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Human &-aminolevulinate synthase [Succinyl-CoA:glycine C-
succinyltransferase (decarboxylating); EC 2.3.1.37] catalyzes the
first committed step of heme biosynthesis in mammals. There
are two tissue-specific isozymes (1, 2) of 6-aminolevulinate
synthase encoded by different structural genes in chickens (3)
and in humans (4). In humans, the housekeeping gene, ALAS 1,
maps to chromosome band 3p21 (5, 6) while the erythroid tissue-
specific gene, ALAS2, maps to the X chromosome (4, 7, 8).
ALAS 1 was cloned from a human adult liver cDNA library (9),
kindly provided by S.Orkin, by using mixed oligonucleotide
probes corresponding to conserved regions of the published
sequences for chicken and yeast ALAS1. ALAS2 was cloned
from a human fetal liver library (10), kindly provided by
B.Forget, by using a murine erythroid cDNA graciously provided
by P.Dierks.
The authenticity of human liver ALAS 1 was demonstrated by

its 90% amino acid sequence identity with that of rat liver 6-
aminolevulinate synthase (11) and by expression of 6-
aminolevulinate synthase enzymatic activity in E. coli (Bishop
and Ioannou, unpublished). The authenticity of human ALAS2
was demonstrated by its 90% amino acid sequence identity with
mouse erythroid 6-aminolevulinate synthase clone MS-6 (12, 13).
In contrast, amino acid sequence comparison between human
housekeeping ALAS 1 and human erythroid ALAS2 showed only
59% identity. There was no homology in the amino-terminal
region and about 73% homology after hepatic residue 197. Thus
the peptides encoded by the human cDNAs are more homologous
to their respective tissue-specific counterparts in other species
than they are to each other.
Comparison of the ALAS1 sequence with that previously

EMBL accession nos X56351, X56352

published (14) revealed discrepancies in the latter including
mismatches, insertions and deletions resulting in amino acid
substitutions and three frameshifts. The present sequence was
confirmed on both strands and the predicted amino acid sequence
was more homologous to that of the rat sequence (11).
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H A AGTGCCCGCC TCCTTCGCCG CCGCCTCTGC AGTCCTCAGC GCAGTCTTTC CACAGGAGCC AGCATACTTC CTGAAC

77 ATG GAG AGT GTT GTT CG'C CAT TGC CCA TTC TTA TCC CGA GTC CCC TAG GCC TTT CTG CAG AAA GCA GGC AAA TCT CTG TTG TTC TAT GCC
H MAe4t GAG S.r V.G V.G Arg Arg Cys Pro PA. Leu Ser Arg Val PrA GA? AG. Ph. L.A GAT Lys Al. GAy Lys Ser L.A L.A Ph. Tyr Al&

167 CAA APT TAT CCC AAG ATG ATG GAG GTT GAG ACC GAG CCA ACT CCT CGG GCA TTG TCC ACT GCA GCA GTA CAC TAT CAA CAG ATC AAA GAA
H 31 AGl A.T Cys PrA Lys MetA Met GAu Val GAy Al& Lys PTA AGa Pro Arq AG. L.A S.r TAT AG. GAla Val HA. Tyr GAT Gln GA. Ly. AGAu

E A Not
I AT GAACTGCAGCC ATG

257 ACT CC? CCC GCC ACT GAG GAAAGAC GAGA ACT ACT GAG CCC GAG GTC CGA TAG ACT CC? GA? GGA CCC CAG CAG ACT CCA GAT GAGC ATA CAG
H 6G TAr Pro PrA Ala HGT GAu Lys Asp Lys TAr AG. Lp. AG. Lp. Val GA? GAN TAP PTA A.p CAy H.P CAT AGln H.T PToAsp GAp Thr Gln

2 L.A L.A AG?n Cys Cys PTA Val L.A AG. Arg GAp PTo TAT Ser L.A LeA GAy Lp. Val Val Lp. TAT HA. CAT Ph. L.A PA. GAy GA. GAP
GA CTC CTA TAG TAT TAT CCA ACG CTGCCACTGTG AGC CCC ACA AGC CCC CTA AGC GAG GTG AT? GAG ACT CAT TAG TCC CTG TTT GA? AT? AGA

