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Vitamin B12 (cobalamin) is an essential cofactor of two enzymes,
methionine synthase and methylmalonyl-CoA mutase. The conver-
sion of the vitamin to its coenzymes requires a series of biochemical
modifications for which several genetic diseases are known, com-
prising eight complementation groups (cblA through cblH). The
objective of this study was to clone the gene responsible for the
cblA complementation group thought to represent a mitochondrial
cobalamin reductase. Examination of bacterial operons containing
genes in close proximity to the gene for methylmalonyl-CoA
mutase and searching for orthologous sequences in the human
genome yielded potential candidates. A candidate gene was eval-
uated for deleterious mutations in cblA patient cell lines, which
revealed a 4-bp deletion in three cell lines, as well as an 8-bp
insertion and point mutations causing a stop codon and an amino
acid substitution. These data confirm that the identified gene,
MMAA, corresponds to the cblA complementation group. It is
located on chromosome 4q31.1–2 and encodes a predicted protein
of 418 aa. A Northern blot revealed RNA species of 1.4, 2.6, and 5.5
kb predominating in liver and skeletal muscle. The deduced amino
acid sequence reveals a domain structure, which belongs to the
AAA ATPase superfamily that encompasses a wide variety of
proteins including ATP-binding cassette transporter accessory pro-
teins that bind ATP and GTP. We speculate that we have identified
a component of a transporter or an accessory protein that is
involved in the translocation of vitamin B12 into mitochondria.

V itamin B12 (cobalamin, Cbl) is one of the most complex
vitamins found in nature (1). It acts as a coenzyme in variety

of molecular rearrangements to generate oxidizable substrates.
In mammals, Cbl is involved in two enzyme systems: methionine
synthase (MS), a key enzyme in one carbon metabolism, and
methylmalonyl-CoA mutase (MCM), an enzyme in the pathway
of branched chain amino acid catabolism (Fig. 1). The conver-
sion of the vitamin to its coenzyme forms requires a series of
processing steps in cells. Following entry of Cbl into the lysosome
as a complex with transcobalamin II, it is released by proteolytic
digestion and transported into the cytosol across the lysosomal
membrane. The free vitamin is reduced from cob(III)alamin to
cob(II)alamin and cob(I)alamin, upon which it can be methyl-
ated to form MeCbl or adenosylated to AdoCbl. The reductive
methylation of Cbl occurs on the MS protein and is catalyzed by
MS reductase. The reactions leading to the synthesis of AdoCbl
are less well understood. MCM is a mitochondrial enzyme, and
the final steps of AdoCbl synthesis occur in the mitochondrion.
The current view is that the first reductive step, cob(III)alamin
to cob(II)alamin, occurs in the cytosol. Subsequently, Cbl,
probably as cob(II)alamin, is transported into the mitochon-
drion, where the next reduction step, to cob(I)alamin, occurs
followed by addition of the adenosyl group to form AdoCbl (2).

Blocks in any of the Cbl transport or modification steps usually
cause severe disease in infancy or early childhood, although they
may also present later in life (2). Depending on the nature of the
metabolic block, affected patients may present with homocystin-
uria or methylmalonic aciduria or both. The combined defects
are due to deficits in early steps of Cbl processing, whereas
deficient activity of only MS or MCM indicates a block at a later
step of Cbl metabolism or a primary defect of the apoenzyme.
Eight complementation groups, cblA to cblH, have been iden-
tified that account for these disorders (Fig. 1). Two of the
corresponding genes have been cloned: MTRR encoding MS
reductase (cblE group; ref. 3) and MTR encoding MS (cblG
group; refs. 4–6). Of the remaining complementation groups,
three, cblA, cblB, and cblH, are uniquely involved in AdoCbl
synthesis, whereas the remainder, cblC, cblD, and cblF, affect
both MeCbl and AdoCbl synthesis (2).

Our aim was to identify the gene responsible for the cblA
complementation group (7), a disorder that classically is asso-
ciated with vitamin B12-responsive methylmalonic aciduria (8).
The biochemical features of this disorder have been described
(9–13). Fibroblast cultures from cblA patients typically have
decreased propionate incorporation into cellular protein and
reduced synthesis of AdoCbl, whereas MeCbl synthesis remains
normal (13). In contrast, extracts from the same fibroblast
cultures are able to synthesize AdoCbl in the presence of
chemical reducing agents, such as DTT (and ATP) (10–13). It
has been proposed that cblA corresponds to a defect of a
mitochondrial, NADPH-dependent aquacobalamin reductase
(13, 14), or that it may have a block in mitochondrial binding or
transport of Cbl (9, 10, 12).

