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Cloning and Sequencing of Some Genes Responsible
for Porphyrin Biosynthesis from the Anaerobic
Bacterium Clostridium josui
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The 6.2-kbp DNA fragment encoding the enzymes in the porphyrin synthesis pathway of a cellulolytic
anaerobe, Clostridium josui, was cloned into Escherichia coli and sequenced. This fragment contained four hem
genes, hemA, hemC, hemD, and hemB, in order, which were homologous to the corresponding genes from E. coli
and Bacillus subtilis. A typical promoter sequence was found only upstream of hemA, suggesting that these four
genes were under the control of this promoter as an operon. The hemA and hemD genes cloned from C. josui
were able to complement the hemA and hemD mutations, respectively, of E. coli. The COOH-terminal region of
C. josui HemA and the NH,-terminal region of C. josui HemD were homologous to E. coli CysG (Met-1 to
Leu-151) and to E. coli CysG (Asp-213 to Phe-454) and Pseudomonas denitrificans CobA, respectively. Further-
more, the cloned 6.2-kbp DNA fragment complemented E. coli cysG mutants. These results suggested that both
C. josui hemA and hemD encode bifunctional enzymes.

Metal-chelating tetrapyrrole derivatives are contained in
several essential components of most organisms, such as respi-
ratory chain complexes, light-harvesting complexes, catalases,
and peroxidases, and their biosynthesis routes have been stud-
ied in many organisms (3, 17, 24, 34, 47).

Recently, the genes involved in tetrapyrrole biosynthesis
have been cloned by using Escherichia coli auxotrophs requir-

ing some intermediates such as 5-aminolevulinic acid (ALA)
and hemin for porphyrin synthesis from facultatively anaerobic
bacteria such as E. coli (10, 11, 19, 23, 41, 50) and Salmonella
typhimurium (12, 13) and from strict aerobes such as Bacillus
subtilis (20, 36). Nothing is known, however, about the genes
involved in porphyrin biosynthesis from strictly anaerobic bac-
teria. We have attempted to isolate interesting clones by a

FIG. 1. Fluorescence of the transformants harboring pOR1 (1) and pBR322 (2). After overnight cultivation on an LB-ampicillin plate, cells were exposed to visible
light (A) and UV light (B).
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simple means: exposing E. coli transformants to long-wave UV
light. Since porphyrins are excited by light of approximately
400 nm to exhibit pink fluorescence, organisms which overpro-
duce porphyrins exhibit such fluorescence.

In this paper, we describe the cloning and nucleotide se-
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FIG. 2. Physical map of pORI1. Shaded and open bars show the cloned
fragment. The shaded region was sequenced on both strands. Open arrows
(ORF1 to ORFS5) show the localization of each gene and the orientation of
coding sequences. The regions encoding ORF1 and ORF5 are shown as rectan-
gles with ragged left and right sides, respectively. The genes encoding homolo-
gous enzymes are indicated in parentheses. The symbol between ORF1 and
ORF?2 indicates the presence of a palindromic structure. pOR101 carries a
2.3-kbp Pst1-PstI fragment at the PstI site in pUC119. pOR105 carries a 3.4-kbp
Xbal-Pst] fragment at the Xbal-PstI site in pUC118. Arrows indicate the direc-
tion of lacZ' transcription. B, BamHI; D, Dral; E, EcoRI; Ev, EcoRV; H,
HindIII; P, Pstl; Sa, Sau3Al; S, Sall; X, Xbal.

quence of the gene cluster responsible for porphyrin biosyn-
thesis in a cellulolytic anaerobe, Clostridium josui (14, 15, 49).

C. josui FERM P-9684 (49), isolated from compost in Thai-
land, was cultivated in GS medium (16) with cellobiose as the

1 GATCAGGCTTCCATTGAAGCATGGTACTCTGAATTARACCGTAACGATAAGGGAATAGAAGATACTACTATATGG
<ORFI>D Q@ A 5 I E A W ¥ S E L N R NDJIKGTIZETDTTTIW

76 CABAATATAGAAATACCTTCCTATIGGGAAGACGAGGGCTTGGGCAACTTTAACGGTGTITGTICTGGTTCAGAAAG
Q NI E I P S ¥YWEUDEGILSGNTFNGV VUV WTFRK

151 GARATTCATATTCCCCACACGCTTGCAGGTTTACCTGCAMGACTTGTACTAGGAMACATTGTTGATGAAGACACT
EIHIPHTLAGILTPARLVYVZLGNTIVDETDH?T
Xbal . B
226 ACCTATATCAATGGTGTAGAGGTAGGAACAACGCCAAAE GTATATCTICTAGAA
’I‘YINGVEVGTTPNQYISRKYSVQEG

301 TTACTCAAGGAAGGTAAAAATACAATCCTGCTCAGAGTAATAAATATCTCAGGTAARGGAGGATTTTACAARGGA
L L K EGKNTTIULLRVYVYTIUNTISSGU XS GGT FVYIZKG

376 AAL:LLLLALLAACTGGA TATTGATT u.»uAuAA'IGG(' ARRA
KPYQLEVGDSIIDLSGEWQYVIGAK

45

Py

AGCGGCCCTATGCCTGGGCCGGCCTTTGTTCAGTGGCGTCCCTTAGGATTGTACAACGGAATGATTGCTCCTGTT
S 6 P M P GPAF V QWRUPULGLYNGMTIA ATPUV

526 ACARGTTATGCGATABAN TTTATATGGTATCAAGGGGAAGC TAATACCAAGAATCCTGTAGGGTATGAAAAT
T S ¥A I KGF I WY QGEANTTZ KNPUVGYEN

601 CTCCTAAAGGCATTGATTTCAGACTGGAGACAGARATGGGGAATGGGARATCTGCCGTTTITGTATGTTCAATTG
L L KALTISDUWROQIXWGMSGUNTLUZPT FLZYVQL

DG A

676 CCGAATTTC. 'CTCAGAARTACCTGT! CCAGCGAAAGACA
P NF MEASETIUPVESI KWAETLT REA ZAZZJQRIKT

751 CTTTCCGTACCGAATACAGGAATGATTGTTACAATTGACCT TGGAGARATGGAATGATATTCATCCATCAAATARA
L 8 VPNTGMTEIUVTTIUDTILGET WNDNDTIHUHZPSNIK

826 AAGGATGTAGGGTTTCGCTTGGCACTTGCAGCCATGAAAACCGTATATGGAGACAAMACCATTACTGCATACGGA
K DV GFRULALAAMEKTV VY GGDIXTTITA ATYG

901 CCAATGTATATATTATCCTTTACTGATACTGGAAGT! TGT ACGGCCGGGAGCTTTT
P M Y ILSF TDPTGSGLTIVNSGETZRZPGH LATF

976 GCTATATCAGGGCF TTGT ulb(.leTACAGAAC TGATGTGGCAGTCTGGAGT
A I $ G PDRTIVPFVRADTETLTIGN NUDUVAV WS

1051 GARAAGATAGCTCACCCGGCTTACGTTAGGTATGCATGGGCCGATAATCCACAGATGCAAACCTTTATAACCGTG
E K I AHUPAZYYVRYAWADI NUPIQMOQTT FTITUV

