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B12-Cofactor Inactivation by Cobalt to Rhodium Mutation
in Methylrhodibalamin: An Antivitamin B12 and Antibiotic
Florian J. Widner, Klaus Wurst, Markus Ruetz, Christoph Kieninger, Christoph Kreutz,
Michael D. Paxhia, Evelyne Deery, Martin J. Warren, and Bernhard Kräutler*

Cobalt-corrins, such as coenzyme B12 (AdoCbl) and methylcoba-
lamin (MeCbl), are indispensable enzyme-cofactors found across
all kingdoms of life. Their Rh-homologues are promising coordi-
nation-chemical and structural B12-mimics. Herein, the prepara-
tion of methylrhodibalamin (MeRhbl) in over 90% yield is
reported, achieved through template-assisted assembly from
Rhβ-methylrhodibyrate and the B12-nucleotide. NMR and X-ray
crystallography studies confirm that MeRhbl is iso-structural with

the B12-cofactor MeCbl. The human B12-tailoring enzyme CblC
binds and activates MeRhbl, but Rh-demethylation of MeRhbl
is inhibited by its stable Rh─C bond, whose strength is also
determined. Thus, MeRhbl meets the key criteria for a genuine
antivitamin B12, making it a useful tool for biomedical applications.
The B12-antimetabolite MeRhbl also acts as an effective growth
inhibitor of the acne-causing bacterium Cutibacterium acnes.

1. Introduction

The corrin-bound cobalt-center[1] is central to the unique reactivity
of the organometallic B12-cofactors, coenzyme B12 (5“-deoxy-
5

0
-adenosylcobalamin, AdoCbl) and methylcobalamin (MeCbl),[2]

which are essential for a range of fascinating radical enzymes
and methyl-transferases.[3] Homologous rhodium–corrins are

promising B12-antimetabolites that may also help answer the
fundamental question, “Why is cobalt so suited to its roles in
cobalamins, rather than any other metal ?”.[1] Our first target in this
respect, the isostructural Rh-analog of AdoCbl, 5’-deoxy-5

0
-

adenosylrhodibalamin (AdoRhbl, Scheme 1), has proven to be
an effective antivitamin B12 and inhibitor of some AdoCbl-
dependent enzymes.[4] Here, we report the single step synthesis
of the Rh-analog of MeCbl, methylrhodibalamin (MeRhbl), from
Rhβ-methylrhodibyrate (MeβRhby)[5] and the B12-nucleotide [1a,6]

(Scheme 2). As proposed, MeRhbl is isostructural to MeCbl and
exhibits the key chemical reactivity and structural features of an
antivitamin B12, as well as of a bacterial growth inhibitor.[4a,4c,7]

The spectral data acquired here of MeRhbl also support its
previously reported preparation.[8]

2. Results and Discussion

The recently described Rhβ-methylrhodi (III)byrate (MeβRhby),[5]

featuring an “upper” Rh-bound methyl group, served as the
substrate for the condensation with the 5,6-dimethyl-benzimida-
zolyl-nucleotide moiety (DMB-Nuc) of vitamin B12.[1a,6] This
condensation was performed in aqueous medium at room tem-
perature, using EDC*HCl as the activating reagent. The
reaction relied on a crucial template-assistance to enable intra-
molecular formation of the strain-free 19-membered ring struc-
ture from the metal-pre-coordinated B12-nucleotide DMB-Nuc,
affording crystalline MeRhbl in 94% yield. A related strategy
was pioneered by Eschenmoser and coworkers in the highly
regioselective chemical self-constitution step of vitamin B12.[1a]

MeRhbl was also prepared here in 95% yield using the alternative
strategy that employed fully assembled, crystalline ClRhbl[9] as
the starting material, significantly improving on the previously
reported 25% yield[8] (see Supporting Information for details).

MeRhbl exhibits a corrin-type UV/Vis-spectrum with absorp-
tion maxima of the α, β and γ-absorption bands at 507 nm,
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488 and 349 nm, respectively (see Figure 1). The pronounced
bathochromic shifts, relative to the spectrum of MeβRhby,[5] are
consistent with the formation of a stable “base-on” form.[4b]

High-resolution mass spectrometry of MeRhbl revealed a
pseudo-molecular ion [Mþ H]þ at m/z= 1388.562, reflecting the
molecular formula C63H91N13O14PRh (Figure S1,b, Supporting
Information). In the 500MHz 1H-NMR spectrum of MeRhbl
(Figure 2), the slightly broadened singlet of the rhodium-bound
methyl group appeared at�1.80 ppm, indicating increased shield-
ing compared to the corresponding signal in the spectrum
of MeβRhby.[5] The diagnostic 2.3 Hz 1H,103Rh- and 26.6 Hz
13C,103Rh-couplings of MeRhbl are, respectively, seen in a
400MHz 1H-NMR and a 1H-decoupled 13C-NMR spectrum, recorded
on a 700MHz spectrometer (Figure S2 and S3, Supporting
Information).

