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A 16 kb DNA fragment has been isolated from a Bacillus

megaterium genomic library and fully sequenced. The fragment

contains 15 open reading frames, 14 of which are thought to

constitute a B. megaterium cobalamin biosynthetic (cob) operon.

Within the operon, 11 genes display similarity to previously

identified Salmonella typhimurium cobalamin biosynthetic genes

(cbiH
'!

, -J, -C, -D, -ET, -L, -F, -G, -A, cysGA and btuR), whereas

three do not (cbiW, -X and -Y). The genes of the B. megaterium

INTRODUCTION

Cobalamins (vitamin B
"#

) represent a class of one of Nature’s

most complex small molecules that are unique among the

vitamins in that they are made exclusively by micro-organisms

[1]. There are two main coenzyme forms of vitamin B
"#

, methyl-

cobalamin and adenosylcobalamin [2,3], associated with

methylation and rearrangement reactions. These are required

by enzymes such as glutamate mutase, ribonucleotide reductase,

methionine synthase and methylmalonyl-CoA mutase.

Cobalamins belong to the same prosthetic group family as

haem, chlorophyll, sirohaem and coenzyme F
%$!

and are all

derived from the common macrocyclic biosynthetic intermediate

uroporphyrinogen III [4]. However, from an evolutionary stand-

point, vitamin B
"#

can be considered the matriarch of the family

through the evolutionary ancient role of adenosylcobalamin in

ribonucleotide reductase [5–7]. There is therefore an interest not

only in how cobalamin is biosynthesized but also in how the

pathway evolved, especially with relation to the emergence of the

pathways for the other modified tetrapyrroles including haem

and chlorophyll.

The nomenclature used to describe the genes of cobalamin

biosynthesis in Pseudomonas denitrificans and Salmonella typhi-

murium is quite confusing. For instance, in P. denitrificans all the

genes required for cobalamin biosynthesis are prefixed cob,

whereas in S. typhimurium the genes required for cobinamide

biosynthesis are prefixed cbi and the genes required to convert

cobinamide into cobalamin are termed cob. Thus the cobA genes

in P. denitrificans and S. typhimurium refer to quite separate

enzymes. For clarity, where duplication of gene names occurs,

we have added a superscript to identify the organism. Fur-

thermore, in P. denitrificans, cobI refers to the C-20 methyl-

transferase, whereas in S. typhimurium cobI refers to all the genes

of the cob operon responsible for cobinamide biosynthesis. The

Abbreviation used: ORF, open reading frame.
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The nucleotide sequence data reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number

AJ000758.

cob operon were compared with the cobalamin biosynthetic

genes of Pseudomonas denitrificans, Methanococcus jannaschii

and Synechocystis sp. Taking into account the presence of cbiD

and cbiG, the absence of a cobF, cobG and cobN, -S and -T, it was

concluded that B. megaterium, M. jannaschii and Synechocystis

sp., like S. typhimurium, synthesize cobalamin by an anaerobic

pathway, in which cobalt is added at an early stage and molecular

oxygen is not required.

S. typhimurium equivalent of Escherichia coli BtuR is CobA,

whereas the P. denitrificans equivalent is called CobO.

In effect, the molecular genetics of cobalamin biosynthesis

have been studied in only these two organisms, S. typhimurium

and P. denitrificans [8–10]. In P. denitrificans the genes are

dispersed in at least four different regions of the genome, whereas

in S. typhimurium the genes are located in one major operon. A

comparison of the genetic requirements for cobalamin bio-

synthesis between these two organisms reveals that although a

number of the genes display some similarity, a few are quite

different (Scheme 1). For instance, P. denitrificans does not

contain equivalents of CbiD, -G and -K, whereas S. typhimurium

does not contain equivalents of CobE, -F, -G, -N, -S, -T and -W

[8,11]. This reflects the fact that in the synthesis of the corrin

component of cobalamin these organisms operate distinct path-

ways that differ in their requirements for molecular oxygen and

the timing of cobalt insertion (Scheme 1). In this respect, the P.

denitrificans cobalamin pathway employs CobG to generate

precorrin-3b with molecular oxygen [7,9,11]. Furthermore cobalt

is inserted into hydrogenobyrinic acid a,c-di-amide by a complex

formed between CobN, -S and -T. The cobalamin pathway in S.

typhimurium chelates cobalt at the level of precorrin-2 in a

reaction catalysed by CbiK [12].

