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Abstract
Vitamin B 12 (cobalamin, Cbl) is an essential vitamin in humans. Genetic disorders linked
to Cbl metabolism have been defined through complementation analysis, and have been
assigned to metabolic steps through biochemical analysis. Eight complementation groups
have been identified, cblA through cblH. These genetic defects produce functional
deficiency in one or both of methionine synthase (MS) or methylmalonyl CoA mutase
(MCM), depending on the nature of the block. My quest was to identify missing pieces
of the vitamin B 12 pathway.

Upon examining prokaryotic operon structures using NCBI's "Cluster of Orthologous
Genes" (COG) database, I observed a gene flanking MCM in several genomes and
another gene in one genome with similarity to human genes. These studies led to the
identification of two genes, MMAA and MMAB, responsible for the cblA and cblB
complementation groups, respectively.

Biochemical examination of the MMAA protein was conducted on YgfD (the E. coli
ortholog). YgfD was purified, the GTPase activity examined and the interaction with
MCM studied.

Celis defined the role of YgfD as a lysine-ornithine-arginine (LOA)

transporter, while Korotkova demonstrated its role in preventing the inactivation of
MCM. While the case for LOA transporter role is severely flawed, the role as a protein
preventing inactivation of MCM is in conflict with the information known. My studies
suggest that YgfD (and the orthologous MMAA protein) may playa role in a larger
complex thereby affecting both MCM activity and AdoCbllevels.
III

Three patients were examined for mutations in methylmalonyl CoA epimerase (MCEE).
Unlike most cblA patients, these three lacked mutations in the MMAA gene, had high
AdoCbllevels and were not responsive to vitamin B 12 treatment. One patient, WG2278,
is homozygous to R49X in MCEE. The family was also found to be homozygous for
R49X.

A knockdown of the epimerase expression, using siRNA, revealed that 14C _

propionate uptake was affected.

A region of chromosome Ip34 was identified by Atkinson to be critical to cblC patients.
Sixteen candidate genes belonging to that region were tested for mutation in cblC cell
lines. Several single nucleotide polymorphisms were identified in these genes, including,
a two base pair (AT) deletion. No gene was identified as the gene responsible for the
cblC disorder.

To identify and test additional genes in vitamin B 12 metabolism, I developed a method of
"genome subtraction" in which all the genes found in microbial vitamin B 12 users are
subtracted from non-users leaving only vitamin B 12 genes.

High, medium and low

stringency tests were performed using empirically defined rules.

Three genes were

identified that were not part of the selection criteria that are involved in vitamin B 12 
dependent pathways and represent a validation of the enrichment method. Four novel
candidate genes were screened by gene silencing technology to determine if any affected
the vitamin B 12 pathway. One candidate gene was found to have reduce the metabolism
of 14C-propionate, a test routinely used to evaluate vitamin B 12 cofactor function in
human cells. To maximize the number of candidates, the genome subtraction queries
IV

were combined with an in-depth operon, i.e. custom-designed COG, search. The results
of the combined queries yielded 18 candidate genes, six of which are good candidates. It
is expected that gene silencing and mutation detection can be performed to assess the
remaining candidate genes.

Overall, genome subtraction, operon analysis and siRNA testing should be effective tools
for the identification of novel vitamin B 12 genes. This approach should be generalizable
to other ancient pathways that that have been retained during evolution. These methods
are also useful even when the protein has a misidentified function.
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Epigraph

Had I the heaven's embroidered cloths,
Inwrought with golden and silver light,
the blue and the dim and the dark cloths
Of night and light and of the half-light
I would spread the cloths under your feet:
But I being poor, have only my dreams;
I have spread my dreams under your feet;
Tread softly because you tread on my dreams.
- Wiffiam (]3u[ter 'Yeats

XXll

Chapter 1 : Overview

Introduction

Vitamin BIZ, officially named cobalamin (Cbl), is an essential vitamin and cofactor 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.

Two

vitamin BIz-based coenzymes,

methylcobalamin (MeCbl) and adenosylcobalamin (AdoCbl), are required as cofactors
for these two enzymes, respectively. The intracellular conversion of the vitamin to its
coenzyme forms requires a series of biochemical modifications. Blocks in any of the Cbl
modification steps lead to inborn errors, which may be devastating in the newborn period
or early childhood, though some are treatable with high dose vitamin BIZ therapy. These
genetic defects produce functional deficiency in one or both of MS or MCM, depending
on the nature of the block, and mild mutations in some of these steps (notably in the
activation of MS) may be associated with cardiovascular disease and neural tube defects.

The genetic disorders

linked to Cbl metabolism have been defined through

complementation analysis of fibroblast cultures from affected patients, and have been
assigned to metabolic steps through biochemical analysis. Eight complementation groups
have been identified, cblA through cblH, that convert vitamin BIZ to functional cofactors.

1

Previously, the Gravel laboratory cloned MS (CbIG) and methionine synthase reductase
(MSR, CblE).

This introduction will outline the present knowledge of Cbl metabolism and synthesis in
eukaryotes and prokaryotes, the complementation groups in humans, and the relationship
of complementation groups to the Cbl processing pathway.

Further information

pertaining to my research will be provided in the subsequent Chapters.

Structural information

In 1926, Minot and Murphy (1) demonstrated that liver extract given orally was effective
in treating pernicious anaemia - a disease in which the number of red blood cells
decreases, but their size and haemoglobin content increases. The factor responsible for
this treatment was isolated from liver and kidney (2,3). In 1956, the structure of vitamin
B I2 using X-ray crystallography was published (4).

Vitamin B I 2 consists of a planar corrin ring that surrounds a central cobalt (Co) atom and
a complex side chain that extends down from the corrin ring plane (Figure 1.1). The
complex side chain consists of a 5,6-dimethylbenzimidazole-phosphoribosyl moiety. The
imidazole portion is linked to the Co through one of its nitrogen's and the
ribosylphosphate portion is bound to the D ring of the corrin. A radical is often bound to
the Co nucleus, which reacts with Cbl-dependent enzymes.

2

Figure 1.1. The structure of cobalamin. The R group could be either 5' methyl or
5'adenosyl.

Corrin ring
R group
Cobalt

5' -dimethylbenzimidazole phosphoribosyl

Biosynthesis and utilization of vitamin B n in prokaryotes

Although vitamin BI2 is widely distributed and is an essential metabolite in animal
tissues, it appears to be synthesized only in select Archaea and Eubacteria. Some of the
enzymes involved in Cbl synthesis and utilization may be related to those in human
metabolism. As such, prokaryotes offer a wealth of candidates to aid in finding genes
relevant to the human pathway. Biosynthesis requires the combined action of around 25
enzyme-mediated steps (summarized in (5,6)) (Figure 1.2). The growing amount of
available genome sequences has meant that bacteria capable of Cbl synthesis can be
easily identified and their biosynthetic genes compared. Cbl synthesis occurs mainly by
one of two routes, anaerobic (cbi genes) and aerobic (cob genes). However, there are a
number of variations of these two pathways, with the major differences occurring in the
process of ring contraction.

3

Figure 1.2. Biosynthetic pathway for AdoCbl and other tetrapyrrolic cofactors in
bacteria. (Taken from (6)). The anaerobic pathway (right) has a later Co insertion and
genes are modeled based on Pseudomonas denitrificans studies. The left portion is the
aerobic pathway, modeled based on studies in Salmonella typhimurium. Similar genes
are shaded in grey. Vitamin B 12 transport routes are listed as lines with arrows.
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In most bacteria, Co and other heavy atoms are accumulated by a fast, non-specific CorA
transport system (7-9), although other Co transporters have been identified such as HoxN
of Ralstonia eutropha and NhIF of Rhodococcus rhodochrous

(l0).

An adenosine

triphosphate (ATP)-dependent system has been identified which mediates high affinity
transport of the Co atoms when needed, encoded by the cbiMNOQ genes on the
biosynthetic operon of Salmonella typhimurium (S. typhimurium) (11). Other possible
transport systems have been identified including CbtA, CbtB, CbtC, HupE, CbtD, CbtE,
CbtF and CbtG (7).

When Co is in excess, cells can remove the Co by CPx-type

ATPases (12).

The biosynthesis of AdoCbl from uroporphyrinogen III (DrollI) can be divided into two
major parts. The first part involves the corrin ring synthesis. In anaerobic pathways this
starts with the insertion of Co into the precorrin-2, and the remainder of the ring forms
from there.
synthesized.

In the aerobic pathway this reaction occurs only after the corrin ring is

The second part is common for both pathways, and involves the

adenosylation of the corrin ring, attachment of the arninopropanol arm, and assembly of
the nucleotide loop that bridges the lower ligand dimethylbenzimidazole and the corrin
ring (5,6).

Enteric bacteria, such as E. coli, do not synthesize but require the uptake of vitamin B 12 .
Vitamin B 12 is transported across the outer membrane and accumulated in the periplasm,
a process mediated by BtuB (13). Transport across the cytoplasmic membrane requires
BtuCDF proteins, which form an ABC-type transport system (13).

5

Once Cbl enters the cell, the Co atom on Cbl must be reduced to its monovalent state
prior to the formation of AdoCbl (14). A postulated enzyme (EC 1.6.99.8) converts
Cbl(III) to Cbl(II) and another (EC 1.6.99.9) converts Cbl(II) to Cbl(!) (15). Neither of
these reductases has been purified. Based on an in vitro reduction system Fonseca and
Escalante-Semerena (16) suggested that the conversion of Cbl(II!) to Cbl(II) in vitro was
enzyme-independent. An apparent Cbl(II) reductase in S. typhimurium was identified
with an N-terminus is similar to an Escherichia coli (E. coli) nicotinamide adenine
dinucleotide (phosphate) (NAD(P)H) :flavin oxidoreductase (Fre), but this enzyme was
not found to be responsible for the reduction in vivo (16).

In microorganisms, AdoCbl acts as a cofactor for several enzymes, including diol

dehydratase, ethanolamine ammonia-lyase, glutamate mutase, glycerol dehydratase and
ribonucleotide reductase.

Various bacterial proteins have been identified as Cbl

adenosyltransferases: BtuR (E. coli), CobA (S. typhimurium), CobO (P. denitrificans),
EutT (S. typhimurium), and PduO (Salmonella enterica (S. enterica)) (17-21). These
enzymes are involved in oxidative addition of adenosyl from ATP on the Co(!). For
BtuR, CobO and CobA, the enzyme reaction occurs during Cbl biosynthesis, prior to
final Cbl production. The three dimensional structure of the CobA from S. typhimurium
is published (22).

Examination of the structure of CobA leads to interesting postulates about
adenosyltransferases and their domains and potential interactions.
6

The P-Ioop motif

(GNGKGKT), responsible for ATP binding is present. However, this motif has many
variations found throughout nature. In the Co(III) state the 5' ribosyl moiety (the one on
ATP) is held far away from the Co ion and is separated by a water molecule (22). If this
was the structure for reaction between the corrinoid and ATP, it is likely the nucleophilic
attack from Co would occur on water not ATP.

This suggested to Bauer, that a

rearrangement of ternary structure must occur when the Co is reduced from Co(Ill) to
Co(I) (22). As well, the coordinates and sparse interactions of the adenosylated corrinoid
and CobO enzyme differs considerably from other Cbl-dependent enzymes including
MS, MCM and diol dehydratase where there are numerous interactions between the
protein and Cbl (22). In March 2001, Johnson reported that the pduO gene encoded an
ATP: cob(I)adenosyltransferase used in Cbl assimilation for propanediol dehydrogenase
in S. enterica (21).

In bacteria, MeCbl is involved in the formation of methane and acetic acid and the

fermentation of lysine, and is required for MS activity. Some bacteria have either a MS
requiring Cbl (encoded by the metH gene) or one that does not require Cbl (encoded by
the metE gene), and some such as E. coli, have both. MeCbl-dependent MS undergoes
inactivation of the Cbl cofactor. In bacteria, the restoration is by reductive methylation of
the oxidized Cbl (Co(III) with S-adenosylmethionine (SAM) as a methyl donor, a
reaction that is catalyzed by a two-enzyme system involving flavodoxin (Fld) and
flavodoxin reductase (Fnr).

7

Two AdoCbl-dependent enzymes, glycerol dehydratase and diol dehydratase, also require
reactivation when Cbl is oxidized (23,24). The genes for the reactivating enzymes have
been cloned (gdrAB and ddrAB) (23,24). While MCM does not seem to undergo suicide
inactivation and reactivation, it appears that MeaB interacts with MCM to prevent
inactivation (25).

Recent studies have begun to reveal that numerous fundamental metabolic pathways,
including those of Cbl metabolism in bacteria, are regulated by riboswitches.
Riboswitches are metabolic binding domains within certain mRNAs to sense
concentrations of their corresponding ligands (metabolites).

Upon ligand binding,

allosteric rearrangement of mRNA structure modulates gene expression (25). AdoCbl
was shown to inhibit various Cbl synthesis genes, by binding to the mRNA (26-28).
Using comparative analysis of genes, operons and regulatory elements revealed a highly
conserved RNA secondary structure, the regulatory B 12 element, in Eubacteria and some
Archaea (29,30). These B 12 elements were found upstream of many of the Cbl synthesis
and utilization genes.

As well, the elements were found to be upstream of several

"novel" genes that were not previously identified as belonging to the vitamin B I2
pathway (29), and may be useful for the identification of their human counterparts.

Utilization of vitamin B ll in mammals

The primary dietary sources of vitamin B12 include milk, eggs, fish and meat. Vegetarians
must take supplements to avoid vitamin B 12 deficiency. The amount of Cbl in an average
8

western diet (-5-15jlg/d) is more than sufficient to meet the daily requirement of 2.4jlg/d
(31). Therefore, with the exception of vegetarians, Cbl deficiency implies the presence of
a metabolic or absorptive problem. Vitamin B I2 utilization decreases with age, although
inadequate vitamin B 12 dietary intake is not a frequent condition in the elderly. The most
frequent cause of poor vitamin B 12 status in the elder!y is probably malabsorption of food
bound vitamin B12, although the extent of this problem has not been precisely defined
(32).

The transport pathway of Cbl within the body is summarized in Figure 1.3. When food
enters the stomach, acids aid in the release of Cbl from the proteins to which it is bound.
An R binder (called haptocorrin or transcobalamin I) binds cobalamin in the stomach.
The presence of food also stimulates the release of a glycoprotein called intrinsic factor
(IF) that binds CbI. The IFCbl complex passes through the small intestine and interacts
with an ileal receptor protein called cubilin (33).

The IFCbl-cubilin complex is

transported into enterocytes by endocytosis (34). Following this, the complex dissociates
and Cbl binds to transcobalamin (Te). The TCCbl complex is transported out of the
enterocyte. TCCbl is released into the circulation and delivered to other tissues (35).
The TCCbl complex undergoes endocytosis into cells (36).

9

Figure 1.3. Delivery of consumed Cbl to cells. Taken from Fowler (37).
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Four different forms of the vitamin have been identified in mammalian tissues: AdoCbl,
glutathionylcobalamin (GSCbl) (38,39), hydroxylcobalarnin (OHCbl) and MeCbl.
AdoCbl and MeCbl are the only two compounds known to naturally form carbon-Co
bonds and are reactive as cofactors in mammals. The most common commercial form of
the vitamin contains a cyanide radical attached to the Co atom, called cyanocobalamin
(CNCbl). However, this form is not found in nature.

The proposed model for intracellular processing of Cbl is illustrated in Figure 1.4. Upon
entry into the cell, TCCbl is incorporated in the lysosome, where TC and Cbl(ill) are
detached releasing Cbl(ill) into the cytosol. Cbl(III) is thought to be reduced to Cbl(II),
then Cbl(I). A number of proteins with putative Cbl reductase activity have been isolated
10

from mammalian cells (40-46). However, it is not clear whether these reduce Cbl under
physiological conditions. The Cbl(II) forms likely bind MS where it is reduced to Cbl(I)
and methylated to form MeCbl in the cytosol, or it is transported to the mitochondria to
make AdoCbl for MCM.

In mammals, AdoCbl is a cofactor for MCM, which converts methylmalonyl-CoA
(MMCoA) to succinyl-CoA. This is a key step in the catabolism of branched chain amino
acids and odd-numbered chain length fatty acids. Deficiency of MCM activity will lead
to increased MMCoA and its hydrolysed product, methyl malonic acid, that can be
measured in the blood and urine. MCM is synthesized in the cytoplasm and transported
to the mitochondria where a 32 amino acid leader sequence is cleaved off. The gene has
been mapped to the 6p12-p21.2 region in humans (47). MCM in Propionibacterium
shermanii (P. shermanii) has been examined, cloned into E. coli and crystallized (48).
Poston (49) reported that AdoCbl was also involved in the conversion of a-leucine to
leucine, but this has never been confirmed.

Figure 1.4. Proposed intracellular processing of ChI.
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Weissbach and Taylor (50) showed that MeCbl is involved in the conversion of
homocysteine (Hcy) to methionine. The reaction also involves S-adenosylmethionine
(SAM), methyltetrahydrofolate (MTHF), and MS. Any block in the pathway will lead to
megaloblastic anaemia, defects in DNA methylation, and Hcy accumulation. SAM is
critical to many other methylation reactions and thought to be critical to neurological
development, a requirement that may explain the neuropathology observed in Cbl
deficiencies (14).

Specific vitamin B 12 deficiencies

Deficiencies in transport may be due to a number of factors including food Cbl
malabsorption, IF deficiency, defects in cubilin or TC deficiency. Most of these diseases
present a combination of defects associated with both AdoCbl· and MeCbl deficiencies.
In addition, eight complementation groups have been identified based on genetic
deficiencies of intracellular metabolism of CbI.

Of these complementation groups, cblA, cblB and cblH affect the synthesis of AdoCbl
alone, while cblC, cblD and cblF affect both AdoCbl and MeCbl synthesis. Only cblE
and cblG affect MeCbl synthesis alone. The biochemical abnormalities and classification
into genetic complementation groups have helped to define the clinical categories of the
disease.

In general, defects affecting AdoCbl biosynthesis lead to methylmalonic
12

acidemia and methylmalonic aciduria (MMA). Patients with defects in MeCbl exhibit
failure to thrive, megaloblastic anaemia, neurological symptoms, homocystinemia,
hypomethioninemia, and homocystinuria.

The method for analysi of vitamin B 12 metabolism monitors 14C-propionate or 14C _MTHF
incorporation into cells for the MCM and MS sides of the pathways, respectively
(51,52).

The total amount of radiolabeled trichloroacetic acid (TCA)-precipitatable

protein produced is measured. When cells are deficient in either part of the pathway the
abundance of the radiolabeled proteins is diminished. With complementation analysis,
cells from two different patients are fused to generate a multinucleated heterokaryon and
the 14C propionate or 14C MTHF levels are re-measured. If the pathway is restored, the
radiolabeled uptake increases, and the cells are found to belong to different
complementation groups.

The cblA complementation group was biochemically defined by Mahoney (53) as a block
in AdoCbl synthesis and defined as a distinct complementation group (51,54,55). Intact
cblA cells are unable to convert OHCbl to AdoCbl, but cell free-extracts synthesize
AdoCbl normally when OHCbl, ATP and a reducing system are provided.

This

complementation group is thought to be due to a deficiency in a mitochondrial Cbl
reductase, perhaps a NADPH-linked aquacobalamin reductase (42).

A mitochondrial

aquacobalamin reductase has been reported to have deficient activity in a single cblA
fibroblast cell line (WG2230) (42). Complementation occurs between cblA cells and
other complementation groups, as well as between cblA lines, suggesting interallelic
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complementation (56,57).

The majority of cblA patients respond to vitamin B 12

supplements, suggesting that the responsible mutations are generally leaky or can be
compensated for by increasing substrate.
levels.

Almost all patients have reduced AdoCbl

There are currently over 40 patients identified as belonging to the cblA

complementation group. Cloning of the gene and mutation detection has been completed
(Chapter 3). A few patients belonging to the cblA complementation group have normal
levels of AdoCbl and are unresponsive to OHCbl treatment (Chapter 5).

Based on studies by Watkins (57), the cblH group is similar to cblA but complements it.
For example, cblH may represent a mutation in a distinct gene functioning as a multimer
with cblA, allowing for the observed complementation. Both cblA and cblH defects
result in decreased synthesis of the Co(I) substrate required for the synthesis of AdoCbl.
The requirement for them can be bypassed in cell-free extracts by providing reducing
agents. Only one cblH patient has been identified (57).

The CblB defect has been shown to result from a deficiency in cobalamin
adenosyltransferase activity based on biochemical analysis (58). Sixty percent of patients
are unresponsive to cobalamin supplementation (57,59,60).

Thirty-four patients have

been identified as belonging to the cblB complementation group. Cloning, expression,
and mutation detection have been performed or are being completed for cblB (Chapter 2).

The CblC complementation group is associated with both MMA and homocystinuria.
Not surprisingly, fibroblasts from patients are unable to incorporate both 14C-propionate
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and 14C-MTHF (61).

The cblC complementation group is the most common of the

vitamin B 12 processing defects, with over 175 known cases of cblC showing widely
varied clinical findings. Onset is most often diagnosed within the first year of life but
may appear as late as 20 years (62).

Patients typically show failure to thrive,

developmental delay and megaloblastic anemia.

Vitamin B 12 therapy, oral betaine

supplementation, protein restriction and carnitine have been beneficial in some cases
(63,64).

CblC patients have reduced total Cbl content in their liver, kidney, and cultured
fibroblasts. Cells cannot retain CNCbl, nor can they convert CNCbl or OHCbl to AdoCbl
or MeCbl (65). The activities of MCM and MS are deficient in cultured cells, but can be
improved with the addition of OHCbl. Cells show normal receptor-mediated endocytosis
of the TCCbl complex and normal intralysosomal hydrolysis (54). Consequently, the
block must be located after cellular uptake and be common to both pathways. The cells
use CNCbl less efficiently than OHCbl (64,66). In this regard, partial defects in several
enzymes have been postulated to cause the disease.

These enzymes include: a

microsomal Cbl reductase (43,50,67), a Cbl p-axial-ligand transferase (43), a NADH
aquacobalamin dependent mitochondrial reductase (42), and a cyanide removing or
processing enzyme (68). In terms of the p-axialligand transferase activity, a refers to the
benzimidazole, while p refers to the cofactor-reactive ligand.

CblC may also be a

regulatory mechanism affecting both the MS and MCM enzymes (such as a transcription
factor).

Further suggestions have been made that GSCbl is an intermediate in the

pathway (38). This GSCbl involvement may be important for cblC or cbID processing
15

and provide alternative criteria to search for candidates.

Several corrinoid reductase

activities have been reported in a variety of organisms both prokaryotic and eukaryotic,
but the genes encoding these enzymes remain unknown (15,43,46,50,69).

Recently, several families of Acadian decent with members having cblC deficiencies
have been examined by positional cloning and the gene region localized to chromosome
Ip34 (70). Jamie Tirone (JT) (from David Rosenblatt's laboratory) was also examining
the linkage of cblC patients to 1p34. In 1979, an examination of somatic cell hybrids
between mouse and cblC cells showed that human

57 CO-MS

was detected whenever

human chromosome 1 was present (71). For further discussion see Chapter 6.

Until August 2004, only two brothers belonged to the cbID complementation group (72);
they had MMA and homocysteinuria. The distinction between the many cblC and these
two cbID subjects was based solely on complementation experiments. As of August
2004, three unrelated patients were added to the cbID group based on complementation
analysis (73). Two of these patients are blocked in the MS pathway and one patient is
blocked in the propionate pathway. Suormala suggests a processing defect, that directs
the Cbl to one or the other pathway, and that distinct binding sites on the protein, for each
fate, is responsible for the cbID complementation group (73).

The cblE complementation group is associated with a MSR (MTRR gene) deficiency.
Fibroblast cell lines from the cblE group have reduced or normal MS activities when
assayed in the presence of a reducing agent. This suggested that cblE deficiencies were
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due to a reduction-activation system for MS rather than a primary defect of the enzyme.
The gene responsible for cblE has been cloned, expressed and mapped (74,75).

At least 20 cblG cases have been described. Most patients present in the first few months
of life, but one patient was detected as an adult; a neurological disorder is prevalent. MS
(MTR gene) activity is reduced both in vivo and in vitro, suggesting that cblG

corresponded to a primary defect of MS (52). Cloning and identification of mutations in
patients of the cblG group was completed for the MS gene (76,77). Both MS and MSR
deficiencies result in homocystinemia, homocystinuria and megaloblastic anaemia
without MMA.

CbIF, as with cblC and cbID, results in methyl malonic acidemia and homocysteinuria.
Only five patients have been identified as belonging to this complementation group. As a
group, they respond well to Cbl treatment. Both MCM and MS activities in cell culture
experiments are impaired. One cblF patient had no homocysteinuria, even though there
was reduced MS activity. Unlike, cblC and cbID, these mutants accumulate free CNCbl
in the lysosomes of fibroblasts given CNCbl in the culture medium (78). Therefore, cblF
patients appear to be defective in the transfer of intralysosomal Cbl into the cytoplasm
(78). No abnormality of lysosomal structure was detected by electron microscopy (78).
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Chapter 2 : Finding the gene responsible for the cblB complementation group

Introduction

MMAs are metabolic disorders resulting from deficient MCM activity, a vitamin B 12 
dependent enzyme. Here, I describe the identification of the gene for the cblB
complementation

group

caused

by

deficient

activity

of

a

cob(I)alamin

adenosyltransferase (79). This discovery was accomplished by searching bacterial
genomes for genes in close proximity to the MCM gene that might encode a protein with
the properties of an adenosyltransferase. A candidate, identified in the Archeaglobus
fulgidus (A. fulgidus) genome, was used to probe the human genome database. It yielded

a gene on chromosome 12q24 that encodes a predicted protein of 250 amino acids with
45% similarity to PduO an identified cob(I)alamin adenosyltransferase in S. enterica
(21). A northern blot revealed an RNA species of 1.1 kb (kilobase) predominating in
liver and skeletal muscle.

The gene was evaluated for deleterious mutations in cblB patient cell lines. Several
mutations were identified including a 5 base pair (bp) deletion (c.5deI572gggcc576), two
splice site mutations (IVS2-1G>T, IVS3-1G>A), and several point mutations (A135T,
R186W, R191W and E193K). Two additional amino acid substitutions (R19Q and
M238K) were in several patient cell lines but were found to be common polymorphisms
(36% and 46%) of control alleles. The R186W mutation, which we suggest is disease
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linked, is present in four of the six patient cell lines examined (homoallelic in two) and in
4 of 240 alleles in control samples. These data confirm that the identified gene, MMAB,
corresponds to the cblB complementation group and has the appearance of a cob(I)alamin
adenosyltransferase, as predicted from biochemical data.

Patients comprising this group have MMA and metabolic ketoacidosis, despite having
functional MCM (51,80). In severe cases, they may present in the newborn period with
lethargy, vomiting and failure to thrive. They have normal methionine synthesis and
normal levels of MeCbl. Studies on cell extracts from fibroblast cultures from cblB
patients suggested that they were blocked in the mitochondrial synthesis of AdoCbl,
either in the reduction of Cbl or in a cob(I)alamin adenosyltransferase (51,53).
Subsequently, Fenton and Rosenberg (58) confirmed a deficiency of cob(I)alamin
adenosyltransferase activity.

While the evidence has pointed to cob(I)alarnin adenosyltransferase as the enzyme
responsible for the cblB complementation group, there has been little success in
characterizing the protein further, leaving the gene unidentified. Microbes, in contrast,
utilize vitamin B J2 in numerous reactions and distinct Cbl adenosyltransferases have been
identified and shown to participate in several metabolic pathways. Some bacteria and
archea are able to synthesize vitamin B 12 (5,11 ,81 ,82), utilizing anaerobic or aerobic
pathway requiring over 25 enzymes. Others, including E. coli, do not synthesize vitamin
B 12 but do utilize it metabolically.
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Cbl is a cofactor in a wide variety of reactions, including acetyl-CoA synthesis, methyl
transfer for methane production, ribonucleotide reductase, and in the fermentation
dependent utilization of a variety of molecules, including ethanolamine, glutamate,
glycerol and 1,2-propanediol. To produce AdoCbl for the range of metabolic pathways
under different regulatory regimens, bacterial genomes have evolved several genes
encoding distinct cob(I)alamin adenosyltransferases specific to different enzyme systems
(11). Interestingly, the different groups of adenosyltransferases are distinct, based on the
domains they contain. Based on amino acid sequence similarity, the adenosyltransferases
required for the synthesis of AdoCbl can be divided into three main families: CobA-type,
EutT-type and PduO-type (17-21).

CobA, an ATP:corrinoid adenosyltransferase,

participates in Cbl biosynthesis by the adenosylation of an intermediate prior to Cbl, but
it also acts as a cob(I)alamin adenosyltransferase with the ability to form AdoCbl
directly. It can generate AdoCbl required by Ado-Cbl-dependent enzymes, such as 1,2
propanediol dehydratase, as effectively as authentic AdoCbl (22). CobA is encoded by
the cobA gene in S. enterica, cobO in P. denitrificans and btuR in S. typhimurium. The
three-dimensional structure of CobA has been solved and revealed a unique nucleotide
binding orientation to the P-Ioop of CobA by comparison with all other nucleotide
hydrolases (22). The unusual orientation of the nucleotide arises because this enzyme
transfers the adenosyl group, rather than the y-phosphate, to its acceptor.

However, the two other cob(I)alamin adenosyltransferase families do not contain a
recognizable P loop-nucleotide binding motif. One of these, EutT, belongs to an operon
of S. typhimurium encoding proteins involved in the Cbl-dependent degradation of

20

ethanolamine (20). The other is PduO, an ATP:cob(I)alamin adenosyltransferase in S.
enterica that is integral to growth on 1,2-propanediol (21).

Interestingly, PduO was

proposed to be a bifunctional protein, acting as an adenosyltransferase as well as a
reductase that might convert cob(II)alamin to cob(I)alamin (21). Their mechanism of
ATP binding and adenosyl release is unknown.

Materials and methods

Patient cell lines

Fibroblast lines from six patients classified as members of the cblB complementation
group were used in this study: WG1185, WG2027, WG2186, WG2487, WG2492,
WG2523, and WG2633. Some of the cell lines were characterized by 14C-propionate
uptake (control values, 10.8 ± 3.2 nmol/mg protein/I8 h without ORCbl and 10.9 ± 3.5
nmol/mg protein/18 h with ORCbl added to the culture medium) and AdoCbl content as
percent of total Cbl following incubation of cells for 96 h in medium containing [57 CO]
ORCbl (control values, 15.29 ± 4.2%). WG 1185 cell line has 4.29% AdoCbl compared
to total Cbl (58). WG2027 cell lines were derived from a white male with onset of MMA
at 3 days. WG2027 had AdoCbllevels of 13.1 % compared to total Cbl and propionate
incorporation of 0.89 and 0.91 nmol/mg/18 h without and with ORCbl. WG2186 is a cell
line derived from a male of less than one week with 2.5% AdoCbl compared to total Cbl
and 0.99 nmol/mg/18 hand 1.1 nmol/mg/18 h without and with ORCbl. The patient
presented

with

respiratory

distress

and
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metabolic

acidosis,

hypocalcemia,

thrombocytopenia, neuropenia, and moderate hyperamrnonenia. WG2487 was obtained
from a black female with onset at 8 years of age with a 3.5% AdoCbllevel compared to
total Cbl and propionate incorporation of 1.4 nmoVmg/18 h without ORCbl and 2.5
nmoVmgl18 h with ORCbI. WG2492 was derived from a black male, propionate

incorporation of 2.0 and 3.6 nrnoVmg/18 h without and with ORCbl and AdoCbllevel of
6.5% of total CbI. WG2523 was derived from a patient of Saudi descent whose parents
are second cousins. The cells had a AdoCbl level of 1.8% of total Cbl and propionate
incorporation of 0.22 nmol/mgll8 hand 0.45 nrnol/mg/18 h with and without ORCbI.
The cell line WG2633 had propionate incorporation of 0.47 and 0.50 nmol/mg/18 h
without and with the addition of ORCbl and an AdoCbllevel of 0.8% of total CbI.

Materials

Oligonucleotide pnmers were synthesized by Qiagen (Mississauga, Ontario).

Taq

polymerase and Trizol were purchased from Invitrogen (Burlington, Ontario).
Restriction enzymes were purchased from New England Biolabs (Mississauga, Ontario)
and Invitrogen. Genomic-tip columns, QIAquick DNA purification kit and Ominiscript
amplification kit were purchased from Qiagen (Mississauga, Ontario). PGEM cloning
vector was purchased from Promega (Madison, WI). Big Dye terminator version 2 and 3
were purchased from Applied Biosystems and were used on ABI 3700 and 3100
sequencers (Foster City, CA).

The multiple tissue RNA blot was purchased from

Clontech (Palo Alto, CA).
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DNA and RNA extraction and poLymerase chain reaction (peR) ampLification

Genomic DNA was isolated as described by Leclerc (83) or using Genomic-tip as
described in the manufacturer's protocol. PCR reactions were performed on genomic
DNA using primers designed to amplify exons of the coding sequence and portions of the
flanking introns (Table 2.1). Total cellular RNA was purified from a human liver
hybridoma cell line (Huh-7) using Trizol. The total cDNA was amplified using oligo-dT
as described by the Omniscript protocol, followed by PCR amplification with RNA
specific primers (Table 2.1). The PCR products were purified with the QIAquick PCR
purification kit and cloned into pGEM according to the supplier's instructions.

HeterodupLex anaLysis and DNA sequencing and restriction anaLysis

Initial examination of PCR products was performed by heteroduplex analysis, as
described previously (74).

Heteroduplexes were obtained by nuxmg, melting and

reannealing the equivalent concentrations of PCR products of mutant and control DNA
prior to electrophoresis. Positive cell lines also underwent the same procedure without
mixing with control to determine if the mutation was on one or both alleles.

The

observation of a heteroduplex, with implication of a multibase mutation, was taken as an
indication that the correct gene was identified. DNA sequencing was accomplished in
96-well plates in 10 M-L reactions made up of 2 M-L of purified PCR product, 1 M-l of
BigDye Terminator Cycle Sequencing version 2.0 and 3.0 and analyzed with an ABI
3700 or 3100 sequencer.
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Table 2.1. Primers used to amplify the exons and flanking introns of the MMAB gene and the splice junctions. The primer
sequences are listed 5' to 3'. Under the splice headings, the upper case letters designate exon sequences and the lower case letters
designate the intron sequences.

