygenase. and lipoxygenases from the plants
soybean. pea seed and rice [19-21]. Based on the
alignment of the Iipoxygenases. the following degen
erate oligonucieOlides and their positions within the
human 15-lipoxygenase cDNA [21) were chemically
synthesized: lx-4, 5'-CC(A/TXG/CXG/TXA/G)
GATGAG<A/C)GATI·3'. nt 481-497; lx-S, 5'GG
(T/CXG/AXC/TXC/A)AACCCQGA)TGIT-3',
nt 703-719; lx-7. 5'-AG<G/CXC/T)(A/GXC/T)
C(T/GXC/GXA/TITGGTGGC-3'. nt 1135-1119.
A primary PCR reaetion (GeneAmp DNA PCR kit.
Perkin-Elmer Cetus. Norwalk. cr. USA) was done
using Ix-4 and lx-7 primers in a buffer containing 10
mM Tris' HCI (pH 8.3)/SO mM KCl/2.S mM
MgC1 2/0.2 mM deoxynucleotide triphosphates/O.S
~M primers and 40 ng of adult S. mansoni genomic
DNA as template. The PCR cycling conditions were:
3S cycles of 1 min at 94°C. 1 min at ssac and 1 min
al 7~oC. A secondary PCR reaetion was then per
formed under the same conditions using 0.01 ,.,.1 of
the primary PCR reaction and the primers lx·5 and
Ix-7. PCR products were separated by electrophore·
sis in a 1.2% (wIv) agarose gel. visuaJized by
ethidium bromide staining and bloned to Hybond-N·
nylon membranes (Amersham Life Science) by
overnight capillary transfer using 0.4 M NaOH. The



34 H. Abdel BIU~r tl aLI Molecu/4r lJIId BiocMMical Pa1IUilolo" 73 (J99S) Jl-11

Arachldonic Acid

Recombinant human
COX-2

li ..
,el

AA.,

11-HETE:

!

AA
~

G)
11-HETE

S.manloni! MIcro.omal Fraction

.. 1. • lei

11-HETE
~

(2)
S.manloni

Cyto.otic Fraction

.. ..

. . il .

J -1
Il 1

i !

Il 1
CE •

11
JI 1
fI 1

1MI

JI
fI

Il
Q,

1

Jr
fI

. i •••
Fi.. 1. 15·HETE production by adull S. 1UlU0IIi. Subœllular fnc1ions of adult S• ....... lDd rcc:ombinaat bumlD Co.-2 .cre incubaced
(or 1 b iD die presence of [1·C)aracbidonïc: ICid IInder lbe reac:tioa candiliOlll described ia MaleriaJs and llletbods. FoliowiD, ÛlCUbatioD. die
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~f'I,,~~
S.mansoni Fractions .... vO ~~'li

! ~v ~,~

fraction (68% conversion of [14 C]arachidonic acid
per 15 JoLg protein) as compared to the: microsomal
fraction 06% conversion of [I-l C]arachidonic acid
per 48 p.g microsomal protein). No [1-lClarachidonic
acid metabolites which co-chromatogr:lphed with au
thentic prostaglandin standards were detected in ci
ther the microsomaJ or cytosolic adult S. mansoni
fractions (Fig. O. ln contrast, using the: same assay
and detection methods. lS-HETE and prostaglandin
products were detected in control reactions using
recombinant human COX-:!. as previously reported
[l5. Us}. Since the level of proslaglandin synthc:sis in
the S. manson; fractions may be below the detection
level of the thin-layer chromatography method. S.
mansoni fractions were incubated with nonradioac
rive arachidonic acid and anaJyzed using a sensitive
PGE~ radioimmunoassay Oower limit of detection is
0.5 pg PGE: ml- l ). However. no PGE;: production
was deteeted in any of the S. mansoni extracts
(results not shown). These results suggest that adult

oligonucleotides used for PCR amplification of
cyclooxygenase sequences were based on conserved
sequences from chicken. humant mouse and rat
COX-:! [2~]. The COX PCR primers and their corre
sponding codons in humant rat. mouse and chicken
COX-2 inctude [22]: ex-l, S'-ATGATGTA(TC)
GClACIATITGG-3', codons 285-291: cx-2, 5'
ATGTACCCICClACIGTIAA-3', codons 247-253;
cx.3, 5'-1T(TC)AA(CT)ACl{Cf)TITA(TC>CA(TCl
TGG-3'. codons 367-373; cx4, 5'-(AG)AAlA(AGl
(TC)TG(TC)TC(AG )TC(AG)TCCCA-3', codons
316-309; cx5. S'-CCA(ATIGTIGC(AG)
TACATCAT-3'. codons 291-285; cx6, 5'-(CTrrC
(CT)TCIA(AG )(CT)TCIGCIGCCAT-3', codons
479473.

2.8. Southern blot analysis of PCR products

Southem blot hybridization was performed at 65°C
for 16 h in a solution containing 5 X SSPE (1 X SSPE
is 0.15 M NaCl/O.D1 M NaH:!PO-l/O.01 M EDTA.
pH 7.4). 5 X Denhardts (1 x Oenhardts solution is
0.02% (w/v) Ficoll/O.02% (w/v) bovine serum
albumin/O.02% (wIv) polyvinyl pyrrolidone)/lOO
/oLg ml- I denalUred calf thymus ONA/O.5% (w Iv)
SDS, and randomly primed (Bochringer-Mannheim)
J: P-labeled human lS-lipoxygenase cDNA ([21J; Dr.
E. Sigal. University of Califomia. San Francisco,
CA. USA), or a mixture of )~ P-Iabeled human Cox-l
and human Cox-2 cDNAs [18]. The membranes were
washed rwice in 2 X SSC (1 X SSC is 0.15 M NaCI.
0.015 M Na)' citrate. pH 7)/0.1% (w/v) SDS at
room tempc:rature, then washed twice in 2 x
SSC10.1% SOS at 65°C for 30 min. and exposed to
Kodak XAR-S film for 1-5 days at -'O°C.

3. RouliS
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+- 15-HETE
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Fil. ~. Effect of calcium addilion and denacur.llion on Ihe produc
lion of the IS-HETE-likc produC!. Adule S. ,,",IISOIIi c:ylosol (IS
~I prolcin) wu incubalcd with (I·C)arachidonic acid <0.46 $lM)
in the absence (lane 1) or presence (Jane 2) of 1 mM CaO:. or
dcUlurcd by boiling (or IS min prior to incubalion wilh the
subslrale (lane 3). The reaction produetS \Vere analyzed usine
thin·layer chromalognphy and visualizcd by aUloradiOlflphy.
Unc 4. (I·CJuachidonic only: lane S. m:ombinanl human COl-2
\Vith (I·Clanchidonic aad <0.46 $lM). 1llc posilions of c:o-ch~
marocnpflcd standards are indic:alcd. The aUlOradiopam shawn is
a rcpracnlaeivc of three separale cxpcrimenrs wilh similar mulas.

3.1. Eicosanoid production by adult S. mansoni

To determine the profile of arachidonic acid
metabolism by adult S. mansoni. different fractions
of homogenized worms were incubated with
[10& Clarachidonic and the products were analyzed by
thin-layer chromatography. In both the cytosolic and
microsomal adult S. ""'Mani fractions. the major
metabolite co-ehromatographcd with an authentic
lS-HETE standard (Fig. O. The synthesis of the
IS-HETE-like product was highcst in the cytosolic

2 3 4 5
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S. manson; express at least one lipoxygenase but no
detectable eyclooxygenase aetivity.

3.2. The production of the 15-HETE-IiJce metabolite
is calcium-independent and heat-ÏNlctillab/e

Since Iipoxygenases (except for S-lipoxygenase)
are calcium independent [23}, the effect of calcium
addition on the production of IS-HETE in the cy
tosalie fraction was determined. Addition of 2 mM
Cael:! to the extracts did not alter the production of
the 15-HETE-like species (Fig. 2). Heat denaturation
of the cytosolic fraction (IOOOC, 15 min) totaJly
abolished the appearance of the lS-HETE-like
Metabolite (Fig. 2), confirming an enzymatic in
volvement in the production of lhis Metabolite.

A
Cytolollc Fraction

of S. manloni COX-2

J.3. The ~f!ect 0/ cyc/ooxygenase and /ipoxygenase
inhibitors on the production of the 15-HETE-liJce
species

The syntbesis of lS-HETE from arachidonic acid
by both IS-lipoxygenase and cyclooxygenases can
be inhibited in a dose-dependent manner by specific
inhibitors [1StI8,24,25}. Indomethacin, a potent in
hibitor of bath 11- and 15-hydroxylation of arachi
donic acid by cyelooxygenases [18.24l, did not affect
the production of the 15-HETE-like Metabolite in the
S. ""'Mani cytosolie fraction, whereas preineubation
of human recombinant Cox-2 witb indomethaein 10

laJly abolished the fonnation of both prostaglandins
and lS-HETE (Fig. 3A). In contrast 10 ILM ETYA,
a known suicide substrate inhibitor of Iipoxygenases

B
Cytolollc Fraction
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Fi.. 3. Effec:! of C:YCJOOIYPnasc and lipolYlcrwe inhibilors on the melabolism of anchidonic: ac:id by S. ""'MOIli. (A) Thin-layer
duomalOlophy of produas formcd {rom [I·C]mcbidonic acid by S. lItIIIUGfU cytoIOl US "1: lana 1.2 and 3) and human recombinant
COX-2 (lues ~ and S) in die Ibsen" Olfte 1) or prescn" (lanc 2) of DMSO ycbicle or 100 "Ptt indomcdladn dissolvcd in DMSO Oue 3
and 4), (B) Thin-layer cluomatolP'lphy of produets formcd from [ltClarKhidoaic acid by S. tfUIIUOfti c:ytoSOl US ".: lines 1-3) in tbe
abscacc (laDe 1) Of prescnçc of ctlwlol yebiclc (lue 2). in the presence of 10 IlM ETYA diSlolved in ct1IanoI (lue 3). [1·C)ara:hidoaic:
.ad in die absence of uy Iddcd prolcin (Iaac 4). The ruc:tion produets WCN .....yzed usi,-,l1lin.layer cbromalOlf1Pby plaies dcvelopcd
cilber widl ethyl ICClite/lCetic ICid (panel A) or with ciller. pctroJcum clbcr/acctic: Kid (panel B) ud viIuaIized by IUlOradiopapby. ne
positions of c:o-duomllOlflpbcd saandards arc indicaled. ne aUloradiosnlDS sbown ia panel A lad B are repracnlllÏvc of duec
espcrimenu.
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[~]. complc:tely abolished the production of the
lS-HETE-like species in the S. manson; cytosolic
fraction (Fig. 38). with an IC so of :! ± 0.07 ~M
(n '= 5; dac:l not shown). Since ETYA can inhibit
both cyclooxygenases and Iipoxygenases. two other
Iipoxygenase inhibitors were used which displayed
dose·dependent inhibition of the S. mansoni cytoso
lic lipoxygenase-tike ilctivity. Pretreatment of the
cytosolic fmetion with increasing concentrations of
L-670.630... phenolic redox inhibitor of lipoxyge
nases [131. and CPHU. one of the N-hydroxyurea
class of lipoxygenase redox inhibitors [14} resulted
in dose-dependent inhibition of the production of the
15-HETE-like species with IC50 values of 3 ± 0.06
~M (n = 5) and 0.08 ±0.003 ~M (n - 5). respec
tively (data not shawn).

3.4. The metabolism of linoleic acid by S. manson;
cylosol

Certain lipoxygenases. such as erythroid 15
Iipoxygenase and leukocyte 12-lipoxygenase. are dis
tinguished by their ability to metabolize Iinoleic acid
to 13-hydroxyoctadecadienoic acid (13-HODE; [26D.