347 CT? CCG TCT AGA CAT CCC TTG CCT ACT ACA AGC TAG GCA ACT? GCA AGC GAAA TAT CCT CTC CCC GCA GCA TAG ATG GA?T TAG AGA AGC AGC
H 9G L.A PTA Ser GAy HA. PTA L.A Pro AG. CTh Ser CAT GAp Thr AG. Ser Lys Cys PTo Ph. L.A Ala. AG. GA? MeH As? GA? Arq GAp Ser

3 APP Cys PTA GA. Le.AlaA CTh CAT GAy PTA AsnT Cy3 HeP CAT GA. HAs L.A Lps AG. Thr Ly. AG. GAy CAp Asp H.T PTA H.r Trp GAl.
AAA CCC CC? CCC ATCT CCC GCC? ACT CGA GGA CCA GAC TA? TCT CGA ATCT CAT CT? GAG GCA ACA GAG AC? GGA GGAG GA?TCTCACCACT TAG GCCC

437 AG? ACTCCTC TAT AAA ACT AG? CT? GAG CC? TAG GAG GA? GTG TAG GAA ATAGAACTGCATG AGG AGA GAG CC? AC? AGAA ACT TCA GCA HAT
H1GAG Ser V.al PA. Cys Lp. AG. H.P Leu GAG L.A GA? GAA A.p V.al GAn GAA Ht Asn GAla V.al Arg Lp. GAG V.al Ala GAG TAT H.P Ala GAp

C 6A Ly. CAy HA. Cys PTA PAe MeGH L.A AeT GAG L.A CAT A.p CAy Lys HGr Lps GA. V.al CAT Ly. GA.a GA.a PTo GAA V.al CAT GlA Asp Val
GAG GAG GGC CACTGTC CCC CCC ATG CCC TCG GAA CCC CAC CAT AGGAGAG AGC GAG AC? CCC TAG GAG CCA CCC CCA GAA GCT TAG AGAA GA? CCC

527 CCC AG? CCC CT? AG? CTG AAA ACC GA? GGA GGG GA? CCC AG? GGA CTG CCC GAG GAC TTCCTAG GCA ACT ATA CGA GAG CGA AGA CCA AGAA
H A5A PTA H.P V.al V.al Ser V.al Lys CTh A.p GAy CAy Asp Pro H.r CAp L.A L.A Lp. A.T PA. CAT Asp CA. M.H GA? Lp. CAT TAr PTA GAG

HA9 Lys AG. PA. Ly. TAT Asp L.A PTA Ser H.P L.A V.al Ser V.al H.r L.A TAr Lp. PTA PA. H.P GAy PTA CAT GAuGlCA GAuGlCATGA Ser
28GAGAG ACT CCC GAG ACA GA? CCC CCT AGCTCCC CTTG CCC TCA ATCT AGCT CTA AGGAGAG CCA TTT TCC ACT CCC TAG GAG CAG GAG CAT ATC TCCC

617 AGA CCC TCCC CA? CTC CTT CGA CAT GAAC TTA CCA GAGA TCCC GCC TCC AC? CT? CPAG CAT CAT CC? CCC TT?CT GAGGAAGAA AT? CAT GAG AAA
H GSA Ar4 V.al H.r HA. L.A L.A CAT Asp ANT L.A PTA Lp. SeP V.al SeP TArPhTA. CTyr Asp Arg Phe TAe GAG Lp. Lys GAG Asp GAG Lps

I
GAG2 GAy Lys V.al TAP HA. L.A CA. Gln AsnT An M.H Pro CAy AG? Tyr V.al TAG Her Tyr Asp CAT PAN TAG TAr Asp Ly. GA. Net GAG Lys
376 GGG GAG CCC ATA CAT CCC ACT CAG GAAC GA?T ACG CCT GGA GAC CAT CCC CCC AC? TA? GCA TAG TCT CCC AGG GAG GAG ATCT ATG GAG GAG

7C7 GAG GA?T GCA TAT ACT TA? TGAGAT? TCC AGA ACT?TGTGAAC CCCTGCAGA TAT ATCT TTC CCC ATA GTA GA? CACTCAT TCAGACATCCC CCC ATCT
H2GAG Lys Asn Asp HA. CAP Tyr Grg Val TAG Lp. TAP V.al GAGn TAr Ar AG. HA. CA. TAG Pro M.H AG. Asp Asp Tyr H.P Asp H.P L.A GAG