NMR-correlations in homo- and hetero-nuclear spectra of
MeRhbl recorded in D2O and H2O enabled the assignment of
89 of its 91 H-atoms, of all 63 C-atoms and of 12 of its 13 N-atoms
(Table S1/S2 and Figure S3–S6, Supporting Information). The chem-
ical shifts of the signals of the methyl group H3C1A at 0.60 ppm,

along with those of HC4N and HC2N of the DMB-base, and key
correlations observed in the 1H,1H-NOE-spectra confirmed the
base-on nature of MeRhbl and the β-configuration of the
Rh-bound methyl group. Coordination of the DMB base to Rh
in MeRhbl induced a diagnostic up-field chemical shift of
H3C1A by 0.90 ppm, relative to its position in MeβRhby,[5] similar
to the shift observed between adenosylrhodibyric acid
(AdoRhby) and AdoRhbl.[4b] Notably, aside from an up-field shift
of approximately 1.8 ppm of the signal of the Rh-bound methyl
group, compared to MeCbl,[10] the 1H-, 13C-, and 15N-NMR data
of MeRhbl and MeCbl exhibit closely matching characteristics,
supporting the high similarity of their 3D-structures in
aqueoussolution.

Recrystallization of MeRhbl from an aqueous solution upon
addition of acetonitrile yielded orange single crystals, orthorhom-
bic space group P212121. X-ray crystallographic analysis ofMeRhbl
revealed structural features, confirming a highly similar architec-
ture to that of MeCbl[11] (Figure 3, 4, S26, and S27 and
Table S3–S8, Supporting Information). All six bonds at the
metal-center of MeRhbl were slightly longer than those in
MeCbl, consistent with the 60 mÅ larger covalent radius of Rh over
Co[12] (see Figure 4). In particular, the four equatorial bonds in
MeRhbl were elongated by an average of nearly 70 mÅ. The
Rh─C and Co─C bonds in MeRhbl and MeCbl [11a] differ by about
85 mÅ. Notably, the axial Rh-NDMB-bond in MeRhbl, measuring
nearly 2.3 Å, is significantly elongated by 132 mÅ, compared to
the corresponding Co-NDMB bond inMeCbl. The pronounced struc-
tural trans-influence exerted by the axial methyl group in MeRhbl
is comparable to that observed inMeCbl,[11a] albeit more extensive.
In both of these organometallic methyl-corrins, the lengths of the
“lower”metal-DMB bonds are consistently longer than the “upper”
metal–methyl bonds, in line with similar observations for AdoRhbl
and AdoCbl,[4b] as well as AcRhbl and AcCbl.[13]

MeRhbl and MeCbl also display very similar conformational
properties of the corrin ligand, including the local conformational
twists of the four pyrrolic rings (Figure 3 and S26/S27, Supporting
Information). However, the corrin ligand inMeRhbl is slightly flatter

Scheme 1. Structural formulae (left) of the Cbls methylcobalamin (MeCbl),
coenzyme B12 (AdoCbl), chlorocobalamin (ClCbl), and acetylcobalamin
(AcCbl) and (right) of the corresponding Rhbls methylrhodibalamin
(MeRhbl), 5“-deoxy-5

0
-adenosyl-rhodibalamin (AdoRhbl), chlororhodibala-

min (ClRhbl), and acetylrhodibalamin (AcRhbl).

Scheme 2. A template-assisted synthesis of MeRhbl from Rhβ-methylrhodi-
byric acid (MeβRhby), selectively prepared in two steps from Hby.[5] The
condensation with DMB-Nuc furnished MeRhbl in 94% yield.

Figure 1. UV/Vis spectrum of MeRhbl in water (c= 0.086 mM).
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with a fold angle φ = 10.8°, compared to φ = 15.8° in MeCbl,[11a]

consistent with corresponding values for AcRhbl (φ = 13.4°) vs.
AcCbl (φ= 15.6°).[13] These data suggest that the corrin macrocycle
of MeRhbl undergoes only a minor conformational relaxation to
accomodate coordination to a Rh (III)-center. In line with analogous
findings of AdoRhbl,[4b] ClRhbl,[9] and AcRhbl,[13] the structure
of MeRhbl suggests a slightly better geometric fit of the Rh
(III)-ion, within the macrocycle. This conclusion is based on
conformational criteria established by Kratky and Eschenmoser
for porphyrinoids coordinating low-spin Ni (II)-ions.[14]

The UV/Vis-spectra of the Rh (III)-corrin MeRhbl (Figure 1) and
of the related Zn (II)-corrin zincobalamin (Znbl)[15] display a corrin-
typical absorption pattern, indicating nonspecific electronic inter-
actions between the Rh (III)-center and the corrin ligand inMeRhbl.
In contrast, the organometallic Co (III)-corrins MeCbl and AdoCbl
have distinctive “atypical” UV/Vis-spectra reflecting an extended
electronic interplay between their coordinated cobalt-ion and
the corrin ligand.[1c,16] AdoRhbl is a light-stable Rh-analog of
AdoCbl [4b] and functions as an anti-photoregulatory ligand by
inhibiting AdoCbl-dependent bacterial CarH photoreceptors.[17]

Figure 2. 500 MHz 1H-NMR spectrum of MeRhbl (in D2O, 298 K).