Here we describe the main cob locus of Bacillus megaterium

and compare the genes with other recently identified cobalamin

biosynthetic sequences from Methanococcus jannaschi and Syne-

chocystis sp. In comparative terms, B. megaterium is regarded as

a good producer of cobalamin and has been used in the past for

the industrial production of vitamin B
"#

. It is likely to act as an

excellent model for cobalamin biosynthesis, as a study of the

molecular genetics of the cobalamin synthesis genes will provide

a detailed understanding of the control and regulation of

cobalamin production and give an insight into the biochemistry

of the pathway.
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Scheme 1 Outline of the biosynthesis of cobinamide from uroporphyrinogen III

MATERIALS AND METHODS

Chemicals and reagents

Cyanocobalamin, cobinamide and most chemicals were pur-

chased from Sigma. Restriction enzymes and isopropyl β--

thiogalactoside were purchased from Appligene; Sequenase2 T7

DNA polymerase was obtained from USB; calf intestinal alkaline

phosphatase and T4 DNA ligase were from Promega; pKK223.3

and Klenow fragment of DNA polymerase I were purchased

from Pharmacia; M13mp18 and M13mp19 were obtained from

Boehringer ; pACYC184 was obtained from New England Bio-

labs; and [$&S]dATP, [α-$#P]dATP and the nick translation kit

were obtained from Amersham.

Bacterial strains, media and growth conditions

Bacillus megaterium de Bary DSM 509 and ATCC 10778 were

obtained from the appropriate strain collections. All the E. coli

strains containing plasmids carrying fragments of the B. mega-

terium cob operon were derived from AR3730 (LE392 rendered

met+ [11]) and MC1061. The genotypes of all the strains are listed

in Table 1. B. megaterium was grown aerobically in Luria–Bertani

medium to an A
'!!

of approx. 1 at 30 °C. Other strains were

routinely grown in Luria–Bertani broth or Luria–Bertani agar at

37 °C, with 100 mg}l ampicillin and 30 mg}l chloramphenicol as

required. To assess cobalamin production the strains were grown

in minimal medium supplemented with 0.1 g}l yeast extract.

Construction of genomic DNA B. megaterium libraries

Genomic DNA from B. megaterium DSM 509 was prepared by

the method described in [13] and was restricted into 5–10 kb

fragments with AluI. The fragments were inserted into the SmaI

site of pAR8720 (pKK223.3 harbouring the S. typhimurium

cbiA) to generate the first B. megaterium genomic library. This

was used to transform E. coli strain AR8688, a strain containing

plasmid pAR8686 that harbours both the E. coli cysG gene and

the complete S. typhimurium cobI genes, with the exception of
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Table 1 List of strains and plasmids used in this study

Strain Genotype and/or phenotype Description Reference or source

B. megaterium
strains

DSM509

ATCC10778

S. typhimurium strain
AR8647 S. typhimurium cysG metE (pBR328) Phenotypically deficient in the methylase activity of CysG only This work

E. coli strain
AR3730 LE392 met+ [11]

AR8688 LE392 met+ (pAR8686) Contains E.c cysG and all S.t cbi genes except cbiE and -A [11]

MC1061 F− araD139 ∆(ara-Leu )7696 galE15 galK16 ∆(lac)X74 rpsL (Str r )

hsdR2 (rK− mK
+)mcrA mcr B1

[11]

Plasmid Inserted genes Description

pAR8720 S.t cbiA [11]

pAR8754 S.t cbiA- B.m cbiX-J-C-D-ET 6 kb B. megaterium Alu I fragment cloned into the Sma I site of

pAR8720 (from position 3055 to 9063)

This work

pAR8766 B.m cbiW-H60-X-J-C-D-ET-L-F-G-A-cysGA-cbiY-btuR-"!-ORF1-

ORF2

16.3 kb B. megaterium Sau3AI fragment cloned into BamHI site of

pKK223.3 (the tac promoter has been deleted)

This work

pBR328 Vector derived from pBR322 ; ampicillin, chloramphenicol and

tetracycline resistant

Boehringer Mannheim

pKK223.3 Overexpression vector derived from pBR322 with tac promoter ;

ampicillin resistant

Pharmacia

cbiA and cbiE. The resulting colonies obtained from the trans-

formation of AR8688 with the B. megaterium genomic library

were screened for cbiE complementation by the analysis of

cobyric acid production in individual colonies on bioassay plates

as described below.

