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In order to study the Salmonella typhimurium cobalamin biosynthetic pathway, the S. typhimurium cob operon
was isolated and cloned into Escherichia coli. This approach has given the new host of the cob operon the ability
to make cobalamins de novo, an ability that had probably been lost by this organism. In total, 20 genes of the
S. typhimurium cob operon have been transferred into E. coli, and the resulting recombinant strains have been
shown to produce up to 100 times more corrin than the parent S. typhimurium strain. These measurements have
been performed with a quantitative cobalamin microbiological assay which is detailed in this work. As with S.
typhimurium, cobalamin synthesis is only observed in the E. coli cobalamin-producing strains when they are
grown under anaerobic conditions. Derivatives of the cobalamin-producing E. coli strains were constructed in
which genes of the cob operon were inactivated. These strains, together with S. typhimurium cob mutants, have
permitted the determination of the genes necessary for cobalamin production and classification of chiD and
cbiG as cobl genes. When grown in the absence of endogenous cobalt, the oxidized forms of precorrin-2 and
precorrin-3, factor II and factor III, respectively, were found to accumulate in the cytosol of the corrin-
producing E. coli. Together with the finding that S. typhimurium cbiL. mutants are not complemented with the
homologous Pseudomonas denitrificans gene, these results lend further credence to the theory that cobalt is

required at an early stage in the biosynthesis of cobalamins in S. typhimurium.

The coenzyme form of vitamin B,,, either deoxyadenosylco-
balamin (50) or methylcobalamin (47), is used as a cofactor in
a number of enzyme-catalyzed reactions and is able to donate
a large chemical potential upon its protein counterpart by
utilizing the central cobalt ion to perform chemical athletic
feats (25). Cobalamins are some of the most complex nonpoly-
meric molecules biosynthesized in the cell and are present in
organisms belonging to the three kingdoms eubacteria, archae-
bacteria, and eucaryotes. Higher plants seem not to need co-
balamins, while animals require vitamin B,, in their diet. In
humans, a deficiency of vitamin B,, causes the condition per-
nicious anemia and is also thought to be a risk factor in neural
tube defects (30). It is likely that the ability to biosynthesize the
vitamin de novo was present in the ancestor of eubacteria and
archaebacteria (26, 28, 55) but was lost in the transition to
multicellular organisms.

The complete biosynthesis of adenosyl cobalamin requires
about 30 enzymes for a coenzyme required in vanishingly small
quantities and with many highly labile intermediates. The struc-
ture of the coenzyme forms of cobalamin can be thought of in
terms of three major parts (Fig. 1). Firstly, there is the tetra-
pyrrole-derived corrin ring structure which, on its own, is
referred to as cobinamide. This molecule is derived from
uroporphyrinogen III by a series of reactions including eight
S-adenosyl-L-methionine-dependent methylations, ring con-
traction, cobalt chelation, decarboxylation, amidations, and
1-amino-2-propanol attachment. The genes which encode the
enzymes that perform these reactions are referred to as the
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cobl genes. Secondly, there is the dimethylbenzimidazole
(DMB) nucleotide which straddles the southern hemisphere of
the molecule and forms a loop between the aminopropanol
side chain and the central cobalt ion. The genes encoding the
enzymes responsible for the biosynthesis of the DMB nucle-
otide are referred to as the coblI genes. Finally, the attachment
of the corrin ring to the DMB as well as the addition of the
upper coordinating ligand for the cobalt, either an adenosyl or
a methyl group, are encoded by the coblII genes (29). Salmo-
nella typhimurium mutants unable to make cobalamins are
divided into these three classes: the cobl mutants are unable to
make cobinamide, the cobIl mutants are unable to make
DMB, and finally the coblIl mutants are unable to ligate the
components.

Among the eubacteria, the ability to make cobalamins does
not fall into any obvious pattern. Thus, there are bacteria
which require vitamin B, for growth and are able to make it
de novo (e.g., Bradyrhizobium japonicum), bacteria that re-
quire vitamin B;, for growth and are apparently unable to
make the coenzyme de novo (e.g., Lactobacillus leichmannii),
and bacteria which neither have an auxotrophic dependency on
the vitamin nor make the vitamin (6). Recently, it was discov-
ered that S. typhimurium is able to make cobalamin de novo,
but only under anaerobic conditions (29). Although it contains
some cobalamin-dependent enzymes, there would appear to be
no obvious selection pressure on S. fyphimurium to retain the
ability to make cobalamins, as cobalamin mutants live in the
absence of the coenzyme; thus, why S. #yphimurium makes
vitamin B,, and makes it only under anaerobic conditions is
still a conundrum (12). The closely related Escherichia coli also
contains some cobalamin-dependent enzymes, but it neither
synthesizes nor requires exogenous vitamin B, for growth (4,
6, 31). E. coli can, however, convert cobinamide into the co-
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FIG. 1. (a) The structure of vitamin B, and its coenzyme forms can be envisaged as a jigsaw of four major components, cobyric acid, aminopropanol, DMB, and
either the cyano, methyl, or adenosyl group. (b) Some of the intermediates formed during the biosynthesis and elaboration of the corrin macrocycle are shown.
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balamin forms, and must therefore have the ability to make the
DMB nucleotide and to paste the different components to-
gether to give the final macromolecule (24, 27). In genetic
terms, therefore, E. coli possesses the cobll and coblll genes
(18). However, it does not appear to possess the ability to
synthesize the corrin macrocycle and thus to possess the cobl
genes, and it is likely that this ability has been lost by E. coli as
a relatively recent evolutionary development.

The biosynthetic pathway for cobalamins also differs be-
tween cobalamin-producing bacteria. In the last 15 years, many
Pseudomonas denitrificans cob genes have been localized at
four different loci and have been sequenced. Their functions
have been established in many extensive enzymological studies
(8-10, 15, 19-23). In S. typhimurium, the analogous cob genes
have also been mapped and sequenced (44), and the cobl
genes are given the prefix c¢bi. The majority of the S. typhi-
murium cob genes are clustered at 41 min on the chromosome,
and they form part of a cobinamide operon with the genes
organized in the order cobl, coblll, and cobIl (29). The P.
denitrificans cob genes and their functions are listed in Table 1
together with the analogous S. typhimurium cbi genes. Se-
quence comparisons with the P. denitrificans cob genes have
allowed the assignment of functions to 12 of the S. typhimurium
cbi genes. However, eight genes of the S. typhimurium operon
have no similar gene in P. denitrificans (cbiD, -G, -J, -K, -M, -N,
-0, and -Q [44]) and 10 P. denitrificans cob genes have no
homolog in S. typhimurium (cobC, -E, -F, -G, -K, -N, -S, -T, and
-W [44] to which must be added the cob(Il)yrinic acid a,c-
diamide reductase gene [10]). However, it seems likely that
cobK and cbiJ are in fact similar (see below). These compara-
tive genome studies, together with observations made with
Propionibacterium shermanii (5, 34, 35) and other species, sug-
gest that there is more than one pathway for corrin biosynthe-
sis (11, 48). The differences relate to the timing of the cobalt
insertion and the method of ring contraction. Thus, in §. #y-
phimurium the cobalt may be inserted at an early stage of the
biosynthesis, before the synthesis of precorrin-3, as in Propi-
onibacterium shermanii (5, 34, 35), rather than at a later stage,
after the synthesis of hydrogenobyrinic acid a,c-diamide, as it
has been shown in P. denitrificans (22).

In this work, a number of S. fyphimurium cob mutants are
defined by functional complementation. It is also demon-
strated that it is possible to confer de novo cobalamin-biosyn-
thesizing ability to E. coli by transferring 20 genes of the S.
typhimurium cob operon. We show that the relevant genes for
cobalamin biosynthesis are translated into proteins and that
these recombinant strains produce elevated levels of certain
corrin intermediates which can be purified and analyzed. Mu-
tants of the model E. coli cobalamin producer, in which one or
several genes of the S. typhimurium cob operon have been
deleted or inactivated, allowed the identification of cob genes
which are necessary for corrin production, including ¢biD and
cbiG. Cumulatively, these studies also suggest that the early
steps of corrin biosynthesis in S. #yphimurium are different
from those in P. denitrificans, with cobalt being chelated at an
early stage during the synthesis of precorrin-2 or -3.