Figure 3. ORTEP-plots of the structure of MeRhbl in two orientations (color code: C: gray, N: blue, O: red, P: green, Rh: pink, H-atoms of Rh-bound methyl
group: light blue (Figure S26 and Table S3–S8, Supporting Information)).
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Similarly, unlike the light-sensitive organometallic Cbls,[1c] MeRhbl
underwent only very slow photo-decomposition under daylight in
aerated aqueous solution. Compared to MeCbl, its photoreaction
was about 250 times less efficient. Notably, this reaction did not
involve the typical photolytic loss of the organometallic methyl
group, as in MeCbl, but instead resulted in the formal addition
of dioxygen, as shown by mass spectrometry (Figure S8–S16,
Supporting Information). The UV/Vis spectrum of the main photo-
product from MeRhbl suggested oxidative cleavage of the corrin
ring, presumably involving 1O2 from photosensitization from a
metal-corrin triplet state, as previously observed in a synthetic
(CN)2Rh (III)-corrin[18] and in certain (CN)2Co (III)-corrins derived
from vitamin B12.[19]

We also investigated the acid-induced de-coordination of the
DMB base of MeRhbl, to evaluate its ability to mimic the biologi-
cally relevant “base-on” to “base-off” transition of the cobamides.
In strongly acidic aqueous solution, characteristic blue shifts of
the dominant absorption bands were observed, most notably
for the α-band from 508 to 465 nm (Figure S17–S23,
Supporting Information). Analysis of the pH-dependent spectra
yielded a pKa= 0.7� 0.1 for the DMB de-coordinated species
MeRhbl-Hþ. As with its organometallic analog AdoRhbl,[4d]

MeRhbl is over 100 times more resistant to protonation than
its natural cobalt-counterpart MeCbl. The low propensity of
the DMB moiety to undergo protonation and de-coordination
in aqueous solution indicates strong stabilization in MeRhbl by
the bond of the DMB-base to the Rh (III)-center. Remarkably,
while MeRhbl is protonated at the DMB-base under highly acidic
conditions, it largely resists the proteolytic loss of its organome-
tallic methyl group.

To evaluate the proposed classification of MeRhbl as an anti-
vitamin B12,[4c,20] we investigated its resistance to methyl group
abstraction by the key human enzyme MMACHC (also named
CblC),[7b,21] which rapidly removes the “upper” ligand of
MeCbl[22] as prerequisite for further cellular processing of the
Cbl-moiety. CblC bound MeRhbl with high affinity and triggered
its conversion to the activated nucleotide-decoordinated “base-
off” form, as indicated by a blue shift in the MeRhbl spectrum in
the presence of CblC (Figure 5). The protein’s affinity for MeRhbl
was enhance to a KD< 0.2 μM by the tightly binding and protein-
restructuring natural co-substrate glutathione (GSH),[23] causing a

further hypsochromic shift in the absorption maxima (Figure 5).
However, an HPLC analysis of the incubated mixture (Figure S24,
Supporting Information) showed that MeRhbl remained
intact, revealing that MMACHC (or CblC) was unable to abstract
the methyl group from MeRhbl under transfer to GSH.

To assess the efficacy ofMeRhbl as a potentially useful micro-
bial B12-antimetabolite, we examined the effect of MeRhbl on
growth of Cutibacterium acnes DSM1897. This is a common com-
mensal opportunistic pathogen, which can influence the skin
microbiome and contributes to the development of some forms
of acne. It features a functional B12 biosynthesis-pathway and
known susceptibility to elevated B12 levels. In skin environments,
C. acnes primarily uses lactate as a carbon source and grows well
on a defined lactate medium. We observed markedly inhibited
growth of C. acnes in the presence ofMeRhbl (Figure 6), an effect
that was reversed upon addition of vitamin B12 (CNCbl).
Additionally,MeRhbl also inhibited a strain of Salmonella enterica
that relies on exogenous B12 for growth (Figure S25, Supporting
Information).

Cellular uptake and transport of MeRhbl are expected to
proceed with similar efficiency as those to the isostructural
B12-cofactor MeCbl and the previously studied AdoRhbl.[17]

Figure 4. Lengths of bonds (Å) to the rh (III)-center of MeRhbl (left), to the co (III)-center in MeCbl (right) and differences (mÅ, center) of the bond
lengths.

Figure 5. MeRhbl binding and activity of MMACHC (also named CblC[7b]).
A) Comparison of the spectra of free MeRhbl (20 μM, black) and in the
presence of MMACHC (40 μM) and in the absence (red) or presence (blue)
of 5 mM glutathione (GSH). B) Binding of MeRhbl to MMACHC in the pres-
ence GSH at 25 °C with increasing amounts of MMACHC added, as moni-
tored by UV/Vis spectroscopy. Inset: The change in absorbance at 505 nm
versus CblC concentration yielded KD< 0.2 μM (N= 2) (see Supporting
Information for details).
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Bacterial uptake of MeRhbl is further supported by the growth
inhibition studies reported here with C. acnes and S. enterica
(see Supporting Information), as well as by early exploratory stud-
ies involving Escherichia coli and Lactobacillus leichmanii.[8]

