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Abstract
Mutations in cobalamin or B12 trafficking genes needed for cofactor assimilation and targeting
lead to inborn errors of cobalamin metabolism. The gene corresponding to one of these loci, cblD,
affects both the mitochondrial and cytoplasmic pathways for B12 processing. We have
demonstrated that fibroblast cell lines from patients with mutations in CblD, can dealkylate
exogenously supplied methylcobalamin (MeCbl), an activity catalyzed by the CblC protein, but
show imbalanced intracellular partitioning of the cofactor into the MeCbl and 5′-
deoxyadenosylcobalamin (AdoCbl) pools. These results confirm that CblD functions downstream
of CblC in the cofactor assimilation pathway and that it plays an important role in controlling the
traffic of the cofactor between the competing cytoplasmic and mitochondrial routes for MeCbl and
AdoCbl synthesis, respectively. In this study, we report the interaction of CblC with four CblD
protein variants with variable N-terminal start sites. We demonstrate that a complex between CblC
and CblD can be isolated particularly under conditions that permit dealkylation of alkylcobalamin
by CblC or in the presence of the corresponding dealkylated and oxidized product,
hydroxocobalamin (HOCbl). A weak CblC·CblD complex is also seen in the presence of
cyanocobalamin. Formation of the CblC·CblD complex is observed with all four CblD variants
tested suggesting that the N-terminal 115 residues missing in the shortest variant are not essential
for this interaction. Furthermore, limited proteolysis of the CblD variants indicates the presence of
a stable C-terminal domain spanning residues ~116–296. Our results are consistent with an adapter
function for CblD, which in complex with CblC·HOCbl, or possibly the less oxidized
CblC·cob(II)alamin, partitions the cofactor between AdoCbl and MeCbl assimilation pathways.
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Although only two human enzymes use cobalamin (or derivatives of B12) as a cofactor, its
intracellular handlers are many [1,2]. Clinical genetics studies have led to the recognition of
at least seven loci (cblA–F and cblJ) that support B12 functions in addition to the two
encoding the B12-dependent enzymes, methionine synthase (cblG) and methylmalonyl-CoA
mutase (mut) [3-5]. With the recent identification of all seven genes encoding proteins
dedicated to intracellular B12 assimilation and trafficking [6-13], elucidation of their
biochemical functions has just begun, providing early insights into a complex intracellular
pathway for B12 processing. Given the relative rarity of the B12 cofactor (30–700 nM in
human tissues [14]) and its reactivity in all three biologically relevant cobalt oxidation
states, we have proposed that navigation of cobalamin from its point of exit from the
lysosome to its destinations in the cytoplasm (methionine synthase) and mitochondrion
(methylmalonyl-CoA mutase) respectively, relies on protein escorts [1,2]. B12 trafficking
can be classified into (i) the early or common pathway, (ii) the methylcobalamin (MeCbl)
branch and (iii) the 5′-deoxyadenosylcobalamin (AdoCbl) branch (Fig. 1). Functions in the
early pathway are shared for assimilation of MeCbl and AdoCbl needed by methionine
synthase and methylmalonyl-CoA mutase, respectively and include the cblF, cblJ, cblC and
cblD loci. Defects in these loci typically lead to combined methylmalonic aciduria and
homocystinuria, as expected for impaired activity of both B12 enzymes. Defects in the
MeCbl branch (cblG and cblE) lead to isolated homocystinuria whereas mutations in the
AdoCbl branch (cblA, cblB and mut) lead to isolated methylmalonic aciduria. The exception
to this tidy classification is the cblD locus, which shows complexity, in that depending on
the location of the pathogenic mutation, patients exhibit either combined or isolated
methylmalonic aciduria and homocystinuria [15]. The CblD protein is predicted to have an
eleven-residue mitochondrial leader sequence at the N-terminus [9,16]. Mutation analyses
reveal that defects at the N- and C-termini of the encoded CblD2 protein are associated with
methylmalonic aciduria and homocystinuria respectively, suggesting that either different
isoforms or distinct protein domains support the MeCbl versus the AdoCbl branches of the
pathway [9,16]. Initiation codons at positions 1, 62 and 116 in good Kozak contexts are
located on the mRNA encoding CblD, supporting the possibility that internal initiation sites
can be used to produce CblD variants [16]. However, western blot analysis reveals the
presence of only full-length CblD protein in wild-type human fibroblasts [16]. In contrast,
the shorter variants corresponding to initiation at the 62 and 116 start sites were seen in
fibroblasts from a patient with homozygous nonsense mutation that results in termination of
CblD at Ser20. Hence, internal initiation at Met62 and Met116 is likely to be important in a
subset of cblD patients with mutations that result in premature termination of the protein
impacting AdoCbl synthesis but allowing MeCbl synthesis [16].

