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3)

4)

CLAIMS TO ORIGINALITY

The gene responsible for the cb/F form of inborn error of
intracellular cobalamin metabolism was located to chromosome 6.
Four novel mutations were identified in cb/F patients, including the
first splice mutation and large deletion.

Analysis of three new cb/D patients strengthened the association
between the nature and location of mutations in the MMADHC gene
with the biochemical phenotype displayed by patients.

A tag-free pure MMADHC protein was purified for the first time.
Results indicate that interactions between the MMACHC and
MMADHC proteins are susceptible to occur mainly at the C-

terminus of MMACHC.
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ABSTRACT

Vitamin B12 (cobalamin, Cbl) is an essential coenzyme in mammals for two
reactions: the conversion of homocysteine to methionine by the enzyme
methionine synthase and the conversion of methylmalonyl-CoA to
succinyl-CoA by the enzyme methylmalonyl-CoA mutase. In cells,
cobalamin is converted to the two active coenzyme forms of the vitamin:
methylcobalamin and 5’-deoxyadenosylcobalamin. Eight groups of
patients have been described with intracellular disorders of cobalamin
metabolism, named cb/A-cb/G and mut. Three groups of patients present
with an inability to produce both methylcobalamin and
5’deoxyadenosylcobalamin: cb/F, cb/C and cb/D. We located the gene
responsible for the cblF type of cobalamin disorder to chromosome 6 by
microcell-mediated chromosome transfer, leading to the discovery of the
LMBRD1 gene. We identified three novel mutations in LMBRD17 among
cblF patients. We reviewed phenotypic and genetic data on three cb/D
patients and were able to confirm previous genotype-phenotype
correlations. We purified the MMADHC protein defective in the ¢cb/D group
of cobalamin disorder and predicted that interactions with the protein
defective in the ¢b/C group occur in a domain homologous to a bacterial

domain involved also in protein-protein interactions.
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ABREGE

La vitamine B12 (cobalamine, Cbl) est une coenzyme essentielle chez les
mammiféres pour deux réactions : la conversion entre ’homocystéine et la
méthionine par 'enzyme méthionine synthase et la conversion entre le
méthylmalonyl-CoA et le succinyl-CoA par 'enzyme méthylmalonyl-CoA
mutase. Dans les cellules, la cobalamine est transformée en ses deux
formes coenzymatiques actives : la méthylcobalamine et
'adénosylcobalamine. Huit groupes de patients ont été décrits qui
présentent des défauts intracellulaires de la voie métabolique de la
cobalamine, nommés cblA-cblG et mut Trois groupes de patients
présentent une inhabilité a synthétiser la méthylcobalamine et
'adénosylcobalamine : cb/F, cb/C et cb/D. Nous avons localisé le géne
responsable de la forme cb/F de désordre de cobalamine sur le
chromosome 6 par transfert de chromosome par microcellules, menant a
l'identification du géne LMBRD17. Nous avons identifié trois nouvelles
mutations dans LVMBRD17 chez des patients cb/F. Nous avons passé en
revue des données phénotypiques et génotypiques pour trois patients
cb/D et avons pu confirmer des corrélations génotype-phénotype
observées auparavant. Nous avons purifié la protéine MMADHC

défectueuse dans le groupe cb/D et prédit que lintéraction avec la

Xvii



protéine défective dans le group cb/C implique le domaine homologue a
un domaine d'une protéine bactérienne aussi impliqué dans des

intéractions protéiques.
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CHAPTER 1: LITERATURE REVIEW

Vitamin B12 (cobalamin, Cbl) is a complex molecule whose characteristics,
metabolism, and uses have slowly been uncovered during the last
century, and are still the subject of numerous investigations worldwide.
Cobalamin is needed as a coenzyme for two reactions in mammalian
cells: The first reaction uses methylcobalamin (MeCbl) to transmethylate
homocysteine to the amino acid methionine through the action of
methionine synthase. This reaction also requires 5-methyltetrahydrofolate
(MeTHF), a derivative of folic acid. The second reaction converts
methylmalonyl-CoA to succinyl-CoA, an intermediate for the tricarboxylic
acid cycle. This reaction requires the coenzyme
5’deoxyadenosylcobalamin (AdoCbl). Cobalamin is produced in nature by
some bacteria and archaea, and is absent from yeast and plants. Meat
and dairy products represent sources of cobalamin for humans. Deficiency
can appear in people following a vegan diet or in newborns breastfed by a
cobalamin-deficient mother. The onset of the symptoms in adults can be
delayed because of the accumulation of the vitamin in the liver, which can
compensate for a decrease in intake for an extended period of time. Rare

inborn disorders of cobalamin absorption and metabolism have been



described and are studied to understand normal processes of cobalamin
metabolism. The first section of this work retraces the history of the
discovery of this intriguing compound, some characteristics of its

chemistry and the description of the disorders of cobalamin metabolism.

1.1 Historical perspectives

1.1.1 First descriptions of pernicious anemia

The history of vitamin B12 begins with the first description of pernicious
anemia. Pernicious anemia is a life-threatening condition that was first
reported by Addison in 1849 [1]. The disease is also referred to as
Addison anemia (not to be confused with Addison disease, also described
by Addison). The term “pernicious anemia” is used to describe a form of
non iron-deficient anemia due to an autoimmune reaction. As is the case
for iron-deficient anemia, patients experience general weakness that is
fatal if left untreated. In 1880, Ehrlich used newly discovered staining
techniques to observe blood samples from patients with pernicious
anemia and recognized a characteristic enlargement of red blood cells,
macrocytosis [2]. Cabot described the symptoms of pernicious anemia in
1200 patients. Numbness and tingling of the extremities were present in

almost all patients, a sore tongue in about 40%, and 10% had ataxia [3].



Untreated pernicious anemia is associated with demyelination of the
spinal cord as described by Russell in 1900; subacute combined

degeneration of the spinal cord [4].

1.1.2 A cure for pernicious anemia

Initial investigations into the origin of the disorder and its treatment
occurred in the 1920s when Whipple observed that bleeding-induced
anemia in dogs was overcome more quickly when the animals were fed
raw liver [5]. Inspired by Whipple's studies on dogs, Minot and Murphy
tried the raw liver therapy on a small group of patients with non iron-
deficient anemia with encouraging results [6]. It turned out that the
effectiveness of liver in the patients was unrelated to the initial
observation- the anemia in dogs being helped by the iron contained in
liver. However, their conclusion that liver contained an anti-pernicious
anemia factor was correct. This therapy was applied more generally
around 1926, followed in 1928 by the intramuscular injection of extracts of
raw liver due to understandable poor compliance to the oral treatment. A
method of production of a concentrated liver extract was designed by
Cohn and proved to be 50 to 100 times more efficient than liver itself,

representing a significant improvement in therapy [7]. Whipple, Minot and



Murphy were awarded the Nobel Prize in Medicine and Physiology in 1934

for their effort in developing a cure for the fatal disease.

1.1.3 Cobalamin absorption

Inspired by Whipple, Minot and Murphy, Castle identified the source of the
biological factor defective in pernicious anemia patients. He referred to it
as the "intrinsic" factor (IF), as opposed to the "extrinsic" factor found in
liver. He designed an experiment where partially digested meat was
extracted from the stomach of volunteers to be administered to patients.
During 10 days, anemic patients received 200 g of steak each day. No
response was seen in the appearance of red blood cells. He then fed
healthy volunteers 300 g of steak and recovered the gastric content after
one hour. The gastric content was incubated a few more hours and 200 g
was fed by tube to pernicious anemia patients. After 6 days of this
treatment, the number of reticulocytes started rising, followed by a
corresponding rise in red blood cell number [8, 9]. These result showed
that the anti-pernicious anemia factor is not specific to liver. The response
seen in patients indicated that it was an unknown factor present in the

gastric juice of healthy volunteers that was defective in patients. These



results are part of a series of 15 articles spanning 25 years that set the

foundations for the discovery and study of IF.

1.1.4 Pernicious anemia as an immune disorder

After IF was identified as the missing factor in pernicious anemia, a
treatment option was to give patients capsules of purified hog-derived IF.
The initial response was excellent. However, Mollin and Ross [10] and
Glass et al. [11] noticed a decrease in serum cobalamin with the return of
macrocytosis and neuropathy after one year of treatment. Over time,
patients developed antibodies against IF, cancelling the effect of the
treatment. This is not the only link between pernicious anemia and the
immune system. Pernicious anemia is an autoimmune disorder [12].
Patients produce antibodies directed at parietal cells in the stomach [13].
These cells are responsible for the production of IF [14]. Parietal cells also
secrete hydrochloric acid, explaining the finding of achlorhydria in
pernicious anemia patients [15]. Antibodies can also be directed at IF.
Pernicious anemia is also sometimes found in association with other

immune disorders, such as multiple sclerosis [16] and type | diabetes [17].



1.1.5 Cobalamin-binding proteins

By the end of the Second World War, labeled cobalamin was widely
available. Using radio-labeled vitamin B12, Grasbeck was able to identify
two vitamin B12-binding factors in gastric juice on starch-gel
electrophoresis [18]. The heavier fragment corresponded to IF defective in
patients and he designated the second, rapidly migrating band Rapidly
moving-binder (R-binder). Several R-binders were later found in human
saliva (reviewed in [19]). Plasma proteins that bind vitamin B2 were
discovered during the 1950s. They were originally designated
transcobalamin I, I, and Il (TC-I, Il and Ill) but the accepted modern
designation is now haptocorrin (HC) for TC-l and Ill and TC for TC-II (see

section 1.3.1) [20, 21].

1.1.6 Cobalamin malabsorption

In 1953, Schilling described what was to become the reference in
cobalamin absorption tests [22]. An oral dose of radioactive
cyanocobalamin (CNCbl) was given to the patient and radioactive counts
in urine over the next 24 hours were determined. About 10% of the
radioactive dose is recovered in normal subjects, as compared to less

than 1% in patients with pernicious anemia. If absorption is low, a second



dose of cobalamin containing purified IF is administered. In pernicious
anemia patients, there is a characteristic correction of absorption in the
presence of exogenous IF. This test allows the differential diagnosis of
pernicious anemia versus other forms of cobalamin malabsorption. A new
form of inherited macrocytosis due to cobalamin malabsorption similar to
pernicious anemia was described in 1960 by two physicians who gave
their name to the syndrome, Imerslund and Grasbeck [23, 24]. Patients
with this disease have a defect in the IF receptor complex in the distal

ileum, composed of the proteins cubilin and amnionless [25-27].

1.1.7 Isolation of cobalamin

In the 30s and 40s, although a treatment for pernicious anemia was
available, the nature of the active factor in liver extract, extrinsic factor,
was still unknown. The discovery of the exact nature of the anti-pernicious
anemia factor would wait until 1948, when Folkers at Merck in the United
States and Smith at Glaxo in the UK simultaneously isolated the
compound, which was named vitamin B4z [28]. The American group was
helped by the development of an assay to test the liver fractions for the
presence of the anti-pernicious anemia factor using the bacterium

Lactobacillus lactis [29]. Isolation quickly shifted from liver extracts to



microbial production. Large quantities of cobalamin could be isolated from
fermentation flasks, and radiolabeled cobalamin could be obtained by
adding 89Co to the culture media [30]. Cobalamin is still produced in this
manner today. Naturally-producing strains such as Propionibacterium
shermanii and Pseudomonas denitrificans are typically modified through
random mutagenesis to increase the biosynthetic fermentation process
leading to vitamin B12 production [31]. The main world producer of
cobalamin is Aventis. The company is the result of a fusion including the
French company RPR that first described the bacterial pathway leading to

B12 synthesis.

1.1.8 Structure and synthesis of cobalamin

In 1956, the chemist Dorothy Hodgkin solved the structure of the molecule
by X-ray diffraction [32]. She was awarded the Nobel Prize of Chemistry
for this achievement in 1964. Her work revealed a heme-like structure
called corrin ring with a cobalt atom in its center and a benzimidazole
base. The presence of this cobalt atom in the vitamin is at the origin of the
technical name of the molecule: cobalamin. In Hodgkin’s own words: “To
be able to write down a chemical structure very largely from purely

crystallographic evidence on the arrangement of atoms in space — and the



chemical structure of a quite formidably large molecule at that — is for any
crystallographer, something of a dream-like situation.”[33]. Complete
synthesis of the cobalamin molecule was achieved for the first time in
1973 after eleven years of effort by a team of over one hundred scientists.
The published total synthesis by Woodward and Eschenmoser comprises

over 100 steps [34].

1.1.9 Discovery of complementation groups

Inherited disorders of intracellular cobalamin metabolism were first
described in the 1960s. Patients show normal enteral absorption of the
vitamin but fail to metabolize cobalamin properly within cells. They
compose a heterogeneous class of disorders with overlapping features
that was separated into gene-based groups using somatic cell
complementation. Cultured fibroblasts from two patients within the same
complementation group cannot rescue each other’s biochemical
phenotype when fused /n vitro, indicating that all patients in this group
have a defect in the same gene. On the other hand, fibroblasts from
patients belonging to different complementation groups show a normalized
behavior biochemically, indicating that the defects are located in different

genes. This classification proved to be useful subsequently in providing
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homogeneous groups of patients for identification of the genes underlying

the different conditions.

1.1.10 Genetic era

The gene encoding the methylmalonyl-CoA mutase (MUT) enzyme had
been identified as early as 1989 [35], methionine synthase in 1996 and
methionine synthase reductase in 1998 [36]. The completion of the
Human Genome Project in 2003 facilitated the identification and
characterization of genes and gene products defective in patients. In the
last ten years, six genes have been identified, most of them without any
previous information about their function. Linkage, comparison with
prokaryotic genes, microcell-mediated chromosome transfer (MMCT), and
identification of cobalamin-binding proteins are techniques that have been
used to locate genes responsible for these inborn errors of cobalamin
metabolism [37-42]. These developments allowed for cheaper and faster
diagnoses. An important proportion of patients with cobalamin disorders
are now offered gene sequencing as a diagnosis method, rather than
more complex biochemical studies. This has contributed to dramatically
decrease the costs of testing. These advances have also made prenatal

testing on the basis of mutation analysis available.
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Animal models deficient for the genes encoding methionine synthase [43],
methionine synthase reductase [44], and methylmalonyl-CoA mutase [45]

have been developed in recent years. The main goals of these models are
to reproduce the phenotypes observed in humans, study the etiology of

abnormalities, and develop better treatments.

Large populational studies have provided further information on cobalamin
metabolism. Low cobalamin levels have been associated with impairment
of cognition and dementia in the elderly (reviewed in [46]). The
introduction of folate supplementation in flour in several countries has
raised concerns as to the potential masking effect of high folate levels on
cobalamin deficiency [47]. Widespread cobalamin supplementation is also
a subject of debate. Finally, some new reports on the utilization of
cobalamin as a delivery molecule for anti-cancer agents opened up a

whole new field of study of the vitamin B2 [48, 49].

1.2 The cobalamin molecule

1.2.1 Coordination chemistry
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As its name indicates, cobalamin is a vitamin that contains in its center a
cobalt atom. The chemistry of metals such as cobalt is termed
coordination chemistry. In cobalamin, the cobalt atom forms divalent
bonds with other atoms, such as the carbon atom of the methyl group in
methylcobalamin (MeCbl). However, the proper designation is that the
cobalt is "coordinated" rather than "bound" to the carbon atom. The reason
for this is that in regular covalent bonds, each atom provides one electron
so that the pair can be shared between the two atoms. However, the
cobalt atom has an empty outer orbital. Both electrons are provided by the
ligand and are shared between the ligand and the cobalt atom. This bond
is named a coordinated covalent bond and ligands are said to be
coordinated rather than bound to the cobalt. The chemistry of cobalt was

in great part solved by Alfred Werner at the turn of the 20th century.

1.2.2 Cobalamin structure

Cobalamins are a class of closely related compounds ranging from 1.3 to
1.5 kDa. The cobalt atom in the cobalamin molecule is located inside a
corrin ring, a macrocycle related to the porphyrin ring of hemoglobin and
consisting of four pyrrole subunits (Fig. 1). The nitrogen residue in each of

these four pyrrole subunits is coordinated to the central cobalt atom. A fifth
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and sixth coordination positions are located below (a-axial ligand) and
above (B-axial ligand) the corrin ring. A dimethylbenzimidazole group
attaches to the corrin ring through a linker constituted of a five-carbon
sugar, a phosphate group and seven amide groups. This linker between
the corrin ring and the benzimidazole moiety provides the flexibility
necessary for a nitrogen residue in the dimethylbenzimidazole group to
provide a fifth coordinate to the cobalt atom. This arrangement is referred
to as the “base-on” conformation. At acidic pH, the a-axial ligand at the
fifth coordinate position is released and the structure opens up into a
stable base-off conformation. When the cobalamin molecule is associated
with a protein at neutral pH, the dimethylbenzimidazole moiety can be
replaced by a histidine residue in the binding pocket of the protein [50].
This histidine residue is found in the conserved sequence DDXHXXG
shared by cobalamin-dependant enzymes [51]. This new conformation is
then called base-off/His-on. Finally, the sixth and last coordinate for the
cobalt atom is provided by a variable upper B-axial ligand, also known as
R group. Methyl, deoxyadenosyl, or hydroxy groups are examples of R
groups giving rise to the methyl-, adenosyl- or hydroxycobalamin forms of
the vitamin, respectively. A number of other ligands can constitute the R

group but their significance is not clear.
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Figure 1: The structure of cobalamin

The cobalt atom is found in the center of the corrin ring (Co3*), coordinated
with four nitrogen atoms. The benzimidazole moiety is coordinated to the
cobalt atom, as indicated by the dashed arrow. The variable upper axial

ligand is indicated as R. Taken from Watkins et al. [52]
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Figure 1: The structure of cobalamin
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1.2.3 Oxidation states of cobalamin

The cobalt in the cobalamin molecule has three possible oxidation states:
cob(lll), (1) and (I)alamin. In cob(lll)alamin, the cobalt atom is in the +3
oxidation state and has six coordinates. The vitamin is stable in this form,
in the base-on conformation. Cob(ll)alamin, the 2+ oxidation form, is
generally base-on and lacks the upper axial ligand. However, an
alternative form has been detected during the adenosyltransferase
reaction where the molecule is transiently in the 2+ oxidation state with a
water molecule occupying the lower axial position instead of the
benzimidazole group [53]. Finally, cob(l)alamin has four coordinates and
lacks the upper axial ligand. It is found in the base-off conformation. The
most stable form of cobalamin at neutral pH is cob(lIl)alamin and
reduction to the highly reactive cob(l)alamin form is necessary for the

molecule to perform its catalytic role (reviewed in [54, 55]).

1.2.4 Cobalt-carbon bond

The link between the cobalt atom and the upper axial ligand in the two
active forms of vitamin B12, AdoCbl and MeCbl, is a cobalt-carbon (Co-C)
bond. This type of metal-carbon bond is rare in nature; cobalamin-

dependant enzymes catalyze the only known reactions involving such a
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structure. This bond is at the center of every biological reaction involving
cobalamin. The methionine synthase reaction involves the heterolytic
cleavage of the Co-C bond to transfer the methyl group at the upper axial
position of MeCbl to homocysteine to form methionine. In methylmalonyl-
CoA mutase, the homolytic cleavage of the Co-C bond generates
cob(ll)alamin and a 5’-deoxyadenosyl radical. The 5’-deoxyadenosyl
radical removes a hydrogen atom from methylmalonyl-CoA to form 5'-
deoxyadenosine and a methylmalonyl-CoA radical. A rearrangement
occurs within the methylmalonyl-CoA radical, and the hydrogen is
transferred back to 5’-deoxyadenosine, leaving as products succinyl-CoA
and AdoCbl. These reactions were reviewed in more detail by Ludwig and

Matthews [54].

1.2.5 Cobalamin-related compounds

Although cobalamin is the only molecule of its family to be utilized by
mammals, bacteria produce a variety of cobalamin derivatives. Corrinoids
are compounds that contain a corrin ring. Cobamides are corrinoids
similar to cobalamin but that harbor substitutions in nucleotide bases,
while cobinamides are nucleotide-free (reviewed in [54]). Some cobamide

derivatives of cobalamin found in food are designated pseudo-B12, where
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the benzimidazole group in the a-axial position is replaced by an
alternative nucleotide; adenine. These forms generally have a low affinity
for cobalamin-binding proteins and cannot be utilized by cobalamin-
dependant enzymes in humans, although some represent the natural form
of the cofactor used by bacterial species [56]. It is postulated that
haptocorrin present in serum acts as a scavengers for inactive forms of

cobalamin [57].

1.2.6 Cobalamin synthesis in bacteria

Notably, higher plants and fungi do not utilize cobalamin and do not
synthesize it. Only some bacteria and archaea have the ability to
synthesize the vitamin. Microorganisms synthesize cobalamin as well as a
variety of cobalamin-related compounds. The synthesis process involves
over 30 genes in an aerobic (cob genes) or anaerobic (cbi genes)
process. Cobalt incorporation happens earlier in the anaerobic than in the
aerobic pathway, and the corresponding enzymes for most steps of the
synthesis have different substrate specificity. There are three main types
of cobalamin-dependant enzymes in bacteria: the AdoCbl-dependant

mutases (with three subclasses: isomerases, eliminases and
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aminomutases), the MeCbl-dependant methyltransferases, and the

cobalamin-dependant reductive halogenases (reviewed in [54]).

1.2.7 Cobalamin import in bacteria

Bacteria that do not synthesize cobalamin but possess cobalamin-
dependant enzymes must acquire the vitamin from the environment. This
is the case in the model organism Escherichia coli. Gram-negative
bacteria such as E. colfare surrounded by two membranes separated by a
space called the periplasm. The cobalamin molecule must cross both
these membranes to reach the cytoplasmic cobalamin-dependant
enzymes. On the outer membrane is located a receptor called BtuB [58].
BtuB is a barrel-shaped protein that directly binds cobalamin [59]. Upon
binding, the TonB component of the inner-membrane anchored, energy
transducing complex TonB/ExbB/ExbD establishes a contact with a
domain called the TonB box on the periplasmic face of BtuB. This action
triggers the removal of the cork domain, opening the lumen of BtuB for the
passage of the molecule [60]. Inside the periplasm, cobalamin is taken up
by the periplasmic carrier BtuF and delivered to the inner membrane
complex. In the inner membrane, an ABC transporter is composed of a

heterotetramer containing two molecules of BtuC with 10 a-helical
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membrane spanning domain each, and two molecules of the ATPase
BtuD. BtuF docks on the periplasmic surface created by the
transmembrane protein BtuC. The cytoplasmically located BtuD molecules
provide the energy required for translocation. The import mechanism
relies on a sequence of protein-protein interactions and requires ATP [61,

62].

1.3 Cobalamin absorption in humans

1.3.1 Cobalamin binding in the Gl tract

Cobalamin forms found in food items of animal and bacterial origins bind
to haptocorrin (HC) secreted in the saliva. The HC gene is expressed in
several tissues and compartments where it can adopt a variety of
glycosylation patterns, altering the properties of the protein [63]. It is
referred to in older literature as transcobalamin |, transcobalamin Ill or R-
binders. As all these forms are generated from a single gene, the term
haptocorrin is now used uniformly. HC binds cobalamin in the upper part
of the Gl tract and the action of pancreatic proteases is required to release
the vitamin from this carrier once in the ileum. Failure to release
cobalamin from HC, a process requiring acidic gastric pH, is thought to

impair cobalamin absorption and cause neurological manifestations, a
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condition referred to as food cobalamin malabsorption [64, 65]. This
hypothesis could explain the high frequency of low serum cobalamin seen
in the elderly population. Once cobalamin is free from HC, it can then
associate with IF. IF is secreted in the parietal cells of the stomach and
the interaction with cobalamin occurs in the ileum. As stated before, auto-
antibodies directed at the gastric parietal cells are responsible for IF
deficiency and the development of pernicious anemia. Pernicious anemia
can also be the result of rare mutations in the IF gene, IF deficiency (MIM#
261000) [66]. IF is a heavily glycosylated and sialylated 45 kDa protein,
resulting in a net apparent weight of 58 to 60 kDa. In contrast to HC that
binds a wide variety of cobalamin analogues, IF specifically binds

cobalamin.

1.3.2 Crossing of the enteric epithelium

The IF-Cbl complex is recognized by a receptor on cells of the distal ileum
epithelium. The IF-Cbl receptor is a complex made of the proteins cubilin
and amnionless (cubam) that internalizes IF-Cbl [67, 68]. Mutations in
cubilin or amnionless lead to a form of cobalamin malabsorption called
Imerslund-Grasbeck syndrome, or selective cobalamin malabsorption

(MIM# 261100). Cubilin is a 460 kDa protein containing eight epidermal
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growth factor-like repeats and 27 copies of the 110 amino acid CUB
domain. Amnionless is a 45 to 50 kDa membrane protein. It forms
complex with cubilin and is required in the apical targeting and processing
of cubilin [67, 69, 70]. Cubilin and amnionless are co-expressed in the
kidney, intestine, and mouse visceral yolk sac [26, 71]. In the kidney, the
apical localization of the receptor suggests a role in reabsorption, limiting

cobalamin losses in urine.

Megalin is a member of the LDL receptor gene family encoded by the
gene LRPZ. It involved in the internalization of the cubam complex but its
exact role is still debated [68]. It is expressed in the intestinal and renal
epithelium [72]. Megalin is a transporter for several protein ligands in
addition to IF-Cbl, such as hemoglobin [73], myoglobin [74], transferrin
[75], albumin [76], and insulin [77]. Mutations in LRPZ are associated with
Donnai-Barrow syndrome [78]. It is characterized by hypertelorism, an
enlarged fontanelle, high myopia with progressive vision loss, hearing
loss, agenesis of the corpus callosum, cognitive impairment, and
congenital diaphragmatic and/or umbilical hernia. The disorder is
diagnosed on the basis of excretion of high levels of low-molecular-weight

proteins in urine.
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As depicted in figure 2, the IF-Cbl complex enters the enterocyte through
receptor-mediated endocytosis and the endosome formed is directed to
the lysosomal pathway [27]. The IF-Cbl complex dissociates inside the
lysosome and cobalamin is exported into the portal circulation through the
ATP-binding cassette (ABC) transporter ABCC1 (MRP1). Mice deficient in
ABCC1 have low serum, liver and kidney cobalamin levels. No elevations
of homocysteine or methylmalonic acid were detected. These animals

accumulate cobalamin in the distal ileum and colon epithelium [79].
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Figure 2: Cobalamin absorption through the enteric epithelium

Cobalamin (red) is associated with intrinsic factor (IF, blue) in the ileum.
The IF-Cbl complex is recognized by the receptor made of the megalin,
cubilin and amnionless protein. After receptor-mediated endocytosis, the
complex is directed to the lysosomal pathway where it dissociates. The
receptor is recycled to the membrane and the cobalamin molecule exits
the cell through the transporter ABCC1. Once in the blood, cobalamin is

found associated with transcobalamin (TC) and haptocorrin (HC).
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1.3.3 Cobalamin in the circulation

In the blood, cobalamin is found associated with two proteins: 80% of it is
bound to HC and the remaining associates with transcobalamin (TC,
formerly transcobalamin Il or TCII) [80]. TC shows a greater specificity for
the physiologically relevant forms of cobalamin, while the wide ligand
spectrum of HC is postulated to act as a scavenger for non-physiologically
relevant forms of vitamin B4z [81]. Holo-HC is taken up by the liver through
the plasma membrane receptor for asialoglycoproteins [82, 83]. The
receptor for TC is encoded by a gene identified as CD320, described in
the next section [42]. IF, TC, and HC share similarities in their sequences
and gene organizations, suggesting a common origin for these genes [84,
85]. TC deficiency (MIM# 275350) usually presents in early life with
failure-to-thrive, macrocytosis, and immunological and neurological
involvements [86, 87]. Serum cobalamin levels are normal in these
patients, as most cobalamin is bound to HC. On the other hand, HC
deficiency is associated with low serum cobalamin [88]. However, these
individuals do not present elevations of methylmalonic acid or
homocysteine and do not benefit from cobalamin therapy. The current

view is that these patients come to medical attention due to unrelated
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causes and their alarmingly low serum cobalamin, though benign in this
rare condition, cause them to be unnecessarily treated with cobalamin

[89].

