
BMB
   reports

170 BMB reports http://bmbreports.org

*Corresponding author. Tel: 82-53-810-3032; Fax: 82-53-810-4769; 
E-mail: kimjihoe@ynu.ac.kr
DOI 10.5483/BMBRep.2011.44.3.170

Received 16 December 2010, Accepted 23 December 2010

Keywords: Cobalamin, Glutathione, Oxidative stress, Trafficking 
chaperone

Protection of aquo/hydroxocobalamin from reduced glutathione 
by a B12 trafficking chaperone
Jinju Jeong1, Tal Soo Ha2 & Jihoe Kim1,*
1School of Biotechnology, Yeungnam University, Gyeongsan 712-749, 2Department of Biomedical Science, College of Natural Science, 
Daegu University, Gyeongsan 712-714, Korea

We identified a bovine B12 trafficking chaperone bCblC in Bos 
taurus that showed 88% amino acid sequence identity with a 
human homologue. The protein bCblC was purified from E. 
coli by over-expression of the encoding gene. bCblC bound 
cyanocobalamin (CNCbl), methylcobalamin (MeCbl) and ad-
enosylcobalamin (AdoCbl) in the base-off states and elimi-
nated the upper axial ligands forming aquo/hydroxocobalamin 
(OH2/OHCbl) under aerobic conditions. A transition of OH2/ 
OHCbl was induced upon binding to bCblC. Interestingly, 
bCblC-bound OH2/OHCbl did not react with reduced gluta-
thione (GSH), while the reaction of free OH2/OHCbl with 
GSH resulted in the formation of glutathionylcobalamin (GSCbl) 
and glutathione disulfide (GSSG). Furthermore we found that 
bCblC eliminates the GSH ligand of GSCbl forming OH2/ 
OHCbl. The results demonstrated that bCblC is a B12 traffick-
ing chaperone that binds cobalamins and protects OH2/OHCbl 
from GSH, which could be oxidized to GSSG by free OH2/ 
OHCbl. [BMB reports 2011; 44(3): 170-175]

INTRODUCTION

B12 (cobalamin, Cbl) is an essential micro nutrient for mam-
mals including humans. Unlike some bacteria and algae that 
are capable of de novo synthesis of B12, humans must obtain it 
in the diet (1). Although the underlying mechanisms are not 
yet clearly understood, B12 deficiency, which is caused by in-
sufficient dietary intake, malabsorption, or defective intracellular 
metabolism, can result in various human diseases such as per-
nicious anemia, developmental delay, dementia and neuro-
logical disorders (2).

B12 contains cobalt coordinated by four endogenous ligands 
from a tetrapyrol corrin ring (3) and a dimethylbenzimidazole 
base (DMB) from the lower axial part of the corrin ring as a 

plane. The sixth upper axial ligand determines the biological 
activities of B12 derivatives. In human cells, adenosylcobalam-
in (AdoCbl) and methylcobalamin (MeCbl), which are the ac-
tive forms of B12, are used as the enzyme cofactors of methyl-
malonyl-CoA mutase in mitochondria and methionine syn-
thase in cytosol, respectively (4, 5). Hence, any form of B12 in-
troduced into cells must be converted to AdoCbl and MeCbl 
via intracellular B12 metabolism.