Exon Primer

Sequence

Primer

Sequence

PCR size

exon size

5' splice

3' splice

Exon boundaries

... ACAGgtg

-18-134

I

IF

accaataaaaattgaaacctgagcg

IR

aacagcgtggagacgtcacctgac

365

>153

2

2F

Agatgaccatctaagcagtaagg

2R

Cgcgcctggtatattatacttta

304

62

tagGCCA... ... AAAGgta

135-196

3

3F

Gcctggatgacagagtgactgtt

3R

ataagggctgacaacctccgagg

338

94

cagGGIT... ...ITGGgta

197-290

4

4F

Gactggaaataatgagcatccga

4R

taactggtggctggatgctgagt

357

58

tagGTIT...

... GAAAgtg

291-348

5

5F

Cacctccaactctggggatcaca

5R

tgggatcccagatggtgacccta

339

73

cagATCC ... ... ITAAgta

349-421

6

6F

cacgggtgggtcagttagccttgct

6R

ttggggaactggaggacagcgtct

386

98

cagAGTA... ... GTAGgta

422-519

7

7F

Atccctcttttcacagtgacaga

7R

gtctgttgatgtgtggctggatg

483

65

cagGCAA ... ... GACGgta

520-584

8

8F

Ctcaccagccatccttgatccct

8R

acactaagggaatgaaggagggg

430

60

tagTGTG ... ... ACAGgta

585-644

9

9F

Cattaagtgcaagatggctgggc

9R

tccttctcattgcagcaatcact

561

RNA RNAF Gcacgagggtcaagcagcctg

RNAR gcacagctccttctcattgcag

436 to polyA agACTC ...

1080
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645-1080

Confirmation of mutations

Restriction analysis was used to verify the mutations in genomic. The primers used were
the same as for the PCR amplification (Table 2.1), where the mutations resulted in the
creation or loss of a particular restriction site. If the mutation did not result in a change,
one was created through the use of an oligonucleotide that generated a restriction site by
altering one of the 3' nucleotides (Table 2.2). This altered oligonucleotide, along with a
primer binding to the reverse strand, was used to PCR amplify a fragment of genomic
DNA.

Digestions were carried out using 10-15 ilL of the PCR product with the

appropriate restriction enzyme and buffers for 2 h at the approved temperature before
undergoing electrophoresis using 8% acrylamide.

Northern bLot

A multiple human tissue Northern blot was used for determining the level and size of
mRNA species.

A probe was generated from a 338 bp eDNA segment amplifying

regions 276-613 bp of the full-length eDNA, using the Huh-l cell line as the source of
RNA.

~-actin

mRNA was used as control.

supplied by Clontech.
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All procedures followed the protocol

Table 2.2. Mutation detection including diagnostic tests and expected banding
patterns. The primer sequences are listed 5' to 3' when given or refer to the primers used
in Table 2.1, when not listed. The bold fragments are the ones observed in Figure 2.5

Mutation

Diagnostic
enzyme

Forward primer
used

Reverse Primer

Normal
fragments
(bp)

(bp)

c.556C>T
(RI86W)
IVS3 -I G>A

MspI

98,22

130

107,23

HllaI

7Rshort:
ctccagccctcttaccgtct
IVS3R:
tctgtgactaallccagagca
ag
IR

83, 15, 22

c.56
57GC>AA
(RI9Q)
c.716T>A
(M238K)
cA03 G>A
(AI 35T)
c.57IC>T
(RI9IW)

7Fshort:
cacaccttlcccaccctgct
IVS3F:
Gctaaattaactaaalggc
clgCC
IF

186,134,
31,14

186,148,31

NlaIlI

9F

9R

TaqI

5F

5R

202,122,
73,29
339

202,122,
102
217, 122

MspI

7F

7R

NlaIlI
HaeI

3F
7E193KF:
tttctgccgggccgtgtgc
cgcClgg

3R
7E193KR:
gtctgttgatgtglggclgga

190,132,
63,44,39,
15
304,34
213

205,132,
63,44,39,
15
103,201,34
186,27

IVS2-IG>T
c.575G>A
(EI93K)

HindIlI

19

26

Mutant
fragments

Results

Our initial efforts to identify genes that might represent a human Cbl adenosyltransferase
focused on known bacterial ATP:cob(I)alamin adenosyltransferases. Previous reports on
different Cbl-dependent metabolic pathways allowed the search to be narrowed to
specific families of proteins, including CobA, EutT and PduO. To further narrow the
search for candidates, we made use of the COG (cluster of orthologous genes) database at
NCBI (htttp://www.ncbi.nlm.nih.gov/COG) to search for genes in microbial organisms
that were arranged in clusters with genes encoding Cbl-dependent enzymes. A search for
MCM

yielded

COG2185,

corresponding to the Cbl-binding,

carboxyl-terminal

domain/subunit of MCM. Adjacent to it is COG 1703, which proved to be the ortholog of
the gene responsible for the cblA complementation group (MMAA) (79). Flanking
COG 1703 is COG2096 in A. fulgidus. This COG, an open reading frame, is described as
an "uncharacterized acr"

(~ncient

fonserved region), but it has sequence similarity to

PduO, an ATP:cob(I)alamin adenosyltransferase from S. enterica (21).

Identification of the MMAB cDNA

The A. fulgidus sequence (gi: 11498888) was used as the template for a Basic local
alignment search tool (BLAST)p search of the NCBI nonredundant (nr) database. The
search resulted in the identification of a gene encoding a protein with 37% similarity
(22% identity) to the N-terminal half of S. enterica PduO (gi:5069458) and 43%
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similarity (28% identity) to the full-length of an unknown protein

In

humans

(gi: 15080110). This predicted protein sequence was constructed from a predicted mRNA
and supported by the assembly of expressed sequence tags (ESTs) found in the dbEST
(www.ncbi.nlm.nih.gov). A Unigene cluster Hs.12106 containing 119 ESTs constitutes
the cblB cDNA. Based on the assembly of the 119 ESTs, the mRNA size was found to
vary at the 3' end, with two sizes of 1128 (BC005004) and 2361 nucleotides (BCOI1831)
in length, due to the evident use of alternate polyadenylation sites.

Both transcripts

would result in an open reading frame of 250 codons with the same start and stop codons
and differing only in the location of the polyadenylation track. Based on the 119 ESTs
examined in the database, there was no evidence of variant sequence that would be
generated from alternate splicing (Figure 2.1). The coding sequence predicted from the
cDNA sequence was verified experimentally by sequencing the RT (reverse transcript)
PCR product from the transformed human liver cell line Huh-7. The predicted ORF
contains an open reading frame 750 bp in length and predicts a polypeptide of 250 amino
acids with a calculated molecular mass of 27.3 kDa (Figure 2.2).

Orthologous proteins

Sequences corresponding to the candidate MMAB cDNA were also identified in the
mouse and Caenorhabditis elegans (c. elegans) database as predicted cDNAs. These
sequences allowed us to verify the reading frame throughout and to assure that the
sequence is full-length. Further work was done to verify the ESTs including
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Figure 2.1. Structural organization of the human MMAB gene. "Genes" show the
flanking genes and map positions surrounding MMAB according to mapviewer at NCBI
on chromosome 12q24.1 to 12q24.2. The "Exons" line identifies the location of exons
(boxes) and introns (lines) along the MMAB gene located in Contig NT_009770.12. Our
independently confirmed sequences from genomic DNA were deposited in GenBank
under the accession numbers AF550396-AF550404. Introns are drawn to scale. The
cDNA ("cDNA") is illustrated, showing the splice sites and start/stop codons. The
hatched section is the longer predicted sequence based on EST assembly. The cDNA is
illustrated, with splice and start/stop codons indicated, showing that it was constructed
from numerous ESTs belonging to Unigene cluster Hs.12106 (119 ESTs) and verified by
RT-PCR sequencing. Only some ESTs are illustrated here. From top to bottom are
BG754143, BI192839, BE250480, AA703387, BM462123, AI691079, A702361,
AA340851, BE391487, and AV701242. The dotted ESTs are the longer cDNA predicted
based on assembly of the ESTs contained within Unigene cluster Hs.12106.
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584 644

653

polyA

Figure 2.2. Nucleotide and deduced amino acid sequence of human MMAB. The stop
codon is indicated by *** downstream of the coding sequence. A candidate
polyadenylation signal for the shorter cDNA is underlined.

-26
35
95
155
215
275
335
395
455
515
575
635
695
755
815
875
935
995
1055
1115
1175
1235
1295
1355
1415
1475
1535
1595
1655
1715
1775
1835
1895
1955
2015
2075
2135
2195
2255
2315

M A V C G L G S R L G·
GGCACGAGGGTCAAGCAGCCTGGCTCATGGCTGTGTGCGGCCTGGGGAGCCGTCTTGGCC
L G S R L G L R G C F G A A R L L Y P R·
TGGGGAGCCGTCTTGGCCTGCGCGGGTGCTTCGGCGCCGCCAGGCTCCTGTATCCCCGTT
F Q S R G P Q G V E D G D R P Q P S S K·
TCCAGAGCCGCGGCCCTCAGGGCGTGGAAGACGGGGACAGGCCACAGCCTTCCTCGAAGA
T P R I P K I Y T K T G D K G F S S T F·
CACCCAGGATCCCCAAGATTTACACCAAAACGGGAGACAAAGGGTTTTCTAGTACCTTCA
T G ERR P K D D Q v F E A V G T T DE·
CAGGAGAAAGGAGACCCAAAGATGACCAAGTGTTTGAAGCCGTGGGAACTACAGATGAAT
L S S A I G F ALE L V T E K G H T FA·
TAAGTTCAGCTATTGGGTTTGCTCTGGAATTAGTCACAGAAAAGGGCCATACATTTGCCG
EEL Q K I Q C T L Q D V GSA L A T P'
AAGAGCTTCAGAAAATCCAGTGCACATTGCAGGACGTCGGCTCGGCCCTGGCGACACCAT
C S S A R E A H L K Y T T F K A G P I L·
GCTCCTCGGCCCGGGAGGCTCACTTAAAGTATACCACGTTCAAGGCGGGGCCCATCCTGG
E L E Q WID K Y T S Q L P P L T A F I·
AGCTGGAGCAGTGGATCGACAAGTACACCAGCCAGCTCCCACCACTCACGGCCTTCATCC
L P S G G K I S S A L H F C R A V C R R·
TGCCTTCGGGAGGCAAGATCAGCTCGGCGCTGCATTTCTGCCGGGCCGTGTGCCGCCGGG
A E R R V V P L V Q M G E T DAN V A K'
CCGAGAGACGTGTGGTGCCTCTTGTCCAGATGGGAGAGACCGATGCGAACGTGGCCAAGT
F L N R L S D Y L F T L A R Y A A M K E·
TCTTAAACAGACTCAGTGACTATCTCTTCACGCTAGCCAGATATGCAGCCATGAAGGAGG
G N Q E K I Y M K N D P S A E S E G L ***
GGAATCAAGAGAAAATATACATGAAAAATGACCCATCGGCCGAGTCTGAGGGACTCTGAA
ATCACAGAAAGTGGGAGCTTGGAGGATCCCTCCATGGCGATGGCCGTGGAGAGAGGAGCT
TGCCCTTCTGGGGTCCTGGTTCCTGAAGAGCTCACCCAGAGAGGCTCAAAGCAGCCTTTT
GTCCCAGCTCAGCTTTGATCTACACCTCTTGCCACCTTCCTCAAGGGACTGTGACCCTTT
GGGGATTCTGTCCCTGACCCTGCTTCCCCAAGCTCTCCTGGGTCTTGGAGGGATGTGGGA
ATGAATTGGCATTGCAGGAAAGACAGGTAAAGTGATTGCTGCAATGAGAAGGAGCTGTGC
GGAAAAGGAATAAAAGTTGGAAAGGCTGGAGCCGTGTGTGTGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGAGAGAGAGCCCTCCCACTGCCAGCTCAGGTTGTTCACAGATT
TGGAATGGGACCAGAGGCCCTTGAAAATGTAATTGTGATTTACCTGTGCCAAAGGTGCTT
TAAATGTCACATTTGTAAAGGGGAAGGCGGACAAGATTTGGAAGTTTAGTCACCTCTGAG
CCACCCATCACCGCCAAAGTGTGGGGGAAGGATAGCTGCAGATTGACAGGCGAGGCTCAG
AAACTCCTGGCTTAGATTGAAGTGTGTGTGATGGGGGTGCAGCTTAGAGGACCCCCTCTG
AAAGGGATGGAGATGCTGATGAGAACAACACTACCACTTGAAGGTGAACATTCCCTGTCT
GGTTGGACTGAGTCAAGGGTCTGCGGTGCAGCATCTTCAGCTTGAGAAAATGAGGTTGTC
AGTTTCCAGCAAGGCTGACATCCACCAGACTGATTTCTCCGATGTTGCACTTGGCTGGCT
TATGCCTCTGAGATCGGTGCCACGGCTGTATTTATTTCAGTTGTCACTGCTGCTCCCTCC
TGCTATGAAACGACACTGCCAGTGCCAGCAGTGTCCTTGGGAAAGGCAATATTTATGAAG
GGCAGAAGAGGCAGCCCCAAGAACCTAAAGACTGCAGGCTGCTAATTGCAGGAAATGACT
TTGGAAGGGCAGGCTCTTGTCCAGTTTCAGGGCTGAAATGCCTGGCGAACTCCATTCAGC
CATCACATATTGACTGAGTGGCTGCTTAGCATGGGCCACCGCGCTAGGCTCGGGACAGCT
GGTCTTTCCGGCCATCTTTCTTGCTGGCAAGTCAGCAAACATTACCTTCTTAGTCACGTG
CATATTTTTGCCTTCATTCTTACCACCTGGCCTGCAAAGTTTGCAGGAGGGCCAGGTATA
TTCACTTGTGTCTTCTGGGTCCTTTCATTGCTGACAGGCTGTGATGGCCCTCTTGAGCCT
TGGGCAGGGTGGGTGAGGTGCAGATGACCAGGAGTGTGTGAATGCCTTCCAGGAGGTGGC
TTTGTTCCGTGCCTCCCTGCCCCCATCGTCACTACCAGGTCTGGTACGGAGTCGGTGCTC
AGTGTTTGCAAAACAGAGCTGAAAACGGACTTTGGGAGGCCGAGGCAGGCAGATCACCTG
AGGTCAGGAGTTTGAGACCAGCCTGGTCAACATGGTAAAACCCCATTTCTGCTAAAAAAA
AAAAAAAAAAAAAAA
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11
31
51
71
91
111
131
151
171
191
211
231
250

reconstructing the appropriate length mRNA. The mouse Unigene cluster Mm.19757
contains 8 ESTs.

These were assembled into a composite cDNA sequence, which

verified the corresponding GenBank entry (gi: 18381148). The mouse cDNA is 86%
identical to the human cDNA.

The corresponding proteins are 88% identical, with

similarity based on conserved amino acid properties of 91 %. The human, mouse, C.
elegans and A. fulgidus sequences were aligned with the proposed human coding

sequence (Figure 2.3).

Structure of the MMAB gene and chromosomal location

The MMAB gene was localized to chromosome 12q24 (Figure 2.1) based on the linkage
of contig NT_009770 to markers DSI2S172, DS12S234, RH45414 and the mapping of
sequence tagged sites (STS), including WI-14208, A005L23 and STSG2679. To define
the structure of the human gene, the predicted coding deoxyribonucleic acid (cDNA)
sequences (longer and shorter versions) were compared to the whole human genome
using BLASTn. Nine hits were obtained with 100% continuous alignment in each
segment, indicating that the gene contains nine exons (Figure 2.1). Exon 9 ends at two
alternative polyadenylation sites, one at nucleotide 1080 in the mRNA sequence and the
second at nucleotide 2307. The first one shows a consensus polyadenylation signal,
AATAAA, 20 bp upstream of the polyadenylation site. Interestingly, there is a TG
dinucleotide repeat (23 repeats) beginning 9 bp beyond the first polyadenylation site. In
total, the human MMAB gene was found to encompass approximately 18.87 kb and is
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Figure 2.3. Alignment of amino acid sequences similar to that of human (Hsa)
MMAB, including mouse (Mmu) (gi:12860826), Caenorhabditis elegans (eel)
(gi:532812) and A. fulgidus (Aful) (gi:2649297). The arrow denotes the predicted
mitochondrial leader sequence cleavage site. Amino acids that are similar in all species
are shaded with a grey background. Of note is the highly conserved region (underlined).
The letters (amino acid designations) above the human (Hsa) sequence correspond to
amino acid mutations in patient cell lines; R19Q and M239K are polymorphisms.

::::~==============================================================::~~I============
Oel:MS~GDYQLGGLAPPT!PWLAIRPrLCLPHDrKIvrLSIERGLTRKWDrKT~RQLQKWAYCKPRFC~~OSPELVIPPVGH

7
81

Hsa:----SRLGLG~~~CFGAARLLyl~r
5RGPoG-VEDGDRP~~ilLKTP I

83

7

Aful:--------------------------------------------------------------------------------
Mau: ----.-----qRLSA~C.

T

77

SJlGPOO-GEDGDRL:';

162

AfOe~:~~=::~~~:---~--:~~~:~::---:::~:~:~=::----~~-------MLA
u •

24

Mitochondrial leader sequence

Hsa:'

162
156
D : 243
ER: 89

Man:
Oel:

Aful:W

t:: :

Hsa:

Mau:,

243

r4i~1ZJ'li;.J;
~~~
1-------- : 162

Oel:

Aful:
Hsa:SAESEGL-------Mau:
: 250
Oel:YTNLKWDRKSLBEKK : 339

Aful: --------------- :

32

orientated towards the telomere. The coding sequence is flanked by a mevalonate kinase
gene on the 5' side (55 kb away) and Loc160753 encoding a protein similar to fatty
aldehyde dehydrogenase (35 kb away) followed by an ubiquitin protein ligase (57 kb
away) on the 3' side.

Comparison of the human and mouse genes show preservation of all nine exon-intron
splice junctions. The mouse and human chromosomes show a large amount of synteny
around the MMAB gene including the mevalonate kinase, fatty aldehyde dehydrogenase
and ubiquitin protein ligase. This is in agreement with the human-mouse homology map
(NCBI) that links human 12q24 with chromosome 5 of mouse.

Expression pattern in aduLt in tissues

The 338 bp probe, amplifying regions 276-613 bp of the full-length eDNA, hybridized to
an RNA species of approximately 1.1 kb on the Northern blot, with highest levels of
expression in liver and skeletal muscle (Figure 2.4). This species is consistent with the
predicted length of the shortest composite EST assembly of 1.1 kb. The longer version
was not observed, but this finding may be in keeping with the presence of a very small
proportion of 3' ESTs with the longer sequence. The presence of an efficient
polyadenylation signal at the first polyadenylation site (see above), but not at the second,
may be the explanation for the longer RNA not being detected.
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Figure 2.4. Northern blot analysis of MMAB mRNA. A northern blot of poly(A)+
RNA from the indicated human tissues. The membrane was hybridized with a32P-dCTP
labelled 338 bp probe from MMAB mRNA (A) or a ~-actin probe (B). Molecular size
marker positions are indicated on the right.

'.
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Mutations in the chlB complementation group

Fibroblast lines from patients belonging to the cblB complementation group were
analyzed for mutations by PCR-heteroduplex analysis to detect multibase changes and by
DNA sequencing of PCR-amplified exons and flanking sequences to detect point
mutations. In each case, a PCR-dependent diagnostic test was developed using restriction
enzyme digestion to distinguish normal and mutant sequences. The primers used for
sequencing are listed in Table 2.1. The diagnostics used to verify the mutation and test
the normal population are listed in Table 2.2. If the mutation did not result in the loss or
addition of a restriction site, one was created with modified primers. Otherwise the same
primers were used as with sequencing. A summary of the published mutant cell lines and
their mutations are listed in Table 2.3.

Heteroduplex analysis revealed a single multibase deletion in cell line WG2633 in a PCR
of exon 7 and flanking sequences. DNA sequencing revealed a 5 bp deletion, c.572
576deIGGGCC, which disrupts the reading frame after R190 (Figure 2.5A). The
heteroduplex test was used as the diagnostic. The deletion was not observed in any other
mutant line.

The second mutation in WG2633 is a point mutation, c.556C>T, which generates an
amino acid substitution, R186W. This mutation was identified in four of six cell lines
during the DNA sequencing survey. WG 1185 and WG2186 are both homoallelic for this
mutation, while WG2027 and WG2633 are heteroallelic. A PCR test for c.556C>T, using
35

Table 2.3. Mutations identified in MMAB gene upon sequence analysis of cell lines
belonging to the cblB complementation group.

eelllines
WG1185
WG2027
WG2186
WG2492
WG2523
WG2633

Allele 1
R186W
IVS3 -IG>A
R186W
A135T
IVS3 -1 G>T
c.572-576delgggcc

Allele 2 Polymorphism Polymorphism
R186W
R186W
R186W
R191W
E193K
R186W
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R19Q
R19Q

M238K

Figure 2.5. PeR-based diagnostic assays for mutations in MMAB. A. Heteroduplex
test for c.572-576delgggcc: lane 1, normal cells; lane 2, WG2633 (deletion on one allele).
B. Test for R186W: lane 1, normal; lane 2, WG2523; lane 3, WG2186, all following
digestion with MspI using 7Fshort and 7Rshort primers. C. Test for IVS3 -1 G>A: lane
1, normal undigested; lane 2, normal; lane 3, WG2186, all digestions with HindIll using
IVS3F and IVS3R primers. D. Test for R19Q: lane 1, normal; lane 2, WG2492; lane 3,
WG2523; lane 4, normal #2; lane 5, normal #3, all following digestion with HlaI. E. Test
for M238K: lane 1, normal undigested; lane 2, normal; lane 3, WG2523; lane 4, normal,
all digestions completed with NiallI. F. Test for A135T: lane 1, normal undigested; lane
2, normal; lane 3, WG2186; lane 4, WG2492, all digestions performed using Tag1. G.
Test for R191W: lane 1, normal undigested; lane 2, normal; lane 3, WG2492 all digestion
performed with MspI. H. Test for IVS2 -1G>T: lane 1, normal undigested; lane 2,
normal; lane 3, WG2523, all digestions performed with NlaIII. 1. Test for E193K: lane 1,
normal undigested; lane 2, normal; lane 3, WG2523, all digestion performed with MscI
using E193KF and E193KR specific primers. Note throughout, small fragments not
included in gel patterns (ran off the gel).
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1 2 3

primers 7Fshort and 7Rshort, produced a product of 120 bp which, in the presence of the
normal sequence, is cleaved by Msp! at two sites to generate fragments of 83, 15 and 22
bp (Figure 2.5B, 22 and 15 bp fragments not shown). In mutant cells, only one site is
cleaved to generate fragments of 98 and 22 bp. One hundred and twenty non-cblB cell
lines were tested for c.556C>T and four were found to contain this genetic variation in
heterozygous fashion. This gave an allele frequency of 1/60. It remains uncertain if
R186W is a disease-causing mutation.

The second mutation in WG2027 is at the acceptor splice site of intron 3, IVS3 -IG>A,
which is expected to disrupt splicing. The mutation was confirmed by testing for the
generation of an artificially created Hindll! site in a 130 bp PCR product (Figure 2.5C).
Unchanged DNA remains uncleaved by Hindll!, while the mutant DNA is cleaved into
fragments of 107 and 23 bp.

WG2492 and WG2523 were found to contain a 2 bp substitution, c.56-57GC>AA
(RI9Q). However, this change is also observed in 6 of 27 ESTs included in Hs.12106. A
diagnostic test was generated which tests for the mutation by digestion with Hhal. The
normal sequence is cleaved at four sites generating fragments of 186, 134, 31 and 14 bp
(Figure 2.5D, 31 and 14 bp fragments not shown). The mutation prevents cleavage at one
site generating fragments of 186, 148 and 31 bp. Based on the examination of 97 normal
cell lines, 36% of the alleles contained the mutation. Figure 2.5D illustrates two normal
cell lines, one homozygous for GC (lane 1) and one homozygous for AA (lane 4). As a
result, we surmise that R19Q is a frequent polymorphism that is unlikely to be
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contributing to disease.

Another ammo acid substitution, c.716T>A (M238K) was

observed in WG2523. Normal cell lines, amplified and digested with NlaIIl generate
fragments of 202, 122, 73, and 29 bp, while the mutant cell lines have fragments of 202,
122, and 102 bp (Figure 2.5E, 29 bp fragment not shown). M238K is also recorded as a
single

nucleotide

polymorphism

(SNP)

III

the

(www.ncbi.nlm.nih.gov/SNP) with heterozygosity reported

dbSNP

as

rs9593

at 48% by ensembl

(www.ensembl.org). In keeping with these findings, we found a frequency of 46% in 72
normal alleles tested.

As expected, two additional mutations were identified in WG2492. Both are point
mutations, c.403 G>A (A135T) and c.571C>T (RI91W). The A135T mutation results in
the creation of a TaqI site. In the PCR test, mutant DNA gives fragments of 217 and 122
bp after TaqI digestion; normal DNA remains uncut (Figure 2.5F). The R191 W mutation
can be observed using the 7F and 7R primers in conjunction with digestion with MspI.
The fragment sizes for normal DNA are 190, 132, 63, 44, 39 and 15 bp. The 191W
destroys the one MspI site to generate fragments of 205, 132,63,44,39 and15 bp (Figure
2.5G, only the 212,206, and 191 fragments are shown). This mutation was not observed
in any other patient cell line or in 72 alleles tested in control samples.

Along with R19Q and M238K, WG2523 also contains two additional point mutations.
One is a splice mutation, IVS2 -IG>T. It was validated in a PCR test using restriction
enzyme NlaIlI, which cleaves the 338 bp normal PCR product to give 304 and 34 bp
fragments (Figure 2.5H, the 34 bp fragment is not shown). In the mutant sequence a
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Niall! cleavage site is created to give fragments of 103, 201 and 34 bp in size. The

second mutation is c.575G>A (E193K). This mutation was detected by PCR using an
artificial restriction site, MscI, detected in the mutant fragment. Normal DNA remains
uncut with a PCR product length of 213 bp, while mutant DNA is cleaved to 27 and 186
bp fragments (Figure 2.51 27 bp fragment not shown). The mutation was not observed in
any other mutant line or in 24 control cell lines.

Discussion

We have combined the analysis of prokaryotic gene arrangements and specific protein
function previously published in bacteria to identify the disease-causing gene in patients
from the cblB complementation group. The key finding confirming the identity of the
MMAB gene was the detection of mutations, including a heteroduplex, in the candidate

gene for six cblB cell lines (Table 2.3).

It was anticipated that the MMAB gene would code for an adenosy1transferase converting
Cbl to AdoCbl. Early studies pointed to a mitochondrial defect since the reduction in
AdoCbl synthesis was localized to mitochondria. The protein seqeunce has a predicted
mitochondrial

leader

sequence

and

signal

cleavage

site

(p=0.9755,

http://www.mips.biochem.mpg.de/cgi-bin/proj/medgen/mitofilter) at residue 33 (Figure
2.3).

40

This sequence is also found to contain the DUF80 domain (domain of unknown function)
defined by pfamOl923 (http://pfam.wustl.edu).Significantly,this pfam signature can
also be found in EutT and neither of these proteins contains a P-Ioop as required for
CobA to function. This simiarity suggests that this domain is likely to be important for
B 12 binding or the adenosylation function. This sequence R-[AT]-[LIVQ]-x-R-R-[ALS]
E-R is conserved in a variety of MMAB orthologs (including those listed in Figure 2.4).
Interestingly, a large number of mutations (R186W, R190H, R191W and E193K) focus
around a specific sequence in exon 7. This region encodes I86RAVCRRAERRI95. When
this sequence was used for PHI-BLAST the EutT protein was identified, as well as
several other sequences with high similarity in sequence to MMAB, suggesting they are
orthologous adenosyltransferase proteins.

In PduO from S. enterica, the protein was assayed as having two functions - both as a

reductase and adenosyltransferase (21). The human ortholog contains only a region
similar to the N terminal half of PduO. As well, previous studies indicated that patients
belonging

to

the

cblB

complementation

group

were

lacking

cob(I)alamin

adenosyltransferase rather than cob(II)alamin reductase (66). This postulate leads to the
possibility that the C terminal portion of the S. enterica protein may function as the
reductase, which is lacking in the human enzyme. This finding suggests that another
protein may have evolved in humans to account for the cob(II)alamin reductase function.
In any event, the N terminal sequence of PduO and the human sequence share significant
similarity, and the PduO protein has been characterized, so it can be postulated that they
both function as cob(I)alamin adenosyltransferases.
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The presence of mutations in the patients belonging to the cblB complementation group
verifies this hypothesis. Several mutations were identified, including one deletion of 5bp
(c.deI572-576gggcc), two splice mutations IVS2 -1 G>T, IVS3 -IG>A, and three
missense mutations; A135T, R186W and E193K. Based on our analysis, we conclude
that the sequence variant R186W is a rare polymorphism (4 out of 240 alleles) in the
general population. However, the significantly increased frequency of this variant in cblB
patient cell lines (6 out of 12 alleles) remains intriguing. It will be important to study the
prevalence of the R186W mutation on a larger scale to determine if unaffected
homozygotes are identified and to determine if harmful catabolic products are elevated in
such individuals. Analysis of the protein with this site mutated will also be required to
shed light on the importance of this amino acid residue. Significantly, the other nearby
mutations (RI91W, EI93K), which are in a region that is highly conserved throughout
the kingdoms, add weight to the possible importance of this area to enzyme function.

This cluster of mutations and the presence of a large number of missense mutations also
raise the possibility of a relationship between response to high levels of OHCbl and the
nature of the mutation. Indeed the patient (WG2633) with the 5bp deletion in exon 7 had
a low AdoCbl (0.8%) compared to normal levels of approximately 15% of total Cbi.
While WG1185 and WG2186, which are homozygous for R186W, had levels of 4.28%
and 2.5% AdoCbl (much lower than normal limits). Interestingly, WG2027 which has a
splice mutation and R186W, and had 13% AdoCbl (comparable to normal limits), but
was sick within three days of birth.

42

Overall, this gene encodes an adenosyltransferase as predicted by sequence similarity to
PduO (gi: 5069458). This gene contains mutations in patients belonging to the cblB
complementation group.

The problem in these patients was identified as a lack of

adenosyltransferase activity. Sequences in prokaryotes such as A. fulgidus containing the
orthologs of MCM, MMAA and MMAB in a consecutive arrangement also add weight to
this enzyme playing a valuable role in the MCM pathway.

Further discussion

Enzyme kinetics

Shortly following the publication of the information contained in this chapter, Leal (84)
also identified the gene responsible for the cblB complementation group using a human
cDNA library to correct for the pduO gene knockout in S. enterica.

Homologous

enzymes from T. acidophilum and S. enterica have been shown to function as
cob(I)alamin adenosyltransferases (21,85)(Figure 2.6). The enzymatic reaction requires
anaerobic conditions. The assay consists of adding titanium(III) citrate to OHCbl to
reduce Cbl to the Co(I) state.

Following this, the reactions are given ATP, MgCb,

KH 2P04 , and Tris (Tris(hydroxymethyl)aminomethane )-HCI buffer and the enzyme.
The spectra for these steps are shown in Figure 2.7. The spectra indicate the predominant
corrinoid present in the assay mixture: prior to the addition of titanium(III) citrate, the
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Figure 2.6. Reaction catalyzed by cobalamin adenosyltransferase. Reproduced from
(85).

>
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Figure 2.7. Absorption spectra of adenosyltransferase assay mixtures. The spectra
indicate the predominant corrinoid present in the assay mixture: prior to the addition of
titanium(III) citrate, the spectrum is that of HOCbl (_._.); after the addition of
titanium(III) citrate, the spectrum is that of cob(I)alamin (
); 10 min after the addition
of an inclusion body preparation of the PduO enzyme, the spectrum is that of AdoCbl (-
-); after photolysis, the spectrum is that of cob(I)alamin ( __ ). Reproduced from (21).
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spectrum is that of OHCbl (with the Co in the Co(lll) state); after the addition of
titanium(III) citrate changes to cob(I)alamin; upon addition of the enzyme the spectrum
changes to AdoCbI. The enzyme activity can be calculated by the decreased absorbance
at 388nm. Jun Zhang, in our laboratory, is performing these analyses with the human
protein.

The orthologs of MMAB from B. subtilus, S. enterica, T. acidophilum, and Homo sapiens
all contain conserved positively charged residues in the human 186RAVCRRAERRI95
region.

The R186, R191 and E193 residues are mutated in patients with the cblB

disorder. These residues were found to be essential for function, as mutations made in T.
acidophilum corresponding to the human R191, E193, and R186 residues results in
reduced or lost enzyme activity (85).

The crystal structure of Cbl adenosyltransferase from Thermoplasma acidophilum
(TA1434) was published (85), and the structure from B. subtilus (lRTY) is available on
the internet, but as of the writing of this was not published (86). Both the structures
consisted of 5 helical bundles and are observed to have three identical subunits,
indicating the cblB is trimeric. The T. acidophilum protein is trimeric when run on a size
exclusion column (85).

Most ATP hydrolyzing proteins contain a P-loop sequence signature, similar to
GKGKGK, converting ATP to ADP and inorganic phosphate and energy.

The cblB

protein does not contain any recognizable ATP binding domains, likely because the
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protein hydrolyzes ATP to adenosyl and inorganic phosphate. This ATP binding domain
could

be

part

of

186RA VCRRAERR

I95

the

conserved

domain

involving

the

positively

charged

sequence.

I used the program 3D-PSSM (87) to create a model of the human cblB protein using the

B. subtilus structure as the basis for the model. All three conserved residues, R186, R191

and E193, face outward on a4, and are bound to inorganic phosphate in the model
(Figure 2.8). In the trimeric structure this a4 helix is orientated so that it faces inward to
create a positively charged center (86) (Figure 2.9). Based on sequence and structure
these positively charged residues could interact with negatively charged atom such as the
phosphates on ATP. If true this sequence would represent a non P-Ioop, and possibly a
novel domain for the binding of ATP, that could allow the presentation of the adenosyl
side chain to the Cbl domain, while holding the inorganic phosphates in place.

Further experiments

There are many other interesting experiments that could be performed with the cblB
protein and gene. For example, Jordan Lerner-Ellis (in David Rosenblatt's laboratory) is
performing the mutation analysis of the remaining cblB patients, which were not included
in this study. He is also examining the protein and RNA expression of MMAB in patient
cells, using western blotting and real-time PCR. Examination of the mutations identified
here, and the future ones, could be used to obtain information on kinetics of the mutant
proteins. As mentioned above, Jun Zhang (Roy Gravel's laboratory) is examining the
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Figure 2.8. Threading of the human cblB onto the B. subtilus structure using 3D
PSSM. Charged residues in conserved region (red) - specifically R 186, R 190, R 191,
E193, R194. Insertions and deletions are marked, these were created when the alignment
between the two had gaps. The five helical bundles are shown in different colours.
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Figure 2.9. Predicted structure of three MMAB proteins. Charged residues in
conserved region are coloured in red - specifically residues that correspond to the human
R186, R190, R191, E193 and R194. The three MMABs that form a complex are shown
in different colours. View A and B shows the Phosphate (blue) and the conserved
residues (red). View A and B are rotated 90°.
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kinetics of wild type and published mutant forms of cblB and the localization of cblB
using immunoflourescence. .Domain identification could be useful to find out how ATP
and Cbl bind to the protein. This may allow the delineation of a novel ATP binding
domain and help to identify a novel Cbl binding domain. Both could be informative in
order to examine the effect of mutations but also to find other proteins which also contain
these domains.

Both the MMAA and MMAB genes could be used to examine possible B I2 control
elements, and possibly identify mutant cell lines, which contain promoter defects. Co
immunoprecipitation could be useful to identify other proteins that interact with the cblB
protein and may be helpful to identify other members of the vitamin B 12 processing
pathway. As well, the examination of conserved residues could point to a Cbl binding
domain, which may be useful in finding other Cbl binding proteins.
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Chapter 3 : Finding the gene responsible for the cblA complementation group

Introduction

The cblA complementation group is a disorder that classically is associated with vitamin
B 12 -responsive MMA (51,88). This disorder was thought to represent a mitochondrial
Cbl reductase (53,56,66,89). As with the MMAB gene bioinformatics search, examining
of bacterial operons containing genes in close proximity to the gene for MCM and
searching for orthologous sequences in the human genome, yielded potential candidates.
A candidate gene was evaluated for deleterious mutations in cblA patient cell lines,
which revealed a 4bp deletion in three cell lines, as well as an 8bp insertion and two point
mutations, one causing a stop codon and the other 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
amino acids. 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 that the

polypeptide belongs to the AAA ATPase superfamily that encompasses a wide variety of
proteins, including ABC transporter accessory proteins that bind ATP and guanosine
triphosphate (GTP).

Fibroblast cultures from cblA patients typically have decreased propionate incorporation
into cellular protein and reduced synthesis of AdoCbl, while MeCbl synthesis remains
normal (57). In contrast, extracts from the same fibroblast cultures are able to synthesize
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AdoCbl in the presence of ATP and chemical reducing agents, such as dithiothreitol
(53,57,66).

It has been proposed that the protein responsible for the cblA

complementation group corresponds either to the deficiency of a mitochondrial, NADPH
dependent aquacobalamin reductase (42,42,57,57) or to a block in the mitochondrial
binding or transport of Cbl (53,53,56,56,66,89). Based on its predicted domain structure,
we propose that we have identified a component of a transporter required for the
translocation of Cbl into mitochondria. We suggested the gene name, MMAA, to denote
the relevant complementation group. However, recent evidence points to a role for the
cblA protein in preventing the inactivation ofMCM (90).

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 lines WGl192 and WG2014 have been

described previously. WG 1192 was reported to synthesize AdoCbl in vitro (66).
Propionate uptake was 1.26

±

0.10 nmol/mg protein/18 h without OHCbl added to

medium (57), compared to control values of 10.8 ± 3.2 nmol/mg protein/18 h. Following
incubation of cells in 25 pg/ml [57Co] CNCbl for 4 days, AdoCbl was at 5.0% of total
Cbl as compared to normal levels of 15.29 ± 4.2%. WG 1776 is from a white female who
presented at 7 months with acidosis, ketosis and lethargy. [14q propionate uptake was 2.3
nmol/mg protein/18 h without and 4.6 nmol/mg protein/18 h with OHCbl in the culture
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medium (normal with ORCbl added, 10.9 ± 3.5 nmol/mg protein/I8 h). The AdoCbl
level was 6.6% of the total Cbl following

[57 Co]

CNCbl incubation. WG1943 is from a 2

month-old East Indian male with vomiting, lethargy and Cbl-responsive MMA.

e4

C]

propionate uptake was 3.4 nmol/mg protein/I8 h without and 9.0 nmol/mg protein/I8 h
with ORCbl in the culture medium. AdoCbl was at 6.8% of the total CbI. WG20I4 is
derived from a 3-month-old white male that presented with fever, projectile vomiting,
dehydration, generalized fine tremors, and cbl-responsive MMA. [14C]propionate uptake
was 1.2 nmol/mg proteinll8 h without and 7.1 nmol/mg protein/I8 h with ORCbl in the
culture medium. AdoCbl was at 7.5% (91).

WG3080 is from a white female who

presented at 7 days with lethargy, poor feeding and seizures. [14C]propionate uptake was
0.6 nmol/mg protein/I8 h without and 2.4 nmol/mg protein/I8 h with ORCbl in the
culture medium, AdoCbI was at 3.5% of total CbI.

Materials

All materials were supplied as described in Chapter 2.

Methods

All methods followed protocols described in Chapter 2. For DNA and RNA extraction,
the primers are listed in Table 3.1. Reteroduplex and DNA sequencing were performed
in the same manner as described in Chapter 2. Northern blots were completed following
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Table 3.1. Primers used to amplify the exons and flanking introns and the splice junctions of the MMAA gene. The primer
sequences are listed 5' to 3'. Under the splice headings, the upper case letters designate exon sequences and the lower case letters
designate the intron sequences. ND, not done. The full-length coding sequence was amplified by RT-PCR from position -74 to 1285
using "RNA" primers.
Size peR

Sense

Antisense

Primer Sequence

Primer Sequence

Splice sites

Exon

Exon
(bp)

bp)

5'

3'

boundaries

1

~19

NO

NO

NO

2

506

515

tagggaggtcacaatcacattgagc

agactgacCTACTCGAAATGCTAGTG

tagGGAG ... ... GTAGgtc

-67 - 439

3

123

397

tctctttccaccgtagGATIGTCTG

gatcatcttcaacttctggcacctg

tagGATI... ... GGTGgta

440 - 562

4

171

507

ggaactggctgataattgacccgta

cctaatgtttacagttctcctctggc

tagGATC ... ... GTIGgtg

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

cttcgggcggggaggtcacaatcaca

gtaaaattattatacaggatgaa

RNA

1359

54

... GCGGgtg

~-85

- -68

the same methods described in Chapter 2.

The probe used for Northern blots was

generated from a 508 bp DNA segment amplifying regions 380-887 bp of the full-length
cDNA.

Results

Identification of the MMAA cDNA

Initial efforts to identify sequences in model genomes that might represent an NAD(P)H
and flavin-dependent aquacobalamin reductase were unsuccessful, 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-dependent enzymes. A search for MCM yielded
COG2185,

identified

as

corresponding

to

the

Cbl-binding,

carboxyl-terminal

domain/subunit of MCM. It is present as a member of a cluster in 16 of the 43 complete
genomes represented in the database (Figure 3.1). In ten of these, COG 1703 was found
immediately adjacent to COG2185. COG1703 is characterized as "putative periplasmic
protein kinase ArgK and related GTPases of G3E family." COG 1703 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-ornithine-arginine (LOA) transport system in E. coli
(92). Given the proximity of COG 1703 to MCM and its frequency in microbial genomes,
it was pursued as a candidate for involvement in the AdoCbl pathway.
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Figure 3.1. Cluster of Orthologous Groups examining the MCM N-terminus
(COGI884) and C-terminus (COG2185) and the genes identified as comprising
COG1703. Bacteria discussed in this study include: aful, Archeaglobus fulgidus, and
ecol, Escherichia coli K12; others are listed in http://www.ncbi.nlm.nih.gov/COG.
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ArgK

The A. julgidus sequence (gi:2649291) from COG1703 was used as the template for a
tBLASTn search of the human EST database and Unigene clusters at NCBI. This search
yielded ten ESTs listed in Unigene cluster Hs.126216 and eighteen others in Hs.21017.
Alignment of the ESTs permitted construction of a composite 1404 bp cDNA that
contains a putative start codon with an in-frame upstream stop codon at the 5' end and
polyA tail at the 3' end (Figure 3.2 and 3.3).

The 5' and 3' ends of the composite human cDNA were extended using a computer
generated version of EST walking. Sequential searches were made using the 5' or 3'
most sequences from successive BLASTs of the ESTdb, until no further extensions were
identified (Figure 3.2). 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 9

nucleotides at the 5' end. H10909, in tum, was used as the subject for BLAST in the next
round. Three more ESTs, H06777, Z44188 and H15578, were found 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-I.

The sequence predicted an open

reading frame 1254 bp in length, and a polypeptide of 418 amino acids with a calculated
molecular mass of 46.5 kDa (Figure 3.3). During the course of this work, the deduced
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Figure 3.2. Structural organization of the human MMAA gene. The top schematic
("Genes") illustrates the flanking genes and map positions surrounding MMAA
according to the contigview in Ensembl (http://www.ensembl.orgl). Note that NCBI
maps MMAA to the 152.8-152.9 Mbp location of chromosome 4. Both Ensembl and
NCB! 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 numbers AF524841-AF524846. Introns are
drawn to scale, except where "?" is used to denote a region of unknown sequence and
length and "II" is used to denote a longer region than illustrated. The eDNA ("eDNA") is
illustrated with splice and start/stop codons, 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.
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AW070859
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Figure 3.3. 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 *** immediately upstream and
downstream of the coding sequence. A candidate polyadenosylation signal is underlined.
***

-84 CTTCCGTGGCTTCGGGCGGGGAGGTCACAATCACATTGAGCCAAAACGCATCCAGTGTTT
M P M L L P H P H Q H F 12
-24 TCTCCAGTTACAAATAAAACGAATATGCCCATGCTGCTACCACATCCTCACCAGCATTTC
L K G L L R A P F R C Y H F I F H S S T 32
37 CTAAAAGGCCTTTTAAGAGCACCTTTCCGATGTTACCACTTCATCTTTCACTCAAGTACT
H L G 5 G I P C A Q P F N 5 L G L H C T 52
97 CATCTCGGATCAGGAATCCCATGTGCTCAGCCGTTTAATTCTCTTGGACTCCATTGTACA
K W M L L S D G L K R K L C v Q T T L K72
157 AAGTGGATGCTGCTGTCAGATGGCTTAAAGAGAAAATTATGTGTACAAACAACCTTAAAG
D H T E G L S D K E Q R F V D K L Y T G 92
217 GACCACACAGAAGGACTTTCTGATAAAGAGCAAAGATTTGTGGATAAACTTTATACTGGT
L I Q G Q R A C L A E A I T L V E S T H 112
277 TTAATCCAAGGGCAAAGGGCCTGTTTAGCAGAGGCCATAACTCTTGTAGAATCAACTCAC
5 R K K E L A Q v L L Q K V L L Y H R E 132
337 AGCAGGAAAAAGGAGTTAGCCCAGGTGCTTCTTCAGAAAGTATTACTTTACCACAGAGAA
Q E Q 5 N K G K P L A F R V G L 5 G P P 152
397 CAAGAACAATCAAATAAAGGAAAACCACTAGCATbTTCGAGTAGGATTGTCTGGGCCCCCT
GAG K 5 T F I E Y F G K M L T E R G H 172
457 GGTGCTGGAAAATCAACATTTATAGAATATTTTGGAAAAATGCTTACTGAGAGAGGGCAC
K L 5 V L A V D P 5 5 C T 5 G G 5 L L G 192
517 AAATTATCTGTGCTAGCTGTGGACCCTTCTTCTTGTACTAGTGGTGGATCACTCTTAGGT
D K T R M T E L 5 R D M NAY I R P 5 P 212
577 GATAAAACCCGAATGACTGAGTTATCAAGAGATATGAATGCATACATCAGGCCATCTCCT
T R G T L G G V T R T T N E A I L L C E 232
637 ACTAGAGGAACTTTAGGAGGCGTGACAAGGACCACAAATGAAGCTATTCTGTTGTGTGAA
GAG Y D I I L I E T V G V G Q 5 E F A 252
697 GGAGCGGGATATGACATAATTCTTATTGAAACCGTTGGTGTGGGTCAGTCGGAGTTTGCT
V ADM V D M F V L L L P P A G G D E L 272
757 GTTGCTGACATGGTTGACATGTTTGTTTTACTACTGCCACCAGCAGGAGGAGATGAGCTG
Q G I K R G I I E MAD L V A V T K 5 D 292
817 CAGGGTATCAAAAGGGGTATAATCGAGATGGCAGATCTGGTAGCTGTAACTAAATCTGAT
G D L I V P A R R I Q A E Y V 5 A L K L 312
877 GGAGACTTGATTGTGCCAGCTCGAAGGATACAAGCGGAATATGTGAGTGCACTGAAATTA
L R K R 5 Q v W K P K V I R I 5 A R 5 G 332
937 CTCCGCAAACGTTCACAAGTCTGGAAACCAAAGGTAATTCGTATTTCTGCCCGAAGTGGA
E G I S E M W D K M K D F Q D L M L A S 352
997 GAGGGGATCTCTGAAATGTGGGATAAAATGAAAGATTTCCAGGACCTAATGCTTGCCAGT
G E L T A K R R K Q Q K V W M W N L I Q 372
1057GGGGAGCTGACTGCCAAACGACGGAAGCAACAGAAAGTTTGGATGTGGAATCTCATTCAG
E 5 V L E H F R T H P T V R E Q I P L L 392
1117GAAAGTGTGTTAGAGCATTTCAGGACCCACCCCACAGTCCGGGAACAGATTCCACTTCTG
E Q K V L I GAL 5 P G L A A D F L L K 412
1177GAACAAAAGGTTCTCATTGGGGCCCTGTCCCCAGGACTAGCAGCAGACTTCTTGTTAAAA
A F K 5 R D ***
418
1237 GCTTTTAAAAGCAGAGACTAATAAAATTCATCCTGTATAATAATTTTACATATCATTTCA
1297TAAAGTATTTTAATAGAAAAA
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protein sequence (gi: 18558390) 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 SNPs
revealed a SNP at c.1089.C>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 variant.

Orthologous proteins

Sequences corresponding to the candidate MMAA cDNA were also identified in the
mouse EST database. This sequence allowed us to verify the reading frame and to ensure
that the sequence is full length. The mouse Unigene cluster Mm.26510 contains 54
ESTs. These ESTs were assembled into a composite cDNA sequence that verified the
corresponding GenBank entry (gi: 18314534). The mouse cDNA is 76.4% identical to the
human cDNA. The corresponding proteins are 78.8% identical, with similarity based on
conserved amino acid properties of 84.5% (Figure 3.4).

In addition to the mouse sequence and the sequences identified in the COG database, a
survey of the NCBI database for additional orthologous protein sequences using BLAST
analysis (93) yielded a predicted protein in C. elegans (gi: 17535935) and Mycobacterium

tuberculosis (gi: 15840959) and an LOA transport system kinase (ArgK) in E. coli
(gi: 1723836).

These sequences were also aligned with the proposed human coding

sequence (Figure 3.4).
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Figure 3.4. Alignment of amino acid sequences similar to that of human (Hum) MMAA, including mouse (Mou),
Caenorhabditis elegans (eel), Escherichia coli (Eco), Mycobacterium tuberculosis (Mtu), and Archaeoglobus fulgidus (Afu).
Sequence motifs defining the G3E family of proteins are indicated, including the GxxGxGK[SfT] Walker A motif, the Mg2+ -binding
aspartate residue, the DHbHbHbHbE Walker B motif with Hb denoting hydrophobic residues, and an [NfT]KxD GTP binding motif,
as described by Leipe (2001) (94). 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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Structure of the MMAA gene and chromosomal location

The MMAA gene was localized to chromosome 4q31.1-2 based on the linkage of contig
NT006177.5 to locus LOC166785 (Figure 3.2) and the mapping of 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 using BLASTn. Seven hits were
obtained with 100% continuous alignment in each segment, indicating that the gene
contains seven exons (Figure 3.2). Based on comparison of the assembled EST and
genomic sequence, only 19 bp were found to constitute the first exon. No recognizable
CAP ribosomal binding site was identified.

However, since 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 observe the AG-GT rule and maintain the open reading frame 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 to 3,502 bp, and intron 3 is estimated to be about
21,600 bp. In total, the human MMAA gene was found to encompass approximately 17.1
kb and is flanked by a predicted gene (Q9UFT8) having homology to the mothers against
decapentaplegic ] (MAD]) gene, approximately 100 kb away on the 5' side and by a

novel gene ("novel") with a zinc finger domain, approximately 160 kb away on the 3'
side of the MMAA gene (using Ensembl).
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Comparison of the human and mouse genes showed preservation 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 MAD] homolog and the zinc finger
protein. This result is in agreement with the human-mouse homology map that links
human 4q31.3-4q35 with chromosome 8 of mouse (NCB!).

Expression patterns in adult tissue

The 508 bp probe hybridized to three RNA species of approximately 1A, 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, while in liver the smallest
one predominated (Figure 3.5). The 1.4 kb species is comparable in size to the predicted
length of the composite cDNA.

Mutations in the cblA complementation group

Fibroblast lines from patients belonging to the cblA complementation group were
analyzed for mutations by PCR-heteroduplex analysis and DNA sequencing. Three cell
lines, WGII92, WG2014, WG3080, gave heteroduplexes, on polyacrylamide gel
electrophoresis (PAGE), of PCR products obtained by amplification of exon 4 and
flanking sequences (Figure 3.6). The latter two cell lines showed heteroduplexes in the
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Figure 3.5. Northern blot analysis of MMAA mRNA. A northern blot of polyadenosyl
RNA from the indicated human tissues. The membranes were hybridized with a [a32P]
CTP labelled 508 bp probe from MMAA mRNA (A) or with a ~-actin probe (B).
Molecular size marker positions are indicated on the right.

., Actin

64

Figure 3.6. Mutations of MMAA, and heteroduplex tests reported in (95). A.
Heteroduplex test for c.592.deIACTG: lane 1, control cells; lane 2, WG2014 mixed with
control cells in a 1: 1 ratio; lane 3, WG2014 alone; lane 4, WG 1192 alone; lane 5,
WGII92 mixed with control; lane 6, WG1943 mixed with control cells in a 1:1 ratio. B.
Heteroduplex for c.259.deIATAAACTT: lane 1, WG3080 alone; lane 2, WG3080 and
control cells; lane 3, control cells alone.

Patient
WGl192
WGI776
WG1943
WG2014
WG3080

Allele I
c.592.deI4
c.283.C>T (Q95X)
c.620.A>G (Y207C)
c.592.deI4
c.260.ins8

A

Allele 2
c.592.deI4
ND
c.620.A>G (Y207C)
ND
c.592.deI4
B

1

2

3

4

5 6

1
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2

3

presence or absence of mixing with control DNA. These results suggested that WGl192
is homoallelic and WG2014 and WG3080 are heteroallelic for a multibase change within
the amplified sequence. DNA sequencing revealed the mutation to be a 4 bp deletion,
c.592_595 deIACTG, which would disrupt the reading frame and introduce a downstream
stop codon in the transcribed sequence. WG3080 produced a second heteroduplex on