1126 AGGGGTTACCTGCTTCGCCTTTTACAACGGAATAGCCTTTATTGACTGTTATATATCGAAAT TATAAATAAARCC
R G ¥ L L RL L Q R N S L Y ** —_—

TARCTTTGAAGGTTCATTATAATGTAACT

TTTATTTTTTTATCAAC

1201 TTTATTGCTAARACTTTGA:
—

1276 TGAAAARGTARTGAGCAGTTTACAGTAAATTTATGGGCAGTAGATGTAGGCTGCGGTATAATGAATATTGATATGA
—_— =35 -10

TCCTAAATGCAGC TGGGACGGCATAACAGCGGCAGTATCAAAAAAAGATTGGA

<ORF2>M Q@ L G R H N 8 ¢ 8 I X X R L &
« EBcoRV

1426 GATGTATATTTTGAGTATTATATCAGCAAGTTTAGACTATAAATCAGC TGCCATTGATATCAGGGAAAGATTCAG

17MYILSIISASLDYKSAAIDIRERFS

1351 TTAAAAAGGAA:-»:;

1501 CTATACATCCACAAGAATCAGAGAARTACTTAGAAGGATAMAAGCGGCTGACGGTCTTICAGGAGCTGTACTCCT
42 Y T $ TR I R E I L RRIZXAADGV S G AV L L
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sole carbon source, and its chromosomal DNA was isolated by
the method of Saito and Miura (38). C. josui DNA was par-
tially digested with Sau3Al, and 4- to 10-kbp fragments were
fractionated by agarose gel electrophoresis. The C. josui gene
bank was constructed by ligating the Sau3Al fragments with
the vector pBR322 (39), which had been digested with BamHI
and dephosphorylated with bacterial alkaline phosphatase by
using T4 DNA ligase. E. coli HB101 (39) was transformed with
the chimera plasmids, plated onto Luria-Bertani (LB) agar
medium containing ampicillin (100 wg/ml), and kept at 37°C
overnight. One transformant fluorescing pink on UV irradia-
tion at 375 nm was isolated (Fig. 1). It harbored a plasmid
designated pOR1 with the 6.2-kbp Sau3Al fragment of C. josui
at the BamHI site in pBR322. The restriction map of the
cloned fragment is shown in Fig. 2. Subcloning was performed
with E. coli JM103 (58) and XL1-Blue (Stratagene, La Jolla,
Calif.) as hosts and plasmids pUC118 and pUC119 as vectors.
In Southern hybridization analysis, the 4.6-kbp Xbal-Dral frag-
ment hybridized with the Xbal-and-Dral digest of chromo-
somal DNA of C. josui at the position corresponding to kbp 4.6
(data not shown), indicating that the cloned fragment origi-
nated from C. josui chromosomal DNA without any rearrange-
ment.

1576 GIGTACCTGCAACAGAACCGAACTTTATATTTCGGGAGATAATATTGAAAATATGAATCCTGCCCTGCTITIGTG
67 € T C N R TETUL Y I S GG DUNTIENMDNZPALTLTILRC

1651 CCAGTTGTCAGGTGAGGAAGACCATAAATCCTTAATGACTTTATTTAGTATAAGACATGATTCAGAGGCAATATT
92 ¢ L 8 6 E E D HKXK S LMTILF S IRUHDSEA ATITF

1726 CCATCTGATGGAAGTAGCTIGCGGGCTICAGTCTATGGTACTTTTTGAGGATCGAGTAATAACACAGGTAAAAAR
117 H L M E V A C G L Q S MV LVFET DU RYTITZGQUVIXHZN

ARACCATTGATTCAACATTGGAGACACTGTTTAGACTGTGTATTACAGC
I T A

TGCGGCTGCTATTTCCC
A'AAI SREZEIKTTIDSTULETTULTFTRTILC

1801
142

1876 TGCCAAGARAGCCAAARCCGAA TARAGGCAGTCCCTACTICGGCAGCAGAAAGAGCAATARCGGAATT

167 A K K A K T E I KV XK AV ?PTSAAERABABAITETL
+BecoRT

1951 ATCAAAAAAGTATTGTTTTACTGATAAAAGAATTCTTGTAATCGGTAATGGCGAAATAGGACGGCICTGTTGCAA

!.92SKKYCFTDKRILVIGNGEIGRLCCK

2026 AARACTTATTGAACTGGGAGCAGARATBACAATCACACTCAGAAAGTATAAACATGGAGAAATAATTATTCCTGT
217 X L I EL GG AEITTITTULRIEKYIXKHGETITITITZ®PUV

2101 AGGCTGCAATACAATTCCCTATGACGAAAGAGRA. TTCTTCCTCTITCAG AGTGCAACTAC
242 6 C N T I P Y DERETEV VLZPILSDV VI SATT

2176 AAGTCCTCACTTCACTATAACGTAT! 'GAT' AARACTTGAAAGAAAGCC! 'TTGTTGATTTGGC

267 s PH F T I T Y DMTIEZ KTLTERIEKZPETITFUVDILRA
2251 ACTGCCC rnr‘rn'ru:cm’m\'f'mr TT AGGT \L;A;:Ac
292 L PR DIE S S$ I SNVFTGVETLTYUNZ LDURTFTYT

2326 TGACTATTCAGTACTTAATCAAAAGGAAGTAAGTAAAATAAGAGAGATAATTAATCACTTTATTTTACAGTTTGA
317 DY & VL NQEKEV S KIRETITINUHT FTITLTOGQTFE

2401 AAAATGGAAAGATTATCGTGAAGAAGCAGCATTTACAAAAATTCCCGATTTACATAATGATACTC!
342 K W K D Y R EEAATFTI KTIUPDULIHUNDTIULYGR

2476 ATTTCCTTTGTTTATTGACTTATCACGGAAAARAGTTCTCGT AGAGATTGCAACCCGAAGAGT
37 F P L F I DL S GZXI KUV VLVV GGG ETIA BATHRTI RYUY

2551 AAAAACACTAC GGGGC

TCCACATCTTACATCGGAGCTTCAAGAAATGTT

392 K TL LRVPFGADI YLV APUHTULTSETLAG QEMTIL
2626 GAAT TGATTAATTACAGAGA TATTATGAATCAC. AAA; T TG
417

N C KL INZYREGTYUYZESQQDTIOQNMPTLUVTIA

AAACCATA, TGGACGCCAAGGAAAAGGGCATACAAATGAGTATAGC

2701 TGCTACA

442 A T NDRETNU HIE KV Y YLDAZXKTETZ KT GTIUGQMSTIA
2776 GGATT! A TTTTACTTTCC L\:LAATATTCGAAA T TCGGTGGGCTGGTTT
467 D CREETZCST FUY F¥ PAIVFETFTUDGTIVGSGTULUV S

