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Methyltransferases[1–3] (e.g., methionine synthase (MetH),[1]

methanol-cobalamin methyltransferase (MtaBC),[2] or corri-
noid/Fe-S protein (CFeSP)[3]) and ATP:cob(I)alamin adeno-
syltransferases (ACA)[4, 5] differ vastly in their catalytic
functioning, yet a common thread connects these two seem-
ingly different classes of enzymes, namely, reduction of
cob(II)alamin (Co2+Cbx) to cob(I)alamin (Co1+Cbx) serves
as one of the key components of their catalytic cycles. The
Co2+/Co1+ reduction is a thermodynamically challenging
reaction because the midpoint reduction potentials of the
physiological reducing agents (�260 to �440 mV versus the
standard hydrogen electrode (SHE)) are considerably more
positive than that of the unbound Co2+Cbx intermediate
(�500 mV vs. SHE as measured in water solution).[6–8] But
this reaction is indeed observed when the enzyme-bound
Co2+Cbx is considered, thus implying that the enzyme must be
exercising subtle mechanistic control over the reduction
process. In spite of being a ubiquitous chemical event,
detailed mechanistic insight into how Co2+/Co1+ reduction is
accomplished inside the enzymes has yet to be fully revealed.

Based on spectroscopic[9–12] and X-ray structure stud-
ies,[5, 13] the generation of tetracoordinated Co1+Cbx has been
invoked to be the key molecular determinant of the enzyme-
mediated redox tuning of the Co2+/Co1+ process. The
reduction event in the case of human-type ACA is even
postulated to be mediated by tetracoordinated
Co2+Cbx.[5, 11, 12] However, the possibility of pentacoordinated
Co2+Cbx displaying weak axial interactions has not been
ruled out. In the case of MetH enzyme, the reduction process
has been suggested to proceed via pentacoordinated Co2+Cbx
wherein the role of active-site interaction, especially that of
the Y1139 residue, has been assessed of catalytic importance
in weakening the interaction between the cofactor and b

(“upper”) axial ligand (H2O), which in turn will promote the
reduction process.[10,13]

However, an alternative catalytic strategy for driving
Co2+/Co1+ reduction can be envisioned if we take into account
recent studies on Pt2+···H bonds,[14, 15] for which it has been
shown that the filled d orbitals of square-planar d8 metal ions
can also serve as H-bond acceptors. A number of square-
planar Pt2+ compounds exhibiting X�H···Pt2+ (X = N, C or O)

weak interactions have been structurally identified.[16–18] The
existence of a dispersion-driven O�H···Pt2+ interaction has
been verified by using a low-temperature (20 K) neutron
diffraction technique.[15]

Considering that the ground-state electronic structure of
Co1+Cbx also has a dominant component corresponding to a
closed-shell d8 configuration,[19, 20] an interesting question
arises of whether a Co1+ ion can also engage in metal-ion-
based H-bond formation through its filled d orbitals. And if
this is the case, what could be the implications of such
associative interactions in relation to the Co2+/Co1+ reduction
process, a key catalytic conversion in a large variety of
methyltransferases and adenosyltransferases?

Taking into account that Co1+Cbx has only been spec-
troscopically characterized,[9] we turned our attention to
computational modeling. To address whether Co1+Cbx can
form an H-bond with an axial ligand, simplified (Co1+Cbl) as
well as full structural (Co1+Cbi) models of the Co1+Cbx
extracted from the high-resolution X-ray crystal structure of
isolated Co2+Cbx[21] were employed, wherein a H2O molecule
was placed on their b faces (Co1+Cbl-OH2; Co1+Cbi-OH2) to
mimic the axial ligand (see Computational Details in the
Supporting Information). To analyze whether the analogous
Co2+Cbx complexes would also form metal-ion-induced H-
bonds, two different types of Co2+Cbx complexes were
considered: 1) pentacoordinated Co2+Cbx wherein two com-
monly suggested conformations, namely (Co2+Cbl···OH2;
Co2+Cbi···OH2) and (Co2+Cbl···Im; Co2+Cbi···Im),[22]

were explored; and 2) hexacoordinated Co2+Cbx
(H2O···Co2+Cbl···Im;H2O···Co2+Cbi···Im) wherein H2O and
imidazole (Im) were modeled as b and a axial ligands,
respectively. Since dispersion interactions cannot be correctly
described using conventional DFT functionals, we also
applied dispersion-corrected B97-D[23] and wB97X-D[24] func-
tionals in addition to BP86,[25, 26] B97-1,[27, 28] B98,[29] and
wB97X[30] functionals.

