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Abstract
Cyanocobalamin (CNCbl), a medicinal form of vitamin B12, is resistant to glutathione (GSH), and undergoes intracellular 
processing via reductive decyanation producing the Co(II)-form of Cbl (Cbl(II)) mediated by the CblC-protein. Alteration 
of the CblC-protein structure might inhibit CNCbl processing. Here, we showed that introducing a bromine atom to the 
C10-position of the CNCbl corrin ring facilitates its reaction with GSH leading to the formation of Cbl(II) and cyanide 
dissociation. In a neutral medium, the reaction between C10-Br-CNCbl and GSH proceeds via the complexation of the 
reactants further leading to dimethylbenzimidazole (DMBI) substitution and electron transfer from GSH to the Co(III)-ion. 
The reaction is accelerated upon the GSH thiol group deprotonation. The key factors explaining the higher reactivity of C10-
Br-CNCbl compared with unmodified CNCbl towards GSH are increasing the electrode potential of CNCbl two-electron 
reduction upon meso-bromination and the substantial labilization of DMBI, which was shown by comparing their reactions 
with cyanide and the pKa values of DMBI protonation (pKa base-off). Aquacobalamin (H2OCbl) brominated at the C10-position 
of the corrin reacts with GSH to give Cbl(II) via GSH complexation and subsequent reaction of this complex with a second 
GSH molecule, whereas unmodified H2OCbl generates glutathionyl-Cbl, which is resistant to further reduction by GSH.

Graphical abstract

Keywords  Vitamin B12 · Cyanocobalamin · Aquacobalamin · Glutathione · Reduction · meso-Modification

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00775-023-02009-x&domain=pdf
http://orcid.org/0000-0003-1332-4998


572	 JBIC Journal of Biological Inorganic Chemistry (2023) 28:571–581

1 3

Abbreviations
C10-Br-CNCbl	� CNCbl brominated at C10-position of 

corrin ring
C10-Br-H2OCbl	� H2OCbl brominated at C10-position of 

corrin ring
Cbi	� Cobinamide
Cbl	� Cobalamin
CNCbl	� Cyanocobalamin
DMBI	� 5,6-Dimethylbenzimidazole
GSCbl	� Glutathionylcobalamin
GSH	� Glutathione
H2OCbl	� Aquacobalamin
C10-Br-SO3Cbl	� Sulfitocobalamin brominated at 

C10-position of corrin ring

Introduction

Cyanocobalamin (CNCbl) is relatively inert in comparison 
with aquacobalamin. Numerous examples of ligand substitu-
tion reactions have been reported to H2OCbl [1, 2], whereas 
CNCbl does not react with most of ligands. It is resistant to 
mild reducing agents and can be reduced to Co(II) and Co(I)-
species by NaBH4, Ti(III), Zn [1], and sulfur-containing 
compounds (e.g., dithionite, sodium hydroxymethanesulfi-
nate [3], and sulfoxylate [1]). Among biological reductants, 
conversion of CNCbl to one-electron reduced cobalamin 
(Cbl(II)) is achievable by the hydroquinone form of flavin 
mononucleotide (FMNH2) [4]. Reactions of CNCbl with 
FMNH2, dithionite, or hydroxymethanesulfinate proceed via 
slow dissociation of 5,6-dimethylbenzimidazole nucleotide 
(DMBI) and faster coordination of the reductant on Co(III) 
with the subsequent electron transfer [4]. The reduction of 
CNCbl to Co(II)-form results in its decyanation [5].

Despite the low reactivity of CNCbl, it undergoes effi-
cient intracellular processing to coenzyme species. This 
process is mediated by CblC-protein, which utilizes flavin 
mononucleotide to transfer electron from reduced nico-
tinamide adenine dinucleotide phosphate to Co(III)-ion 
[6, 7]. The generated Cbl(II) is further used to synthesize 
methyl- and adenosyl-Cbls. Mutations can cause altera-
tions of the CblC-protein structure, leading to its inability 
to process CNCbl and other Cbl species [8]. In this case, 
developing novel Cbl species that CblC-protein can pro-
cess with an altered structure is important. One of the 
approaches suggests the application of cysteaminyl- and 
2-mercaptopropionylglycino-Cbls, which can repair the 
activity of pathogenic forms of CblC in contrast to the 
inactive glutathionyl-Cbl [9].