MATERIALS AND METHODS

Chemicals and reagents. Cyanocobalamin, dicyanocobinamide, and most
other chemicals and reagents were purchased from Sigma. Cobyric acid and
cobyrinic acid were prepared by acid hydrolysis of cyanocobalamin (13). Other
materials were purchased from manufacturers as follows: restriction enzymes,
Appligene; Sequenase T7 DNA polymerase, U.S. Biochemicals; Packagene in
vitro packaging system, calf intestinal alkaline phosphatase, and T4 DNA ligase,
Promega; pKK223.3 and Klenow fragment of DNA polymerase I, Pharmacia;
M13mpl8 and M13mpl9, Boehringer; pACYC184, New England Biolabs;
[**S]L-methionine and *S-dATP Amersham; ampholytes, Bio-Rad.
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Bacterial strains, media, and growth conditions. S. typhimurium MS1868 was
a gift from T. Elliot (Birmingham, Ala.), and S. typhimurium TN2540 was a gift
from C. G. Miller (40); all S. typhimurium strains mentioned in this report were
derived from these two strains (Table 2). All E. coli strains containing plasmids
carrying fragments of the cob operon were derivatives of LE392; their genotypes
are listed in Table 2. Strains were routinely grown in Luria-Bertani broth or
Luria-Bertani agar at 37°C. As necessary, antibiotics were added to final con-
centrations as indicated: tetracycline, 15 mg/liter; ampicillin, 100 mg/liter; and
chloramphenicol, 30 mg/liter. For cobalamin production, E. coli and S. typhi-
murium MS1868-derived strains were grown on minimum medium (NaCl, 0.5
g/liter; Na,HPO,, 6 g/liter; KH,PO,, 3 g/liter; NH,CI 1 g/liter; glucose, 4 g/liter;
MgSO,, 2 mM, CaCl, 0.1 mM), while S. typhimurium TN2540-derived strains
were grown on yeast extract (10 g/liter); all strains were grown under anaerobic
conditions, unless otherwise stated, with CoCl, - 6H,O (1 mg/liter) and, if nec-
essary, 1-amino-2-propanol (AP) (0.05%, vol/vol), 5,6-DMB (25 mg/liter), me-
thionine (50 mg/liter), cysteine (50 mg/liter), IPTG (isopropyl-B-p-thiogalacto-
pyranoside) (50 pM), S-aminolevulinic acid (5-ALA) (10 mg/l), and antibiotics.
Anaerobic conditions were produced by placing a layer of paraffin oil on top of
the culture medium.

Isolation and classification of S. typhimurium cob mutants. S. typhimurium
AR2156 and TN2540 were mutagenized with nitrosoguanidine. The cob mutants
were detected by the methods outlined by Bobik et al. (12). The mutants were
classified as cobl, cobll, or coblIl by their ability to grow in the presence of added
cobinamide (0.05 nmol/liter), DMB (0.05 nmol/liter), or vitamin B,, (0.05 nmol/
liter).

Construction of an S. typhimurium genomic library. S. typhimurium AR2155
DNA was partially digested with Sau3Al, and 20- to 25-kb fragments were
purified after separation by agarose gel electrophoresis, cloned into the Bg/II site
of the cosmid pLA2917 (Table 2), and encapsidated in vitro following the
Packagene instructions. The library was used to infect S. typhimurium cob strains
AR2718 and AR2719. One cosmid which complemented both these mutants was
isolated and was labelled pAR3062.

Sequencing of pAR3062. Complete restriction mapping of pAR3062 was per-
formed. After digestion with the appropriate restriction enzymes, small frag-
ments of DNA (~1 kb) from the cosmid were cloned in M13mp18 and M13mp19
phages. The single-stranded DNA was sequenced following the method of
Sanger et al. (46), with Sequenase T7 DNA polymerase (dITP was used when
needed), and the complete sequence of the insert of pAR3062 was obtained
(from the EcoRlI site at position 666 to the EcoRI site at position 15531, accord-
ing to the numbering system used for the cobI-III-II region as given in the
GenBank under accession no. L12006).

Construction of plasmids containing one or several cbi genes. DNA fragments
containing one or several cbi genes were cloned into pKK223.3, resulting in the
construction of the following plasmids: pAR8720 (cbi4d*); pAR8296 (cbiB);
PARBS591 (chiCDETFGHI); pAR8533 (cbiD); pAR8598 (chiET); pAR8477 (cbiF);
PARS8606 (cbiFGH); pARS8313 (cbiH); pARS8283 (cbiH]); pAR8S80 (cbiK);
PARS8547 (cbiL); pAR8603 (chiMN); pAR8607 (chiNO); pAR8S602 (cbiQ);
PARS8531 (cbiP); pAR8449 (cobUST); and pAR8405 (cobST). The restriction
sites used for the construction of these plasmids are indicated in Table 2. The
plasmids were used for functional complementation studies, subcloning, and
protein expression.

Cobyric acid and cobalamin quantitative bioassay. (i) Preparation of bioassay
plate. The cobyric acid and cobalamin quantitative bioassay is based on the fact
that S. typhimurium metE cells are reliant upon their alternative B,,-dependent
methionine synthase, encoded by metH, for the biosynthesis of methionine. Two
different S. typhimurium metE cob mutants were used as indicator strains (S.
typhimurium AR3612 cysG metE and S. typhimurium AR2680 cbiB metE) to
estimate the unknown corrin contents of various samples. The bioassay plates
containing the indicator strains were prepared from lawns of the appropriate
bacteria. The bacterial growth was scraped from an overnight minimum medium
plate containing methionine, washed in 0.9% (wt/vol) NaCl, mixed with 500 ml
of minimum medium agar, and poured into plates (cysteine was added to the
medium for the cysG metE indicator strain).

(ii) Preparation of bacteria for estimation of corrin biosynthesis. To estimate
the level of cobalamin production in various strains, the bacteria of interest were
grown under anaerobic conditions in minimum medium supplemented with
antibiotics, centrifuged, resuspended in water to an optical density of 8 when
measured at 600 nm (ODg,) and sonicated. A 10-pl droplet of the cell extract
solution was added on the surface of the bioassay plate containing the S. typhi-
murium cysG or c¢biB metE strain and incubated for 18 h at 37°C. The extent of
the indicator strain’s growth on the bioassay plate, circumventing the sample
application point, was dependent upon the amount of corrin in the sample. To
generate a standard curve, samples containing 0.01, 0.1, 1, 10, and 40 pmol of
vitamin B, were also assayed for each set of experiments.

Modification of individual genes for improved protein production. (i) Modi-
fication of chiA RBS. An Mlul fragment restricted from pAR3062 and containing
cbiAB was cloned into the Smal site of M13. The cloned chiAB fragment was
used for the subsequent manipulations. The ribosome binding site (RBS) of chid
was modified by site-directed mutagenesis to give the sequence 5" AGGAG(7 X
A)ATG. The altered gene is referred to as chi4d*. The PCR was used to amplify
cbiA*, and the 5" M13 universal primer and a specific 3’ primer were used to
change the coupled cbiA stop codon and the chiB methionine codon ATGA to
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TABLE 1. Reactions and genetic requirements for transformation of uroporphyrinogen III into adenosylcobalamin®

P.d. B12 pathway

(n

2)