PCR of exon 2 (Figure 3.6).

DNA sequencing revealed this change to be an 8 bp

insertion, c.260.insATAAACTT. It would also result in a severely 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 WG 1776 contains a premature stop
codon, c.283.C>T (Q95X), on one allele, that would also disrupt protein expression. The
second allele is unidentified. WG1943 contains a mutation, c.620.G>A that results in a
non-conservative amino acid substitution, Y207C, which was not identified in 70 control
cell lines. This mutation is present on both alleles and suggests inactivation or instability
of the resulting protein, although analysis of the mutant protein would be required to
clarify the effect of this substitution.

Additional mutation analyses were completed by Jordan Lerner-Ellis (in Dr. David
Rosenblatt's laboratory). A complete list of the mutations identified to date is listed in
Table 3.2. A C>T transition is very common and results in a stop codon, R145X, at
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Table 3.2. A complete list of mutations in the MMAA gene identified to date. DNA
mutation numbering is based on the cDNA sequence and + 1 corresponds to the A of the
ATG translation initiation codon. F=Female, M=Male, W=White, B=Black. In press,
prepared by Jordan Lerner-Ellis (David Rosenblatt's lab).
Cell Line
WGl449
WG1588
WG2578
WG3080
WG1798
WG3009
WG1776
WG2529
WG2019
WG1796
WG2653
WG1660
WG3038
WG1802
WG3039
WG1761
WG2037
WG2230
WG2893
WG3003
WG2922
WG2664
WG2014
WG1516
WG3084
WG1191
WG1192
WG1943
WG2188
WG2623
WG2627
WG2063
WG2704
WG2185
WG2882
WG1411
WG1518

Sex/Race

FIW
FIB
FIW
FIW
MIW

FIW
FIW
MIW
MlUnknown
F/Cauc
F/Cauc
MlCauc
MlCauc
MlCauc
F/Cauc
F/Cauc

MIW

FIB
Unknown

FIW
MIW
MIW
MIW
MIW
MIW
Unknown
Unknown

MIW
F/Unknown
MIW
MIW

FIW
MIW
F/Cauc
F/Cauc
MlCauc

MIW

Age of Onset
Neonatal
6 weeks
1 week
1 week
7 months
3 months
7 months
18 months
neonatal
2 weeks
2 weeks
6 months
7 months
12 months
10 years
14 months
4.5 years
12 months
4 weeks
9 months
5 months
4 days
3 months
5 months
9 months
Unknown
Unknown
2 months
12 months
4 days
3.75 years
5 days
6.5 years
11 months
6 months
26 months
6 months

Mutation 1

Mutation 2

c.64 C>T (R22X)

c.266 T>C (L89P)

c.64 C>T (R22X)

c.653 G>A (G218E)

c.161G>A (W54X)

c.266 T>C (L89P)

c.260 267 ins ATAAACTT

c.592 595 del ACTG

c.283 C>T (Q95X)

c.970-2 A>T

c.387 C>A (Y129X)

c.387 C>A (Y129X)

c.283 C>T (Q95X)

c.439+1_4 delGTCA

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.433 C>T (R145X)

c.742 C>T (Q248X)

c.433 C>T (R145X)

c.450 451 ins G

c.433 C>T (R145X)

c.503 del C

c.433 C>T (R145X)

c.592 595 del ACTG

c.433 C>T (R145X)

c.592 595 del ACTG

c.433 C>T (R145X)

c.592 595 del ACTG

c.433 C>T (R145X)

c.592 595 del ACTG

c.433 C>T (R145X)

c.1076 G>A (R359Q)

c.434 G>A (R145Q)

c.434 G>A (R145Q)

c.592 595 del ACTG

c.592 595 del ACTG

c.620 A>G (Y207C)

c.620 A>G (Y207C)

c.653 G>A (G218E)

c.l 089_l09OdeIGA

c.733+1 G>A
c.959 G>A (W320X)

c.733+1 G>A
c.959 G>A (W320X)

c.988 C>T (R330X)

c.988C>T (R330X)

c.1076 G>A (R359Q)

c.1076 G>A (R359Q)

c.433 C>T (R145X)
c.433 C>T (R145X)
c.433 C>T (R145X)
c.450 451 ins G
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position 145 of the cDNA. Other mutations that result in stop codons are W54X, Q95X,
Y129X, and Q248X.

Mutations that involve an insertion or deletion include

c.450_451.insG, c.503.deIC, c.1089_1090.deIGA, c.733ins.G>A, c.450_451.insG; each
would result in a frameshift. Other point mutations (L89P, G218E, R359Q, R145Q, and
G218E) that would also likely disrupt protein function were also detected.

Discussion

As with MMAB, the analysis of prokaryotic gene arrangements, combined with the
information from the human genome project, has allowed the identification of a candidate
gene for a vitamin B 12 disorder. The presence of mutations in affected patients confirmed
the identity of the disease-causing gene in patients from the cblA complementation
group. The initial finding suggesting the identity of the MMAA gene was the detection of
heteroduplexes harbouring mutations in the candidate gene for five cblA cell lines. DNA
sequencing revealed a 4 bp deletion and 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, while 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.
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It was anticipated that the MMAA gene would code for a cbl reductase or perhaps a
mitochondrial transporter of vitamin B 12 . Early studies pointed to a mitochondrial defect
since 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 (53).
These findings are compatible with a block in mitochondrial transport, but no such
transporter was identified (96,97). Instead, Watanabe and colleagues identified an
NADPH-dependent aquacobalamin reductase in rat liver and Euglena mitochondria
(46,98), which was deficient in fibroblasts from one cblA cell line (42). They took this
observation as evidence that the cblA gene might code for a reductase. Our results are
consistent with mitochondrial targeting of the MMAA. It has a predicted leader sequence
and signal cleavage site (p=0.998, http://www.inraJr/predotar/) (Figure 3.4), but it is
unlikely to be an aquacobalamin reductase since it does not contain domains suggestive
of flavin or NAD(P)H binding sites. The role of the cblA protein remained elusive, but
recent evidence points to a role for cblA in preventing inactivation of MCM (90). This
finding and other analyses are discussed in Chapter 4.
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Chapter 4 : Examination of the potential role of MMAA

Introduction

The mutation work discussed in the previous chapter clearly points to a role for MMAA
in vitamin B I2 metabolism. Based on homology searches and literature searches, MMAA
would seem to have four possible roles, either as
1) a lysine-ornithine-arginine transporter (LOA) based on its similarity to ArgK,
2) a Cbl transport protein, possibly directing Cbl into the mitochondria,
3) a necessary component of a larger complex, such as the role DreG plays in
urease activity, or
4) a reactivation or inactivation-prevention factor for MCM.
Each role is discussed below.

Lysine-ornithine-arginine uptake: the ArgK conundrum

MCM and MMAA homologs are present in some microorganisms. In E. coli they are
part of a four-gene operon, sbm-ygfD-ygfG-ygfH. The first gene, sbm, stands for sleeping
beauty mutase, and functions as methylmalonyl CoA mutase, however it has been
considered non-functional for lack of a promoter (99). The second gene in the operon,
ygfD, also known as argK, is the ortholog of the human gene identified as MMAA.

The argK gene was initially identified as the site of mutations resulting in a deficiency in
the uptake of LOA (92). The affected gene, argK, was expressed and shown to code for a
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protein that has intrinsic ATPase activity and could phosphorylate the LOA periplasmic
binding proteins in vitro (92). However, a revertant of the original mutant had restored
ATPase activity and LOA uptake, but remained defective in its ability to phosphorylae
LOA binding proteins (92,100). The LOA 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 (ABC) signatures (101,102), and do not
involve ArgK.

This finding challenges the notion that ArgK, which lacks an ABC

signature, is an LOAJOA transport-associated ATPase.

Without a role for ArgK in the LOA transport systems, and its presence in an operon that
encodes enzymes that is involved in the succinate pathway in several bacteria (Figure
3.1), several labs, including our own, and those of Haller (103) and Bobik (04) regarded
this designation with suspicion. The studies on ArgK do not readily point to a function
for the protein. Our knowledge of the biochemical abnormalities of cblA patients strongly
suggest that MMAA and, by extension, ArgK, have specific involvement in vitamin B 12
utilization.

Cbl uptake

An interesting aspect of previous Cbl biochemical studies included the finding that
vitamin B 12 uptake in isolated rat liver mitochondria is dependent on mitochondrial
swelling mediated by calcium or phosphate addition (66,105). Vitamin B 12 uptake may
occur through opening of the mitochondrial permeability transition pore (MPTP) that is
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permeable to molecules of <1500 Da (106), a value bordering on the molecular mass of
vitamin B 12 (1350 Da). Acute opening of the MPTP causes mitochondrial swelling,
leading to apoptosis that can be initiated by the addition of calcium or phosphate salts
(107).

Vitamin B 12 uptake might occur via MPTP pores, opened within a physiological

range, which could be stimulated by the ATP or GTPase activity of the associated
MMAA. As a mechanism, it would obviate the need for a unique transport system, for
which there seems to be little evidence, but would offer the possibility of a requirement
for calcium/phosphate stimulation and ATP dependence, as originally detected (66).

In keeping with the possibility that MMAA might be involved with transport, though not
of LOA, it is necessary to review the known components of Cbl transport. In E. coli
vitamin B I2 is transported across the inner membrane by BtuC, a membrane spanning
protein, and BtuD, an associated ATPase (108). The BtuC and BtuD proteins are ABC
type transporters, and based on sequence analysis, ArgK does not share the domains
necessary for ABC type transport. Based on the redundancy ArgK would have in vitamin
B I2 transport and lack of ABC-type domains consistent with the known transport
mechanism, it would seem doubtful that vitamin B 12 uptake is the role of ArgK. If we
assume that ArgK and MMAA have similar functions inside cells, and that bacterial cells
are related to mitochondria organelles, uptake of Cbl into human mitochondria is unlikely
to be facilitated by MMAA.
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Role as an accessory protein

An extensive phylogenetic study of nucleotide binding proteins included MMAA as a
member of the G3E family of P-Ioop GTPases (94). The G3E branch of the phylogenie
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 [NIT]KxD motif (Figure 4.1 and Figure 3.4). In
addition to MMAA, 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 hydrogenase that is also involved in metal binding and
metalloenzyme assembly; and, CobW, a protein in the biosynthetic pathway of vitamin
B l2 whose role remains undefined. It is significant that HypB and UreG are involved in
the assembly of metalloenzymes, which may also be the role of MMAA in Cbl
metabolism.

The GTPase activity of HypB is required for the mobilization of nickel from the nickel
donor (possibly HypA), and Mehta suggest that HypB is required for the active HypA
enzyme in vivo (109). Similarly, the GTPase activity of the UreEFGH complex is
required for the active urease protein (110,111). Purified HypB was shown to possess
GTP hydrolyzing activity in isolation (112), while UreG requires all subunits to be
present for GTPase activity (109,112). It seems possible that MMAA may act similarly
to HypB and UreG, and consequently, might be required for MCM activity or be part of a
larger complex required for MCM activity.
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Figure 4.1. Conserved domains in the G3E family of GTPases including members of
the ArgK, CobW, HypB and DreG protein families. The alignment shows the three
most highly conserved regions, the Walker A motif and the surrounding strands (block
1), the Walker B motif and surrounding area (block 2), and the area including the NKxD
motif (block 3). Species names are abbreviated as follows: Aqua, Aquifex aeolicus; Arab,
Arabidopsis thaliana; Bsub, Bacillus subtilus; Cel, Caenorhabditis elegans; Ecoli,
Escherichia coli; Homo, Homo sapiens; Meth, Methanobacterium thermoautotrophicum;
Pyro, Pyrococcus abyssi; Syn, Synechococcus PCC8801; and yeast, Saccharomyces
cerevisiae. Based on studies by Leipe et al (94).
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Role as reactivator/inactivator of MCM

Other vitamin B 12 dependent enzymes, glycerol dehydratase (Gdh) and diol dehydratase
(Ddh), undergo suicide inactivation (113,114). This inactivation is irreversible without
the presence of a fresh cofactor and reactivator proteins (113,114). In Propionibacterium

shermanii MCM has been shown to be inactivated in aerobic conditions, though at a
much slower rate Ddh and Gdh (115), but, no enzymes have been reported as reactivators
for MCM. It is possible that MMAA is required for reactivation of MCM in a manner
similar to Ddh and Gdh. However, there are no domains or sequence signatures to show
that Gdh and Ddh reactivases are similar to MMAA or its homologs.

Recently, Korotkova and Lidstrom published a paper discussing the role of MeaB in

Methylobacterium extorquens (M. extorquens) (90). MeaB has 60% similarity to the
human MMAA protein. Even with excess AdoCbl, the meaB mutant cells do not have
MCM activity (116). However, when apoMCM is added to cell extracts it restored MCM
activity, though this was not the case when purified MeaB was added (90). This result
indicates that MeaB is necessary for MCM to function in vivo, but that AdoCbl
production is not affected by the loss of MeaB (90). Korotkova also reduced the amount
of substrate (by mutating MCEE) , or reduced the amount of cofactor (by mutating cbl
adenosyltransferase), and combined each mutant with the meaB mutant. When AdoCbl
was added, a little MCM activity was observed, but no MCM activity was detected
without AdoCbI. Korotkova concluded that MCM was inactive in meaB mutant cells but
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had some activity in the double mutant cells. Purified MeaB was able to enhance purified
MCM activity slightly in vitro.

When purified MCM was incubated with CNCbl or

AdoCbl with and without MeaB, in the presence or absence of GTP or GDP, no CNCbl
or AdoCbl was released from MCM.

An exchange would be expected if it was a

reactivase. Overall, the conclusions made by Korotkova et aI. demontrated that MeaB
could not restore MCM activity, but is required for active MCM in cells. Korotkova et
aI. postulated that MeaB (and its orthologs, MMAA and YgfD) "may help stabilize the
dimer form [of MCM], protecting it from attack from water, oxygen and highly reactive
intermediates" (90).

Cell lysis and the addition of apoMCM restores the MCM activity in meaB mutant cells
(90). Cell lysis alone does not have an impact, as cell extracts mixed with MeaB did not
have restored MCM activity (90). It is conceivable that MeaB works in concert with
several proteins to create a functional MCM in vivo, while in vitro MCM remains active
with and without MeaB.

One major difference between the meaB mutant cells and cblA patient cell lines are the
levels of AdoCbI. The meaB mutant cell lines have normal levels of AdoCbl, while the
cblA patient cell lines have much lower levels of AdoCbl (as little as 5% of normal)
(57,95). Intact cblA fibroblasts are unable to synthesize AdoCbl from ORCbl, while
AdoCbl was synthesized in lysed cells when ATP, ORCbl and a reducing system was
added (117,118). Patient cells were shown to have normal MCM apoenzyme (53,117).
If AdoCbl levels were unaffected, as with the MeaB mutant, then suicide inactivation
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might explain the role of MMAA in human cells. However, this model does not explain
the AdoCbl deficiency nor the normal MCM activity found in the patient cell lines. It is
possible that MMAA may be involved in a larger complex that affects both MCM and
AdoCbl levels, possibly by interacting with MMAB or other unidentified Cbl processing
enzymes. However, its role in the cell remains mysterious, perhaps further study of this
protein will lead to the clarification of its function.

Materials and methods

Materials

Both Sbm and Ygill plasmids were given to us by the Gertl lab (University of Illinois,
Urbana, Illinois). Ni-NTA beads were purchased from Qiagen (Mississauga, Ontario).
The miniprotean III electrophoresis cell, brilliant blue C-250, Biorad protein assay were
all obtained from Biorad (Hercules, California). The radioactive a_ 32P_GTP and a_ 32p_
ATP, G25 resin, HiTrap NHS-activated HP Columns, superdex 200 HR 10/30 column,
and protein A sepharose beads were purchased from Amersham (Piscataway, New
Jersey). The PEl (polyethyleneimine) cellulose membrane was from Sigma (Oakville,
Ontario).

Kinetic analyses were completed using KaleidaGraph 3.5 from Synergy

Software (Reading, Pennsylvania).

The Enzcheck kit was from Molecular Probes

(Eugene, Oregon). The Profound Co-immunoprecipitation kit was supplied by Pierce
(Rockford, Illinois).

The plasmid pGEM was purchased from Promega (Madison,

Wisconsin). The knockout vector (pHSG415) was supplied by Aaron White and Mike
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Surette (University of Calgary).

14C-propionate was obtained from MP Biomedicals

(Irvine, CA). All other reagents were of reagent grade.

Purification

To study the function of YgtD and its possible interactions with Sbm, the histidine (his)
tagged ygfd and sbm genes from E. coli (BL21) were expressed and purified using
expression vectors provided by J. Gerlt as described by Haller (119) The Y gtD and Sbm
his-tagged proteins were purified as described by Haller (119), unless otherwise
indicated. The cells were grown overnight (or to an OD600
100

ug/mL

ampicillian

(LB-AMP)

at

37°C.

= 2) in

No

lL of Luria Broth with

IPTG

(Isopropyl-beta-D

thiogalactopyranoside) was added to induce expression. Instead, the cultures were
allowed to express protein at the uninduced level. Cells were collected by centrifugation
(5000 rpm at 4°C) in a Sorvall JA-lO rotor. Cells were resuspended in binding buffer (10
mM imidazole, 0.5 M NaCI, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 20 mM

Tris-HCI, pH 8.0) and lysed by passing through the French Press twice. Celllysates were
centrifuged at 25,000 rpm at 4°C for 30 min to remove the insoluble portion in a Sorvall
JA-lO rotor.

The soluble fraction was incubated with 5mL slurry of Ni-NTA beads

(rinsed in binding buffer) and allowed to mix by end-over-end rotation overnight at 4°C.

The mixture was poured into a Ni-NTA column and 5 column volumes (CV) of binding
buffer, followed by 10 CV of wash buffer (60 mM imidazole, 0.5 M NaCl, and 20 mM
Tris-HCl, pH 8) was applied. The purified protein was eluted in elution buffer (100 mM
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imidazole, 0.5 M NaCI, and 20 mM Tris-HCI, pH 8, 20% glycerol). The Sbm protein
was stored at -70°C. The Ygill protein was held at room temperature up to 2 days, since
it was unstable to freezing. Protein concentrations were determined using the Bio-Rad
protein assay according to the manufacturer's directions. Sodium dodecylsulfate (SDS)
PAGE was performed using miniprotean III electrophoresis cells (Biorad). 12 % SDS
PAGE gels were run in running buffer (25 mM Tri, 250 mM glycine, 0.1 % (w/v) SDS) at
150 V for 1 hour.

Following electrophoresis, the gels were stained with Coomassie

Brilliant Blue R-250.

Ames test

Optimal conditions for GTPase and ATPase activities, detecting the Pi produced, used
protocols designed by Ames (120), with modifications cited in Shin (121). The reaction
mixture contained 200 uL. A variety of buffers, pH conditions and metal ions were
tested, including MOPS buffer, Tris buffer, N-2-Hydroxyethylpiperazine-N'-2-ethane
sulfonic acid (HEPES) buffer, KCI, MgCh, MnCh, and CaCh, in reactions containing 3
mM ATP or GTP as substrates. The concentration of ATP and GTP were optimized after

buffer conditions were determined. Purified Ygill was assayed using 5 ug per tube,
unless noted. Purified Sbm was added to reactions at 5 ug or 10 ug per assay tube. The
optimum assay conditions, used for most experiments, included assay buffer (100 mM
Tris pH 8.0, 50 mM MgCh, 10 mM KCI) and 3 mM GTP). The reactions were incubated
at 37°C for 30 min and were terminated by the addition of 0.6 mL of Ames reagent (l:6
mixture of 10% ascorbic acid: 0.42% ammonium molybdate in IN sulfuric acid). The
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assay tubes were allowed to stand at room temperature for 30 mm for colour
development.

Optical density (OD) was measured at AS20 .

All experiments were

performed in triplicate. Results were reported as mean with error bars representing
standard deviation.

GTP binding assay

The GTP binding procedures were taken from Klemm (122). All GTP binding reactions
contained 1 ug of YgfD protein and [a_ 32P]GTP in assay buffer to a total volume of 50
uL. Except for the maximal GTP binding determination experiments, GTP was used at a
concentration of 5 uM. The

ass~ys

were incubated at room temperature for 20 min and

then applied to a G25 resin column, pre-equilibrated with assay buffer. The column was
spun for 4 min at 520 x g. Protein-bound GTP in the eluate was measured by scintillation
counting.

Bovine serum albumin (BSA) was added instead of YgfD as a negative

control. For competition assays variable levels of unlabelled GTP and ATP were added
to the reaction. The eluate was irradiated for 4 min using ultraviolet light (245nm) to
cross-link the protein with the bound, radiolabeled GTP. The samples were run on a 12%
SDS-PAGE gel and exposed to film. The GTP-binding experiments were performed in
duplicate.

Discontinuous assay: Thin layer chromatography
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Steady-state GTPase activity of YgfD was determined usmg methods described by
Silberg (123).

Reactions contained assay buffer, 0.5 ug YgfD, and 3 to 100 uM

unlabelled GTP and 1 uCi of [a_ 32P]GTP in a total volume of 100 uL. Prior to initiating
hydrolysis, buffer and YgfD were incubated at 37°C for 5 min without GTP. Reactions
were incubated at 37°C. At specific time points, 10 ilL aliquots were removed and the
reaction stopped by adding 10 ilL acetonitrile. The samples were mixed and microfuged
for 30 seconds. An aliquot of 5 ilL was spotted on a polyethyleneimine (PEl) cellulose
membrane and allowed to dry. The GTP and GDP were separated in a chamber using 1M
formic acid, 0.5M LiCI, until solution reached the top of the plates. The membrane was
allowed to air dry and visualized using a PhosphoImager. The amount of GDP produced
was calculated using PhosphoImager quantitation software (Imagequant). The spots were
also cut out and counted using a scintillation counter. The rate of GTP hydrolysis (V o)
was determined for each concentration of GTP.

Values for K m , K ea ! and Vmax were

determined by fitting the Michaelis-Menten equation to a plot of Va versus GTP
concentration using Kaleidagraph to approximate curve fits. The kinetic values are the
mean and standard deviations of three independent experiments.

Continuous assay: Enzcheck

The Enzcheck Phosphate assay kit was used to quantitate the Pi produced from the YgfD
reaction following the manufacturer's protocols. In the presence of Pi, the substrate 2
amino-6-mercapto-7-methylpurine riboside (MESG) is converted to ribose I-phosphate
and 2-amino-6-mercapto-7-methyl purine by purine nucleoside phosphorylase.
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This

conversion results in an increase in absorbance at 360 nm when the product is formed.
Initially a standard curve for Pi was created.

Background Pi concentrations were

measured using all reagents suggested by the manufacturer without the addition of YgfD.
The reaction was conducted at 37°C and OD380 was measured every 30 seconds for 5
min, then every min for 30 min.

Each reaction consisted of 0.5 ug YgfD, 50 ilL 20X reaction buffer (20 mM MgCh, 2mM
sodium azide, 1M Tris-HCI, pH 7.5), 200 ilL MESG substrate, 10 ilL purine
phosphorylase made to a final volume of 1 mL with autoclaved, filtered ddH20. The
reaction was further enhanced if a final concentration of 50 mM MgCl 2 was added and
the pH increased to 8.0. The reaction mixture was allowed to sit at 37°C for 10 minutes.
Either 200 uM GTP, 200 uM ATP was added.

Alternatively, nucleotide was added

without the addition of enzyme to verify background.

Size exclusion chromatography

Size exclusion chromatography was used to examine Y gfD-Sbm interactions and
determine the monomeric or multimeric states of Sbm and Y gfD. A 500 ug solution of
Y gfD or a 500 ug solution of Sbm or both was used in each experiment.

Samples and

calibration proteins were run on a Superdex 200 HR 10/30 column. The buffer solution
contained 10 mM Tris-HCI, pH 8.0, 10 mM KCI, 50 mM MgCh and 3 mM GTP and 5
mM AdoCbI. The column was calibrated using proteins of known molecular weight,
including: bovine milk a-lactalbumin (14.2 kDa), bovine erythrocytes carbonic
82

anhydrase (29 kDa), chick egg albumin (45 kDa), BSA (66 kDa - monomer, 132 kDa
dimer), and Jack Bean urease (272 kDa - trimer, 545 kDa - hexamer) (Sigma). It was
found the mixture of Sbm and YgfD formed a complex best when incubated at room
temperature for 15 min in the dark. The column was connected to a fast performance
liquid chromatography (FPLC) machine (Akta purifier, Amersham, Piscataway, New
Jersey) and 00 280 was plotted.

Antibody production, immunoprecipitation and western blots

Polyclonal antibodies were prepared using full-length his-tagged proteins Sbm and Ygfd
by Donna Boland at the SARC Hybridoma Facility (University of Calgary). Each rabbit
received 50 ug of protein per injection.

Intramuscular injections containing 200 flL

protein and 200 flL adjuvant were performed every two weeks.

The first injection

utilized Freund's Complete Adjuvant and subsequent injections utilized Freund's
Incomplete Adjuvant. All rabbits were given about 6 injections in total before they were
cardiac punctured.

An enzyme-linked immunosorbant assay (ELISA) was performed

using procedures described by (124) to ensure antibody reactivity to the antigen. Both
immune and pre-immune serum were tested using a Western blot, following standard
procedures and the ECL detection system. To guarantee antibody authenticity, antibodies
were affinity purified using purified proteins and HiTrap NHS-activated HP columns,
following manufacturer's protocols.
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Co-immunoprecipitation experiments were initially performed as described by Canman
(125) with modifications. Pelleted cells were washed in PBS (phosphate buffered saline),
resuspended in lysis buffer (0.5 M NaCl, and 20 mM Tris-HCl, pH 8, 20% glycerol, 1%
Tween 20, 1 mM NaV0 4 , 1 mM NaP, ImM DTT and ImM protease inhibitor) and
sonicated. Protein A sepharose beads were pre-equilibrated in RIPA-Tween buffer (10
mM Tris-HCl, pH 7.4,50 mM NaCl, 10 mM KCl, 1 mM EDTA, and 0.1% Tween-20).
To preclear the lysates, 25
beads were mixed with 10

~L

~L

of cell lysate and 25

~L

pre-equilibrated sepharose A

serum and incubated at room temperature for 20 min with

end-over-end rotation. The solution was microfuged for 2 min at full speed (microfuge
18 centrifuge, Beckman-Coulter, Fullerton, California). The supernatant and 5

~L

of

primary antibody were rotated overnight at 4°C. 25 ~L pre-equilibrated sepharose A
beads was added and rotation continued for 1 hour. The solution was pelleted, washed
twice in lysis buffer, and washed four times in RIPA-Tween, each time using
microfugation (5000 rpm) for 20 seconds at 4°C, followed by aspiration. After the final
wash and aspiration, 30

~L

2X SDS buffer was added and the solution was heated for 2

min at 95°C. The supernatant was run on a 10% SDS-PAGE gel in running buffer. This
procedure resulted in recovery of the immunoglobulin chains in addition to Y gill or Sbm,
so that a variation of the method was used to avoid this.

To remove antibody

contamination of the co-immunoprecipitate, the Profound Co-immunoprecipitation kit
and affinity-purified antibody were utilized following the manufacturer's instructions.
This method solved the problems of antibody fragments in the previous co
immunoprecipitate.
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YgfD knockout

In order to ascertain the impact of the loss of YgtD on E. coli cells, a mutant lacking
YgtD was created using a published protocol (126).

Both the method and plasmid

(pHSG415) necessary for the knockout of ygfD were obtained from Aaron White (Mike
Surette's laboratory, University of Calgary) (126). Two oligonucleotides were amplified
usmg

two

sets

of

pnmers.

The

primers

used

GAATTCTGCGCAAAGCTATCATCAGTCTGAG

CTGCAGCAGCGTGGCTTCATTAATCATGCTG

were
and

for

the

first

fragment

and

CTGCAGAAGAAGTACTGAATCACCTGTTCGC,
AAGCTTACCTTCCACCATCGAAATGATCGGT for the second. The italic, bold font
indicates Pst! sites, the underlined region is a EcoR! site and the bold region is a HindII!
site. The fragments were digested with Pst! and ligated. The fragment was cloned into
pGEM and sequenced to verify correct insert. The fragment was released using EcoR!
and HindII! and ligated into pHSG415, a temperature sensitive, unstable replicon. Two
positively transformed colonies were recovered and grown in 5 mL LB-Amp at 42°C
overnight. Cells were diluted to 10'5 to 10'8, plated and grown overnight on LB-Amp
plates at 42°C to obtain individual colonies. Ten colonies were selected and streaked out
on LB-Amp plates and grown at 42°C overnight.

Two aliquots of 5 mL LB were

inoculated with 5 colonies and grown at 28°C overnight. Each day, 5 JlL of the culture
from the previous day was transferred to 5 mL LB and grown overnight at 28°C. This
process was repeated for 16 days. After the fourth day, and subsequently every third day,
cells were plated at 10'5 and 10'6 dilutions on LB and grown overnight at 28°C. Colonies
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were plated and grown overnight at 28°C. The colonies were replica-plated to two plates,
one containing LB and one with LB-Amp and grown overnight at 28°e. The plates were
compared and the Amp sensitive colonies were selected for PCR amplification. After 15
days four Amp sensitive colonies were observed. Only one of these was positive for the
correct insert, evaluated using a PCR amplification procedure. Primers from flanking
genes

were

used:

TGGTGCCAAGCCAGTGTGTT

and

CCGCCACTTTGTTGATAGTGAC, in the uninterrupted sequence they amplify 1562
bp, while in the knockout the fragment is 611 bp. 2 uL of cells were added to 50 pmol of
each primer, 0.2 mM of each deoxynucleotide triphosphate and 4 U of Taq DNA
polymerase (Boehringer Mannheim) in buffer supplied by the manufacturer. After an
initial 5-min denaturation step at 99°C, Taq enzyme was added and thermocycling was
performed as above with 30 cycles of denaturation (94°C, 1 min), annealing (55°C or
60°C, I min), elongation (72°C, I min), followed by a lO-min elongation at 72°e. Using
the same primers the knockout verified by sequence analysis.

Results

We identified the gene responsible for the cblA complementation group (95). To study
its role in cells the human ortholog of MMAA was cloned into several vectors.
Unfortunately, the protein yield was insignificant in all vectors tested. Y gfD, an E. coli
protein that is 46% identical to MMAA, was examined. Similarly, the E. coli version of
MCM, called Sbm, was studied to test the interaction of these two proteins.
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To study the function of YgtD, the gene was cloned into pet16B, expressed in E. coli and
purified from cell-free extracts to homogeneity by nickel affinity chromatography (103).
The results of expression and purification were monitored by SDS-PAGE. The YgtD
his-tagged protein was purified in abundance (>15 mgIL) (Figure 4.2A). However, as
soon as the temperature of YgtD was dropped below 4°C, white precipitate formed that
could not be resuspended and had no GTPase activity. YgtD could not be stored at 
70°C, as it immediately precipitated, even in 45% glycerol. YgtD was stable at room
temperature for up to 2 days. Large amounts of purified YgtD protein with a calculated
molecular mass of 40 kDa were produced. This mass is consistent with the expected
molecular weight of 39093.38. The calculated pI of YgtD is 6.6.

His-tagged Sbm was also expressed, purified by a nickel affinity chromatography, and
run on an SDS-PAGE gel (Figure 4.2B). Based on the gel the calculated molecular
weight is 82 KDa, in keeping with the expected N-terminal his-tag molecular weight of
80260.73. Sbm has a pI of 5.45. Sbm was stable and could be stored at -70°C until use.
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Figure 4.2. Protein purification of Y gfD and Sbm. Samples of each purification step
were subjected to SDS-PAGE (12%) gel electrophoresis, and the gel was stained with
Coomassie brilliant blue R-250. A. YgfD purification. Lanes: 1. Molecular mass
standard, 2. crude extract, 3. supernatant, 4. insoluble, 5&6. flow through from nickel
column 7 &8. eluate after 60 mM imidazole, 9&10. eluate after 100 mM imidazole, II.
purified 10 ug YgfD. B. Sbm purification. Lane 1: Molecular mass standard, 2: crude
extract, 3:supernatant, 4: eluate after 60 mM imidazole 5: eluate after 100 mM imidazole,
6: purified Sbm.
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To test the ATPase or GTPase activity of YgtD a method developed by Ames (120) was
used: inorganic phosphate was formed at 37°C when MgCh, GTP and YgtD were
present. This method allowed the testing of a variety of conditions including variable pH,
buffer concentrations, buffer pH, ions, trinucleotides, dinuc1eotides, and temperatures
(Figure 4.3A). Once optimal reaction conditions were determined using enzyme buffer at
37°C, the binding of GTP versus ATP was determined. Activity was observed only when
MgCh was present (Figure 4.3A). GTP hydrolysis was greater than ATP hydrolysis
(Figure 4.3A). The GTPase and ATPase activities of YgtD, in the presence and absence
of Sbm were also examined. No significant difference was observed over the activity of
each protein alone (Figure 4.3B).

To determine how much GTP was bound per molecule of YgtD, a method of
photoaffinity labeling was performed. Figure 4.4 shows I ug of protein is saturated with
2.5 uM labeled GTP. When further GTP was added no further GTP was bound. It
appeared that less than one molecule of GTP was bound per molecule of protein. The
lack of stochiometric binding of GTP to YgtD may be attributed to several factors. Some
of the trinuc1eotides may have separated from the YgtD during centrifugation, and some
of the YgtD remained in the column. According to OD280 readings about 70 % of YgtD
was recovered.

To ensure that all possible binding sites for GTP were filled, 5 uM

labeled GTP was used for subsequent experiments. To determine whether YgtD binds
GTP or ATP with more affinity, increasing concentrations of unlabeled NTP (either ATP
or GTP) were added to the YgtD-labeled GTP mixture. When unlabeled GTP was added,
less labeled [a_ 32P]GTP was bound to the protein. A similar result was also obtained
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Figure 4.3. Using the Ames test to determine enzyme preferences. A. Inorganic
phosphate production under various conditions tested to determine optimal reaction
components. Unless otherwise stated the reactions contain 50 mM MgCI2, 3 mM GTP, 5
Ilg protein, 100 mM MOPS pH 8.0 and were incubated 30 min prior to the addition of the
Ames reagents. B. Measure of inorganic phosphate produced from the hydrolysis of
ATP versus GTP when incubated 30 min with Illg, 51lg or 10 Ilg of Sbm, YgfD or the
combination of the two, using 3mM GTP or ATP in Tris pH 8.0, 5mM KCI, 50 mM
MgCI2. B. Results are given as mean with error bars representing standard deviation.
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when unlabeled ATP was added, but to a lesser extent (Figure 4.5). YgfD preferentially
binds GTP, but also binds ATP.

To establish the kinetic values of YgfD for GTP as a substrate, two methods were used.
A discontinuous assay using [a_ 32 P]_GTP combined with PEl cellulose to separate GTP
from GDP, followed by scintillation counting to quantitate the GTP and GDP spots
(Figure 4.6) (123), and a continuous assay using the Enzcheck assay system (Figure 4.7)
(127). YgfD exhibits GTPase activity with an apparent Km in the 2.8 to 3.2 uM range,
and specific activity of 90 to 136.9 Ilmol/min/mg depending on the method used to
examine the enzyme (Figure 4.6,4.7). The GTPase activity of YgfD mixed with 1 to 3
fold higher amounts of Sbm showed no significant increase in GTPase activity. The use
of thin layer chromatography to separate the GTP and GDP, indicated that the reaction
hydrolyses the gamma phosphate group.

Complex formation of purified YgfD and Sbm was observed using size exclusion
chromatography (Figure 4.8). Sbm alone forms a homodimer (estimated size of 168
kDa) and a monomer (estimated size of 84 kDa), while YgfD was observed in
monomeric form alone (estimated size of 38 kDa). Together they form a complex that is
larger than predicted with either alone. The estimated size or 258 kDa is consistent with
a complex containing two units of YgfD plus two units of Sbm.

The sizes were

determined by running molecular weight markers in conjunction with each; YgfD, Sbm
and Ygfd mixed with Sbm.
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Figure 4.5. Competition analysis of photoaffinity labelling using UV irradiation
after running purified YgfD through G-25 spin column. The protein was run on a
12% SDS-PAGE gel. Lanes 1-4: Competition of photolabelling by adding unlabelled