We have identified the gene responsible for the cblA defect
through examination of bacterial gene clusters by using the
National Center for Biotechnology Information (NCBI) utility,
Clusters of Orthologous Groups of proteins (www.ncbi.nlm.
nih.gov�COG). It was detected as one of the potential genes in
an operon containing MCM. Several mutations, including two
frameshift mutations, were identified in cblA patients, confirm-
ing the authenticity of the gene identification. Based on its
predicted domain structure, we hypothesize that we have iden-
tified a component of a transporter required for the transloca-
tion of Cbl into mitochondria. We propose the gene name,

Abbreviations: MCM, methylmalonyl-CoA mutase; Cbl, cobalamin; AdoCbl, adenosylcobal-
amin; OHCbl, hydroxylcobalamin; MS, methionine synthase; LAO, lysine-arginine-
ornithine; MPTP, mitochondrial permeability transition pore; MMAA, methylmalonic
acidemia linked to the cblA complementation group.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AF524841–AF524846).

**To whom correspondence should be addressed. E-mail: rgravel@ucalgary.ca.

15554–15559 � PNAS � November 26, 2002 � vol. 99 � no. 24 www.pnas.org�cgi�doi�10.1073�pnas.242614799



MMAA, to denote methylmalonic acidemia linked to the cblA
complementation group.

Materials and Methods
Patient Cell Lines. Fibroblast lines from six patients classified as
members of the cblA complementation group were used in this
study. Patient cell line WG1192 was reported to synthesize
AdoCbl in vitro (11). Propionate uptake was 1.26 � 0.10
nmol�mg protein�18 h without hydroxylcobalamin (OHCbl)
added to medium (13) compared to control values of 10.8 � 3.2
nmol�mg protein�18 h. After incubation of cells in 25 pg�ml
[57Co]cyanocobalamin for 4 days, AdoCbl was at 5.0% of total
Cbl as compared to normal levels of 15.29 � 4.2%. WG1776 is
from a white female who presented at 7 mo with acidosis, ketosis,
and lethargy. [14C]propionate uptake was 2.3 nmol�mg pro-
tein�18 h without and 4.6 nmol�mg protein�18 h with OHCbl
in the culture medium (normal with OHCbl added, 10.9 �
3.5 nmol�mg protein�18 h). AdoCbl was at 6.6% after
[57Co]cyanocobalamin incubation. WG1943 is from a 2-mo-old
East Indian male with vomiting, lethargy, and Cbl-responsive
methylmalonic acidemia. [14C]propionate uptake was 3.4
nmol�mg protein�18 h without and 9.0 nmol�mg protein�18 h
with OHCbl in the culture medium. AdoCbl was at 6.8%.
WG2014 is from a 3-mo-old white male who presented with
fever, projectile vomiting, dehydration, generalized fine tremors,
and Cbl-responsive methylmalonic acidemia. [14C]propionate
uptake was 1.2 nmol�mg protein�18 h without and 7.1 nmol�mg
protein�18 h with OHCbl in the culture medium. AdoCbl was at
7.5% (15). WG3080 is from a white female who presented at 7
days with lethargy, poor feeding, and seizures. The [14C]propi-

onate uptake was 0.6 nmol�mg protein�18 h without and 2.4
nmol�mg protein�18 h with OHCbl in the culture medium.
AdoCbl was at 3.5%. There is no known consanguinity associ-
ated with any of the patient cell lines.

DNA and RNA Extraction and PCR Amplification. Genomic DNA was
isolated as described (16) or by using Genomic-tip (Qiagen) as
described in the manufacturer’s protocol. PCR reactions were
performed on genomic DNA with primers designed to amplify
exons of the coding sequence and portions of the flanking
introns (Table 1). Total cellular RNA was purified from a human
liver hybridoma cell line (Huh-1) by using Trizol (Invitrogen).
The total cDNA was amplified by using oligo-dT as described by
the Omniscript protocol (Qiagen), followed by PCR amplifica-
tion with RNA-specific primers (Table 1). The PCR products
were purified with the QIAquick PCR purification kit (Qiagen)
and cloned into pGEM (Promega) according to the supplier’s
instructions.