An alternative approach may utilize modification of Cbl 
structure (e.g., corrin ring). In this case, introduction of 
various substituents to the C10-position of the corrin ring 
can cause changes in the properties of the Co(III)-ion and 

axial bonds [10–12] and its reactivity toward biological 
molecules, which, however, remains poorly understood. 
meso-Bromination of CNCbl is a relatively straightforward 
process: it can be performed in high yield using N-brom-
osuccinimide in glacial acetic acid [13, 14]. C10-chlorin-
ation of CNCbl represents a rather more complex task, 
since most chlorination agents react with Cbls with the 
formation of C10-chlorinated c-lactone derivatives [15, 
16]. Synthesis of C10-brominated aquacobalamin (C10-
Br-H2OCbl) is a more complex process. The first method 
of C10-Br-H2OCbl preparation involves (i) alkylation of 
the Co(III)-ion in CNCbl via its reduction to the Co(I)-
form of Cbl (Cbl(I)) and subsequent addition of an alkyl 
halide, (ii) bromination of the generated organo-Cbl with 
N-bromosuccinimide, and (iii) photolytic dealkylation 
of the C10-Br-alkyl-Cbl under aerobic conditions [17]. 
Another method of C10-Br-H2OCbl synthesis suggests 
(i) conversion of C10-Br-CNCbl to C10-Br-phenylethy-
nylCbl in the presence of phenylacetylene, Cu(I) acetate, 
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in dime-
thyl acetamide medium, and dealkylation of C10-Br-phe-
nylethynyl-Cbl in acidic medium [18]. Ligand-exchange 
reactions involving C10-Br-H2OCbl have been studied. 
It was shown that C10-Br-H2OCbl, as well as C10-Cl-
H2OCbl, reacts more slowly with azide and imidazole than 
unmodified H2OCbl, whereas meso-halogenation increases 
equilibrium constants for binding sulfite, azide, and nitrite 
and decreases the stability of complexes with imidazole 
4-N,N-dimethylaminopyridine [11, 17]. These results were 
explained by the decrease of charge on the Co(III)-ion 
due to meso-halogenation, whereas the charge on the cor-
rin ring becomes more positive [17]. Halogen atoms in 
Cbls act as σ-withdrawing substituents and π-donors [19]. 
meso-Halogenation affects axial bond lengths as well. For 
example, the Co–N(DMBI) bond length increases upon 
chlorination of CNCbl and chlorination or bromination of 
H2OCbl, whereas meso-bromination of azido-Cbl causes 
shortening Co-N(DMBI) bond length [15, 17]. The redox 
properties of meso-halogenated Cbls are almost unex-
plored: meso-halogenation results in a positive shift of 
the electrode potential of the CNCbl reduction to Cbl(I) 
[13, 18]. Considering the biological importance of meso-
halogenated Cbls [13, 20, 21], studies of their reactions 
with biological substrates represent an important task.

Reactions of Cbls with glutathione (GSH) play an impor-
tant role in their biochemistry. H2OCbl tightly binds GSH 
to give glutathionylcobalamin (GSCbl) [22], which was 
detected in vivo [23]. GSCbl can be processed by CblC-
protein to reduced species utilizing another GSH molecule 
[24]. GSH is involved in processing of alkyl-Cbls; it attacks 
the Co(III)-C bond to give Co(I)-species and thioether [25]. 
Nevertheless, reactions of meso-modified Cbls with GSH 
remain unstudied. Here, we report the results of the study of 
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the reaction between C10-Br-cyano- and C10-Br-aqua-Cbls 
and GSH (Fig. 1).

Experimental section

Cyanocobalamin (Sigma-Aldrich; ≥ 98%), hydroxocobala-
min hydrochloride (Sigma-Aldrich; ≥ 96%), l-glutathione 
(J&K; GSH; 99%), potassium cyanide (Sigma-Aldrich; 
97%), N-bromosuccinimide (Alfa Aesar; 99%), glacial acetic 
acid (Khimreactiv, Russia), and trifluoroacetic acid (Sigma-
Aldrich; 99%) were used without additional purification.