Gene nomenclature

(3) (4) (5) (6) 7 (8)

existence of effect of mutant effect of mutant

mutants on S.t. meltEcysG  on S.t. metE chiB
indicator strain indicator strain
Ec + Ec + Ec +
P.d. st St st cob SE st cob St srcob
uroporphyrinogen III
methylation at C2 and C7 cobA cysG yes yes - - - -
precorrin-2
l methylation at C20 cobl cbil yes no - -
precorrin-3A
C20 hydroxylation and lactonisation cobG 7
from ringA acetate to C1 ;
Precorrin-3B rorormmmerosermm
C17 methylation and ring contraction cobf chif no no
precorrin-4 -~
C11 methylation cobM CcbiF yes no - -
precorrin-5
C1 methylation and deacetylation CObF ?
precorrin-6x
reduction of macrocycle cobK cbif yes yes - - - -
precorrin-6y : ~
CS and C15 methylations cobL cbiE no yes - -
decarboxylation of acetate side chain on ring D chiT no no
precorrin-8x
methyl rearrangement cobH chiC no yes - -
hydrogenobyrinic acid «oooemerereesmonine
amidation of sidechain a & ¢ cobB chiA yes yes - - - -
hydrogenobyrinic ~ acid a,c-diamide
cobalt chelation CCOObl?S‘I,\’T ?
cob(I}yrinic acid a,c-diamide -~ e
cobalt reduction acid a, ¢- diamide ?
cob(I)yrinic acid a,c-diamide reduciase
cObA
adenosylation cobO /
M . . cobU
(adenosyl)-cobyrinic a,c-diamide -~
amidations of sidechains b, d, e & g cobQ cbiP yes no - -
(adenosyl)-cobyric acid
aminopropanol attachment gglbjg CZ;IB yes yes + + = -
(adenosyl)-COBINAMIDE :
cobinamide kinase and guanylyl transferase cobP cobU no yes + +
{(adenosyl)-COBINAMIDE-GTP
DMB 7—' DMB nucleotide transferase cobU cobT yes yes + + + +
phosphoribosyl cobalaniun synthase cobV cobS yes ves + + + +
(adenosyl)-COBALAMIN  ---ooeresssssssseeeeeeeeees
function Gene existence of effect of mutant effect of mutant
mutants on S.t. metEcysG on S.t. metE cbiB
indicator strain indicator strain
Ec + Ec + Ec +
p.d. S.t St S.t.cob 5L stcob St st cob
? ? cbiD yes yes - - - -
? cObE 7 cbiG no yes - -
7 ? chbik no no
? .
] ? chiM no yes + +
cobalt ? cbiN no yes
transport ? cbiO no yes I i
? cbiQ no yes

“ The table also indicates mutants which have been defined and whether the mutants produce growth on either of the two vitamin B, indicator strains. The second
part of the table lists the genes which are found in S. typhimurium but not in P. denitrificans. Note that the mutations in c¢biD and cbiG both lead to a cessation of

cobalamin production. P.d., P. denitrificans; S.t., S. typhimurium; E.c., E. coli. +, cobyric acid or cobinamide production;

cobinamide; ?, uncertain or unknown.

—, no production of cobyric acid or
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TABLE 2. Strains and plasmids used in this study

Strain, plasmid,
or cosmid

Genotype and/or phenotype

Description

Reference or source

S. typhimurium strains
MS1868
TN2540

AR2154
AR2155
AR2156

S. typhimurium cob mu-
tant strains
AR2201
AR2206
AR2709
AR2718
AR2719
AR2720
AR3609
AR3618
AR3619
AR3620
AR3621
AR3622
AR3624
AR3625
AR3626
AR3627
AR3628
AR3632
AR3633
AR3635
AR3637
AR3711
AR3713
AR3714
AR3717
AR3718
AR3719
AR3720
AR3728

S. typhimurium indicator
strains”
AR2680
AR3612

E. coli strains
LE392

AR3730
AR8654

Cobinamide-producing
E. coli strains
ARB8639
ARB8640
ARS8752
AR8981

Cobyric-acid producing
E. coli strains
AR8829
ARS830
AR8959

Non-cobyric acid-produc-
ing E. coli strains”
ARB8688

S. typhimurium Leu™

S. typhimurium lamB™* metE551 metA22 ilv-452 trpB2

hisC527 (AM) galE496 xyl-404 rpsL 120 flaA66
hsdL6 hsdSA29 (r~ m™)

MS1868 Leu™

MS1868 Leu™ Nal™

MS1868 Leu" Sm"

MS1868 Leu™ Sm" cobT (cobIl mutant)
MS1868 Leu™ Sm" cbiB (cobl mutant)
TN2540 cbiP (cobl mutant)
TN2540 cbiB (cobl mutant)
TN2540 cbiA (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbi] (cobl mutant)
TN2540 cbiJ (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiB (cobl mutant)
TN2540 cbil (cobl mutant)
TN2540 cobS (coblll mutant)
TN2540 cobS (coblll mutant)
TN2540 cbi] (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiF (cobl mutant)
TN2540 cbiL (cobl mutant)
TN2540 cbiP (cobl mutant)
TN2540 cbiP (cobl mutant)
TN2540 cbiL (cobl mutant)
TN2540 cbiD (cobl mutant)
TN2540 cbiP (cobl mutant)
TN2540 cbiA (cobl mutant)
TN2540 cbiD (cobl mutant)

MS1868 Leu* Sm" cbiB metE
MS1868 Leu™ Sm" cysG metE

E. coli F~ el4™ (mcrA™) hsdR514 (r~ my )
supE44 supF58 lacY1 or D(lacIZY)6 galK2 galT22
metBI trpR55

LE392 met™

LE392 met™ (pAR8086)

LE392 met™* (pAR8633)(pARS600)
LE392 met* (pAR8626)(pARS613)
LE392 met™ (pARS686)(pAR8736)
LE392 met* (pAR3062)

LE392 met* (pAR8827)
LE392 met* (pARS827)(pARS414)
LE392 met* (pAR8827)(pKK223.3)

LE392 met* (pARS686)

Complemented by pAR8405
Complemented by pAR8296
Complemented by pARS8531
Complemented by pAR8296
Complemented by pAR8720
Complemented by pAR8477

Complemented by pARS8283, not by pAR8313
Complemented by pARS8283, not by pAR8313

Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8296

Complemented by pARS8283, not by pARS8313

Complemented by pAR8405
Complemented by pAR8405

Complemented by pAR8283, not by pAR8313

Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8477
Complemented by pAR8547
Complemented by pAR8531
Complemented by pAR8531
Complemented by pAR8547
Complemented by pAR8533
Complemented by pAR8531
Complemented by pAR8720
Complemented by pARS8533

Used in assays for cobinamide

Used in assays for cobyric acid

Rendered met™ with P1

Contains all ¢cbi genes but cbiM, -N, -Q, and -O

Contains all cbi genes but cbiB
Contains all cbi genes but cbiB
Contains all cbi genes but cbiB

Contains all cbi genes but c¢biE and -4

Gift from T. Elliot
Gift from C. G. Miller (40)

This work
This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

45

This work
This work

This work
This work
This work
This work

This work
This work
This work

This work

Continued on following page
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Strain, plasmid,

Genotype and/or phenotype

Description

Reference or source

of pAR8670

or cosmid

AR8866 LE392 met™ (pAR8686)(pAR8720) Contains all cbi genes but chiE This work

ARS8905 LE392 met™ (pAR8903)(pAR8834) Contains all cbi genes but cbiB and -J This work

ARB8965 LE392 met™ (pAR8086)(pARS8000) Contains all cbi genes but cbid This work

AR8984 LE392 met™ (pAR8658)(pAR8976) Contains all cbi genes but c¢biB and -G This work

ARB8985 LE392 met™ (pAR8658)(pAR8977) Contains all cbi genes but cbiB and -D This work

AR8986 LE392 met™ (pAR8658)(pAR8978) Contains all cbi genes but c¢biB and -C This work

Plasmids and cosmids

pACYC184 Carries the origin of replication from plasmid p15A 16

pHM3 E. coli cysG Gift from J. Cole (32)

pKK223.3 Chloramphenicol- and tetracycline-resistant overexpres- 14
sion vector derived from pBR322, with tac promoter,
ampicillin resistant

pLA2917 \ nonlytic cosmid 2

PAR3062 pduBAF-pocR-cbiABCDETFGHIKLMN 21.5-kb S. typhimurium (AR2155) Sau3Al fragment This work

QOP-cobUST cloned into the BglII site of pLA2917

PARS000 cbiBCDETFGHIKLMNQOP-cobUST Partial PstI digest of pAR3062 (from PstI 1606) cloned This work
into PstI site of pKK223.3