Fig. S. Immunoblol analysis of S. trUllISoni fne:tions. 140 ng clich
of human leukOC:Yle S·lipoxygerwc (lues 1 iUld 8). porcine
leukocyte 12·lipoxygenasc standard (lanes 2 OU'Id 9 •• rabbil rcticu
loc:yte IS·lipolCYlcnasc sludard (Ianes 3 and 7). SO ~g lolal
prolein of adult S. trIlIItSOtri large mcmbnlJ'le fne:tion (Ianes '" ~nd

IO). 30 ~g of S. trUlIUoni microsoma! fraction (lanes S and II'.
and 15 l'lof S. lftIUISoni c:ytosolic: fr:ac:tion (lanes 6 and 12) were
separ:lted by S05-PAOE. transferrcd 10 niuoc:ellulose and im·
munobloned utinl anli4luman piatclci 12-lipolYlcnase .1ntisenam
U:lOO dilution) or anli·human S-lipoxygenasc .uniserum O:JOO
dilulion} 15 desc:ribcd in Materials ilnd melbods. Enhanc:ed cbcmi·
luminC5CCftc:c (lucs 1 10 7) or 1:31-labcled pnncin A (Janes 7 la
12) 'liere uscd for dclection. The posilions of molccular mISS
marke" arc indic:alcd.

The S. manson; cytosolic extract al50 mecabolized
[14 CUinoleic acid to a product chat co-c:hromato
graphed with a 13-HODE standard (Fig. 4). The
production of the 13-HODE-like produet by the S.
mallSoni cytosolic extraet was abolished by beat-in
activation and markedly reduced by pretreatment of
the cytosol with CPHU or L-670,630 (Fig. 4).

2 3 .. 5 8
3.5. Immunoblot Qnalysis 01 S. mtlllSon; frtlctiollS

Fig. ~. Metabolism or Iinoleic: ilCid by S. lfUlllSoni C:Y10l01.
Thin·layer c:hromalopaphy of produc:fS fonned !rom ['·Chinolcic:
acid (O.76 ~M) by S. trUllUOIIi c:ytOlOI (15 "g) in the absence of
inhibilor or vebic:lc (Ianes 1). in tbc presence of 1"" DMSO
yebic:le (lue ~,. trealcd witb S~M CPHU (Iane 3). rrcated wilb 5
~M l·670.6.30 (lue 4). or boiled S. 1fUl1U0IIi c:ytosol (lane S).
[1' CJlJnoleic: acid in me ilbscnce of any added S. 1fIIUUDfti c:yt0501
(lane 6l. Thin-layer c:bromatopaphy ud densitomctry were c:ar.
ricd OUi as dcscribcd in Malerials and metbods. The position of
aKhromacopaphcd sundards are indic:alcd. This espcrimenl was
repaled lWice witb sÎDlilar resull5.

Due to the signifiant amino-acid sequence ho
mology among plant and mammalian Iipoxygenases
[19], il is reasonable to expcct that antibodies ta
mammalian S-, 12-. or lS-lipoxygenase might show
immunological cross-reaetivity to a S. mallSoni ho
mologue. !bus, immunoblot analyses of S. IPIQIISorr;
extraets with an anti-human 12-üpoxygcnase plly
clonai antiscrum and an anti-human S-lipoxYlenase
polyclonal antiscrum were perfonncd (Fig. S). 80th
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plant lipoxygenases and six different cyclooxyge
nases, respeetively (see MateriaJs and methods). In
order to deteet parasite Iipoxygc:nase sequences, PCR
amplification of S. trUlnsani genomic DNA was per..
formed using the primer pair lx-4/lx-7 in a primary
PCR, foUowed by a second round of amplification
using the nested primer pair lx-S/lx..7 and an aliquot
of the primary PCR as template. separation of the
PCR produet5 by agarose gel electrophoresis and
Soulhem blot analysis wim the human lS-lipoxy
genase as a probe. As expccted a 433-bp fragment
was amplified using the buman 15-lipoxygenase
cDNA as a template. Two produet5 were amplificd
from S. ""'tlSoni DNA, including a 433-bp fragment
wbich co-migrated with the PCR produet amplified

.. ..
-396

• -344

-298

-220
-201

2 3

B

• ••

A

kb

23 -

9.4- ", ..
8.5- ••
4.3-

2.3-
2.0-

0.58-

12345618

Fi.. 6. DelCCtian of S. tfIGIUo"i lipoltygcrwc-likc DNA sc
quences. W Soutbem hybridiDtian of a 12 P-labelcd human
15-lipoJty,cnase cDNA wilh human (J;ancs 1-U and S. ""'MOIfi
pnomic DNA (lanes 5-8). The lancs conlain 10 10'1 human DNA
or 10 ~g S. 1fIQIU000i DNA rcstrictcd 'Nilh HilidIII (lanes 1 and
5). EcoRi (!anes 2 and 6). HÙldlII + EcoRI (Janes 3 and 7) and
8C11ftHl (lanes" and 8). Fnamcnt seof HÙldlll-clcavcd lambda
DNA are shawn in kb. (B) AlWysis of PÇR·amplified produe:ts
from S. lMIUOIIi aenomic DNA laSing primers based on conscrved
lipoxYSCnase sequences. S. 1JUUlS000i gcnomic DNA (40 ng) and
bUIDan 15-lipoxygcnasc cDNA (1 ng) 'Nere used ilS remplales far
PCR amplific:alion with dcpner.lle primen based on conICrvcd
sequences in lipoxypnacs. Amplificacion produets werc clcc
trophorescd on 1 1.2~ IptOIcC acl. apiUary bloned anto nylon
membrane IIld probed wilb l: P-random primcr·labelcd buman
lS-Upoxyacaase cDNA probe. The positions of DNA size marken
are iadicaled (in bp). Lane 1, 10 ~I of PCR rcaction laSin. human
15-lipoxy,cnase cDNA as a templalc: lane ~ 10 ~l of Ihe
aeptive CODuol for Ille Pel readian usina no addcd lemplalc;
lane J. 10 ~l of PCR reae:tioD llSin. S. lfIIUISolfi acaomic DNA

the antisera ta 5- and 12-lipoxygenase deteeted aH
three purified standards, including the 78-kDa human
S-lipoxygenase. the 75-kDa porcine leukocyte 12
Iipoxygenase and the 76-kDa rabbit reticulocyte 15
Iipoxygenase [19]. Although bath antisera ta 5- and
12-lipoxygenase detected a number of immuno
reactive proteins in the S. mansani extraets. [Wo
proteins were deteeted by bath antisera and corre
sponded to the molecular masses of mammalian and
plant lipoxygenases (Fig. 5). One S. mansani protein
of 78 kDa co-mignted with the human S-Iipoxy
genase ~tandard and was seen in the miaosomal and
cytosolic fractions, and a second protein of 100 kOa
was comparable in molecular weight to that of soy
bean-2 lipoxygcnase and pea seed Iipoxygenase [19].
Other immunoreactive bands may represcnt non
specific cross-reactivity as these bands were aIso
deteeted using preimmune serum (data nor shown).
Using an anti-ram seminal vesicle Cox-l polyclonal
antiserum and an anti-sheep Cox-2 polyclonal anri
serum [17], no cyclooxygenase specific immune
reactive prorein bands were seen in any of the differ
ent S. mansani fractions (data not shown). These
results suggest that adult S. mansani expresses at
least onc Iipoxygenase that is antigenically related to
mammalian lipoxygenases.

3.6. Lipoxygtnase·like DNA sequences in S. IfUlnsani

Sourhem hybridization of S. mansani genomic
DNA with the human lS-lipoxygenase cDNA and
subsequent washing under moderately stringent con
dirions. revealc:d hybridizing bands of 8.6 kb in the
HindlII. 6.4 kb in EcoRl. 6.4 kb in HindllI + EcoRl~

and 7 kb in BamHI-digesred samples (Fig. 6).
Southem hybridization of S. MallSoni genomic DNA
with bath full-Iength human cyclooxygenase..l and
-2 cDNA probes revealed IWO weakly hybridizing
fragments of 6.5 and 2.3 kb in a Bam HI digest (data
not shown).

The positive hybridization signais observed in the
S. MaMoni genomic DNA with the mammalian
lipoxygenase and cyclooxygenase probes indicated
mat the homologous S. trUlnsDlli sequences might be
amplifiable by the polymerase chain reae:tion (PCR).
Oligonucleotide primers for amplification of the pu
tative S. IfUltlSani lipoxygenase and cyclooxygenase
were based on highly conserved regions identified by
sequence comparison of 8 differenl mammalian and
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from the human lS-lipoxygenase cDN~ and a sec
ond PCR product of 370 bp. The identity of bath
PCR fragments as Lox-like sequences was confirmed
by theu hybridization to the human 15-Lox cDNA
probe. The oligonucleotides lx-4. Ix-S and lx-7 have
aIse been used to amplify identically-sized PCR
products from an S. mansan; cDNA Iibrary (kindly
provided by Dr. C.B. Shoemaker. Harvard School of
Public Hc:alth. Boston. MA. USA) (data not shown).

... Discussion

Adult S. manson; has previously been shown to
incorporate polyunsaturated Cany acids, including
arachidonic acid. and it has been suggested that they
readily metabolize other polyunsaturated fany acids,
including linoleie acid. to araehidonic aad [27].
Analysis of eicosaDoid metabolism following addi
lion of linoleic aeid to adult worms has shown the
major produet to have the chromatographie charae
teristics of IS-HETE consistent with the present
results [10]. With regard to arachidonic aeid
metabolism by cyclooxygenase pathways in adult S.
mansan; the literarure is Icss clear. One publication
has reported no fonnation of prostagtandins [28],
wher:as another has reponed on the presence of
immunoreaetive and chromatographieaJly cbarae
terized materials with the charaeteristics of prosra
gJandins although no definitive physioc:hemical or
pharmacological data were obtained (10]. Similar
results were obtained with S. manson; cercariae
[7.27]. Our results indicate an absence of PGEz
production by adult worm extraClS as tested both by
thin-layer chromatography and radioimmunoassay
techniques. ln addition. we could find no evideoce
for the presence of a parasite Cox homologue by
PCR using degencrale primers bascd on conserved
sequences in mammalian and avian COX-2. Further
more. immunoblot analysis of different adult worm
extraets using antisera to mammalian cyxlooxyge·
nase did not show specifie Cox-protein bands. Taleen
together. these results combined with the fact thal no
prostagJandin production was deteeted, suggest the
absence of an active cyelooxygenasc pathway in
adult S. ,,",lISoni parasites. However. IWO weakly
hybridizing bands observed by Southem blot hy
bridization of S. IPUlllSOIÙ genomic DNA using the
human cyclooxygenase·l and ·2 cDNA probes, sug·

gests mat the parasite docs contain cyclooxygenase
related sequences. Our inability 10 detect an S. man
son; cyclooxygenase proiein or mRNA in the adult
worm may be related to a stage-specifie expression
of the putative S. maMan; cyclooxygenase gene.

As reported previously [10], our results show that
a IS·HETE-like produet is the major eicosanoid
produced from arachidonic aad by S. maMani, sug
gesting the presence of an active Iipoxygenase palh
way. Calcium addition did not stimulate the activity
of the parasite Iipoxygenase homologue suggesting
th3t it is reguJ3ted differcntJy to the mammalian
S-lipoxygenase enzyme but simiJarly to mammalian
lS·lipoxygenase. The inability of indomethacin. a
patent cyclooxygenase inhibitor. to inhibit S. man
son; IS-HETE production and the use of different
Iipoxygenase inhibitors. which showed similar phar
macological profl1es to that seen with different plant
and mammaJian lipoxygenases [25], confirmed the
lipoxygenase origin of the lS-HETE-like species.
Although the lS-HETE-like species migrated with
the same Rf value as that of a lS-HETE standard on
thin-layer chromalographyt its identity to the mam
maJian lS-HETE can ooly be confirmed using gas
chromatography/ mass speetromerry. This awaits the
cloning and expression of the parasite lipoxygenase
homologue in arder to produce large enough quanti
tics of eicosanoids 10 allow for such measuremenls.
The efficient conversion of Iinoleic acid to l3-HODE
by the cytosolie fraerion of adult worms indicates
that the parasite lipoxygenasc aetivity is similar to
the erythroid lS-lipoxygenasc and the leukoc:yte 12
Iipoxygenase. Our immunoblot analysis and PCR
amplification results suggest the presence of more
than one lipoxygenase protein and more than one
lipoxygenase gene, respeetively. in adult S. mansan;.