C10-Br-CNCbl was synthesized according to the reported 
procedure [13], i.e., a slight excess of N-bromosuccinimide 
was slowly added by 0.5 mg portions to CNCbl dissolved in 
glacial acetic acid. C10-Br-CNCbl was purified by column 
chromatography on silica gel (Macherey–Nagel Silica 60, 
0.04–0.063 mm) using water as eluent and lyophilized. The 
UV–vis spectrum of the product coincided with that reported 
in the literature: λmax are 365, 550, and 576 nm (Fig. S1) 
[13]. The incorporation of a bromine atom in CNCbl was 
proved by MALDI-MS (Fig. S2). The bromination of the 
C10-position of the corrin ring is supported by 1H NMR 
(Figs. S3, S4), i.e., the signal of the C10-proton is lack-
ing in the spectrum of the product. Signals in the 1H NMR 
spectrum were assigned according to the reported data [26].

C10-Br-H2OCbl was synthesized using the following pro-
cedure: 20 mg of C10-Br-CNCbl was dissolved in an acetate 
buffer (pH 5) containing 0.1 M sodium sulfite. The solution 
was incubated at room temperature for 30 min. Generated 
C10-Br-SO3Cbl was purified using column chromatogra-
phy on Macherey–Nagel Silica 60 (0.04–0.063 mm) with 
water as the eluent. Sodium periodate (10 mg) was added 
to the purified C10-Br-SO3Cbl, and C10-Br-H2OCbl was 
formed almost immediately. C10-Br-H2OCbl was then puri-
fied by column chromatography on Macherey–Nagel Silica 
60 (0.04–0.063 mm), with the column being continuously 
washed with water and then by aqueous ethanol (60%). C10-
Br-H2OCbl was finally eluted by aqueous acetic acid (10%) 
and lyophilized. The UV–vis spectrum of the product coin-
cided with that reported in the literature, with λmax at 356, ca. 
535, and 554 nm (Fig. S1). The incorporation of a bromine 
atom in H2OCbl was proved by MALDI-MS (Fig. S2) and 
the presence of a bromine atom in the C10-position of the 
corrin ring was supported by 1H NMR (Figs. S5, S6). The 
identity of C10-Br-H2OCbl was supported by a compari-
son of characteristic chemical shifts with the literature data 
(Table S1).

CNCbi was synthesized using a published procedure [27]. 
The UV–vis spectrum of the product coincided with that 
reported in the literature: λmax were 353, 496, and 528 nm 
(Fig. S1) [28]. The absence of DMBI was supported by 
MALDI-MS (Fig. S2). The same protocol was employed 

for synthesizing C10-Br-CNCbi with the use of C10-Br-
CNCbl as starting complex. C10-Br-CNCbi was purified 
by column chromatography on silica gel (Macherey–Nagel 
Silica 60, 0.04–0.063 mm): the column was continuously 
washed with water, then diluted acetic acid (0.1%). C10-Br-
CNCbi was finally eluted with aqueous acetic acid (10%) and 
lyophilized. λmax were 359, 524, and 548 nm (Fig. S1). The 
incorporation of the bromine atom and the absence of DMBI 
in C10-Br-CNCbi were proved by MALDI-MS (Fig. S2).

Buffer solutions (phosphate, borate, and carbonate; 
0.1 M) were used to maintain pH during the measurements. 
The pH values of the solutions were determined using the 
Multitest IPL-103 pH-meter (SEMICO) equipped with 
the ESK-10601/7 electrode (Izmeritelnaya tekhnika) 
filled with 3.0 M KCl solution. The electrode was pre-
liminarily calibrated using standard buffer solutions (pH 
1.65–12.45). In a strongly acidic medium, pH values were 
adjusted by adding exact quantities of trifluoroacetic acid 
and calculated using its pKa = 0.25 (25.0 °C) [29].

Ultraviolet–visible (UV–vis) spectra were recorded on 
a cryothermostated (± 0.1 °C) Cary 50 UV–vis or Shi-
madzu UV-1800 spectrophotometers in quartz cells under 
anaerobic conditions. The kinetics of the reaction between 

Fig. 1   The chemical structure of C10-Br-CNCbl
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C10-Br-CNCbl and cyanide was studied on a thermostated 
(± 0.1 °C) RX2000 (Applied Photophysics, UK) rapid 
mixing stopped-flow accessory connected to the Cary 50 
spectrophotometer. Experimental data were analyzed using 
Origin 9.1 software.

