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Abstract

Cobalamin (or vitamin B12)-dependent enzymes and trafficking chaperones exploit redox-linked 

coordination chemistry to control cofactor reactivity during catalysis and translocation. As the 

cobalt oxidation state decreases from 3+ to 1+, the preferred cobalamin geometry changes from 6- 

to 4-coordinate. In this study, we reveal the sizeable thermodynamic gain that accrues for human 

ATP:cob(I)alamin adenosyltransferase (or MMAB) by enforcing an unfavorable 4-coordinate 

cob(II)alamin geometry. MMAB-bound cob(II)alamin is reduced to the supernucleophilic 

cob(I)alamin intermediate during synthesis of 5´-deoxyadenosylcobalamin. Herein, we report 

the first experimentally determined reduction potential for 4-coordinate cob(II)alamin (−325 ± 

9 mV), which is 180 mV more positive than for the 5-coordinate water-liganded species. The 

redox potential of MMAB-cob(II)alamin is within range of adrenodoxin, which we demonstrate 

functions as an electron donor. We also show that stabilization of 5-coordinate cob(II)alamin 

by a subset of MMAB patient variants, compromises reduction by adrenodoxin, explaining the 

underlying pathogenic mechanism.
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Introduction

5´-deoxyadenosyl cobalamin (AdoCbl) serves as a radical-generator for B12-dependent 

enzymes that catalyze 1,2 rearrangement reactions1. Methylmalonyl-CoA mutase (MMUT), 

the only AdoCbl-dependent enzyme found in humans, catalyzes the isomerisation of (R)-

methylmalonyl-CoA to succinyl-CoA and serves an anaplerotic function2. Following cellular 

entry, B12 is processed, assimilated, and escorted to MMUT via an elaborate trafficking 

pathway3. In the mitochondrial matrix, inactive cob(II)alamin is converted to the active 

AdoCbl form by ATP:cob(I)alamin adenosyltransferase (or MMAB for methylmalonic 

aciduria type B)4, 5 (Fig. 1A). MMAB also doubles as an escort and delivers AdoCbl to 

MMUT6, 7, a radical enzyme8. In the absence of apo-MMUT, MMAB sacrifices AdoCbl via 

cobalt-carbon bond homolysis, as a strategy to sequester cob(II)alamin, which is bound more 

tightly than AdoCbl9 (Fig. 1A). Mutations in MMAB can impair cofactor synthesis, delivery 

and/or sequestration9–11, leading to loss of MMUT function and methylmalonic aciduria, 

an inborn error of metabolism12. MMAB also serves as a repair enzyme, accepting inactive 

cofactor that is occasionally generated on MMUT during catalytic turnover, in a process that 

requires a G-protein chaperone, MMAA13.

The B12 binding pocket in MMAB is fully organized upon ATP binding, which leads to 

ordering of a mobile N-terminal loop14. Cob(II)alamin binds in the “base-off” state6, 15 

where the lower axial dimethylbenzimidazole (DMB) ligand to the cobalt ion in solution, is 

displaced by the non-coordinating Phe-170 (Fig. 1B). The active site of MMAB is sealed 

off from solvent access, which precludes water coordination to the cobalt ion and stabilizes 
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4-coordinate (4-c) cob(II)alamin, characterized by a 464 nm absorbance peak versus 472 

nm, associated with 5-c cob(II)alamin (Fig. 1C). The preferred coordination number for 

cobalamin is inversely correlated with redox and decreases from 6- to 5- to 4-c as the 

cobalt is reduced from the 3+ to 2+ to 1+ oxidation state16. The MMAB reaction requires 

the one-electron reduction of cob(II)alamin to cob(I)alamin, followed by nucleophilic 

displacement of the adenosyl moiety of ATP, generating AdoCbl and triphosphate (PPPi) 

(Fig. 1A). Computational studies predict an ~250 mV gain in the redox potential by 

stabilization of 4-c cob(II)alamin17. The predicted shift in the redox potential from −506 

mV18 to >−350 mV17 (versus the standard hydrogen electrode) for 5- versus 4-c base-off 

cob(II)alamin/cob(I)alamin, would bring it within range of biological reductases. Other 

adenosyltransferases also stabilize square planar cob(II)alamin19. However, experimental 

determination of the redox potential has been challenging, since cob(II)alamin binding to 

adenosyltransferases requires ATP, which in turn reacts very rapidly with cob(I)alamin and 

precludes establishment of a redox equilibrium. To circumvent this limitation, we tested 

AMP and ADP as potential ATP mimics to promote cob(II)aIamin binding but prevent 

reaction with cob(I)alamin. Surprisingly, ADP served as an alternate substrate, forming 

AdoCbl, but supported only a single turnover while AMP did not promote cob(II)alamin 

binding (Fig. S1).

Next, we turned to the disease-causing variant R190H, which decreases kcat 110-fold relative 

to wild-type human MMAB in the presence of the strong reductant, titanium(III)citrate10. 