Heteroduplex Analysis and DNA Sequencing. Initial examination of
PCR products was performed by heteroduplex analysis, as
described (17). Heteroduplexes were obtained by mixing, melt-
ing, and reannealing the PCR products of mutant and control
DNA before electrophoresis. Positive cell lines also underwent
the same procedure without mixing with control to determine
whether the mutation was on one or both alleles. The observa-
tion of a heteroduplex, with implication of a multibase mutation,
was taken as indication that the correct gene was identified.
DNA sequencing was accomplished in 96-well plates in 10-�l
reactions made up of 2 �l of purified PCR product and 1 �l of
BigDye Terminator Cycle Sequencing Version 2.0 (Applied
Biosystems) and analyzed with an ABI 3700 sequencer (Applied
Biosystems).

Northern Blot. A multiple human tissue Northern blot (CLON-
TECH) was used for determining the level and size of mRNA
species. A probe was generated from a 508-bp cDNA segment
amplifying regions 380–887 bp of the full-length cDNA, using
the Huh-1 cell line as the source of RNA. Detection of �-actin
mRNA was used as control. All procedures followed the pro-
tocol supplied by CLONTECH.

Results
Identification of the MMAA cDNA. Initial efforts to identify se-
quences in model genomes that might represent an NAD(P)H
and flavin-dependent aquacobalamin reductase were unsuccess-
ful, owing to the excessive number of potential candidates.
However, with the availability of the COG database, it became
possible to narrow the search to genes in microbial organisms
that were arranged in clusters with genes encoding Cbl-

Fig. 1. Intracellular processing of Cbl (modified from ref. 2). Steps are
identified according to complementation group names. Their gene (upper-
case italics) and predicted functions are: cblA (MMAA), this study; cblB,
cob(I)alamin adenosyltransferase; cblC�D, possibly cob(III)alamin reductase;
cblE (MTRR), methionine synthase reductase; cblF, lysosomal Cbl efflux; cblG
(MTR), methionine synthase; and cblH, possibly a component of Cbl transport
or cob(II)alamin reductase.

Table 1. Splice junctions in the MMAA gene and primers used for exon�flanking sequence amplifications

Exon
Size,
bp

PCR,
bp Sense* primer sequence Antisense* primer sequence

Splice sites

Exon boundaries5� 3�

1 �19 ND ND ND . . . GCGGgtg ��85 to �68
2 506 515 tagggaggtcacaatcacattgagc agactgacCTACTCGAAATGCTAGTG tagGGAG. . . . . . GTAGgtc �67 to 439
3 123 397 tctctttccaccgtagGATTGTCTG gatcatcttcaacttctggcacctg tagGATT. . . . . . GGTGgta 440–562
4 171 507 ggaactggctgataattgacccgta cctaatgtttacagttctcctctggc tagGATC. . . . . . GTTGgtg 563–733
5 87 470 ggttgactgtgtgaccatgagtatg gctggagcgatccatgtatttcagt cagGTGT. . . . . . GCAGgta 734–820
6 149 586 ctgccactcaatcatgttgtgacttg tcatgactacacactccgtctttgtc tagGGTA. . . . . . AAAGgta 821–969
7 352 527 taagaattaactggcaggtatcagc ctaacttccttcaagttttcaagcatg tagGTAA. . . 970–1317
RNA† 1,359 cttcgggcggggaggtcacaatcaca gtaaaattattatacaggatgaa

*Splice sites were determined based on a comparison of the cDNA and genomic sequences. The coding sequences are uppercase, whereas intron and noncoding
sequences are lowercase. ND, not done.

†The full-length coding sequence was amplified by RT-PCR from position �74 to 1285, using the ‘‘RNA’’ primers.
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dependent enzymes. A search for MCM yielded COG2185,
identified as corresponding to the Cbl-binding, carboxyl-
terminal domain of MCM. It is present as a member of a cluster
in 16 of the 43 complete genomes represented in the database
(Fig. 2). In 10 of these, COG1703 was found immediately
adjacent to COG2185. COG1703 is characterized as ‘‘putative
periplasmic protein kinase ArgK and related GTPases of G3E
family.’’ COG1703 was found in the genomes of Archaea (five
genera), Bacteria (five genera), and Eukaryota (one genus), as
listed in the COG database. One member of this COG, namely
ArgK, has been described as a coupled ATPase of the lysine-
arginine-ornithine (LAO) transport system in E. coli (18). Given
the proximity of COG1703 to MCM and its frequency in
microbial genomes, we pursued it as a candidate for involvement
in the AdoCbl pathway.

