Cobalt in Biology
Vitamin B12 – Cobalt is widespread in biology, except for land plants and fungi, as the metal center of the corrin ring in Vitamin B12 (also referred to as cobalamin; Kräutler, 2005; Okamoto and Eltis, 2011; Helliwell et al., 2011; Cracan and Banerjee, 2013).  Cobalt is also present in various non-corrinoid metalloenzymes, but the vast majority of its biological abundance is found in cobalamin (Cbl).  In the structure of Cbl, four nitrogens from the corrin macrocycle act as the equatorial ligands, and a component of the corrin ring known as the nucleotide loop ending in a dimethylbenzimidazole base provides the lower axial or -ligand to the cobalt (Fig. 1, adapted from Kräutler, 2005).  The upper axial or -ligand can change yielding different Cbl derivatives: methylcobalamin (MeCbl), adenosylcobalamin (AdoCbl), cyanocobalamin (CNCbl), or hydroxocobalamin (OHCbl).  The tetrapyrrole corrin macrocycle serves as an electron sink to stabilize various oxidations states of the coordinated Co ion (Okamoto and Eltis, 2011; Dereven’kov et al., 2015).  
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Under physiological conditions Cbl-derivatives are known to exist in three different oxidation states [Co(III), Co(II), or Co(I)], making redox processes central to the biology of Cbl.  As a rule, the number of axial ligands decreases in parallel with the cobalt oxidation state (Kräutler, 2005).  In thermodynamically predominating forms of cobalt corrins, two axial ligands are bound to the Co(III)-center, one axial ligand is bound to the Co(II)-center, and it is assumed that no axial ligands are bound to the Co(I)-center.  The four equatorial nitrogen ligands of the corrin macrocycle are bound in each of the three oxidation states, therefore electron transfer reactions involving Cbl derivatives are linked with changes in the number and nature of axial ligands.  The reduction of alkyl-Co(III) corrins typically takes place at more negative potentials than Co(II)/Co(I)-redox pairs (Krautler, 1993).  Two functions are critical to the reactions catalyzed by most Cbl-dependent enzymes: First, Cbl is an efficient radical trap and considered a reversible carrier of an alkyl radical (one e- reduction/oxidation of Co); Second, methyl-transfer reactions by the alkylation of the supernucleophilic Co(I)-center and nucleophile-induced demethylation of methyl-Co(III)-corrins (two e- reduction/oxidation of Co) (Halpern, 1985; Finke, 1998; Kräutler and Ostermann, 2003; Fig. 2 adapted from Kräutler, 2005).
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In Prokarya and Archaea, a wide variety of corrinoid-dependent methyltransferases play central roles in metabolism, particularly in organisms which grow under anaerobic conditions (Kräutler, 2005; Matthews, 2009).  Anaerobic acetogenesis, methanogenesis, and catabolism of acetic acid to methane and carbon dioxide depend on Cbl-catalyzed enzymatic methyl transfer reactions (Kräutler, 2005; Matthews, 2009).  Methionine synthases catalyze the transfer of a methyl group from CH3-H4folate to L-homocysteine, the terminal step in biosynthesis of methionine (cobalamin-dependent methionine synthase, MetH; cobalamin-independent methionine synthase, MetE; Ludwig and Matthews, 1997; Peariso et al., 2001; Evans et al., 2004; Pejchal and Ludwig, 2005).  Microorganisms are the only natural sources of Cbl and its derivatives, however, land plants, fungi, and various microbes possess the Cbl-independent MetE pathway (Brown, 2005; Giovannoni et al., 2005; Kräutler, 2005; Helliwell, 2011; Cracan and Banerjee, 2013).  