Altbough we cannot rOlally exelude the possibilily
mat me lipoxygenase we observed in S. maMon; is
due to contamination from murine blood cells, it is
unlikely based on severai lines of evidence. Since
murine white blood cells conrain bath cyclooxyge
nases and lipoxygenases, if our S. mansoll; extraets
were contaminated with murine cells then me ex
tracts and DNA preparations would he expceted 10

contain not ooly Iipoxygenase, but also murinc ccll
derived c:yclooxygenase aClÎviry, c:yelooxygenase im·
munoreaetive protein, and PCR-amplifiable se
quences. A second line of evidencc is bascd on our
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preliminary cloning experiments. in which we have
cloned and sequenced 12 unique subclones derived
Crom the PCR amplification of S. manson; DNA
with the lipoxygenase oligonucleotides. The deduced
amino-acid sequence of one clone displayed 52%
similarity (28% identity) and 42% similarity (18%
identity) with the anaJogous regions in human 15
lipoxygenase and soybean lipoxygenase-2. respec
tively (unpubHshed data). None of the 12 clones
displayed any significant sequence homoJogy to
murine sequences in the GenBank database (release
84.0>. [f our PCR-generated subclones were derived
from amplification of contaminating murine DNA or
RNA then one might expect the putative cloneS to
show near sequence identity to known murine
lipoxygenase sequences. The origin of the lipoxy
genase-like peR product from S. nuJnson; is funher
strengthened by our ability to amplify by peR the
same lipoxygenase-like sequences from a charac
terized S. nuJnson; cDNA library obtained from an
independent source.

The observation that the lipoxygenase-like PCR
products generated from the S. maMon; genomic
DNA and an S. maMon; cDNA library were aU of
the same size (unpublished observations). suggcsts
that the relevant S. mamon; genomic sequences do
not contain introns. This wouJd be in contrast to
known mammalian lipoxygenase genes [19], since
the oligonucleotides used in the lipoxygenase PCR
experiment reponed here are ail located in separate
exons of the mammalian lipoxygenase genes [19].
Primers Ix-4. lx-5 and lx-' are located in cxons 4. 6
and 8, respectively. in aU three genes for the human
5-. 12- and IS-lipoxygenase genes. However, the
inuons sizes in these three genes are different, rang
ing in size from 0.2 to 12 kb. For example. PCR
amplification of the human 5 and 12 lipoxygenases
with primers lx-5/lx-7 would generate [Wo products
of 14.4 and 2.2 kb. respectively.

The ability of immunoblot. Southem hybridiza
tion and PCR methods using reagents based on
mammalian lipoxygenascs to detect evoJutionarily
distant lipoxygenascs in S. maMon; is not surprising
considering the high degrec of sequence conserva
tion in the Jipoxygenase family [19-21] and in addi
tion. the sequence conservation between human and
S. mamoni genes (29]. The buman S-, 12- and
lS-lipoxygenases exhibit an overall 60% sequence

similarity, and each of the human lipoxygenases is
roughly 25% identical in sequence to plant lipoxyge
nases [19.23]. For specific lipoxygenases even greater
sequence conservation across species is observed.
Thus. the human S.. and 15-lipoxygenases are 92 and
81 % identical to their respective rat and rabbit homo
logues [19]. funhermore. the recent sequence deter·
mination of 607 S. manson; cDNA sequences indi
cates that significant sequence identity is displayed
between severaJ human and S. mamon; homologues
[29]; for example. aldehyde dehydrogenase from hu
man and S. manson; are 59.7% identical (74% simi.
lar).

The production of lS-HETE by an S. mamon;
lipoxygenase May be significant in bath the normal
physiology of S. "ulfIson; and the mediation of
host-parasite interactions. [n other invenebrates
eicosanoids have becn implicated in areas such as
cgg production and laying. oocyte maturation. pre
vention of polyspermic fenilization. and salt and
water transpon physioJogy [30]. Several groups have
suggested that S. maMon; eicosanoid production is
related to host-parasite interactions including cercar
ial penetration [7], and modulation of host immune
defenses through suppression of host-cell-mediated
immune responses [5.6.10]. One approach to elue
date the raie of eicosanoid biosynthesis in S. man
son; might be to determine if developmentaJ regula
tion occurs. The moleeular cloning of genes involved
in eicosanoid metaboJism from S. mansoni wouJd
provide useful probes to address the expression of
thesc genes during the parasites' lite cycle.
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ID a searcb of the CaeraorlaabditU ele'GIU DNA data
bue, an expreilled lequenee tal of 327 bue pairl
(termed emOle7) with ItroDI homolol)" to tbe human
leukotriene At <LTAt) hydralalS wa. tound. The Ule of
cmOlc'7 81 a probe, toletber with conventional hybrid
ization ICreeDiDl and ancbored polymerale chain reae
tiOD teehnique. remlted iD tbe cloninl of tbe full.lenl(th
2.1 kiloba. pair C. ele6GlU LTA.. hydrolue-Uke homo
lope, termed amiDopeptidue.1 (AP-U. The AP-l cDNA
was expreued tranliently .. an epitope.ul.ed recom·
binant proteîa in COS-7 mammalian ceU... purifted ulinl
aD anti-epltope antibody aftiaity re.in, and telted for
LTA.. hydrolue and amiDopeptidale activitiel. Delpite
the Itronl bomololY betweea the bumaa LTAc hydro
lue and C. ele'GII. AP·1C63% limilarity and 4S,*, identity
at the amino acid leven, reverse-phue bilh prelsure
Iiquid ebromatoll'aphy and radioimmunoa..ay tor LTB.
production revealed the inability of the C. ele.GIU AP·l
ta use LTA.. a. a IUbstrate. In contras&, the C. ele6Gra.
AP-l was an emcieat aminopeptida8e, 81 demonltrated
by iu ability to hydrolyze a variety ot amino acid p
nitroaDilide derivative.. Tbe aminopeptidale activity of
C. ele.GII. AP-I reHmbled tbat of the buman LTAc bye
drolaseJaminopeptidaae enzyme witb a preference for
arpnyl-p.nitroanilide al a IUbltrate. HydrolYlil of tbe
amide bond of arlÎnyl.p-Ditroaniiide was inhibited by
bestatin with an IC50 of 2.8 :t 1.2 pM. The bilunctionality
of tbe mammalian LTAt hydrolase i. stUI poorly uDder
Itood, BI the pbysiololical 8ubltrate ror iu aminopepti
da.. aetivity is yet to be diacovered. Our reluit. IUpport
the idea that the enzyme orillaally fuDetioned as an
aminopeptida.. in lower metazoa and then developed
LTA.. bydrolase activity in more evolved orlanilml.

Leukotriene A. (LTA.)l hydrolase (EC 3.3.2.6) is the rate-
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1 The abbnrriationa UHd an: LTA.. leukotriene A. (SS).trana·5.6
œido-7,9-tra,..·U.14<-is.eiœntetnenoic: acid>; LTA. hydrolue.leuko
triene A. hydrolase; LTB•• leukotriene B. «5S.12RkühydraKY-6,l~is
8,1o-tram.eÎee-atetraenoic: acid); AP, aminopeptidue; 5.6-diHETE,
5.6-dibydrœyeicoaatetraenoic: acid; HPLC. high preuure liquid~

ümiting enzyme in the lipoxygenase cascade of arachidonic
acid metabolism leading to the biosynthesis of the proinflam
matory substance leukotriene B. (LTB.) from the epoxide in·
termediate LTA.. O. 2). At nanomolar concentrations. LTB..
elicits chemotuis and Adherence of leukocytes, and in higher
doses it also triggen degranulation and generation of superox
ide anions (3)' Due to these biological properties. LTB" is re
garded as an important chemical Mediator in a variety of
in11ammatory diseases (4). Sequence comparison of LTA.. hy
drolase with other zinc metalloenzymes, e.g. aminopeptidase M
and thennolysin, led to the identification ofa zinc binding motif
in the primary structure of the enzyme (5-7), Further studies
verified that LTA. hydrolase contained one catalytic zinc atom
coordinated by His29G

• His29S
• and GIU318 (8). Subsequently. the

enzyme was shown ta exhibit a previously unknown zinc-de·
pendant peptidaselamidase activity toward synthetic sub·
strates (9. 10> that wu specifically stimulnted by monovalent
anions, e.g. chloride ions (11), and also by albumin (12). Al

though a physiological peptide substrate for the aminopepti
due activity of the enzyme has not yet been found. LTA.
hydrolase has been shawn to efficiently hydrolyze several argi
nyl tri- and dipeptides, leading ta its identification as an argi
nine aminopeptidase (13>. Both the aminopeptidase and the
LTA.. hydrolase activity of the enzyme are inhibited by the
aminopeptidase inhibitor bestatin nO) and the angiotensin
converting enzyme inhibitor captopril (14), suggesting that the
active sites corresponding to the two activities are overlapping
(15). Important questions regarding the dual activity of the
mammalian LTA. hydrolaselaminopeptidase remain unan·
swered. For example. does the enzyme demonstrate bath LTA.
hydrolase and aminopeptidase activities in other species?
Which function originated tint in evolution? What is the sig
nificance of this bifunctionality? LTA. hydrolaselaminopepti
due is a soluble monomeric protein (Mr .. 69,000> (16. 17) that
has been cloned from human (18). mouse (19). rat (20), and
guinea pig (21). Recently a partial sequence from the sllme
mold Dictyostelium discoideum and a gene from the yeast Sac·
charomyœs œrevisÙJe (22) have been deposited into the Gen
Bank™ data base as putative LTA. hydrolases (accession
numbers U27538 and X94547, respectively). Bath sequences
eDcode proteins similar in their primary amino acid sequences
to the mammalian LTA.. hydrolase, but neither of them bas
beeD expressed or characterized. ln addition, an enzyme from
the pathogenic yeut Candida al6icons with 41% homology to
the mammalian LTA. hydrolase eshibited mainly aminopepti
due activity. whenas ita hydrolase activity converted the ma-

malolnphy; EST. upnued Jequene8 tac; PCR. polymerue chain
re.ction; lm, kilobue païr(1); bp. bue pains).
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jority of the substrate LTA.. to what bas heen putatively iden·
tified as 5,fi.diHETE (a much less potent leukotriene) rather
than LTB. (47). We report the molecular doning and functional
expression of an aminopeptidase enzyme from Cunorhabditis
elegans, named AP·l, that, despite its strong homology to the
human LTA. hydrolase, exhibits no LTA, hydrolase activity
and only aminopeptidase activity. The strong homology be.
tween C. elegans AP-l and mammalian LTA. hydrolases (45%)
suggests that these enzymes may have developed ftom a com·
mon ancestral precursor.

