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ABSTRACT
This review examines deoxyadenosylcobalamin (Adg}Biosynthesis, trans-
port, use, and uneven distribution among living forms. We describe how genetic
analysis of enteric bacteria has contributed to these issues. Two pathways for
corrin ring formation have been found—an aerobic pathway(idenitrifican$
and an anaerobic pathway fhshermaniandS. typhimuriuf-that differ in the
point of cobalt insertion. Analysis of transport irE. colireveals two systems:
one (with two proteins) for the outer membrane, and one (with three proteins)
for the inner membrane. To account for the uneven distributiomgfiBliving
forms, we suggest that the;Bsynthetic pathway may have evolved to allow
anaerobic fermentation of small molecules in the absence of an external electron
acceptor. Later, evolution of the pathway produced siroheme, (allowing use of
inorganic electron acceptors), chlorophyllx(@roduction), and heme (aerobic
respiration). As oxygen became a larger part of the atmosphere, many organisms
lost fermentative functions and retained dependence on newsgfyiictions that
did not involve fermentation. Paradoxicalalmonellaspp. synthesize  only
anaerobically but can use B(for degradation of ethanolamine and propanediol)
only with oxygen. Genetic analysis of the operons for these degradative func-
tions indicate that anaerobic degradation is important. Recent results suggest that
B12 can be synthesized and used during anaerobic respiration using tetrathionate
(but not nitrate or fumarate) as an electron acceptor. The branch of enteric taxa
from which Salmonellaspp. ancE. coli evolved appears to have lost the ability
to synthesize B and the ability to use it in propanediol and glycerol degrada-
tion. Salmonellaspp., but noE. coli, have acquired by horizontal transfer the
ability to synthesize B and degrade propanediol. The acquired ability to de-
grade propanediol provides the selective force that maintaimsyithesis in this

group.
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INTRODUCTION

Several questions surround the cofactor cobalamin (coenzyp)e Bs large

size and chemical complexity (84, 131) have made the study of its biosynthesis
a challenge (9, 10, 146, 147). Cobalamin’s uneven distribution among modern
life-forms and its proposed prebiotic origins raise questions regarding its general
biological significance. Although cobalamin is made by some bacteria and is
essential to humans (it was discovered by its ability to cure pernicious anemia),
it seems to play no role in the metabolism of plants, fungi, or some bacteria (46,
97, 107, 123). Why do some organisms continue to use this cofactor, whereas
others flourish without it?
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The discovery of B, synthesis and use in bacteria with well-developed ge-
netic systems has made it possible to apply genetic methods to these broad
qguestions. The synthesis, transport, physiological importance, and evolution
of this complex cofactor can be studied in the single orgar8stmonella ty-
phimurium.We review here the general area ghBnetabolism research, with
an emphasis on biological uses revealed by genetic studies of enteric bacteria.

Structure of Cobalamin

The magnitude of the synthetic problem can be seenin Figure 1, which diagrams
the structure of one form of B: 5’ deoxyadenosylcobalamin (AdorB.

Ado-B;, has amolecular weight of 1580, and at least 25 enzymes are uniquely
involved in its synthesis. The AdoiBmolecule has three parts: a central ring,
an adenosyl moiety, and a nucleotide loop. The central ring is structurally and
biosynthetically related to those of heme and chlorophyll. The ring found in
B, differs from related rings by its lack of the carbon bridge between the A
and D porphyrins (see Figure 1), by the ring oxidation state, by the distribution
of ring decorations (methyl, acetamide, and propionamide), and by the central
cobalt atom. Ado-B;, also has a’5deoxyadenosyl moiety serving as its upper
(Cop) axial ligand; the 5carbon of this ribose group is joined by a covalent
bond to the cobalt within the corrin ring. Homolytic cleavage of the cobalt-
carbon bond is central to catalysis of intramolecular rearrangement reactions
(154). Cobalt's lower (Ce@) axial ligand is the N-7 of dimethylbenzimidazole
(Dmb). The Dmb moiety is attached covalently to the corrin ring as part of a
nucleotide loop. The nucleotid€, ghosphoribosyl-Dmb, is linked through its
phosphate to an aminopropanol moiety that is attached to a propionyl group
extending from the D porphyrin of the corrin ring.

Distinct forms of cobalamin exist with upper and/or lower ligands that are
different from those described above. The cofactor for methyltransferases is
methylcobalamin as cofactor, in which the deoxyadenosyl moiety is replaced by
amethyl group (145). Cobalamin is prepared commercially with a cyano group
as the Cg ligand; this form (CN-B,) is not found in nature but frequently is
used as a nutrient for humans and for bacterial mutants. Alternative forms
of B1, with different bases in place of Dmb have been identified in various
Bacteria and Archaea (35, 63, 72, 156, 157). These corrinoids appear to be
isofunctional; no correlation has been made between the nucleotide used as the
lower ligand and the function or distribution of a corrinoid (156).

Ancient Origins of Cobalamin

Many authors have suggested that Bas synthesized prebiotically (13) and
may have been important to catalysis in the “RNA world.” In some bactetia, B
biosynthesis begins with an aminoacyl-tRNA molecule, and an RNA molecule
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Figure 1 Structure of 5deoxyadenosylcobalamin, coenzymg BRing carbons are numbered,
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Annu. Rev. Microbiol. 1996.50:137-181. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 02/06/18. For personal use only.

COBALAMIN SYNTHESIS AND USE 141

may play an intimate role in regulating expression of biosynthetic and transport
genes (see below). Porphyrins such as those contributing to;ph&trBcture

have been synthesized nonenzymatically in so-called primitive earth experi-
ments (85), and Eschenmoser has commented eloquently on how the complex
B1, structure can be formed by energetically favorable reactions (62).

The cobalamin biosynthetic pathway, and the pathways common to heme,
chlorophyll, and siroheme synthesis, may reflect the evolution of energy meta-
bolism (see Figure 2). It seems likely that this pathway first evolved to produce
B1,, a view supported by considering the structure of Urolll (62), the common
precursor of heme, siroheme, chlorophyll, and cobalamin. Urolllis asymmetric
in the sense that one of the porphyrin rings is reversed with respect to the others.
The reversal may be important for the carbon elimination (ring contraction) that
occurs later in cobalamin synthesis (see below). This arrangement indicates
that the entire pathway developed initially to serve 8/nthesis and later added
the branches to siroheme, heme, and chlorophyll.

We suggest below that the initial significance af Bias to support anaerobic
fermentation of small molecules by generating internal electron sinks. Later,
siroheme allowed inorganic molecules to be used as electron acceptors, which
is seen in siroheme’s modern role as a cofactor for sulfite and nitrite reductases.
Still later arrivals may have been chlorophyll and heme, which allowed biolog-
ical formation of molecular oxygen and use of oxygen as a respiratory electron
acceptor.

Distribution of B, Among Living Forms

According to a widely accepted historical view;Bsynthesis is restricted to
some Bacteria and Archaea. Many animals (including humans) and protists
require B> but apparently do not synthesize it. Plants and fungi are thought to
neither synthesize nor useBn their metabolism (58). Figure 3 superimposes
the distribution of B, on a prominent view of the evolutionary relationships
between these life-forms.

Figure 3 represents, at best, general conclusions. Some possible exceptions
have been documented among algae and legume taxa (119, 170, 171). Some
reports of B, in plants and fungi may not have considered adequately the
difficulty of excluding bacterial contamination. As better assays are made
in a variety of organisms and more rigorous nutritional tests are made, more
exceptions may surface.

The distribution pattern shown in Figure 3, even with some exceptions, raises
guestions regarding the biochemical significance gfdhd the metabolic dif-
ferences among life-forms that allow some to escape the need forSich
guestions should be kept in mind as we review the general naturg.ef B
dependent reactions. Later we use studies of bacterial mutant phenotypes and
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Figure 3 Distribution of cobalamin synthesis and use among living forms. Wedges designate in
a general way the evolutionary and current importance of oxygen to organisms in each group.

regulatory behavior of B synthetic enzymes to illustrate additional puzzles
regarding the biological significance of Bwithin enteric bacteria.

B1,-DEPENDENT REACTIONS

In trying to understand the evolutionary history af,Bve have looked for fun-
damental properties ofB-catalyzed reactions that might explain the evolution
and later loss of B synthesis from various groups. Fermentation may be that
common feature. Many of the known, Bdependent reactions in a variety of
bacteria support anaerobic fermentation of small molecules. Fermentation, as
used in this review, refers to anaerobic growth without an exogenous electron
acceptor. In this situation, redox reactions must be internally balanced, and
ATP must be produced by substrate-linked phosphorylations. Some reduced
compound is excreted to get rid of excess reducing equivalents. In enteric
bacteria most fermentable carbon sources are large sugars.

We propose that the original significance of;Band its remaining pri-
mary role in many modern bacteria, may be to support fermentation of small
molecules by catalyzing molecular rearrangements that generate both an oxi-
dizable compound and an electron sink for use in balancing redox reactions. In
enteric bacteria, this role is seen in the#lependent degradation of ethanol-
amine, propanediol, and glycerol (see Figure 4). In these reactions the B
mediated rearrangement generates an aldehyde that can be oxidized and pro-
vide ATP; the oxidation reactions can be balanced by reducing a portion of the



Annu. Rev. Microbiol. 1996.50:137-181. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 02/06/18. For personal use only.