CblD belongs to an uncharacterized protein family with limited sequence similarity to the
ATPase component of a putative ABC transporter [9]. However, CblD is missing the Walker
A, Walker B and the ABC signature motifs characteristic of all classical ABC transporters.
In principle, CblD might be a B12-binding protein which accepts the cofactor from CblC and
delivers it to the client enzymes, methionine synthase and methylmalonyl-Co Amutase. In
support of this proposal is the presence of a signature DxHxxG-39/40–gxSxLxxxx–17/18-
xxxxGGx B12-binding sequence [17], albeit incomplete. Alternatively, CblD might

2CblD is also referred to as MMADHC (for methylmalonic aciduria type D with homocystinuria) [9]. Since this nomenclature does
not aptly describe the heterogeneity in this patient group, i.e. not all individuals exhibit combined methylmalonic aciduria and
homocystinuria, we use CblD to refer to the gene product of the cblD locus.
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influence the activity of CblC either at the level of B12 processing (i.e. its dealkylation and
decyanation activities) or at the level of its interactions with downstream client proteins
facilitating transfer of B12 from the CblC donor to the cytoplasmic and mitochondrial
acceptors. Finally, CblD could be involved further downstream i.e., in docking of the
cofactor to the target enzymes, methionine synthase and methylmalonyl-CoA mutase,
respectively.

In this study, we have purified four forms of recombinant human CblD with varying N-
terminal start sites at residues 1, 12, 62 and 116, respectively. We demonstrate that CblD
does not bind B12 nor exhibits ATPase activity. All four CblD variants form complexes with
and exhibit selectivity for the B12 cofactor bound form of CblC compared to apo-CblC. We
propose that CblD might function as an adapter for complexation of CblC·cob(II)alamin to
acceptor proteins: methionine synthase in the cytoplasm and either adenosyltransferase or a
transporter in the mitochondrion (Fig. 1). In support of this model, we demonstrate that
fibroblasts from cblD patients dealkylate [57Co]-MeCbl but that the subsequent partitioning
of the cobalamin product to MeCbl versus AdoCbl is affected by the location of the
mutation in CblD. Mutations near the N- and C-termini of the protein diminish AdoCbl and
MeCbl synthesis, respectively, while mutations in the middle affect both pathways. Hence,
while CblD is not required for the activity of CblC per se, it affects partitioning of the
processed cobalamin product of CblC into the cytoplasmic and mitochondrial pathways.

1. Materials and methods
1.1. Materials

All chemicals were purchased from Sigma unless otherwise stated. [57Co]-MeCbl was
synthesized by the reaction of [57Co]-cob(I) alamin with methyl iodide (Sigma) under dim
red light and anaerobic conditions as described previously [18]. Pfu polymerase, dNTPs and
restriction enzymes were from NEB. Advanced DMEM and Dulbecco’s phosphate buffered
saline (PBS) were purchased from Gibco.

1.2. Cloning of CbD variants
The cDNA encoding CblD in the pcDNA3.2/V5/GW/D-TOPO vector was generously
provided by Dr. Brian Fowler (University Children’s Hospital, Basel). Four start sites (at
positions 1, 12, 62 and 116) were used to clone the gene into the pET-28b(+) vector
(Novagen) using the NcoI/XhoI and NdeI/XhoI restriction enzyme sites to generate the C-
and N-terminal 6×His-tagged constructs, respectively. Oligonucleotides containing the first
and the last 24 bases of cblD gene with the restriction sites at their 5′-end, were used as
primers as described below. The underlined bases correspond to the NdeI and XhoI
restriction sites that were designed into the forward and reverse primer sequences,
respectively.

Forward M1: 5′-CATATGGCCAATGTGCTTTGTAACAGAGCC-3′,

Forward S12: 5′-CATATGGTTTCCTATCTCCCAGGATTTTGC-3′,

Forward M62: 5′-CATATGGGACCCTTTGGACCTCAAGATCAG-3′,

Forward M116: 5′-CATATGGCACAATATGTGAATGAATTTCAG-3′,

Reverse: 5′-CTCGAGTTAATTTCCACTTAATTTCTTCAT-3′.

1.3. Expression and purification of CblD proteins
The Escherichia coli strain BL21(DE3) was freshly transformed with the desired plasmid
constructs and grown in Luria–Bertani (LB) medium containing kanamycin (50 μg/ml) at 37
°C, induced with 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) (at A600 nm = 0.5–
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0.7), and then grown overnight (~12 h) at 20 °C. The cells were harvested by centrifugation
and the cell pellet was stored at −80 °C until further use.

Recombinant CblD was prepared by resuspending the cell pellets in lysis/binding buffer (50
mM Tris, pH 8.0, 300 mM KCl, 15 mM imidazole (Buffer A)) supplemented with 10 mM β-
mercaptoethanol, lysozyme (0.2 mg/ml) and one tablet of Complete-EDTA protease
inhibitor (Roche). Cells were disrupted by sonication and centrifuged at 20,000 × g for 1 h
and the supernatant was applied to a 15 ml nickel–nitrilotriacetic acid column (Qiagen). The
column was washed with 50 mM Tris, pH 8.0, 300 mM KCl, 50 mM imidazole until the
flow-through was protein-free and recombinant CblD was eluted with a 50–400 mM
imidazole gradient. The fractions of interest identified by SDS-PAGE were pooled,
concentrated and the buffer was exchanged with 100 mM Hepes, pH 7.0, 150 mM KCl, 10%
glycerol (Buffer B).

1.4. Size exclusion chromatography
The oligomeric state of the CblD variants was determined by loading 1–2.5 mg protein on a
Superdex 200 column (1.6 × 80 cm) in Buffer B at a flow rate of 0.5 ml/min. The column
was calibrated using gel filtration standards from Bio-Rad.