Other microorganisms acquire Cbl through a symbiotic relationship with bacteria, and some have both the MetH and MetE pathways allowing them to use MetH if Cbl is available (Foster et al., 1961; Gonzalez et al., 1992; Croft et al., 2005; Helliwell, 2011).  Likewise, there are Cbl-dependent and Cbl-independent forms of ribonucleotide reductase involved in the synthesis of deoxyribose and DNA, allowing some microbes which contain both pathways to switch between them depending on Cbl availability (Hamilton, 1974; Carell and Seeger, 1980).  Recently, an experimental evolution approach with the Cbl-independent model green alga Chlamydomonas reinhardtii demonstrated in fewer than 500 generations of growth in the presence of vitamin B12, a Cbl-dependent clone rapidly displaced its ancestor (Helliwell et al., 2015).  This illustrates how rapid microbial evolution can respond to vitamin availability.
Studies have shown that Cbl availability can have an impact on marine phytoplankton growth and community composition (Droop, 1957; Panzeca et al., 2006; Bertrand et al., 2007; Koch et al., 2011).  Various eukaryotic algae have only the Cbl-dependent methionine synthase MetH pathway and have absolute vitamin B12 requirement for growth (Guillard and Ryther, 1962; Croft et al., 2005; Bertrand et al., 2012).  Other algae encode both the MetH and MetE genes, such as Phaeodactylum tricornutum, allowing for both the Cbl-dependent and Cbl independent pathways.  However, no eukaryotic marine microbes have been identified that have only the MetE Cbl-independent gene, suggesting that it is unfavorable for marine microbial eukaryotes to lose the ability to use Cbl for methionine synthase activity (Bertrand et al., 2013).  The eukaryotic strategy of substituting Co for a majority of Zn requirements (Price and Morel, 1990; Sunda and Huntsman, 1995) may be remnant capabilities from the high sulfide low Zn Proterozoic (Saito et al., 2003).  Cbl requirements do not follow phylogenetic lines suggesting that Cbl auxotrophy has arisen multiple times throughout algal evolutionary history (Croft et al., 2006; Helliwell et al., 2011).  In P. tricornutum growth experiments it was found that under low Cbl availability MetE expression resulted in 30-fold increase in nitrogen and 40-fold increase in zinc allocated to methionine synthase activity (Bertrand et al., 2013).  This study indicates that retention of Cbl utilization by phytoplankton results in resource conservation under conditions of high Cbl availability.  
Non-corrinoid Co proteins and Co transport – The occurrence of cobalt in non-corrinoid metalloenzymes is relatively rare, at present only eight non-corrin cobalt-containing enzymes have been characterized (Kobayashi and Shimizu, 1999; Okamoto and Eltis, 2011).  [1] Methionine aminopeptidase is a ubiquitous enzyme that cleaves the N-terminal methionine from many newly translated polypeptide chains in both prokaryotes and eukaryotes (Roderick and Matthews, 1993; Bazan et al., 1994).  [2] Prolidase is widespread in nature, has been isolated from bacteria, and specifically cleaves Xaa-Pro dipeptides (Ghosh et al., 1998).  [3] Nitrile hydratase catalyzes hydration of nitriles to amides, and is a key enzyme involved in the metabolism of toxic compounds (Kobayashi et al., 1992).  [4] Glucose isomerase catalyzes the reversible isomeration of D-glucose to D-fructose and is one of the most highly used enzymes in industry (Bhosale et al., 1996).  [5] Methylmalonyl-CoA caboxytransferase contains biotin and three types of subunits that catalyze the transfer of a carboxyl group from methylmalonyl-CoA to pyruvate to form propionyl-CoA and oxaloacetate (Harmon et al., 1982).  [6] Aldehyde decarbonylase converts a fatty aldehyde to a hydrocarbon and CO, and is responsible for a key step in the biosynthesis of hydrocarbon compounds (Dennis and Kolattukudy, 1992).  [7] Lysine 2,3-aminomutase catalyzes the reversible isomerization of L-lysine into L--lysine (Reed and Ballinger, 1995) and seems to contain one or two Co2+ atoms per dimer of subunits (Petrovich et al., 1991). [8] Bromoperoxidase from Pseudomonas putida catalyzes the formation of a carbon-bromine bond in the presence of peroxides and is activated by incubation with cobalt ions (Itoh et al., 1994).