However, as verified in this work, MeRhbl resists modification
by the human cobamide deligase CblC and, thus, qualifies as a
genuine antivitamin B12.[4a,25] MeRhbl resistance to enzymatic
cleavage of its Rh─C bond mirrors the behavior observed for
AdoRhbl.[4d] This can be rationalized by the comparatively greater
strength of the Rh─C bond. Data on methyl-Rh (III)-porphyrins[26]

suggest that the Rh─C bond in MeRhbl is considerably stronger
than the Co─C bond in methyl-Co (III)-corrins.[27] Notably, the
13C,103Rh-coupling observed in the NMR-spectra of MeRhbl
(see Figure S2d, Supporting Information) closely matches that
reported for a Rh-porphyrin, indicating similarly strong Rh-C
bonds with BDEs around 40 kcal/mol.[28]

Returning to the question, “Why is cobalt so suited to its roles
in the B12-cofactors?”, one is naturally led to ask specifically “Why
not rhodium?” Indeed, when it comes to mimicking the cobalt
chemistry no other metal could rival rhodium, though a major bio-
logical role for rhodium is unlikely, given its natural scarcity on
Earth.[29] In fact, the Rh (III)-ion experiences a slightly better
coordinative fit within the corrin ligand, than Co (III).[4b,9,13]

However, the Rh (III)-analogs of B12-cofactors are characterized
by critically reduced reactivity in organometallic B12-dependent
enzymes,[4b,4d] a limitation that can be rationalized by the stronger
Rh-C BDEs, deduced in this study. The unique cobalt-centered
organometallic reactivity of the B12 cofactors, including their
photo- and redox-chemistry,[2f,3c] is a direct consequence of the
specific electronic interactions between the cobalt ions and the
corrin ligand. In contrast, the interactions between the Rh (III)-
ion and corrin ligand are rather nonspecific,[4b,4d,9,13] rendering typ-
ical B12-like organometallic redox-reactivity inaccessible.

The growth inhibition of C. acnes, an opportunistic pathogen
implicated in common acne,[30] and Salmonella enterica, by
MeRhbl highlights its potential as a B12-based antibiotic.[20]

Direct enzyme-inhibition byMeRhblmay not fully explain its anti-
bacterial effect, the gene-regulatory activity of structural B12-
mimics acting as ligands for bacterial B12-riboswitches,[31] should

be considered, as well. The high structural similarity between
MeRhbl and MeCbl suggests that MeRhbl could bind effectively
to class-II B12-riboswitches that are selective for MeCbl.[4c,31c,32]

In addition, MeRhbl is expected to serve as a highly effective
and specific inhibitory surrogate for MeCbl in the wide-spread
B12-dependent methyl transferases, which are essential in micro-
organisms, particularly in fundamental processes such as meth-
anogenesis,[33] and in CO2-fixation in acetogens.[34] We look
forward to studies investigating MeRhbl as a specific inhibitor
for representative B12-dependent methyl transferases, such as
methionine synthase[35] and radical SAM-dependent methyl
transferases.[36] In summary, beyond inducing “functional B12-
deficiency” in humans and animals[4a] as a true antivitamin B12,[20]

MeRhbl holds promise as a multifunctional growth-inhibitor of
bacteria and other B12-dependent microorganisms.[4c,20,33a]

3. Conclusion

The remarkable biocatalytic potency of the cobalt–corrin pair in
organometallic B12-biocatalysis stems from the specific electronic
interactions between the metal center and its ligand.[37] This finely
tuned reactivity remains unmatched by any other transition
metal–ligand interactions. While Rhbls serve as excellent structural
mimics of Cbls, they lack the exceptional reactivity of B12-
cofactors.[38] As a result, Rhbls offer utility as inhibitors of Cbl-
dependent enzymes[4b,4d] and as deceptive ligands in bacterial
gene-regulation via riboswitches.[39,40] These unique properties
make Rhbls especially valuable tools in biochemical and structural
studies of B12-related metabolic processes[4d] and position them as
promising candidates for the multifunctional growth inhibition of
B12-dependent drug-resistant microorganisms.

4. Experimental Section

General

RV, rotatory evaporator; RT, room temperature (23 °C); 10 mM
aqueous potassium phosphate buffer pH 6 (KP6-buffer); 10 mM
aqueous potassium phosphate buffer pH 7 (KP7-buffer); HPLC,
high-performance liquid chromatography; NMR, nuclear magnetic
resonance (spectroscopy).

Solvents

Acetic acid (HOAc, Sigma–Aldrich, glacial, ACS reagent, ≥99.7%,
distilled under Ar); water ddH2O (Millipore MiliQ Academic, HPLC
gradient grade); methanol (MeOH; Fisher, ≥99.8%, HPLC grade);
t-butanol (t-BuOH, Fluka, puriss. p.a.); acetone (Fluka, puriss. p.a.);
acetonitrile (ACN, Fluka, puriss. p.a.); D2O (Euriso-top, 99.96%D).

Chemicals and Materials

Rhβ-methylrhodibyrate (MeβRhby)[5] was obtained by chemical syn-
thesis from hydrogenobyric acid (Hby);[1b] the B12-nucleotide [1a,6]

and human CblC (also named MMACHC) (lacking the C-terminal
disordered residues 244–296)[41] were isolated and prepared as
published. Glutathione (GSH, purity> 98%, Sigma–Aldrich)
(see Supporting Information for further details).