Inborn errors of intracellular B12 metabolism have been clas-
sified into eight genetic complementation groups (cblA to G 
and mut), and identification of all the corresponding genes 
was recently completed (6). The human protein hCblC, which 
is encoded by the defective gene in the cblC group, was char-
acterized as a B12 trafficking chaperone involved in enzyme 
cofactor assimilation (7). hCblC binds cyanocobalamin (CNCbl), 
MeCbl and AdoCbl in the base-off states (8, 9), in which the 
DMB ligand is dissociated from cobalt. The protein catalyzes 
the reductive elimination of the cyanide ligand from CNCbl (9) 
and the elimination of the alkyl ligands (the methyl and the 
5'-deoxyadenosyl ligands of MeCbl and AdoCbl, respectively) 
using reduced glutathione (GSH) as the cosubstrate (10). The 
reaction products of decyanation and dealkylation are cob(II) 
balamin (Co2+Cbl) and cob(I)balamin (Co1+Cbl), respectively, 
under anaerobic conditions, which are extremely oxygen sen-
sitive. Although the oxygen sensitive Cbls may be the sub-
strates for MeCbl and AdoCbl synthesis (6), there is no evi-
dence that they are directly used in the enzyme cofactor 
synthesis. Otherwise, without an appropriate protection, aquo/ 
hydroxocobalamin (OH2/OHCbl, the pKa for the deproto-
nation of OH2- to OHCbl is 7.8, therefore they exist as a mix-
ture at physiological pH (11)) would be formed by aerobic de-
cyanation and dealkylation. 

Free OH2/OHCbl is reactive with GSH forming glutathiony-
lcobalamin (GSCbl) (12) and also catalyzed the oxidation of 
thiols to their disulfide forms (13). GSH consists of three amino 
acids (L-γ-glutamyl-L-cysteinyl-glycine) and is the most abun-
dant (1-10 mM) non-protein thiol in mammalian cells. GSH 
functions as a major intracellular antioxidant maintaining the 
redox status and mediates cellular signaling involved in pro-
liferation and apoptosis (14). The ratio of GSH/GSSG (oxidized 
disulfide form of GSH) is maintained ≥ 100 under normal 
conditions and the elevated level of GSSG decreasing the ratio 
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Fig. 1. Amino acid sequence alignment (A) and SDS- 
PAGE (B) for purified bCblC. Identical amino acids of 
bovine (bCblC, NP_001015588.2) and human (hCblC, 
NP_056321.2) proteins are on grey background. Conserved
B12 binding motif 122-HXXG-X29-GG-166 is indicated 
with asterisk and the Ton-B domains are underlined. Pu-
rified bCblC fractions by size-exclusion chromatography
were analyzed by 15% SDS-PAGE and the gel was 
stained with coomasie brilliant blue.

Fig. 2. Binding of cobalamins to bCblC (A) and com-
parison of OH2/OHCbl in the various states (B). 
UV-Vis absorption spectra (A) for free (dashed traces) 
and bCblC-bound cobalamins (solid traces) were ob-
tained in 50 mM Hepes pH 7.8, 300 mM KCl and 
5% glycerol. bCblC-bound cobalamins were prepared 
by mixing bCblC and the indicated cobalamins at the 
molar ratio of bCblC/Cbl = 2, 2, 10 and 10 for 
AdoCbl, MeCbl, CNCbl and OH2/OHCbl, respectively. 
The spectrum of bCblC-bound OH2/OHCbl from (A) 
was compared with the spectra (B) of base-on OH2/ 
OHCbl in 50 mM Hepes pH 7.8, 300 mM KCl and 
5% glycerol, base-off OH2Cbl in 7 M H2SO4 and 
base-on OHCbl in 1 M NaOH. Dashed lines indicate 
wavelengths of 358 and 535 nm.

of GSH/GSSG has been a marker of oxidative stress that can 
cause various diseases (15). 

In this report, we described the identification and the char-
acterization of bCblC that is a bovine homologue of the hu-
man B12 trafficking chaperone. In addition, we provide evi-
dence that bCblC plays a role in the protection of OH2/OHCbl 
from GSH.

RESULTS

Identification and purification of bCblC
A putative B12 trafficking chaperone of Bos taurus (bCblC) was 
identified by amino acid sequence alignment (Fig. 1A). The 
protein bCblC was composed of 280 amino acids and shared 
88% sequence identity with the human homologue hCblC. A 
putative B12 binding motif HXXG-X29-GG (16) and a Ton-B do-
main at the C-terminus (7) that might interact with a putative 
lysosomal membrane B12 transporter (17) were found to be 
conserved in bCblC. 