2851 CCAAMATGGAGATAATCACAGTCTTGTAAAATCTGTTGC TGARCAGAT TCGGARAATTGGACAGGC TACAGATTG
492 Q N 6 D N H s L V K S V A E Q I R K I G Q A T D *»

2926 AGAATTTTATCATTTGAAGGAAAGGCTATGGTATTTGACATGAAAAAAATCAGAATAGGCAGCAGGGACAGCAAG
1> SD<CRF3>M V F D M K K I R I 6 S R D S K
HindIII . . . . . .
3001 CTTGCAATTATACAATC, ATAATGTCTGCAATCAGAAAATATGRCCCTGACATAGAGCTGGARTTGATT
17 L. AI I Q S ELTIMSUATILIRIEKTYDZPDTIETLTETLTI

3076 ACAATGAAMACTACAGGAGATAAGATTTTGGACAARACTCTTGACAAARATAGAAGGAAAGGGACTTTTCGTCARG
42 T M K T T 6 D K I L DX TUILDTZEXTIEGIZ XKTGTLTF V K

FIG. 3. Nucleotide and deduced amino acid sequences of the 6.0-kbp fragment of the C. josui chromosome. The underlined nucleotide sequences marked —35 and
—10 refer to the sites for recognition and binding of RNA polymerase. SD indicates a possible ribosome-binding site. The stop codons are indicated by three asterisks.

Palindromic sequences between ORF1 and ORF2 are shown by horizontal arrows.
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The DNA sequence of the 6.0-kbp Sau3AI-PstI fragment of
pOR1 from C. josui was determined by the dideoxy-chain ter-
mination method (40) by using single-stranded DNA templates
and a Sequenase DNA sequencing kit (United States Bio-
chemical Co., Cleveland, Ohio) according to the supplier’s
protocol (Fig. 3). The deletion-bearing plasmids for DNA se-
quencing determination were constructed by exonuclease III
and mung bean nuclease digestion as described by Henikoff
(22), with some modifications, and single-stranded DNAs were
prepared by infecting E. coli MV1184 harboring pUC118 or
pUC119 derivatives with M13KO7 (53). Sequence data were
analyzed by using the program GENETYX-MAC, version 5.0
(Software Development Co., Ltd., Tokyo, Japan).

As a result, five open reading frames (ORFs) (ORF1 to
ORF5) were found in the 6.0-kbp fragment (Fig. 3). ORF1
(Fig. 2 and 3), encoding 389 amino acid residues, was incom-
plete, i.e., the initiation codon was not contained in this frag-
ment. Immediately downstream of ORF1, two palindromic
structures, which were followed by a putative promoter se-
quence and four ORFs (ORF2 to ORFY) of 1,545, 885, 1,512,
and 616 bp, were detected. ORFS, the last ORF, did not
contain any stop codon (Fig. 2 and 3) in the 6.0-kb fragment,
indicating that ORF5 was also incomplete. Each ORF was
preceded by a typical ribosome-binding site upstream of its
ATG initiation codon. Only one putative promoter sequence,

3151 GAARCTGGATAATGCATTATACAATA TATAACCGTACATAGTTAT. CTTT GAA
67 E L DN AL Y NNEVDTITVHSYXKDMZPTLEE

3226 AATCCGGAGCTGCCTGTTGT CCTGTCARAGCGTGAAGACCC! .TGCCTTTATTTTGCCTCRARATGGT
92 N P EL PV V AL S XKREUDZPRTDA ATFTITLTPGQUNSG

3301 GAAAATGGTCAACCAATAGGAAGTTCAAGTCTGAGAAGACAGCTCCAGCTGAAAGAATTATTTCCGGGTTGTAAG
117 E N 6 E P I 6 s 8 s L R R QL QL KEULF P G C K

3376 ACTGCTCCTATCCGGGGAAATGTACARAACCCGACTTAAARAACTTGACAGCGGTGAGTTTTCGGCCATAGTACTT
142 T A P I R G NV Q TRUILIXKXI KTULDSGETF S azivlLi

3451 GCTGCTGCTGGAATTAAAAGGCTTGGTCTTGAAAGTCGTATCGGC. TTTTCAGY AATTCTTCCT
167 A A A G I KRLGTLESURTIGRYU?F S VDETZITLF®

3526 GCGGCAAGTCAGGGCATTATAGCGGTACAGGGCAGAGTCGGAGAGAACTTTGATTTTCTAAAGCTGTTTCATAGT
192 A A S 9 6 I I AV Q G RV GENTFUDTFTULTZEXTLTFH S
. . . . . Patl

3601 GAGGAATCCCTTTGTATTTCACTGGCAGAAAGAACTTTCGTACGAGAA, TGCAGCACACCAATA
217 E E 8 L ¢ I S L AERTTPVREMNGGTCSTZ?PTI

3676 GCGGCTTATGCAACCATTICAGGGAAGTGAAATAATTCTARAGGGCTTATACTGCAATGAARCCACAGGAGAGTTA
242 AA YA T I QGS EIITLIZXKGLTZYCNETTGTEL

3751 CGAAAGGAATGTGTTTCGGGARATAGAAATAATCCTGTGCGAATTAGGCTATGAACTGGTAAARARGATGAAAAGC
267 R K E ¢ V$ 66 NRNUNUPVETLGYETLVZE KTZ KMZEKS

3826 AGCAAGAGTATTTAAGCATGGAGGAARGC T CTTAGTTGGTGCGGGACCGGGAGA
292/18 K 8 I #x* SD <ORF4>M E H G F V A L V G A G P G D

TGGTAGTTT

3901 T. "TATTACAATA AGARCTGCTCTCACAGGC! AGACTGGTATC
16 K ¢ L I T I R G A E L L S Q A DUV VYV Y¥YDURTILV S

3976 CCAAGAAATTATTAAAATGATTCCAACTACGGCAGARARGATAGATGTGGGAAARGAGAATAAATTCCACCCTGT
41 ©Q E I I X M I P T T A E K IDV G KENZIXKT FHZPUV

4051 TAAACAGGAAGAAATTAACCATATACTCCTAGAAAAGTCATTAGAAGGAAAGA T T GGA
66 K Q@ E E I N H I L L E X S L EGK KU KUVIZRILIZEKTGG

4126 AGATCCTTICGTATTTGGCAGGGGAGGAGAAGAAC TTGAGCTGCTGTATGAAARCAATATTCCCTTTGAGGTCGT
99 D P F V F GRGGETETLETULTULTZYEUNUNTIZPTFEV YV

4201 TCCCGGAGTAACTTCGGCAGTGGCAGCATTATGCTACGGGGGAATACCGGC TACCCACAGGGATT T TTGCTCTTC
116 P G V T 8 AV A AL C Y G G I PATUHTR RDTPTCS 8

4276 GCTGCATATTATTACCGGACATGC! AGGACAGCTTTCAATCCCATTTCATGAGTTAAAGGAACTAAR
141 L H I I T G HAREG G QUL S I PFHETLZ XKTETLN