As is clear from Figures S1–S6 in the Supporting Infor-
mation, the axial H2O and Im ligands were O- and N-bound to
the Co2+ ion in the optimized Co2+Cbx complexes (Support-
ing Information, Tables S1–S6). Note here that the axial H2O
ligand in the H2O···Co2+Cbi···Im was significantly displaced
(ca. 4.00–4.30 �) away from the Co2+ ion, which indicates that
the H2O···Co2+Cbi···Im complex is effectively a pentacoordi-
nated complex. On the other hand, the H2O ligand in the
Co1+Cbx complexes (Co1+Cbl···H-O-H; Co1+Cbi···H-O-H)
was ligated to the Co1+ ion through its H-end (see Figure 1
and the Supporting Information, Tables S7 and S8), which
implies that the tendency to form H-bonds is only mandated
by d8 metal ions. The Co1+···H-O motif in the optimized
Co1+Cbl···H-O-H and Co1+Cbi···H-O-H complexes was found
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to be almost linear, a structural feature (]Mn+···H-X greater
than 1108) that has usually been associated with H-bond-
forming complexes.[31] Notably, the H�O bond of the H2O
axial ligand was found to be slightly lengthened relative to its
H�O bond that supported the development of the Co1+···H
bond. The BP86-calculated harmonic vibrational frequencies
further aided the elongation of the H�O bond, as the H�O
stretching vibration (3328, 3352 cm�1) was lower in energy
than the H�O vibration (3747, 3670 cm�1) in the H-bonded
complexes. The Wiberg bond indices[32] that probe for
covalent interactions afforded useful quantitative information
to complement the Co1+···H bond formation. The H�O bond
had a lower bond index (0.711; 0.676) than the H�O bond
(0.767; 0.761) whereas the Co1+···H bond had a noticeable
bond order of (0.040; 0.085), which signified the bonding
interaction between the Co1+ ion and H�O motif of the H2O
axial ligand.

To validate the stability of the Co1+···H bond, the static
thermodynamic data for the complex formation (Co1+Cbl···H-
O-H; Co1+Cbi···H-O-H) reaction was evaluated. Surprisingly,
in the case of the Co1+Cbl···H-O-H complex, the reaction was
found to be nonspontaneous when studied using Hartree–
Fock (HF) or conventional DFT functionals (BP86, B97-1,
B98) with the exception of wB97X (Figure 2 and Supporting
Information, Table S9). This is in line with an earlier study,[9]

which suggested that such complex formation
(Co1+Cbl···H2O) is not possible from a thermodynamic
point of view (DG =+ 1.96 kcal mol�1). However, when the
thermodynamics of the complex was addressed using dis-
persion-corrected DFT, complex formation was found to be a
spontaneous phenomenon with the B97-D functional, while
the exothermic effect noticed with the wB97X functional was

enhanced by about 1–2 kcalmol�1 upon inclusion of disper-
sion interactions with this functional. This result indicates that
the dispersion component of the Co1+···H linkage contributes
noticeably towards the thermodynamic stability of the
Co1+Cbl···H-O-H complex. The importance of dispersion-
corrected DFT has recently been illustrated in the case of
transition-metal complexes[33] and carbene–carbene complex
formation reactions.[34]

On the other hand, Co1+···H bond formation in the case of
the Co1+Cbi···H-O-H complex was predicted to be an
exothermic event at all levels of theory (Supporting Informa-
tion, Figure S7 and Table S13). Note that although the
Co1+···H bond in the Co1+Cbi···H-O-H complex was weaker
than that in Co1+Cbl···H-O-H (Figure 1), a relatively higher
degree of exothermic effect was achieved in this case, which
mainly resulted from the larger size of the cofactor (Co1+Cbi)
and an additional H-bond (-N�H···OH2 = 1.98 �) that the
axial H2O ligand forms with one of the amide side chains of
the cofactor (Figure 1).