1.3.4 Entry into the cells

The TC receptor (TCbIR) is a relatively small protein of 282 amino acids
encoded by the CD320 gene [42]. It belongs to the low-density lipoprotein
(LDL) receptor family. It is a single pass type 1 membrane protein. TCbIR
possesses two 38 amino acid long LDL receptor class A domains
containing cysteine-rich repeats, and a 55 amino acid long domain sharing
similarities with the CUB domain. N- and potentially O-glycosylation, as in

IF, significantly increases the apparent weight of the molecule.

Once the TC-Cbl complex binds the TC receptor on the cell surface, a
process of receptor-mediated endocytosis is triggered. The endocytic
vesicle is directed to the lysosomal pathway and the acidification of the
compartment leads to a dissociation of the complex. Free cobalamin is
translocated to the cytoplasm. Mutations in the TC receptor were identified
in five infants with a positive newborn screen for methylmalonic acid.

Cobalamin therapy was initiated in all five patients shortly after newborn
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screen and they remain asymptomatic [90, 91]. It is thus not known if TC

receptor deficiency is associated with a clinical phenotype.

1.3.5 Cobalamin-dependant enzymes in human

Inside the cells, cobalamin is transformed into its two active coenzyme
forms: MeCbl and AdoCbl. MeCbl is utilized as a cofactor in the cytoplasm
by the enzyme methionine synthase. Methionine synthase is a 140 kDa
protein that catalyzes the transmethylation of homocysteine into the
essential amino acid methionine [92]. The methyl group is provided by
MeTHF from the folate pathway and the reaction is dependant on
cobalamin. Every 200 to 2000 cycles, methionine synthase is inactivated
and it is through the action of methionine synthase reductase that it can be
reactivated by a reduction reaction. Disturbances in the function of
methionine synthase lead to an accumulation of homocysteine in blood

and urine.

The other cobalamin-dependant enzyme in humans is located in the
mitochondrion, methylmalonyl-CoA mutase. MUTis a 83 kDa protein that
converts methylmalonyl-CoA, a product of the catabolism of certain amino

acids and odd chain fatty acids, to succinyl-CoA, a key molecule in the
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tricarboxylic acid cycle. This reaction is dependant on the presence of
AdoCbl. Disturbances in the function of methylmalonyl-CoA mutase lead
to an accumulation of methylmalonic acid (MMA) in blood and urine. Both
methionine synthase and methylmalonyl-CoA mutase have homologues in

bacteria.

1.4 Homocysteine: an overview

Homocysteine is an amino acid that is not present in proteins. It is
produced as a result of the metabolism of methionine and cysteine (Fig.
3). It differs from methionine by one methyl group and from cysteine by
one methylene group. Pathological elevations of homocysteine are found
in inborn errors of metabolism affecting enzymes or coenzymes
responsible for homocysteine metabolism. These lead to the excretion of
large amounts of homocysteine in blood and urine. Modest elevations of
homocysteine in adults are associated with more common conditions such
as cardiovascular diseases. Finally, polymorphisms in genes involved in
the metabolism of homocysteine are associated with an increased risk for

neural tube defects and cardiac malformations in the fetus.
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Figure 3: Homocysteine in humans

The two homocysteine remethylation pathways and the transsulfuration
pathway. The three key enzymes are in bold: MS: methionine synthase,
BHM: betaine-homocysteine S-methyltransferase, CBS: cystathionine
beta-synthase. The cofactors vitamin B12 and vitamin Bes are displayed in
red. The enzyme methylenetetrahydrofolate reductase (MTHFR) is also
displayed for its key role in providing the MeTHF coenzyme necessary for

the MS reaction. Figure adapted from [93].
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1.4.1 Inborn errors of homocysteine metabolism

Impairment in three enzymatic reactions can lead to elevations of
homocysteine: methionine synthase, betaine-homocysteine
methyltransferase, and cystathionine 3-synthase. Methionine synthase
and betaine-homocysteine methyltransferase both remethylate
homocysteine to methionine while cystathionine R-synthase is the first
step of the transsulfuration pathway to irreversibly convert homocysteine
to cysteine. Methionine synthase is ubiquitously expressed and the
reaction requires MeCbl and MeTHF. This reaction is detailed in other
parts of this manuscript. Any deficiency in acquisition or the synthesis of
the MeCbl coenzyme or MeTHF, or in the accessory protein methionine
synthase reductase will also lead to an impaired activity of methionine
synthase. Betaine-homocysteine methyltransferase is exclusively
expressed in the liver. This reaction requires betaine, which is converted
to dimethylglycine in the process. Defects in the remethylation pathway
lead to systemic levels of methionine in the low to low-normal range in
patients, in addition to elevated homocysteine [52]. In the transsulfuration
pathway, cystathionine B-synthase is expressed in adult liver, kidney,

muscle, brain and ovary and in embryonic neural and cardiac systems
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[94]. This enzyme irreversibly transforms homocysteine to cystathionine to
be later converted to cysteine through cystathionine y-lyase. Cystathionine
B-synthase uses a coenzyme, pyridoxine (vitamin Bs). High homocysteine
due to impaired transsulfuration is accompanied by high levels of
methionine, providing a diagnostic criterion to distinguish the two
disorders. Elevations of homocysteine due to either the remethylation or
the transsulfuration pathway defects have been linked to similar
manifestations, including mental retardation, arterial and venous occlusive

disease, and neural tube defects.

1.4.2 Folic acid and cobalamin

The cobalamin-dependant enzyme methionine synthase requires a
second co-factor to perform the transmethylation of homocysteine. MeTHF
provides a methyl group to form MeCbl, which is then transferred to
homocysteine. Consequently, disturbances of both folate and cobalamin
metabolism, result in an impaired function of methionine synthase. In
addition, cobalamin deficiency also affects the folate cycle and the other
functions of folates in the cell, such as purine nucleotide synthesis,
thymidine synthesis, and histidine and serine metabolism. When

methionine synthase is impaired, folate intermediates remain trapped in
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the form of MeTHF between the irreversible MTHFR and the deficient
methionine synthase reactions. This situation leads to the depletion of the
other biologically active forms of folate in the cell, forming the basis for the
now widely accepted “methylfolate trap” hypothesis [95]. This situation
impairs DNA biosynthesis and causes the characteristic megaloblastosis

of defects affecting methionine synthase.

1.4.3 Cardiovascular disease in adults

In 1969, McCully published the observation that severe elevations of
homocysteine in several different inborn disorders caused vascular lesions
in children [96]. It led to the hypothesis that homocysteine causes tissue
damage in the vascular endothelial wall [97]. Subsequent studies found an
association between mild elevations of homocysteine and increased risk
of vascular disease in adults [98-101]. Homocysteine is an independent
risk factor for coronary arterial disease. However, several studies
demonstrated that folic acid-based therapies that successfully lowered
homocysteine levels failed to have any clear impact on cardiovascular
morbidity [102-106]. Meta-analyses confirmed these negative results [107-
109]. One current hypothesis is that the pro-inflammatory properties of

folic acid would cancel out the benefits of the homocysteine lowering in
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patients [110]. Homocysteine might also be an innocent bystander in a

pathological process yet to be identified.

1.4.4 Neural tube defects- Folic acid

Low levels of folic acid in pregnant women during the first trimester are a
now well-recognized risk factor for neural tube defects (NTD) in the fetus
[111]. For example, up to 85% of NTD-affected pregnancies in Northern
China can be prevented by meeting a 400 ug daily folate requirement
[112]. This has led to the supplementation of grain products in North
America, and a subsequent 26% decrease of in NTD-affected pregnancies
in the United States [113]. However, just as NTD rates vary by geographic
area, socioeconomic status and ethnicity, outcomes from fortification have
been variable by location and ethnic group [114-119]. In addition to dietary
deficiency, polymorphisms in genes related to the folate metabolism in
mothers and babies have been associated with an increased risk of NTD-
affected pregnancies [120-124]. The current consensus is that the
hypomethylation resulting from the deficiency in methyl groups normally
provided through the folate pathway rather than toxicity from
homocysteine itself is responsible for the phenotype [125]. Studies in mice

have demonstrated that inactivation of methyltransferases cause an
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increased frequency of NTDs [126]. The association between the MTHFR
677C>T polymorphism and neural tube defects and other birth defects has
been replicated several times in different populations and appears as a
risk factor [122, 124, 127-132], although it is important to note that not all
studies have observed that effect [123, 133, 134]. Other studies have
shown that high levels of homocysteine induced in chick embryos led to
neural tube defects, as well as congenital cardiac malformations [135].

However, these results have not been replicated in mice [136].

1.4.5 Neural tube defects- Cobalamin

Because methionine synthase is common to both folate and cobalamin
metabolism, it has been postulated that marginally low levels of cobalamin
or polymorphisms in cobalamin metabolism genes could increase the risk
of having a neural tube defect-affected pregnancy. Low concentrations of
cobalamin in the mother’'s serum have been linked with an increased risk
of NTD in Irish, Canadian, Chinese, and Egyptian populations [137-141].
Others have found no effect of cobalamin status [142-145]. Results have
been reviewed by Ray and Blom [146]. Polymorphism in the CUBN gene
has been linked with an increased risk of spina bifida in one study [147].

Polymorphisms in the recently identified TC receptor gene [120] have
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been linked with increased risk of NTD-affected pregnancy in the Irish
population. Most studies looking at the 776C>G polymorphism in the
TCNZ gene have found no association with neural tube defects [128, 129,
133, 148, 149]. One study have found an association of the G allele with
spina bifida [150]. Studies have also looked at the c.66A>G (p.122M)
polymorphism in the gene methionine synthase reductase (MTRR). Some
have found an association between neural tube defect risk and the GG or

AG allele [127, 130, 131, 151, 152] but others did not [129, 133, 134, 153].

1.4.6 Cardiac malformations

Several inborn errors of folate and cobalamin metabolism with elevations
of homocysteine have been linked to congenital heart defects.
Malformations are seen both in patients and in the corresponding mouse
models. Mouse embryos from Mthfrhypomorphic mothers display heart
defects [154]. Defects in the reduced folate carrier protein 1 (Rfc7) gene in
mice also lead to cardiac anomalies [155]. Mfirrhomozygous mutant
embryos display an increased risk of ventricular septal defects [44].
Children with the ¢b/C and cb/F types of inborn error of cobalamin
metabolism have an increased risk of congenital heart disease [156, 157].

Polymorphisms in the genes MTHFR, BHMT, and TCNZ have been
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associated with an increased risk of congenital heart disease when
associated with lifestyle factors [132]. Congenital heart disease has also
been linked to high homocysteine and evidence suggests that folic acid
supplementation during the first trimester of pregnancy decreases the
incidence of such malformations [158-160]. Studies in chicken embryos
demonstrated that the injection of homocysteine into embryos induces the
development of cardiac malformations [161]. Such malformations can be
rescued by folic acid supplementation [162]. It has also been shown that
choline deficiency in mice lead to cardiac malformations [163]. Choline is
converted to betaine, utilized for the betaine-homocysteine
methyltransferase reaction, through choline dehydrogenase and betaine

aldehyde dehydrogenase.

1.5 Methylmalonic acid: an overview

Methylmalonic acid (MMA) is a biochemical intermediate related to
propionic acid. Elevations of MMA in blood or urine (methylmalonic
acidemia or aciduria) are part of a group of disorders referred to as
organic acidurias, which comprises also propionic aciduria and isovaleric
aciduria. MMA has an incidence estimated at 1 per 100 000 births [164-

166].
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Figure 4: Classical organic acidurias

Metabolic pathways involved in classical organic acidurias. Nutrients at
the source of the pathway are indicated in italics. PCC: propionyl-CoA
carboxylase, racemase is also known as methylmalonyl-CoA

epimerase,MUT: methylmalonyl-CoA mutase.
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1.5.1 Metabolic pathways leading to methylmalonic aciduria
Methylmalonic aciduria is the result of the degradation of odd chain fatty
acids and certain amino acids (Fig. 4). Odd-chain fatty acids are degraded
into the 2-carbon molecule acetyl-CoA and the 3-carbon molecule
propionyl-CoA (reviewed in [167]). Propionyl-CoA is also produced during
the catabolism of the branched-chain amino acids valine and isoleucine
and the propiogenic amino acids methionine and threonine. Propionyl-CoA
is then converted to D-methylmalonyl-CoA by the enzyme propionyl-CoA
carboxylase [168]. D-methylmalonyl-CoA is converted to L-methylmalonyl-
CoA by the enzyme methylmalonyl-CoA epimerase [169]. MMA is a
normal intermediate of this pathway prior to the conversion of
methylmalonyl-CoA to succinyl-CoA by the enzyme methylmalonyl-CoA
mutase. Succinyl-CoA is subsequently integrated into the tricarboxylic acid

(TCA) cycle.

1.5.2 Genetic causes of methylmalonic aciduria
Methylmalonic aciduria is frequently found in combination with
homocystinuria. Nutritional deficiencies and impaired absorption of

cobalamin and genetic defects can lead to the condition. However, genetic
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disorders of the mitochondrial branch of cobalamin metabolism are the
main cause of isolated elevations of MMA. Mutations in the genes MVAA,
MMAB, MUT, and certain mutations in MMADHC, corresponding to the
cblA, cblB, mutand cblD variant 2 groups of cobalamin disorders, result in
an elevation of MMA without elevation of homocysteine. They affect the
production of the coenzyme AdoCbl or the methylmalonyl-CoA mutase
enzyme itself. Mild elevations of MMA can also be the result of mutations
affecting the enzyme methylmalonyl-CoA epimerase (MCEE) responsible

for the racemization of D- to L-methylmalonyl-CoA [170-172].

Rarer defects in mitochondrial metabolism can also lead to elevations of
MMA in patients. Mutations in the alpha (SUCLG7) [173, 174] and beta
(SUCLA2) [175, 176] subunits of the TCA cycle enzyme succinyl-CoA
synthetase have been shown to cause elevations of the metabolite.
Elevated MMA can be associated with elevated malonic acid in malonyl-
CoA decarboxylase (ML YCD) deficiency [177]. This enzyme is involved in
fatty acid metabolism and catalyses the reversible conversion between
malonyl-CoA and acetyl-CoA. It is thought that an excess of malonyl-CoA
in the mitochondrion exerts an inhibitory effect on methylmalonyl-CoA

mutase, leading to the elevation of MMA [178].
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1.5.3 Presentation

Clinical manifestations among the three classes of classical organic
acidurias present a significant overlap but observations relating
specifically to MMA are described here. Particularities of each type of
cobalamin disorder can be found in sections 1.7.1-3. Patients are
generally classified into early-onset (neonatal) or late-onset. In early-onset
patients, there are often no symptoms at birth. The classical presentation
is a neonatal encephalopathy in the presence of hyperammonemia. There
is often a refusal to feed and vomiting. This is followed by weight loss and
hypotonia. Abnormal posturing and movement is often noted. Lethargy is
a common finding, as well as seizures. Coma can ensue, leading in some
cases to death or severe brain damage. Late-onset patients often develop
an acute, life-threatening encephalopathy in childhood or even adulthood.
Patients display ataxia and abnormal behaviors. Poor feeding, refusal of
protein-rich food and vomiting are common. Patients have failure-to-thrive
and neurodevelopmental delay (reviewed in [179]).

The most characteristic symptoms associated with MMA are neurological
disturbances. This can manifest as mental retardation, epilepsy or motor

dysfunction. Symmetrical lesions to the basal ganglia, mostly in the globus
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pallidum, have been recognized in these patients [180-183]. They are
thought to occur during acute metabolic decompensation [167]. Survival is
low in patients with MMA [184, 185]. Progressive renal failure is frequent
in patients who reach their teenage years [186-190], along with

progressive neurocognitive deterioration [179, 190].

1.5.4 Suspected etiologies

The symptoms associated with elevations of MMA have been studied by
several groups. The most consistent finding is an inhibition of the
respiratory chain, particularly complex Il and IV, associated with elevations
of MMA [191-194]. MMA is not the only suspect. Propionyl-CoA also has a
cytotoxic role. It induces hyperammonemia through the inhibition of N-
acetylglutamate synthase [195]. It also decreases oxidative
phosphorylation through the inhibition of the pyruvate dehydrogenase
complex [196, 197] and the TCA cycle enzymes succinyl-CoA synthetase
[198] and a-ketoglutarate dehydrogenase [199]. 2-methyilcitrate is another
possible culprit in the inhibition of the respiratory chain [200].
Mitochondrial DNA has been demonstrated to be depleted in SUCLAZ
patients and in patients with propionic aciduria [201]. Mitochondrial DNA

depletion has also been reported in two patients with methylmalonic and
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propionic acidemia [202]. Studies are needed to determine if depletion of
mitochondrial DNA can be identified in other patients with MMA. One last
possible explanation for the neurological phenotype in patients with
methylmalonic acidemia is trapping and accumulation of toxic compounds
in the brain by the blood-brain barrier (BBB). Some dicarboxylic acids,
unable to cross the BBB, accumulate in the brain and have been linked to

toxicity [204-206].

1.5.5 Treatment

Survival in patients with organic aciduria has improved in the last 30 years
[207]. This is in large part due to early diagnosis and better treatment.
Patients are now routinely identified by newborn screening with tandem
mass spectrometry (MS/MS) [208]. Treatment includes a high-energy, low
protein diet supplemented with non-propiogenic amino acids. Enteral
feeding may be necessary in some cases as prolonged fasting induces
the release of odd-chain fatty acids through lipolysis. Patients excrete high
levels of acylcarnitine and supplementation with L-carnitine is
recommended. Several treatment centers also prescribe the antibiotic
metronidazole to prevent the production of propionate by the gut

microflora [207, 209]. Liver and kidney transplant has been explored as a
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therapy and although some improvements have been noticed,
complications are frequent and neurological deficits remain [210, 211].
Advances have been made toward gene therapy for mut? patients [212-

215].

1.6 Intracellular defects of cobalamin

1.6.1 Biochemical signs of cobalamin disorders

The intracellular pathway of cobalamin metabolism was uncovered in
large part through the study of patients presenting inborn errors of
cobalamin metabolism. Clinical symptoms are non-specific but two
metabolites represent the hallmark of cobalamin disorders: homocysteine
and MMA. Some patients present with elevations of both these
compounds in blood and urine. This is indicative of a defect of both the
cytoplasmic (methionine synthase) and mitochondrial (methylmalonyl-CoA
mutase) branches of the pathway. Other patients present with isolated
elevations of homocysteine or MMA, affecting only one branch of the

pathway.
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1.6.2 Newborn screening

With the expansion of newborn screening programs, an increasing
proportion of patients are detected and treated before the onset of
symptoms. The most common method of testing is blood spot analysis by
tandem mass spectrometry (MS/MS). The first indication for
methylmalonic aciduria is an elevation in propionylcarnitine (C3) or an
elevated ratio of propionylcarnitine to acetylcarnitine (C2). A specific test
to detect MMA is then performed. While testing for organic acids is widely
spread, testing for homocysteine levels is possible but because of the
need for a reducing agent for the mass spectrometry analysis, costs
currently limits its availability [208]. An alternative is to screen for low
methionine levels, although these frequently fall in the low-normal range in
patients. Consequently, cobalamin disorders, with the exception of cb/E
and cblG, are identified on the basis of an elevated C3 or C3/C2 ratio on
newborn screening, and subsequent testing for elevated methylmalonic
acid and homocysteine levels is performed upon the request of the
treating physician. If a nutritional deficiency can be excluded, cell-based
biochemical testing is performed at one of the two diagnosis centers,

located in Zurich (formerly Basel), Switzerland and Montreal, Canada.
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More recently, DNA sequencing has been used both as an adjunct and an

alternative to traditional cellular assays.

1.6.3 Biochemical characterization

Biochemically, the activity of the methionine synthase and methylmalonyl-
CoA mutase pathways can be indirectly assessed by detecting the
incorporation of label from specific metabolites into cellular
macromolecules by fibroblasts from patients. In cultured human cells with
normal methionine synthase activity, a radioactive label in the CH3 group
of MeTHF is metabolized by the cell and incorporated into
macromolecules. Cellular radioactive counts are markedly decreased
when this reaction is impaired [216]. Similarly, radiolabeled propionate is
used to indirectly assess activity of the methylmalonyl-CoA mutase
reaction [217]. Cells cultured from patients with defects in the methionine
synthase branch of the intracellular cobalamin pathway show a decrease
in their ability to incorporate label from MeTHF. Cells cultured from
patients with defects in the methylmalonyl-CoA mutase branch of the
pathway show a decrease in their ability to take up label from propionate.

Patients are classified into three groups; impaired propionate
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incorporation, impaired MeTHF incorporation, and combined. However,

mutations in at least three genes can explain every class of defect.

1.6.4 Somatic cell complementation

To separate patients on the basis of the affected gene, somatic cell
complementation is used [218, 219]. Cultured cells from two patients are
fused using polyethylene glycol. The resulting heterokaryons show
improvement in their biochemical parameters if the defect is located on
different genes (complementation) while cells with defects affecting the
same gene are not able to complement each other. Eight
complementation groups were established within which cells do not
complement each other but complement cells from the other seven
groups. These groups were designated cb/A through ¢cb/G and mut (Fig.
5). Interallelic complementation, i.e. complementation between cell lines
with defects in the same gene, can occasionally be observed so testing
with more than one cell line is recommended. Based on biochemical
analysis, characteristics of each complementation group allowed
understanding the function of some of the unknown genes under the
complementation groups. For example, in cells from patients of the cb/F

group, cobalamin is found free (not protein bound) and largely in the
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lysosomal fraction. This points to a defect in the process by which
cobalamin exits the lysosome. However, it is with the development of
methods to identify the genes involved in the different groups of cobalamin
disorders that more could be understood about the function of each step

of the cobalamin pathway.
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Figure 5: Intracellular cobalamin metabolism

Cobalamin carried in blood by transcobalamin (TC-Cbl) is recognized by
the transcobalamin receptor (TCbIR). Receptor-mediated endocytosis
directs the vesicle to the lysosomal pathway. Inside the lysosome, the
complex dissociates and the cobalamin molecule is exported to the
cytoplasm, a process impaired in cb/F patients. Patients with the ¢b/C and
cblD classical disorders show a defect in the synthesis of both
methylcobalamin (MeCbl) 5’-deoxyadenosylcobalamin (AdoCbl). Patients
with the ¢cb/D variant 1 and cb/E defect have a deficient synthesis of
MeCbl, patients with the cb/D variant 2, cblA and cb/B defects show a
defect in the synthesis of AdoCbl. ¢b/G and mutrepresent a defect in the
methionine synthase and methylmalonyl-CoA mutase enzyme,
respectively. Defects in the methionine synthase branch of the pathway
lead to elevations of homocysteine in plasma (homocysteinemia) and
urine (homocystinuria). Defects in the methylmalonyl-CoA mutase branch
of the pathway leads to elevations of methylmalonic acid in plasma

(methylmalonic acidemia) and urine (methylmalonic aciduria).
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1.7 Complementation Groups

1.7.1 Disorders affecting methionine synthase

cblG (MIM #250940)

Presentation

cb/G is the complementation group corresponding to a deficiency in the
methionine synthase enzyme [220]. Patients have elevated levels of
homocysteine without MMA in blood and urine and their fibroblasts show a
decreased incorporation of label from radioactive MeTHF, the other
cofactor in the methionine synthase reaction, into cellular
macromolecules. Symptoms include macrocytosis, developmental delay,

ataxia, cerebral atrophy, seizures and blindness.

MTR, the gene responsible for cb/G

The enzyme is encoded by the gene MTR [37, 92], and contains four
functional domains [221]. The homocysteine-binding domain associates
with the pterin binding domain to catalyze the methylation of cob(l)alamin
from MeTHF. The pterin-binding domain catalyses the transfer of the

methyl group to homocysteine. The cobalamin-binding domain is
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responsible for binding the vitamin. Finally, the activation domain binds S-
adenosylmethionine. Methionine synthase is essential in the folate cycle to
regenerate tetrahydrofolate from MeTHF. In methionine synthase
functional deficiency, the folate pool in the cell becomes biased towards
MeTHF. Folate-dependant reactions such as purine synthesis and
methylation are impaired. This situation has been referred as the
“‘methylfolate trap” hypothesis, and is covered in more details in section
1.4.2. Homozygous mirknockout mice die shortly after implantation, and
are not recued by nutritional supplementation. Heterozygotes have normal
or slightly elevated homocysteine levels, depending on the genetic

background, and display signs of endothelial dysfunction [43, 222].

cblE (MIM #236270)

Presentation

There are about 30 known cb/E cases in the world. It corresponds to a
deficiency in the enzyme methionine synthase reductase. The

presentation is undistinguishable from cb/G.

MTRR, the gene responsible for cb/E
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The enzyme methionine synthase reductase is encoded by the gene
MTRR [36]. Periodically, the cob(l)alamin molecule associated with the
enzyme methionine synthase is oxidized to cob(ll)alamin, inactivating the
enzyme. Methionine synthase reductase performs a reductive methylation
of the cofactor back to its 1+ state. S-adenosylmethionine is used as a
methyl donor in this reaction to regenerate MeCbl [223, 224]. Interestingly,
the most frequent mutation in cb/E patient is a mutation deep in intron 6,
c.903+469T>C. This change forms a new exon splice enhancer and leads
to the inclusion of a pseudo-exon [225]. Mfrr-deficient mice are
reproductively impaired. Mfrr-deficient mothers develop smaller placentae
and the embryos are developmentally delayed and small. Mtrr-deficient
embryos had a higher rate of ventricular septal defects than their

littermates [44].

1.7.2 Disorders affecting methylmalonyl-CoA mutase

cblB (MIM #251110)

Presentation

cb/B patients often present in the first year of life due to an acidotic crisis.
These patients have an elevation of MMA without homocystinuria.

Hospitalization typically results from vomiting, tachypnea, hypotonia and
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dehydration, sometimes precipitated by diet, exercise or infection.
Associated symptoms include failure to thrive, developmental delay,
lethargy, and encephalopathy. The age of onset varies, with about one
third presenting in the first week of life, and one quarter after one year of
age [184, 226]. Some patients have presented during adolescence.
Patients that present later in life are frequently reported have a self-
selected low-protein diet. Less than half of the cb/B patients respond to
cobalamin therapy (decrease in MMA levels). In a cohort of ten cb/B
patients, three patients died from the disease and four were impaired
(mental or developmental retardation, multiple hospitalizations for

recurrent acidosis or other medical problems) [184].

MMAB, the gene responsible for cb/B

The cb/Btype of cobalamin disorder is caused by a defect in the enzyme
cob(l)alamin adenosyltransferase encoded by the MMAB gene [41]. It is
located on 12g24. Identification of the gene was possible through the
identification of clusters of cobalamin-dependant metabolic pathways in
several microorganisms and comparison with human genes. The gene
product, MMAB, localizes to the mitochondria. It catalyzes the transfer of

adenosine from ATP to cobalamin. MMAB forms a trimer with ATP-binding
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sites located at the junction between adjacent monomers. However, only
two of the three sites are occupied by ATP at any specific time. Binding of
ATP is presume to lead to cobalamin binding [227]. The MMAB gene has
recently come under scrutiny when whole genome association studies on
HDL-levels in human have identified a region upstream of the gene [228-
230]. MMARB shares its promoter region with the gene MI/K encoding
mevalonate kinase, encoded in the opposite direction. Mevalonate kinase
plays a role in sterol synthesis and was thought to be the cause of the
association seen at this locus until it was demonstrated that expression

levels of MMAB and not MVK correlate with HDL levels [231].

cblA (MIM #251100)

Presentation

The presentation in cb/A patients is very similar to ¢cb/B. However, patients
generally have milder symptoms and present later in life. A study of 14
cblA patients reported a response rate to cobalamin therapy over 90%. In
that group, only one patient was reported to have died of the disease,
most being alive and well [184]. Results were similar in an independent
cohort of 20 cbl/A cases, where one single patient died at 14 days of age

[185]. In a study of 37 cbl/A cases, only seven patients presented within



58

the first week of life [232]. Cognitive dysfunction was however present in

about half of the patients assessed [185].