4351 TGGAACCATTGTTITTCTTAT TCTTCACTATC, ATGGGCTTATAAATGCGGGGATGGA
166 6 T I V F LM 66D S s L § ¥ L MNGTLTINU BAGME

4426 BAAAGGACATGCCTGCTGCCATAGTAGAGAACGGAACAAGGCCAARCCAGAGAAAACTGGTAGCCACAGTGGGTAC
191 K DM P A A I VENGTRPNO QR RIEKTLVYVY2ATVGT

4501 ACTGGAGCAAAAGGCTT ARTARAATCTCCTGCCATTATTGC TGTAGGTARGGTCTCTTCTCTATC
26 L E @ KA LEMETIZ XKSU?PATITI AV G KV C S L S

4576 TGAAARGTTCAGTTGGTT ABAGCCTCTTTTCGGTACAAAAATACTAGTTACAAGACCCARAGAATCTTC
241 E KF S WF MM X K?PLVFGT XK IULVTRU®PIEXKTE S S
. HindIIT . . . .
4651 TGGCACAC ARAGCTTCGCCAAC ‘GGAGCCTG' CC TAT GTAGTACCTAT
266 ¢ T LV EIZ XULRZGOQLGH AEU®PVEZTYU®P?CTIZEVVUPTI
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1308TGGGCA'?"? as the —35 region (consensus for E. coli,
TTGACA) and '**'TATAAT"?° as the —10 region (consen-
sus for E. coli, TATAAT), was found with the consensus dis-
tance of 17 bp upstream of ORF2, and no other promoter
sequence was identified in the nucleotide sequence, suggesting
that ORF2 to ORF?5 are transcribed from this promoter in a
polycistronic mRNA, i.e., the genes form an operon.

Amino acid sequences deduced from ORF2, ORF3, ORF4,
and ORF5 were homologous to those of HemA, HemC,
HemD, and HemB, respectively, of E. coli and B. subtilis, as
described below (Fig. 2).

The NH,-terminal region of the ORF2 protein (Leu-20 to
Trp-343) was highly homologous to HemA proteins of B. sub-
tilis (identity, 29%) (36), E. coli (33%) (10, 29, 52), and S.
typhimurium (31%) (12) (Fig. 4A), which synthesize ALA via
the C5 pathway, but not homologous to HemA proteins of
Rhizobium meliloti (27), Agrobacterium radiobacter (9), Brady-
rhizobium japonicum (32), Saccharomyces cerevisiae (51),
chickens (7), rats (48), mice (43), and humans (4), which syn-
thesize ALA via the C, pathway. The plasmid pOR105 (Fig. 2),
containing ORF2, complemented E. coli hemA mutants
AN344 (provided by Y. Murooka) and SASX41B (provided by
B. Bachmann; CGSC4806). These results indicate that ORF2
encodes HemA protein, NAD(P)H-dependent glutamyl-tRNA
reductase (20), which is involved in ALA synthesis via the Cs

4726 ACCACAAAATGARAAGCTCTACCATGCATGTGAAAATATCAGGGAATATGGCTGGATTTTGCTTACCAGTAARAR
228 P Q NE KL Y HACEWNTIRETYYGWTIULULTSZKN

4801 CGGTATACAGATATTTTTTGATTACTTAAATTCCAAAGGATTAGATGCAAGAGTTCTTGCARATACAARAATCGG
316 G I Q I FFDJYLWNSIE XSGILDA ARV YILANTIE KTIG

. . HindIII Dral . . . .

4876 CACGGTAGGAAGTCAGACAGCGAAAGCTTTAAAAGA) TGATTTCTGATTICACCCCTGARATCTTTGA
341 TV G S QTAX KA ALIKETVSGCLTISDTFTZPETITFTD

4951 TGGCAGGCATCTTGCACTGGGART TGCAGAGC! AAATGAAAAGGTTCTAATT ATGCTGCAAT
36 6 R H L AL GIAERVGETU NEZ KT VTLTICDABAABATI

5026 AGCAAGTGACGATATTGTTAACATTTTGAGARGTAATAATATTAAATT 'TCCAT' AATACGAR
31 A s DD TIVNTITILRSNDNTIEKTPFIDIRVYVPILZYNTHN

5101 TTATATAAATGAAAACAGTAATAAGGTCAAAAAATCGATTGTCCATGGTGAAC TCAAGTACATAACCTTTACAAG
416 Y I N E N S N X V KK s I VK GEULI K Y ITTFT S

5176 TGCATCCACAGTTGAAGGATTTATAGCATCTATGAAAGACATTCCTTTGGARAGTCTGACGGCTGTCTGCATTGG
441 A s T VE G F I A S MEKDIPILESTLTAVCTIG

5251 AAACAAGACAGCGGAAGCTGCTAAA "AACCT AT TGAAMAGTCAACAATTGATTCCAT
466 N K T A E A A K K Y N L R YV YV AEZXSTTIUDSM

5326 GATAGATAAGCTATTAGAAATAGGAGGCGGCAATAT TTATGATTAAGAGACCAAGAAGATTGAGAACCAATGAAG
491 I DK LULETIGTG GG N I Y D *#*
1 sD <ORFS>M I K R P R R L R T N E

5401 TGCTGCGAAAAGCAGTCAGGGAAACCAGACTATCAACGGATTCAC! TTGGCCTCTTTTTATAG GTA
13V LR KAVRETRLSTDSTLIWZPULTFTIVTESG

5476 ARAATATAAMAAAGGAAATCAGCTCCCTTCCCGGACAGTATCATTTTAGTCC TT AAGCAATTG
3K N I K K E I S S L P G Q Y HF S P DMVSGZ KA ATI

5551 AAGCTGCATTAAAAGCAGATGTAAAATCCGTATTGC TATTTGGACTTCCTAAGCATAAGGATGARARAGGCTCTG
63E A AL KADV K S VLLTFGTLZPZXHIE KTDTETZKSG S

5626 AGGCATACAATGAAAACGGAGTATTGCAGCAGGGAATACGTGARATARAACAGAGGTATCCGCAGATGCAGGTAA
8E A Y NE N GV L QQ GIRETIZE KTG QR RTYZPOQMZOQUV

5701 TAACAGATATTTGCATGTGCGAATACACATCTCACGGCCATTGCGGAATTT 'TTGATAATG
1131 T b I ¢ M C E Y T S H G H C G I L EGETU RV DN

5776 ACAGAACCCTTCCCTATCTGGAARADAATAGCTTTGTCCCATGTAATGGCAGGAGCGGACATGATTGCTCCGTCGE
13D R T L P YDLEZ KTIA ALSHVMAGA IMADMTELIATPS