NMR measurements were performed on a Bruker 
Avance III 500 NMR spectrometer in D2O (Cambridge 
Isotope Laboratories Inc.; 99.9%). The spectral width 
of the NMR was 7 kHz, and the spectral resolution was 
0.222  Hz. The total number of data points acquired 
was 32,768, with a total acquisition time of 4 min. The 
WATERGATE [30] sequence is a pulse sequence designed 
to suppress the signal from water molecules in 1H NMR 
spectra. It consists of a W5 train, a series of five pulses, 
followed by a 213 μs binomial delay. The W5 train is 
designed to create a strong magnetization transfer from the 
water molecules to other molecules in the sample. At the 
same time, the binomial delay helps to further reduce the 
signal from water. This sequence can be used to improve 
the signal-to-noise ratio of 1H NMR spectra and to make 
it easier to identify and quantify the signals from other 
molecules in the sample. The 1D NMR spectra were pro-
cessed using various techniques, including exponential 
decay multiplication to 0.3 Hz, zero filling, line broaden-
ing, and baseline correction.

MALDI-MS measurements were performed on a Shi-
madzu AXIMA Confidence mass-spectrometer with 
2,5-dihydroxybenzoic acid as the matrix for Cbl species. 
Mass spectra of Cbi species were collected in the absence 
of a matrix.

Cyclic voltammetry experiments were carried out using 
an Elins R-20H potentiostat–galvanostat (Electro Chemi-
cal Instruments, Russia). A conventional three electrode 
arrangement consisting of a glassy carbon working elec-
trode, a platinum wire as the counter electrode, and a sil-
ver chloride (in 4.2 M KCl) reference electrode (0.202 V 
vs NHE at 20  °C) was employed. The scan rate was 
100 mV/s. Before the measurements, the surface of the 
glassy carbon electrode was polished with alumina powder 
and phosphate buffer (0.1 M) was used as the supporting 
electrolyte.

Results and discussion

Adding GSH (20 mM) to CNCbl in a neutral medium and 
incubating the mixture for two hours does not result in 
noticeable changes in the UV–vis spectrum. At pH 11.2, 
changes in the UV–vis spectrum upon incubation of 
CNCbl with GSH (5 mM) become more pronounced (Fig. 
S7), i.e., maxima at 312 and 478 nm emerge indicating the 
formation of Cbl(II). These results can be explained by the 
generation of thiolate species (GS−; pKa for deprotonation 

of thiol group of GSH is 8.9 at 25.0 °C [31]), which sub-
stitute DMBI in CNCbl to give an unstable CNCbl-−SG 
complex that decomposes to Cbl(II), CN− and a thiyl 
radical. To support this mechanism, GSH was added to 
aquacyano cobinamide (H2O)(CN)Cbi, a nucleotide-free 
derivative of CNCbl. The first step of the reaction pro-
ceeds upon mixing of the reactants, i.e. new maxima at 
314, 367, 470, 539 and 580 nm emerge (Fig. S8), which 
can be attributed to the mixture of the Co(II)-form of Cbi 
(Cbi(II); maxima at 314 and 470 nm [32]) and dicyano-
Cbi (maxima at 367, 539 and 580 nm [33]; (CN)2Cbi). 
The second step is accompanied by a slow decrease of 
absorbance at 367, 539 and 580 nm (Fig. S8) indicating 
the reduction of (CN)2Cbi to Cbi(II). Thus, (H2O)(CN)
Cbi rapidly reacts with GSH with the formation of Cbi(II) 
and CN−, which further binds with the remaining (H2O)
(CN−)Cbi to give (CN)2Cbi. Subsequent reaction between 
(CN)2Cbi and GSH proceeds at a slow rate. Therefore, 
substituting DMBI by GSH is a key step in the course of 
CNCbl reduction by GSH, which is unavailable at physi-
ological pH.

In contrast to CNCbl, the addition of GSH (20 mM) to 
C10-Br-CNCbl in a neutral medium is accompanied by the 
slow formation of species with maxima at 318 and 485 nm 
(Fig. 2A). The UV–vis spectrum of the reaction product 
resembles that of Cbl(II), although the maxima of Cbl(II) 
are blue-shifted compared to the brominated species. The 
formation of paramagnetic Co(II)-species is supported by 
1H NMR (Fig. 3): the incubation of C10-Br-CNCbl with an 
excess of GSH leads to a gradual disappearance of all signals 
attributed to Cbl. Adding an aerobic solution of CN− to C10-
Br-CNCbl after the reaction with GSH leads to the formation 
of species identical to C10-Br-(CN)2Cbl (Fig. S9). Thus, 
the bromine atom remains in the corrin structure after the 
reaction with GSH, and the reaction between GSH and C10-
Br-CNCbl produces C10-Br-Cbl(II).