144 ROTH, LAWRENCE, & BOBIK

aldehydetoanalcohol, whichis excreted. The-Bependentreactionformsthe
reducible compound by a rearrangement, essentially an internal redox reaction.

In nonenteric bacteria, the;Bdependent amino mutases (specific for glu-
tamic acid, lysine, leucine, or ornithine) catalyze mechanistically similar reac-
tions that support fermentation of these amino acids (154). In methanogens,
B1, plays a role as a carrier of methane and in essence helps provide a means
for getting rid of reducing equivalents.

Thus the earliest use of\Bmay have been to support anaerobic, fermentative
growth at the expense of small molecules. Additional reactions (such as me-
thionine synthesis and nucleotide reduction) appeared as secondary uses. After
oxygen and aerobic respiration appeared on earth, many organisms no longer
needed to perform fermentations and lost some of their original enzymatic ca-
pabilities. The secondary uses such as methyl transfer remained important and
enforced a continued requirement foLBObligate aerobes and animals appear
to require B, to perform these nonfermentative functions. In humans, tyge B
dependent reactions are known. Methionine synthetase, a methyl transferase,
is presumed to be important primarily in recycling folate and secondarily in
producing methionine (3). Methyl malonyl CoA mutase may serve mainly to
remove toxic products of lipid breakdown (101).

Bi>-Dependent Reactions in Enteric Bacteria

The enzymes listed below are found in one or more species of enteric bacteria.
The catalyzed reactions are diagrammed in Figure 4.

PROPANEDIOL DEHYDRATASE This enzyme, which converts 1,2-propanediol

to propionaldehyde, is found in virtually all enteric bacteria tested eXtsgit-
erichia coli (100, 165). Some bacteria ferment propanediol by oxidizing a por-
tion of the propionaldehyde to provide carbon and energy while reducing the rest
to provide an electron sink for balancing redox reactions (114%almonella
species this process provides energy but no carbon source. Propanediol is
encountered frequently by bacteria, because it is produced during anaerobic
catabolism of the common methylpentoses, rhamnose and fucose (102).

ETHANOLAMINE AMMONIA LYASE ~ This enzyme converts ethanolamine to ac-
etaldehyde and ammonia (27, 144). Under some conditions, the produced
acetaldehyde can serve as a carbon and energy source via acetyl-CoA. Ethanol-
amine is frequently encountered in nature as part of common lipids, phos-
phatidyl ethanolamine and phosphatidyl choline.

GLYCEROL DEHYDRATASE This enzyme converts glycerol {#®-hydroxypro-
pionaldehyde, which can be reduced to 1, 3 propanediol (1, 71). This reac-
tion balances the reducing equivalents generated by glycerol dehydrogenase.
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Figure 4 Cobalamin-dependent pathways known for enteric bacteria. Only the first reaction
for each pathway employs cobalamin as a cofactor. For eggtd&endent enzyme, tHe.
typhimuriumgenetic designation is given. THF indicates tetrahydrofolate.
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Glycerol dehydratase is common in enterics but is absent fromS@ithonella
spp. anck. coli (100).

METHIONINE SYNTHETASE This enzyme transfers a methyl group from methyl-
tetrahydrofolate to homocysteine as the final step in synthesis of methionine
and is probably the best-known Bdependent reaction (57, 162). The lack of
this reaction underlies many aspects of humagdieficiency disorders (3).

In Salmonellaspp. and irE. coli, the By,-dependent methyl transfer reac-
tion is catalyzed by the MetH enzyme, and both organisms produce a second
enzyme (MetE) that can catalyze the same reaction witheu(4D, 44, 57,

151). The MetH enzyme is used preferentially when B available; the al-
ternative MetE enzyme is induced in response to accumulated homocysteine
when the MetH enzyme is inactive (175). In bacteria with an alternative, B
independent enzyme, methionine synthesis is unlikely to be the major selective
force maintaining B, synthetic capacity.

EPOXYQUEUOSINE REDUCTASE This enzyme performs the last step in forma-
tion of the hypermodified tRNA base, queuosine, found in tRNARNA"S,
tRNAZ" and tRNASP (73). The modified base is not essential for bacterial
growth under laboratory conditions (113). Although the final reaction has been
reported to require B (73), it proceeds in anaerobically grovn coli cells,
which do not make B (100). We suggest that the reaction may be stimulated
by Bi, perhaps indirectly, in vivo, but can be catalyzed without this cofactor.

Other Prominent B-Dependent Reactions

ACETYL-COA SYNTHESIS In many anaerobic bacteria, methyl-corrinoids are
involved in acetyl-CoA synthesis via the Wood/Ljungdahl pathway (125, 155,
174). In this pathway, a methyl group is transferred from methyltetrahydo-
folate via a methyl-corrinoid/iron sulfur protein to CO-dehydrogenase, which
synthesizes acetyl-CoA from this methyl group, CO, and coenzyme A (69). A
corrinoid plays an analogous role in the energy-yielding metabolism of aceto-
genic bacteria (103, 125), which synthesize acetate from 243@ means of
generating a terminal electron sink.

METHYL TRANSFER IN THE METHANE-PRODUCING ARCHAEA Methyl-corrinoids

are essential for formation of methane by the strictly anaerobic methane-
producing Archaea (68, 155). Corrinoid proteins play a role in the trans-
fer of methyl groups from methanogenic substrates to the thiol group of the
methanogen-specific cofactor, coenzyme M. Different enzymes mediate methyl
transfer from alternative methanogenic substrates such as acetate (67), methyl-
amines (36), methanol (95), pyruvate (25) and methyltetrahydromethanopterin,
anintermediate of methanogenesis from formate angl(C21, 163). The latter
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reaction is analogous to methionine synthesis in that the methyl group is trans-
ferred from an intermediate pterin to a thiol group via methy-@21).

Considerable energy is releaseG; of approximately—30kJ/mol) by
transfer of a methyl group to coenzyme M from methyltetrahydromethanopterin
(a natural structural and functional analog of methyltetrahydrofolate) (81, 111,
155, 163). The energy of the transfer to coenzyme M can be recovered by cou-
pling the methyl transfer to extrusion of a sodium ion, which eventually leads to
generation of a proton motive force (11, 23). The transferase that achieves this
feat is an integral membrane protein (70) composed of eight different subunits
(81).

RIBONUCLEOTIDE REDUCTASES Ribonucleotide reductases generate the de-
oxyribonucleotides needed for DNA synthesis. Four classes of this reductase
are known, each with a different cofactor requirement and quaternary structure;
this variability is unusual for enzymes that play such key metabolic roles. The
Ado-B;,-dependent reductases belong to Class Il and are found primarily in
microorganisms (16, 17). The reaction mechanism and active site structure
of the corrinoid-dependent reductase appears remarkably similar to that of the
Ado-B;,-independent Class | enzymetofcoli(26). Inthisreductase, Ado1B

serves as a free-radical generator. Other reductases form radicals by alternative
means (126).

DEGRADATION OF g-HYDROXY ETHERS AND B-HYDROXY AMINES Corrinoids

are implicated in the anaerobic degradation of several compounds thought to
be generally recalcitrant to degradation in the absence of oxygen. The com-
pounds include polyethylene glycol (77), triethanolamine (78), and possibly
phenoxyethanol (76). The significant chemical feature of these compounds is
a hydroxyl groupB to an ether, a tertiary amine, or a secondary amine. These
reactions are related to those catalyzed by diol dehydratases in that they are
intramolecular redox reactions that involve the migration of a hydroxyl group.

METHYLMALONYL-COA MUTASE Methylmalonyl-CoA mutase interconverts
(R)-methylmalonyl-CoA and succinyl-CoA. Higher animals require the mutase
for degradation of odd-chain-length fatty acids and certain branched-chain
amino acids. In humans, mutase deficiency results in an often fatal methyl-
malonic acidemia (101), and in certain neuropsychiatric symptoms. These
symptoms may result from synthesis of abnormal myelin lipids in the presence
of accumulated propionyl- and methylmalonyl-CoA (3, 124).

In certain bacterial fermentations, succinate is converted to propionate via
the mutase rather than being excreted (128). This pathway allows conserva-
tion of a biotin-activated C@that is derived from succinate. Btreptomyces
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cinnamonensishe mutase may also play a role in polyketide antibiotic syn-
thesis (14).

GENERAL ASPECTS OF B SYNTHESIS

In constructing Ado-B,, multiple components are synthesized individually
and then assembled (see Figure 2). This pattern is curiously more common
for vitamins than for other metabolites. The largest component;pisBthe
corrinoid ring, synthesized from uroporphyrinogen Il (Urolll), a precursor
common to heme, siroheme, F430, and cobalamin. Two distinct pathways have
beenidentified (in different bacteria) for conversion of Urolll to the intermediate
adenosylcobinamide (Ado-Cbi), which has the fully modified corrin ring with
an attached aminopropanol side-chain (see Figure 1). The major difference
between the two pathways is in the time of insertion of cobalt (see below).