PARS086 lacl? pACYC184 with lacl? in EcoRV site This work

PARS8283 chiH] EcoRI-HindIII fragment cloned into pKK223.3 This work

pARS8296 cbiB Nrul fragment (2531-3701) cloned into pKK223.3 This work

pARS8313 cbiH EcoRI 8207-PstI 9594 fragment cloned into pKK223.3 This work

PARS8405 cobST EcoRI 15531-Sau3AlI fragment cloned into pKK223.3 This work

pARS8414 E. coli cysG* Cloned into EcoRI-HindIII sites of pKK223.3 (modified  This work
RBS, AGGAGGTTTTACATG)

pARS8477 cbiF Clal 6241-EcoRI 8207 fragment cloned into pKK223.3 This work

PARS449 cobUST Dral 13997-Sau3Al fragment cloned into Smal site of This work
pKK223.3

pARS8531 cbiP Sall 13423-EcoRI 15531 fragment cloned into pKK223.3 This work

PARS8533 cbiD Stul 4261-Xmnl 5676 fragment cloned into pKK223.3 This work

pARS8547 cbilL Ddel 10583-PstI 11432 fragment cloned into pKK223.3 This work

PARS8572 cbiA*B MIul fragment (1219-3706) cloned into Smal site of This work
pKK223.3 (modified RBS, AGGAGAAAAAAAATG)

PARS575 cbiA*B/cysG* BamHI fragment of pAR8572 cloned into BamHI site of This work
a variant of pAR8629

PARS580 chiK Pstl 9594-HindIII 11219 fragment cloned into pKK223.3 This work

PARS8591 cbiCDETFGHJ Ddel 3620-HindIII 10028 fragment of cosmid pAR3062  This work
cloned into Smal site of pKK223.3

PARS8597 cbiKLMNQOP BgITI 9509-EcoRI 15531 digest of cosmid pAR3062 This work
cloned into Smal site of pKK223.3

PARS8598 cbiET Sall 5370-Narl 6596 fragment cloned into pKK223.3 This work

PARS600 cbiCDETFGHI-cbiKLMNQOP BamHI fragment of pAR8597 cloned into HindIII site This work
of pAR8591

PARS8602 cbiQ BstXTI 13027-Dral 13997 fragment cloned into pKK223.3  This work

PARS8603 chiMN HindIII 11219-BstX1 13027 fragment cloned into This work
pKK223.3

PARS606 c¢biFGH Xmnl 6400-Nsil 9308 fragment cloned into pKK223.3 This work

PARS8607 cbiNO Smal 11717-Sall 13423 fragment cloned into pKK223.3 This work

PARS8613 cbiCDETFGHIKL Partial BstXI 3450-NsiI 11476 fragment of pAR3062 This work
cloned into Smal-Pstl sites of pKK223.3

PARS8626 cbiA* B-cysG*-cbiP Ptac-cbiP fragment cloned into Smal site of pAR8575 This work

PARS8629 cysG* BamHI-Scal fragment of pAR8414 cloned into Nrul- This work
BamHI sites of pAR8086

PARS8633 cysG*-cbiA*B BamHI-Scal fragment of pAR8572 cloned into BamHI This work
site of pAR8629

PARS8634 chiE* Cloned into EcoRI-HindIII-cut pKK223.3 This work

pARBS636 cbiB* Cloned into EcoRI-HindIII-cut pKK223.3 (modified This work
RBS: AGGAGAAAAAAAATG)

PARS8655 cbiB* CD Nsil 3638-Xmnl 5676 digest of pAR3062 cloned into This work
Nsil-Xbal sites of pAR8636

PARBS658 cysG* Variant of pAR8629 This work

PARS667 chiE'TFGHIKLMNQ Sacl 6079-SnaBI 13389 digest of pAR3062 cloned into This work
Sacl-PstI sites of pAR8634

pARS670 cysG*OP BstXI 13027-EcoRI 15531 digest of pAR3062 cloned This work
into Smal site of a variant of pAR8658

PARS8683 cbiB*CD-cysG*OP BamHI-Sphl digest of pAR8655 cloned into BamHI site  This work

Continued on following page
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TABLE 2—Continued

Strain, plasmid, Genotype and/or phenotype

Description Reference or source

or cosmid

pARS686 cbiB*CD-cbiE'TFGHIKLMNQ-cysG*OP Sphl digest of pAR8667 cloned into BamHI site of This work
PARS683

pARS8720 cbid* Cloned from Miul 1219 site to the cbi4d™ stop codon This work
into EcoRI site of pKK223.3 after PCR

pAR8736 cbiA*E Ndel 5228-Clal 6241 fragment cloned into Smal site of This work
PARS720

PARS903 ¢biAd*-cbiCDETFGH-cbiKLMNQOP Mutation at the Bg/II 9509 site into cbiJ gene of This work
PARS827

pARS814 cbiA*-cbiCDETFGHI-cbiKLMNQOP Partial BamHI-Scal digest of pAR8600 cloned into This work
pARS8720 cut with BamHI-Scal

pARSS827 cbiA*-cbiCDETFGHI-cbiKLMNQOP Sphl-Scal fragment of pAR8814 cloned into SphI-Nrul This work
sites of pAR8086

pAR8976 cbiA*-cbiCDETFHI-cbiKLMNQOP Deletion of 417 bases between BstBI sites (7774-8211) This work
into ¢biG gene of pAR8814

pAR8977 cbiA*-cbiCETFGHJ-cbiKLMNQOP Mutation at the Mlul 4608 site into cbiD gene of This work
PARS8814 (TAA at position 4619)

PARS8978 cbiA*-cbiDETFGHJ-cbiKLMNQOP Mutation at the Miul 3706 site into cbiC gene of This work

PARS814

¢ Strains used for B,, bioassays.

b E. coli strains which have plasmids with mutations in cbi genes and do not produce cobyric acid.

¢ Gives inactive gene product.

ATAA. The PCR product was subsequently cloned into pKK223.3, resulting in
the construction of plasmid pAR8720 (Table 2).

(ii) Modification of the E. coli cysG RBS. The E. coli cysG gene was cloned
from the plasmid pHM3 (29) (Table 2) into M13. The RBS was changed to 5’
AGGAGGTTTTACATG by site-directed mutagenesis, and the resultant mod-
ified gene, cysG*, was cloned into the EcoRI-HindIlI sites of pKK223.3, yielding
pARS8414.

(iii) Modification of cbiB RBS. The Nrul fragment from position 2531 to 3701
of pAR3062 was cloned into the Smal site of M13. A new chiB RBS was
generated by site-directed mutagenesis to give the sequence 5" AGGAG(7 X A)
ATG. The modified gene, chiB*, was cloned into pKK223.3, producing
PARS8636.

(iv) Modification of chiE. A Sall-Clal fragment from position 5373 to 6241 of
PAR3062 was cloned into the Smal site of M13. A modified RBS of AGGAG(7
X A)ATG was introduced into the gene by site-directed mutagenesis. The
modified gene, chiE', was found to be inactive, presumably because of a further
mutation that had been introduced into the protein.

Construction of derivatives of pAR3062 for cobalamin overproduction. In
order to improve expression of the cbi genes present in the 14,119 bp of the cobl
region, the cbi genes were placed under the control of three fac promoters,
positioned at regular intervals throughout the sequence (Fig. 2). To achieve this
goal, three plasmids had to be used: pAR8720, which contains chid*, described
previously; pAR8591, which contains chiCDETFGHJ; and pAR8597, containing
chiKLMNQOP. The plasmid pARS8591 was constructed by cloning the cbiCDE
TFGHJ fragment, obtained from a partial digest of Ddel and HindIII (bases 3620
to 10028) into the Smal site of pKK223.3. Plasmid pAR8597 was constructed by
cloning the Bg/II-EcoRI fragment (bases 9509 to 15531) into the Smal site of
pKK223.3. The ptac-chiKLMNQOP fragment of pAR8597 was isolated after a
BamHI digest and cloned into pAR8591 which had been cut with HindIIL. The
resulting plasmid, pAR8600, has the following arrangement: ptac-chiCDETF
GHI-ptac-cbiKLMNQOP. This plasmid was digested with Scal and partially di-
gested with BamHI to isolate the double ptac-cbi gene fragment and was cloned

e pLA29 17

|—>I pduF--pocR--cbiA-B-C-D-E-T-F-G-H-J-K-L -M-N-Q-0-P-coblU-S-T .,
1

into the BamHI and Scal sites of pAR8720. This new plasmid, named pAR8814,
contains ptac-cbid*-ptac-cbiCDETFGHJ-ptac-cbiKLMNQOP. Thus, pAR8814
contains all the cbi genes except chiB.