The A. fulgidus sequence (GenBank accession no. AAB89957)
from COG1703 was used as the template for a BLAST (TBLASTN)
search of the human Expressed Sequence Tags (DBEST) database
and Unigene clusters at NCBI. This search yielded 10 ESTs listed
in Unigene cluster Hs.126216 and 18 others in Hs.21017. Align-

ment of the ESTs permitted construction of a composite 1,404-
bp-long cDNA that contains a putative start codon with in-frame
upstream stop codon at the 5� end and polyA tail at the 3� end
(Figs. 3 and 4).

The 5� and 3� ends of the composite human cDNA were

Fig. 2. Cluster of orthologous genes examining the MCM N terminus
(COG1884) and C terminus (COG2185) and the genes identified as comprising
COG1703. Bacteria discussed in this study include Archaeoglobus fulgidus
(aful) and Escherichia coli K12 (ecol); others are listed at www.ncbi.nlm.
nih.gov�COG.

Fig. 3. Structural organization of the human MMAA gene. The top schematic (‘‘Genes’’) illustrates the flanking genes and map positions surrounding MMAA
according to contigview in Ensembl (www.ensembl.org). Note that NCBI maps MMAA to the 147.36–147.38 megabase pairs (Mbp) location of chromosome 4.
Both Ensembl and NCBI localize MMAA to 4q31.21–22. The next line (‘‘Exons’’) illustrates the location of exons (numbered boxes) and introns (lines) along the
MMAA gene located in Contig NT�016606.11. Our independently confirmed sequences from genomic DNA were deposited in GenBank under the accession nos.
AF524841–AF524846. Introns are drawn to scale, except where ‘‘?’’ is used to denote a region of unknown sequence and length and ‘‘��’’ is used to denote a
longer region than illustrated. Next the cDNA (‘‘cDNA’’) is illustrated, with splice and start�stop codons indicated, showing that it was constructed from the
numerous ESTs (‘‘ESTs’’) belonging to Unigene clusters Hs.126261 (10 ESTs) and Hs.21017 (18 ESTs) and verified by RT-PCR sequencing. Only some ESTs are
illustrated here.

Fig. 4. Nucleotide and deduced amino acid sequence of human MMAA. The
nucleotide and amino acid residues are numbered on the left and right
margins, respectively. Two in-frame stop codons are indicated by *** imme-
diately upstream and downstream of the coding sequence. A candidate polyA
signal starting at 1,296 is underlined.

15556 � www.pnas.org�cgi�doi�10.1073�pnas.242614799 Dobson et al.



extended further by using a computer-generated version of EST
walking. Sequential searches were made by using 5� or 3� most
sequences from successively identified ESTs until no further
extensions were identified (Fig. 3). At the 5� end, the human
EST, AL532029 from Hs.21017, was used to BLAST the EST
database. It identified H10909 as having an additional nine
nucleotides at the 5� end. H10909, in turn, was used as the subject
for BLAST in the next round. Three more ESTs were found,
H06777, Z44188, and H15578, with 14, 15, and 15 nucleotides of
additional sequence, respectively. No further 5� additions were
detected. At the 3� end, seven of the 10 ESTs from Hs.21017
contained polyA tails, all starting at the same location. No
alternate 3� polyA sites were identified.

The cDNA sequence was verified experimentally by RT-PCR
and sequencing of mRNA from the transformed human liver cell
line Huh-1. It contains an ORF 1,254 bp in length, predicting a
polypeptide of 418 aa with a calculated molecular weight of 46.5
kDa (Fig. 4). During the course of this work, the deduced protein
sequence (XP 094094) was placed in GenBank as a sequence
from contig NT�006177 and agrees with our construction. Based
on all ESTs examined in the database, no splice variants appear
to be present. Examination of the database of single nucleotide
polymorphisms (dbSNP) revealed a SNP at c.1089.C 3 G that
would result in an amino acid change, L363V. This change was
not observed in any of the patient or seventy control cell lines
that were sequenced experimentally, suggesting that it is a rare
mutation.