Figure 6. Growth of the opportunistic skin pathogen Cutibacterium acnes is
inhibited by MeRhbl. C. acnes subsp. acnes (DSM1897) was grown on a
defined medium containing glucose (left) or lactate (right) as carbon and
energy source.[24] Added MeRhbl inhibited the growth in a concentration-
dependent manner (see Supporting Information for details), monitored as
optical density (error bars indicate the standard deviation).
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Spectroscopy

UV-Vis spectra: Agilent Technologies Cary 60; λmax (log ε) in nm. NMR:
500MHz Agilent DD2 and 700MHz Bruker Avance Neo spectrometers.
1H-NMR spectra: coupling constants J given in Hz, referenced against
TMS (calculated frequency) or internal water (at 4.70 ppm at 298 K).[42]

Hetero-nuclear NMR-spectra were acquired using the listed 500 and
700MHz spectrometers. 1H- and 13C-NMR chemical shift values
(the latter referenced against the calculated frequency for TMS) were
from 1H-decoupled 13C-spectra, as well as 1H,1H-COSY, 1H,1H-ROESY,
1H,13C-HSQC, and 1H,13C-HMBC spectra; 15N-NMR chemical shift
values and signal assignments were derived from 1H,15N-HSQC and
1H,15N-HMBC spectra (referenced against the calculated frequency
for liquid NH3 at 298 K). ESI-MS. Finigan LCQ classic, HR-ESI-MS:
Finnigan/Thermo-Fischer LTQ Orbitrap spectrometer; positive ion
mode: m/z (relative intensity in % in reference to basis signal); spray
solutions of samples in H2O : methanol.

HPLC

Hitachi Pump, type L-2130; Diode Array Detector L2450 L-P19596-1/07
(detection at λ= 480 nm); injection: manual loading of the injection
loop (20–100 μl); stationary phase: Phenomenex HyperClone ODS
(C18); column: 250 � 4.60 (5 μm); solvent composition: 10mM
KP7-buffer / MeOH: 0–34.5min (20–95% MeOH), 34.5–38.5min (95%
MeOH), 38.5–39.5min (95–20% MeOH), 39.5-44.5 min (20% MeOH).

X-Ray Crystallography

A sample of about 3mg of MeRhbl, first dissolved in about 200 μL of
water, started to crystallize spontaneously upon dropwise addition of
ACN until turbidity was observable. The sample was stored overnight
at room temperature in order to crystallize to practical completion.
A single crystal ofMeRhblwas selected for the X-ray diffraction experi-
ments. These were carried out with a Bruker D8 Quest diffractometer at
173 K, Photon 100 Detector. The structure was solved by direct meth-
ods and refined against F2-values using the program SHELXL-97.[43]

Preparation of Methylrhodibalamin (MeRhbl) from
Rhβ-Methylrhodibyrate (MeβRhby)

In a 25ml round bottom flask and with reduced indirect day light, a
powder sample of 5.3 mg (5.3 μmol) of Rhβ-methylrhodibyrate
(MeβRhby) was dissolved in 6ml of water. Then, 6.7 mg of crystalline
B12-nucleotide (DMB-Nuc,16 μmol) were added to the yellow-orange
solution, which changed its color immediately to red-orange.
Subsequently 4.2 mg HOBt (32 μmol) were added to the reaction solu-
tion. The flask was cooled with ice externally to about 0 °C and a cold
solution of 21mg EDC*HCl (100 μmol, in 250 μL of water) was added.
After a reaction time of 1 h roughly 95% conversion was indicated by
HPLC analysis. The reaction mixture was kept at about 0 °C for addi-
tional 30min, warmed up to RT and stirred for 1.5 h. An HPLC-analysis
indicated complete conversion to MeRhbl. The reaction solution was
applied to a conditioned RP-18 cartridge, which then was washed with
30ml of water. The orange red fraction of MeRhbl was eluted by
roughly 12ml each of water:MeOH (3:1) and of water:MeOH (2:1).
The eluate containing about 5.2 μmol orange MeRhbl (UV/Vis) was
concentrated under light protection to about 7ml using an RV at
T< 40 °C und was stored in the freezer overnight. On the next day
it was dried under light protection using an RV at T< 40 °C. The residue
was dissolved in MeOH and applied to a SiO2 column (length 6 cm,
φ = 2.5 cm). With about 15ml of MeOH the remaining B12-nucleotide
was washed out and the orangeMeRhbl fraction was elutedwith about
25ml of MeOH:H2O (3:1), identified by UV/Vis analysis. The solvents of
the eluate were evaporated off with protection from light; the sample
was dried (HV, RT, 20min) and taken up in roughly 2ml of MeOH. After

the solvents were removed again the sample was dried (HV/RT, 5 h) and
weighed (7.1mg, 5.1 μmol, 97% yield). For crystallization, the purified
MeRhblwas dissolved in about 300 μL of water and acetone was added
slowly until turbidity was observed. Orange red crystals started to form
and the batch was stored in the refrigerator overnight. The crystals were
separated from themother liquor and washed with copious amounts of
acetone and then dried (HV, RT), furnishing 6.9mg (5.0 μmol, 94% yield)
of orange red crystalline MeRhbl. It was identified by HPLC, HR-MS,
UV/Vis, and 1H-NMR spectra; 500MHz spectrum in D2O (Figure 2)
and spectra at 700MHz in H2O /5% D2O (SI). For the here improved
alternative procedure for preparing MeRhbl[8] from crystalline chloro-
rhodibalamin (ClRhbl),[9] see Supporting Information.