1.5. Binding of B12 derivatives and ATP to CblD
Binding of MeCbl, AdoCbl and HOCbl to CblD was examined by isothermal titration
calorimetry (ITC) and fluorescence or UV–visible spectroscopy. Fluorescence
measurements were made on an RF-5301 PC Shimadzu spectrofluorimeter at 280 nm
excitation wavelength (slit width, 3 μm) and the emission was observed between 300 and
380 nm (slit width, 3 μm). The experiments were performed at 20 °C in a fluorescence
quartz cuvette and successive aliquots (1–2 μl) of B12 stock solution (5–15 mM) were added
to a 0.5 μM CblD solution in Buffer B. Similarly, binding of ATP to CblD was determined
using 10–100 mM stock solutions. In the ITC experiments, CblD (10–40 μm) was titrated
with twenty four 12-μl aliquots of a 200–800 μm solution of B12 or ATP in Buffer B at 10.0
± 0.1 °C. The calorimetric signals were integrated, and the data were analyzed with
Microcal ORIGIN software.

1.6. Effect of CblD on B12 binding to CblC
The binding of CNCbl and MeCbl to CblC in the presence or absence of CblD was
monitored by ITC as previously described [19]. CblC and CblD (5–40 μM) were added at a
1:1 ratio and titrated with 100–800 μM of B12.

1.7. ATPase activity of CblD
The ATPase activity of CblD forms was carried out using a continuous assay coupled to
pyruvate kinase/lactate dehydrogenase [20]. The reactions were carried out at 22 °C in 50
mM Tris–Cl, pH 8.0, 5 mM MgCl2. The reaction mixtures were supplemented with 200 μM
NADH, 3 mM phosphoenolpyruvate, 2–20 U pyruvate kinase, 2–20 U lactate
dehydrogenase and 1 mMATP and incubated for 5min at 22 °C prior to addition of the CblD
protein. ATP hydrolysis was followed by measuring the decrease in absorbance at 340 nm.

1.8. Effect of CblD on the catalytic activities of CblC
Anaerobic decyanation and aerobic dealkylation reactions catalyzed by CblC were
monitored as described previously [19,21] with the exception that CblD was added to the
reaction mixture at a 1:1 ratio with CblC.
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1.9. Analysis of CblC:CblD complexes
Complex formation between CblD and CblC was tested by incubating 10–15 μg of CblC
with an equal amount of CblD in the presence or absence of 100 μm MeCbl, CNCbl or
HOCbl and 1 mM GSH at 20 °C in 100 mM Hepes, pH 8, 150 mM KCl, 10% glycerol.
After 30 min, the mixtures were analyzed by polyacrylamide gel electrophoresis under
nondenaturing conditions on a 4–20% gradient gel (Bio-Rad) over ~2 h at 4 °C.

1.10. Limited proteolysis of CblD proteins
CblD protein variants (15 μg) were incubated with trypsin (2% w/w) at room temperature
for 10 min. The limited proteolysis reactions were stopped by addition of 1 μl TLCK (10%
w/v). The digested proteins were then separated by electrophoresis on a 12% SDS-PAGE
gel.

1.11. Cell culture and [57Co]-MeCbl metabolic labeling
Normal and cblD mutant fibroblasts were grown in Advanced DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS). Normal human skin fibroblast (HFF) was
kindly provided by the Cell Culture Core of the Lerner Research Institute, Cleveland Clinic.
The two normal cell lines used in the present study were generated from discarded tissue
from circumcised donors of 1 and 3 months of age, respectively as described previously
[18]. Human foreskin tissue was obtained for establishment of control skin fibroblast
cultures after informed consent was received. The Institutional Review Board of the
Cleveland Clinic approved the protocol. David Rosenblatt (McGill University) kindly
provided human cblD mutant skin fibroblasts from patients with either isolated or combined
homocystinuria and methylmalonic aciduria (WG2024, WG3280, WG3583 and WG3745)
obtained as described previously [9,22]. The Royal Victoria Hospital Research Ethics Board
(Montréal, Canada) approved the research protocol for procurement of patient skin biopsies.

For metabolic labeling experiments, cells were split at a ratio of 1:2 and [57Co]-MeCbl was
added to achieve a final concentration of 0.125 nM (specific activity: 379 mCi/mg MeCbl).
After 48 h, cells were harvested, total cobalamins extracted with 80% aqueous ethanol and
the intracellular cobalamin profile determined as described previously [18]. The cell cultures
were protected from light at all times to prevent photolysis of the alkylcobalamins.

1.12. Determination of homocysteine and methylmalonic acid in culture medium
Cells were cultured as described and at the end point of the experiment, the culture medium
was collected, centrifuged at 1000 rpm for 10 min (to remove dead cells), filtered using a
0.22 mm filter (Millipore) and stored at 4 °C until further use. Total homocysteine in culture
medium was determined using monobromobimane and HPLC with fluorescence detection
[23]. The concentration of methylmalonic acid in conditioned culture medium was
determined by gas chromatography and mass spectrometry in the Department of Clinical
Pathology, Cleveland Clinic by a method modified from Hoffmann et al. [24]. Briefly,
methylmalonic acid was extracted from conditioned culture medium along with tri-
deuterated methylmalonic acid (internal standard, MSD Isotopes) using Bond-Elute SAX
solid phase extraction columns (Varian). The extracted acid was then derivatized with
cyclohexanol to form a dicyclohexyl ester. The derivatized samples were resolved by gas
chromatography and detected by mass spectrometry using selective ion monitoring. Values
were normalized to intracellular protein concentration determined by the bicinchoninic acid
assay (Thermo Scientific) using bovine serum albumin as a standard.
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2. Results
2.1. Purification of recombinant CblD variants