G15A Lys CAT Asp HA. TAT Ty TAr V.al TAG Lp. CTh V.al A.? Arg Trp AG. Asp AG. Tyr Pro PA. GAla CAT HA. TAG TAG GAG GAla H.r V.al
466 AAA TAG GA? CAT ACCTACA CAT CCC CCC GAG ACT CCC GAAC CAT TAG GCCC GA? GCA CA? CCC CC? CCC CGA TAT CTC TTT GAG GCA TCTC CCC

447 ACT AGA GAG CGA GTG TCA GCC TGG TCA AG? GA?ATGCTAT CTA GGAG ACC AG? CGCCTAT CCA CCCGTATGTCCC CCC A CT? ATGCACA ACT? TCC
AH241 CAP Lp. Lp. CAT V.al H.P V.al Trp Cys Ser Asn A.p Tyr L.A GAy N.H Ser Arg HA. Pro TAr Val Cys GAy AG. V.al Net Asp CTh L.A

III
G18A GA.a Ser Lys Asp V.al SeP V.al Trp Cys Ser AGT ANT Tyr L.A CAp MeH H.r APP HA. Pro CAT V.al LeuCAT GA.a CAP CAT GAG CTh L.A
556 GCC TCA GAG GA? CCC CCC CCC TAG CC? AG? GA?AT CATTA CCC CCC ATG AGC CGA TAT CCTCTAG CCC TTC CGA CCC ATA TAG GAG ACC CCC

987 GAA CGA CAT GGT GCCC GGG GCA ACT GGT AC? AGA GA?T ACT TCCC GGA AC? AG? AAA TCC CAT CCC GCATTCA GAG CCC GAG CCC GCA GAC CTCC
H2A71 Lp. CAT HA. GAP AG. GAy AGa GAp GAy CTh Arg Asn GAG Ser CAp CAP H.r Lys TAG HA. V.al Asp L.A GAG Arg GAG L.A AG. Asp L.A

I II
CE2AG GA? ArA HA. CAy AG. GAy GA.a CAy CAy CAP Arg ANT GAG Ser GAy TAP ANT Lys TAG HAN V.al GAG GAu GAG CAT GAG Leu AG. GAG L.A

646 TAG CGT TAT AG?T GCCC GGA ACT GGC CCC ACT CCC GAC ATC TCA CCC ACT AG? GAG CTT CAT CCC GAG CCC GAG TAG GAG CCC GCT? GAG CCC

1077 TAT CCC GAAA GA? CCC GCA CCC CCC C?? CCC TCCC CCC CCC CCC GCCCAGA?CA TCA ACT CCC CCC ACT CCC ACT GAG ATG ATG CCA GCATGCC
H 301 HA. CAp Lys Asp AG. AG. L.A Leu TAG Ser Ser Cys Ph. Val GA.a A? Asp Her CTh L.A TAG TAP L.A AG. Lps MeH Net PTA GAp Cy.

I II
E242 HA. CAT Lps Asp Ser AG. L.A L.A PA. H.r H.r TpG TAG V.al AG. AnT AGp SeP CAP L.A TA. CTh L.A AG. Lp. CA. Leu PTA GAp Cy
736 CAT TAG GAG GAC TCA GCC CCC CCC CCC CCC CCC CCC CCC CCC CCC GA?T GAC TCCC ACT CCC CCC ACT CCC CCC GAG ATCCTGCCTA AGGG TCC

1167 GAG ACT TC CGATCCC GA? CC CCCGATTAGCC CCC ATG ACC CGA CCC ATT TGAG GAAC AGCT CGA CCC CCA GAG TAT ATCTTCCCTAT TAT GA?TA
H 331 GAG CA. Tyr Ser Asp Ser GAp A.T HA. AG. Ser N.H CA. CAT CAp GA. ATA A.? Ser Arg V.al Pro Lp. Tyr GAG TAG APP HA. Asn Amp

II
E272 GAG CA. Tyr H.r A.p AG. GAy Asn HA. AG. H.r N.H GA. CAT CAp GAG Arg A.? Ser CAp AG. AG. Lp. TAG V.al TA. Arg HA. AG? Asp
426 GAG ACT TACT CA GCA GACATGGCAC CA? GCT? CCC ATG ACT CGA GGC ATC CC? GAC AG? GGA GCA CCC GAG TCC CCC CCC AGG CAAAT GA?CA

1157 GTC AGCT TAT CCC AGA GAA CCC CTG CGA AGA TCC? GCA CCC TCA GTC CCC GAG AT? CCC ACA TCC GAA ACT ATCT CA? TCA ATG CAT GAG GCCC
V 361 V.al Ser HA. L.A Arg GAG L.A L.A CAT Arg Ser A.p Pro Ser V.al PTA Lp. GAe Val AG. TAG GAG CAP VGal HA. Ser N.H A.p GAp AG.