Arg-190 makes multiple electrostatic contacts with ATP on both sides of the scissile bond 

(Fig 1D). Significantly, in contrast to wild-type MMAB, cob(I)alamin accumulation is 

observed with the R190H variant in the presence of titanium(III)citrate and ADP (Fig 2A), 

supporting the feasibility of using this variant for measuring the cob(II)alamin/cob(I)alamin 

redox potential. Square planar coordination of cob(II)alamin bound to R190H MMAB 

was confirmed by electron paramagnetic resonance (EPR) spectroscopy, which allows 

ready distinction between 4- and 5-c cob(II)alamin with an axial water ligand (Fig 2B). 

Importantly, the EPR spectra of cob(II)alamin bound to wild-type and R190H MMAB were 

comparable, ruling out significant perturbations in the environment around the metal ion.

Spectroelectrochemical titrations were performed with benzyl viologen (E0 = −359 mV) and 

the ratio of reduced to oxidized benzyl viologen and cob(II)alamin was determined using 

the isosbestic point at 524 nm (BVox/BVred) and 464 nm (cob(II)alamin/cob(I)alamin) (Fig 

2C). Nernst analysis yielded a straight line with a slope of 0.91 ± 0.1 (n=4), consistent with 

a one-electron transfer, and provided the first experimental estimate of the redox potential 

for 4-c cob(II)alamin of −325 ± 9 mV (Fig 2C, inset). At the end of the titration, HPLC 

analysis was used to assess whether reaction of cob(I)alamin with ADP, forming AdoCbl, 

had occurred during the ~15 min needed to complete the titration. AdoCbl was not detected 

while aquocobalamin (H2OCbl), formed by the oxidation of cob(II)alamin and cob(I)alamin, 

was the predominant peak (Fig 2D). The smaller peak at 14.3 min which was also present in 

the OH2Cbl (13.6 min) standard, had an absorption spectrum identical to it, and increased in 

intensity from 10 to 22% over the course of the titration (Fig S4).

AdoCbl synthesis by the Brucella melitensis and Salmonella enterica 
adenosyltransferases20, 21 is supported by the NADH-dependent flavoprotein, cobalamin 
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reductase. In vitro, human methionine synthase reductase can deliver electrons for AdoCbl 

synthesis4, revealing the feasibility of flavoproteins with a redox potential in the −220 

mV range22, to couple to human MMAB. However, methionine synthase reductase is a 

cytoplasmic protein and its deficiency is not known to impair mitochondrial cobalamin 

metabolism23.

Clinical genetics studies have failed to identify a mitochondrial reductase associated with 

inherited cobalamin disorders, indicating that the MMAB redox partner is likely to be shared 

with other electron acceptors. We therefore examined the ability of adrenodoxin, (FDX1), 

a [2Fe-2S]-containing mitochondrial reductase, with a redox potential of −267 ± 5 mV20, 

to serve as an electron donor to MMAB in the presence of ferredoxin reductase (FDXR) 

and NADPH24. FDX1 is important for heme and lipoyl cofactor synthesis as well as 

steroidogenesis25. Recombinant human FDX1 can support MMAB-dependent biosynthesis 

of AdoCbl from cob(II)alamin (Fig 3A). The NADPH-driven synthesis of AdoCbl in the 

presence of FDX1/FDXR (kcat = 4.7 ± 0.5 min−1) is 2.5-fold lower than in the presence 

of titanium(III)citrate (11.5 ± 1.5 min−1). The time-dependent spectral changes observed 

in the steady-state assay, correspond to the MMAB-catalyzed conversion of base-on 5-c 

cob(II)alamin (474 nm) to base-on 6-c AdoCbl (522 nm) and its release into solution (Fig 

3A). Michaelis-Menten kinetic analysis yielded a KM for reduced FDX1 of 135 ± 24 nM 

(Fig 3A, inset). A stable complex between oxidized FDX1 and MMAB was not observed by 

size exclusion chromatography, suggesting that a transient complex is formed between them 

for electron transfer. In the absence of either FDX1 or FDXR, AdoCbl synthesis by MMAB 

is not observed.

Next, the efficacy of FDX1-dependent AdoCbl synthesis was assessed with clinical variants 

of MMAB including R190H/C, E193K, and R186Q (Fig. 3B). Unlike the wild-type enzyme, 

E193K MMAB binds cob(II)alamin in a 5-c state with an axial water ligand 9, 10 while 

R186Q MMAB binds “base-on” 5-c cob(II)alamin i.e. with a lower axial DMB ligand9. 

In the presence of titanium(III)citrate, the activities of R186Q and E193K MMAB are 

comparable to wild-type enzyme but are 115- and 16-fold lower for the R190H and R190C 

variants9, 10. In contrast, in the presence of the FDX1/FDXR/NADPH, the activities of the 

R186Q and E193K MMAB are not detectable, while the R190H and R190C variants exhibit 

230- and 150-fold lower AdoCbl synthesis activity compared to wild-type MMAB (Fig. 3C). 