The recombinant protein bCblC was produced by over-ex-
pression of the encoding gene bcblc in E. coli. The protein was 
homogenously purified by two-step column chromatography 
(His-tag affinity chromatography and a size exclusion chroma-
tography) (Fig. 1B). bCblC behaved as a monomer of ≈ 32 
kDa on a column of size-exclusion chromatography, which 
agreed well with the calculated molecular mass (31. 6 kDa + 
0.8 kDa of 6 × His-Tag = 32.4 kDa) from the deduced amino 
acid sequence. No absorption in the range of visible wave-

length (400-700 nm) was detected for bCblC indicating that 
the protein contained no colored cofactor. 

Base-off binding of CNCbl, MeCbl and AdoCbl
bCblC bound CNCbl, MeCbl and AdoCbl in the base-off states 
showed significant changes in the UV-Vis absorption spectra 
(Fig. 2A). The addition of bCblC to CNCbl shifted the γ-peak at 
361 nm and the α/β-peak at 550 nm to 359 and 531 nm, 
respectively. When compared with the absorption spectrum 
for base-off CNCbl (Supplementary Fig. 1), CNCbl bound to 
bCblC was in the base-off state as was the case for hCblC (8). 
The absorption spectra of MeCbl and AdoCbl were also sig-
nificantly altered by the addition of bCblC with the blue shift 
of the α/β-peaks at 520 and 525 nm, respectively, to 459 nm 
(Fig. 2A). The spectral changes were diagnostic of the base-off 
transition of the alkylcobalamins (Supplementary Fig. 1, (11)). 
Binding of cobalamins to bCblC was titrated by UV-Vis spec-
troscopy as described in the Supplementary Methods and the 
dissociation constants for CNCbl, MeCbl and AdoCbl were de-
termined to be Kd = 16.1 ± 1.0, 8.6 ± 2.2 and 11.7 ± 2.7 
μM (Supplementary Fig. 2), respectively. 

Transition of OH2/OHCbl upon binding to bCblC
Binding of OH2/OHCbl to bCblC induced minor but clear 
changes in the UV-Vis absorption spectrum (Fig. 2A). The 
α/β-peak at 535 nm was split into two distinctive peaks of 508 
and 535 nm, and the γ-peak at 351 nm was shifted to 358 nm 
with a concomitant increase in absorption. After removing the 
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Fig. 3. Reaction of OH2/OHCbl with GSH (A) and de-
methylation of MeCbl by bCblC (B). The reaction of 
free OH2/OHCbl with GSH was started by the addi-
tion of 1 mM GSH to 12 μM OH2/OHCbl in 50 mM 
Hepes pH 7.8, 300 mM KCl and 5% glycerol. Changes
in the absorption spectra (A) were followed at 20oC 
for 30 min. (A) inset shows the same reaction with 
bCblC-bound OH2/OHCbl from Fig. 2A. Demethylation 
was initiated by the addition of 1 mM GSH to 10 μM
MeCbl bound to 20 μM bCblC in the same buffer. 
Formation of OH2/OHCbl was followed at A538 nm 
(B inset) at 20oC: open rounds, in the presence of 
bCblC; open triangles, in the absence of bCblC; solid 
line, the single exponential fit to data (kobs = 0.5 ±
0.05 min-1). Arrows indicate an increase or decrease 
in absorption following incubation.

