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Abstract: A novel superfamily designated MAPE@/embrane tivity toward various lipid hydroperoxides. Electron crystallogra-
Associated Proteins in Eicosanoid and Glutathione metabplism phy, at high resolutiori3 A), recently established the quaternary
including members of widespread origin with diversified biologi- structure of the enzymg@rimer) and was consistent with multiple
cal functions is defined according to enzymatic activities, sequenc&ansmembrane regiorisiebert et al., 1997
motifs, and structural properties. Two of the members are crucial Leukotrienes are important mediators of inflammati@am-
for leukotriene biosynthesis, and three are cytoprotective exhibituelsson, 1988 5-Lipoxygenase catalyzes the formation of the ep-
ing glutathione S-transferase and peroxidase activities. Expressiavxide intermediate leukotrien@T) A4 from arachidonic acid. In
of the most recently recognized member is strongly induced bythe cell, this reaction requires the presence of FIB¥poxygenase
p53, and may therefore play a role in apoptosis or cancer devehlctivating proteif, which functions as substrate provider for
opment. In spite of the different biological functions, all six pro- 5-lipoxygenaseDixon et al., 1990; Miller et al., 1990; Mancini
teins demonstrate common structural characteristics typical oét al., 1993. Leukotriene A can be further metabolized by leu-
membrane proteins. In addition, homologues are identified in plantotriene G synthase, which catalyzes the specific conjugation of
fungi, and bacteria, demonstrating this superfamily to be generally-TA , with glutathione leading to the formation of LLCSamuels-
occurring. son, 1983 Subsequent removal of one amino acid residue from
the glutathione moiety of LT¢leads to the formation of LTPand
LTE,, respectively. Together, these compounds are potent media-
tors of inflammation and play an important role in the pathophys-
iology of bronchial asthma. FLAP and LT,Gynthase were found
to be homologousLam et al., 1994; Welsch et al., 1998ased on
this homology, other related proteins, i.e., microsomal glutathione
S-transferases 2 andBIGST2 and MGSTR were identified and
The MAPEG family consists of six human proteins, summarized incharacterizedJakobsson et al., 1996, 199MGST2 and MGST3
Table 1. The microsomal glutathione S-transferas®GST1) is were both found to catalyze the conjugation of LTWith gluta-
involved in the cellular defense against harmful xenobiotics asghione. MGST2 could also conjugate the xenobiotic substrate
well as metabolites produced as a consequence of oxidative stregschloro-2,4-dinitrobenzene with glutathione. In addition, both en-
(Morgenstern et al., 1982; Dejong et al., 1988; Mosialou et al.,zymes were able to catalyze the glutathione dependent reduction of
1995. Substrates for the GST activity of MGST1 are lipophilic 5-hydroperoxy-eicosatetraenoic acid to 5-hydroxy-eicosatetraenoic
and electrophilic compounds with potential carcinogenic proper-acid. Therefore, MGST1, MGST2 and MGST3 are all glutathione
ties. MGST1 also possesses glutathione-dependent peroxidase &transferases as well as glutathione dependent peroxidases. Using
Western blot and activity assays, MGST2, but not L Egnthase,
Reprint requests to: Per-Johan Jakobsson, Department of Medical Biov-va_s _de_mo_nStrated to be th_e prlnCIp.aI source of 4 Bgnthase
chemistry and BiophysicéMBB), Karolinska Institutet, S-17177 Stock- activity in liver and endothelial cell microsomes, whereas the op-
holm, Sweden; e-mail: per-johan.jakobsson@mbb.ki.se. posite was observed for lung and platelet microso8Eoggan
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Table 1. Human members of the MAPEG family

Gene symbol Name Properties Acc. no.