This triple ptac-cbi-T1T2 terminator fragment was subcloned from pAR8814
into pAR8086, which contains the p15A origin of replication (16), which is
compatible with the ColE1l replication origin of pKK223.3. To increase the
amount of precorrin-2 available for B, biosynthesis, the plasmid containing the
modified cysG, pAR8414, was transferred along with pAR8827 into E. coli.

Another plasmid, pAR8686, harboring three tac promoters and the cbi genes,
but in an order different from that described for pAR8827, was constructed with
the same rationale. This large plasmid was assembled from plasmids pAR8667,
PARS8655, and pAR8670. The construction of these plasmids is briefly outlined
in Table 2.

Introduction of mutations in cbiC, cbiD, cbiG, and cbiJ to inactivate the gene
products. In order to introduce a mutation into cbiC, pAR8814 was partially
digested with MIul so that the plasmid was restricted once at position 3706 and
the overhangs were filled by the action of the Klenow fragment of DNA poly-
merase I and ligated with T4 DNA ligase. This procedure produced pAR8978,
which contains a frameshift in ¢biC. In a similar fashion, a mutation was intro-
duced into cbiD of pAR8814 at position 4608 after this plasmid was restricted by
Miul, filled, and ligated. This produced pAR8977, which contains a frameshift in
cbiD. For mutation of cbiG, pAR8814 was digested with BstBI at positions 7774
and 8211 and ligated with T4 DNA ligase, resulting in a deletion of 437 bp. The
mutated plasmid was named pAR8976. For mutation of cbiJ, plasmid pAR8827
(which contains the same genes as pAR8814 but in the pACYC184 vector) was
partially digested with Bg/II at position 9509. After filling in and ligation,
PARS8903 was produced which contains a frameshift in cbi/.

Two-dimensional protein gels. Samples were prepared as follows. Bacterial
cultures were grown anaerobically to an ODg of 0.15, at which stage IPTG was
added (final concentration, 0.5 mM). After 60 min, 10 to 20 wCi of [*S]t-
methionine per ml of culture was added and incubated for a further hour. The
cells were centrifuged and resuspended in lysis buffer. Two-dimensional gels,

pAR3062
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FIG. 2. Linear diagrammatic representation of some plasmid constructs used in this study. [ , tac promoter.
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FIG. 3. Genetic organization of the S. typhimurium cobl-III-II region. Genes shown in white boxes have similar genes in P. denitrificans. Genes shown in black boxes
have no P. denitrificans homologs. Shaded boxes represent the propanediol utilizing (pdu) and cobllI-II genes. The DNA fragments used to complement the S.
typhimurium mutants are indicated with bold lines. The associated mutant strains are shown underneath. The arrows designate the S. fyphimurium genes which have
been inactivated or deleted in the indicated E. coli strains harboring the S. typhimurium cob genes.

buffers, and running conditions were prepared and run as described by O’Farrell
(36, 37).

Other methods. The methyl esters of the precorrins were prepared after
DEAE Sephadex A-25 extraction of the intermediates from sonicated cell ex-
tracts and esterification in methanol-H,SO, (95:5). The methyl esters were
separated by either thin-layer or high-performance liquid chromatography on a
C,g reverse-phase column as previously described (54). A Hewlett-Packard
8452A diode array spectrophotometer was used to record UV and visible spectra.

RESULTS

Isolation of S. typhimurium cob mutants. S. typhimurium
AR2156 and TN2540 were mutagenized and screened for mu-
tations in their capacity to biosynthesize cobalamins as de-
scribed in Materials and Methods. The mutants were classified
as cobl, cobll, or cobllI by their ability to grow in the presence
of added cobinamide, DMB, or cyanocobalamin. Twenty-six
cobl, one cobll, and two coblll mutants were obtained, and
these are listed in Table 2.

Isolation and analysis of a DNA fragment containing the S.
typhimurium cob region. An S. typhimurium AR2155 genomic
library was produced in the cosmid pLA2917 as described in
Materials and Methods. By its ability to confer cobalamin
biosynthesis on the S. typhimurium cobl mutants AR2718 and
AR2719 and the cobll mutant AR2201, a single cosmid con-
taining the cobI-III-1I region was identified from this library.
This cosmid was named pAR3062 and was found to contain a
21.5-kb insert, from which an extensive restriction map was
generated. The insert was digested into fragments of ~1 kb,
and these were subcloned into M13. This facilitated the com-
plete sequencing of the cobl region, which was found to be
identical to that reported by Roth et al. (44). As well as con-
taining the cobl-III-1I region, the cloned fragment also con-
tained 4 kb of DNA upstream of the cob! region, including the
promoter and the pocR gene (43).

Analysis of the 29 isolated S. typhimurium cob mutants. The
cobI-1II-II region contains 20 open reading frames (44). Of
them, 13 have been assigned as cob genes by sequence com-
parison with the P. denitrificans cob genes (44) (Table 1),
among which the genes cbiF, cbiL, cobS, cobT, and cobU have
also had their function formally identified by enzymatic studies
(17, 38, 39, 42, 51). The function of the seven remaining open

reading frames (cbiD, -G, -K, -M, -N, -O, and -Q) are unknown,
although those of cbiN, -O, -Q were proposed to be involved in
cobalt transport (44). In order to genetically define the 29
isolated cob mutants, the cloned S. typhimurium cobI-III-1I
region was restricted, where possible, into fragments contain-
ing single genes, which were subsequently cloned behind the
tac promoter of pKK?223.3. These plasmids are listed in Table
2 and were used to transform the S. typhimurium mutants.
Confirmation that S. typhimurium homologs cbiA, -B, -F, -],
-L, and -P and cobS and -T are cob genes and evidence that
¢biD is a cobl gene. First, the 26 S. typhimurium cobl mutants
were transformed by the individually cloned cbi genes and
tested for corrin production (see Materials and Methods). The
cloned cbid was found to complement two mutants, chiB was
found to complement three mutants, cbiF was found to com-
plement nine mutants, chiL. was found to complement two
mutants, and cbiP was found to complement four (Fig. 3 and
Table 2). Four cbiJ mutants were identified on the basis that
the mutants were complemented by plasmid pAR8283, which
contains chiH and -/, but were not complemented by pAR8313,
which contains ¢biH alone. Thus, the prediction, which was
based on sequence similarity, that S. typhimurium cbiA, -B, -J,
and -P are cobalamin biosynthetic genes has been confirmed by
functional complementation. These complementations defined
24 of the 26 isolated S. typhimurium cobl mutants. The two
remaining cobl mutants were identified as chiD mutants, as
they were complemented by pAR8533 (Table 2). There is no P.
denitrificans homolog for ¢biD, and this is the first direct evi-
dence that cbiD is a cobl gene. The cloned S. typhimurium cobT
complemented the S. typhimurium cobll mutant, and the
cloned cobS complemented the two coblll mutants. No mu-
tants were found to be complemented by DNA fragments
containing cbiC, cbiG, cbiH, cbiK, cbiMNQO, or cbiET.
Quantitative detection of cobyric acid and cobalamin. To
aid in the detection of cobyric acid and cobalamin, a well-
known, simple microbiological assay for vitamin B;, (6) was
adapted with S. typhimurium metE strains. The modified assay
with S. typhimurium metE cysG (AR3612) and S. typhimurium
metE cbiB (AR2680) (Table 2) could be used to estimate
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FIG. 4. Standard curve from indicator strains AR3612 and AR2680. A plot of
the amount of cyanocobalamin or cobyric acid used to elicit the measured growth
response produces a curve as shown. The test is able to detect as little as 10 fmol
of cobalamin. O, cyanocobalamin on AR3612; @, cyanocobalamin on AR2680;
A, cobinamide on AR3612; A, cobinamide on AR2680; <, cobyric acid on
AR3612; @, cobyric acid on AR2680.