MMAA, the gene responsible for cb/A

The gene responsible for the cb/A type of cobalamin disorder was
identified through prokaryotic gene arrangement [40]. The human MMAA
gene is located at 4q31 and shares homology with the bacterial gene
MeaB, encoding a G-protein chaperone located in the mutase gene
operon. MeaB has a low intrinsic GTPase activity that is increased 100-
fold in presence of MUT[233]. In the case of the human protein, one group
observed a 8-fold increase in GTPase activity in the presence of human
MUT [234] while another group did not detect a difference in activity [235].
MMAA and MUT form a stable complex. Complex formation is enhanced
by the presence of GMPPNP, a non-hydrolysable analog of GTP, and
inhibited by GTP and AdoCbl [234]. The structure of the human MMAA
protein has been solved [234]. It is a homodimer. Its structure is generally
very similar to the bacterial MeaB, the notable difference being a relative
displacement of the dimerization arms causing the nucleotide-binding sites
to be closer together in MMAA than MeaB. MMAA is postulated to reduce

the AdoCbl molecule [55, 236]. The model predicts that periodically,
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AdoCbl associated with the methylmalonyl-CoA enzyme is oxidized,
inhibiting the reaction. The role of MMAA would be to reduce and
reactivate the molecule. Like MMAB and MUT, MMAA is a mitochondrial

protein.

mut (MIM #251000)

Presentation

The mutgroup corresponds to a defect in the methylmalonyl-CoA mutase
enzyme. All mut patients display symptoms similar to ¢cb/B and cb/A
patients. Some patients have a complete absence of enzyme function,
leading to a severe phenotype, while others have a residual enzyme
activity and a milder phenotype. The severe phenotype, mut©, has a
phenotype more severe than cb/B and over half of the patients die [184].
They present very early in life, with 80% in the first week of life. The milder
form, mut-, is associated with a phenotype similar to cb/A [185]. Cultured
fibroblasts from these patients display an increased enzymatic activity
upon addition of cobalamin to the medium, contrarily to cells from mut©
patients [237]. The mut® subgroup represent nearly half of the patients in

the cblA-cb/B-mut cohort.
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MUT, the gene responsible for mut

A mutase is an enzyme that catalyses the transfer of a functional group
from one position to another within a molecule.MUT, the enzyme encoded
by the MUT gene, performs the transfer of a carbonyl-CoA group to the
adjacent carbon in the backbone of MUTto produce succinyl-CoA. The
gene is located at 6p21.2-p12. The substrate of the reaction,
methylmalonyl-CoA, is produced from propionyl-CoA, a product of amino
acid and odd-chain fatty acid catabolism. The product of the reaction,
succinyl-CoA, is utilized as a substrate in the tricarboxylic acid cycle for
energy production in the mitochondria. MUTfrom Propionibacterium
shermaniiis a heterodimer with one catalytic subunit [238]. The substrate
binding site is located in a triosephosphateisomerase (TIM) barrel in the
N-terminal domain of the protein. The AdoCbl-binding domain is located in
the C-terminal domain. The N-terminal and C-terminal domains are
connected by a linker [239]. Human MUTis a homodimer with two catalytic
subunits [35]. The remainder of the structure is similar to the homologous
P. shermaniienzyme. It is not known if the presence of two catalytic sites
in the human MUThomodimer results in the presence of two MMAA
homodimers, although the molecular weight of the complex detected with

size exclusion chromatography favors the 2 MMAA dimers: 1 MUTdimer
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hypothesis [234]. Addition of MMAA increased MUTactivity by 70%,
presumably due to cofactor reactivation [235]. When MMAA was added at
time 0, GMPPNP and GTP performed equally well at increasing
MUTactivity. However, when MMAA was added after one hour, only GTP

could produce an increase in MUTactivity [235].

1.7.3 Disorders affecting methionine synthase and methylmalonyl-CoA

mutase

This thesis focuses on steps of the cobalamin metabolism that are
common to the synthesis of both MeCbl and AdoCbl. These correspond to
the cblF, cb/C and cb/D types of disorders that compose the initial steps of

the intracellular cobalamin metabolism.

cblF (MIM #277380)

Presentation

Patients with the cb/F type of cobalamin metabolism disorder typically
present early in life with failure to thrive, feeding difficulties, and lethargy.
Of fifteen patients diagnosed worldwide, four had congenital septal defects

of the heart: One had a complex cardiac defect described as right
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dominant atrioventricular septal defect with common atrium and double
outlet right ventricle, transposition of the great vessels, hypoplastic left
ventricle and common atrioventricular valve. A second had an atrial septal
defect with patent ductus arteriosus and right ventricular hypertrophy. The
two other patients had ventricular septal defects. Other congenital
malformations were noted in cb/F patients: tooth abnormalities were noted
in three patients and one case presented dextrocardia. About half of the
patients presented symptoms of inflammation such as glossitis, stomatitis,
gastritis, arthritis or skin rashes. Six patients presented with low serum
levels of cobalamin, which is unexpected in a disorder of intracellular
metabolism. Five patients were diagnosed with macrocytosis. Convulsions
were noted in two patients. Patients responded well to treatment with 1 mg
intramuscular cobalamin once every week or two weeks. Two patients
died from complications following corrective surgery for a congenital heart
defect [157]. One patient died of sudden infant death syndrome [240].
Four patients are asymptomatic and the remaining present a mild
psychological or growth delay. Half of the surviving patients are reported
to have short stature. Biochemically, patients have elevations of
homocysteine and MMA, although homocysteine was not detected in the

index case [241]. Incorporation of label from propionate and MeTHF in



63

cellular macromolecules is decreased in all patients reported.
Radiolabeled CNCbl added to cultured fibroblasts from cb/F patients is
minimally converted into the active coenzymes AdoCbl and MeCbl and

mainly accumulates as CNCbl [241].

Impaired lysosomal transport

The first step of the intracellular cobalamin metabolism consists in the
release of cobalamin from lysosome into the cytoplasm. The acidic pH
inside the lysosome favors the dissociation of the TC-Cbl complex and TC
is degraded [242, 243]. Very characteristic of the cb/F group, cobalamin is
almost entirely found associated with lysosomes, as demonstrated by
radioautography [244]. In control cells, most of the silver grains tracking
label from [57Co] CNCbl was detected in the cytoplasm (47%) and
mitochondria (23.4%), and only a small portion in the lysosome (4.7%). In
cblF patients, 60% of the silver grains overlapped with lysosomes, with
only 12.6% in the cytoplasm and 1.2% in the mitochondria. Lysosomal
entrapment of cobalamin can be partially recapitulated by treating normal
cells with chloroquine [245]. Chloroquine inhibits acidification of the
lysosome. Similarly to cb/F cells, chloroquine-treated cells retain

cobalamin inside the lysosome. However, in chloroquine-treated cells, the
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molecule remains associated with its carrier protein transcobalamin. In
cblF patients, lysosomal acidification is intact and the complex dissociates.
Most cobalamin is found in the free rather than the protein-bound form
[245]. The disorder results from a failure in the transport of cobalamin
across the lysosomal membrane rather than in the dissociation from
transcobalamin. As a result, [7Co] CNCbl added to cultured fibroblasts
from cb/F patients is largely recovered unmetabolized as CNCbl, with little
synthesis of either MeCbl or AdoCbl. The total uptake of [7Co] CNCbl in
cblF cells is higher than in control cells or other groups of mutant cells

[241].

cbIC (MIM #277400)

Presentation

cb/C is the most common class of inborn error of intracellular cobalamin
metabolism, with over 500 cases reported. Synthesis of both AdoCbl and
MeCbl is impaired, and unmetabolized CNCbl is not retained inside the
cell. The function of methylmalonyl-CoA mutase and methionine synthase
is decreased. Presentation is variable, with a majority patients presenting
in early life. A late-onset, milder form of the disorder is also observed.

Rosenblatt ef al. published a summary of the clinical and laboratory
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findings in 50 cbIC cases, 44 early-onset and 6 late-onset [246]. Common
symptoms include developmental delay, failure to thrive, poor feeding, and
hypotonia. Hematological abnormalities were part of the findings in 34 of
the 50 patients, manifesting most often as megaloblastosis and
macrocytosis, and more rarely as hypersegmented polymorphonuclear
leukocytes and thrombocytopenia. Seizures were present in 23 patients.
Microcephaly was noted in 19 out of 44 early-onset patients. There are
reports of hemolytic uremic syndrome in patients with the cb/C disease,
associated with a high mortality rate [247-255]. A progressive retinopathy
is a frequent finding, particularly in early-onset patients [256-258]. There is
an increased frequency of mild cardiac defects [156]. Symptoms are
significantly milder in the late-onset form where neurological findings
(dementia, psychosis, learning disability, neuropathy, etc.) are
predominant [259]. As in cytathionine-3-synthase patients, cb/C patients
develop early-onset arteriosclerosis and thrombotic events. The current
hypothesis proposes that the long-term exposure to high levels of
homocysteine in these patients causes arterial damage [96, 97, 260].
Prognostic is better in late-onset patient than in early-onset patients.
There is a better response to hydroxycobalamin (OHCDbl) than to the

pharmacological preparation CNCbl [261, 262]. Despite treatment, most
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early-onset patients have some degree of neurological impairment and
nearly a third die [246]. Early diagnosis and initiation of treatment are

currently the only tools to prevent long-term neurological sequelae.

MMACHC, the gene responsible for cb/C

Mutations in the gene MMACHC are responsible for the disease [38]. The
c.271dupA and ¢.331C>T mutations are associated with early-onset while
the ¢.394C>T mutation is associated with late-onset of symptoms [263].
Mutations have variable frequencies in different populations. The
¢.609G>A mutation represents about half of the alleles in Northern
Chinese and as much as three out of four alleles in Southern Chinese
[264]. In patients of European ancestry, the ¢.207dupA mutation
represents half of the disease-associated alleles [265]. The ¢.394C>T
mutation is frequent in cb/C cases from the Middle East, India, and
Pakistan while the ¢.331C>T is a founder mutation in French-Canadian
and Cajun populations [266]. The role of MMACHC is not fully understood
although it has been reported that the protein can perform the decyanation
of the CNCbl molecule, as well as the dealkylation of MeCbl and AdoCbl
[267-269]. Both reactions involve the removal of the upper axial ligand but

are predicted to act through different chemical processes. The
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decyanation reaction is particularly surprising as this form of the vitamin
does not exist in nature. However, it could explain the differential response
seen with treatment with OHCDbI versus CNCDbl. The sequence of the
protein MMACHC does not display the characteristic DXHXXG cobalamin-
binding motif but experiments have shown binding with MeCbl and
AdoCbl, and to a lesser degree with CNCbl and OHCbI [270]. MMACHC
was also demonstrated to form an interaction /in vivo and /n vitro with the

protein involved in the ¢b/D disorder, MMADHC [270].

cbID (MIM #277410)

Presentation

The cb/D type of inborn error of intracellular cobalamin metabolism is
located at the point where the cobalamin pathway branches towards
methionine synthase in the cytoplasm and methylmalonyl-CoA mutase in
the mitochondria. Patients can present with an elevation of both
homocysteine and MMA or with an isolated defect of one or the other
[271]. For simplicity, the three forms are designated cl/assic or combined,
cblD variant 1 for a defect in the synthesis of MeCbl and a deficiency in
methionine synthase activity, and ¢cb/D variant 2 for a defect in the

synthesis of AdoCbl and a deficiency in methylmalonyl-CoA mutase
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activity. Eleven patients are reported in the literature, with an additional
patient not yet reported [39, 272]. Distribution is as follows: MMA only:
three patients; combined: five patients; homocystinuria only: four patients.
Clinical manifestations vary greatly, with a large spectrum of age of onset
(first days of life to 14 years), type, and severity of symptoms.
Developmental delay was reported in three out of four patients with
homocystinuria only and one patient with combined homocystinuria and
MMA. Poor feeding was reported in two patients with isolated MMA and
one patient with combined homocystinuria and MMA. Seizures or
convulsions were reported in four patients and was found in all three forms
of the disease. Macrocytosis was reported in four out of five combined
homocystinuria and MMA patients (the fifth patient was asymptomatic)
and two out of four patients with isolated homocystinuria. Other symptoms
reported in patients with MMA only include vomiting, ketoacidotic coma,
lethargy, and necrotizing enterocolitis. Other reported presentations in
patients with combined homocystinuria and MMA include mental
retardation, marfanoid appearance, nygtagmus, respiratory infections,
encephalopathy, and reduced myelination. Additional findings in patients

with isolated homocystinuria include respiratory infection, hydrocephalus,
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vena cava clot, spastic ataxia, delayed visual evoked potential,

nystagmus, dystonia, and autistic features.

MMADHC, the gene responsible for cb/D

The gene responsible, MMADHC, was identified by microcell-mediated
chromosome transfer, a method consisting in introducing a normal copy of
a chromosome or part of a chromosome to an affected cell and testing for
correction of the biochemical phenotype [39]. The protein contains a
putative mitochondrial leader sequence, and has a putative cobalamin
binding motif covering residues 81 to 86 of the amino acid sequence. A
region of homology to the ATPase component of a putative bacterial ATP-
binding cassette (ABC) transporter has been detected. However, it lacks
the three motifs critical for ATP-binding; Walker A, Walker B and ABC
signature domain [273]. The sequence also contains a methionine codon
in the context of a strong Kozak consensus sequence at position 62 of the
amino acid sequence. It has been proposed that this codon could serve as
an alternative start of translation, explaining the variant biochemical
phenotypes seen in patients. Mutations associated with an isolated
deficiency in the synthesis of AdoCbl are located at the N-terminus of the

gene. It is speculated that translation in these patients re-starts at that
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second ATG codon and maintains an active cytoplasmic part of the
protein. Similarly, patients with an isolated defect in the synthesis of
MeCbl have missense mutations clustered in the C-terminal region of the
gene. In this case, the hypothesis is that a full-length protein is
synthesized and active in the mitochondria, with a dysfunctional C-
terminus [39]. As mentioned previously, MMADHC has been shown to

interact with MMACHC [270].

1.8 Gene discovery in Mendelian disorders

The era of genetic mapping started in the mid-1980's. The genes
responsible for Chronic Granulomatous Disease and Duchenne Muscular
Dystrophy were discovered on the X chromosome as early as 1986 [274].
Since then, methods have evolved to identify genes involved in Mendelian
disorders. Examples of approaches are localization based on homologies
with known genes, linkage, exome capture and microcell-mediated

chromosome transfer.

1.8.1 Homology with known genes
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A traditional way to identify genes responsible for human disorders is to
search for human homologs of genes involved in similar process in
bacteria or animal models. The MMAA and MMARB genes were identified
by analysis of the genes surrounding the methylmalonyl-CoA mutase gene
in prokaryotes [40, 41]. In bacteria, genes in the same metabolic pathway
are frequently found in close proximity in the genome, in a region under
the control of a single promoter referred to as an operon. The human
genes were identified by comparing genes around methylmalonyl-CoA
mutase in bacteria and candidate human genes, and screening cb/A and

cb/B patients for mutations in these candidates.

1.8.2 Linkage analysis

The most common method used in gene identification of Mendelian
disorders is linkage analysis. The basis of linkage is that a disease-
associated mutation in an affected family will be located on a single
haplotype and markers present around the mutations will be in linkage
disequilibrium (LD) with the condition. One large family with several
affected and unaffected individuals is used, or multiple affected families.
The result of the linkage is identification of a region of a chromosome that

is larger or smaller depending on the density of informative markers at that
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location. For example, MMACHC, the gene responsible for the cb/C type
of cobalamin disorder, was identified by linkage and homozygosity
mapping. Homozygosity mapping is used in small families with few
affected individuals. Affected individuals from different families are
screened for consistent regions of homozygosity. Mutations can be
different between families as long as individuals inherited the same
mutation from both parents within a family. In ¢cb/C, the interval identified
originally was 6.6 Mb in length [275]. Further haplotype analysis reduced
the interval and a total of 15 genes were sequenced to identify causative

mutations [38].

1.8.3 Exome capture

With recent developments in sequencing technologies, costs and times
have been dramatically reduced. In addition to the traditional dye-
terminator (Sanger) sequencing, a new array of what is collectively
referred to as next generation sequencing has become available. These
include pyrosequencing (454 Life Sciences), reversible dye-terminator
(Solexa, lllumina) and sequencing by ligation (SOLID, Applied
Biosystems). These technologies have opened the possibility of

sequencing entire genomes at ever-more affordable costs. In Mendelian
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disorders, the majority of disease-causing mutations are located in the 1%
of the genome that is protein-coding. Systematical sequencing of every
protein-coding exon in the genome of one or a few patient thus is quickly
becoming a rapid and affordable option to identify disease-causing genes.
The first successful identification of a gene causing a Mendelian disorder
by exome capture is the description of the role of the gene DHODH in

Miller syndrome at the beginning of 2010 [276].

1.8.4 Microcell-mediated chromosome transfer

Introduction

Another approach that can be used to identify a gene based on its
chromosomal location is microcell-mediated chromosome transfer
(MMCT) [277]. This technique can be used when cultured cells from
patients display a phenotype at the physical or biochemical level. MMCT
consists in adding a normal copy of a chromosome to the patient's cells to
see if that extra copy is able to correct the phenotype. Each of the 22
autosomes can be successively tested for correction. The gene
responsible for the cb/D type of cobalamin disorder, MMADHC, was

identified in this manner.
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Principle

Individual human chromosomes are isolated from donor murine-human
hybrid cell lines containing one human chromosome labeled with a
hygromycin resistance tag [278]. Treatment of these donor cells with
colcemid induces microtubule depolymerization resulting in the arrest of
mitosis during metaphase. This process leads to the micronucleation of
donor cells, in which condensed chromosomes are separated within
vesicles constituted of nuclear and cell membrane. Cells are enucleated
by treatment with cytochalasin B, which destabilizes the cell membrane.
The microcells harvested in this way are fused to the recipient cells using
polyethylene glycol. The recipient cells are then exposed to hygromycin,
selecting for cells that have incorporated a tagged human chromosome.
Clones formed in this manner are tested for correction of the phenotype
(Fig. 6). Once one correcting chromosome has been identified, further
refinement of the position of the gene can be performed in two ways. The
first technique relies on spontaneous breaks happening in the transferred
chromosome. Of the hygromycin-resistant clones, some will fail to correct
the phenotype due to a chromosomal break causing a loss of the gene of
interest. By comparing positive and negative clones with microsatellites or

SNPs, it is possible to exclude regions (all regions present in negative
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clones) and delimitate minimal intervals (regions common to all positive
clones). Another approach to refine gene location in MMCT is the use of
irradiated cell lines where chromosomal breaks are induced to increase
their frequency. This technique is also referred to as irradiation-MMCT or
XMMCT [279]. The increased number of breaks in the transferred human

chromosome in XMMCT assists in the microsatellite/SNP analysis.
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Application

In the cobalamin disorder cb/D, patients' cells fused with chromosome 2-
containing microcells resulted in an increase in the function of methionine
synthase and methylmalonyl-CoA mutase, as indirectly measured by the
incorporation of radiolabeled MeTHF (or formate) and propionate,
respectively. Refinement of the position of the gene was achieved by
exploiting spontaneous breaks in the chromosome transferred.
Microsatellite analysis was performed on positive and negative clones
from chromosome 2, delimiting a region containing 28 genes. These 28
genes were screened by cDNA sequencing to search for causative
mutations [39].

MMCT is also applied to the identification of cancer suppressor genes.
The phenotype observed in this case is the change from a neoplastic to a
control phenotype. Doherty and Fisher [280] and Meaburn, Parris and
Bridger [281] have reviewed the MMCT technique and its application to

the search for cancer suppressor genes.
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1.9 Protein-protein interactions

Protein-protein interactions are vital to many biochemical systems. For
example, dozens of proteins have been described that participate in the
mitochondrial respiratory chain. The mitochondrial respiratory chain is
formed by large complexes of proteins, which are brought together by a
series of assembly proteins. A deficiency in some of these assembly
proteins is sufficient to produce life-threatening disorders, causing a failure
of the complex formation. Recent data highlight the importance of protein-
protein interactions in intracellular cobalamin metabolism. As presented in
greater details in previous parts of this work, the interaction between
MMAA and MUT led to an increase in enzymatic function [234, 235] and

MMACHC and MMADHC have been demonstrated to interact [270].

1.9.1 Protein interactions in cobalamin metabolism

Four main facts lead us to believe that protein-protein interactions are
necessary in intracellular cobalamin metabolism. The first fact is the low
abundance of the vitamin inside cells. A classic study by Hsu and
colleagues in 1966 has estimated the cobalamin concentration in human
tissues to be as low as 30 ng per gram of wet healthy adult tissue in the

brain, going up to 700 ng in the liver [282]. These amounts are further
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separated into the different oxidation states (cob(l), (1) and (lll)alamin),
upper axial ligands (mainly OHCDbl, MeCbl, and AdoCbl) and
compartments (lysosomes, cytoplasm, mitochondria). The second fact is
the state in which cobalamin is found. In control cultured fibroblasts, over
95% of the vitamin is found associated with proteins. This figure leaves
very little free-floating vitamin available for chance interactions to occur.
The third fact is the oxidation state of cobalamin. Cobalamin is stable in
the cob(lll)alamin form. However, it needs to be reduced to the
cob(l)alamin state for the upper axial ligand to be substituted, creating the
MeCbl and AdoCbl active forms of the vitamin. The cob(l) and
cob(ll)alamin are highly reactive and unstable in the cellular environment.
The fourth fact is the base state of cobalamin. Studied cobalamin-binding
proteins in the intracellular metabolism pathway bind the vitamin in its
base-off state. The binding to a histidine residue in the protein structure
lead to a base-off, his-on situation. However, the base-off form is not
stable at neutral pH. At neutral pH, the base-on form is predominant. The
base-off form is favored by low pH such as that found in the lysosome.
Protein interactions are predicted to protect the base-off between
metabolic stages. These four facts favor the hypothesis that the cobalamin

molecule is constantly bound to proteins inside the cell. To process from
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one step of the metabolism to the next in an efficient manner, cobalamin is

proposed to go through a series of protein-protein interactions.

1.9.2 Proposed model

What is known about cobalamin is that it is rare, predominantly protein-
bound, and very unstable in the forms required for cobalamin-dependant
reactions to occur. These observations have led to a model where acidic
pH in the lysosome favors the base-off, cob(lll)alamin conformation. A
series of protein-protein interactions would act to shield the vitamin
against the cellular milieu. This would lead to a successful preservation in
its base-off form and subsequent reduction to its cob(l)alamin oxidation
state. Several approaches have been designed to observe and describe
protein-protein interactions. The choice of one particular technique

depends on the scientific question to address.

1.9.3 Phage display

Phage display predicts specific binding interfaces within proteins known to
interact [283, 284]. It utilizes a library of bacteriophages displaying random
peptides on their coat proteins. These phages are put into contact with the

bait protein being studied and phages displaying sequences that have an
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affinity for the bait are selected. The pool of affinity-selected phages can
then be amplified in bacteria and used for further rounds of affinity-
selection. DNA is isolated and sequenced from the phages and
corresponding peptides translated (Fig. 7). By mapping these selected
peptides against the sequence potential interactors, it is possible to obtain
a prediction of the interacting surfaces. Phage display has been used to
predict interaction sites in the bacterial cobalamin system [285, 286] and
more recently in the human cobalamin metabolism pathway [270]. It has
been used to screen protein partners in different human systems, often in

combination with co-immunoprecipitation [287-290].
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Figure 7: Phage display

Workflow of phage display experiment. 1: The phage library is incubated
on a surface coated with the bait protein. 2: Phages with affinity for the
target bind. 3: Unbound phages are washed away. 4: Affinity-selected
phages are eluted. The clones are then either sent for sequencing or 5:

amplified to be used in subsequent rounds of selection.
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1.9.4 Other approaches

Protein interactions can be detected using several other methods. The
yeast two-hybrid method was developed to confirm or refute an interaction
between two proteins [291]. A transcription factor is separated into two
moieties, each cloned as a fusion with one of the candidate proteins. An
interaction between the candidates brings in proximity the DNA-binding
domain and transcription-activating domain, enabling transcription. The
caveat of this approach is the high rate of false negatives created by the
size and orientation of the proteins tested. Protein complexes present in
cell lysates can be detected by co-immunoprecipitation. A candidate
protein is immobilized using antibodies and proteins found associated with
it are analyzed. Surface plasmon resonance (SPR) is a technique where
interactions of molecules with an immobilized ligand induce measurable
perturbations in electromagnetic waves parallel to the surface [292].
Precise measurements of association and dissociation constant can be
obtained in this manner. A newer application of SPR includes micro-
recovery, where eluted ligands can be recovered and analyzed [293, 294].
Isothermal titration calorimetry (ITC) measures very slight temperature
variations resulting from the binding of two compounds. Binding affinity,

enthalpy changes and stoichiometry can be measured in this fashion
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[295]. Forster resonance energy transfer (FRET), also known as
fluorescence energy transfer, involves the transfer of energy from an
excited donor chromophore to an acceptor chromophore when two

molecules are in close proximity (reviewed in [296]).

1.10 Rationale and objective

In this work, | have studied the first steps of intracellular cobalamin
metabolism. These steps correspond to the cb/F, cb/C and cb/D types of
disorders. | first attempted to locate the gene responsible for the cb/Ftype
of cobalamin disorder. The method | chose was MMCT, due to the small
number of patients and the absence of any known relationship between
them. This work contributed to the discovery of the LMBRD17 gene
responsible for cb/F and the description of the first mutations in cb/F
patients. | then described novel mutations in new cb/F patients, as well as
one previous cb/F patient for which one mutation had not been identified. |
also described novel mutations in three new ¢b/D patients and compared
them to other published mutations to identify correlations between the
biochemical phenotype and the genotype for this disorder. Finally, in order
to understand more about how the proteins involved in the first steps of

intracellular cobalamin metabolism worked together, | analyzed protein-
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protein interactions between the proteins underlying the ¢b/C and cb/D
diseases by purifying the MMADHC protein and performing phage display.

The thesis was assembled in the traditional style (hon manuscript-based).
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CHAPTER 2: IDENTIFICATION OF CHROMOSOME 6 AS THE

LOCATION OF THE GENE RESPONSIBLE FOR THE cb/F

TYPE OF COBALAMIN DISORDER

2.1 Introduction

With the identification of the gene responsible for the cb/D type of
intracellular cobalamin disorder [39], only one complementation group
remained for which the genetic basis was unknown: cb/F. The
identification of the gene defective in these patients would open up the
field of molecular biology in the study of this disorder. Several approaches

were available to accomplish this task, as summarized in chapter 1.

Based on the nature of the cb/F defect, there was a high possibility that
the gene altered in the patients encoded a lysosomal protein. One group
had previously tried identifying the protein by preparing lysosomal extracts
from control and patient cell lines and comparing them on two-dimensional
protein electrophoresis gels (A. Pshezhetsky, Ste-Justine Hospital,
personal communication). The goal was to identify a protein spot that
would be present in controls and absent in ¢cb/F patients, and submit

material extracted from that spot for mass spectrometry identification.
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Although promising, the approach failed at identifying the protein. The
cohort was one of small size (nine patients) composed of individuals

unrelated to each other, which argued against the use of linkage studies.

Coincidentally with the start of this project, cobalamin deficiency was
identified in a knockout mouse model for a multidrug resistance gene,
ABCCT (S. Moestrup, personal communication) [79]. The mice exhibited a
defect in cobalamin absorption from the gastro-intestinal tract. Because
some of our patients exhibited such a defect in addition to the lysosomal
phenotype, the ABCC7 gene was sequenced in cb/F patients. Although
the gene was not reported to be located in the lysosome, lysosomal
targeting is an incompletely understood process. Luminal lysosomal
proteins possess signal sequences that target them to the lysosome, post-
translational modifications with mannose-6-phosphate being the best
understood pathway. However, other proteins use different and less
understood pathways, particularly lysosomal membrane proteins
(reviewed in [297]). The analysis of the ABCC7 cDNA sequence in nine

cblF patients did not reveal pathogenic variants.
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The recent success at the identification of the gene responsible for the
cb/D type of intracellular cobalamin disorder directed our attention to an
approach called microcell-mediated chromosome transfer (MMCT),
reviewed in chapter 1 [39]. The ¢cb/D cohort, constituted of eight patients,
is of comparable size to the cb/F cohort. With the exception of two affected
siblings, the ¢cb/D patients are unrelated. Addition of a normal copy of
chromosome 2 to cultured fibroblasts from cb/D patients corrected the
incorporation of label from propionate and MeTHF into macromolecules.
However, some clones (24/72) isolated after transfer of chromosome 2
failed to rescue the phenotype, and provided informative markers to
narrow down the region of interest. The regions of the chromosome
present in negative clones could be excluded, while regions common to all
positive clones were selected for further inquiries. In the ¢cb/D case, the
team used a panel of 38 microsatellite markers to refine the region of
interest to 10.2 Mb. The region contained 28 genes, of which one,
C2orf25, now MMADHC, was selected as a candidate and in which
mutations were found in patients. We modeled our experimental plan to
identify the gene underlying the cb/F type of cobalamin disorder on this

approach.
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2.2. Materials and Methods

2.2.1 Cell lines used

A skin biopsy from cb/F patient WG3377 was obtained with informed
consent and fibroblasts were cultured and stored at the Montreal Children
Hospital Cell Bank. The cells were immortalized using human telomerase
and human papilloma virus type 16 protein E7 as previously described
[298, 299]. The genes cloned into a retroviral vector were transfected into
a packaging cell line (Phoenix helper-free retrovirus producer line, Nolan
lab, Stanford, CA). Supernatant was collected from the packaging cell line
and applied to the cb/Ffibroblasts. The increased cell cycle rate in
transfected cells acted as a selection factor for presence of the two genes.