Detection of cobyric acid-synthesizing colonies by bioassay

Bioassay plates were prepared as described previously [11] except

that the indicator strain used was AR8647 (S. typhimurium metE

cysG, AR3612, transformed with pBR328). This strain is able to

detect cobyric acid and later intermediates on the cobalamin

biosynthetic pathway. Intermediates preceding cobyric acid do

not seem to be transported into the reporter strain. The bioassay

plates were prepared in minimum medium containing cysteine

(50 µg}ml), ampicillin (50 µg}ml) and chloramphenicol

(35 µg}ml). Individual clones obtained from the transformation

of AR8688 with the B. megaterium genomic library were re-

streaked on the bioassay plates. Complementation of cbiE in

AR8688 was observed in one colony by growth of the S.

typhimurium indicator strain in the agar around the colony after

18–24 h at 37 °C. The plasmid that complemented AR8688 was

called pAR8754.

Second genomic library from B. megaterium

A second B. megaterium genomic library containing 10–20 kb

fragments was generated after a partial Sau3AI digestion of B.

megaterium genomic DNA and ligation of the fragments into

BamHI-cut pKK223.3 (thereby removing the tac promoter). The

library was transformed into E. coli MC1061 and was screened

for the presence of a cobalamin biosynthetic genes by colony

hybridization with the HindIII fragment from pAR8754 (from

HindIII 8682 to 9061). Before this, the fragment had been

labelled with [α-$#P]dATP by nick translation of the DNA in

accordance with the instructions of the Amersham nick trans-

lation kit. One colony to which the probe annealed contained a

plasmid that was called pAR8766.

Sequencing of the B. megaterium cob region

Complete restriction maps of both pAR8754 (harbouring the

small cob fragment obtained from the first library) and pAR8766

(harbouring the large cob fragment obtained from the second

library) were generated. The cob operon was sequenced after

subcloning small fragments from these plasmids into M13 mp18

and mp19 as described previously [11]. For difficult regions with

a high degree of secondary structure, dITP or 7-deaza-dGTP

were used as required.

Computer programs

Sequences, alignments and comparisons were performed with the

GCG Wisconsin Package [14]. The provisional detection and

assignment of rho-independent terminators was performed with

the algorithm described in [15].

RESULTS AND DISCUSSION

Isolation of a B. megaterium DNA fragment containing cbi genes

A B. megaterium genomic DNA library containing 5–10 kb

DNA fragments was constructed from genomic DNA isolated

from strain DSM 509 by ligating restricted DNA fragments into

a modified pKK223-3 plasmid that contained the S. typhimurium

cbiA (pAR8720; Table 1) (Scheme 2). The library was used to

transform E. coli strain AR8688, which harboured a plasmid

containing the E. coli cysG and all the S. typhimurium cbi genes

except for cbiA and -E. In the absence of cbiE the strain

(AR8688) is unable to synthesize cobyric acid. Thus it was

possible to detect the presence of the B. megaterium cbiE by

screening for the ability to synthesize cobyric acid after trans-

forming AR8688 with the B. megaterium genomic library. As

described in the Materials and methods section, this was ac-
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Scheme 2 Outline of the procedure used to isolate the B. megaterium cobI
operon

complished by plating the transformed AR8688 on bioassay

plates that, on complementation of the cbiE deficiency, would

promote growth of the S. typhimurium indicator strain around

clones that produce cobyric acid. The indicator strain relies on a

cobalamin-dependent methionine synthase for methionine;

growth of the strain is propagated only if cobalamin (or a late

intermediate such as cobyric acid) is excreted into the medium.

This procedure identified one such clone and the plasmid that led

to cobyric acid synthesis was designated pAR8754 (Scheme 2).

This plasmid was found to contain a 6 kb DNA insert that was

subsequently sequenced fully and, on the basis of sequence

similarity, was found to contain five potential cbi genes (Figure

1).