FLAP 5-Lipoxygenase activating protein Activation of cellular leukotriene biosynthesis M60470

LTC,S Leukotriene ¢ synthase Glutathione S-transferase specific for LTA U09353, U11552

MGST1 Microsomal glutathione Glutathione S-transferase J03746
S-transferase 1 Glutathione peroxidase

MGST1-L1 Microsomal glutathione Induced by p53 AF010316,
S-transferase 1-like 1 AF027740

MGST2 Microsomal glutathione Glutathione S-transferase u77604
S-transferase 2 Glutathione peroxidase

MGST3 Microsomal glutathione Glutathione S-transferase AF026977
S-transferase 3 Glutathione peroxidase

et al., 1997. Although extensively investigated, no enzymatic ac- appears that one member forms a trififeinander et al., 1996;
tivity has been found for FLAP underscoring the functional diver- Hebert et al., 1997and another forms a diméNicholson et al.,
sity of this superfamily. 1993; Lam et al., 1997
Recently, the gene expression of a novel homologue to MGST1 The alignment in Figure 1A demonstrates only two strictly con-
as well as other enzymes involved in redox regulation was reportederved residues, Asn78 and Arg115. A catalytic role for Asn78
to be under the control of p5@aolyak et al., 1997 This novel  (Asn55 in LTG, synthasgwas ruled out since an alanine exchange
MGST1 homologue will be referred to as MGST1-(rhicrosomal  mutant of the LTG synthase is fully activédLam et al., 199Y.
glutathione-S-transferase 1-like. IThis protein was indepen- Therefore, if there would be a common reaction mechanism of all
dently identified as an expressed sequencg E&jT) and the full  these enzymes, and one common catalytic residue, only Argl115
length sequence deposited to Genbank datatgde Jakobsson, remains as an active site candidate.
J.A. Mancini, A.W. Ford-Hutchinson, unpubl. resultShe finding The alignment also gives information regarding residues strictly
that MGST1-L1 was upregulated after p53 expression in a colo€onserved within each of the discernible subfamiliegrked in
rectal cancer cell linéPolyak et al., 199¥7suggests an important Fig. 1A with grey background These sequence patterns reflect
biological function possibly associated with cancer or apoptosis. Iresidues of structural and functional importance of each subfamily,
addition, nonvertebrate members, including those from bacteriaand since they constitute sequence fingerprints, they can also be
have been identified and are included in this study allowing forused in future database searches for further family members.
comparative analysis. For the MGST1 subfamilytop 2 sequences in Fig. 1Athe
motifs “FANPED” at positions 44—49 and “VERxXxRAH" at 69-76
constitute two such patterns. The MGSF2LAP/LTC,S subfam-
Results and discussion:The members of the MAPEG superfam- ily (sequence rows 3—6 in Fig. 14s characterized by the “FERV”
ily were aligned and found to be distantly homologous, with thepattern at position 46—49. Adjacent to this motif, Argi@brre-
relationships supported by the hydropathy pldEgy. 1). All pro- sponding to position 51 in LT&synthasghas recently been sug-
teins clearly have similar hydropathy profiles, especially for thegested to function as a proton donor in LT€ynthase for the
region between alignment positions 80 and 120. Previous interprespening of the LTA epoxide(Lam et al., 1997. This arginine is
tation of hydropathy plots indicated three membrane spanning sedeund in all but the FLAP sequences in accordance with the ob-
ments in MGST1, FLAP, and LT{synthase. However, the pattern servation that FLAP has no known enzyme activity. In this region,
in Figure 1B actually indicates the possibility of four membranethe MGST3 subfamily instead has the pattern “FNQRxH”
spanning segments. Furthermore, four membrane spanning seghere % is a hydrophobic residue and is a small residue.

ments are predicted with two different algorithiifersson & Ar- The tyrosine residue at position 12@rresponding to Tyr97 in
gos, 1994; Cserzo et al., 1998ne of which was designed specially LTC, synthasg is conserved in all subfamilies but that of the
for prokaryotic membrane proteiri€serzo et al., 1997 This al- Escherichia coliandVibrio choleraeforms. If all enzymes of the

ternative will need experimental verification and forms an attrac-MAPEG superfamily have an enzymatic mechanism in common, it
tive hypothesis at this stage. The resulting topology would beis likely that this residue also plays a role. Tyrosine is a residue
consistent with information on amino acids that are important fortype frequently found at active sites, as for instance in the large
activity in LTC4 synthasélLam et al., 199Y and chemical mod- superfamily of short-chain dehydrogenagesluctase§SDR) with
ification studies on MGSTXAndersson & Morgenstern, 1980 highly divergent members having typically 15-30% pairwise res-
Structural determination of MGST1 using electron crystallographyidue identity but which all have a catalytic Tyr in comm@lorn-

has yielded a projection structure at high resolutidebert et al.,  vall et al., 1995.