The immortalized cb/F fibroblast line was named PV014.

2.2.2 MMCT

Cell lines preparation

MMCT was performed on the cell line PV014 as previously described
[300]. We used a mouse-human hybrid myoblasts containing a single
human chromosome tagged with a hygromycin B resistance gene [278].
These cells were grown in minimum essential medium plus non-essential

amino acids (MEM, Gibco, Invitrogen, Burlington, Canada) supplemented
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with 5% fetal bovine serum and 5% iron enriched calf serum (Intergen,
Burlington, MA) and containing 400 U/ml hygromycin B (Calbiochem,
Gibbstown, NJ). Cells were plated on four 15 cm dishes to reach a
confluency of 70 % after 24 hours. Demecolcine (Sigma-Aldrich, Oakville,
Canada) 0.06 pg/mL was then added and cells were incubated for 48
hours. Sterile bullets made from the bottom surface of cell culture flasks
and shaped to fit in centrifuge tubes were treated the day before transfer
for cells to adhere to the surface. 21 bullets sterilized for 24 hours in
ethanol and dried sterilely in the tissue culture hood were submerged in a
filter-sterilized solution of 75 mg/ml 1-cyclohexyl-3-(2-morpholinoethyl)
carbodiimide (CMC) (Sigma-Aldrich, Oakville, Canada) dissolved in a 0.9
% sodium chloride solution. The CMC solution was then replaced by a
filter-sterilized solution of 15 mg/ml concanavalin A type IV (Sigma-Aldrich,
Oakville, Canada) dissolved in 0.9 % sodium chloride solution. Excess
concanavalin solution was removed and bullets were incubated three
hours in the tissue culture hood and submerged in phosphate buffered

saline (PBS) overnight at 4°C.
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Microcell harvesting

On the day of transfer, rodent cells were harvested by trypsinizing the
cells and centrifuging the suspension at 250 g for 10 min. Cells were then
resuspended in 12 ml MEM with serum and the cell suspension was
carefully spread on the dry bullets in 15 cm dishes. Cells were allowed to
attach for 15 minutes in the tissue culture hood then 36 ml of MEM with
serum was added to the dishes. Cells were incubated on the bullets for
three hours at 37°C. After the incubation, bullets were placed in centrifuge
tubes, two bullets per tube with cell-adhering side facing out. Each tube
was filled with 25 ml of serum-free MEM containing 10 pg/ml cytochalasin
B (Sigma-Aldrich, Oakville, Canada) and spun at 30 000 g at 30°C for 30
minutes in a pre-warmed rotor. After spinning, the pelleted material was
pooled and vigorously resuspended in 30 ml serum-free MEM. This
solution was filtered two times through 8 um filters and three times through
5 um filters to separate microcells from cell remnants. The filtered

microcell suspension was then spun at 1200 g for 10 minutes.

Fusion
Microcells were resuspended in 1.5 ml serum-free MEM and mixed with

1.5 ml phytohemmaglutinin P (Sigma-Aldrich, Oakville, Canada). Recipient
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patient cells at 80 % confluency in a 10 cm dish were rinsed three times
with 5 ml serum-free MEM. The microcell suspension was then spread
and incubated 30 minutes at 37°C to adhere to the rinsed recipient cells.
Microcells and recipient cells were fused by exposure to 4 ml polyethylene
glycol 1500 (Roche, Mississauga, Canada) in 10% dimethylsulfoxide
(DMSO) (Sigma-Aldrich, Oakville, Canada) for 50 seconds. Cells were
rinsed two times with 10 ml of serum-free MEM containing 10 % DMSO for
one minute, then with 10 ml of serum-free MEM for one minute and 10 ml
of serum-supplemented MEM for one minute. Cells were then incubated
overnight in 10 ml serum-containing MEM with penicillin/streptomycin (50
U/mL penicillin, 50 pg/mL streptomycin) (Gibco, Invitrogen, Burlington,

Canada).

Colony growth

The next day, cells were split into two 10 cm dishes. Cells were fed every
two to three days with serum-supplemented MEM containing 100 U/mL of
hygromycin B to select for resistant cells. Clones took about 30 days to
develop. They were picked, transferred to separate dishes and grown to

confluency in 175 cm? flasks for ['4C] propionate assay.
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2.2.3 [14C] propionate assay

Incorporation of ['4C] propionate into cellular macromolecules was
measured in the immortalized and primary cells. Immortalization did not
affect [14C] propionate incorporation, which remains low in transformed
patient fibroblasts compared to controls. Cells from the cell lines of interest
were plated at a density of 400 000 cells in triplicate 35 mm tissue culture
dishes and incubated for 24 hours. After the incubation, MEM was
removed and replaced with Puck’s F medium containing 15% fetal bovine
serum and 100 pmol/l ['4C] propionate (Amersham Life Sciences, GE
Healthcare, Chalfont St. Giles, United Kingdom) and unlabeled propionate
(Sigma-Aldrich, Oakville, Canada) to give a final specific activity of 10
pCi/umol. Cells were incubated with the radioactive serum-containing
MEM for 18 hours. Macromolecules in the cells were then precipitated in
three successive 15 minutes incubation at 4°C in 5 % (w/v) trichloroacetic
acid. Precipitate was dissolved by adding 0.2 N sodium hydroxide and
incubating for 3 hours at 37°C. Dissolved material was removed and
radioactive propionate incorporated into proteins was measured by liquid
scintillation counting of a 700 pL aliquot (Scintillation counter, Perkin
Elmer Tri-Carb 2800TR). This value was divided by the concentration of

protein in the sample, assessed by Lowry assay [301].
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2.2.4 Mutation Analysis

gDNA and RNA were extracted from the PV014 cell line. gDNA was
extracted using the Puregene kit (Qiagen, Mississauga, Canada) and RNA
was extracted using TRIzol reagent. RNA was reverse-transcribed using
poly dT universal primers (GE Healthcare Canada, Oakville). A mixture of
2 uL RNA, 2 L primers and 8 uyL RNA-free water was heated for 10 min
at 75°C. To this reaction was diluted into 1X MMLV RT buffer, 1 U/uL
MMLYV reverse transcriptase (USB, Cleveland, OH), 1 U/uL ribonuclease
inhibitor (Invitrogen, Burlington, Canada), 0.5 mM dNTPs (Qiagen,
Mississauga, Canada), and RNA-free water. The mix was then heated at
37°C for 60 min and 75°C for 10 min. PCR amplification was performed
using primers listed in Table 2 (p.113). The reaction was performed as
follows: 0.4-2 ng/uL template DNA was diluted into 1X PCR buffer, MgCl2
at a final concentration of 3.5 mM, 200 uM dNTPs (Qiagen, Mississauga,
Canada), 100 pM each forward and reverse primers, and 0.02 U/uL
HotStar Taq polymerase (Qiagen, Mississauga, Canada). The mix was
initially denatured at 96°C, then cycled for 40 cycles at 96°C (30 sec), the
annealing temperature listed in Table 2 (60 sec) and 72°C (60 sec per kb).

A final elongation step was added at 72°C for 10 min.
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2.3. Results

2.3.1 MMCT

A total of nine hygromycin-tagged chromosomes were transferred in the
PV014 immortalized cb/F cell line and seven successfully produced clones
to be tested (chromosomes 2, 4, 5, 7, 10, and 16) (Table 1). Of these, only
the transfer of chromosome 6 produced clones in which the [14C]
propionate incorporation levels were corrected. Transfer of further
chromosomes was halted after the correcting chromosome was identified
and chromosomes that had failed to produce clones were not re-tested.
Eleven clones from the transfer of chromosome 6 were tested for
correction with [14C] propionate. Of these, eight clones had markedly
increased levels of incorporation, while three failed to show correction
(Figure 8). Figures 9 and 10 show examples of chromosomes that did not

produce clones with a correction of ['4C] propionate incorporation.
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Table 1: Rescue observed in clones isolated from chromosome transfer,

assayed by [4C] propionate incorporation.

Chromosome # clones Rescuing Non-rescuing
2 2 0 2
3 0 0 0
4 5 0 5
5 5 0 5
6 11 8 3
7 5 0 5
10 2 0 2
12 0 0 0
16 1 0 1

# clones: number of clones isolated and tested with [14C] propionate
assay, Rescuing: number of clones for which the ['4C] propionate
incorporated/mg protein/18hrs average of triplicate is significantly higher
than baseline, Non-rescuing: number of clones for which the [14C]
propionate incorporated/mg protein/18hrs average of triplicate is not

significantly different than baseline.
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Figures 8-10: ['4C] propionate incorporation in clones isolated from

chromosome transfer

Background; control fibroblasts incubated for 30 sec in [4C] propionate for
background radioactivity count. Control; fibroblasts from a healthy control.
cblF, immortalized cb/F patient fibroblasts. ChrX #1-14; number of the
clone from immortalized cb/F fibroblasts with transferred chromosome X.
White bars; incorporation comparable to cb/Fline. Black bars;
incorporation significantly higher than cb/F baseline. Error bars indicate

the standard deviation observed for the assays performed in triplicate.
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2.3.2 Homozygosity mapping

Our collaborators Dr. Frank Rutsch and Susan Gailus in Muenster,
Germany, performed homozygosity mapping on cell lines from nine cb/F
patients we provided to them and an additional three cell lines from
European patients. To perform homozygosity mapping, multipoint linkage
analysis was used to identify regions of homozygosity by descent in inbred
affected individuals [302]. Here, parents of affected individuals were
arbitrarily assigned as second-cousins. A single maximal HLOD score was
identified on chromosome 6, confirming our MMCT results. Gene
expression data revealed a decreased expression of the gene LMBRD17 in
this region. Transfection of the LMBRD17 gene in a cbiF cell line corrected
the incorporation of labeled propionate. One mutation, c.1056delG --

p.L352fsX18, was identified in 17 of 24 alleles tested.
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c.712_713delAC, p.T237X
(Exon 8)
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Figure 11: Mutation c.712_713delAC (p.T237X)

Legend:

c.712_713delAC (p.T237X) mutation on one allele of patient WG3377

(PV014) with the corresponding wild-type sequence.
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2.3.3 Mutation Analysis

cDNA sequencing of the PV014 cell line used for MMCT confirmed the
presence of the common ¢.1056delG mutation previously identified by the
Rutsch group. The mutation was present on one allele. Additionally, we
identified a second heterozygous frameshift mutation, ¢.712-713delAC —
p.T237X, by cDNA sequencing. gDNA sequencing for exon 6 confirmed

the mutation (Fig 11).

2.4. Discussion

The rationale for choosing MMCT to identify the gene responsible for the
cblF type of intracellular cobalamin disorder was justified. Nothing in the
patients’ history could lead us to believe that they shared a common
ancestry that would have directed us to the homozygosity mapping. It thus
came as a surprise to identify a common mutation located on a shared
haplotype in a large proportion of the patients (only one patient in this
cohort did not have at least one copy of the c.1056delG allele).
Retrospective analysis of the background of patients sharing the
c.1056delG mutation leads us to believe that the mutation appeared in
Europe, and then spread to America. Thus, although the homozygosity

mapping approach found the causative gene in a faster and less labor-
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intensive manner than MMCT, it was also an approach that had a lower
chance of success a priori. On the other hand, in the presence of an
observable cellular phenotype (such as here the decreased radioactive
incorporation from a substrate), MMCT has a very high chance of
success. MMCT is a technically challenging, slow, and labor-intensive
approach that will succeed where other approaches fail. The result of
chromosome transfer in this case provided a solid ground to go on with

the investigation of the linkage peak on chromosome 6.

The gene identified, LMBRD1, has been localized to the lysosomal
membrane by examining cryosections for colocalization of EGFP-tagged
LMBD1, the protein encoded by LMBRD1, and the lysosomal marker
LAMP1 [157]. It contains nine predicted transmembrane domains. LMBD1
shares homology with members of the PF04791 protein family. Homology
is particularly significant between LMBD1 and LMBR1, a protein of
unknown function, and LIMR, a membrane receptor for small secreted
proteins: lipocalins. The membrane topology prediction places six putative
N-glycosylation sites in the lysosomal lumen. This is consistent with the

topology of other known lysosomal membrane proteins, among them
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LAMP1 and LAMP2, which are among the most densely glycosylated

proteins known (reviewed in [303]).

The co-localization of LMBD1 with the lysosome is consistent with a role
of the protein in the export of cobalamin through the lysosomal membrane.
However, several questions remain unanswered and require further
experiments. The LMBD1 sequence does not reveal an identifiable vitamin
B12-binding motif. It is thus not known whether LMBD1 binds cobalamin
directly. With nine putative transmembrane domains, LMBD1 has the
potential to form a channel for the passage of the cobalamin molecule.
Whether LMBD1 forms such a channel, as a monomer, as a dimer, or as
part of a complex with accessory molecules, remains to be discovered.
The mild phenotype seen in cb/F patients as compared to the ¢cb/C cohort
and their good response to therapy is not well understood. It has been
proposed that about 1% of the cobalamin present in the gut can be
passively absorbed. It remains to be tested if a similar passive absorption
can be used by the cells to take up cobalamin from the blood. It is also
interesting to observe that some cb/F patients have abnormal Schilling test
results, indicating a faulty absorption from the gastrointestinal tract. It is

thus important to study the role of LMBD1 in enterocytes.
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PREFACE TO CHAPTER 3

Publication:

This work was published as a brief communication as:

Miousse |.R., Watkins D and D.S. Rosenblatt. Novel splice site mutations
and a large deletion in three patients with the cb/Finborn error of vitamin

B12 metabolism. Mol Gen Metab. 2011. 102(4): p.505-7

Contribution of authors:

Initial diagnosis work was performed by the clinical staff. Enzyme assays
and complementation studies were performed by Jocelyne Lavallée,
cobalamin distributions were assayed by Dr. David Watkins and the
testing for the common mutation was performed by Maria Galvez.

The TspRI restriction enzyme assay was designed by IR Miousse and
optimized by Lydia Vézina. All mutation analysis work on mutations
c.404delC - p.T134fsX14, c.842_845delAGAG - p.K281fsX4,
c.712_713delAC - p.T237X was performed by IR Miousse. Sequencing

was done at the Genome Quebec Innovation Center.
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CHAPTER 3: NOVEL MUTATIONS IN cb/F PATIENTS

3.1. Introduction

In 2009, mutations in twelve cb/F patients were published [157]. An
important result from this analysis was the presence of one common
mutation in the gene LMBRD1, c.1056delG — p.Leu352fsX18, on 17 out of
24 alleles tested. This mutation is a one base pair deletion leading to a
frameshift and a premature stop codon. Seven patients were homozygous
for the common mutation and four more were compound heterozygotes. A
second mutation was identified in three patients (c.404delC -
p.Thr134fsX14, c.842_845delAGAG - p.Lys281fsX4, c.712_713delAC -
p.Thr237X), and could not be identified in the fourth patient. One patient
was homozygous for a two base pair deletion, ¢.516-516delAC -
p.Thr172fsX9. With the exception of ¢.712_713delAC which was a
coincidental finding of the MMCT experiment, all the mutation analysis
was performed in exonic genomic DNA by our collaborators Dr. Frank
Rutsch and Susan Gailus in Munster, Germany. A thirteenth patient was
published subsequently with a homozygous mutation, ¢.1405delG —
p.Asp469fsX38 [304]. A summary of the mutations identified in cb/F

patients can be found in Table 3.
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Two new cb/F patients were referred to our clinical diagnosis laboratory.
Diagnosis was made based on the absence of complementation of other
cb/Flines in the first patient. For the second patient, ['4C] propionate and
[4C] MeTHF incorporation in the cell was in the normal range, and thus
complementation analysis was not attempted. However, the cobalamin
distribution pattern was abnormal. Synthesis of MeCbl and AdoCbl was
low, and CNCbl was high, a pattern characteristic of cells from cb/F
patients. Diagnosis was strengthened by the identification of one copy of
the common mutation in both patients by clinical restriction digestion
testing. We aimed to identify the second causative mutation in these two
patients and at the same time analyzed an additional patient heterozygote
for the common mutation for which a second mutation had not been
identified (WG3365, patient 11 in Table 3 and ref. [157]). The objective of
this study was to identify the second mutation in these three patients. All
previously reported mutations led to a premature stop codon. An
additional aim of this study was to observe if this trend is continued in

more cb/F patients.



110

3.2. Materials and Methods

3.2.1 Cell lines

Fibroblasts were obtained with informed consent from patients and sent to
the Cell Bank of the Montreal Children Hospital (cellbank@mcgill.ca).
Cells were cultured in minimum essential media (MEM, Gibco, Invitrogen,
Burlington, Canada) supplemented with 5% fetal bovine serum and 5%
iron enriched calf serum (Intergen, Burlington, MA). DNA was extracted
using the Gentra Puregene kit (Qiagen, Mississauga, Canada) and RNA
was extracted with TRIzol reagent (Molecular Research Center, Inc,

Cincinnati, OH).

3.2.2 Mutation analysis
Primers were designed using the online tool Primer3

(http://frodo.wi.mit.edu/primer3/) [305]. The TspRI restriction site was

identified using the online tool NEB cutter

(http://tools.neb.com/NEBcutter2/, New England Biolabs, Ipswich, MA).

RNA was reverse-transcribed using poly dT universal primers (GE
Healthcare Canada, Oakuville). A mixture of 2 yL RNA, 2 uL (50 units) of
primers and 2 yL RNA-free water was heated for 10 min at 75°C. To this

reaction was added MMLV RT buffer, 1 U/uL M-MLYV reverse transcriptase


http://frodo.wi.mit.edu/primer3/
http://tools.neb.com/NEBcutter2/
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(USB, Cleveland, OH), 1 U/uL ribonuclease inhibitor (Invitrogen,
Burlington, Canada), 0.5 mM dNTPs (Qiagen, Mississauga, Canada), and
RNA-free water. The mix was then heated at 37°C for 60 min and 75°C for
10 min. PCR amplification was performed using primers listed in Table 2.
The reaction was performed as follows: 0.4-2 ng/uL DNA was diluted into
1X PCR buffer, MgCl2 at a final concentration of 3.5 mM, 200 uM dNTPs
(Qiagen, Mississauga, Canada), 100 pM each forward and reverse
primers, and 0.02 U/pL Taq polymerase per (Qiagen, Mississauga,
Canada). The mix was initially denatured at 94°C for 3 min, then cycled for
40 cycles at 94°C (30 sec), the annealing temperature listed in Table 2 (60
sec) and 72°C (60 sec per kb). A final elongation step was added at 72°C
for 10 min. HotStar Taq was used for primers pairs giving a low
amplification with regular Taq. In these cases, HotStar Taq was
substituted to Taq in the preparation and the mix was initially denatured at
96°C for 10 min, then cycled for 40 cycles at 96°C (30 sec), the annealing
temperature listed in Table 2 (30 sec) and 72°C (60 sec per kb). A final
elongation step was added at 72°C for 10 min. Samples were run on a
1.2% agarose gel with ethidium bromide for quality control. Samples were

sent for sequencing to the Genome Quebec Innovation Center (Montreal,



112

Canada). Sequences were analyzed with the tool Mutation Surveyor

(Softgenetics, State College, PA).
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Table 2: Primers used in this study

gDNA primers

Name Sequence Annealing T
LMBRD1_01F CCGGCCCCATTGCCCAAGTC

LMBRD1_01R GCTTGCAGGGAAGCCAGCGA 65
LMBRD1_02F TTTGCACTGTGTTTAATGAGGAA

LMBRD1_02R TGTGCCAGAAATTTGAAAGG 58
LMBRD1_03F TGTGGGTGGATAGATTTTGGA

LMBRD1_03R CCCCCTTCTTTCTTGCCTAC 62
LMBRD1_04F GCTCGGTTTATTATTTATTTCCACA

LMBRD1_04R CAGTCATTCATTCTCTGAAAAAGC 62
LMBRD1_05F CAAGGGCCTAACTATTGAAAAGA

LMBRD1_05R TGTTAACAGGCAGATTACCAAGAA 58
LMBRD1_06F CTTTTCACTCCCCTCTGTGC

LMBRD1_06R GCCTCCCAAAGTGCTAGGAT 62
LMBRD1_07F CATTGAGAAAGGCCATGTGA

LMBRD1_07R CAGCTAAAATGATGATGGCTAA 58
LMBRD1_08F TCCCATATACCATGTTTTCAGTG

LMBRD1_08R TGTACCAGATATGCTGCAAAAA 62
LMBRD1_09F AGATTAAACCCCCAAATCCA

LMBRD1_09R CCACATTTTTATGCTGACCTTG 58
LMBRD1_10F GATCATTGTCATATTCTAGCAACTCA

LMBRD1_10R TTGGACGTTTTAGCCATTCTTT 62
LMBRD1_11F CATCAATTGAACAATAGCTGTGA

LMBRD1_11R TGTCAAACTATTCATAGGTTTTTAGC 58
LMBRD1_12F TGTAAACATTTGCCGGATGA

LMBRD1_12R CCCCATTTAAGAACCACTGC 58
LMBRD1_13F TGAAATTCTGTGTGCTGTTTCA

LMBRD1_13R TCCATGAACTTCTAACAGATGCT 58
LMBRD1_14F GTTCAACACAGGACCTAAAGGA

LMBRD1_14R TGCAAATCCTTTCATCAACAA 58

LMBRD1_15_16F

GCATTGGTGGCATTCATTTTT

65
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Name Sequence Annealing T
LMBRD1_cDNA_1-5F GGTGCATATTTCGGCCTCTTA
LMBRD1_cDNA_1-5R TTGAGTGCCGTTTTAATTTGA 58
LMBRD1_cDNA_4-8F TTATGAAGAAAAGGATGATGATGA
LMBRD1_cDNA_4-8R TAACGCAGACATGCCATAGG 58
LMBRD1_cDNA_7-14F CATGGTTTAGCTGCATTGTCA
LMBRD1_cDNA_7-14R TGGCACAGAAAGGGTTGAAT 58
LMBRD1_cDNA_9-13F AATTTTGTGGCGCTCTGC

LMBRD1_cDNA_9-13R GGGCCTGGTTCTACCTCTTC 58
LMBRD1_cDNA_13-16F | CCCAAGCACTCCTTTTTCTCT
LMBRD1_cDNA_13-16R | GCAGAATAGACAGAGGGCTCA 58
gPCR primers

Name Sequence Annealing T
gPCR_1F TCCAAGCGCCTCCCCTACCA

gPCR_1R AGATGGCGACTTCTGGCGCG 60
gPCR_2F TCCACTGGTAGAAGTGCTGATGTGA 60

Long-range PCR primers

Name

Sequence

LMBRD1_11kbF

ACCCCTGCCATAAGAAGGCAGA

LMBRD1_11kbR

CAGGCCCTGCAGTTGGCCTC
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3.2.3 Quantitative PCR

Real-time quantitative amplification was done using SYBR green reagent
master mix (Invitrogen, Burlington, Canada) supplemented with 2.5 mM
MgClz. The final concentration of DNA was 2 ng/pL, with an additional
control at 1 ng/ pL. All samples were run in duplicate. The reaction was

performed for 40 cycles on a Rotor Gene RG3000 (Corbett Research).

3.2.4 Long-range PCR

Long range PCR was performed with LA Taq with Mg2+ buffer (TaKaRa
Bio, Shiga, Japan). The reaction mix was prepared as follows: buffer
containing 300 uM MgCl,, 200 uM dNTPs (Qiagen, Mississauga, Canada),
100 uM each of forward and reverse primer, 0.02 U/uL LA Taq and 2 ng/p
L template DNA. The template was initially melted at 94°C for 3 min, and
then cycled 30 times between 98°C for 5 sec and 68°C for 15 min. A final

elongation step at 72°C for 10 min was included.
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3.3. Results

3.3.1 Restriction digestion test for the common c¢.1056delG mutation
Because of the high frequency of the common ¢.1056delG mutation in
cblF patients, we designed a restriction digestion test to serve in the
clinical diagnosis laboratory. A cut site for the restriction enzyme TspRI
was identified in the wild-type sequence of exon 11 of LMBRD1 that is
abolished by the 1056delG mutation (primers LMBRD1_exon 11F and
LMBRD1_exon11R, Table 2). In wild-type alleles, the 390 bp PCR product
is completely digested in two fragments of 240 bp and 150 bp. In
heterozygotes, the 390 bp band corresponding to uncut product is visible
in addition to the 240 and 150 bp control bands. In ¢.1056delG
homozygotes, only the 390 bp band is present. This test is used in the

clinical lab to support cb/F diagnosis.

3.3.2 Patient WG3365

Patient WG3365 was previously reported as heterozygous for the
common mutation (Patient 11 in [157]). The second mutation was
unknown. We designed primers to amplify the gDNA for every exon of the

LMBRD1 gene, including at least 100 bp upstream and downstream of the
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coding sequence. We confirmed the presence of the ¢.1056delG mutation
by sequencing of exon 11, where the mutation is located. Upon analysis of
the sequencing results, we identified a heterozygous G>T change at the
base directly upstream of exon 10 (c.916-1G>T). We designed primers to
amplify the region around exon 10 on cDNA. Amplification of bases c.887-
1221 led to the generation of two fragments: one full-length fragment of
335 bp and one shorter fragment of 270 bp (Figure 12). Exon 10 is 65 bp
in length. We concluded that the ¢.916-1G>T change on one allele of the
patient perturbs the splice accepting site of exon 10. This results in the
failure to include exon 10 in the transcript from that allele. Because the
number of bases in the exon (65 bp) is not a multiple of three, the mis-
splicing causes a frameshift that creates a stop codon after two codons

(p.lle306fsX2).

3.3.3 Patient WG4008

Patient WG4008 was identified on the basis of an abnormal newborn
screen and referred to our clinical diagnostic laboratory. Incorporation of
label from propionate and MeTHF was within the control range but the
synthesis of AdoCbl and MeCbl was low, while CNCbl was high. As this is

a feature of cb/F cell lines, restriction digestion testing for the common
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c.1056delG mutation was performed and the patient was found to be
heterozygous. The sample was transferred to us for research purposes.
We amplified and sequenced gDNA for every exon of the LMBRD1 gene.
We confirmed the presence of the common mutation on one allele by
gDNA sequencing. Upon analysis of the sequencing results, we identified
a heterozygous G>T change at the base directly upstream of exon 14, c.
1339-1G>T. We designed primers to amplify the region around exon 14 on
cDNA. Amplification of bases ¢.1220-1619 led to three bands: a wild-type
amplification band corresponding to 400 bp, a smaller band corresponding
to 321 bp, and an intermediate-size band (Figure 12). The smaller 321 bp
band is consistent with the absence of the 79 bp of exon 14 in the
transcript, as confirmed by sequencing. Sequencing of the intermediate
band revealed that it is composed of a mixture of wild-type transcript and
of transcript missing exon 14. Exon 14 has a number of bases that is not a
multiple of three, so the absence of exon 14 in the transcript induces a
frameshift predicted to cause a stop codon after 33 codons

(p-Thr447fsX33).
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3.3.4 Patient WG4042

Patient WG4042 was a child with a cardiac malformation and
trigonocephaly. Clinical analysis revealed a decreased synthesis of Me-
and AdoCbl and a low incorporation of label from propionate and MeTHF
in cellular macromolecules. Somatic cell complementation identified this
patient as belonging to the cb/F group. TspRI digestion identified one copy

of the ¢.1056delG mutation.