Based on sequence analysis using MitoProt II and PSORT II, the CblD protein sequence is
predicted to include a putative mitochondrial targeting sequence that spans residues 1–12 at
the N-terminus to give the CblD ΔN11 variant [9]. Furthermore, two internal Met62 and
Met116 codons have been shown to function as alternative translation initiation sites giving
rise to ΔN61 and ΔN115-CblD variants [16]. We purified the recombinant full-length,
ΔN11-, ΔN61- and ΔN115-CblD proteins to >95% homogeneity (Fig. 2). Since we found
that the C-terminal His-tagged constructs were considerably less stable than the
corresponding N-terminal tagged ones, only the latter were further characterized in this
study. CblD as isolated, is devoid of a visible absorption spectrum suggesting the absence of
a bound cofactor. These wild-type CblD variants were also devoid of a metal cofactor as
assessed by plasma emission spectroscopy [25] at the Chemical Analysis Laboratory,
University of Georgia, Athens (not shown). Size exclusion chromatography revealed that
CblD is a monomer with estimated molecular masses of 35 kDa, 33.5 kDa, 28.5 kDa and
22.4 kDa, respectively for the full-length and the three N-terminal truncated variants. All
CblD variants displayed a tendency to form high molecular weight aggregates.

2.2. Binding of B12 by CblD
Despite the presence of a weakly conserved B12-binding motif in CblD, we found no
evidence for binding of MeCbl, AdoCbl or HOCbl to this protein as determined by
fluorescence, ITC and UV–visible spectroscopic studies. To test whether the 6×His-tag on
CblD could be interfering with B12 binding, we cleaved it from the purified recombinant
protein using thrombin. However, the absence of a His-tag did not promote B12 binding to
CblD under the conditions employed in our assay.

2.3. CblD-catalyzed ATP hydrolysis
The putative ATPase activity of CblD was assessed using a previously described continuous
assay [20]. Despite the sequence similarity with the ATPase component of the Salmonella
enterica ABC transporter, CblD does not hydrolyze ATP.

2.4. Effect of CblD on B12 binding and processing by CblC
The presence of either full-length or ΔN11 CblD had essentially no effect on the affinity of
CblC for CNCbl (Kd = 11.4 ± 1.6 μM versus 14.2 ± 2.1 μM) or MeCbl (Kd = 0.22 ± 0.02
μM versus 0.19 ± 0.02 μM). Similarly, the CblC-catalyzed rates for the reductive
decyanation of CNCbl and the dealkylation of MeCbl by glutathione reported previously
[19,21] were comparable in the presence or absence of full-length, ΔN11 or ΔN115 CblD
(not shown).

2.5. Complex formation between CblD and CblC
Since CblD does not appear to influence B12 binding or the B12 processing activities of
CblC, we next looked for evidence for interactions between these two proteins. In the
absence of B12, CblC behaves like a higher order oligomer that barely migrates into the gel
(Fig. 3A, lane 11). Addition of CNCbl in the presence or absence of glutathione induced an
electrophoretic shift in CblC which ran with an apparent molecular mass of ~250 kDa (Fig.
3A, lanes 12–13). The presence of AdoCbl and/or glutathione had no effect on the CblD
electrophoretic pattern that migrated with a molecular mass of ~50 kDa (Fig. 3A, lanes 14–
16), although the protein behaves as a monomer with a predicted molecular size of ~35 kDa
by size exclusion chromatography (not shown). When CblC and CblD were pre-incubated, a
new band was visualized but only in the presence of B12 (compare lane 6 with lanes 2–5).
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Addition of glutathione versus dithiothreitol to the CblD:CblC·B12 mixture enhanced
complex formation (compare lanes 2–5 versus 7–10), in particular the complexes formed in
the presence of MeCbl and AdoCbl. Since the protein samples were incubated for 30 min
prior to being loaded on the native gel, CblC would have catalyzed the dealkylation of
MeCbl, and to a lesser extent, of AdoCbl, by GSH leading to HOCbl formation (via air
oxidation of the product, cob(I)alamin). These results suggest that when an alkylcobalamin
substrate is bound to CblC, it inhibits complex formation with CblD. Instead, CblD
preferentially interacts with the product complex, i.e. after CblC-catalyzed dealkylation has
occurred. Similarly, the CblC:CblD complex is seen in the presence of glutathione and
HOCbl (Fig. 3A, lane 5), a condition that simulates the product complexes formed in lanes 2
and 3 in the presence of glutathione and AdoCbl and MeCbl, respectively. Separation of the
excised band representing the CblD·CblC complex on a denaturing polyacrylamide gel
revealed the presence of two bands corresponding to full-length CblC (33 kDa) and full-
length CblD (~35 kDa) respectively in approximately 1:1 stoichiometry (Fig. 3B). Although
interactions between CblC and CblD were assessed using the respective His-tagged proteins,
an influence of the tags on protein–protein interaction appears unlikely since the interaction
was specific for the presence of glutathione and a cobalamin derivative (e.g. HOCbl, MeCbl
or AdoCbl).