UV/Vis

(H2O, c= 0.086 mM): λmay (log ε)= 507 (3.93), 488 (3.95), 422 (3.58),
405 (3.58), 349 (4.32), 289 (4.19), 283 (4.19), 270 (4.18), 259 (4.20)
(Figure 1).

HR-MS

(ESI, positive ions, LTQ-Orbitrap, MeOH/H2O (9:1)): m/z (%)= 1428.52 (6),
1427.52 (13), 1426.51 (17, [Mþ K]þ); 1412.55 (29), 1411.54 (81), 1410.54
(100, [Mþ Na]þ); 1390.57 (8), 1389.56 (22), 1388.56 (29, [Mþ H]þ), m/zcalc
(C63H92N13O14PRh)= 1388.57 (Figure S1a,b, Supporting Information).

MeRhbl Demethylation Activity of MMACHC
(also Named CblC)

MMACHC (or CblC) [7b, 41] (40 μM final concentration) was added to a
solution of MeRhbl (20 μM) in 100mM HEPES,[41] 150 mM KCl 10%
glycerol pH 7.4, and incubated for 20min at 20 °C. Then, GSH
(5 mM) was added and incubated for 60 min. UV/vis spectra
were recorded every 1 min. For HPLC analysis (see Figure S24,
Supporting Information), the reaction was terminated by precipitat-
ing protein with trifluoracetic acid (1% v/v), centrifuged for 3 min at
13,600 x g and immediately analyzed (by HPLC). The supernatant
(100 μl) was injected onto a C18 column (Phenomenex Luna
C-18�2, 4.6� 250 mm). The column was eluted using the following
system: Buffer B: 10 mM potassium phosphate pH 7.0 and Buffer C:
acetonitrile, and the following gradient at a flow rate of 1 ml min�1

(time, % Buffer C): 0–2min, 2%; 2—12min, 15%; 12–25min, 18%;
25–39min, 40%; 39–43min, 60%; 43–44min, 2%; 44–50min, 2%.

MeRhbl Inhibiton of Growth of Cutibacterium Acnes
DSM1897

Cutibacterium acnes subsp. acnes (DSM1897) was grown on a defined
medium with glucose or lactate added as a carbon and energy source
as described by Holland et al.[24] MeRhblwas added to the medium at
a final concentration of 10, 50, or 100 nM. Growth was monitored as a
function of optical density at 600 nm at 37 °C in five independent
biological replicates (see Figure 6).

Acknowledgements

The authors would like to thank Thomas Müller for help with mass
spectra. This work was supported by the Austrian Science Fund (FWF
projects P-28892 and P-33059, to B.K.), by the Biotechnology and
Biological Sciences Research Council (BBSRC), and by the BBSRC
Institute Strategic Programme Food Microbiome and Health BB/
X011054/1 and its constituent project BBS/E/F/000PR13630, as well
as project grants BB/X001946/1 and BB/Y008456/1 to MJW.

ChemistryEurope 2025, 00, e202500157 (6 of 7) © 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH

Research Article
doi.org/10.1002/ceur.202500157

http://doi.org/10.1002/ceur.202500157


Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: crystal structures · enzyme inhibitors · growth
inhibitors · organometallic catalysts · vitamin B12

[1] a) A. Eschenmoser, Angew. Chem. Int. Ed. 1988, 27, 5; b) C. Kieninger, E. Deery,
A. D. Lawrence, M. Podewitz, K. Wurst, E. Nemoto-Smith, F. J. Widner,
J. A. Baker, S. Jockusch, C. R. Kreutz, K. R. Liedl, K. Gruber, M. J. Warren,
B. Kräutler, Angew. Chem. Int. Ed. 2019, 58, 10756; c) J. M. Pratt, Inorganic
Chemistry of Vitamin B12, Academic Press, New York 1972.

[2] a) H. A. Barker, R. D. Smyth, H. Weissbach, J. L. Toohey, J. N. Ladd,
B. E. Volcani, J. Biol. Chem. 1960, 235, 480; b) P. G. Lenhert,
D. C. Hodgkin, Nature 1961, 192, 937; c) K. Bernhauer, F. Wagner,
O. Müller, Angew. Chem. Int. Ed 1963, 75, 1145; d) B. Kräutler,
D. Arigoni, B. T. Golding, Vitamin B12 and B12-Proteins, John Wiley VCH,
Weinheim 1998; e) R. Banerjee, Chemistry and Biochemistry of B12,
John Wiley & Sons, New York, Chichester 1999; f ) B. Kräutler, in
Advances in Bioorganometallic Chemistry, (Eds: T. Hirao and
T. Moriuchi), Elsevier, Cambridge, USA, 2019, pp. 399–429.

[3] a) E. N. G. Marsh, C. L. Drennan, Curr. Opin. Chem. Biol. 2001, 5, 499;
b) R. Banerjee, S. W. Ragsdale, Ann. Rev. Biochem. 2003, 72, 209; c) B. Kräutler,
B. Puffer, Handbook of Porphyrin Science, Vol. 25 (Eds: K.M. Kadish,
K. M. Smith, and R. Guilard), World Scientific, Singapore 2012, pp. 131–263.