We studied the kinetics of the reaction between C10-Br-
CNCbl and an excess of GSH. At pH 7.4, the typical kinetic 
curve of the reaction is described by an exponential equa-
tion (Fig. 2A) indicating first order with respect to C10-Br-
CNCbl. The dependence of the observed rate constant (kobs.) 
on GSH concentration is nonlinear and reaches a plateau 
at [GSH] > 10 mM (Fig. 2B). This can be explained by the 
complexation between C10-Br-CNCbl and GSH prior to 
electron transfer from GSH to Co(III).

1H NMR followed the reaction between C10-Br-CNCbl 
and GSH (10 mM) at pH 6.4, a powerful tool for deter-
mining the kinetic parameters [34–36]. Typical kinetic 
curves of the reaction collected using the decay of signals 
in various regions of 1H NMR spectra (Fig. 3; S10) are 
described by an exponential equation, and their fitting pro-
duces kobs. = (1.3 ± 0.2)·10–4 s−1, which agrees with the value 
obtained using UV–vis data [kobs. = (1.0 ± 0.1)·10–4 s−1]. It 



575JBIC Journal of Biological Inorganic Chemistry (2023) 28:571–581	

1 3

is important to note that after mixing with GSH, signals of 
C10-Br-CNCbl in the aromatic region are shifted from 6.21, 
6.36, 6.97, and 7.15 ppm to 6.27, 6.41, 7.03, and 7.21 ppm, 
which supports complexation between the reactants.

To elucidate additional mechanistic details of the 
reaction between C10-Br-CNCbl and GSH, we studied 
the reaction between C10-Br-CNCbl and CN− in a basic 
medium (pH 11.2) to convert cyanide to its deprotonated 
form (pKa = 9.2 at 25.0 °C [37]). This process leads to the 
formation of C10-Br-(CN)2Cbl, which exhibits absorp-
tion maxima at 370, 562 and 603 nm (Fig. 4A). A typi-
cal kinetic curve is described by an exponential equation 
(Fig. 4A) and the observed rate constant exhibits satura-
tion behavior versus CN− concentration (Fig. 4B). Simi-
lar kinetic features have been reported for the reaction 
between unmodified CNCbl and CN−, and Scheme 1 and 
Eq. (1) have been suggested [38].

where k1, k-1, k2 and k-2 are rate constants corresponding to 
the step presented by Scheme 1.

Fitting the dependence presented in Fig. 4B to Eq. (1) 
gives values k1 = (0.12 ± 0.01) s−1, k-2 = (2.0 ± 0.1)·10–5 s−1, 
and k2/k-1 = (55 ± 3) M−1 (25.0  °C). For unmodified 
CNCbl, these values are k1 = 0.042 s−1, k-2 = 7·10–5 s−1, 
and k2/k-1 = 37 M−1 (25.0 °C) [38]. These results show 
that meso-bromination of CNCbl leads to labilization of 
DMBI and increases its affinity towards CN−, which agrees 
with earlier observations indicating that C10-Br-H2OCbl 
is more reactive towards anionic ligands and less reactive 

(1)kobs. =
k1k2[CN

−] + k−1k−2

k−1 + k2[CN
−]

towards neutral bases in comparison with native H2OCbl 
[17].

To further support the labilization of DMBI in C10-Br-
CNCbl, we determined the pKa base-off of this brominated 
species (see Scheme 2). We found that new maxima in the 
UV–vis spectrum at 361, 523, and 551 nm emerged upon 
acidification of the solution (Fig. 5). These maxima were 
relatively close to those of C10-Br-monocyanocobinamide 
(C10-Br-CNCbi; λmax: 359, 524 and 548 nm, Fig. S11), a 
nucleotide-free analog of C10-Br-CNCbl, which supports the 
formation of the base-off species of C10-Br-CNCbl in acidic 
medium. Fitting the dependence of absorbance at 576 nm 
on pH to Eq. (2) provided a value of pKa base-off = (1.1 ± 0.1) 
(25.0 °C; I = 0.2 M). This value was noticeably higher than 
the pKa base-off of CNCbl (0.1) [39, 40], which supports the 
labilization of DMBI upon meso-bromination of CNCbl.

A, A1 and A2 are the absorbances at the monitoring 
wavelength for the compound at a particular pH, for the 
protonated species, and for the deprotonated species, 
respectively.