Qualitatively similar results for complex formation with CblC were obtained with CblD-
ΔN11, -ΔN61 and -ΔN115 (Fig. 4A, lanes 7, 5 and 3). These results demonstrate that the N-
terminal 115 residues in CblD are dispensable for its interaction with CblC. The shorter
variant of CblC, lacking the C-terminal residues from 246 to 282, which we have
determined as the predominant form of CblC in the murine tissue extracts [26], also formed
a complex with CblD indicating that these residues are dispensable for protein–protein
interaction (data not shown).

2.6. Limited proteolysis of CblD proteins
Treatment of the CblD variants with trypsin revealed the presence of a core that was
common to the ΔN11 and ΔN61 variants and just slightly smaller for the ΔN115 variant
(Fig. 4B). Stabilization of a similar sized fragment in the N-terminal deletion variants is
consistent with the existence of two domains in CblD of which the C-terminal domain is
sufficient for the interaction with CblC. Preincubation of CblD-ΔN61 for 30 min with 1 mM
concentrations of the following ligands: ATP, ADP, HOCbl, flavin adenine dinucleotide,
NADH and NADPH, did not affect its limited proteolysis profile (not shown).

2.7. Growth and morphology of the cblD cell lines
The mutations in each of the cblD fibroblast cell lines are described in Table 1. Although
none of the cell lines displayed gross impairments, slower growth was observed for the cblD
lines compared to normal fibroblasts when they were seeded at low density (<40%). With
the exception of the WG3583 cell line, the remaining cblD fibroblast lines presented an
altered morphology, with slightly enlarged cellular body size and a disrupted fibroblast
growth pattern, as evidenced by phase-contrast microscopy (Fig. 5).

2.8. Production of homocysteine and methylmalonic acid
Based on the known impairment of AdoCbl and/or MeCbl assimilation in cblD cell lines, we
expected that media from these cell cultures would have higher levels of methylmalonic acid
and/or homocysteine compared to normal fibroblasts. Table 2 shows the levels of
homocysteine and methylmalonic acid in the culture medium after 5 days. With the
exception of cell line WG3280 (a patient with isolated methylmalonic aciduria), all cblD cell
lines accumulated substantially higher (>2-fold) extracellular homocysteine compared to
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normal fibroblasts. Normal values for homocysteine and methylmalonic acid in cultured
human fibroblasts are given in this study and elsewhere [27-29].

The levels of methylmalonic acid are clearly elevated 10–25-fold in fibroblast cultures from
cells from patients with isolated or combined methylmalonic aciduria versus either
homocystinuria alone or unaffected controls (Table 2). The extracellular methylmalonic acid
was highest in the WG3280 cell culture (from a patient with isolated methylmalonic
aciduria). Together, these data indicate that the cblD cell lines selected for the present study
represent a good model for studying functional cobalamin deficiency representing both the
isolated and combined phenotypes.

2.9. CblC-dependent dealkylation of MeCbl is not impaired in cblD cell lines
We have previously demonstrated that cell lines with defects in the cblC locus are unable to
dealkylate alkylcobalamins, which are needed for subsequent partitioning into the AdoCbl
and MeCbl assimilation pathways [18,19]. To test the cellular relevance of our observation
that CblD does not influence the dealkylation activity of CblC in vitro, metabolic labeling
studies were performed. For this, incorporation of exogenously supplied [57Co]-MeCbl into
AdoCbl and MeCbl was examined (Table 3). The major intracellular cobalamin derivative
observed in all cblD cell lines was [57Co]-HOCbl indicating that the newly internalized
[57Co]-MeCbl had been dealkylated by CblC and the product was subsequently oxidized to
HOCbl.

2.10. Redistribution of cofactor pools in cblD cell lines
Variable total intracellular retention of [57Co]-cobalamin was observed in the different cells
lines. The WG2024 and WG3745 lines showed values that were similar to the control line,
HFF, while significantly higher retention was seen in WG3280 and lower accumulation in
the WG3583 line (Table 3). The relative proportions of the MeCbl and AdoCbl pools in the
control cell line were typical of the relative abundance reported previously for these two
cofactors [15,18,30]. All cblD cell lines displayed altered cofactor distribution (Table 3 and
Fig. 6). The presence of [57Co]-HOCbl in cblD cell lines suggested impairments
downstream of CblC in the trafficking pathway.

The distribution of [57Co]-cobalamin in the cblD line with the isolated methylmalonic
aciduria (WG3280) or homocystinuria (WG3745) phenotype was interesting. Very low
incorporation of radiolabel into the AdoCbl pool was observed in WG3280, consistent with
impairment in the mitochondrial-specific pathway. However, a proportional increase in
radioactivity associated with the MeCbl pool was seen, suggesting that the inability to direct
HOCbl into the AdoCbl pathway led to an increased flux into the MeCbl branch (Fig. 6).

In contrast, very low levels of [57Co]-MeCbl were observed in the WG3745 cell line,
consistent with an impairment in the cytoplasmic-specific pathway. Very high levels of
[57Co]-AdoCbl (76% of the total [57Co]-cobalamin pool) and a proportionately lower level
of [57Co]-HOCbl was seen in WG3745 compared to the normal fibroblast cell line (Fig. 6).
Together, these results suggest that the failure of the CblD protein to direct newly processed
cobalamin into the biosynthesis of one of the cofactors leads to an overproduction of the
other cofactor.