MATERIALS AND METHOOS

Cloning of a LTA4 HydrolCUle-lib cDNA Homologue from C. d·
egans-The cm01c7 phage clone from a C. l!ll!gans mixed stace her·
maphrodite cDNA library <made by Chris Martin) containinl the LTA,.
hj'tfrof:l!e-fike EST in SHLX2 l ph:lge vector 123} W:l! cbtnined !rem Dr.
R. H. Watenton (24). MC1061 recA- tetR (used for platine A. SHLX2)
and the pop-out Escherichia coli camR Ka,nR strain <u.ed to convert A.
SHLX2 clones to plasmid clones) were a1l0 generowly provided by Dr.
R. H. Watenton. The pop.out strain wu infected with the A. SHLX2
phage containing cmOlc7 EST using .tandard protocoIJ <25>' Five col
onies were picked, and plasmid DNA wu prepared wine either the
Wizard plus kit (Promega, MadiJon, WI) or Qiagen tip-500 (Qiacen Ine,
Santa Clarita, CA). DNAwu then used to transform XL-1 blue E. coli
strain (Stratalene, La JoUa, CA) foUo'Ned by DNA preparation and
verification by restriction nnalysis. The resultinl O.95·kb C. cl~gans

fral:JDent in the pRAT n plasmid wu then sequenced Ulinl T7 and SP6
primers and automated DNA sequencinc on an Applied BiosYllems
model 386 DNA sequencer utilizing T7 DNA polymeraae and internai
labeling with fluorescein·15-dATP (26).

Approximately 2 x 10· phsee from a mixed stap C. ~le6ans cONA
librllry in bacteriophage Avector UNJ·ZAP XR (Stratapne) were plated
and screened by hybridization as described previoUlly (27) usine the
(a-3:lPldCTP·laheled (Boehringer Mannheim) 0.95-kb ApaUScal C. el
egans fragment obtained from the cmO lc7 clone as Il probe. Hybridiza·
tion was penormed in 50% deionized formamide, 0.1'11 SOS, 5x SSC,
SX Denhardt's solution, and 100 ~I m1- 1 denatured calf thymus DNA
at 42 ·C. After ovemieht hybridization, filters were washed three times
for 10 min each at room temperature in 2x SSC, 0.1~ SOS, two times
for 30 min each at 65 ·C in 1x SSC, 0.1~ SDS, nnd expoaed to X·OMAT
AR film <Eastman Kodak Co). Positive plaques were ruc:reened twice
with the same probe, and the size of positive ioserU wu determined by
PCR nmplification using the pBluescript SK phagemid·bued primers
T3 and T7. Five positive plaques 'Nere isolnte<! and confmned to he
related to the cm01c:7 EST by PCR using C. l!legans cm01c:7 EST-baaed
primers. Following in UillO excision of the pBluescript phagemid from
the UNI-ZAP vector, plasmid DNA was prepared, and the positive
imerU were sequenced.

The loncest LTA. hydrolase-like clone obtained, termed C5 (-1.4
kb),ll1cked the S'-end orthe coding region (as predicted from the size of
cONA ofall previoWlly cloned LTA. hydroiasesl. To isolate the 5'-end of
the C. elelans cONA, several anchored PCR amplificatioM usine the
phagemid·based primers T3, SIC. and pSK (Stratapne) and a series of
antisenle primen based on the mOlt 5' sequences in clone C5 were
penormed using the PCR Core kit (Boehringer Mannheim) and a Pero
kin·Elmer thermal cycler. PC& were c:arried out in a buffet containing
10 mM TrialHCl, pR 8.3, 50 mM KC1, 2.5 mM MgC~. 0.2 mM deoxynucle
otide triphosphates. 0.5 llM primen and 11Ù. of the C. ,l~ans cDNA
Iibrary or l ",lof the primary or Jecondary PCR amplification products
as templatel and cycling c:onditioM of35 cycles of 1 min at 94 ·C, 1 min
at 55-62 ·C, and 1 min at 72 ·C. PCR produc:ta wen leparated by
electrophoJeS&. in l'li aprole pla, viaualized by ethidium bromide
staining, and Southem blotted to Hybond·N· nylon membranes (Am·
enham Pharmacia Biatecb) by ovemicht capillary tnnafer \UiaC 0.4 M
NaOH. The PCR-amplified fragmenu were screened by ovemicbt hy·
bridization usine the neste<! (~32pIATP·labeled primer CST3 (S'-CCA
GAC GOC GCA TCT nc GC'I'-3') (bued on the maR 5' Aquence in
clone C5) and T4 polynucleotide kinue (Boehrinpr Mannheim) in 6x
SSC, 20 mM N~PO•• 0.4'11 SOS, 5x Denhardt'slOlution, 500 14 ml-a
denatured c:aIC thymus DNA al 42 ·C. PCR producta of - 600-800 bp
wen identifiecl by their hybridization. iIolated on I.K aprale .1.
purified U8ÎDf Qiaquick spin coluaan. (Qiapn), BDd lubcJoned iato the
TA vector (Invitroeen. Co. San Di., CA>. The Iiption miatwu of
PCR·eenerated f'rallllenu wen tranI(ormed iota OHSa E. coli, and
inaerta were characterized by ratric:tion analYlia, PCR, uul DNA le

qumcm,. From thiI cloniDC approach. several cloDa encadinc the

mialÎDIS' coding repn of clone C5 were identified. The full·length C.
,kgaru d)NA clone (2.1 Icb) wu then reeonatructed \Uing a common
EcoRl rutriction site at the 5'-end of clone C5 and the 3'-end of the
PCR-amplified ~.terminal sequence.

Ezpreaion of the Recombinant C. elegons AP-l Prot,in-A l.8-kb
NotIlXbaI fragment repreaenting the entire AP-l coding sequence was
amplified by PCR Wling Expand bigb tidelity Taq Polymerase <Boeh
ria",r Mannheim) and the primen 0..,·1 <S'·CAT GCA TGC ATG GCG
GCC GCG GCA CCT CCA CAT CCG AGA GAT CCC·3') and Oag-2
(5'-CAT GCA TOC ATG TCT AGA 'M'A'ITl' GAG AAG Acr Tl'G GAT
TGC-3'). The fl..,-1 primer introducea an ~-terminalNotl site (the C.
,ltgons translation initiation codon was abolbhed to foree translation to
start mm the ATG, suppüed by the pFLAG CMV2 expression vedor),
and the O8g·2 primer introdUcel a COOR·terminai XbGI site immedi
ately after the stop codon (thUl eliminating the 3'-untranslated region).
The AP·l NotllXbcI fragment wu then subcloned into the NotUXbaI
reltricted mamma lîaD expru.ion vec:tor pFLAG CMV2 (Kodak), and
the resulting clone. pFLAG.celAP·l, W~ verified bj' sequencing.

C,ll Culture and TraMfiction-The ACric:an green monkey SV40
transformed kidney cellline (C05-7 cella), obtained from the American
Type Culture Collection, wu grown in Dulbecco's modified Eagle's
medium supplemmted with 10t;E, heat·inactivated fetal calf serum (Sig
ma), 50 unitslml penicillin, 50 ".gImi Itreptomycin (Flow Laboratories,
McLean, VA), and 2 mM elutamine (Flow Laboratories) st 37·C under
an atmosphere of6111 CO2 • 10 x 1011 cells per 600-em2 culture d&.h \Vere
seeded in 100 ml of media and tranaient1y trana{ected at 80~ conflu
ence with 94 III of pFLAG.celAP.l or pFLAG control plumid and 283
,u of LipofectAMINE reaeent <Life Technologies, Inc.), following the
recommendation. of the manufacturer. T'No days after tranafection,
cella were harvested in phoaphate-buffered saline, centrifueed at
1100 x l, resuspended in T88 (50 mM TrislHCl, pH 7.4,150 mM NaCI).
and recentrifuged at 10,000 x g for 10 min. Both the 10,000 x g pellet
and supematant 'Nere auayed for reeombinant expression of AP-l
protein by immunoblot ana1ysis.

Prrparatwn of C. ,legaM EZtracts-Frozen mixed stage hermaphro
dite C. tkgans worms were a eenerous gift from J. McGhee <University
ofCalpry, Alberta. Canada). 5 ml of 'Net worms (resuspended in phos
phate-buffered saline) were homopnized under liquid nitrogen <Wling a
mortar and pestle) and resuspended in 5 ml of 0.1 rd Tris, pH 7.0. and
then in 10 ml of TBS (50 mM Tris pH 7.4. 150 mM Nael> to a total
volume of 20 ml. The homoeenate wu then sonicated at 4 ·C (three
timel, 20 s each). The l\Upenaion wu fint centrifuged at 2000 x g for
10 min at 4 ·C to yield a llll'le membrane fraction. followed by centrif
uption of the resultant .upernatant at 200,000 x 6 for 60 min at" ·C
to prepare microsomal and cytosolic fractiorus. Protein CQncentrations
were determined Ulin, a protein auay kit <Bio-Rad).

Affin;ty Chromatography Purification ofthe R,combinant C. ,r"ans
AP·l Prote;n-Chromatol1'8phy columnl were packed with 3 ml eam of
anti·FLAG M2 affmity relin <Kodak), equilibrated three times vrith 3
ml ofTBS, and activated by washing three times with 3 ml of glycinel
HCI at pH 3.5, followed by wuhinC three times with 3 ml ol TBS. A
total of 30 mg (10 ml of 3 mg/ml) of the 10,000 x 6 supematanta of
COS-7 celll tranafected with either pFLAG vector or pFLAG.celAP·1
COMtruct were incubated with 3 ml of the activated anti·FLAG M2
aflinity pl in 15·ml polypropylene tube. and left to rotate at 4 ·C
ovemi,ht. Each .Iorry wu tranlferred back to chromatography col
UIDJ\I, and the flow·throuch .amplel from the coluJl1l1l 'Nere drained
the nen day, followed by wubine three times with 3 ml of TBS.
ColullUll were then eluted u.in, Il ml (0.5 mVfraction) of the FLAG
octapeptide (0.5 mllaù in TBS; NlI:r·Asp-Tyr-Lys-Aap-A8p-Asp-Asp
Lys.COOH) (Kodak). Fractiolll containine the C. ~1'6ans FLAG fU8ion
protein (u USOled by immunoblot analysia usin, the anti·FLAG M2
monoclonal antibody) were pooled. Aliquota of the colullUl8 Row
throucb, combined wubeJ, and the difl'erent eluted fractioM were kept
for immunoblot analYliJ, and the rut of the samples were frazen at
-80 ·C wben not UHd immediately for funetional ulaYI.

ImmlUlOblot AIualy.i.t-1be 10,000 x. COS.7 cell supematantl (ly
satel orCOS-7 œlb tranlfected witb either pFLAG vector or pFLAG.œl
AP·l CODlUuct), the anti-FLAG M2 afrlDity colUll11U Oow-throucb. com
biaed wuhes, and the diff'erent FLAG peptide eluted &actions, u weil
U the ~·terminaJ FLAG fUlioR protein orE. coli bacterial a1kaIine
pholphatue control (Kodak) were aeparated e1ec:tropbonticaUy on 10-.
pol,.crylamide pla ac:cordinc ta the method ofLaemmli (28). This wu
foUowed by elec:tropboretic tranlfer to DitroceUu1oae membranes aine
a Novu immunobla&",m accordÎllf ta the manufacturerl inJtruc..
tiODl (Novu). The nitrocelluJoae membranes were developed Ulin, a
1:300 dilution of lIlDUIe anti-FLAG M2 monoclonal antibody (Kodak).
The HCOIIdary bone radilb permddue-ünIced donby anti·moUie IcG



27980 C. elegans Aminopeptidase-l

antibody (Amersbam Pbannacia Biotec:h) was used at a dilution of
1:1000. Immunodeteetion was performed using enhanced chemilumi
neleeDœ accordi.n& to the manu(acture~s instrue:tiona (Amersbam
Pharmacia Biotecb). Autoradiographs for cbemilumineacenœ deteetion
wt!re expoae<i to Kodak X·OMAT x·ray rùms for 3 min and then devel·
oped. A polyclonal anti·rabbit buman LTAt hydrolase antUerum (raised
apinat the entire protein) (29) wu also used for immunoblet analyais
(Merck Fro.at, Pointe Claire-Dorval, Quebec. Canada).