TGCTCTTAGGTCAARCTCTGGACAARAAACH T AGACATTCCTATTATGT

5851 ATATG

163D M M D 6 R I Y A LR S TULDUIXNGT FTTDTIZPTIM
. . . . Pstl

5926 CATATGCCGTAAAATATGCATCGTCATTT CATTCC: TGCAG

188 s ¥ A V K Y A 5 8 F Y G P F R E A A

FIG. 3—Continued.
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. josui HemA 1 MQLGRHNSGSIKKRLEMYILS]ISASLDYKSARIDIRRRFAYTSTRIREILRRIXEA
. subtilis  Hema 1 MEILVVGVDYKEAP IETREKVSFQPNELARAMVOLKEE
. coli Hema 1 MTLLALGINHETAPVSLAERVSFSPDKLDOALDSLLEQ
. typhimurium HemA 1 MILLALGINEXTAPVSLRERVTFSPDTLDQALDSLLAQ

oo

C.j 58 DGYSHAVLECTENRTELYI5GONIENMNPALL--LEOLSCEEDERSLUTL S IREDSEATFREMEGACHT,
B.s 39 RSILENIIVSPONRTEIVAVVIQLHTGRYYIKKFJ,ADWFQLSKEELSPFLTFYESDA-; mﬁLFRVé.CGL
E.c 39 PMVQEGYVESTCNHTELYLSVEEQDHLOEALIRWLADYHNLNEEDLRKSE YW-HQDNDAVSHLMRYRSCL
S.t 39 PMVQUGVVLSTUNRTRLYLSVEEQDNLQEAL IRWLUDYHNLNEDDLRNSE YW- BQDNDAVSHLMRVASGL
C.j 126 QEMVLFEDRVITQUKNAARTSRERKTIDSTLETIFRLCITARKKAKEE IKVKAVE ITRLSKRY
B.s 108 DSMVIG] TQILGQVRDSFKTAQQEKTIGTIFNEnFKQAVWG&RTHAETDIGSNAV VSYARV-ELAKK~
E.c 108 DSLYLGEPQILGQVRKAFADSOKGHMKASELERMFOKSFSVAKRVRIETDIGASAVSVAFARCE-L-ARQ
S.t 108 DSLYLGEPQILGUVKKAFADSOKGHLNASALRRMEQKSFSVAKRVRTETDIGASAVAVAFAACT-L-ARD
C.j 196 CE~-~TDKRILVIGNGETORECOKKEIRLEAE -1 TLRKYKEGET T 1P-JGCNT P YDERBEVEPLSPY
B.s 176 IFGNLSSKEELILEAGKMGELARENLHGH JGIGKVIVINRTYLKAKELADRFSGEARSLNQL T
E.c 176 IFESLSTVTVLLVOAGETIELVARHLREHKVQRMT FANRTRERAQILADEVGAEVFALSDTI T
S.t 176 IFESLSTVTVLLV( AGETT] VOKMI 3 QALADEVGARVESLSDIDARLQDART
C.j 261 VISAPTSPEFTITYDMIE---KLER-KPEIFVDLALPRDIESSISNFTGYELYNLDRFYTDYS-VING-K
B.s 246 LISSTH "KDRKGRPLFMVDIAV?RDLDPALNDLE GVEFLYDIDDLEGIVEANMKERR
E.c 246 ITSSTASPLPI L¥ SRRNQPMLLYD TAVPRDVEPEVGKLANAYL Y SVBDLOS I TSHNLADRE
S.t 246 IISSTASBLPI] LKSRRNOEMLLYDTAVERD LANAYAY¥SVDDLQSII PR
C.j 325 EVSKIRE-TINAFYLOPEKWKDYREEAAFTKIPDLENDILY..........

B.g 316 ETAEKVELLIEETIVEERKQWMNTLGVVPVISALREKALAIQ. ..

E.c 316 A T AQE! RAQSASETIREYRSQAEQVR. . . cee

S.t 316 AMAVEART]VEQEASEFMAWLRAQGASETIREYRSQSEQIR..........

HemA 361 DTLYGRFPLEIDISGKKVEVVEESETATRRVRTIARFGADTYLVAPALTSELOEML
MDHLPIECQLRDRDCT IVGHGDVAE PKARLLY DAGARLTVNATAF T POFTAWA

C. josui
E. coli CysG 1

c.3 417 NCKLINYREGYYESQDI QNMFi.VIXkTNQRETI}HKVYLDM(EKGIQMS 1ABCREE CSRYFPAIFEFDGIV
E.c 54 DAGMLTLVEGPFDE SLLDTCWLAIRS\TDﬁDALﬁQRVRQA&EARRIFCNVVDAPKAA%F IMPSTIDRSPLM

. 487 GGLVSQNGDNHSLVKSVAEQIRKIGQATD
E.c 124 VA-VSSGQTSPVHARLLREKLESLLPLHL .....

FIG. 4. Homology analysis of the predicted amino acid sequence from ORF2
(hemA) from C. josui. (A) Alignment of the predicted amino acid sequences in
the NH,-terminal region in HemA of C. josui (C.j) and NAD(P)H-dependent
glutamyl-tRNA reductases (HemA) of B. subtilis (B.s), E. coli (E.c), and S.
typhimurium (S.t). (B) Alignment of the predicted amino acid sequences in the
COOH-terminal region in HemA of C. josui (C.j) and in the NH,-terminal
region of CysG of E. coli (E.c). The putative NADP*-binding site is underlined.
Shaded residues represent amino acids which are identical to those in C. josui
HemA.

pathway. ORF2 was termed hemA. In addition to having sim-
ilarity with other HemA proteins, C. josui HemA had similarity
(23%) in its COOH-terminal region (Asp-361 to Asp-515) with
the NH,-terminal region of CysG protein of E. coli (35, 55, 56)
(Fig. 4B). Recently, M. J. Warren et al. have reported that the
NH, terminus of E. coli CysG was involved in the dehydroge-
nation of dihydrosirohydrochlorin (precorrin-2) and ferroche-
lation, which convert precorrin-2 into siroheme (54). The
NADP *-binding site (21, 45) identified as Asp-14 to Asn-41 in
E. coli CysG (54) was conserved in C. josui HemA as Lys-377
to Val-404 (Fig. 4B). These results suggest that the hemA gene
of C. josui is responsible for two different steps in porphyrin
biosynthesis, i.e., the synthesis of ALA from glutamate and
siroheme from precorrin-2.

The amino acid sequence predicted from ORF3 displayed a
high degree of homology with sequences of porphobilinogen
deaminases (PBG-Ds) (hydroxymethylbilane synthase [HMB-
S]; EC 4.3.1.8) which are encoded by the hemC genes of B.
subtilis (36), E. coli (1, 50), humans (37), S. cerevisiae (25), and
Euglena gracilis (46) (Fig. 5). An extract from E. coli
BL21(DE3) cells (Novagen, Madison, Wis.) harboring pER1
(constructed by inserting PCR products containing the hemC
region into pET-16b vector purchased from Novagen) had
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PBG-D activity (data not shown). These results indicate that
ORF3 corresponds to the hemC gene. The cysteine residue in
the dipyrromethane cofactor-binding site which was identified
as Cys-242 in E. coli PBG-D (44) was conserved in C. josui
HemC as Cys-237 and is present in all other PBG-Ds reported
so far (Fig. 5). One Asp and six Arg residues which were
identified as catalytic sites for tetrapyrrole synthesis in PBG-D
from E. coli (30) are conserved in C. josui HemC as Asp-86,
Arg-13, Arg-128, Arg-129, Arg-146, Arg-152, and Arg-173 and
are also conserved in the other PBG-Ds (Fig. 5).