The intracellular pattern of distribution of radiolabeled cobalamins in the two cell lines with
combinedmethylmalonic aciduria and homocystinuria, WG2024 and WG3583, was similar.
In both lines, the MeCbl pool was more compromised than the AdoCbl pool and this was
paralleled by an increase in the proportion of HOCbl.
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3. Discussion
Delivery of cobalamin from circulation to its intracellular clients requires an elaborate
system of transporters, escorts and B12 processing enzymes, which results in assimilation of
the cofactor into its biologically active forms, MeCbl and AdoCbl, which are utilized by
methionine synthase and methylmalonyl-CoA mutase, respectively (Fig.1) [1,2]. MeCbl is
the predominant form of the cofactor in human plasma [31], and following its entry into
cells, it must be dealkylated by the action of CblC to be subsequently partitioned to meet
cellular demands for the MeCbl and AdoCbl cofactor forms [19]. While the role of CblD is
expected to be downstream of CblC, identification of the cblD gene did not provide obvious
insights into the role of the encoded protein. The low sequence homology between residues
78 and 168 of CblD and the ATPase component of a bacterial ABC transporter, suggests
that it might hydrolyze ATP [9]. On the other hand, based on the presence of a partially
conserved canonical B12 binding motif at the N-terminus of the protein, it was proposed that
CblD might be involved in binding the cofactor [9].

Full-length CblD was shown to interact with CblC in a bacterial two hybrid study and by
surface plasmon resonance (SPR) [32], although the stoichiometry and ligand dependence of
complex formation was not assessed since the CblD was only partially purified. While our
study was in progress, the stoichiometric interaction between purified CblD-ΔN12 and
CblD-ΔN61 and full-length CblC by SPR was reported [33]. In this study, we have used a
combination of biochemical and cell biological approaches to elucidate complexation of four
CblD variants with a full-length and a truncated variant of CblC and have evaluated the
consequences of CblD deficiency on MeCbl and AdoCbl processing.

We have expressed and purified four recombinant CblD variants (Fig. 2) and demonstrate
that these monomeric proteins as isolated, are devoid of metal and organic cofactors with
detectable absorption spectra. Furthermore, CblD does not appear to bind B12 or to
hydrolyze ATP. Based on these results, we propose that CblD functions instead as an
adapter protein. A traffic junction where CblD might be involved is the transfer of the B12
cargo from CblC to acceptors in the MeCbl and AdoCbl branches as shown in Fig. 1. This
model is supported by the enhanced interaction between CblC and CblD observed in the
presence of glutathione and HOCbl (Fig. 3A), the processed and oxidized product of the
CblC-catalyzed dealkylation of alkylcobalamins. A weak complex is also observed in the
presence of CNCbl.

While the shorter ΔN61 and ΔN115 variants are predicted to be physiologically relevant
only when mutations in cblD lead to isolated methylmalonic aciduria, their ability to retain
complex formation with CblC indicates that the first 115 residues are dispensable for
protein–protein interaction. This is consistent with results from a phage display analysis that
identified five short peptides between residues 142 and 290 in CblD as being potentially
important for binding to CblC [32]. Similarly, the last 37 residues in CblC present in the
full-length form of the protein shown to be expressed in human cell lines [33] but not in
murine tissue [26] is not needed for complexation with CblD. It is not known how B12 is
delivered to the mitochondrion to support the AdoCbl branch of the pathway. A possible
role for the N-terminal domain of CblD in the transfer of the B12 from CblC to a
mitochondrial transporter as depicted in Fig. 1 can be considered.

The presence of a weak leader sequence at the N-terminus predicts that CblD also resides in
the mitochondrion. While localization in the mitochondrial compartment has not been
shown, transfection of a CblD construct containing the strong aldehyde dehydrogenase-2
mitochondrial leader sequence has been shown to improve the levels of AdoCbl in a cblD
cell line with a combined MMA/homocystinuria defect [16]. Based on mutational analysis
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of CblD, the N-terminal domain is expected to be involved in targeting B12 bound to CblC
to the mitochondrial pathway while the C-terminal domain could deliver it to the
cytoplasmic acceptor, presumably methionine synthase [9]. Interestingly, the presence of
CblC in the mitochondrion has been reported in a mitochondrial proteomic study [34].
Furthermore, cblC cell lines reportedly exhibit elevated reactive oxygen species levels and a
higher propensity for undergoing apoptosis [35], suggestive of a mitochondrial connection.
However, the presence of CblC in the mitochondrion has not been independently verified by
localization or other studies and needs to be addressed before its involvement in
mitochondrial delivery of the cofactor to the next protein in the trafficking pathway,
adenosyltransferase, can be assessed.

The cblD group is among the rarest of cobalamin disorders and also the most complex in the
heterogeneity of clinical presentations that range from isolated to combined deficiency in the
MeCbl and AdoCbl branches of the trafficking pathway [15]. Cellular analysis of the fate of
[57Co]-MeCbl in fibroblasts from cblD patients with isolated or combined B12 deficiency
provide compelling evidence for the role of CblD being downstream of CblC. Our study
shows that while MeCbl is dealkylated (a function of CblC) in cblD cell lines, the
partitioning of the resulting cofactor product between the cytosolic and mitochondrial
compartments is significantly impaired. A previous report on three of the four cblD cell lines
used in this study (WG3280, WG3583 and WG3745) also revealed changes in the
proportion of AdoCbl versus MeCbl when cells were fed [57Co]- CNCbl [22]. These results
further support our conclusion that the function of CblD is downstream of CblC in the
cobalamin trafficking pathway since we have shown that CblC decyanates CNCbl [21].