ATP to a final concentration of (2.5 rnM, 5 rnM, 50 rnM and 500 rnM), respectively.
Lanes 5-9: Competition of photolabelling by adding unlabeled GTP to a final
concentration of (0 rnM, 2.5rnM, 5 rnM, 50rnM and 500 rnM), respectively. Lane 10
contained unlabelled protein. A. Autoradiograph of the SDS-PAGE gel. B. Coomassie
blue staining of the same gel. C. Summary chart of the reactions. All binding reactions
were performed at room temperature. The amount bound was quantitated using
GeneTools.
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Figure 4.6. GTPase activity of YgfD as a function of GTP concentration using a
discontinuous assay with TLC separation of GTP and GDP. A. An example of the
separation between GOP and GTP. B. Reaction mixtures contained lug YgfD and 0.1 to
5 uM GTP in enzyme buffer at 37°C. Initial rates were determined from polynomial
analysis (KalediaGraph) of the data and are plotted as the rate observed (Vo) versus GTP
concentration. The curve shown represents a least squares fit of the data to the Michaelis
Menton equation. The imbedded line represents the Lineweaver-Burke plot. The
apparent values for Km = 3.15 uM and Vmax of 0.0015 mmol/sec are shown.
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Figure 4.7. GTPase activity of YgID as a function of GTP concentration using the
continuous assay method. Reaction mixtures contained lug ygtD and 0.1 to 5 uM GTP
in enzyme buffer at 37°C. Initial rates were determined from polynomial analysis
(KalediaGraph) of the data and are plotted as the rate observed (Vo) versus GTP
concentration. The curve shown represents a least squares fit of the data to the Michaelis
Menton equation. The imbedded line represents the Lineweaver-Burke plot. The
apparent values for Km = 2.77 uM and Vmax = 0.00381 mmollsec are shown.

0.0025

.-----

Y= 261.83 + 727.55x

-

0.002

•

3500

Ff= 0.99389

/

3000

0

0.0015
2500

Gl

.!!!
"0
E

~
0

2000
1500

0.001

>

'000
500

0.0005

/

I•

0
0
1f(GTPJ~'f')

0
-2

0

2

4

6

[GTPl, uM

95

8

10

12

Figure 4.8. Size exclusion chromatography. A. Proteins of known molecular mass B.
Proteins of known molecular mass and Sbm C. Proteins of known molecular mass and
YgtD D. Proteins of known molecular mass and YgtD and Sbm. The YgtD monomeric
specific peak has "YgtD", Sbm monomer is marked by a , dimer by aa. The largest
peak "1" has ay and ay as sizes corresponding to two Sbm and two YgtD molecules.
Proteins of known molecular weight (numbered in A) include: bovine milk a-lactalbumin
(14.2 kDa), bovine erythrocytes carbonic anhydrase (29 kDa), chick egg albumin (45
kDa), BSA (66 kDa - monomer, 132 kDa - dimer), and Jack Bean urease (272 kDa 
trimer, 545 kDa - hexamer. The x- and y-axis refer to time (min) and elution profile at
OD280, respectively, for all charts.
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Antibody was made to both YgfD and Sbm. When celllysates were run on SDS-PAGE
the YgfD antibody bound a protein of the correct molecular weight (Figure 4.9A). A
YgfD knockout cell line was produced. On an immunoblot, Antibodies against YgfD did
not react bind to any band from the lysates of the knockout cell line, but did show binding
to the predicted band in lysates of normal cell lines. Antibodies against Sbm reacted to a
protein of correct size in a variety of cell lines with cell lysates, including the mutant
YgfD knockout (Figure 4.9B).

To test the interaction between YgfD and Sbm, co-immunoprecipitation was performed.
Initially, this was done by mixing protein A sepharose beads, precleared cell lysates and
antibody (either against YgfD or Sbm). However, the antibodies were also observed on
the Coomassie gel (data not shown).

To solve this problem, Profound Co

immunoprecipitation kits were used that covalently bound affinity purified antibody
(either antibody against Sbm or antibody against YgfD). When the immunoprecipitate
from three experiments using antibodies against YgfD was concentrated, proteins
corresponding to the correct sizes of YgfD arid Sbm were observed (Figure 4.lOA). To
verify this result, the gel was transferred to a membrane and immunoblotted with anti
Sbm and anti-YgfD antibodies (Figure 4.lOB and C, respectively). To test other cell
lysates, including the ygfD knockout, co-immunoprecipitation was repeated. After only
one co-immunoprecipitation of cell lysate, no proteins were apparent on the gel. The gel
was blotted using antibodies against Sbm and YgfD (Figure 4.10 0 and E). With either
antibody Sbm and YgfD were pulled down from the lysates, except that when no YgfD
was present, no Sbm was pulled down using the anti-YgfD column.
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Figure 4.9. Western blot using purified antibody against Ygfd and Sbm to illustrate
expression levels in various E. coli cells. A. Lane 1: MGCI876(~ygfd), Lane 2: cell
lysate, Lane 3: 1 ug purified YgtD, Lane 4: MGCI876(~ygfd), Lane 5: 1 ug purified
YgtD. B. Lane 1: Molecular weight markers (KDa) , 2:DH5a, 3: MGC1876, 4:
MGCI876(~ygfd).
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Figure 4.10. Co-immunoprecipitations experiments using antibodies against YgID
and Sbm. A-C. SDS-PAGE (12%) of cell lyastes and concentrated co
immunoprecipitates using Profound beads bound to anti-YgfD. A. Coomassie stained gel.
Lane 1:marker, 2: cell lysate (MGCI876), 3: concentrated co-immunoprecipitate. B.
Western blot of same gel using anti-Sbm antibody. C. Western blot of gel A using Anti
YgfD antibody. D & E. Western blots of coimmunoprecipitation using Profound beads
covalently bound to anti-Sbm (underlined) or anti-YgfD antibodies (italics). D. Western
blot using anti-Sbm antibody, E, Western blot using anti-YgfD antibody. Lanel: marker,
2: BL2J.3: MGC1876, 4: MGC1876 knockout ygfQ 5: BL21 6:MGCI876, 7: MGC1876
knockout ygfD.
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Discussion

YgfD was found to bind and hydrolyze GTP and to a lesser extent ATP. Using the same
ygfD vector, Haller was unable to find ATP hydrolysis by the purified YgfD protein
(l03).

This failure could be due to their storage at -70°C of the YgfD protein or

inadequate hydrolysis temperatures. YgfD was also found to interact with Sbm, but the
presence of Sbm did not affect the GTPase activity.

Based on size exclusion

chromatography, purified Sbm ran as a monomer and dimer, while purified YgfD alone
was monomeric. Size exclusion chromatography was also used to determine the size of
the Sbm and YgfD in a mixture.

The peaks corresponded with predicted sizes for

monomeric YgfD, monomeric Sbm, dimeric Sbm and a peak with two YgfD and two
Sbm molecules. Co-immunoprecipitation results reinforced the conlcusiong that YgfD
and Sbm interact. Antibodies to YgfD pulled down Sbm and vice versa. These data
suggest that YgfD and Sbm form a multimeric complex.

A ygjD knockout was used to examine the expression of YgfD and Sbm in E. coli. The
mutant cell line showed that Sbm was expressed in the presence and absence of YgfD.
The use of this line also demonstrated that the YgfD antibody was specific, as it did not
interact with cell lysates in the YgfD knockout cells. Haller showed that Sbm functioned
as a methylmalonyl CoA mutase (103), but did not examine promoter activity or
expression in native cells. Our observations of several E. coli strains indicate that the

sbm gene is expressed and is not "sleeping", as the gene name implies.
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MeaB (and by extension YgfD and MMAA) was suggested to function in a complex with
MCM to keep MCM from becoming inactive (90). The meaB mutant cells have normal
levels of AdoCbl and lack MCM activity (90).

This finding is in conflict with the

reduced levels of AdoCbl and normal MCM activity in cells belonging to patients with
mutations in MMAA (Figure 5.3).

These results suggest MeaB and MMAA have

different roles. Possibly, all three enzymes, YgfD, MeaB and MMAA, may playa role as
accessories for a larger complex that is responsible for both MCM activity and the
maintenance of AdoCbl levels.

It may be that when the human MMAA protein is

mutated other proteins remain in the required for MCM activity remain in the complex,
while AdoCbl proteins are lost. The reverse might be true for MeaB. In this respect,
MMAA (and MeaB) can be modeled after the UreDEFGH complex, in which multiple
components are required to maintain urease activity.

Further studies

It is not clear what role MMAA and YgfD play in cells. MeaB is a protective protein for
a functioning MCM, and does not affect AdoCbl synthesis, but MMAA-deficient cells
have functional MCM and lack AdoCbi.

It would be interesting to explore this

conundrum further.

In someone else's hands, MMAA could be expressed. This protein could be used for a
number of studies pertaining to the cblA complementation group cell lines. The patient
cell lines could be examined for MCM activity and MMAA protein expression.
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Experiments could be designed asking how AdoCbl gets to MCM in cells and how
MMAA expression affects MCM stability.

The role of YgfD is also not clear; except that it is a GTPase that interacts with Sbm.
Sbm is expressed in mutant cell lines; the levels of Sbm activity in ygfD mutant cells
could be measured to determine if it is normal or reduced. If the Sbm activity is reduced
in ygfD mutant cells it would be interesting to examine if MMAA could replace the lost
YgfD function. Alternatively, experiments could be done to see if patient cell lines could
be cured if YgfD was expressed in the cblA cell line.

The co-immunoprecipitation

experiments could be scaled up to determine if anti-YgfD or anti-Sbm will pull down
other components besides each other.

If Sbm activity is reduced in ygfD knockout cells it would be interesting to determine if

the GTPase activity was required for Sbm activity. For example, could a mutant YgfD
cell line be generated that was mutated in the GTPase activity but not Sbm activity? Is
the GTPase activity actually a protein kinase? Does Sbm become phosphorylated? Does
wild type Sbm become phosphorylated and is phosphorylation blocked in ygfD mutants?
In the human system similar questions could be asked: what effect does phosphorylation
have on MCM activity? Does it affect subcellular targeting of MCM? If MCM is
phosphorylated by MMAA, what about MMAB? And what effect would this
phosphorylation have on MMAB activity?

What is the role of vitamin B I2 in

phosphorylation? What about assessing MCM phosphate status in high versus low B I2 or
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high versus low concentrations of substrates for MCM (e.g. peptide "soup" or branched
chain amino acids).

In terms of the human MMAA protein, three antibodies have been created (two in mice

and one in rabbit). One antibody corresponding to residues c.382-878 on the cDNA
seems to function properly, as it appears to be specific to the MMAA protein in Western
blots and immunofluorscent experiments (Chapter 5 & 7). These antibodies could be
used to determine the localization and predicted co-localization with MCM. They could
also be used in conjunction with MCM and MMAB antibodies to see if a complex could
be found.

The presence of Sbm, as an expressible protein, was very interesting. The promoter is
being tested for activity in a variety of growth medium to determine when it is up and
down regulated.

This result will be included in the appendix pending completion.

Unexpectedly, Sbm, "sleeping beauty mutase", was found to be expressed in a variety of
E.

coli cell lines, as determined by

in a series of Western blots and co

immunoprecipitation, even when YgfD was not expressed (the mutant ygfD strain). This
finding is unexpected as Sbm originally was not considered to be an expressed protein,
but possibly an artefact of evolution, due to the absence of a conventional promoter (99).
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Chapter 5 : Identification of a nonsense mutation in the MCEE gene

Introduction

Methylmalonyl-CoA epimerase (MCEE), (EC 5.1.99.1), also known as methyl malonyl
CoA racemase, is an enzyme that converts the Sand R epimers of MMCoA, in the
pathway that converts propionyl-CoA to succinyl-CoA (Figure 5.1). This pathway is
important in eukaryotes for the breakdown of odd number chain-length fatty acids,
valine, isoleucine, methionine, threonine, thymine and cholesterol (128).

In bacteria,

MCEE is involved in the reverse pathway for propionate fermentation, glyoxylate
regeneration, and the biosynthesis of polyketide antibiotics (116,129-131).

Currently many sequences similar to MCEE are deposited in the NCBI nr database
without being functionally annotated.

Some are listed as lactoylglutathione lyase and

related lyases, some are members of the glyoxalate family proteins, while many remain
unknown. The crystal structure of MCEE (from Propionibacterium shermanii) has been
determined (132).

It contains a ~a~~~ module that corresponds to other proteins

including bleomycin resistance, glyoxylase I and extradiol dioxygenase. For all these
proteins, the metal binding site aligns perfectly (132).
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Figure 5.1. Pathway involving the conversion of propionyl CoA to sllccinyl CoA.
Taken from (133).
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A simplified assay has been designed to aid in the characterization of MCEE enzymes
(134). This assay involves the addition of a racemic mixture of MMCoA, and purified
MCM. The disappearance of MMCoA is then measured using HPLC (high performance
liquid chromatography). MCEE was identified in humans based on prokaryotic gene
arrangements and sequence similarity, and confirmed using the HPLC assay (104). The
purified human racemase had a specific activity of 833 Ilmol/min/mg protein (104).
MCEE's have also been purified from rat (135), sheep (136), Pyrococcus horikoshii
(137) and Propionibacterium shermanii (61,132).

The human MCEE gene has been implicated in the inherited disorder leading to MMA
(104). However, there is some dispute as to whether this enzyme is essential, as a bypass
pathway may exist in mammals. Montgomery observed that the racemization reaction of
MMCoA was rapid compared to the overall pathway (138), and suggested that there may
be a non-specific acylase, which bypasses the need for MCEE (138). They concluded
that the enzyme was not required for the pathway to function (138).

Wolfe illustrated that impure MCM preparations, likely contaminated with MCEE, had
enzyme activity resulting in the catalysis of R- and S- MMCoA (in the presence of
AdoCbl) (139). However, when the enzyme preparation was pure, no S-MMCoA was
catalyzed, indicating that there is no bypass system. To obtain catalysis pure epimerase
had to be added to the reaction mixture. As well, when the reaction was coupled with
succinyl-CoA and transcarboxylase, to force the reverse reaction, it was found that
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without epimerase all MMCoA formed was of the R version and not the S-MMCoA
(139).

Another example of a requirement for MCEE in the MCM pathway involves the
synthesis of erythromycin, a polyketide antibiotic. The enzymatic process is catalyzed by
6-deosyerythronolide B synthase (6-DEBS). It was shown that the DEBS system in vitro
required 2(S)-MMCoA, and hence epimerase, for the complete formation of the antibiotic
(129).

Further work describes the in vivo requirement of MCM and MCEE in the

production of 6-DEB in Propionibacteriumfreudenreichii (140).

To test the reversibility of the propionate pathway in mammals, labelled MMCoA was
added to tissues (141). When the propionyl-CoA pathway was reversed in heart and liver
it was found that propionyl-CoA carboxylase was slightly reversible, MCEE was reported
to keep the reaction under equilibrium, and MCM was reversible under certain conditions
(141). The actual MCEE activity was not measured but indirectly assumed to be under
equilibrium due to the increase of labelled MMCoA in proportion to the amount of
labelled propionate added, and to the fact that the labelled MMCoA lost its label at the
same rate when unlabelled propionate was used (141).

Previously some patients with methylmalonic aciduria have been suggested to have a
MCEE deficiency, but they actually had MCM defects (142). WG2022 and WG202l,
cell lines derived from two siblings of nonconsanginous, southern Italian decent with
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methylmalonic aciduria were also examined for mutations in the MCM and MCEE genes
(D. Rosenblatt, presonal communications). They were both homoallelic for c.C227T
(A76V) substitution in MCEE (D. Rosenblatt, personal communications). Neither patient
nor their cultured fibroblasts responded to high dose ORCbl addition. These patients
were possibly representative of in a new genetic disease, however were not assigned to a
complementation group (143). The MCM activity appeared normal.

This chapter describes the sequence analysis of the MCEE gene in a patient that most
closely resembles a member of the cblA complementation group. Cultured fibroblasts
from this patient failed to complement other members of the cblA group although, in
retrospect, the activity was marginally above background (57). This patient derived cell
lines have neither the lower AdoCbl levels nor any identified mutation in the MMAA
gene, typical of cblA patient cells.

Unlike most cblA patients, this patient was not

responsive to intravenous (IV) treatment with ORCbl. The study described here shows
that this patient is homoallelic for c.C154T substitution resulting in a R49X mutation of
the MCEE gene. Unexpectedly, the parents and siblings are also homoallelic for R49X.
None of the 128 control alleles tested contained this change. Experiments using siRNA
technology indicates that a knockdown of the MCEE gene expression does lower the
amount of 14C-propionate catabolized by the cells, indicative of a block in the propionate
pathway. The conundrum of how the parents and sibling can tolerate homozygosity for
this stop codon mutation has yet to be resolved.
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Materials and Methods

Patient eel/lines

Fibroblast lines from four patients classified as members of the cblA complementation
group were used in this study.

Normal propionate uptake is 10.8

protein/18 h, and normal AdoCbllevels are 15.29
day incubation with 25 pg/mL

[57 Co]

± 3.2 nmoles/mg

± 4.2% of the total Cbl following a 4

CNCbl. Most cblA patient cell lines with one or

more identified mutations in MMAA have lower than normal AdoCbl levels (all are
below 7.5%) and most cblA patients are responsive to IV treatment with OHCbl. The
proband, WG2278, had normal levels of AdoCbl, at 21.2%, and was unresponsive to IV
treatment.

The patient was described as a hypotonic child with mild developmental

delay, chronic vomiting and "picky" eating. At 14 months of age, after two days of
vomiting and diarrhoea, the patient developed profound ketoacidosis with coma. The
proband is of Mormon ancestry. Non-disease presenting parental and sibling DNA were
also obtained from WG2278's family.

Two other cblA cell lines were tested for

mutations in MCEE; they had normal levels of AdoCbl and lacked mutations in MMAA:
WG1997 cells had a normal AdoCbllevel (19%) and the patient was unresponsive to IV
treatment, and WG2895 cells had a normal AdoCbllevel (27.8%) and the patient had a
low level of responsiveness to IV treatment.
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Materials
Most materials utilized were mentioned in Chapters 2, 3 and 4. Ambion supplied the
pSilencer plasmid (Austin, Texas), peGFP-Nl was obtained from Clontech (Palo Alto,
California). Electroporation was done in GenePulser II produced by Biorad (Hercules,
California). Secondary HRP labelled goat anti-mouse antibody was also purchased from
Biorad.

Chamber slides were purchased from Nunc (Rochester, New York).

Oligonucleotides for siRNA were purchase from the University of Calgary DNAlab
(Calgary, Alberta). The ECL-plus developing agents and ECL film was purchased from
Amersham (Piscataway, New Jersey). Dialyzed fetal bovine serum was purchased from
Invitrogen «Burlington, Ontario). The University of Calgary Animal Resource Centre
supplied and housed the CD6 mice (Calgary, Alberta).

DNA and RNA extraction and peR amplification

Genomic DNA was isolated as described previously (Chapter 2). PCR reactions were
performed on genomic DNA with primers designed to amplify exons of the coding
sequence and portions of the flanking introns (Table 5.1).

DNA sequencing and restriction diagnostic testing

Purified PCR products were sequenced using the

33 p

Thermosequenase kit (Amersham)

following the manufacturer's directions. Thirty rounds of cycle sequencing were carried
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Table 5.1. Primers used to amplify the MCEE gene. The primer sequences are intronic

and flank each exon. The sequences are printed 5' to 3' .

Exon

Primer sequence

Exon 1 forward
Exon 1 reverse
Exon 2 forward
Exon 2 reverse
Exon 3 forward
Exon 3 reverse

GCCTTTCAACTCTCTCCAAACTTCGG
CACAGCTCTCGGATGGAAATGGGA
GGGCAGAGCAGAGTAATTCTGATGTA
GTATGTAAGGATCCACCTTTGAGGAG
CTGAGCATTGTGGTTGCTTACCTAGA
CTCCTTTGTGTATCCATCCATCACAC
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out using a 95°C denaturing for 30 sec, 50°C annealing for 30 sec and

noc extension for

1 min. Products were separated on a 6% denaturing acrylamide gel for 1-2 h at 60 watts
and visualized on a PhosphoIrnager.

Once the c.C154T (R49X) mutation was identified, exon 2 was PCR amplified from
patient and control cell lines. Diagnostic restriction digestions were performed using the
enzymes Acel or TaqI. In normal sequences Acel cuts once leaving fragments of 400 and
283 bp, while in the variant DNA this cut did not occur. TaqI cuts the normal sequence 3
times, leaving fragments of 283, 236 and 164 bp, while the variant DNA generates only
two fragments of 519 and 164 bp.

pSilencer experiments

To knockdown expression of MCEE in normal cells pSilencer 1.0 (Ambion) plasmids
were used with modifications. The MCEE antisense siRNA oligonucleotide template
was

5'-

TCGAGCTCCCATTCCAACAGTAATTCAAGAGATTACTGTTGGAAT

GGGAGCTTTTT -3' and the sense siRNA oligonucleotide template was 5'
AATTAAAAAAGCTCCCATTCCAACAGTAATCTCTTGAATTACTGTTGGAATG
GGAGC -3'.
MMAA

SiRNA oligonucleotides were also made to knockdown the expression of

for

use

as

a

positive

control.

These

oligonucleotides

were:

TCGAGTACTCATCTCGGATCAGGTTCAAGAGACCTGATCCGAGATGAGTACT
TTTTT,

and

CATGAGTAGAGCCTAGTCCAAGTTCTCTGGACTAGGCTCTAC
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TCATGAAAAATTAA.

The restriction sites created form overhangs that will ligate

with XhoI and EcoRJ. These are shown in bold, while the sense and antisense strands are
underlined.

The intervening region forms the loop.

Each primer at 100 JlM

concentration was annealed in Ix dilution of 7x annealing buffer (l M Tris-HCI, pH 7.6,
100 mM MgCh, 160 mM dithiothreitol). They were held at 95°C for 5 min to denature
completely in a heating block, following which the block was removed from the holder to
allow slow cooling to room temperature.

This vector was tested for knockdown

expression; however it contained no selectable marker, nor was it stable after several
generations so it could not be used successfully.

To make a stable cell line containing the insert, a selectable marker was introduced into
the vector. The U6 promoter and the stem-loop siRNA pSilencer insert was cleaved
using KpnI and AseI and ligates to a fragment of peGFP-Nl (also cut with those
enzymes). This combined vector was called pXuchu (Figure 5.2). The vector retains the
U6 promoter, insert site and tetracycline resistance marker from pSilencer, combined
with the neomycin resistance marker from peGFP-Nl. This combination allowed for the
mass selection of transfected cells using geneticin (G4l8-sulfate) and the formation of a
stable cell line.

HeLa cells were grown to 80% confluence on a 35 cm 2 plate in a 37°C incubator with 5%
CO 2 . The cells were grown in 10% fetal bovine serum, 0.01 % sodium pyruvate, 0.01 %
L-glutamine and 0.01 % penicillin/streptomycin in D-minimal essential medium (MEM).
Once appropriate growth was obtained, cells were washed with 10 mL PBS and
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Figure 5.2. lllustration of pXuchu constructed using the KpnI and AseI fragment
from peGFP-Nlligated to the AseI and KpnI fragment from pSilencer. The addition
of the neomycin resistance gene allows for a stable transfection of HeLa cells. Each insert
contains the 72 bp stem-loop construct based on the pSilencer design.
h.====I=h::~~_U6

pXuchu

Tetracycline resistance

39 6 3bp

Neomycin

resis~c~e"""··==:;;::;;
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trypsinized in 1 rnL 5% trypsin solution for 5 mm.

The cells were then pelleted by

centrifugation for 10 min at 3,000 rpm, washed in 1 rnL PBS, and recentrifuged for 10
min at 3,000 rpm. The cells were resuspended in 500 J.lL PBS. The cells were then
transferred to electroporation cells and placed on ice 10 min.

To this, 10 J.lL of 20

mg/rnL plasmid was added along with 300 J.lL PBS. The mixture was then electroporated
at 250 Volts for 40 milliseconds. The cells were left on ice for 20 min before transferring
to a 35 mm dish with 10 rnL prewarmed growth medium at 37°C, 5% CO 2 overnight.
The medium was replaced with growth medium containing antibiotic (50 ug/rnL
geneticin) to select for transfected colonies. The cells were grown 10 days with complete
antibiotic-media replacement performed daily. Cells were split when they reached 80%
confluence.

For every experiment, a plate of untransfected HeLa cells and HeLa cells transfected with
the peGFP-NI vector were used as positive controls for the 14C-propionate assay.
Fibroblast cells from patient WG3080 were used as negative controls in the same assay as
they are null for a functional MMAA protein (95) (see Chapter 3). All experiments were
performed in triplicate, unless stated otherwise.

14 C

propionate assay

This protocol was taken directly from Watkins (57). Cells were used following 10 day
growth period and plated at approximately 60% confluence. These cells were grown to
confluence before proceeding to the 14C propionate assay. A monolayer of confluent

115

cells in a 25cm2 flask was incubated 18 h at 37°C in 5% CO2 in labelling medium (Puck's
F medium supplemented with 15% dialysed fetal bovine serum and 14C-propionate,
diluted with unlabelled sodium propionate to give a specific activity of 10 uCi/mL and a
total propionate level of 0.1 mM. Following incubation, cells were washed three times in
PBS. Cells were incubated for 15 min at 4°C in I mL ice cold 5% trichloroacetic acid,
the supernatant removed.

This incubation step was repeated two more times.

The

precipitated material was dissolved in I mL of 0.2 M NaOH for 3 hours at 37°C. The
amount of label incorporated into protein was determined by scintillation counting 700
uL of the dissolved material. The total amount of protein was determined following the
manufacturers protocol using the BioRad protein assay in duplicate using 100 uL of the
dissolved material for each reaction.

Antibody production
A portion of the cDNA from MMAA was amplified spanning 382 bp to 878 bp from the
start ATG, which corresponds to residues 127 to 293 of the 418 amino acid protein. This
cDNA fragment was cloned, in frame, into the pMAL-CI expression vector.
sequence was verified to that ensure the correct insert was obtained.

The

The cloned

polypeptide was the appropriate length for the construct. The polypeptide was purified
following the manufacturer's protocols. The purified protein was lyophilized and stored
at -70°C until use.
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The polypeptide (50 ug/ mouse) was solubilized in Freud's complete (500 IlU mouse)
adjuvant using a sonicator for 3 bursts of 20 s at 300 watts with 20 s cooling between.
The mixture was injected intraperitoneally into a CD6 mouse.

The second injection

followed 14 days after using polypeptide (25 ug/mouse) in Freud's incomplete adjuvant
(250 uL). The third injection, at 28 days, contained the same mixture as the second. The
mice were terminally bled at 30 days. The antibody was tested using ELISA to ensure
reactivity with the polypeptide.

The antibody did not react with BSA nor MMAB

protein.

Immunoflourescence and Western blots

Cell lysates were run on an SDS-PAGE gel, then transferred to a nitrocellulose
membrane. The membrane was blocked in blocking solution containing 5% skim milk
powder, 0.0001% Tween-20, 0.1 % sodium azide made up to 25 mL with PBS. Primary
antibody (anti382-6l2MMAA) was diluted to 1/3000 in PBSlTween solution (0.04%
Tween-20 made in PBS) and incubated on the membrane overnight with shaking. The
membrane was washed three times with PBSlTween. The secondary antibody (rabbit
anti-mouse HRP conjugate) was diluted in PBSlTween to 1120,000 and incubated with
the membrane for 1.5 h with shaking. The membrane was washed (as above) and rinsed
with PBS. An ECL-plus kit was utilized following the manufacturer's protocol. The
membrane was exposed to ECL film and developed.
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After growing cells on 8 chamber slides, the cells were fixed using 4% paraformaldehyde
(made in PBS), then rinsed in PBS. Cells were permeabilized in 0.5% Triton X-lOa
(made in PBS) for 15 min. Blocking was performed with 1% BSA made up in PBS for 1
h at room temperature. To each chamber, 30 JlL of 1/1000 diluted antibody was added
and incubated for 2 h at 37°C, followd by washing four times with PBS. The secondary
antibody (rabbit anti-mouse) was added at 1 in 5000 dilution and incubated in the dark
for 20 min. Dapi was added in 1 in 5000 dilution, allowed to incubate 2 min, and washed
as above. Mounting medium and a coverslip were placed on the slide and it was sealed.
The slide was examined under a fluorescent microscope. All antibodies were diluted in
1% BSA made up in PBS.

Results

Unlike most cell lines belonging to the cblA complementation group, three of the cell
lines identified had normal or even elevated levels of AdoCbI. These cells also lacked
any MMAA mutations in the exons and flanking sequences (95) ( Figure 5.3), suggesting
they might have mutations in a different gene. One candidate was the MCEE gene.
Sequence analysis of the exons and flanking introns revealed a homozygous mutation,
c.C>154T (R49X) in one patient, WG2278 (Figure 5.4). Diagnostic tests using the TaqI
or AccI restriction enzymes were performed to verify this result (Figure 5.5). The
mutation was confirmed in the patient, but not observed in any of the 128 control alleles
of variable ethinicity, nor was it seen in any of the 81 ESTs corresponding to MCEE
cDNA sequence. To examine the possibility that this was a hemizygous rather than
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Figure 5.3. Reported AdoCbllevels (bars) and observed MMAA mutations (top) for
cell lines identified as belonging to the cblA complementation group. Patients with
one or two mutations (reported in Chapter 3) have much lower AdoCbl levels (less than
7.5% of total Cbl) than normal (15.29±4.2) based on [57 CO]OHCbl uptake labelling
experiments of their cell cultures. The patients with no mutations and normal levels of
AdoCbl were examined in this chapter. Unlike the other cblA patients, WG1997,
WG2278, WG2895 had normal levels of AdoCbl and were unresponsive to IV treatment.
The star represents the AdoCbllevels of the proband, WG2278.
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Figure 5.4. Sequence analysis of the peR product from exon 2 of the MCEE gene.
Lane 1: Cell lines WG1802, 2: WG1997. 3: WG2278 and 4: WG1997. WG2278 has a
homozygous c.C139T (R49X) mutation.
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Figure 5.5. Diagnostic tests for the MCEE mutation c.C139T (R49X). A. Diagnostic
test using AccI to digest the PCR product from exon 2 of MCEE. Lanes contain
WG2895, WG1802, control cell line, WG1997 and WG2278 In normal sequences AccI
cuts once leaving fragments of 400 and 283 bp, while in mutant DNA this cut did not
occur.The R49X mutation resulted in a loss of the restriction site B. Diagnostic test using
TaqI (performed by Melissa Lemieux (David Rosenblatt's laboratory)). Lanes 1: control
1, 2:control 2, 3:control 3, 4:WG2278. TaqI cuts normal sequence 3 times, leaving
fragments of 283, 236 and 164 bp, while the mutant has two fragments of 519 and 164
bp.
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Figure 5.6. Sequence analysis of proband, parents and siblings for exon 2 of MCEE.
The mutation c.C154T is outlined in green and is present in all family members. Row 1
and 2 are sequence obtained from DNA extracted the parents, Row 3 and 4 are the
siblings, Row 5 is the proband, Row 6 and 7 are controls.
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homozygous mutation, DNA was isolated from the patient's parents and siblings (in
David Rosenblatt's laboratory) (Figure 5.6). Sequence analysis of these samples revealed
the unexpected oddity that the parents and two siblings also appeared to be homoallelic
for the mutation.

Previous complementation analyses revealed that several of the cell lines belonging to
cblA and having two mutations in the MMAA gene, appear to complement with WG2278
(57) (Figure 5.7). To avoid confusing WG2278 with other cblA cell lines, I propose that
WG2278 be redesignated as belonging to a new complementation group, or, at the very
least, be removed from the cblA complementation group. To support this change, the
patient had high AdoCbllevels, was unresponsive to vitamin B I2 therapy, and lacks any
mutation in MMAA and MCM genes (performed in David Rosenblatt's laboratory).

Given these results, it became important to determine if a block in MCEE could be
pathogenic.

A technique was developed using siRNA technology to suppress the

expression of MCEE mRNA.

A modified vector, pXuchu, combining fragments of

peGFP (neomycin resistance marker and promoter) and pSilencer (U6 promoter and
pSilencer hairpin structure), was used to silence the expression of MCEE. The efficacy
of the siRNA technique was determined using a knockdown of MMAA, the gene
responsible for defects in the cblA complementation group.

The results showed a

knockdown in the level of MMAA in cells, resulting in a decrease in the

14

C propionate

uptake (Figure 5.11). Patient cell line WG3080 has two mutations (one deletion and one
insertion) in the MMAA gene. It was used as a control for genetic knockout of
123

14

C

Figure 5.7. Complementation among cblA fibroblast cell lines taken from Watkins
(57). The difference between propionate incorporation of fused and unfused was
calculated and the positive values indicate that there was an increase in propionate
incorporation following fusion. The shaded values show complementation, while the
unshaded indicated cell lines that do not complement each other. Only a few selected cell
line are shown to illustrate the complementation with WG2278. All cell lines, except
WG2278, have two mutations confirmed in MMAA (chapter 3).
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propionate uptake (Chapter 3; (95». Positive controls, which did not have a loss of 14C_
propionate, included untransfected HeLa cells and HeLa cells transfected with peGFP.
Cells deficient in the pathway from propionic acid through MMA to the TCA cycle (i.e.
cells from propionic or methylmalonic acidemia patients) show diminished incorporation.

Both pXuchu-MCEE and pXuchu-MMAA transfected cells were analysed by northern
blots, to evaluate RNA levels; southern blots, to detect stable incorporation of the insert
into the genomic DNA; and 14C-propionate uptake to show pathway efficacy. To develop
the siRNA silencing method pXuchu-MMAA was used.

A western blot and

immunofluorecent detection using anti-MMAA (c.386-878), made in mice, showed
lowered protein levels (Figure 5.8A and B). The results of the northern and southern
blots and 14C-propionate incorporation are shown in Figures 5.9, 5.10, and 5.11,
respectively. The expression level of the RNA appears nonexistent, as the overloaded
RNA shows negligible levels of either MCEE or MMAA RNA compared to control cells.
The southern blots indicate that pXuchu-MMAA and pXuchu-MCM were integrated into
the genome. The 14C-propionate uptake experiment illustrated that pXuchu-MMAA had
54 ± 17% of control activity and MCEE had activity of 70 ± 19% compared to control.
Although there appeared to be no transcript present based on northern blots, some
transcript must still be translated (perhaps below the level of detection on the northern
blot), as there is only a partial block of the 14C propionate pathway.
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Figure 5.8. Immunoflourecent detection and Western blot analysis of MMAA in
HeLa cells transfected with peGFP or pXuchuMMAA. A. Panel 1 and 2, cells
transfected with pEGFP and stained with anti-MMAA and Dapi. Panels 2 and 4, cells
transfected with pXuchuMMAA with similar staining. Magnifications: lOx objective for
panels 1 and 3 and lOOx for panels 2 and 4. The images were taken from different wells
of the same slide. The antibody incubation and exposure times were equivalent for each
image. B. Western blot showing knockdown of expression of MMAA in cells transfected