The nucleotide loop is assembled by first activating the aminopropanol side-
chain of Chi to form GDP-Cbi. The Goaxial ligand, dimethylbenzimidazole
(Dmb), is synthesized separately and converted to a nucleotide (DmbMN) by
addition of ribose derived from nicotinic acid mononucleotide (NaMN), an
intermediate in the synthesis of NAD. Ultimately, Dmb nucleoside is added to
the end of the activated isopropanol side-chain to form the nucleotide loop and
complete the synthesis of AdorB

Great progress has been made recently in defining the nature of the cobalamin
synthetic pathway. This progress is largely the result of genetic identification of
biosynthetic genes. Genes were cloned by complementation of these mutants,
and cloned sequences were then used to produce enzymes for biochemical
analysis. This approach was pursuedPiseudomonas denitrificarend in
Salmonella typhimuriunfl0, 147). Synthetic genes also have been cloned
from Bacillus megateriuni34, 173).

Genetic Analysis of B Synthesis irs. typhimurium

S. typhimuriumhas genes for biosynthesis and for transport of cobalamin and
uses a B, cofactor in at least three reactions. Figure 5 shows the positions of
relevant genes in this organism’s genetic maptyphimuriunmutants defec-

tive in By, synthesis¢ob, cb) were isolated in a parentaletEmutant, since
simple cobalamin-deficient mutants have no easily detectable growth pheno-
type (see below). Strains &. typhimuriumwith a metE mutation require
methionine unless they can synthesize (or are given) cobalamin, which is re-
quired by the alternative methionine synthetase, MetH. S&hdgphimurium
synthesizes B only during anaerobic growth (86), a simpteetEmutant can
grow anaerobically without methionine by producing its owna &nd using the
MetH enzyme. Starting with suchraetEstrain, mutants unable to synthesize
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B2 can be identified anaerobically as methionine auxotrophs correctable by
B12 or one of its precursors (see Table 1).

Mutants can be assigned to one of the three parts of the pathway by anaerobic
nutritional tests. These parts are designated I, Il, and Ill in Figure 2, and gene
positions are shown in Figure 5. A mutant for Part | of the pathway can make
B, if supplied with cobinamide (Chi). A mutant for Part Il can make B
Dmb is provided. Mutants for Part Il lack ability to join Cbi and Dmb and fail
to make B, even when both intermediates are provided (see Table 1). Under
aerobic conditions, aob" metEmutant behaves like a Part | mutant because
early steps in Part | of the pathway are sensitive to oxygen (148).

Most of the B, synthetic genes are located in a single, 20-gene operon
that maps near minute 44 of ti& typhimuriumchromosome (86, 88, 140).
Mutations with defects in Part | of the pathway affect one of the first 17 genes,
designateabi. Mutations with a Part Il defect affect the next two germshU
andcobS(59, 117). Mutations in the last gene of the opei@hT,cause a Part
Il defect (42, 166). The CobT protein appears to have multiple activities and
acts in both Parts Il and Il of the pathway (see below).

More detailed functional assignments were allowed by identificatioB. of
typhimuriumhomologues oP. denitrificans colyenes (140), whose biochem-
ical roles had been defined (described below). Within the Part | region is a
three-gene clustechiNQO) that is likely to encode a cobalt transport system
(140). This assignment was made by sequence comparisons to known transport
genes and by finding that the phenotype of mutations mapping in this region
can be corrected by a high concentration of cobalt (D Walter, M Ailion, & J
Roth, unpublished data).

As more mutations were classified, severatA, cobB, cobC, cobxnd
cysQ were found to map outside of the main operon. These unlinked biosyn-
thetic genes appear to contribute to assimilation of exogengysr&cursors or
to play secondary roles in some process other than cobalamin de novo synthesis.

Table 1 Growth phenotypes d. typhimuriummutants

Growth on methionine-deficient medi@m

Aerobic additions Anaerobic additions
Genotype None Met Cbi Dmb Chi Dmb B;» None Met Cbi Dmb Cbi# Dmb By
wild type + o+ 4+ o+ + + + 4+ + o+ + +
metE - 4+ 4+ - + + + + + + + +
metE metH — + - - — — — 4+ = _ _
metE col(Part ) — + + - + + — 4+ + +
metE co(PartIl)  — + - - + + — + - ¥ + +
metE cob(Part Ill) — + - = — + — + - = _ +

aA plus sign indicates growth on the indicated medium; a minus sign indicates the lack of growth.
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Figure 5 Genes involved in cobalamin synthesis and us8.ityphimurium.Map positions are
according to Sanderson et al (142). Cobalamin-dependent pathways are positioned on the inside of
the map; cobalamin biosynthetic and transport genes are positioned on the outside. Genes involved
in cobalamin transport are shaded. Arrows indicate direction of transcription. For the centrally
positionedeut and pdu operons, raised letters indicate genes with an aerobic mutant phenotype;
the dashed arrow indicates the unsequenced portion @idtheperon. The functions of genes for

Parts I, Il, and Il of the synthetic pathwagk{i andcob) are indicated in Figure 2.

Thus the mairtoboperon contains only genes needed for de noyosBnthe-

sis; the unlinked genes may have additional functions that are important even
when By, is not being synthesized de novo. The exact functions of some of
these unlinked genes is not yet clear. We outline our present understanding of
their roles later.

Genetic Analysis of B Synthesis irP. denitrificans

A large set of cobalamin-defective mutants was isolated boffseudomonas
putida and in Agrobacter tumefacienghe mutants were identified by their
inability to degrade ethanolamine unless provided with cobalamin (38). Ge-
nomic libraries ofP. denitrificansvere screened for clones that complemented
the various mutants. Analysis of the clones revealed four gene clusters (37, 39,
47-49). The locations of these clusters onRhdenitrificanschromosome are
unknown. The mutants were isolated in the presence of Dmb so that no mutants
with simple defects in its synthesis could have been expected. Nevertheless,
if the synthesis of Dmb proves to be accomplished by a single multifunctional
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enzyme as described below, it is likely that mutants for the Dmb synthetic gene
were isolated by virtue their secondary defect in Part 11l of the pathway.

Comparison of Genes fro®almonellaand Pseudomonaspp.

When DNA sequences afob genes fromP. denitrificanswere compared to
those fromS. typhimuriummany pairs of homologous genes were identified;
however, each data set included multiple genes without a homologue in the
other species (140). This situation could be explained if each of the two gene
identification efforts had missed a different set of genes. It seems more likely
that the unmatched genes reflect substantial differences in the biochemistry of
the synthetic pathways in the two organisms.

BIOSYNTHESIS OF COBALAMIN

In a monumental effort combining biochemical and genetic work, a detailed
picture of the complete biosynthesis of the corrinoid ring.idenitrificanshas

been developed by studying the activities of proteins produced from individually
cloned genes (18-22, 37, 49-51, 164). A similar approach has been taken in
Propionibacterium shermanandS. typhimurium(135, 143, 149, 152). The
results reveal two distinct pathways for corrin ring synthesis; this chemical
work has been reviewed recently (10, 147).

Multiple Biosynthetic Pathways to the Corrin Ring

The most extensive analysis of corrinoid ring synthesis was done Bsien-
itrificans, which is able to make B in the presence of oxygen. In contrait,
shermanii(an anaerobe) arfdl. typhimuriuna facultative anaerobe) makeB
only under anaerobic conditions. This difference in lifestyle is reflected in the
nature of the B, biosynthetic pathways.

The aerobic pathway d®. denitrificansrequires at least 20 steps to convert
Urolll to Ado-Chi. These reactions, Part | of the pathway, can be seen in
Figure 6. Cobalt insertion, reduction, and adenosylation (Reactions 15-17)
occur late in this reaction sequence. This pathway not only proceeds in the
presence of oxygen, but includes one step (Reaction 4) that requires oxygen
(in vitro) for reoxidation of the enzyme (10). In contrast, b&thtyphimurium
and P. shermaniican make Ado-Cbi only in the absence of oxygen. In the
anaerobic pathway of these organisms, the initial reactions are oxygen-sensitive
and cobaltinsertion occurs early in the pathway (109, 110). Thus the cobalamin
biosynthetic pathway of one organism may depend on oxygen, whereas the
pathway of the others is toxified by oxygen.

In view of these differences, it is not surprising that the two pathways might
use nonhomologous enzymes to catalyze some analogous reactions. Most
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intermediates in the aerobic pathway lack cobalt and, therefore, the upper axial
ligand, whereas those in the anaerobic pathway contain cobalt and possibly
adenosine. Figure 6 presents the aerobic pathway usdtl dgnitrificans.
Note that theP. denitrificansgenes without &. typhimuriumhomologue in-
clude those involved in the oxygen-dependent step (Reaction 4) and the late
cobalt insertion (Reaction 15). Other genes involved in Part | of the pathway
but lacking an assigned function are listed in the lower right corner of the figure.
Additional B;, pathways may be found since many enteric bacteria can make
B12both aerobically (impossible for a pathway of the anaerobic type) and anaer-
obically (without the oxygen required for the aerobic type) (100). Alternatively
these enterics may use the aerobic pathway but are able to regenerate their en-
zyme for Reaction 4 without molecular oxygen.