Thus, the redox penalty associated with the R186Q and E193K patient mutations is only 

displayed in the presence of a biologically relevant reducing system. The failure to stabilize 

square planar cob(II)alamin is predicted to decrease its redox potential by 180 mV and 

275 mV in the R186Q (DMB-ligand) and E193K (H2O ligand) mutations, respectively. We 

speculate that the molecular mechanism underlying methylmalonic aciduria by the R186Q 

and E193K variants results at least in part, from their loss of cob(II)alamin coordination 

chemistry control (Fig. 3D).

In summary, the experimental determination of the redox potential for 4-c cob(II)alamin 

illuminates the quantitatively significant advantage of this strategy in the reductive 

adenosylation reaction catalyzed by MMAB. The study also identifies NADPH/FDXR-

driven FDX1 as a biologically competent redox partner for human MMAB; all three proteins 

are mitochondrial. Impaired AdoCbl synthesis by the disease-causing E193K and R186Q 
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variants is masked by a strong chemical reductant, but revealed by FDX1, supporting its role 

as a potential MMAB redox partner.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

This study reports the first experimental determination of the redox potential of 4-

coordinate cob(II)alamin (−325 ± 9 mV), which was achieved by stabilizing cob(I)alamin 

on the R190H clinical variant of human ATP:cob(I)alamin adenosyltransferase (MMAB), 

which decreases the rate of the adenosylation reaction. The study also reports that 

mitochondrial adrenodoxin is an electron donor to MMAB. Loss of coordination 

control in select patient variants of MMAB results in their inability to synthesize 5

´-deoxyadenosylcobalamin
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Figure 1. AdoCbl synthesis by ATP:cob(I)alamin adenosyltransferase (MMAB).
(A) MMAB functions in AdoCbl synthesis, transfer and sequestration. The one-electron 

reduction of cob(II)alamin followed by rapid adenosylation leads to AdoCbl without 

accumulation of the cob(I)alamin intermediate. In the presence of MMUT, AdoCbl 

is loaded directly onto it. In the absence of MMUT, the Co-carbon bond undergoes 

homolytic scission leading to sequestration of cob(II)alamin on MMAB and elimination of 5

ˈ-hydroperoxyadenosine (AdoOOH). (B) Close-up of the active site of MMAB (PDB:6D5X) 

with PPPi (orange, stick) and AdoCbl (stick, gold). Coordination O2 the cobalt at the 

lower axial position is precluded by the non-coordinating Phe-170 (stick, blue) residue. (C) 

Binding of free cob(II)alamin (20 μM in Buffer A, red) to MMAB (20 μM, black) leads to 

conversion from a 5-c to 4-c state as signalled by the blue shift from 472 to 464 nm.
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Figure 2. Redox titration of 4-c cob(II)alamin bound to MMAB.
(A) The one-electron reduction of cob(II)alamin (40 μM) bound to R190H MMAB in 

the presence of 5 mM ADP (red) leads to accumulation of cob(I)alamin (black). (B) 

Comparison of the EPR spectrum of free 5-c (100 μM) and MMAB-bound 4-c cob(II)alamin 

(100 μM) indicates that the cofactor bound to the R190H variant is in the 4-c state. 

The principle g-values for the wild-type MMAB (gx=3.342, gy=2.485, gz=1.797) and 

R190H variant (gx=3.436, gy=2.441, gz=1.768) are comparable. (C) Redox titration of 

cob(II)alamin-bound R190H MMAB (40 μM in Buffer A) in the presence of 5 mM ATP 

(red) and increasing concentrations of benzyl viologen leads to the establishment of redox 

equilibria. Inset. Nernst analysis of the titration data. (D) HPLC analysis of the titration 

mixture in C reveals that AdoCbl is not synthesized during the time course of the redox 

titration.
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Figure 3. FDX1 supports NADPH-dependent AdoCbl synthesis by MMAB.
(A) NADPH-dependent FDXR/FDX1 (4 μM each) can reduce cob(II)alamin (40 μM, red) 

bound to MMAB (I μM) for AdoCbl (black) synthesis. The reaction was conducted in 

Buffer A with 500 μM NADPH. Inset. Dependence of the AdoCbl synthesis rate on 

FDX1 yields a KM of 135 ± 24 nM with MMAB for electron transfer. (B) Location of 

clinical variants used in this study, in the MMAB structure. (C) FDX1-dependent AdoCbl 

synthesis reveals differences in activity between wild-type and clinical variants of MMAB 

and a correlation with the cob(II)alamin coordination state. (D) Scheme showing that the 

R186Q and E193K variants impair FDX1-dependent AdoCbl synthesis by MMAB, which is 

correlated with methylmalonic aciduria.
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