1997. This structure is also consistent with a polytopic membrane Since most cytosolic GSTs have a catalytic Tyr, such a role
configuration. An important issue that needs to be addressed is theuld be possible for the conserved Tyr122. However, this residue
quaternary structure of the different members of the superfamilyhas been exchanged for Phe in MGST1 without any effect on the
Not only are the functional characteristics very distinctive, but it catalytic activity(Weinander et al., 1997
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Fig. 1. Hydropathy curves and multiple sequence alignment of 13 members of MAREG@Iultiple sequence alignment. Strictly
conserved residues are marked against a black background. Residues conserved in one of the four subfamilies are marked against a
grey background. Big-size numbers represent alignment positions. Small-size numbers represent positions of the top sequence in
each subfamily. The alignment was obtained using the ClustalW soft{ifdrempson et al., 1994 Abbreviations as in Table 1.

B: Hydropathy curves corresponding to the alignmenfimvere calculated according to the Kyte and Doolittle procedirge &

Doolittle, 1983, using a six-residue sliding window.

There is also another tyrosine four residues N-terminéy = MGST1 by proteolysis without loss of functiddndersson et al.,
alignment position 118 which is strictly conserved among all 1994 and (2) C-terminal segments can be exchanged between
MGST2/FLAP/LTC,S/MGSTS3 forms. Tyr118 was suggested to LTC, synthase and FLAP without alteration of protein function
function as a base for the formation of the thiolate anion of glu-(Lam et al., 199Y.
tathione(Lam et al., 1997. In the MGSTYE. coli + V. cholerae All proteins have similar lengthd 37-161 amino acid residues
subfamilies, this tyrosine is replaced by a histidine residue. and all except FLAP have a deduced pl between 10 and 11. The

Near the Tyr118, the strictly conserved Arg115 is found. This sit-pairwise residue identity ranged from 9 to 73%. Excluding species
uation bears similarities with the SDR enzymes having a Lys fouwvariants, the closest pairs are LJ§y/nthase and MGST2 with 44%
residues downchain the active-site Tyr. Since these residues are iasidue identity followed by MGST1 and MGST1-L1 with 38%
ana-helix, their side chains will appear close in the three-dimensionatesidue identity. FLAP, MGST3, and SynMGST are linked to LTC
structure of the enzymes. By analogies, if this region in the MGST2 synthase and MGST2 with 29-35% residue identity. It is evident
FLAP/LTC4S/MGST3 proteins forms aa-helix, the Tyr and Arg  that the MAPEG superfamily can be divided into four different
would be adjacent in space and could constitute a catalytic diad.subgroups, bearing clearly detectable sequence similarities with

Clearly, the similarities are centered around the middle of thetypically 20—30% residue identity in pairwise comparisons. The
protein chains, partly coinciding with a suggested arachidonic acilMGST1l/MGST1-L1 subfamily reveals distantly but clear se-
binding site in FLAP(amino acids 48—61(Vickers et al., 1992; quence and structural similarities to the subfamily of LT8yn-
Mancini et al., 1993, 1994The N- and C-terminal regions are less thase, MGST2 and SynMGST. Thus, since MGST1 and MGST2
strictly conserved, in agreement with two observations on MGSTlhave similar enzymatic propertigsakobsson et al., 1996the
and LTG, synthase(1) amino acids 1-41 can be removed from family relationships are now corroborated.
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In summary, the MAPEG superfamily is supported by se-  5-lipoxygenase activating protein and leukotriene C4 synthds8iol

; ; imi _ Chem 27122203-22210.
g.uence. a“glnmegts andbhydmpathy .plOts Sque.Stmg similar th;'eevlakobsson P-J, Mancini JA, Riendeau D, Ford-Hutchinson AW. 1997. Identifi-
imensional and membrane-spanning properties. MAPEG thus cation and characterization of a novel microsomal enzyme with glutathione-

links proteins important in the endogenous metabolism of phys- dependent transferase and peroxidase activifiegiol Chem 2722934—
iologically important reactive lipophilic intermediatéteukotri- 22939.