The First Enzyme in B Synthesis

The first two methylations of Urolll are performed by the CysG enzym®. of
typhimuriuniE. coli and by a homologous protein (CobA) Bf denitrificans.
These reactions generate Precorrin-2, the precursor of hetari8l siroheme
(see Figures 2 and 6).

TheS. typhimuriunandE. coliCysG enzymes are longer than the homologue
from P. denitrificanspossessing an additional N-terminal region of 201 amino
acids. Thisregion appears to be required for catalysis of the additional reactions
(ring oxidation and iron insertion) needed for synthesis of siroheme (152). Thus
in S. typhimuriunandE. coli, a single protein catalyzes four distinct reactions
(see boxed reactions in Figure 2). Certaittyphimurium cys@utations elim-
inate B, synthesis but allow continued siroheme production (65). Since these
mutants are corrected by exogenous cobalt, CysG protein may also catalyze
insertion of cobalt, probably into Factor-2, and thus seems to be responsible
for the first reaction unique toiB synthesis by the anaerobic pathway. The
multifunctional CysG enzyme @&. typhimuriums positioned so as to control
the flux of Urolll into three pathways. No evidence has been presented that
the activities of this protein vary in response to intracellular conditions. The
shorterP. denitrificanshomologue (CobA; aerobic pathway) appears to cat-
alyze only the two methylation reactions needed to form Precorrin-2; cobalt
insertion occurs later in this pathway and is supported by distinct proteins.

Addition of the Deoxyadenosyl Moiety

Adenosyl transfer is required at several points in cobalamin metabolism. Dur-
ing biosynthesis, adenosine is added to a biosynthetic intermediate, leading to
synthesis of the intermediate Ado-Cbi. Any assimilated corrinoids are likely
to require adenosylation, since the carbon-cobalt bond of cobalamin is unsta-
ble and likely to be lost in the extracellular environment. Adenosylation may
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also be required by enzyme-bound cofactors lacking the upper ligand. Such
enzymes may also recycle cofactors that have lost the adenosyl group as a result
of damage by the inherently reactive radicals involved in catalysis.

In S. typhimuriumadenosyl transferase mutant®jA were identified as
Part | mutants that map outside of the main operon. Under aerobic conditions
cobAmutants cannot use the biosynthetic intermediate Cbi as a precursor but
can grow when Ado-Chi is supplied, which suggests a defect in adenosylation.
This nutritional pattern was seen when synthesis gf Bas scored by the
activity of the MetH enzyme, a methyl transferase that requires methyl-B
not Ado-By,. The results suggest that, under aerobic conditions, adenosylation
is a prerequisite for the reactions of Part 1l of the pathway (see Figure 7); that
is, the CobUS enzymes use only Ado-Chi as a substrate.

Under anaerobic conditionspbAmutations can use Cbi (nonadenosylated)
as a precursor for synthesis of g;Borm that will support the MetH enzyme.
Anaerobiosis may allow the CobU protein to adenosylate Cbi or to process Cbi
to form nonadenosylated;B(116); the effect of anaerobic conditions may be
simply to permit higher induction of the operon. M denitrificans,a gene
homologous tacobAwas identified after purification and partial sequencing
of a cobalamine adenosyl transferase. This sequence was used to identify the
relevant gene from among the sequenced biosynthetic genes (49a).

The CobA enzyme of. typhimurium,n addition to its role in de novo
synthesis, appears to adenosylate assimilated GN-Bhis conclusion was
reached becauseabA mutation prevents repression of theb operon by
exogenous CN-B but does not block repression by Adg-R61, 158, 159).
Similarly in E. coli, the BtuR protein (equivalent to CobA & typhimurium
was identified by a mutation that causes constitutive expression bfuB¢B
transport) gene in cells growing in the presence of a normally repressive level
of CN-By5; the btuR mutation does not prevent repression by Ade-BThe
regulatory mechanisms of tleeboperon and thetuBgene appear to respond
only to Ado-B;,, which cannot be made from CN:Bwithout the CobA adeno-
syl transferase. These regulatory mechanisms are discussed later. Although
adenosylation of enzyme-bound corrinoids has not been demonstrated, genetic
evidence suggests that such adenosyl transferases are encoded withit the
andpduoperons. These operons are also described later.

The Problem of Cobalt Reduction

Cobalt must be reduced to the 'Gaiate prior to addition of an adenosyl group
during biosynthesis or in assimilation of a nonadenosylated corrinoid. Cobalt
can be reduced chemically in vitro (e.g. by methyl viologen) or biochemically
by a system that depends on reduced NADP and a flavodoxin (21, 79, 115).
Although proteins able to perform this reduction have been observed, no mutants
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defective in cobalt reduction have been identified to demonstrate biological
relevance. The failure to recover such mutants may suggest the existence of
multiple reductases or may indicate that a single reductase is also essential to
other functions.

Source of the Aminopropanol Side-Chain

Isotope tracer studies i shermaniiand Streptomyces olivacessiggest that
the 1-amino-2-propanol side-chain of Bs formed from threonine (98, 104).
A simple decarboxylation reaction would generate free 1-amino-2-propanol,
which could be attached to cobyric acid (Cby) to form Cbi; however, this decar-
boxylation has not been demonstrated despite multiple attempts. An alternative
route requires oxidation of threonine to amino-ketobutyric acid, followed by
decarboxylation to aminoacetone and reduction to yield aminopropanol (112).
Athird possibility is that threonine may be attached directly to the ring and mod-
ified in place (74). The latter possibility would involve no free aminopropanol.
Two classes of mutants appear to be defective in addition of the amino-
propanol group: thebiB andcobD genes ofS. typhimuriummand the homolo-
gouscobDandcobCgenes oP. denitrificang48, 140; C Grabau, unpublished
data). These genes have been assigned to Reactions 19 and 20 in the pathway
(see Figure 6) based on their ability to use Cbi but not Cby ag @@cursor.
The A. tumifaciens cobandcobCmutants accumulate cobyric acid (48.
typhimurium cobDnutants can makeBif aminopropanol is provided, which
suggests that they are unable to synthesize free aminopropanol (80). However,
if threonine is normally attached to the ring before decarboxylation, the growth
response ofobD mutants could be the result of a scavenging pathway for use
of exogenous aminopropanol.

Synthesis of Dimethylbenzimidazole

The synthetic pathway for Dmb has remained elusiveP.IshermaniiDmb

is derived from riboflavin, but the synthetic pathway is unknown. A proposed
pathway involves five reactions but requires the presence of oxygen (127).
This may make sense fé. shermanii(an aerotolerant anaerobe), which is
reputed to make Dmb only when exposed to oxygen. How8&atmonellaspp.
make B, with a Dmb lower ligand during extended growth under anaerobic
conditions, which suggests that Dmb synthesis can occur without oxygen (89).
S. typhimuriunmutants were isolated that could makg Bnly if supplied with

Dmb. These mutants affect a single geoel(T) mapping at the distal end of

the cob operon (42, 166). The simplest interpretation of these results is that
the single CobT protein catalyzes the complete synthesis of Dmb. There are
several reasons to believe that the situation is more complex.
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First, it seems unlikely that any single enzyme could synthesize Dmb fromits
probable (but unproved) precursor, riboflavin (see Figure 7). More disturbing,
there are mutants @. putidathat can be complemented by tbebU gene of
P. denitrificanga homologue oSalmonella cobfene). These mutants show
a phenotypic defect in Part 1l of the pathway, the joining of Dmb and Cbi (37).
Thus two proteins of similar size, showing 33% identity (57% similarity) over
their entire length, appear to have different mutant phenotypes in two organisms
(42). TheP. denitrificansenzyme, consistent with its mutant phenotype, was
shown to catalyze transfer of ribose phosphate from NaMN to Dmb (37). The
S. typhimuriunCobT enzyme also catalyzes this Part Il reaction (166), even
though its mutant phenotype shows proficiency in Part 11l of the pathway. Thus
homologous enzymes in two species appear to catalyze the same reaction but
have distinct mutant phenotypes; the Part Il phenotype oSthgphimurium
mutant does not fit with the known enzymological defect.

Escalante-Semerena and coworkers offered an explanation for this discrep-
ancy by proposing th&. typhimuriungbut notP. putida,which was used for the
mutant hunts) possesses a second enzyme capable of catalyzing phosphoribosyl
transfer to Dmb (166). The alternate enzyme, they suggested, might have a poor
affinity for Dmb and thus could act only when a high level of Dmb was supplied
exogenously. Their argument was supported indirectly by identification of two
classes of mutation€gbCandcobB); either of these mutations, when com-
bined with acobTmutation, causes a defect in Part Il of the pathway. (Single
cobT, cobBor cobCmutations do not eliminate Part 1) It was suggested that
the CobC and CobB enzymes together duplicate the CobT role in Part Ill of
the pathway and thus mask the Part Il phenotype expectetbBirmutations.
Apparently this alternative method for making Dmb nucleosides is not present
in P. putida. Although this hypothesis explains the phenotypeadTmutants,
it does not explain why an enzyme (CobB) would be made that couldn’t use
ambient levels of Dmb or why the hypothetical Dmb synthetic genes were not
affected by any of the marfy. typhimurium colnutations.