To assess the stability of the Co1+···H linkage, the
Co1+Cbl···H-O-H and Co1+Cbi···H-O-H complexes were
solvated with chloroform (e = 4.7), acetonitrile (e = 37), and
water (e = 78) solvents (Figure 2 and Supporting Information,
Figure S7, Tables S10–S12 and S14–S16). The solvated
Co1+···H bond was found to be appreciably destabilized with
a lesser effect being noticed in the case of less polar solvent.
The highly endothermic nature of the Co1+···H bond in water
also indicates why no such H-bond has been observed
experimentally.[35] In spite of the weakening of the Co1+···H
linkage upon solvation, the Co1+Cbl···H-O-H complex for-
mation reaction, when studied using the B97-D and wB97X-D
functionals, was found to be essentially a thermoneutral event
(DG =+ 0.18–0.59 kcal mol�1) in chloroform, an approximate
solvent mimick of protein environment. On the other hand,
the solvated Co1+Cbi···H-O-H complex in chloroform solvent
remained a thermodynamically stable entity at all DFT levels.
The solvent-induced destabilization of the Co1+···H linkage
indicated that the Co1+···H bond is a weaker interaction than
the H2O···H2O H-bond.

Figure 1. Close-ups of BP86-optimized H-bonded Co1+Cbx complexes,
wherein the regions of interest are highlighted using ball-and-stick
representation. a) Co1+Cbl···H-O-H (simplified); b) Co1+Cbi···H-O-H
(full).

Figure 2. Computed Gibbs energy data for the Co1+Cbl···H-O-H com-
plex (green: gas phase, olive: chloroform, violet: acetonitrile, orange:
water).
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The existence of the stable Co1+···H bond was further
supported by the minima observed on the interaction energy
curves of the Co1+Cbl···H-O-H and Co1+Cbi···H-O-H com-
plexes computed along the Co1+–O coordinate (Supporting
Information, Figure S8). The interaction energies of the H-
bonded complexes were calculated as the difference between
the total energies of the complexes (Co1+Cbl···H-O-H;
Co1+Cbi···H-O-H) and the sum of the total energies of their
separated monomers (Co1+Cbl, H2O; Co1+Cbi, H2O). The
occurrence of the HF minima further pointed out the
electrostatic nature of the Co1+···H bond, while the deeper
minima observed with DFT (BP86, B97-1, B98, B97-D,
wB97X, and wB97X-D) functionals implied that the
Co1+···H bond also has dispersion and correlation contribu-
tions.

To further characterize the nature of the Co1+···H
interaction, atoms in molecules (AIM) analysis[36] was per-
formed on the BP86-optimized geometries of the H-bonded
complexes. In the AIM methodology, the topological proper-
ties of the electron density associated with the bond critical
point (BCP) are analyzed to define the bond path that
connects the interacting atoms. Within the formalism of AIM
theory, the sign of total energy density (H = G + V) at a BCP
is used as an instructive parameter to classify the bonding
type, that is, whether the interaction is purely electrostatic
(H> 0) or partially covalent (H< 0). For Co1+···H interac-
tions in the Co1+Cbl···H-O-H and Co1+Cbi···H-O-H com-
plexes, the BCP could be located. Table S17 in the Supporting
Information contains all the relevant BCP properties of
Co1+···H interactions. The Co1+···H interaction in the
Co1+Cbl···H-O-H complex was found to be partially covalent
in nature (H =�0.00092), whereas it was purely electrostatic
(H =+ 0.00094) in the Co1+Cbi···H-O-H complex thereby
implying that the Co1+···H interaction was stronger in the case
of the Co1+Cbl···H-O-H complex. This is also reflected in
terms of the Co1+···H bond distances depicted in Figure 1.
This analysis further emphasized that the greater extent of
exothermicity noticed in the case of the Co1+Cbi···H-O-H
complex was largely a result of its steric bulk and an
additional binding interaction between the axial H2O ligand
and the amide side chain of the cofactor.

To gain insight into the electronic structure of the H-
bonded complexes and to evaluate the role of orbital
interaction between the Co1+ ion and H2O ligand in stabiliz-
ing the Co1+···H interaction, natural bond orbital (NBO)
second-order perturbation analysis[37] was carried out on the
BP86-optimized geometries of the Co1+Cbl···H-O-H and
Co1+Cbi···H-O-H complexes. The calculated stabilization
energy (5.62; 10.43 kcal mol�1) due to the nCo1þ (filled
d orbitals of Co1+ ion)!s*H�O orbital interactions was
significantly higher than that estimated for the nCo1þ!s*H�O

interactions (0.82; 0.17 kcalmol�1). This indicated a sizeable
contribution of the metal-to-ligand charge-transfer compo-
nent in the Co1+···H linkage that was also reflected in the
orbital occupancies of the s*H�O (0.03; 0.06) and s*H�O (0.00;
0.00) orbitals (Supporting Information, Table S18). Owing to
the availability of metal antibonding orbitals (n*