with pXuchuMMAA following detection using antiMMAA. Lane 1: untransfected cell
lysates, 2: tranfection with pXuchuMMAA, 3: molecular weight markers. C. Same blot
as in B stained with Coomassie blue. Lane 1: untransfected cell lysate, 2: pXuchu
transfected cell lysate.
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Figure 5.9. Northern blot of HeLa cells transfected with siRNA vectors. Blots (upper
set) were probed with [a32P]-CTP labelled cDNA probe to MMAA (Panel A) or to
MCEE (Panel B). Lane 1: untransfected cells (no Geneticin treatment), lanes 2 and 6:
tranfection with peGFP, lanes 3 and 4: transfection with pXuchuMMAA, lane 5:
transfection with pXuchuMCEE. The lower blots were probed with a ~-actin cDNA
(Clontech).
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Figure 5.10. Southern blot of siRNA transfected HeLa cells. Following transfection,
cells were grown for IO days in the presence of geneticin prior to harvest and DNA
preparation. The blots were probed using a fragment of peGFP common to all vectors.
DNA was digested with HindU!. Lane I: transfected with peGFP, 2: transfected with
pXuchu (no insert), 3: HeLa cells (untransfected), 4: transfected with pXuchuMCAA
(transfected), 5: transfected with pXuchuMCEE. The vector pXuchu is linearized by
Hindill digestion while peGFP is not cut. The transfected cell lines have different size
fragments depending on how close the insert was to a HIndill site.
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pXuchu MCEE
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Figure 5.11. 14C-propionate uptake of siRNA transfected HeLa cells. The cells were
trasnfected with the indicated vectors and subsequently examined for the extent of [14C]_
propionate incorporation into TCA insoluble material. The first four columns are for
HeLa cells untransfected or transfected with peGFP, pXuchuMMAA or pXuchuMCEE.
The fifth column is for untransfected WG3080, a cblA fibroblast cell line lacking MMAA
activity. Data are presented as % of HeLa cell activity; error bars indicate the standard
deviation observed for the assays performed in triplicate.
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pXuchu
MCEE

WG3080

Discussion

There is some dispute as to whether MCEE is an essential enzyme in the pathway of
propionate catabolism, as a bypass pathway may exist in mammals or the isomerization
may occur spontaneously (138).

We now know that the reaction can easily be

contaminated (134,139) by impurities in the celllysates and MCM preparation. Without
these impurities the MCEE reaction can be assayed (134,137).

Montgomery (138) speculated that the lack of MCEE deficiencies compared to the much
larger number of MCM deficiencies could be explained if a block in MCEE would result
in a benign disorder where there is bypass so it can escape detection. They also
speculated that this preponderance of MCM-deficiencies could be due to a lack of
mutations at the epimerase locus because of the small size of the gene (138). Both ideas
merit discussion. The MCEE gene contains only three exons, while MCM has 13 exons,
so the likelihood of a mutation occurring in MCEE is smaller than the likelihood of a
mutation in MCM and may account for the prevalence of MCM deficiencies (more than
175) compared to MCEE deficiencies (possibly three). For WG2278 it seems that MCEE
is the likely culprit leading to disease, but the causality of the MCEE mutation remains to
be proven given the homozygosity for the mutation in other family members. The MCEE
mutations in the WG2022 and WG2021 cell lines, cited in the Introduction, which
contained the A76V change, could also be linked to MCEE deficiency. Perhaps more
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information will be obtained if WG2278 was tested for complementation with WG2022
and WG2021.

The presence of a bypass as suggested by Montgomery (138) may indeed be true,
however I postulate that it may not be enough to compensate for a completely non
functional gene. The siRNA, although not a perfect knockdown of MCEE activity, did
indeed impair the l4C-propionate pathway and indicates that a loss of MCEE can interfere
with the MCM pathway and lead to a deficiency if mutated.

The risk of finding a nonsense polymorphic variation in the coding sequence of a gene is
very low, whereas the predictive risk of a nonsense mutations resulting in a deleterious
phenotype is very high. For example, in a study of 3950 genes, nonsense polymorphisms
comprised only 0.7% of all SNPs identified (144).

The patient in the current study,

WG2278, was categorized as having a defect affecting the MCM pathway, presumed to
be in the vitamin B I2 portion of the pathway since it was linked to the cblA
complementation group. This anomalous result required further examination of both the
MCM and MMAA genes; both contained no mutations. It is perplexing that the patient's
parents and siblings both have R49X mutation and are reportedly normal. Perhaps the
patient consumed a disproportionately high protein diet or had high levels of odd chain
length fatty acids prior to the diagnosis, forcing the pathway to work overtime. Without
functional MCEE, the bypass could have been pushed to its limits and could have
resulted in the symptoms. Alternatively, another component of the pathway may lack
function, such as the promoter region of the MMAA or MCM genes or an undiscovered
131

enzyme.

However, the presence of the R49X mutations, along with the patient's

symptoms, diagnosed as a vitamin B12 disorder, together with the lowered propionate
uptake in the siRNA experiments all point towards the mutation as being causative or at
the very least contributory to the disease.

The presence of the mutations in the parent and sibling DNA raises suspicion. It may be
that the parent and sibling DNA could have been mixed up in sample delivery and
resulted in the anomalous sequence results. These results must therefore be confirmed
with new DNA samples from the members of the family.

Further studies

The requirement of MCEE in the propionate pathway is unclear. The generation of a
knockout mouse may elucidate whether MCEE is required for survival and for

14C

propionate uptake. A study could be done to determine the effect of diet on MCEE
knockouts.

This knockout may explain the proband's condition.

For example the

proband, WG2278, may have enjoyed a high protein, high odd-chain length fatty acid
diet resulting in a disease state, while the rest of the family may have an aversion to such
foods and never require the enzymes full activity. This dietary variation would allow the
bypass to compensate under low level stimuli, but cause disease when precursor intake
levels were above a threshold.
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Chapter 6 : Exclusion of candidate genes for the cblC disorder

Introduction

Several approaches have been used to find disease specific genes, including positional
cloning.

Mellman used chromosomal cell mediated transfer to show that hybrids of

mouse cells and cblC cells had active MS whenever human chromosome 1 was present
(68). Recent studies have further narrowed the region on chromosome 1 where mutations
affecting gene(s) responsible for the cblC complementation group are thought to be
located. The narrowing of the region has been performed in two laboratories, by Janet
Atkinson (JA) in Johanna Rommens' laboratory and by Jamie Tirone (JT) in David
Rosenblatt's laboratory.

JA examined 10 Acadian families (36 individuals) to get a LOD (log of the odds) score
of 2.93 for one marker (D1S2134), using a genome wide scan with markers at 25
centimorgan intervals (70). This marker was the on available for the identification of
candidates one through seven presented in this chapter. The region was subseqeuently
narrowed to include the area between the markers D1S3721 and D1S427, and further
narrowed to include a region between D1S211 and D1S427 (Figure 6.1). JT further
identified an area that contained a larger degree of homozygosity among patients than
among a random population and narrowed the region to D1S421 to D1S2874.

133

Figure 6.1. Linkage map at Ip32 to Ip35 and location of the candidate genes. The
regions were narrowed by Janet Atkinson (Johanna Rornrnens laboratory) and Jamie
Tirone (David Rosenblatt's laboratory). The numbering at the left of the vertical line
corresponds to Mbp position according to ensembl, the numbering on the right are STS
markers identified in ensembl. The candidate genes that were analysed are numbered,
and the arrows point to their location on contig viewer (ensembl). The indicated abstract
is from Atkinson (70). The image on the right is of chrosomsome 1 showing the location
of the region represented in the larger schematic.

JA initial
region

33.5

DIS1()1

35.6

0182656

40.8

0182706

41.5

D 183721

43.6

018211

JT examined
this area

Candidate 5

JA

44.6

narrowed
region

44.9
45.0

1

Candidate 11
0182802 Candidate 12
Candidate 9

JT
[
nurro\\'cd

45.4
45.5

,og;on

46.3

0182797

47.3

DIS1874

48.4

D IS1 134

49.6

DIS427

183175 Candidate 8
Candidate 10

Candidates 4

Markel" from
abstract

.-

51.8
52.1

Candidate 1
Candidate 3

52.7
54.0

Candidate 2
Candidate 7

58.1

134

1>1$1869

6

Consequently, the identification of regions critical to cblC patients allowed the
examination of candidate genes and influenced the choice of genes studied. Seventeen
genes were screened and excluded as the underlying cause of the cblC complementation
group disorder. Although none of them resulted in the identification of the causative
gene, several DNA polymorphisms were identified, including a polymorphism due to a
frameshift mutation in one gene.

The ChlC complementation group

All patients belonging to the cblC complementation group have both MMA and
homocystinuria, indicating that both the cytoplasmic and mitochondrial portions of the
vitamin B 12 processing pathway are blocked (Figure 6.2). In keeping with this blockage,
fibroblasts are unable to incorporate 14C-propionate or 14 C _MTHF into acid-precipitatable
proteins, providing further evidence for both branches being blocked (61,145). As well,
the enzyme activities of MCM and MS in cultured fibroblasts are deficient (65).
Complementation analyses has classified a large number of such patients as belonging to
the cblC group (14).

Cells show normal receptor mediated endocytosis and

intralysosomal hydrolysis (which is defective in the cblF complementation group
disorder) (54). Most patients are diagnosed in the first year of life with failure to thrive,
haematological problems, seizures and psychomotor delay (146). Age of onset, optical
atrophy and severity of neurological involvement are variable, but developmental delay
of variable severity is always present regardless of age at diagnosis or treatment onset
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Figure 6.2. Illustration of the predicted blocks in cells with the CblC defect. Both
the homocysteine and methymalonyl eoA pathways are blocked.
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(64,147). The average age of onset is at one month (146). However, adult onset has been
observed (62). Oral betaine supplementation, OHCbl injections, protein restriction and
camitine supplementation has been beneficial in some cases (63,64). However in spite of
early initiation of OHCbl therapy and improvement in toxic metabolite concentrations in
physiological fluids, progressive neurological deterioration is often observed (148,149).

Cultured fibroblasts of the cblC patients show a decreased uptake of CNCbl, and the
inability to remove the cyanide from CNCbl to form AdoCbl or MeCbl (the two required
cofactors for MCM and MS) (65,150). Patients also respond poorly to CNCbl treatment,
but lower levels of homocystinuria and MMA are observed with OHCbl (64) (66). CblC
patients have reduced total Cbl content in the liver, kidney and cultured fibroblasts (65).
One tumor cell line had a cblC phenotype and failed to complement cblC patients (149).

Based on various clinical observations, patient responsiveness and biochemical assays
several enzymes have been postulated to cause the cblC disease.

A Cbl reductase, a

microsomal enzyme, shows low activity in cells from patients with cblC MMA
(43,50,67). A Cbl

~-axial-ligand

transferase, another postulated enzyme in intracellular

Cbl metabolism, also has low activity in cblC lines (43). An NADH aquacobalamin
dependent mitochondrial reductase was also linked to cblC deficiencies (42), but this
same study suggested that a NADPH reductase was the cause of the cblA defect, and this
has not proved to be true (95). Due to the lack of uptake, retention and processing of
CNCbl a CNCbl processing enzyme has been proposed (68). There is also the possibility
that a regulatory mechanism affecting both MS and MCM could be the function of the
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gene responsible for the cblC complementation group. In addition, it is believed that
GSCI may play a role in this pathway (38) and could somehow be involved with the
product of the cblC gene.

Materials and Methods

All sequencing, heteroduplex analysis and other analyses were completed using methods
outlined in Chapter 2.

Sequencing was performed either manually using

33 p

Thermosequenase kit in our lab or using BigDye 3.0 at the Montreal Genome Centre
(performed by Carole Dore).

Candidate screening

Several tests were done to determine which of the 17 putative candidates might be the
cblC gene. Firstly, it is important to note, with respect to homology searches, that some
organisms use vitamin B 12 while others do not. Humans, mice, rats, cows, worms, for
instance, all share the known Cbl genes (MTR, MTRR, MMAA, MMAB, MCM).
Drosophila and yeast do not have these genes (more details about the search criteria are
found in Chapter 7). Each gene was tested to see if it had homologs in the B l2 user group
and lacked homologs in the non-user group.

Secondly, candidates identified through

homology searches had to also be localized to Ip34. A third criterion, usually related to
exclusion, was whether the candidate gene was clearly associated with a disease or had a
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well described function.

Lastly, the candidate was assessed for a putative function,

usually based on annotation or domain searches, such as reductases or transferases,
consistent with the predicted functions of cblC.

Results and Discussion

The list of candidate genes screened is found in Table 6.1. The region has also been
implicated as the site of a meningioma tumour suppressor locus (151). The linkage map,
with markers and candidate genes identified, is shown in Figure 6.2. The list of identified
or hypothetical genes occurring in the narrowed region is found in Table 6.2. Each gene
listed in Table 6.2 contains notes pertaining to assigned function, rationale, accession
numbers, number of exons identified, and an assigned rank based on candidate searches.
The sequential examination of each candidate is presented.

Candidate one - reductase

In keeping with the notion that cblC may function as a reductase, and in examining
Daniel Leclerc's (DL's) old notes from his earlier searches for candidate genes while in
the Gravel lab, one candidate (gi:7705696), located in the vicinity of DlS234 was
identified. At the time this candidate was identified as a reductase of unknown function.
DL had it listed as a possible candidate (very low on the list) based on the reductase
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Table 6.1. List of genes screened in an attempt to identify the gene responsible for
the cblC complementation group. None of these genes are likely to be the underlying
cause of the problems associated with the cblC complementation group.

Candidate
1

2

Identity
hypothetical protein, now called
endoplasmic reticulum thioredoxin
superfamily member, 18 kDa
hypothetical protein FUI0948

3
4
5

KIAA1836 protein
Q8NllA
hypothetical protein XP_294997

6
7
8

CYPs-CYP4Bl, Q8NllA, CYP4A11,
CYP4Xll, CYP4Z1, Q9NTL5
Formerly LOC343190
Hypothetical protein FU33084

9
10
11
12

Aldo-keto reductase
Putative full-length transcript
Hypothetical protein FU21156
UROD
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Reason examined
Potentially a
reductase

Region
51.8

Similar to enoyl
hydratase
Similar to cobT
CYP gene
Flavodoxin
containing
All six P450 genes

52.7

Cub/reductase
Monomeric NADPH
oxidoreductase
reductase
Correct homologies
Trafficking protein
Similar pathway

52.1
46.7
44.6
46.6 to
47.0
54.0
45.5
45.4
45.5
44.9
44.9

Table 6.2. List of candidate genes in the "critical region" between DlS421 and
DlS2874. The candidate genes and the ensembl and NCBI identifications are listed. The
gene symbol and description associated are shown. Notes list the proven or potential
functions. (Note: if the NCBI identifier is in bold, an OMIM entry is associated with the
protein).

Candidate

Possible

Ensembl gene NCBI gene
id
id
1263
ENSGOOOOOI73846
Hs.421430

LOC149478

ENSGOOOOOl17425

8643

ENSGOOOOOO70785

8891

none

Hs.376217

ENSGOOOOOl73810

none

candidate

11

ENSGOOOOOI26107

candidate

12

ENSGOOOOOI26088

possible

ENSGOOOOO 162415

None

None

possible

ENSGOOOOO 186603

ENSGOOOOOl32781

ENSGOOOOOl32773

possible

None

ENSG00000070759

possible

ENSGOOOOOI32763

ENSGOOOOOI17450

candidate 9

ENSGOOOOOl17448

Gene
symbol
CNK

Description

rCytokine-inducible kinase
putative full-length
Itranscri pt
1H0moiog 2 of Drosophila
PTCH2 Patched protein
lEukaryotic translation
initiation factor 2B,
E1I2B3
ubunit 3g
putative full-length
AK095730 transcript
putative full-length
none
transcript

Notes
~ell

death, drosophila homolog

LOW Genome subtraction,
kievelopmental, drosophila homolog
~ukoencephalopathy with vanishing
!white matter
inside E112B3, UCSC and AceView,
klne EST
lPeptidyl-prolyl cis-trans isomerase,
~yclophilin type, one or two exons
arge protein implicated in protein
rafficking, no drosophila, no yeast,
!weak hit to adenosyltransferase
lDisease associated, found in many
rOGs with MCM and MS
rzinc finger SWIM domain containing
IProtein 6

putative full-length
ranscript
Uroporphrinogen
7389
UROD
decarboxylase
putative full-length
57643
KIAAI511 transcript
Cluster of ESTs of putative
WI-21196 novel gene
Hs.167405
~ ESTs, a1u warning entry
TIGRCluster of ESTs of putative
UniSTS:72524 AOO4V29 novel gene
~ EST, expressed in brain tissue
f4-hydroxyphenylpyruvate dioxygenase
KOG0638), glyoxylasefbleomycin
esistance protein (same family as
putative full-length
MCEE) no drosophila no yeast
orthologs
84842
MGCI5668 ranscript
mutY, hereditary
MUTYH nonpolyposis colon cancer hereditary nonpolyposis colon cancer
4595
arget of EGR member I
growth suppressor protein TOEI
114034
TOEI
NUCLEAR);
has several weak hits with BLAST:
Xylose Isomerase, : Pterin-4a
carbinolamine dehydratase, nuclear
actor lIB; CCAAT-box binding
putative full-length
transcription factor, 2 exons, has EST
~;upport
BCOO6119 Itranscript
400752
rrestis-Specific Protein
equired for spermatid development
TESK2 lKinase 2
10420
putative nuclear role, has hits to all the
DKFZP5641 putative full-length
recessary B 12 users, Proline-rich
transcript
xtensin domain
25974
122
Peroxiredoxin I
peroxisomal localization, oxidized in
Thioredoxin Peroxidase Ivivo at the active-site cysteine during
oxidative stress
PRDXI ?)
5052
.mplicated in diabetes, monomeric
Aldo-keto reductase family NADPH-dependent oxidoreductases
having wide substrate specificities for
AKRIAI I, member AI
10327
79654

FLJ21156
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Candidate

candidate 8

Ensembl gene NCBI gene
id
id

ENSGOOOOOl32780

4678

NASP

ENSGOOOOO159588

149483

FLJ33084

None

candidate
10

Gene
svmbol

UniSTS:32867 stSGl6256

None

Hs.238432

WI-13729

ENSGOOOOOl59592

60313

SPI92

ENSGOOOOO159596

51249

LOC51249

3652

IPP

ENSGOOOOOO860 15

23139

MAST205

ENSGOOOOOI17461

8503

PIK3R3

ENSGOOOOOI17472

None

TSPAN-I
TIGRUniSTS: 15800 AOO8Z33
10103

ENSGOOOOOO85998

55624

POMGNTl

ENSGOOOOO171357

Hs.497885

FLJ20277

ENSGOOOOOO85999

8438

RAD54L

ENSGOOOOO 132128

10489

MUFI

ENSGOOOOOI73660

7388

UQCRH

ENSGOOOOOl17481

Hs.375757

BCOl6907

ENSGOOOOO 117480

2166

FAAH

None

Hs.386104

stSG2425I

ENSGOOOOO I23464

127343

OTX3

Description

Notes

arbonyl compounds, next to
actoglutathiollyase (MMAA) in
k:OG!!
Nuclear Autoantigenic
ound in mature sperm,. cell cycle
Sperm Protein (NASP)
egulated histone HI binding
~OG 1729, nothing in there to indicate
putative full-length
hat MS nor MCM, has nuclear and
ranscript
inc binding domains
novel gene, no hits ensembl, not hits
novel gene
BLASTx, one EST
Cluster of ESTs of putative luster of 3 ests, no alignment with
novel gene
UCSC, no hits with ensembl
mouse homolog, similar to unknown
putative full-length
proteins, weak similarity to yeast and
ranscript
drosophila
at least three transmembrane domains,
putative full-length
no drosoph, no yeast, mouse and rat
transcript
hits
ntercistemal A particle
actin binding, likely involved in signal
promoted polypeptide
trasnduction KOG444I ,
~icrotubule Associated
microtubule associated testis specific
rrestis Specific
serine/threonine protein kinase, maybe
~erineffhreonine Protein but seems unlikely, drosophila
homolog
~nase
Phosphatidylinositol 3
~inase Regulatory Gamma
~ubunit (P55PIK)
known function, drosophila homolog,
transmembrane proteins of the
etraspanin superfamily are implicated
·n a diverse range of biological
phenomena, similar to mouse and rat,
[retraspanin I (TSPAN-l) no drosophula and yeast
k:luster of ESTs of putative I EST, no hits ensembl, small hits to
k:ysteinyl TRNA synthetase
~ovel gene
K>-Linked Mannose Beta protein O-mannose beta-I,2-N
1,2-N-Acetylglucosaminyl ~cetylglucosaminyltransferase, known
~ransferase
muscle-eve-brain disease
putative full-length
ran script
~imilar to mouse and rat
~nknown domain, one exon, yeast
RAD54-like protein
~omolog
protect cells from DNA damage, yeast
Elongin BC interacting
~nd drosophila homolog, well-defined
protein
unction
Ubiquinol-cyt c reductase part of a ubiquitin ligase, no
drosophila
omplex IlkDa protein
drosophila homolog, mitochondrial,
putative full-length
part of redox pathway, translocated in
ranscript
orne cancers
cell cycle regulation, drosophila
Fatty-acid amide hydrolase homolog,
inked to neurological problems
~ovel gene with similarity associated with drug use, membrane
bound, no drosophila nor veast
oFAAH
K>rthodenticle 3 Isoform B;
lPaired-Like Homeobox
Protein DMBXI-Like;
1H0meoprotein MBX,
luster of 4 ESTs
~parse similar to mouse
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Candidate

Ensembl gene NCBI gene
id
id

Gene
svmbol

Description

Notes

land rat
~rosophila homolog, published under

ENSGOOOOOI62456

Hs.350764

ENSGOOOOOO79277

8569

ENSGOOOOOI42961

148932

ENSGOOOOO 184008

None

ENSGOOOOOI23472

ENSGOOOOO I59658

None

ENSGOOOOOI86118

candidate 6
candidate 6
candidate 6
candidate 6
candidate 6
candidate 6

ENSGOOOOO 142973
ENSGOOOOOI54198
ENSGOOOOO 187048
ENSGOOOOO 186377
ENSGOOOOO 186160

ENSGOOOOO 162365

ENSGOOOOO 162366

ENSGOOOOO 162367
ENSGOOOOOl23473

ENSGOOOOOI62368
ENSESTGOOOOOOOO7
39

ENSGOOOOO 186790

ENSGOOOOO 186564

none

ENSGOOOOO 180029

b-exons no known
\function, slight similar to
AK05673 mouse no similaritv to rat
IMAP kinase-interacting
MKNKI Iserine/threonine kinase 1
~imilar to MAP kinase
nteracting
MOBKL2C Iserinelthreonine kinase 1
None

~rain developmental problems,
Itranscriptional factor, may work like
lriboswitches but no significant
Isimilaritv to the orokarvotic version
Ihas signal peptide, however also has
IrlUclear signal

!MAPkinase pathway, yeast and
idrosoohila homolo!!
IMAPkinase pathway, yeast and
idrosoohila homolog

Ioutative transcriot
jATP synthase
mitochondrial F 1 complex Ionly one exon, may be part of
IATPAFI
64756
ATPAFI assembly factor 1
putative full-length
lmitchondrial, yeast and drosophila
KlAA0494 transcript
homolog and known function
9813
Cluster of ESTs of putativeIbinds calcium ions, similar to
~rosophila, myosin-like
UniSTS:I036 stsGl5244 novel gene
lone est, in the middle of 159658 gene,
hypothetical protein, I
maybe alternative splicing?) No
None
exon, similar to mouse
None
IBLAST hits
CYP4BI P4504BI
nly one exon
1580
yp
Hs.406984
CYPZ2P 08NlL4
yp
CYP4AIl 4504AII
1579
yp
CYP4XI
4504XI
260293
yp
CYP4Z1
4504ZI
199974
novel gene weak similarity
Cyp
UniSTS82953 stSG8063 o CYP4AII
Membrane-associated
£'yp
protein 17
0096
10158
rr-cell acute lymphocytic upregulated in carcinoma, membrane
bound, no drosophila, no yeast
TALI
eukemia I
6886
SIL
ALI interruotin!! locus
eukemia
6491
midline neural tube defects, but also T
UMP-CMPKhuman UMP-CMP kinase cell problems, no drosophila, no yeast
51727
K:luster of ESTs of putative
4'unction defined, drosoohila homolog
Al393217 ~ovel gene
Hs.159718
orkhead related
luster of 3 ESTs
FOXE3 Itranscriotion factor
2301
orkhead related
lone exon, lens eoithelium Daper
FOX02 ltranscriDtion factor
2306
UniSTS: 18206 SHGC- ~luster of ESTs of putative
lone exon, lens epithelium Daper
4
155201 Inovel gene
Ioutative full-length
284542
FU00388 Itranscript
Icluster of ESTs of putative
RH68723 Inovel!!ene
388630

rr
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potential. This passed the homology test as it had similar sequences in mice and rats,
and no significant similarity to proteins in yeast or fruit fly. The gene was amplified for
all seven exons, in ten cblC, cell lines using primers listed in Table 6.3.

No

heteroduplexes were identified. No sequencing was completed for this gene.

More recently, this candidate protein was published as belonging to the endoplasmic
reticulum as a member of the thioredoxin superfamly (145,152).

The protein is

implicated in native disulfide bond formation in the endoplasmic reticulum, which is a
process critical for maturation of many secreted and outer membrane proteins (152). It
was a good sign that it clearly functioned in the reduction/oxidation world. However,
with a known function and lack of further evidence this gene was rejected.

Candidate two - enoyl hydratase-like protein

From previous experience, the COG database provides an excellent resource to find
bacterial genes that flank known genes in the pathway, as was true for MMAA, MMAB
and MCEE (Chapters 2, 3 and 5). In E. coli, MCM and MMAA homologs are part of a
four-gene operon, sbm-ygfD-ygfG-ygfH. Sbm is MCM, YgfD encodes a gene similar to
MMAA, YgfG was initially identified as an enoyl-CoA hydratase, and YgfH is propionyl
CoA:succinate CoA transferase (103).
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Table 6.3. Primer sequences for candidate one.

Exon
1
2

3
4
5
6
7

Forward primer

Reverse Primer

GAGCAGATCCACGTGATACAG
TCTTAGTGGGTATCTTGTGAACATGC
TTGAAATAATACTACAGAAATGT
ATAGTGATGCTTATGTTCGTTA
ATCTGACTTAAGGTTTACATTTAA
AGTACCTGTCTGTTGTAATTACTGCA
AACATTACTTACTTCATACT

ATAGTAAGATCAGTAAAGAGAAGAT
CCTTGGTATAGCCCTTCACCTGAAAT
TGCTGGGCCAGAGTCAGTGCCAAT
TAATGAAGCTGTAATGAATATGCAC
TGGTATAGTTTCACTAGGTGAAGT
GTGGTTCATCCTAGTTCAATCTAGC
TAGGTTAGGACTCCTAGATTAGGTC
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Reductases are sometimes misidentified as hydratases, dehydratases or decarboxylases.
For instance, it is common to obtaint proteins called "hydratase" or "decarboxylase" as
hits when BLASTp searches are performed using a reductase seed. Using YgfG for
BLASTp limited to the human genome, a gene, NM_018281, was identified. Based on
assembly of available ESTs, it contains two transcripts, one with ten exons and one with
nine exons (the fourth exon is missing from the shorter transcript). It was located on
chromosome 1 near the D1S2134 marker.

This gene was pursued for its possible role in the reductase function. Fourteen patients,
belonging to cblC and cbID complementation groups were examined using heteroduplex
analysis. Primers were designed which flank the exon regions (Table 6.4). Roya Fahattie
assisted with the PCR amplifications for exons one to four. In all exons, no heteroduplex
analysis was found. However, exon one would not amplify in several cblC cell lines (6
of 14), even though it worked in controls and eight other cell lines. A second set of
primers were ordered outside the region initially amplified for exon one ( primers are
called "lout"). This set of primers was also unsuccessful in the same cell lines, but
always worked in the controls. The rest of the PCR amplifications worked excellently
and heteroduplexing yielded zero results. The primers for exon one were sent to JT in
Montreal who got the reaction to work successfully, demonstrating that the failed PCRs
here were not related to a defect. It was possible that exon one was just harder to amplify,
as it contains more GC than the other regions. It could also be a matter of template,
perhaps it was of a lower concentration or poorer quality. It is also possible that our

146

Table 6.4. Primer sequences for candidate two.

Exon Forward primer
GTGTAGACACGCTCAAGGGACTCAT
1
TGAGGCGCAAATGGGAGGTGAAGCA
lout
GGAGGCCCCTTACTTGTTTGTCCTT
2
CCTAAGGATGCACACCTGGGTGATA
3
TACTGTGGTAGTCACTGTTGTTCCTCTCCC
4
GTCCTCTGATGCACAGAAGGTTTCC
5
ATGGGACTGATTGAGACCACGCGAG
6
CTTCTGGGCTAGGGCTCTTCCAAAG
7
GTCAGCAGAATGGCTGGAACCAGACC
8
GACCTGCTCTTCCACATACTGTTGTG
9
CCACGGAGGCTTATACCTTTGCATG
10
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Reverse primer

GATCGAATCCTTCAACGCACTGAGC
CTGGAGCCAGAAGGACGCAAAGGTT
CTTGGTGGTGTACACTCTGTGGGTT
CCTAAGGATGCACACCTGGGTGATA
CCCTGAGTCTCTGCATTCACATCGGTAA
CTTAACTGCTTTGGAATGGCCAGGC
TCTCTGGGAGAATGGATGTGCAGCC
CTTTCAAGCCCATTTGGTTCCAGCC
CACAAATCTTGCAGCATGGACTGGC
GCGGTCAGACTGTTTGTGTTGAGAAG
CCCCTGACACATGTTCAACCGATGT

thermal cycling conditions and MgCh concentration could have been examined more
closely and evaluatedrepeatedly.

To evaluate exon one further, the PCR product from control cells was used as a probe on
a southern blot. The genomic DNA from four of the six patient cell lines and two controls
was digested with either BamHI or EcoRI. The probe hybridized to an equal size band in
all lanes cut with each enzyme.

For HindIII the fragment was approximately 4 kb

(ensembI lists 4191 bp), and for EcoRI this fragment was about 9 kb (ensembllists 8790
bp). So, with this conundrum of PCR problems unresolved, a successful southern blot,
no heteroduplexes and successful amplification by JT of exon one, we abandoned the
candidate.

Candidate three - cobT homolog

All the genes in the region surrounding D1S2134 were tested using BLASTp to the nr
database, limiting the search to bacterial sequences and the keyword to include "cob" or
"cor", for Cbl or corrinoid.

Only one candidate gene showed a hit, to the putative

nicotinate-nucleotide-dimethylbenzimidazole phosphoribosyltransferase (cobT) gene in
Streptomyces avermitilis, (gi:29610460). The corresponding gene in humans maps to a

region thought to be in close proximity to the original marker (D1S2134). The gene is
partially identified as ENSGO0000154222 (ensembl), and fully identified as KIAA1836
protein (NCBI). It has 25 exons, with flanking 5' and 3' untranslated regions based on
the assembly of the ESTs. The exons and flanking introns were amplified, although in
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some cases one or more exons could be amplified together.

The primers used for

amplification are listed in Table 6.5.

The gene was amplified for 10 cblC cell lines and two controls.

All PCR products

underwent heteroduplex analysis. The results showed no heteroduplexes. One exon had
interesting heteroduplex patterns in all cell lines and was sequenced. Only one mutation
was found to be heteroallelic in two cell lines, a c.G 1323T substitution that results in a
Y395S mutation. This was found in the Ensembl database, as well as in two ESTs in the
ESTdb. So it was not considered a disease-causing mutation. Five cell lines from the
amplification were sequenced manually for the remaining exons. No other mutations
were identified in these cell lines. This candidate was rejected.

Candidate four - one cytochrome P450s.

The region was still based on the original D1S2134 marker, so the possible number of
candidates was over 300 genes. The CYP locus at Ip34, appearing as a cluster of related
P450 sequences, is from a large family of enzymes involved in the metabolism of many
drugs, foreign chemicals, cholesterol, fatty acids, and in the synthesis of steroid
hormones, bile acid, vitamin D3 , and other extracellular lipid signalling molecules (153).
There are 1277 P450 animal sequences identified (154), including several pseudogenes
(58 in humans) (154). The synthesis of bioactive vitamin D3 requires hydroxylation by
various CYPs, and mutations in several CYPs have been implicated in vitamin D
deficiency and it seems reasonable that vitamin B 12 metabolism may work in a similar
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Table 6.5. Primer sequences for candidate three.

Exon

Forward primer

Reverse primer

1
2&3
4
5&6&7
8
9
10&11
12
13&14
15&16
17
18
19 &20
21
22&23
24&25

GCTGCAGGAGGTCTTAGGTGTGGAC
CCGCAGAGGGAGAATGGTAGGCCTA
GCCACCACTGTTCATTACCATTGGTC
TCAGTATGTATCTTCTCAGGCTGCGG
TTCCCACCAGTCTCCCTCTCCTTGC
ACCCATCTCAGGTCACACAGCGATG
ACTTAGTTTGGGCTCCTGCCTTTGTTGG
GAGAAGTCTAGCCTTGAATGCCAACC
CCTGGACGAAGGGACCTTGTTCCACTA
TGGAGAGATTGGGGGAAGGCAGCCA
CATCTTAGCTCCTCTCACTTCTTTCCTGGG
ACATCCATTCGGTGGGGAGGGTTTA
CTGCCTGTCTGAAGTTTTCAACGGACC
GGAGCCACTGATTGGGACTTGGAGA
AAGAGGGATTTCTGCCTGGGTGGAT
CACAGGACATCTTAGCTCCTCTCAC

AGGAGAACAGAGAGGCCTTTGAGGC
GGGCTATGACCCCAGGAACTAGAAC
CTGGGGGACCCAGAGTAGAGGTGTA
AAAAGACAAGGACTAGCCGGAGGAC
ACCCCTCACCTGCTATTCTCCCCAC
CTTGTTCACAGCCTGTCAAGCCTGC
TTGAGTCCAGGGCTGTGTGGTCTGA
GGAAGCCTCACTAAAGGGGTAGCAG
GGCATAGATGGGAACCCACTCTGGA
GGTGTGGCATTCAGTGCGTATTGGC
CATCAGAAACTCAGCCCATAAGCCCT
GGAAGGAGGCGTGGTTATGGAGCTG
AAGCTCCGCCCTGGAAGAGAGACAG
TGGGTATTGGAAGGACCAGGGGATC
AGACACACCAGCAGCTCTGCATCTT
AGAAACTCAGCCCATAAGCCCTA
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manner. Interestingly, cubilin, a membrane associated protein involved in TCCbl
trafficking, when mutated in humans leads to abnormal vitamin D metabolism (155),
supporting the hypothesis that the two vitamin pathways may follow similar metabolic
mechanisms.

The observation that several CYPs have been implicated in cancer (156) could be related
to the finding of at least one tumour cell line that is also a member of the cblC
complementation group (149).

As well, vitamin B 12 metabolism may be critical to

numerous disease states, including cardiovascular disease in which several CYPs have
been implicated (153), and in neuropsychiatric disorders, for which other CYPs have also
been linked (157).

It seems possible, given the role of CYPs in other processing

pathways, that perhaps a CYP is involved in Cbl metabolism. The need for a reductase in
the system (in cblC complementation group fibroblasts) could be explained by the
concerted action of CYP and NADPH-CYP reductases.

Based on the human genome project at the time (April-June, 2003), it appeared that there
were four P450s in the 1p34 region, however later revisions revealed six genes (see
candidates six for more information). Of the four identified P450s, two of these were
most similar to omega hydroxylases and two were of unassigned function (158-160).
Based on assembling the ESTs and re-examination of the contig assembly, it appeared
that much of this area is highly related (both in exons and introns). There was also a
region of undefined sequence (gap between the contigs) in the area, leading me to suspect
there was more to this region.

There also appeared to be duplications; for example
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BLASTn, using the omega hydroxylase sequence (A29368 from rabbit), resulted in two
strong hits on two 1p34 contigs. The same was true when the two candidate genes with
undefined function underwent BLASTn on the human genome - they also hit other areas
in the same region. It is possible that the duplicate hits was just caused by ambiguous
sequence that was imperfectly replicated during the sequencing of the two overlapping
contigs. This uncertainty caused confusion in interpreting the information.

Two sequences, similar to fatty acid omega hydrolases (CYP4A11 and Q9NTL5),
seemed already to have a proposed function, and were less likely to be causative for cblC.
The candidate gene identified as Q8N1L4,was initially examined for ten cell lines. The
primers used for the amplification are listed in Table 6.6.

No heteroduplexes were found. One strange banding pattern was observed and will be
discussed later (see exon 23, candidate 6). Manual sequencing of four samples and one
control were performed and many missense mutations were observed, often in all the
lanes, and none of the changes resulted in stop codons. The changes were identical to
residues present in the sequence of CYP4Z1, which shares a 91 % identity with candidate
four, indicating that more than one gene was being amplified. Given that no stop codons
were identified, many missense mutations were likely explained by the amplification of
two (or more) genes at once. Given the confusing genomic sequence, this candidate
region was therefore left for later examination (see candidates 6).
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Table 6.6. Primer sequences for candidate four.

Exon

Forward

Reverse

1
2

AATGAGAGTCTATGGGACTCAGAAGGTGGC
CAACAGCAGTGTCAGCTAACTGAAGGC
GTTATCCTAACTGCCCCCTCAACTGTGA
AACTGTTAAAGACATGAGTGTGTTAAGACA
CAGACTATCCCAATGCACAGTAACTCA
ATGCTGGATTACAGGTGCTAGTCACTGTGC
GCAGCCATAACCAGAGTCAATGTCTCAGAC
ACTGCTGTGATCATGGTTCTGAGGGAAC
AATAGAACCATGAGTTGGTTAAACCTCTTT