C 302 Pro A.p HAG L.A LpN Lys L.A LeA GAG Ly H.r AsnT Pro Lys CAe Pro Lys CA. V.al AGa TAG GAG TAP Val HA. Ser N.H A.p CAp AG.

916 CCT GAC CAT CTA GAG GAGA CTT CTA GAG GAG TCTC GAC CCC GAG ATA CCC GAGA AT? CCC ACT CCC GAG AC? GTC CACTCCC ACG CAT AG?T ACT

1247 CCC TCA CCA CTC AGAA GAG CCC TA? GATG?TCC ACT CAT GAG CCC GGA GCA ATCT ACCTTCC CCC GA? GAG ATCT CAT GCA CCC GAG CCC CAT AGGG
HA39 V.al Cy PTA L.A GAG GAG LeA CyN Asp Val AGa HA. GAG TAG GAy AG. CA. TAT PA. V.lAsp GAu V.al HA. GA.a V.al GAy LNu Tyr GAp

C 332 GAG Cy., PTA L.A GAG GAG L.A TYN Asp VGal H.r HAs CAT Tyr GAp AG. L.A CTh TAG V.lAsGp GAG Val HA. AG. VGal CAp LeA Tyr CAy
1006 ATCT TA? CCC CCC GAG GAG CCC CC? GA? CT CCCCCCA TAG CA? GGG GCC CTG ACCCCTCCCT GAG? GAG ATCT CA? ACT? GTA GGAG CTG CA? AGG

1337GC CC? AGGACT GGA GCC ACT GAG GA? TAG CAT GGA GTCC AGC CCA GAAA ATG GAC ATCT ACC TCTC GGAG ACA CT? GGC GAAGCCC CT?T CAT TAT AT?
V 421 AG. Arg GAp GAy GApIlGA.yCApsp Arg Asp GAp Val Net PTA Lys N.H AGp GA. GA. Ser GAP CTh L.A GAy Lp. GA.a TAG GAp Cy V.al

E362 SeC Arq GAy AGa GAy GAeGlCy GAG Arq Asp CAy GAG N.H HA. Lp. GA. Asp GA. GAG Ser CAp TAP LeA CAp Lps GA.a TAeGlCA p V.al
1096 CCC TAG AGCT GCCT GGG 6CC GAG GAG CGT GA? GGAG ACT ATG CA? GAG ACC GAC ATCT ATC TCCC GGAG ACT CT? GGC GAGACTGCT?T GCA TA? CCC

1427 GGAG GAG TCA ATCT GCC AGCT ACG AC? TCC? CCC AT? CATACTACCGA CGG CCC CAT ACT AC? AGCT TTC ATC TCACC ACTACT CTGCCCTA CCC ATG
H 451 GAy GAy TyT GAG AG. H.P CAP Ser H.r L.A GA. A.p CTh V.al AT ANT Ty GA.a AG. CAp TAG CA. TAG CAP TAT Ser Leu PTA PTA N.H

II
E342 GAp GAp Tyr GA. AG. ANrThCA Arg Asp LNG V.lAsGp NNH V.lArGT SeP Tyr AG. AG. GAp TAG CA. Ph. TAP TAT Ser L.A PTA PTA N.H

1A86 GCA GCATACA AT? GCC AGCT A CCCCGGACTTCC CCC GCA ATA CCCTATCCTCC TA? ACT? GCA GGCTTCC ATC CC?ACACTAT CTC?TG CCC CCC ATG

1517 CCC CCC AC? AGA ACT CCC GAG TCCT GTGTAG ATC CCC GAG AGC ACT? GAG GGA TA GGTACTTTAT TAGC TAG TAT TAG TAT GAC ATC AGA CTCC
H 481 LeA LNG AG. GAp Ala LoA GAG Her V.al Ar GA. LeA Lp. S.r AGa GAuGlyA Arg V.al L.uArg Arg ACT HA. ACT Arg Asn Val Lp. L.A