Perturbed intracellular cobalamin distribution in cblD cell lines points to a role for CblD in
guiding cofactor traffic between competing pathways. In the WG3280 cell line, one allele
has a p.L20fsX21 mutation, i.e. a frame shift at L20 leads to termination at codon 21 (Table
1). Hence, the translation product of this allele initiating at codon 1would lead to a truncated
CblD product. On the other hand, internal initiation at codon 62 would give rise to a shorter
CblD-NΔ61 product. The other allele has a frame shift mutation leading to truncation at
codon 162 (pT152fsX162), which is expected to impair both the mitochondrial and
cytoplasmic forms of CblD. In this cell line, there is both a large redirection of the
intracellular cobalamin pool to MeCbl synthesis at the expense of AdoCbl synthesis, and
surprisingly, a net increase in the intracellular B12 pool size (Table 3). Curiously, the total
radioactivity in AdoCbl is greater than in the control cell line, but the MeCbl:AdoCbl ratio is
6.4 in WG3280 versus 1.8 in the control.

One mechanism for the increase in total B12 could be via translational up-regulation of
methionine synthase, which occurs via a B12-responsive IRES element that is sensitive to
MeCbl but not AdoCbl [36]. Increased synthesis of methionine synthase would lead to
increased production of MeCbl, which occurs in situ on the enzyme and to which it remains
tightly bound. Methionine synthase, in turn, is stabilized by binding of B12 [37].

Isolated deficiency of methionine synthase occurs in the WG3745 line, which is
homozygous for the D246G mutation in CblD. In this cell line, the total B12 levels are
approximately in the same range as in control, but a very high proportion (76%) is tied up as
AdoCbl while MeCbl represents only 6% of the total pool and the MeCbl:AdoCbl ratio is
0.09. In contrast, in the control cell line, AdoCbl and MeCbl represent 23% and 42% of the
total pool size, respectively (Table 3). The cofactor distribution is indicative of greater
cobalamin availability for the mitochondrial assimilation pathway when a mutation
selectively impairs the cytoplasmic CblD function. It also suggests that under normal
conditions, partitioning of cobalamin to methionine synthase and to MeCbl synthesis may be
a priority. This is supported by the observation that a significant proportion of
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methylmalonyl-CoA mutase exists in the apo-form [38] whereas methionine synthase is
largely present in the holoenzyme form [39].

The combined phenotype of the cblD disease leads to a milder defect in the biosynthesis of
AdoCbl and MeCbl compared to the outcome in the isolated cases (Table 3). The
mechanistic basis of this finding is presently unknown. While all the cblD fibroblasts show
perturbations in cofactor partitioning to MeCbl versus AdoCbl relative to the control cell
line, net diminution in the cofactor pool is consistently observed only for MeCbl (i.e. in cell
lines from patients with isolated or combined homocystinuria). This is consistent with our
model that CblD plays a role in cofactor loading on to methionine synthase, the site of
MeCbl synthesis (Fig. 1). In contrast, the AdoCbl pool size is not a predictor of associated
methylmalonic aciduria. Indeed, in two cell lines from patients with cblD-associated
methylmalonic aciduria, WG2024 and WG3280, AdoCbl levels are equal to or higher than
in the control cell line (Table 3). This suggests that loading of methylmalonyl-CoA mutase
with AdoCbl is impacted by mutations in the mitochondrial CblD but AdoCbl synthesis per
se is not. Based on this observation, we tentatively propose that CblD functions in the
transfer complex between adenosyltransferase (CblB) and methylmalonyl-CoA mutase
(Mut), which presumably exists in complex with its Gprotein chaperone (CblA) in the cell
(Fig. 1). In the bacterial orthologs of these mitochondrial proteins, adenosyltransferase
synthesizes and then directly transfer AdoCbl to the mutase·CblA complex [40-42]. In
bacteria, orthologs of CblD and CblC are not found; hence the details of the cofactor
docking mechanisms are likely to be different from the mammalian pathway.