AATGCTTCAACCTGTCCTTCCCTAGTGC
CCTCATCTTTCTGTTCCTTAACCTCCCC

TGCCAIIIIIICTTTCTGGGTATCCCC
GGAGGGATTAGGACTGGGATCTTCACT
GATGTGAAGGAATCTTTGCTCATGCAC
ATTCTCAGTTACAAAAATGGGGAAAAG
GCCAGCTTTGCATAAATATCATCACTG
CCCCATAAAGCACCAGCTTCTCAGAACTAC
CATGATATTCATCCCCTGCCCCAGAAC
CCTAGTCTTTCTTCACTTACCTGGCCTGTG
ATTTTCACTTAATGCCATCTTTTGCCT
CACAGACCCTCAATTTAGCACATGGTCC
TGGGTTTATGAGAGACCTGCATTCTCC

3
4

5
6
7
8&9
10
11
12
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Candidate five - fld-like protein

Another possible candidate was examined as it had a possible reductase function and was
located close to a known B 12 gene, in E. coli: YciK, is an oxidoreductase, whose gene is
located just beside the gene for BtuR (a known Cbl adenosyltransferase).

Using

gi:16129232 as the input for tBLASTn of the human ensembl cDNAs (known and
predicted)

and

changing

the

expected

value

("e"

value)

to

100,

I

hit

ENSESTG00000000893. Although the e value of this hit was very low and localized to
the flavodoxin binding domain of the YciK protein, it suggested the remote possibility
that this human protein contained an oxidoreductase-related sequence. In truth, it would
not have been examined if it had not hit the 1p34 area, as it was only weakly predicted to
be an oxidoreductase and none of the usual homologs could be easily identified, i.e. no
similar sequence was found in mice or C. elegans.

The primers used to amplify

candidate 5 are listed in Table 6.7. Ten cell lines were examined. No heteroduplexes
were identified, so alternative candidates were examined.

Candidates six - six CYPs

The CYPs seemed to hold a great deal of promise, as they are involved in a wide range of
metabolic processes and could be involved in Cbl metabolism. For these reasons, they
were revisited and examined in detail. With the maturation of the human genome project,
the sequence in the CYP region seemed to stabilize. Upon re-examination of the revised
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human genome, it became clear that there were not just four CYPs in the region; but six
(Figure 6.3). All genes in the CYP cluster were examined as candidates by screening for
homologs in other organisms. The yeast and drosophila tests failed for the most part, but
it was very difficult to be as critical about this exclusion system with so many closely
related CYP sequences. Some proteins seem to have assigned functional roles, but were
still examined. This seemed rational, given our earlier identification of MMAA when the
homolog was assigned a role as an LOA transporter, and the lack of other candidates.

The first sequence, CYP4B I, is 511 amino acids in length, with a calculated molecular
weight of 59 kDa.

It appears to be a membrane bound protein localized to the

endoplasmic reticulum (based on SWISSPROT annotations). The gene is expressed in
the brain, heart, prostate and lungs (Unigene). It has similar sequences in rat, mouse, and
worm. No similarity was found for the human CYP4B 1 in Drosophila or yeast. Several
mutations in this gene have been published in a study of 190 French Caucasians including
R173Y, S322G, M331I, R340C, R375C, c.ATdeI881-882 (161). The c.ATdeI881-882
mutation is a frameshift that results in a downstream stop codon. Unexpectedly, it was
found in 42 of 190 people studied, indicating it may affect about 2% of individuals (161).
CYP4B 1 is possibly associated with senescence in cultured oral keratinocytes (162). The
promoter of CYP4B 1 has been found to induce expression in response to hypoxia and the
protein is thought to be responsible for the synthesis of eicosanoids (163).

The second sequence in the CYP group is gene Q8NIL4, also called CYP4Z2P. This
protein is expressed in all cells and over-expressed in prostate cells (Unigene). It is most.
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Table 6.7. Primer sequences for candidate five.

Exon
1
2
3
4

5
6
7
8&9
10
11
12&13

Forward primer

Reverse primer

CCCCTATTACTGACCCGCAGCCATT
GGTGTGCGAGATTGAAAAGAGCAGAG
CCACAGCCTCCCTAGGTTATTCTCA
ATGATAAAGCCACACCCTGCCTGCA
GTACCAGAGATCAGGCACGGGCTCT
GTATGTAAAGAGGGGACCTTGGGATC
TCCTCTCTTCTTTGCTCAGGTGTACG
GTGGTTCTGATTCAGATGCAATAATC
GACTAACCACCTTGTCCTGTTGTCTG
CACCACGCCTGACTGGTCTGTTTCTTA
CACCACGCCTGACTGGTCTGTTTCTTA

CAGAATATGCCTCAACCCCACTGGG
TCCGCCTGGTAAAACCCAAACCTAG
GGCATGCGGAGACAGACATACATAC
TTCTAAGCGAGGTGGTCAAGCGTAC
CCTGGGTGGTGTGAATGCCAAAGAC
GTGGTGACATGGACAGGAGCACAAA
TCTCATGCCTGTGTGGAGAGCAACT
TGATGGTTCATCTTAAAGCCACTTT
CCAAGGCTGTCTCAGACACTCAACA
GGCAGAAGGAGCCATAGAAATGGCA
GGCAGAAGGAGCCATAGAAATGGCA
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Figure 6.3. The six CYP genes along Ip34. These six CYP genes each contain 12 exons
and were amplified from left to right. Exons were numbered to 72 as a single set from
left to right. The genes are CYP4Bl, Q8NlIA (CYP4Z2P), CYP4All, NM_178033
(CYP4Xll), NM_178134 (CYP4Z1), Q9NTL5 (LOC284541).
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5

6

similar

(91% identity) to CYP4Z1, although it is also very similar to other CYPs,

specifically from the CYP4 family. Two coding SNPs are listed in the Ensembl database,
K157E (suspected) and S60F (proven by cluster). Ensembl has predicted the N-terminus
of the protein predicted, lacks the C-terminus when compared to the other CYPs RT-PCR
would be required to verify the sequence as there are a limited number of ESTs that map
to this cDNA.

CYP4All, the third sequence, is referred to as fatty acid omega hydroxylase and lauric
acid omega hydroxylase.

This protein localizes to the endoplasmic reticulum and

catalyzes the omega-hydroxylation of lauric acid, palmitic acid, and arachidonic acid
(164).

The protein is 519 amino acids long.

According to both the Unigene and

Genenote databases, the protein is over expressed in the liver and kidney, but is also
found in other tissues. No homologs were found in drosophila or yeast, and there are
some similar sequences in mouse (CYP4AI2) and worm. There are two SNPs listed,
F434S and K276T.

It is reportedly involved in lauric acid metabolism. A mutation,

c.delA, results in an unstable cDNA and cells that cannot metabolize lauric acid (165)
(OMIM: 601310). This is the least likely of all the P450s to be involved in vitamin B 12
metabolismm, due to its known role in fatty acid metabolism.

The fourth sequence is CYP4Xll, also known as NM_178033. It is 509 amino acids
long. According to GeneAnnot it is expressed in all tissues and according to Unigene it
is found in the brain, liver, prostate, kidney and lungs.

It is highly and specifically

expressed in the rat brain (166). It has similar genes in rat and mouse, but not worms,
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fruit fly nor yeast.

No SNPs are coding, based on the EST assembly and the SNP

database.

The fifth sequence is CYP4Z1, also called NM_178134. It is 509 amino acids long and is
expressed in all tissues according to GeneAnnot. There is a similar sequence (73% based
on eDNA) to African clawed frog, but not mouse, rat, yeast, worm, or Drosophila. There
is 96% identity between the CYP4Z1 and CYP4Z2P (the second CYP sequence) proteins.
No missense SNPs are identified. It is expressed in all tissues based on GeneAnnot, but
not tested using Unigene analysis. CYP4Z1 is known to be over-expressed in breast
carcinoma (167).

Based on immunoflourescence and subcellular fractionation, it is

localized to the endoplasmic reticulum as an integral membrane protein. Aside from
being over-expressed in breast carcinomas, its specific role in cells has not been
identified.

The sixth and last member of the CYP locus at Ip34 is Q9NTL5, also known as
LOC284541. Compared to the rest of the P450s, Q9NTL5 is most similar to CYP4Ali
(sequence 3). It is expressed in all tissues, but more highly expressed in liver and kidney
(GeneAnnot). It is most similar to mouse CYP4A12 (77% similarity based on eDNA
comparison). It does not have any significantly similar sequences in other organisms.
There are several missense SNPs, K121R, R126W, G130S, N152Y, V185F, C231R,
K276T, G353S, L428P, M49II, and L509F that are either proven or suspected based in
EST assembly.
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Primers were designed for all six P450 genes, each containing 12 exons, and in total 72
exons amplified (Table 6.8). All exons were amplified, heteroduplexed and sent for
sequencing to the Montreal Genome Centre for twelve cell lines. The data are presented
with the exons numbered 1-72 for clarity.

Heteroduplexing was performed for all cell lines, with some atypical results for exons 8,
31 and 66 (Figures 6.4 and 6.5). Exon 8 contained a 2 bp deletion, based on manual
sequencing, ABI sequencing and a restriction digest with FokI.

It should have been

terribly exciting as a serious candidate for a disease mutation. However, Lo-Guidice
reported this mutation as a polymorphism, present in 2% of the French Caucasian
population (161). Lo-Guidice suggested that this allele might be associated with certain
pathological processes. A test of 32 control cell lines revealed that 23 were normal and 9
were heterozygous for the deletion. In the cblC cell lines, of 24 tested, 21 were normal,
onewas heterozygous, and two were homozygous for the c.881-882 delAT. Exons 31 and
66 had interesting banding patterns, showing an one or two upper bands on the
heteroduplex gel. It is likely that the primers were amplifying two genes at once that
contained similar exons, based on the fact that they are 98% similar. These patterns were
also found in control cell lines, and so it was determined to be a PCR artefact.
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Figure 6.4. Heteroduplex and restriction digest analyses for the amplification of
exon 8 of the CYP4Bl gene in patient and control samples. Primers for amplifying
exon 8 (CYP4B 1) and flanking sequences (in Gel 1 figure 6.3) were used to generate the
PCR products shown following PAGE. A. Heteroduplex analysis. Sequencing revealed
this abnormal band was due to a c.ATde1.881-882 deletion in exon 8. Lane 1: 100 Kb
plus ladder, 2 to 11: patient samples, 12: control, 13: negative control, 14: control no heat
treatment. B. Digestion of the exon 8 PCR product with Fold. The deletion results in a
391 bp fragment. The normal product leaves a 143 and a 248 bp fragment. The digestion
shows the products from an unmutated cell line, a heterozygous cell line, and a
homozygous c.ATdeI881-882 cell line. Lane 1: control cell line lacking the deletion, 2:
heterozygous control cell line, 3: homozygous control cell line, 4:blank, and 5:molecular
weight markers.

Heteroduplex
PCR product

1 2 3
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7 8
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5

~

c.ATde1881-882

~

Control

Figure 6.5. Example of the heteroduplexes obtained from the PCR amplifications of
exons 31 ( for gene CYP4Xll) and 66 ( for gene Q9NTLS) in patient and control
samples. Lane 1: 100 kb-plus ladder, 2 to 11: patient samples, 12: control, 13: negative
control, 14: control that received no heat treatment. The arrow points to the correct size
of the amplified PCR product. These two genes are 98% similar in these two exon
regions and may amplified together. Identical results, showing apparent segregation
pattern of the middle bands, were also obtained in a screen of 30 non-cblC cell lines.

1 2 3 4 5 6

7 8 9 10 11 12 13 14
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Table 6.8. Primer sequences for all six CVPs. They each span 12 exons so are labelled
I through 72 with 1 through 12 amplifying CYP4Bl, 13 to 24 amplifying Q8NTlA, 25 to
36 amplifying CYP4All, 37 to 48 amplifying CYP4xll, 49 to 60 amplifying CYP4Z11,
and 61 to 72 amplifying Q9NTlA .

Exon

Forward

Reverse

1
2&
4
5
6&7
8
9
10&11
12
13
14
15
16
17
18
19&20
21
22
23
24
25
26&27
28,29&30
31
32
33
34
35
36
37
38
39
40
41&42
43

CTGAATTTTGGGAGAAGGCCACTAGGC
GCCTAGCTGGTGACAATGTGTTCCTGA
AAGAACTGCTGCCACCTGTCTCCTGAG
TGAAGCCCAGAGGCTTCCAAACTTCTAC
GGTGGGGTAAACACCTGGCTTTAGCAA
GGGAAGGTCCTAATCCACCCTCTGAAA
GGGATGGAGAAAAGTGGAACCAGATCC
GTACTGTGATGAGTCGGATGTGGTCATG
AGACCCCCACCATGTGAATCTACCTGG
AATGAGAGTCTATGGGACTCAGAAGGTGGC
CAACAGCAGTGTCAGCTAACTGAAGGC
GTTATCCTAACTGCCCCCTCAACTGTGA
AACTGTTAAAGACATGAGTGTGTTAAGACA
CAGACTATCCCAATGCACAGTAACTCA
ATGCTGGATTACAGGTGCTAGTCACTGTGC
GCAGCCATAACCAGAGTCAATGTCTCAGAC
ACTGCTGTGATCATGGTTCTGAGGGAAC
AATAGAACCATGAGTTGGTTAAACCTCTTT
AATGCTTCAACCTGTCCTTCCCTAGTGC
CCTCATCTTTCTGTTCCTTAACCTCCCC
GAAGAAGGGAAGGTGGGCAGACAGAAA
GAACATCAGGCTCACAAAGATCAGAGGG
GATGCACACATGGATTTCTCACCCTCC
TTCTGCAGGGTTACTAGGGGCCTTCTC
CCCCTCAGGTATGTGCACTCCACTTGAT
TGTCTATGTCTATGTCTGCCTGTGGGAC
GTGGTGGCCTCTAATCTGTTGTTCTCTG
TACAGACCCAGGAGCATGTGTCAAGAG
GCTCTATGGATTTTGTGACCAGGGTCTC
TACACCTCCCCCTACCTCTACCACCTG
GTGTGACCTTATCAGGTCCTGAACTCAG
GGTGCAGAAATGCAGAAAACCGTCACC
GTCATGGTTACTCCACGCTGCCTGTGT
GATCATAAAAACAGGGCCAGGCAGGAG
AATCAGGCAAGATTTGAAGCTATTCAC
GGCCTGCTTTTCTTATCTAACCTTGGT
AAAATGGCTTTAACCTGAGGGTAATAA
GCACAGTAGCCCACAACTTGCTCTTTCT
TCTATTGATCGGTGCTAGGTGGTAGGTG
AGAAGAAACATCAIIIIIICAAGTATCACT
CCAGGGGGCATCTCCTTTGTGTTTATG
GTGTCCACAGATCCTCAACTTAGCACATGG
GTTACCCACAAGGAATATGGAAACATA
CATAGATAGGGAATTGCTCACTGCGTGC
GATCATGATATTCATCCCCTGCCCCAG
GGGCTACCGATAAAGCACCAGCTTCTC
CAATTGAAAAAGATAACAATCCATAGCCAG
TCTCAGTTACAAAAATGGAGAAAAGCT
CTCACTCATAGGTGGGAATTGAGCAGTG
GGCTGGAGGGATTAGGACTGGGATCTT

GCCCAAGTTTGAAGTCTCCCTCCACAG
ATAACCAATTGAGTGGGACAGGCCAGG
GCACCACCTACTCTCCCCAGGACAAAA
CAGAGCCAGAGAAACTCCATTCCAGGAA
ATGGTTGAAGACCTCTCTGGGACCAGT
CTGATTTCCAGGATGGTTCAGGACAGG
TCTCTGAACGCAAAGCCTGAGCTCTTC
TAGTGCCTCCCCTATGATGTCATCCAC
TCATCAGAGCTACTTCCCAGACCCAGG
TGCCAIIIIIICTTTCTGGGTATCCCC
GGAGGGATTAGGACTGGGATCTTCACT
GATGTGAAGGAATCTTTGCTCATGCAC
ATTCTCAGTTACAAAAATGGGGAAAAG
GCCAGCTTTGCATAAATATCATCACTG
CCCCATAAAGCACCAGCTTCTCAGAACTAC
CATGATATTCATCCCCTGCCCCAGAAC
CCTAGTCTTTCTTCACTTACCTGGCCTGTG
ATTTTCACTTAATGCCATCTTTTGCCT
CACAGACCCTCAATTTAGCACATGGTCC
TGGGTTTATGAGAGACCTGCATTCTCC
TCATTATCTCCACCTGGCCCAGGAACT
CTTCTTTTGTGCCTGCTGGCTGAAGTAC
CAGCTCTGCCTGGTAACCATTGTTCTG
TCCTCTCAGACCCCATTCTACTTCCGG
GCAGGTACATGAAAAAGCCAGGCCTTA
CAAATTGTCACCAGTCATCCCTAGCTCC
GTCAAACTGCCAACTGACAGACACCAAG
CCCTTCACTCCTGCTGCAAAGACTAGA
AGAGAGGTAGGGGCACTCAGAGATCCA
CTCCCTCCTCCCTCCCATCTACCTTCT
CACTTCTAGGAGGAATAGGTCCCAGAG
TGGCATGCTCTACTATGGAAAGGGGAC
TACTGTCCATTGCTGGGAGCATTTCGC
CAGTACAATCATGGCAGCGTATGGACG
ATAATTAACTGGTCACTTGAGCAGGCT
CACATATCCTGAGGCACTAGGGTCACTA
AAGTGCTAAGAGACTCACTAATCTTTGTCA
AGCCACTTCTGTGCTTAGCTACCAAAA
CCTGGAAGAATGTATAGAGCTGAGGAGCTG
AATAACTTAAATGCCCAATAAGGAAAATAG
CATAATGCCCCACCAGTCTGTGCTGTT
AGACACCCTGAGACCCTCTTTGTTGCT
AGAACCATGAGTTGGTTAAACCTCTTT
GCTGTGAACATGGTTCTGAGGGAACTCA
GCAGCCATAACCAGAGTCAATGTCTCA
GCTAGTCACTGTGCCCGGCCTATTTCT
TCAAATGTATAAGGGGAAAATTCAGGA
TATGTTAAGACATTTCAATCCAGCACA
GATGCTTCTCTTCCCTCTTGGTGCTATC
GCAACAGCAGTGTCAGCTAACTGAGGG

44

45
46
47
48
49
50
51
52
53&54
55
56
57
58
59
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60
61
62
63
64
65
66
67,68&69
70&71
72

GATCTTGTTTCCCTACAAAAGTCGTCA
GGGACAATCCTCCCATGACTTAAGCAC
CTAAATCCCTAACCCGTGCTACATGGC
ACTGCCAACTGACAGACACCAAGAACTG
CCACCTTTCTCCCTCCCAAATTGTCAC
CTGCAGGTACATGAAAAAGCCAGGCCT
GCTGCCTCCTCTCAGACCCCATTCTAC
ATGCTGAGATCTACCAGGCACCCACACT
CCCATGCAAATGATCGGTCTTCTCTCTC
GCCTGAGGACACGTCTCAATTCATTGTC
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ATCCATTCCCTACAGGGTATAATGAGA
CTATGGATTTTGTGACCAGGGTCTCAG
AGGGGCATGTGTCAAGAGGGAAGAGAA
GGTCATGATAGTGGTGGCCTCTAATCTG
TGGAGTTGGTGAGAGTGTGTGCTGTGA
CCCTCAGGTATGTGCACTCCACTTGAT
AGGGACCTTCTCTGCCTGAGGAGTCAG
GAAGCACACATGGATTTCTCACCCTCC
ACATCGGGCTCACAAAGATCAGAGGGT
AAGAAGGGAAGGTGGGCAGACAGAAAG

All PCRs for twelve cell lines and one control were sent for sequencing. Results indicate
that there were many missense mutations. However, when the sequences were examined
closely, the apparent mutations were determined to be caused by the amplification of two
(or more) genes highly related genes. This was likely due to the high degree of similarity
among CYP genes both in intron (where the primers hybridize) and in their exon
sequences. The summary of observed mutations, not including those mutations caused
by the amplification of related genes, are listed in Table 6.9. Table 6.9 also illustrates the
precent identity between the CYP genes in the region, from the sequences it was obvious
that highly identical genes were also being amplified and sequenced.

Candidate seven - reductase/Cub domain protein

This candidate has not been fully excluded.

Through the examination of known

pathways which process substrates that are structurally similar to vitamin B 12, I thought
that similar enzymes may be identified that function in similar pathways. Siroheme,
uroporphyrinogen III (uroIII) and Cbl are all derived from precorrin-2 and contain a
tetrapyrolle ring structure (Figure 6.6). Siroheme is required for both nitrite and sulphite
reductases. These reductases were examined to see if reductases that are similar in
sequence, but have unidentified functions, could be found. DL tried ro do this when he
worked in Dr. Gravel's laboratory, however the human genome project was only partially
complete and the query did not produce any hits.
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Table 6.9. Sequence changes and their corresponding amino acid substitution, from
the sequencing of DNA from in patient cell lines for the six CYP genes. The yellow
shading are residues which may be changed in either similar gene as it appeared in both
sequences, purple shading are residues that have undergone a change to make them
identical to the sequence of the most similar gene, and blue shading means both similar
exons are changed. Changes are listed in bold are also published or identified by ESTdb
and were found in our sequences. Those in italics are novel and confirmed by restriction
digest. Those list in normal font are not confirmed but were listed in ESTdb.
Gene- Exon
CYP4Bl-l
CYP4BI-2
CYP4BI-3
CYP4Bl-4
CYP4Bl-5
CYP4Bl-6
CYP4BI-7
CYP4BI-8
CYP4BI-9
CYP4BI-IO
CYP4BI-ll
CYP4Bl-12
08NllA-13
Q8NllA-14
Q8NllA-15
Q8NllA-16
Q8NllA-17
Q8NllA-18
Q8NllA-19
08NllA-20
Q8NllA-21
08NllA-22
Q8NllA-23
Q8NllA-24
CYP4AIl-25
CYP4All-26
CYP4AIl-27
CYP4AIl-28
CYP4AIl-29
CYP4All-30
CYP4AIl-31
CYP4All-32
CYP4A11-33
CYP4AlI-34
CYP4All-35
CYP4AIl-36
CYP4xll-37
CYP4xll-38
C¥P4xll-39
C¥P4xll-40
CYP4xll-41
C¥P4xll-42
C¥P4xll-43
CYP4xll-44
C¥P4xll-45
C¥P4xll-46
C¥P4xll-47

Change

% identity

Similar Exon

93
98
97
91
96
98
99
99
98
100
94
97
95
97
98
98
98
98
95
99
96
96
100
95

CYP4Z11-60
CYP4ZII-59
C¥P4Z11-58
CYP4ZII-57
C¥P4Z11-56
C¥P4Z11-55
CYP4ZII-54
C¥P4ZII-53
C¥P4Z11-52

None identified
None identified
K (A-+G)
None identified
R-+W (C-+T)
None identified
None identified
ATdel, M-+I(G-+A), R-+C (T-+C), Y-+S(A-+C), G-+R (G-+A)
R-+C(T-+C)

None identified
None identified
P-+S(C-+T)
None identified
None identified
None identified
None identified
V(G-+T)
None identified
None identified
K--+E (C--+D
None identified
S-+F(A-+G)
None identified
L(G-+T) L-+F(G-+A) L-+F(G-+A)
I(C-+T)
P(A-+G), F-+S(A--+G)
S(C-+T)
P-+S(T-+C)

H(A-+G)
K--+T(A-+C)
R(G-+C), L-+V(G-+T), Q-+E(C-+G), V-+M(C-+T), S-+C(G-+C)

I(C--+T), G-+S(A-+G)
None identified
None identified
None identi fied
None identified
None identified
None identified
None identified
None identi fied
None identified
None identified
None identified
None identified
None identified
None identified
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C¥P4Z11-51

C¥P4Z11-50
C¥P4Z11-49
9NTlA-72

29NTlA-71
9NTL4-70
Q9NTlA-69
Q9NTL4-68
Q9NTL4-67
Q9NTlA-66
Q9NTlA-65

Q9NTL4-64
Q9NTlA-63

Q9NTL4-62
Q9NTL4-61

CYP4xll-48
CYP4z11-49
CYP4z11-50
CYP4z11-51
CYP4z11-52
CYP4z11-53
CYP4z11-54
CYP4z11-55
CYP4z11-56
CYP4z11-57
CYP4z11-58
CYP4z11-59
CYP4z11-60
Q9NTlA-61
09NTlA-62
Q9NTlA-63
9NTlA-64
9NTlA-65
9NTlA-66
9NTlA-67
Q9NTlA-68
09NTlA-69
09NTlA-70
Q9NTlA-71
09NTlA-72

None identified
L(G-T)

None identified
None identified
None identified
None identified
None identified
S(G-A), S-+T(C-+G)

None identified
T(C-+T),I(C-+T)
None identified
None identified
None identified
None identified
R-+W(C-+T). K-+R(C-+T) G(A-+T)
G-+S(C-+T). H(C-+T),
N-+Y(A-+T) Y(A-+G)
G-+S(A-+G). C-+F(G-+T)
C-+R(C-+T)
K-+T(A-+C). O"..+E(C-+G), V-;tMC.C-+T), S-+C(G;;;:>CJ
H(A-+G). "K-::::"R(A7C)
H(C-+T), G-+S(A-+G)
G(A-+C)
L-+P(C-+T), S(C-T)
None identified
I(C-+T), L-+F(C-+T). M-+I(A-+C)
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97
94
100
98
99
99
98
96
91
97
98
93
95
100
96
96
99
95
98
98
98
98
97
95

Q8NllA-24
8NllA-23
8NllA-22
8NllA-21
8NllA-20
8NllA-19
Q8NllA-18
Q8NllA-17
08NllA-16
Q8NllA-15
08NllA-14
08NllA-13
CYP4All-36
CYP4All-35
CYP4All-34
CYP4All-33
CYP4All-32
CYP4AII-31
CYP4All-30
CYP4All-29
CYP4All-28
CYP4All-27
CYP4All-26
CYP4All-25

Using one sulfite reductase (gi:18310421) as query for PSI-BLAST (Position specific
iterative BLAST), several cytochrome B5-B5 reductases were identified. This "family"
of reductases was examined further to determine if any were similar to proteins
surrounding the D1S2134 marker. One hit stands out, a gene encoded by the FU00377
protein. It is a protein with sequences that match FAD and NAD binding domains, two
domains that are often paired in reductases. It also appeared to contain a CUB domain.
The relevant gene mapped to 1p32.3, on the contig (NT_004424), next to the contig
(NT_032977) containing the initial marker D1S2134. Adding to its appeal, the sequence
was also found by performing a BLASTp that was limited to Homo sapiens, with UroIII
methylase (gi: 1790235) as the starting sequence.

To add to this infonnation, an

oxidoreductase was identified as belonging to COG1018, and in Halobacterium sp. NRC
1 was found to be on a potential operon next to MCM and MCEE (Figure 6.7C).

The candidate gene, FU00377, was used to determine if it passed the homology tests. In
this case, it passed the tests based on evaluating the BLASTp results for each of mouse
and C. elegans.

When compared to yeast did not have similar sequences, but for

Drosophila it had similarity (more than 30%) to gi:7293557. The drosophila protein had
the FAD motif (present in the human sequence), but not the NADPH motif (present in
the human sequence), and a zinc finger motif (not present in the human sequence). Based
on

this

ambiguity,

the

candidate

was
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retained

for

further

analysis.

Figure 6.6. The pathway from precorrin-2 to siroheme, uroporphyrinogen III and
CbI. The tetrapyrolle ring is conserved among all structures, with the central atom and
extended groups changing.
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The FU00377 gene was considered to have thirteen exons, with a variety of alternative
splice variants. All exons and their flanking intronic sequences were PCR amplified and
heteroduplexed. Primer sequences are found in Table 6.10. According to Ensembl it is
two genes (one with CUB domains, and one that is the reductase), NCBI had them as one
gene, namely LOC343190, but has since revised this to only a CUB domain containing
protein without the reductase portion (now listed as LOC200008) (Figure 6.7A). To see
if the locus corresponded to one gene or two genes, three ESTs were ordered: ATCC
3507716 (I.M.A.G.E. 2315996), ATCC 1097533 (I.M.A.G.E. 841016), and ATCC
6352611 (I.M.A.G.E. 3865624) (American Type culture collection, Manassas, VA). No
amplifications could be made from total RNA, or across the ESTs using primers from
each domain.

This work was done by Xuchu Wu.

The ESTs will be need to be

sequenced before concluding whether one or two genes are located in this region.

One heteroduplexes were identified by SF in exons 4 of candidate seven in patient DNA
(Figure 6.8). To determine the sequence responsible for the heteroduplex, fifteen patient
cell lines were amplified and sent for sequencing at the Montreal Genome Centre.
Unfortunately, the heteroduplex was not repeatable. Instead a doublet was obtained in all
heteroduplex analyses, above the position where the phantom heteroduplex was located.
The sequence results for exons 4 were of excellent quality but they showed no deletion or
insertion. There were several missense mutations, in both domains (Figure 6.9). These
mutations were confirmed by restriction digestion and tested for in the evaluated in the
control population. Two interesting splice site mutations were found in the CUB domain,
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Figure 6.7. Candidate 7 possible genomic organization, EST data, and COG
analysis. A. lllustration of the domain structure of candidate 7 as a single (as opposed to
two) gene format. Domain identifiers are from pfam designations. B. Based on the
ESTs it could be one gene or two. Ensembl shows two separate Genscan predicted genes
(upper schematic), NCBI shows overlap between the two domains from a single EST
(lower shematic). C. COG structure showing the ortholog of candidate 7 (reductase
portion) adjacent to MCEE and MCM genes. This pattern was observed in a single
organism, Halobacterium sp. NRC-1 (Hsp).
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Table 6.10. Primer sequences for candidate seven.

Exon
1
2
3
4
5
6&7
6b
6c
6d
8
9
10
11
12
12 in
12 out
13

Forward

Reverse

CTGATAGCCTCAAGACCTCCACCTG
TACTTGACTGAGTAGTAGTTACACAGGTG
ATCTCCATCCCCAGTGCTTGCACAG
AAGACAGCCTCTCCTTGGGGACAGT
TTTGCAGTTGTTTGTTTGTTTGAGAC
GTCTTTGCAAATTGGGAAGGCAGGC
CACAAGAACAGCATGGGAAAGACCTGC
CATCCTCGATCCCATCCATGGAAGT
TCATAGTCCCCATCACTCCCTATTGTCTCC
AAGGTGCTGGGATTACAGAGGTTCACCC
AGTGAGGGAGAGGAGGCCTTGTTCTTCTT
CAGGACCTAATTAAAGAGCTGGTCAGCTGC
GTGGCACCTGCTGCCTAAGCTGTAACT
TGACCCTAAGGCTTCCAGCTCCTCCCT
CTAAGGCTTCCAGCTCCTCCCTCCG
CGATTCCCAGTGGTGCCCATGAACG
GGAAACAAGTTCAGCCCAAGCTCCTTC

GGTCTGAAGTCCTGGAGCGATTCTC
GCCAGCTGACACTTTATACAGAAAAGTC
GCTGTACAGTCAGGGAAGGCTTCCT
GTTGGTCAAGGCCAGCAGCTAGCAA
CAATTGCCTTTGTCCATGTTGTTCC
GCAGGTCTTTCCCATGCTGTTCTTG
CACTTCCATGGATGGGATCGAGGAT
CACAGGGACCATGCAGGTACCATAA
GCTGGCACTGACCTGGTTTGGTTTA
ATCAAAGCCTTGCCCACTCCCAATG
TCAGCCTATGGTTCTTGTGTTGTGGCA
ATAGCAACCATCACCAGGGCACCAA
GAAGGAGACTGCAAAGACTGAGGCTGC
GCCCCCAGAGCCAGGAGAAGCTGAATT
CAGAGCCAGGAGAAGCTGAATTTTC
AGCCCCTACCTGAGACTCAGTGCCG
CTGCCAATGGTCACCAAGTCAGCAAGT
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Figure 6.8. Heteroduplex gels from candidate 7. The lower band only appeared in the
one gel (A) while the upper bands appeared in all subsequent gels (B). A. Lane I: 1 kb
plus marker, 2-12: patient cell lines, 13:control cell line. B. Lane 1: 1 kb plus marker, 2:
blank 3: lane 10 gel A, 4: control cell.
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Figure 6.9. Mutations identified in candidate 7. The mutations were verified by
restriction digest, except those listed in italics. Only the bold mutations were observed in
30 control cell lines, non-bolded mutations were not observed in a minimum of 25
control cell lines.
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-lIVSlO.C>T and Q712Q (A>G) at the nucleotide within the exon immediately adjacent
to the acceptor splice site of exon 12. Neither of these mutations could be verified as we
ran out of DNA for these cell lines.

Aside from the heteroduplex, strange results were also observed in exon 11. Based on
sequence analysis, it appeared to have some sort of inversion in the PCR product of
several of the cblC sequences. By redesigning primers that flanked the region, it was
discovered that the cause was an unusual PCR or sequencing artefact. The PCR product
was cloned and sequenced, along with flanking PCRs, and was found to have generated a
crossover between template strands during the PCR.

A large segment of GC-rich

sequence followed by AT-rich region was blamed for this result. As well, during these
experiments, the region pertaining to the cblC complementation group was narrowed
further by JT to the region between DlS421 and DlS2874. Our candidate seven gene
was not within this region. The lack of null mutations and exclusion of the locus from
the cblC region suggests that this is not the cblC gene. Nevertheless, it is being retained
for further study until the splice mutations are resolved and the question of one or two
genes is answered. The abundance of mutations across the two genes (meaningful if it is
one gene), as well as the two splice mutations, make this gene interesting despite the
linkage and homozygosity data.

175

Candidate eight - ENSG00000159588 & candidate nine - ENSGOOOOOI 1 7448

The narrowing of the region was a great help in thinning the search from over 300 genes
to 62. Each of the remaining genes were re-examined and ranked based on plausibility of
belonging to cblC.

XL in our laboratory amplified candidate 8, while SF amplified

candidate 9. They were both listed as a hypothetical proteins with 13 and 10 exons,
respectively.

Both were similar to sequences in mice, rats, C. elegans, but not in

Drosophila and nor yeast. This evolutionary distribution correlates with the presence of
MMAA, MMAB, MS, and MCM , whichare not found in Drosophila or yeast. PCR
primers were designed (Table 6.11).

All PCR amplifications were completed for 10 cell lines, and heteroduplex analysis was
performed on them for both genes. No heteroduplexes were found. The PCRs were sent
to Carole Dore, at Montreal Genome Centre, for sequencing. Although some of the
sequences did not work, no heteroduplexes were observed (Table 6.12).

Candidate 9 was suggested to be a monomeric NADPH-dependent oxidoreductase having
wide substrate specificities for carbonyl compounds. It was found next to lactoglutathiol
lyase (MCEE) in the COG database. These data were promising, but without evidence of
mutations by sequence or heteroduplex analysis, this candidate was rejected. The results
are recorded in Table 6.13.
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Table 6.11. Primer sequences for candidate eight and nine.

Candidate
-Exon

Forward primer

Reverse Primer

8-1
8-2
8-3 &4
8-5
8-6
8-7
8-8
8-9
8-10
8-11
8-12&13
9-1
9-2
9-3
9-4
9-5
9-6
9-7
9-8&9
9-10

GAGGTTTCCCCACCCATTCTCCTGA
CTCCCAGACCAGCAGGCCAGTAGATCT
TCTGCCCTCGCCGTTTGGCTTAAGCTTGC
CTCCCGGCGAGAGGCAGAACTTTAT
GGTGGTCAGTCCTGGGAGGAGAAAA
CAACCCATTTGTGGGCCCAACTCTT
GGAACAGGTTGGAGGCAGCTCTGCT
AAGGGAGCCCACTAGGACCAGATAG
CCAGGTCAGTAGGTGGGGATCATGA
CTTGGGCAGCTGAATGGGATTCCTC
TGCTCAAAACCTGCCTTCTCCTGTTC
AGCCAACCTGACTTTAGGGAGAGTATGG
AGAGATGGATGGGGGTCTCTCGGTCTTTTG
GGCGCTTTGCAGTATTCTTGACAGTGG
AGCATTGACCTTGGGGTGGTGACAG
GTAAGGACTGGGGTTGTAAATAGAGGTGGG
CCCTTTGTCCTCTCTGGGATTGGAGTTT
GCAGAAGTCCTCTGCATAAAGGTGG
TGAGGATCTTGCCTTGTGATCTGGAG
CAGCCAATGCCATCTGGCATAGTGCTGTAC

GCACAACCTGGGGATAGGGTGTAGT
GAGCAAGCTTAAGCCAAACGGCGAG
AGAACTGCTCAGCGCTTCGCCCTAT
GGCTCTTCGGATAAGGCTGGACTTG
ATGGGATAGGGTTGGGGTGCTCACT
AGAGCAGAGCTGCCTCCAACCTGTT
GCAGGTCCCTAACCCTATCTGGTCC
CCAGACCTGCAGCTCACAGACCAAA
GCTGCATCTCTTGCATTCACCAGCC
CCTGTGGAACAGGAGAAGGCAGGTT
CCTGGCAGAAATACTGAGGAAACGGA
GGAGAAAGATAGGCCAGCAGCAAGA
TCAAACCCTTCCAGCAATTCTCCCC
GGAAAATGCAGGCAGAGGCTCAACA
GAGGAACTGGAAGGAAGCTGATGCC
TACTAACACCATCCTGCTCAACCCC
GGACTTCTGCACCAACACTCTGACAACTTG
GCTGGAGATCGGCCATACTTTTCAG
CCCACCCACAACATTGTGTCCTTCT
TTGGGCTTCAAGGGCAGGTCACATC
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Table 6.12. Summary of mutation analysis complete for candidate eight. S stands for
sequence. H stands for heteroduplex. For exons 3 to 9 sequencing did not work. The rest
of the sequences were complete. Mutations were confirmed by restriction digest.

Exonl
Cell line

1

2

3

4

5

6

7

8

9

10

11

12

3
4

S
S

S
S

H
H

H
H

H
H

H
H

H
H

H
H

H
H

S
S

S

S
S

5
7

S
S

S
S

H
H

H
H

H
H

H
H

H
H

H
H

H
H

S
S

S

9
10
12
13
14
15
HeLa

S
S
S
S
S
S
S

S
S
S
S
S
S
S

H
H
H
H
H
H
H

H
H
H
H
H
H
H

H
H
H
H
H
H
H

H
H
H
H
H
H
H

H
H
H
H
H
H
H

H
H
H
H
H
H
H

H
H
H
H
H
H
H

S
S
S
S
S
S
S

S
S
S
S
S
S
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C-+T(R-+W),
G-+A(T--+T)
G-+A(T-+T),
G-+A (T-+T)

G--+A (T-+T)

S
S
S
S
S
S
S
S
S

Table 6.13. Summary of mutations in Candidate nine. For exon 2 sequencing did not
work. The rest of the sequences were complete. No mutations were detected.

Exon
Cell
line
3
4
5
7

9
10

12
13
14
15
HeLa

1

2

3

4

5

6

7

8

9

10

S
S
S
S
S
S
S
S
S
S
S

H
H
H
H
H
H
H
H
H
H
H

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S
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Candidates ten, eleven and twelve

Following the series of misses described above, the list of genes was re-examined and reranked.

Any sequence that fit into the criteria (no OMIM disease assignment, no

Drosophila or yeast homologs and a possible role in Cbl metabolism) were selected to be
systematically examined.

Candidates 10, 11 and 12 were amplified by SF and no

heteroduplexes were identified. Candidates 10 and 11 fit the homology criteria and had
no defined function. Candidate 12 was UroIII dehydrogenase (URaD). It was examined
even though it had a human disease associated with it (porphyria) while functioning in
the common pathway to siroheme and cobalamin synthesis in microbes (Figure 6.6). It
was thought that a mutation in the URaD gene might lead to a loss of vitamin B 12
binding. Since it appeared in a large number of COG searches (Chapter 7) and was
localized in the critical 1p34 region, it was examined for mutation. No heteroduplexes
were found in any of the above candidates.

Further studies

Of the 62 possible genes in the narrowed region, 11 have been examined by either
heteroduplexes, sequencing or both. It would be possible to examine the rest of
the genes, provided the manpower and funding is available. The first ones to target
would be those listed as "possible" in Table 6.2. Also, using RT-PCR to amplify cDNA
for each gene would take less time and money than amplifying the genomic exons as
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fewer PCRs, primers, and gels would have to be run. Both heteroduplexing and sequence
analysis could be performed.

Initially, the focus would be on the genes that lack

Drosophila and yeast homologs, and that do not have published roles. Following this,
genes could be sequentially examined.

Alternatively, if sequences arise out of the

finished Genome subtraction or COG searches, they should take priority (see Table 6.2).

Also, transfecting the cells with expressible cDNA could be performed. The Gravel lab
has recently purchased and XL has amplified a cDNA library (Clonetech). The library
will be screened by microinjection of pools into mutant cells from the various
complementation groups. If the method works, a complementing cDNA might be
identified by cycles of serial dilution and enrichment. The 14C propionate assay could be
performed to determine the levels of 14C uptake.

If the cblC cell line recovers its

function, i.e. the 14C uptake increases significantly; the gene will have been identified and
could be used for mutation analysis.

One of the first cDNAs that I would suggest

examining is the CYP4B 1, to verify that the deletion is not disease-causing.
Alternatively, the use of siRNA technology to knockdown each CYP could be performed
and the relevant assays completed as described in Chapter 5.
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Chapter 7 : Finding and testing more candidates

Introduction

Blocks in any of the Cbl modification steps lead to inborn errors, including failure to
thrive and developmental retardation. Many pathways are dependent on Cbl, so that
metabolic or absorption problems can be very serious. Cbl is required for the formation
of red blood cells (prevention of anemia) and the maintenance of a healthy central
nervous system (prevention of neural tube defects). In order to prevent these problems, it
is important first to understand how the system works. There is a need to determine all
the genes involved in the human Cbl pathway. To accomplish this gene identification,
the pattern of Cbl utilization and synthesis in other organisms can be examined.

Historically, the steps involved in the cellular processing of vitamin B 12 were postulated
to include release from Iysosomes after receptor-mediated uptake, successive reduction of
the Co moiety of Cbl from Co(III) to Co(II) and Co(II) to Co(I), adenosylation to the
AdoCbl form and activation to the MeCbl form (Figure 1.4). Each step was linked to a
complementation group (labelled cblA through H).

The genes responsible for

complementation groups cbiC, cblD, cbiH and cbiF have not yet been identified. There
are likely other steps involved in vitamin B 12 processing, for which a complementation
group has not been identified. An example of the complexity that may occur in the Cbl
processing pathway is shown in Figure 7.1.
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Figure 7.1. Possible intracellular processing of vitamin B". The complementation groups which currently have no corresponding
identified genes are in blue. Possible processing steps include lysosomal efflux ("7"), mitochondrial import ("7") and intramitocondrial
reduction of Cbl ("7"). Other steps, not envisioned here, may also exist.
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Similarity searches
There are several approaches which can be taken to find genes, including searching for
homologs of known genes. Bacteria synthesize and utilize B \2 for a much wider variety
of reactions than do humans, and have better characterized pathways. Therefore it is
reasonable to use their information to search for further human candidates. The use of
bacterial sequences to identify homologous genes in humans was previously successful
for MS, MMAA, MMAB, and MeM. As such, any enzyme that is functional in a Cbl
pathway in bacteria could be examined as having potential functional elements or
sequence similarity to genes in the human genome.

Genome subtraction

The utilization of vitamin B\2 during evolution is rather speckled (Figure 7.2).

For

instance, only some archea and bacteria utilize and synthesize vitamin B\2, the insect and