ORF4 encodes a polypeptide of 504 amino acids, and its
COOH-terminal region downstream of Met-247 revealed 24%
identity with the HemD protein, uroporphyrinogen IIT (UroIII)
synthase (EC 4.2.1.75), from B. subtilis (20) (Fig. 6A). pOR101
(Fig. 2) complemented E. coli hemD mutant SASZ31 (provid-
ed by B. Bachmann; CGSC7153). On the basis of these results,
ORF4 was identified as hemD. The NH,-terminal region
(Met-1 to Phe-246) of C. josui HemD revealed 49 and 39%
identities with the COOH-terminal region (Asp-213 to Phe-
454) of the E. coli CysG protein (35, 55, 56) and with the whole
of the Pseudomonas denitrificans CobA protein (8) (Fig. 6B),
respectively. Both proteins are S-adenosylmethionine-depen-
dent Urolll methylases. Therefore, HemD of C. josui might
catalyze sequential reactions to synthesize Urolll from HMB
and then precorrin-2, which are intermediate compounds in
both vitamin B, and siroheme biosyntheses.

*

c. josui HemC 1 MVEDHRKIRIGHRDERIA T T08E L IMBATRR Y DED T ELEE MK TG IR T LR
B. subtilis HemC 1 MMRTIKVGSRRAKL AMTOTKWYIQKLKE INPSFAFBIEK TVIKGDRIVEV
E. coli HemC 1 MLDNVLRIAT! QSPLPI:LWQAEYVKDKLMASHPGLVVELVPHVTR@DVILDT
human HemC 1 HRVIRVATRKSOTARFQTDSVVATLRASYRGLOFET | AMSTHODRTE DT
yeast HEM3 1 MGPETLHIGGRKSK AV DENHVLELIEEXYPHYDCRVFRLOTL ARG QP
E. gracilis HemC 140 STTGSNIGAGKTVAVATRKSPLAMWOARFIOSFLERLWRGITVELOPMSTREDEILES

*
c.j 54 FEDKIEGRGEEVRBLDNAL YN~~~ -NEVD I THEE YROMET ERNPEY PV L SERBBERDARE —— — - —— -~
B.s 51 TLSEVGGRGLEVKBIEQALLN-—--EE T DMAVEEMKDMPAVLPEGLVIGCI PEREDPRDALY SKN-—-RV
E.c 52 PLAXVGEKGLFVEELEVALLE-——-NRADTAVHSMEDVRPVEFPQG] GLVTICEREDPRDAFVSNNY——-D
Hum 50 ALSRIGEKSLETKELEHALEK----NEVDLVVHSLKDLPTVLPEGFTIGAICKRENEADAVVFHPKFVGK
Yea 52 MYSFWWTKEM DHLYHDDPSKKLDL IVESLEDMPTLLPEGFELGGITKRVDPTDCLVMPFYSAYK
E.g 198 PLAKVGOAGLEVKELETALLE-——-HRSDIAVHETKOVAMELPEGHVLGVICKREDECHATVEPKGSNLK

s » ¥ *
c.3 112 -Lmg PSS E e RO R L F  ackTAP L RN YO TR Kt D - Br A Evi ARRGTREL G HE
B.s 114 KLSFMKK-GAVIGTSSLRRSAQLLIERPDLTIKWIRGNIDTRLOKLET~EDYDA~LTLAAAGLSRMGWRQ
E.c 115 SLDALPA-GSIVGTSSLRROCOLAFRRPDLIIRSLEGNVGTRLSKLENG-KYDA-1 T AVAGLKRLGLES
Hum 116 TLETLPE-KSVVGTSSLRRAAQLORKFPHLEFRS RGNLNTRLRKLDEQOEFEA - ILATAGLORMGHEN
Yea 122 SLDDLPD-GGIVGTSSVRKSAQLKRKYPHLEFESVRGNIOTRL.OKLDDPKSPYQCITLASAGLMRMGLEN
E.g 264 S;-EDLPHGARVGTSSLRROCOLLLKRPDLAFLELRGNYNTRLAKTDEG-DYDA-T ILAAAGLKREGFSD

*
C.3 179 Ri--§-RyPsv-DEILBARSHET IRVOCRVEEN--FOFLRLIEsEESTCT SLAHRTEVREMNGGOSTETA
B.s 181 DVV---TEFLEPERCLPAVGQGALATECKESDEELLALFSQETDEYTKRTVEARRAFLNAMEGSCOVETA
E.c 182 RI----RBAALPPEISLPAVGQGAVGIEC] LDDSRTRELDAALNHHETALRVTREWNT’RLEGACQVPrG
Hum 184 RV--G--QILHPEECHMYAVGOEALGYEVRAKDQDILDLVGVLEDPETLLRCIAERAFLRHLEGGCEVEVA
Yea 191 RI----TQRFESTDMYHAVGOUALGIEIRKGDTKMMKILDE ICDLNATICCHSERALMRTLEGUUEVRIG
E.g 331 RVLPGETNIIDPNVMCPAAGGGALSIELRTNDPEIAALLEPLEHIPDAVTVACERAMN; RLNGGCQVP{]:S

C.j 243 AYATIQUS-HTTERGLYCNERTGELREECY---——- - SENRNNEVELGYHLVKRMKSSEST

B.s 248 GYSVLNGODEIEMTGLVASPDGKIIFRETY ~TENDPEEYGKRCAALMADKGAXDLIDRVKRELD
E.c 248 SYAELIDG-EIWLRGLVGAPDGSQII-—-———-——=-] -RGERRGAPQDAEQMGI SLAEELLNNGARE ILAE
Hum 250 VHTAMK-DGQLYE LDGSDSIOETMOATIHVPAQHEDGEEDDPQLVGITARN IPRGPQLAAQNLG
Yea 257 VESKYN-EETKKLLLKAIVVDVEGTEAVEDEIEMLIENVKEDSMACGKILAERMIADGAKKILDEINLDR
E.g 401 GFAQLKDG-QL GPLIIQSKTFRLPWSGRTWPQLOKESEALGVEVADMLLADGAQAYLD

B.s 311 EDGK
E.c 306 VYNGDAPA

Bum 319 ISLANLLLSKGAKTILDVARQLNDAH

Yea 326 IK

E.g 470 EAYASRTLGWA

FIG. 5. Alignment of the predicted amino acid sequence from ORF3 (hemC)

of C. josui (C.j) and the amino acid sequences of PBG-Ds (HMB-S) (HemC) of
B. subtilis (B.s), E. coli (E.c), humans (Hum), S. cerevisiae (Yea), and E. gracilis
(E.g). Shaded residues represent amino acids which are identical to those in C.
Jjosui HemC. Conserved amino acids which are candidates for the catalytic sites
discussed in a previous paper (30) are marked by asterisks.
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A