The rate constant of DMBI dissociation (0.12 s−1) is sig-
nificantly higher than the rate constant on the plateau of 
dependence presented by Fig. 2B (ca. 2·10–4 s−1). We sug-
gest that the complexation between reactants initiates the 
reaction without substituting axial ligands. For the reaction 
between C10-Br-CNCbl and GSH at pH 7.4, the mechanism 
presented by Scheme 3 can be suggested. The complexation 
between CNCbl and GSH facilitates deprotonation of the 

(2)A = A1 + (A2 − A1)
10

pH

10
pH + 10

pKabase−off

Fig. 2   A UV–vis spectra of the reaction between C10-Br-CNCbl (2.3·10–5 M) and GSH (2.0 10–2 M) at pH 7.4, 25.0 °C. Inset: a kinetic curve of 
the reaction; B dependence of the observed rate constant (kobs.) on [GSH]
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thiol group of GSH, and further DMBI substitution. The 
complex Co(III)-−SG is unstable and decomposes to the 
thiyl radical and the Co(II)-form of C10-Br-CNCbl, which 
results in its decyanation.

For Scheme 3, Eq. 3 can be suggested:

(3)kobs. =
ksub.Kcompl.[GSH]

1 + Kcompl.[GSH]
,

where Kcompl. is the equilibrium constant for GSH binding by 
C10-Br-CNCbl, M−1; ksub. is the rate constant for DMBI sub-
stitution upon rearrangement of C10-Br-CNCbl-GSH com-
plex. Fitting the plot presented by Fig. 2B to Eq. (3) gives 
values Kcompl. = (100 ± 14) M−1 and ksub. = (2.4 ± 0.3)·10–4 s−1 
(pH 7.4, 25.0 °C).

Further, we studied the kinetics of the reaction between 
C10-Br-CNCbl and GSH at different pHs. In alkaline 
medium, the reaction produces C10-Br-Cbl(II) as in 
neutral solutions. However, the process proceeds more 

Fig. 3   (Left panel) 1H NMR spectra recorded during the reaction 
between C10-Br-CNCbl (7.0·10–4  M) and GSH (1.0·10–2  M) at pH 
6.4, room temperature. (Right panel) The kinetic curve of the reac-

tion was monitored using the integral intensity of the NMR signals 
at 7.2  ppm fitted to an exponential equation (kobs. = 1.3·10–4  s−1; 
R2 = 0.997)

Fig. 4   A UV–vis spectra of the reaction between C10-Br-CNCbl (3.5·10–5 M) and CN− (1.0·10–3 M) at pH 11.2, 25.0 °C. Inset: a kinetic curve 
of the reaction; B dependence of the observed rate constant of the reaction on cyanide concentration fitted to Eq. (1)
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rapidly and the profile of the kinetic curve becomes typi-
cal of an autocatalytic reaction (Figs. S13, S13). The ori-
gin of the autocatalytic behavior is unclear, although it 
could be due to further reactions involving the thiyl radi-
cal formed in the course of GSH oxidation. The depend-
ence of the rate of C10-Br-CNCbl reduction by GSH on 
pH is shown in Fig. 6, which demonstrates an increase 
in the rate (pH 6…9.2), and a further slight decrease 
(pH 9.2…11.2). This can be explained by the deprotona-
tion of the thiol group that accelerates DMBI substitu-
tion in C10-Br-CNCbl, and by the deprotonation of the 
NH3

+-group (pKa = 9.3 at 25.0 °C [31]) that generates a 
species slightly less reactive than the thiolate with a pro-
tonated amino group.

Taking into account Scheme 3 and the presence of two 
reaction pathways involving C10-Br-CNCbl reduction 
by GS− species with (1) protonated and (2) deprotonated 
amino group, Eq. (4) can be deduced (note, it is valid only 
at [GSH] < ca. 5 mM).

where pKa1 and pKa2 correspond to deprotonation of thiol 
and amino groups of GSH bound in complex with C10-
Br-CNCbl, respectively; ksub.(1) and ksub.(2) are the rate con-
stants for DMBI substitution by GS− species with protonated 

(4)
kobs. =

ksub.(1) ∙ Kcompl.(1) ∙ [GSH]

1 + 10−pH+pKa1 + 10pH−pKa2

+
ksub.(2) ∙ Kcompl.(2) ∙ [GSH]