We amplified gDNA for all exons of the LMBRD7 gene and sequencing
confirmed the TspRI digestion results. All other changes were catalogued
SNPs. We thus amplified complete cDNA, split into four overlapping
segments. The first segment, c.44-425, revealed a band of abnormal size
in the patient. In the control, the amplification gives rise to a band
consistent with the expected length of the product: 382 bp. In the patient,
very little of that control band can be seen but a strong band is present
around 200 bp (Figure 12). This size difference suggested the absence of
exon 2, which is 177 bp in length. Further analysis of the regions around
exons 1 to 5 did not reveal changes that would be predicted to affect
splicing. We thus considered the possibility of a gDNA deletion of the

entire exon 2 on one allele, or the deletion of exons 3 and 4 (exon 3: 61bp
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and exon 4: 98 bp, total 158 bp). Because of its length more closely
resembling the size difference observed on agarose gel, exon 2 was our

first candidate.
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Figure 12: cDNA migration

Agarose gel electrophoresis of cDNA PCR products from cblF patients
and controls. In patient WG3365 (c.887-1221), there were two products:
one of control length (335 bp) and a shorter band lacking the residues of
exon 10 (270 bp). Investigations on the faint band seen at 700 bp were
inconclusive. In patient WG4008 (c.1220-1619), there were three
products: one of control length (400 bp) and a shorter band (321 bp)
lacking the residues of exon 14. A third band of intermediate size is
composed of mutant and normal product. In patient WG4042 (c.44-425),
there was a band of 205 bp, in addition to the control band of 382 bp. This
is consistent with a deletion of exon 2. Only a small amount of control

product was detected.
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Figure 12: cDNA migration
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To test this hypothesis, we performed quantitative PCR on gDNA for exon
2, using exon 1 as a control. In exon 1, fluorescence appeared after a
similar number of cycles in the patient sample and in the control (ACT=-
0.21). In exon 2, fluorescence in patient (ACT=3.0) was delayed
compared to control (ACT=1.4). Diminishing by half the amount of DNA in
the control resulted in values equivalent to patient (ACT=2.6) (Figure 13).
This pattern suggested that there is half as much DNA template for exon 2
in the patient as in the control. These results supported the hypothesis of

a deletion of one of the two alleles around exon 2 of LMBRD1.

To confirm a deletion and define its exact borders, we amplified the region
between exons 1 and 3 by long range PCR. The whole region (intron 1,
exon 2, and intron 2) is 17 kb in length. By sequencing regions rich in
SNPs, we identified a heterozygous SNP in intron 2 (rs3799120 C/A). This
proof of bi-allelism excluded the 6 kb region between this SNP and exon 3
from the putative deletion. Amplification of the 11 kb region between exon
1 and rs3799120 led to two species. The first species was about 11 kb in
length while the second species was between 2.5 and 5 kb in length.

There was preferential amplification of the shorter species. Sequencing of
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the shorter product revealed a 6785 bp gap in the gDNA ranging from
4298 bp upstream to 2311 bp downstream of exon 2 (c.70-
4298_246+2311del6785, p.Ala24_Lys82del). Exon 2 being 177 bp in

length, the reading frame of the remaining transcript is conserved.
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Figure 13: Quantitative real-time PCR on exon 2

Quantitative real-time PCR analysis of exon 2 in patient WG4042. a) 100
ng control gDNA(ACT=1.4) and b) 100 ng patient gDNA (ACT=3.0),
superimposed with 50 ng (one half) control gDNA (ACT=2.6), delayed by
1.25 cycle compared to a), supporting evidence for the loss of one allele.
All samples were run in duplicate. For exon 1, control gDNA showed a

delay of 0.4 cycles compared to patient gDNA (data not shown).
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Figure 13: Quantitative real-time PCR on exon 2
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3.3.5 Detection of the ¢.1056delG allele on cDNA

The weak intensity of the band of normal size on cDNA amplification of
c.44-425 was unexpected (Fig. 12). We conducted a further study on two
patients that were compound heterozygotes (WG1959 and WG3377) and
two confirmed carriers for the common mutation (WG1174, mother of
WG1087 and WG1977, mother of WG1976 (See segregation of mutations
in cb/F families, patients P5 and P3, in supplementary data of Rutsch et al,
2009 [157]). We amplified cDNA for the fragment ¢.887-1221
encompassing the common mutation and sent the samples for
sequencing. Upon sequencing, the common mutation was detectable in
one patient but was not seen in the other patient and the two obligate
carriers. Amplification of the same region in one homozygote patient
resulted in the detection of the c.1056delG allele. Because the common
mutation is always found on the same haplotype, differential annealing of
primers due to SNPs is unlikely. Non-sense mediated decay of that allele

is plausible but more experiments are required to answer this question.
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Table 3: Mutations in all known cb/F patients

# Patient code | DNA change Protein change Reference
1 WG3265 515_516delAC / T172fsX9/ T172fsX9 | [157]
515_516delAC
2 MM 1056delG / 1056delG L352fsX18 / [157]
L352fsX18
3 WG1908 1056delG / 1056delG L352fsX18 / [157, 306]
L352fsX18
4 WG2432 1056delG / 1056delG L352fsX18 / [157, 307]
L352fsX18
5 WG1087 1056delG / 1056delG L352fsX18 / [157, 241, 245]
L352fsX18
6 SJL 1056delG / 1056delG L352fsX18 / [157]
L352fsX18
7 WG1903 1056delG / 1056delG L352fsX18 / [157, 308]
L352fsX18
8 WG1350 1056delG / 1056delG L352fsX18 / [157, 240]
L352fsX18
9 DME 404delC / 1056delG T134fsX14 / [157]
L352fsX18
10 WG1959 842 _845delAGAG / K281fsX4 / [157, 308]
1056delG L352fsX18
11 WG3365 916-1G>T / 1056delG 1306fsX2/ L352fsX18 | [157, 309] (this
study)
12 WG3377 712_713delAC / 1056delG T237X [ L352fsX18 [157]
13 1405delG / 1405delG D469fsX38 / [304]
D469fsX38
14 WG4008 1339-1G>T / 1056delG T447fsX33 / [309] (this
L352fsX18 study)
15 WG4042 70-4298_246+2311del6785/ | A24_K82del / [309] (this
1056delG L352fsX18 study)
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3.3.6 Non-synonymous SNPs in LMBRD1

Using the UCSC genome browser, we identified seven SNPs in the coding
sequence of LMBRDT, one synonymous (rs34327883) and six non-
synonymous SNPs (rs12214456 Thr>Ala, rs11555881 Leu>Pro,
rs73477459 Phe>Ser, rs17854411 lle>Val, rs9354880 Asp>Glu,
rs76870386 Lys>Glu). An excess of non-synonymous to synonymous
changes in the human exome has previously been reported [310]. Of
these six non-synonymous SNPs, the population frequency is estimated
for two, rs9354880 Asp>Glu (0.474+0.110) and rs76870386 Lys>Glu
(0.044£0.142). Four changes were predicted to be benign by the web-

based PolyPhen tool (http://genetics.bwh.harvard.edu/pph/ ), but two

changes, rs73477459 Phe>Ser and rs11555881 Leu>Pro, were identified
as possibly damaging. Except for rs17854411 lle>Val, the changes
affected amino acids that were conserved in placental mammals. Non-
synonymous changes can potentially modulate LMBRD 1 expression or
stability, as it is the case with the thermolabile 677C>T MTHFR variant.
SNPs in LMBRD1 are susceptible to influence the rate of birth defects in
the general population, particularly cardiac malformations. With the known

association between homocysteine levels and common conditions such as


http://genetics.bwh.harvard.edu/pph/
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heart disease, rates in the general population might also be influenced by

such SNPs in cobalamin-related genes.

3.4. Discussion

We described here the first splice site mutations and long deletion in cb/F
patients. In all three cases, the novel mutation was found in compound
heterozygosity with the common ¢.1056delG mutation. These three
mutations brought to nine the total number of mutations reported in this
disease. There was one common point in these nine mutations: they all
lead to a shorter transcript. One mutation caused a premature stop codon.
Seven, including mutations in patients WG3365 and W(G4008 described
here, caused a frameshift. Finally, the mutation in patient WG4042 deleted
59 of the 541 amino acids of the protein. Nevertheless, the phenotype in
cblF patients was remarkably mild for this class of disorders. Although
symptoms were often severe before initiation of therapy, patients in
general responded very well to treatment with intramuscular injections of
CNCbl or OHCbl. One patient died of sudden infant death syndrome
(patient 8, Table 3) and two other patients did not survive a cardiac
surgery (patient 1 and 6, Table 3). Interestingly, an example of variable

phenotype was provided by patients WG4008 and WG4042 presented
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here. Patient WG4008 was completely asymptomatic with normal
apparent methionine synthase and methylmalonyl-CoA mutase activity on
the propionate and MeTHF incorporation tests. It was tempting to presume
that the location of the second mutation at the end of the gene, starting at
amino acid 447 of 541, affected the protein at a lesser level. However, the
mutation in patient 13 was located even closer to the C-terminal end of the
protein, affecting amino acid 469, and yet caused a severe phenotype with
seizures and intraventricular hemorrhage [304]. Patient WG4042
displayed important malformations of the head and heart. However, the
nature of the mutation is similar in all cases, with no missense mutation

having been identified yet.

The presence of the common ¢.1056delG mutation in all three patients
analyzed here underlines the relevance of testing for this mutation in a
suspected case of cb/F disorder. The TspRI restriction digestion test on
patient gDNA has proven to be a useful tool in the diagnosis of cb/F.
However, we presented evidence that the level of detection of the allele
bearing the common mutation is variable in cDNA. Caution should

therefore be taken when cDNA is used for mutation analysis.
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Previous mutation analysis in ¢cb/F patients had relied solely on exonic
sequencing of gDNA. By using a combination of gDNA and cDNA
sequencing, we identified the first splice sites and long deletion mutations

in cb/F patients.
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CHAPTER 4: CLINICAL AND MOLECULAR

HETEROGENEITY IN PATIENTS WITH THE ¢b/D INBORN

ERROR OF COBALAMIN METABOLISM

4.1 Introduction

Although we identified no phenotype-genotype correlations in cb/F
patients, patients belonging to the ¢b/D group of cobalamin disorder show
an association between the location of mutations in the MMADHC gene
and their biochemical profile. In their 2008 article describing the discovery
of the gene responsible for the ¢cb/D type of cobalamin disorder, Coelho et
al. reported their observations about the clustering of the mutations with
biochemical phenotype [39]. Out of the eight patients, two had isolated
homocystinuria, two had isolated methylmalonic aciduria and four had
combined homocystinuria and methylmalonic aciduria (Coelho et al. report
on only one of two affected siblings with combined homocystinuria and
methylmalonic aciduria, for a total of seven patients). The occurrence of
three different phenotypes in a single complementation group was
described four years before by the same group [271]. In spite of the small
number of patients, nine different mutations were identified. Three
missense mutations located near the C-terminus of the gene were found

in patients with isolated homocystinuria. These missense mutations
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occurred in conserved residues. Three mutations, one nonsense mutation,
one in-frame duplication and frameshift deletion, were identified near the
N-terminus of the gene in patients with isolated methylmalonic aciduria.
Finally, three mutations located between the center and the C-terminus of
the gene were identified. However, these mutations were very different
from mutations found in isolated homocystinuria patients. Mutations in
patients with the combined phenotype included one nonsense, one splice

site deletion and one frame-shift duplication.

In their report, the authors speculated about the cause of the segregation
of mutations in the MMADHC gene. They proposed that amino acid Met62
could act as an alternative start codon in patients with N-terminal
mutations, allowing the synthesis of the C-terminal end of the protein and
functional methionine synthase branch of the pathway. The missense
mutations found in patients with isolated homocystinuria are proposed to
be permissive for the N-terminal end of the protein to properly function in
the methylmalonyl-CoA mutase branch of the pathway. Finally, the
mutations identified in patients with the combined phenotype are proposed
to damage the protein so that it can not perform in either branch of the

pathway.
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Our diagnostic lab was referred three new patients. One suffers from
isolated homocystinuria, one from isolated methylmalonic aciduria and
one from combined homocystinuria and methylmalonic aciduria. In
addition to reporting the clinical and biochemical phenotype, we contacted
the Fowler group to perform mutation analysis on these additional
patients. Our goal was to assess if the findings in these new patients

would weaken or strengthen the correlation seen in the first eight patients.

4.2 Materials and Methods

4.2.1 Cell lines

Fibroblast were obtained from patients and sent to the Cell Bank at the
Montreal Children Hospital. Cells were maintained at 37°C in minimum
essential medium plus non-essential amino acids (MEM, Gibco,
Invitrogen, Burlington, Canada) supplemented with 5% fetal bovine serum

and 5% iron-enriched calf serum (Intergen, Burlington, MA)

4.2.2 Incorporation of [14C] propionate
Incorporation of [14C] propionate (Perkin EImer, Waltham, Massachusetts,
or MP Biomedicals, Solon, Ohio) into cellular macromolecules was

measured. Fibroblasts from the patients of interest were plated at a
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density of 400 000 cells in 35 mm tissue culture dishes in triplicate and
incubated for 24 hours. After the incubation, MEM was removed and
replaced with Puck’s F medium containing 15% fetal bovine serum and
100 pmol/I [4C] propionate and unlabeled propionate to give a final
specific activity of 10 uCi/umol. Fibroblasts were incubated with the
radioactive Puck’s medium for 18 hours. Macromolecules in the cells were
then precipitated in three successive 15 minutes incubation at 4°C in 5%
(w/v) trichloroacetic acid. Precipitate was dissolved by adding 0.2 N
sodium hydroxide and incubating for 3 hours at 37°C. Radioactive
propionate incorporated into proteins was measured by liquid scintillation
counting (Scintillation counter, Perkin Elmer Tri-Carb 2800TR) and this
value was divided by the concentration of protein in the sample, assessed

by Lowry assay [301].

4.2.3 Incorporation of [14C] 5-methyltetrahydrofolate

Incorporation of [14C] MeTHF (Amersham Life Sciences, GE Healthcare,
Chalfont St. Giles, United Kingdom) into cellular macromolecules was
performed as [4C] propionate incorporation by replacing the [4C]

propionate by [4C] MeTHF, 1:100.
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4.2.4 Complementation

Fibroblasts from the patients of interest were plated at a density of 400
000 cells in six 35 mm tissue culture dishes, 200 000 cells from the
patient’s cell line and 200 000 cells from a cell line to be tested against in
each dish, and incubated for 24 hours. The next day, the Puck’s medium
was removed from the dishes and the dishes were washed with
phosphate buffered saline (PBS). A solution of 40% polyethylene glycol
was added to half of the dishes for 60 seconds and removed. All fused
dishes were washed one time with PBS and seven times with MEM
without serum. Dishes were refilled with MEM with serum and incubated at
37°C for one hour. All dishes, fused and unfused, were re-fed with MEM
containing serum and incubated 24 hours. The next day, [4C] propionate

and/or [4C] MeTHF incorporation was measured in the cultures.

4.2.5 Cobalamin distribution

One confluent T175 tissue culture flask of primary fibroblasts was grown
for each cell line to assess cobalamin uptake and coenzyme synthesis.
The MEM was replaced by a filter-sterilized mix of 23 mL of serum-free
MEM supplemented with 2 mL serum that had been incubated one hour at

37°C with 20 pL 57Co-CNCbl for a total of 0.21 pCi, 8.5 nCi/mL (MP
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Biomedicals, Solon, OH) to allow binding to serum TC. The cells were
incubated in the radioactive medium at 37°C for 96 hours. The cells were
harvested by trypsinisation at the end of the incubation (0.25% trypsin plus
EDTA, Invitrogen, Mississauga, Canada). The fibroblasts were
resuspended in 40 mL PBS, counted (Isoton Il diluent and Z1 Coulter
counter, Beckman-Coulter Canada, Mississauga), spun down and
resuspended in 10 mL PBS, pelleted a second time and resuspended in
11 mL PBS. The cell suspension was divided into two aliquots of 5.5 mL
each and 500 pL was taken from the two aliquots for gamma counts
(Perkin Elmer Wizard 1470). The rest of the cell suspension was pelleted
and the cell pellets kept at -80°C until extraction. Under a dim red light, the
cell pellet was resuspended in 8 mL of ethanol and the tube was
incubated at 80°C, for 20 min. The cell suspension in ethanol was
centrifuged for 30 min. The supernatant was transferred to a new 50 mL
tube. The supernatant was evaporated completely under nitrogen and the
tube placed at -80°C until ready to apply to HPLC. In a dark room, the dry
sample was resuspended in 500 pL of ethanol, then with 1.5 mL of 0.05 M
phosphoric acid buffer, pH 3.0. The suspension was filtered at 0.2 uM,
loaded in a syringe and applied to an equilibrated HPLC column. (protocol

adapted from [311] and [312])
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4.2.6 Sequencing studies

DNA was extracted from cultured fibroblasts with the QIAamp DNA mini kit
(Qiagen AG, Basel, Switzerland) and RNA was extracted with the RNeasy
kit (Qiagen AG, Basel, Switzerland). RNA was reverse-transcribed to
cDNA with the 1-step RT-PCR kit (Qiagen AG, Basel, Switzerland). gDNA
and cDNA were amplified by PCR using conditions and primers described
before [39]. PCR products were purified with the NucleoSEQ kit
(Macherey-Nagel, Duren, Germany). Sequencing was performed on a ABI
Prism 3100 sequencer (Applied Biosystems, Foster City, CA). Sequences
were processed with the Sequence Analysis and Autoassembler v.2.1.1

software (Applied Biosystems, Foster City, CA).

4.3 Results

4.3.1 Patient WG3280

Case report

Patient WG3280 was born in Beirut from healthy non-consanguineous
Lebanese parents. The mother was 32 and the father 39 years old. A
cousin of the father died at age 28 with a myelopathic process, otherwise

the parents did not report any relevant family history. The pregnancy was
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uneventful and the child was born at term. The birth weight was the only
measurement available, 3.2 kg. An older sibling is healthy. The patient
was released from the hospital and developed poor feeding and lethargy
during the first days of life that caused his readmission. The child was
believed to suffer from an infection but cultures were negative. He
developed profound metabolic acidosis for which he was treated and
released after one week. The child was generally well after being
released. Muscle weakness was the only symptom noted, with occasional
wheezing associated with respiratory infections treated with

bronchodilators.

He presented again at 4.5 years with a two-month history of weakness
and complaints of poor weight gain. Examination found the patient with a
weight between the 90t and the 95t percentile and a height at the 50t
percentile. Metabolic acidosis was again noted. Renal tubular acidosis
was considered. The patient came back to medical attention at 5 years
and 10 months after repeated episodes of vomiting induced by physical
activity. Metabolic acidosis was noted and there was report of weakness
and a self-selected diet low in protein. Follow-up on the metabolic acidosis

led to a diagnosis of methylmalonic acidosis based on the plasma acyl
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carnitine profile and urine organic acids. MMA in plasma (0.45-0.8 mmol/L;
not detected in controls) and urine (5.4-7.5 mg per mg creatinine; not
detected in controls) was detected, but homocysteine levels were within
normal range. The patient was started on a regiment of 1 mg
intramuscular CNCbl every second day, 900 mg carnitine twice a day, and
Polycitra 20 mL three times a day. Injections were later replaced with 5 mg

of oral CNCbl daily.

The treatment resulted in a marked diminution of urine MMA to 0.45 mg
per mg of creatinine. The patient was re-evaluated at six years of age. His
development was normal and he was within appropriate milestones.
Physical and neurological examinations were normal. However, he

reportedly displayed poor social skills and behavioral problems.

Biochemical and mutation analysis

Cells from patient WG3280 were sent to our clinical diagnosis laboratory.
The cultured fibroblasts showed a decreased incorporation of label from

[14C] propionate into cellular macromolecules. The value increased upon
addition of 3.75 pymol/L OHCbI. Incorporation of label from [4C] MeTHF

was within normal range and did not increase with addition of OHCbl.
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There was a decreased synthesis of AdoCbl from [57Co] CNCbl. Only
1.6% of the label was found as AdoCbl as compared to 15.314.2% in
controls. The proportion of label found as MeCbl was accordingly
increased to 81% (normal 58+7%) (Table 4). These results pointed to the
mut, cblA, or cblB type of disorder, or to the very rare cb/D variant 2.
Somatic cell complementation analysis was performed in cell lines known
to belong to these groups (Table 5). There was a consistent increase in
incorporation of label from propionate after fusion with mutand cb/B cell
lines. Four cb/A cell lines showed an increase in propionate incorporation
after fusion while one failed to show such an increase. The only available
cblD variant 2 cell line (originally cb/H, see [313]) did not show
complementation with the cell line from patient WG3280. Because most
cb/A cell lines showed complementation, a diagnosis of ¢cb/D variant 2 was

made.

DNA was sent to the Fowler laboratory in Switzerland where David Coelho
performed mutation analysis of the MMADHC gene on the sample. The
patient was a compound heterozygote for two novel mutations, a two
bases insertion in exon 3 causing a frameshift, c.60insAT (p.Leu21fsX1)

and a one base duplication in exon 5, also causing a frameshift,
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€.455dupC (p.Thr152fsX10) (Fig. 14). Both mutations are predicted to

cause a truncation of the protein product.
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Table 4: Biochemical parameters for three cb/D patients

Propionate Uptake

(nmol/mg protein/18h)

MeTHF uptake
(pmol/mg protein/18h)

Cbl distribution (%)

w/t OHCDbI | with OHCDbl w/t OHCDbI | with OHCblI AdoCbl MeCbl
Control 10.8 £3.7 10.9+3.5 225 + 165 305 + 125 15+4 58+7
WG3280 1.0+0.5 3.2+03 118 +7 119+5 2 81
WG3583 1.5+0.1 45+04 24 +1 45 +1 7 3
WG3745 11.56+03 11.1+£0.5 30+ 1 43 +1 50 1
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Table 5: Complementation analysis, patient WG3280

Propionate Uptake
(nmol/mg protein/18h)

Fusion with WG3280 Fold increase
Cell lines | Type No fusion Fusion with fusion
WG3280 1.1
WG2951 cblA 1.0 3.6 3.6
WG3185 | cb/B 1.4 6.8 4.9
WG3200 | mut 1.0 4.9 4.9
WG3205 | mut 1.4 3.1 22
WG1437 | cblD 1.1 1.0 0.9
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4.3.2 Patient WG3583

Case report

Patient WG3583 was a girl born of Mexican parents. The mother was 34
years old, born in the same city as the father but consanguinity was
denied. There are two healthy older brothers. Gestational diabetes was
treated by diet alone. The decision was made to induce labor due to poor
fetal growth. Induction failed and delivery was made by caesarean section.
The only measurement available was the birth weight, 2.5 kg. The first
weeks of life were unremarkable. The first hospital admission happened at
three months of age for respiratory syncytial virus bronchiolitis with
secondary bacterial pneumonia. Evaluation also identified right hip
dysplasia and poor weight gain. One month later, physical and
neurological examinations were normal but hypotonia and poor head

control gave concerns about developmental delay.

The patient was missed on newborn screening. A posteriori, careful
analysis of the newborn screen results show that the C3 levels were below
the established cutoff at the time of birth. However, criteria were later
modified to rather use a C3/C2 ratio and the patient would have been

picked up according to the new guidelines. Biochemical measurements
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taken later in life revealed macrocytosis. Homocysteine and MMA were
elevated in plasma (157.8 pmol/L; normal under 20 umol/L and 26 pmol/L;
normal under 0.41 ymol/L, respectively). Treatment included a low-protein
diet, 0.5 mg intramuscular OHCbI four times a day, oral betaine 250 mg
per kg of weight per day, half a tablet of baby aspirin per day and 2 mg

folic acid four times a day.

The patient was re-evaluated at two years of age. There was still
developmental delay with improvement in cognitive and motor skills.
Macrocytosis had disappeared. The treatment regimen has been

reportedly difficult to follow.

Biochemical and mutation analysis

Cultured fibroblasts from patients WG3583 were analyzed in our clinical
diagnosis laboratory. There was a decreased incorporation of label from
both [14C] propionate and ['*C] MeTHF into cellular macromolecules. The
percentage of added 57Co from CNCbl found as AdoCbl and MeCbl was
decreased (7% and 3%, respectively) (Table 4). Complementation
analysis was performed with two cb/C cell lines (the most common

disorder of combined methylmalonic aciduria and homocystinuria), one
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cblD cell line and one cb/F cell line. Cells from patient WG3583
complemented ¢b/C and cb/F lines but showed no complementation with
cells from the ¢b/D group (Table 6). This allowed classifying patient
WG3583 as belonging to the classical cb/D group. Mutation analysis in the
Fowler group identified a novel homozygous nonsense mutation in exon 7,

c.683C>G (p.Ser228X) (Fig. 14).
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Table 6: Complementation analysis, patient WG3583

Propionate Uptake
(nmol/mg protein/18h)

Fusion with WG3583

Fold increase

Cell lines | Type No fusion Fusion with fusion
WG3583 1.0

WG3480 | cb/lC 1.2 4.7 3.9
WG3560 | cb/lC 0.8 3.2 4.0
WG2025 | cb/D 2.0 2.1 1.1
WG3377 | cblF 3.5 9.0 2.6
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4.3.3 Patient WG3745

Case Report

Patient WG3745 was also a girl of Mexican origin. The parents are first
cousins. An older sister is well. The parents did not report any contributory
family history. The child was born at 38 weeks of pregnancy. The birth
weight was 3.1 kg, length was 45.5 cm and the occipitofrontal
circumference was 33 cm. An anteriorly displaced anus was noted. The
first weeks of life were unremarkable. The patient was admitted at 4
months of age for respiratory distress and altered mental status. The child
was diagnosed with respiratory syncytial virus causing the respiratory
distress. Further investigation identified that the development was delayed
and there was a significant head lag. The child was not rolling over yet.
She reportedly fed well at the breast. Other symptoms were noted; visual
tracking was inconsistent and the child was not well responding to voice. A
non-obstructive, 4-ventricule hydrocephalus was observed on computed
tomography scan of the head. Significant hair loss was noted after two
weeks of hospitalization. Total plasma homocysteine was elevated at 52.2
pMmol/L, with a normal value of under 14 ymol/L. MMA was normal. Plasma

methionine was not detected and cysteine was low at 8 ymol/L (normal 16
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to 84 ymol/L). Cobalamin and folate levels, as well as mean corpuscular
volume, were normal (MCV 97.5 fL; normal 74-108 fL).

Treatment with OHCDblI, folate, and betaine was initiated. Although
biochemical parameters improved, this did not translate into a clinical
improvement. A nearly obstructive inferior vena cava clot developed. The
hydrocephalus progression and prolonged respirator dependency led to
the decision to withdraw medical support. Retrospective analysis of a
newborn screening bloodspot identified decreased methionine (5.5
pmol/L; abnormal under 10 pmol/L) and elevated total homocysteine (64.4
pmol/L, abnormal over 15 ymol/L). Both parents had normal homocysteine

levels.