C. josui HemD 247
B. subtilis HemD 1

MRRILFETRIEVRPRES SGTLVEKLRQLGAEPVEYPCIEWP IPQI\EEKLYBA
MENDFPI.KGKTVLVmNKAQAASFQQKVEALGGKAVLTSLI TFRRALPEDVAEQV

C.j 300 CENIREYEWILLTHKNGIOIFFDYINSKGEDARVLANTKIGTVHSONARAKEVGLISHFTAEIFDGREL
B.s 56 REDLAAPGWLVFISVNGADFEFSYLKENQL--ILPARKEIAAVGEKTARRLKMANVSVDVMBQEY IAEQL

c.j 370 ALGIAERVGENEKVLICDAAIASDDIVNILRSNN- IKFDRVPLYN!DNYINENSNKVKKSIVHGELK}IITF
B.s 124 ADALKQHAEPGETI TVMKGNLSROVIKQELVPLG-! FEVKEWVI;YETIPDEEGIEALRDMGQYSFDYVTF

C.3 439 PEARTVEGEIASMKDIPLESLTAVCIGNKTAEAAKKYNLRYVVAERSTIDSMIDKLYEIGGGNIYD
B.s 193 7S5SIVATEMHVLGEELKKWKANGTACISIGPLTNDALLTYGITSHTPDTFTIDCMEBL.MC T

B

¢. josui HemD 1 MERQFVALVERCPEDKCLTE TREAELLSORBUVYBRLYS
E. coli cysG 213 D LYGAGEEDACLLY LKGLQQIQQADVWYDB&VS
P. denitrificans CobA 1 MIDDLFAGLPALEKGSYWIVGAGBGDPGLLTLEARNALROADVIVHBAIAN

a
O

41 QEIKMIPTTAEKIDYGKENKFRPYROEEINHIILERSLE GKKVIRLKGGDPFVFGRGGEELEL YENNL
E.c 253 DDIMNLVRRD; DRVFVGERAGYHCVPQEEINQIII.REAQKGERVVRLKGGDPF INGRGGERLETLCNAGL
P.d 52 EDCLELARPGAVLE FAQ(RGGKPSPKQRDI SLRLVELARAGNRVLRLKGGD}’FWGR@G&MT VEHQV

'

c.3 111 PFEVVPGVISAVAALC GGIPATB&DFCSSLEII’I‘GHARE ~GOLSTPFHELKELNGT IVELNEDSSLSY
E.c 323 BESVYPCITAARSGCSAYSGIPLIHRDYAQSVRLITGHLKT —GELD—-WENLAAEKQ'PLVPYMGLNQAAT
p.d 122 PERIVEGITAGIGGLAYAGI PVIHREVNHAVIFLIGHDSSGLVPDRINWQGIASGSPVIVMYMAMKHIGA

c.j 180 LMNGLINA[}M.EKDX'&PAAIVENGTRPNQRKLVA VGTI:EQKBﬁEME IKSPATTAVEKVC WE. ..
E.c 390 IQQKLIEHGMPGEMPVAIVEX\"G’,(‘AVTQRVIDG LTQ’ E--LAQOMNSPSLETT: )KJ..NWE e
P.d 192 ITANI:JAGGRSPDEEVAFVCNAAT?QQAVLET LARAEADVAAAGLEPPKIVVVG.. ALDWI...

FIG. 6. Homology analysis of the predicted amino acid sequence from ORF4
(hemD) from C. josui. (A) Alignment of the predicted amino acid sequences in
the COOH-terminal region in HemD of C. josui (C.j) and UrollIl synthase
(HemD) of B. subtilis (B.s). (B) Alignment of the predicted amino acid se-
quences in the NH,-terminal region in HemD of C. josui (C.j) and S-adenosyl-
methionine-dependent UroIIl methylases (CysG and CobA) of E. coli (E.c) and
P. denitrificans (P.d). Shaded residues represent amino acids which are identical
to those in C. josui HemD.

The NH,-terminal region of the amino acid sequence pre-
dicted from ORFS5 (205 residues) showed a high degree of
similarity with PBG synthases (ALA dehydratase) (EC
4.2.1.24) of B. subtilis (20), E. coli (11, 28), S. cerevisiae (31),
humans (57), and rats (6) (Fig. 7), whereas the 6.0-kbp frag-
ment sequenced in this study did not contain the region en-
coding the COOH-terminal moiety. The amino acid sequence
of C. josui HemB contained a short motif (Cys-117 to Cys-127)
similar to a zinc-binding domain, including two cysteines and
two histidines in a zinc finger (5, 26), and this motif was highly
conserved in all PBG synthases (Fig. 7). This incomplete gene,
however, was not sufficient for complementing E. coli hemB
mutant RP523 (provided by B. Bachmann; CGSC7199), prob-
ably because of the defectiveness of the C. josui hemB gene.

The arrangement of the gene cluster responsible for porphy-
rin biosynthesis in C. josui (Fig. 2 and 8) was similar to that of
the gene cluster in B. subtilis, although a gene corresponding to
hemX was not found between hemA and hemC. Homology
analysis of HemAs suggested that in C. josui, ALA was possibly
synthesized via the Cy pathway, which was also found to be the
case in Clostridium thermoaceticum (33). Therefore, some clos-
tridia seem to use the Cs pathway for ALA synthesis. The
hemL gene, encoding glutamate-1-semialdehyde-2,1-amino-
transferase (EC 5.4.3.8), which is involved in ALA synthesis via
the Cy pathway, was not included in the fragment cloned from
C. josui in this study, although the hemlL genes of several
organisms, such as S. typhimurium, E. coli, B. subtilis, and
plants, have been cloned and sequenced (13, 18, 19, 20). Since
the hemL gene is located downstream of the hemB gene in B.
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subtilis, the hemL gene of C. josui might also occur downstream
of hemB (ORF5).

In addition, HemA and HemD might be involved in the
biosynthesis of vitamin B,, or siroheme (Fig. 8). We examined
the vitamin B,, productivity of C. josui by performing a micro-
biological assay with vitamin B,, auxotrophic E. coli 215 (42)
according to the method of the Association of Official Analyt-
ical Chemists (2). When C. josui was cultivated at 45°C for 4
days in 20 ml of GS medium (16) containing biotin (0.2 mg/
liter), p-aminobenzoic acid (0.4 mg/liter), and CoCl, - 6H,O
(20 mg/liter) instead of yeast extract, it accumulated 30 ng of
CN-vitamin B, in total. Furthermore, pOR1 (Fig. 2) was able
to complement E. coli cysG mutants AT718 and AT2455 (pro-
vided by A. Nishimura; MES5358 and ME5461). Homology
analysis and complementation experiments indicated that the
HemA and HemD proteins of C. josui each contained two
putative catalytic domains with different functions and there-
fore may be bifunctional enzymes (Fig. 2, 4, and 6).