Co1þ ) and an
H�O bonding orbital (sH�O) of appropriate symmetry and
energy, the ligand-to-metal charge transfer also contributed

towards the stabilization of the Co1+···H bond, though its
impact was relatively less. The role of such orbital interactions
in stabilizing noncovalent Se···N,[38] Se···O,[39] and Se···F[40]

linkages is well documented in the literature.
Considering that the present calculations predict a stable

Co1+···H bond that has charge-transfer, correlation, disper-
sion, and electrostatic contributions, an interesting question
arises as to how it might impact the Co2+/Co1+ reduction, a
key step in many enzymatic reactions. Earlier studies[5,9–13]

indicate that the generation of tetracoordinated Co1+Cbx is
required to facilitate thermodynamically challenging Co2+/
Co1+ reduction. But our computations suggest that Co1+Cbx
can indeed be pentacoordinated because of Co1+···H bond
formation. Thus, to quantify the possible catalytic effect
of the Co1+···H interaction, the reduction potentials
for (Co2+Cbl···OH2/Co1+Cbl; Co2+Cbi···OH2/Co1+Cbi)
and (Co2+Cbl···OH2/Co1+Cbl···H2O; Co2+Cbi···OH2/
Co1+Cbi···H2O) couples were computed using our recently
calibrated computational protocol (BP86/6-31 + G*) that
predicts the reduction potentials of B12 cofactors with a
reliable degree of accuracy (Figure 3).[41] A significant
amount of redox tuning (ca. 100–225 mV vs. SHE) was

Figure 3. Co1+···H interaction-induced redox tuning (versus SHE) of
the Co2+/Co1+ process. a) The studied reduction processes. b) Redox
tuning computed as the difference between the reduction potentials of
(Co2+Cbl···OH2/Co1+Cbl; Co2+Cbi···OH2/Co1+Cbi) and (Co2+Cbl···OH2/
Co1+Cbl···H2O; Co2+Cbi···OH2/Co1+Cbi···H2O) couples (black: Co1+Cbl,
gray: Co1+Cbi). The horizontal line in (b) indicates the biological redox
gap corresponding to the reduction potential difference between the
MetH-bound Co2+Cbx (�490 mV vs. SHE) and the physiological
reducing agents (�440 mV vs. SHE) as discussed in Ref. [10].
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noticed when the H-bonded conformation of Co1+Cbx was
employed (Supporting Information, Table S19), which is
appreciably higher than the redox gap (50 mV vs. SHE)
between the MetH-bound Co2+Cbx cofactor and the physio-
logical reducing agents.[10] This finding strongly suggests that
the Co1+···H interaction-driven H-bonded conformation of
Co1+Cbx can play a deterministic role in explaining how Co2+/
Co1+ reduction is accomplished inside MetH enzyme. This
reveals a novel catalytic strategy that might not only be
deployed by MetH enzyme[1] during its reactivation cycle,[13]

but also by other methyltransferases[2, 3] and a number of
ACAs.[4,5] The axial H136 ligand in the case of MtaBC enzyme
is located 2.51 � from the Co2+ ion[2] and hence can serve as a
potential H-bond donor for Co1+···H bond formation. Sim-
ilarly, in the case of PduO-type ACA, the topological location
of F112 residue (3.8 � from the metal center)[42] also makes it
an ideal H donor to effect Co1+···H bond formation. Further-
more, the stability of such Co1+···H linkages, when formed
inside the enzymes, may be enhanced through the coopera-
tivity effect exerted by the local protein environment. For
example, the axial H2O ligand, in the case of MetH enzyme, is
engaged in extensive H-bond formation with the local protein
domain (the active-site Y1139 and E1097 residues;[13] Sup-
porting Information, Figure S9) and this H-bonded network
may play a crucial role in stabilizing Co1+···H interaction.

In summary, the presented computational study suggests
the existence of an unanticipated Co1+···H linkage that has
charge-transfer, correlation, dispersion, and electrostatic
components. Such Co1+ ion-induced H-bonds can potentially
fine-tune the thermodynamics of the Co2+/Co1+ process, an
indispensable chemical motif in a wide body of methyltrans-
ferases and adenosyltransferases.
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