Fig. 4. Binding of GSCbl to bCblC (A) and elimination 
of the GSH ligand (B). UV-Vis absorption spectra in 
(A) were recorded by the addition of bCblC in ali-
quots to 10 μM GSCbl in 50 mM Hepes pH 7.8, 
300 mM KCl and 5% glycerol at 20oC. Arrows in-
dicate an increase or decrease in absorption following 
the each addition of the protein. (A) inset shows rep-
resentative binding titration and a fit (solid line) ob-
tained as described in the Supplementary Method. bCblC- 
bound GSCbl from (A) was incubated at 20oC for over-
night and the absorption spectrum (top trace in B) was 
recorded and compared with the spectra of free 
GSCbl and bCblC-bound GSCbl.

protein from bCblC-bound OH2/OHCbl by heat or acid precip-
itation, a typical spectrum for free OH2/OHCbl was observed 
in the supernatant indicating that a transitional change of OH2/ 
OHCbl upon binding to bCblC. The dissociation constant was 
determined to be Kd = 16.7 ± 1.5 μM (Supplementary Fig. 2). 
To identify the transition state of bCblC-bound OH2/OHCbl, 
its absorption spectrum was compared with the spectra of free 
OH2/OHCbl in the various states (Fig. 2B). The separation of 
the α/β-peak was observed only in the spectrum of a base-off 
OH2Cbl, but the characteristic absorption peaks (λmax = 353, 
498 and 524 nm) were not identical with the peaks (λmax = 
358, 508 and 535 nm) in the spectrum of bCblC-bound 
OH2/OHCbl. Although the separation of α/β-peak was not 
clear, the α/β-and γ-peak of base-on OHCbl were similar to the 
corresponding peaks in the spectrum of bCblC-bound OH2/ 
OHCbl. 

Protection of OH2/OHCbl from reduced glutathione by bCblC
The addition of reduced glutathione (GSH) to free OH2/OHCbl 
at pH 7.8 resulted in the UV-Vis spectral changes to a typical 
spectrum of glutathionylcobalamin (GSCbl) with kobs = 0.192 ± 
0.005 min−1 (Fig. 3A, λmax = 333, 375, 428, 535, and 562 nm 
(12)). After incubation of the mixture for 3 hrs, the percentage 

of GSH oxidation was determined to be ≈ 70% by DTNB as-
say (12). However, the addition of GSH to bCblC-bound 
OH2/OHCbl showed no changes in the absorption spectrum 
under the same conditions (Fig. 3A inset). There are two possi-
ble explanations for these observations: the transition state of 
OH2/OHCbl bound to bCblC was unfavorable for the reaction 
with GSH or the OH2 ligand of OH2/OHCbl was hindered by 
bCblC. The latter possibility was unlikely because bCblC ex-
hibited demethylation activity (Fig. 3B). The addition of GSH 
to MeCbl bound to bCblC formed OH2/OHCbl indicating the 
elimination of the methyl ligand as shown for hCblC (10). 

Elimination of the GSH ligand from GSCbl by bCblC 
The addition of bCblC to GSCbl induced changes in the ab-
sorption spectrum with an absorption decrease around 534 nm 
and a concomitant increase between 400-500 nm (Fig. 4A). 
The spectral changes suggested that there was a transition of 
GSCbl upon binding to the protein. The dissociation constant 
was determined to be Kd = 19.5 ± 3.2 μM (Fig. 4A inset) by 
UV-Vis spectroscopy (Supplementary Methods). Unexpectedly, 
further incubation of GSCbl bound to bCblC showed another 
spectral change (Supplementary Fig. 3) with a slow absorption 
increase at 538 nm (slope = 0.0004 min-1). After overnight in-
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cubation of the mixture, a typical absorption spectrum of OH2/ 
OHCbl was obtained (Fig. 4B) and indicated the elimination of 
the GSH ligand from GSCbl by bCblC.

DISCUSSION

Human proteins involved in intracellular B12 metabolism CblA 
to F and B12-dependent enzymes (methionine synthase and 
methylmalonyl-CoA mutase) are very well conserved in Bos 
taurus showing 88-97% identity in the amino acid sequences. 
The protein bCblC characterized in this study exhibited similar 
B12 binding properties with hCblC as expected from the amino 
acid sequence identity of 88%. Binding of major cellular coba-
lamins (MeCbl, AdoCbl, OH2/OHCbl, GSCbl) to bCblC in-
dependent of the upper axial ligand supports the involvement 
of the protein in the early stages of enzyme cofactor assim-
ilation (7). Binding affinities for all tested cobalamins were in a 
micromolar range. However, the titration curves for MeCbl 
and AdoCbl exhibited linear features instead of hyperbolic fea-
tures (Supplementary Fig. 2), which suggested that the dis-
sociation constants for MeCbl and AdoCbl might be higher 
than the values currently determined. 