To isolate the complete B. megaterium cob locus, a second B.

megaterium genomic library was constructed by ligating larger

10–20 kb B. megaterium genomic DNA fragments into BamHI-

restricted pKK223-3 (Scheme 2). This procedure also removed

the tac promoter from the vector (see Table 1). After trans-

formation of this second B. megaterium library into E. coli

Figure 1 Schematic representation of the cobI gene order found in B. megaterium and S. typhimurium

(a) The order of the cbi genes in the small B. megaterium genomic DNA fragment cloned into pAR8754. (b) The order of the cobI genes found in the large B. megaterium 16 kb genomic DNA

fragment cloned into pAR8766. The presence and direction of the terminations, T1–T6, are also shown. (c) The order of the cbi genes found in the S. typhimurium cobI operon. Similar genes

are indicated by the dotted lines. Genes represented by shaded arrows are common to S. typhimurium, B. megaterium and P. denitrificans. Genes represented by black arrows are not found in

P. denitrificans.

MC1061, colonies were screened with a 397 bp radiolabelled

DNA probe obtained from the B. megaterium region of the

previous plasmid, pAR8754. This screening procedure produced

one positive clone that harboured a plasmid called pAR8766

containing a DNA fragment of approx. 16 kb. A restriction map

of this insert was generated and the DNA sequence of the whole

insert was determined.

Gene organization in the B. megaterium cob region

Sequencing of the 16 kb B. megaterium fragment harboured

within pAR8766 revealed that it contained 15 open reading

frames (ORFs), 14 of which were ordered in the same orientation

(Figure 1). Of these 14 ORFs, nine had similarity to cobalamin

biosynthetic genes found in both S. typhimurium and P. denitri-

ficans : cbiH
'!

, -J, -C, -ET, -L, -F, -A, cysGA and btuR (Figure 1;

Table 2). Two ORFs have similarities to cbi genes found only in

S. typhimurium (cbiD and cbiG), whereas the three remaining

ORFs, cbiW, cbiX and cbiY, have no similarity to any known cob

or cbi gene. The ORFs in the B. megaterium cob region have been

assigned the prefix cbi, reflecting the fact that the genes are more

similar to those found in S. typhimurium than to those in P.

denitrificans. The exception to this assignment is the last ORF of

the operon, which was named btuR because of its similarity to

the gene found within E. coli [16]. Further analysis of these 14

genes strongly suggests that they are co-transcribed and thus

constitute a single cob operon (Figure 2). There was little or no

intercistronic region between the 14 ORFs except for a 1.4 kb

region situated upstream of cbiW, where no ORF could be

detected.

The restriction map of the large 16 kb cbi fragment did not

correlate with the restriction maps of the cobalamin biosynthetic

genes supposedly isolated from the same strain of B. megaterium

(ATCC 10778) [17,18]. Similarly, the previously reported cobA

(uroporphyrinogen transmethylase) sequence from B. mega-

terium [19] is only 63% identical at the amino acid level to the

equivalent sequence (cysGA) reported herein. Unless B. mega-

terium has two discrete cobalamin biosynthetic operons, it seems
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Table 2 Comparison of B. megaterium cobI genes with those from other organisms

Abbreviations : aa, amino acid ; N-ter, N-terminus ; C-ter, C-terminus.

B. megaterium S. typhimurium P. denitrificans M. jannaschii Synechocystis sp.

Gene Aa identity (%) Gene Aa identity (%) Gene Aa identity (%) ORF Aa identity (%) ORF

cbiW 30.3 sll1584

cbiH60 (N-ter) 51.7 cbiH 37.8 cobJ 43.1 MJ0813 53.9 slr0969 (C-ter)

(C-ter) 22.4 MJ0551 25.5 slr0898

cbiX 25.3 MJ0970 36.2 sll0037

cbiJ 33.2 cbiJ 26.5 cobK 32.1 MJ0552 29.1 slr0252

cbiC 39.1 cbiC 34.4 cobH 43.9 MJ0930 37.2 sll0916

cbiD 34.4 cbiD 37.5 MJ0022 24.9 slr1538

cbiET 33.5 cbiE 32.4 cobL 32.5 MJ1522 (E ) 41.7 sll0099 (ET )

32.6 cbiT 35.4 MJ0391 (T ) 32.4 slr1368 (T )

cbiL 29.8 cbiL 27.0 cobI 34.3 MJ0771 35.8 slr1879

cbiF 43.8 cbiF 38.2 cobM 52.5 MJ1578 43.3 slr0239

cbiG 30.8 cbiG 28.1 cobE (C-ter of cbiG ) 24.3 MJ1144 30.4 slr0969 (N-ter)

cbiA 37.3 cbiA 36.4 cobB 40.0 MJ1421 38.1 sll1501

cysGA 47.1 cysG (C-ter) 45.0 cobA 55.2 MJ0965 50.0 sll0378

cbiY
btuR 36.1 cobA 37.5 cobO 37.7 slr0260

Figure 2 Display of the B. megaterium cobI genes codon start/stop signals

The start codon for the gene is highlighted in bold ; the stop signal for the previous gene is underlined. The positions of the first and last codons are also given together with the predicted number

of amino acid residues in the protein. For cbiW, cbiX and cbiL there are two possible start codons, each with their own potential ribosome-binding site. In these cases the position of the first

codon is taken from the first of the two potential start codons.

likely that one of the strains was not what it was reported to be.