cobalamin levels but could also be used to discriminate be-
tween cobyric acid and cobinamide amounts. When AR2680
(metE cbiB) is incorporated into a minimal medium plate or
AR3612 (metE cysG) is incorporated into a minimal medium
plate containing cysteine, no growth is observed, although the
bacteria remain dormant in the agar for up to 3 weeks. How-
ever, application of a vitamin B,, solution to either of the
indicator strains results in growth of the dormant bacterial
lawn circumventing the application point. The extent of growth
around the application point is dependent upon the amount of
vitamin B, that is added. The correlation between growth size
and vitamin B,, quantity permits a standard curve to be con-
structed which can be used to estimate the concentrations of
unknown cobalamin solutions with a satisfying reproducibility
of =10% with both indicator strains. Growth of the metE cysG
indicator strain was observed with the addition of vitamin B,,,
cobinamide, and cobyric acid but not with cobyrinic acid (Fig.
4). Growth of the metE cbiB strain was observed with addition
of vitamin B, and cobinamide but not cobyric acid. This result
confirms that CbiB is required for the conversion of cobyric
acid into cobinamide, but it also means that the two indicator
strains can be used to discriminate between solutions of coby-
ric acid and cobinamide. Addition of cobyrinic acid to either
strain did not stimulate growth. As cobyrinic acid is thought to
be an intermediate in the biosynthesis of cobalamins, this
would suggest that the intermediate is not taken up by the cells.
The results of the analysis of cell extracts from various S.
typhimurium cob mutants (Table 2) on the bioassay plates were
consistent with the observations described above: growth was
not observed with extracts of cysG, cbiL, cbiF, cbil, cbiA, and
¢biP mutants which produce precursors prior to cobyric acid
(Table 1, column 5), probably because the biosynthetic inter-
mediates were not taken up by the indicator strains; the pe-
ripheral side chain acid groups of the modified tetrapyrrole
would appear to have to be amidated for effective transport by
the cells. On the other hand, growth was observed with cell
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extracts from cbiB, cobT, and cobS mutants, which produce
cobyric acid and later intermediates. To ensure that mixtures
of cobyric acid and vitamin B,, did not interfere with the
bioassay to give erroneous results, growth of both indicator
strains was measured in the presence of fixed amounts of
vitamin B, and variable amounts of cobyric acid. As expected,
the diameter of growth area with the metE cysG indicator
corresponded to the amount of the most abundant of these two
compounds (Fig. 5). Cobyric acid had no effect on the diameter
of growth of the metE cbiB indicator.

The S. typhimurium cob DNA fragment confers de novo co-
balamin biosynthesis ability on E. coli. When cosmid pAR3062
was transformed into E. coli, producing AR8981, it conferred
upon the host bacterium the ability to make cobinamide and
thus cobalamin (Table 3). Extracts of AR8981 produced
growth on both indicator strains, but the circle of growth was
greater with the metE cysG indicator; the amount of cobyric
acid produced in this strain was greater than that of cobin-
amide or later intermediates. Increased quantities of cobyric
acid and intermediates which occur after cobyric acid on the
cobalamin pathway could be obtained from AR8981 by addi-
tion of exogenous 5-ALA to the growth medium. This is be-
cause addition of exogenous 5-ALA leads to greater flux
through the tetrapyrrole biosynthetic pathway. It was noted
that extracts of the parent strain S. typhimurium AR2155 pro-
duced growth circles of the same diameter on the two indicator
strains (Table 3), demonstrating that cobyric acid does not
accumulate in S. typhimurium.

Construction and analysis of an E. coli strain with elevated
cobyric acid levels. Overproducing strains were constructed in
order to allow chemical and biochemical studies of the various
intermediates on the cobalamin pathway. To remove the known
regulatory elements of cbiAd (41) and to enhance the translation
of the gene product, chi4 was modified by deletion of the
upstream region and by incorporation of a consensus RBS by
site-directed mutagenesis and PCR (the new gene, cbi4d*, was
cloned in pKK223.3, yielding pAR8720; see Materials and Meth-
ods and Table 2). The resulting chi4* gene produced high
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FIG. 5. Competing effects of cyanocobalamin and cobyric acid on strain
AR3612. Growth of the indicator strain is produced by both compounds on an
equal basis. Symbols for amount of cyanocobalamin added: O, 0 pmol; @, 0.05
pmol; A, 0.5 pmol; A, 5.0 pmol.
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TABLE 3. Corrin production®

Amt of corrin (nmol/ODy, unit) detected after growth in medium®

Strain Growth Mo M9 + AP + 5-ALA M9 + AP + 5-ALA + IPTG
condition
Cobyric acid Cobinamide Cobyric acid Cobinamide Cobyric acid Cobinamide
AR2155 Aerobic ND¢ ND
Anaerobic 0.01 0.01 0.02 0.004 0.01 0.004
ARS8981 Aerobic ND ND
Anaerobic 0.04 ND 0.1 0.01 0.2 0.01
ARS8959 Aerobic ND ND
Anaerobic 0.1 ND 0.4 ND 0.2 ND
ARS8830 Aerobic ND ND
Anaerobic 0.8 ND 0.8 ND 0.5 ND
AR8639 Aerobic ND ND
Anaerobic 0.9 0.9 ND 0.2 0.03

¢ Corrin production was monitored under a number of conditions as described in Materials and Methods. All experiments were performed several times and the mean

values are presented.

b The indicator strains for cobyric acid and cobinamide were AR3612 and AR2680, respectively.

¢ ND, not detectable.

levels of CbiA protein as adjudged by two-dimensional poly-
acrylamide gel electrophoresis (PAGE) (data not shown). The
S. typhimurium DNA fragment in pAR3062 was further re-
stricted and modified so that three tac promoters were intro-
duced at regular intervals between the genes. This was accom-
plished by a complex cloning procedure which is described in
Materials and Methods and is also outlined in Table 2. Such
manipulations yielded pAR8827, a derivative of pACYC184,
and contained the following gene order: ptac-cbid*-ptac-cbiC
DETFGHJ-ptac-cbiKLMNQOP. This plasmid was transformed
into E. coli to give strain AR8959, and analysis of the extracts
of this strain showed that it was able to produce levels of
cobyric acid between 0.1 and 0.4 nmol per ODgj, unit. Trans-
formation of pARS8827 into an E. coli strain harboring a com-
patible plasmid, containing a copy of the E. coli cysG gene with
an improved RBS (cysG* on pAR8414), was performed to
improve corrin production and gave the strain AR8830. The
cysG* mutant was produced from a plasmid-borne cysG by
directed mutagenesis of the RBS (Materials and Methods and
Table 2), resulting in high levels of CysG protein production as
adjudged by sodium dodecyl sulfate-PAGE. Strain AR8830,
harboring both ptac-cysG* and ptac-A*-ptacCDETFGHJ-ptac
KLMNQOP, was found to produce cobyric acid up to 0.8 nmol
per ODg, unit; addition of IPTG to the bacterial culture did
not lead to any further enhancement of corrin production,
even though the cells were always maintained in the presence
of the lacI9 repressor, which keeps a basal transcriptional level
in the absence of IPTG. The 20-fold enhancement of cobyric
acid production of AR8830 (harboring cysG* and the three-
ptac construct) compared with that of AR8981 (harboring the
original cosmid) in the absence of exogenous 5-ALA reflects
the effect of the modified cysG* gene, which leads to higher
levels of precorrin-2 (52) and to the transcriptional activation
mediated by the replacement of the original promoter and
regulatory regions by the strong tac promoter. This together
with the copy number of the plasmid ensures a higher level of
cobyric acid production.

The proteins encoded by the genes on pAR8827 were ex-
amined by one- and two-dimensional PAGE (see Materials
and Methods). A typical gel corresponding to E. coli AR8688
carrying the plasmid pAR8686 demonstrates that the products
of all the cloned genes, except for the products of cbiM, cbiN,
and cbiQ, are clearly visible (Fig. 6). The least abundant among
the visible proteins appears to be CbiB, which is required to

convert cobyric acid into cobinamide by aminopropanol at-
tachment. The lack of CbiB expression is concurrent with the
observation that in strains containing all the cobl genes, such as
ARBS8981 and AR8639 (Table 2), the levels of cobyric acid are
higher than the levels of later intermediates (Table 3). This
does not preclude the fact that there could be more than one
polypeptide involved in cobinamide formation from cobyric

AR 8654

AR8688

o " »

FIG. 6. Autoradiograph of a two-dimensional protein gel. The strains
ARB8654 (control) and AR8688 were analyzed as described in the text (Materials
and Methods). Letters refer to the corresponding Cbi proteins.
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acid (8, 44). The proteins shown in Fig. 6 were extracted from
cells grown under anaerobic conditions, but the proteins were
also expressed when cultures were grown under aerobic con-
ditions (data not shown). Thus, expression of the cloned cobl
genes is not regulated by anaerobicity.