The B12-dependent enzymes methionine synthase and meth-
ylmalonyl-CoA mutase bind their cofactors MeCbl and AdoCbl, 
respectively, in the base-off and his-on state, in which the 
DMB ligand is replaced by the conserved histidine residue in 
the B12 binding-motif HXXG-X29-GG of the proteins (16). 
Although the binding-motif is conserved in bCblC, the base-off 
binding mode would be different, since the site-directed muta-
tion of the histidine to an alanine (H122A, Fig. 1) did not affect 
the base-off binding of CNCbl, MeCbl and AdoCbl (data not 
shown). These finding indicate that the histidine residue of 
bCblC does not interact directly with the cobalamains. The 
base-off forms of cobalamins are governed by protonation of 
the DMB ligand: the pKbase-off of MeCbl, AdoCbl, CNCbl and 
OH2/OHCbl = 2.9, 3.7, 0.1 and −2.13, respectively (11). 
Therefore the base-off transition of CNCbl would require more 
binding energy than is required for MeCbl and AdoCbl. Indeed 
the base-off transition of MeCbl and AdoCbl was immediate 
upon the addition of bCblC, whereas a complete base-off tran-
sition of CNCbl took approximately 5 min under the same 
conditions (data not shown).

bCblC functions not only as a B12 carrier, but also as a cata-
lyst eliminating the methyl and 5’-deoxyadenosyl ligand from 
MeCbl and AdoCbl, respectively. The reaction products would 
be cob(I)alamin under anaerobic conditions as demonstrated 
for hCblC (10), but in the presence of oxygen, OH2/OHCbl is 
formed (Fig. 3B). In addition, the reductive elimination of the 
cyanide ligand from CNCbl by bCblC might form a base-off 
cob(II)alamin (9), which should be rapidly converted to OH2/ 
OHCbl under aerobic conditions. The cob(I)- and cob(II)ala-
min may be substrates for enzyme cofactor synthesis (18, 19), 
however, there is currently no evidence of direct transfer of the 
oxygen sensitive cobalamins from CblC to the proteins for cat-

alysis of MeCbl and AdoCbl synthesis. In particular, the syn-
thesis of AdoCbl is catalyzed in the mitochondria by adenosyl-
tranferase and delivered to methylmalonyl-CoA mutase (20). 
Therefore, if there is no protection from oxygen, OH2/OHCbl 
would be readily formed on CblC during the journey to mito-
chondria. The reduction of OH2/OHCbl is not an issue be-
cause of the high redox potential of + 200 mV (21) and can 
even be directly used for enzyme cofactor synthesis (19). 

Free OH2/OHCbl is still very reactive and may be converted 
to undesirable forms for enzyme cofactor assimilation. In fact, 
OH2/OHCbl, in the presence of excess GSH, is not only con-
verted to GSCbl, but also catalyzes the oxidation of GSH to 
GSSG (Fig. 4) (12). The protection of OH2/OHCbl by bCblC 
appeared to be accomplished by the transition of the cobala-
min into an unfavorable form to react with GSH. Although the 
transition state of OH2/OHCbl bound to bCblC could not be 
clearly assigned by UV-Vis spectroscopy, it might be the de-
protonated state of OHCbl considering the spectral similarity 
with base-on OHCbl (Fig. 2B) and the fact that only OH2Cbl 
and not OHCbl reacts with GSH (12). The base-off conforma-
tional transition of OH2/OHCbl upon binding to bCblC could 
not be excluded, despite the low pKbase-off = −2.13 (11). 
Instability of GSCbl bound to bCblC (Fig. 4B) probably im-
plicates the base-off state, because GSCbl dissociated into 
GSH and OH2/OHCbl at a pH below 4.0 (22) although the 
pKbase-off of GSCbl has not been known. Therefore OH2/ 
OHCbl bound to bCblC in the base-off would remain even in 
the presence of GSH. 