To confirm that the cob operon described in this report was not

derived from some contaminating DNA, fresh genomic DNA

preparations from B. megaterium strains ATCC 10778 and DSM

509 were used as template for the amplification of cysGA (cobA)

by PCR. The amplified product was cloned, sequenced and

found to be identical to the B. megaterium cysGA sequence

reported herein. Thus the differences in the restriction map of the

main cob operons reported in [17] and the B. megaterium cobA

gene sequence reported in [19] must be due either to the presence
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of a second cob}sirohaem operon or, to the isolation of a cob

operon from a related Bacillus species.

B. megaterium cbi genes

On the basis of sequence similarity a number of the B. megaterium

cbi genes can be assigned functionality. For instance, the operon

contains five transmethylases (CysGA, CbiE, -L, -F and -H
'!

) that

also display some similarity between themselves. This similarity

is greatest around the putative S-adenosyl--methionine-binding

motif Gly-Xaa-Gly-Xaa-Gly [20] and reflects the probable evol-

utionary origin of the methyltransferases as discussed by [8].

Very recent work on the structure determination of B. megaterium

CbiF reveals that these cobalamin biosynthetic transmethylases

represent a new class of transmethylases [21].

A further point concerning possible S-adenosyl--methionine-

binding site motifs is that another glycine-rich sequence is found

within CbiD (Gly-Gly-Xaa-Gly-Xaa-Gly at positions 100–110).

During cobalamin biosynthesis, eight methylations of the tetra-

pyrrole framework occur, which are mediated by six enzymes

[7,10]. However, although all six enzymes have been identified in

P. denitrificans (cobA, -I, -J, -F, -M and -L) [10], only five of the

enzymes have been identified in S. typhimurium (cysG, cbiL, -H,

-F and -E) [8] ; no homologue to P. denitrificans cobF has been

found. Although cbiD is essential for cobalamin biosynthesis in

both S. typhimurium and B. megaterium, no functional role has

been ascribed to the protein. It is therefore possible that CbiD

might have the same role as CobF in undertaking the C-1

methylation and deacylation reactions required during the ring

contraction process.

The genes of the B. megaterium cobI operon do, however,

differ from their S. typhimurium counterparts in a number of

ways. First, B. megaterium contains a gene that represents a

fusion between cbiE and cbiT, similar to the situation found in P.

denitrificans (cobL). Secondly, the B. megaterium cbiH
'!

was

considerably longer than that found in S. typhimurium (540

amino acid residues compared with 241). The similarity was

contained within the first 250 residues of the B. megaterium gene,

whereas the C-terminal 290-residue sequence was not similar to

any known cobalamin biosynthetic gene, although some simi-

larity has been detected to a C-terminal region of a Synechococcus

sp. ferredoxin:nitrite reductase (28.8% identity) [22], including

four conserved cysteine residues in a region proposed as 4Fe-

4S}sirohaem domain found in nitrite and sulphite reductases

[23]. The role of the latter half of CbiH
'!

in cobalamin bio-

synthesis is therefore unknown but might relate to the regulation

of cobalamin biosynthesis in B. megaterium.

Finally, B. megaterium contains three genes that are found in

neither the cob genes of P. denitrificans nor the cbi genes of S.

typhimurium, CbiX, -Y and -Y. CbiX is striking in that it

contains a histidine-rich region at its C-terminus, which suggests

that it might be involved in metal chelation [24]. A similar

polyhistidine motif has also been observed in HypB, encoded

within part of the operon for hydrogenase synthesis, and is

thought to be involved in binding nickel [25,26]. In contrast,

CbiW has some similarity to a Clostridium pasteurianum ferre-

doxin [27] and, to a smaller extent, to a Synechocystis sp. ORF

[28,29]. Interestingly, these proteins contain four conserved

cysteine residues. As it is known that during corrin biosynthesis

the modified tetrapyrrole undergoes an oxidation–reduction

process during ring contraction, which requires molecular oxygen

in P. denitrificans, it is possible that CbiW could act as oxido-

reductant during the ring contraction process under anaerobic

conditions. Finally, CbiY presents some similarity to an E. coli

Figure 3 Primary structure of the terminators, T1–T6, identified by the
algorithm described in [15], which are located on each side of the B.
megaterium cobI operon

ORF with an unknown function [30], and to a Vibrio fischeri

NAD(P):flavin oxidoreductase [31].