Biochemical and Mutation Analysis

Cells from patient WG3745 were sent to our clinical diagnosis laboratory.
Incorporation of label from [4C] propionate and [4C] MeTHF was
performed on cultured fibroblasts. Incorporation from propionate was
within normal range but incorporation from MeTHF was decreased. There
was also a deficit in synthesis of MeCbl from [57Co] CNCbl. Only 1.4% of
the recovered radioactivity was associated with MeCbl. The percentage of

label associated with AdoCbl was accordingly increased (Table 4).
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Complementation with cell lines from the cb/E, cb/G group was performed.
The analysis also included the cell line derived from patient WG3583 to
represent the cb/D group. One ¢cb/C cell line was added as an extra
control. Cells from patient WG3745 complemented two cb/E cell lines, two
cb/G cell lines as well as the ¢cb/C cell line. MeTHF incorporation was not
corrected in cells from patient WG3745 by fusion with cells from patient
WG3583 (Table 7). Patient WG3745 belongs to the ¢cb/D group, variant 1.
Mutation analysis identified a novel homozygous missense mutation in
exon 8. The change leads to the replacement of a conserved aspartate

residue to a glycine; c.737A>G (p.Asp246Gly) (Fig. 14).
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Table 7: Complementation analysis, patient WG3745

MeTHF Uptake
(pmol/mg protein/18h)
Fusion with WG3745

Fold increase

Celllines | Type No fusion | Fusion with fusion
WG3745 63

WG3728 | cblC 68 196 2.9
WG3583 | cblD (Patient 2) 60 61 1.0
WG3732 | cblE 63 209 3.3
WG3589 | cblE 57 134 24
WG3298 | cblG 64 155 24
WG3412 | cblG 68 218 3.2
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Figure 14: Mutations in MMADHC

Mutations identified in this work are presented in blue, mutations
published in Coelho et al. are presented in black. Exons are represented
as boxes with the end cDNA position indicated. Adapted from Coelho et

al.
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4.4 Discussion

This work reported four novel mutations in three ¢b/D patients. This
brought from nine to thirteen the number of individual mutations known
and added one new clinical description to each of the three different
phenotypic subgroups of the cb/D disorder, classical (or combined),
variant 1 (homocystinuria) and variant 2 (methylmalonic aciduria). The
cb/D group however remains the rarest type of inborn disorder of
intracellular cobalamin metabolism. Every patient description provides
more information on disease presentation and progression. In general,
symptoms in the ¢b/D group are similar to the ¢b/C group. The absence of
description of hemolytic uremic syndrome and retinopathy in ¢b/D patients

is not significant at this point due to the small number of cases.

There was a striking difference between patient WG3745 and patients
WG3280 and WG3582. While in patients WG3280 and WG3583 treatment
resulted in major clinical improvement, patient WG3745 did not survive a
progressive hydrocephalus. However, of the three cases presented,
patient WG3745 also have the mutation that could have been predicted to

have the least effect on the protein, being a missense. This case
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exemplifies very well the challenge posed by the ¢cb/D disorder: there are
only eleven patients in the world, but these patients are further sub-
classified into three phenotypic groups based on whether one or two
branches of the cobalamin pathway are affected. It would thus be
premature to attempt to predict symptoms based on the complementation
group. However, with the exception of patient WG3745, response to
therapy is generally good. In patients for which we have follow-up data,
biochemical parameters generally normalize and some degree of

developmental or mental retardation is usually the main finding.

The mutations that we described in these three patients fall in agreement
with the observations made by Coelho et al. It is particularly interesting
that the mutation identified in patient WG3745 is a missense mutation, just
like the three other mutations described in ¢cb/D variant 7 patients. In cb/D
variant 2, patient WG3280 described here has one mutation before and
the second one after the proposed alternative start of transcription,
similarly to patient 4 in Coelho et al. Finally, patient WG3583 has a
homozygous mutation causing a predicted truncation of the protein
product, located after amino acid 62. Our results are thus in line with the

observations made by Coelho et al. If we assume the Met62 alternative
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start of transcription, our observations on the effect of the mutations are
the following: when missense mutations are located in the second half of
the gene, the associated phenotype is isolated homocystinuria; when the
patient has at least one truncating mutation located before Met62 (c.184),
the associated phenotype is isolated methylmalonic aciduria; when both
mutations are truncating and located after Met62, the associated
phenotype is combined homocystinuria and methylmalonic aciduria. It is
thus unknown what would be the phenotype associated with a missense
mutations early in the gene or the combination of a missense and an early

truncating mutation.



160

PREFACE TO CHAPTER 5

Publication:
As of the time of writing, the data presented in chapter 5 have not been
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Contribution of authors:
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originally designed by Stephane Paquette and Maria Plesa.

Protein cloning, expression and purification, as well as phage display
experiments were performed by IR Miousse. Sequencing was performed
at the Genome Quebec Innovation Center. Bioinformatic data analysis

was performed by IR Miousse.
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CHAPTER 5: PROTEIN INTERACTIONS IN THE COBALAMIN

PATHWAY

5.1 Introduction

The ¢b/D disorder is a complex and diverse entity. As was explained in
more detail in chapter 4, mutations in the MMADHC gene can lead to
three distinct phenotypes and the presentation varies greatly between
patients [271]. The study of the MMADHC gene and of the twelve known
affected patients highlighted several aspects of the normal function of
MMADHC [39, 272]. It also raised several questions. Analysis of the
MMADHC gene sequence first revealed a mitochondrial leader sequence
encoded in the first 36 bases of the gene. Although mutations in
MMADHC can manifest as a disorder of the mitochondrial branch of the
pathway, it can also manifest as a disorder of the cytoplasmic branch of
the pathway. This apparently cytoplasmic role for MMADHC is thus
inconsistent with an exclusively mitochondrial location. Secondly, the
MMADHC sequence displays a putative cobalamin binding motif. Further
studies are required to establish if binding indeed occurs and if so, what
are the affinities between different types of cobalamin and MMADHC. The
gene also possesses a region of homology with the ATPase component of

a bacterial ATP-binding cassette (ABC) transporter. However, it lacks the
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three conserved motifs for ATP-binding of an ABC transporter: the Walker
A and Walker B motifs (P-loop) and the ABC signature (C-loop). In a study
of the cobalamin transport protein ABCC1, intact Walker A and signature
domains were essential for nucleotide binding and ATP hydrolysis [273].
The absence of these essential motifs thus argues strongly against an

ATPase role for MMADHC.

Our laboratory recently published results from experiments using the
MMACHC and MMADHC protein, defective in ¢b/C and cb/D patients,
respectively [270]. These experiments established that MMACHC and
MMADHC interact. Using the purified MMACHC protein, they established
five putative binding sites for MMACHC on the sequence of MMADHC.
Dissociation constants were measured between MMACHC and four forms
of cobalamin; the pharmacological form CNCbl and the three main
physiological forms, OHCbl, MeCbl and AdoCbl. The interaction between
MMADHC and MMACHC brought support in favor of the presence of
MMADHC in the cytoplasm. Alternatively, the MMACHC protein could be
present in the mitochondria. Some internal sequences in the MMACHC
protein are consistent with a mitochondrial localization [314](CELLO

subcellular localization predictor, http://cello.life.nctu.edu.tw/ ). However,
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this is not consistent with the current view of the cobalamin pathway that
requires MMACHC in the cytoplasm to accept cobalamin at its exit from

the lysosome.

There exists a homology between MMACHC and the bacterial protein
TonB. The C-terminal domain of MMACHC was modeled based on the C-
terminal domain of TonB, for which a 3-dimensional structure has been
determined. TonB is involved in cobalamin import in gram-negative
bacteria. The protein is anchored in the inner (cytoplasmic) membrane
through a transmembrane region located at the N-terminus. This region is
followed by a proline-rich region believed to confer flexibility to the protein
and finally, a globular C-terminal domain. The C-terminal domain has
been purified and studied extensively. It folds into a globular domain that
has been solved alone (PDB IDs: 1XX3, 1U07, 1QXX, 1IHR) and in
complex with outer-membrane receptors BtuB (PDB ID: 2GSK) and FhuA
(PDB ID: 2GRX). This domain binds to a region shared by several outer
membrane receptors called the TonB box. This contact induces a
conformational change that results in the import of substrates, including
cobalamin, across the outer membrane. The C-terminus of TonB has also

been reported to bind the periplasmic protein BtuF [286]. There are no
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known functional domains in this region. The C-terminus of TonB is thus
mainly known for its interactions with outer membrane receptors and the
periplasmic protein BtuF. Because of the homology between TonB and

MMACHC, our hypothesis is that the interaction between MMADHC and

MMACHC will occur in the C-terminal region of MMACHC.

For the last part of this work, we aimed to deepen our understanding of
the role of the MMADHC gene in the intracellular cobalamin pathway by
studying the protein it encodes. Our approach was based on the previous
successful experiments using purified MMACHC. The work presented
here represents the first steps in a much wider project. We describe here
the purification of human MMADHC from the bacterium Escherichia coli
and the determination of putative binding sites for MMADHC on the

sequence of MMACHC.

5.2 Materials and Methods

5.2.1 MMADHC construct

A construct was available for the purification of the full-length MMADHC
protein [270]. However, the tag could not be removed and yields were low

for this construct and purification protocol. We designed a new construct
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using the pETM-41 vector (EMBL) with the mature MMADHC protein,
excluding the first 12 amino acids encoding the mitochondrial leader
sequence. The forward primer used to amplify MMADHC was 5’-
ATATGCCATGGCATCCTATCTCCCAGG-3’ and the reverse primer was
identical to the one published in Plesa et al. [270], 5’-
GCACCGGATCCCGCTGCTAATTTCCACTTAATTTC-3'. The insert was
amplified with Taq Platinum HiFi (Invitrogen, Burlington, Canada). The
PCR reaction was set up as follows: the reaction mix was composed of
Platinum HiFi PCR buffer, 2 mM MgSOQO4, 200 yM dNTPs, 0.2 uM each
forward and reverse primers, 2 ng/uL template DNA and 1 unit Taq
Platinum HiFi (Invitrogen, Burlington, Canada) per 50 pL of reaction. The
cycling profile was: an initial denaturation at 94°C for 2 min, 35 cycles of
denaturation 94°C for 30 sec, melting at 55°C for 30 sec, amplification at
68°C, and a final elongation step at 68°C for 15 min. Insert and vector
were digested with the restriction enzymes Ncol and BamH]I (FastDigest,
Fermentas, Burlington, Canada). 1 mg of DNA was double-digested with 1
unit of each enzyme. The reaction was performed at 37°C for 7 min. The
resulting digested products were applied to a 1.2% agarose gel and
visualized with SYBR Safe DNA gel stain (Invitrogen, Burlington, Canada).

Bands corresponding to the insert and vector were cut from the gel and
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DNA was extracted (QlAquick gel extraction kit, Qiagen, Mississauga,
Canada). Insert and vector were ligated overnight at room temperature
with T4 DNA ligase (Fermentas, Burlington, Canada). The ligated vector
was transformed into chemically competent DH5a cells. The construct was
recovered from these cells by plasmid extraction (QlAprep spin Miniprep
kit, Qiagen, Mississauga, Ontario).The MMADHC construct was
sequenced using the T7 and T7 terminator primers (Genome Quebec
Innovation Center, Montreal, Canada). The verified construct was then
transformed into competent BL21(DE3) pLysS E. coli cells for protein

expression.

5.2.2 Protein expression

E. coliBL21(DE3)pLysS cells transformed with the construct containing
the mature MMADHC protein were grown overnight at 37°C in LB media
supplemented with kanamycin 30 pg/ml and chloramphenicol 34 ug/ml.
The overnight culture was diluted 1:150 into 3 L of LB supplemented with
0.2% glucose and 30 pg/ml kanamycin. Cells were grown at 37°C and
allowed to reach an ODeqo of at least 1.1.The cell culture was transferred

to room temperature and MMADHC protein expression was induced with
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0.25 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 16 hours. In the

morning, cells were harvested by centrifugation at 7300 g for 15 min.

5.2.3 Cold osmotic shock

The cell pellet was resuspended in 60 ml of TES buffer containing 0.2 M
Tris-HCI pH 8.0, 0.5mM ethylenediaminetetraacetic acid (EDTA), and 0.5
M sucrose supplemented with one tablet of protease inhibitor cocktail,
EDTA-free (Sigma-Aldrich, Oakville, Canada), 50 pg/mL each of RNase A
and DNase, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 5 mM
MgSOa4.The cells were incubated with shaking at 4°C for 30 min. The cell
resuspension was diluted 1:4 by adding 240 ml of cold double-distilled
water (ddH20) and incubated with shaking at 4°C for 1 hr. Cell debris was
collected by centrifugation in a cold SLA-1500 rotor at 10 000 g for 10 min

at 4°C. The clear supernatant was collected.

5.2.4 Purification

The supernatant from the cold osmotic shock was separated by fast
protein liquid chromatography (FPLC). We used a Ni2*-NTA Superflow
column with a bed volume of 20 mL (Qiagen, Mississauga, Canada). The

column was equilibrated with 6 column volumes (cv) of 20 mM Tris-HCI
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pH 7.5, 200 mM NaCl, 5 mM imidazole and 10% glycerol. The column was
washed with 3 cv of equilibration buffer followed by 3 cv equilibration
buffer with 10% elution buffer (equilibration buffer with 400 mM imidazole).
The 6xHis-MBP-MMADHC protein was eluted in 100% elution buffer.
Fractions corresponding to the elution peak were pooled and the protein
concentration estimated by a Bradford assay. A 1:10 ratio of
hexahistidine-tagged tobacco etch virus (TEV) protease was added for
removal of the hexahistidine/MBP tag and the reaction was allowed to
process overnight at 4°C. In the morning, the volume was halved with a
centrifugal filter unit with a cutoff molecular weight of 10 kDa (Amicon
Ultra-15, Millipore, Billerica, MA) at 3750 g for 10 min. The concentrated
cleaved protein was brought up to 15 mL with equilibration buffer and re-
spun in a filter unit. The process was repeated for a total of five spins. The
15 mL solution with a concentration of about 10 mM imidazole was applied
to an equilibrated Ni2*-NTA Superflow column. The column was washed
as before. A linear gradient of imidazole was used for the elution step.
Cleaved MMADHC was recovered in the flow through and in the washing
steps. 6xHis-MBP and 6xHis-TEV were recovered in the elution gradient.
Fractions from the flow-through and washing steps were pooled and

applied to a centrifugal filter unit for concentration to about 10 mL. The
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protein concentration was estimated by Bradford assay and further

concentrated as required.

5.2.5 Phage Display- Panning one

Phage display was performed on MMADHC using two commercially
available libraries: Ph.D.-12 and Ph.D.-C7C (New England Biolabs). The
pure cleaved MMADHC protein was dialyzed against equilibration buffer to
reduce the imidazole concentration. The protein was diluted to 100 pg/mL
MMADHC in 0.1 M NaHCO3, added to a microtiter plate well and
incubated overnight at 4°C. In the morning, the solution from the well
coated with the MMADHC protein was poured off and the well was filled
completely with a blocking solution of 5 mg/ml BSA in 0.1 M NaHCO3 pH.
8.6 for 2 hr at 4°C. The blocking solution was poured off and the well was
washed vigorously 6 times with a solution of 50 mM Tris-HCI pH 7.5, 150
mM NaCl and 0.1% v/v Tween-20 (TBST-0.1%). A solution of 10 pL of
random phage library corresponding to 1.5 x 10" plaque forming units
(pfu) (Ph.D-12 and Ph.D-C7C librairies, New England Biolabs, Pickering,
Canada) diluted in 90 pL of TBST-0.1% was added to the well. The plate
was gently rocked for 1 hr at room temperature to allow the phages to bind

to the coated protein. The well was then washed vigorously ten times with
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TBST-0.1%. Bound phages were eluted with 100 pL 0.2M Glycine-HCI pH
2.2 containing 1 mg/mL BSA by rocking for 10 min at room temperature.
The solution was neutralized with 15 yL Tris-HCI pH 9.1. The phage
elution was titered. An overnight culture of ER2738 E. coli cells was
diluted 1:1000 in 5 mL of fresh LB with 20 mg/mL tetracycline and grown
to an ODgoo of 0.5. Serial dilutions of the phage eluate from 10" to 104
were added to 200 pL aliquots of cell culture and incubated 5 min at room
temperature. The phage-infected cells were then mixed with melted top
agar at 45°C and spread on four warm LB/tetracycline/IPTG/X-gal plates
(one per dilution). The number of blue lytic plaques was multiplied by the
dilution factor to obtain the number of plaque-forming units (pfu) per mL of

eluate.

5.2.5 Phage Display- Amplification

The first round unamplified eluate was amplified by mixing 85 pL of the
phage eluate with a 1:100 dilution of an overnight ER2738 culture in 20
mL LB with tetracycline. The cell culture was incubated at 37°C with
shaking for 4.5 hr and then centrifuged 10 min at 12 000 g at 4°C. The
supernatant was transferred to a fresh tube and the centrifugation was

repeated. The upper 80% of the supernatant was collected. A solution of
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20% polyethylene glycol (PEG) in 2.5 M NaCl was added to allow phage
precipitation, at a volume corresponding to 1:6 of the collected
supernatant. The mix was incubated overnight at 4°C. The next day, the
PEG-precipitate was centrifuged at 12 000 g for 15 min at 4°C. The
supernatant was carefully discarded and the pellet resuspended in 1 mL
TBS. The phage solution was microcentrifuged at 15 000 g for 5 min at
4°C. The supernatant was recovered and phages were once again
precipitated by adding 1:6 volume of 20% PEG in 2.5 M NaCl. Phages
were incubated on ice for 1 hr and microcentrifuged at 15 000 g for 10 min
at 4°C. Supernatant was discarded and the pellet containing phage
particles was resuspended in 200 pL TBS. The amplified phage eluate

was titered as before, using 108 to 10! serial dilutions.

5.2.6 Phage Display- Pannings two and three

The amplified eluate from round 1 was used as an input for subsequent
rounds of panning. A microtiter well was coated and blocked as before.
The blocking solution was poured off and the well was washed with TBS
containing 0.3% Tween-20 (TBST-0.3%). A solution containing 10 pL of
amplified phages in TBS and 90 pL TBST-0.3% was added to the well and

incubated 1 hr at room temperature with gentle rocking. The phage
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solution was poured off and the well was washed 10 times with TBST-
0.3%. The bound phages were eluted as before and the eluate was
titered. The eluate #2 was amplified and used for a third round of panning

using TBS with 0.5% Tween-20.

5.2.7 Phage Display- Peptide analysis

Unamplified phages from round 2 or 3 were submitted to peptide analysis.
Titration plates containing between 100 and 200 blue lytic plaques were
used for phage DNA extraction. Individual plaques were picked with a 1
mL micropipette tip and added to tubes containing 4 mL of a ER2738
culture in LB-tetracycline at ODeoo 0.2. Cells were grown at 37°C for 4.5h.
The tubes were centrifuged at 7300 g for 20 min at 4°C. The upper 3 mL
of supernatant containing phages but no bacterial cells was transferred to
fresh tubes. Phage DNA was extracted from each individual culture using
the QlAprep Spin M13 kit (Qiagen, Mississauga, Ontario). The DNA region
encoding the random peptide was amplified using primers located
upstream and downstream: forward 5’-
GTGACGATCCCGCAAAAGCGGCCT-3 and reverse 5'-
CCCCTCATAGTTAGCGTAACG-3'. Each PCR reaction contained PCR

buffer with KCI, 2 mM MgCl,, 200 uM dNTPs, 200 pM each forward and
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reverse primer, 2 ng/uL template DNA and 0.015 U/pL recombinant Taq
DNA polymerase (Fermentas, Burlington, Canada). The mix was first
heated at 95°C for 2 min, then cycled 40 times 95°C for 30 sec, 55°C for
30 sec, 72°C for 30 sec. The final elongation step was 72°C for 7 min. The
PCR products were sequenced at the Genome Quebec Innovation Center
(Montreal, Canada) using the reverse primer mentioned above. Text
sequences were reverse transcribed into peptides and all results were
revised manually based on the sequencing chromatogram data. Repeated
sequences were eliminated and the pool of unique affinity-selected
peptides was aligned to the sequence of the MMACHC protein with the
Faster_scan.py and Faster_clustal.py analysis tools (P.D. Pawelek,
unpublished data). Scores were assigned to the peptides based on the
similarities between the amino acids in the peptides and the MMACHC
primary sequence. Exact matches were given a score of 4 points,
conservative matches were given a score of 1 point, neutral matches were
given a score of 0 and non-conservative matches were given a score of -
1. Window size (the number of consecutive residues in the affinity-
selected peptides considered in the score) varied from 4 to 6. A score
threshold of 13 was used. MMACHC regions with significant clusters of

peptides (over 5 peptides mapping to the same region) were selected.
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Figure 15: MMADHC protein purification

12% acrylamide SDS-PAGE gel stained with silver stain showing the
outcome of MMADHC purification. First lane (Ladder): PageRuler
Prestained Protein ladder (Fermentas). Lane 2 (Fusion): fusion material
after Ni-NTA. Lane 3 (Cleaved): material after cleavage, the upper band
represents MBP, the middle band represents cleaved MMADHC and the
lower band is the TEV protease. Lane 4 (MMADHC): Isolated cleaved

MMADHC protein.
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Figure 15: MMADHC protein purification
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5.3 Results

5.3.1 Protein purification

The MMADHC protein was purified to homogeneity. Yields of 7 mg of
fusion protein per liter were obtained after the first Ni2*-NTA purification.
The product migrated slightly above the 70 kDa marker on 12% SDS-
PAGE gel treated with silver staining, the appropriate molecular weight
calculated for 6xHis-MBP-MMADHC being 72 kDa (Fig. 15, second lane).
Cleavage of the tag with TEV protease overnight at 4°C was efficient (Fig.
15, third lane). A typical yield of 1.5 mg of pure, cleaved MMADHC protein
per liter of cell culture was obtained after the second Ni2*-NTA separation
step. The product migrated at the appropriate molecular weight of 32 kDa
(Fig. 15, fourth lane). The protein was stable in solution for a period of at
least two weeks at 4°C. This material was used for phage display

experiments [283].

5.3.2 Phage Panning

Three rounds of panning were performed for each phage library. The M13
phage titers calculated for each round of panning are presented in Table
8. The phage library was not amplified after round 3 as no subsequent

rounds of affinity selection were performed. We sequenced phages from
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each of the Ph.D-12 and Ph.D-C7C libraries after the third round of
panning, 24 from the second round unamplified and 24 from the third
round unamplified. For Ph.D-12, one sequence was represented 13 times
out of 23 sequences from round 3. There were no repeated sequences in
round 2. For Ph.D.C7C, two sequences were repeated three times and
one sequence was present twice in round 3. Two sequences were
repeated twice in round 2. To limit duplication of sequences while
conserving a selection pressure, 96 more clones were selected and
sequenced from the second round of panning for each library. A total of
181 unique peptides were obtained, 102 from the Ph.D-12 library and 79
from the Ph.D-C7C library (Table 9). Redundancy was higher in the Ph.D-
C7C library than in the Ph.D-12 library, explaining the lower number of

unique phages identified.
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Table 8: Phage titers, Ph.D.-12 and Ph.D.-C7C

Library Round 1 Round 2 Round 3
Ph.D-12 Unamplified | 3.5x108 3.5x108 2.0x106
Amplified 2.0x1013 3.0x1012
Ph.D-C7C Unamplified | 5.0x105 6.0x105 2.0x108
Amplified 1.5x1012 2.5x1013
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Unique peptides from the Ph.D. 12 library

IVNSDSSNSIGM
VILPSMGPHPAP
ELASVNSVYTTT
IQOPSYHGSGYVR
QYQOMNHSPAVRP
LTPOQGTFQAAPA
WHTSNGTLTSQV
TKLYPALPXASP
WVKSDNPWSTLK
LSYSTHQIPKPS
TTYPHFPNRHDR
QLSPHPLWKTPH
SPHILLTQOMTSS
LPMLAGRPIVHK
HNYRASQDVDHD
QVLLLNPPSGRH
SPLSMHRPYTPP
ALLELPRQIRTS
QSTALLWTHQTL
SITFRTTEMSNG
STVSLPVHDWTK
HSAPPLTLEWAP
DPLVYELNRILG
VHNWLYWSEPPR
SPNSIPTLAAAR
FHWTQYEFSPWIR
FTPRHGYVPNHA
FTDTTSHLIRRN
KCCFALQHQTEFTI
ATWGHPRSSQOGM
FTLGOPHNSAAG
MPOTLVLPRSLL
HPRHWPPQINPH
VTVOMQORLVTIM

KTDOSNAYTIWL
VKITTVLNPIVG
TWVPYNPGORLP
DSLWLKLSNLHS
SLPLNLTLWNQF
SLMSPTFTWSRA
HSMPSPPSNSIK
GFPLVTLASKPOQ
AYFTSMSHDPRA
QPPSIYLESYQR
SSLNPRSLFPHT
SLTSFTTYYGHS
NTWHTENTAYTR
KPSHNPQTVTSL
LNTSQIKLHSTR
SETLHYPPRDDA
DSSPHVLIGTSR
HPPFRWQSAMLY
TSAFPHPNRVTY
AHALTRSADITP
HPTRLSSSLPWT
SWYSHGASPQPR
QPSGHNRTHTTP
DLTRVLPPNGPR
NSTVLSSEYVSE
NSVPHSTDLOMP
ALLQSHKMYSIT
YMTPKNPALMAR
NSGSTNTILISA
HDYQLRLGSLAH
GIDQAAKTNDID
VLALTAATHMTR
DDPKLLLTRSQS
GLPPDGSSVTNR

QYPALPLRVSHP
NAGPNAILPTAS
RIFNHMMQFPDP
ARTASTNMIPNL
TSSPRSPQLQPY
YDLHOAFWYSSS
VNTSPPVKLKGM
QTAGTFEVQYDA
TTAAVDMPRSTP
SQHRVLAVPSAN
VTPHLMOAMRHL
FPORLETHMPHH
TSPACASPRTLH
SVSVGMKPSPRP
HDARPMAPYRVQ
RPEPAVDRQSPV
GSMHMPSRMHTN
QTFKANHSPDLV
IWIAAATANAAV
YMSSPDRQPTLT
HTGPEARGPAAR
HYVPSMNGEGTS
DLLPLTHEKPSH
STAHPIGPNAHN
AATDSPFSLPIA
HHSGNPSRNNTG
TNTPPSQRVHLS
SLPTNAPGLKFL
DVFINAKWKETT
TELTTRKLTLSV
ALPIDYMLISTP
SRLOWEVNESVR
DYRSQHRIYLTS
YYTPOHQKQVGP



Unique peptides from the Ph.D.-C7C library

HGLRANL
VRGHLTE
DTIQAAG
YTSGSLN
ELTHDRT
KTKLETY
SNHAPPF
HPEHPRH
LYKPWHT
PPHASSR
NSHNHHT
TMKSKMS
QGIQTST
STARNEW
DSPHYTR
LLTYGNG
SSLWPTT
PSTVPAV
LAPWELK
OGSQPYK
QQLROGF
HEGPQYG
QRATEYS
OOLROGX
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SMTRYHT
PNMTPLH
LPTTSPS
SPPEHLT
ENRGSLT
LOTAPGG
MRTGSSL
FPHPYSS
FYPDNHT
SLOMTPW
SKLHNPT
TSTQAAP
TLLSPAQ
LDLRANL
OMTLGST
GGPILPF
DVMTQTT
TNLNYKF
HAHNEHN
FNSATMP
AGKWKQQ
LTADIPS
HSGQAFR
KASPARL

TDRTQTS
TLPGTKL
SMATNEW
KTRPLSD
HPEAKHOQ
DNDNSSL
ELTHDRT
QAPRIEF
HDRADRQ
IATGDTM
EQSHKAH
APWNHSL
PGPLKRT
HSSKPFES
SSMIPLD
SSHLPAQ
PNVPTGD
QOGQLTGY
LTPTWPH
VNTPKQT
SSDTRHS
PLCPQQOR
NWPTTQT
ELLMEQM
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5.2.3 Analysis of the MMADHC affinity-selected peptides
The DNA sequences obtained were translated into peptides using the

ExPASYy Translate tool (http://ca.expasy.org/tools/dna.html). Peptides

were aligned to the MMACHC sequence with a Python-based
bioinformatic tool developed at the Argonne National Laboratory and
optimized by Dr. Peter Pawelek [315]. Scores were verified by hand. Four
clusters of sequences above the threshold of 13 aligning to the MMACHC
sequenced were identified. The score is a quantitative representation of
the degree of similarity between the peptide and the compared sequence,
normally located between 12 and 20. The presence of multiple peptides
above the threshold in a single region is more significant that the score of
individual peptides. The first region mapped to the N-terminus of the

protein and regions 2 to 4 mapped to the C-terminus of MMACHC.

Region 1 covered residues 34 to 57 of the MMACHC sequence (Fig. 16).
The peptide cluster was composed of three peptides from the Ph.D-C7C
library and eight peptides from the Ph.D-12 library. Nine peptides had a

score of 14, one had a score of 15 and one had a score of 16 (Table 10).