[4] a) B. Kräutler, Chem. Eur. J. 2015, 21, 11280; b) F. J. Widner, A. D. Lawrence,
E. Deery, D. Heldt, S. Frank, K. Gruber, K. Wurst, M. J. Warren, B. Kräutler,
Angew. Chem. Int. Ed. 2016, 55, 11281; c) B. Kräutler, Chem. Eur. J. 2020, 26,
15438; d) M. Ruetz, R. Mascarenhas, F. Widner, C. Kieninger, M. Koutmos,
B. Kräutler, R. Banerjee, Biochemistry 2024, 63, 1955.

[5] F. J. Widner, C. Kieninger, B. Kraeutler, J. Porph. Phthal. 2025, 29, 408.
[6] F. Kreppelt, Regioselective Reconstitution of Vitamin B12 by Nucleotidation

of Cobyrinic Acid Heptakis(cyanomethyl)ester Dissertation ETH Zürich
No. 9458 1991.

[7] a) S. N. Fedosov, Water Soluble Vitamins (Ed: O. Stanger), Springer,
Dordrecht 2012, 347–368; b) R. Banerjee, H. Gouda, S. Pillay, Acc.
Chem. Res. 2021, 54, 2003.

[8] V. B. Koppenhagen, B. Elsenhans, F. Wagner, J. J. Pfiffner, J. Biol. Chem.
1974, 249, 6532.

[9] F. J. Widner, C. Kieninger, K. Wurst, E. Deery, M. J. Warren, B. Kräutler,
Synthesis 2021, 53, 332.

[10] M. Tollinger, T. Dérer, R. Konrat, B. Kräutler, J. Mol. Catal. 1997, 116, 147.
[11] a) L. Randaccio, S. Geremia, G. Nardin, J. Würges, Coord. Chem. Rev. 2006,

250, 1332; b) M. Rossi, J. P. Glusker, L. Randaccio, M. F. Summers,
P. J. Toscano, L. G. Marzilli, J. Am. Chem. Soc. 1985, 107, 1729.

[12] B. Cordero, V. Gomez, A. E. Platero-Prats, M. Reves, J. Echeverria,
E. Cremades, F. Barragan, S. Alvarez, Dalton Trans. 2008, 21, 2832.

[13] M. Wiedemair, C. Kieninger, K. Wurst, M. Podewitz, E. Deery, M. D. Paxhia,
M. J. Warren, B. Kräutler, Helv Chim Acta 2023, 106, e202200158.

[14] C. Kratky, A. Fässler, A. Pfaltz, B. Kräutler, B. Jaun, A. Eschenmoser, J. Chem.
Soc. Chem. Commun. 1984, 1368.

[15] C. Kieninger, J. A. Baker, M. Podewitz, K. Wurst, S. Jockusch,
A. D. Lawrence, E. Deery, K. Gruber, K. R. Liedl, M. J. Warren,
B. Kräutler, Angew. Chem. Int. Ed. 2019, 58, 14568.

[16] a) T. A. Stich, A. J. Brooks, N. R. Buan, T. C. Brunold, J. Am. Chem. Soc. 2003,
125, 5897; b) P. M. Kozlowski, B. D. Garabato, P. Lodowski, M. Jaworska,
Dalt. Trans. 2016, 45, 4457.

[17] R. Perez-Castano, J. Aranda, F. J. Widner, C. Kieninger, E. Deery,
M. J. Warren, M. Orozco, M. Elias-Arnanz, S. Padmanabhan, B. Kräutler,
Angew. Chem. Int. Ed. 2024, 63, e202401626.

[18] M. Gardiner, A. J. Thomson, J. Chem. Soc. Dalton Trans. 1974, 820.
[19] a) B. Kräutler, R. Stepanek, Helv. Chim. Acta 1983, 66, 1493; b) B. Kräutler,

R. Stepanek, Angew. Chem. Int. Ed. 1985, 24, 62.
[20] B. Kräutler, in Vitamins and Hormones, Vol. 119, (Ed: G. L. Litwack)Academic

Press, Cambridge, Mass. 2022, pp221–240.
[21] L. Hannibal, P. M. DiBello, M. Yu, A. Miller, S. H. Wang, B. Willard,

D. S. Rosenblatt, D. W. Jacobsen, Mol. Genet. Metab. 2011, 103, 226.
[22] a) L. Hannibal, D. W. Jacobsen, Vitam. Horm. 2022, 119, 275; b) L. Hannibal,

J. Kim, N. E. Brasch, S. H. Wang, D. S. Rosenblatt, R. Banerjee,
D. W. Jacobsen, Mol. Genet. Metab. 2009, 97, 260.

[23] a) J. Kim, L. Hannibal, C. Gherasim, D. W. Jacobsen, R. Banerjee, J. Biol.
Chem. 2009, 284, 33418; b) M. Ruetz, A. Shanmuganathan,
C. Gherasim, A. Karasik, R. Salchner, C. Kieninger, K. Wurst, R. Banerjee,
M. Koutmos, B. Kräutler, Angew. Chem. Int. Ed. 2017, 56, 7387.