LTB4 A.vaya-LTA. ethyl eater wu synthesized at the Merck Frasst
Center for Therapeutic: Research (Montreal. Quebec. Canada), LTB••
proltaglandin B" 6-trans·LTB•• 6-trans·12-epi-LTB•• and (5S.6S).di.
HETE, (5S,6RkliHETE standards were purcl1ued ftom Cayman
Chemica! Co.• Ine. (AM Arbor. MI), The soluble lupematant fraction
following a 100.000 x g centrifugation (1005 fraction) of sm cella
infected with a recombinant buman LTA. hydrolase conatruct (29) wu
Uled as a positive control (Merck Frasst Center for Tberapeutic Re
seard\l. Alkaline bydrolysis of LTAt ethyl ester was carried out as
described '30\. LTA.. hyrirollUle AS8RYS on C ..(t'gnn! eytosolic fraction
<125 IJ.g). anti·FLAG M2 purified COS-7 lysates (200 IJ.I of 10,000 x Il
supematant ofCOS.7 cella tranaiected with pFLAG vector and 0.8 IJ.g of
FLAG-tagged C. ,l,gans AP·l protein), or recombinant buman LTA,.
hydrolase (25 Ilg) were performed as described previeusly (31l. Samples
in 250·~ reac:tiona were incubated with 25 IJ.M LTA. in 0.1 M TrillHCl,
pH 8.0, 1 mg!m! BSA for 10 min at room temperature. Reactiana were
terminated with the addition ofan equal volume ofMethanol containing
1 nmoVml proataglandin B, standard. Eicosanoid produeta were ex·
tracted uBing an equal volume ofchloroform. evnporated under nitropn
and resulpEnded in 100 $oÙ of the HPLC Boivent methanoVwater/ac:etic:
acid (75:25:0.01>. Eicosanoid products were analy2ed by reverse-phase
HPLC on a 3.9 x ISO mm NovaPak C18 column (Waters). The MeOH/
H20/ac:etic: acid lolvent wu pumped isocratically at a flow rate of 1
mVmin. The emuent was monitored at 270 nm by a photodiode array
detector. Products were compared with the retention times and spectra
of known eieosanoid standards.

Radioimmunoassay detection of LTB. produc:tion wal performed by
incubating 100 ng of either purified C. tltgan." AP·l(FLAGl or protein
eluted from affinity columna loaded with mock·tnnafected cell extrac:t!
with 25 IlM LTA. in 0.1 M TrislHCl, pH 8.0, 1 mg/ml BSA for 10 min at
room temperature. Reactiona were stopped by the addition of 20ll:
methanol followed by Il briefcentrifugation at 10,000 x, for 20 s, LTB.
production was assayed using a radioimmunoRssay kit u:sHlleukotriene
8. n88ny system) (Amersham Pharmacie Biotecb). The hwuan recombi·
nnnt LTA,. bydrolase WlU used as a positive control as deac:ribed &bove.

Amtno~ptida6e A.tsoys-Amino acid p·nitroanilidea (Sigma or
Bachem Bioscience lnc:.> were inc:ubated (finnl concentntion, 0.05-5
mM) at room temperature with 0.17 IJ.I of purified C. tl"ans AP·1
FLAG-fusion protein, anti·FLAG M2 affinity gel-purified fradioRa of
lysates of COS.7 cells transfected with pFLAG vector, or 0.17 IJ.I of
purified human recombinant LTA. hydrolaaelaminopeptidue in 250 ~l

of buffer containing 0.1 M Tris. pH 8, 200 mM NaCI. 1 me!m! BSA. The
usays were performed in 96-well microtiter plates (path lenctb. 0.7
cm), and the formation of the product (p-nitroaniline. 1 =10, 800 M- 1

cm -1) waa monitored for 60 min at 405 nm usine a kinetic: microplate
reader spec:trophotameter (Molec:ular Devices). SpontaneoUi hydrolyail
of the 5ubstrate (- 0.03 milli·ablorbance unit51min) wu corrected for
by subtracting the absorbance of control incubations witbout enzyme.
Kinetic: constant! (K... and k••,> were determined by nenJinear repel
sion (Kaleidagraph software> of the data ta the Mic:haeliJ-Menten
equation.

Inhibition of Amino1WPtid(U~ Actiuity-Bestatin, an inhibitor of
aminopeptidues (Siema), wu evaluated as an inhibitor o( the C. tf·
t,ans aminopeptidase activity. Beatatin mnal concentration, 0-50 JoLM)
in 250 ~ ofbufTer c:ontaininr 0.1 .. Tria, pH 8,200 mM NaCl, 1mllml
BSA wal incubated at room telDperature with 0.17 1.&1 of puri'led C.
,lt,am AP-UFLAGl enzyme (or 10 min. L.ArginiDe-p-nitrouù1ide (1

mM} wu tbeD added. and .ubltl'ate hydrolysiJ wu monitored as de
scribe<! above. ICao value. were utimated rrom a lOf doae-rupollH
eurve of initial veloc:ity W,.SIU inhibitor concentration.

RESULTS AND DISCUSSION

Maleculor Cloning of a LTA" Hydrolase·li1ee cDNA Homo.
logue {rom C. elegau-A search of the annotated files in Gen·
Bank using the key words '"leukotriene hydrolase- yielded an
EST (GenBank accession number M88793) clone termed
cmOlc7 (327 bp) from a C. elegaIU mixed stage hermaphrodite
cDNA Ubrary. When translated. the EST revealeclltrong hDa
mology (SI'11) to the human LTA. hydrolue. 'nle complete

sequence of a O.9~kb ApaIlSca 1 restriction fragment contain·
ing the C. elegons LTA. hydrolase-like EST was obtained from
the phage clone cmOlc:7 (see under "Materials and Methods" for
details) and W85 confirmed as a mammalian LTA. hydrolase
like sequence by sequence homology comparisons using the
BLASTN and TBLASTN a1goritbms (National Center for OiDa
technology Information) (32) and FASTA and TFASTA pro·
grams (33). The 0.95akb fragment was radiolabeled with 32p

and Wied as a probe to screen a C. elegans À phage cDNA
library, resulting in the isolation of clone CS (- 1.4 kb), which
showed a strong sequence homology (- 4S%) ta the human
LTA,. hydrolase but wu missing the S' part of the gene (as

predic:ted from the sizes of c:DNAs encoding previously cloned
LTA.. hydrolases). A series of anchored PCRs with the C. el·
eRans cDNA library as template and using pBluescript SK
phagemid-based primers, as well as several antisense primers
based on the most S' sequence of clone CS, wu carried Dut to
isolate the missing S'-end of clone CS. The full-Iength C. el·
egans cDNA sequence and the deduced amine acid sequence.
named AP-l, are shown in Fig.!. The C. elegans AP·l cDNA
sequence is 2152 bp long, consisting of a short 15-base 5'
untrans!ated region, an open reading frame encoding a 609
amino acid protein, a 282-bp-Iong 3'-untranslated region, and a
28.bpalong poly(A·} taU. No consensus N-glycosylation sites,
targeting signais, or putative phosphorylation sites were round
in the sequence. The tint ATG triplet (starting at nucleotide 1
in Fig. l) in the sequence was considered to he the initiation
codon ofprotein translation because 1) it matches the location
orthe translation initiation codon from both the human and the
mouse LTA. hydrolase cDNAs (18. 19) with onJy one extra
codon in the C. elegans sequence (Fig, 2), 2) the nucleotide
sequence flanking it (AATATGG) is in agreement with Kozak's
nale (or translationa! initiation consensus sequence (34). and 3)
the open reading frame starting (rom this methionine and
ending at the TAA terminator codon (nucleotide 1828) en·
codes a 68,248-kDa protein, corresponding to the molecular
mass of the recombinant C. elegans AP-l protein estimated
by SDS.polyacrylamide gel electrophoresis (see below). The
length of the AP-l open reading frame (1827 bp), the number
of the deduced amine acids (609 residues), and the molecular
mass of the encoded protein (68,248 kDa) are comparable to
the human (1830 bp, 610 residues, 69,140 kDa) and the
mause (1830 bp. 610 residues, 68,917 kDa) LTA. hydrolases
(18.19).

Amino Acid Sequence Comparison of the Human and the
Mouse LTA. Hydrolases ta Their C. elegans Hamologue-Data
base searches identified the human LT.A.. hydrolase as the
most c10sely related protein to the C. elegans AP-l translation
product (63% similarity and 45'11 identity) (results not shown).
Hil29'f, His301 , and Glu320 in the C. elegans amino acid se
quence(the underlined residues in Fig. 1) confonn to a cata1ytic
zine site of mammalian LTA. hydrolases and zinc metallopep.
tidases (5, 3S) and match His295

• His299
, and GIU318 in both the

human and the menue LTA. hydrolase sequences. These tbree
residues are likeJy to be involved in the coordination of the zinc
atom as described previoualy for the mouse LTA. hydrolase (8)
and for certain peptiduel and neutnl proteases (S). A multiple
a1ipunent of the amino aad sequences of the buman LTA.
hydrolue, the mouse LTA.. hydrolase, and their putative C.
ele6fJIU homolope ud the conaerved residues in the tbree
sequences are shown iD a conaeD8US (Fig. 2). A high degree of
homolOlY is sem in the regioD between amino aad residues 246
and 320 in the C. "GlU sequence, the homolOlY &ben d..
c:reues toward either the amino or the earboxyl terminus ofthe
proteiD. A typica1 COIIIeDIUI zinc biDding motifHEXXHXt.E is
indic:ated starting from amino acid 298 to 321 in the C. elegons
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-15 -1 Il A P PH' a D PST ~ ~ N 1C
GGCACOAGO.\GJo&T[!!I GCA CCT CCA CAT C'CO AGA GAT ca: 'rCT ACT GC:T GCA MC 42

Y t g V l' V S H y A Co K W 1 V D F E K K H 35
TAT C.\A QG cm: ACT GTI' Tee: CAC TAC GC:"I' e'ft: MG 'lOG MA OTT GAC nT QAG AAA ua CAT 105