The gene order within the B. megaterium cob operon shows

some similarity to that within the S. typhimurium cob operon, as

outlined in Figure 1. Previous studies of gene order among

bacteria has shown that equivalent genes are not conserved when

the bacteria are distantly related [32]. In the cob operons a

greater conservation of gene order is observed between the

Gram-negative S. typhimurium and the Gram-positive B. mega-

terium than between the two Gram-negative bacteria S. typhi-

murium and P. denitrificans.

The B. megaterium cbi genes constitute an operon

The B. megaterium cob locus identified in this study is putatively

constituted of 14 genes, of which at least 11 are expressed when

the locus is inserted into a promoterless plasmid. This is

demonstrated by the ability of the E. coli strain ER241 to

synthesize cobyric acid (550–600 pmol per attenuance unit in the

the presence or absence of isopropyl β--thiogalactoside) even

though the plasmid containing the main cob operon (pAR8766)

does not contain the tac promoter (the following paper [33]). Thus

the genes are probably transcribed from promoter(s) situated in

the 1.7 kb DNA fragment upstream of cbiW. A search of the

16 kb B. megaterium cob DNA fragment with the use of the

algorithm described in [15] for rho-independent terminators

revealed the presence of six separate termination signals (T1–T6);

their location and sequences are given in Figures 1 and 3.

Termination signals T1–T3 are located upstream of the first

gene of the operon, whereas signals T4–T6 are located down-

stream of btuR. Thus the 14 contiguous genes are sandwiched

between the strong termination signals T3 and T4. No other

signal was found between T3 and T4. The positions of these

termination signals suggest that the 14 genes from cbiW to btuR

constitute a single transcription unit. The position of the T3
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terminator immediately upstream of cbiW indicates that T3 is

very likely to be part of a transcription regulation region. When

repressed by high concentrations of endogenous cobalamin, as

observed with the S. typhimurium CobI–III region [34], the T3

structure could hypothetically form on the transcribed RNA and

block the RNA polymerase elongation, as has been described in

a number of attenuation systems [35]. When derepressed, perhaps

when cobalamin concentrations are very low, interactions of the

cobalamin molecule with the RNA regulatory region would

not permit the T3 structure to form, and would allow active

transcription of the cob operon.

Comparison of the B. megaterium cbi genes with the cobalamin
biosynthetic genes identified from genome sequencing projects

A number of ORFs from bacterial genome sequencing projects

have been identified as cobalamin biosynthetic genes through

sequence similarity to either the P. denitrificans cob or the S.

typhimurium cbi genes. In this section the B. megaterium Cbi

protein sequences are compared with the putative cobalamin

biosynthetic protein sequences that have been identified from the

genome sequencing projects of Methanococcus jannaschii [36]

and Synechocystis sp. [28,29]. However, it should be kept in mind

that proteins with no sequence similarity can replace each other

in the same pathway, as has been shown recently for the S.

typhimurium CysGB and CbiK [12].

M. jannaschii cobalamin pathway

Unlike S. typhimurium and B. megaterium, the cobalamin bio-

synthetic genes of M. jannaschii are not organized into operons

but are dispersed throughout the genome. However, on the basis

of sequence similarity 17 genes have been identified that might be

involved in the transformation of uroporphyrinogen III into

cobalamin (see Table 2).

Surprisingly, two different cbiM genes are identified in the M.

jannaschii database (MJ1091 and MJ1569) ; the gene product

referenced MJ1091 (233 residues) has 51% identity in a 206-

residue overlap with S. typhimurium cbiM, whereas the MJ1569

gene product has only 30.6% identity in a 170-residue overlap.