fungi communities seem to have lost the requirement for Cbl, and mammals and protists
require vitamin B\2. The reason for the scattered utilization requirements may stem from
the variety of roles vitamin B I2 has adopted in cells. These roles may go back to the
primitive RNA world where Cbl was likely to have been an active factor in the utilization
of small molecules (168,169). Roth suggests that "the original significance of B 12, and its
remaining primary role in many modern bacteria, may be to support the fermentation of
small molecules to generate both an oxidizable compound and an electron sink for use in
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Figure 7.2. Evolution of vitamin B12 processing. Taken from Roth (168). The
evolution is scattered as some organisms use vitamin B12 but do not synthesize it, or do
not metabolize vitamin B12 at all.
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Metabolize Cbl
Synthesize Cbl

balancing redox reactions" (168). From this fundamental role, a variety of functions for
Cbl have been gained and lost in evolution.

Given this scattered evolutionary pathway and the wealth of genomic sequences in the
microbial world, I devised a method, termed "genome subtraction," to assess this
information. "Genome subtraction" takes the vitamin B 12 synthesizers/users and finds all
genes they have in common, then eliminates all genes that are present in groups of
organisms that no longer have the vitamin B 12 pathway. Ideally, the remaining genes
should be those required for the functional vitamin B 12 pathway. This method could be
applied to other ancient pathways to find important genes.

Operon search

To help us in the further identification of candidate genes, nature has structured many
bacterial genomes in such a way that the genes for functionally related proteins (i.e.
proteins belonging to a single biochemical pathway) are located in close proximity to
each other in operons (170).

This allows for lateral gene transfer to occur between

prokaryotes, so that whole pathways are exchanged. In the most informative cases, the
information gleaned from genome structures can be converted into clues as to the
identities or functions of the unknown proteins (79,95). In eukaryotes, the problem of
identifying genes, never mind assigning their function, is considerably more difficult as
proximal genes rarely give clues as to function.

However, by making use of the

information provided in bacterial genomes to identify similar genes in humans we can
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find clues as to unknown gene identities. The COG (Clusters of Orthologous Groups of
proteins) database at NCBI, comprising a set of 43 complete genomes, mainly in
prokaryotes,

was designed to allow searches of COGs and their neighbouring genes

(used for Chapters 2 and 3). My approach was to expand on the COG database by
establishing a "homemade" COG specific to Cbl genes. This method examines 288
bacterial and 22 archeal partial or complete genomes, in contrast to the 43 supplied by the
COG resource. The COGs are based on only two genes, those for MCM and MS. As
with the finding of MMAA and MMAB adjacent to the gene for MCM in an
archeabacterium, the method would allow for COG based analyses, now of up to 300
species, for neighbouring genes. This method would give a much broader set of clues as
to the possible components of human Cbl metabolism.

Using these three methods (similarity search, genome subtraction and expanded operon
search), lists of candidates were formulated and used to predict human genes that might
be involved in Cbl utilization. Four of the genes identified were tested using siRNA
technology.

One candidate, SAD, had reduced 14C-propionate uptake.

Another

candidate gene, DEHAL1, was screened by SF to test for heteroduplexes in chiC cell
lines.

Although we have not found any candidates associated with complementation

groups, I remain optimistic that this collection of candidate genes will help with the
elucidation of the remainder of the Cbl pathway. The long-term objective is to complete
the identification of the pathway leading to vitamin B 12 cofactor synthesis and to
characterize the corresponding genetic diseases.
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Materials and Methods

Materials

A Linux computer was used for the majority of the queries. When available, web-tools
were utilized.
processes.

Occasionally, perl scripts were written to help expedite the search

The knockdown siRNA-based experiments required the materials and

methods listed in Chapter 5 and were used to test the four candidate genes.

Similarity searches

Similarity searches were completed by compiling a list of all genes implicated in any
vitamin B 12 processing or synthetic pathway.

Cbl requiring proteins including:

ribonucleotide reductase, ethanolamine ammonia lyase, diol dehydratase, lysine 5,6
aminomutase, D-omithine aminomutase, and glutamate mutase, 2-methyleneglutarate
were examined.

Most vitamin B I2 synthesis genes can be found with the name

"corrinoid" or "cobalamin" in their function. All genes that fit these pathways or were
implicated in Cbl pathways through Pubmed searches were examined. For example: any
genes with "btu", "cob", "cor" (for corrinoid), "pdu", "eut", "blu", "mea", "met", "ddr",
"gdr" in their gene symbol or that were mentioned in papers on vitamin B 12 processing,
were studied. A list of possible genes was compiled.
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Each encoded protein was BLASTed against the human ESTdb (tBLASTn) and known
human proteins (BLASTp). The corresponding gene sequence was also BLASTed against
the predicted and known RNAs (tBLASTx).

Genome subtractions

Determination of user versus non-user groups

The first step identified organisms that used Cbl and organisms that lack the any portion
of the Cbl pathway. Eighty-eight complete genomes, both prokaryotic and eukaryotic,
were searched for similar sequences to MCM, MS, MMAA, and MMAB.

A list of

genomes containing all four components was identified as the B12-users group. Those
genomes lacking all four components were also queried using BLASTp for any other
genes requiring vitamin B 12 including ribonucleotide reductase, ethanolamine ammonia
lyase, diol dehydratase, lysine 5,6 aminomutase, D-omithine aminomutase, glutamate
mutase, and 2-methyleneglutarate. Those using one or more component were identified
as partial users. The non-user group was further tested for any "corrinoid", Cob, Cbi or
Btu protein using a keyword search. As a result, 31 users, 45 partial users, and 12 non
users were identified.
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Microbial genome database for comparative genomics

The Microbial Genome Database for Comparative Genomics (MBGD) (171) provided an
excellent tool for multiple genome comparisons (http//mbgd.genome.ad.jp). It also allows
all proteins for every genome to be compared. Nine prokaryotic genomes were available
to be tested from the Cbl user list. One genome (yeast) was available as the non-user
pool. Three levels of genome subtractions were done: (a) all nine users versus the non
user (= High Stringency); (b) at least five of the nine users (at least four selected
randomly, one required to be A. fulgidus) versus the non-user (Medium Stringency); and
(c) at least five of nine users (selected randomly) versus the non-user (Low Stringency).
These yielded 38, 318 and 875 genes, respectively, that were unique to the users. Note
that the more stringent set is a subset of the next level set and so on. Also, note that the
hits include, by definition, the original set of four proteins (MS, MCM, MMAA and
MMAB) in the user pool. For comparison, subtraction of the genes in A. fulgidus and
yeast yields 1318 non-similar genes. The use of multiple genomes on the user side
reduced this number further. A. fulgidus was chosen as uniquely included in the medium
stringency test because it was the most informative organisms for the COG searches,
since it contains MCEE, MCM, MMAA, and MMAB homologs linearly on its genome.

Each gene resulting from the MBGD query was BLASTed against the human ESTdb
(NCB!), the human Genscan predictions (ensembl), and the C. elegans, Drosophila,
human and yeast protein databases. Command line blast and web-based blast were both
used. Candidates were annotated by listing the identified similar proteins in humans and

190

C. elegans (known Cbl users) and the absence of similar sequences in Drosophila and
yeast (known Cbl non-users). Those that fit the criteria were ranked as being of High,
Medium or Low significance based on the manual examination of each. The hits were
examined for functionality, localization to 1p34 (the cblC region in humans), and OMIM
reference information. For example, if a disease was already associated with the hit or if
the function was well-defined, it was regarded as a low hit. If the hit implied a reductase
function or hit 1p34, it was automatically ranked as a high hit. If the protein had no
known function, but fit all the criteria it was given a medium rank. I completed the
analysis of the high (38 genes), medium (318 genes) stringency groups. Jackson Wong
(JW) completed the analysis of the low (875 genes) (557 not present in the previous
group) stringency groups. The method used is outlined in Figure 7.3.

Operon based query

Determination of homologs of MS and MCM

The E. coli ortholog of MS, encoded by metH (gi:34395941), and MCM, encoded by sbm
(gi: 16130818), were blasted against the proteins from 288 bacterial and 22 archaeal
genomes using BLASTp. A list was created of each organism and the associated gi
number if the hit was significant (an e-value less than 0.01). Some genomes had no hits,
while some had multiple copies of the genes in question. Each copy was used as a
separate query.
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Figure 7.3. Outline of the genome subtraction procedure. The sheme shows the major
steps in the procedure. (1) Determine Cbl users and non-users: Blast 88 prokaryotic
genomes for presence of selected vitamin Bl2 genes (MS, MMAA, MMAB and MCM).
(2) Subtractive genomics: subtract the indicated set of users and the single (yeast) non
user. This subtracts the cumulative complement of genes in the users versus the non
user. The procedure was done at Microbial Genome Database for Comparative Analysis
(MBGD). (3) Ortholog search (BLAST): BLAST the hits from each stringency group in
the previous step against the human, C. elegans, Drosophila and yeast, using EST or other
appropriate database (see text). (4) Indentify candidates: retain those hits that are present
in human and C. elegans, and absent in drosophila and yeast. (5) Test candidates:
examine complementation groups for mutations to authenticate genes involved in Bl2
metabolism or evaluate involvement by siRNA knockdown of expression of candidate
genes and use of 14C-propionate incorporation to determine if there is a resulting
metabolic block.
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Upstream and downstream queries

The accession number of each hit was recorded in a list. It was determined that the genes
flanking those hits had accession numbers ascending and descending from the MCM or
MS homolog. This approach simplified the recording of upstream and downstream genes.
However, some genomes did not follow this rule. For example: in A. julgidus, Nand C
terminal domains of MCM are encoded by gi: 11500022 and gi: 11500023, but the genes
upstream were gi: 11498886, 5, 4, 3 etc. and downstream gi: 11498887, 8, 9 etc. A perl
script was written to blast upstream and downstream genes. Each hit was recorded along
with the significance values (e-value and score). For the BLASTp results (nr database
specific to human), the genomes were queried for 7 proteins in each direction from the
MS or MCM homolog. For the ESTdb hits (tBLASTn), queries were only made three
each way as this was significantly more time and memory consuming. The perl script
required the following input: the organism's name (to create a directory) and the initial gi
number of the MCM or MS homolog. The script was modified to count seven times
upstream and seven time downstream to create the list of proteins. Each protein was
BLASTed using BLASTp, nr (limit to human).

The three proteins upstream and

downstream of the initial query were BLASTed using tBLASTn (limited to human
ESTdb).

The BLASTp hits were transferred to a spreadsheet. The spreadsheet was designed so
that a non-Unix user could perform a blink search on all fourteen genes flanking the MS
or MCM homologs. All human BLASTp hits were recorded on the spreadsheet below
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the accession number of the seed (Figure 7.4). A list was created to count the number of
times each protein was hit, and sorted by chromosomal location. The list was compared
to the genome subtraction hits and a combined table was created. SF played a critical
role in the excel spreadsheet creation, examination and analyses.

Testing candidate genes

A protocol to test candidate genes was developed using siRNA technology.

It is

discussed in Chapter 5. Four candidate genes were tested including SAD, CER, BTUE
and ABCA4. All were identified by genome subtraction from the high and medium
stringency searches. An siRNA vector was established for MMAA knockdown for use as
a positive control for the siRNA technology (Chapter 5). Northern and Southern blots
and 14C-propionate assays were completed for each gene tested. The primers used for
siRNA insert creation are listed in Table 7.1. The primers for amplification of the cDNA
probes used for northern blots are listed in Table 7.2. All experiments were performed in
triplicate for ABCA4, CER, BTUE. Unfortunately the first two sets of primers for BTUE
did not result in a knockdown of RNA expression. A third set of primers was successful
and was used for the triplicate experiments. For SAD, experiments were performed six
times. In all six instances, expression of the RNA was knocked down. In five of these
experiments, 14C-propionate expression was also reduced, but in one it remained at
normal levels.
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Figure 7.4. Screenshot of the excel spreadsheet used for operon queries. This is a representation of the consecutive indicated genes
for each organisms on each line. The centre column (arrow) represents MS or MCM as the query gene. Listed in either direction are
the accession numbers, usually numbered consecutively, for seven genes on either side of the query gene. Each accession number is
linked to the Blink results. On the second line for each organism is a descriptor (accession number, chromosome location,
description) pertaining to the result of the BLAST of the gene above corresponding to a human hit. The colour coding corresponds to
interesting genes. The blue writing links directly to the Blink query corresponding to the gi number listed. The bold letters signify, in
addition to MCM and MS homolog, other known human genes that are recognized components of the pathway, induding orthologs of
MMAA, MMAB, PCC, MTHFR and MCEE.
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Table 7.1. Primers for siRNA. Primers were designed as suggested by Ambion, and BLASTed against the human ESTdb to ensure
that they were gene specific. The bold sequences correspond to the sense, the italics to the anti sense and the underlined to the loop
structure specified by Ambion.

Gene
target
ABCA4

BTUE
3
CER

SAD
MMAA

BTUE-I
BTUE-2

Forward

Reverse

TCGATGCCATTTCCCCAACAAGGTTCAAGAGACCTTGTTGGGGAAATGGC
ATITITT
TCGACAGGAGCCTGACAGCAACATTCAAGAGATGTTGCTGTCAGGCTCCT
GJ JJ I J I
TCGAGTAATGAGCAAGTCCCAATTTCAAGAGAATTGGGACTTGCTCATTAC
TITITT
TCGATGGGAGGTACAGAATCGTATTCAAGAGATACGATTCTGTACCTCCC
ATITITT
TCGAGTACTCATCTCGGATCAGGTTCAAGAGACCTGATCCGAGATGAGTA
CI II II J
TCGAATGTGAGGTGAATGGGCAGTTCAAGAGACTGCCCATTCACCTCACA

AATTAAAAAATGCCATTTCCCCAACAAGGTCTCTTGAACCTT
GTTGGGGAAATGGCA
AATTAAAAAACA GGA GCCTGA CA GCAACATCTCTTGAATGTT
GCTGTCAGGCTCCTG

]JUJU

TCGAGGTAGATTTCAATACGTTCTTCAAGAGACTTGAACGTATTGAAATCT
ACIIII J I

196

AATTAAAAAAGTAATGAGCAAGTCCCAA TTCTCTTGAAATTG
GGACTTGCTCATTAC
AATTAAAAAATGGGAGGTACAGAATCGTATCTCTTGAATACG
ATTCTGTACCTCCCA
AATTAAAAAAGTACTCATCTCGGATCAGGTCTCTTGAACCTG
ATCCGAGATGAGTAC
AATTAAAAAAATGTGAGGTGAATGGGCAGTCTCTTGAACTGC
CCATTCACCTCACAT
AATTAAAAAAGGTAGATTTCAATACGTTCTCTCTTGAAGAAC
GTATTGAAATCTACC

Table 7.2. Primers for amplifying eDNA probes for Northern blotting of siRNA treated cells, to ensure knockdown of
expression.

Probe target
ABCA4
BTUE
CER
SAD
MMAA

Forward
TATCTTTATTTCTGGTCTTGATCTGGT
CGCAGCAGGAGCAGGACTTCTACGA
GGAGAAAAAGAAGGGGGAGCCTAGAAC
AGAAGCTGCCAGACTTGGTATTCACACC
CCCTGTTTAGCAGAGGCCATAACTCT
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Reverse
TTTCTTCATCTTTCAAGATATCCCTTA
CCAAGCCCCTACCACCTTTCCATCT
CAGGATAGTGGTTATGAGAGAAGGGG
GGGGTGCCAATGACACTTGAATCTTC
CCTGCTGGTGGCAGTAGTAAAACAA

Results and Discussion

Similarity search

Several candidates were obtained from the similarity search (Table 7.3). However, none
of the candidates were recognizable as belonging to the cblC, cbID, cblH and cblF
complementation groups based on expected biochemical function. No gene was located
in the critical Ip34 region (cblC). Alternative methods for finding candidate genes were
examined.

Genome subtraction

Since organisms that fail to utilize vitamin B l2 lack all known vitamin B I2 genes, it seems
rational that they would also fail to have genes that belong to unknown components of
the vitamin B 12 processing pathway. Alternatively, those organisms that have the known
genes should have unknown genes specific to the B I2 pathway as well. At the same time,
both groups should share genes to all common pathways.

Based on this reasoning,

criteria were developed to test if organisms were Cbl users or nonusers using known Cbl
genes as the criteria. The MBGD resource contains information on many prokaryotic
genomes and three eukaryotic genomes. This resource allowed several genomes to be
compared to each other, keeping genes common to users and removing genes found in
the non-user. From the initial user and nonuser list, nine user genomes and the selected
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Table 7.3. A list of candidate genes with their corresponding bacterial gene name,
function and similar sequence in microbes and humans. Some are predicted or known
to be linked to specific complementation groups (CG) or abbreviated gene identifier.
Those to be tested are in bold. Those which are already identified are in italics. Items
with specific sequences not yet found or weakly similar are neither bold, nor italicized.
CG

Gene

Function

Ref

CblA

MeaB

GTP/ATPase

CblI
CblB

ph0272
pduO

MCEE
Adenosyltransferase

(95,11
6)
(104)
(21,79
)
(70)

CblCID

Not known

(74)
(172,1
73)

CblE

Ad
pduF

Two components
Propanediol diffusion

CblG

MetH
pduO
meaA
bluB
btuD
btuE
cbiL

Cbl dependent MS
Reductase
MCM
Cobalt reductase
Vitamin B12 transport, ATPase

(13)

precorrin-2 methyl transferase

(174)

cbiO
cbiY
cobB

cobalt ABC transporter
NAD(p)H-navin oxidoreductase
corrinoid synthase

(74)

cobF

precorrin 5 methyl transferase

(174)

cobG
cobW

Monooxygenase, contains 4Fe-4S centre
Unknown

(174)

cobX
eutJ
mtmB
mtmP
NRI
Orf2
pduP

Unknown
possible chaperonin
monomethylamine methyltransferase
monomethylamine permease
Novel reductase I
Unknown
CoA-dependent propionaldehyde
dehydrogenase
Propandiol dehydrogenase
putative ferredoxin
tryptophanyl-tRNA synthetase

MUT

BTUE

ABCA4
CER

SAD

pduO
pduS
trpS
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(21)
(116)

(174)

Similar sequences
(eukarvotic)
MMAA
MCEE
MMAB
Chromosome I p34 region
MTRR
Aquaporin -7
MS
DUF336 domain
MCM
iododehalogenase,
ABCA4
CL683
gi:14043671 doesn't align on
genome
ABCA4
CDKALl
SRT5

(20)
(176)
(176)
(177)
(116)
(178)

gi: 14043671 doesn't align on
genome
SRECII (175)
CobW - three genes & one
psuedogene
BolA like protein
HSPAIL: \
UROD
SLC7Ali
Known reductase
LOC255861:
ALDHIA3

(116)

Hypothetical protein FU32430
NDUFVI
WARS2

non-user were available in MBGD. From this set, only 39 hits were obtained. These hits
were then tested for homologs in humans, C. elegans (user), and Drosophila (non-user).
From these, only 3 candidates had similar sequences in the users (humans, C. elegans,
nine prokaryotes) and lacked them in the nonusers (Drosophila and S. cerevisiae). Less
stringent tests were designed to account for the loss or substitution of a gene required for
vitamin B 12 in the user group. The medium stringency test required A. fulgidus and any 4
of remaining eight genomes.

It yielded 318 initial hits and 9 after the C .elegans,

Drosophila, S. cerevisiae and Homo sapiens testing. The Low stringency test yielded 875
candidates and 17 after the C .elegans, Drosophila, S. cerevisiae and Homo sapiens
organism testing.

The hits are listed in Table 7.4.

Each hit was ranked based on

plausibility of a role in Cbl processing.

Two findings suggest that the procedures are relatively robust.

First, four of the

candidate genes identified by the similarity method were also identified by genome
subtraction, all at medium stringency (Bold gene names in Table 7.3 & 7.4). Second,
proteins involved in propionate processing that were not part of the input pool, either to
define users or non-users, were also identified in the medium stringency tests. These were
MCEE and propoinyl CoA carboxylase (PCC)-a and

PCC-~.

These were considered a

significant validation of the method since all three genes function in human propionate
metabolism, which is absolutely dependent of vitamin B 12 (MCM) (Figure 7.5).
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Table 7.4. Seventeen candidate genes from genome subtraction. For each human hit,
the percent identity and length of aligned sequence based on comparison to human
protein sequence is listed.
Stringency

Human

C. elegans

High

ABCD3,
lp22-p21
659 aa

62% of
611 aa

High

PHGDH
1p12
405 aa

54% of
316 aa

33% of
255 aa

High

CDKAL1
6p22.2
579 aa
IVD
15q14
423 aa
SCPX
1p32
547 aa

47% of
151 aa

None

None

67% of
419 aa

None

58% of
404 aa

Medium

ABCA4
1p22.1
2273 aa

Medium

Medium

Medium

Medium

Medium

Low

Low

Low

Drosophila
26% of 199

aa

Yeast

29%
of
597
aa
32%
of
346
aa

Notes
Though to be involved in
zellweger's, but evidence
against this hypothesis
(179)

Rank

Medium

Phosphoglycerate
dehydrogenase function,
V490M and V495M cause
disease (180), treatable
with high amounts of Lserine
Domains include: potential
oxidoreductase, s-adenine
methyl synthase = CER

Low

None

Mitochondrial, leucine
catabolism, leads to
isovaleric academia

Low

None

None

Medium

31% of
788 aa

28 % of
216 aa

None

DEHAL1
6q25
289 aa

36% of
266

None

None

LACTB2
8p22
288 aa
PARK7
189 aa
1p36.3
COMTD
1
IOq22.3
262 aa
DHCR24
516 aa

47%
280 aa

None

None

Cholesterol movement,
may be responsible for
infantile neuronal ceroid
lipofuscinosis
No known function,
maybe multidrug
transport, may be retinal
specific = ABCA4
Excellent candidate,
reductase function,
misnamed as iodotyrosine
dehalogenase, bluB
homolog
Hypothetical protein,
hydrolase, metallo-beta
lactamase family = SAD

52% of
188 aa

None

None

Linked to parkinson's
disease, deletion in
patients

Low

46% of
166 aa

None

None

Medium

49% of
495 aa

None

None

LOC149
478

31% of
105 aa

None

None

Methyltransferase domain,
maybe S
adenosylmethionine
dependent
methyItransferase
FAD dependent
oxidoreductase, deficient
mice had no cholesterol,
fatty acid
Similar to neuronal thread
protein, localization to
Ip34
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High

High

High

High

Low

High

Low

Low

Low

Low

Low

1p34
(NCBI)
126 aa
ABHD7
1p22.1
362 aa
MGC453
86
15q26.1
140 aa
LOC146
712
17q25.3
209 aa
CLYBL
13q32
304 aa
ClOorf33
lOq24.2
581 aa

Hydrolase domain
containing, maybe lipid
metabolism

High

None

30%
of
120
aa
None

Possible role in signal
transduction

High

42% of
257 aa

None

None

No clear role or function

Medium

48% of
298 aa

None

None

Citrate lyase beta like
protein

Medium

54% of
540 aa

None

None

Potential phytoene
dehydrogenase, reductase
domain

Medium

44% of
284 aa

None

51% of
143 aa
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Figure 7.5. Validation of the genome subtraction method by identification of genes
relevant to the propionate, methionine and one carbon pathways. MS and MCM are
required as part of genome subtraction, so are always including in the results (Green).
Two genes known to be involved in propionate uptake in mammalian cells and that were
identified in the medium stringency tests are shown in pink. Other genes suggested to be
relevant to the MS and MCM pathway were identified in the low stringency tests and are
shown in blue.

Methylmalonate
semialdehyde transferase

MMCoA carboxytransferase
MMCoA decarboxylase
PCCa~

S-methylmalonate ~ Propionyl CoA ~---.
semialdehyde

S-MMCoA ~---. R -MMCoA"-~ Succinyl CoA

Methionine adenosyl
transferase
S-adenosyl methionine

MCEE

MS

~ L-Methionine~---,

Cytathionine beta
ligase
Homocysteine

~---.

Cytathionine

GART
MTHF dehydrogenase

~

5,10 Methylene THF~---'5,IO-Methenyl THF ~-~ IO -formyl THF ~---. THF

MTH~

5 Methyl THF
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Others proteins relevant to the propionate or methionine pathway were identified in the
low stringency searches.

From the propionate pathway, methylmalonyl CoA

decarboxylase, methylmalonate-semialdehyde dehydrogenase, and holocarboxylase
synthase were identified.

From the methionine and one carbon pool pathway,

methylenetetrahydrofolate

dehydrogenase,

methylenetetrahydrofolate

reductase,

phosphoribosylglycinamide formyl transferase (GART), cytathione beta lyase and
methionine adenosyltransferase were identified. These are important results as these
genes are known to be relevant to the pathways. In particular, MCEE is not itself a Cbl
dependent gene, but it occurs in a pathway that only exists if a Cbl-dependent component
is present, in this case, MCM.

Interestingly, all of the genes, except MCEE, are

eliminated in the ortholog search as they are similar to genes in Drosophila, so would not
be part of the final candidate list.

This is a potential weakness of the method and

demonstrates a requirement for careful manual inspection.

Testing the candidate genes

None of the initially searched medium and high stringency genes yielded candidates
corresponding to the complementation groups. None of them were localized to Ip34
(cblC), nor did they have any lysosomal connection (cbIF). However, it is possible that
not all genes in vitamin B 12 metabolism have a corresponding complementation group.
Mutations in such missing genes could be lethal to the fetus or might be unsuccessfully
diagnosed as vitamin B 12 related. Such genes would require other methods for validation.
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The method designed for further validation purpose utilizes siRNA technology to
knockdown gene expression (described in Chapter 5), followed by 14C-propionate uptake
assays. The vector used, pXuchu, was a combination of the siRNA (Ambion) vector and
peGFP (Clonetech).

Once a protocol was established, four candidate proteins and

MMAA, as a known vitamin B 12 gene, were examined via siRNA experiments. For all
four proteins and MMAA, northern and southern blots and 14C-propionate experiments
were performed (Figure 7.6 & 7.7). For three of these candidate proteins, CER, BtuE and
ABCA4, no significant difference was observed compared to normal levels of 14C _
propionate uptake, even though northern blots revealed a knockdown in RNA levels
(Figure 7.6 & 7.7).
propionate activity.

For one candidate gene, SAD, there was a reduction in 14C _
For this candidate, the siRNA was performed six times in six

independent transfections. In all instances, RNA levels were knocked down based on
Northern blots.

However, in one set of assays, the 14C-propionate activity was

comparable to normal, so activity was not impaired.

This 'failed' experiment was

included in the average of all six 14C-propionate uptake experiments (Figure 7.7) and is
largely reflected in the larger standard deviation compared to the other transfections.
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Figure 7.6. Example of the northern blots of HeLa cells for siRNA experiments.
HeLa cells were transfected with peGFP (control) or pXuchu containing inserts for
knockdown suppression of the RNA for each gene tested. A. peGFP transfected. B.
pXuchuCER transfected, C. pXuchuBTUE transfected (using a third set of primers; see
text), D. pXuchuABCA4 transfection, E. pXuchuMMAA transfection, F. pXuchuSAD
transfection. Each blot was probed with a fragment of eDNA (top) corresponding to the
specific gene of interest, blot A is probed with the MMAA fragment, and p-actin (lower
blot in each figure). The RNA levels were measured prior to loading on a gel to also
ensure equal amounts were loaded. Lane I :tranfected cells, 2:untransfected cells, 3:
HeLa peGFP transfected cells.
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Figure 7.7. 14C-propionate uptake study in siRNA transfected BeLa cells. Levels of
uptake are compared to control (HeLa) untransfected cells and expressed as amount of
propionate uptake/mg protein 18 h. Bar I:HeLa, 2:HeLa transfected with peGFP, 3.
HeLa transfected with pXuchuCER, 4: HeLa transfected with pXuchuBtuE, 5: HeLa
transfected with pXuchuABCA4, 6: HeLa transfected with pXuchuMMAA, 7: HeLa
transfected with pXuchuSAD, 8: untransfected WG3080, cblA fibroblast cell line. Error
bars indicate the standard deviation observed for the assays when performed in triplicate.
For SAD the assay was performed six times.
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Operon based queries

The concern with using only Genome subtraction to identify Cbl candidate genes was
that some of the genes relevant to Cbl processing might be missed or overlooked.
Therefore, the homemade COG method was devised to examined the operon structures of
288 bacteria and 22 archeal genomes, expanding on the available information from the 43
genomes supplied by the NCBI COG database.

A total of 374 genes nearby MCM or MS in prokaryotes were identified as having similar
sequences to known human proteins. The most commonly hit proteins are listed in Table
7.5. The two most common were alanine-glyoxylate aminotransferase and stomatin
(EPB72)-like 2.

It is conceivable that the stomatin-like protein might be integral to

membrane protein interactions based on information known about it, possibly having an
impact on the cblF patients. In the cblC critical lp34 region, CYP4Bl and UROD were
both identified in the vicinity of MS (see Chapter 6).

Two other genes, mutY (a

mismatch repair protein) (181) and 3-oxoacid-CoA transferase (a testis-specific protein)
(182) also localized to lp34.
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Table 7.5. Most frequent genes from operon analysis.

Number
of hits

Identifier

Description

location

Pathway

Notes

II

CAA37493

alanine-glyoxylate
aminotransferase

2q36-q37

MS (8) &
MCM (3)

Hyperoxaluria

II

AAF09142

stomatin (EPB72)-like 2,

9

AAC50482

UROD

9

AAP92372

HIRA interacting protein 5

8

CACI2902

cystathionase

7

AAD41635

Na+lH+ exchanger isoform 2

7

AAF31328

7

XP_095568

7

AAH25963

acyl-CoA dehydrogenase

7

CAA38119

GART

6

CAB 66624

hypothetical protein FU20628

6

AAD13581

medium and short chain L-3
hydroxyacyl-Coenzyme A
dehydrogenase

6

AAH08906

enoyl Coenzyme A hydratase

6

XP_007651

Sorbitol dehydrogenase

6

AAH65245

Dihydroorotate dehydrogenase
precursor

9pl3.l
Ip34
2pI5-p13
Ip31.l

solute carrier family 34
member 2
hypothetical protein
DKFZp762CII12
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2ql1.2
4pI5.3
p15.1
8q21.3
12q22
qter
22q22.1
2p23.3
4q22-q26
IOq26.2
q26.3
15ql5
16q22

MCM (11)
MS (9)

Porphyria

MS (9)

Epilepsy link
possible

MS (8)

Cystathionuria

MS (7)
MS (7)
MCM(7)
MCM (7)
MS (6) &
MCM (1)

SCAD
deficiency
Purine
biosynthesis

MS (6)
MCM (6)

SCHAD
deficiency

MCM (5)
& MS (1)
MS (6)
MS (2) &
MCM (4)

Pyrimidine
biosynthesis

Combined approaches

A cross reference of all the genome subtraction hits (from the 875 hits) and the operon
search was made; yielding 18 hits (Table 7.6). Of these, only 6 were common to the
genome subtraction hits and the operon hits. One of these genes was also found in the
similarity search. The common gene was identified as DEHALl. According to NCBI,
this gene is identified as iodotyrosine dehalogenase 1, however, no published sources
seem to cite this identification. It contains domains linked to nitroreductase (pfam00881
and kog3936) and an Alu region. With the possibility of cblC acting as a reductase and
the 1p34 candidate gene search almost complete, SF tested DEHALI for mutations in 8
cblC cell lines.

No heteroduplexes were identified.

However, it remains a very

promising candidate as it has reductase activity and was identified by three different
searches, therefore, it should be explored further.
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Table 7.6. Common genes for genome subtraction and extended operon analysis.
Those listed in bold are good candidates for next level of siRNA or candidate gene
searching. DEHALI Was also found by similarity query to bluB (corrinoid reductase)
and genome subtraction.

Gene

Genome
subtraction
stringency

Notes
COG
analysis
Pathway
(occurrences)

CRYZ
PARK7

Low,
Medium

CCT5
CHDH
MCCCI

Low
Low
Low

DEHALI
WRNlPI

Medium
Low

MCM (2)
MCM(2) &
MS (1)
MS
MS
MCM(2)&
MS(3)
MS(2)
MCM (2)

WBSCR2l

Low

MS(2)

LACTB2

Medium

VCP

Low

AQP3
CI0orf33
ECHSI
CLYBL

Low
Low
Medium
Low

LOCl97322
PGPEPI
FAM16AX
SCPX

Low
Low
Low
Medium

MCM (1) &
MS (2)
MCM(2) & MS
(2)
MS (2)
MCM (2)
MCM (6)
MCM(2) &
MS(I)
MS(3)
MCM (I)
MS(2)
MCM(4)

Similar to yeast, ocular role, reductase
Correct homologs,
Similarity to yeast and drosophila, chaperonin role
Similarity to drosophila, known kinetics
Similarity to yeast, related pathway: leucine
catabolism, similar to PCC
Excellent candidate
Similarity to yeast, coip determined function,
possible role in aging (yeast)
Similar sequences in yeast and drosophila,
hydrolase role, possible
Good candidate
Similarity to yeast and drosophila, ER protein
export
Similarity to yeast and drosophila, water channel
Good candidate, potential reductase
Beta-oxidation, similarity to drosophila homolog
Good candidate
Similarity to yeast and drosophila
Similar to drosophila, known function
Similar to drosophila, possible hydrolase
Good candidate
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Further studies

Although one candidate, SAD, has shown much promise in terms of knocking down the
propionate pathway, it needs to be explored further. The siRNA knockdown cell lines
created using pXuchuSAD (five of them) with reduced propionate uptake need to be
tested in relation to other pathways, to ensure that this reduction is specific to the
MMCoA portion of the pathway, affects the Hcy portion as well, or affects all pathways.

It is hoped that subsequent testing will be performed by David Watkin (DW) (a member
of David

Rosenblatt's

laboratory).

He

will

examine

the

uptake

of

14C_

methyltetrahydrofolate, to see if the Hcy portion of the pathway is also affected. He will
also examine 14C-Iysine incorporation to ensure that the observations are consistent with
vitamin B 12 uptake deficiencies. If it is specific to the vitamin B 12 pathway, the 14 C _
lysine uptake should be similar to normal cells, while the 14C-propionate and possible
14C _MTHF levels should be reduced.

The amount of candidate information and methods to assess them (4C-propionate/siRNA
and mutation detection in cell lines) can be pursued further. I would suggest starting with
the protein that occurred in the most searches, DEHAL1, as a knockdown experiment.
From there I would proceed to the "Good" candidates listed in Table 7.6 - shared by
genome subtraction and operon queries. Of course, the identification and function of the
candidate gene list will change as more information is obtained about each protein and
can be modified accordingly.
212

By formatting the operon query in an excel spreadsheet, it can be expanded as more
genomes are sequenced, as they might provide critical information. As well, the format
(or if the next person is up to the challenge -"the perl script") can be utilized to examine
the flanking sequences from the MMAA and MMAB genes to obtain further candidates
or focus in on more frequent ones.

Another method, searching by sequence signatures, such as those influencing gene
expression or pertaining to domains could be performed. As mentioned in Chapter 1, a
B 12 signature sequence has been identified in bacterial promoters (29).

Some of the

genes containing the promoter sequence (identified by Rodionov (6» could have human
homologs and help identify more candidates.

Similarly, sequence signatures in the

promoters of MCM and MS have also been identified and could be used to find further
vitamin

B I2

-activated

genes

m

humans

(183).

According

to

interpro

(http://www.ebi.ac.uk/interpro/) 46 other Cbl domains are also identified. For example,
MS and MCM share a common domain (184). Therefore, if MS was previously known
and MCM previously unknown, a domain search might have been useful to identify
MCM based on domain similarity to MS.
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