Later somecobT mutants were found to be satisfied by a very low level
of exogenous Dmb, whereas others required a 1000-fold higher concentration
(42). Deletions of theobTgene require a very high level of Dmb and gain a
Part 11l defect when combined with@bBmutation, showing a CobT role in
Part Ill. Certain point mutantcébT) satisfied by little Dmb retain their Part
Il phenotype even in the presence otaebB mutation, suggesting that they
are proficient in Part Ill and have a simple (Part 1) defect in Dmb product-
ion (42).

These results suggested that the normal CobT enzyme might catalyze the
complete synthesis of Dmb in addition to performing the ribosyl phosphate
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transfer. Although this theory would explain the mutant phenotypes, it still
leaves a single enzyme to perform a complex set of mechanistically difficult
reactions needed for Dmb synthesis. Possible activities dbthygphimurium
cobBandcobCgenes are discussed below.

Formation of the Dmb Nucleoside: The Phosphate Problem

The CobT enzyme o8. typhimurium(and the homologouP. denitrificans
CobU enzyme) have been shown to catalyze the transfer of Ribos&&®
nicotinic acid mononucleotide (NaMN; an intermediate in NAD synthesis) to
Dmb (37, 166). This reaction generates DmbMN, which has a phosphate on
the B carbon of ribose. This phosphate poses a problem. Since it is not a part
of normal Ado-B», it must be removed at one of three points in the pathway:

1. The B phosphate could be removed from NaMN before transfer of the ribose
to Dmb; it is not clear whether nicotinic acid ribonucleoside (NaR) has ever
been tested as a substrate for the ribose transfer reaction.

2. The phosphate could be removed from DmbMN prior te ®mpletion.

3. DmbMN could be transferred intact to activated Ado-Cbi yielding Ade-B
POy, whose phosphate could be removed as the last synthetic step.

These possibilities are included in Figure 7 with possilégyphimuriungene
names. We suspect that typhimuriumseveral of these routes may coexist.

Evidence supports the third possibilityfndentrificans The CobU enzyme
can use NaMN as a phosphoribose donor to produce DmbMN; the CobV en-
zyme DmbMN can join to Chi to form Ado-B-PO, (37). This observation
suggests that the phosphate could be carried through the joining step, although
the joining enzyme is also capable of using Dmb-ribose, which is present in
great excess over the nucleotide in cell®oflenitrificang37).

Escalante and coworkers have provided evidence&thgphimuriurts CobC
enzyme is a phosphatase that converts DmbMN to Dmb-ribose (DmbR) (118);
however, the activity measured was very low, &xdenitrificanshas no known
homologue of the CobC protein. If the CobC enzyme serves the suggested
function and is the only route to;B S. typhimurium cob@nutants should
show a Part Il phenotypic defect, but they do not. RathehC mutations
show a curious partial defect inpBsynthesis that can be corrected by any of
the following single nutrients: Cby, Cbi, aminopropanol, or Dmb (M Ailion,

D Walter, C Grabau, & J Roth, unpublished data). We suspect thaioth@
mutation may eliminate only one of several alternative ways of removing the
phosphate (see Figure 7).
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Completion of Ado-B

To join Ado-Chbi and the Dmb nucleoside, the aminopropanol group of Ado-
Chi is first activated by two reactions (see Figure 7). The end of the amino-
propanol side-chain is phosphorylated (to Ado-Cbizp@llowed by transfer

of guanosine phosphate from GTP, with displacement of pyrophosphate, to
form Ado-Cbi-GDP (Ado-Cbi-guanosine pyrophosphate) (49). These two re-
actions are catalyzed by a single enzyme, Cold® dénitrificansor CobU ofS.
typhimurium(49, 117). These reactions activate the end of the aminopropanol
side-chain for attachment of the Dmb ribonucleoside at p®8ition, catalyzed

by CobV of P. denitrificansor CobS ofS. typhimuriun{37, 117). Attachment
generates the completed Adg-B As noted above, the joining reaction might
use NaMN and yield phophorylated Ada-B

TRANSPORT OF B,

The transport of cobalamin into bacterial cells poses two problems. First, the
size of cobalamin far exceeds the limit for passage through outer membrane
porins of enteric bacteria. Thus entry ofBrequires some specific outer-
membrane transport system. Second, cobalamin may be present in extremely
low quantities in the environment. To transport significant quantities of the
cofactor, this outer-membrane transport system must be able to scavenge B
with high affinity and move it into the periplasmic space; other systems can
then move it across the inner membrane.

The mechanism of B transport has been studied extensivelyEincoli
(28) and includes one system for transport across the outer membrane and one
for transport across the inner membrane (see Figure 8). Transport mutants
were isolated by using MetE mutants, which depend on transported exogenous
B1, for growth on methionine-deficient medium. Mutants were isolated that
require an abnormally high level of exogenous cobalamin to support growth.
Transport-deficient mutants fell into four classes (see Table 2) (7, 55, 56).

Transport Across the Outer Membrane

Strains with ebtuBmutation transport B only when it is supplied at very high
concentration; these mutations map at minute 90 of the genetic map. Mutations
with a similar phenotype affect the TonB protein, which participates in several
outer-membrane transport systems (see below). The transport defagatCof
and btuD mutants is corrected by a more modest excess6f(86); these
mutations represent two complementation groups that map at minute 37.
Transport through the outer membrane requires the BtuB protein acting with
TonB. This system has a high affinity for vitaminBand its many derivatives,
including adenosylcobalamin and cobinamide (31, 96, 160, 161, 172). Without
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Table 2 Phenotypes of cobalamin transport mutants

E. coli S. typhimurium
B12 required B> required
Genotype for Met (nM)  Map? for Met™ (nM)  Map?
metE 0.075 NA 0.075 NA
metE tonB 1000. 28 1000 38
metE btuB 1000. 90 1000 90
metE btuC 0.75 37 0.75 30
metE btuD 0.75 37 0.75 30
metE btuF NAP NA 0.75 5
metE btuCED btuF NA NA 0.75 NA
metE btuB btuCED ND® NA 100,000. NA
metE btuB btuF NA NA 100,000. NA

aMap position in minutes of thonBor btugene.
PNot applicableptuF mutants are not known fd. coli.

°Not done.
) 1' 2 3 4 5
Binding Energy-dependent  Binding Transfer  Translocation
to BtuB Translocation toBtuF  toBtuCD to cytoplasm

ATP \ @
ADP

Outer
Membrane

Periplasmic
Space

Inner
Membrane

Figure 8 Transport of cobamides. Numbers indicate the inferred sequence of events based on
work in E. coli(28). While periplasmic binding proteins are thought to act in this process, the BtuF
protein is assigned this function only by general phenotyp&s tfphimuriummutants (see Table

2 and text).
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the BtuB/TonB system, B penetrates the outer membrane with extremely low
efficiency. Once bound to the BtuB protein;;Bs moved into the periplasm

in an energy-dependent process that requires the TonB protein, which uses
proton motive force to drive a structural alteration needed for transport (29,
33). Although the BtuB protein is thought to be associated physically with the
TonB protein (12), it can bind B even intonB mutant strains. Cotransport of
calcium is required for successful passage gftBrough the outer membrane

(30, 32). ThehtuBgene has been cloned and sequenced fforoli (82, 83)

andS. typhimuriun{168).

The BtuB protein provides the binding sites for phage BF23 (8) and for
Colicin E (91). The TonB protein also energizes outer-membrane transport
systems for iron, including the FepA and FhuA systems (169). Thus the BtuB
protein competes with these systems for TonB activity (92, 94).

Transport Across the Inner Membrane

Transport across the inner membrane is provided b¥tleeli BtuC and BtuD
proteins, encoded by theuCEDoperon at minute 37 (7, 53, 54, 93). TieC
andbtuD genes encode membrane proteins that resemble a family of transport
proteins requiring a periplasmic binding protein (75). The BtuD protein has an
ATP-binding site. ThébtuC andbtuD mutant phenotypes are corrected by a
modest increase in external B The BtuB/TonB system may concentratg B
in the periplasm, facilitating fortuitous transport of-Bnto the cytoplasm of
mutants lacking the inner-membrane transport system.

The central gene of thH#uCEDoperon ptuE, was found as an open reading
frame in the operon DNA sequence but is not required fortBansport (134).
The BtuE sequence is not clearly homologous to any known periplasmic binding
protein and does not bear a signal sequence (75).

Although a periplasmic B binding protein (expected for a system of the
btuCDtype) has not been identified ih coli,thebtuFlocus ofS. typhimurium
may encode such a protein (N Clark, J Lawrence, & J Roth, unpublished data).
S. typhimuriurrhas genetic loci corresponding to theiB, tonB,andbtuCED
loci of E. coli (108; N Clark, J Lawrence& J Roth, unpublished data).

Inaddition, the nevatuFtransport gene &. typhimuriunias a phenotype re-
sembling that obtuCandbtuD mutants (see Table 2). The double mutant com-
bination ofbtuFwith btuCor btuD has a transport phenotype indistinguishable
from those of the individual mutants, suggesting that all three genes contribute
to transport of B, across the inner membrane. In contrast, the combination
of abtuF (or btuC or btuD) mutation with abtuB mutation causes a transport
defect that is more severe than those of the single mutants. This observation
suggests two additive functions, one provided by BtuB/TonB (outer-membrane
transport) and the other by the BtuC, BtuD, and BtuF proteins (inner-membrane
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transport). The BtuCD transport system appears to involve a periplasmic bind-
ing protein (172), and BtuF function & typhimuriunis a good candidate for
filling this role.