Orthologous Proteins. Sequences corresponding to the candidate
MMAA cDNA were also identified in the mouse EST database.
This allowed us to verify reading frame throughout, and to assure
the likelihood that the sequence is full length. The mouse
Unigene cluster Mm.26510 contains 54 ESTs. These were as-
sembled into a composite cDNA sequence that verified the
corresponding GenBank entry (BC021954). The mouse cDNA is
76.4% identical to the human cDNA. The corresponding pro-
teins are 78.8% identical, with similarity based on conserved
amino acid properties of 84.5% (Fig. 5).

In addition to the mouse sequence and the sequences identi-

fied in the COG database, a survey of the NCBI database for
additional orthologous protein sequences by using BLAST analysis
(19) yielded a predicted protein in C. elegans (NP 495466) and
M. tuberculosis (NP 335996) and an LAO�AO transport system
kinase (ArgK) in E. coli (P27254). These sequences were also
aligned with the proposed human-coding sequence (Fig. 5).

Structure of the MMAA Gene and Chromosomal Location. The
MMAA gene was localized to chromosome 4q31.1–2 based on
the linkage of contig NT�006177.5 to locus LOC166785 (Fig. 3)
and the mapping of sequence-tagged sites (STS) including
WI-14208, A005L23, and STSG2679. To define the structure of
the human gene, the cDNA sequence was compared to the whole
human genome by using BLASTN. Seven hits were obtained with
100% continuous alignment in each segment, indicating that the
gene contains seven exons (Fig. 3). Based on comparison of the
assembled EST and genomic sequence, only 19 bp were found to
constitute the first exon. No recognizable CAP site suggesting its
potential length was identified. However, because an in-frame
stop codon precedes the first in-frame ATG in exon 2, the first
exon was concluded to be untranslated and was not included in
mutation analysis (below). All exon–intron boundaries conserve
the AG-GT rule and maintain the ORF as predicted by the
cDNA sequence. The exons range in size from 89 bp (excluding
exon 1) to 586 bp. Four introns range in size from 1,003 bp to
3,502 bp, and intron 3 is estimated to be �21,600 bp. In total, the
human MMAA gene was found to encompass �17.1 kb and is
f lanked by an Ensembl (www.ensembl.org)-predicted gene
(Q9UFT8) having homology to the mothers against decapen-
taplegic 1 (MAD1) gene on the 5�-side �100 kb away and by a
novel gene (‘‘novel’’) with a zinc finger domain �160 kb away on
the 3�-side of the human gene map (using the contig viewer
utility at Ensembl).

Comparison of the human and mouse genes showed preser-
vation of all seven exon–intron splice junctions. Interestingly, the
mouse and human chromosomes show a large amount of synteny
around the MMAA gene including the MAD1 homolog and zinc
finger protein. This gene pattern is in agreement with the

Fig. 5. Alignment of amino acid sequences similar to that of human (Hum) MMAA, including mouse (Mou), Caenorhabditis elegans (Cel), E. coli (Eco), Mycobacterium
tuberculosis (Mtu), and A. fulgidus (Afu). Sequence motifs defining the G3E family of proteins are indicated, including the GxxGxGK[S�T] Walker A, the Mg2�-binding
aspartate residue, the DHbHbHbHbE Walker B motif with Hb denoting hydrophobic residues, and an [N�T]KxD GTP-binding motif, as described by Leipe et al. (27). The
arrow denotes the predicted mitochondrial leader sequence cleavage site. Amino acids that are similar in all species are shaded with a gray background.
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human–mouse homology map (www.ncbi.nlm.nih.gov) that links
human 4q31.3–4q35 with chromosome 8 of mouse.

Expression in Tissues. The 508-bp probe hybridized to three RNA
species of �1.4, 2.6, and 5.5 kb on the Northern blot, with highest
levels of expression in liver and skeletal muscle. Skeletal muscle
expressed the largest transcript predominantly, whereas in liver
the smallest one predominated (Fig. 6). The 1.4-kb species is
essentially identical to the predicted length of the composite
cDNA.