: ; ; . : : Jornvall H, Persson B, Krook M, Atrian S, Gonzalez-Duarte R, Jeffery J, Ghosh
eneg with proteins in the detoxification of highly reactive D. 1995. Short-chain dehydrogen UctasesSDR). Biochemistry

lipophilic compounds of exogenous and endogenous origin. 34:6003—6013.
Kyte J, Doolittle RF. 1982. A simple method for displaying the hydropathic
character of a proteinl Mol Biol 157:105-132.
Materials and methods: The amino acid sequences were aligned Lam B, Penrose J, Xu K, Baldasaro M, Austen K. 1997. Site-directed muta-
using ClustalW(Thompson et al., 1994 Hydrophilicity profiles genesis of human leukotriene C4 synthakBiol Chem 27213923-13928.

. -me, B Lam BK, Penrose JF, Freeman GJ, Austen KF. 1994. Expression cloning of a
were calculated according to Kyte and Dooli te & Doolittle, cDNA for human leukotriene £synthase, an integral membrane protein

198.3 with Six-resic.lue spans. The consensus sequence Pattems conjugating reduced glutathione to leukotrieng Rroc Natl Acad Sci USA
derived from the alignment were used for database screenings.  91:7663-7667.

TBLASTN searches revealed several overlapping expressebfancini JA, Abramovitz M, Cox ME, Wong E, Charleson S, Perrier H, Wang Z,
Prasit P, Vickers PJ. 1993. 5-Lipoxygenase-activating protein is an arachi-

sequence tagEST) clones fromAspergillus nidulang10 clones: donate binding proteirEEBS Lett 318277281,

AAT8611YAAT88211/AAT85264/AAT8821(/AAT83834/AAT Mancini JA, Coppolino MC, Klassen JH, Charleson S, Vickers PJ. 1994. The

85263 AA783835AA788217/AAT88216/AA786116), Oryza binding of leukotriene biosynthesis inhibitors to site-directed mutants of
f f f . human 5-lipoxygenase-activating proteFharmacol Lett 54137-142.

sativa (rice) (Six Clon?s' C.2908'(.I:74120/C7368?D49218/ Miller DK, Gillard JW, Vickers PJ, Sadowski S, Léveillé C, Mancini JA, Char-

D49242/C29006, Arabidopsis thaliana(two clones: W432238 leson P, Dixon RAF, Ford-Hutchinson AW, Fortin R, Gauthier JY, Rodkey

AA712909, and one fronRicinus communi§T2430). Sequences J, Rosen R, Rouzer C, Sigal IS, Strader CD, Evans JF. 1990. Identification

were aligned for each species, and a consensus sequence wasand isolation of a membrane protein necessary for leukotriene production.
; ; : Nature 343278-281.
deduced. Th&. communisequence included nondetermined baseslvlorgenstem R, Guthenberg C, DePierre JW. 1982. Microsomal glutathione

where X is given in the amino acid translation. Open reading  S-rransferase. Purification, initial characterization and demonstration that it

frames (obtained from genome sequencing projecsnilar to is not identical to the cytosolic glutathione S-transferases A, B arfau€.

; ; ; J Biochem 12843-248.
MA’.DEG queries We.re found Irsyne_ChocyStls SpD90909, Mosialou E, Piemonte F, Andersson C, Vos RI, van Bladeren PJ, Morgenstern R.
PID:g165293], E. coli (AE00280, PID: g1788176, b18f%nd 1995. Microsomal glutathione transferase: Lipid-derived substrates and lipid
V. cholerae(GVCLAS0TH). dependenceArch Biochem Biophys 32210-216.