1 A G D V S 1 l' L D V K 0 D l' 1 R 1 V Co D 5'
~~~~~~~~~~~~~~ACT~~~~~~~

T Il D Jo S vos V A Co .. L .. G 1 P K It A G 1'1
ACT CGT QAT CTA '!CG erre CAA 1'CA cne c;c:c 'l''!'G MT na MC OGC GAG c:ca AAA MG OCT QOA 231

r T LED JII 0 A L G Q l " VIT TES Co le 91
TTC ACA 'M'C GAA GAl: MT CM GC'T CTA GOG CAO MA Cft OTe ATC AO ACT GAA AGe 'l"I'C MG 214

S G D Il P V LeI KYI 5 S N N A A A. L Q lU
Tee CCT GAT AClG CCA CTA c:TC GAA ATC &AG 'l'AT GAA '!'CC AOC AAT MT GCa ~ OCT c:T'I' CAA J5'1

, ~ T A E Q '1' T D Il V A P Y L F SOC Q A 110
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Eve v P 1 G L l' C t. M SAI G 0 Ci S T P 112
GAA aT'" Tee an CCA ATT GGA nA ACe '1'GC C1T ATG TCA OCT ATT aaA cu CGA TCA ACA O:A 5.'

s [ C C K R l' I ~ S , It 0 • v 5 I P S y L 203
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L ... t V V co H Co E R It 1: ISE Il C " V M A 22.
C'M'~ ATT Gn' GTT GOA CAT TTQ GAA eGO ua GAA ATc: AGe: GAI. AOA 'JGC ace GTe 'l'Oa ac:c 672

t • 5 Q A r: AS' y E rAI: TEK 1 L Il v 215
OAG ca. TCT CM GCA GAA OCT 1"CG TTT TAC GAA 'rTe OCT aM ACT GAA AAA "TT eTG MA an '135

A t D V A G P Y v W G l Y D L V V L PAT 2"
OCT GAG GAT c:TT ace GGT CCG Tl' me TGG QGA AGA 'l'AT GAT T'TG OTT GTI' CTT co. GeA N:'f 7,.

FIc. 1. Nucleotide lequence of the
c. ele61U1. AP-l cONA and deduced
amino acid Hquence. Nucleotides are
numbered beginninr with the fint resi
due of the ATG translation initiation
codon. Nucleotides 5' of the ATG are des
ignated by nelative numben. The de
duced amino acid sequence is shawn in
the one-letter- code above the nucleotide
sequence. Amino nads are numbered
from the NH,·ter-minal Methionine resi
due. Amino acids involved in the putative
zinc binding site are underlined.

r • reG " 1 N peL l' FIT P T L LAC
1"M' ca. 'M'T GOA CC,. ATC GAG AAT CCT 'l'CT eTe ACT 'M'C ATT ACT O:A ACT CTT C"M' GC'f CiGT
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y 1 g It Y A Y K '1' V • l' E E '" 1 t y r. If D U4
TAC ,.TT CM AAA TAT ace TAT MA ACT cm: TCT N:'f aM GAel TOa AAA GAG 'l'AT CTe TAT GAT 1302

5 , T D K le VIL DilI D .. H r. w t. H It A .55
t'CA ':Te ACT GAT AAG .ua GTT An eTC GAC MT 1.'1"1' c:w: TCXi AltT TTQ 'l'CG CTT CAC MA ac:c 13'5

G L • Pit. It Y DST , " Q A e It D L A A ~,
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1 W T TIC S CAP '1' D G 1 V r A Il " s" In
MA '1'00 AC'T ACA aM œA Tee GAG GCA CCA A&:T Go\C GOA GAA cm: 'r'I'C GeA AoAG "TG TeT MT lUI

SOI L A V L D A V Il V Il 1 T Il r G D Il" 511
TeT CM AAG CT'!' OCT O'M' C'!'C: caT GCA ~ CGT CJI"G Me AAG ACT ATC nT GGA GAT eaA A'I'a 1554

• A L T A T Y K r.. D 0 A K N A r: r. It , ,.. 511
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• D • AIS 0 , It A • J • • .. .. • t T V It IIZ
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A IOILt.. 1"
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A'fClCl HCCATftATCAT~.'. il i 'GiGAA~MMn"TAftATA"AAAc:t'&....• ....• ....'" 2121
".......... 213'
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FIG. 2. A multiple alllPUftenC of
anaino Reid lequencea of the hUlllan
leukotriene A., the mouae leukocri.
ene A. hydJoolue, and the C. ek.",..
AP·l. The lllignment WBS made UBing the
Pretty Plot function of the GCG prolJ'Blll
(33). Amino acids are numbered begin
Ring Wlth the fint methionine residue in
the C. tlelans sequence. Conlerved re
sidues in aU three sequences are shown
in the consensus. 80th the zinc·binding
motif. common among member. of the
Ml family of metallopeptidases
(HEXXHX1.E), and the tyrosine residue
(number 383 in both the human and the
moule sequences), which is essential for
the peptidase l1ctivity of the human and
mouse LTA.. hydrolaseJaminopeptidase.
are indicated on a blacJc bacJcground. The
conserved glutamate residue neceuary
for peptidolysis of mammalian LTA. hy.
drolases (Glu;loO in both human and
mouse sequences) is underlintd. The ty
rosine residue Tyr3711 <in bath the human
and the mouse LTA. hydrolase se
quences) involved in the covalent bindinc
of LTA. to the human LTA. hydrolase is
indicated by an a.temJc and is replaced by
a phenylalanine (PheJQ in the C. tlegans
sequence).

BQlllAnl.'1'A4
lIou.eLTA4
C.eleg.AP
Con.en.u.

Hwunl.'1'A4
lIOu.eI.'1'A4
C.eleg.AP
Con.euu.

BumanL'1'A4
Hou.eLTA4
C.eleg.AP
Con.en.u.

HWlULTA4
Moa.eLTA4
C••leg.AP
Con.en.u.

HwunLTA4
Mou.eL'rA4
C.eleg.AP
Con.en.a.

HwaanL'fA4
Mou.eLTA4
C.eleg.AP
Con.en.u.

HUlMnLTA4
lIOu.eLTA4
C.ele".AP
Con••n.a.

BumaDL'1'A4
Mou.eL'1'A4
C.eleg.AP
Con.en.a.

HWIl&DLTA4
Mou.eLTA4
C.eleg.AP
Con.en.u.

HUIIWU11,'fA4
Mou.eIo'l'A4
C.eleg.AP
Con••n.u.

HwuftL'1'A4
Mou.eLTA4
C.eleg.AP
Con.en.u.

HUIMftL'1'A4
Mcu.eLTA4
C.eleg.AP
Con.en.u.

BumaftLTA4
lIOu••LTA4
C.eleg.AP
Con.en_ua

1 50
-MnIVM'CSLASI'UVCRftJII.IILRCSWrn.RTL'fGTAAL'rVQSQID.
-IIPBVAD'l'CSLASI'UVCalfQBI.ftT .CIVD'ARaTL'fGTAAL'tVQSQDtI
MAJlPHPRDPS'1'AAIIYBQV'fVSRYAUantVDPIDCJCJID.GDVSITLDVltQDT
-.p------S-A---------R--L---VDP------G----T-------
51 100
LUl,vLD'1'JtDL'1'IDVV••IH~QSYKGSPMBISLPIALSX
LULTLI)'rJU)L'1'ImtW••IJI~SQGYKGSP"'ISLPIAL8X
BIl. IVLDftDL8VQSVALIILJICDPKltAGftLBDRQALGQla.vITTBSLJCS
-I---LDT-DI.----V----~---X---------------------L--

101 150
NQIIVUISPftSPUSALQWL'1'I'IQTSGDIIPYLFSQCQAXBCRAILPC
RQIIVDISl'BTIPUSALQWL'fPSQ'tSGKQRPYLI'SQCQAIIICRAILPC
GDUVLZIJtD:SSaAAALQPLTMQ'1"1'r)RVAJlYt.PSQCQAIIfUSIVPC
----V-II--I-S----ALQ-LT-I~-----PYLPSQCQAI--R-I-.C
151 200
QDftlSva.nTAlVSVPl8LVALMSAIUGftPDJC)PSRJtIYD'IQJtvP
QD'1'PSVJa,'l'n'AlVIVPK8LVA.LIlIAIADGBAPDnDPSUIYRI1fQRVP
ND'fPSVJCS'1'YBAZVCVPIc;L'1'CLIISAIGQGSTI'S .ICGIUlTIFSPKQPV8
-D'1'P8VX-TY-AKY-VP--L--LMBAI--G--P--B---I-I--P-Q-V
201 250
IPCYLIALVVGALB8IlQIGJlIt'1'LVWlDIlQVDSADPSIftSIILItIAID
IPCYLIALWGALaIlQIGJlRTI.VWSDJlQVBItSADPSBTl:SMLKIMD
l'SYLLA%VVGBLBItDISIIlCAWAlPIQUASPD'M'fDILItVAlD
i;iYL-A-VVG-Ll---I--R--VW-S--Q-B-S-_I'-~-d-Ll-~D

LQGPYVWGQYDLLVLPPSnYCGIIIIIPCItTPV'l'P'l'Lt.AGDKSLS
LGGPYV1IQQYDI.LVLPPSrPYGGIIBIIPCLTPV'1'P'1'LLAGDKSLS
VAGPYVtIGRYDLVVLI'A'l'PP'GGDIIPCLTPITP'nLAGDUL
--GP!vwo-YDL-VLP--'P-GGMBJIPCI.TP-T~D-SL-

350
ftYYURRICGRLPGED'RHPNALGGII
IftVYLBRBICGIlLPGZKPRBPIIA.LGGW
P'1'VPLaIUUHGlQlYGEURonSUGY
-fV-Lla-I-G---GB--R-'----Q-

• 400
CD •• LOIISVJCTPGftUrrKLWDLlfDID.DVAYSSi!G'ALLPYLI
GE •• LQH'1'IftPOBSBPrnLVVDt.KDVDPDVAYSSI KG'ALLPYLI
DALftTY1lDVPGPDIII:Y'l'KLVQllLGJlADPDDAPS GSALLP'lII
-1---------'G--8--~V-·L---DPD-A-SS- G-ALL'--I
401 450
QLLGGPBIPLGl'LItAYVIUSYKSI'l"1't)DWKDPLYSynDItVDVUIQVDW
QLLGGP~SYQ8V"f'fDDWlCSI'LYSHI'1tDKVDLLIIQWW

QALGD.SUZQ1'LIU)YIQUAYHVS'1'DWUYLYDSrrCDVILDIfIDW
Q-LG----'--PL--Y--K--Y----~--WX--LY--P-DK---L---DW
451 500
HAWLYSKLP.IKPIIYDIlftoftACIALSORIfI'rAJœl)DLlISPRATDLKDL
JWlLYAPGLPPVUtlYtJVlfLftACULSQIl1fV'fAJœZDLSSPSIADIJmL
Ht.WLIlKAGLPP. UJCYD.ftIMQACXDLAAJtW"1"1'BGSBAP'mGBV•• 'AlOI
N-WL---GLP.-KP-rD-T---AC--L---W-T-----------------
501 550
SSBQLnFLAQ'rLQItAPLPLG1IIItRIIQIVYIIPRAIMlISBIRPRWLJtLCIQ
SSRQLnPLAQVLQKAPLPLGRIJaUlQIVYUWAIRNSIIIU'J,IfLRI.CIQ
SRSQKLAVLDAVRVHIt'rIIPGDRMPALTATDLDQADAELD'SWLIILGLI
S--Q----L--------------------Y------R-E--'-WL-L---
551 600
SIWBDAIPr.ALKMATlQGRllU"TRPLnDLAAI'DItSHI)QAVJl'rYQIIIDS
SJtWUADLAI.lUtATlQGIUID"I'JUlLPJa)LAAPDKSHI)QAVHTYQIHRAS
'fJ{WSPIVDASLAPALAVGIUOtYCDIftSLPGWSATltDRAISQPlWfI.K
-KW-------L--A---GRKK---P----L-------D-A----------
601 lli
IIIII'V'1'AICLVGJU)LItVD
MRPV'1'AlCLVGRDLIWD
MllPITVUIQSLLlt--

MKP-T-------LK--

AP-l sequence. This motü is round in severa! reported metal·
lopeptidases and allows the classification of the C. elegans
enzyme under the Ml family of metalloexopeptidases (36).
Members of this family a150 include aminopeptidase A. ami
nopeptidase N, cysteine aminopeptidase. and LTA. hydrolase.
The tyrosine residue Tyr83 in bath the human and the mouse
sequences, which is essential for the peptidase activity of the
mammalian LTA. hydrolaselaminopeptidase enzyme and may
act as a proton donor in a general base mechanism (37), is
conserved in the C. ekgans AP·l (Fig. 2, 'l'yr3''7 in the C.
elegans sequence). Glu296 in both human and monse sequences,
the mutation of which to G1D296 aboliahes the aminopeptidase
activity orthe mammalian enzyme (38), is aJao conserved in the
C. elegans sequence (Fig. 2, Glu298 in the C. elegans Mquence).
On the other hand, Tyr3'78 in both the human and the mouse

LTA. hydrolase sequences, which is known to be involved in
the covalent binding oC LTA. (39), is replaced by a phenylala
nine (Phe382

) in the C. elegans sequence.
TM Structure of the C. ekgans Aminopeptidase Gene-The

cloned C. elegans AP·l cllNAwH compared with sequences in
the genomic section oC the Sanger Center C. eleganB data bue,
and two cosmid clones were ideDtified (cosmids C42Cland
Y39C12) that showed a 100% match to the cDNA sequence
UlÏllf a BLASTN learch. A map of the structure of the C.
elegalls aminopeptidase poe wu then coostructed (Fig. 3;4).
Coamid done Y39C12 (GenBank ac:œssion number ALOO9(26)
is localizecl to C. elegatU chromosome 4, and the entire open
reading Crame of the C. elegans AP-l cDNA is contained within
four aons raDlÎDl iD aiu Crom 53 10 1325 bp. The aons are
separated by three amaIl mtrons oC44,49. and 49 bp. The smaU
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FIG. 3. Map of the structure of the
C. ele61UU AP·l pne with • dneri,.
tion of the esonlinh'on jWlctlo.... The
co.mid clone repre.entin, the sequence of
the C. ~legans AP-l gene <GenBank acces
sion number AF068200) wu retrieved
from the Sanger C. el~ans data base as
cosmid numbers C42Cl and Y39C12
<GenBank accession number AL009026)
and compared with the c10ned cDNA se
quence. A. exons are indicate<! by rectan·
gles separated by a single line, represent
mg introns. The numbers belaw the boxes
indicate the number of nucleotides in
each exon. B. sue and position of introns