Although thebtuCEDoperon appears to be expressed constitutivel\htihig
gene is regulated as discussed below (6, 90, 106, 168). The cryptic plasmid of
S. typhimuriunctarries a cluster of genes that encode the proteins of a pilus;
mutant forms of this region of the plasmid affect the rate at whichdBosses
the outer membrane in the absence of BtuB function (132, 133).

REGULATION OF B;; SYNTHESIS INS. TYPHIMURIUM

The regulatory behavior of any set of genes can provide clues to the role of those
genes. Significant questions exist regarding the physiological importance of
cobalamin tds. typhimuriunandE. coli(see below). Understanding regulation

of theS. typhimurium cobperon may shed light on use of Bn this organism.

Control of thecob/pduRegulon

The cob operon (encoding B synthetic enzymes) maps adjacent to i
operon, which encodes enzymes for propanediol degradation. The two operons
are both induced by propanediol using a single regulatory protein. These results
indicate that the main role ofiBin S. typhimuriunis in supporting catabolism

of propanediol.

Two lines of evidence initially suggested that propanediol was involved in
control of thecob operon (24, 136). First, propanediol was found to induce
transcription ofcob-lac fusions in cells growing on poor carbon sources. Sec-
ond, single mutations mapping between tiab and pdu operons eliminate
inducibility of both operons by propanediol. These mutations definpdo®
gene that encodes a regulatory protein of the AraC-family (43) (see Figure 9).
ThepduFgene, encoding a diffusion facilitator for propanediol (43; P Chen &

J Roth, unpublished data), was also found to lie in the region betweankhe
andpduoperons (43). There seem to be alternative routes of propanediol entry
sincepduF mutations reduce inducibility of theob andpduoperons only by
virtue of their polar effect on expression of thecRgene (41).

Two global regulatory systems (Crp/Cya and ArcA/ArcB) affect inducibility
of thecobandpduoperons (2, 4, 60). Both operons are activated aerobically
and anaerobically by Crp protein and anaerobically by ArcA protein. Maximum
inducibility is seen during anaerobic respiration of a poor carbon source; under
these conditions the Crp and ArcA proteins act additively. The control of the
regulon depends on five promoters, all located in the central region between the
cobandpduoperons; four of these promoters are activated by the PocR protein
(41).
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+ propanediol + propanediol
!PocR l T TET
"

Pooc Peob :

Global @@ @

Control

Local S
Control @ @@

l\”!

Fnr/Crp ArcA Crp

Figure 9 Regulation of thecol/pduregulon ofS. typhimurium.The genetic map describes the
region betweemdu andcob operons whose transcripts start at the far sides of the figure. Boxes
enclose structural genes. Black arrows designate transcripts (41). Gray arrows indicate regulatory
influence; dashed gray arrows indicate the proposal that a higher level of PocR protein may be
required to activate these promoters.

The current model for control of this system includes the following features
(see Figure 9): Theob and pdu operons are transcribed divergently from
promoters indicated at the far right and left in the figure. These promoters are
activated whenever both the PocR protein and propanediol are present. Global
control of the two operons is exerted by varying the level of PocR protein. The
pocRgene is transcribed by three promoters controlled both by global regulatory
proteins and by autoinduction (41). The shortest transcript (from Ppoc) appears
to be regulated only by Crp/cAMP. The P2 transcript clearly is autoregulated
by PocR and, in addition, requires the ArcA protein, which signals a reduced
cell interior (41).

Control of the P1 promoter is less certain but may involve either the Fnr
protein (responding to a reduced cell interior) or the Crp protein (responding
to a shortage of carbon and energy) in addition to the PocR activator. The
involvement of these proteins in control of P1 is based heavily on the presence
of appropriate binding sites upstream of that promoter.

We propose that the regulon has three states. Irotheondition (during
aerobic growth on glucose), all promoters are at their lowest level; PocR protein
is produced by the basal expression levels of promoters P1, P2, and Ppoc.
Cells enter standbystate when they grow under any set of global conditions
appropriate for induction, but without propanediol. These conditions include
aerobic growth on a poor carbon source and/or growth without oxygen. These
conditions stimulate expression of both the PduF transporter and the PocR
regulatory protein, but theobandpduoperons remain uninduced. Téandby
expression of PocR can occur from the Ppoc and/or the P1 promoter without
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inducer. The two proteins induced in teandbystate (PduF and PocR) are
those needed to sense propanediol. If propanediol appears, the P1 and P2
promoters are induced, increasing the level of PocR protein and placing the
system in theon state. The resulting high level of PocR/propanediol complex
induces expression of tlewbandpdupromoters.

This regulatory pattern suggests several things about the role0fnB
Salmonellaspp. physiology. Induction of theob operon by propanediol (and
its coinduction with thepduoperon) suggests that degradation of propanediol is
a major function of cobalamin i8almonellaspp Global control by Crp/cAMP
suggests that B helps provide a carbon or energy source, consistent with the
importance of B, for propanediol degradation. Control by Arc (and perhaps
Fnr) suggests that anaerobic expression is important.

Control of thecob Operon and thdédtuB Gene by Ado-B,

Independent of the control mechanisms described above, transcription of the
cob operon, but not thepdu operon, is reduced in the presence of the end-
product, Ado-B,. This control mechanism shares many features with that
of the btuB gene, also repressed in response to Adg-B hese two systems
share sequence features with Bha@enitrificans cobRjene, the first gene of a
four-genecoboperon. Although the details of these three control mechanisms
are uncertain, their common features suggest that all may use an mRNA leader
sequence to sense Adq-Band to effect both translational and transcriptional
controls.

The cob and btuB control mechanisms share the following features (see
Figure 10):

1. Both are repressed by Ado-Band not by CN-B, (105; M Ailion & J Roth,
unpublished data).

2. Control seems to alter continuation of message synthesis rather than initia-
tion; for example, repression by AdorHs seen even when transcription is
initiated at foreign promoters (5, 43, 129; M Ailic& J Roth, unpublished
data).

3. Genetic analysis has revealed no protein that might mediate the repressive
effects of Ado-B,; all mutations that eliminate control alter the mRNA
leader region (106, 130).

4. The leader regions of the two mRNAs (and the region upstream d®.the
denitrificans cobRjene) share some common sequence features (see Figure
10), including two areas of the leader (Box 1 and Box 2) and a hairpin
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structure that occludes the translation initiation site of the adjacent structural
gene.

5. In both thecob operon ofS. typhimuriumand thebtuB gene ofE. coli,
translational control of the first gene seems to be an integral part of the control
mechanism (106, 129, 130). Inthese two cases, fusions to distal points in the
adjacent gene show both transcriptional and translational control. Fusionsto
an intermediate region of the gene show translational but not transcriptional
control. More proximal fusions show no regulation (see Figure 10).

The above features suggest a mechanism in which a direct interaction occurs
between the effector (Ado1B) and the mRNA leader. This interaction may
induce mRNA folding that stabilizes the hairpin, thereby blocking the transla-
tional start of the adjacent coding region; this hairpin exerts a translational con-
trol. The untranslated coding sequence may lead to message termination at a site
within the structural gene, thus providing transcriptional control. Only fusions
beyond the inferred transcription termination site can show transcriptional reg-
ulation. This model, suggested originally by Lundrigan and colleagues (106),
was supported by Richter-Dahlfors and colleagues. This model accounts for
the available data but has not been demonstrated fully. In particular, it remains

C Required for translation control )
A
( Required for transcription control D]
AV
H
!
Box 1 Box 2 g :
» (Spacer) (Spacer) (Spacer) ATG__ Open Rleadln Frame
. !
! {
. AGUCCCA
CbiA  (224) ----G----G--G-T--  (90) ----- Ao mmme oo (114) 6 L e +468  +500 +800
bt B CC[]JACGG
AR Al 11
u (55) GGTAAGGARAGGTGCGA  (70) AAGCCCGRAGACCUGCC  (82) c‘c‘;m!al;c‘immcuus +247  +800 +1200
GUUUAGUCGG
cobP (7))  -accc--G-— - AG  (73) Gom-A-Gomemeee as2) G T
UUGAGGCAGCCACGAUG

Figure 10 Features of genes repressed by Ade-BThe three indicated transcripts are tiab

operon §. typhimuriurjy thebtuBgene E. coli), and thecobPWNQperon P. denitrifican$. Only

the first two have been analyzed in detail; tebPWNOfeatures are inferred only by sequence
inspection. The transcripts share two separated blocks of sequence similarity within the mRNA
leader and a dyad symmetry that may sequester the translation initiation site. Regions required
for control were inferred from effects of deletions lae fusions to various points in the adjacent
structural gene (106, 130). Bases within the first gene are numbered relative to the transcription
start site for thechiA andbtuB genes. Numbers in parentheses indicate the number of base pairs
between the indicated sequence elements.
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uncertain how an mRNA might specifically recognize Adg-Br how that
binding might affect mMRNA folding.