In conclusion, the results of this study demonstrate that 
bCblC is a bovine B12 trafficking chaperone that exhibits sim-
ilar B12 binding properties and catalytic activities with the hu-
man homologue. More importantly, we provided evidence 
that bCblC is responsible for the protection OH2/OHCbl, which 
would be a major intermediate in intracellular B12 metabolism, 
from cellular rich antioxidant GSH that could be oxidized by 
free OH2/OHCbl.

MATERIALS AND METHODS

Materials
Cobalamins except for GSCbl and other chemical compounds 
were purchased from Sigma Aldrich. GSCbl was synthesized 
according to a previously described method (US Patent 
7,030,105). Enzymes for PCR and gene cloning were obtained 
from Promega.

Gene cloning 
The gene bcblC was amplified by PCR using cDNA from Bos 
taurrus (imaGenes, IMAGE ID = 8056644) as the template 
and the following oligonucleotides: forward primer, 5'-ATG 
GTA CCA TGG AGC CGC TAG TCG CAG AGC TGA AGC-3'; 
reverse primer, 5'-ATG GTA CTC GAG GGG TCC AGG GGA 
TAT AGG TGG GG-3'; the restriction sites NcoI and XhoI are 
underlined. The amplified fragment was cloned into the bacte-
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rial expression vector pET28a(+) (Novagen) following stand-
ard protocols (23). The authentic gene bcblC in the vector was 
confirmed by determining the nucleotide sequence.

Gene expression and protein purification
E. coli BL21 (DE3) (Novagen) haboring the plasmid construct 
bcblC_pET28a(+) grown in LB/kanamycin (50 μg/ml) at 37oC 
for overnight was used to inoculate 6 × 1 L main cultures (1% 
v/v). The main cultures were grown at 20oC until A600 nm = 
0.4-0.8 and gene expression was induced by adding 50 μM 
isopropyl β-d-thiogalactopyranoside (IPTG). After overnight 
culture at 20oC, cells were harvested and kept at −80oC until 
protein purification.

Protein purification
All protein purification procedures were conducted out at 4oC, 
unless otherwise noted. The harvested cells were resuspended 
in 100 ml of 50 mM Hepes pH 8.0, 300 mM KCl, 20 mM imi-
dazole, 5 mM β-mercaptoethanol and 5% glycerol containing 
0.15 mg/ml lysozyme and a tablet of EDTA-free protease in-
hibitor cocktail (Roche). Cell-free extract was obtained by soni-
cation and centrifugation at 17,000 rpm and loaded at gravity 
flow onto a Ni-NTA affinity column (5 ml CV, Qiagen) equili-
brated with 50 mM Hepes pH 8.0, 300 mM KCl, 20 mM imi-
dazole and 5% glycerol. The column was washed with more 
than 100 CV of equilibration buffer containing 50 mM imi-
dazole. The His-Tag fused bCblC at the C-terminus was eluted 
in 10 CV of equilibration buffer containing 150 mM imi-
dazole. The eluted proteins were pooled and imidazole was 
removed by an isocratic elution in equilibration buffer using a 
size-exclusion chromatography column Superdex 200 HR 
10/30 (GE Healthcare). 

UV-Vis spectroscopy and other biochemical methods
UV-Vis absorption spectra were recorded by using a Cary 100 
UV-Vis spectrophotometer (Varion) connected with temper-
ature controlling water bath. All experiments with cobalamins 
were carried out in dark conditions. Concentration of cobala-
mins was determined using reference extinction coefficient 
(24) and protein concentration was determined by Bradford as-
say (25).
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