Corrins are produced de novo in E. coli only under anaer-
obic conditions. The corrin-producing E. coli strains were an-
alyzed for corrin biosynthesis after growth under aerobic and
anaerobic conditions. Experiments were performed with strains
carrying the cob genes with their natural promoter (AR8981)
and with the fac promoter (AR8959, AR8830, and AR8639),
but it was observed that in all cases corrins were produced only
when the cultures were made anaerobic (Table 3). Thus, the
recombinant corrin-producing E. coli strains have the same
cobalamin biosynthetic phenotype as S. typhimurium (29) in
that de novo biosynthesis of cobalamin occurs only under
anaerobic conditions.

Construction of cob mutants in the cobalamin-producing E.
coli strains. The construction of recombinant E. coli strains
capable of making cobyric acid with cloned S. typhimurium cob
genes permitted the construction of defined mutations in these
genes on the plasmids. This allowed us to further investigate
the role of a number of genes found in the cobl region, which
were analyzed in the recombinant E. coli strains to see the
effect of the mutations on corrin biosynthesis. A series of such
plasmids, containing the S. typhimurium cob region in which
one or several genes were either absent or inactivated by mu-
tagenesis, were constructed. Mutations or deletions were in-
troduced into cbiC, cbiD, cbiE, cbiG, cbil, and cbiMNOQ.
Transformation of the plasmids containing the mutations and
deletions into E. coli produced a series of cobalamin mutants
(Fig. 3 and Table 2).

(i) Construction of cbiC, cbiE, and cbiJ mutants. The anal-
ysis of the S. typhimurium cob mutants showed that 26 cobl
mutants were complemented by DNA fragments containing
cbiA, -B, -D, -F, -J, -L and -P genes (see above), establishing
that these are cobl genes. No S. typhimurium mutant was found
to be complemented by a fragment containing cbiC, which was
proposed to be homologous to the P. denitrificans cobH gene
(44). To overcome this, an E. coli cbiC mutant (strain AR8986;
see Materials and Methods) was generated and found to pro-
duce no detectable amount of corrins when extracts of this
strain were analyzed on both indicator strains (Table 1). This
result strongly suggests that cbiC is a cobl gene but does not
rule out the possibility that the mutation introduced into cbiC
may have a polar effect. However, as cell extracts of the cbiC
strain AR8986 did not promote any growth on the indicator
strain (<10 fmol) this polar effect would have to reduce the
amount of cobyric acid biosynthesis by more than 1,000-fold
(Fig. 4). A protein analysis of a whole-cell extract of AR8986
by two-dimensional PAGE was performed and showed that the
mutation did not prevent the expression of genes situated
downstream of cbhiC, thus indicating that there was no strong
polar effect due to the mutation.

During the modification of cbiE to improve the translation
of its gene product (see Materials and Methods), a derivative
of pAR3062 which, when transformed into E. coli (AR8866),
produced no detectable corrin (Table 1), was obtained and
designated pAR8686. Presumably, the reason why AR8866 did
not produce any corrin was that a mutation had been acciden-
tally introduced into chiE on pAR8686, producing chiE’. When
the unmodified cbiE was introduced into this strain, full corrin
production was restored. This fortuitous event has, however,
allowed the identification of cbiE as a cobl gene.

Although we had isolated an S. typhimurium cbi] mutant, we
further confirmed the role of ¢biJ as a cobl gene by introducing
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FIG. 7. Sequence alignment of S. typhimurium cbiG and P. denitrificans cobE
gene products. The GAP program was used for this sequence comparison.

a mutation into cbiJ in the plasmid pAR8903 by restriction, end
filling, and ligation of the Bg/II site located in the gene (see
Materials and Methods). When this plasmid was transformed
into E. coli, corrin biosynthesis was not observed (Table 1). A
comparison by the FASTA program between the CbiJ and the
P. denitrificans CobK gave scores of 159 (initn) and 203 (opt).
This was significantly higher than the best match by the MIPS
database, and thus cbiJ would appear to be similar to the P.
denitrificans cobK (also noted in references 8 and 42). This
similarity was not found in reference 44, possibly because of
the wrong orientation of this gene sequence in the database.

(ii) S. typhimurium cbiD and cbiG are cobl genes. The role of
¢biD as a cobl gene was also further confirmed by the mutation
of a plasmid-borne cbiD as described in Materials and Meth-
ods. The mutation of cbiD (pAR8977) led to a frameshift in the
gene and produced a truncated protein of 262 amino acids.
After this construct was cloned into E. coli together with the
plasmid containing cysG*, strain AR8985, which contained all
the functional genes required for cobyric acid biosynthesis
except for chiD, was obtained. Examining extracts of this strain
on the microbiological assay showed that AR8985 was unable
to produce cobyric acid. This result confirmed that ¢biD is a
cobl gene.

No S. typhimurium mutant was found to be complemented
by ¢biG. Thus, an E. coli variant was produced by deletion of
417 bases of cbiG to give pAR8976 (see Materials and Meth-
ods and Table 2). When this plasmid was transformed into E.
coli (generating AR8984), corrin production was undetectable
by analysis of the cell extract by the microbiological assay.

Two-dimensional PAGE analyses of extracts of E. coli
strains carrying mutations in cbiD and cbiG genes (AR8985
and AR8984) were performed. They showed that CbiE, CbiT,
and CbiF, which are encoded downstream of chiD, were visible
as well as CbiH and CbilJ, which are encoded downstream of
¢biG (data not shown). This indicated that there was no strong
polar effect due to the mutations. These results established that
¢biD and cbiG are both cobl genes. A computer search with the
BLAST, FASTA, and GAP programs highlighted a sequence
similarity between a region of the CbiG protein (amino acid
231 to 298) and the P. denitrificans CobE protein (amino acid
17 to 84) (Fig. 7). This suggests that the second half of the cbiG
gene is similar to part of the P. denitrificans cobE gene; the
function of CobE is still unknown even though the problem of
the biosynthesis of vitamin B,, in P. denitrificans has appar-
ently been solved (8).

(iii) S. typhimurium cbiM, -N, -Q, and -O are not required for
de novo cobalamin biosynthesis in E. coli. No S. typhimurium
cob mutants were complemented by DNA fragments contain-
ing ¢biM, -N, -Q, and -O. These open reading frames show no
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similarity to any P. denitrificans cob gene, but cbiN, -P, and -O
are thought to be involved in cobalt transport (44). An E. coli
strain harboring the complete S. typhimurium cob operon but
in which the cbiM, -N, -Q, and -O genes had been deleted was
analyzed for corrin production (AR8640 in Table 2). This
strain was still able to make cobyric acid and cobinamide,
producing levels similar to those found in AR8639 (Table 3).
The possibility that one or several of these genes could be
located on the E. coli genome remains; furthermore, the con-
centration of cobalt used in the culture conditions may com-
pensate for the absence of active transport proteins (44). How-
ever, the fact that the E. coli strain produces 40 to 90 times
more cobyric acid than the parent S. typhimurium suggests that
under the experimental conditions used, chiM, -N, -Q, and -O
are not essential for corrin production in E. coli.

The P. denitrificans cobl gene cannot replace its S. typhimu-
rium equivalent. The second methyltransferase which methyl-
ates precorrin-2 at position 20 is encoded by cbiL.. DNA frag-
ments carrying the P. denitrificans gene equivalent, cobl, were
inserted into various plasmids (53). Two S. typhimurium cbiL
mutants, AR3711 and AR3717 (Table 2), were transformed
with these plasmids, but the resulting strains were not comple-
mented for cobalamin production. One of these plasmids,
pCR333 (53), cloned into E. coli was able to produce large
quantities of the Cobl protein, which was active in vitro; the
protein was shown to convert precorrin-2 into precorrin-3 with
good yields in experiments performed with S. typhimurium
total cellular extracts as described in reference 42. The sim-
plest interpretation is that the P. denitrificans Cobl protein
cannot efficiently replace its S. typhimurium counterpart pro-
tein, the chilL gene product.