[24] K. T. Holland, J. Greenman, W. J. Cunliffe, J.Appl. Bacteriol. 1979,
47, 383.

[25] a) M. Ruetz, C. Gherasim, S. N. Fedosov, K. Gruber, R. Banerjee, B. Kräutler,
Angew. Chem. Int. Ed. 2013, 52, 2606; b) M. Ruetz, M. Koutmos, B. Kräutler,
in Coenzyme B12, Methods in Enzymology, Vol. 668, (Ed: E. N. G. M. Marsh)
Academic Press, Cambridge, MA 2022, pp.157–178.

[26] X. F. Fu, B. B. Wayland, J. Am. Chem. Soc. 2005, 127, 16460.
[27] a) B. D. Martin, R. G. Finke, J. Am. Chem. Soc. 1992, 114, 585;

b) I. Kobylianskii, F. Widner, B. Kräutler, P. Chen, J. Am. Chem. Soc.
2013, 135, 13648.

[28] B. B. Wayland, S. L. Vanvoorhees, C. Wilker, Inorg. Chem. 1986, 25, 4039.
[29] J. J. R. F. da Silva, R. J. P. Williams, The Biological Chemistry of the Elements,

Clarendon Press, Oxford 1991.
[30] B. Dréno, S. Pécastaings, S. Corvec, S. Veraldi, A. Khammari, C. Roques,

JEADV 2018, 32, S2.
[31] a) A. Nahvi, J. E. Barrick, R. R. Breaker, Nucl. Acids Res. 2004, 32, 143;

b) M. Mandal, R. R. Breaker, Nat. Rev. Mol. Cell Biol. 2004, 5, 451;
c) J. E. Johnson, F. E. Reyes, J. T. Polaski, R. T. Batey, Nature 2012, 492, 133.

[32] J. T. Polaski, S. M. Webster, J. E. Johnson, R. T. Batey, J. Biol. Chem. 2017,
292, 11650.

[33] a) R. K. Thauer, A. K. Kaster, H. Seedorf, W. Buckel, R. Hedderich,
Nat. Rev. Microbiol. 2008, 6, 579; b) R. K. Thauer, Microbiology 1998,
144, 2377.

[34] G. Fuchs, Ann. Rev. Microbiol. 2011, 65, 631.
[35] a) R. G. Matthews, Acc. Chem. Res. 2001, 34, 681; b) J. Mendoza, M. Purchal,

K. Yamada, M. Koutmos, Nat Commun 2023, 14, 6365; c) R. G. Matthews,
M. Koutmos, S. Datta, Curr. Opin. Struct. Biol. 2008, 18, 658.

[36] a) H. Mosimann, B. Kräutler, Angew. Chem. Int. Ed. 2000, 39, 393;
b) Q. Zhang, W. van der Donk, W. Liu, Acc. Chem. Res. 2012, 45, 555;
c) J. Gagsteiger, S. Jahn, L. Heidinger, L. Gericke, J. N. Andexer,
T. Friedrich, C. Loenarz, G. Layer, B. L., Angew. Chem. Int. Ed. 61,
e202204198; d) J. Bridwell-Rabb, C. L. Drennan, ACS Bio. Med. Chem.
Au. 2022, 2, e202204198.

[37] H. M. Marques, J. Inorg. Biochem. 2023, 242, 112154.
[38] K. Gruber, B. Puffer, B. Kräutler, Chem. Soc. Rev. 2011, 40, 4346.
[39] a) K. J. Kennedy, F. J. Widner, O. M. Sokolovskaya, L. V. Innocent,

R. R. Procknow, K. C. Mok, M. E. Taga, mBio 2022, 13, e01121;
b) V. Panchal, R. Brenk, Antibiotics 2021, 10, 45; c) S. R. Lennon,
A. J. Wierzba, S. H. Siwik, D. Gryko, A. E. Palmer, R. T. Batey, ACS Chem.
Biol. 2023, 18, 1136.

[40] a) S. Padmanabhan, R. Perez-Castano, M. Elias-Arnanz, Curr. Opin. Struct.
Biol. 2019, 57, 47; b) Z. Cheng, H. Yamamoto, C. E. Bauer, Trends Biochem.
Sci. 2016, 41, 647.

[41] a) C. Gherasim, M. Ruetz, Z. Li, S. Hudolin, R. Banerjee, J. Biol. Chem. 2015,
290, 11393; b) M. Koutmos, C. Gherasim, J. L. Smith, R. Banerjee, J. Biol.
Chem. 2011, 286, 29780.

[42] E. Pretsch, T. Clerc, J. Seibl, W. Simon, Tabellen zur Strukturaufklärung
Organischer Verbindungen, Springer Verlag, Berlin 1976.

[43] G. M. Sheldrick, SHELXL-97, a Program for the Refinement of Crystal
Structure from Diffraction Data, University of Göttingen, Göttingen 1997.

Manuscript received: May 11, 2025
Revised manuscript received: June 20, 2025
Version of record online:

ChemistryEurope 2025, 00, e202500157 (7 of 7) © 2025 The Author(s). ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH

Research Article
doi.org/10.1002/ceur.202500157

http://doi.org/10.1002/ceur.202500157