There is no known functional domain or motif in this portion of MMACHC.


http://ca.expasy.org/tools/dna.html
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Table 10: Peptides mapping to region 1

Peptide Peptide Scoring Region Alignment

match score window position
TIRSERO 15 5 1 34
TIRZET K} 14 6 1 43
€GP 14 6 1 45
s TYilESYOR 14 6 1 36
DLTRVIRgPNEER 14 6 1 41
VIilgsVEgHPAP 14 6 1 41
GFELVIEESKPO 14 6 1 44
SLPTNAFCHKIEE 14 6 1 46
SPNSIEIEBAAAR 16 4 1 46
ALPIDYMLIRH 14 5 1 52
SQHREIAVI§SAN 14 5 1 52
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Figure 16: Matches to region 1

T)maE s i) (
(28) VAWYNEIR®RJ=¥:
=S TY)RE 5Y QR

ALPIDYMLI
SQH SAN

AMFDEA(62)

Residues 28 to 62 of the MMACHC protein (bold, center). Matching
peptides from the Ph.D.-C7C libraries are displayed above, and peptides
from the Ph.D.-12 under the sequence. Exact matches are highlighted in

black and conservative matches are highlighted in grey.
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Regions 2, 3, and 4 were located in the C-terminal region of MMACHC.
Region 2, from residue 221 to 238, and region 3, from residue 232 to 250,
overlapped and were presented as separate for clarity (Fig. 17). Region 2
was constituted of three peptides from the Ph.D-C7C library and eight
peptides from the Ph.D-12 library. Two of these peptides overlapped with
region 3. The average and median score was 15. Region 3 contained nine
peptides, three from the Ph.D-C7C library and six from the Ph.D-12
library. The average and median score was 15. Region 4, ranging from
residue 261 to 280, contained seven peptides from the Ph.D-12 library
(Fig. 17). The average score was 15.5 and the median score was 15. All
matching peptides are listed in Table 11 with the matching location on the
MMACHC sequence as well as their score and the window size used.
Together, the three regions mapping to MMACHC C-terminus covered
45.4% of the section that was modeled according to the structure of the C-

terminal domain of TonB (TonB structural homology domain).
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Table 11: Peptides mapping to region 2 to 4

Peptide Feptide Scoring Eegion Zlignment
match score window position
sErrENe 14 6 2 223
oERvER 15 5 2 223
T.1 =0 0 15 & 2,3 231
LY 43T SMSHDERE 14 S5 2 221
EEsBorceTLT 13 5 2 221
WHNWLEWE T lEaR 16 6 2 221
zarpsciEsE A 16 3 2 222
TNV HLS 21 6 2 224
TWV P YNjg e 16 5 2 226
B TERRI THOTL 14 3 2 228
FRRI=MCROIRTS 15 5 2,3 232
3l SEIF DS 15 & 3 240
LeTTEE 13 4 3 244
SOHRVIBNVERAN 15 5 3 236
DLLELTESRE s 16 4 3 241
HEMERIS P SNS IE 15 5 3 244
QTFRANHE R 16 & 3 245
HoMEE P BN S TR 15 5 3 243
HHE S[EURENNT G 20 5 4 261
Es SLFPHT 16 6 4 268
oy oMyEEEERE 14 6 4 271
HERH g0 INPH 14 3 4 272
DLTEYLEENGER 15 5 4 272
QYPALPIENEHE 15 5 4 273
TELY PALKIN] 15 5 4 276
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Figure 17: Matches to regions 2-4

Residues from the MMACHC protein are displayed in bold with the start
and end residue between parentheses. Matching peptides from the Ph.D.-
C7C libraries are displayed above, and peptides from the Ph.D.-12 under
the sequence. Exact matches are highlighted in black and conservative

matches are highlighted in grey.
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Figure 17: Matches to regions 2 to 4
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5.4 Discussion

Previous attempts at purifying the MMADHC protein had produced a
protein that, although pure, could not be separated from the 40 kDa 6xHis-
MBP tag. Plesa et al. [270] were able to use this fusion protein to provide
evidence for MMACHC-MMADHC interaction by using purified free MBP
as a control for the presence of the MBP tag. For phage display
experiments, the presence of such a protein tag would create an important
background of phages with affinity for the MBP tag. An option was to
control for background by pre-incubating the phage library with free MBP
to eliminate MBP-binding phages from the pool and use the pool of
unbound phages to apply to the target. We considered this approach but
the reduction in the background would not have completely prevented the
presence of MBP-binding phages in the pool. We thus focused our effort
in obtaining a construct where the MBP tag could be cleaved while

retaining an acceptable yield of pure MMADHC.

Analysis of the MMADHC sequence identified the 12 first amino acids as
part of a mitochondrial leader sequence. N-terminal leader sequences are

cleaved after mitochondrial import to lead to the mature form of the
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protein. We thus estimated that the mature form of the protein was
preferable to the full-length form containing the leader sequence. The new
construct we created containing the mature form of MMADHC was readily

amenable to TEV cleavage of the 6xHis-MBP tag.

We also modified the type of purification column used with regard to the
published protocol [270]. The use of a Ni2*-NTA Superflow column in the
place of an amylose resin column resulted in a ten-fold increase in yield
with our specific construct. Technical issues with the amylose column
used (e.g.: age of the resin, regeneration protocol, physical integrity of the
column) might explain the scale of the difference observed. An advantage
to the use of the Ni2*-NTA resin was the absence of native MBP along with
the fusion protein in the elution fraction. In general, the use of an amylose
column leads to fewer contaminants due to high specificity for MBP.
However, in spite of the addition of glucose in the growth media, some
endogenous MBP is still produced by the bacterium and binds to the
amylose column along with the MBP tag from the fusion protein. In
addition to impeding an accurate measurement of the yield of fusion
protein, contaminating endogenous MBP is problematic for the separation

step after cleavage. Using an amylose column for both steps opf
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purification, the his-tagged TEV protease required in the cleavage process
is recovered in the flow-through along with cleaved MMADHC. Using a
first amylose resin column followed by a Ni2*-NTA column, it is
endogenous MBP that is present in the flow through with MMADHC.
Further purification steps such as ion exchange or size exclusion
chromatography are required. On the other hand, the use of the Ni2*-NTA
resin typically leads to the presence of contaminants such as native
proteins with containing clusters of histidine residues. This contamination
was negligible in our case, presumably due to the use of cold osmotic
shock rather than whole-cell lysis. The same column and buffers were

used in both purification steps, facilitating the process.

These modifications to the MMADHC construct and purification process
allowed us to obtain the starting material to perform protein-protein
interaction experiments. Two phage libraries were used: the Ph.D-12
library is constituted of phages displaying a random linear 12-mer, while
the Ph.D-C7C library is constituted of phages displaying a 7-mer bordered
on either side by a cysteine residue, forming a disulfide bond. The two
libraries were used on conjunction to obtain a wider variety of sequences.

Diversity was lower in the third round of panning for both libraries as
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compared to the second round of panning. This decrease in diversity is
caused by the increase in the stringency of the selection between each
round. Equilibrium between stringency of selection and diversity of the
phage pool must be reached. We thus continued the analysis with phages
from round 2 of panning. These phages were submitted to two rounds of
selection but did not have the redundancy found in round 3. The lower
number of individual phages selected from the Ph.D.-C7C library reflected
a higher redundancy in this library than in the Ph.D-12 library, and not a

higher proportion of uninterpretable sequences.

The use of a computer algorithm in the analysis of the data allows an
unbiased alignment of peptides on the sequence. However, the selection
of the clusters to display is done manually. For MMACHC, some peptides
were mapped to regions outside of the clusters presented here, but these
sequences were not supported by other peptides mapping to the same
area, or a small number of low-scoring peptides were mapping to one
area. This concern about the accuracy of our reporting led us to increase
the scoring threshold from 12 to 13 to eliminate low scoring peptides
which are the most likely to arise randomly. We were thus confident that

the results we reported were the most significant.
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The clusters of peptides identified on the sequence of MMACHC represent
predicted sites of interaction, not proved sites of interaction. Phage display
results cannot prove the interaction between two proteins. With the
previous demonstration of the interaction between MMADHC and
MMACHC by Plesa et al., these thus represent the most likely points of
contact between the two proteins. Other teams have used site-directed
mutagenesis to alter residues located in predicted sites of interaction and
observe how these changes affect the binding between two molecules.
However, it is not possible to know for sure whether the change in binding
behavior is due to the absence of a residue essential in binding or to
conformational changes induced by the change. The resolution of the
three dimensional crystal structure of the complex between the two
proteins can definitively address the binding events. The co-crystallization
of MMADHC and MMACHC is one of the long-term objectives of this

project.

Three of the four predicted regions were located in the region of MMACHC
that has been modeled based on the structure of TonB (TonB predicted

structural homology, residues 185 to 282). Regions 3 and 4 also
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overlapped with the region of TonB sequence homology, spanning
residues 242 to 280 [38]. There are no recognized functional motifs in this
region of TonB. What we do know about the C-terminus of TonB is that it
is involved in interactions with other proteins. It is thus interesting to find
that this role appears also in its human counterpart. One might suggest
that the C-terminal domain of MMACHC was conserved to perform
protein-protein interactions involved in ligand import. Region 1 is located in
the N-terminus of the protein. There is no known functional domain or
motif in this section of MMACHC. Without a crystal structure available, it is
not possible to determine the position of this segment with regard to the C-
terminus of the protein. There is a possibility that region 1 forms a

continuous accessible surface with regions 2, 3, and 4.

We hope that future experiments using the purified MMADHC protein will
provide further information on its ability to bind to ligands such as different
forms of cobalamin and ATP, and how the interaction between MMADHC

and MMACHC is influenced by the presence of such ligands.
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CHAPTER 6: DISCUSSION

The intracellular disorders of cobalamin metabolism are rare genetic
disorders affecting the function of the enzymes methionine synthase and
methylmalonyl-CoA mutase. They collectively represent around a
thousand known patients worldwide. Despite this small number, these
patients have set the foundation for most of the current knowledge about

cobalamin intracellular metabolism.

cbIF

Summary of findings

To date, over 15 genes responsible for cobalamin absorption, transport,
and metabolism have been discovered, a body of work to which our
advances to identify the gene underlying the cb/F disorder contributed. We
located the gene responsible for the cb/F disorder to chromosome 6 and
the exact gene was subsequently identified by our collaborators as
LMBRD1. The properties of the protein it encodes, LMBD1, are in good
accordance with the lysosomal entrapment of cobalamin observed in cb/F
patients. LMBD1 is a multipass transmembrane protein that colocalizes

with the lysosomal marker LAMP1. These results supported the
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hypothesis that efflux of cobalamin across the lysosomal membrane is
defective in cb/F patients. It remains to be determined if LMBD1 forms a
channel as a monomer or multimer, alone or with other partner proteins, or

functions under an alternative mechanism.

Only two types of mutations had been identified in the initial cohort of cb/F
patients: nonsense (1) and frameshift (5) mutations. We performed
mutation analysis on two new patients and one patient for which one
mutation had not been identified. We identifed three novel mutations in
two new categories: two splice site mutations and a long, in-frame deletion
of an entire exon. cDNA analysis, in addition to gDNA sequencing, was
essential in confirming that exons were missing in the transcript in these

patients.

Cardiac malformations in cblF patients

With homocysteine levels not higher than in ¢cb/C, cblD, cblE or cblG
patients, it is difficult to explain the high frequencies of heart defects in
cblF patients. This difference could be attributed to a defect in cobalamin
absorption from the gastrointestinal tract in certain cb/F patients, as

demonstrated by abnormal Schilling test results. However, we observed
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that heart malformations and decreased serum cobalamin/abnormal
Schilling test results do not segregate together. One of the many
consequences of the LMBRD17 gene discovery is that expression levels
can now be measured in different tissues and at different developmental
stages and correlated with observed pathologies. These experiments are

currently being performed in a mouse model.

cblD

Summary of findings

Contrarily to the cb/F cohort, there are no common mutations in ¢cb/D
patients. As our own study showed, the clinical presentation is very
variable within this group. Our description of three new cb/D patients was
the first confirmation of results published by Coelho et al. about the
correlation between localization and nature of mutations in MMADHC and
the variant forms of cb/D. The three biochemical presentations (MMA only,
homocystinuria only and combined MMA and homocystinuria) show a

distinct pattern of associated mutations.
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Our approach to address questions surrounding the ¢b/D type of
cobalamin disorder involved producing the first tag-free purified MMADHC.
We used this material to predict surfaces of interaction with MMACHC.
Our results suggest an interaction of MMADHC largely with the C-terminus
of MMACHC. These results are particularly interesting as this section of
the protein shares homology with a bacterial protein known to interact with

several proteins in cobalamin import.

Function MMACHC

Five years after the publication of the gene underlying the ¢b/C defect and
two years after the publication of the gene underlying the ¢b/D defect,
questions remain about the function of these proteins. Analysis of the
MMACHC sequence revealed homology between the C-terminus of the
human protein and the C-terminus of the bacterial cobalamin import
protein TonB [38]. Biochemical analyses revealed an ability of the protein
to bind cobalamin and to cleave alkyl groups (Me and Ado) at the upper
axial position of the cobalamin molecule [267, 268]. An interaction has
also been detected between the TonB structural homology domain of
MMACHC and MMADHC [270]. Our findings are consistent with what is

known of TonB. The C-terminus of TonB was shown to be involved in
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protein-protein interactions with the periplasmic protein BtuF and with
outer membrane receptors [285, 286]. The results of these experiments
thus have contributed to shed light upon one of the roles of MMACHC,;

protein-protein interactions.

Function of MMADHC

The function of MMADHC is also unclear. It possesses a region of
homology with the ATPase component of a bacterial ABC transporter but
the three main ATPase functional parts, the Walker A, Walker B and
signature domain, are missing. It possesses a cobalamin-binding motif,
although our own preliminary data obtained with intrinsic fluorescence
spectroscopy indicated minimal binding of four different cobalamin forms
(Ado-, Me-, OH- and CNCbl) at neutral pH (unpublished data). The
absence of the three ATPase critical motifs argues against it binding ATP.
The mutation analysis in MMADHC provided further insights about the
function of the protein [39, 272]. It was previously known that there are
three biochemical phenotypes associated with the cb/D defect: isolated
homocystinuria, isolated methylmalonic aciduria and combined
homocystinuria and methylmalonic aciduria [271]. As our own study

confirmed, mutations causing isolated homocystinuria segregate in the C-
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terminus of the protein and are missense, mutations causing isolated
methylmalonic aciduria segregate at the N-terminal end of the protein and
mutations causing a combined defect are truncating mutation in the C-
terminal half of the gene. The protein thus seems to have two separate
roles, one involved in the methylmalonyl-CoA mutase arm of the pathway
and another in the methionine synthase arm of the pathway. Several
questions remain to answer, such as the ability of MMADHC to bind
cobalamin or ATP, and how pH and the interaction with MMACHC
modulate these parameters. The availability of purified MMADHC allows

for such questions to be addressed.

Localization of MMADHC

There exists an uncertainty about the subcellular localization of MMADHC.
How can it perform its role in the cytoplasmic methionine synthase arm of
the pathway and interact with the cytoplasmic MMACHC if it is indeed
located inside the mitochondria as its leader sequence suggests?
Because of the presence of a strong Kozak consensus sequence [316]
around the amino acid methionine 62, there exists a possibility that
translation is initiated at two different codons on the mRNA (reviewed in

[317]). This is consistent with the presence of only one mRNA transcript
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detected in cells [39]. This second, shorter protein product would lack a
mitochondrial leader sequence and would have the potential to localize to
the cytoplasm. Similar cases where a single mRNA gives rise to more
than one protein product of different sizes localizing to different
compartments have been reported before [318, 319]. This putative shorter
isoform also corresponds to the fragment of MMADHC that is predicted to
be involved more specifically in MeCbl synthesis, consistent with a
cytoplasmic localization. Further studies are required to definitively
address the subcellular localization of MMADHC and whether a single
gene product or more are detected. An alternative explanation was
provided by a report localizing the MMACHC protein to the mitochondria
[320]. Both MMADHC and MMACHC could be mitochondrial proteins, with
an intermediate form of cobalamin for MeCbl synthesis being exported
from the mitochondria to the cytoplasm. Alternatively, both proteins could

be found in both compartments.

Additional steps in the cobalamin pathway
Although cb/F represents the last complementation group for which the
gene was not known, we expect that more genes involved in the

cobalamin metabolism are still to be discovered. An example of the
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existence of additional genes in the cobalamin pathway was provided by
two recent patients. One patient was referred to the European clinical
diagnosis lab and the second was referred to Montreal. Both patients were
biochemically undistinguishable from cb/F but somatic cell
complementation indicated that they did not belong to any known
complementation group. Exome sequencing performed independently by
the two groups identified an ATP-binding cassette (ABC) transporter.
These recent results indicate that export of cobalamin from the lysosome

is mediated by a second protein in addition to LMBD1.

The gene encoding the transcobalamin receptor was identified one year
after the LMBRD17 gene [42]. Children were eventually found to have
mutations in the TCbIR (CD320) gene. These cases were picked up on
newborn screening with an elevation of MMA and are so far asymptomatic
[90]. Incorporation of label from propionate and MeTHF are largely normal
in these patients, explaining why this cohort was not identified before as a

complementation group.

Other predicted metabolic steps in the pathway remain unaccounted for. It

is not yet known by which mechanism cobalamin enters the mitochondria.
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Also, it was originally thought that the gene underlying the ¢b/C and cb/D

defects would encode reductases. The functional domains identified in the
sequence of the MMACHC and MMADHC genes do not support a role as
reductases for these proteins. Additional genes encoding reductases

might therefore be discovered.

Exome sequencing

One major recent development in the field of genetics was the
improvements in sequencing capabilities. It ultimately led to the possibility
of sequencing every single coding exon of the genome for a few thousand
dollars [321]. One application of exome sequencing that has changed the
field of genetics is in the discovery of disease-causing genes [276]. Exome
sequencing compares advantageously with whole genome scan and
MMCT in terms of speed, cost and labor intensity for disorders with a
small number of affected individuals. With the current technology, it would
without a doubt be our first choice for the identification of the gene for the

cb/F disorder.
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Protein science

Although there have been tremendous improvements in the accuracy of
the gene function prediction algorithms based on sequence information,
data is often scarce for newly identified genes. In order to understand
gene function and relate it to the phenotype seen in patients, one needs to
look at the gene product. Only then is it possible to address the
localization, binding of partner proteins and substrates, and oligomeric
form of a protein. Some of these questions can be answered in vivo,
especially with the use of antibodies to target the gene product. Other
questions require interrogating the isolated target protein. The success of
protein purification is variable. In general, soluble proteins are more
amenable to purification than membrane-associated protein. In our case,
the soluble protein MMADHC was readily purified but only once it was
associated with tag to increase its solubility. We also attempted the
purification of the integral membrane protein LMBD1, but without success.
Our experience was echoed by another group working independently. We
hope that the challenges we faced in the purification of the protein LMBD1

will be overcome in the future.
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Future directions

The next questions to be addressed in this project using the purified
MMADHC protein will be assessing the binding with several forms of
cobalamin, evaluating the dimerization potential of the protein, and
confirming the binding parameters with MMACHC. Our group also aims to
solve the three dimensional structure of MMACHC, MMADHC and the
complex formed of MMACHC and MMACHC. We hope that these results
will stimulate research for other teams and that these results will allow us
to understand better the function of these proteins in both health and in

disease.

The pool of MMADHC affinity-selected peptides obtained by phage display
has been mapped against the sequence of the proposed partner
MMACHC. An interesting aspect of the use of phage display is that the
results can be used for more than one candidate gene. If future
experiments detect an interaction with other proteins in the pathway, such
as MMAB or MTR, the same pool of peptides can be used to predict the
MMADHC-binding regions. Phage display thus is not restrained to the
interaction between two given proteins. The answers obtained with this

approach can be applied to any proven interactor.
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Another project is the exome sequencing analysis on patients with
elevation of homocysteine and/or MMA for which we have not been able
to establish a diagnosis. We expect these patients to represent atypical
phenotypic and biochemical profile for known disorders or to have
mutations in genes not previously recognized as disease-causing. This
approach combined with the increase in patients referred due to the
spread of newborn screening tests across the world and better testing
capacities in developing countries such as China and India is expected to
lead to a steep increase in the rate of gene discovery. Along with the
contribution from basic research, the future is promising for the better
diagnosis and treatment of rare disorders, and for the application of

research findings to common diseases.
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APPENDIX | : LIST OF cb/F PATIENTS



Table legend:

Complex congenital heart defect in patient WG3265:

Right dominant atrioventricular septal defect with common atrium and double
outlet right ventricle, transposition of the great vessels, hypoplastic left ventricle
and common atriventricular valve.

SGA: small for gestational age

FTT: failure to thrive

IUGR: Intrauterine growth retardation

SIDS: sudden infant death syndrome



Age at

Age at

Patient Origin Sex presentation | diagnosis Symptoms Clinical Course B12 DNA change
SGA, tracheoesophageal fistula, Short stature, died after
1 Hispanic M 3 weeks complex congenital heart defect, cardiac surgery (Glenn 515 _516delAC/5
WG3265 P left pes equinovarus, abnormal procedure) at 9 months 15_516delAC
newborn screening of age
2 : . : Mild developmental
Netherland F 2 months FTT, anemia, neutropenia, septic delay, special education 1056delG/1056d
MM shock elG
at 14 years of age
s FTT, developmental delay 18 years of age 116 pmolll
WG1908 E;ti'(\)/r? Indian-Carrier F 6 months 8 months hypotonia, recurrent infections, Asymptomatic after B12 | gpilling éIOGSGdeIG/lOSGd
megaloblastic anemia therapy
<1%
4 Asymptomatic after B12
therapy 221 pg/ml
) Stomatitis, feeding difficulties, FTT, ) ) 1056delG/1056d
WG2432 | Caucasian F 4 weeks 4 months muscular apical VSD Wg%ht. =h%O'“1Btercent|Ie olG
and height <
percentile at 14 yo
Stomatitis, glossitis, seizures, Short stature. otherwise .
Wel087 French Canadian F 48 h 3 weeks hypotonia, developmental delay, asymptomatit’: at 27 Schiling 1056delG/1056d
feeding difficulties, dextrocardia, elG
weitrs bifd incisors years of age 1%
6 IUGR, SGA, fetal distress, ASD, Death at 10 months of
Germany F 4 weeks patent ductus arteriosus, right age after heart surgery 2%6(18'6/1056(1
SJL ventricular hypertrophy for ASD
Recurrent stomatitis, skin rashes, Impaired coordination
7 skin hyperpigmentation, arthritis, p - ' 20 pg/ml
poor attention span,
. developmental delay, ; 1056delG/1056d
WG1903 | Caucasian M 11 years 11 years . weakness in lower Schilli
pancytopenia, encephalopathy, i . chilling elG
. : extremities, does well in
megaloblastic anemia, small school <0.2%
thrombus in deep femoral vein
8 SGA, FTT, developmental delay .
L L - o0 Feeding problems, 250 pa/ml
WG1350 | El Salvador F 18 days 44 days hyp°t°”'f"" stomatitis, mtermlttem SIDS at 5 months of pormt 1056delG/1056d
fever, skin rashes, megaloblastic 184pmol/L | €lG
age p

anemia, osteopenia




IUGR, SGA, glossitis, feeding

Short stature,

Decreased

9 German 3 weeks difficulties, FTT, tooth hepatomenaly on B12, 404delC/1056del
DME Y abnormalities, anemia, abnormal thepra galy Schilling G
newborn screening by
abnormal
10
WG1959 | Caucasian 18 days 13 months | hepatomegaly, temporary gtehlg)e/’r : :rlm%ilhet k;;ef\;/vet:ri gﬁagggg%AGA
cholestasis, neutropenia,
thrombocytopenia of age
11 S .
o - peech delay, pegged 1056delG/916
WG3365 Germany/Sweden/Britain 3.5 months 10 months | Severe gastritis, FTT teeth 2100pg/iml | T 7
. Initial developmental
12 Caucasian NBS 1 month Asymptomatic, abnormal newborn delay approgriate for 712_713delAC/1
WG3377 screening age at 5 years of age 056delG
13 SGA, microcephaly, cerebral g:zg:; c:)r'rr:‘%tr?tr 3sD<
Turkish 8 days f]‘z';‘gﬁﬁ;g“ee’ tni’i'cr;g?;’t?gtr'cu'ar avg at 26 mo, weight | 118ng/L L05delGI1405d
hypochromic anemia and hea_ld circ. < 3
percentile
14 ) ) . Asymptomatic after B12 1339-
WG4008 Caucasian NBS Asymptomatic, newborn screening therapy 1G>T/1056delG
Feeding difficulties, ridged metopic
suture with trigonocephaly, . .
s
Caucasian NBS micro/retrognathia, high arched g y 148 pg/ml by
WG4042 I and gross motor del6785/1056del
palate, left torticollis, and milestones G

upslanting palpebral fissures,
systolic murmur, VSD




APPENDIX Il : LIST OF cb/D PATIENTS



Table legend:

IQ: Intellectual quotient

NBS: Newborn screen

M: Months

MCV: Mean corpuscular volume
RSV: Respiratory syncitial virus
Wk: Weeks

Y: Years



Patient Sex Origin Age at Presentation Outcome Mutations
presentation
WG1437 M Haitian NBS Vomiting and poor feeding followed by Can crawl and stand at 1 yo but | ¢.160C>T/307_324dup
(MMA) ketoacidotic coma, dehydration, does not walk p.Arg54X/Leu103_Ser10
hyperammonemia, leucopenia, thrombocytopenia 8 dup
WG3280 M Arab 6y Poor feeding, lethargy in the newborn period, Appropriate milestones €.60insAT/455dupC
(MMA) admitted for infection, cultures negative, seizure, p.Leu21fsX1/Thr152fsX
acidosis. Respiratory tract infections, flu like 10
illness with vomiting, anorexia and acidosis.
Further episode of vomiting and lethargy at 6 yo
(MMA) M Indian 8 mo Preterm birth at 32 wk of gestation, Attends special school for mild | ¢.57_64delCTCTTTAG/5
grade Il respiratory distress syndrome, learning problems at 12 yo 7_64delCTCTTTAG
necrotizing enterocolitis, p.Cys19fsX1/Cys19fsX1
neonatal convulsions
WG1071 M Spanish- 14y Acute psychotic episode, moderate mental Good mental and physical C.748C>T/748C>T
WG2022 American retardation (1Q50), marfanoid appearance, health, 1Q remains low 0.Arg250X/ Arg250X
horizontal nystagmus increased by lateral gaze,
(MMA+HCY) slightly hyperactive deep tendon reflexes,
impaired finger to nose movement, increased
MCV
WG2025 M Spanish- 25y Asymptomatic sibling picked up on testing Asymptomatic C.748C>T/748C>T
(MMA+HCY) American p.Arg250X/ Arg250X
WG3583 F Mexican 4 mo RSV bronchiolitis with secondary bacterial Mild developmental delay at 2 €.683C>G/683C>G
(MMA+HCY) pneumonia, right hip dysplasia and poor weight yo 0.Ser228X/Ser228X




gain at 3 mo. At 4 mo, concerns of developmental
delay because of hypotonia and poor head

control, megaloblastic anemia

(MMA+HCY) Scandinavi 3 mo Developmental delay, seizures, €.419dupA/419dupA
an megaloblastic anemia p.Tyr140X/Tyr140X
(MMA+HCY) Italian 22 days Poor feeding, encephalopathy, seizures, Normal gross and fine motor €.696+1_4delGTGA/696
. skills, speech delay and low IQ | +1_4delGTGA
increased mean corpuscular volume, reduced
myelination, small cerebral vermis atdy p.Phe204_Ala232del/
Phe204_Ala232del
WG3745 Mexican 4 mo Respiratory distress (RSV pneumonia), altered No clinical improvement, patient | ¢.737A>G/737A>G
(HCY) mental status, developmental delay, progressive died p.Asp246Gly/Asp246Gly
4-ventricle nonobstructive hydrocephalus, hair
loss, nearly obstructive vena cava clot
(HCY) Irish 6y Global developmental delay, spastic 16 yo, severely mentally c.776T>C/776T>C
ataxia, gait problems, delayed visual retarded, nearly normal gait, | | o\ o59pro/Leu259Pr0
speak single words, erratic
evoked potentials, increased behavior, hyperactivity and
mean corpuscular volume aggression
(HCY) Italian 3 mo Hypotonia, nystagmus, dystonia, c.545C>A/746A>C
seizures, megaloblastic anemia p.Thr182Asn/Tyr249Cys
WG4035 East Indian 6y Developmental delay, autistic features, mental c.746A>G/746A>G
(HCY) retardation p.Tyr249Cys/Tyr249Cys
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Clinical and Molecular Heterogeneity in Patients with the CA/) Inborn
Error of Cobalamin Metabolism

ksazcuc AL Mowsis, Bic, Duosn \Wmss, Pull, Dsnp Cooeao, Pul), Tossr Russe, Pull, Eac A, Choeme, MO, Buc Vi MO,
poesamiases A, Bempzrary MO, PebD), Teas Cowvary, PoDy Cussrosue Ls-Meise, MD, PeD, Gazcosr M Bas, ME, O,
Birasza Forewsn, Py, sy Do 5. Rcmesasor, MDY

Objectives  Todeseribe 3 patients with the cbil) disorder, o rare inkom amor of eobalamin membolism e ed by mutations
im the MMADEC dene that can result inischyted homoevstinuria, Eolared methvlmalonic aciduria.or combined bomos ystinaria
and methyimaloniz aciduria.