in the AP-l gtmc:, with the uppttrcOlIe let·
ters in the DNA sequences representing
nuc1eotides present in exons and the Law·
ercasfl letters representing nuc1eotides
present in mtrons. Amina acids <in one
letter code) are indicate<! by the single
uppercase letters present above the fint
nucJeotide of eath codon.
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tOll'8phy, eluted with the FLAG octapeptide. resolved by 10%
SDS-polyacrylamide gel electrophoresis, and detected by the
monoclonal antibocly anti·FLAG M2. AlI of the expreslled C.
elegolU AP·l protein wu bound to the anti·FLAG M2 aftinity
resin. No protein wu detected in either the Oow-through &am
the column or the c:olumn washes with the C. elegolU FLAG
taaed AP·l elutiDg mainly in fractions 4-7 (Fig. 4, 14nes
8-11). Despite the sipi&cant amino acid sequence homology

'-----------------'-301 2 3 4 5 1 7 • 1 10 11 12 13 1415

FIG. 4. Immunoblot y.i. of the C. ek,ata8 FLA(J.ta.....
,\P·l protein purinecl ln, anti·FLAG M2 alftnity pl. Shawn are
50 nr of FLAG-taepd baeterial alkaline phOlphataae (SAP) standard
<LaM 1), 50 I!g of total protein of the 10,000 x g supematant of COS·7
cel" tnmsfected with pFLAG.celAP.l (ltJIIC 2),30 ,.u each ofanti-FLAG
M2 affuüty column now-throuCh ([lUI' 3), anti-FLAG M2 affmity col
umn wuhes ([allt 4), and FLAG octapeptide eluted fractionl 1-11
<Lants 5-15). The .amples 'Nere separated by SDS-polyac:rylamide gel
electrophoresïs, tranlf'erred to nitroc:ellulose, and immunoblotted \LIinC
anti-FLAG M2 antilenull (1:300 dilution). Enhanced chemilumine.
c:enc:e wu used for detection. The positions of molecular mas. marken
are indic:ated.

size of the introns is expected as most introns in the nematode
C. elegans are very short (40). The sequences of exon-intron
boundaries were detennined by comparing the cDNA sequence
and the genomic sequence <Fig. 3B). The exon-intron junction
in intron 2 follows the GTIAG rule and agrees with consensus
sequences for the donor and acceptor sites (41). On the other
hand, introns 1 and 3 lack an AG at the 3' splice acceptaI' site,
which agrees with the tïnding that splicing in C. elegans does
not require this AG (42). As shown for over 98% of C. eÜ?gans
introns, all three introns have an elevated A-U content just
upstream of the 3' splice site with a U present at position -5
relative to the cleavage site (40l. The proposed zinc-binding
histidine residues (His297 and His301 ) and glutamate residue
<Glu320

), which constitute the zinc-binding domain
<HEXXHX1SE), are located on one exon (Fig. 3, e%on 3), unlike
the structure of the human LTA.. hydrolaselaminopeptidase
Gene (43), in which the two essential zinc·binding histidine
residues <His296 and His299

) are present on exon ID, whereas
the third zinc-binding ligand glutamate <Glu3(8

) is located on
another exon (exon 11).

Expression ofRecombinant C. elegans AP·] and Immunoblot
AnaLysis-The C. elegans AP-1 open reading frame 0.8 kb) was
subcloned inta the mammalian expression vector pFLAG
CMV2, which provides a translation initiation codon ATG, fol
lowed byan amino-tenninal FLAG epitope (NH2-Asp-Tyr-Lys
Asp-Asp-Asp-Asp-Lys-COOH). COS·7 cells were transiently
transfected with the pFLAG.cel AP-l or the vector control DNA
and harvested, fol1owed by preparation of membrane and sol
uble protein fractions and analysis by SDS.polyacrylamide gel
electropboresis and Western blotting using anti·FLAG M2 an·
tibody. As expected from ita calc:ulated molecular mass. a 69
kDa immunoreactive protein wu detected using the anti
FLAG antibody in the supematant of COS·7 cells transfeeted
with pFLAG.cel AP·l cDNA (Fig.•, Lane 2) but not in the
supematant of mock-transfected cells (resulta not shown). As
described previously for the mammalian LTA. hydrolase/ami
nopeptidase (16). the C. ekgoM AP·l is a soluble protein ex
preued in the cell cytosol with minimal detection in either the
microsomal or the membrane fractions (100.000 x g and
2000 x g pelleta, respectively) (results not shawn). Tbe ex
pressed FLAG-tagged C. elegans AP·l protein wu partially
purified (.. 30% purity) usmg mti·FLAG M2 aftinity chroma-

--

FLAG-peptlde eluted fractlo.
i i
1 2 3 4 5 e 7 • 9 10 11

. -.-•...'.

KDe
-200
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-41
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TABLE 1
Kinelic canalon" for hyclrolysiB ofomino ocid p-nitroanilU:ks

The ditTerent amino acid p-nitroanilides (o.o~mld were incubated
at room temperature with 0.17 ~ of eitber purified C. 'Ü'OM AP-1
(FLAG) enzyme or buman LTA. hydrolaselaminopeptidue enzyme in
250 ~ of0.1 MTria, pH 8.0, 200 mM sodium c:hloride contaiDinc BSA (1
mg/mU. p-Nitroaniline formation wu monitored lpectrophotometri
caUy for 60 min at 405 Dm. Kinetie constantl CK", and ig,) were
determined by nonlinear recrellion analysis. Activities of purified vec
ter construet with each subltrate were lesa thnn 10~ ohalues obtained
with purified C. el"ons AP-l enzyme and were comparable te the
observed nonenzymatie hydrolyais rates.

between the C. elegans AP-l and the human LTA. hydrolase!
nminopeptidue (45% identity), a rabbit anti-human LTA.. hy
drolase polyclonal antiserum (29) faHed to detect any LTA..
hydrolase specifie immunoreaetive proteins in either the su
pematant ofCaS-7 cells transfected with pFLAG.cel AP-l or
the cytosolic extract from C. elegans worms (results not
shown>.

Aminopeptidase Actiuity of the C. elegans AP-I Enzyme and
lts Inhibition by Bestatin-Based on the conservation of the
cntalytic zinc binding motüHEXXHX1SE in the primary struc
ture of C. elegans AP-l protein and several other zinc proteases
and peptidases, the C. elegans AP-l FLAG fusion protein was
assayed for aminopeptidue activity using 11 difTerent amino
acid p-nitroanalide derivatives as chromogenic amide sub
strates. These compounds represent acidic, basic, and neutral
amino acids, as weil as amino acids with NH2-terminal substi
tutions and D-stereochemistry. The purified C. elegans AP-l
FLAG fusion protein contained an intrinsic aminopeptidase
activity that was absent in the anti-FLAG M2 affinity gel
purified fractions ofsupematant !rom mock-transfected COS-7
cells (Table n. The rate of hydrolysis of L-arginine p-nitroani
!ide was dependent on protein and substrate concentrations
with a Km of 0.43 :: 0.01 mM and a Vmas of 0.18 :: 0.01
#LJI10Vminlmg enzyme. These values can be compared with a KIrl

of 0.09 ::!: 0.01 mM and a Vmu of 0.47 :: 0.01 ,unollminlmg
obtained for the human LTA. hydrolase/aminopeptidase CFig.
S). The Km and kCal values for the hydrolysis of the amino acid
p-nitroanilides by C. elegans AP-l enzyme were dependent on
the amino acid substituent (Table n. Compariaon of the speci
ficity constant kea/KIrl for aU 11 compounds tested reveala that
the recombinant C. elegaru AP-l preferentially hydrolyzed the
L-arginine derivative. Acidic amiDo acids, amino acida with
NH2-terminal substitutions, and amino acids with D-ltereo
chemistry were poor subBtrates. The human recombiDant LTA,.
hydrolaselaminopeptidue enzyme had a similar lubatrate
specificity for the selected p-nitroanilides. The human enzyme
il considered an arginine aminopeptidase, despite ita wide
cleavage spec:ificity, because it preferentiaUy hydrolyzes tri
peptides with L-argïnïne at the ~-terminalpolition (13). In
the absence ofa physiological subatrate for the aminopeptidue
activity of the human enzyme and its high catalytic eftic:iency
for severa! synthetic tripeptides (exeeeding the kea/Km for

•.
Km-O.09mM

Km-O.43 mM

0.5

0.4 •
0.3

•
0.2

0.1

~ 0.2.,.-----------,

tO'15
froI
,0005

0+
0
----2~-...3-.....,.~- ...5-~6

lL-Arg-pNA] (mM)

B

1c.

i
f

LT~ by lQ-rold), the enzyme wu suggested to be involved in
the metabolism of dietary peptides and neuropeptides (13)

This raie con aIso he proposed for the C. elegans AP-l enzyme.
Bestatin, a potent inhibitor of human LTA. hydrolase/amin
opeptidue <10>, as weU as other aminopeptidases, inhibited the
hydrolysis of L-arginine p-nitroanilide by AP-l. The concentra
tion for half-maximal inhibition (IC15o) ofp-nitroaniline forma
tion was 2.6 :: 1.2 I1M (resuIts not shown).

Ouring the cloning orthe s'-end of the C. elegans AP-I cDNA,
a PCR error introduced a point mutation at amino acid position
117, changing an alanine residue to a valine. When clones
cootaining the AIa111 to Val117 PCR mutation were analyzed
for aminopeptidase activity, they failed to hydrolyze the amide
bond of any amino acid p-nitroanilide tested. This raises the
possibility that certain conserved residues other than the pre
viously documented Tyr383 and Glu296 may be important for
the aminopeptidase activity of the mammalian LTA4 hydro
luelaminopeptidase enzyme. lt is aIso interesting ta note that
this alanine residue (Ala114 in the human sequence) is con
served evolutionary 88 it is round in the C. albicons LTA.
hydrolase (which mainly exhibits aminopeptidase activity), the
S. cereuisitle proposecl LTA,. hydrolase (which is yet to be char
acterized), all claoecl mammalian LTA.. hydrolases, including
human, mouse, rat, and ,wnea pi" and the C_ clegaru AP-l
(data Dot shown).

Measuremerat of LTA., Hydrata. Actiuity of C. elegaru AP-l
Enzyme-The C. elegan.s AP-l protein wu analyzed for epoxide
hydrolase activity usinI LT~ as a substrate. Revene-phase
HPLC aDalysis of products formed when the puri6ed FLAQ.
taaed C. elegCU&$ AP-l enzyme or the cytosolic extract of C.
ek,tuU worms wu incubated with LTA.. revealed no produca
tian ofLTB. (Fi,. 6,peU 4. tracings 6 and 2, respectively).ln
contrut, the bUllUlll LTA.. hydrolue (used as a positive con-

0......-..,...----...--~------4o 2 3 4 5 6