Cobalt can also be used as a substitute for zinc in various proteins such as RNA polymerase of E. coli (Speckhard et al., 1977) carbonic anhydrase of a marine diatom (Yee and Morel, 1996), the zinc finger derived from the DNA repair protein XPA (Kopera et al., 2004), or the active site of thermolysin (Holland et al., 1995).  The cobalt transporter protein COT1 from Saccharomyces cerevisiae participates in both cobalt and zinc uptake (Conklin et al., 1994), which may be related to the interchangeability of the two metals in certain protein structures.  COT1 also functions as a suppressor of cobalt toxicity by sequestration or compartmentalization (Conklin et al., 1992).  The protein GRR1 is also involved in cobalt and zinc uptake in S. cerevisiae cells (Conklin et al., 1994).  Protein J1 in Rhodococcus rhodochrous has both a nonspecific low-affinity magnesium transporter and a high-affinity system for cobalt transport (Komeda et al., 1997; Kobayashi and Shimizu, 1999).  Various other proteins are involved in acquiring cobalt and managing cobalt toxicity, and are described in detail by Kobayashi and Shimizu, (1999) and Okamoto and Eltis, (2011).  
Origin of Co in biology – Co requirements in biology have been described as remnants from early life (da Silva and Williams, 1991).  It has been speculated that the Co-containing biomolecule vitamin B12 (cobalamin) evolved 2.7-3.5 Ga due to its presence in primitive anaerobes, biosynthesis without an oxidative step (unlike the similar tetrapyrrole containing molecules heme and chlorophyll), and redundancy in function with respect to more recently evolved pathways (Jeter et al., 1984; Eschenmoser, 1988; Cameron et al., 1989; Benner et al., 1989; Scott, 1990).  Modeling studies and geochemical analyses have shown that Co was more abundant in the Archean ocean than present and thus more bioavailable leading to the speculation that Cbl-independent pathways evolved as a response to lower Co bioavailability (Saito et al., 2003; Zerkle et al., 2005; Swanner et al., 2014).  
Reducing conditions of the anoxic Archean ocean would have favored the Co(II) oxidation state.  Co falls somewhere in the middle of the stability series for divalent metal ions binding to an organic agent Mg2+ (Ca2+) < Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+, but becomes much more stable in the trivalent form Al3+ << Cr3+ < Fe3+ Mn3+ < Co3+ (Williams, 1981).  These trivalent ions, except Al3+ can form very strong complexes to N/O- side chain groups of proteins, but this is not observed for Co likely due to its low availability in the environment.  The most stable binding of metals occurs when the chelating agent is conformationally constrained as in a rigid ring such as corrin in the case of Co (Williams, 1981).  It has been shown that the structural elements of Cbl-resembling corrinoids are found to self-assemble under structurally appropriate preconditions, including the A/D-ring junction and arrangement of double bonds of the corrin ring (Eschenmoser, 1988).  A primitive structure of corrin stabilized by hydrogen instead of methyl substitution has been speculated to have existed prebiotically and formed an imprint for the evolution of enzymes which synthesized a more robust form of Cbl (Decker et al., 1970; Eschenmoser, 1988; Benner et al., 1989; Scott, 1990).  
Photo-reactivity may have also played a role in selection of Co in biology.  Cobalamin-derivatives are known to undergo two types of light induced reactions: loss of an axial ligand, or sensitization of reactions with singlet oxygen (Krautler, 1991).  Loss of axial ligands allows the production of alkyl radicals by photolysis which are then available for subsequent reactions (Halpern, 1985; Retey, 1990).  The photoinduced carbonylation of methylcorrin presumably operates by way of the intermediate free methyl radical and Cbl(II) where carbon monoxide functions as a non-oxidative trap for the free methyl radical (Fig. 4 adapted from Krautler, 1984; 1991).  This carbonylation pathway has potential relevance with respect to acetate biosynthesis in anaerobic bacteria (Krautler, 1984; Thauer, 1988) and could be a potential precursor to early metabolism.  Acylation of activated olefin carbon double bonds catalyzed by B12 involving photoinduced cleavage of acetylcobalamin has also been performed (Walder and Orlinski, 1987), again demonstrating that cobalamin can be involved in light-activated abiological carbon fixation processes.