MJ1091 cbiM is found adjacent to cbiN, -Q and -O (MJ1090-

1089 and MJ1088), in the same gene order as that observed in

S. typhimurium. This small gene bunch is the only significant

clustering of any of the cobalamin bioynthetic genes within

M. jannaschii. Furthermore no equivalent to the E. coli btuR,

which catalyses the adenosylation of the corrin molecule [16], is

found in the M. jannaschii genome. This suggests that the

organism does not require adenosylcobalamin. The methyl-

cobalamin form is required as a coenzyme in the process of

methanogenesis.

Synechocystis sp. cobalamin biosynthetic pathway

As with M. jannaschii, the cobalamin biosynthetic genes in

Synechocystis sp. are not clustered into operons. Nevertheless,

on the basis of sequence similarity 21 ORFs have been identified

as cobalamin biosynthetic genes (Table 2). The Synechocystis sp.

genome contains two copies of cbiT (precorrin-8W decarboxy-

lase) ; ORF sll0099 is designated as cbiE but actually encodes a

bifunctional enzyme CbiET corresponding to S. typhimurium

CbiE and CbiT. This is equivalent to the situation with both P.

denitrificans CobL and B. megaterium CbiET. The second copy

of cbiT is found within ORF slr1368, but why Synechocystis

requires two versions of CbiT is unclear.

The gene encoded by ORF slr0969 has been designated cbiH

but in fact represents a fusion between cbiH and cbiG and should

therefore be termed cbiGH. The encoded protein consists of 627

residues ; the C-terminal portion of the protein (residues 350–627)

displays similarity to CbiH, and the N-terminal portion to CbiG.

As other multifunctional proteins involved in cobalamin bio-

synthesis catalyse adjacent steps in the pathway, including CysG

[37], CobL (CbiET) [10], CobIJ [38] and CobA-HemD [39], it is

therefore possible that CbiG catalyses a reaction step adjacent to

CbiH. In the anaerobic pathway such a step could be the

formation of a gamma lactone, which is thought to help to

mediate the anaerobic ring contraction process [40].

M. jannaschii and Synechocystis sp. lack the genetic hallmarks
of the aerobic cobalamin pathway

Of particular significance in the genomes of M. jannaschii and

Synechocystis sp. is the absence of homologues to P. denitrificans

cobG and cobF, whose products encode the molecular oxygen

requiring C-20 hydroxylase and the C-1 methylase respectively.

Nevertheless both genomes are reported to contain putative

CobN proteins (MJ0908, slr1211 and sll1870), identified on the

basis of their similarity to the P. denitrificans CobN, a component

of the CobN, -S, -T complex [10] which inserts cobalt at a late

stage in the aerobic cobalamin biosynthetic pathway. However,

CobNPd is also similar to a number of other proteins, including

an M. jannaschii Mg-chelatase, and a Synechocystis sp. Mg-

chelatase. Consequently, although it is likely that the CobN

proteins (MJ0908, slr1211 and sll1870) are chelatases, it is not

clear whether they are cobaltochelatases. For instance, MJ0908

could act as a nickel chelatase in coenzyme F
%$!

synthesis.

Furthermore, as no CobS or -T homologues are found within

either genomes, the other components of the P. denitrificans

cobaltochelatase complex, it is unlikely that the proteins could

act as cobaltochelatases as described in P. denitrificans [10].

Taken together, the presence in the M. jannaschii and Syne-

chocystis sp. genomes of genes coding for CbiD, -G and -X, and

the absence of CobG and CobF, strongly suggest that these

organisms operate an anaerobic cobalamin pathway. This path-

way is characterized by the early insertion of cobalt, at the level

of precorrin-2, and the absence of a requirement for molecular

oxygen. The B. megaterium operon also contains cbiX, which

encodes for a protein that is necesssary for cobyric acid synthesis

when the B. megaterium cob operon is expressed in E. coli ;

similarly the B. megaterium cob operon does not contain an

equivalent to cbiK. This clearly shows that the B. megaterium and

S. typhimurium pathways, although very similar, are not identical.

The sequencing of the cyanobacterium Synechocystis sp. genome

revealed that this organism possesses cobalamin biosynthetic

genes similar to cbiD, -G and X, relating this B
"#

pathway to the

B. megaterium B
"#

pathway. By contrast, the cobalamin pathway

in the archaebacterium M. jannaschii, which exhibits a cbiD gene

and possibly cbiG but does not contain either cbiX or cbiK, might

represent yet another type of anaerobic pathway.
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