1 + 10−2pH+pKa1+pKa2 + 10−pH+pKa2

Scheme 1   The mechanism of 
the reaction between CNCbl 
and CN−

Scheme 2   Protonation of DMBI of C10-Br-CNCbl in aqueous solu-
tions

Fig. 5   UV–vis spectra of C10-Br-CNCbl (3.5·10–5  M) collected at 
different pH at 25.0  °C, I = 0.2 M (NaNO3). Inset: a plot of absorb-
ance at 576 nm versus pH fitted to Eq. (2)

Scheme 3   The mechanism of 
the reaction between C10-Br-
CNCbl and GSH in a neutral 
medium
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(1) and deprotonated (2) amino groups, s−1; Kcompl.(1) and 
Kcompl.(2) are the equilibrium constants for complexation 
between C10-Br-CNCbl and GSH species with protonated 
(1) and deprotonated (2) amino groups, M−1. Fitting the data 
presented by Fig. 6 to Eq. (4) gives values pKa1 = (8.0 ± 0.1), 
pKa2 = (9.4 ± 0.1), Kcompl.(1) ksub.(1) = (0.12 ± 0.01) M−1 s−1 
and Kcompl.(2) ksub.(2) = (6.6 ± 0.2)·10–2 M−1 s−1. The deter-
mined value of pKa2 excellently agrees with literature data 
for free GSH (pKa = 9.3 [31]), however, pKa1 is notably lower 

than pKa of the thiolate group of unbound GSH (pKa = 8.9 
[31]). Thus, binding GSH with C10-Br-CNCbl facilitates 
the formation of thiolate species and does not affect amino 
group deprotonation.

A bromine atom in Cbls acts as a σ-electron withdrawing 
group and affects their electrode potentials. In the case of 
CNCbl, meso-bromination shifts the potential of the CNCbl/
Cbl(I) couple as well, i.e., − 0.97 V (vs. Ag/AgCl at pH 6.9, 
25.0 °C (Fig. S14); − 0.76 V vs. normal hydrogen elec-
trode, NHE, at 22 °C in DMSO/isopropanol mixture [5]) 
and − 0.87 V (vs. Ag/AgCl at pH 6.9, 25.0 °C (Fig. S15); 
− 0.80 V vs. K3[Fe(CN)6] at pH 8 [13]) for CNCbl and 
C10-Br-CNCbl, respectively. These results indicate that the 
base-on and base-off species of C10-Br-CNCbl exhibit more 
pronounced electron-withdrawing properties than unmodi-
fied ones, which may favor its reduction by GSH, alongside 
with the labilization of DMBI.

Intracellular reactions between C10-Br-CNCbl and GSH 
producing Co(II)-species may be followed by subsequent 
oxidation of C10-Br-Cbl(II) to C10-Br-H2OCbl. It is well 
known that the reaction between H2OCbl and GSH produces 
glutathionylcobalamin [22], which possesses high stability 
in the presence of GSH excess (Fig. S16). We examined 
the reaction between C10-Br-H2OCbl and GSH to evaluate 
the stability of C10-Br-GSCbl. For synthesizing C10-Br-
H2OCbl, we employed a novel protocol including substi-
tution of cyanide in C10-Br-CNCbl by sulfite (Fig. S17), 
and subsequent oxidation of C10-brominated sulfitocobala-
min by periodate (Fig. S18). We found that adding sulfite 
to C10-Br-CNCbl in a weakly acidic medium resulted in 
the formation of sulfito-species (Fig. S17). C10-Br-SO3Cbl 
was purified from cyanide and excess sulfite using column 

Fig. 6   The plot of the observed rate constant of the reaction between 
C10-Br-CNCbl (3.5·10–5 M) and GSH (1.0·10–3 M) at 25.0 °C versus 
pH fitted to Eq. (4)

Fig. 7   UV–vis spectra of the first (A) and second (B) steps of the reaction between C10-Br-H2OCbl (5.0·10–5 M) and GSH (5.0·10–4 M) at pH 
6.2, 25.0 °C with a time interval of 60 s
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chromatography, and the bound sulfite was oxidized to give 
an uncoordinating on Co(III) sulfate species (Fig. S18). For 
this purpose, periodate is the best choice due to its high 
reactivity to sulfite and inertness to corrin and side chains in 
weakly acidic, neutral, and alkaline media [41].