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Despite the speculated anoxic origin of Cbl, there also appears to be oxic evolutionary selection of cobalamin in biology.  The 5’-Deoxyadenosyl radical serves important biochemical functions as a powerful single-electron oxidant that can remove a hydrogen atom from very unreactive molecules and reversibly abstracting a hydrogen atom from a substrate (Wang and Frey, 2007; Brown, 2005).  There are two biological mechanisms for generating 5’-deoxyadenosyl radical involving either: adenosylcobalamin (AdoCbl), or S-adenosylmethionine (AdoMet) complexed to a reduced iron-sulfur cluster.  Reactive oxygen species destroy the iron-sulfur clusters of AdoMet enzymes which may have provided evolutionary pressure towards selection of AdoCbl-dependent enzymes for relevant biochemical reactions under oxic conditions (Marsh et al., 2010).  Despite the low relative abundance of Co in the environment, its apparent utility under a range of conditions throughout Earth’s history have made it an important micronutrient to a diverse range of primitive and recently evolved organisms.
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of an insertion of carbon monoxide into the Co-C-bond of methylcobal-
amin (3), of interest primarily in the context of the newly discovered
pathway of carbon dioxide fixation in anaerobic bacteria [11], was re-
warded with the development of an unprecedented (photo)process with
organocorrinoids (see Fig. 4 [12]): the photoinduced carbonylation of a
methylcorrin. This reaction presumably operates via the intermediacy
of free methyl radicals and of cob(Il)alamin (4) [12] where, according-
ly, carbon monoxide would function as a non-oxidative trap for free
methyl radicals.

Figure 4: Preparation of acetylcobalamin (7) by photoinduced carbony-
lation of methylcobalamin (3) [12]

4. 1,0-DI-[Cog-COBYRINYL]-n-ALKANES AS "LATENT ALKYL-
1,0-DIRADICALS"

Coenzyme Biz, "a reversibly functioning carrier of alkyl radicals"[3,4],
and some other organocobalamins, represent “latent alkyl radicals": vis-
ible light (or also thermal activation) can cleave them homolytically, to
set free an alkyl radical. Similarly then, alkyl bridged dinuclear organo-
corrinoids, such as the 1,5-di-[Co-cobyrinyl]-n-pentane (8 [13]), could
be viewed as "latent alkyl-1,w-diradicals” (see Fig. 5).

We have recently synthesized and fully characterized a series of 1,m-
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Buo-dependent enzymes and are of particular interest: (i) the
homolytic mode of formation/cleavage of the organometallic
axial bond at the cobalt centre (formally a one-electron reduc-
tion/oxidation of the metal centre, sce Figure 2) s of particu-
lar importance for the role of coenzyme By as a cofactor
coenzyme By is considered a “reversible carrier of an alkyl
radical’. The (Co-C)-bond of coenzyme By has been deter-
‘mined to be approx. 30 keal/mol (1 cal = 4.184 J) strong and
was affected only slightly by the co-ordination of the nucleo-
tide. The reactions of By, with alkyl radicals (such as the 5
deoxy-5'-adenosyl radical) are very fast. Indeed, the radi-
caloid Byy, s an efficient “radical trap’ and its reactions with
radicals occur with minimal restructuring of the cobalt corrin
moicty [4,8]; ;i) the heterolytic mode of formation, nucleo-
phile-induced cleavage of the (Co-C)-bond at the cobalt
centre (formally a two-electron reduction/oxidation of the
metal-ion) involves the formation/cleavage of two axial
bonds (sce Figure 2). This mode is particularly import-
ant in enzyme-catalysed methyl-transfer reactions and is re-
presented by the reaction of Co(l)-corrins with alkylating
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Figure 2| Elementary formal reaction steps of ‘complete’
corrinoids characterizing their patterns of reactivity relevant for
their cofactor function in B+-dependent enzymes
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Figure 3| Mechanistic enzymology: proposed steps in two major types of Bra-dependent enzymes
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