Absence of cobalt causes accumulation of precorrin-2 and
-3. Further evidence for an early role of cobalt in cobalamin
biosynthesis in the S. typhimurium pathway came from the
analysis of accumulated intermediates in AR8830, the strain
which produced one of the highest levels of cobyric acid, when
it was grown in the absence of cobalt. When the medium was
not supplemented with endogenous cobalt, corrin biosynthesis
in this strain was reduced by a factor of 200. Analysis of the
cytosolic contents of the cells after esterification, extraction,
and separation as described in Materials and Methods led to
the detection of the oxidized forms of both precorrin-2 and -3.
The oxidized forms are referred to as factor II and III, respec-
tively, and in this case they were isolated as their dilactone
hexamethyl esters. The oxidized intermediates were identified
on the basis of their UV and visible spectra, with maxima at
Az and A4, and mass spectra as follows: factor III dilactone,
M + 1 = 957, factor II dilactone, M + 1 = 945) (Fig. 8 and
data not shown) (7, 33). When ARS8830 was grown in the
presence of cobalt, no such intermediates could be detected
but high levels of cobyric acid were obtained (Table 3; also see
above). The accumulation of factors II and III in the absence
of cobalt is thus similar to what has been observed with Pro-
pionibacterium shermanii (7, 8, 33).

DISCUSSION

A cosmid (pAR3062) carrying the S. typhimurium cobalamin
genes was identified from a library of S. fyphimurium genomic
DNA by its ability to complement S. typhimurium cob mutants.
The cosmid was isolated and restricted, and the cobl region
was sequenced. When E. coli was transformed with this cosmid
it was found that the cosmid endowed the bacterium with the
ability to produce cobalamin. The levels of cobalamin in this E.
coli strain were found to be similar to those produced by the
parent S. typhimurium strain. The level of corrin production in
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FIG. 8. UV and visible spectrum of a sample of factor II dilactone hexa-
methyl ester after extraction and purification from AR8639 cells grown in the
absence of exogenous cobalt. The spectrum is identical to that reported by others
(7, 33). No such intermediate was extracted when the cells were grown in the
presence of cobalt.

ARS8981 must reflect a level of expression of the cloned cob
genes similar to that of the level of the chromosomal S. typhi-
murium cob genes. A rapid quantitative method for the mea-
surement of cobalamin in the E. coli strains which was able to
discriminate between cobyric acid and cobinamide levels was
devised. The microbiological analysis could not, however, be
used on intermediates produced prior to cobyric acid, presum-
ably because the intermediates are not transported into the
cell. The microbiological assay was found to be both sensitive
and fairly rapid, but for chemical analysis of the cobalamin
intermediates a much greater quantity of intermediate needed
to be produced. For this reason, plasmids containing various
combinations of the S. typhimurium cob region under the con-
trol of the tac promoter were made and were used to try to
improve cobalamin biosynthesis in E. coli.

The construction of one such plasmid (pAR8827) and its
transformation into E. coli (AR8830) did indeed allow the
production of far greater quantities of cobyric acid. The level
of cobyric acid produced in this strain reflects several aspects
of the cloning procedures, including the promoter type, the
copy number of the plasmid, and the increased activity of an
overexpressed cysG gene, which encodes a branchpoint en-
zyme on the pathway. By diverting the majority of uroporphy-
rinogen III, the common progenitor to all modified tetrapyr-
roles, towards corrin construction, the enhanced CysG level
increases flux along the cobalamin pathway (52).

Several derivatives of the E. coli cobalamin-producing
strains in which genes of the cob operon were inactivated were
constructed. The study of corrin production in these mutant
strains, together with complementation studies of S. typhi-
murium cob mutants, demonstrated that, in vivo, at least 12
genes of this operon are necessary for cobalamin production.
Ten of these genes have a P. denitrificans equivalent, whereas
the other two, ¢biD and cbiG, have no P. denitrificans sequence
homologs. However, sequence similarity between the second
half of ¢biG and the P. denitrificans cobE gene was found. The
significance of this finding is unclear as, although it is known
that mutations in cobE lead to a cobalamin-negative phenotype
in P. denitrificans, no function has yet been ascribed to the
CobE protein. The studies reported here show that cobS and
cobT are coblIl and cobll genes, respectively, and that cbiA, -B,
-C,-D, -E, -F, -G, -J, -L, and -P are cobl genes. The functional
status of chiK, which has no homolog in P. denitrificans, and
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those of ¢biT and cbhiH, which are similar to cobL and cobJ, still
need to be addressed.

One of the intriguing factors about cobalamin biosynthesis
in S. typhimurium is that it occurs only under anaerobic con-
ditions (29), and it is interesting that vitamin B,, production
also only proceeds under anaerobic conditions when the cob
operon has been cloned into E. coli. In S. typhimurium, tran-
scription of the operon is controlled by cyclic AMP, the Arc
system, and the pocR gene product (1, 12, 43, 44). In the E. coli
cobalamin-producing strains, aerobic restriction of cobalamin
biosynthesis must be mediated in some way other than by
transcription initiation, since the upstream regulatory DNA
regions and promoter have been removed. Furthermore,
PAGE analysis has revealed that the encoded proteins of the
cloned fragments are expressed both aerobically and anaero-
bically (data not shown). The anoxic dependency of cobalamin
biosynthesis could be due to the instability of some of the
intermediates on the pathway which are known to be sensitive
to oxygen, or it could be due to regulation of an enzyme
involved in the cobalamin pathway still present in the E. coli
genome. Such an enzyme may be required for cobalt reduction.
This result is therefore consistent with observations previously
made by others (3, 43) with a mutant S. typhimurium strain
which was able to express the genes of the cob operon under
aerobic conditions but with no resulting cobalamin production.

When grown in the absence of exogenous cobalt, cultures of
the corrin-producing E. coli AR8830 accumulated factors II
and III, the oxidized forms of precorrin-2 and -3, respectively,
indicating that cobalt is required for continuance of the path-
way beyond precorrin-3. Furthermore, the P. denitrificans cobl
gene does not complement S. fyphimurium cbiL mutants, even

though cell extracts contain active Cobl protein. Both these
observations are consistent with the hypothesis that the true
substrate for CbiL is cobalt—precorrin-2, a substrate which may
not be recognized by Cobl of P. denitrificans. Likewise, the
synthesis of precorrin-3 rather than cobalt—-precorrin-3 would
lead to a product that is not recognized by the proceeding
enzyme in the pathway. Two such distinct pathways for the
early part of corrin biosynthesis are outlined in Fig. 9. It is
interesting that the CbiL protein does not make precorrin-3
from precorrin-2 with good yields in vitro (data not shown and
reference 42). Thus, the S. typhimurium vitamin B,, biosyn-
thetic pathway, like the pathway in Propionibacterium sherma-
nii requires cobalt to be inserted at an early stage (5, 8, 11, 35,
48, 49).

It is also noteworthy that two P. denitrificans cobl genes,
cobF and cobG, have no S. typhimurium homologs. The en-
zymes derived from these genes are known to be intricately
involved in the ring contraction process during corrin forma-
tion. The enzymes in P. denitrificans are required in the order
Cobl, -G, -], -M, -F, -K, -L, -H (references 8 and 23 and Table
1). It is possible that in S. #yphimurium the CbiL protein,
possibly in association with the c¢biD and c¢biG gene products,
performs the early steps in a way different from that which has
been observed with P. denitrificans. Thus, cobalt may be in-
serted at an early stage in the biosynthesis of the corrin ring to,
for instance, aid in the ring contraction process as has been
suggested by Scott et al. (48, 49). In this respect, it should be
noted that S. typhimurium does not contain homologs to the P.
denitrificans cobN, -§, and -T, which are required for the late
chelation of cobalt.

These results demonstrate the importance of E. coli cobal-
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amin-producing strains in elucidating the function of the indi-
vidual S. typhimurium cob genes. Furthermore, this approach
also allows the differences with other bacterial cobalamin path-
ways to be studied by exchanging homologous cob genes and
analyzing the cobalamin production.
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