Our results showed that these genes responsible for porphy-
rin synthesis were arranged in a more compact organization in
C. josui than in the other bacteria and suggested that the gene
cluster might be involved in the synthesis of vitamin B,, and
siroheme. To our knowledge, this is the first report describing
the genes responsible for porphyrin biosynthesis from a strictly
anaerobic bacterium.

Nucleotide sequence accession number. The nucleotide se-
quence data reported in this paper will appear in the GSDB,

C. josui HemB 1 MIKﬁPFRLR’X.‘NEVT.‘RKAVRETRLSTDS-LZWPLFIVEGKN IKE
B. subtili HemB 1 MSQSFNRHW‘I K. ETRIHPSD-FLYPTH VEGLEGKK
E. coli HemB 1 MTDLIQRPRRLFKSPALPRMFEETTLSLND—LVLPIFVEEEIDDYK
yeast HEM2 1 MHTAEFLETEPT-EIS SVLAGGYN-HPLLRQWQSERQLTK NMLIFELERISDNPDDFT
human HemB 1 MQPQSVLHSGYFHPLLRAWQT -~ ——~——. A@TTLNASN;LXYPI}“VTDVPDDIQ
rat HemB 1 MHHQSVLHSGYFHELLRAWOTTPSTVS~AR~m s NLEYRIEVTDVPDDVQ

c.j 43 BEsELEBOVAFEPDMVGRATEARLEADVKEVELFELERY - - - KORR SR AU NENGVLOORE RS TR GRY,
B.s 46 AVPEMEDVHRVELDLLKDEVAELVELGIQSVIVFEIPEE~~~KDDCETQAYRDHCTVOKATITEIKEAT
E.c 46 AVEAMPGVMRIPEKHLAREJERIANAGIRSYMTTGISHH--T-DE LYARMSPICK(TV!
Yea 56 EIDSLPNINRIGVNRLKDYLKPLVAKGLRSVILFGVPLIPGTRDE >DPAGPVIBIKFIREYF
Hum 46 PITSLEGVARYGVKRLEEMLRPLVEEGLRCVAIEGVE-SRVPKDBERGSAADSEESPATIFATRLLREYF:
Rat 46 PIASLPGVARYGVNQLEEMLRPLVEI&GLRCVLIEGV '~ SRVPRDEQGSARDSEDSPT IEAVRLLRKTF

Bz E R E O

C.j 110 MOVITPICMCEYTSHGHCGIL-EGERVDNDRILPYLERIALSHVMAGADMI APSOMUDGRIYALRSTE DK
B.s 113 MVYVADTCLCEVTDHCHCGLVRD-GVILNDESLELLAQTAVSQAKAGADT TAPSNMMOGFVTVIREALDK
E.c 113 HMI CEYTSHOHCGVLCERG-VDNDATLERLGKQAVVARAAGADFT APSAAMIGQVOATROAL DA
Yea 126 LYIFCPVELCRYTBHGHCGVLYDDGTINRER NYAKAGAHCVAPSDMIDGRIRDIKRGLIN
Hum 115 LIY¥ACDVCLCPYTSHGHCGLLSENGAFRAEESRQRIAEVALAYAKRGCQVVAPSEMEDGRVEATCHGLGN
Rat 111 LLYACDVCLCPYTSHGHCGLLSENGAFLAEESRORLAEVALAYAKAGCQVVAPEDMMOGRVEATKAALLE

C.j 179 NGETH-IPIMSYAVRYASSReRERREAA. .. .......

B.s 182 EGFVN-IBIMSYAVRYSSEFYGPFRDARNSTPQFGDRKTYQMDPANRMEALREAQSDVEEGADFLIVKPS
E.c 182 AGFKD-TAIMSYSTKFASSFYGPFREAARGSALK~GDRKSYQMNPMNPREAIRESLLDEAQGADCLMVKPA
Yea 196 ANLAHKTFVLSYARKFSGNLYGPFRDAACSAPSNGDRKCYQLPPAGRGLARRALERDMSEGADGIIVKPS
Hum 185 HGLGNRVSVMSYSAKFASCEYCPFRDAAKSSPAFGDRRCYQLPPGARGLALRAVDRDVREGADMLMVKPG
Rat 185 BGLGNRVSVMSYSARFAHCEYGPFEDAAQSSPAFGDRRCYQLPPGARGLALRAVARDIQEGADILMVKEG

B.s 251 LSYMDIMRDVKNEFT-LPLVAYNVSGEYSMVKAARQNGWIKEKEIVLE ILTSMKRAGADLIITYHAKD—
E.c 250 GAYLDIVRELRER-TELPIGAYQVSGEYAMIKFAALAGAIDEEKVVLESLGSIKRAGADLIFSYFALDLA
Yea 266 TFYLDIMRDASEICKDLPICAYHVSDEYAMLHAAAEKGVVDLKTIAFESHQGFLRAGARLIITYLAPEFL,
Hum 255 MPYLDIVREVKDKHPDLPLAVYHVSGEFAMLWHGAQAGAFDLKAAVLEAMTAFRRAGADIIITYYTPQLL
Rat 255 LPYLDMVQEVKDKHPELPLAVYQVSGEFAMLWHGARAGAFDLRTAVLESMTAFRRAGADIIITYFAPQLL

B.s 318 AAKWLAE
E.c 319 ERRILR
Yea 336 ~~-DWLDEEN
Hum 325 --QWLKEE
Rat 325 ~-KWLKEE

FIG. 7. Alignment of the predicted amino acid sequence from ORFS5 (hemB)
of C. josui (C.j) and amino acid sequences of PBG synthases (ALA dehydratase)
(HemB) of B. subtilis (B.s), E. coli (E.c), S. cerevisiae (Yea), humans (Hum), and
rats (Rat). Shaded residues represent amino acids which are identical to those in
C. josui HemB. A short motif similar to a zinc-binding domain is underlined.
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ALA ———p» PBG ——» HMB ———p Urolll ——————p Preco\rrin-2

HemB HemC HemD-C
(hemB) (hemC) (hemD)

HembD - N RN

~

{cysG, cobA) Sl

Vitamin B12

FIG. 8. Proposed pathway of porphyrin biosynthesis in C. josui. -N and -C show the NH,-terminal region and the COOH-terminal region, respectively. The genes
encoding homologous enzymes are given in parentheses. The C. josui proteins correspond to the following enzymes: HemA-N, NAD(P)H-dependent glutamyl-tRNA
reductase; HemB, PBG synthase; HemC, HMB-S; HemD-C, UrollI synthase; HemD-N, S-adenosylmethionine-dependent UrolIl methylase; HemA-C, siroheme
synthase. The broken arrow shows that vitamin B, is synthesized in several steps from precorrin-2. tRNA-Glu, glutamyl-tRNA; GSA, glutamate-1-semialdehyde..

DDBJ, EMBL, and NCBI nucleotide sequence databases with
the accession number D28503.
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