The addition of GSH to C10-Br-H2OCbl results in reac-
tions accompanied by changes in the UV–vis spectrum 
presented in Fig. 7; species with maxima at 340, 554, and 
585 nm are generated in the course of the first step, which 
is further transformed to C10-Br-Cbl(II). Apparently, the 
first step corresponds to the GSH binding by the Co(III)-
ion and is characterized by first orders with respect to GSH 
and C10-Br-H2OCbl (Figs. S19, S20), with a rate constant 
of (9.1 ± 0.3) M−1·s−1 (pH 6.2, 25.0 °C). For unmodified 
H2OCbl, the formation of GSCbl proceeds approximately 
twofold more rapidly [22], which agrees with earlier reports 
of lower reactivity of C10-Br-H2OCbl toward neutral 
ligands in comparison with native H2OCbl [17]. The reac-
tion between C10-Br-GSCbl and GSH is also characterized 
by first orders with respect to both reactants (Figs. S19, 
S20) with a rate constant of (0.37 ± 0.02) M−1·s−1 (pH 6.2, 
25.0 °C). Unmodified GSCbl is relatively stable in the pres-
ence of GSH (Fig. S16). Therefore, the C10-bromination of 
H2OCbl destabilizes its complex with GSH.

The main reason for the destabilization can be an 
increase in the potential of the Co(III)/Co(II) couple upon 
the introduction of a σ-electron withdrawing bromine 
atom. We collected cyclic voltammograms for unmodified 
and C10-brominated Cbl species to support this sugges-
tion. Figures S21 and S22 show that cyclic voltammograms 
for H2OCbl and C10-Br-GSCbl include two reductions 
and corresponding two oxidation events for both com-
plexes, which can be attributed to the H2OCbl(III)base-on/
Cbl(II)base-on and Cbl(II)base-on/Cbl(I) couples. For unmodi-
fied H2OCbl, the potentials for the H2OCbl(III)base-on/
Cbl(II)base-on and Cbl(II)base-on/Cbl(I) couples are + 0.01 
and -0.83 V (vs. Ag/AgCl; pH 6.9, 25 °C), respectively. 
Note that the literature values for these couples are + 0.20 
and − 0.61 V (vs. NHE; 22 °C) [42]. For C10-Br-H2OCbl, 
the potentials for the H2OCbl(III)base-on/Cbl(II)base-on and 
Cbl(II)base-on/Cbl(I) couples are + 0.08 and − 0.72 V (vs. 
Ag/AgCl; pH 6.9, 25 °C), respectively. Thus, meso-bro-
mination of H2OCbl shifts the potentials to a more posi-
tive direction, i.e., C10-Br-H2OCbl possesses more pro-
nounced electron-withdrawing properties than H2OCbl, 
which can lead to polarization of the Co(III)-S bond and 
increase its reactivity towards a second GSH molecule. It 
is important to note that reducing meso-brominated Cbl 
species can result in their debromination [43]. However, 
cyclic voltammogram of C10-Br-H2OCbl indicates the 
presence of two clear quasi-reversible processes assum-
ing the absence of bromine atom loss upon electrochemi-
cal formation of Co(II) and Co(I)-species, although we 

observed debromination of C10-Br-H2OCbl and C10-Br-
CNCbl upon their reduction by Zn or NaBH4. Thus, the 
mechanism of corrin ring debromination requires further 
elaboration.

Conclusions

In this work, we showed that modification of the corrin ring 
of cyano- and aquacobalamins at the C10-position can alter 
their reactivity towards glutathione. This structural modi-
fication can be significant for the development of novel 
therapeutic vitamin B12 species for patients with pathogenic 
forms of CblC-protein, which can be processed to uniform 
Co(II)-species and subsequently utilized for the synthesis 
of cofactor forms. We proved that meso-brominated CNCbl 
slowly reacts with GSH to give meso-brominated Cbl(II) in 
contrast to unmodified CNCbl, which is resistant to GSH in 
a neutral medium. At pH 7.4, the reaction between C10-Br-
CNCbl and GSH involves complexation of the reactants, 
leading to DMBI substitution and rapid electron transfer 
from GSH to the Co(III)-ion. meso-Bromination increases 
the potential of the CNCbl/Cbl(I) couple and labilizes the 
Co(III)-N(DMBI) bond, i.e., the pKa base-off shifts from 0.1 
to 1.1 (25 °C), and the rate constant of DMBI dissociation 
increases from 0.042 to 0.12 s−1 (25 °C). In the case of 
meso-brominated H2OCbl, the complex formed with GSH 
can react with the second GSH molecule, generating bromi-
nated Cbl(II), whereas unmodified glutathionylcobalamin 
does not react with GSH.
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