Nicholson DW, Ali A, Vaillancourt JP, Calaycay JR, Mumford RA, Zamboni RJ,
Ford-Hutchinson AW. 1993. Purification to homogeneity and the N-terminal
Acknowledgments: Support from the Swedish Medical Research Coun- sequence of human leukotrieng €ynthase: A homodimeric glutathione
cil (projects no 03X-00217, 13X-12564, 13X-1257the Swedish Cancer S-transferase composed of 18-kDa suburit®c Natl Acad Sci USA 90
Society and the Swedish Society of Medicine, Magnus Bergvall, Harald 2015-2019.
Jeansson s and Harald & Greta Jeansson s foundations are gratefully gersson B, Argos P. 1994. Prediction of transmembrane segments in proteins

knowledged. The authors also thank Dr. Jesper Haeggstrom and Dr. Hans Utilising multiple sequence alignments Mol Biol 237.182-192.
Jornvall for helpful discussions. Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein B. 1997. A model for

p53-induced apoptosidlature 389300—-305.
Samuelsson B. 1983. Leukotrienes: Mediators of immediate hypersensitivity
References reactions and inflammatiorScience 220568-575.
Scoggan KA, Jakobsson PJ, Ford-Hutchinson AW. 1997. Production of leuko-
Andersson C, Morgenstern R. 1990. Chemical modification of rat liver micro- triene C4 in different human tissues is attributable to distinct membrane
somal glutathione transferase defines residues of importance for catalytic bound biosynthetic enzyme3.Biol Chem 27210182-10187.
function. Biochem J 272479-484. Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: Improving the
Andersson C, Weinander R, Lundqvist G, DePierre JW, Morgenstern R. 1994. sensitivity of progressive multiple sequence alignment through sequence
Functional and structural membrane topology of rat liver microsomal glu-  weighting, position-specific gap penalties and weight matrix chdiceleic
tathione transferas®iochim Biophys Acta 120298-304. Acids Res 221673-4680.
Cserzo M, Wallin E, Simon |, Vonheijne G, Elofsson A. 1997. Prediction of Weinander R, Ekstrdm L, Andersson C, Raza H, Bergman T, Morgenstern R.
transmembrane alpha-helices in prokaryotic membrane proteins—The dense 1997. Structural and functional aspects of rat microsomal glutathione

alignment surface metho@rotein Eng 10673-676. transferase—The roles of cysteine 49, arginine 107, lysine 67, histidine, and
Dejong JL, Morgenstern R, Jornvall H, DePierre JW, Tu CP. 1988. Gene ex- tyrosine residues] Biol Chem 2728871-8877.

pression of rat and human microsomal glutathione S-transferasBml Weinander R, Ekstréom L, Raza H, Lundqvist G, Lindqvist B, Sun TH, Hebert

Chem 263430-8436. H, Schmidt-Krey |, Morgenstern R. 1996. Microsomal glutathione transfer-

Dixon RA, Diehl RE, Opas E, Rands E, Vickers PJ, Evans JF, Gillard JW, Miller ase dimensions. In: Vermeulen N, Mulder G, Nieuwenhuyse H, Peters W,
DK. 1990. Requirement of a 5-lipoxygenase-activating protein for leuko-  Van Bladeren P, ed<Glutathione S-transferases: Structure, function and
triene synthesisNature 343282—-284. clinical implications London: Taylor and Francis. pp 49-56.

Hebert H, Schmidt-Krey I, Morgenstern R, Murata K, Hirai T, Mitsuoka K, Welsch DJ, Creely DP, Hauser SD, Mathis KJ, Krivi GG, Isakson PC. 1994.
Fujiyoshi Y. 1997. The 3.0 angstrom projection structure of microsomal Molecular cloning and expression of human leukotriene-C4 syntirase.
glutathione transferase as determined by electron crystallography of Natl Acad Sci USA 99745-9749.

P2(1)2(1)2 two-dimensional crystals] Mol Biol 271751-758. Vickers PJ, Adam M, Charleson S, Coppolino MG, Evans JF, Mancini JA. 1992.

Jakobsson P-J, Mancini JA, Ford-Hutchinson AW. 1996. Identification and Identification of amino acid residues of 5-lipoxygenase-activating protein
characterization of a novel human microsomal glutathione S-transferase essential for the binding of leukotriene biosynthesis inhibitbtsl Phar-
with leukotriene C4 synthase activity and significant sequence identity to ~ macol 4294-102.