Mutations in the cblA Complementation Group. Fibroblast lines from
patients from the cblA complementation group were analyzed
for mutations by PCR-heteroduplex analysis and DNA sequenc-
ing. Three cell lines, WG1192, WG2014, and WG3080, gave
heteroduplexes on PAGE of PCR products obtained by ampli-
fication of exon 4 and flanking sequences (Fig. 7). The latter two
cell lines showed heteroduplexes in the presence or absence of
mixing with control DNA. These results suggest that WG1192 is
homoallelic, and that WG2014 and WG3080 are heteroallelic for
a multibase change within the amplified sequence. DNA se-
quencing revealed the mutation to be a 4-bp deletion,
c.592.delACTG, which would disrupt reading frame and intro-

duce a downstream stop codon in the transcribed sequence.
WG3080 produced a second heteroduplex on PCR of exon 2
(Fig. 7). DNA sequencing revealed this change to be an 8-bp
insertion, c.260.insATAAACTT. It would also result in a se-
verely truncated protein. Given the presence of two different
frameshift mutations on each allele of WG3080 and the 4-bp
deletion on both alleles of WG1192, both cell lines would be null
for a functional protein.

Two point mutations were also detected. Cell line WG1776
contains a premature stop codon, c.283.C�T (Q94X), on one
allele, which would also disrupt protein expression. The second
allele is unidentified. WG1943 contains a mutation, c.620.G�A,
resulting in the amino acid substitution, Y207C, which was not
identified in 70 control cell lines sequenced. This mutation is
present on both alleles and suggests inactivation or instability of
the resulting protein; although expression of the mutant protein
would be required to clarify the effect of this substitution.

Discussion
We have combined the analysis of prokaryotic gene arrange-
ments with the identification of mutations in affected patients to
determine the identity of the disease-causing gene in patients
from the cblA complementation group. The key finding con-
firming the identity of the MMAA gene was the detection of
heteroduplexes harboring mutations in the candidate gene for
five cblA cell lines. DNA sequencing revealed a 4-bp deletion and
an 8-bp insertion in patient cell lines that would be expected to
produce frameshifts and truncated proteins. Significantly, the
4-bp deletion was shown to be homoallelic in one cell line,
whereas another was heteroallelic for both the deletion and
insertion. These results demonstrate that in at least two patients,
the mutations on both alleles are of such severity that the
expected outcome is the complete absence of protein function.
Based on the nature of mutations identified in these patients, we
conclude that the MMAA gene is responsible for the cblA
complementation group. Given the similarity of the cblH to cblA
complementation groups, we also tested a cblH cell line for
mutations, but found none, indicating that cblH likely corre-
sponds to a different gene.

It was anticipated that the MMAA gene would code for a Cbl
reductase or perhaps a mitochondrial transporter of vitamin B12.
Early studies pointed to a mitochondrial defect because the
reduction in AdoCbl synthesis was localized to mitochondria,
and the activity was restored if the assay was conducted in cell
extracts rather than whole cells (10). These findings are com-
patible with a block in mitochondrial transport, but no such
transporter was identified (20, 21). Instead, Watanabe and
coworkers (22, 23) identified an NADPH-dependent aquaco-
balamin reductase in rat liver and Euglena mitochondria, which
was deficient in fibroblasts from one cblA cell line (14). They
took this observation as evidence that the MMAA gene might
code for a reductase. Our results are consistent with mitochon-
drial targeting of the MMAA protein. It has a predicted leader
sequence and signal cleavage site (P � 0.998; www.inra.fr�
predotar; Fig. 5), but it is unlikely to be an aquacobalamin
reductase because it does not contain domains suggestive of
flavin or NAD(P)H-binding sites.

In considering a possible role for the MMAA gene, we first
examined the published work on ArgK, the E. coli protein that
is 61% similar to MMAA. The argK gene was initially identified
as the site of mutations resulting in a deficiency in uptake of
lysine (L), ornithine (O), and arginine (A) (18). The affected
gene, argK, was expressed and shown to code for a protein that
has intrinsic ATPase activity and could phosphorylate the LAO
and AO periplasmic binding proteins in vitro (18). However, a
revertant of the original mutant had restored ATPase activity
and LAO uptake but remained defective in the protein kinase
activity. It was concluded that ArgK is an essential, common

Fig. 6. Northern blot analysis of MMAA mRNA. A Northern blot of poly(A)�

RNA from the indicated human tissues. The membranes were hybridized with
a 32P-labeled 508-bp probe from MMAA mRNA (A) or a �-actin probe (B).
Molecular size marker positions are indicated on the right.