THE SIGNIFICANCE OF B, FOR ENTERIC BACTERIA

The B, Paradox

The genetic analysis of 1B synthesis and use i§. typhimuriumreveals a
problem. Nearly 1% of th&. typhimuriungenome is dedicated to synthesis or
import of By, (see Figure 5), yet a mutant defective only for cobalamin synthesis
has no laboratory growth phenotype either aerobically or anaerobically. What
selective pressures act in natural populationSalmonellsspecies to maintain

this enormous genetic investment?

We have described 26 known genes involved in synthesis of cobalamin and
6 genes providing for its import. This list does not include several predicted
functions that have not been identified genetically. Since roughly 4000 genes
are likely to make up th&. typhimuriumgenome, nearly 1% of this genome
is dedicated to B acquisition. In addition, this genome includes two large
operons (described below) that encode the enzymes needegfdeendent
utilization of ethanolamine and propanediol. Together these two operons appear
to include about 30 genes (see Figure 5). Including the metH gene, a total of
at least 63 genes are involved in synthesis and usesfBepresenting a huge
genetic investment.

In an otherwise wild-type strairgob mutants have no growth phenotype
under standard laboratory conditions. The genetics;g6Bnthesis was made
possible by use of a mutamhétB in which methionine synthesis is dependent
on By,. Even the two major B-dependent catabolic pathways do not provide
a strong selection for B synthesis. S. typhimuriumsynthesizes B only
anaerobically, but it requires oxygen to use ethanolamine or propanediol as a
sole carbon and energy source.

Even the presence of alternative electron acceptors (nitrate or fumarate) does
not allow anaerobic use of these carbon sources. Aerobic use of propanediol or
ethanolamine is seen only ifiBis provided exogenously, since there is no aer-
obic By, synthesis. ThuS. typhimuriuntannot use its endogenougmade
only anaerobically) to support degradation of propanediol or ethanolamine (re-
quiring oxygen). Exceptions to this behavior are described below.

The large genetic investment im B together with the lack of laboratory
phenotype focobmutants, raises a paradox. It is clear that any gene not under
natural selection will inevitably be lost as a result of mutation accumulation.
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Excreted

Rhamnose or Fucose Propanol Propionate  progucts
‘ ATP ﬁ
Lactaldehyde + DHAP ADP -02
Propionyl-PO, .
. piony *  via pdu operon
NAD B12 HE-CoA
Propanediol T—}Propionaldehyde % R
HS-CoA Propionyl-CoA
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Figure 11 Metabolism of propanediol. Reactions indicated as proceeding without oxygen provide
an electron sink and a source of ATP, but not a carbon source. Reactions indicated as proceeding
with oxygen provide a carbon and an energy source by respiration using oxygen or tetrathionate
(but not nitrate or fumarate) as an electron acceptor (T IB&hl Roth, unpublished data). DHAP
indicates dihydroxyacetone phosphate.

Maintenance of the large collection of genes involved in synthesis and ugg of B
requires that a strong selective force be imposed on these functions in natural
Salmonellaspp. populations. Standard laboratory phenotypes do not indicate
what this selection might be. Understanding the conditions for this selection
may provide significant insight into hoBalmonellaspp. live in the real world.
Understanding this selection may also be fundamental to understanding the
lifestyle of Salmonellaspp.; the closely related bacteriun coli can neither
synthesize cobalamin de novo nor degrade propanediol.

The regulatory behavior of theob operon suggested that;Bdependent
utilization of propanediol (possibly under anaerobic conditions) must be a major
aspect of the selection for B production. The pathway for ethanolamine
degradation shares many features with that for breakdown of propanediol. To
approach the physiological importance gbBve examine these two pathways.

Metabolism of Propanediol

The first step in this degradative pathway is thg-Bependent diol dehy-
dratase, which produces propionaldehyde (see Figure 11). This aldehyde can



Annu. Rev. Microbiol. 1996.50:137-181. Downloaded from www.annualreviews.org
Access provided by University of California- Davis on 02/06/18. For personal use only.

168 ROTH, LAWRENCE, & BOBIK

be oxidized to form propionyl-CoA or alternatively can be reduced to form
propanol. By forming and excreting propanol, cells can balance internal re-
dox reactions. Under anaerobic conditions, propionyl-CoA can be converted
by a phosphotransacylase to propionyl-phosphate, and then by a reversible
acetyl-/propionyl-kinase to propionate, producing one molecule of ATP (167).
According to this scheme, anaerobic metabolism of propanediol could provide
an electron sink (propanol) and a source of ATP but no source of carbon since
both propanol and propionate are excreted. Genes needed for conversion of
propanediol to propionyl-CoA are encoded in {tu operon (87; T Bobik,

Y Xhu, R Jeter, & J Roth, unpublished data; D Walter, M Ailion, & J Roth,
unpublished data). This operon may also contain some of the additional genes
encoding enzymes that contribute to anaerobic propanediol metabolism (e.g.
propionyl-CoA phosphotransacylase, propionate kinase, propanol dehydroge-
nase).

Under aerobic conditions. typhimuriuncan use propionyl-CoA as both a
carbon and an energy source, probably by a pathway that includes acrylyl-CoA
and lactyl-CoA as intermediates in pyruvate production (66). An operon has
been identified that appears to encode enzymes for the aerobic catabolism of
propionyl-CoA (and exogenous propionate); this operon maps at minute 8 (J
Tittensor, T Bobik & J Roth, unpublished data).

Metabolism of Ethanolamine

The ethanolamine degradative pathway is directly analogous to that for propane-
diol. The B;>-dependent ethanolamine ammonia lyase produces acetaldehyde
(in place of propionaldehyde), which can be oxidized to acetyl-CoA (in place of
propionyl-CoA). The acetaldehyde can be also be reduced (to ethanol) to pro-
vide an electron sink. Acetyl-CoA can be converted in two reactions to acetate
with production of ATP. As for propanediol, anaerobic use of ethanolamine
provides ATP and an electron sink but no carbon source. Acetyl-CoA can be
utilized aerobically via the TCA cycle. Mutants defective in aerobic use of
ethanolamine map in treutoperon. Ethanolamine degradation also provides a
nitrogen source (see Figure 4), but the regulatory pattern of the operon suggests
that this is not its main importance.

Genetic Analysis of theduandeutOperons

Genetic characterization of the propanedpmy) and ethanolamine(1) oper-

ons has employed mutants defective for aerobic use of these compounds as
carbon sources with exogenously provided 837, 138; D Walter, M Ailion,

& J Roth, unpublished data).;Bwas provided because both propanediol and
ethanolamine serve as carbon sources only in the presence of oxygen, which
prevents B, synthesis. Complementation tests of ity and eut mutations
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revealed five genes in thpgluoperon and six in theutoperon that apparently
are needed for aerobic growth on the particular carbon source (diagrammed in
Figure 5).

The affectegpdugenes include those for propanediol dehydratadaCED
and for propionaldyhyde dehydrogenase. The set of genes affectedtby
mutations include those for the Bdependent enzyme ethanol ammonia lyase
(eutBQ and for acetaldehyde dehydrogenasetl). Both operons appear to
include genes (described below) that may encogeddenosyl transferases.

The genetically identified genes encode functions expected to be necessary for
aerobic degradation.

Thepduandeutoperons include many genes that were not detected geneti-
cally. Thepduoperonis about 15 kb in size based on PCR between transposons
inserted in the operon, suggesting the existence of about 15 genes (J Lawrence
& J Roth, unpublished data), only 5 of which were detected genetically. Only
three of the five sequencguiu genes have an aerobic phenotype, and these
genes pduCED encode subunits of the diol dehydratase (T Bobik, Y Xhu, R
Jeter, & J Roth, unpublished data). The sequence afubeperon includes 15
genes (64, 153; E Kofdi& J Roth, unpublished data), only 6 of which were
detected genetically. (One of these encodes the regulatory protein EutR.)

We suspect that for both operons, the discrepancy is the result of a large
number of genes that are not needed under the aerobic conditions used (out
of necessity) for mutant hunts. These extra genes are likely to be involved in
anaerobic breakdown of these compounds under conditions that have not been
fully defined. If conditions can be defined for anaerobic growth at the expense
of propanediol and ethanolamine, these conditions may allow the extra genes
to show a mutant phenotype. Such anaerobic conditions are likely to provide
a selection for B, synthesis that might apply to natural populations. Recent
progress toward defining these conditions is described later.

Regulation of B-Dependent Functions

Theeutoperon is subjectto global control by the Crp/cAMP system. The operon
is induced by the simultaneous presence of both ethanolamine and Afo-B
this control is mediated by the EutR protein, a member of the AraC family of
positive activator proteins (139, 150; E Kofoid & J Roth, unpublished data).
The activator protein appears to recognize both effectors, but this has not been
demonstrated directly.

The EutR activator is encoded within the operon and thus induces its own
production. The autoinduction circuit avoids competition between the lyase
and EutR for binding of a very small pool of AdorB estimated at about 100
molecules per anaerobically growing cell (5). Without autoinduction of EutR,
increasing levels of lyase would bind all Ado-Band limit induction (150).
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The global control by Crp/cAMP suggests that the operon is used mainly to
provide a carbon and energy source. Inducibility by ethanolamine phsug-
gests that the genes of the operon are required fedBpendent ethanolamine
degradation. Thpduoperon is regulated coordinately with tbeboperon, as
described above.