In summary, our study maps the involvement of CblD downstream of CblC in the cobalamin
trafficking pathway and reveals that the C-terminal domain is sufficient for interaction with
CblC. Since CblD does not appear to bind B12 directly, at least under the conditions tested in
this study, we suggest that CblD might play a role in delivery of the cofactor from CblC to
methionine synthase in the cytoplasm and possibly, to a mitochondrial acceptor. The
mitochondrially-directed CblD might be similarly involved in cofactor loading onto
adenosyltransferase (CblB), which synthesizes AdoCbl and/or further downstream, i.e.
cofactor docking to methylmalonyl-CoA mutase.
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Fig. 1.
Schematic representation of a model for the cobalamin trafficking pathway. Proteins
corresponding to the nine genetic complementation groups are designated as CblA-J and
Mut (for methylmalonyl-CoA mutase). CblC is proposed to function as the cobalamin donor
to cytoplasmic methionine synthase (CblG), which associates with methionine synthase
reductase (CblE). We propose that CblD functions as an adapter, facilitating complex
formation and/or cofactor transfer from CblC. The mechanism by which B12 enters the
mitochondrion is not known and a putative transporter is shown in blue for purposes of
illustration. The question marks denote the uncertainty in the mechanism for B12 import into
the mitochondrion and its loading onto CblB. The form of cobalamin bound to CblC after
dealkylation is shown as cob(II)alamin for simplicity. We note however that the dealkylation
product is cob(I)alamin, which is rapidly oxidized to cob(II)alamin and then HOCbl in vitro.
Cob(II)alamin is presumed to be stabilized under the reducing intracellular conditions and is
also the product of CblC-catalyzed decyanation of CNCbl.
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Fig. 2.
Purification of recombinant CblD forms. (A) Boundaries of the CblD constructs used in this
study. The predicted mitochondrial leader sequence (MLS) is indicated. (B) SDS-PAGE
analysis of protein standards (lane 1) full-length CblD (FL, lane 2), CblD-NΔ11 (lane 3),
CblD-NΔ61 (lane 4) and CblD NΔ115 (lane 5). An equal amount of protein (7 μg) was
loaded in each lane and visualized by Coomassie blue staining.
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Fig. 3.
Complex formation between CblC and CblD. (A) Formation of a CblC:CblD complex was
monitored by native gel electrophoresis on a 4–20% gradient gel as described under
Materials and methods. CblC and full-length CblD (FL) were incubated for 30 min at 20 °C
in the absence (lane 6) or presence of different B12 forms: MeCbl (lanes 2, 7), AdoCbl
(lanes 3, 8), CNCbl (lanes 4, 9) and HOCbl (lanes 5, 10). In addition, either glutathione
(GSH) (lanes 2–5) or DTT (lanes 7–10) was added to the reaction mixture. A new band
representing the CblC:CblD complex (indicated by arrow) was seen and its intensity varied
depending on the conditions of the incubation. CblC was loaded either in the absence (lane
11) or presence of CNCbl (lane 12) or CNCbl + glutathione (lane 13). Full-length CblD was
loaded in the absence (lane 14) or presence of CNCbl (lane 15) or CNCbl + glutathione
(lane 16). (B) The presence of both CblC and full-length CblD in the protein complex seen
in (A) was confirmed by excising the band and separating it on a denaturing 12% SDS-
PAGE gel.
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Fig. 4.
Effect of N-terminal deletions on CblD folding and its ability to interact with CblC. (A)
Complex formation between CblC (15 μg) and CblD-DΔ11, -ΔN61 and -ΔN115 (15 μg) in
the presence of 50 μM MeCbl and 1 mM glutathione (GSH). In each case, CblC mixed with
MeCbl and GSH was incubated in the absence (lane 2) or presence of CblD-ΔN11 (lane 7),
-ΔN61 (lane 5) and -ΔN115 (lane 3). Control experiments with CblD variants ΔN115 (lane
4), ΔN61 (lane 6) and ΔN11 (lane 8) incubated with MeCbl and GSH only are also shown.
CblC + MeCbl + GSH was loaded in lanes 2 and 9. The asterisks denote the CblC·CblD
complex. (B) Limited proteolysis of 15 μg CblD-ΔN11, -ΔN61 and -ΔN115 with trypsin
(2% w/w) at ambient temperature was performed as described under Materials and methods.
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Fig. 5.
Morphology of cblD cell lines. With the exception of WG3583, all cblD cell lines presented
morphological differences with respect to the normal cell line. In all cases, the growth was
slower for cblD cell lines. However, all cell lines became confluent over time. An enlarged
cellular body size and a disrupted fibroblast growth pattern were also evident by phase
contrast microscopy. Magnification: 100×.
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Fig. 6.
Intracellular profile and distribution of [57Co]-cobalamins in normal and cblD mutant cell
lines after 48 h in culture with [57Co]-MeCbl substrate.
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Table 1

Fibroblast cell lines used in this study.

Cell line Mutation Phenotype Age of onset Reference

HFF None Wild type - Clevel and Clinic

Tissue Culture Core

WG2024 Homozygous cblD, homocystinuria and methylmalonic
aciduria

38 y [9]

748C>T (p.R250X)

WG3280 c.60insAT (p.L20fsX21) in exon 3 cblD, methylmalonic aciduria 6 y [22]

c.455dupC (p.T152fsX162) in exon 5

WG3583 Homozygous for c.683C > G (p.S228X)
mutation in exon 7

cblD, homocystinuria and methylmalonic
aciduria

4.5 months [22]

WG3745 Homozygous for c.737A > G (p.D246G)
in exon 8

cblD, homocystinuria 5 months [22]
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Table 2

Cumulative levels of homocysteine and methylmalonic acid in culture medium after 5 days.a

Cell line ID Phenotype Homocysteine (μmol/mg protein) Methylmalonic acid (μmol/mg protein)

HFF Control 0.016 ± 0.004 0.90 ± 0.12

WG2024 Homocystinuria, methylmalonic aciduria 0.052 ± 0.004 10.1 ± 2.0

WG3280 Isolated methylmalonic aciduria 0.029 ± 0.004 25.1 ± 2.7

WG3583 Homocystinuria, methylmalonic aciduria 0.047 ± 0.006 15.0 ± 1.3

WG3745 Isolated homocystinuria 0.051 ± 0.008 1.56 ± 0.18

a
The data represent the mean of three independent measurements ± standard deviation.
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