Fig. 7. Mutations reported here and heteroduplex tests. (A) Heteroduplex
test for c.592.delACTG: lane 1, control cells; lane 2, WG2014 mixed with control
cells in a 1:1 ratio; lane 3, WG2014 alone; lane 4, WG1192 alone; lane 5,
WG1192 mixed with control; lane 6, WG1943 mixed with control cells in a 1:1
ratio. (B) Heteroduplex for c.259.delATAAACTT: lane 1, WG3080 alone; lane 2,
WG3080 and control cells; lane 3, control cells alone.

15558 � www.pnas.org�cgi�doi�10.1073�pnas.242614799 Dobson et al.



accessory to the LAO and AO transport systems through its
ATPase activity, but that its putative kinase activity was not
involved (18). The LAO�AO and arginine periplasmic binding
proteins have been shown to be associated with two independent
inner membrane transport systems, HisP and ArtP. Both are
ATPases with ATP-binding cassette signatures (24, 25). This
challenges the notion that ArgK, which lacks an ATP-binding
cassette signature, is an LAO�AO transport-associated ATPase.

Therefore, with the possibility that ArgK might be involved
with vitamin B12 transport in microbes, we reviewed the com-
ponents of the vitamin B12 transport system in E. coli (26).
Vitamin B12 is transported across the inner membrane by two
identical membrane-spanning components, BtuC, and an asso-
ciated ATPase, BtuD. A comparison of the sequence of BtuD
with that of ArgK shows them to be distinct and related only in
the Walker A motif, commonly found in ATP-binding proteins.
An extensive phylogenetic analysis of nucleotide-binding pro-
teins included ArgK as a member, proposing that it belongs to
one of four subfamilies comprising the G3E family of P-loop
GTPases (27). The G3E branch of the phylogenic tree is defined
by the specific sequence signatures associated with nucleotide
binding, including Walker A and Walker B motifs, a Mg2�-
binding aspartate residue and a sequence specific to GTP
defined by an [N�T]KxD motif (Fig. 5). In addition to ArgK, the
G3E family comprises three additional subfamilies represented
by: UreG, an accessory urease subunit involved in the assembly
of the metallocentre of nickel metalloenzymes; HypB, a hydro-
genase expression protein that is also involved in metal binding
and metalloenzyme assembly; and, interestingly, CobW, a pro-
tein in the biosynthetic pathway of vitamin B12 whose role
remains undefined. It is significant that all of these proteins are
involved in the assembly of metalloenzymes which, conceptually,
reinforces the idea of a similar role for ArgK in Cbl metabolism.
Nonetheless, although the proximity of argK to the MCM gene
in bacterial gene clusters has been recognized previously, efforts
to identify a role for the ArgK protein in this area of metabolism
have been unsuccessful (28, 29).

In sum, the studies on ArgK do not readily point to a function
for the protein and offer only limited insight into predicted
function of the MMAA protein. Nevertheless, our knowledge of

the biochemical abnormalities of cblA patients strongly suggests
that MMAA and, by extension, ArgK have specific involvement
in vitamin B12 utilization. An interesting aspect of previous
biochemical studies included the finding that vitamin B12 uptake
in isolated rat liver mitochondria depended on mitochondrial
swelling mediated by calcium or phosphate addition (11, 30).
This appears to occur through opening of the mitochondrial
permeability transition pore (MPTP) that is permeable to
molecules of �1,500 Da, a value bordering on the molecular
mass of vitamin B12 (1,350 Da) (31). Acute opening of the MPTP
causes mitochondrial swelling and apoptosis and can be initiated
by the addition of calcium or phosphate salts (32). We speculate
that vitamin B12 uptake might occur via MPTP pores, opened
within a physiological range, which might be stimulated by the
ATP or GTPase activity of the associated MMAA protein. A
search for transmembrane domains was equivocal for human
MMAA, and negative for MMAA homologs in other species. If
MMAA is an accessory protein, it would likely be on the matrix
side of the MPTP. As a mechanism, this conjecture would
obviate the need for a unique transport protein, for which there
seems to be little evidence, but would offer the possibility of a
requirement for calcium�phosphate stimulation and ATP de-
pendence as originally detected (11). Further, if the system is
inherently leaky so that there is a low level of transport in the
absence of activation, then this might provide an explanation for
the vitamin B12 responsiveness in these patients (8). In conclu-
sion, we propose a role for MMAA in the transport of vitamin
B12 into the mitochondrion, either as a component of a transport
system or as a soluble accessory protein required for transloca-
tion across a nonspecific membrane pore, possibly the MPTP.
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