Homologues of Carboxysome Proteins

Within both theeut and pdu operons are reading frames that encode homo-
logues of proteins thought to be carboxysome skin proteins. The carboxysome
is an organelle found in photosynthetic bacteria and in sulfur chemolithotrophs
that use ribulose bis phosphate carboxylase (Rubisco) to fix G@ese or-
ganelles may support G@ixation by concentrating COwith Rubisco (inside
the organelle) and excluding toxie@5, 120). Although such organelles have
not been seen in enteric bacteria, the existence of these homologues warrants a
closer look.

Two genes of theeut operon éutM and eutK) and one of thegpdu operon
(pduA encode homologues of the CcmK proteinSyfnechococcusp. (43;
E Kofoid & J Roth, unpublished data). The CcmK protein has been reported
to be a shell protein of the carboxysome (122). Anogagrgene €utN en-
codes a homologue of a different carboxysome structural protein (CcmL of
Synechococcus.). In addition, the PduB and EutL proteins share significant
homology to each other but not to other proteins in the database, suggesting a
role common to the two pathways. The five proteins listed above are among
those with no aerobic mutant phenotype. We suspec8higiphimuriummay
assemble some carboxysome-like structure to allow anaerobic metabolism of
propanediol and ethanolamine.

Presence of Additional,;BAdenosyl Transferases

In addition to the general adenosyl transferase described above (CABA in
typhimurium,CobO in P. denitrifican$, additional versions of this enzyme
may be encoded by thluandeutoperons. These enzymes may adenosylate
cofactor bound to a particular;Bdependent enzyme. Their substrate could
arise by binding of nonadenosylated cofactor or when the functional cofactor
loses its adenosyl moiety.

A eutAmutant cannot degrade ethanolamine in the presence of a high level
of CN-Byy; activity is restored if CN-B; is replaced by Ado-B (138, 139).
Lyase is strongly inhibited by CN-B (15), and thesutAactivity may be re-
quired to reduce the level of toxic CN:B A cobA(B;1, adenosyl transferase)
mutant cannot grow on ethanolamine with high CiNs;But it can grow if the
level of CN-By» is reduced. This growth of @bAmutant on low CN-B; is
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eliminated by addition of @autAmutation; for this reasoautAis presumed to
encode an adenosyl transferase. Mutants ireth® gene appear to be defec-

tive in an adenosyl transferase needed for optimal induction of the operon by
CN-Bj2 (150). We speculate that each,Rlependent protein (lyase and regu-
latory protein) may have an associated adenosyl transferase for adenosylation
of protein-bound corrinoids.

In the propanediol operomduH mutations cause a defect in propanediol
utilization on medium with CN-B,, but the defect is corrected if Ado;Bis
provided (D Walter, M Ailion, & J Roth, unpublished data). The gene may
encode a transferase associated with the propanediol dehydratase.

Possible Solutions to the BParadox

Since B is only made in the absence of oxygen, and its main use appears
to be in propanediol metabolism, its main importance is likely to be found in
some aspect of anaerobic catabolism of propanediol (and its sister compound
ethanolamine). The known metabolism of propanediol and ethanolamine sug-
gests that some benefit (for example, an electron sink and ATP production)
might be derived from anaerobic catabolism even when it does not provide a
carbon source (see Figure 11).

This theory was tested by measuring the effect of propanediol and ethanol-
amine on anaerobic growth when a carbon source is provided (as dilute casamino
acids). With no added energy source, this amino acid mixture allows very poor
anaerobic growth; both propanediol and ethanolamine stimulate the anaerobic
growth rate and can do so using endogenously synthesize(TBobik & J
Roth, unpublished data). This is a selectable phenotype fosyhthesis that
may be important under natural conditions.

In looking for a more striking anaerobic value forBwe considered various
alternative electron acceptors. Although neither nitrate nor fumarate support
anaerobic use of propanediol or ethanolamine, a less well-studied acceptor,
tetrathionate, allows use of either propanediol or ethanolamine as an anaerobic
carbon and energy source. This growth can be supported using endogenously
synthesized B (T Bobik & J Roth, unpublished data). Therefore, anaerobic
tetrathionate medium provides conditions under wisictyphimuriuntan both
synthesize B and use it to support growth on these carbon sources.

If such growth conditions are common in the natural habiteafmonella
species, respiration to tetrathionate could provide a selective value for synthesis
of Bi2 and solve the paradox ofiBuse. This observation, however, raises some
serious questions of whether tetrathionate, or other polysulfides, are encoun-
tered in nature and how they are metabolized to support respiration of carbon
sources that cannot be respired using nitrate or fumarate as electron acceptor.
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Role of B, in Supporting Growth oSalmonella Species
Within a Host Organism

SinceS. typhimuriums discovered frequently by virtue of its pathogenicity,
the role of B, may be understandable only in terms of interactions between the
bacterium and a metazoan host organism. This possibility has been addressed
directly by testing the virulence of isogen&: typhimuriunstrains with and
withoutafunctionatoboperon (141). These experiments yielded the surprising
result that strains unable to make,Bare more virulent than are a wild-type
strain. This conclusion was seen both for oral and peritoneal routes of infection,
suggesting a complex situation in which the host deals with an infecting bacteria
differently depending on whether it produceg BPerhaps by providing 8, S.
typhimuriumestablishes a more benign relationship with a host—a relationship
in which the invader is tolerated and to whigh typhimuriunresponds less
aggressively.

B,» Synthesis B;,-Dependent

] " Pattl  Part  Utilization

Dendrogram  Species 70, 0, I 1l Gy PD EA

B —» Salmonella spp. -+ + + - + +
A—p

Escherichia fergusonii - - - - - - -

Escherichia coli - - + + - - 4

Citrobacter freundii +  + + + + + +

Klebsiella spp. + o+ + + o+ + o+
Escherichia blattae +  + + + o+ - -
Serratia spp. - - - - - - -

Morganella morganii - - - - - - -

Figure 12 Distribution of cobalamin synthesis and use among enteric bacteria. The dendrogram
is based on Lawrence & Roth (100).1Bsynthesis phenotypes are based on a bioassayof B
production by cells grown with various nutritional supplements (see Table 1) needed to infer active
parts of the pathway (Parts I, 1, and Ill). Cobalamin-dependent growth phenotypes are: EA-
ethanolamine utilization, PD—propanediol utilization, Gly—glycerol dehydratase activity. Arrow A
indicates inferred evolutionary loss of functionsg §art I, PD, Gly); arrow B indicates acquisition

of functions (B2 Parts I, II, Ill, and PD) by a single horizontal transfer.
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EVOLUTION OF THE B, SYNTHETIC GENES
IN ENTERIC BACTERIA

Analysis of the base sequence of tBetyphimurium cotand pdu operons
suggested that these genes had been acquired by horizontal transfer since the
divergence oSalmonellaspecies ané. coli (99, 100, 140). Multiple isolates

of Salmonellaspp, E. coli,and other enteric bacteria were surveyed for their
ability to synthesize B, for possession of sequences closely related to the

S. typhimurium colpegion, and for ability to perform various;Bdependent
metabolic functions (see Figure 12).

Virtually all Salmonellaspecies tested behaved lige typhimurium.They
synthesized B under anaerobic conditions and possessedteoperon ho-
mologous to that 08. typhimuriumVirtually all natural isolates showed,B
dependent degradation of propanediol. In contrast, no isolafe obli syn-
thesized B, de novo, although most possessed geneb{S7) that encoded
Parts Il and Il of the B, synthetic pathway (99). N&. coliisolate showed
B1o,-dependent degradation of propanediol. Other enteric taxa synthesized B
both aerobically and anaerobically and were capable,;gfd@pendent degra-
dation of propanediol (100). UnlikBalmonellaspp. ancE. coli, these other
enterics showed B-dependent degradation of glycerol. Although the other
enterics synthesized,B their B, synthetic genes did not show strong homol-
ogy to theS. typhimurium coloperon & 70% base sequence identity). These
observations are summarized and interpreted in Figure 12.

We propose that the ancestor of most enteric bacteria synthesjzeth@®
used it in degradation of propanediol, glycerol, and ethanolamine under both
aerobic and anaerobic conditions. On the lineage leading.tooli and
Salmonellaspp., the common ancestor lost bot} Bynthesis and the ability to
degrade propanediol and glycerol. These losses are still apparent in nkodern
coli isolates; however, the ancestor of mod8aimonellaspecies reacquired
by horizontal transfer a chromosomal fragment that includes &iBsynthetic
operon (functional only anaerobically) and the adjaquhi operon. By in-
heriting these operons. typhimuriumacquired B, synthetic ability and a
selectable characteristic to ensure its maintenance.

These results suggest that the selection pressure to maintasymhesis
varies with the lifestyle of the organismE. coli seems to fill a niche that
does not require full de novo;Bsynthesis, perhaps one in which,EBor Chi)
is prevalent, and ethanolamine (but not propanediol) is an important carbon
source. FoiSalmonellaspp., the ability to synthesize;Bmust be strongly
selected; its main use may be to degrade propanediol under anaerobic conditions
in the presence of a suitable alternative electron acceptor.
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