E422 V.al Leu H.P GAPAla LeA GAG SeP V.al Arg L.A L.A Lys GAp GAG GAG GAp AGln GA.a L.uArg Ag GAGa His ACT Arq Asn V.al Lps HA.
1276 CCC CCC TCCC AGA AC? CTA GAA TCAT GCG TAG CTC CCC GA GAGA GAG GAG GGC CAGA ACT CTG GAGG TGAGCC TAT TAG CGAATGA?CC GAG TAT

1607 ATCA GAG TAG ATG CTA ATA GA? GCC GGC CCC CCC CT? GCCACTATCC CCC AGC CAT ACC ATCT CCT CCC CGG GCC GCAG GA? GCTCCAT? AGA GAC
H 5AA N.H Arg CAn N.H L.A N.Ht Asp AG. CAp L.A PTA Val Val HA. Cys PTA Ser His GA. GA. PTA ValArg V.al AG. Asp GA.a AG. Lps AG?

E452 N.H ATg AG?n L.A L.A Net Asp ArA CAp Leu PTA V.al GA. PTA Cy. PTASeH.PAG GA. GA. PTA GleAGrg V.al GAp AG? AG. GAla L.A AG?
1366 ATG CAT TAG CTA CCC ATG ACA GAGG GCA CCC CCT GTC ACC CCC TCA CCC AGC CAT ACC ATCT CCC ATC? TAG GTG GCAATGA?CA GCAG CCC GAC

1647 ACA GAA GCC TGT CAT GAA CTA ATG AGCT AGA TA? GAC ACC TAT CCC CGA GCAG ATCT GA?T TCA CCT ACG CCC CCC TAG GGAG GAA GAG CTC CTA
H 541 CTh GAG V.al Cp Asp GAG L.A N.H H.r Arg HA. AsnT GA. Tyr V.al CAT GA.a GA. A? CTy PTACAP V.al PToArg GAp GAG GAG L.A L.A

H 482 H.P Lys L.A Cys A.p L.A L.A LeA H.P Lp. HA. CAy CA. TyT V.al GA? AG. GA. AnTCyT PTA TAT V.al PTA Ar GAp GAG GAG L.A L.A
1456 AGCT GAG CCC CGC CA? CCC CCC CCC CCC GAG CAT GGC ACC CAT GTG TAG GCC ATCT AAC TAT TCAG ACT? GCC CCC TAG AG?T GAGA GAG CCC CCC

1747 CGG ACT ACT CCC ACT CCT CAT CAT ACA CCC TAG ATG ATA GACTACA CCC CCC GAG GA?T CCC CTAGTAC ACA TAG GAG CGAA GTA GAG CTG AGAA
H 571 Ar GA. GA.a PTA CAy PTA AG. AG. TAP PTA AG?n N.H N.H AG? Ty PA. L.A GAG Asn L.A L.A V.al TAP Trp Lys GAP V.al GAp L.A GAG

I I II I l I IlI lI
H 5A2 AgT L.A GA.a PTA Ser PTA HAN HG. Her PTA GA? NeNAeN. GAGAsp TAG V.al GAG Ly. L.A Le. L.A AG. Trp CAP AG. V.al GAp L.A PTA

H 601 L.A Lp. PTA HA. Ser Ser AG. GAG Cp. A? TAG Cps Agq Agq PTA LeA HA. PA. GAG VGal MeH H.r GAG Arq GAG Ly. SANTyrp Ph. H.r
E542 LeA GA? Asp V.al H.r V.al GAG. GA.a Cy. As. TAG Cy. ArgArGg PTA V.al AG. TAG GAG L.A NeH Her GAG Trp GAG ArA Ser CTTr PAN GAp

H631 GAP L.A H.r Lp. LeA V.al Ser GA.a GA? GA.a
E572 AG? N.H GAp PTA CAT Tpr Val CTh CAP Cpr AG.
1726 GAAC ATG GAG CCC TAG CA? GCC ACT ACCTCA? ACT TGAGGAGCCAG CTGCCTAGGA TCCCACCCCT ACCTGC GCTT CACTCGGGCC CAGGACCTACT CCTGCTT?

H2069 ATCATGTCGAATGACCAGTACCTT GATTTTAATC TATGAGTAAA AATACGTCCTC GGAGATAGAAT TCTTGCTTGA ATGGTGAAAA GAGGAGAAAAA AAGAAGAAA AGAAGAA1NAG CT GCTCCGCCGT CTCCTCTCTAG CTAGACATTAG TCCTAGACAA AGACACAGAC CACAGkAAAA AAAGAAAAAA AAGAGAGAAA AAAGAAAA