Soudy design  Patient clinial meonds were reviewed, Biochemical and somatie cell genotic studicss were performed on
culturad fibroblass, Sequencs ambrsis of the MMADHC gene wis performed on patient DA

Results  Patient 1 prescmted with ischited methyinulonic sciduria, paticnt 3 with isslited homoevstinuria, and patient 2 with
combined methyinulonic sdduria and homoeystinurie. Stodics of cultured fibroblass confimed desresed synthesis of
wlenosvkobalamin in patient 1. decremsed synthess of methyeobalamin in paticmt 3, and desremsed synthesis of both
wobalamin derratives in patient 2. The diagnosis of obil) wes egablished in esch patient by complementmtion analyss.
Mutations in the MMADHC gene were identified in all patients.

Conclusions The results emphasize the heterogeneous clinical, cdlular and moleeuhbr phenotypse of the cfl) disorder. The
results of molecular analysis of the MMADEC gene are comsistent with the hypothesis that mutations affecting the N erminus
of the MMADHC protein are associated with methvlmalonie aciduria. and mutations aflecting the O terminns ane s socioted
with homoevstinuria. (7 Pecfimtr 20091 54.551-6)

erivatives of cobalamin (viamin By are mequired for che actvity of 2 enzyroes in mammalian cells. 5 -decoyadenc-
spleohalamin [Aﬂ.ﬂChl}jsmqu.'ued. for activiey of the mitochondrial snzvme methylmalomd-Co A mmoase (EC 53993,
which caralyzes the comeersion of methyimalonyd-Cod, genenacsd during carab-
olisrn of branched-chain amino acids and odd-chain fatcy acide, o mocind-Co A Meth-
yleobalamin (3MeChl) is required for wctnity of the cpioplasmic enzyme mechicmine
svnchase (EC 2.1.1.13), which catalyzes the methsadon of bomocysteine to form me-
thicnine, with 5'-methylretrabvdeofolace (methyITHE) as its source of methyd groups. A
sefies of inborn emrors of cobalamin metabolism bave been dentified, designated odid-
i, which affect the ability of cadls to generace these cobalamin derivatives. Disorders
that affect symthesis of AdoChl result in accurmuladion of methyimalonic wcid in che blood
wnd whne because of decreased wctivity of methylmalord-Co A mutase, diorders thar
affect synthesis of MeChi result in hyperbomocysteinemmia and bomecystinuria becuss of
decreased methionine synchase activicy, Disorders thar affect synthesis of both cobalamin
coenzyme dermeacness pesult in acormulation of both methylmalonic add and bomecys-
tzime !
The oD disorder (OMIM 2774100 was crgmally described in 1970 in 2 siblings,
1 l4-year-old boy with prychiztric and neurologic problems and his youngsr syonpeom-
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free brother. Both parients had combined methylmalonic aciduria and b ystinuria.®
Somatic cill complementation smdier demonstrated that the defect in thee siblings
uffscted o differsrit locus than the more common o830 disorder, which alss resules in
combined methylmalonic aciduria and homocpstinarin” Mo additional patisnts with the
AT disorcder ware I:EPI:-I.'D!d. urti] 3004, when 3 puﬁru:mE with isclated homocystinusia
(8D eariame 1) and 1 wich isolaesd mechpmalonic aciduria (8T varianr Z), wers shown
by complementation anabysis to have the G disordac® despite having markedly differant
dinical and laboratory findings from che ariginal patients with @50 disorders.
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Recently, mourarions at the MMADHT gzne on chro-
masome 2928 2 were showen to underbe the oA disarder in
seven unrelated padienis.” Function of the product of this
gene remains unknown; it shows homology o the putacive
ATFase component of a bacterinl ARC transporter. Muta-
tions in the C-terminal region were identified in patients with
D wariger 2, mutations in the N-terminal region wers
identified] in patients wich oA pgriges I, and Tuncating
mutations were asscciated with the clasic 0D phenoiype.”
This supports suggestions that the MAMADET gene product
plavs a role in directing cobalamin oo the 2 mbalamin-depen-
dent enzymes of mammalian cells. This report describes 3
wdditional patenis with che o0 disorder, one with dasic
e, 1 with oD parignr 2 and 1 with o800 oarianr £ and
reports the MALADHC mutmations cthat underlis o0 diseass
in these patients.

METHODS

Patiene 1 (WGE3280 was a boy of Lebanese descent,
the nonconsanguineons child of a healthy 39-p=ar-old father
ind 32-vear-old mocher. Anolder brother was well. Mo other
memmbers of the family appeared to be affected, although a
coussin of the father died ar 22 years of age with o mveopachiz
process. The chikd was born ar temn in Beimt after an un-
eventfiul pregnancy. Birth weight was 3.2 kg other measure-
menis at hirth are not awwilable. Truring che ficst days of Tife,
he developed poor fesding and lechargy and was subssquently
pdmiited to hospital with what was believed to be an infec-
tion, but cultures were negaiive. Profound metabolic acidosis
wias identifier] and treaced. He was released after 1 week.

Berond the neonatal pericd the patient was genernally
wall, althasugh he had muscle weakness, Thers were ooca-
sinnal episades of wheszing associated with respiratory nfec-
tions and created with brondhodilarors. At 4.5 wears, he pre-
sented with a 2-month history of weakness and reported poor
weight gain; bowesr, the weight was betwesn the 20th and
95th percentile and height was at the S0ch percentils. Trves-
tigation revealed a metbolic acidosis and a disgnosis of renal
mabular acidosis vwas considepsd.

Ar about 5 10012 wears he reharned to hoopical after
several spisodes of vomiting precipitatsd by physical activity.
He bad generalized weakness, meuabolic acidosis, and a s=if-
imposed reduced distary proesin intake Irvestigation of che
metabolic acidosis resulied in a dagnosis of methvimalonic
widemiz on the basis of plasma acd carnitine profile and
urire srgnic ackds. Thers was no evidences of homocystinuria.
Methimalanic acidemia (045008 mmolL: nocmal: not de-
rected) and aciduria (3.4-7.5 mg per mg creatining; normal:
not devscted) were pressnt. Treatment wich intrammsonlar
vitamin By, (gpanocobalaming 1 mg every seeond day, carni-
tine (900 mg 2 times dailyl, and Polpcitm (20 mL 3 cimes
daily) was initiatsd. Intramusoalar vitamin By, was replaced
with oral ¥itamin Bz (5 mg daily). This resulted in reduction
of urine methfmalonic acd co near-nomal levels (0,45 mg
per mg creatining).

ELY Micums e al

At 6 years of age, the patient was developmentally
norrmal with appropriacs milesones, dthough be exhibiced
pooe social skills and behawional problems. He spoke 2 lin-
guagss wedl, Physical and newralogic sxamination results were
noermal,

Fatient 2 (WG 3583) was o gird of Mexican descent born
to @ 3d-y=ar-old mother. Both parents were fiom the same
citv in Mexico, but consanguinity wias denied. Two older
brachers wers apparently healchy, The pregrancy was com-
plicared by gestarional diabetss, treated by diet abone. Labor
wias induced becanse of poor fetal growth, with birth by
cassaran section when induction fiilsd. Birth weight was 2.5
kg; other measursments wers not awilable The perinatal
pericd was otherwise uncomplicated. The patient was subse-
quencly admifted o che hospical at 3 months of age for
respiratory syncviial vins bronchiolits wich secondary bace-
rl pnzumonia, right hip dvsplasia, and poor weight gain, Ac
4 momnths, chers was concem abour possible developmental
delay because of hivpotonia and peor bead control. Fhysical
arvl neurologic sxamimation results wers othenwise normal

There was svidence of methylmalomic acidemmia on nes-
born screening. The odgimal C3 measurement was below the
established cutoff in wie at the time, but by a subsequenty
adepreed sseondary criterion chat ussd 3702 ratios for values
abowe @ lower auteff, the scresning result woulkd have besn
positive. Thus this patiznt was not dagnosed on the basis of
the newborn screen, Furcher workop revealed megaloblastic
anemia, and devarsd homocysezines (1578 pmal/L: normal <
20 prnol/L) and methfmalonic acid (26 pmel/L; normal <
041 pmel’L) wers confimned. The patient has been treared
with a Jow protein dist, intramusoalar hydroxveobalamin 0.5
mg 4 times daily, oral betains 250 mg'kg dav, baby aspirin
half a tablet daily, and folic 10id 2 mg 4 tmes daily.

At 2 years of age the patient remains developmentally
delayed but is making progress in copmitive and moror skills,
Responss o hvdroxyeobalamin has besn good bur is ham-
pered by the parents’ reductance o give the injectons as
frequencly as reuiired. Megaloblastic ansmia has disappearsd.

Parient 3 (W5 3745) was o gid of Mexican descent, Her
parents ape firt cousins. No family history of significant
childhood illmess or developrental difficalty was identified.
Her cnly sibling, a 3-vear-old sisczr, wis in good health, The
patisntwis born ac 38 wesks gestarion, The Eirth weight was
31 kg, Jength 45.5 cmy, and occipiteftontal circumfarence 33
crm. In the pewborn period, an antedorly displaced anus was
identifis=d. At 4 months of age the pafient wis admicesd to che
hospital for respiritocy distress and altered mental stanas.
Respiratory syncytial ving poeimomia was disggnosed. She had
ddaved development with a history of significant head lag and
was niot vet milling over. Reportedly she fidd well at che besaar.
Wunal cracking was inoonsistent, and chens was limited respon-
swensss o woice. A computed tomogrphy scan of the head
revealed 4-venericls, nonckstmuctive bydrocephalus (Figues),

Two wesks afeer admission to the hespial, Sgnificant
hair Joss was noted, Mecabalic investigution revealsd an ele-
wared towl plasma homecysteine of 52.2 pmol’L (nomal <
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14 pemol’L); the plasma metb malonic acid Level was normal.
Plasma methionine was not detected, cystine was Jow (B
emol/L; mormal 16 to 24 pmel’L), and cobalamin and folate
lewels wep= normal. Bean corpuscolar volume was also normal
[97.5 f1; nommal 74-102 FL).

The patiznt was started on a regimen of hydrozyeobal-
wmin, folate, and betains. Although biochemical measares
irnproved, there was no clinical improvement. Subsscpently,
the patient developed a nearly obstnactive inferior vena cva
daot. Medical suppor was ulimately wichdrmen because of
progresve hvdrocephale and prolonged ventilacor depen-
dence, Refrospective svaluation of the patient's newborn
sareening hloodspat demonstrarsd decreased methionine (5.5
pmol/L; abnomnal less than 10 pmolfL) and skvated ootal
homocysreine levels (6d.4 pmol’L: abnormal greater cthan 15
mel/L). Total hemoopsteine levels wers normal for beth the
patient’s parents and sibling.

Tissue Culture

Fibroblases wers obeained from patients and were main-
mined in coltues ar 370 in minimum sssencial medium
(InVirrogen Carada, PBorlingron, Cwotario) supplemented
with nonsssentiol amino acids and 1086 feral bovine ssrum
[Canssra Intematioral, Erobicoke, Oneario, Canada). The
research protoonl was approvesd by che Raopal Wictoria Hospi-
tl Research Ethice board.

Ability of fibroblases in ailhars to incorpomre likbel from
[1-C Ipropicnate {New England Nuckar, Walcham, Mas-
suchuszris, or MP Biomedicals, Sodon, Ohic) and 5-[“C]rn-

=thyl THF; Amessham Life Sciences, GE Healthears, Chal-
font 5. Giks, United Kingdomn) into trichloracetic acid-
precipitable celiular macromolecules (meanares of function of
methylmaloryk-Co A mutass and methionine sgyothase, re-
spectvely) wers perfomned s previously described. ™ Synthe-
sis of the 2 cobalamin coengyme deivatives, AdoChl and
MeChl, was assemad by grosth of Gbmoblasts in medium
contaiming [7 Co]opanceobibmmin (MP Biomedicals) 25
pEfmL bound o human transcobalamin, followed by hot
ethanal extmction and seprradion of cobalamin defvatives by
high-performance bquid chromamgrmphy™” For comple-
mentation analvsis, eql.ul rambiers of 2 fibroblase lines were
plated. Flalf of cultures were fused by exposure for 60 seconds
ter S pedpethivlens glycel 1000 (T Baker Inc., Mallinckrede
Baker, Phillipsburg, 2ew Jersey) in phesphate buffered saline
solution. Incorporation of propiorate or methfd TEIF into
cellular maoomoleculs was :ﬁsm:l i parallel fsed and
unfused cultures as described above.”

Sequencing Studies

DMA was amplified by chain reaction
(PZR) from genomic DNA or c(DNA. Genomic DMA was
extracted From Bheoblaste with the QlAamp DA i kie
(Qiagen AG, Ei.i-:L Switzerland) and amplified by PCR with
'SF:ICI.E: pru:n:r:-. The cDNA was prepared by ol BNA
ecrraction from fhroblast colruess wich BXNeasy kit (Qliagen
AGH, follwed by revere tl:nsmpu:'n wich :he 1—;121:! RT-
FCR kit (Qiagen AG) and specific primess. * PCR prochucts
wepe purified with the NucleoBEQ kit Machersy-MNagel,
Diiren, Gerrnany). Sequencing reaction products were ini-
bzed on an ABI Prism SIDJuquen-:uEAPPI.i:d Bioaystems,
Foster City, Califemiz). Sequencing files wene proczssed with
Sequence Anabvei sofbware (Applied Biosvstems] and were
assembled and aralyzed with the Autoassembler v.2.1.1 soft-
warz (Applied Biosyseems).

RESLILTS

Fibrobdast Line WG 3280 (patient 1) had decreased in-
copperation of label from propionate into cellular macromed-
eculer c:-n:npmd.wi.m control fibrablasts (Takle Tf; i.DCDI.'Pﬂ-
ration was stimulated by incubation of cells in the presence of
375 pmal/L hydemogpecbalarsin (OHCET. Incorporation of
libzl from S5-methyTHF into cdlular macromelecules fell
within the normal range and wias not stimulared in the pres-
ence of OHCH. Thers was decrmased synthesis of AdoChl
fremmn labeled eyancoobalamin (CMNCEL, with 1.6% of labeled
intmedilar cobalamin present as AdaChl (pommal: 15.3% =
4.2%5; the P:np-nrr_inn of incracelivlar cobalamin present
gz MeCHl war preater chan normal (Patienc £19%; nermal
5E% = 7). The finding of deficient AdoChbl synchesis and
decreased function of methmalonyd-Cod morass aiggesred
a diagnosis of o84 or A2 disease. This wus investigated by
cell complernentation aralysis (Table [D). There was dear
complemertation of the defect in WG250 by mur and 0F
fibroblases, Remalts with o844 fibroblasts wers nicially difficul
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Tahle I. Propionate incorporation, methyltecrahydrofolate incorporation and cobalamin coenzymme synthesis

im patient fibroblasts

Propionats incorporation

Methyd THF incorparation

[nraal'rg!l 2 h) {prmolimg' 12 h)
w'o OHChI + QHChI win OHCH + OHCEI BdoChbl (% wal) HMaChbl (% wal)
WiGIzal L0z 05 11=z03 1e=7 1=k 1 gl
WiGaEzd LE =0l 45 =04 M =0k £ =3 T 1
WRIT4E 15 =03 I =0k 0= 06 410; 434 L11] |
Control 108 = 27 102z 28 12k = ek Nt = 125 15 =4 BT

Vilsan rr preplanse 18d me il THF wicheor wided OHCH aed dn che pravencs of 275 m ool OHChl 4 che calorss ceadinm, Vlsn wew chan mnca of erdplicwio hozssilasdam

wxmpi fx zaibdTHF ac

s |2 de s ol added OHCE] £ W5im, whin thew wan daplan derakaikoa Vabio far AdoCh wd MaChL, opmned s

pecinog af wod hidad colldhy cobamts, wen drmimioed asc Cooool vbeem we de ces of 11 dommizsdan o ¥ cxicd Shecka o,

Table Il. Complenentation analysis of patient with
cbID fibroblases

wio PEG + PEG
Propicnacs Incorporation
(e kg 12 )

G280 07z0l
% WGEIRE] fzhid) 1o=z01 Le=p
= WGP {obid) Il =0k Elziz
< WWGEIET (zhid) o=l Liz=03
x WGEIIAT {ohik) 12=0l I.0=08
= WGEHTD (ohid) Il =0k 43, 42
% WGED|EE (bl 14=0l L= 09
 WGEEIA (b 08 =0l 13=03
% WGEIST o) 02=0l L=l
 WGEI00 () o=l 9= 105
% WGEIE (me) 14=0l Al=03
% WGEI0T (me) LI =0l 4=02
= WGEIP (e la=z0z m=al
= WG 1437 {2kl LI =0l 1n=ul

WGz lo=nl
= WGEHED (D) 12=0l B =0z
% WGEAELD (=hiD) 1=l 3=l
= WGE20E ol 15 =0l 18 =0l
= WGEIATT (=hF) ELE ] Wl =04

MuachyTHF Ineorporacion
{pmctmg 12 k)

WiG1T4E =1
& WWGEITIH (el =B | 1% = 11
% WWGEIEET kil =zh &l =3
& WWGEITIL (k) =k pla
% WEIEEY [k} EF=1 134 =8
 WGEED (il 4= 155 =8
= WGEH T D) L==F ] e =k

Vilomm e the maica of tiiplicum dussludas soope whan cdersie wdiaed.

o interpree, wich 1 chld line (WIG32ET) apparently not com-
plementing the defect in WG2E0, However, 5 addifional
84 lines did complement che defect in WiGEA220, whereas a
D wariar 2 line WG 1437) did not complement the de-
fzct. These resules established chat che defec in this patiznt
was WD cwriawr 2.

EL4  Miouss e d

Thefibroblase line WG35E3 (Patient 2) showed decreased
incorpomtion of labd from both propionate and mechd THF
inee cedhuar maoomelecules [Tabls I, and decreased synchesis
af bath AdoCh] ared MeCkl (7% amd 3% of cellular cobal-
amin, respectivaly]. On complementation enalysiz, the de-
fect in WG3583 was complementsd by offC and o
fibroblasts, whereas o570 Abroblases failed to complement
the defect, establishing rhe duagnosis of (WD in this pa-
tient.

The fihmblast line WEE745 (Patient 3] had normal
incorporation of label from propionats inco cellular macno-
mabsruler, and significantly decreased incorporacion of label
from methydTHF. Symthesis of MeChl was decreased (1.4%
afronal cdhalar cobalamin] in the pressnce of nomnal AdoChL
The cell line complemented cAE and o837 csl] lines bt failed
to complement a oA paripns £ oosll line.

Sequence analysis pevealed that WGE2ED was a com-
pourid heterceygoes for 2 novel muttions in the MAADEC
gene, an insertion and a duplication thar both remalted in
frame shifts and 2 truncated procein: cA0insA T (p L20REX21)
in exon 3 amd cd55dupC (pTI152EXIEZ) in exon 5
WIGASES war homeozygous for a novel nonsense mucation in
exon 7, cABIC0 (S228XK), WOATAS was homozygous for
a nmovel mumtion in exon ¥ of the MAEADED gene,
. T3TA=G, thar results in corversion of @ conserved aspartte
resicue to o glvcine (2460,

CASCLISSIEM

The oA’ disorder has been the meest of the inborn
errors of cobalamin metsbolism, with only a single sibship
identified] befors 2004, The pscent recognition that che clin-
ival and kischemical vanahilicy of this disorder is greater than
previously realized has been accompanied by dentification of
acitioral affecesd indwiduals® Thess indude parients with
the clssic presentation of combined homocystinuria and
methylmalomic wcidaria, as well as WD oarianr § (ieclared
hornocystinuria) and oW wariars 2 (isolated methyimadonic
aciduria). Sorme previously soudied patients thar could not be
corfidently assigned to any of the known classes of inborn
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error of cobalamin metabolism have been shown to in fac
belong to che oW class. For emamiple, a patient wich isolated
methylmalonic addemia that was assigned to the novel it
dass” has besn shown to be 2 oMD werionr 27 Similacly,
patient 1 (WGI2ZE0 in chis study was tentatively asigned to
the ol complementation dass before recognition of the
heterogeneity of the oAD' class. Thers was no wpparent
complementation with 1 of the 3 oAd fibroblase lines
WCI2ET) used in the inidal cnmpl.ema:uﬁnn stuilies, a
r==ult ameributed ar the time o interallelic complementation,
'.'rhl.rJ1 is known to poour within the ofd complementation
dass.” The finding of complementation with addificnal 524
lirzs and the recogmition of the (¥ D variar: 2 phenctype led
oo the correct dagrosis of this patient. Diagnosis of cthe
genetic defect in patient 2 (WG3583), who had the clusic
presentaticn of che 0 disarder, was semighefonsard, s was
diagnoeis in patiznt 3 WIG3743) who cme to medical at-
eznfion after the recopmition of hetercgensicy in the oD
dass.

The cloning of che MALYDHT gene and che idenrifi-
cation of mutations in the gene in sswral parients with oD
dizorder has allowed for the At fime investigation of che
redafionship between gencoype and phenotype in this disor-
der. It was noted chat missense mucations affecting the C-
czemiinal pegion of the MALY DT procein product resulted in
isalated homocystinuns, and mutafions in che MN-terminal
region were associated wich isolatsd methymalonic aciduria,
and it was suggesesd chat the protein consisesd of 2 domains:
an MN-tzrmninal domain that was required for synthesis of
AdaiTbl and a C-terming demain mqui.l:ed for MeChbl svm-
thesis.” Murations that result in sither 2 comipletely inactive
protein or decrenssd mBENA Jevels because of nonssmee-me-
diare=d mBMNA decay would be assocared with deoeased
svnthesis of both cobalamin cosnzyme derachoes. The mo-
watiors identifisd in our patients appear consistent with this
hypothesis. The 2 mutations present in the patient with oD
disorder wariamr 2 WIGE2B0 jcblins AT and c455dupiC)
both resule in intreduction of a frame shift and creation of
1 stop codon in the 5'-region of the mBNA. It has been
predicted chat in cazes in which thers is premature termi-
nation, translacion starting from an altermate start sies at
coden 62 preduces a truncated procein, lacking the putative
mitochandrial l=ad=r sEIENCE, which SUpperts svnthesis of
MeChl only.* The homeoaygous muration identified in che
patient with cAD disorder varianr WG IT45 isa missenss
mutation (€. 737A=G) in the ¥ domain of the gens, and
results in an aming acid change of aspartic wcid to glydine
at pesition 246 in the domain of the MMADHC protein
wssociabed with MeChi synihesis. The homozygous muca-
ticn in the classic patient with ohiD disorder WG3585 s a
nonssnse mutation (oG35, resulting in creation of a
seop codon ot position 228 of the protein. This mutation
falls in the same region of the gene previously asscciated
r.runc:unng murations asscciated with the classic o200 phe-
m:-tl-'pe

With the recognition of the varants 1 and 2 of T2
disease and the cuwacive role of the MMADHT gene, the
bicchemical and meobsalar diagnmosis of oML dissase has be-
come increasingly semightfarsard. However, it should be
noced that although, in mmrf,pirjtnu with the AT diseeder
should be detected on newborn scresning, Jesk of methvl-
malonic wid eecretion are sufficiently low thar patients have
been missed. In addition, most screering progmms do not
usually soreen for low methiomine lewvels that are associared
with the byperhomecyseinemia seen in the dasic vnd variant
1 {isolated hyperhomccysteinemia) forms of WD With re-
spect to patiznts suspected of having incoeased blood levels of
homocyseeine, if plasma amino acids are being irvestigared,
the blocd collected for plsma aming acids assay should be
placed on e and the plisma sepamted immediarsy o pre-
went binding of fres homocystzine, resulting in a false-normal
homocysesine Jevel. Alesrruacively, measurement of total
plasma homocysteine should be specifically requested. The
clinical varighility of the condifion remains a barfer to is
recognition in patients not identified by newhomn screening.
The mrge of presenting faabures in patients described here
arel those previously reported®™= include developmental de-
lay, facal neurclogic signs, megaloblastic anemia, marfansid
AppEAMNCE, VENoUE thromboasis, cersbeal .:r.n:hph}' wnd hydre-
cephalus. Eeveml patients dernonstmted only 1 of these man-
ifesrarions at the tfime of diagnosis. Thersfors the clinician
nescls to recognize each as a potential indicator of disturbance
in methylmalonic acid or homocysieine membaolism. Motably,
cerebral atrophy and hydrocephalus bave also besn obsenced
in ofC diserss and ssere mechylenetecrahydrofolate reduc-
tase deficiency.”™ ™ Because thess patients genemlly respond
well o creatment with witamin By, it is essential for dinicizns
tor b aware of the possibility of this diagnosis.
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50 Years Ago in The journal of Pediatrics

Tue Protas Regumemest oF Inrants
Halt B | Fadar 195554404500

One hundred y=ars ago, attempts at artificial feeding of young infants stll were challengsd by the ﬁr.quent
oontamination of food, water, and vessels by germs and toxins, In addition, chers was Llittle understanding of the nuttent
needs of infanes for growth and development or of the nuetient composition of buman and substitute animal milks. By
the middle of the 20th cenhary, there was pdatively geed information on the nuirient composition of buman milk, safe
infant fommulas were mailable to support the growth of healthy infanes, and balance snadies were helping o define the
needs for hoth macmnutrients and miconucfients. However, the notncional science mailible bad noe ver definifively
deremnined the daily proesin requirement far growing infanes. The non-protein nitrogen content of human milk and s
conerbution to proeein requirements and o the health and groeth of the infant were not appeecicted, and 2nergy
-!:I:Pﬁ:bd.i.l.'l.l.l:t and ba-d.]-'-:nn'upn-ii.ﬁ.an data ware at kst :.pp.r\m:i.m:fnns As aresule, ot the 2nd of the 19508, Haliwas unable
to conclude from aviilable svidencs whether proesin intakes <23 w 4 gkg/day were adequare to support the growth of
yoursg infaris.

In the 50 pzars sinoe ther, the question that puzaled Dr. Holt has been answered, through the use of modem analyric
tech ni.ql.ue:. The= vs= of stable i.-:-:-l:np-e EElCErs, DElron Lcrmarian, Phcm:-n and x-ray :hmr'prjnu:ue:r}', ir-cli it
plethysmesgraphy, tocal body slecerical conductivicy, and other echriques pioneersd since the 1950 has led 0 much more
accumee estimations of daily nuiriznt requirements and body composition.

The adequate intake for infarts agsd O to & months 5 1.52 plygiday, baed oo the protein intake consumed from
human milk. Frooen qu:lrl.'_r must be considersd when sources n:d'pl::-:ei.n oibier than buman milk wre consumed. Thus,
infart foarmula should proside 1.68 gkg/day of protein. For clder infunts, the reference value is estimated by using the
fuctorial methed tobe 10 ghgiday, and che value that mests che requirements of 97% of the population is 1.2 gflkg/day.
Halt can noos rest easy as woe shift our aftention away from daily requirements and focus oo infint freding and its effects
on later healh, nucfent-gens interactions, and more effectre wave to support the nutritional nesds of :-F-eﬂ:l
papul:r.'nna such ax premarues irfants,

This iy avficaed fo D, Sow Fomsem, whose fFiomdship, oo, and advice are derly mied.
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