[L'Arg-pNA) (mM)

FIG. 5. Comparisoa ofaIIÙIIopeptidue activity of the eJoaecl C.
ele6oll1 AP-l CA) with that of the recombinant humaa LTA,.
hydroluelamiaopeptidue (B). Purified FLAG-tagged C. ele,ana
AP-1 (0.17 ~g) (A) and human LTA. hydrolaseilUninopeptidase <0.17
/-LI) (8) in 250 ~ of 0.1 M Tris, pH 8.0, 200 mM sodium c:hloride
c:ontnining aSA (1 melmI) were incubated with 0.05-5 mM L-arginine
p-nitroanilide. The rate of amide bond hydrolyais wu monitored by
meuurin, the ab.orbance of p-nitroaniJine at 405 nm. The indic:ated
K". values were determined by nonlinear fit of the experimental value.
ta the Michaelis-Menten equation.
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2.00 0.25 0.13 x la:'
0.39 0.05 0.13)( 103

1.90 0.23 0.12)( Ur
0.46 0.03 0.06)( 1(fi
0.90 0.01 0.01)( 10;J

No activity
No activity
No oe:tivity
No ac:tivity
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FIc. 6. Revene-ph... BPLC lIIIaly
lia of produeta formecl by C• • ,..fUU
cy1oeoUe estracta and CO&1 ceDa
tnIIPfected witll the pFLAG.cel AP-t
coutrue&. Shown are revene-phue
HPLC chromatograma ofproducta Cormed
foUowing the incubation of 25 lUI LTA.
with human recombinant LTA. hydrol8JIe
standard (2511-I orthe S100 fraction ofSf'9
cells; see under '"Materiais and Methods"
and Ref. 29) (trocing 1), 125 11-I oC C. Il·
tgaM cytosol in the absence of bestatin
(tracing 2) or pretreated with 100 IÜI
bestatin Uracing 3), boiled C. elt,aM cy
lOaol ltrac:ing 4), 200 ~ o{ antl-FLAG M2
purified 10,000 x g supematant of COS-7
cells transfected with pFLAG veclor (troc
ing 5>, and 0.8 p.g of FLAG-ta,pd C. el·
'gaM AP·l protein purified usine anti
FLAG M2 afrmity gel Urocing 6). LTA.
hydrolue usay and analYlu of eico
sanoid products were carried out as de
scribed previously (29). Peaks were idee·
tified by eJution with co-chromatolP'lphed
standards and their charae:teriltic ab
sorbanee spectrum. Peak 1. prostaglandin
8 2 (internai standard); /Hale 2. 6-trans
LTB.; /Hak 3. 6-trallS-12-epi-LTB.; /Hak
4. LTB.;peale 5. CSS.6Rl-diHETE;/Hak 6.
(SS,6S)·diHETE. The chromatograIDl are
representative of three experimenta with
identienl results.

traD produced mainJy peak 4 (Fig. 6, tracin, Il, which eluted
with the retention time of the expected enzymatic procluct
LTB". Small amounts of the other peaks (peaks 2, 3, 5, and 6)
represent the nonenzymatic hydrolysis ofLTA... ln the absence
of LTA.. hydrolase activity <Fig. 6, ail trncingB except tracing 1l,
LTA. was mostly converted ta the nonenzymatic hydrolysis
products, the all-trans-LTB.. epimers at C12 (6-trans- LTB..
and 12-epi-6-trans- LTB.., peaks 2 and 3, respectively), as weil
as (5S,6R)-diHETE (peak 5), and (SS,6Sl-dïHETE (peak 6).
These species are nonnally formed in smaU and equal amounts
in aqueoWl solutions by spontaneous hydrolysis (44). and their
peaks eluted with the retention times and spectra of known
eicosanoid standards. Peau 2, 3, 5, and 6 were also produced
by boiled C. elegans cytosol <Fig. 6, tracing 4), as weil as boiled
FLAQ.tagged AP-l (data not shown), conrmning their nonen
zymatic origin. C. elegans cytosol pretreated with 100 fLM besta
tin (an inhibitor of both LTA. hydrolase and aminopeptidase
activities of the human enzyme (10)), showed the same chro
matographie prome (Fig. 6, trClCing 3) as the untreated or the
boiled C. elegans cytosol. The inabUity of the C. elegans AP-l
enzyme to synthesize LTB. from LTA.. wu wo confarmed by
the absence of any LTB.. production (data not shown) usina a
LTB. raclioimmunoassay (1ower limit of detection is 16 PI of
LTB.. ml -1).

Although C. ekgQIIS AP-l does not appear to hydrolyze LTA.,
the high degree of identity between the active lites ofAP-l and
mammaliao LTA. hydrolases (Fig. 2) suggests that LTA. may
bind in the active site of AP-\ without hein. a substrate for
catalysis. To test thia possibility, we exanûJled the eflect oC
LTA.-ethyl ester on the aminopeptidase activityoC AP-l using
L-arginine-p-nitroanilide as a substrate. We chose the LTA..
ethy. ester as it is a suicide inac:tivatar ofthe mammalian LTA.
hydrolases and is much mere ruîstant than LTA. to nonenzy-

matie hydratioD. The LT~-ethyl ester had no effect on the
aminopeptidase activity of AP-l at concentrations up ta 100
~It 10 times the Km. of mammalian LTA.. hydrolase for LTA.
ethyl ester <results not shown).

The büunctional human LTA. hydrolaselaminopeptidase en
zyme is suicide-inactivated during catalysis via an apparently
mechanism-based irreversible binding of LTA.. to the protein
(45), with tyrosine at position 378 identified as the site for
covalent binding ofLTA... Interestingly, the mutation ofTyr3'8
to Phe378 in the human LT~ hydrolase yielded an enzyme with
increased turnover and resistance to mechanism-based inacti
vation (39). thus dissociating catalysis and covalent modifica
tionfmactivation evenu. This tyrosine residue is a phenylala
nine in the C. elegans AP-l enzyme sequence <Phe382), but the
C. elegans enzyme does not hydrolyze LTA.., indicating that
other residues <1acking in the C. elegans AP-l sequence) must
also he important for LTA. binding and catalysis.

That the cloned C. elegans AP-l enzyme functions as an
aminopeptidase with no LTA,. hydrolase activity is interesting,
as ita primary structure resembles LTA,. hydrolases more than
it does aminopepticlaaes (Table Il). Comparison of the C. el·
egCUl' AP-l enzyme and other proteins in the Swi5sProt data
base revealed 45% identity to the human, mouse, nt, and
guinea pig LT~ hydrolases at the amino acid level, withlower
ideDtity to the human, rat, and pil aminopeptidase-N (28
3()'1,). Moreover, the identity between C. elegllllS AP-l and
mammaUan LT~ hydrolues extends over their entire primary
structures, witb some divergence in the N and C tennini. In
contrat. C. ekgaM AP-l only overlaps a Umïtecl region oC
about 300 amino adda with other aminopeptidase enzymes (a
relÏ0n that contaîDs the canonica1 zinc-binding motif
HEXXHX1SE). It is iDteresting ta note that the aame identity
(an average oC3()'1,) &bat is shawn between C. e/egtulll AP-l and
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TABLE n
Amino acid sequence identifity ('II) bftWf!en C. elfllcuu »·1. LTA, hydroltues. and aminopeptidases

A BLASTP lIearch of SwiJlProt data base (releua 96) identified LTA,. hydrolases (ollowed by lUDinopeptidases as the most closely related
proteiJu to the C. degans AP-l. 'Mle Bestfit algorithm in the GCG sequence analyais software (cap weicht of 12, length weiebt of 4, pp creation
penalty of 12. and gap extension penalty of4) wu uaed ta determine pen:entap sequence identity. bLTA,.. human LTA,. hydrolase; mLTA., mouae
LTA4 hydrolase; rLTA,.. rat LTA,. hydrolase; gpLTA,., guinea piC LTA.. bydrolue; rAP·B. rat aminopeptidaae B; hAP·N, human miC1'OlOmal
aminopeptidase N; rAP-N, rat microlOma1 aminopeptidaae N; PIAP-N. piC mic:rolOmal aminopeptidase N.

C. elegans AP-l
hLTA,.
mLTA,.
rLTA,.
gpLTA..
rAP-B
hAP-N
rAP·N
pgAP-N

C. el~6afU AP·I hLT~ mLT~ rLT~ epLTA.. rAP·B

wo ~ ~ ~ ~ ~

~ ~ ~ ~ ~ «
45 92 100 97 90 «
45 92 97 100 90 44
~ ~ 00 90 WO ü
~ 44 ~ " ~ IDO
29 30 30 29 33 24
28 29 32 31 32 21
30 29 29 29 33 23

bAP·N

29
30
30
29
33
24

100
77
77

rAP·N

28
29
32
31
32
21
77

100
77

p,AP·N

30
29
29
29
33
23
79
77

LOO

other aminopeptidases is aIso seen between mammalian LTA"
hydrolases and any given aminopeptidase enzyme (Table 11).
The structural similarity between e. eiegans AP-1 and mam·
malian LTA" hydrolases suggests an evolutiooary relationship.
Recently. three other proteins that are structurally related to
mammalian LTA" hydrolases have been identified in lower
invertebrates. These proteins include a C. aibicans LT~ hy·
drolas~related eozyme (41% identity to human LTA" hydro·
lase) that functions maioly as an aminopeptidase but fails to
hydrolyze LTA" ta LTB.. (47). a gene from the yeut S. cereui
siae (39% identity to human LTA,. hydrolase) (22). and a partial
amino acid sequence (316 residues) of a D. discoideum cDNA
(GenBank accession number U27538)2 with 389& identity to
human LTA. hydrolase. Biochemical studies to clarify the en
zymatic activity (or activities) ofboth the yeast and the Dictyo
stelium LTA" hydrolas~like proteins await their expression
and characterization. LTB.. production has not been reported in
either C. aibicans or D. discoideum, and our analysis of mixed
stage e. elegans worms faHed to detect any LTA" hydrolase
activity. The high primary sequence identity of the e. eiegans
AP-l to mammalian LTA.. hydrolases suggests that AP·l May
represent an evolutionary precursor of the mammalian LTA.
hydrolases. Thus. mammalian LT~ hydrolases may have orig
inated from aminopeptidases like AP-l. retaining their amin·
opeptidase activity and developing a LTA.. hydrolase functioo
in higher eukaryotes. In support of this hypothesis. an amin·
opeptidase B has recently been c10ned from rat testes (46) that
shows highest homology to mammalian leukotriene A.. hydro·
Iases (44%), intermediate homology to e. elegans AP-1 (38%).
and lowest homology to mammalian N-type aminopeptidases
(21-24%) (Table 11) and can catalyze the cooversion ofLTA" to
LTB" (46).

In conclusion. we have cloned and functionally expressed a
69-kDa protein from C. eirgons. the primary structure ofwhich
is more homologous to mammalian LT~ hydrolases than other
zinc aminopeptidases. This protein functioDS as an aminopep·
tidase with broad substrate specificity but lacJu any LTA.
hydrolase activity. The primary sequence identity oce. elegans
AP·1 enzyme to mammaüan LTAt hydrolases and rat amin·
opeptidue B suggesu that these enzymes are evolutionarily
related.
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